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Abstract

Cytokines such as TNFα play an integral role in sleep/wake regulation and have recently been 

hypothesized to be involved in cognitive impairment due to sleep deprivation. We examined the 

effect of a guanine to adenine substitution at position 308 in the TNFα gene (TNFα G308A) on 

psychomotor vigilance performance impairment during total sleep deprivation. A total of 88 

healthy women and men (ages 22–40) participated in one of five laboratory total sleep deprivation 

experiments. Performance on a psychomotor vigilance test (PVT) was measured every 2 to 3 h. 

The TNFα 308A allele, which is less common than the 308G allele, was associated with greater 

resilience to psychomotor vigilance performance impairment during total sleep deprivation 

(regardless of time of day), and also provided a small performance benefit at baseline. The effect 

of genotype on resilience persisted when controlling for between-subjects differences in age, 

gender, race/ethnicity, and baseline sleep duration. The TNFα G308A polymorphism predicted 

less than 10% of the overall between-subjects variance in performance impairment during sleep 

deprivation. Nonetheless, the differential effect of the polymorphism at the peak of performance 

impairment was more than 50% of median performance impairment at that time, which is sizeable 

compared to the effects of other genotypes reported in the literature. Our findings provided 

evidence for a role of TNFα in the effects of sleep deprivation on psychomotor vigilance 

performance. Furthermore, the TNFα G308A polymorphism may have predictive potential in a 

biomarker panel for the assessment of resilience to psychomotor vigilance performance 

impairment due to sleep deprivation.
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1. Introduction

There are considerable inter-individual differences in cognitive performance impairment due 

to sleep deprivation (Wilkinson, 1961; Morgan et al., 1980; Webb and Levy, 1984; Leproult 

et al., 2003). These inter-individual differences are systematic over time awake and 

circadian rhythm, stable over repeated exposures to total sleep deprivation (TSD), and 

robust to variations in prior sleep/wake history. As such, inter-individual differences in 

vulnerability to performance impairment during sleep deprivation constitute a trait (Van 

Dongen et al., 2004a). Recently it was also found that this trait vulnerability to impairment 

due to TSD is heritable (Kuna et al., 2012) and generalizes to vulnerability to impairment 

due to sustained sleep restriction (Rupp et al., 2012).

The discovery of trait vulnerability to sleep loss led to a focus on the assessment of 

underlying mechanisms (e.g., Chee and Tan, 2010; Jackson et al., 2013) and the 

identification of predictors (e.g., King et al., 2009; Abe et al., 2014). Genetic markers have 

captured particular interest (Landolt, 2008; Goel and Dinges, 2012). A number of genetic 

polymorphisms differentiate, to some degree, those individuals who are more vulnerable to 

the effects of sleep loss from those who are more resilient. These polymorphisms include, 

among others, variants of the human period circadian clock 3 gene (PER3) (Lo et al., 2012), 

adenosine A2A receptor gene (ADORA2A) (Bodenmann et al., 2012), and adenosine 

deaminase gene (ADA) (Reichert et al., 2014).

As trait vulnerability appears to be expressed on a continuum, with no evidence of a bimodal 

or multimodal distribution, it is to be expected that many more genes are involved (King et 

al., 2009). Several sleep regulatory substances have been identified, including a variety of 

cytokines (Krueger, 2008; Opp, 2009). Cytokines have remained largely unexplored as 

potential predictors of trait vulnerability to performance impairment due to sleep 

deprivation.

Here we focus on a particular cytokine, tumor necrosis factor alpha (TNFα). The TNFα 

gene is located within the class III region of the major histocompatibility complex (MHC). 

The promoter region of the TNFα gene is highly polymorphic (Allen, 1999; Elahi et al., 

2009). The TNFα G308A polymorphism – a single nucleotide polymorphism (SNP) 

involving a guanine to adenine substitution at position 308 in the promoter region of the 

TNFα gene (Wilson et al., 1992), is associated with a range of immunological diseases and 

disorders. The polymorphism is also implicated in the pathogenesis of obstructive sleep 

apnea (OSA), a sleep disorder characterized by airway obstruction during sleep, sleep 

fragmentation, and excessive daytime sleepiness (Jordan et al., 2014). Two studies found 

that OSA patients are more likely than nonapneic controls to carry the −308A allele (Riha et 

al., 2005; Almpanidou et al., 2012).
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The TNFα G308A polymorphism has been reported to result in increased TNFα gene 

transcription (Kroeger et al., 2000) and TNFα cytokine production (Louis et al., 1998), 

which may underlie increased circulating levels of TNFα in obstructive sleep apnea patients 

