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Background: Alcohol-related driving accidents and fatalities occur most frequently at nighttime and
at dawn, that is, a mesopic lighting condition in which visual processing depends on both rod and cone
photoreceptors. The temporal functions of the rod and cone pathways are critical for driving in this
lighting condition. However, how alcohol influences the temporal functions in the rod and cone
pathways at mesopic light levels is inconclusive. To address this, this study investigated whether an
acute intoxicating dose of alcohol impairs rod- and/or cone-mediated critical fusion frequency (CFF;
the lowest frequency of which an intermittent or flickering light stimulus is perceived as steady).

Methods: In Experiment I, we measured the CFFs for 3 types of visual stimuli (rod stimulus alone,
cone stimulus alone, and the mixture of both stimuli types), under 3 illuminant light levels (dim illumi-
nance: 2 Td; low illuminance: 20 Td; and medium illuminance: 80 Td) in moderate–heavy social drin-
kers before and after they consumed an intoxicating dose of alcohol (0.8 g/kg) compared with a
placebo beverage. In Experiment II, we examined whether the illuminance level (dark vs. light) of the
visual area surrounding the test stimuli alters alcohol’s effect on the temporal processing of rods and
cones.

Results: The results showed that compared with placebo, alcohol significantly reduced CFFs of all
stimulus types at all illuminance levels. Furthermore, alcohol intoxication produced a larger
impairment on rod-pathway-mediated CFFs under light versus dark surround.

Conclusions: These results indicate that alcohol intake slows down rod and cone-pathway-mediated
temporal processing. Further research may elucidate whether this effect may play a role in alcohol-re-
lated injury and accidents, which often occur under low-light conditions.

Key Words: Visual Temporal Processing, Rod and Cone Photoreceptors, Alcohol, Mesopic Light
Level, Critical Fusion Frequency (CFF).

THE HUMAN VISUAL system can detect light in a
large dynamic range between daytime and nighttime.

This is accomplished, in part, by switching operations
between 2 photoreceptor classes in the retina, that is, rods
and cones. Rods become active under nighttime conditions,
including dim light, but are insensitive with bright light. On
the other hand, cones need more light to function and they
operate best at high-light levels. Therefore, rods and cones
are responsible for our night vision and day vision, respec-
tively (Cao, 2012). During the transitional period between
daytime and nighttime (i.e., dawn or dusk), both rods and
cones are functioning simultaneously to ensure smooth
transition between night vision and day vision. In both

research and applied fields, different light levels are catego-
rized into 3 different ranges: photopic light level (such as a
daylight, when rods are saturated and cones alone mediate
vision), mesopic light level (such as a dawn/dusk light,
moonlight, or nighttime street light, when both rods and
cones are active), or scotopic light level (such as a starlight,
when cones are below threshold and rods alone mediate
vision).

Most alcohol-related driving accidents or fatalities occur
within the mesopic range at nighttime and dawn. There are
higher rates of automobile accidents under mesopic light
levels compared with photopic light levels, and when
combined with alcohol intoxication, the accident rates
increase dramatically compared to the rates for daytime acci-
dents (NHTSA, 2010). For situations such as driving in a
traffic flow, fast visual temporal processing is critical for
public safety. Understanding how alcohol affects temporal
processing mediated by the rod and cone pathways under
mesopic light levels will help to provide essential knowledge
to educate and prevent alcohol-related injury/fatalities in
those lighting conditions.

