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Abstract

The orexin (also known as hypocretin) system, located in the lateral
hypothalamus, plays a crucial role in regulating arousal, attention, mo-
tivation, and memory consolidation through its extensive neural projec-
tions across the brain. This article examines the neurobiological foun-
dations linking orexin dysfunction to pediatric learning difficulties and
explores how educational, psychoeducational and behavioral therapies
may leverage orexin-mediated pathways to improve learning outcomes.
The orexin system’s integrative functions in coordinating sleep-wake
cycles, reward processing, arousal and cognitive performance provide
a theoretical framework for understanding specific learning difficulties,
attention deficits, and developmental conditions. Educational therapy
approaches that optimize circadian timing, enhance intrinsic motiva-
tion, and support memory consolidation may work, in part, through
supporting orexin system function. Similarly, educational therapy ad-
dressing arousal regulation, executive function, alongside behavioral
therapy targeting adaptive behavioral responses and habit formation,
may benefit from orexin-informed strategies. However, significant lim-
itations remain in current research, including the lack of direct evidence
linking orexin modulation to therapeutic outcomes. Future directions
should prioritize translational and controlled intervention studies to es-
tablish evidence-based practices that bridge neuroscience discoveries
with educational applications for children with learning difficulties.
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Introduction

Learning difficulties affect approximately 10-20% of school-
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aged children globally, encompassing a broad spectrum of
conditions including specific learning disorders (SLD) and
neurodevelopmental disorders, including attention-deficit/
hyperactivity disorders (ADHD), autism spectrum disorders
(ASD), and intellectual disabilities [1, 2]. These conditions
impose significant challenges not only on affected children
and their families but also on educational systems worldwide.
Traditional approaches to interventions have primarily focused
on behavioral and cognitive strategies, often without explicit
consideration of underlying neurobiological mechanisms that
may influence learning capacity.

The emergence of “neurodivergent and neuroeducation”
as a discipline has highlighted the potential for neuroscientific
discoveries to inform educational practice. However, a sig-
nificant gap persists between clinical findings and classroom
applications. Many neurobiological insights remain confined
to research settings, failing to translate into practical interven-
tions that could benefit children with learning challenges. This
disconnect is particularly pronounced in the realm of neuro-
modulatory systems that regulate fundamental processes in-
cluding cognitive learning, attention, motivation, and memory
consolidation.

As claimed in the review conducted by Jaszberenyi et
al [3], the orexin system plays a central role in coordinating
multiple brain functions essential for cognition and learning.
This unique position makes it particularly relevant for under-
standing and potentially addressing learning difficulties that
often involve disruptions across multiple domains of func-
tioning.

The orexin system: a critical neural network

The orexin system was discovered in 1998 by two independ-
ent research groups, the Yanagisawa group [4] and the Sut-
cliffe group [5], initially recognized for its role in feeding
behavior and sleep-wake regulation. However, subsequent
research has revealed far more extensive functions, estab-
lishing orexin as a critical regulator of arousal, attention, mo-
tivation, memory and learning. The orexin system comprises
approximately 50,000 to 80,000 neurons clustered exclu-
sively in the lateral hypothalamus and perifornical area (Fig.
1) [6]. These neurons project throughout the central nervous
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Figure 1. The localization of lateral hypothalamic area.

system (CNS), influencing diverse brain regions and func-
tions [3].

The orexin system produces two neuropeptides, orexin-
A and orexin-B (Table 1) [3—5]. They act on two G-protein
coupled receptors (GPCRs), orexin-1-receptor (OX1R) and
orexin-2-receptor (OX2R). These receptors are distributed
differentially across the brain, with OX1R showing high ex-
pression in areas associated with reward and emotion, while
OX2R is more prominent in arousal and sleep-wake regula-
tory regions. This anatomical organization provides the foun-
dation for orexin’s multifaceted roles in behavior and cogni-
tion [7-9].

What makes the orexin system particularly relevant to
learning difficulties is its function as a state-dependent modu-
lator. Rather than simply turning processes on or off, orexin
neurons adjust their activity based on internal states, emotions
and moods, conscious thoughts processes, environmental de-
mands, and behavioral context. This dynamic regulation al-

lows the system to optimize cognitive performance for cur-
rent circumstances, a function that may be disrupted in various
learning difficulties [10—13].

