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from the retina to the amygdala via the superior colliculus
and pulvinar [2,3,6,7], there is now some debate over the
details following a recent proposal that the subcortical sig-
nal pathway has a complex structure comprising several
branches [8].

Representative findings in support of the subliminal
processing of emotions indicate that when presented
with emotional facial expressions, patients with visual
cortex damage discriminated emotional valence of facial
expressions in the absence of conscious visual experi-
ence [9], showed different physiological responses for
each emotion [10], and had an activated subcortical
pathway on functional brain imaging [11]. Such phe-
nomena were once thought to be special examples of an
otherwise hidden mechanism in healthy individuals that
is only exposed by a loss of conscious visual cognition.
However, this subliminal process might be utilized in
healthy individuals with temporally or functionally impaired
visual cognition.

One of the factors in daily life that can affect visual
cognition is sleep debt. Simulation studies of sleep debt
(i.e., overnight total sleep deprivation) consistently
show that, in addition to a marked decline in viewing-
task performance, reduced activity in the parietal and
occipital lobes involved in visual cognition and atten-
tion is proportional to individual vulnerability to sleep
deprivation [12]. Similar results were obtained from
cognitive tasks on working memory [13], vigilance
[14], language learning [15], and logical thinking [16],
indicating that a decline in task performance is caused
by a functional decline in visual cognition and attention
due to sleep debt.

Swann et al. reported shortened response times to sub-
liminal priming after 2 days of short sleep, and stated
that a decline in high-order supraliminal function due to
sleepiness activated a compensatory subliminal function
[17]. Furthermore, the subliminal process might work as
a system that compensates for the decline seen in the
level of consciousness with strong sleepiness, a situation
that poses considerable danger to survival. For ex-
ample, as a prey animal, a certain rabbit species sleeps
with their eyes open in the wild, during which time
their electroencephalograms show brain activation due
to visual stimuli [18]. This is advantageous because it
enables the animals to respond quickly to an attack by
natural enemies, by waking up and engaging in avoid-
ance behavior. Subliminal hazard perception might
also be preserved in humans by activation via the
pathway for subliminal information during episodes of
strong sleepiness.

In this study, sleep debt was simulated to determine
whether an increase in sleepiness induces a decline in
conscious visual cognition and attention as well as acti-
vation of subliminal emotion processing.
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Methods

Ethics

This study was approved by the Ethics Committee of the
National Center of Neurology and Psychiatry, Japan, and
was conducted in accordance with the Declaration of
Helsinki.

Participants

Participants were 14 healthy, right-handed adult men
(mean + standard deviation age, 24.1 +3.32 years) who
provided written informed consent prior to participating in
the study. The participants’ sleep schedule was monitored
using a sleep log and actigraph (Ambulatory Monitoring
Inc., Ardsley, NY) during a 2-week period prior to the study
(observational period) and during the subsequent ex-
perimental period. Sleep-onset time, wake time, and the
amount of time awake in bed were calculated from acti-
graph data according to Cole’s algorithm with optimal
parameters [19], and were compared with the sleep log
to confirm the absence of irregular life patterns, such as
shiftwork and staying up all night. Overnight polysom-
nography was conducted to screen for sleep disorders
during the observational period.

Exclusion criteria were as follows: mean bedtime or
wakeup time during the observational period outside of
the hours 23:00-02:00 and 07:00-10:00, respectively; some
form of sleep disorder; serious physical complication; psy-
chiatric disorder; ocular disease, including achromatopsia;
taking medication or substances that might affect the ex-
perimental data (e.g. steroids and drugs that induce drow-
siness such as hypnotics and antihistamines); having an
implanted metal object such as a pacemaker; performing
shiftwork; or having traveled within 3 months before the
study to a country with more than a 6-hour time differ-
ence. This study also excluded individuals who consumed
more than 200 mg of caffeine per day and heavy smokers
who were unable to quit smoking for 5 days.

Sleep restriction protocol

All participants attended a briefing session for the study,
underwent sleep electroencephalography screening dur-
ing the 2-week observational period, and participated in
two 5-day experimental sessions. The number of hours
in bed (lights out, permission to sleep) was 8 h/day in
the sleep control (SC) session and 4 h/day in the sleep
debt (SD) session. Both sessions were conducted as a
crossover study with a 2-week interval between the
sessions. To maintain a regular lifestyle during the
interval, participants were restricted from staying up
all night or performing shiftwork.

In the SC session, based on the sleep log and actigram
from the observational period, mean bedtime (23:00-02:00)
was used as the start time for 8 h of sleep (wakeup time
07:00-10:00). In the SD session, bedtime started 4 h later
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(03:00-06:00) than that in the SC session and total hours in
bed were 4 h (wakeup time 07:00—10:00).

In both sessions, participants stayed home for the first
3 days and then stayed in a laboratory at the National
Center of Neurology and Psychiatry for the next 2 days.
To maintain a strict wakeup time at home, we sent an
email alert every 4 h starting at the scheduled wakeup
time until bedtime, and asked participants to answer the
email immediately. In the laboratory, participants were
under video camera surveillance, always assisted by a re-
search attendant, and verbally awakened when in a drowsy
state, such as when taking a nap or dozing off. During the
wake period, participants were allowed to move freely
around the laboratory, read and write, enjoy music and
videos, play videogames, and engage in conversation with
a researcher. Mineral water was always available, but
caffeine and alcohol intake and heavy exercise were re-
stricted. Ambient temperature and relative humidity in
the laboratory were maintained at 25 £ 0.5°C and 50 + 5%,
respectively.

MRI and emotional face-viewing task

Magnetic resonance imaging (MRI) was performed on
day 5 of each session. Participants were served the same
breakfast (approximately 350-kcal sandwich) within 2 h
of the wakeup time, completed a questionnaire about
subjective sleepiness and mood in a room adjacent to
the MRI room 2-2.5 h after the wakeup time, and
underwent MRI 3-5 h after the wakeup time.

During MRI, participants viewed emotional facial ex-
pressions presented under two different conditions: (1)
the conscious condition, which provided sufficient
viewing time to allow supraliminal visual perception of
an emotional expression; and (2) the nonconscious
condition, which provided a brief viewing time to allow
for subliminal perception of an emotional expression
followed by a neutral expression to mask the emotional
facial image (Figure 1).

From the portraits of 16 individuals (8 men, 8 women)
in two standardized image sets [20,21], a total of 48
images of fearful, happy, and neutral facial expressions
(16 individuals x 3 facial images per person) were selected
and these images were presented after making the hair
and background consistent.

(1) Under the conscious condition, a fixation image
was presented for 1000 ms followed by one of the three
types of facial expressions for 200 ms and then a blank
image for 1000 ms. (2) Under the nonconscious condi-
tion, after presenting a fixation image for 1000 ms, one
of the three types of facial expressions was presented
for 26 ms, followed immediately by a neutral facial
image of another person of the same sex for 173 ms
(backward masking), and then by a blank image for
1000 ms (Figure 1).
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Figure 1 Schematic illustration of emotional face-viewing
tasks using backward masking. A) In the nonconscious + fear
task, a 26-ms presentation of a fearful face was followed by a
174-ms presentation of a neutral face of the same individual to
mask the fearful face. B) In the nonconscious + neutral task, a
26-ms presentation of a neutral face was masked by a 174-ms
presentation of a neutral face of another individual. C) Instead
of a facial image, a specific symbol was randomly presented to
maintain alertness, to which participants were asked to respond

by pushing a button.

In both the conscious and nonconscious presentations,
one trial consisted of presentations of a fixation image, a
facial image, and a blank image. In both the conscious
and nonconscious presentations, one trial consisted of
presentations of a fixation image, a facial image, and a
blank image. Each block consists of 9 trials of which 8
trials present either fearful, happy, or neutral facial im-
ages, and one trial shows a double circle symbol stimu-
lus (target) used to keep participants alert and focused
on the images, to which they responded by pressing a
button. At the end of each block, a fixation image was
shown on the screen for 15 s (baseline). A total of
12 image presentation blocks were conducted under
conscious and nonconscious conditions (6 blocks
each) in one session, and two sessions were performed
with a 2-min break between the sessions. Each of six
kinds of task block (conscious-fear, conscious-happy,
conscious-neutral, nonconscious-fear, nonconscious-happy
or nonconscious-neutral) was included 2 times in each
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session (4 times in total). The order of block presentation
was counterbalanced between participants and sessions.
The task program script was coded using Presentation
software (Neurobehavioral Systems Inc., www.neurobs.
com). The projector’s refresh rate was set to 75 Hz dur-
ing task presentation (F22SX+, Projectiondesign Inc.,
Fredrikstad, Norway).

