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Abstract

Alcohol consumption among young adults is widely accepted in modern society and may be
the starting point for abusive use of alcohol at later stages of life. Chronic alcohol exposure
can lead to visual function impairment. In the present study, we investigated the spatial lumi-
nance contrast sensitivity, colour arrangement ability, and colour discrimination thresholds
on young adults that weekly consume alcoholic beverages without clinical concerns.
Twenty-four young adults were evaluated by an ophthalmologist and performed three psy-
chophysical tests to evaluate their vision functions. We estimated the spatial luminance
contrast sensitivity function at 11 spatial frequencies ranging from 0.1 to 30 cycles/degree.
No difference in contrast sensitivity was observed comparing alcohol consumers and con-
trol subjects. For the evaluation of colour vision, we used the Farnsworth-Munsell 100 hue
test (FM 100 test) to test subject’s ability to perform a colour arrangement task and the Mol-
lon-Reffin test (MR test) to measure subject’s colour discrimination thresholds. Alcohol con-
sumers made more mistakes than controls in the FM100 test, and their mistakes were
diffusely distributed in the FM colour space without any colour axis preference. Alcohol
consumers also performed worse than controls in the MR test and had higher colour dis-
crimination thresholds compared to controls around three different reference points of a per-
ceptually homogeneous colour space, the CIE 1976 chromaticity diagram. There was no
colour axis preference in the threshold elevation observed among alcoholic subjects.
Young adult weekly alcohol consumers showed subclinical colour vision losses with preser-
vation of spatial luminance contrast sensitivity. Adolescence and young adult age are peri-
ods of important neurological development and alcohol exposure during this period of life
might be responsible for deficits in visual functions, especially colour vision that is very sen-
sitive to neurotoxicants.
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Introduction

In accordance to World Health Organization (WHO), alcohol is the oldest and widest used
psychoactive substance consumed by humans around the world [1]. Several works previously
described that the alcohol consumption behaviour was spreading among young people living
in developing countries [2-5]. It was well documented that precocious alcohol consumption
could lead to chemical dependence in both young and adult subjects [6-9]. Besides socio-eco-
nomic prejudice, alcohol consumption may cause several physiological dysfunctions that very
often comprise the impairment of visual functions [1, 10-20].

At the same time that human studies pointed to an impairment of visual functions caused
by alcohol toxicity, several studies using animal models showed deleterious effects of alcohol
exposure on the visual system [21-23]. Kjellstrom and colleagues analysed the VECP recorded
from adult rats exposed to ethanol [21]. In ethanol-exposed rats examined without withdrawal,
the VECP showed an increase in onset latency and a marked distortion of the N1 component,
alterations that were partly normalized one week after withdrawal [21]. Sancho-Tello and col-
leagues showed that chronic ethanol consumption induced oxidative stress in the rat retina,
ERG alterations, and overexpression of the antiapoptotic Bcl-2 protein, and suggested that
these pathological findings could be explained by an alcoholic retinopathy in this animal
model [22]. Lantz and colleagues tested whether early alcohol exposure would lead to visual
function impairment in mice by recording the electroretinogram (ERG), visual evoked cortical
potential (VECP), and visual cortex optical imaging [23]. They found that mice exposed to eth-
anol, in comparison with controls, displayed similar spatial frequency acuity, lower contrast
sensitivity, ERG with smaller a- and b-waves, and distorted visual cortex retinotopic maps [23].

The mechanisms of alcohol toxicity on the visual system are not fully understood. However,
there are evidences that a variety of neurotransmitter systems are affected by ethanol [24-26].
Several evidences supported the idea that ethanol may cause many of its effect by modulating
ligand-gated ion channels responsive to GABA, glutamate, and serotonin neurotransmitters
[27-28]. Results demonstrating that enhancers of GABA activity were effective in the manage-
ment of ethanol withdraw suggested that the GABAergic system is an important target for alco-
hol toxicity [29]. In addition, decreased levels of GABA(A)-benzodiazepine receptor complex
in the brain of chronic alcoholic subjects gives support to the hypothesis that ethanol and
GABA interplay modulates a central nervous system dysfunction in such subjects [30].

Previous psychophysical evaluations described visual field and spatial luminance contrast
sensitivity losses in chronic alcohol consumers [16] and after acute alcohol consumption [13,
17, 20]. Classical studies using Farnsworth-Munsell 28-hue or 100-hue color-arrangement tests
showed high incidence of colour vision losses in chronic alcohol consumers [10, 15]. In addi-
tion, it was demonstrated that subjects with history of alcoholism exhibit colour vision changes
without impairment of spatial luminance contrast sensitivity [18]. Several studies tried to char-
acterize specific visual deficits associated with alcohol consumption, but the results were con-
tradictory [16, 18]. Thus, considering the social impact of this issue, it is very important to
intensify studies aiming a detailed characterization of visual dysfunctions in adult or young
people acutely or chronically exposed to alcohol.

Few studies described the effect of precocious alcohol consumption on the visual perception
of young people. Previous reports demonstrated that exposure to different xenobiotics such as
ethanol [18, 31], methanol [32-33], chloroquine and hydroxichloroquine [34-36], organic sol-
vents [37], and heavy metals such as mercury compounds [38-43], causes pronounced alter-
ations of visual functions. Some of these studies have specifically focused exposure at early ages
[44]. Toxicological studies performed in humans and animals showed that immature or young
subjects have higher sensitivity to toxicants than adults [45-47].
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These studies support our hypothesis that young consumers that are frequently exposed to
ethanol may show subclinical visual alterations that could be revealed with appropriate psycho-
physical evaluation. Psychophysics comprises important perceptual and non-invasive tests
commonly used to verify the normal or abnormal functionality of human senses, including
vision [18, 34, 42, 48-50]. In this way, the aim of the present study was to evaluate chromatic
and achromatic visual functions of young alcohol consumers with three widely used psycho-
physical tests—measurement of spatial luminance contrast sensitivity, evaluation of the colour
arrangement ability, and measurement of colour discrimination thresholds.

Materials and Methods
Subjects

We studied 24 young alcohol consumers, 17 men and 7 women, with age between 18 and 29
years old (22.6 * 3.7 years old). Some years ago, our research group divided subjects per age
groups for a series of studies on visual dysfunctions in the following ranges: 16-30 years old,
31-45 years old, 46-60 years old, and 61-75 years old. This was largely influenced by the fol-
lowing arguments: i) the first group pivoted around the age of young adults — 24 years old; ii)
the second group comprised mature adults; iii) the third and fourth groups comprised two
groups of elderly people. This systematic allowed a readily comparison between results
obtained in different studies, especially those aimed to understand the effects of diseases and
xenobiotics on colour vision and spatial vision [42].

All subjects consumed alcoholic beverages at least twice per month and 5 of them also
smoked cigarettes (10-20 per day). The psychophysical tests were performed at least 48 hours
after the last alcohol consumption. All subjects had no history of past or present ocular or neu-
ral diseases or chemical exposure that could affect the visual functions. The results of the
young alcohol-consumers were compared with population norms derived from healthy volun-
teers with no history of alcohol consumption, age ranging between 16 and 30 years old (see
below in the Results section for further details of the control group). All subjects answered a
questionnaire comprising the following information: age that they started taking alcoholic bev-
erages; monthly frequency of alcohol intake; amount of alcohol intake in a single day; and the
association of alcohol consumption with smoking-behaviour.