Objectives and scope

The primary aim of this article is to examine the role of the
orexin system in pediatric learning processes and to explore
how educational therapy (EdTx), psychoeducational thera-
py (PsyEdTx) and behavioral therapy (BeTx) may leverage
orexin-mediated pathways to improve outcomes for children
with learning difficulties broadly defined, including SLD,
ADHD and related neurodevelopmental conditions such as
ASD that impact academic achievement and adaptive func-
tioning. While the orexin-informed principles apply broadly
across learning difficulties, their evidential base is strongest
in ADHD and requires cautious extension to isolated SLD or

Table 1. Differences Between Neurotransmitters and Neuropeptides

Characteristic Neurotransmitters Neuropeptides (like orexin)

Size Small molecules Large molecules (peptides/proteins)

Examples Dopamine, serotonin, acetylcholine, GABA, glutamate Orexin, oxytocin, vasopressin, substance P, NPY
Synthesis Synthesized in nerve terminals Synthesized in cell body, transported to terminals
Storage Small synaptic vesicles Large dense-core vesicles

Release Released at synapses Can be released from multiple sites along neuron
Action Fast, milliseconds Slower, seconds to minutes, longer lasting
Reuptake Taken back up by reuptake systems Degraded by peptidases

Receptors Various (ionotropic, metabotropic) G-protein coupled receptors (GPCRs)

Effect Rapid, direct signal Modulatory, adjusts neuronal sensitivity

GABA: gamma-aminobutyric acid; NPY: neuropeptide Y.
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ASD. This framework should be interpreted with this gradi-
ent of evidence in mind. We propose that understanding orexin
functions provides a neurobiological framework for concep-
tualizing learning difficulties and developing more targeted
educational interventions. Our secondary aim is to establish a
theoretical foundation for orexin-informed educational prac-
tices while acknowledging current limitations and identifying
future research directions. This article is intended for research-
ers, clinicians and educators in neuroeducation working with
neurodivergent children with learning difficulties, and for
those seeking to understand the neurobiological foundations
of learning, attention, motivation and memory. The scope en-
compasses both basic neuroscience research on orexin func-
tion and applied research on EdTx, PsyEdTx and BeTx, with
particular emphasis on pediatric populations.

The Orexin System: Neurobiological Develop-
ment

The orexin system’s unique anatomical organization under-
lies its integrative functions in learning and cognition. Orexin
neurons project extensively throughout the CNS, creating
one of the most widespread neuromodulatory networks in the
brain. The developmental trajectory of the orexin system has
important implications for understanding pediatric learning
difficulties.

Orexin neurons begin to differentiate during the sec-
ond trimester of human gestation, and orexin peptides can
be detected by the third trimester, though the system con-
tinues to mature throughout childhood and adolescence,
paralleling the development of cognitive functions it helps
regulate. Orexin neuron number reaches adult levels by early
childhood (around 2 to 3 years in rodent models with simi-
lar trajectories inferred in humans), but receptor expression,
synaptic connectivity and functional integration with arous-
al, reward, and prefrontal circuits continue to refine through
late childhood and adolescence [10, 12, 13]. This protracted
maturation includes enhanced integration with circadian sys-
tems during puberty, contributing to delayed sleep phase in
many adolescents. During early childhood, orexin system
connectivity continues to expand and refine, with the period
of greatest synaptic plasticity, roughly corresponding to the
preschool and early elementary years, coinciding with con-
tinued orexin system development [7, 8, 13]. This overlap
suggests that orexin dysfunction during critical periods could
have lasting effects on learning capacity. During childhood
and adolescence, the orexin system undergoes significant de-
velopmental changes that parallel the maturation of learning
and attention capacities, with orexin neuron number reach-
ing adult levels by early childhood, but receptor expression,
neural connectivity, and functional integration continuing to
develop throughout the pediatric period. This protracted de-
velopment may contribute to age-related differences in learn-
ing capacity and vulnerability to various learning difficulties
[10, 12—-14].

Adolescence represents another important developmental
phase for the orexin system, where its role in regulating sleep-

wake cycles becomes increasingly important as circadian
rhythms shift during puberty, with many adolescents experi-
encing delayed sleep phase that may reflect changes in orexin
system function. These circadian disruptions can significantly
impact learning and academic performance [12, 14—16]. Indi-
vidual differences in orexin system development may contrib-
ute to the heterogeneity seen in learning difficulties, with some
children having genetic variations affecting orexin production,
receptor sensitivity, or neural connectivity, while others expe-
rience environmental influences that alter orexin system devel-
opment, such as chronic stress, sleep disruption, or nutritional
factors. The prolonged development of the orexin system also
suggests potential for intervention during critical periods, with
educational and behavioral intervention approaches that sup-
port optimal orexin system function during key developmental
phases potentially having lasting benefits for learning and aca-
demic achievement [17-19].