After completing each session, participants reported
subjective sleepiness experienced during the face-viewing
task and their awareness of the backward-masked image
(presented for 26 ms) as follows: for subjective sleepiness,
0, not sleepy at all; 1, slightly sleepy; 2, sleepy; 3, very
sleepy; and 4, slept a little; and for awareness of
backward-masked images: 1, did not notice; 2, noticed
something was presented but could not discriminate the
faces; 3, could discriminate the faces; and 4, could see
everything.

None of the participants responded with 4. Participants
who responded with 3 were asked to describe the images
verbally, and if they correctly described the facial images
(i.e., fearful, happy, or neutral face of another individual),
they were excluded from the analysis of the particular
emotional category.

Three participants noticed a fearful expression image
at least once, 7 participants noticed a happy expression,
and one participant noticed a neutral expression (this
participant also noticed a fearful face). Due to the small
sample size, data for happy facial images were excluded
from subsequent analyses. Eleven participants (mean
standard deviation age, 24.5 + 3.67 years) were unaware
of the fearful or neutral facial images, and therefore only
their data were analyzed.

MRI acquisition
A Siemens Magnetom Verio 3 T MRI system was used to
obtain MR images. To obtain reference images for analysis,
structural images (T1-weighted magnetization-prepared
rapid gradient-echo [MPRAGE] images) were taken
with the following sequence parameters: TR/TE = 1900/
2.52 ms, voxel size = 1x 1x 1 mm, flip angle 9°, and field
of view = 256 x 192 mm.

To obtain task-related functional MRI (fMRI) images,

single shot echo-planar imaging parameters were set at

TR/TE =2500/25 ms, 30 axial slices, voxel size =3 x 3 x
4 mm, 1-mm interslice gap, flip angle 90°, matrix size =
64 x 64, and field of view =192 x 192 mm. In each ses-
sion, the first 5 of 137 scanning images were excluded
from analysis.

fMRI data analysis

Functional brain imaging data were analyzed using
SPM8 (Wellcome Department of Imaging Neuroscience,
http://www fil.ion.uclac.ulk/spm/software/spm8/). For each
image, motion and slice-timing correction as well as
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co-registration into an MPRAGE structural image was
performed. The Montreal Neurological Institute (MNI)
template was used for spatial normalization, and smoothing
was performed using an 8-mm full width half maximum
Gaussian kernel. MRI time-series data that contained three-
dimensional blood-oxygenation-level-dependent (BOLD)
signals of each participant were analyzed using the
first-level fixed effects model with general linear model
regression analysis. Using the canonical hemodynamic
response function implemented in SPMS8, a hypothet-
ical hemodynamic time course corresponding to the
stimulus presentations under each face-viewing task
condition was developed by convolving the hemodynamic
response function. Incorporated into the design matrix
were 13 hemodynamic models of time series corre-
sponding to the following: i) 6 conditions [3 categories
of emotions (happy, fear, and neutral) x 2 types of image
presentation (conscious and non-conscious)], ii) target
image presentation, and iii) 6 head motions as regres-
sors. Actual BOLD signals were analyzed voxel by voxel
using the general linear model (GLM), and during pres-
entation of either a fearful or neutral facial image the
parameter estimate for each regressor was calculated
and a beta image was generated. Significance was set at
p <0.001 (a cluster of > 5 voxels). Also, we took a region
of interest (ROI) approach where we searched for signifi-
cant clusters that survived multiple comparison correction
with family-wise error (FWE) within the amygdala mask
based on Anatomical Automatic Labeling (AAL) (p < 0.05,
small volume correction [22]). The random-effects model
was used to analyze between-subjects variability. A paired
t-test was performed to calculate the t-value for the first
t-level contrast value between each SC and SD session.
Beta images for the presentation of nonconscious fearful,
nonconscious neutral, and each fear-neutral contrast
image were used in this analysis.

The t-test revealed no significant difference in amygdala
activity during nonconscious face-viewing tasks between
the SC and SD conditions (peak MNI coordinate, left
amygdala: x=-14, y=-10, z=-18, £(10) =-1.93; right
amygdala: x = 18, y = -8, z = -12, (10) = -2.51).

Correlation analysis with subjective sleepiness

To investigate whether sleepiness modulates implicit
emotional processing, we correlated brain activity dur-
ing presentation of fearful and neutral facial images
with sleepiness during the task in SD and SC sessions.
Significance was set at p < 0.001 (a cluster of > 5 vox-
els). We searched for significant clusters that survived
multiple comparison correction with FWE within the
amygdala mask based on AAL (p < 0.05, small volume
correction [22]). Beta images for the presentation of
nonconscious fearful, nonconscious neutral, and each
fear-neutral contrast image were used in this analysis.
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Functional connectivity between the amygdala and
superior colliculus

To determine whether the amygdala is functionally
connected to remote regions and whether changes in
this connectivity are related to changes in subjective
sleepiness, we conducted functional connectivity analysis,
seeded in the clusters in the bilateral amygdala that we ob-
tained from results of the fear-neutral contrast. Because
we were particularly interested in the subliminal visual
pathway based on a previous study [1], we placed the tar-
get ROI in the superior colliculus as this region transmits
visual information to the amygdala directly. Using WFU
PickAtlas software from the SPM Toolbox, a mask for the
superior colliculus was generated based on peak coordi-
nates from results of the previous study.

Functional connectivity between the amygdala and super-
ior colliculus (Fcama sco) was calculated using CONN tool-
box version 13.1 (Alfonso Nieto-Castanon, http://www.
alfnie.com/software/conn). Voxel-by-voxel GLM analyses
were conducted, with the regression of time-series data in
each voxel within the target ROI (superior colliculus) on
the time-series data in the seed region. Head motions and
hypothetical hemodynamic response to the main event
(confounding effects of stimulus-locked transients [23])
were used as regressors. Bandpass-filter range was set
at 0.008-0.09 Hz. Individual GLM analyses produced
individual estimation maps (beta-maps) for the two
sleep conditions (SD or SC) and the two kinds of facial
presentation (nonconscious fearful or nonconscious
neutral). We first checked the existence of statistically
significant FCcAMG-SCo during observation of fearful
and neutral faces separately using t-tests, and also
checked the differential FcAMG-SCo between fearful
and neutral faces. Next, the individual beta maps in
each facial condition were fed into the correlation ana-
lysis with the sleepiness at the time when the data were
obtained.

Results were considered significant if p was less than
0.001 and the number of continuous voxels forming a
cluster was greater than 5. Furthermore, we searched for
significant clusters that survived multiple comparison
correction with FWE within the superior colliculus mask
(p < 0.05, small volume correction [22]).

Increased sleepiness by sleep deprivation and changes in
amygdala activity and functional connectivity to the
superior colliculus

Next, we examined whether an increase in sleepiness by
sleep deprivation promotes changes in amygdala activity
and/or functional connectivity between the amygdala
and superior colliculus (Fcamag-sco). We first calculated
individual differential sleepiness between two different
sleep states (SD vs. SC) and differential amygdala activa-
tion and differential Fcppme-sco between the unconscious
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fear and neutral faces. We then evaluated the correlation
of individual differential sleepiness with differential amyg-
dala activation and differential Fcamg.sco. We searched
for clusters in the bilateral amygdala whose activity (in
response to fear vs. neutral faces) was correlated with
sleepiness, and for clusters in the superior colliculus that
showed significant functional connectivity to the amygdala
during observation of fearful faces. MarsBar software
(Matthew Brett, http://marsbar.sourceforge.net /marsbar.
pdf) was used to calculate mean contrast values in each
cluster.

Statistics

SPSS PASW Statistics 18 software was used for statistical
analysis. Behavioral indicators between SD and SC ses-
sions were analyzed using the two-tailed t-test. Results
are expressed as mean + standard deviation. Between-
subjects analysis was performed by calculating Pearson’s
product moment correlation coefficient. Except for the
analysis of functional brain activity, data were considered
significant at p < 0.05.

Results

Sleep-time regulation

From the actigraph data, mean sleep time over the entire
5-day period in the SC and SD sessions was 8.13+
029 h (8 h 8 min+17 min) and 4.67+0.56 h (4 h
40 min + 34 min), with significantly fewer sleep hours
(3.47 £ 0.61 h, or 3 h 28 min + 37 min) in the SD session
(£(10) = 19.00, p < 0.001).

Subjective sleepiness

Subjective sleepiness scores for the SD session were
significantly higher than those for the SC session (SC =
1.63£0.84, SD =25+ 0.87, £(10) = 2.932, p < 0.05).

