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Abstract: According to the Diagnostic and Statistical Manual of Mental Disorders (DSM-5),
neurodevelopmental disorders (NDDs) are a group of conditions that arise early in devel-
opment and are characterized by deficits in personal, social, academic, or occupational
functioning. These disorders frequently co-occur and include conditions such as autism
spectrum disorder (ASD) and attention-deficit/hyperactivity disorder (ADHD). Mood dis-
orders (MDs), such as major depressive disorder and bipolar disorder, also pose significant
global health challenges due to their high prevalence and substantial impact on quality
of life. Emerging evidence highlights overlapping neurobiological mechanisms between
NDDs and MDs, including shared genetic susceptibilities, neurotransmitter dysregulation
(e.g., dopaminergic and serotonergic pathways), neuroinflammation, and hypothalamic—-
pituitary-adrenal (HPA) axis dysfunction. Environmental factors such as early-life adversity
further exacerbate these vulnerabilities, contributing to the complexity of their clinical pre-
sentation and comorbidity. Functional neuroimaging studies reveal altered connectivity in
brain regions critical for emotional regulation and executive function, such as the prefrontal
cortex and amygdala, across these disorders. Despite these advances, integrative diagnostic
frameworks and targeted therapeutic strategies remain underexplored, limiting effective
intervention. This review synthesizes current knowledge on the shared neurobiological
underpinnings of NDDs and MDs, emphasizing the need for multidisciplinary research,
including genetic, pharmacological, and psychological approaches, for unified diagnosis
and treatment. Addressing these intersections can improve clinical outcomes and enhance
the quality of life for individuals affected by these disorders.

Keywords: neurodevelopmental disorders; mood disorders; biological mechanisms;
synaptic impairments; attention-deficit/hyperactivity disorder; autism spectrum disorder;
intellectual disability; learning disorders; communication disorders

1. Introduction

Neurodevelopmental disorders (NDDs) like autism spectrum disorder (ASD), attention-
deficit/hyperactivity disorder (ADHD), and mood disorders (MDs), such as major depres-
sive disorder (MDD) and bipolar disorder, present significant public health challenges.
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These conditions are prevalent worldwide, with NDDs affecting a significant portion of
children and adolescents. ADHD affects around 8.5%, ASD approximately 2.9%, and spe-
cific learning disorders about 6.4%, often accompanied by comorbid psychiatric conditions
like anxiety and depression [1,2]. Additionally, 18% of individuals with NDDs exhibit
genetic alterations associated with developmental delays and ASD, emphasizing the need
for early diagnosis [3]. Common mental disorders like anxiety and depression affect 17.6%
of the population annually, with higher prevalence among women and individuals with
lower socioeconomic status [4].

The clinical presentations of NDDs and MDs frequently overlap, with symptoms like
emotional dysregulation, impaired executive function, and social difficulties common to
both. Studies show that individuals with ADHD often experience emotional instability
resembling depressive or bipolar symptoms, while those with ASD may exhibit heightened
anxiety and depression, suggesting shared mechanisms [5,6]. Alterations in brain regions
involved in emotional regulation, like the prefrontal cortex and amygdala, contribute to
these overlapping symptoms [7].

Neurobiological mechanisms common to both NDDs and MDs include disruptions in
dopaminergic and serotonergic systems, neuroinflammation, and genetic vulnerabilities.
The dopamine D1 receptor plays a key role in regulating neuroinflammation, and variations
in the serotonergic system, like in the HTR1A gene, contribute to psychiatric and motor
complications [8,9]. Brain imaging studies reveal functional alterations in areas like the
prefrontal cortex and amygdala, reinforcing the overlap between these disorders [10].

Environmental factors, particularly childhood trauma, interact with genetic predispo-
sitions to influence the onset and severity of both NDDs and MDs. Exposure to trauma is
linked to increased risks of MDs in children of bipolar patients [11], and genetic variations
in the CRHR1 gene, combined with childhood stress, increase the risk of suicidal behaviors
in individuals with affective disorders [12]. These experiences exacerbate neurobiological
vulnerabilities, such as dysregulated stress response systems [13].

Despite advances in understanding NDDs and MDs individually, the shared neu-
robiological processes between them remain underexplored, hindering the development
of effective diagnostic and therapeutic strategies. Current diagnostic frameworks often
treat comorbidities separately, leading to fragmented care [5]. Disparities in diagnosis
and management, such as those related to socioeconomic status, worsen outcomes for
individuals with co-occurring disorders [14]. A shift toward interdisciplinary research is
essential, combining psychiatry, neurology, and developmental neuroscience to address the
complexity of these disorders [15].

This article aims to review the shared neurobiological mechanisms of NDDs and MDs,
focusing on specific disorders, including ASD, ADHD, and intellectual disabilities. By
identifying common pathophysiological mechanisms, this work seeks to inform future
research and clinical practices to improve outcomes for individuals affected by these
complex and often co-occurring conditions.

