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1. Introduction

The Basal ganglia as a subcortical relay station at the base of the forebrain is largely
involved in processing of information, cognition, and movement (Gehring et al. 1993;
Mathalon et al., 2003; Nick et al., 2003). Over the last century, knowledge about the basal
ganglia has been acquired mainly from animal research, and pathologies that affect the basal
ganglia in humans. In pathologies such as Parkinson’s and Huntington’s’ diseases the basal
ganglia’s functions are greatly affected (Beste et al., 2009; Holroyd et al., 2002).

Apart from brain pathologies, psychotic substances can affect the normal functioning of the
basal ganglia (Goldstein et al., 2007). Alcohol is one of the psychotic substances that affect
the functions of the basal ganglia (Goldstein et al., 2007; Holroyd & Yeung 2003; Goodlett &
Horn 2001).

Many substances that cross the blood brain barrier can affect the normal functioning of the
basal ganglia either indirectly or directly (Buhler et al., 1983). The direct effect occurs, if the
substances reach the basal nuclei. The indirect effect happens when pathways linking other
brain regions (sub-cortical pathways) are affected. In addition, the metabolic products of
these substances can exert their effect on the neurons of the basal ganglia or on the
pathways linking the basal ganglia (Buhler et al., 1983; Deitrich et al 2006; Salvador &
Alfredo 2010).

In recent years, the basal ganglia have been implicated in error commission (Holroyd &
Yeung 2003). In fact, in pathologies involving the basal ganglia, research has shown that
error commission rate is significantly higher, compared to controls (Holroyd et al., 2002).
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In this chapter, we examined the effect of alcohol on the functions (precisely the error
monitoring and processing capacity) of the basal ganglia.

2. Materials and methods

Literatures for this study were searched in Pubmed, DOAJ, Embase, Google scholar, African
Online Journals, and Scopus. The following keywords were used in the search processes:
Alcohol and error detection; Alcohol and correction; Alcohol and error commission; Alcohol
and error processing (OR monitoring); error monitoring and processing system; basal
ganglia; error and the basal ganglia; alcohol and the basal ganglia. For details on the study
materials and methods, see Welcome et al., 2010. In addition, we analyzed our recent data as
regards to error commission dynamics in alcohol users and non-alcohol users. Data from
our recent publications regarding error commission and effectiveness of cognitive functions
in alcohol users and non-alcohol users were also examined.

3. Basal ganglia and the error monitoring and processing system

The error monitoring and processing system (EMPS) located in the substantia nigra of the
midbrain, basal ganglia and cortex of the forebrain, plays a leading role in error detection
and correction. Although, it is widely known that the main components of EMPS are the
dopaminergic system and anterior cingulate cortex, it appears that the basal ganglia also
play a crucial role (Welcome et al., 2010).

Recent data suggest that error commission is tightly monitored by the basal ganglia, and this
anatomical structure remains an integral aspect of cognitive processing (Beste et al., 2009;
Holroyd & Coles 2002). Importantly, an increase in error commission is associated with
decrease in cognitive functions (Welcome et al, 2010, 2011). The basal ganglia are
adequately engaged with other brain areas and monitors error detection and correction
(Carter et al., 1999; Garavan et al., 2002; Holroyd & Yeung 2003). The functions of the EMPS
are dependent on the degree of phasic dopamine activity on the brain areas that process and
monitor error commission (Holroyd & Yeung 2003). Other neuromediators (GABA, glycine)
might also play crucial role (Wick et al., 1998).

3.1. Error commission: Different types, one source

Daily performances of humans are in most cases evaluated based on the outcome of
activities executed. The activity function is a measure of accuracy of performance (i.e. speed
of performance and the number of incorrect/correct tasks done). While the speed of tasks
might be controversial in some cases, error commission rate remains a useful parameter in
performance evaluation. For instance, in basal ganglia pathologies, error commission has
been found to significantly increase, whereas speed of task decreases. On the contrary, even
though error commission might increase in alcohol users, our data and those of other
authors show faster performance of tasks in this group of people (Welcome et al., 2010;
Schulte et al., 2001).
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The results of our research further stipulate that a normal physiological error commission
rate by humans who do not use alcohol is approximately 5%, whereas the rate for alcohol
users significantly exceeds 10% (Welcome et al., 2010). This is because the brain processing
of information has an automatic component, which means a basal level of error commission
for a normal physiological state. Lower error commission points to more effective
processing in those brain regions responsible for correct responses. Correct responses tightly
engaged a network comprising the left lateral prefrontal cortex, left postcentral
gyrus/inferior parietal lobule, striatum, and left cerebellum (Garavan et al., 2002; Marco-
Pallarés et al., 2008; Endrass et al., 2012).

The evolution of error processing is a complex one. In comparative evolutionary studies,
there are evidences that suggest intrinsic error processes not only at the organismal level,
but also at the cellular and subcellular level (cellular and genetic errors) (Schulte et al., 2001;
Ochoa 2006; Takeuchi et al., 2005; Cohen & Ellwein 1991). Increased error commission seen
in the real world (organismal level of error commission) is the result of error processing
disorder at the neuronal level (Holroyd & Coles 2002). It is important to note that many
catastrophic cases (in aviation, for instance) are caused by error commission — a failure in the
brain’s error monitoring and processing function or the so-called “human factor”. Further
study in this aspect will be of great importance to enhance safety and increase effectiveness
of mental performance, especially for the necessary contingents of people such as pilots.