Subjective awareness of masked images

No significant session-related differences were seen in
either subjective awareness score (SC =2.23 £0.52, SD =
1.95+0.47, t(10) = 1.604).

Button response

No significant session-related differences were seen in
either the number or mean time of responses (SC=
2.23+0.52, SD=195+047, t(10)=1.604; SC=11.63+
0.6, SD =11.38 + 1.16, £(10) = 0.71; SC =596.98 + 0.153.43,
SD =608.28 + 115.34, £(10) = 0.11, respectively).

fMRI data

fMRI data are shown in Figure 2. Correlation analysis of
fear contrasts showed a significant positive correlation
between subjective sleepiness and activity in the amygdala,
ventromedial prefrontal cortex, hippocampus, and insular
cortex [peak MNI coordinates, left amygdala: x = -30,
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Figure 2 Correlation analysis of the correlation with subjective sleepiness. A)-C) Statistical parametric mapping of different brain regions
showing a significant correlation with subjective sleepiness during a face-viewing task: A) nonconscious + fear contrasts, B) nonconscious + neutral
contrasts, and C) nonconscious + fear vs. neutral contrasts. Red and blue areas show a significant positive and negative correlation with subjective
sleepiness, respectively. A) In the nonconscious + fear contrasts, a significant positive correlation is observed in the bilateral amygdala,
hippocampus, insula, and ventromedial prefrontal cortex, whereas a significant negative correlation is observed in the secondary and
tertiary visual areas and the fusiform face area. B) In the nonconscious + neutral contrasts, a significant positive correlation is observed in
the ventromedial prefrontal cortex, posterior cingulate cortex, and precuneus, whereas a significant negative correlation is observed in the
secondary and tertiary visual areas and the fusiform face area. C) In the nonconscious + fear vs. neutral contrasts, the bilateral amygdala and

cluster k> 5-voxel threshold; Degrees of freedom (df) = 20.

posterior cingulate cortex show a significant positive and negative correlation, respectively. Abbreviations: NcF = Nonconscious fear condition;
NcN = Nonconscious neutral condition; Amy = Amygdala; HC = Hippocampus; vMPFC = ventromedial prefrontal cortex; MPFC = medial prefrontal
cortex; R Ins = Right Insula; L Ins = Left Insula; FFA = Fusiform face area; PCC = Posterior cingulate cortex; Prec = Precuneus; p < 0.001 uncorrected,

y =0, z=-14, t20) = 5.92, p < 0.05 small volume correction
with FWE; right amygdala: x =28, y=0, z=-16, £(20) =
4.53, p <0.05 small volume correction with FWE; ventro-
medial prefrontal cortex: x =2, y = 34, z = =20, £(20) = 4.48;
right hippocampus: x=22, y=-14, z=-16, £20)=4.18;
left hippocampus: x =-28, y=-22, z=-16, £(20)=3.94;
left insular cortex: x=-30, y=4, z=14, £(20)=7.62;
right insular cortex: x=32, y=8, z=12, £(20) =4.37
(Figure 2A)]. Also, as with the presentation of neutral
facial images, subjective sleepiness was significantly
negatively correlated with activity in the secondary and
tertiary visual cortices and the fusiform face area (FFA)
[left visual cortex: x = -16, y = -98, z =24, £(20) = 4.61;
right visual cortex: x =24, y=-96, z=22, £(20) =5.13;
left FFA: x=-40, y=-46, z=-10, £(20) = 4.41; right
FFA: x =40,y = -54, z = =12, £(20) = 5.15 (Figure 2A)].
On the other hand, correlation analysis of neutral con-
trasts revealed that subjective sleepiness was significantly
positively correlated with activity in the default mode
network (DMN) area (i.e., the precuneus, posterior cin-
gulate cortex, inferior parietal gyrus, and medial pre-
frontal cortex [24,25]) [precuneus: x = -4, y = -72, z = 28,

£(20) = 6.03; left inferior parietal gyrus: x = -46, y = -48,
z =26, £(20) = 4.23; posterior cingulate cortex: x = -6,
y=-24, z=32, {(20) = 3.71; medial prefrontal cortex: x =4,
y =56, z=16, t(20) = 5.06 (Figure 2B)]. Furthermore, a sig-
nificant negative correlation was observed between subject-
ive sleepiness and activity in the secondary and tertiary
visual cortices and the fusiform face area [left visual cortex:
x=-10, y=-102, z =18, £(20) = 4.21; right visual cortex:
x =24, y=-96, z=22, £(20) =5.95; right FFA: x =38,
y=-52, z=-10, t(20) = 3.80 (Figure 2B)].

Correlation analysis of fear-neutral contrasts showed a
significant positive correlation between subjective sleepi-
ness and activity in the bilateral amygdala [left amygdala:
x=-24,y=-4, z= -8, (20) = 5.05; right amygdala: x = 28,
y=8,z=-12, £(20) = 4.20 (Table 1, Figures 2C, 3), p < 0.05
small volume correction with FWE]. Activity in the
precuneus, posterior cingulate cortex, and inferior par-
ietal gyrus in the DMN area was significantly nega-
tively correlated with subjective sleepiness [precuneus:
x=-4, y=-74, z="50, t(20) = 5.31; posterior cingulate
cortex: x =6, y=-24, z=32120) = 4.62; left inferior
parietal gyrus: x = —40, y = =56, z = 54, £(20) = 5.31 (Table 1,
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Table 1 Coordinates of brain regions showing a significant correlation with subjective sleepiness in the correlation
analysis of fear-neutral contrasts (p < 0.001, uncorrected, k > 5)

Positive correlation

Brain region BA MNI t Cluster k
X y z
Right Lentiform nucleus/ Putamen/Amygdala 24 -4 -8 5.05 25
Parahippocampal gyrus
Right Lentiform nucleus Putamen 28 4 12 49 16
Left Parahippocampal gyrus Amygdala -24 -8 =12 42 17
Negative correlation
Left Inferior parietal lobule 40 —40 -56 54 531 45
Left Precuneus 7 -4 -74 50 531 219
Right Superior frontal gyrus 10 22 56 -8 518 59
Left Fusiform gyrus 20 —-40 -32 =22 483 26
Right Inferior temporal gyrus 20 34 -8 —42 478 33
Left Cingulate gyrus 23 -6 =24 32 462 74
Left Cerebellar tonsil -50 -56 —-42 422 6
Left Paracentral lobule 5 0 —44 62 422 55
Left Middle temporal gyrus 20 -56 -38 -12 409 5
Right Precuneus 7 18 -52 52 403 8
Left Superior frontal gyrus 11 —4 60 =22 402 11
Right Medial frontal gyrus 10 8 64 2 397 7
Left Posterior cingulate 29 -8 —44 16 396 1
Left Middle frontal gyrus 6 -36 -2 46 395 10
Left Middle frontal gyrus 11 -26 52 -14 382 14

The x, y, and z coordinates denote the peak location on the MNI template.

Abbreviations: BA = Brodmann area; MNI = Montreal Neurological Institute template; Cluster k = p < 0.001 uncorrected threshold; Degrees of

freedom (df) = 20.
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Figure 3 Correlation scatter graph for subjective sleepiness and
amygdala activity. In fear-neutral contrasts, amygdala activity is
significantly positively correlated with subjective sleepiness during a
face-viewing task (rf{20] =0.71, p < 0.001). Amygdala activity was
obtained by averaging clusters in the bilateral amygdala that
showed a significant positive correlation in correlation analysis
(p <0001, uncorrected). Data from the SC and SD sessions are shown in
different colors in the graph. e, SC; g, SD. Abbreviations: SC = sleep control
condition; SD = sleep debt condition; Degrees of freedom (df) = 20.

Figure 2C)], presumably reflecting a positive correlation
at the time of neutral-face presentation. Subjective sleepi-
ness was not correlated with secondary or tertiary visual
areas or the fusiform face area.

Functional connectivity between the amygdala and
superior colliculus

We found a significant positive Fcamg.sco during the
presentation of fearful faces [peak MNI coordinates
(mm) in the superior colliculus: x = -4, y = =26, z=-16,
t(21) = 5.43, p < 0.05 small volume correction with FWE
(Figure 4)]. We also found marginally significant Fcanmg.sco
in the fear-neutral contrast [x = ~4,y=-28, z= -8, £(21) =
345, p=0.001]. On the other hand, no significant
connectivity was found during observation of neutral
faces [peak MNI coordinates: x = -4, y = =26, z=-10,
£(21) = 1.75].