(Vgontzas et al., 1997). TNFα is integrally involved in sleep/wake regulation (Krueger et 

al., 2010), but whether the TNFα G308A polymorphism is associated with a sleep/wake 

phenotype in healthy individuals has not been previously established. In this study, we 

investigated whether the TNFα G308A polymorphism is associated with phenotypic inter-

individual differences in vulnerability to psychomotor vigilance performance impairment 

due to sleep loss.

2. Materials and methods

2.1. General overview

We analyzed data from 88 subjects who each participated in one of five laboratory TSD 

studies. During the five studies, cognitive performance was measured across 36–62 h of 

sustained wakefulness. As such, all five studies included at least 24 h of wake extension into 

the night and the following day – see Fig. 1. In all five studies, the primary performance test 

was a 10-min psychomotor vigilance test (PVT) (Lim and Dinges, 2008). The PVT was 

administered every 2–3 h over the course of scheduled wakefulness. Each subject’s 

vulnerability to sleep loss was quantified based on PVT performance over the 24-h period of 

sleep deprivation common to all five studies (Fig. 1). Subjects were grouped by genotype to 

determine if the TNFα G308A polymorphism predicted subject-specific PVT performance 

vulnerability to sleep loss.

2.2. Total sleep deprivation studies

Information relevant to the results presented here about each of the five studies is provided 

below and summarized in Fig. 1 and Table 1.

Study 1: n=25 healthy young adults (ages 22–40, 16 females) lived in the laboratory for 12 

days (11 nights), during which time they underwent 36 h of TSD three times. Prior to each 

36-h TSD period, subjects had two baseline days, each with 12 h time in bed (TIB) for sleep 

from 22:00 until 10:00. Following the third TSD period, subjects had two recovery days, 

each with 12 h TIB (22:00–10:00). Each TSD period was assigned either a moderate or a 

high workload for performance testing. The high workload condition occurred only once, in 

randomized order. For the present analyses, only performance data from the first TSD period 

were used. Subjects whose first TSD period was designated as high workload were not 

included. During TSD, the 10-min PVT was administered every 2 h (Fig. 1). Study 1 was 

first described in Tucker et al. (2007).

Studies 2 and 3: These two studies were similar in design. In study 2, n=23 healthy young 

adults (ages 22–36, 11 females) lived in the laboratory for 4 days (3 nights). In study 3, 

n=14 healthy young adults (ages 22–40, 7 females) lived in the laboratory for 5 days (4 

nights). Both studies included a 38-h TSD period. Prior to TSD, subjects had one (study 2) 

or two (study 3) baseline days with 10 h TIB for sleep (22:00–08:00). Following TSD, 

subjects had a recovery day with 10 h TIB (22:00–08:00). During TSD, the 10-min PVT was 
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administered approximately every 2 h (study 2) or 3 h (study 3) (Fig. 1). Studies 2 and 3 

were first described in Grant et al. (2013b) and Grant et al. (2013a), respectively.

Studies 4 and 5: These two studies were similar in design. In study 4, n=13 healthy young 

adults (ages 22–37, 7 females) lived in the laboratory for 7 days (6 nights). Likewise, in 

study 5, n=13 healthy young adults (ages 22–40, 6 females) lived in the laboratory for 7 

days (6 nights). Both studies included a 62-h TSD period. Prior to TSD, subjects had two 

baseline days with 10 h TIB for sleep (22:00–08:00). Following TSD, subjects had two 

recovery days with 10 h TIB (22:00–08:00). During TSD, the 10-min PVT was administered 

approximately every 2 h (Fig. 1). Studies 4 and 5 are described in Whitney et al. (in press) 

and Tucker et al. (2010), respectively.

2.3. Subjects

For each of the five studies, volunteers were recruited through newspaper and internet 

advertisements and posted flyers. Subjects eligible for study participation reported habitually 

sleeping between 6 and 10 h (for study 1: between 7 and 9 h) and getting up between 06:00 

and 09:00 (for study 1: between 06:30 and 08:30).

