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A B S T R A C T

Alcohol impairs motor performance, but it remains unclear precisely why this is the case. Here, we examine the 
effects of alcohol intoxication on conditioned eyeblink responses, a form of classical conditioning dependent on 
the cerebellum. In experiment 1, the conditioned responses of 18 students before and after alcohol consumption 
up to 1 ‰ were compared against the performance of 26 non-drinking controls. In experiment 2, 17 students 
were tested repeatedly at increasing blood alcohol levels up to 1 ‰. The results reveal a gradual decrease in both 
the percentage and timing of conditioned responses following alcohol consumption, with pronounced impair
ments emerging at blood alcohol content levels exceeding 0.5 ‰. These findings are consistent with the idea that 
the motor deficits associated with alcohol consumption are linked to effects on the cerebellum.

1. Introduction

Alcohol is one of the most widely consumed psychoactive substances, 
known for its broad effects on the central nervous system, including 
significant impairment of motor function (Van Skike et al., 2019). 
Alcohol is known to influence several neurotransmitter systems, 
including GABA, serotonin, dopamine, and endocannabinoids, which 
may account for its diverse behavioral effects (Volkow et al., 2017). It is 
well known that long-term alcohol abuse have negative effects on brain 
function in general (Daviet et al., 2022), and cerebellar function in 
particular (Dar, 2015). The fact that GABA receptors play a vital role in 
the cerebellum may explain why alcohol strongly influences the cere
bellum, which might, in turn, explain why alcohol affects motor per
formance (Luo, 2015; Valenzuela and Jotty, 2015). However, other 
potent GABA agonists, such as benzodiazepines, do not have an equally 
prominent impact on motor function (Gaztanaga et al., 2021). This 
difference may reflect the effect of alcohol on the cerebellum beyond its 
direct effect as a GABA agonist. For example, alcohol also binds to and 
modulates Kir3 channels (Bodhinathan and Slesinger, 2013), which are 
present in the cerebellum. Previous research has shown that blocking 
these receptors in decerebrated ferrets suppresses Purkinje cell pause 
responses (Johansson and Hesslow, 2020), known to be linked to overt 
blink responses.

High levels of alcohol intoxication disrupt motor control (Peterson 
et al., 1990), but alcohol does not impair all aspects of motor 

performance. Muscle strength and muscle fatigue are not adversely 
affected by alcohol intoxication, even at as high Blood Alcohol Content 
(BAC) levels as 1.5 ‰ (Poulsen et al., 2007). Indeed, low levels of 
alcohol can even improve certain aspects of motor performance – 
perhaps due to heightened GABA activity in the cerebellum (Weissbach 
et al., 2017). It may be that alcohol has more nuanced effects on 
movement timing and accuracy. Eyeblink conditioning is a well- 
established paradigm for studying cerebellar-dependent motor 
learning (Gerwig et al., 2007; Hesslow and Yeo, 2002; McCormick and 
Thompson, 1984). In eyeblink conditioning, a neutral conditioned 
stimulus (CS) is paired with a blink-eliciting unconditioned stimulus 
(US). After multiple repetitions, participants acquire timed conditioned 
blink responses (CRs) to the CS, anticipating the US. How alcohol in
fluences eyeblink conditioning is of interest because it is thought to rely 
on the same neural mechanisms as many other types of motor learning, 
such as driving, playing instruments, or riding a bicycle (Manto et al., 
2012).

Previous research on alcohol’s effects on eyeblink conditioning has 
yielded inconsistent findings. Some studies have reported that alcohol 
intoxication disrupts the formation of CRs (Hobson, 1966) and that 
alcohol leads to a decrease in CR percentage (Weissbach et al., 2017). 
However, other studies have found minimal or no effect of alcohol on 
eyeblink conditioning (Franks, 1963). Indeed, mild intoxication has 
been reported to enhance performance on eyeblink conditioning 
(Hernandez and Valentine, 1990). Together, these reports indicate that 
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the relationship between alcohol and cerebellar function is complex, 
such that alcohol’s effect on motor timing may be non-linear.