We did not find significant a correlation between sub-
jective sleepiness and Fcang sco for any type of stimulus
[fear: x = -4, y = =32, z = -8, #(21) = 1.79; neutral: x =0,
y=-28, z=-10, £(21) =2.76; fear vs. neutral: x= -6,
y=-22, z=0, t(21) = 2.66).
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Figure 4 Functional connectivity with the amygdala in fear
contrasts. The map shows significant functional connectivity between
the bilateral amygdala and other voxels in the brain in both the SC and
SD sessions. Significant connectivity was found in the cluster including
the superior colliculus, peak MNI coordinate (x, y, 2) = (~4, ~26, —10) mm,
t(21) =543, p = 00001, k= 26 contiguous voxels. A significant cluster
with a significant connection to the amygdala is rendered on a T1
anatomical referential image displayed by neurological convention,
with the left side corresponding to the left hemisphere. MNI, Montreal

Neurological Institute template.

Increased sleepiness by sleep deprivation and changes in
amygdala activity and functional connectivity to the
superior colliculus

After we calculated individual differential amygdala ac-
tivation, differential Fcamg.sco» and differential sub-
jective sleepiness between SD and SC, we obtained
cross- correlations between differential amygdala activa-
tion, differential Fcamg.sco, and differential subjective
sleepiness (Figure 5). Differential indices signify changes
due to sleep deprivation (SD) compared to the SC session.
Changes in amygdala activation and changes in Fcama-sco
by SD were positively correlated with changes in the
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subjective sleepiness score [r(10) = 0.66, p < 0.05, r(10) =
0.70, p < 0.05, respectively (Figure 5)].

Discussion

The results of this study revealed that the subjective feeling
of strong sleepiness significantly altered participants’ emo-
tional brain reaction toward negative emotional stimuli
presented under nonconscious conditions. In particular,
the intensity of amygdala activity in response to a fearful
expression was significantly positively correlated with sub-
jective sleepiness. On the other hand, in the secondary
and tertiary visual areas and the fusiform face area special-
ized for visual cognition of facial expression [26,27], activ-
ity was negatively correlated with subjective sleepiness.
We found functional connectivity between the amygdala
and superior colliculus (Fcamg.sco) during presentation of
the fearful face. Further, changes in subjective sleepiness
(the difference between the SC and SD sessions) were
correlated with both changes in amygdala activity and
Feama-sco In response to subliminal fearful faces. These
findings suggest that an increase in sleepiness enhances
subliminal emotion processing that engages the amygdala
and its connection to the superior colliculus. They also
suggest that an increase in sleepiness enhances amygdala
activity and overall subliminal emotion processing via the
superior colliculus while at the same time reducing activ-
ity in areas involved in visual cognition.

The amygdala is known to play an important role in
evoking negative emotional responses [28,29]. Although
visual perception of fearful facial expressions leads to
amygdala activation in healthy individuals [30], this activa-
tion is more pronounced in patients with depression and
anxiety disorder [31,32]. On the other hand, when fearful
expressions are presented nonconsciously or outside the
focus of attention, amygdala activation is similar to that
observed under conscious presentation [4,5,33].

The present findings revealed that activation of the
amygdala in response to subliminal negative emotional
stimuli was augmented by an increase in sleepiness. The
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amygdala is neurally connected to brain regions such as
the insular cortex, medial prefrontal cortex, and hippocam-
pus, and together they form the brain’s emotion network
[34-36]. We found that activity of the emotion network in
response to a fearful facial expression increased as sleepi-
ness intensified. However, after subtracting the effect of the
neutral expression, the amygdala was the only brain region
significantly correlated with sleepiness. In other words, dur-
ing strong sleepiness, the response to negative emotional
stimuli was altered most noticeably in the amygdala.

During neutral facial image presentation, subjective
sleepiness was significantly positively correlated with ac-
tivity in the precuneus, posterior cingulate cortex, and
medial prefrontal cortex. These regions form the DMN
area, which is activated strongly during rest not involving
tasks [24,25]. Sleep deprivation was found to enhance ac-
tivity in the DMN area during a task [14]. In the present
study, sleep debt augmented activity in the DMN area
during nonconscious presentation of neutral, but not fear-
ful, expressions. Images that remained at the conscious
level were neutral facial images under both presentations,
suggesting that nonconscious presentation of fearful ex-
pressions might enhance attention toward subliminal
warnings and prevent the default mode of activity in the
DMN area.

Activity in the amygdala increased in participants who
experienced intense sleepiness despite reduced respon-
siveness in the visual area involved in fearful expression.
This suggests that subliminal visual signals are transmitted
to the amygdala via an alternative pathway that bypasses
the visual cortex [3,5,6,11]. In the backward-masking task,
a fearful expression was presented for a mere 26 ms with-
out eliciting conscious perception, followed by presenta-
tion of a neutral expression long enough (176 ms) to
ensure visual cognition. Under mild sleepiness (i.e., highly
alert with functional attentional mechanisms), information
on neutral facial expression is transmitted to the amygdala
via the pathway involved in conscious vision, which might
cancel out information from fearful (and fear-neutral) ex-
pressions transmitted via the subliminal pathway. When
subjects were asked to perform an affect-labeling task to
describe the emotion presented in the individual facial
stimuli, self-reported distress toward the facial stimuli was
reduced compared with the normal viewing task [37], and
the activity of amygdala was suppressed [38,39]. Given
that the activity in the cortical area involved in visual face
recognition was reduced under strong sleepiness in the
present study, it is possible that affect labeling of currently
presented faces (which remains at the conscious level) is
impossible when highly sleepy, exposing the presence
and impact of fearful information transmitted via the
subliminal pathway.

In this study, nonconscious presentation of fearful facial
expressions enhanced the activity of amygdala despite the
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reduced activity in the cortical area involved in facial rec-
ognition. The functional significance of this phenomenon
might be that a primitive subliminal hazard perception
system was utilized as an alternative mechanism in re-
sponse to the functional decline in conscious emotion pro-
cessing. The superior colliculus, which is present in the
brain area presumably involved in the subliminal pathway,
functions as the center of visual processing in fish and
amphibians. On the other hand, the superior colliculus
constitutes a small portion of the whole brain in humans,
and therefore its function is considered phylogenetically
old [40]. In ancient times, fearful facial expressions were
important tools for conveying imminent life-threatening
danger among tribal members and functioned as basic
warning signs among them [41]. It is therefore possible
that declines in supraliminal visual cognitive and atten-
tional function due to strong sleepiness evoked strong re-
actions toward fearful expressions via the phylogenetically
old subliminal pathway of emotional processing. It is also
possible that the subliminal pathway is involved in the
rapid transmission of danger-related information because
subliminal information is reportedly transmitted faster than
supraliminal information [10]. Furthermore, as shown in
this study, activation of subliminal emotional processing
due to enhanced sleepiness might also affect emotional
adjustment during sleep debt. Although mood decline is
likely to occur in response to mild stressors during sleep
debt [42], sleep deprivation was reported to increase sensi-
tivity to pleasurable experiences by lowering the threshold
value in a task judging valence of pleasure-evoking pic-
tures [43]. A change in nonconscious emotion processing
can influence one’s conscious state, such as mood, feeling
or emotional evaluation [44,45]. Previous studies using
nonconscious emotional stimuli have indicated that sub-
jects can be unaware of their own emotional responses
[11,46]. According to the somatic marker hypothesis (see
[47,48] for details), changes in bodily response such as
sympathetic hyperactivity can strongly affect subjective

. feelings and emotional evaluation without one’s conscious

awareness of the responses. The amygdala and insula,
where activation due to sleepiness was observed in this
study, are involved in autonomic nervous system regula-
tion [49,50]. Our findings suggest that the enhancement
of subliminal emotional processing during sleep debt
might result in involuntary emotional instability, either
directly or indirectly (e.g. through change of bodily re-
sponse), without self-awareness. Because we did not
measure sympathetic nervous system indices such as
the respiratory and cardiac cycle in this study, we could not
confirm that sympathetic activity accompanied enhanced
amygdala activity during strong sleepiness. Moreover,
the amygdala activation could be explained as the result
of increased sympathetic activity due to sleep deprivation.
Future studies should ideally measure indices such as
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heart rate and respiratory rate in the MRI scanner. In this
study, however, the activity of the amygdala was changed
by sleepiness only when observing fearful faces, not
neutral faces, so a change in the sympathetic system
does not completely explain the changes seen in noncon-
scious emotion responses, although sleepiness should im-
pact subliminal emotional processing and alter amygdala
activation.