Subjects eligible for study participation also met the following criteria: age 22–40 years (for 

study 1: 21–40 years); physically and psychologically healthy; no clinically significant 

abnormalities in blood and urine; no current medical or drug treatment (except 

contraceptives); no sleep or circadian disorders; free of alcohol and drugs, and not a current 

smoker; no history of alcohol abuse in the past year, no history of drug abuse (for studies 2–

5: in the past year), and no history of methamphetamine abuse; not an extreme morning- or 

evening-type (studies 1 and 5 only); not pregnant; and no past adverse neuropsychiatric 

reactions to sleep deprivation.

For studies 2–5, subjects met the following additional criteria: no travel across times zones 

within 1 month of entering the study; no shift work within 3 months (for study 4: 1 month) 

of entering the study; no history of moderate to severe brain injury; no history of learning 

disabilities; not vision impaired unless corrected to normal; not hearing impaired unless 

corrected to normal (studies 2, 3 and 5); and proficient (for studies 4 and 5: native) speaker 

of English. For study 4, which included procedures involving intravenous blood sampling 

and performance testing on a high-fidelity driving simulator during TSD, the following 

criteria also applied: suitable veins for intravenous catheter insertion; no history of problems 

with blood draws or blood donation; not having donated blood within 2 months of entering 

the study; not susceptible to simulator adaptation syndrome; and valid driver’s license.

For the week prior to each laboratory experiment, subjects were instructed to abstain from 

using caffeine, tobacco, alcohol, and drugs, and they were not allowed to nap. Subjects were 

also instructed to maintain their habitual sleep/wake times. Compliance was verified by 

means of wrist actigraphy and sleep diary. In addition, subjects called a time-stamped voice 

recorder each day to report their sleep and wake times. Upon arrival at the laboratory for the 

experiment, subjects were checked for drug and alcohol use by means of urine and 

breathalyzer testing (studies 2–5).
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All studies were approved by the Institutional Review Board (IRB) of Washington State 

University. Study 1 was also approved by the IRB of the University of Pennsylvania. All 

subjects gave written informed consent.

2.4. Experimental procedures

Studies 2–5 were conducted at the Sleep and Performance Research Center at Washington 

State University Spokane. Study 1 was conducted partially at the General Clinical Research 

Center of the Hospital of the University of Pennsylvania (15 subjects) and partially at the 

Sleep and Performance Research Center of Washington State University Spokane (10 

subjects).

Laboratory conditions were strictly controlled throughout the experimental phase of each 

study. Light levels were fixed below 100 lux (for study 1: below 50 lux) during scheduled 

wakefulness and below 1 lux during scheduled sleep periods. Ambient temperature was 

maintained at 21–22 °C (± 1 °C). While in the laboratory, subjects were not allowed to 

engage in strenuous physical activity. They did not have contact with individuals outside the 

laboratory, and did not have access to live radio or television, phones, personal computers, 

the internet, or video games. Trained research assistants monitored subjects’ behavior 

continuously.

Baseline sleep was recorded polysomnographically in all five laboratory studies. Baseline 

polysomnograms were scored visually and checked to confirm the absence of any evidence 

for sleep disorders, including OSA.

For the present analyses, total sleep time in the baseline night immediately preceding the 

TSD period was recorded. Due to equipment failure, total sleep time records were missing 

for seven subjects (out of 25) in study 1 and one subject (out of 13) in study 4.

The PVT was administered repeatedly over the course of scheduled wakefulness (Fig. 1). 

The task is considered a gold standard measure of behavioral alertness (Dorrian et al., 2005). 

In studies 1, 2, 4 and 5, the PVT was administered on a desktop computer; in study 3 it was 

administered on a laptop computer. Both computer types were calibrated for accurate 

measurement of reaction time. Subjects were asked to respond, by pressing a button on a 

response box (study 3: by pressing the space bar on the keyboard), to the appearance of a 

visual stimulus (a millisecond counter) as quickly as possible without making false starts. 

The stimulus was presented in random intervals between 2 and 10 s over the course of the 

10-min test duration.

The number of PVT lapses of attention, defined as reaction times > 500 ms, was used as the 

primary measure of psychomotor vigilance performance impairment. This measure captures 

the right tail of the PVT reaction time distribution, which is most affected by sleep 

deprivation (Doran et al., 2001). As secondary measures, the mean of the 10% fastest 

reaction times and the median reaction time were analyzed, in order to also examine the left 

tail and the central tendency of the reaction time distribution.

