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Abstract

Accumulating evidence points to a genetic contribution to explain inter-individual vulnerability to 

sleep deprivation. A functional polymorphism in the BDNF gene, which causes a valine (Val) to 

methionine (Met) amino acid substitution at Codon 66, has been associated with cognitive 

impairment, particularly in populations with impaired frontal functioning. We hypothesised that 

sleep deprivation, which affects frontal function, may lead to cognitive dysfunction in Met allele 

carriers. To examine this, we investigated, in different BDNF genotypes, the effects of sleep 

deprivation on cognitive flexibility, as measured by response inhibition using the Stroop Color 

Naming Task. Thirty healthy, adults of European ancestry, including 12 heterozygous Met allele 

carriers and 18 Val/Val homozygotes, underwent 30-h of extended wakefulness under constant 

routine conditions. A computerised Stroop task was administered every 2 h. Error rate and reaction 

times increased with time awake for all individuals. Participants with the Val/Met genotype made 

more errors on incongruent trials after 20 h awake. While Val/Met participants also took 

significantly longer to respond when inhibiting a prepotent response irrespective of time awake, 

this was particularly evident during the biological night. Our study shows that carriers of the 

BDNF Met allele are more vulnerable to the impact of prolonged wakefulness and the biological 

*Corresponding author at: Monash Institute of Cognitive and Clinical Neurosciences, School of Psychological Sciences, Monash 
University, Clayton, Victoria, 3800, Australia. clare.anderson@monash.edu (C. Anderson). 

Author contributions
All authors have contributed to this manuscript. C.A.C., A-M.C., S.C., C.A. contributed to the study concept and design. A-M.C., S.C. 
and C.A. contributed to the collection of data. R.S. conducted the genetic analysis. L.G., S.C. and C.A. contributed to analysis and 
interpretation of the data and drafting of the manuscript. All authors were involved in editing and reviewing the manuscript. The 
manuscript has been approved by all authors.

Disclosure statement
Drs. Cain, Chang and Saxena report no financial conflicts of interest in relation to this work.

HHS Public Access
Author manuscript
Behav Brain Res. Author manuscript; available in PMC 2018 May 17.

Published in final edited form as:
Behav Brain Res. 2018 February 15; 338: 51–55. doi:10.1016/j.bbr.2017.09.025.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



night on a critical component of executive function, as measured by response inhibition on the 

Stroop task.
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At the group level, sleep deprivation has a detrimental impact on cognitive function (See 

[1,2] for reviews). Some individuals, however, are more vulnerable than others to the 

adverse effects of sleep deprivation on performance [3]. Importantly, this vulnerability 

appears to be trait-like and likely has a genetic basis[4]. A number of candidate genes, such 

as PER3, COMT and ADORA2A, have been identified as contributing to individual 

variability in cognitive function following sleep deprivation [5–7]. More recently, a 

polymorphism in the Brain Derived Neurotrophic Factor (BDNF) gene has shown promise 

as a genetic marker of vulnerability to sleep deprivation [8]. While this gene influences 

cognitive function in well-rested, healthy adults, the effects of this polymorphism on 

vulnerability to sleep deprivation is comparatively less well-studied.

BDNF, a member of the neurotrophin family of growth factors, plays an important role in 

neuronal development and survival, context-dependent synaptic plasticity and long-term 

potentiation [9]. BDNF is expressed throughout the central nervous system, and is 

particularly abundant in the prefrontal cortex [9,10]. A common single nucleotide 

polymorphism has been identified in the BDNF gene which produces an amino acid 

substitution from valine (Val) to methionine (Met) at codon 66 (Val66Met) [11]. This Met 

substitution leads to impairments in intracellular processing, trafficking and activity 

dependent secretion of the BDNF protein [12], and is associated with reductions in cortical 

volume and thickness in prefrontal regions [10,13]. The BDNF Val66Met polymorphism has 

been linked to individual differences in cognitive performance, such that BDNF Met allele 

carriers perform more poorly on cognitive tasks, especially those relating to memory, 

learning and executive function [11,13–15], when well-rested. This finding is not consistent 

however, with other studies reporting no effects [16–18]. As Met allele impairments are 

more consistently found where frontal functioning is compromised, such as in 

schizophrenia, bipolar disorder and Obsessive Compulsive Disorder [11,19–21], we 

hypothesise that the Met allele may result in enhanced vulnerability to sleep deprivation 

where frontal function is also impaired [1,2].