2. Common Neurobiological Mechanisms Between Neurodevelopmental
Disorders and Mood Disorders

Figure 1 illustrates some common neurobiological mechanisms between neurodevel-
opmental disorders and mood disorders.

From the early years of life, NDDs, such as ASDs and ADHDs, significantly impact
cognitive and behavioral trajectories, supported by robust genetic and neurobiological
foundations. These conditions often overlap with MDs, such as MDD and bipolar disor-
der, characterized by persistent emotional changes and dysfunctions in neurotransmitter
systems [16]. Studies show that NDDs and MDs exhibit common alterations in neural
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circuits, such as the limbic system and the prefrontal cortex, critical areas for emotional and
behavioral regulation [17]. Environmental factors, such as early stress, can also exacerbate

manifestations in both categories [18].
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Figure 1. Common neurobiological pathways in NDDs and MDs. Environmental factors influ-
ence DNA methylation, where PRC2 (Polycomb Repressive Complex 2) regulates gene expres-
sion by adding Me (methyl groups) via SAM (S-adenosylmethionine), inhibiting RNAPII (RNA
Polymerase II) and altering neural function. These changes contribute to neuroinflammation (acti-
vated microglia, reactive astrocytes) and HPA axis (hypothalamic—pituitary—adrenal) dysfunction,
increasing CRH (Corticotropin-Releasing Hormone), ACTH (Adrenocorticotropic Hormone), and
cortisol release. Alterations in the limbic system, including the cingulate gyrus, amygdala, and hy-
pothalamus, impact emotional regulation. Neurotransmitter dysregulation, with reduced serotonin,
dopamine, and norepinephrine, impairs mood, attention, and stress response, reinforcing the shared
pathophysiology of NDDs and MDs.

Evidence suggests that NDDs and MDs are not distinct categories but share complex
neurobiological foundations. Alterations in mechanisms such as synaptic plasticity, neu-
rotransmitter metabolism, and neural connectivity contribute to developing symptoms
in both conditions. Identifying these common points is essential for advancing clinical
understanding, as MD symptoms often mask or exacerbate NDD manifestations [19]. For
instance, genetic studies highlight the overlap of variants affecting brain development and
neurogenesis genes, indicating biological connections between these disorders [18].

Identifying shared neurobiological mechanisms between NDDs and MDs is crucial
to enhancing diagnostic precision and therapeutic interventions. Both types of disorders
exhibit alterations in the HPA axis, which regulates stress responses, and dysfunctions
in neurotransmitters such as dopamine and serotonin, directly influencing emotional
and behavioral processes [17,18]. Studies suggest that these changes can be observed in
functional brain imaging, revealing abnormal connectivity patterns in NDDs and MDs [16].
Moreover, neuroinflammation, mediated by immune system alterations, is a common
mechanism that aggravates symptoms in both conditions [19].
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The overlap of these mechanisms has significant clinical implications. For example,
identifying common biological markers can guide the development of targeted therapies
that address multiple symptoms simultaneously, such as neurotransmitter modulators or
interventions to regulate the HPA axis [18]. Additionally, personalized treatment strategies
based on shared mechanisms can prevent the progression of comorbidities and improve
patients” quality of life [17].

This neurobiological overlap is also reflected in diagnostic and therapeutic challenges.
For example, MD symptoms can hinder the identification of core ASD characteristics.
Recent studies highlight the importance of careful differentiation between these conditions
to avoid misdiagnoses. According to Wittkopf et al. [20], a comprehensive evaluation that
includes emotional and behavioral dimensions is crucial, as proper clinical management
depends on accurately identifying the disorders involved.

MDs, such as MDD and bipolar disorder, are characterized by persistent emotional
state changes, ranging from episodes of deep sadness to extreme euphoria. These disorders
have a complex neurobiological basis, influenced by genetic factors, neurotransmitter
alterations, and dysfunctions in brain circuits. Studies show that imbalances in serotonin,
dopamine, and norepinephrine systems play central roles in developing and maintaining
MD symptoms, directly affecting mood regulation and stress response [16]. Additionally,
alterations in the prefrontal cortex, responsible for decision-making and emotional control,
and the limbic system, such as the amygdala and hippocampus, are strongly associated
with dysfunctional emotional patterns [17].

Genetic factors also significantly contribute to the predisposition to MDs. Polymor-
phisms in genes related to serotonin transporters and dopamine receptors are frequently
identified in individuals with depression and bipolar disorder [18]. These genetic changes,
combined with environmental factors such as childhood trauma, can modify synaptic
plasticity and neurogenesis, resulting in vulnerabilities to developing these disorders [19].

One main point of convergence between NDDs and MDDs is genetic overlap. Studies
reveal that variants in genes associated with brain development regulation, such as those
involved in synaptic plasticity and neurotransmitter transport, are shared between NDDs
and MDs [16]. These genetic similarities suggest that both disorders may derive from
underlying neurobiological processes related to neural development.