For 12 of the 88 subjects, one or more test bouts on the PVT were confounded by brief 

instances of distraction, non-compliance, or microsleeps, as documented by the research 
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assistants. These PVT bouts were removed from the dataset prior to analysis. Of the 12 

individuals, eight had 1 test bout removed, five had 2 test bouts removed, and one had 3 test 

bouts removed. There were 1,371 PVT bouts (98.5% of the original total) left in the overall 

dataset.

2.5. Genotyping

During pre-study screening sessions, venous whole blood samples were collected in 

Vacutainer tubes coated with ethylenediaminetetraacetic acid dipotassium dihydrate 

(K2EDTA). The samples were aliquoted and stored at −80 °C until analysis. After the 

completion of the studies, the samples were analyzed blind to study and subject.

For each subject, 100 µl of whole blood was red-cell depleted and genomic DNA was 

extracted and used for assaying. Genotyping for the TNFα G308A polymorphism (SNP 

rs1800629, chromosome 6) was performed using published procedures for the analysis of 

SNPs (Fargion et al., 2001; Schofield et al., 2009; Napolioni et al., 2011; Manjari et al., 

2014) involving standard polymerase chain reaction (PCR) and restriction enzyme digestion. 

Our specific assay procedures were based on those described by Ozen et al. (2002).

Samples were amplified with 20 µM forward primer 5’– GAG GCA ATA GGT TTT GAG 

GGC CAT – 3’ and 20 µM reverse primer 5’ – GGG ACA CAC AAG CAT CAAG – 3’. 

PCR procedures were carried out in a final reaction volume of 20 µl containing 14 µl PCR 

master polymerase mix (Custom Genome Services, Pullman, WA), 1 µl of each primer 

(forward and reverse), 2 µl nuclease free water, and 2 µl genomic DNA. PCR conditions 

involved denaturation at 94 °C for 3 min, followed by 35 cycles of: denaturation at 94 °C for 

30 s, annealing at 59 °C for 1 min, and extension at 72 °C for 2 min. After another 5 min of 

extension at 72 °C the reaction ended.

Amplified products were digested with NcoI (Invitrogen by Life Technologies, Grand 

Island, NY), a mutation-specific restriction enzyme. The restriction enzyme recognized a 

restriction site on the G allele. Digestion of the PCR fragments yielded products of 117 bp 

(A allele) and 97 bp and 20 bp (G allele). The digestion reactions were carried out in a final 

volume of 11 µl containing 1 µl NcoI, 1 µl 10× Buffer K, 1 µl 0.1% BSA, and 8 µl PCR 

product. Products were digested for 3.5 h at 37 °C, followed by 10 min at 65 °C to inactivate 

the enzyme. The final digested products were electrophoresed on a 3% agarose gel stained 

with ethidium bromide and visualized under UV light to determine genotypes: G/G, A/G or 

A/A.

Samples identified as A/G or A/A were subjected to a reverse (control) assay (Vinasco et al., 

1997), involving amplification with 20 µM forward primer 5’ – GAG GCA ATA GGT TTT 

GAG GGT CAT – 3’ and the above-mentioned reverse primer, using the PCR procedures 

described above with an annealing temperature of 57°C. Amplified products were digested 

with another restriction enzyme, BspHI (New England Biolabs, Inc., Ipwsich, MA), which 

recognized a restriction site on the A allele. Digestion of the PCR fragments yielded 

products of 117 bp (G allele) and 97 bp and 20 bp (A allele). The digestion reactions were 

carried out in a final volume of 10 µl containing 1 µl BspHI, 1 µl 10× NEBuffer, and 8 µl 

PCR product. Products were digested for 1 h at 37 °C, followed by 20 min at 80 °C to 
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inactivate the enzyme. The final digested products were visualized in the same manner as 

described above. After running this control assay, we found that one sample had been 

misclassified as A/A instead of A/G based on the NcoI digest.

2.6. Statistical analyses

The genotype distribution across the combined sample from the five studies was examined 

for deviation from Hardy-Weinberg equilibrium using a α2 goodness-of-fit test.