To our knowledge, only one study has investigated the relationship between sleep 

deprivation, performance and BDNF genotype in humans. Although they reported no effect 

of the polymorphism on the psychomotor vigilance task, they did report that response 

accuracy on a working memory task was significantly poorer in Met allele carriers compared 

to Val/Val homozygotes during sleep deprivation [8]. To determine whether this effect may 

be evident across other cognitive domains, our study examined whether individuals with the 

BDNF Val/Met genotype, compared to Val/Val homozygotes, were more vulnerable to sleep 

deprivation on a task of response inhibition.
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Thirty participants of self-reported European ancestry completed an 8-day inpatient study. 

Twelve participants carried the Val/Met genotype (4 women (33.3%); 23.17 ± 4.22 years) 

and 18 carried the Val/Val genotype (8 women (44.4%); 22.89 ± 5.18 years). All participants 

were free from medical, psychiatric and sleep disorders. Individuals with color blindness, 

and those who had engaged in night and/or shift work in the past 3 years, or who travelled 

across more than one time zone in the previous 3 months were excluded. Participants 

maintained a consistent, self-selected 8:16 h sleep/wake schedule for three weeks prior to the 

study, confirmed by time-stamped calls at sleep/wake times and actigraphy (Actiwatch-L, 

Minimitter, Inc, Bend, OR). The use of any medications, supplements, recreational drugs, 

nicotine, caffeine, and/ or alcohol were prohibited for the duration of the study, and was 

confirmed by urine and blood toxicology prior to study admission. The protocol was 

approved by the Partners Human Research Committee at the Brigham and Women’s 

Hospital, and participants provided full written informed consent.

Participants were continuously monitored for 8 consecutive days in a time free environment 

(no windows, clocks, radio, live TV, newspapers, and technicians trained to not reveal the 

time). Prior to commencing a 30-h constant routine (CR), participants underwent a phase 

advance protocol involving the 8-h advance of the sleep-wake cycle over 5 days – reported 

elsewhere [22,23]. During the CR, participants remained awake in dim light conditions (3 

lx), in a semi-recumbent posture (head of bed at 45°), and received their equivalent daily 

fluid and caloric intake in hourly snacks. Participants completed a computerised version of 

the Stroop Color Naming Task every two hours, starting three hours post wake. The task 

included three trial types, where the font color and word color were the same (congruent) or 

different (incongruent), or simply consisted of a row of 4 colored “X”s (neutral). For all trial 

types, participants were asked to respond by naming the color of the text by typing the first 

letter of the color on a keyboard (See [24] for more details).

To determine circadian phase, Dim Light Melatonin Onset (DLMO) was defined as the time 

at which plasma melatonin levels rose to 25% of the nightly fitted peak. This was 

determined using the 3-harmonic method (See [25] for more details). DNA was extracted 

from whole blood and genotyped for the rs6265 (coding DNA variant Val66Met) variant of 

the BDNF gene using TagMan SNP genotype assays (Applied Biosystems, Assay ID: 

C1159275810). PCR amplification and allele specific discrimination was performed using 

LightCycler 480 (Roche Applied Science, USA). The reaction consisted of 10 ng DNA, 6.25 

μl of 2X master mix (Applied Biosystems, catalog number: 4371357), 0.65 μl of 20X 

Taqman SNP genotyping assay in a PCR reaction volume of 12.5 μl. Annealing was 

performed at 60 °C. The LightCycler 480 software was used to detect specific SNP alleles 

using the end-point detection method. Genotyping was performed in duplicate to ensure 

reproducibility and a call rate > 95% was obtained.