In this study, we investigated the effects of alcohol intoxication on 
eyeblink conditioning, focusing on how varying alcohol levels influence 
the production and timing of previously acquired conditioned blink 
responses. In Experiment 1, we compared the performance of students 
before and after consuming alcohol corresponding to a BAC of 1 ‰ with 
that of a control group who did not consume alcohol. We hypothesized 
that alcohol would impair motor performance. In Experiment 2, we 
assessed students at progressively higher levels of alcohol intoxication, 
hypothesizing that performance on eyeblink conditioning would 
decrease in a dose-dependent manner. By focusing on this cerebellar- 
dependent task, we aim to clarify the specific nature of alcohol- 
induced motor impairments and the underlying neural mechanisms.

2. Methods

2.1. Participants

A total of 61 participants aged 22.0 ± 4.6 years were recruited for 
the study (36 males and 25 females). The authors carrying out the data 
collection first identified classmates and acquaintances they considered 
not to be excessive drinkers and invited them to participate. Before in
clusion, an alcohol misuse screening procedure was applied (Nestor, 
2015) to exclude possible individuals at risk for alcohol use disorder 
(World Health Organization, 2019). None of the previously identified 
participants were excluded at that stage. The experimental setup and the 
protocol used in the two experiments is illustrated in Fig. 1. This study 
was approved by the local ethical committee at Lund University (Dnr 
2017/785).

2.2. Alcohol concentrations

BAC was assessed with a Dräger Alcotest® 3820 breathalyser (dr 
aeger.com) before participants consumed alcohol and then regularly 
throughout the experiment. We recorded the measurements before each 
test session (see Fig. 2). To avoid erroneous measurements due to re
sidual alcohol in the mouth, we waited at least 15 min after consumption 
before measuring alcohol levels. The amount of alcohol offered to par
ticipants was calculated using an online blood alcohol calculator (www. 
calculator.net/bac-calculator.html). The exact dose was adjusted if 
measurements deviated from the estimated levels. Our aim in both ex
periments was that participants should reach ~ 1 ‰ alcohol when the 
students started the last test in the series. Participants were repeatedly 
reminded that they could stop their participation and leave at any time.

2.3. Testing procedure

The CS was a 1 kHz tone, with a duration of one second, presented 
via USB loudspeakers connected to a Micro 1401 CE converter. The US 

was a 0.5–1.5 bar air puff aimed at the cornea with a 100–200 ms 
duration, generated by a MPPI-3 (ASI), triggered by the Micro 1401 
(Cambridge Electronic Design, CED). The intensity of the air puff was 
individually adjusted for each participant to ensure that (1) it caused a 
clear and consistent blink reflex, and (2) it was not overly aversive. The 
CS-US interval was 500 ms, and the intertrial interval was 5–15 s. Each 
participant completed at least 200 trials on one to three occasions before 
the session in which they got alcohol. This was done to ensure that 
participants had acquired the CRs, as previous studies have shown that a 
single training session may not be sufficient to establish them (Löwgren 
et al., 2017). For the last session – in which participants drank alcohol – 
participants first received a booster session of 50–200 trials, after which 
they started to consume alcohol. Participants received 80 % paired trials 
with 20 % randomly interspersed probe trials in all sessions with only 
the conditioned stimulus. Participants could choose between watching a 
movie or a TV series, working on their computer, or reading a book – as 
long as these activities did not trigger loud sounds.

