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ABSTRACT: The addition of a mere chemical group to our DNA components can change the way our brains think and
operate. In recent years, in an attempt to unlock more truths behind the complicated Attention-deficit /hyperactivity disorder
(ADHD), research has expanded to the epigenetic factors causing it. These are factors influenced by the environment that affect
gene expression and silencing. This paper focuses on the specific influence of DNA methylation (DNAm) in causing the working
memory deficits by which ADHD is often characterized. It attempts to establish a direct correlation between the two and provide
a holistic view of potential pathways of DNAm that affect working memory. This information can be crucial in understanding the
importance of these sites as biomarkers and their utility in regulating ADHD.
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B Introduction

The question of how our environment affects us has been
vastly explored by researchers. However, the link between our
environment, genes, memory, and Attention-deficit /hyperac-
tivity disorder (ADHD) remains complicated and vague. How
does a biological process link an environmental factor to a psy-
chological one? Can a single chemical group explain this?

ADHD is one of many common neurodevelopmental disor-
ders prevalent in children, with 11.3% of children aged 12-17
being diagnosed in the United States as of 2022." It is usually
characterized by symptoms such as inattention, hyperactivity,
and impulsivity - with one evident trait being working memory
deficits.> While there are multiple models of working memory,
Alan Baddeley, on a basic level, defines working memory as the
ability to hold and manipulate information over short periods
of time.? It is important for tasks such as problem-solving, de-
cision-making, and maintaining focus - overall affecting our
language, reasoning, and learning. Deficits in working mem-
ory have been linked to language and learning impairments,
hyperactivity, and even diseases other than ADHD such as
schizophrenia.* Before we discuss these, it is important to
understand how working memory functions and what these
‘deficits’ look like. Building on Baddeley’s model,® research
into working memory has streamlined the functions of its
main components which can be seen in Figure 1: the central
executive which coordinates cognitive processes, consisting of
the episodic buffer, which integrates and links information to
long-term memory; the phonological loop, which handles au-
ditory information; and the visuospatial sketchpad, responsible
for visual and spatial data.
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Figure 1: Baddeley’s Working Memory Model. It breaks down working
memory into three core subsystems: the phonological loop, the visuospatial
sketchpad, and the episodic buffer - all coordinated by the central executive.
(Created by the author).

While Figure 1 briefs us on the neurological backgrounds of
working memory, the answer to the previously posed question
stems from the field of epigenetics. Traditional research has
identified genes associated with ADHD.>® Recent research
has gone into ‘epigenetic’ factors (factors influencing gene
expression) affecting ADHD, particularly DNA Methyla-
tion (DNAm) that regulates gene expression.” DNAm is the
addition of a methyl group to DNA that often results in the
repression of gene activity.® It plays a crucial role in brain de-
velopment by regulating gene expression in different cognitive
processes. In contrast to genetic factors, epigenetic factors (like
DNAm) can be influenced by the environment. This alludes to
a link between genetic predisposition and environmental fac-
tors causing ADHD. However, the particular link of DNAm
to evident ADHD traits such as working memory is underex-
plored.

Despite being a small modification, uncovering this link can
have a significant impact. This connects back to ADHD diag-

nosis. According to a study,” several difficulties come with
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ADHD’s behavioral diagnosis right now - that only top-ti-
er experts can see through. The most important including
its nonspecific symptoms (i.e. symptoms like inattention
etc. are common childhood behaviors), its comorbidity with
other disorders (such as speech impairments), and its vari-
ability across individuals (various mixtures of symptoms can
be present between different people with ADHD) as well as
between different stages of someone’s life. Although research
into biological pathways and the consequence diagnosis of
ADHD is undergoing, it is not yet specific enough for clin-
ical use.” That is where exploring this link between DNAm
and ADHD traits becomes significant as DNAm patterns can
serve as ‘biomarkers’ - biological molecules that indicate dis-
ease or abnormality in an individual.” These biomarkers can
help make diagnosis more specific and accurate. Specifically
exploring working memory in relation to this is significant.
Studies establish working memory as a core component in
causing functional outcomes in ADHD,' hence this specific
cognitive function seems like a relevant area to focus on when
trying to streamline a direct pathway in how DNAm results in
the pathogenesis of ADHD.

Overall, this review aims to investigate the epigenetic mech-
anisms such as DNAm that cause working memory deficits in
ADHD. Through synthesizing recent studies, it will aim to
create a specific correlation between the two, exploring poten-
tial gene locations for DNAm in relation to working memory.
To do this, it will first frame the cognitive functions affect-
ed by DNAm that are also utilized in ADHD. Then, closely
examine working memory deficits in ADHD, outlining the
main genetic and environmental causes present in current re-
search. Finally, it will establish the following links between
ADHD working memory deficits and DNAm: (i) DNAm
affects dopamine regulation which disrupts working memory
(ii) DNAm affects synaptic plasticity which impacts working
memory function. Conclusively, the paper will discuss the im-
plications of these findings for the development of biomarkers

and targeted therapies for ADHD.