Structural and functional brain changes are also commonly observed. For example,
reduced hippocampal volume and dysfunctions in prefrontal cortex connectivity with
subcortical areas are reported in individuals with NDDs and MDs [18]. These changes
affect emotional and behavioral regulation, contributing to shared symptoms such as
impulsivity, emotional dysfunction, and attention deficits.

Another common mechanism is the dysfunction of the HPA axis, which regulates the
stress response. HPA axis alterations lead to abnormal cortisol levels, which can negatively
impact brain plasticity and exacerbate symptoms of both disorders [17]. Moreover, chronic
stress and neuroinflammation, associated with immune system imbalances, are frequently
observed in individuals with NDDs and MDs, suggesting a link between stress responses
and shared pathological mechanisms [19].

3. Autism Spectrum Disorder

ASD is a neurodevelopmental condition characterized by persistent impairments in
communication and social interaction, in addition to restricted and repetitive patterns of
behavior, interests, or activities, with symptoms present since childhood that impact daily
functioning. According to the fifth edition of the DSM-5 [21], as illustrated in Figure 2, the
diagnosis of ASD is based on manifestations observed in two main domains: (1) deficits in
social reciprocity and nonverbal communication and (2) stereotyped behaviors, restricted
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interests, and adherence to inflexible routines [22]. The diagnostic complexity of ASD arises
from its broad phenotypic variability, with varying degrees of severity and associated man-
ifestations, including psychiatric comorbidities and cognitive alterations. This variability
is linked to genetic and environmental factors influencing neurodevelopment from the
earliest stages of life [23].
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Figure 2. Core diagnostic criteria for autism spectrum disorder (ASD). ASD diagnosis is based on
impairments in two main domains: (1) social communication deficits, including difficulties in social
reciprocity and nonverbal communication, and (2) restricted and repetitive behaviors, encompassing
stereotyped behaviors, restricted interests, and adherence to inflexible routines. These characteristics
contribute to the heterogeneity of ASD presentations and impact daily functioning across different
developmental stages.

The main signs and symptoms of ASD include deficits in social communication and
restrictive and repetitive behaviors, which vary in severity and functional impact among
individuals. Difficulties in social communication manifest as challenges in initiating or
maintaining interactions, understanding implicit rules of reciprocity, and adjusting behavior
to different social contexts. Individuals with ASD often show limited use of gestures and
facial expressions, hindering the conveyance of intentions and emotions and compromising
the formation of interpersonal relationships [23]. Furthermore, emotional regulation and
the presence of alexithymia—difficulty in identifying and expressing emotions—have been
identified as critical factors for understanding the emotional impact of ASD, especially in
high-functioning cases [24].

From a biological perspective, ASD is associated with complex and multifactorial alter-
ations involving genetic and neurological mechanisms. Genome-wide association studies
(GWASs) have identified genetic variants in genes related to synaptogenesis, neuronal
plasticity, and the regulation of neural development, such as SH3 and multiple ankyrin
repeat domains 3 (SHANKS3), neurexin 1 (NRXN1), and chromodomain helicase DNA
binding protein 8 (CHDS) [25].

In addition to these well-established variants, recent studies have highlighted other
genes with potential roles in ASD and comorbid NDDs. For instance, mutations in the E3
ubiquitin protein ligase encoded by the ARIH2 gene, which is involved in post-translational
modifications, have been identified in individuals with co-occurring ASD and intellectual
disability (ID), suggesting disruption of protein autoinhibition mechanisms critical for
neural function [26].



Brain Sci. 2025, 15, 307

6 of 19

Similarly, deletions affecting the ZDHHC15 gene, a candidate for X-linked forms
of intellectual disability and ASD, have been associated with ASD in multiplex families,
reinforcing its role in synaptic function and sensory processing alterations with incom-
plete penetrance and variable expressivity [27]. Moreover, the transient receptor potential
channel 6 (TRPC6) gene has emerged as an ASD risk factor within an oligogenic model,
with loss-of-function mutations linked to deficits in social behaviors, sleep regulation, and
cognitive functions, as evidenced through both human studies and functional models in
Drosophila melanogaster [28]. These genetic alterations affect communication between neu-
rons and may impair functional connectivity between different brain regions, particularly
in areas associated with socialization and cognition, while contributing to the heterogeneity
and frequent comorbidity observed between ASD and other NDDs.

Additionally, changes in white and gray matter volume and functional and structural
connectivity are frequently observed in individuals with ASD. Functional neuroimaging
analyses indicate hyperconnectivity in local circuits and hypoconnectivity in long-distance
networks, particularly those involving the prefrontal cortex, superior temporal cortex,
and amygdala [29]. These findings suggest an imbalance in neural network integration,
contributing to the disorder’s behavioral and cognitive characteristics.