To record eyelid movements, a neodymium magnet (diameter = 4 
mm, thickness = 1 mm) was attached to the left superior eyelid using 
lash glue. A custom-made headset equipped with a GMR magnetic field 
sensor (NVE Corporation), and a tube to direct the air puff toward the 
cornea was equipped on the participant’s head. The GMR sensor, posi
tioned right underneath the left eye, recorded magnetic field alterations 
generated by eyelid movements. To digitize the signal from the sensor, 
we fed the signal from the GMR chip to a Micro 1401, connected via USB 
to a PC running Spike2 V7 software (CED) (Etemadi et al., 2023). For the 
statistical analysis, we measured the rate and timing of the CRs. Spe
cifically, we examined (1) the percentage of CRs in successive blocks of 
10 trials, (2) the average onset time of the CRs (based on all trials with a 
CR – both paired and unpaired), and (3) the variation in the onset time of 

Fig. 1. Method and protocol. A. The timing of the CS and the US on a single trial and a simplified schematic of the experimental setup. B. Experimental protocol for 
experiment 1 (sober vs intoxicated) and experiment 2 (dose–response). C. Hypothetical eyelid movements, as measured by the GMR chip on a single trial with a 
conditioned response. Created with Biorender (https://BioRender.com).

Fig. 2. Levels of measured intoxication (mean ± SD) in each condition and 
experiment. A. Alcohol in the expiratory air at the beginning and the end of the 
last session in Experiment 1. B. Alcohol in the expiratory air at the end of each 
condition in Experiment 2.
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CRs.

2.4. Experiment 1 – Sober vs intoxicated

The aim of the first experiment was to compare the performance of 
an experimental group, before and after consuming alcohol corre
sponding to a BAC of approximately 1 ‰, with that of a control group 
that did not consume alcohol. Participants were gathered in groups of 
four to five people per session. They were asked about drinking pref
erences beforehand and could choose from vodka, gin, wine, or beer. 
Caffeine-rich mixers such as energy drinks were not allowed. Each 
participant completed the test before they consumed alcohol. Next, 
participants drank their designated amount of alcohol in approximately 
40 min. After they had finished their drinks and their alcohol levels had 
been measured, they completed the test again. The test before and after 
consuming alcohol was identical, apart from the eyeblink conditioning 
session, which had 50 trials before and 100 trials after alcohol con
sumption. Participants were asked to stay for ~ 0.5–2 h after the final 
testing to ensure they felt well before going home. The sample consisted 
of 42 students divided into a treatment group with 18 participants and a 
control group with 26 participants who did not consume alcohol but 
otherwise performed the same tests.

2.5. Experiment 2 – Dose-response curve

The second experiment aimed to assess whether the effects observed 
in the first experiment followed a dose–response curve, using a within- 
participants design. The test was identical to the first experiment but 
was administered four times, one for each level of BAC. The participants 
were tested before consuming of alcohol and then three more times at 
progressively increasing levels of alcohol intoxication. We aimed to test 
participants at 0 ‰, 0.33 ‰, 0.66 ‰, and 1 ‰ blood level concentration. 
The sample consisted of 19 students who were exposed to all levels of 
alcohol intoxication in a repeated measures protocol.

2.6. Analysis

After raw data had been recorded and digitized as described above, it 
was exported to Matlab (Mathworks), where data was further analyzed 
using custom scripts. Linear mixed-effects models were applied to 
examine effects, controlling for individual variability and missing data 
(Garcia and Marder, 2017). For instance, participants differed in their 
baseline level for the eyeblink conditioning task, which would lead to 
large variance. The linear mixed-effects models allow us to examine the 
effects of alcohol consumption on the learned responses, regardless of 
the initial values. Moreover, for fixed effects (see below), normality is 
not required. For all linear mixed-effects models, we used the alcohol 
level as a fixed effect and participant ID as a random effect. Unless 
otherwise expressed, descriptive statistics are expressed as mean ±
standard deviation.

3. Results

3.1. Intoxication levels

Experiment 1 aimed to assess motor learning and timing perfor
mance before and after alcohol consumption, targeting approximately 1 
‰, comparing performance shifts across conditions with a control group 
that underwent the same tests without consuming any alcohol.

Experiment 2 evaluated performance under incrementally increasing 
intoxication levels. BAC was measured frequently during the experi
ments. In Experiment 1, the baseline alcohol level was 0 ± 0 ‰, which 
rose to an average of 0.87 ± 0.10 ‰ post-consumption. For Experiment 
2, we aimed for BACs of 0, 0.33, 0.66, and 1.0 ‰. Fig. 2 shows the 
achieved mean BAC levels.