Polysomnography (PSG) was recorded using a Vitaport-3 recording system (TEMEC 

Instruments, B.V. Kerkrade, The Netherlands). EEG (C3, C4 referenced to contralateral 

mastoids), EOG (upper and lower outer-canthi) and submental EMG was obtained. 

Electrode impedances were < 10 kΩ, and EEG signals were filtered (high-pass EEG filter 

0.23 Hz; low-pass EEG filter 70.1 Hz; 24 dB/octave, sampling rate 256 Hz) and sleep staged 

in 30-s epochs according to the Rechtschaffen and Kales scoring system. Total sleep time 
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(TST); sleep efficiency (% TST of time in bed) and wake after sleep onset (WASO) was 

calculated.

Mean reaction time (RT) and the error rate (percent incorrect responses) for congruent, 

incongruent and neutral trials were calculated for each Stroop session. A difference score 

(RT of incongruent trials - RT of neutral trials) was also calculated within each session as an 

index of inhibition. The inhibition score, or the cost of inhibition, reflects the additional time 

needed to inhibit the prepotent response for incongruent trials. Test sessions were averaged 

over three time periods in order optimise power for the analysis: Tertile 1: 0–10-h, Tertile 2: 

11–20-h and, Tertile 3: 21–30-h. To examine the effect of sleep deprivation, PROC MIXED 

analyses (SAS 9.4) were performed with tertile and genotype modelled as fixed factors and 

participant and circadian phase modelled as random factors. Degrees of freedom were 

calculated using the Kenward-Rogers method and the covariance type with the lowest 

Schwarz Bayesian Criterion (BIC) was chosen. To control for familywise error, post hoc 

pairwise comparisons were conducted using a false discovery rate (FDR) comparison, 

reported as padj. As a secondary aim, we examined the impact of circadian time. 

Independent samples t-tests (SPSS Statistics 20) compared performance during the 

‘biological day’ (average of three tests occurring at least one hour before DLMO) versus 

‘biological night’ (average of three tests occurring at least one hour after DLMO). Only 

participants who had data for at least three sessions before and after DLMO were included 

(Val/Met: n = 11 (∼92%); Val/Val: n = 16 (∼89%)).

Data were successfully obtained from 30 participants, except for phase where we could not 

estimate DLMO for n = 1 (Val/Met) and sleep where there was not a polysomnography 

recording for n = 2 (Val/Met). Participant demographic information is shown in Table 1. The 

genotype frequencies observed in the current sample did not differ from the expected Hardy-

Weinberg equilibrium ( χ1
2 = 2.2, p > 0.10). There were no participants with the Met/Met 

genotype; however, this was expected given the low frequency of the genotype in 

populations of European ancestry (< 5%) [11]. To ensure the different phase advance 

protocols did not affect Stroop outcomes during CR, we conducted a linear mixed model to 

determine whether the different light or phase shift conditions during the phase advance 

affected any of the Stroop outcomes. There was no effect of light condition or phase advance 

protocol on any Stroop outcome (see Table S1 in supplemental material). Means and 

standard deviations for all Stroop outcomes by genotype, and the results of the linear mixed 

model are reported in Table 2.

Overall, response times were slower and the error rate of responses was greater as time 

awake progressed (See Table 2; all trial types p < 0.0001). Post hoc comparison revealed that 

reaction times were slowest and more errors were made in the third tertile of sleep 

deprivation (20–30 h awake), compared to both the first (0–10 h awake; congruent and 

incongruent: p < 0.0001) and second tertiles (10–20 h awake; all trial types: p < 0.0001). 

There was no difference between the first and second tertiles for either reaction time (all trial 

types: p > 0.3) or error rate (all trial types: p > 0.7). Post-hoc paired t-test statistics for the 

main effect of time are shown in supplemental Table S2.
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No significant differences were found between BDNF genotypes for reaction time on any 

trial type, or the error rate for both congruent and incongruent trials (Table 2). For neutral 

trials, however, individuals with the Val/Met genotype made more errors compared to those 

homozygous for the Val/Val genotype (Val/Met 5.76 ± 4.03 ms; Val/Val 3.84 ± 3.02; p = 

0.03). As seen in Fig. 1, a significant genotype*time interaction was found for the error rate 

on incongruent trials (p = 0.032). Post hoc comparison showed that Val/Mets made 3.54% 

[95% CI 0.9590, 6.1267] more errors, relative to Val/Val homozygotes, in Tertile 3 (t55.3 = 

2.75, p = 0.008, padj = 0.017). Other interactions were not significant as described in Table 2.