Each subject’s vulnerability to sleep loss was quantified by averaging the number of PVT 

lapses over the 24-h period (i.e., one circadian cycle) of sleep deprivation common to all 

five studies (from 22:00 until 22:00 the next day) (Fig. 1). This 24-h period was also divided 

into two 12-h blocks (from 22:00 until 10:00 and from 10:00 until 22:00) to examine 

nighttime and daytime performance separately. In addition, each subject’s baseline 

performance level was quantified by averaging the number of PVT lapses over the 12 h of 

wakefulness immediately preceding the 24-h period of sleep deprivation (from 10:00 until 

22:00) (Fig. 1). The first test bout of study 1 in this baseline period was not included because 

it occurred immediately after awakening and could therefore have been affected by sleep 

inertia. Data reduction of secondary PVT measures (mean of 10% fastest reaction times and 

median reaction time) paralleled that of PVT lapses.

The subject-specific averages for vulnerability to sleep loss were analyzed using 

nonparametric one-way analysis of rank scores with genotype as independent variable and 

controlling for study. Secondary analyses also controlled for baseline performance, baseline 

sleep duration, age, sex, and race/ethnicity (in addition to study). One-way analysis of 

variance (ANOVA) was used to determine the percentage of variance in performance 

impairment during TSD that was explained by genotype, and to estimate Cohen’s local 

effect size f2. One-way ANOVA was used to test for differences between genotypes in 

baseline performance, baseline sleep duration and age; logistic regression was used to test 

for differences between genotypes in sex and race/ethnicity distributions.

For interpretation of results, PVT lapses were also analyzed as a function of time. To handle 

the differences in test bout times among the five studies (Fig. 1), the data of the 12-h 

baseline and 24-h sleep deprivation periods (i.e., 36-h period of wakefulness) were binned 

into six consecutive 6-h time intervals. Average PVT lapses per 6-h interval were calculated 

for each subject. These subject-specific averages were analyzed using mixed-effects 

ANOVA with genotype and time and their interaction as independent variables (controlling 

for study). For reference, the sample was also divided into tertiles based on subjects’ rank 

order of vulnerability (as previously quantified by averaging the number of PVT lapses over 

the 24-h period of sleep deprivation). The temporal profiles of the genotypes as revealed by 

the mixed-effects ANOVA were visually compared to the group-average temporal profiles 

of each of the tertiles.

3. Results

A total of N=88 subjects (ages 22–40; 47 females) participated in one of the five 

inlaboratory TSD studies. Their demographics are shown in Table 2, and their genotypes are 
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summarized in Tables 2 and 3. The allele frequencies in our sample were 0.8580 for the G 

allele and 0.1420 for the A allele. The genotypes were found to be in Hardy-Weinberg 

equilibrium (χ2
1=0.46, P=0.50), and were comparable to previously published studies 

reporting on the same polymorphism (Beste et al., 2010; Almpanidou et al., 2012).

Each subject’s vulnerability to sleep loss was quantified by averaging the number of PVT 

lapses over a 24-h period (i.e., a circadian cycle) of sleep deprivation, from 22:00 until 22:00 

the next day (Fig. 1). Non-parametric one-way analysis of rank scores, controlling for study, 

revealed a significant effect of genotype (F2,81=5.49, P=0.006). There was no significant 

difference between the A/G and A/A genotypes (F1,81=1.04, P=0.31). Therefore, since there 

was only one subject with the A/A genotype, the analysis was repeated with the A/A and 

A/G genotypes combined. The significant effect of genotype persisted (F1,82=9.94, 

P=0.002). There was no significant effect of which study the subjects participated in 

(F4,82=0.83, P=0.51).

Individuals homozygous or heterozygous for the A allele exhibited fewer PVT lapses during 

TSD than individuals homozygous for the G allele – see Fig. 2 (top left). The proportion of 

variance in psychomotor vigilance performance impairment during TSD that was explained 

by genotype was 6.4% (correlation r=0.25). The local effect size of genotype was f2=0.071, 

which is small (but not negligible) according to the guidelines of Cohen (1988). See the 

supplemental material to compare with other genes previously found to be associated with 

vulnerability to sleep loss (ADORA2A, PER3, TLR4, and DQB1*0602).