All subjects were examined by an ophthalmologist before psychophysical testing and were
considered normal results in the ophthalmological evaluation. All subjects were additionally
investigated to select them against congenital colour blindness either red-green or blue-yellow.
This was performed using the following strategy. First, during the anamnesis they were
inquired about colour blindness incidence among their relatives and also any difficult with col-
ours in their own childhood. Second, the subjects’ colour vision was tested with the Ishihara
Pseudoisochromatic plates applied separately to each eye [51]. Third, we inspected subjects’
results in the MR test (see below) to see whether they presented colour vision thresholds ele-
vated only along lines oriented towards the protan, deutan, and tritan copunctual points. Some
subjects that volunteered to be part of the control group were excluded after failed in these cri-
teria. No subjects that volunteered to be part of the alcohol consumers group failed in any of
these criteria.

Ethics statement

This work was approved by the Ethics Committee for Research with Human Subjects of the
Tropical Medicine Nucleus, Federal University of Pard, Belém, Pard, Brazil; protocol #038/
2004 —~CEP / NMT, date of approval 30th April 2004. All subjects signed an informed consent
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prior to the experiments, which followed The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans.

Psychophysical procedures

Subjects performed three different tests developed to be used with computers: measurement of
spatial luminance contrast thresholds with sinusoidal gratings [52], evaluation of the colour
arrangement ability with the Farnsworth-Munsell 100-hue test (FM 100 test) [53-54], and
measurement of colour discrimination thresholds with the Mollon-Reffin test (MR test) [55—
56]. All subjects had normal or corrected to normal 20/20 visual acuity; spectacle lens were
used to correct visual acuity when necessary during the tests. All tests were performed under
monocular vision using the eye with best, uncorrected visual acuity or the dominant eye when
both eyes provided the same visual acuity. All tests were performed in a dark room with 0.02
cd/m? of background luminance.

Software was written in C++ computer language for IBM RISC 6000 320H workstation
(International Business Machine Corporation-IBM, Armonk, New York, USA). A graphical
card IBM POWER GT4-3D with colour resolution of 24 bits / 8 bits per gun was used to gener-
ate the visual stimuli which were shown in a colour monitor IBM 6091 19i, with spatial resolu-
tion of 1280 x 1024 pixels, sampling rate of 77 Hz. A dithering routine was used to obtain
10-bits grey level resolution. Luminance and chromaticity coordinates were measured with a
CS-100A chroma meter (Konica Minolta, Mahwah, New Jersey, USA).

The spatial luminance contrast sensitivity was estimated at eleven spatial frequencies (0.2,
0.5,0.8,1,2,4,6, 10, 15, 20, and 30 cycles / degree of visual angle) [39, 42]. The stimuli were
vertical, stationary, sinusoidal luminance gratings with constant mean chromaticity (CIE1976:
W =0.182, v’ = 0.474), mean luminance (43.5 cd/m?), size (6.5° x 5° of visual angle), and view-
ing distance (3 m). The method of adjustment was used; the researcher decrease or increase the
spatial luminance contrast and a sound indicated to the subject that he had to report if the grat-
ing stimulus was perceptible or not; the procedure was repeated until the luminance threshold
for that spatial frequency was reached. The procedure was repeated 6 times for every spatial
frequency. The analysis consisted in averaging the 6 results and to use the mean value as repre-
sentative of the contrast threshold. The contrast sensitivity was expressed as the log of the
inverse of the contrast threshold.

A computerized version of the FM 100 test was used to evaluate subject’s ability to perform
a hue arrangement [39, 42]. Eighty-five stimuli of different hues, having the same saturation
(30% purity), luminance (42 cd/m?), shape and size (square patches of 1° of visual angle), were
grouped in 1 series of 22 and 4 series of 21 stimuli. Initially, the patches were shown in a gradi-
ent of hues that represented the correct ordering sequence. After 1 min inspection, they were
randomized in the computer screen and the subject had to reorganize them in the original
sequence using the hue variation as the only clue. Once the subject had finished a series of
hues, the next series was presented until the subject ordered all the four series. In the end of the
test, the number of mistakes made by the subject was saved. The entire test was repeated four
times. The software estimated subject’s score for each trial and the average score comprising
the four trials was taken as subject score in the hue arrangement task, the higher the score, the
worst was the subject performance.

The Mollon-Reffin method was used to measure subject’s colour discrimination thresholds
[55-56]. Custom made software was used to provide the Mollon-Reffin test [39, 42]. The pseu-
doisochromatic stimuli comprised a mosaic of circles with different sizes (0.2 to 0.6° of diame-
ter) and different luminance (12 to 20 cd/m?) that formed target and field embedded in a dark
background (0.02 cd/m?). Circles formed the stimulus field with constant chromaticity
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throughout a series of measurements while circles whose chromaticity changed from trial to
trial formed the target. The stimulus target was a Landolt’s C measuring 4.3° of outer diameter,
2.2° of inner diameter, and with a gap of 1° of visual angle. The target chromaticity varied
along 8 chromatic axes radiating from the field reference chromaticity. Five measurements of
colour discrimination thresholds were made around five different reference chromaticies in the
CIE1976 colour space: E1 (u’ = 0.215, v’ = 0.531), E2 (0’ = 0.219, v’ = 0.481), E3 (0’ = 0.225, V' =
0.415), E4 (W =0.175,v’ = 0.485), and E5 (0’ = 0.278, v’ = 0.472). Stimuli had mean luminance
of 16 cd/m? and were shown for 3 s. The subject’s task was to identify the target orientation
(up, down, right, or left positions of the Landolt’s C gap) in the following 1.5 s. The presence of
spatial and luminance noise assured that discrimination between target and field was per-
formed based solely in the chromaticity difference. The chromatic difference between target
and field was controlled by a four alternative forced-choice staircase procedure: a right
response by the subject decreased the chromatic difference, while a wrong response or no
response increased the chromatic difference. Twelve reversals stopped the staircase procedure
and the average of the last 6 reversals was used to estimate the colour discrimination threshold
along each chromatic axis. Ellipse functions were fitted to the colour discrimination thresholds
using the least square method. Ellipses’ sizes (diameters of circles with equivalent areas) and
orientations were estimated and used as indicators of the subject’s colour discrimination
performance.

Statistical analysis

Data from each young alcohol consumers were compared with tolerance intervals for the con-
trol group. The proportion of subjects with results out of the tolerance intervals was taken into
account as indicative of visual impairment due to alcohol abuse in this group of young alcohol
consumers. In addition, we compared the performance of the two subject groups, young alco-
hol consumers and controls, in each visual test, using Student t test for FM 100 data and two-
way ANOVA for MR data and spatial luminance contrast sensitivity data. For all statistical
procedure we considered an alpha value of 5%.