There are different types of errors, but almost all types have one source — the EMPS. In
experimental conditions, errors are made when subject press the incorrect button on a
keyboard (for example, in a Go/No-Go task) or did not pick the correct answer, or adhere
strictly to instructions (Stevens et al., 2009). These errors are further classified by some
authors as memory commission/omission errors; brain errors; cognitive errors etc. — all from
one source — the EMPS (Giesbrecht et al., 2007; Hurst 2008; Stevens et al., 2009). Error of
omission occurs as a failure to respond to tasks. The electrophysiological bases of these two
types of errors are outlined in a recent work by Krigolson & Holroyd (2007). Errors
committed in the medical setting (by medics) have been referred to as medical errors —
which are cognitive errors of omission or commission (for review see Hurst 2008).

Another important question that comes into mind is — how do we know an error is made?
Firstly, in an experimental condition, a deviation from the set goals will be decoded as error.
However, in certain cases, even the participants recognize the fact that they committed
error. So how does this happen? A search for the answer to this question is rooted in the less
researched Pe component following ERN (Pe component is briefly discussed below).
Research suggests that behavioral adjustment might represent a useful in error awareness.
There evidences suggest a close relationship among error commission, behavioral
adjustment and executive functions (Garavan et al., 2002; Marco-Pallarés et al., 2008). The
awareness of errors might be the result of close engagement between executive functions
and the brain EMPS. Hence, it is probable that when executive functions (e.g. attention) are
closely engaged with the EMPS, error awareness increases. Furthermore, recent evidence
shows the capacity of the basal ganglia (through the basal ganglia-cortical pathways) to
implement successful performances that were initially produced by other brain regions,
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indicating precise functional connections between basal ganglia circuits and the motor
regions that directly control performance (Charlesworth et al., 2012). Also, the basal ganglia
generate a variety of behaviors during execution of task and learn to implement the
successful behaviors in their repertoire to meet the target (Sur & Schultz 1999).

In electrophysiological studies, error commission is reflected in the reduced amplitude of
the Error Related Negativity, ERN (or Error Negativity, Ne) (Falkenstein et al., 2000;
Ridderinkhof et al., 2002), a negative deflection in the electroencephalogram with a
maximum in the midline of the frontocentral region of the scalp having a latent period
around 50-150ms (Falkenstein et al., 2000; Ridderinkhof et al., 2002).

The ERN amplitude might show gradual decrease for older adults (Pontifex et al., 2010).
However, because of amplitude difference across different age groups caused by gradual
increase in brain regions involved in error processing, the number of brain regions
responsible for error processing and monitoring may vary according to the age of the
subjects under analysis. Importantly, not only maturation of the neural systems that
identifies different errors account for this increase (Stevens et al., 2009), but also neural
plasticity. ERN is smaller for adolescents (Pontifex et al., 2010).

Nowadays, a growing body of data suggests that error commission is associated not only
with the early time-course ERN components of the electroencephalogram but also with a
successive neurophysiological late error positivity (Pe) following motor execution. The exact
cognitive and physiological processes contributing to these two components, as well as their
functional independence, are still not fully been unraveled (Vocat et al., 2008). The
occurrences of ERN and Pe involve activation of a distinct configuration of intracranial
generators during error commission. Pe peaks approximately at approximately 300ms after
erroneous actions (Vocat et al., 2008; Endrass et al., 2012).

For about two decades the Pe component has remained elusive and has become the subject
of a fierce debate in the scientific community (Falkenstein et al., 2000; Vocat et al., 2008; Dhar
M et al., 2011).

Several studies have suggested that the error positivity (Pe) reflect conscious error
awareness (Dhar et al. 2011; Garavan et al., 2002; Marco-Pallarés et al., 2008). Although,
previous studies have disputed this view. According to Falkenstein et al. (2000) the Pe,
represent a error-specific component, which is independent of the ERN, and hence is
associated with a later aspect of error processing or post-error processing. Falkenstein and
coauthors (2000) further argue that the Pe reflects conscious error processing or the post-
error adjustment of response strategies.

A recent report further supports the error awareness property of the Pe component. Endrass
and colleagues (2012) have recently shown that error awareness mainly influences the Pe,
whereas the ERN seems unaffected by conscious awareness of an error. This confirms that
the Pe is related to error commission. Hence this component is sensitive to the salience of an

error and that salience secondarily may trigger error awareness (for review see Endrass et
al., 2012).
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For review on ERN and Pe amplitude see Amodio et al. (2006), Endrass et al. (2012), Pontifex
et al. (2010), Falkenstein et al. (2000).

3.2. Error commission in controls, and Basal ganglia pathologies

Because both ERN and Pe show promise for use in clinical setting for the diagnosis of
psychopathology (including basal ganglia pathologies), further research on these
components is necessary. To this end, reports clearly indicate that these error components
may represent a predisposition factor for behavioral disorders including substance use
disorders (alcoholism), brain (basal ganglia) pathologies (Olvet & Hajcak 2008; Franken et
al., 2010; Fein & Chang 2008; Van Veen & Carter 2006; Aarts & Pourtois 2010). Although,
there are controversies on whether or not the ERN actually has a diagnostic significance.
Studies have suggested that the ERN reflect a trait, and not a state factor (Pailing &
Segalowitz 2004; Olvet & Hajcak 2008). For a better appreciation of the usefulness of ERN
and Pe in psychopathology (including basal ganglia dysfunctions) a mathematical modeling
involving the second derivative of these components and segmental analysis might be
necessary which will give a glimpse into their importance for clinical diagnosis.

Besides alcohol and basal ganglia pathologies, sleep deprivation (or insomnia) is also a
factor for increase in error commission which might result in various catastrophes including
industrial and engineering disasters, motor accidents etc. (Mitler et al., 1988). This suggests
the presence of a circadian control mechanism in EMPS.