For secondary PVT measures – mean of the 10% fastest reaction times and median reaction 

time – the averages over the 24-h period of sleep deprivation did not differ significantly by 

genotype, with A/A and A/G combined (fastest 10%: F1,82=0.69, P=0.41; median: 

F1,82=2.76, P=0.10). This indicates that the effect of genotype did not involve a general 

difference in speed of cognitive processing. In contrast, the significant effect of genotype on 

PVT lapses indicates that the TNFα G308A polymorphism affected primarily the right tail 

of the reaction time distribution, pointing to an effect that is linked to sleep deprivation 

(Doran et al., 2001). All further results presented here are focused on PVT lapses, with the 

A/A and A/G genotypes combined.

There were no significant differences between the genotypes for age (F1,86=1.43, P=0.24), 

sex (χ2
1=1.80, P=0.18), and race/ethnicity distribution (χ2

1=0.92, P=0.34). Indeed, inter-

individual differences in performance impairment during TSD were not predicted by age 

(F1,81=0.23, P=0.63), sex (F1,81=0.87, P=0.35), or race/ethnicity (F6,76=1.73, P=0.13).

There was also no significant difference between the genotypes for total sleep time (TST) in 

the baseline night immediately preceding the TSD period (F1,78=0.50, P=048). Even so, 

inter-individual differences in performance impairment during TSD were predicted by 

baseline TST (F1,73=5.16, P=0.026), with greater baseline TST corresponding to higher 

rankings for vulnerability to performance impairment during TSD. The effect of genotype 

remained significant when controlling for baseline TST (F1,73=6.53, P=0.013). There was 

no significant interaction between genotype and baseline TST (F1,72=0.97, P=0.33), 
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indicating that the association between baseline TST and vulnerability to performance 

impairment in this dataset was unrelated to the TNFα G308A polymorphism.

The genotypes differed significantly in terms of baseline levels of psychomotor vigilance 

performance (F1,86=7.46, P=0.008). Individuals homozygous or heterozygous for the A 

allele exhibited fewer PVT lapses at baseline than individuals homozygous for the G allele – 

see Fig. 2 (bottom left). These baseline differences were significantly predictive of 

performance impairment during TSD (F1,81=31.47, P<0.001) (cf. Chua et al., 2014).

To examine nighttime and daytime performance during sleep deprivation, PVT lapses 

during the TSD periods from 22:00 until 10:00 and from 10:00 until 22:00 were analyzed 

separately. For both 12-h periods, individuals carrying the A allele exhibited fewer PVT 

lapses than individuals homozygous for the G allele (Fig. 2, right). Non-parametric analysis 

of rank order scores, controlling for study, showed that the genotypes differed with 

statistical significance during the first 12-h TSD interval (22:00–10:00; F1,82=6.20, 

P=0.015) and during the second 12- h TSD interval (10:00–22:00; F1,82=4.02, P=0.048).

Investigating the temporal profiles of psychomotor vigilance performance changes further, 

mixed-effects ANOVA of PVT lapses over time – i.e., analysis of subject-specific averages 

over six consecutive 6-h intervals of wakefulness – yielded significant main effects of 

genotype (F1,428=6.63, P=0.010) and time interval (F5,428=50.70, P<0.001) and a trend for 

the interaction (F5,428=2.07, P=0.068).

Fig. 3 shows the temporal profiles of PVT lapses for the subjects with the A/A or A/G 

genotype as compared to those with the G/G genotype. Both groups exhibited the 

characteristic profile of increased psychomotor vigilance performance impairment with the 

progression of time awake, modulated by circadian rhythm (Van Dongen and Dinges, 

2005b). However, the A/A and A/G genotype group displayed consistently better PVT 

performance than the G/G genotype group. The difference between the two groups was 

small, but not insignificant, at baseline (10:00–22:00) and grew during sleep deprivation 

(from 22:00 until 22:00 the next day) in proportion to overall level of impairment. At the 

peak of performance impairment (04:00–10:00 interval), the differential effect of the 

polymorphism was 4.6 PVT lapses (standard error: 1.5). This difference amounted to 57.0% 

of median performance impairment at that time expressed relative to median performance at 

baseline (10:00–22:00 average).

Comparison to the temporal profiles of the most vulnerable and resilient tertiles of the 

sample regardless of genotype (Fig. 3), which were similar to previously observed tertile 

profiles (Van Dongen et al., 2004b), revealed that TNFα G308A genotype captured only a 

modest portion of the observed inter-individual differences. Nonetheless, our results (Figs. 2 

and 3) indicate that the A allele conferred an advantage in psychomotor vigilance 

performance, even at baseline, as well as relative resilience to performance degradation due 

to sleep deprivation and circadian rhythm.