Restrictive and repetitive behaviors constitute another central aspect of ASD, including
the repetition of words or phrases (echolalia), stereotyped motor movements, and inflexible
adherence to routines or patterns. Individuals with ASD may also exhibit intense and
unusual interests, such as fixation on numbers or specific objects [22,23]. Sensory alter-
ations, such as hypersensitivity or hyposensitivity to environmental stimuli, are common
and can exacerbate repetitive behaviors, impacting social interaction and environmental
adaptation [23].

Psychiatric comorbidities are common in ASD and include ADHD, anxiety,
obsessive—compulsive disorders (OCDs), and MDs. The presence of these conditions
often complicates diagnostic differentiation, as highlighted by Wittkopf et al. [20], who em-
phasized the importance of carefully evaluating overlapping symptoms to distinguish ASD
from mood or anxiety disorders. Emotional challenges such as difficulties in regulating
emotions and irritability exacerbate the adaptive and social challenges faced by individuals
with ASD and their families.

Standardized tools, such as the Autism Diagnostic Observation Schedule
(ADOS-2) and the Autism Diagnostic Interview-Revised (ADI-R), are widely used to assess
the severity and specific manifestations of ASD. The ADOS-2 evaluates difficulties in social
interaction and repetitive behavioral patterns, while the ADI-R allows for retrospective
analysis of early childhood [23]. This integrative approach is essential for addressing the
heterogeneity of ASD, providing a more accurate diagnosis and targeted interventions.

The broad phenotypic variability in ASD, which includes differences in intelligence
quotient (IQ), adaptive skills, and emotional problems, poses a challenge in both clinical
practice and research [23]. Normative models have been proposed to identify homoge-
neous subgroups, facilitating the personalization of interventions. This perspective makes
therapeutic strategies more practical, focusing on adaptive and functional outcomes [23,24].

4. Attention-Deficit/Hyperactivity Disorder

Figure 3 illustrates the subtypes of ADHD and highlights its multifactorial etiology, as
well as the neurobiological alterations associated with the disorder.

ADHD is a neurodevelopmental disorder that has been extensively studied due to its
significant impact on individuals’ lives. It is characterized by a persistent pattern of inatten-
tion, hyperactivity, and impulsivity, which interferes with functioning and development,
manifesting since childhood. According to the criteria established by the DSM-5, symptoms
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must be present for at least six months, be inappropriate for the individual’s developmental
level, and cause significant impairment in two or more settings, such as school, home, or
work environments. ADHD is classified into three main subtypes: predominantly inat-
tentive, predominantly hyperactive/impulsive, and combined type, which encompasses
characteristics of the previous subtypes. Each subtype presents distinct manifestations,
although they often overlap, forming a complex spectrum of symptoms [21].

Subtypes
i ADHD is multifactorial
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Figure 3. Subtypes and neurobiological basis of attention-deficit/hyperactivity disorder (ADHD).
ADHD is classified into three main subtypes: predominantly inattentive, predominantly hyperac-
tive/impulsive, and combined type, which includes characteristics of both. The etiology of ADHD is
multifactorial, involving genetic, neurobiological, and environmental factors. Studies indicate that
alterations in the prefrontal cortex and the dopaminergic system play a crucial role in the executive
function deficits observed in individuals with ADHD.

Among the symptoms related to inattention, difficulties in organizing tasks and
activities, frequent memory lapses, and a tendency to lose necessary everyday objects are
observed. Hyperactivity symptoms are evident in behaviors such as constant restlessness
and difficulty remaining seated for extended periods. Impulsivity manifests in hasty
actions, such as interrupting conversations and difficulty waiting one’s turn in group
situations. When not adequately managed, these behaviors can lead to additional problems
in social interactions, academic performance, and family life [30].

The etiology of ADHD is multifactorial, involving a complex interplay of genetic,
epigenetic, neurobiological, and environmental factors. Recent research has highlighted
DNA methylation variation, which influences ADHD symptom trajectories, with genes
like SKI, ZNF544, ST3GAL3, and PEX2 showing associations with ADHD at birth. These
findings underscore the role of epigenetic mechanisms in modulating ADHD symptom:s,
particularly in neurodevelopmental processes. Gene—environment interactions further
shape the disorder’s presentation, pointing to the significance of early-life exposures and
genetic expression in ADHD development [31]. Studies point to alterations in the prefrontal
cortex and the dopaminergic system as central to the executive control difficulties observed
in the disorder. These alterations also contribute to the higher prevalence of comorbidities,
such as mood and anxiety disorders, frequently reported in individuals with ADHD
and ASD [30].
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Among psychiatric comorbidities, MDs, such as depression and anxiety, are signifi-
cantly prevalent in both ADHD and ASD. Individuals with these conditions often exhibit
symptoms of irritability, emotional regulation difficulties, and a pronounced vulnerability
to stress. This vulnerability is a key characteristic that contributes to the worsening of their
clinical conditions, underscoring the urgent need to address this issue. Studies demon-
strate that the association between ASD and MDs reflects a complex interaction between
neurobiological alterations, HPA axis dysfunctions, and environmental factors [30,32].