Vocat et al. (2008) found that the ERN correlates with the level of state anxiety, even in the
subclinical range, whereas the Pe correlates negatively with the total number of errors and
positively with the improvement of response speed on correct trials.

The mechanism of increase in error commission in people with basal ganglia dysfunction is
a complex one. A growing body of literature data suggests the involvement of attention
control mechanisms. For instance, patients with Huntington’s disease show great decrease
in the ability to assess various aspects of tasks (disorder in attention), resulting from a
disorder in action-selection processes. This obviously will lead to increase in error
commission in tasks (Beste et al., 2008). One recent study by Bocquillon and co-workers
(2012) suggests that basal ganglia pathologies results in resistance impairment to distracters
(which might actually, in most cases represent competing neural information), hence
providing more grounds for error commission. An electromagnetic tomography and
electrophysiological study involving the P300 found that, unlike in the controls, in patients
with Parkinson’s disease, disruption of the frontoparietal network impaired resistance to
distracters, which resulted in attention disorders (Bocquillon et al., 2012). However, increase
in error commission may in part be the result of global cognitive impairment and inhibitory
control disorders (Gauggel et al., 2004).

In another study, Beste et al. (2006) assessed ERN amplitude in a speeded reaction task
under consideration of the underlying genetic abnormalities in patients with Huntington’s
disease. The findings of the researchers showed a specific reduction in the ERN, suggesting
impaired error processing. Furthermore, the ERN was closely related to the trinucleotide
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CAGe-repeat expansion. The authors concluded that the reduction of the ERN is likely to be an
effect of the dopaminergic pathology. And that the ERN might be a measure for the integrity
of striatal dopaminergic output function (Beste et al., 2006). This view is in direct agreement
with previous studies on the role of the dopaminergic system in error commission (Holroyd &
Yeung 2003). In contrary to the study of Beste and colleagues (2006), previous study by
Holroyd and colleagues (2002) did not find any difference in ERN amplitude between patients
with basal ganglia pathology (precisely Parkinson disease) and the controls. Although the
authors noted that the error-processing system associated with the ERN was not severely
compromised in the patient population that participated in the study.

Patients with basal ganglia pathologies have slower reaction time compared to controls
(Berry et al., 1999). It appears that time processing disorders might even be a more useful
factor to assess basal ganglia pathologies (Beste et al., 2007). In a time-estimation and time-
discrimination task Beste et al. (2007) found deterioration of time-estimation processes in
symptomatic and even presymptomatic Huntington’s disease. However, time-
discrimination processes were not affected. Time processing is a critical function of the
cortico-basal ganglia circuits (Jin et al., 2009). Although previous report has disputed the
involvement of the basal ganglia in timing (Aparicio et al., 2005). A general probation of the
components of error processing in various cultural groups, while controlling for factors such
as age, gender, educational level, various mental states, and psychopathologies is necessary.

4. Pathways of alcohol’s action on the error monitoring and processing
capacity of the Basal ganglia

For the first time in 2002, it was reported that alcohol consumption disrupts error
monitoring (Ridderinkhof et al., 2002). According to electro-physiological studies, the effect
of alcohol on the Error Monitoring and Processing System, EMPS is reflected in the reduced
amplitude of the Error Related Negativity (ERN) (Falkenstein et al., 1995; Ridderinkhof et
al., 2002), a negative deflection in the electroencephalogram with a maximum in the midline
of the frontocentral region of the scalp having a latent period around 50-150ms (Easdon et
al., 2005; Ridderinkhof et al., 2002; Welcome et al., 2010).

Even though the effect of alcohol on EMPS is documented, information on how alcohol
affects error monitoring and processing is scanty (i.e. the mechanism of alcohol’s effect on
EMPS remain adequately researched). Two co-researchers, Holroyd and Yeung in 2003 in
their review suggested that alcohol’s effect on error monitoring and processing is likely
indirect, not direct, and that the mechanisms remained unknown. They however suggested
that alcohol might modulate EMPS through its effect on the dopamine system. Recently, in
our review we suggested indirect mechanisms by which alcohol disrupts the EMPS
(Welcome et al.,, 2010). However, based on increasing evidences (Deitrich et al., 2006; Wick
et al., 1998; Quertemont 2004; Buhler et al., 1983), a direct disruption might also be possible,
especially, if we consider the possibility that receptors of neuromediators might have
“alcohol pockets-receptors”. It is reported that glycine and GABAa receptors may harbor
specific pockets for alcohol (Wick et al., 1998).
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Figure 1. Pathways of alcohol’s action on the Basal Ganglia

Besides, it is known that alcohol readily crosses the blood brain barrier. In the brain, alcohol
can disrupt the transmission of signals through the basal ganglia/or the processing of
information by the basal ganglia. The following scenarios are possible (see fig. 1):

a. Direct effect of alcohol on the processing capacity of the basal ganglia by inhibiting
cellular processes, depending on the dose of alcohol;

b. Indirect effect of alcohol on the processing capacity of the basal ganglia by affecting
other brain areas connected to the basal ganglia;

c. Direct effect on neuromediators that modulate the processing of information in the
basal ganglia and/or associated brain pathways;

d. Action of alcohol metabolites (acetaldehyde; acetate; protein, lipid, enzyme & DNA
adducts of alcohol) on the processing of information in the basal ganglia and/or
associated brain pathways. The brain might contain alcohol metabolizing enzymes such
as ADH-1, ADH-2, ADH-3 (might play little or no role), CYP P4502E1 (Quertemont
2004; Buhler et al., 1983), although there might be a huge genetic variance. It important
to note that injection of acetate into the brain causes significant decrease in motor
function (Deitrich et al., 2006).