Studies have shown that the rod and cone pathways
have different temporal processing characteristics (Cao et al.,
2007, 2010; Schneeweis and Schnapf, 1995). A fundamen-
tal measure of visual temporal resolution is critical
fusion frequency (CFF), which indicates the lowest temporal
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frequency of an intermittent light that appears to be
completely steady. With the same temporal modulation
contrasts, the cone system has a faster temporal response
under mesopic light levels with a CFF range from 11 to
30 Hz compared with the rod system which has a CFF range
from 8 to 15 Hz (Cao and Lu, 2012; Cao et al., 2006). Acute
alcohol intake has been shown to impair visual temporal
processing (Khan and Timney, 2007; Kunchulia et al.,
2012). Specifically, Pearson and Timney (1999) reported that
acute alcohol intoxication impaired photopic (cone-path-
way-mediated) CFF but not mesopic (rod- and cone-path-
way-mediated) CFF. From this result, they concluded that
alcohol intoxication selectively impaired cone- but not
rod-mediated temporal processing. These results conflict
with the anatomical and single-unit electrophysiological
findings showing that at mesopic light levels, rod signals
merge into the cone pathway via gap junctions in the retina
(Cao et al., 2010; Hornstein et al., 2005) instead of via the
rod bipolar cells that are functioning at dimmer light levels,
that is, below cone activation threshold (reviewed by Daw
et al., 1990; Sharpe and Stockman, 1999). In other words,
rod and cone signals are transmitted in the same pathways
once rod signal passes the gap junctions. Given that rods and
cones share the same retinal neural pathways (reviewed by
Daw et al., 1990; Sharpe and Stockman, 1999), it is unclear
how acute alcohol intoxication could impair cone function
only.
In this study, we examined whether acute alcohol intoxi-

cation impairs rod and/or cone temporal function under a
mesopic condition using a custom-made device that can
generate light stimuli targeting rods and cones separately
at the same light levels. Moderate and heavy drinkers were
examined because they are at risk for alcohol-related
harm, but have not incurred significant withdrawal symp-
tomatology or other physiological consequences that may
confound participation (Caetano et al., 1998). We first
examined the effects of alcohol on rod- and cone-pathway-
mediated CFF at mesopic light levels with the surrounding
light levels the same as the light levels for the test stimuli
(i.e., an equiluminant surround) in Experiment I (Cao
et al., 2010). Additionally, as studies have shown that a
dark surround can suppress cone-mediated temporal pro-
cessing due to lateral rod–cone interaction (Cao and Lu,
2012; Cao et al., 2006; Goldberg et al., 1983), we con-
ducted a second experiment to examine alcohol’s effect on
rod- and cone-pathway-mediated CFF with dark versus
equiluminant surround.

EXPERIMENT I

MATERIALS ANDMETHODS

Participants

Participants were recruited via Internet advertisements. Candi-
dates (age: 21–29 years) completed informed consent, online screen-
ing questionnaires and interview, which included demographic

information, medical information (eye disease, heart disease,
diabetes, high blood pressure, mental health, etc.), and drinking
information (the Alcohol Quantity-Frequency Interview; Cahalan
et al., 1969) in past 6 months and the Timeline Follow-Back
(TLFB; Sobell and Sobell, 1995; Sobell et al., 1979) calendar for
daily estimates of alcohol drinking in the past month. Inclusion cri-
teria were as follows: having normal or corrected-to-normal acuity
and reported not having any health and psychiatric problems
including alcohol dependence that might interfere with the study
procedures. The drinking criteria were as follows: consuming at
least 6 or more alcoholic drinks weekly (up to 35) and engaging in
binge drinking (consuming 5+ drinks/occasion for men and 4 + for
women; SAMHSA, 2005) at least twice monthly up to 4 times
weekly. This moderate-to-heavy drinking inclusion criteria is consis-
tent with prior experimental and epidemiological studies (Abel and
Kruger, 1995). Therefore, the participants will form a continuum in
terms of drinking patterns from habitual moderate-to-heavy social
drinking and with a range of binge drinking frequency from several
times monthly to weekly.

Twenty-nine young healthy nonalcoholic moderate–heavy social
drinkers (15 males and 14 females, age: 24 [mean] � 2.2 [SD] years)
met inclusion criteria and thus comprised the study sample. They
averaged 11.6 � 4.7 drinking days per month, 4.3 � 1.8 drinks per
drinking day, and 5.1 � 3.0 heavy drinking days per month (5 or
more drinks for men, 4 for women). The study was approved by the
Institutional Review Board at The University of Illinois at Chicago
and was in compliance with the Declaration of Helsinki.

Overall Design and Protocol

Each subject participated in a within-subject, double-blinded and
placebo-controlled alcohol challenge study using experimental
methods similar to those used in previous studies by our group
(King et al., 2011, 2014; Rueger et al., 2015; Zhuang et al., 2012).
Each participant completed 2 experimental sessions, with
administration of alcohol (0.8 g/kg) or placebo beverage in each ses-
sion. Rod- and cone-pathway-mediated CFF was measured before
and after beverage consumption. The order of the 2 sessions was
randomized, with a minimum of 48-hour intervals between the
sessions.