There were no smokers in the control group. In addition, the number of alcohol consumers
that were also smokers was too small (n = 5) in relation to the total of alcohol consumers
(n = 19) for a proper statistical comparison between these two groups. However, we identified
the smokers in the results presented in the Figs 1, 3 and 5 to appreciate if this additional toxi-
cant could have aggravated subjects’ performance in the psychophysical tests.

We also used Pearson correlation coefficient to measure the linear correlation between the
results of spatial luminance contrast sensitivity measurements, FM 100 test, and MR test with
indicators of alcohol consumption—years of alcohol consumption, rate of alcohol consumption,
and quantity of alcohol consumption.

Results
Alcohol consumption

Table 1 lists the information provided by the subjects during their interview. Subjects started
alcohol consumption between 13 and 22 years old (17.6 + 2.1 years old). When they were
tested, they had already embarked in routine alcohol consumption for 2-12 years (5 + 2.8
years) at a frequency between 2-12 times per month (5.6 + 3.3 times per month). The amount
of alcohol consumed was estimated to be between 42 and 360 g/ day (137.9 + 80.8 g/ day).
Finally, five subjects reported that they also had the habit of smoking between 5-10 cigarettes
per day.
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Fig 1. Spatial luminance contrast sensitivity of young alcohol consumers compared with tolerance limits for the control group. Young alcohol
consumers had contrast sensitivity in the normal range. Data from alcohol consumers (circles) are located in the tolerance interval (dashed red lines) with the
exception of a single data point from one subject that had contrast sensitivity lower than the lower tolerance limit a 2 cpd. Smokers and non-smokers among
the alcohol consumers are identified with red and empty circles, respectively. There were no obvious differences between the two groups that could indicate
an aggravation of the psychophysical performance of alcohol consumers by the smoking habit.

doi:10.1371/journal.pone.0140169.g001

Spatial luminance contrast sensitivity

Three subjects were unavailable to perform the spatial luminance contrast sensitivity (Table 1).
Fig 1 shows the contrast sensitivity of the young alcohol consumers (circles, n = 21) and
tolerance limits for the control group (dashed red lines) at eleven spatial frequencies studied.
Control group for this test comprised 59 healthy volunteers with no history of alcohol con-
sumption or cigarette smoking, 21.2 + 2.7 years old. With a single exception, the majority of
young alcohol consumers had contrast sensitivity inside the tolerance limits at all spatial

PLOS ONE | DOI:10.1371/journal.pone.0140169 October 14,2015 6/18



@. PLOS | ONE Alcohol Consumption and Color Vision

PLOS ONE | DOI:10.1371/journal.pone.0140169 October 14,2015 7/18



@’PLOS ‘ ONE

Alcohol Consumption and Color Vision

Fig 2. Colour arrangement performance of young alcohol consumers in the FM 100 test compared with performance of young non-alcohol
consumers. Examples of individual performance. A) Results for three young non-alcohol consumers. Subjects from this group always had small total
scores. Top to bottom: subjects C01020222 (right eye, 21 years old), C02000111 (right eye, 20 years old), and C03010429 (right eye, 18 years old) had total
scores of 53+ 19, 13 £ 7, and 36 + 9, respectively. B) Results for three young alcohol consumers. Some subjects from this group performed similarly to
controls in this test while others made more mistakes than predicted by the upper tolerance limits for controls. Top to bottom: subjects S15100325 (Right Eye,
23 years old), S08100807 (Right Eye, 24 years old), and S01090617 (Right Eye, 20 years old) had total scores of 28 + 3, 152 + 10, and 326 + 30,

respectively. See text for additional details.

doi:10.1371/journal.pone.0140169.9002

frequencies; one subject had contrast sensitivity lower than the lower tolerance limit at 2 cpd.
The comparison between groups found no statistical differences between young alcohol con-
sumers and controls (P > 0.05, two-way ANOVA).

Farnsworth-Munsell 100 hue test

All subjects performed this test (Table 1). Fig 2 shows results of hue arrangement performed by
three control subjects (Fig 2A) and three young alcohol consumers (Fig 2B). They were chosen
to represent the range of variation observed in the two groups. The plots illustrate means
(white contours) and standard deviations (yellow contours) for the score of mistakes made by a
subject (n = 4 trials). Data were plotted in the Farnsworth-Munsell polar diagram where differ-
ent radial directions represent hues and distances from the centre represent score for mistakes
made by the subject in the hue arrangement. The inner white circle represents a score of 2 at all
85 directions, meaning that the subject made no mistake and all the hues were placed in the
correct order. We quantified subject performance by estimating the total error as the sum of all
individual scores for different hue directions minus 170. A total error of zero corresponded to
no mistakes made by the subject. Young non-alcohol consumers had small total scores (Fig
2A) while young alcohol consumers had a range of total errors varying from values in the nor-
mal range to much higher values (Fig 2B). Young alcohol consumers that had high values of
total errors showed no preference for any specific direction in the FM diagram once their mis-
takes had a diffuse distribution in the colour space.

Fig 3A shows the distribution of values for total errors in the FM 100 test for young alcohol
consumers (circles, n = 24) compared with the upper tolerance limit for controls of the same
age range (dashed line). Control group for this test comprised 83 healthy volunteers with no
history of alcohol consumption, 20.8 + 2.8 years old. The young alcohol-consumers had total
errors ranging from 28 to 326, half of them above the upper tolerance limit for controls
(100.7). Fig 3B shows total error means and standard deviations for young non-alcohol con-
sumers (empty column) and young alcohol consumers (filled column) (log values). When we
compared the log values of total errors for the two groups, we found that young alcohol con-
sumers made significantly more mistakes than controls in the colour arrangement test,

2.05 +0.22 versus 1.6 + 0.32 (P < 0.01, Student t test).

Colour discrimination thresholds (MacAdam colour discrimination
ellipses)

Three subjects were unavailable to perform the MR test (Table 1). We estimated the colour dis-
crimination ellipses in 5 different regions of the CIE1976 colour space for young alcohol con-
sumers (n = 21) and compared the results with those obtained from controls. Control group
for this test comprised 51 healthy volunteers with no history of alcohol consumption,

20.8 + 3.1 years old. Fig 4A shows the colour discrimination ellipses obtained from a control
subject, while Fig 4B is from a young alcohol consumer. This alcohol consumer and a few oth-
ers had colour discrimination ellipses larger than controls. Threshold increase in alcohol con-
sumers had a diffuse nature with no preferential direction in the colour space.
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doi:10.1371/journal.pone.0140169.9003

Fig 5 compares the performance of young alcohol consumers and young non-alcohol con-
sumers in the MR test, using the sizes of five colour discrimination ellipses as comparative
parameters. Ellipse size was taken as the diameter of the circle with equivalent size measured in
the CIE 1976 coordinates. Ellipses E1 to E5 correspond to different regions of the CIE colour
space (see Fig 4). Fig 5A shows individual results for alcohol consumers (circles) compared
with the upper tolerance limits for non-alcohol consumers. Depending on the ellipse, 1 to 5
subjects had ellipses larger than the upper tolerance limit: 5 subjects had larger ellipses than the
upper tolerance limits for E1 and E4. Fig 5B shows means and standard deviations of ellipse
areas for young alcohol consumers (filled bars) compared with young non-alcohol consumers
(empty bars). For all ellipses, E1 to E5, the group of alcohol consumers had larger ellipses than
the group of non-alcohol consumers, but statistical significance was reached only for E1, E3,
and E5 (P < 0.05, ANOVA).