5. Theories suggesting alcohol’s effect on the error monitoring and
processing capacity of the Basal ganglia

There are at least five hypotheses & theories that might explain how alcohol use affects the
error monitoring and processing capacity of the basal ganglia. They are hypotheses of error
detection; reinforcement-learning theory; conflict-monitoring theory; the integrated conflict
monitoring-reinforcement learning theory; and hypothesis of alcohol-related glucose-
dependent system of error monitoring & processing (Holroyd & Coles 2002; Holroyd &
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Yeung 2003; Welcome et al., 2010). Of these theories/hypotheses, only the reinforcement-
learning theory; conflict-monitoring theory; and the integrated conflict monitoring-
reinforcement learning theory is close to defining the role of basal ganglia in the EMPS. The
hypothesis of alcohol-related glucose-dependent system of error monitoring & processing
(ARGD-EMPS Hypothesis) suggests a mechanism of alcohol’s effect on the EMPS (Welcome
et al., 2010).

5.1. The reinforcement learning theory

One of the integral properties of the basal ganglia is to determine whether the end-result of
events will be favorable or not; and is crucial to the functioning of EMPS. The basal ganglia
monitor and steadily predict the result of ongoing events (Welcome et al., 2010; Botvinick et
al., 2001 & 2004; Holroyd & Yeung 2003; Garavan et al., 2002; Gehring et al., 1993 & 2001).
The basal ganglia is one of the many brain structures that send command information to the
ACC for further processing (it is presently not clear the kind of information that might
require further processing in ACC, or whether these processes only represent one of the
many brain mechanisms for safety) (Holroyd & Coles 2002; Holroyd & Yeung 2003;
Welcome et al.,, 2010). It is however, possible that these command information are too
complex for only the basal ganglia to process, hence need other more specialized locations.
That is why the ACC functions as a selector for conflicted command. This is why the ACC is
regarded as a control filter (Welcome et al., 2010; Carter et al., 1998; Nieuwenhuis et al.,
2003; Ridderinkhof et al., 2003). The major neuromediator here is dopamine. Its tonic
activity depends on reinforcing properties of alcohol (Holroyd & Yeung 2003; Munte et al.,
2008; Montague et al., 1996). Alcohol may increase the tonic activity of dopamine system
and subsequently leading to inhibition of neuronal activity, the result is increased error
commission (Welcome et al., 2010; Holroyd & Yeung 2003; Easdon et al., 2005).

5.2. The conflict-monitoring theory

Although there are less information as regards to this theory with respect to the basal
ganglia. Research suggests that the basal ganglia may be actively engaged with other
systems to monitor conflict (through the sub-cortical pathways). This is an important aspect
of information processing for cognitive control (Botvinick et al., 2001 & 2004; Welcome et al.,
2010; Gehring et al., 2001). Conflict occurs as a result of simultaneous activation of different
regions, controlling the activation of different levels of competing motor control units in the
motor cortex. Processing of stimulus is characterized by constant flow of activity in the
pathways that send stimulus related information to the cortex of the hindbrain, and
subsequently results in the corresponding response in the motor cortex (Botvinick et al.,
2001 & 2004; Welcome et al., 2010). Distractive stimulus may activate incorrect response in
this system (Goldstein et al., 2007; Holroyd & Coles 2002). Alcohol related disruption of
information processing decreases the activation of correct responses (through its inhibitory
effect) (Holroyd & Yeung 2003). In addition to the dopamine system (Holroyd & Coles
2002), GABA and glycine might also play a role (Wick et al., 1998).
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5.3. Integrated conflict monitoring-reinforcement learning theory

In view of this theory, although not fully clear, the basal ganglia generate error signals (i.e.
the basal ganglia undertake processing of input signals, and are end-result predictors).
Hence, the basal ganglia have been referred to as adaptive critics. It is also possible that the
error signals processed in the basal ganglia are received from ACC (Ridderinkhof et al.,
2003; Umhau et al., 2003). Sometimes, however, end-result can be different from the input
signal (especially when result was not predicted). The resultant effect is a shift in dopamine
signal. The error produced is called temporal difference error. These errors are sent through
the dopamine system to other brain regions for further analysis: a) motor control systems
(such as dorsolateral prefrontal cortex, amygdala); b) control filter (ACC); c) and again to the
basal ganglia. These processes suggest that the basal ganglia are some of the “chief brain
error processors” that ensure adequate completion of information processing for cognitive
control. A disruption in dopamine signal caused by alcohol in these brain regions disinhibits
adequate processing of information (Nieuwenhuis et al., 2003; Ridderinkhof et al., 2003;
Umbhau et al., 2003; Holroyd & Yeung 2003; Holroyd & Coles 2002; Hester et al., 2005;
Garavan et al., 2002; Easdon et al., 2005).

6. Mechanism & processes of alcohol’s effect on the error monitoring and
processing functions of the Basal Ganglia: The ARGD-EMPS hypothesis
revisited and redefined

How does alcohol exert its action on the error monitoring and processing capacity of the
basal ganglia? This is a question that is virtually left unanswered as the traditional theories
of error processing do not provide suitable answers. Of all the theories of error monitoring
and processing, only the hypothesis of alcohol-related glucose-dependent system of error
monitoring & processing (ARGD-EMPS hypothesis) gives a somewhat precise definition of
how alcohol affects the EMPS, although, even ARGD-EMPS hypothesis has its short-
comings. For one reason, while ARGD-EMPS hypothesis proposes an indirect mechanism of
alcohol’s action on the EMPS, a direct pathway is also possible. Secondly, the hypothesis
considers competency of glucose homeostasis regulation to affect the ACC primarily, and
then, consequently, affecting other components of the system. Finally, the effect of alcohol
on the EMPS might take a much longer time than expected.