The participant was instructed to abstain from alcohol and recre-
ational drugs for 48 hours prior to each session. Upon arrival to
each session, recent alcohol abstinence was verified with a zero
breath alcohol concentration (BrAC) level from the Alco-Sensor IV
(Intoximeter Inc., St. Louis, MO). The participant first dark-
adapted his/her right eye by wearing an eyepatch for 15 minutes
and then underwent the prebeverage baseline CFF measurement for
15 minutes. After this testing, the participant was then instructed to
start consuming the allocated beverage for that session with the
experimenter present. Both participant and experimenter were
blinded to the beverage content. The participant was given 5 min-
utes to finish the first half of the beverage and then had a 5-minute
break followed by a 5-minute period to complete the second half of
the beverage, as per our prior protocols (Epstein et al., 2007; King
et al., 2002, 2011). The participant rested for a 30-minute interval
after completing beverage ingestion with the right eye covered by an
eye patch during the last 15 minutes of this rest period. This was fol-
lowed by the postbeverage CFF measurement for 15 minutes. Par-
ticipants’ BrAC levels were measured before and after testing.

The alcoholic beverage consisted of 16% volume ethanol, which
contained 190-proof ethanol mixed with water, grape-flavored
drink mix, and a sucralose-based sugar substitute. The alcohol
dose was 0.8 g/kg, that is, equivalent to 4–5 standard alcohol
drinks (King et al., 2011; Zhuang et al., 2012). The placebo bever-
age included 1% volume ethanol as a taste mask to reduce expec-
tancy effects. Women received 85% of the dose of men as a
correction for body water differences (Oakes and Feldman, 2001).
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The total beverage volume was (mean) 435.3 � (SD) 81.6 ml for
the participants.

Apparatus

A custom-made 4-LED photostimulator was used to generate
visual stimuli for rod- and cone-pathway-mediated CFF testing
(Pokorny et al., 2004). The photostimulator consisted of 2 light
channels, 1 for the central field and the other for the surround. Each
channel was created by mixing lights from 4 LEDs with different
colors through an optical diffuser and homogenizer. The dominant
wavelengths for the 4 LEDs were 460, 516, 558, and 660 nm, respec-
tively, all with half-bandwidths of about 10 nm. Using the silent
substitution method based on well-established rod and cone spectral
sensitivity functions (Est�evez and Spekreijse, 1982), this apparatus
could control rod and cone excitations independently. The details of
the theoretical aspects for achieving independent control of rod and
cone excitations in a 4-color photostimulator can be found else-
where (Shapiro et al., 1996). The light levels of the stimuli were
specified as photopic Troland (Td, a unit that represents the amount
of light falling into the retina by considering both luminance, a light
intensity measure based on human luminosity function, and human
pupil size), based on the Commission Internationale de l’Eclairage
(CIE, International Commission on Illumination) 10° Standard
Observer (Shapiro et al., 1996). For all participants, CFF was mea-
sured with the right eye viewing the light modulation through a 2-
mm artificial pupil to ensure the amount of light reaching the retina
did not change with human pupil size, which could vary with light
levels and light modulation (e.g., Barrionuevo et al., 2014; Pokorny
and Smith, 1997).

Visual Stimuli and Task

As stated earlier, dark adaptation was accomplished by having
the participant rest for 15 minutes in a dark room with their right
eye covered by an eye patch before each of the 2 (the pre- and post-
beverage consumption) measurement intervals. A typical dark
adaptation curve is obtained after exposure to a bleaching light, in
which rods recover sensitivity in 30–40 minutes. When no bleaching
light is used, our prior study showed 15 minutes is sufficient to
recover rod sensitivity (Feigl et al., 2011). Therefore, 15 minutes is a
reasonable choice to minimize the time in the dark, while allowing
rod sensitivity recovered approximately to their maximal level.
During the CFF measurement, the participant fixated his or her
gaze at a white dot positioned at an eccentricity of 7.5° (in visual
angle that accounts for both stimulus size and viewing distance)
away from the center of the test area. The stimuli consisted of a
circular area (diameter 10°, surround) with a small test area at the
center (diameter 2°, center). During the experiment, the light in the
center was modulated temporally in a sinusoidal waveform, while
the light in the surround was steady and had the same light level as
the time-averaged light level of the center. The participant adjusted
the temporal frequency of the sinusoidally modulated light to find
the lowest temporal frequency at which the central light appeared
steady. This temporal frequency was used as the CFF for the
participant. The contrast of the sinusoidal modulation was 28%
and the sinusoidal modulation was imbedded in a 1-second
raised cosine temporal envelope, that is,
E tð Þ ¼ E0 þ 0:5 1� cos 2pt