Conclusion

Sleepiness induced functional decline in brain areas in-
volved in conscious visual cognition of facial expressions,
but also enhanced subliminal emotional processing as rep-
resented by activity in the amygdala. These findings sug-
gest that an evolutionally old and auxiliary subliminal
hazard perception system is activated as a compensatory
mechanism when conscious visual cognition is impaired.
In addition, enhancement of subliminal emotional process-
ing might cause involuntary emotional instability during
sleep debt through changes in emotional response to or
evaluation of external stimuli.
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Association between the melanopsin gene
polymorphism OPN4*lle394Thr and sleep/wake
timing in Japanese university students
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Abstract

is associated with sleep/wake timing.

significantly later than that of TC subjects.

responses, Sleep

Background: In our previous studies, we found that the 1le394Thr SNP in the melanopsin gene (OPN4) was
functionally associated with the pupillary light reflex. This indicates the possibility that OPN4*lle394Thr is associated
with other non-image forming responses. The aim of this study was therefore to determine whether OPN4*lle394Thr

Methods: A total of 348 healthy Japanese university students participated in this study. Scalp hair was used to
genotype the 1le394Thr SNP of OPN4. Sleep habits, including bedtime, wake time and sleep duration, were assessed
separately for weekdays and weekends. A total of 328 samples, including 223 samples with TT genotype, 91 with
TC genotype and 14 with CC genotype, were used for statistical analysis. No significant difference in age or male/
female distribution was found among the three genotype groups.

Results: There was no significant difference in circadian preference among the genotype groups. During weekdays,
bedtime, wake time and midpoint of sleep for CC subjects were significantly later than those for TT and TC subjects.
However, there was no difference between TT and TC subjects in any of their sleep habits. During weekends, bedtime
of CC subjects was significantly later than those of TT and TC subjects, and the midpoint of sleep of CC subjects was

Conclusions: Our findings demonstrated that OPN4*lle394Thr is associated with sleep/wake timing. We also found that
the sleep/wake timing of subjects with the CC genotype was later than that of subjects with the TT or TC genotype.

Keywords: Genotype, Human, Melanopsin gene (OPN4), Single nucleotide polymorphism (SNP), N0n~image forming

Background

Melanopsin, a photopigment contained in a small subset of
retinal ganglion cells, plays an important role in non-image
forming (NIF) responses, including circadian photoentrain-
ment [1], melatonin suppression [2], pupillary light reflex
[3,4], sleep behavior [5,6] and alertness {7,8], by transmit-
ting photic irradiance information to the brain. Parallel
studies using genetic ablation of melanopsin (Opn4) in
mice [1,9], using a silent-substitution method in humans
(4], and using blind subjects [10,11] have demonstrated
that the contribution of melanopsin to NIF responses is as
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'Department of Human Science, Faculty of Design, Kyushu University, 4-9-1
Shiobaru, Minami-ku, Fukuoka 815-8540, Japan
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important as, or even more important than, that of the
classical photoreceptors (rods and cones).

In our previous studies, we found that the Ile394Thr
SNP (rs1079610) in the melanopsin gene (OPN4) was
functionally associated with pupillary light reflex (PLR)
and that subjects with different genotypes of lle394Thr
SNP showed different degrees of responsiveness to light
[12,13]. Thus, OPN4*Ile394Thr might be a factor involved
in inter-individual differences in other NIF responses de-
pending on light, such as circadian phase-shifting, but this
remains unclear.

The endogenous circadian clock in mammals is a self-
sustained oscillation with a period of about 24 hours. In
fact, the circadian clock runs free without entrainment
(synchronization) to environmental signals, especially the

© 2014 Lee et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons. Attribution License (http//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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light/dark cycle in a day. As mentioned above, parallel stud-
ies have demonstrated an important role of melanopsin in
circadian entrainment [1,5,11,14]. Melanopsin-containing
retinal ganglion cells detect irradiance information and
transmit the photic signal to the suprachiasmatic nucleus,
the circadian pacemalker, located in the hypothalamus [15].

An individual circadian phase shows a light intensity-
dependent manner and can be advanced or delayed de-
pending on exposure timing to light. Notably, Zeitzer
et al. [16] found that phase-delaying effects of light
were increased in humans during early night and that
the delayed phase appeared with exposure to not only
bright light but also low irradiance light. It is therefore
possible that the different degrees of responsiveness to
light among OPN4*[[e394Thr genotypes may influence
circadian phase.

Sleep/wake timing in humans is thought to reflect
circadian phase [17,18] and to be correlated with dim
light melatonin onset (DLMO) phase, which has been
used to estimate an individual’s circadian phase {19,20].
Aoki et al. [21] found that the magnitude of light-
induced melatonin suppression in patients with DSPS
(delayed sleep phase syndrome) was greater than that
in normal subjects. This indicates the possibility that
inter-individual differences in circadian phase are asso-
ciated with photoreceptor light sensitivity. .

Taken together, we hypothesized that the effect of
11e394Thr SNP on circadian phase is reflected in sleep/
wake timing. Hence, the aim of this study was to deter-
mine whether OPN4*1le394Thr is associated with sleep/
wake timing.

Methods

Subjects

A total of 348 healthy Japanese university students
(mean age: 20.9 years; SD: 2.2) with common color vi-
sion (Ishihara color-blindness test) participated in this
study. Exclusion criteria included medication or drug
consumption and shift work. All participants were en-
rolled with written consent of each participant, and the
study was approved by the Ethical Committee of Kyushu
University and the Ethics committee of the National
Center of Neurology and Psychiatry. There was no sig-
nificant difference in age or male/female distribution
among the three genotype groups. Table 1 shows the de-
mographical characteristics of the subjects.

Investigation of circadian preference and sleep-wake timing
So-called morningness-eveningness, namely circadian
preference, is an individual characteristic and shows a
strong correlation with sleep/wake timing [22]. A Japanese
version of the Morningness-Eveningness Questionnaire
(MEQ) [23] was used to evaluate the effect of individual
circadian preference on sleep/wake timing. In addition,
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Table 1 Demographical characteristics of each genotype
group

Genotype T TC cC P-value
n 223 91 14

Sex (M:F) 122:101 49:42 410 0.163 (%)
Age (years + SD) 21.0+23 208+20 213+15 0.667

sleep habits (bedtime, wake time and sleep duration) were
assessed separately for weekdays and weekends, because
individual sleep/wake times have been shown to differ
greatly between weekdays and weekends [24]. Besides
sleep/wake timing, midpoint of sleep has also been used
to estimate an individual’s circadian phase, and it has been
shown to have a strong correlation with DLMO phase
[25,26]. The midpoint of sleep was calculated on the basis
of self-reported bedtime and wake time.

Genotyping

Genomic DNA samples were extracted from a scalp hair
using an FM Kit (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan), and [1e394Thr SNP was genotyped in all
participants by using TagMan SNP genotyping assays
(Applied Biosystems, Foster City, California, USA). The
genotype groups were classified as TT, TC and CC, and
the numbers of subjects in those groups were 232, 94
and 14, respectively (eight being undetermined). Geno-
type frequency of OPN4*[le394Thr was consistent with
the Hardy-Weinberg equilibrium (y* = 2.12, ns), and the
T and C allele frequencies of I1e394Thr SNP were 82.1%
and 17.9%, respectively.

Statistical analysis

Subjects who did not complete the self-assessment ques-
tionnaire were excluded. After exclusion, a total of 328
samples, including 223 samples with TT genotype (122
men and 101 women; 21.0 + 2.3 years old), 91 samples
with TC genotype (49 men and 42 women, 20.8 t
2.0 years old) and 14 samples with CC genotype (4 men
and 10 women, 21.3 £ 1.5 years old), were used for stat-
istical analysis (Table 1).

To evaluate the differences among the genotype groups
for dependent variables, including sleep habits and circa-
dian preference, we used one-way multivariate ANOVA
(IBM® SPSS® version 21, New York, USA) with the geno-
types as independent variables. Tukey (honestly significant
difference) HSD post hoc tests were carried out when the
interaction between genotypes and each dependent vari-
able was significant. P < 0.05 was considered to be statisti-
cally significant.

Results
The MEQ mean scores and standard deviations were 48.4 +
74 in the TT subjects, 48.6+7.3 in the TC subjects and
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44.8 + 6.6 in the CC subjects (Table 1). ANOVA showed no
significant difference among OPN4*le394Thr genotypes.