Moreover, the risk of depression and suicidal behaviors in individuals with ASD, espe-
cially in high-functioning cases, highlights the need for specific and targeted interventions.
According to Ruggieri [32], factors such as social isolation, communication difficulties,
and emotional overload are among the main elements contributing to the increased risk
of suicide in this population. This scenario reinforces the urgency of implementing com-
prehensive preventive strategies that integrate psychological support, pharmacological
interventions, and initiatives focused on social inclusion, aiming to minimize the impact
of comorbidities.

In the context of ADHD, pharmacological therapy, particularly the use of stimulants
like methylphenidate, plays an essential role in managing core symptoms such as inatten-
tion and hyperactivity. Additionally, this type of intervention can bring complementary
benefits by helping with emotional regulation, a difficulty often shared between individuals
with ADHD and ASD [30].

Finally, the integrated management of ADHD, ASD, and psychiatric comorbidities
requires a multidisciplinary approach combining medical interventions, psychotherapies,
and educational support. In addition to improving clinical outcomes, strategies that
promote social inclusion and address associated risks, such as suicide, are essential to
enhance patients” quality of life and emotional well-being [32].

5. Intellectual Disability

ID, previously referred to as mental retardation, is a condition that affects approx-
imately 1-3% of the global population, originating before the age of 18 [33]. ID is char-
acterized by deficits in cognitive skills and adaptive functioning, impacting personal
independence, social participation, and academic or professional performance [21]. It is
defined by impairments in intellectual functioning (e.g., reasoning, problem-solving, and
planning) and adaptive behavior (e.g., social, conceptual, and practical skills), creating
challenges in personal independence and social responsibility [34].

The diagnosis of ID is guided by criteria outlined in the Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition, Text Revision (DSM-5-TR). These criteria, as
illustrated in Figure 4, emphasize three core elements: deficits in intellectual functioning,
measured through standardized IQ tests, typically with scores below 70; deficits in adaptive
behavior, evaluated across conceptual, social, and practical domains; and onset during the
developmental period, distinguishing ID from acquired disabilities in adulthood [21].

The etiologies of ID are diverse and can be broadly categorized as genetic, environmen-
tal, and multifactorial. Genetic factors include chromosomal abnormalities, such as Down
syndrome and Fragile X syndrome, and single-gene mutations, such as Rett syndrome,
which are among the most studied genetic causes [35]. Recent advances in whole-genome
sequencing have expanded the identification of pathogenic variants associated with ID [36].
Environmental factors include prenatal exposures, such as maternal infections (e.g., rubella,
cytomegalovirus) and substance use (e.g., alcohol, drugs), as well as perinatal complica-
tions like hypoxia [37]. The interaction of genetic predisposition and environmental factors,
including socioeconomic conditions, nutrition, and access to healthcare, also contribute to
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ID development [38]. Figure 4 provides a comprehensive overview of the multifactorial
etiology of ID, highlighting the interplay between genetic and environmental factors.
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Figure 4. The core diagnostic criteria and etiological factors of intellectual disability (ID). ID diagnosis
is based on three main criteria: deficits in intellectual functioning, deficits in adaptive behavior,
and onset during the developmental period. The etiology of ID is multifactorial, encompassing
genetic factors and environmental influences, such as prenatal exposures, socioeconomic conditions,
nutrition, and access to healthcare.

Research has uncovered intriguing connections between ID and MDs, suggesting
a potential neurobiological link between these conditions. Individuals with ID have
a higher prevalence of MDs, such as depression and anxiety, compared to the general
population [39,40]. For example, individuals with specific genetic syndromes associated
with ID, such as Fragile X syndrome and Down syndrome, have an increased risk of devel-
oping MDs [41-43]. Neuroimaging studies have also revealed differences in brain structure
and function in individuals with ID, which may contribute to their increased vulnerability
to MDs [44].

Additionally, environmental factors, such as social isolation, limited access to re-
sources, socioeconomic status, job satisfaction, and stressful life events, may compound
the challenges faced by individuals with ID, further increasing their risk of developing
MDs [45,46]. Biopsychosocial factors associated with depression and anxiety in older
adults with ID include treatable and modifiable factors like mood stabilizer medications
and aggressive challenging behavior [47].

6. Learning Disorders

Figure 5 illustrates the key brain regions affected in learning disorders (LDs) and
explores the influence of environmental factors.