d

� �� �½E0C � sin 2pftð Þ�, where E(t) repre-
sents photoreceptor excitation at time t, E0 for time-average excita-
tion, d for the duration of the envelope, f for frequency, and C for
contrast. Three types of stimulus conditions were tested at 3
different stimulus background light levels (an illuminance of 2, 20,
and 80 photopic Td, time-averaged illuminance of the center and
surround): (i) rod modulation stimuli (rod excitation was
modulated, while S-, M-, L-cone excitations were kept constant), (ii)
cone-modulation stimuli (S-, M-, L-cone excitations were

modulated in the same phases and contrast, while rod excitation
was kept constant), and (iii) mixed modulation stimuli (rod and S-,
M-, L-cone excitations were modulated in phases). The time-aver-
aged chromaticity in the center, which was the same as the
chromaticity in the steady surround, was set as L/(L + M) = 0.65
and S/(L + M) = 0.45 in the MacLeod and Boynton (1979) chro-
maticity space for all the 3 types of stimuli. The time-averaged illu-
minance of the center and surround for the stimuli were 2, 20 and 80
Td. The light levels were chosen to cover a range of mesopic light
levels where rod and cone have various relative contributions. Our
previous results showed that at 2 Tds, rods dominate for mesopic
temporal processing; at 20 Tds, rod and cone contributions are
about equal; and at 80 Tds, cones dominate but rods are still active
(Cao and Lu, 2012; Cao et al., 2005, 2006, 2007, 2008, 2010). The
participant performed 4 trials for each stimulus type at each illumi-
nance level, a total of 36 trials (4 trials 9 3 stimulus types 9 3 illu-
minance levels). In order to minimize the light-adaption effect for
the rod and cone pathways (i.e., a reduced rod- or cone-mediated
sensitivity due to an exposure to a light that is brighter than the test
light level), the CFF measurement was obtained in the order of 2,
20, and 80 Td to avoid potential rod and cone sensitivity changes
following a high test light level. Similar stimuli and testing proce-
dures have been conducted by our group (Cao and Lu, 2012; Cao
et al., 2006). While the within-subject, placebo-controlled design
was the strength of this study, and given the fixed order of light
levels, order effects could not be completely ruled out to influence
our findings.

Data Analysis

We used paired t-tests to compare the CFF changes during the
alcohol (DCFFA = (Post � Pre)A) and placebo
(DCFFP = (Post � Pre)P) sessions. As cone-pathway-mediated
CFF was higher than rod-pathway-mediated CFF for the same
modulation contrast at the same light level, to compare alcohol
effect on rod- and cone-pathway-mediated CFF, we conducted
additional analyses to consider the baseline CFF difference between
the stimulus types. To do this, the prebeverage measures from the 2
sessions at each light level of each stimulus type were then averaged
to form overall baseline CFF measures. Next, to account for base-
line CFF difference under various stimulus conditions, a net alcohol

effect
ðPost�PreÞA�ðPost�PreÞP

ðPreAþPrePÞ=2 was calculated for each stimulus type at

each light level. A negative value indicated impairment from alcohol

intoxication compared to placebo. A larger value in absolute term
indicated larger impairment. We used a nonparametric Kruskal–
Wallis rank test to compare the indices across the 3 types of stim-
uli under each light level due to the skewed distributions of the
indices.

RESULTS

The BrAC levels were all zero at baseline for both sessions,
confirming recent alcohol abstinence in all participants. In
the alcohol session, BrAC levels were relatively steady
through the 15-minute postbeverage CFF testing (before
CFF BrAC 0.070% � 0.016, after CFF BrAC
0.068% � 0.011, p = 0.362).