ANOVA for the data during weekdays showed main ef-
fects of genotype on bedtime (F =7.058; P<0.01), wake
time (F = 3.353; P < 0.05) and midpoint of sleep (F = 5.622;
P <0.01). No significant effect of genotype on sleep dur-
ation was found. In the sleep habits during weekends, main
effects of genotype were found on bedtime (F = 5.624;
P <0.01) and midpoint of sleep (F =3.964; P <0.05) but
not on wake time or sleep duration (Table 2).

Figure 1 shows bedtime and wake time of each geno-
type group both on weekdays and weekends. During
weekdays, CC subjects reported significantly later bed-
times than those of T'T subjects and TC subjects as well
as later wake times. During weekends, CC subjects
showed later bedtime than those for TT subjects and TC
subjects, while there was no significant difference among
the genotype groups in wake time. No significant differ-
ence was found between TT and TC subjects in any of
the sleep habits.

The midpoint of sleep for CC subjects was signifi-
cantly later than those for the TT subjects and TC sub-
jects on weekdays, but no significant difference was
found between TT subjects and TC subjects. The mid-
point of sleep for the CC subjects was later than that for
the TC subjects on weekends, but no significant differ-
ence was found between TT subjects and CC subjects or
between TC subjects and TT subjects (Figure 2).

Discussion

We attempted to determine the association between
OPN4*[le394Thr and sleep habits. We found that sub-
jects with the CC genotype had later sleep/wake timing
and later midpoint of sleep than those for subjects with
the TT or TC genotype, indicating that OPN4*[e394Thr
is associated with sleep/wake timing. On the other hand,

Table 2 Morningness-Eveningness Questionnaire (MEQ)
score and sleep habits of each genotype group

Genotype TT (n=223) TC (n=91) CC(n=14)
MEQ score 484+74 48673 448+6.6
Weekdays

Bedtime 1:03 £0:59 0:58 £ 1:14 1:52+1:36
Wake time 7:49 +1:28 744 £ 1:20 859+ 1:35
Mid-sleep 426+1:.06 817 £1:.07 526+ 1:29
Sleep duration 6:16 + 1:02 6:25+1:15 6:58 +1:20
Weekends

Bedtime 1:31+1:21 1:26 + 1:15 235£1:31
Wake time 9:44 + 1:47 9:26 +1:38 10:23 £2:00
Mid-sleep 5:37+1:24 526+ 1:17 6:29 + 1:41
Sleep duration 8:08 + 1:26 803 £1:41 745+ 1:27

Values indicate means + SD.
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Figure 1 Comparison of bedtime and wake time (mean + SD)
among TT (n=223), TC (n=91) and CC (n = 14) subjects during
weekdays (white bars) and weekends (black bars). During
weekdays, both the bedtime and wake time of CC subjects were
significantly later than those of TT and TC subjects. During weekends,
the results for bedtime were consistent with those during weekdays,
but there were no significant differences among genotype groups in

wake time. *P < 005, **P < 001.

the circadian preferences identified by MEQ scores
showed similar trends among the genotype groups, indi-
cating that the sleep habits of subjects with each geno-
type were not biased by individual preference.

Light is a critical environmental cue for circadian en-
trainment and circadian phase can be advanced or de-
layed depending on light intensity and exposure timing.
Exposure to light at night results in phase delay. In sup-
port of this, it has been reported that exposure of hu-
man subjects to ordinary room light with low irradiance
(approximately 300 lux) during the night caused delayed
circadian phase [16,27], melatonin suppression [28], and
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Figure 2 Comparison of midpoint of sleep (mean + SD) among
TT (n=223), TC (n=91) and CC (n = 14) subjects during weekdays
(white circles) and weekends (black circles). During weekdays, the
midpoint of sleep of CC subjects was significantly later than those
of TT and TC subjects. During weekends, there was a significant
difference in midpoint of sleep only between TC and CC subjects.
*P <005, **P<001.

— 106 —



Lee et al. Journal of Physiological Anthropology 2014, 33:9
http://www jphysiolanthropol.com/content/33/1/9

alertness [29]. All of the subjects who participated in the
present study were university students and had late bed-
times (mean bedtime: 1:15 AM), which means, although
we did not assess light conditions for the subjects in
daily life, it can be assumed that the subjects were ex-
posed to indoor light for a long duration during the
night. Thus, it is possible that the findings in this study
were due to the effect of light exposure at night.

In our previous study, we found that pupilloconstric-
tion of TC and CC subjects or a combined group (TC +
CC) was greater than that of TT subjects, suggesting
that the genotype with C allele is highly responsive to
light [12,13]. Given that the phase-delaying response to
light follows a logistic dose—response curve [16], the de-
layed sleep/wake timing of CC subjects might be a con-
sequence of the high responsiveness to light.

Unlike on weekends, it is difficult for an individual cir-
cadian phase, which is strongly affected by social con-
straints, especially wake time, to be reflected in the
sleep/wake cycle on weekdays. Despite this, delayed
sleep phase of the CC subjects was observed more
clearly during weekdays than during weekends. Although
university students are under a time constraint on week-
days, the level of the constraint is weak. In addition,
sleep is generated by the interaction between circadian
and homeostatic mechanisms, and the latter mechanism
is thought to be an increase in sleep pressure during
wakefulness and dissipation during subsequent sleep.
Particularly in adolescents, sleep debt is likely to accu-
mulate during weekdays and therefore lead to oversleep
as a compensation for sleep loss during weekends. Thus,
the disappearance of a statistical difference among geno-
types in wake time and midpoint of sleep during week-
ends might be due to homeostatic sleep regulation.

However, the relationship between OPN4*[e394Thr
and sleep habits in this study was not consistent with
the results for the relationship between OPN4*[[e394Thr
and PLR in our previous study: sleep/wake timing of the
CC subjects was significantly delayed compared to that
of the TT and TC subjects, whereas no difference was
found between the TC and CC subjects in PLR. It is not
clear what caused this, but it indicates that the previous
results for PLR cannot sufficiently explain the sleep
phase difference among OPN4*[le394Thr genotypes.
Compared to PLR, a more complicated mechanism and
more factors are involved in sleep. For instance, inter-
individual differences in endogenous circadian rhythm,
circadian phase and sleep timing have been reported
[30,31]. Furthermore, contribution of the CLOCK gene
to circadian phenotypes, particularly sleep timing, has
been reported [32,33].

Furthermore, melanopsin has a characteristic spectral
sensitivity Apax around 480 nm. The effect of light with
a high-color temperature (that is, blue-enriched) on
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melatonin suppression or sleep has been investigated
[34-36]. Also, in our previous study, we found that the
difference between OPN4*[e394Thr genotypes in PLR
depends on light wavelength: greater differences were
observed with a short wavelength light [13]. Therefore,
in future work, those factors should be evaluated to val-
idate the findings in this study.

The sample size for CC genotype was small (n=14)
compared to TT and TC subjects. As International Hap-
Map Project reported, the frequency of CC genotype is
relatively low not only in Japanese in Tokyo (2.3%) but
also in other ethnic groups; for example, 13.3% of Han
Chinese in Beijing and 12.3% of European ancestry in
Utah state. To enhance confidence in our findings, lar-
ger samples will be required.

Perspective

According to the database of International HapMap
Project, C allele frequency of 11e394Thr SNP in CEU
(European ancestry in Utah state, 34.2%) is larger than
that in JPT (Japanese in Tokyo, 17.0%) and that in YRI
(Yoruba in Nigeria, 14.2%). It was also found that
pupillary light response in CC genotype is larger in the
European population [37]. These findings mean that
the proportion of people with high sensitivity to light
might be relatively large in the European population. It
is thought that light skin color in the European popula-
tion results from genetic adaptation to a short duration
of sunlight in a high latitude area. Another example of
the health risk of a short duration of sunlight is sea-
sonal affective disorder (SAD), which is involved in the
mechanism of melanopsin-containing non-visual response
to light. Although it has been reported that melanopsin
gene polymorphism is associated with prevalence of SAD
[38], it is unknown whether natural selection has driven it
or not. Further study based on population genetics, such
as a statistical approach to estimate the degree of popula-
tion differentiation (Wright's Fst) [39] and to measure
linkage disequilibrium as evidence of selective sweep [40],
is needed.

Although we found an association between OPN4*I-
1e394Thr and sleep timing in this study, an association
was not found in another study that was conducted in
the USA using middle-aged European subjects [41]. This
inconsistency suggests that associations between geno-
type and phenotypic variations are not simple and that
these relations are modulated by environment and age.
In the present study, the association between OPN4
polymorphism and sleep timing was thought to have
been due to the effect of light at night on the circadian
phase. In Japan, most people are likely to use a fluores-
cent lamp at home and some tend to use high-color
temperature light, which has an impact on sleep and cir-
cadian rhythm. In addition, our subjects were university
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students, who have been reported to have a tendency to
delay sleep timing due to weak social zeitgebers [42].
These cultural and environmental factors in Japanese uni-
versity students might strengthen the association between
OPN4 polymorphism and sleep timing. In physiological
anthropology, functional connections and biological sig-
nificance between genotypic and phenotypic variations
should be clarified in terms of interaction of culture and
living environments in a targeted population.