Satterfield et al. Page 9

Brain Behav Immun. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Discussion

Our findings indicate that the A allele at the TNFα 308 locus – in comparison with the more 

common G allele – is associated with a degree of resilience to psychomotor vigilance 

performance impairment during total sleep deprivation, and even provides a small 

performance advantage at baseline (Fig. 2). There was only one subject in our sample who 

was homozygous for the A allele (Table 3). Although this subject’s performance impairment 

during sleep deprivation was similar to that of the 23 subjects who were heterozygous, our 

sample was too small to draw firm conclusions about the A/A genotype. Furthermore, the 

association between the TNFα G308A polymorphism and resilience to performance 

impairment due to sleep deprivation may be limited to the population we drew from, 

consisting of healthy adult women and men aged 22–40. Our findings are also bound to be 

limited to a specific cognitive domain that encompasses psychomotor vigilance performance 

impairment (as measured by PVT), as studies of inter-individual differences in responses to 

sleep deprivation have shown these to be dependent on the type of performance task used to 

measure impairment (Frey et al., 2004; Van Dongen et al., 2004a; Franzen et al., 2008; Van 

Dongen et al., 2011b).

While our primary results were based on PVT performance impairment averaged over a full 

circadian cycle (Fig. 2), follow-up analyses by time of day showed that the effect of the 

TNFα G308A polymorphism were not specific to any part of the circadian cycle (Fig. 3). 

Rather, the differential effect of the polymorphism appeared to be tied to homeostatic sleep 

pressure built up over time awake in interaction with circadian rhythm (Fig. 2; cf. Van 

Dongen and Dinges, 2003, 2005a). This is in agreement with the hypothesized role of TNFα 

in sleep/wake regulation (Krueger et al., 2010) and waking cognitive performance (Van 

Dongen et al., 2011a).

The effect of genotype on subjects’ rank order of vulnerability to sleep loss was statistically 

significant and robust to variance associated with subjects’ baseline sleep duration, age, 

gender, race/ethnicity, as well as the study they participated in. As shown in the 

supplemental material, the TNFα G308A polymorphism had no significant associations with 

other genetic variants implicated in vulnerability to sleep loss, such as ADORA2A 

(Bodenmann et al., 2012), PER3 (Lo et al., 2012), TLR4 (Wisor et al., 2011), and a gene 

polymorphism located in the MHC nearby that of TNFα, DQB1*0602 (Goel et al., 2010).

The TNFα G308A polymorphism predicted less than 10% of the overall variance from inter-

individual differences in psychomotor vigilance performance impairment during sleep 

deprivation. Yet, the differential effect of the polymorphism (Fig. 3, closed versus open 

circles) at the peak of performance impairment was greater than 50% of median 

performance impairment at that time. Although use of different PVT metrics and variable 

transformations in the literature generally makes it difficult to compare directly, it seems 

that to date, a similarly sizeable effect on resilience to performance impairment due to sleep 

loss has only been reported for a polymorphism of the basic helix-loop-helix family, member 

e41 gene (BHLHE41) in a single twin pair (Pellegrino et al., 2014). See the supplemental 

material to compare with the effect sizes for ADORA2A, PER3, TLR4 and DQB1*0602, 

which were all smaller than the effect size for TNFα in our sample.

Satterfield et al. Page 10

Brain Behav Immun. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Perhaps more important than the predictive potential of the TNFα G308A polymorphism is 

what its role may be in the mechanisms underlying psychomotor vigilance performance 

impairment due to sleep deprivation. In this regard it is noteworthy that the polymorphism 

also predicted baseline performance (Fig. 2), and that the genotype-dependent difference at 

baseline became amplified during total sleep deprivation (Fig. 3). A priori, the genotype 

effect might be explained by a difference in motor response speed from differential 

neuromuscular transmission due to a TNFα-mediated effect on myelination (Briones and 

Woods, 2014). However, this explanation is inconsistent with the lack of an effect of 

genotype on the fastest 10% of reaction times, and would also not be a plausible reason for 

the amplified genotype effect seen during sleep deprivation as compared to baseline.