Additional statistical comparisons

Pearson correlation coefficient measurements did not show any significant correlation between
log of luminance contrast sensitivity at any spatial frequency, log FM 100 total error, or MR
ellipse diameters with indicators of alcohol consumption—years of alcohol consumption, rate of
alcohol consumption, and quantity of alcohol consumption (p > 0.05).

PLOS ONE | DOI:10.1371/journal.pone.0140169 October 14,2015 9/18
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Fig 4. Colour discrimination ellipses from young alcohol consumers obtained with the MR test
compared with young non-alcohol consumers. Examples of individual performance. Five regions of the
colour space were studied. Data points from colour discrimination thresholds were plotted in the CIE 1976
colour space and then fitted to obtain the corresponding MacAdam colour discrimination ellipses. A) Colour
discrimination ellipses obtained from a control subject (C04 020620 Right Eye, 20 years old). B) Colour
discrimination ellipses obtained from a young alcohol consumer (S02100805, right eye, 22 years old). Some
alcohol consumers had colour discrimination ellipses larger than controls, but data for the majority of them fell
in the normal range. There was no preference in the colour space for threshold increase in young consumers.

doi:10.1371/journal.pone.0140169.9g004

Discussion

The marketing of companies of alcoholic beverages usually encourages alcohol consumption
among young adults, targeting this parcel of the population [57]. Alcohol consumption limited
to weekends is socially accepted and of little public health concern. This study showed that
young adults with limited, weekly habits of alcohol consumption already exhibit signs of visual
function impairment when compared to control subjects of the same age.

Zrenner and colleagues previously described that young trichromats exhibited colour vision
impairment between 60 and 130 min after ethanol consumption [31]. These authors suggested
that acute ethanol exposure was able to induce fast and dose-dependent impairment of colour
arrangement performance in young people. In another study, Mergler and colleagues described
that both age and alcohol consumption may cause dyschromatopsia [12]. However, no studies
investigated whether colour vision of adolescents and young adults was more vulnerable to eth-
anol toxicity than other visual functions such as luminance spatial contrast sensitivity. In the
present study, we showed that young moderate alcohol consumers with normal luminance spa-
tial contrast sensitivity exhibited colour vision impairment even without acute alcohol expo-
sure. Our results contribute to the toxicology of human alcohol exposure by demonstrating
that low frequency of alcohol consumption induced significant sustained deleterious effect on
the colour vision of young alcohol consumers.

We found that some aspects of colour vision such as the ability to perform the arrangement
of series of different hues and the colour discrimination thresholds were affected in sporadic
young alcohol consumers. Although previous studies described a profound effect of alcohol
consumption on visual functions of adults with prolonged chronic exposure to ethanol [10-18,
20], the present study was the first to demonstrate that young people with low frequency of
alcohol consumption exhibit significant colour vision impairment. This study also demon-
strated that colour vision was more vulnerable to the alcohol effect than luminance spatial con-
trast sensitivity in young people. Our results showed that hue arrangement ability and colour
discrimination thresholds were impaired in a significant number of alcohol consumers when
compared with controls, while spatial luminance contrast sensitivity function was similar in
the two groups. Thus, our data suggest that psychophysical evaluation of colour vision function
may represent an important tool for the early diagnostics and monitoring of ethanol toxicity in
young consumers.

Our psychophysical evaluation also demonstrated that colour vision impairment had no
specific preference for chromatic axes. Previous studies reported that colour vision deficits
associated with alcohol consumption occurred predominantly along the blue-yellow axes [12].
It was proposed that S cones would be more susceptible to alcohol toxicity than L or M cones.
We have not observed such preference in our study and this might be due to the amount of
alcohol consumption and / or the younger age of subjects that we studied.

Independently of chromatic axes preference, colour vision was more susceptible to toxic
exposure than luminance spatial contrast sensitivity. Human colour vision is more pronounced
in the central vision where cell density is very high and metabolic provision could be a problem

PLOS ONE | DOI:10.1371/journal.pone.0140169 October 14,2015 11/18



el e
@ ' PLOS | ONE Alcohol Consumption and Color Vision

E4 ES A

N

-
=
-
=
\®)
=
'Y

40. o o
.OOO ° OOO

30. 0 % o
[0 o0 S°8 o8 o o

®)

20 Qoo ‘O§CO °, @8 goo .OO'O
{ 00%¢ ©O 09 © cofg O 0O

10 lo) o o o e o

(e]® 0O

I~
-

)
-

|

-
|
|

[—
-
|

S

Diameter (x 1073vu'v’) Diameter (X 1073vu'v")
o

El E2 E3

PLOS ONE | DOI:10.1371/journal.pone.0140169 October 14,2015 12/18



el e
@ ' PLOS ‘ ONE Alcohol Consumption and Color Vision

Fig 5. Colour discrimination ellipses from young alcohol consumers obtained with the MR test compared with young non-alcohol consumers.
Results for the two groups. A) Diameter of colour discrimination ellipses obtained from young alcohol consumers (circles) compared with upper tolerance
limits for controls. Ellipse diameter was taken as the diameter of a circle with equivalent area. Depending on the ellipse, E1 to E5, between 1 and 5 subjects
had ellipses larger than the upper tolerance limits. Smokers and non-smokers among the alcohol consumers are identified with red and empty circles,
respectively. There were no obvious differences between the two groups that could indicate an increase in colour discrimination thresholds of alcohol
consumers by the smoking habit. B) Means and standard deviation for ellipse diameters obtained from young alcohol consumers (filled bars) and controls
(empty bars). For all ellipses, E1 to E5, the group of alcohol consumers had larger ellipses than the group of non-alcohol consumers, but statistical
significance was reached only for E1, E3, and E5 (P < 0.05, ANOVA).

doi:10.1371/journal.pone.0140169.g005

under toxicant aggression. In the retina, colour vision is supported by the numerous red-green
colour-opponent P cells and blue-yellow small bistratified cells that reached the highest cell
density in the central region [58]. In the visual cortex, chromatic information is processed by
neurons located in layer 4Cb and compartments called “blobs” of layers 2-3 of V1, as well as in
the thin strips of V2 [59-60], which have high metabolic activity and are rich in enzymatic
activity such as cytochrome oxidase. These enzymes have important role in the mitochondria
cellular respiratory electron transport chain and, for instance, neurons located in the blobs
exhibit high-energy consumption [61]. As the alcohol can decrease the intracellular storage of
ATP [62], these cells also are susceptible to energetic deficits. It is well documented that
decreased levels of ATP is closely associated to overproduction of reactive oxygen species
(ROS) and that ROS production is an important intermediary of alcohol toxicity in the central
nervous system [63-64]. Our findings open new perspectives for the evaluation of cellular or
molecular mechanisms supporting colour vision function during alcohol exposure in young
adults.