Conclusion

Our findings demonstrated that OPN4*[[e394Thr is asso-
ciated with sleep/wake timing. We also found that the
sleep/wake timing of subjects with the CC genotype was
later than that of subjects with the TT or TC genotype.
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Background: Lithium exerts a mood-stabilizing effect and inhibits myo-inositol monophosphatase (IMPase).

Results: IMPase mutant mice had impaired jaw formation and mimicked lithium-induced behaviors.

Conclusion: Craniofacial development and brain function require intracellular inositol production.

Significance: This mouse model reveals molecular mechanisms relevant to understanding lithium’s efficacy and inositol-

mediated developmental processes.

myo-Inositol is an essential biomolecule that is synthesized by
myo-inositol monophosphatase (IMPase) from inositol mono-
phosphate species. The enzymatic activity of IMPase is inhibited
by lithium, a drug used for the treatment of mood swings seen in
bipolar disorder. Therefore, myo-inositol is thought to have an
important role in the mechanism of bipolar disorder, although
the details remain elusive. We screened an ethyl nitrosourea
mutant mouse library for IMPase gene (Impa) mutations and
identified an Impal T95K missense mutation. The mutant pro-
tein possessed undetectable enzymatic activity. Homozygotes
died perinatally, and E18.5 embryos exhibited striking develop-
mental defects, including hypoplasia of the mandible and asym-
metric fusion of ribs to the sternum. Perinatal lethality and
morphological defects in homozygotes were rescued by dietary
myo-inositol. Rescued homozygotes raised on normal drinking
water after weaning exhibited a hyper-locomotive trait and pro-
longed circadian periods, as reported in rodents treated with
lithium. Our mice should be advantageous, compared with
those generated by the conventional gene knock-out strategy,
because they carry minimal genomic damage, e.g. a point muta-
tion. In conclusion, our results reveal critical roles for intra-
cellular myo-inositol synthesis in craniofacial development
and the maintenance of proper brain function. Furthermore,
this mouse model for cellular inositol depletion could be ben-
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eficial for understanding the molecular mechanisms under-
lying the clinical effect of lithium and myo-inositol-mediated
skeletal development.

Lithium salts are used as a first-line drug to treat psychiatric
illnesses, particularly bipolar {(manic depressive) disorder. Evi-
dence indicates that the mood-stabilizing action of lithium is
mediated by inhibiting myo-inositol monophosphatase
(IMPase,” EC 3.1.3.25) activity, thereby inducing intracellular
inositol depletion (1-3). IMPase generates myo-inositol, a sub-
strate for the membrane phospholipid phosphatidylinositol,
from inositol monophosphate species, which are produced in
cells by the multistep dephosphorylation of higher inositol
phosphates (“recycling” of inositol) or by the isomerization of
p-glucose 6-phosphate (“de novo synthesis” of inositol). Mam-
malian cells express IMPase 1 and IMPase 2, which are encoded
by Impal/IMPA (4, 5) and Impa2/IMPA2 (6, 7), respectively.
Their primary structures are closely related to each other,
whereas their three-dimensional structures and enzymatic
characteristics vary slightly but significantly (8-10). Impor-
tantly, IMPase 1 is more sensitive to lithium inhibition than
IMPase 2 in our in vitro assay. This finding strengthens the
importance of IMPase 1 as a bona fide target for lithium ther-
apy. However, genetic variations in JMPAZ2, but not in IMPAI,
have been implicated in multiple neuropsychiatric diseases,
including schizophrenia (11), bipolar disorder (12, 13), and feb-
rile seizures (14), suggesting a role for the IMPA2 gene in the
genetic risk for these illnesses. Although these lines of evidence
support critical roles for IMPase and myo-inositol in maintain-
ing normal brain function, it still remains unclear whether and
how inositol depletion mediates the therapeutic efficacy of lith-
ium or how intracellular synthesis of myo-inositol impacts the
normal development of the brain and other organs. To clarify

2 The abbreviations used are: IMPase, myo-inositol monophosphatase; ENU,
N-ethyl-N-nitrosourea; RGDMS, RIKEN ENU-based gene-driven mutagene-
sis system; DD, constant darkness.
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this point, establishing reliable animal models in which the bio-
logical effects of inositol depletion are easily detectable as phe-
notypes is essential.

The potent mutagen, N-ethyl-N-nitrosourea (ENU) primar-
ily causes single base substitutions. We generated a library of
ENU-mutated mice and employed a high throughput screening
system to detect mutations. We refer to these techniques col-
lectively as RIKEN ENU-based gene-driven mutagenesis sys-
tem (RGDMS) (15-18). Using RGDMS to generate and analyze
mice with ENU-induced mutations, we uncovered unexpected
functions for Impal in the development of the skull, as well as in
mouse behavior.

EXPERIMENTAL PROCEDURES

Mice—All protocols using animals were approved by the
Animal Experiment Committee of RIKEN. Mice were housed
in groups under constant temperature and humidity with a
12-h light/dark cycle (lights on at 08:00 h). They had ad libitum
access to standard lab chow and water. In the rescue experi-
ment, 2% myo-inositol in drinking water was provided to dams
until weaning.

Screening of the ENU Mutant Mouse Library— The basic con-
cept of our mutant mouse screening system (RGDMS) is shown
in Fig. 1A. The library for Impa mutant mice was screened by
PCR using the primer sets, followed by temperature gradient
capillary electrophoresis. The information for used primers is
available upon request. The mutations identified by tempera-
ture gradient capillary electrophoresis were confirmed by
Sanger sequencing. Ova from normal mice were fertilized in
vitro with sperm stocks harboring one of the identified mis-
sense mutations, and the zygotes were implanted in the uteri of
female mice to create heterozygous (G2) mice. Founder mice
were crossed at least six times with inbred C57BL/6N females
(Japan SLC, Shizuoka, Japan) to dilute the original genetic back-
ground and irrelevant mutations. Heterozygous males and
females were mated to generate homozygotes. The mutant
strains are available from the RIKEN BioResource Center under
the RBRC numbers shown in Table 1.

Genotyping of Mutant Mice—Genotyping of the Impal mis-
sense mutants (F81L, T95K, and T96A) was performed as fol-
lows: genomic DNA purified from mouse tails was amplified
using the primer set forward primer 5-CTTCATCGTGTT-
TATTATTATCATCCTC-3" and reverse primer: 5'-TTGGTC-
CCTTGCTCCACAGCTTAGA-3'". Amplicons were sequenced
directly, using the forward primer and the BigDye Terminator
Version 3.1 cycle Sequencing kit (Invitrogen).

In Vitro Enzyme Assays of Recombinant Proteins—IMPase
assays were performed as described (8). In brief, a DNA fragment
spanning the open reading frame of mouse Impal was amplified
from mouse brain Marathon-Ready ¢cDNA (TaKaRa Bio, Ohtsu,
Japan), using the primer set mIM1-Fwl, 5'-GTGCGCTCGCGC-
GAGATAATGGCAGAC-3', and mIM1-Rvl, CCCAGGGACA-
GCAAGGATGACACTGGA-3', followed by a second PCR assay
with the primer set mIM1cds-Fw-EcoRV, 5'-AGTGAGATATC-
AATGGCAGACCCTTGGCAGGAG-3', and mIMlcds-Rv-
Xhol, AGTGACTCGAGCTAGCTTTCGTCGTCTCTTTG-3'
(underline sequences denote restriction enzyme recognition sites)
to introduce restriction enzyme recognition sites into the PCR
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product. After digestion with EcoRV and Xhol, the resultant frag-
ment was cloned into the EcoRV/Xhol site of SR-HA, a mamma-
lian expression vector (19) that expresses proteins with N-terminal
HA tags, generating SR-HA-mImpal WT. Site-directed muta-
genesis following the standard Dpnl method was performed to
produce the three /mpal mutant constructs as follows: SR-HA-
mlmpal F81L, SR-HA-mImpal T95K, and SR-HA-mImpal
T96A. The nucleotide sequence of each construct was verified.
Human kidney-derived HEK293T cells were transfected with one
these three constructs or SR-HA (empty vector), using the calcium
phosphate method, and then cultured for 2 days. The HA-tagged
recombinant proteins were purified from lysates to near-homo-
geneity using HA antibody affinity beads. Protein preparations
were analyzed using SDS-PAGE, followed by silver staining and
Western blotting with an anti-HA antibody.