3.2. Experiment 1 – Sober vs intoxicated

All 18 participants reached a high level CRs: 16 of the 18 participants 
produced CRs on > 75 % of the trials. The remaining two participants 
reached a CR percentage of 52.4 and 37.5, respectively. Following 
alcohol consumption, the rate of CRs decreased (mean Sober = 86 ± 18 
%, mean intoxicated = 75 ± 33 %). The linear mixed effects model 
showed that CR percentage decreased by 15.4 % per 1 ‰, p = 0.0004 
(see Fig. 3A-C). One observation, evident in the boxplot in Fig. 3C, is that 
participants who produced a high rate of CRs before drinking alcohol 
tended to maintain higher CR rates. In comparison, participants with 
lower CR rates before consuming alcohol exhibited more significant 
decreases in CR rates.

Alcohol also affected the timing of the CRs. The variability in the 
timing of the CRs (CR Onset SD) increased after consuming alcohol 
(mean Sober = 116 ± 32 ms, mean intoxicated = 138 ± 35 ms). The 
linear mixed effects model showed that CR onset variability increased by 
28.9 ms per 1 ‰, p < 0.00001. We also observed a trend towards a later 
CR onset after alcohol consumption, however, the difference was not 
significant (p = 0.0642).

3.3. Experiment 2 – Dose-response curve

In experiment 2, we tested participants on the same test on four 
consecutive occasions at gradually higher levels of intoxication (see 
Fig. 2). As in the first experiment, the percentage of CRs decreased when 
alcohol levels increased (see Fig. 4). Over the four sessions, the CR 
percentage decreased (1st session = 89.7 ± 9.3 %, 4th session = 76.8 ±
22 %). A linear mixed effects model with alcohol level as a fixed effect 
and participant as a random effect showed that CR percentage decreased 
with 13 percental units per 1 ‰ (p = 0.0008).

The timing of the conditioned responses also changed following 
alcohol consumption. As in the first experiment, there was a significant 
increase in the variation of the CR onset (1st session = 142 ± 19 ms, 4th 
session = 150 ± 30 ms). This amounted to an increase in CR timing 
variation of 16.9 ms per 1 ‰ (p = 0.039). There was also a non- 
significant trend towards an earlier CR onset (1st session = 287 ± 52 
ms, 4th session = 265 ± 52 ms). The linear mixed effects model esti
mated that CR onset changed by –22.35 ms per 1 ‰ (p = 0.0575).

4. Discussion

Our results show that alcohol impairs eyeblink conditioning in a 
dose-dependent manner, with increasing alcohol levels leading to 
decreased acquisition of CRs, as well as more variable timing of these 
responses. Both Experiment 1 and Experiment 2 exhibited a substantial 
decrease in the percentage of trials that evoked a CR. The results from 
experiment 2 suggest that the effect is dose-dependent and that the most 
substantial drop in performance occurs at BAC levels of >0.5 ‰. The 
results indicate that alcohol affects the retrieval or the expression of the 
learned response. Since the participants were already trained when they 
began consuming alcohol, our results cannot say anything about the 
effect on the acquisition of the learned response. Having said that, we 
did note that the participants most strongly affected by alcohol were also 
the ones who were not as well conditioned during training. In contrast, 
participants with a high rate of CRs initially were more resistant to the 
effects of alcohol. This could indicate that well-trained proficiencies 
remain functional, even under the influence of alcohol. However, 
another interpretation is that alcohol hindered the complete acquisition 
of conditioned responses. Both experiments also showed that alcohol 
intoxication resulted in more variable CR timing. This occurred even 
though more training typically results in less variable CR timing. These 
results reinforce the view that alcohol intoxication affects cerebellar 
function (Jacobson et al., 2011).