This work reports that low-to-moderate consumption of alcohol is detrimental to colour
discrimination thresholds and the ability to perform colour arrangements. These findings seem
to be in discrepancy with other reports suggesting that low-to-moderate ethanol consumption
is protective to other brain functions and other organic functions. The alcohol consumption of
low-to-moderate doses is associated to a decreased risk of cardiovascular diseases [65]. Part of
the protective cardiovascular effect of alcohol consumption is associated to the increase of
HDL cholesterol and decrease of fibrinogen and other thrombotic factors [65-66]. As many
organic and neural diseases share common risk factors with or are secondary to cardiovascular
diseases, low-to-moderate alcohol consumption could have a direct or secondary protective
effect, decreasing the risk of acquire these diseases and diminishing the impact that they may
have on some higher nervous functions such as cognition and memory [67-71].

In addition, epidemiological studies suggested a negative correlation between alcohol intake,
memory, cognition, and Alzheimer’s disease [71]. As ethanol negatively modulates NMDA
receptors, Kalev-Zylinska and During hypothesized that moderate alcohol consumption could
improve memory via adaptive responses in the expression of NMDA receptors and down-
stream signalling [71]. They were able to give experimental support to this hypothesis by work-
ing with rats bearing hippocampal knock-down of NMDA NRI1 subunit and rats with
increased hippocampal expression of NR1: they found that moderate ethanol intake improved
memory, increased NR1 expression, and changed some aspects of neurotrophin signalling;
NR1 knock-down prevented ethanol’s facilitatory effects; and hippocampal NR1 overexpres-
sion mimicked the effect of chronic low-dose ethanol intake on memory. On the other hand,
high-dose ethanol reduced neurogenesis, inhibited NMDA NR2B subunit expression, and
impaired visual memory. Then, it seems that the relationship between ethanol, memory, cogni-
tion, and Alzheimer’s disease might have a delicate dose-dependent balance.

The detrimental ethanol effect on colour vision that was observed in this work might be
due do specific action of this xenobiotic on regions of the visual system that process colour
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Table 1. Epidemiological profile of the young alcohol consumers studied in this work (n = 24).

Subject Sex Age (years)
S01090617 M 20
S02100805 F 22
S03090813 F 20
S04090911 F 21
S05100811 M 27
S06100818 F 21
S07100114 M 25
S08100807 M 24
S09090908 M 29
S10090617 M 19
S$11090805 F 20
S$12101022 F 23
S$13091023 M 21
S$14091030 M 23
S$15100325 M 23
S16090716 M 23
S$17100730 M 25
S$18100804 M 26
S$19100816 M 26
S20100219 M 22
S21100222 M 23
S$22090709 M 22
S23100818 F 19
S$24090708 M 18
Mean 22.6
S.D. 2.7

Alcohol consumption (years) Rate (per month) Quantity (g) Smoking Obs
7 8 Nd No 1,2
4 4 97 Yes
2 8 120 Yes
5 2 42 No
5 5 98 No
6 12 140 No
6 12 360 Yes
6 8 168 No
12 4 Nd No
2 4 160 No 2
2 3 98 No
6 8 216 No
2 2 112 No
4 3 112 No
5 8 144 Yes
2 3 60 No
6 3 160 No
7 4 70 No 1
10 8 120 Yes
2 2 84 No 1,2
10 2 70 No
5 4 112 No
2 6 140 No
2 12 350 No
5 5.6 137.9

2.8 3.3 80.8

Obs: nd, not declared; smokers made use of 5-10 cigarettes per day
1, subject was unavailable to perform the spatial luminance contrast sensitivity evaluation
2, subject was unavailable to perform the MR test.

doi:10.1371/journal.pone.0140169.t001

information and are characterized by high energy consumption such as the central retina, lay-
ers 4A and 4Cb and the blobs of layers 2-3 of V1, as well as the thin strips of V2. It might be
hypothesized that in these regions, the interplay between ethanol and neuronal function could
go out of balance at lower doses than in other less demanding regions.

Some aspects of nervous system development proceed throughout adolescence and young
adult age [72]. Thus, exposure to neurotoxicants during this period could have important nox-
ious effects on visual system performance. In many countries, alcohol consumption is a prob-
lem for adolescents and young adults. We suggest that measurements of colour vision could be
used to monitor the neural health of subjects belonging to this population.

Supporting Information

S1 Dataset. Spatial luminance contrast sensitivity of young alcohol consumers compared
with tolerance limits for the control group. Colour arrangement performance of young alco-
hol consumers in the FM 100 test compared with performance of young non-alcohol

PLOS ONE | DOI:10.1371/journal.pone.0140169 October 14,2015 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140169.s001

@’PLOS ‘ ONE

Alcohol Consumption and Color Vision

consumers.
(XLSX)

$2 Dataset. Colour discrimination ellipses from young alcohol consumers obtained with
the MR test compared with young non-alcohol consumers.
(XLSX)

Author Contributions

Conceived and designed the experiments: AJOC ARR LCLS. Performed the experiments: AB
AJOCICVSM EMCBL AAMR ARR. Analyzed the data: AB AJOC GSS AMH AAMR ARR
LCLS. Contributed reagents/materials/analysis tools: LCLS. Wrote the paper: AB AJOC GSS
AMH ARR LCLS.

References
1.  WHO. Global status report on alcohol and health 2014. Geneva: World Health Organization (WHO);
2014.

2. Currie C, Roberts C, Morgan A, Smith R, Settertobulte W, Samdal O, et al. Young people's health in
context—health behaviour in school-aged children (HBSC) study: international report from the 2001/
2002 survey. Copenhagen: WHO Regional Office for Europe; 2004.

3. Faeh D, Viswanathan B, Chiolero A, Warren W, Bovet P. Clustering of smoking, alcohol drinking and
cannabis use in adolescents in a rapidly developing country. BMC Public Health. 2006; 6:169. doi: 10.
1186/1471-2458-6-169 PMID: 16803621

4. Atilola O, Stevanovic D, Balhara YP, Avicenna M, Kandemir H, Knez R, et al. Role of personal and fam-
ily factors in alcohol and substance use among adolescents: an international study with focus on devel-
oping countries. J Psychiatr Ment Health Nurs. 2014; 21:609-17. doi: 10.1111/jpm.12133 PMID:
24612213

5. Francis JM, Grosskurth H, Changalucha J, Kapiga SH, Weiss HA. Systematic review and meta-analy-
sis: prevalence of alcohol use among young people in eastern Africa. Trop Med Int Health. 2014;
19:476-88. doi: 10.1111/tmi.12267 PMID: 24479379

6. Grant BF, Dawson DA. Age at onset of alcohol use and its association with DSM-IV alcohol abuse and
dependence: results from the National Longitudinal Alcohol Epidemiologic Survey. J Subst Abuse.
1997; 9:103—-10. PMID: 9494942

7. Bonomo YA, Bowes G, Coffey C, Carlin JB, Patton GC. Teenage drinking and the onset of alcohol
dependence: A cohort study over seven years. Addiction. 2004; 99:1520-8. PMID: 15585043