The ARGD-EMPS hypothesis which explains the general processes and mechanisms of
alcohol-related disruption of the EMPS, suggests that the disruption of EMPS by alcohol
might be indirect and realized through its effect on the competency of glucose homeostasis
regulation (Welcome et al., 2010) (also see Fig. 2). The major postulates of this hypothesis
hold that the error processing capacity of the ACC depends on the blood-brain glucose
proportionality level, which affects the dopaminergic system as a major component of the
EMPS (Pizzagalli et al., 2003; Umhau et al., 2003; Goldstein et al., 2007).

From figure 2, one can notice that one of the central dogma of the ARGD-EMPS hypothesis
is the degree of glucose homeostasis (allostasis is a better terminology) regulation in blood
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Figure 2. Ethanol affects the functions of the EMPS by altering the brain and blood glucose levels
through its action on the mechanisms (gluconeogentic etc) that regulate the blood-brain glucose
concentration (the effect is also evident among sober individual, even for 10-30 days after alcohol use.
Genetic variations in dopamine, GABA receptors can also affect the activities of the EMPS. The resultant
effects of all these components on EMPS indirectly affect cognition, at the same time as the level of
cognition can affect the activity level of EMPS. Ethanol as a component of environmental factors can
affect cognition. Ethanol reduces the glycemic level of alcohol users, especially in tasks requiring high
cognitive control, and subsequently affecting EMPS.

and brain. Disorder in glucose homeostasis regulation in blood, and in the brain, especially
under long-term intensive mental activities in alcohol users is the basis for the formulation
of the ARGD-EMPS hypothesis. Importantly, road traffic, and aviation catastrophes, glucose
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allostasis regulation might stand out to be a major reason. Unarguably, long-hour driving
and airplane control requires significant cognitive control, judgment. In alcohol users (even
after 7-30 days of alcohol use), this cognitive control might malfunction by increase in error
commission, especially after long period (~4 hrs and above) of driving or control. The
situation might be pronounced for young people. Besides, catastrophic cases of vehicle
accidents involving alcohol use are more prevalent among young people, especially among
students (Del Rio Carmen et al., 2001). While alcohol’s time-dose effects are largely studied,
data about the time-response effect in healthy young individuals remain scanty. In our
recent work (Welcome et al., 2011), for the first time, we were able to identify statistically, a
lowering of glycemic allostasis regulation in young sober healthy students who use alcohol
episodically in moderate doses. This lowering in glycemia correlated significantly with
cognitive functions. The study was conducted after one week to a month abstinence period
for alcohol users to extensively study the time-response effect of alcohol.

6.1. Relationship between alcohol use and cognitive functions

In the study (Welcome et al., 2011; tables 1, 2, and 3), analysis of the parameters of
effectiveness of active attention (a function of cognitive control) in the participants was
conducted according the results of the test “Correction Probe” and was based on the
number of error commission in the test. Number of error commission by the episodic
alcohol users in the test “Correction Probe” was by 5.43 (P<0.02) — 12.77 (P<0.005) times
higher compared to the non-alcohol users in all phases (tests) of the experiment (table 1).
Number of error commission by alcohol episodic alcohol users significantly exceeded in all
phases of mental activities (after 2, 4 and 6 hrs) and was after 6 hrs from the start +17.6+5.8
errors (P<0.01), or 218.4 % in relation to the initial number (table 1). Among the non-alcohol
users, the number of errors did not change and remained low and stable during the
experiment.

The number of errors in the test “Correction Probe” also allowed to analyze a very
important property of active attention — concentration which is the possibility to focus on
ongoing activities so as to minimize error commission to < 5 errors in the test “Correction
Probe”. This property of attention was especially expressed among the non-alcohol users (in
87.5 — 100.0% cases), both in the initial (1) test and in course (dynamics) of carrying out
mental activities (table 1). Among alcohol users attention concentration or focus was
retained only in 4 (>5 errors in the test “Correction Probe”) out of 19 persons. As a result of
this, the estimated relative probability of maintaining proper attention concentration or
focus (< 5 errors in the test “Correction Probe”) among non-alcohol users was 4.15 times
(P<0.002; x?>=10.296) higher, than among their colleagues who use alcohol. According to the
measure of carrying out mental activities, concentration of attention among the alcohol users
decreased and remained low even after two hrs of rest. As a result, the risk of error
commission of more than 5 in the test “Correction Probe” and lowering of the concentration
of attention among the alcohol users increased from 6.29 to 8.00 (P<0.001; x>=17.459) times
compared to the non-alcohol users.
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Test number and time of carrying Number of errors in the test “CP” | Dynamics of number of errors
out the test group Ne 1 group No 2 group Ne 1 group No 2
1st, initial (M + m), 2.8+0.8 15.2+3.5
—7 _
P,t * at df=7 — to the parameters of P<0.02; t=3.471
No1l
2nd after 2hrs of work (M+m) 24+0.7 18.2+4.1 -04x05 +3.0+14%
P, t * - to the initial value of its own P>0.05 P>0.05 P>0.05 P<0.05;t=2.143;
group df=18
P,t @ at df=7 — to the initial value of
ks t(;;) 16 Tifialyae o P<0.01; t=3.847 P>0.05; t=2.272
3t after 4hrs of work (M+m) 3.1+0.7 25.1+4.9 +0320.8| +9.0%35*C
P, t * - to the initial value of its own P>0.05 P>0.05 P>0.05 P<0.02;t=2.586;
group df=17
P,t @ at df=7 — to the value of No 1 P<0.005; t=4.477 P<0.05; t=2.415
4t after 6hrs of work (M+m) 2.6 +0.7 332+71*% | -02+06 +17.6+5.8*°
P, t *- to the initial value of its own P>0.05 P<0.05;t=2.288; P>0.05 P<0.01;t=3.034;
group df=17 df=17
Pt~ at df=7 — to the value of No 1 P<0.005; t=4.315 P<0.02; t=3.052
5th after 2 hrs of rest (M+m) 25+1.1 233+4.2 -0.3+0.9 +13.2+6.9
Pt &} at df=7 - to the value of No 1 P<0.005; t=4.755 P>0.05

Note: group Ne 1 —non-alcohol users (8 persons); group Ne 2 — alcohol users (19 persons). Significance of differences
was calculated with Student’s t-test: * — significance of the differences in relation to the parameters of students in its
own group on the first test (initial parameters in its own group); {}- significance of the differences in relation to
analogical parameters of non-alcohol users in the same phase (number) of testing.