Learning disorders (LDs) are neurodevelopmental disorders of biological origin, char-
acterized by persistent difficulties in acquiring fundamental academic skills. These diffi-
culties emerge during schooling and cannot be explained by other intellectual or sensory
deficits [21]. Affecting 3% to 10% of children, LDs significantly impair the ability to acquire,
retain, and apply information, impacting academic performance and everyday skills [48].
These conditions encompass a range of disorders, including dyslexia, dyscalculia, and
ADHD, each with distinct but overlapping characteristics. Dyslexia, for instance, primarily
impairs reading and language-related abilities, while dyscalculia affects mathematical
reasoning and number comprehension [49]. ADHD, on the other hand, is characterized
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by difficulties in maintaining attention, regulating impulses, and managing hyperactivity,
which can indirectly impact learning [50].
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Figure 5. The neurological and environmental factors associated with learning disorders (LDs).
The etiology of LDs is multifactorial, involving genetic, neurological, and environmental influences.
Neurological differences in key brain regions, such as the prefrontal cortex, hippocampus, and
parietal lobes, impact neural connectivity, processing speed, and executive functioning, which are
critical for learning and memory. Additionally, dysregulation of the hypothalamic—pituitary-adrenal
(HPA) axis has been implicated in LDs, linking stress-related neurobiological mechanisms to cognitive
difficulties. Environmental factors, including prenatal exposures, nutritional deficiencies, and social
exclusion, further contribute to LD risk through epigenetic and developmental pathways.

The etiology of LDs is complex and multifaceted, involving an interplay of genetic,
neurological, and environmental factors. Studies have identified heritable components
linked to specific genes that influence brain function and structure [51,52]. Neurological
factors also contribute, with differences in brain regions such as the prefrontal cortex,
hippocampus, and parietal lobes observed in individuals with LDs. These differences affect
neural connectivity, processing speed, and executive functioning, which are essential for
learning and memory [53,54].

Environmental influences, including prenatal exposure to toxins, nutritional deficien-
cies, and adverse childhood experiences, further compound the risk of developing LDs
through epigenetic mechanisms [55]. Educational and social environments can mitigate or
exacerbate individuals” challenges with these conditions [56].

Increasing evidence points to a potential relationship between LDs and MDs, sug-
gesting that the two may be linked at a neurobiological level. For example, individuals
with LDs often experience co-occurring mental health challenges, including higher rates of
depression and anxiety compared to the general population [57,58].

Recent research has identified specific neural networks and brain regions that are
typically altered in individuals with LDs, such as changes in the activity and connectivity
of brain areas involved in language processing, attention, and executive function [59].
Interestingly, similar neurobiological alterations have also been observed in individuals
with MDs, suggesting that there may be overlapping neural pathways and mechanisms
that contribute to both types of disorders [57,60].

One potential explanation for the relationship between LDs and MDs is the impact of
academic and social challenges on an individual’s psychological well-being. Learning diffi-
culties often lead to low self-esteem, frustration, and feelings of inadequacy, particularly in
environments where academic performance is heavily emphasized [54]. Social exclusion is
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another contributing factor; children with ADHD or dyslexia, for instance, may experience
bullying or isolation, which can heighten anxiety and depression. This social-emotional
stress can further impair cognitive functioning, creating a vicious cycle that exacerbates
both learning and MDs [61].

The interplay between stress and LDs is also explained by neurobiological mechanisms,
particularly dysregulation of the HPA axis. Chronic stress associated with unmet academic
expectations has been shown to impair hippocampal function, critical for memory and
learning, and to increase susceptibility to MDs [62]. Furthermore, comorbid MDs, such as
depression, can worsen cognitive impairments, creating significant challenges for academic
achievement and overall quality of life [63].

7. Communication Disorders

Communication disorders (CDs), such as stuttering, speech sound disorders, aphasia,
and social communication disorders, encompass a broad spectrum of difficulties in the
development of language, speech, and social communication, in addition to childhood
stuttering, affecting fluency and motor production of speech, with functional impacts
throughout life [21,64]. These challenges can profoundly affect an individual’s ability to
express themselves and engage in social interactions, often contributing to the development
and manifestation of MDs, such as depression and anxiety [65].

The intricate relationship between CDs and MDs has been the subject of intense
scientific scrutiny. Neuropsychiatry researchers have sought to unravel the complex neuro-
biological mechanisms that underlie the compelling connections between these two critical
domains of human functioning [66].

Research suggests that the neurobiological mechanisms driving this connection in-
volve processes related to language processing, social cognition, and emotional regulation.
For instance, individuals with aphasia may experience frustration and isolation due to
their inability to communicate effectively, which can increase their risk of depression [67].
Similarly, children with social communication disorder often face difficulties in peer rela-
tionships, which may lead to anxiety over time [68].

A study has highlighted the significant role of synaptic plasticity in the pathogenesis
of MDs. Disruptions in the functional and structural connections of the neural circuits
that underlie mood regulation have been implicated as a key driver of depressive symp-
tomatology. Various risk factors, including stress-induced physiological changes, can cause
these disruptions. Communication disorders have also been linked to alterations in neural
connectivity and synaptic function, suggesting a potential shared neurobiological basis
between these two conditions [66].