8. GrantJD, Scherrer JF, Lynskey MT, Lyons MJ, Eisen SA, Tsuang MT, et al. Adolescent alcohol use is
a risk for adult alcohol and drug dependence: evidence from a twin study. Psychol Med. 2006; 36:109—
18. PMID: 16194286

9. Hingson RW, Heeren T, Winter MR. Age at drinking onset and alcohol dependence: age at onset, dura-
tion, and severity. Arch Pediatr Adolesc Med. 2006; 160:739—46. PMID: 16818840

10. Cruz-Coke R, Varela A. Colour-blindness and alcohol addiction. Lancet. 1965; 2:1348. PMID: 4165325

11. Verriest G, Francq P, Piérart P. Results of colour vision tests in alcoholic and in mentally disordered
subjects. Ophthalmologica. 1980; 180:247-56. PMID: 6970909

12. Mergler D, Blain L, Lemaire J, Lalande F. Colour vision impairment and alcohol consumption. Neurotox-
icol Teratol. 1988; 10:255-60. PMID: 3211104

13.  Wild JM, Betts TA, Shaw DE. The influence of a social dose of alcohol on the central visual field. Jpn J
Ophthalmol. 1990; 34:291-7. PMID: 2079774

14. Celino AC, Celino M, Toscano J, Diniz JR, Ventura LO. Alteragdes oculares em pacientes consumi-
dores de alcool. Rev Bras Oftalmol. 2001; 60:229-32.

15. Kapitany T, Dietzel M, Grunberger J, Frey R, Koppensteiner L, Schleifer G, et al. Color vision deficien-
cies in the course of acute alcohol withdrawal. Biol Psychiatry. 1993; 33:415-22. PMID: 8490068

16. Roquelaure Y, Gargasson JFLE, Kupper S, Girre C, Hispard E, Dally S. Alcohol consumption and
visual contrast sensitivity. Alcohol Alcohol. 1995; 30:681-5. PMID: 8554654

17. Watten RG, Lie . Visual functions and acute ingestion of alcohol. Ophthal Physiol Opt. 1996; 16:460—6.

PLOS ONE | DOI:10.1371/journal.pone.0140169 October 14,2015 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140169.s002
http://dx.doi.org/10.1186/1471-2458-6-169
http://dx.doi.org/10.1186/1471-2458-6-169
http://www.ncbi.nlm.nih.gov/pubmed/16803621
http://dx.doi.org/10.1111/jpm.12133
http://www.ncbi.nlm.nih.gov/pubmed/24612213
http://dx.doi.org/10.1111/tmi.12267
http://www.ncbi.nlm.nih.gov/pubmed/24479379
http://www.ncbi.nlm.nih.gov/pubmed/9494942
http://www.ncbi.nlm.nih.gov/pubmed/15585043
http://www.ncbi.nlm.nih.gov/pubmed/16194286
http://www.ncbi.nlm.nih.gov/pubmed/16818840
http://www.ncbi.nlm.nih.gov/pubmed/4165325
http://www.ncbi.nlm.nih.gov/pubmed/6970909
http://www.ncbi.nlm.nih.gov/pubmed/3211104
http://www.ncbi.nlm.nih.gov/pubmed/2079774
http://www.ncbi.nlm.nih.gov/pubmed/8490068
http://www.ncbi.nlm.nih.gov/pubmed/8554654

@’PLOS ‘ ONE

Alcohol Consumption and Color Vision

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Castro AJO, Rodrigues AR, Cortes MIT, Silveira LCL. Impairment of color spatial vision in chronic alco-
holism measured by psychophysical methods. Psychol Neurosci. 2009; 2:179-87.

Spagnolli F, Cerini R, Cardobi N, Barillari M, Manganotti P, Storti S, Mucelli RP. Brain modifications
after acute alcohol consumption analyzed by resting state fMRI. Magn Reson Imaging. 2013; 31:1325—
30. doi: 10.1016/j.mri.2013.04.007 PMID: 23680187

Cavalcanti-Galdino MK, Silva JA, Mendes LC, Santos NA, Simas ML. Acute effect of alcohol intake on
sine-wave cartesian and polar contrast sensitivity functions. Braz J Med Biol Res. 2014; 47:321-7.
PMID: 24676473

Kjellstrdm C, Rydenhag B, Sjostréom A, Conradi NG. Alterations in cortical visual evoked response fol-
lowing ethanol feeding in adult rats. Alcohol Clin Exp Res. 1994; 18:1392—7. PMID: 7695035

Sancho-Tello M, Muriach M, Barcia J, Bosch-Morell F, Genovés JM, Johnsen-Soriano S, Romero B,
Almansa |, Diaz-Llopis M, Garcia-Delpech S, Roma J, Romero FJ. Chronic alcohol feeding induces bio-
chemical, histological, and functional alterations in rat retina. Alcohol Alcohol. 2008; 43:254—60. doi:
10.1093/alcalc/agn006 PMID: 18304993

Lantz CL, Pulimood NS, Rodrigues-Junior WS, Chen CK, Manhaes AC, Kalatsky VA, Medina AE.
Visual defects in a mouse model of fetal alcohol spectrum disorder. Front Pediatr. 2014; 2:1-8.

Nevo |, Hamon M. Neurotransmitter and neuromodulatory mechanisms involved in alcohol abuse and
alcoholism. Neurochem Int. 1995; 26:305-36. PMID: 7633325

Valenzuela CF. Alcohol and neurotransmitter interactions. Alcohol Health Res World. 1997; 21:144-8.
PMID: 15704351

Most D, Ferguson L, Harris RA. Molecular basis of alcoholism. Handb Clin Neurol. 2014; 125:89—111.
doi: 10.1016/B978-0-444-62619-6.00006-9 PMID: 25307570

Kumari M, Ticku MK. Regulation of NMDA receptors by ethanol. Prog Drug Res. 2000; 54:152—89.
PMID: 10857388

Lobo IA, Harris RA. GABA(A) receptors and alcohol. Pharmacol Biochem Behav. 2008; 90:90-4. doi:
10.1016/j.pbb.2008.03.006 PMID: 18423561

Addolorato G, Caputo F, Capristo E, Domenicali M, Bernardi M, Janiri L, et al. Baclofen efficacy in
reducing alcohol craving and intake: a preliminary double-blind randomized controlled study. Alcohol
Alcohol. 2002; 37:504-8. PMID: 12217947

Lingford-Hughes AR, Acton PD, Gacinovic S, Suckling J, Busatto GF, Boddington SJ, et al. Reduced
levels of GABA-benzodiazepine receptor in alcohol dependency in the absence of grey matter atrophy.
BrJ Psychiatry. 1998; 173:116-22. PMID: 9850223

Zrenner E, Riedel KG, Adamczyk R, Gilg T, Liebhardt E. Effects of ethyl alcohol on the electrooculo-
gram and color vision. Doc Ophthalmol.1986; 63:305—-12. PMID: 3803160

Hantson P, de Tourtchaninoff M, Simoens G, Mahieu P, Boschi A, Beguin C, Guérit JM. Evoked poten-
tials investigation of visual dysfunction after methanol poisoning. Crit Care Med. 1999; 27:2707-15.
PMID: 10628615

Moschos MM, Gouliopoulos NS, Rouvas A, Ladas I. Vision loss after accidental methanol intoxication:
a case report. BMC Res Notes. 2013; 6:479-83. doi: 10.1186/1756-0500-6-479 PMID: 24256873

Ventura DF, Silveira LCL, Nishi M, Costa MF, Gualtieri M, Santos RMA, et al. Color vision loss in
patients treated with chloroquine. Arg Bras Oftalmol. 2003; 66:9—15.