B Discussion

Examining the Neurological Basis of Working Memory
Deficits in ADHD:

Understanding the association of working memory deficits
with ADHD relies on two observations relevant to this paper:
(i) working memory is important for certain cognitive func-
tions - such as problem-solving, etc, and (ii) these cognitive
functions are impaired in ADHD, leading to the disorder's
characteristic symptom.

Referring to the first observation, our working memory
affects our reasoning, comprehension, and learning. This is
proven by studies showing deficits in working memory being
the cause of learning disabilities and other dysfunctions.**
One study links this to errors in these individuals while ac-
cessing phonological representations, a core pathway within
the phonological loop, which is central to working memory
function.” Also, capacity limits in attentional control exacer-
bate these issues, as individuals may struggle to prioritize or
sustain focus on auditory tasks. These limitations manifest
in difficulties with tasks requiring sustained focus. These can

be considered manifestations of working memory deficits
which will become significant when analyzing studies done on
ADHD patients later on.
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Figure 2: The Prefrontal Cortex Region is located at the front of the brain’s
frontal lobe. It is essential for high-order cognitive functions such as decision-

making, attention regulation, and working memory — all involved in ADHD.
(Created by the author).

Going into the neurological background, studies have shown
that these functions of working memory are based in the
brain’s prefrontal cortex through processes such as PET Scans,
analyzing subjects with prefrontal damage, and tests includ-
ing working memory-related tasks and tracking brain activity.
The prefrontal cortex is a region in the frontal lobe of our
brains, refer to Figure 2, with a wide variety of functions - usu-
ally related to executive function.™ This fact becomes relevant
as we move onto the second observation, on these working
memory impairments being present in ADHD patients. Old-
er studies using neuroimaging techniques have demonstrated
that individuals with ADHD often exhibit reduced activity in
the prefrontal cortex during tasks requiring working memory.
More recent studies have highlighted specific ADHD-re-
lated cognitive functions that are not fully operative due to
working memory deficits. For instance, Kofler and his team?
analyzed the response of children with and without ADHD
to working memory tasks looking to test if working memory
deficits resulted in organizational problems - a core symptom
of ADHD. They concluded that impaired working memo-
ry processes affect children’s ability to sustain attention and
maintain consistent task engagement - overall causing organi-
zational problems.

Understanding what affects the prefrontal lobe or other ar-
eas associated with working memory to cause ADHD in the
first place, recent research suggests that a mix of genetic and
environmental factors contribute. This is the idea that forms
the foundation of this paper - epigenetic factors, specifically
DNAm cause these deficits. Establishing the link between this
and the known neurological basis of working memory deficits
in ADHD, i.e. the prefrontal cortex, requires us to know more
about DNAm in relation to the cognitive processes described
above.

DNAm and Cognitive Function: Causes of DNAm, Path-
ways Affected, and Link to ADHD:

DNAm involves the addition of a methyl group to cytosine
bases in the DNA, usually at regions called CpG sites. These
chemical modifications can act like switches, turning specific
genes on or off depending on the methylation pattern. As ex-
plained above, DNAm is an epigenetic process that responds
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to environmental factors - directly impacting gene expression
related to cognitive functions. This section will explore how
DNAm influences pathways involved in neurotransmitter reg-
ulation and synaptic plasticity (pathways that allow neurons to
communicate with each other), particularly focusing on dopa-
mine signaling and other neurotrophic factors.

To be able to understand how DNAm affects us, it is nec-
essary to know what causes these chemical ‘methyl’ groups to
change our gene expression in the first place. Studies show that
during critical periods of brain development, especially prena-
tal periods, environmental factors such as prenatal exposure to
toxins (e.g., tobacco smoke, heavy metals) or stress can lead to
aberrant DNAm patterns.’>"

Going into detail, Moore explains the basic mechanisms for
DNAm,? involving the addition of a methyl group to cyto-
sine (a base in our DNA), to form 5-methylcytosine (5mC),
as demonstrated in Figure 3 below. This suppression occurs
because the methyl groups either physically block transcrip-
tion factors - proteins that activate genes - from binding to the
DNA, or they recruit proteins that condense the DNA struc-
ture, making it less accessible for transcription. Moore explains
that research shows methylation and demethylation occur even
in our neurons, which are non-dividing (no change in genes
passed down). This suggests that methylation is about more
than just regulating gene expression but also about adapting it
to external stimuli, these adaptations affect synaptic plasticity
and cognitive function.
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Figure 3: Basic DNA Methylation - the addition of a methyl group to
cytosine, forming 5-methylcytosine (SmC). This modification can repress
gene activity by blocking transcription factor binding or recruiting proteins
that compact DNA, making it less accessible. In neurons, DNAm is
important since it adapts gene expression in response to external stimuli,
influencing synaptic plasticity and cognitive functions. (Created by the
author).

Research has identified pathways impacted by DNAm that
affect cognitive function. The two most relevant pathways to
ADHD that will be discussed here are (i) dopamine regulation
and (ii) neurotrophic signaling pathway.