Bone and Neurofilament Staining—T95K heterozygous male
and female mice were intercrossed, and pregnant females were
euthanized by cervical dislocation at E10.5, E14.5, or E18.5.
Fetuses were removed quickly from uteri, and the tissue sam-
ples were harvested. E18.5 and E14.5 fetuses were stained with
Alcian blue and alizarin red (20) to visualize bones. E10.5
embryos were subjected to whole-mount immunohistochemis-
try using an anti-neurofilament antibody (clone 2H3, Develop-
mental Studies Hybridoma Bank, Iowa City, IA) and standard
procedures to visualize neural fiber organization. Immune
complexes were detected using a combination of anti-mouse
IgG labeled with horseradish peroxidase and 3,3'-diaminoben-
zidine. Western blotting of the tissue extract was performed as
described (8). Hematoxylin and eosin staining of brain paraffin
sections was performed according to a standard procedure.

Behavioral Tests—Mice were 3~5 months old when tested.
Behavioral tests were conducted as described (21, 22), except
for circadian rhythm, which was evaluated using a wheel-run-
ning apparatus (23) with minor modifications. In brief, individ-
ual mice were housed in cages (28 cm wide X 12 cm deep X 15
cm high) equipped with a steel wheel (5.5 cm wide X 15 c¢cm in
diameter). For the assessment of circadian rhythm, wheel-run-
ning activity was monitored using a computer (O’Hara & Co.,
Tokyo, Japan) during regular light-dark cycles. Light intensity
was set to 150 lux. The ClockLab software (Actimetrics, Wil-
mette, IL) was used to determine the circadian period.

Statistical Analysis—We used Student’s ¢ test to compare the
two groups subjected to behavioral examinations. When data
show a biased distribution, the nonparametric (Mann-Whitney
U) test was used. When necessary, data were analyzed using
two-way repeated measures analysis of variance followed by
post hoc Fisher’s protected least significant difference test. The
segregation ratio of pup genotypes was tested for significance
using the ¥ test. A p value <0.05 was defined as significant.

RESULTS

Screening of the ENU mouse library for mutations in coding
exons and flanking intron sequences of Impal and Impa?2 (Fig.
1A) led to the identification of 17 mutations (12 in Impal and 5
in [mpaZ2) (Table 1), of which four were missense (nonsynony-
mous) mutations (Impal: F81L, T95K, and T96A; Impa2:
1282T) (Fig. 1, B and C, and Table 1). The Ile-282 residue is
conserved between human and mouse IMPase homologs (Fig.
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FIGURE 1. ENU-induced mutations in Impal. A schematic representation of
tions in the two IMPase genes. B, sequence data for genomic DNA from thre

the gene-driven ENU mutagenesis system. The library was screened for muta-
e Impal mutants. Note that each mutant strain (G0) is a heterozygote for the

corresponding mutation. Arrows indicate the position of the mutation. C, amino acid sequence alignment of mouse and human IMPases. Identical and

conserved amino acids are highlighted in black and gray, respectively. Positiol
Phe-81; red, Impa1 Thr-95; yellow, Impa1 Thr-96; and green, Impa2 lle-282.

1C, green dot), raising the possibility that it impacts the biolog-
ical function of IMPase 2. However, because ImpaZ2 knock-out
(KO) mice lack a detectable phenotype (21), we focused on the
three Impal mutations. In Fig. 24, the positions of the mutant
amino acid residues are mapped on the crystal structure of the
mouse IMPase 1 homodimer (Protein Data Bank 4AS5) (24).
The Thr-95 and Thr-96 residues (Fig. 1C, red and yellow dots,
respectively) are close to the catalytic site, with Thr-95 being
conserved between human and mouse IMPase homologs. The
T95K mutation introduces a positive charge, potentially affect-
ing conformation and enzymatic activity. In contrast, the sub-
stitution of Leu for Phe-81 may not have a deleterious effect as
it is distant from the catalytic site and close to the surface (Fig.
2A). Moreover, Leu occupies a position corresponding to the
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ns of missense mutations are indicated by colored dots as follows: blue, Impa1

mouse Impal Phe-81 residue in human IMPase 1 and IMPase 2
and in mouse IMPase 2 (Fig. 1C, blue dot). The PolyPhen-2
software tool (25) employs a three-step grading system to pre-
dict the impact of given mutations on the biological function of
a protein as follows: benign, possibly damaging, and probably
damaging. PolyPhen-2 predicted that the three missense muta-
tions, F81L, T95K, and T96A, were benign, probably damaging,
and possibly damaging, respectively (Table 1). These analyses
strongly support the conclusion that the Lys-95 mutation may
exert the strongest effect on biological function.

To test this possibility, wild-type and mutant HA-tagged
IMPase 1 recombinant proteins were affinity-purified from
c¢DNA-transfected HEK293T cells (Fig. 2B) and then tested for
activity using a published method (8). Consistent with in silico

JOURNAL OF BIOLOGICAL CHEMISTRY 10787

— 112 —



Mouse Model for Intracellular Inositol Depletion

TABLE 1
Mutations identified in Impal and Impa2 genes
Mutant Amino acid

Gene allele Stock no.” Position Exon/intron change PolyPhen-2

Impal Rgsc01422 RBRC-GD000153 c85G>A Intron 1
Rgsc01496 RBRC-GD000155 Cc.44T>A Intron 1
Rgsc01494 RBRC-GD000154 c.63 + 46G>A Intron 2
Rgsc014117 RBRC-GD000162 ¢.197 + 55C>T Intron 3
Rgsc00210 RBRC-GD000158 c241T>C Exon 4 F81L Benign
Rgsc01846 RBRC-GD000159 c.284C>A Exon 4 T95K Probably damaging
Rgsc01827 RBRC-GD000160 c286A>G Exon 4 T96A Possibly damaging
Rgsc01639 RBRC-GD000157 c.322T>C Exon 4 Synonymous
Rgsc01835 RBRC-GD000161 c.302 + 94G>A Intron 4
Rgsc01418 RBRC-GD000151 c.303-4T>A Intron 4
Rgsc01495 RBRC-GD000156 ¢.458-101A>G Intron 6
Rgsc01423 RBRC-GD000152 c.566 + 43C>T Intron 7

Impa2 Rgsc01365 RBRC-GD000146 ¢103-62C>T Intron 1
Rgsc01384 RBRC-GD000149 c.342-29A>G Intron 3
Rgsc01373 RBRC-GD000150 €387 + 21T>C Intron 4
Rgsc01363 RBRC-GD000147 <496 + 85C>T Intron 5
Rgsc01362 RBRC-GD000148 c.845T>C Exon 8 1282T Possibly damaging

“ Mutant strains are available from RIKEN BioResource Center.

# This mutation was found in other G1 mice derived from the same GO male, indicating that this mutation existed in the GO male and was transmitted to G1 mice.

Mouse IMPase 1 homodimer
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FIGURE 2. T95K mutation inactivates the intrinsicactivity of IMPase 1. A, three-dimensional structure of the mouse IMPase 1 homodimer (Protein Data Bank
code 4AS5) (chains A and B), showing the mutantamino acid residues. The CueMol software was used for the three-dimensional model construction. The Thr-95
and Thr-96 residues are located proximal to the enzyme catalytic site. B, recombinant HA-tagged IMPase 1 proteins purified from cDNA-transfected HEK293
cells were analyzed using SDS-PAGE, followed by silver staining. Western blot (WB) data using an anti-HA antibody is shown in the lower panel. Each sample
contained equal loadings of recombinant protein. C, kinetics of phosphatase activity. Enzymatic activity of the T95K mutant (red line) was undetectable. D,
lateral views of wild-type control (Wild), heterozygote (Het), and homozygote (Homo) mice. Homozygous T95K mice rarely survived into adulthood.

results, the Lys-95 (T95K) mutant lacked detectable activity
(Fig. 2C). In contrast, there was no significant difference
between the activity of wild-type and Ala-96 (T96A) proteins.
Interestingly, the Leu-81 (F81L) mutant produced higher activ-
ity compared with the wild-type protein.
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Next, we investigated the phenotypes of mice harboring
these three mutations. Heterozygous mice (G (generation) 2
mice shown in Fig. 14) were generated by in vitro fertilization.
We detected no abnormalities in the heterozygotes (data not
shown). Therefore, they were backcrossed to the inbred
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