Prebeverage CFFs did not differ between sessions for each
stimulus type at each light level (Table 1), and values were
comparable with previous findings (Cao and Lu, 2012; Cao
et al., 2006). Alcohol significantly reduced CFFs for all stim-
ulus types and light levels, as the differences in CFFs between
the post- and prebeverage measures in the alcohol sessions
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were significantly greater than those in the placebo session
(see Fig. 1 and Table 1–3). Further, the net alcohol effects,

quantified as
ðPost�PreÞA�ðPost�PreÞP

ðPreAþPrePÞ=2 , were significantly different

across stimulus types at 80 Td but not at 2 Td and 20 Td. At 80 Td,
alcohol produced a greater impairment in rod modulation stimuli
than cone or mixed modulation stimuli (v2 = 7.00, p = 0.03; Fig. 2).
These results indicate that alcohol impaired both rod- and cone-
pathway-mediated CFFs at mesopic lighting conditions and there
was more impairment for rod than cone function at 80 Td.

EXPERIMENT II

MATERIALS ANDMETHODS

To test whether lateral rod–cone interaction in flicker detection
(Cao and Lu, 2012; Cao et al., 2006; Goldberg et al., 1983) can

Table 1. Prebeverage Critical Fusion Frequency in the Alcohol and Placebo Sessions

Stimulus type

2 Td 20 Td 80 Td

Placebo Alcohol p Placebo Alcohol p Placebo Alcohol p

Rod 11.0 (2.7) 10.6 (2.7) 0.35 14.0 (3.2) 13.5 (3.2) 0.11 14.9 (6.4) 14.6 (5.8) 0.13
Cone 10.6 (2.7) 11.2 (2.8) 0.24 19.9 (2.9) 19.7 (2.6) 0.25 27.5 (3.2) 26.7 (3.2) 0.20
Mixed 11.6 (2.4) 11.3 (1.7) 0.33 19.6 (2.9) 19.3 (2.2) 0.82 27.2 (3.3) 27.1 (2.9) 0.63

Table 2. Postbeverage Critical Fusion Frequency in the Alcohol and Placebo Sessions

Stimulus type

2 Td 20 Td 80 Td

Placebo Alcohol Placebo Alcohol Placebo Alcohol

Rod 11.1 (3.2) 10.0 (3.1) 13.5 (2.9) 12.0 (2.9) 14.5 (3.1) 12.7 (2.9)
Cone 10.8 (2.4) 9.9 (2.8) 20.1 (4.2) 18.6 (4.3) 27.6 (5.0) 25.3 (5.3)
Mixed 12.0 (2.1) 10.8 (1.4) 20.0 (3.4) 18.1 (3.1) 26.9 (3.9) 25.7 (3.9)

Fig. 1. Differences of critical fusion frequencies (CFFs) between post-
and prebeverage measures in the placebo and alcohol session for each
stimulus type. The left, middle, and right columns are for rod, cone, and
mixed stimuli, respectively. The top, middle, and bottom panels are
results for 2, 20, and 80 Td illuminance levels, respectively.**p < 0.01, ***p
< 0.001.

Table 3. Statistical Test Results Comparing DCFFA and DCFFP in
Experiment 1

Stimulus type

2 Td 20 Td 80 Td

t p t p t p

Rod �2.87 0.008 �4.32 0.0002 �4.92 <0.0005
Cone �3.70 0.001 �3.22 0.003 �2.75 0.010
Mixed �2.89 0.007 �4.40 0.0001 �2.48 0.019

Fig. 2. Net alcohol effect
ðPost�PreÞA�ðPost�PreÞP

ðPreAþPrePÞ=2 or each stimulus type at

each illuminance level in Experiment I.*p < 0.05.
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affect alcohol’s effect on CFF, Experiment II measured alcohol’s
effect on CFF with an equiluminant surround or a dark sur-
round. Procedures for participant screening, alcohol and placebo
beverage administration, and visual testing were the same as
those in Experiment I. What differed in this second experiment
was that the rod and cone stimuli were tested at the illuminance
of 80 Td, with either an equiluminant or dark surround. We
tested the dark surround first then equiluminant surround to
minimize the light-adaption effect by bright surrounding light. A
Wilcoxon signed-rank test was used to compare the indices
between the 2 conditions for each stimulus type. We examined an
independent sample of 16 non-alcohol-dependent social drinkers
(9 males and 7 females, age: 27.1 � 5.56 years) using similar
screening procedures as in Experiment I. Participants were similar
to those in the prior experiment in terms of demographic charac-
teristics and alcohol drinking patterns (averages of 8.0 � 4.8

drinking days per month, 3.3 � 2.3 drinks per drinking day,
3.5 � 3.7 heavy drinking days per month).