As seen in Fig. 2A, Val/Met heterozygotes took significantly longer to respond, relative to 

Val/Val homozygotes, when required to inhibit a prepotent response, such that the Val/Met 

homozygotes had a higher cost of inhibition (Val/Met 96.88 ± 72.43 ms; Val/Val 56.50 

± 47.66 ms; p = 0.047). There was no effect of time awake or a significant genotype*time 

interaction on cost of inhibition, however. As the main effect of genotype appeared to be 

most apparent at 0–10 h awake and 21–30 h awake (See Fig. 2A), which, due to the protocol 

design, corresponded with night time hours, we conducted a follow-up analysis comparing 

the genotypes during the biological day and the biological night. As seen in Fig. 2B, 

participants with the Val/Met genotype took significantly longer to respond when inhibiting 

the prepotent response than those with the Val/Val genotype during the biological night 

(Val/Met 112.46 ± 76.09 ms; Val/Val 43.54 ± 73.27 ms; t25 = 2.37, p = 0.026, d = 0.92), but 

not during the biological day (Val/Met 71.53 ± 59.25 ms; Val/Val 63.26 ± 44.35 ms; t25 = 

0.42, p > 0.68, d = 0.16) – see Fig. 2B.

Our data provide evidence that individuals who carry the Met allele of the BDNF genotype 

exhibit more impairment of cognitive flexibility following sleep deprivation, specifically in 

their ability to inhibit a prepotent response, as indicated by an increased error rate on the 

incongruent trials of the Stroop task following 20 h awake. The cost of inhibition, or the 

extra time required to inhibit the response, was also higher in those carrying the Met allele, 

but this was irrespective of sleep loss. This difference in cost of inhibition between the two 

groups appeared greatest at 0–10 h awake and 21–30 h which corresponded with the 

biological night in our study. Follow up analyses confirmed that the cost of inhibition was 

higher during the biological night for those with the Met allele, compared to those 

homozygous for the Val/Val BDNF genotype. Our results also support previous findings 

showing that Met allele carriers perform worse on a range of cognitive tasks even under well 

rested conditions [11,13,14], such that participants with the Val/Met genotype in the current 

study made more errors overall for neutral trials, irrespective of time awake.

The impact of BDNF genotype on vulnerability to sleep deprivation may be due to the effect 

of sleep loss on BDNF expression and subsequent cortical function. For instance, expression 

of BDNF is increased in the frontal cortex, basal forebrain and hippocampus following sleep 

loss in rats [26–28], which is associated with improved cognitive performance [26]. These 

findings suggest that BDNF may act to enhance cortical functioning in the areas where it is 

upregulated during sleep loss. As the BDNF Met allele is associated with impaired activity-

dependent secretion of the BDNF protein, we speculate that any sleep deprivation-induced 

increase in cortical BDNF may be attenuated in Met allele carriers leading to poorer 

cognitive outcomes. In support of this interpretation, imaging studies in humans show 
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reduced activation in the prefrontal cortex and hippocampus of BDNF Met carriers 

[10,11,13,29], which was attributed to impaired secretion of BDNF protein in the Met allele 

carriers affecting synaptic events underlying performance [29]. The Stroop task relies on 

activation of frontal brain regions [30], thus, the structural and functional brain differences 

[10,13] between the BDNF genotypes may underlie the variation in performance by 

affecting the way in which the brain responds to the task during sleep loss. These structural 

and functional abnormalities in Val/Met individuals may affect the allocation of frontal 

resources and alter the brain’s compensatory response to sleep loss, leading to impaired 

cognitive performance relative to Val/Val homozygotes. As this interpretation is speculative, 

future work comparing frontal activation and compensatory responses between those with 

and without the BDNF Met allele during sleep deprivation would provide crucial insight.