The neurobiology of severe mood and anxiety disorders has been extensively studied,
revealing the involvement of multiple neurotransmitter systems and neural networks in
regulating mood, emotion, and behavior. The frontal lobe, particularly the prefrontal cortex,
has been identified as a key region in these processes. Responsible for executive functions
such as decision-making, impulse control, and social behavior modulation, the prefrontal
cortex is often impaired in individuals with CDs, which frequently co-occur with mood
and anxiety disorders [64].

In addition to these mechanisms, recent studies have pointed to the role of cortical
excitability and dopaminergic pathways in the relationship between communication disor-
ders and MDs. Altered excitability, particularly in the motor cortex and language areas,
may contribute to speech production and perception difficulties, exacerbating emotional
distress and frustration. Furthermore, the dopaminergic system, important in motivation
and reward processing, is dysregulated in both CDs and MDs. This dysregulation may im-
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pair the individual’s ability to experience positive reinforcement, thus reinforcing feelings
of helplessness and anxiety [69,70].

Moreover, emerging research has identified inflammatory processes as an essential
factor in the pathophysiology of both MDs and communication difficulties. Chronic in-
flammation has been implicated in the dysregulation of neurotransmitter systems, such
as serotonin and glutamate, which are critical for mood regulation and cognitive func-
tions like language processing. Elevated levels of inflammatory cytokines may disrupt
neural communication, particularly in brain regions responsible for speech and emotional
regulation [71-73].

Figure 6 visually integrates these interconnected factors, highlighting how neurologi-
cal, neurochemical, and environmental influences contribute to the emotional challenges
associated with CDs.
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Figure 6. The neurological, neurochemical, and emotional impacts of communication disorders
(CDs). CDs are associated with structural and functional alterations in key brain regions, including
the prefrontal cortex, motor cortex, and language areas (Broca’s area, Wernicke’s area, primary
auditory cortex, primary visual cortex, and the angular gyrus) which are essential for language
processing and executive functions. Dysregulation in dopaminergic pathways, cortical excitability,
and neuroinflammation—mediated by inflammatory cytokines and disruptions in serotonin and
glutamate signaling—further contribute to language and communication difficulties. The cumula-
tive effect of these neurological and biochemical disruptions often manifests as emotional distress,
anxiety, frustration, helplessness, and depression, exacerbated by social exclusion and impaired
peer interactions.

8. Diagnostic and Therapeutic Implications

Advances in diagnostic methodologies have significantly enhanced our understanding
of NDDs and MDs. Innovative genetic techniques, such as next-generation sequencing
(NGS), have emerged as pivotal tools for identifying genetic variants associated with NDDs
and improving diagnostic precision. For instance, studies using targeted gene panels and
exome sequencing have demonstrated diagnostic yields of up to 25% in patients with
syndromic or nonsyndromic NDDs, underscoring the importance of these technologies
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in personalized medicine [74,75]. These methods also facilitate early detection, enabling
timely therapeutic interventions and better management outcomes.

Integrating neuroimaging technologies, such as functional magnetic resonance imag-
ing (fMRI), has further elucidated the shared neural pathways involved in NDDs and MDs.
Research highlights the role of altered connectivity in regions like the prefrontal cortex and
amygdala in both conditions, paving the way for novel therapeutic approaches targeting
these networks [76]. Moreover, diffusion tensor imaging (DTI) has shed light on white
matter abnormalities in NDDs and MDs, emphasizing the importance of understanding
brain network dynamics to develop precision diagnostics [77].

9. Pharmacological Strategies for Managing NDDs

In the therapeutic domain, advancements in pharmacological strategies include medi-
cations targeting specific neurotransmitter systems. For example, aripiprazole and risperi-
done have been shown to alleviate symptoms of irritability and aggression in children
with ASD [78]. Moreover, selective serotonin reuptake inhibitors (SSRIs) and dopamine
receptor modulators are increasingly employed to address overlapping symptoms in MDs
and NDDs, demonstrating efficacy in both conditions when appropriately tailored [8].
Research into glutamatergic systems and their modulation through agents like memantine
further illustrates the expanding scope of pharmacological interventions in treating complex
NDD cases [79].

10. Behavioral Strategies for Managing NDDs

On the behavioral front, evidence-based interventions remain essential for improving
quality of life and reducing the burden of NDD symptoms. Cognitive behavioral therapy
(CBT) is widely employed, particularly for managing co-occurring anxiety and depression
in individuals with NDDs. CBT focuses on modifying negative thought patterns and behav-
iors, improving emotional regulation, and promoting adaptive coping strategies. Applied
behavior analysis (ABA) continues to be a cornerstone in addressing social, communication,
and behavioral deficits in individuals with ASD. ABA utilizes reinforcement strategies to
increase desirable behaviors while reducing maladaptive ones [80].

Additionally, newer interventions incorporating digital health tools—such as mobile
applications and wearable devices—are increasingly integrated into therapy regimens.
These tools track patient progress, offer real-time feedback, and help personalize interven-
tions to better suit individual needs, further enhancing treatment outcomes [81].