Table 1. Number of errors and effectiveness of attention in the test “Correction Probe” (CP)

These facts strongly suggest that alcohol use, even episodic in moderate doses leads to long-
term (1 — 4 weeks) negative effect on the state of cognitive functions in sober young people.
This is manifested through decrease in the concentration of attention and worsening of the
processes of active attention (table 1), processes of thinking, different types of memory
resulting in inability to preserve proper level of mental performance for a long period of
time and relative rise of fatigue. In addition, analysis of academic performance (which might
represent a factor of cognitive functions) show decrease in the effectiveness to sit for
examinations only among the alcohol users.

6.2. Episodic alcohol use, glycemia and cognitive functions: What are the
possible connections?

Research data on the chief role of glucose in energy supply for neurons and the inhibition of
gluconeogenesis during acute or chronic alcohol poisoning have been repeatedly reported
(Krebs 1968; Krebs et al., 1969; Goodlett & Horn 2001). The result of our study suggests that
that inhibition of gluconeogenesis by ethanol is a fairly long process (1 — 4 weeks, and may
possibly last longer until complete recovery of gluconeogenetic enzymes by de novo
synthesis).
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Basal Ganglia and the Error Monitoring and Processing System:

Blood sampling

Concentration of glucose in capillary blood (M+m), mmol/l

All participants, n=27

Non-alcohol users,
group No 1, n=8

Alcohol users,
group Ne 2, n=19

*t, St. to the initial
t,St. to No 1

P<0.001;t=5.000,d{=26
P<0.05;t=2.385,;d{=7

P<0.001;t=8.375;df=7

Initial, before work 4.45+0.12 4.24 +0.19 4.54 +0.15
.
t, St. to abstainers P>005 P>0.05
group Nol
After 2hrs of work 4.85+0.10 * 4.91+0.15 * 4.82+0.13
*t, St. to the initial P<0.02;t=2.548;df=26 P<0.05;t=2.792;df=7 P>0.05;t=1.914;df=18
t,St. to Ne 1 P>0.05 P>0.05
Dynamics to initial +0.40+0.08 * +0.670.08 * +0.28+0.10*%

P<0.02;t=2.800;d{=18
P<0.02;t=3.042,d{=7

After 4hrs of work
*t, St. to the initial
t,5t. to Ne 1
Dynamics to initial
*t, St. to the initial
t,St. to No 1

4.79+0.12°n=26
P>0.05;t=2.000;df=25
P<0.05;t=2.385;df=7
+0.3520.15 *©
P<0.05;t=2.333;df=25
P<0.01;t=3.568;df=7

5.40+0.18 *
P<0.005;t=4.462;df=7

+1.1620.17 *
P<0.001;t=6.824;df=7

4.52+0.11%n=18
P>0.05;t=0.091;df=17
P<0.005;t=4.190;df=7

-0.010.14°n=18
P>0.05;t=0.007;df=17
P<0.002;t=5.294;df=7

After 6hrs of work
* t, St. to initial
t,St. to Ne 1
Dynamics to initial
*t, St. to the initial

t,St.to No 1

4.54+0.21%n=26
P>0.05;t=0.372;df=25
P<0.005;t=5.020;df=7
+0.1020.25
P>0.05;t=0.400;df=25
P<0.005;t=4.848;df=7

5.78+0.13 *
P<0.001;t=6.696;df=7

+1.54+0.16 *
P<0.001;t=9.625;df=7

3.99+0.18%n=18
P<0.05;t=2.347;df=17
P<0.001;t=8.063;df=7
-0.55+0.24 *“n=18
P<0.05;t=2.292;df=17
P<0.001;t=7.232;df=7

Note: * — differences are significant in relation to the initial level of glycemia in its own group before work (the first
blood sampling) with respect to Student’s t criterion (St.). — differences are significant in relation to the level of
glycemia among the non-alcohol users on the same phase of blood sampling. n —number of participants in the group.

Table 2. Initial parameters and dynamics of blood glucose in capillary blood of all respondents in a
condition of long-term, intensive mental activities

Inadequate level of glycemia for long-term energy supply for actively working neurons,
which is accompanied by lowering of their activities and subsequently a decline in cognitive
function, even in sober respondents could be due to inadequacy in the activity of
gluconeogenetic enzymes. The observed disorders in glucose metabolism may be expressed
in conditions of intense functional workloads, for example, mental activities, imposed on
sober respondents on fasting in the catabolic phase of metabolism. This assumption is
confirmed by the result of studying the dynamics of glucose in the blood of hungry people
with different attitudes to alcohol in a condition of long-term functional workload (on
fasting) in the form of intensive 6 hrs mental activities (table 2).