On the first point, dopamine is a neurotransmitter that reg-
ulates and helps modulate various cognitive functions such as
reward processing and focus.**® Studies show that individuals
with ADHD tend to have dopamine dysfunction.'® In fact,
they explain that dopamine dysregulation has been linked to
the pathogenesis of ADHD. This makes sense considering
the role of dopamine in modulating cognitive functions such
as focus that are affected in ADHD. Genes involved in the
dopamine regulation pathway, such as DAT1 (dopamine trans-
porter) and DRD4 (dopamine receptor), have been shown to

undergo DNAm changes in individuals with ADHD. Accord-
ing to a study done by Tonelli on DAT1,"” DNAm changes
can alter the availability of dopamine in the synaptic cleft, po-
tentially leading to the cognitive deficits observed in ADHD.
Another important factor is that dopamine has been shown
to specifically be released into the prefrontal cortex where it is
assumed to regulate neural circuits that affect certain cognitive
functions.'® Research has also shown that many dopamine re-
ceptors (e.g. D1) are present in the prefrontal cortex.'®

Secondly, DNAm has been shown to impact our neuro-
trophic signaling pathway. It can repress the expression of
Brain-Derived Neurotrophic Factor (BDNF),"” which is
a protein that plays an important role in neural plasticity.®
Neural plasticity refers to the brain's ability to adapt to vari-
ous changes throughout our lives, the part of this affected by
BDNF is synaptic plasticity - which refers to the strengthen-
ing and weakening of neural connections over time.*' Synaptic
plasticity has been shown to affect the encoding and retriev-
al of memory - especially in the prefrontal cortex, impacting
working memory specifically.”* This shows us that these two
pathways influenced by DNAm impact working memory and
may relate to ADHD.

Linking DNAm and Working Memory Deficits in
ADHD:

So far, it has been established that (i) working memory
deficits are a defining feature of ADHD, affecting cognitive
abilities e.g. problem-solving, decision-making, etc. (ii) DNAm
is an epigenetic process that modifies gene expression, influ-
encing cognitive functions and potentially contributing to
ADHD-related deficits and, (iii) DNAm affects genes related
to dopamine regulation (e.g., DAT1, DRD4), and the synaptic
plasticity in the neurotrophic pathway.

People with ADHD are typically associated with dopamine
imbalances due to a lack of proper dopamine regulation.'®
Before, the role of dopamine in regulating neural circuits
in the prefrontal cortex, which is heavily linked to working
memory function, was established. Since dopamine is so heav-
ily interlinked with both DNAm and working memory - it
seems reasonable to conclude that methylation on specific do-
pamine-related genes such as DAT1, can lead to imbalances
in dopamine levels in the prefrontal cortex. This imbalance
disrupts the pathways required for effective working memory,
causing the deficits observed in ADHD.

Shang highlights that deficits might not arise only from do-
pamine level alterations but also from the downstream effects
on synaptic plasticity.*® Since DNAm disrupts neurotrophic
pathways that play an important role in synaptic plasticity and
hence working memory, it also seems reasonable to conclude
that this results in the pathogenesis of the working memory
deficits seen in ADHD.

B Conclusion

Conclusively, this research explores the relationship be-
tween DNAm and working memory deficits in ADHD to
highlight the significant role of epigenetic factors in cognitive
impairments. Epigenetic factors such as DNAm can occur in
pathways related to dopamine regulation and synaptic plastici-
ty - this can be on, for example, dopamine receptor genes
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or BDNF promoter genes. Since both these genes are linked
to working memory pathways and brain areas that func-
tion in working memory, i.e. the prefrontal cortex, the paper
concludes that DNAm has a significant role in the working
memory deficits in ADHD. Gaining understanding of how
DNAm affects our brain function is important for guiding
practice medicinal approaches through identifying biomark-
ers. These could help diagnose and develop targeted therapies
for ADHD when in clinical use.'” DNAm at specific sites in
the promoter regions of neurotrophic genes, like DAT1, can
indicate disruptions in neurotrophic pathways and ADHD in
general. This knowledge could also inform the development of
novel pharmacological treatments targeting epigenetic path-
ways, such as DNAm inhibitors or enhancers.

Future studies perhaps could aim to map specific DNAm
patterns/regions linked to ADHD and working memory defi-
cits, focusing on longitudinal research to observe how DNAm
changes over time and influences symptom progression or re-
sponse to treatment. More research into the specific lifestyle
characteristics prompting harmful epigenetic changes and the
duration of their effect, including their potential transgener-
ational impact, could help highlight modifiable risk factors
alongside highlighting preventative strategies to mitigate the
risk of ADHD. Beyond clinical settings, these findings could
drive public health policies, potentially emphasizing early
screening programs or promoting environments that minimize
adverse epigenetic effects, such as reducing prenatal exposure
to toxins or increasing access to mental health resources to re-
duce stress that can genetically impact generations.
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