Overall, our findings align with previous studies examining the 
impact of alcohol intoxication on motor learning and performance. For 
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instance, Garrisson et al. (2022) reported impaired driving simulator 
performance at a BAC of 0.7 ‰ but not at 0.4 ‰. Similarly, Reilly and 
Scott (1993) observed that hand steadiness during dart throwing 
improved at 0.2 ‰ but declined significantly at 0.5 ‰. These results are 
consistent with our observation of a marked performance decline at ~ 
0.5 ‰.

Alcohol can affect cerebellar function through various mechanisms. 
One mechanism is the enhancement of GABA-ergic inhibition, a critical 
component of cerebellar circuitry (Frye and Breese, 1982; Sullivan et al., 
1995). Purkinje cells, the output neurons of the cerebellar cortex, are 
GABAergic. Likewise, GABAergic cells in the cerebellar nuclei provide 
negative feedback that affects cerebellar learning (Rasmussen and 
Hesslow, 2014). Another possible mechanism through which alcohol 
might affect the cerebellum is via Kir3 channels. Previous research 
suggests that CRs are driven by cerebellar Purkinje cell pause responses 
(Jirenhed and Hesslow, 2016). Research also shows that blocking Kir3 
channels suppresses the pause responses (Johansson and Hesslow, 
2020). Since alcohol binds to and modulates Kir3 channels 
(Bodhinathan and Slesinger, 2013), it is conceivable that alcohol affects 
motor performance by interfering with Kir3 channels. This is consistent 
with our finding that alcohol impacts cerebellar learning. Modulation of 
the Kir3 channels could also explain why alcohol affects motor ability 
more than other potent GABA agonists, such as benzodiazepines 
(Gaztanaga et al., 2021). Regardless of the specific mechanism under
lying alcohol’s influence on the cerebellum, its effects may extend 
beyond motor control to impact cognitive functions. There is substantial 
evidence linking the cerebellum to various cognitive processes (King, 

2023), suggesting that significant disruption of cerebellar activity due to 
alcohol could also impair cognitive performance. This highlights the 
cerebellum’s broader role in brain function, reinforcing the idea that 
cerebellar dysfunction may contribute to both motor and cognitive im
pairments associated with alcohol consumption.

One limitation of this study was that there was no placebo group and 
that the results from the Dräger Alcotest® 3820 breathalyzer were 
immediately visible to the participants. Nonetheless, experiments where 
participants drink alcohol to this extent are difficult to perform blindly 
since both participants and experimenters can tell the difference be
tween participants at BAC levels of 0.00 ‰ and 1 ‰. Another factor to 
keep in mind is that under the influence of alcohol, participants tended 
to develop improved self-esteem. Several participants thought they 
performed exceptionally well when they, in fact, performed worse. This 
change in their psychological mindset could potentially cause some of 
the effects we observed.

5. Conclusion

Alcohol significantly impairs eyeblink conditioning in a dose- 
dependent manner, affecting both the percentage and timing of condi
tioned responses. This suggests that alcohol disrupts cerebellar- 
dependent motor learning. Our findings highlight alcohol’s specific 
impact on the cerebellum’s role in motor coordination and timing.

Fig. 3. Eyeblink conditioning results, sober vs. intoxicated. Figure shows the results from the eyeblink conditioning test before and after consuming alcohol. Red 
colors represent results from participants who consumed alcohol. Blue colors represent results from the control group. A. Raw data showing eyelid movements before 
and after training on trials where only the conditioned stimulus (the tone) was presented. Before training, there is no reaction to the conditioned stimulus, whereas 
after training, there is a clear blink response that is adaptively timed with respect to the unconditioned stimulus. B. The difference in CRs between trained and 
untrained participants on successive blocks of 10 trials (mean ± SEM). C. Comparison of the percentage of CRs in the two sessions D. Comparison of the onset timing 
of the CRs.
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6. Consent to Publication

All participants were informed that the results would be published 
but that they would remain anonymous. The manuscript contains no 
identifiable information.
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