The results of this study showed increase in the level of blood glucose in all 27 participants
in the first 2 hrs of mental activities (figure 2; table 2) by +0.40 mmol/l (P<0.001): among the
+0.67 mmol/l (P<0.001), in the sober respondents — +0.28 mmol/l
(P<0.02). Further dynamics of glycemic level in the remaining 26 participants (one
participant declined from continuing the experiment as a result of fatigue after 3hrs from the
start), that continued the experiment was different from that in the first two hours of work.

non-alcohol users —
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Increase in the level of glycemia after 4 hrs of mental work was +0.35 mmol/l (P<0.05)
compared to the initial level; by 0.05 mmol/l less compared to the level after 2hrs (table 2).
After 6hrs of mental work average glycemic level increased slightly, but was not different from
the level at the first blood sampling, although was less compared to the level after 2 and 4hrs
of work (table 2). This suggests that the process of using glucose is more pronounced than the
process of its formation (after 4hrs of work) and entrance of glucose into blood: the exhaustion
of reserves and stimulation of gluconeogenesis for the maintenance of proper level of blood
glucose, to providing the energy requirements of actively working cells and organs. Cessation
of increase of glycemic level after 4hrs of work among the majority of respondents and its
normalization after 6hrs of mental activities was because of the differences in the dynamics of
this important parameter in all participants (figure 2; table 2).

In all non-alcohol users, in all phases of the experiment, there was increase in the glycemic
level. The average increase of the glycemic level in relation to the initial level was +0.67
mmol/l (P<0.05) after 2 hrs, +1.16 mmol/l (P<0.001) after 4hrs, and +1.54 mmol/l (PP<0.001)
after 6hrs. Positive dynamics of increase in the glycemic level among the non-alcohol users
in a condition of active use of glucose by the brain imply a high reserve of gluconeogenesis
amongst them and its intense stimulation in a condition of long-term mental activities. If one
should bring into mind the fact that [in condition of catabolism, gluconeogenesis determines
the quantity of glucose that enters the blood (De Galan et al., 2006; Krebs 1968), and that
glucose use by the brain during mental activities increases at least by 12% (Madsen et al.,
1995; Di Nuzzo et al.,, 2009), that increase in glycemic level after 6hrs of work among the
non-alcohol users was 36.3% /table 2/], then calculation of shows increase in the activity of
gluconeogenesis by approximately 1.53 times in relation to the initial level.

Amongst the group 2 students, dynamics of glycemia after 4 and 6 hrs of mental activities
were significantly different from that of the non-alcohol users (table 2). So, increase in blood
glucose in the sober respondents after 2 hrs of mental work (+0.28 mmol/l /P<0.02/) was
replaced by a decrease after 4 hrs of mental work and the development of hypoglycemia
(3.99 mmol/l /P<0.05/) for capillary blood (table 2) after 6hrs of mental activities. Three
students had neuroglycopenia at the end of the experiment, because their blood glucose
level was less than 3.0 mmol/l. This is a confirmation that the reserve of gluconeogenesis in
sober individuals is significantly decreased compared to the non-alcohol users.

Pearson linear correlation analysis showed the presence of significant (linear, positive)
linkages between the glycemic level and effectiveness of cognitive function in all tests after
4 and 6 hrs of mental activities (table 3). In addition, after 4 and 6 hrs of work, there was a
significant negative correlation between blood glucose and number of error commission in
the test “Correction Probe” (table 3). Calculation of the coefficient of determination (r?)
shows that the proportion by contribution of glycemic level and effectiveness of cognitive
functions in all tests were 11.8% (P<0.05) after 4hrs and 15.6% (P<0.05) after 6hrs of work.
The calculated percentage of the effect of blood glucose on the parameters of mental
performance clearly does not agree with literature data (Madsen et al., 1995; Di Nuzzo et al.,
2009) on the positive effect of glycemia as energy source for neurons (on the average ~ 35%).
One can assume that the effect of glycemic control on cognitive functions carry a linear
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character, not a curvilinear one, especially if we consider the fact that indirect source of
glucose to the majority of neurons is through glial cells.

6.3. Effect of glycemic control on error commission

£o_r

The conducted calculation of the coefficient of correlational relationship of Pearson “n” for
the analysis of the degree of curvilinear linkage showed the presence of one-sided effect
(with average strength) of glycemia on effectiveness of cognitive function and number of
error commission in the test “Correction Probe” for the analysis of mental performance and
fatigue in the participants (table 3). Calculations of the coefficient of determination 12, or r?
confirms with sufficient evidence of a direct role of glycemic level (26.0% on fasting at rest;
30.0 — 36.7% on fasting during mental work) amongst all factors, contributing to mental
performance and the state of cognitive functions. The proportion by contribution of
glycemia (26.0 — 36.7 % /P<0.01/) in the provision of brain functions (mental performance of
a person) closely agree with the value (35.0 %) (Madsen et al., 1995; Di Nuzzo et al., 2009) for
the provision of energy for neurons in different conditions. Therefore, sufficient
concentration of blood glucose is one of the major factors of high mental performance and
high state of cognitive processes.

Type of correlation,
pair of correlating Values of correlation coefficients
parameters
Before work During work
Initial (1st) After 2hrs (2nd) After 4hrs (3rd) After 6hrs (4th)
Participants n=27 n=27 n=26 n=26
rrearsonGl- NO in the =-0.01 =-0.165 =-0.364 =-0.398
test “CP”, P =0.994 P =0.206 P =0.034 P=0.022
Npearson G1 = NO in n=0.510" n=0.548 " n=0.606" n=0.556"
the test “CP”, ® P<0.01 P <0.001 P <0.001 P <0.001
Effect of Gl on NO | n?100% =26.0%" | n2-100% = 30.0%" n2-100%=36.7%" 12:100%=30.9%"

Note: GI - glucose (concentration of glucose in capillary blood); NO — number of errors; test “CP” — test “Correction

Probe”; r - linear correlation coefficient of Pearson; 1 — curvilinear correlation coefficient of Pearson;

o_ significance

of linkage between the parameters with respect to “r” linear correlation coefficient of Pearson set at P<0,05; * —

significance of one-sided effect of glucose on number of error committed by the participants on the test “CP”, in

"

relation to “n” curvilinear correlation coefficient of Pearson set at P<0,05. Proportion of interrelationship of the

analyzed parameters were calculated based on the coefficient of determination (r?) [see Welcome et al., 2011]. Tests

were conducted together with the blood sampling of glucose in each phase of the experiment.