RESULTS

Compared with placebo, alcohol significantly impaired
both rod- and cone-pathway-mediated CFF in both the dark
and equiluminant surround conditions (Fig. 3 and Table 4).
Further, alcohol produced more impairment for rod-path-
way-mediated CFF under the equiluminant surround condi-
tion as compared with the dark surround condition (Fig. 4;
z = 2.086, p = 0.039). In contrast, alcohol’s impairment of
cone-pathway-mediated CFF was similar for these surround
conditions (Fig. 4; z = �0.931, p = 0.352), suggesting that a
dark surround did not alter alcohol’s effect on mesopic cone
temporal processing.

DISCUSSION

While alcohol impairment of visual functions under low-
lighting conditions (mesopic light levels) has been well-estab-
lished, alcohol’s effects on rod temporal functions have been
inconclusive. The present study showed that acute alcohol
intoxication impairs both rod and cone temporal functions
at mesopic light levels. As CFFs with the rod and cone stim-
uli are likely mediated by the magnocellular pathway, our
results suggest that an intoxicating dose of alcohol signifi-
cantly impaired temporal processing that is likely mediated
by the magnocellular pathway, which is consistent with our
prior study demonstrating alcohol impaired contrast
sensitivity in the magnocellular pathway, but not the parvo-
cellular pathway (Zhuang et al., 2012).

Interestingly, our results also indicate that under equilumi-
nant surrounds, acute alcohol intoxication impaired the
rod-pathway-mediated temporal processing more than the
cone-pathway-mediated temporal processing at 80 Td
(Experiment I; Fig. 2), or more severe impairment for

Fig. 3. Differences of critical fusion frequencies (CFFs) between post- and prebeveragemeasures in the placebo and alcohol session for rod and cone
under dark and equiluminant surround illuminance.*p < 0.05, ***p < 0.001.

Table 4. Statistical Test Results Comparing DCFFA and DCFFP in
Experiment 2

Stimulus type

Dark surround Equiluminant surround

t p t p

Rod �2.51 0.024 �5.31 <0.0005
Cone �2.57 0.021 �2.64 0.018

Fig. 4. Net alcohol effect
ðPost�PreÞA�ðPost�PreÞP

ðPreAþPrePÞ=2 or rod and cone under dark
and equiluminant surround illuminance in Experiment II. *p < 0.05.
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rod-pathway-mediated temporal processing at equiluminant
than dark surround lighting conditions at 80 Td (Experiment
II; Fig. 4). It is known that with increasing light levels at
mesopic range rod contribution relative to cone contribution
to temporal processing decreases (Cao et al., 2010). At 80
Td, cone contribution dominates mesopic temporal process-
ing, as evidenced by 2 results from the CFF measurement at
the placebo session (Tables 1 and 2; 80 Td). First, the cone-
pathway-mediated CFF (~27.5 Hz) was 12.6 Hz higher than
the rod-pathway-mediated CFF (~14.9 Hz). Second, the
cone-pathway-mediated CFF (~27.5 Hz) was close to the
CFF mediated by mixed rod and cone pathways (~27.2 Hz).
These results implied that at a given mesopic light level, the
impairment of alcohol intoxication on the rod-pathway-me-
diated temporal processing likely depends on the strength of
rod input relative to cone input in mesopic vision. On the
other hand, a dark surround can suppress rod- or cone-path-
way-mediated CFF, potentially via distal interaction in the
retina (Cao and Lu, 2012; Cao et al., 2006). Assuming rod
signals are transmitted through rod–cone gap junctions at
mesopic light levels and rod–cone coupling strength is modu-
lated by local or distal light adaptation (Frumkes and
Eysteinsson, 1987, 1988; Ribelayga et al., 2008; Yang and
Wu, 1989a,b), we speculated that alcohol may impact light-
adaptation-dependent rod–cone coupling strength. More
research is needed to assess the mechanisms how alcohol
affects rod and cone functions under different stimulation
conditions.
In general, our results support previous studies of