11. Personalized Treatment Plans and Barriers to Implementation

Personalized treatment plans informed by genetic and environmental risk profiles
are becoming central to targeted interventions. For example, variations in the CRHR1
gene associated with stress response dysregulation have guided therapies addressing MDs
linked to early life trauma [12]. Similarly, pharmacogenomic approaches have helped
optimize drug responses, reducing adverse effects and enhancing treatment efficacy in
complex cases [82].

Despite these advancements, significant gaps remain in translating diagnostic in-
sights into clinical practice. Barriers such as delayed diagnoses, lack of access to genetic
counseling, and socioeconomic disparities hinder the practical application of these ad-
vancements [83]. Furthermore, the lack of integration across disciplines like psychiatry,
neurology, and genetics often results in fragmented care, underscoring the need for more
cohesive diagnostic and therapeutic strategies [84].

Family-based interventions and community support systems have also gained promi-
nence in therapeutic frameworks. Studies suggest that empowering caregivers through
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psychoeducation and resource access significantly enhances treatment adherence and
outcomes [85]. Moreover, policy-level changes, such as improving healthcare access and
funding for genetic testing, remain essential for bridging gaps in care and ensuring equi-
table access to these advanced diagnostic and therapeutic options.

12. Final Considerations

The relationship between ID, LDs, and CDs and MDs highlights complex interactions
that contribute to the challenges individuals face in both cognitive and emotional domains.

Research has shown that individuals with ID exhibit higher rates of MDs, such as
depression and anxiety, compared to the general population [80]. Genetic factors, such
as chromosomal abnormalities and gene mutations, along with environmental influences
like prenatal exposure to infections or substances, contribute to the development of ID.
Neuroimaging studies further support the theory that structural and functional brain differ-
ences in individuals with ID might predispose them to MDs. Moreover, social factors such
as isolation and lack of resources may amplify the risks of developing MDs in individuals
with ID, creating a cycle of exacerbating cognitive and emotional difficulties.

Similarly, LDs, including dyslexia, ADHD, and dyscalculia, are linked with MDs due to
neurobiological alterations that affect brain areas involved in attention, language processing,
and executive function. These disorders share overlapping neural pathways with MDs,
which are often further complicated by the social-emotional stress individuals experience.
Academic struggles and the frustration stemming from them can significantly impact
self-esteem, potentially leading to depression and anxiety. Additionally, chronic stress
has been shown to affect hippocampal function, thereby impairing cognitive performance
and increasing susceptibility to MDs. Both ASD and ADHD are also frequently associated
with mood disturbances, mainly due to the challenges in social interactions, emotional
regulation, and executive functioning that these individuals face.

In communication disorders, such as aphasia and social communication disorder, the
inability to effectively communicate can lead to frustration, social isolation, and emotional
distress, which are significant risk factors for depression and anxiety. The neurobiological
mechanisms underlying these disorders involve alterations in neural connectivity and
synaptic plasticity, which are also implicated in mood regulation. Recent studies have
highlighted the role of neurotransmitter systems, such as the dopaminergic system, in the
overlap between mood and communication disorders, with dysregulation potentially lead-
ing to impaired emotional processing and the exacerbation of feelings of helplessness [86].
Moreover, inflammatory processes implicated in MDs and communication difficulties may
disrupt neurotransmitter systems critical for mood and language processing, suggesting a
shared pathophysiological basis for these disorders.

Some neurobiological features common to NDDs and MDs relate to synaptic struc-
ture and impairments in local connections and between brain regions involved in MDs
and NDDs. These biological processes and mechanisms often underlie genetic polymor-
phisms or mutations, which direct changes in proteins involved in synaptic structure
and connection.

An example of a gene that appears to have structural and functional involvement in
circuits related to MDs and NDDs is the protocadherin 17 gene (PCDH17), which encodes
a protein of the cadherin family. A study observed a relationship between the PCDH17 and
MDs, cognition, and personality. A single-nucleotide polymorphism (SNP) of PCDH17,
related to increased transcription, was associated with changes in morphology and reduced
density of dendritic spines, reduced amygdala volume, increased MD prevalence, cognitive
impairments, and emotional instability [87].
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As previously reported, knowledge of genetic characteristics, such as polymorphisms,
in addition to the local interaction between underlying brain structures in both NDDs and
MDs, is crucial for advancing the understanding of these disorders and, consequently, for
proposing and discovering more effective and common therapeutic strategies for them.

From another angle, the complex interactions between NDDs and MDs highlight the
necessity of an integrated approach to treatment. Considering both these conditions’” cogni-
tive and emotional dimensions is essential to provide a holistic and effective intervention.
By addressing the underlying neurobiological, social, and emotional factors, individuals
can have better support in navigating these challenges, improving their overall well-being
and quality of life.
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