Table 3. Effect of glycemia on the parameters of cognitive functions and the functional state of the

participants

The hypoglycemic effect of acute alcohol administration has been known for decades. As
reported by Hans Krebs and associates, alcohol reduces the activeness of gluconeogenetic
enzymes (Krebs 1968; Krebs et al., 1969). We had reported that the negative effect of chronic
(episodic) alcohol use on gluconeogenesis maybe long-term (might last even for 10-30 days
after alcohol use), and might be noticed under long-term mental work (4-6 hrs), especially in
task requiring high cognitive control (Welcome et al., 2011; Fig. 2).
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The fact that decrease in neuronal gluconeogenesis (leading to |blood-brain glucose level)
caused by alcohol consumption in a cognitive task might affect the activities of the EMPS by
increase in the number of error commission is evident in the hypothalamic control of blood
and brain glucose levels (Welcome et al., 2010; Volkow et al., 2006). The blood glucose level
increases with increase in dopamine level on fasting (Umhau et al., 2003). Effect of glucose
on dopamine is realized through the activities of GLUT- 2 receptor located in hypothalamic
neurons (Umhau et al., 2003; Williams et al., 2007; Pizzagalli 2003).

The basal ganglia and hypothalamus are actively engaged with the brain regions of
cognitive control to adequately carryout a task to meet set aims. To meet the set aims, one of
the control mechanisms is to avoid error commission. However, in rare circumstances error
commission can be an adaptive mechanism for safety, and accommodation, and may result
from neuronal selectivity pattern (Gehring et al., 1993; Hester et al., 2005; Bello & Hajnal
2006). The increased error commission associated with alcohol consumption is related to
decrease in dopaminergic functions (Nieuwenhuis et al., 2002; Holroyd & Yeung 2003),
which is caused by decreased competence of glucose allostasis regulation (Welcome et al.,
2010, 2011).

It is possible to assume that functional hypoglycemia among sober individuals (within a
period of 30 days after alcohol use) in a condition of mental activities may lead to disorders
in dopamine metabolism and subsequently cause disruption of EMPS through increase in
erroneous actions.

According to the ARGD-EMPS hypothesis, the disruption of the EMPS is related to the
competency of glucose allostasis regulation, which in turn may determine the dopamine
level as a major component of the EMPS (Welcome et al., 2010).

Blood and brain glucose levels play a vital role in error commission, and are related to error
commission, monitoring and processing through the modulation of the activity of the
dopaminergic system (Volkow et al, 2006; Umhau et al., 2003; Williams et al., 2007;
Pizzagalli 2003). In fact, decreased glucose metabolism in ACC closely correlates with the
results of neurophysiological tests (Pizzagalli et al., 2003).

The ARGD-EMPS hypothesis was put forward based on recent evidences, which suggest
that alcohol’s action on error monitoring ad processing is related to its action on glucose
homeostasis regulation, especially in tasks requiring high cognitive control (Welcome et al.,
2010). In addition, the number of errors committed in an experiment is inversely correlated
with the glycemic levels, especially among alcohol users (Welcome et al., 2010, 2011; Fig. 2).
In addition, correlation analysis between academic performance and the number of errors
committed by alcohol users in high-level cognitive task is also a confirmation (Welcome et
al., 2010, 2011; Fig. 2).

7. Conclusion

The basal ganglia represent a crucial relay station for error monitoring and processing
between several brain regions including emotional and cognitive brain areas. The disruption
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of error monitoring and processing by alcohol might not follow an indirect pathway only,
but also a direct one. Indirect effect of alcohol may be possible through the processing
capacity of the basal ganglia by affecting other brain areas connected to the basal ganglia;
action of alcohol metabolites (acetaldehyde; acetate; protein-, lipid-, enzyme-, and DNA-
adducts of alcohol) on the processing of information in the basal ganglia and/or associated
brain pathways; and its action on neuromediators that modulate the processing of
information in the basal ganglia and/or associated brain pathways. The direct effect might
be attained if alcohol reach the basal ganglia and causes disruption of cellular processes
including information processing. The effect is a change in effectiveness of cognitive
functions, error commission in the macro world. The effect of alcohol on the basal ganglia’s
error monitoring and processing capacity might last for several days after alcohol use (up to
30 days). This effect might be noted, especially under long-term intensive mental activities
requiring high cognitive control, when the glucose reserves in the body cannot support
long-term actively working neurons, and this may lead to disorders in dopamine
metabolism and subsequently cause disruption of EMPS through decrease in effectiveness
of cognitive functions, increase in erroneous actions.

8. Future research

Future research will examine both the electrophysiological (ECG, ERN etc.) and radiological
(PET, etc) parameters of dose-time response effect of alcohol in details. In the initial stage,
animal models will be used to research the basis and to test how alcohol affect specific
neuron or group of neurons in basal ganglia-thalamo-cortico-limbic pathways. Other
pathways with indirect connections to the basal ganglia whose dysfunctions may necessary
lead to a decrease in basal ganglia function will also be examined. A knockout of the alcohol
pocket-receptor might also reveal useful information about the indirect effect of alcohol on
error monitoring and processing.
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