alcohol’s slowing of visual processing (Edden et al., 2009;
Khan and Timney, 2007; Kunchulia et al., 2012; Moskowitz
and Murray, 1976; Pearson and Timney, 1998). Further, our
results showed that alcohol-induced impairments did not
differ across the 2 stimulus types (rod, cone, and rod–cone
mixed) at 2 and 20 Tds, consistent with the hypothesis that
rod signals are transmitted through the rod–cone gap junc-
tion pathways at these mesopic light levels (Daw et al., 1990;
Sharpe and Stockman, 1999).
Although studies have reported that alcohol reduced

electroretinogram amplitudes under dark adaptation, sug-
gesting alcohol impairment of rod functions (Ikeda, 1963),
our results are the first reporting a deficit from alcohol on
rod temporal processing using a psychophysical approach.
The current study used an instrument that could indepen-
dently stimulate rods and cones. This approach has been
used in other basic science studies and has been shown to
be an effective way to investigate rod and cone temporal
functions under various mesopic light levels (Cao and Lu,
2012; Cao et al., 2006, 2007; Feigl et al., 2011; Zele and
Cao, 2015). The current study was the first to use this
instrument to study alcohol effects on rod- and cone-path-
way functions.
Our main finding of alcohol impairment of both cone- and

rod-pathway CFFs at mesopic light levels is inconsistent
with the results of Pearson and Timney (1999) study. In
their study, they reported alcohol impairment on

cone-pathway-mediated CFFs, but they did not find an
alcohol effect on rod-pathway-mediated CFFs under meso-
pic light levels. Further, our second experiment showed that
alcohol significantly impaired rod-pathway-mediated CFFs
under both surrounding illuminant conditions, suggesting
that difference in surrounding illuminance cannot completely
explain the discrepancy between the current results and those
of Pearson and Timney (1999) regarding alcohol impairment
on rod-pathway-mediated CFF. The discrepancy is possibly
due to the differences in the testing conditions and the
methodologies used in the 2 studies, such as sinusoidal wave-
forms in our study versus square-wave waveforms in their
studies, and a silent substitution method used in our study
but not in their study. Furthermore, 1 unexpected finding in
their study was that the CFFs under photopic light level of
22 cd/m2 (~220 Td; Le Grand, 1957) decreased with increas-
ing retinal eccentricity, but other literature indicated that
CFFs increased with increasing eccentricity (Rovamo and
Raninen, 1988).
Previous studies show that alcohol affects the function

of several neurotransmitters found in both the central ner-
vous system and retina (Boileau et al., 2003; Eckardt
et al., 1998; Van Breukelen, 2006; Wang et al., 2000; Wei-
ner and Valenzuela, 2006). For example, glutamate-related
transmitters are critical for excitatory visual processing
(Liang and Zeger, 2000; Van Breukelen, 2006), and dopa-
mine- and GABA-related inhibitory transmitters play an
important role in inhibitory processes of visual processing
(Chavez et al., 2010; Daw et al., 1990; Herrmann et al.,
2011; Vigh et al., 2011; Witkovsky, 2004; Yang et al.,
2013). Furthermore, based on results from animal studies,
acute alcohol administration is known to increase GABA
concentration levels in the brain (Grobin et al., 1998) and
potentially in the retina. Therefore, the reduction in rod-
and cone-pathway-mediated CFFs under the influence of
alcohol might be attributed to relative changes in the bal-
ance of excitatory and inhibitory neural processing in the
retina as well as in the cortex. Another possibility is that
alcohol intake increases phototransduction noise in
photoreceptors or neuronal processing noise in the cortex,
reducing sensory information processing efficiency at these
sites (Pokorny, 2011). A recent functional magnetic
resonance imaging study (Esposito et al., 2010) reported
that alcohol selectively enhanced the spontaneous resting-
state blood oxygenation level-dependent fluctuations in the
primary visual cortex, which might cause impairment on
activation responses to visual stimuli, therefore impairing
visual functions.
In conclusion, the current study demonstrated that acute

alcohol drinking slowed down temporal processing in the
rod and cone pathways at mesopic (low) light levels. Further
research is needed to elucidate whether this impairment,
independently or in combination with alcohol’s effects on
other systems, such as psychomotor and cognitive systems,
may contribute to the high rates of alcohol-related accidents
and injury under low-lighting conditions.
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