While our study outcomes are novel and provide further evidence for a genetic marker of 

vulnerability to sleep loss, our study has a number of limitations. Firstly, the results of this 

study should be interpreted with caution due to the small sample size, and our results should 

be replicated under similar conditions. Despite this, our sample size is similar to previous 

studies investigating the effects of a polymorphism on performance during sleep deprivation 

[5–8] and our findings replicate previous research showing impaired frontal functioning in 

BDNF met allele carriers in well-rested individuals [13,14,19,20] and during sleep 

deprivation [8]. Secondly, individuals were exposed to varying light exposure and phase 

shifting protocols prior to the CR as this was part of a larger study. To address whether these 

conditions had an impact on our outcomes, we conducted a linear mixed model (See 

supplementary material Table S1) which showed that there was no effect of light and phase 

shift condition on Stroop outcomes. There was also no difference in the average phase shift 

between genotypes in response to the phase advance protocol. Finally, as the main protocol 

induced a phase advance prior to the CR, resulting in (some) participants sleeping at a non-

optimal circadian time, we again examined sleep outcomes prior to the CR as this may have 

exacerbated performance deficits. As we found no difference in total sleep time, wake after 

sleep onset, and sleep efficiency between genotypes, we argue that differences in prior sleep 

between the groups does not explain our observed differences in performance during sleep 

deprivation (CR).

In summary, our study shows that the BDNF Met allele carriers are more vulnerable to the 

effect of sleep deprivation and the biological night on a measure of inhibition. BDNF Met 

allele carriers made more inhibitory errors on the Stroop task during sleep deprivation and 

the cost of inhibition, the additional time taken to respond when inhibiting a response, was 

greater regardless of time awake, and particularly so during the biological night. These data 

indicate that BDNF genotype merits further inquiry as a potentially important genetic 

determinant for individual vulnerability to sleep loss and performance impairments at 

adverse circadian times. Our data both support and extend the findings presented by [8] in 

that the BDNF Val66Met polymorphism is associated with vulnerability to sleep deprivation, 

and that this vulnerability goes beyond working memory to other cognitive domains, such as 

cognitive flexibility, which is a critical component of executive function. Taken together, 

these results have important implications for individuals working extended duration shifts, 

particularly at night.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Mean and standard error of the number of errors committed for each genotype. Each trial 

type is plotted separately: (A) Congruent (B) Neutral, and (C) Incongruent. *p < 0.05. 

Untransformed data are plotted.
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Fig. 2. 
Mean and standard error of inhibition for each genotype. (A) Inhibition score for each tertile 

(B) Inhibition scores for the biological day and the biological night. *p < 0.05. 

Untransformed data are plotted.

Grant et al. Page 11

Behav Brain Res. Author manuscript; available in PMC 2018 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Grant et al. Page 12

Table 1

Participant demographic information by genotype.

Demographic Val/Val (M ± SD) Val/Met (M ± SD) t (df) p

n 18 12 – –

Age 22.89 ± 5.18 23.17 ± 4.22 0.16 (28) 0.878

Sex males n(%) 10 (55.56%) 8 (66.67%) – 0.709a

Wake time 08.05 ± 0.86 8.11 ± 0.80 0.20 (28) 0.847

DLMO 18.81 ± 1.92 20.03 ± 3.18 1.28 (27) 0.212

DLMO shift (h) 2.95 ± 1.43 2.23 ± 2.06 1.11 (27) 0.277

TST (mins) 388.22 ± 68.92 408.70 ± 67.35 0.76 (26) 0.455

SE (%) 80.77 ± 14.46 85.05 ± 13.97 0.76 (26) 0.455

WASO (mins) 65.08 ± 73.79 56.91 ± 66.62 0.29 (26) 0.774

Dim light melatonin onset (DLMO); total sleep time (TST); sleep efficiency (SE); wake after sleep onset (WASO). Wake time refers to wake time 
before the 8-h phase advance and DLMO refers to DLMO assessed during the CR post phase shift.

a
Fisher’s exact test p-value (2-sided).
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