Tzekov R. Ocular toxicity due to chloroquine and hydroxychloroquine: electrophysiological and visual
function correlates. Doc Ophthalmol. 2005; 110:111-20. PMID: 16249962

Raster M, Horn F, Jinemann A, Rosa AAM, Souza GS, Gomes BD, Lima MG, Silveira LCL, Kremers J.
Retinal disorders in northern Brazilian patients treated with chloroquine assessed by multifocal ERG.
Doc Ophthalmol. 2011; 122:77-86. doi: 10.1007/s10633-011-9262-5 PMID: 21290166

Lacerda EMCB, Lima MG, Rodrigues AR, Teixeira CEC, de Lima LJB, Ventura DF, Silveira LCL. Psy-
chophysical evaluation of achromatic and chromatic vision of workers chronically exposed to organic
solvents. J Environ Public Health. 2012:1-7, Article ID 784390.

Lebel J, Mergler D, Lucotte M, Amorim M, Dolbec J, Miranda D, Arantes G, Rheault |, Pichet P. Evi-
dence of early nervous system dysfunction in Amazonian populations exposed to low-levels of methyl-
mercury. Neurotoxicology. 1996; 17:157—-67. PMID: 8784826

Silveira LCL, Damin ETB, Pinheiro MCN, Rodrigues AR, Moura ALA, Cértes MIT, Mello GA. Visual dys-
function following mercury exposure by breathing mercury vapour or by eating mercury-contaminated
food. In: Mollon JD, Pokorny J, Knoblauch K, editors. Normal and defective colour vision. Oxford:
Oxford University Press; 2003. p. 407-17.

PLOS ONE | DOI:10.1371/journal.pone.0140169 October 14,2015 16/18


http://dx.doi.org/10.1016/j.mri.2013.04.007
http://www.ncbi.nlm.nih.gov/pubmed/23680187
http://www.ncbi.nlm.nih.gov/pubmed/24676473
http://www.ncbi.nlm.nih.gov/pubmed/7695035
http://dx.doi.org/10.1093/alcalc/agn006
http://www.ncbi.nlm.nih.gov/pubmed/18304993
http://www.ncbi.nlm.nih.gov/pubmed/7633325
http://www.ncbi.nlm.nih.gov/pubmed/15704351
http://dx.doi.org/10.1016/B978-0-444-62619-6.00006-9
http://www.ncbi.nlm.nih.gov/pubmed/25307570
http://www.ncbi.nlm.nih.gov/pubmed/10857388
http://dx.doi.org/10.1016/j.pbb.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18423561
http://www.ncbi.nlm.nih.gov/pubmed/12217947
http://www.ncbi.nlm.nih.gov/pubmed/9850223
http://www.ncbi.nlm.nih.gov/pubmed/3803160
http://www.ncbi.nlm.nih.gov/pubmed/10628615
http://dx.doi.org/10.1186/1756-0500-6-479
http://www.ncbi.nlm.nih.gov/pubmed/24256873
http://www.ncbi.nlm.nih.gov/pubmed/16249962
http://dx.doi.org/10.1007/s10633-011-9262-5
http://www.ncbi.nlm.nih.gov/pubmed/21290166
http://www.ncbi.nlm.nih.gov/pubmed/8784826

@’PLOS ‘ ONE

Alcohol Consumption and Color Vision

40.

4.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

do Canto Pereira LHM, Lago M, Costa MF, Rodrigues AR, Saito CA, Silveira LCL, Ventura DF. Visual
impairment related to occupational exposure in dentists. Environ Toxicol Pharmacol. 2005; 19:517-22.
doi: 10.1016/j.etap.2004.12.015 PMID: 21783521

Ventura DF, Simbes ALAC, do Canto Pereira LHM, Tomaz S, Lago M, Costa MTV, Costa MF, de
Souza JM, Faria MAM, Silveira LCL. Colour vision and contrast sensitivity losses of mercury contami-
nated industry workers in Brazil. Environ Toxicol Pharmacol. 2005; 19:523-9. doi: 10.1016/j.etap.2004.
12.016 PMID: 21783522

Rodrigues AR, Botelho de Souza CR, Braga AM, Rodrigues PSS, Silveira AT, Damin ETB, et al. Mer-
cury toxicity in the Amazon: contrast sensitivity and color discrimination of subjects exposed to mercury.
Braz J Med Biol Res. 2007; 40:415-24. PMID: 17334540

Barboni MTS, Costa MF, Moura ALA, Feitosa Santana C, Lago M, Faria MAM, Silveira LCL, Ventura
DF. Visual field losses in workers exposed to mercury vapor. Environ Res 2008; 107:124-31. PMID:
17719027

Freitas JD, Lacerda EMCB, Rodrigues D Junior, Bonci DMO, Cértes MIT, Corvelo TCO, Ventura DF,
Silveira LCL, Pinheiro MCN, Souza GS. Effects of mercury exposure on the visual functions of children
from Amazonian riverine villages. ARVO Annual Meeting. Inv Ophthalmol Vis Sci. 2015; 56(5):E-
Abstract 523/A0255.

Pishkin V, Lovallo WR, Bourne LE Jr. Chronic alcoholism in males: cognitive deficit as a function of age
of onset, age, and duration. Alcohol Clin Exp Res. 1985; 9:400-6. PMID: 3904505

Bruckner JV. Differences in sensitivity of children and adults to chemical toxicity: the NAS panel report.
Regul Toxicol Pharmacol. 2000; 31:280-5. PMID: 10915586

Dourson M, Charnley G, Scheuplein R. Differential sensitivity of children and adults to chemical toxicity.
Il. Risk and regulation. Regul Toxicol Pharmacol. 2002; 35:448-67. PMID: 12202058

Feitosa-Santana C, Oiwa NN, Paramei GV, Bimler D, Costa MF, Lago M, et al. Color space distortions
in patients with type 2 diabetes mellitus. Visual Neurosci. 2006; 23:663-8.

Pelli DG, Farell B. Psychophysical methods. In: Bass M, DeCusatis C, Enoch J, Lakshminarayanan V,
Li G, MacDonald C, Mahajan V, Stryland EV, editors. Handbook of optics. 3rd ed. Volume Il Vision
and vision optics. New York: McGraw-Hill, 2010. p. 3.1-3.12. Available: http://psych.nyu.edu/pelli/
pubs/pelli2010psychophysical-methods.pdf.