Local sleep theory (Krueger and Obál, 1993; Krueger et al., 2008) and its extension to the 

effects of sleep deprivation on cognitive performance (Van Dongen et al., 2011a) may help 

to elucidate our findings. In this theoretical framework it is posited that neuronal activity 

from extended wakefulness and especially from intensive use during task performance leads 

to release of adenosine triphosphate (ATP) into the extracellular space. Binding of ATP to 

the purine type 2 receptor X7 triggers activation of a cascade of cytokines, including 

relatively rapid release of TNFα from nearby glia (Hide et al., 2000). TNFα promotes a 

local sleep-like state (Churchill et al., 2008; Krueger, 2012), which is hypothesized to 

interfere with neuronal information processing and thereby cause cognitive instability (Van 

Dongen et al., 2011a), which in turn can be observed as lapses of attention on the PVT 

(Doran et al., 2001).

Resilience to performance impairment due to sleep deprivation is found in those whose 

activation of task-relevant neuronal pathways (as measured with functional magnetic 

resonance imaging) is less reduced during sleep deprivation compared to baseline (Chee and 

Tan, 2010). This may be seen as evidence that in resilient individuals, information 

processing capacity is less degraded by local sleep (Chee and Van Dongen, 2013). In terms 

of cognitive performance, this means greater signal-to-noise ratio or, in the context of a 

diffusion cognitive model for PVT performance, higher diffusion drift rate for information 

processing (Ratcliff and Van Dongen, 2011). Furthermore, inter-individual differences in 

drift rate at baseline predict inter-individual differences in drift rate and PVT performance 

impairment during sleep deprivation (Patanaik et al., in press).

Collectively, these theoretical considerations and empirical findings make sense with respect 

to the present results if inter-individual differences in TNFα production are associated with 

interindividual differences in the occurrence of local sleep in task-relevant neuronal 

networks. Local sleep theory makes a specific prediction regarding the direction of this 

relationship, that is, those individuals who produce the most TNFα in response to neuronal 

use should be the most vulnerable to performance impairment (Van Dongen et al., 2011a; 

Krueger et al., 2013). Although the current literature on TNFα production is inconclusive 

(Hajeer and Hutchinson, 2001), this is a falsifiable prediction of the theory.

In conclusion, our data provide evidence for the involvement of the cytokine TNFα in 

determining a level of resilience to psychomotor vigilance performance impairment due to 

sleep deprivation. Prospective studies in diverse study populations are needed to investigate 
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to what extent the TNFα G308A polymorphism is a sensitive and reliable biomarker of 

resilience in response to sleep deprivation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic of the days of each laboratory study relevant to the analyses of individual 

subjects’ vulnerability to sleep loss. Test bouts on the PVT are indicated by asterisks. Test 

bouts in the 24-h period used to quantify vulnerability to sleep loss are enclosed in gray 

boxes. Black indicates sleep periods; light gray indicates scheduled wakefulness. Note that 

in studies 4 and 5, the sleep deprivation period continued beyond the days shown here.
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Fig. 2. 
Average number of PVT lapses as a function of genotype. The panels on the left show 

performance across 24 h of TSD (top) and at baseline (bottom). The panels on the right 

show performance during the first 12-h period of TSD (22:00–10:00; top) and the second 

12-h period of TSD (10:00–22:00; bottom), where times of day during the second 12-h 

period correspond to those of the baseline period. Error bars denote standard error.
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Fig. 3. 
Average number of PVT lapses across consecutive 6-h intervals of sustained wakefulness 

for subjects with the G/G genotype versus subjects with the A/G or A/A genotypes. Error 

bars denote standard error. Intervals that are part of the 24-h period used to quantify 

vulnerability to sleep loss are enclosed in the gray box (cf. Fig. 1). For reference, the 

average number of PVT lapses across consecutive 6-h intervals is also shown for the most 

vulnerable, intermediate, and most resilient tertiles of our sample irrespective of genotype.
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Table 3

Genotype counts and frequencies.

G/G A/G A/A

Genotype Count

Expecteda 64.78 21.45 1.78

Observed 64 23 1

Genotype Frequency

Expecteda 0.7361 0.2437 0.0202

Observed 0.7273 0.2614 0.0114

Publishedb 0.5729 0.4063 0.0208

Publishedc 0.6928 0.2633 0.0439

a
Based on Hardy-Weinberg equilibrium.

b
Beste et al. (2010), 96 healthy subjects.

c
Almpanidou et al. (2012), 319 healthy control subjects.
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