Costa MF, Barboni MTS, Ventura DF. Psychophysical measurements of luminance and chromatic spa-
tial and temporal contrast sensitivity in Duchenne muscular dystrophy. Psychol Neurosci. 2011; 4:67—
74.

Ishihara S. The series of plates designed as a test for colour-deficiency. The 38 plates edition. Tokyo:
Kanehara; 1997.

Campbell FW, Green DG. Optical and retinal factors affecting visual resolution. J Physiol (Lond). 1965;
181:576-93.

Farnsworth D. The Farnsworth-Munsell 100-hue and dichotomous tests for color vision. J Opt Soc Am.
1943; 33:568-78.

Farnsworth D. The Farnsworth-Munsell 100-hue test for the examination of color discrimination. Man-
ual. Baltimore: Munsell Color Company; 1957.

Mollon JD, Reffin JP. A computer-controlled color-vision test that combines the principles of Chibret
and of Stilling. J Physiol (Lond). 1989; 414:5P.

Regan BC, Reffin JP, Mollon JD. Luminance noise and the rapid-determination of discrimination ellip-
ses in color deficiency. Vision Res. 1994; 34:1279-99. PMID: 8023437

Anderson P, de Bruijn A, Angus K, Gordon R, Hastings G. Impact of alcohol advertising and media
exposure on adolescent alcohol use: a systematic review of longitudinal studies. Alcohol Alcohol. 2009;
44:229-43. doi: 10.1093/alcalc/agn115 PMID: 19144976

Silveira LCL, Griinert U, Kremers J, Lee BB, Martin PR. Comparative anatomy and physiology of the
primate retina. In: Kremers J, editor. The primate visual system: a comparative approach. Chichester:
John Wiley & Sons; 2005. p. 127-160.

Livingstone MS, Hubel DH. Anatomy and physiology of a color system in the primate visual cortex. J
Neurosci. 1984; 4:309-56. PMID: 6198495

Hubel DH, Livingstone MS. Segregation of form, color, and stereopsis in primate area 18. J Neurosci.
1987; 7:3378-415. PMID: 2824714

Horton JC, Hubel DH. Regular patchy distribution of cytochrome-oxidase staining in primary visual cor-
tex of macaque monkey. Nature. 1981; 292:762—4. PMID: 6267472

PLOS ONE | DOI:10.1371/journal.pone.0140169 October 14,2015 17/18


http://dx.doi.org/10.1016/j.etap.2004.12.015
http://www.ncbi.nlm.nih.gov/pubmed/21783521
http://dx.doi.org/10.1016/j.etap.2004.12.016
http://dx.doi.org/10.1016/j.etap.2004.12.016
http://www.ncbi.nlm.nih.gov/pubmed/21783522
http://www.ncbi.nlm.nih.gov/pubmed/17334540
http://www.ncbi.nlm.nih.gov/pubmed/17719027
http://www.ncbi.nlm.nih.gov/pubmed/3904505
http://www.ncbi.nlm.nih.gov/pubmed/10915586
http://www.ncbi.nlm.nih.gov/pubmed/12202058
http://psych.nyu.edu/pelli/pubs/pelli2010psychophysical-methods.pdf
http://psych.nyu.edu/pelli/pubs/pelli2010psychophysical-methods.pdf
http://www.ncbi.nlm.nih.gov/pubmed/8023437
http://dx.doi.org/10.1093/alcalc/agn115
http://www.ncbi.nlm.nih.gov/pubmed/19144976
http://www.ncbi.nlm.nih.gov/pubmed/6198495
http://www.ncbi.nlm.nih.gov/pubmed/2824714
http://www.ncbi.nlm.nih.gov/pubmed/6267472

@’PLOS ‘ ONE

Alcohol Consumption and Color Vision

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Fukumura A, Tsutsumi M, Tsuchishima M, Takase S. Correlation between adenosine triphosphate con-
tent and apoptosis in liver of rats treated with alcohol. Alcohol Clin Exp Res. 2003; 27:125-15S. PMID:
12960500

Bailey SM, Cunningham CC. Acute and chronic ethanol increases reactive oxygen species generation
and decreases viability in fresh, isolated rat hepatocytes. Hepatology. 1998; 28:1318-26. PMID:
9794917

Qin L, Crews FT. NADPH oxidase and reactive oxygen species contribute to alcohol-induced microglial
activation and neurodegeneration. J Neuroinflammation. 2012; 9:5. doi: 10.1186/1742-2094-9-5 PMID:
22240163

Rimm EB, Williams P, Fosher K, Criqui M, Stampfer MJ. Moderate alcohol intake and lower risk of coro-
nary heart disease: meta-analysis of effects on lipids and haemostatic factors. Br Med J. 1999;
319:1523-8.

Pai JK, Hankinson SE, Thadhani R, Rifai N, Pischon T, Rimm EB. Moderate alcohol consumption and

lower levels of inflammatory markers in US men and women. Atherosclerosis. 2006; 186:113—-20.
PMID: 16055129

Parker ES, Morihisa JM, Wyatt RJ, Schwartz BL, Weingartner H, Stillman RC. The alcohol facilitation
effect on memory: a dose-response study. Psychopharmacology (Berl). 1981; 74:88-92.

Hewitt GP, Holder M, Laird J. Retrograde enhancement of human kinesthetic memory by alcohol: con-
solidation or protection against interference? Neurobiol Learn Mem. 1996; 65:269-77. PMID: 8616591
Bruce KR, Pihl RO. Forget “drinking to forget”: enhanced consolidation of emotionally charged memory
by alcohol. Exp Clin Psychopharmacol. 1997; 5:242-50. PMID: 9260071

Ruitenberg A, van Swieten JC, Witteman JC, Mehta KM, van Duijn CM, Hofman A, Breteler MM. Alco-
hol consumption and risk of dementia: the Rotterdam Study. Lancet. 2002; 359:281-6. PMID:
11830193

Kalev-Zylinska ML, During MJ. Paradoxical facilitatory effect of low-dose alcohol consumption on mem-
ory mediated by NMDA receptors. J Neurosci. 2007; 27:10456—67. PMID: 17898217

Kilb W. Development of the GABAergic system from birth to adolescence. Neuroscientist. 2012;
18:613-30. doi: 10.1177/1073858411422114 PMID: 21952258

PLOS ONE | DOI:10.1371/journal.pone.0140169 October 14,2015 18/18


http://www.ncbi.nlm.nih.gov/pubmed/12960500
http://www.ncbi.nlm.nih.gov/pubmed/9794917
http://dx.doi.org/10.1186/1742-2094-9-5
http://www.ncbi.nlm.nih.gov/pubmed/22240163
http://www.ncbi.nlm.nih.gov/pubmed/16055129
http://www.ncbi.nlm.nih.gov/pubmed/8616591
http://www.ncbi.nlm.nih.gov/pubmed/9260071
http://www.ncbi.nlm.nih.gov/pubmed/11830193
http://www.ncbi.nlm.nih.gov/pubmed/17898217
http://dx.doi.org/10.1177/1073858411422114
http://www.ncbi.nlm.nih.gov/pubmed/21952258