Orexin and Core Learning Processes

The extensive connectivity of the orexin system enables it
to coordinate multiple brain functions relevant to learning.
Ascending projections from orexin neurons target brainstem
arousal nuclei, including the prefrontal cortex (PFC), nucleus
accumbens (NAc), locus coeruleus (LC) for norepinephrine
synthesis, raphe nuclei (RN) for serotonin synthesis, ventral
tegmental area (VTA) for dopamine synthesis, tuberomammil-
lary nucleus (TMN) for histamine synthesis, and pedunculo-
pontine tegmental nucleus (PTN) for acetylcholine synthesis.
Through these connections, orexin helps maintain cortical
arousal and attention, fundamental prerequisites for effective
learning (Fig. 2) [20, 21].

Arousal, attention, vigilance and sleep-wake functions
Arousal regulation and sleep-wake control

The orexin system maintains arousal and wakefulness by pro-
jecting to multiple brain regions. Orexin neurons project to
several arousal-promoting brain areas, including the LC, RN,
TMN, PTN and basal forebrain, where they enhance the neu-
rotransmission of norepinephrine, serotonin, histamine, and
acetylcholine. This arousal-promoting effect works mainly
through the OX2R receptor. Studies show that blocking only
this receptor is enough to induce sleep, while blocking the
OXIR receptor has little effect on sleepiness [16, 20, 21]. The
orexin system coordinates information from our internal body
clock, sleep pressure (time period of staying awake), and mo-
tivational factors to keep our sleep-wake states stable and pre-
vent unwanted switches between sleeping and waking. When
this system is disrupted, people experience fragmented sleep-
wake patterns and may have dream-sleep (rapid eye movement
(REM)) intrude into wakefulness. This stabilizing role makes
the orexin system essential for maintaining steady wakefulness
and optimal alertness, which are crucial for learning and cog-
nitive performance [22, 23].
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Figure 2. Orexin signaling pathway.

Sustained and selective attention mechanism

According to Villano et al [24], attention is the mental process
that allows us to focus on important information while ignor-
ing distractions. It includes several types of attention: sustained
attention (maintaining focus over time), selective attention
(choosing what to focus on), and divided attention (managing
multiple tasks). Sustained attention relies heavily on the orexin
system, which acts as the brain’s main regulator of arousal and
wakefulness. Recent brain studies show that orexin signaling
keeps specific neurons in the PFC active, which helps control
attention and maintain arousal brain states. Loss of orexin, as oc-
curs in the sleep disorder such as narcolepsy, lead to marked im-
pairment in sustained attention and cognitive efficiency [25, 26].

Selective attention depends on how the orexin system
works together with cholinergic system. Orexin neurons pro-
ject to the basal forebrain and activate cholinergic neuros that
synthesis acetylcholine for maintaining attention. This acti-
vation happens through the OXR2 receptor and results in in-
creased acetylcholine release in the PFC, a brain area crucial
for focused thinking [24, 27]. When acetylcholine levels in-
crease, the brain becomes better at distinguishing important
signals from background noise, which improves our ability to

detect relevant information and stay focused on our goals. This
partnership between orexin and acetylcholine is essential for
maintaining both general alertness and selective focus during
mentally challenging activities. A practical example of this
occurs in classrooms, where children need to continually use
selective attention to concentrate on classrooms instructions
while filtering out distractions like background conversations
or movements from other students [28—30].

Memory formation, consolidation and retrieval

The hippocampal formation receives substantial orexin in-
nervation through both direct projections to hippocampal
subfields and indirect influence via cholinergic and norepi-
nephrinergic pathways. This connectivity positions orexin to
influence multiple aspects of memory processing, from initial
encoding through consolidation and retrieval.

Synaptic plasticity and encoding mechanisms

Activation of orexin receptors in the hippocampus, particu-
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Table 2. Activation of Key Intracellular Pathway for Long-Term Potentiation (LTP) via Binding of Orexin and Its Receptors

Pathway Full name

Key role in LTP

Major effects

Ca?"/CaMKII  Calcium/calmodulin-dependent
protein kinase II

PKC Protein kinase C

cAMP/PKA  Cyclic adenosine monophosphate/

protein kinase A

ERK/MAPK  Extracellular signal-regulated kinase/ Converts synaptic activity into
mitogen-activated protein kinase

PI3K/Akt Phosphoinositide 3-kinase/protein
kinase B

mTOR Mammalian target of rapamycin

BDNF-TrkB  Brain-derived neurotrophic factor/

tropomyosin receptor kinase B

Initiates early-phase LTP through
rapid phosphorylation events

Supports both induction and
maintenance of LTP

Converts short-term potentiation
into long-term LTP

nuclear gene expression

Promotes neuronal survival and
dendritic protein synthesis

Regulates dendritic protein translation
needed for late-phase LTP

Enhances synaptic plasticity
and strengthens LTP

Phosphorylates AMPA receptors, increases
synaptic conductance and receptor insertion

Modulates receptor trafticking
and cytoskeletal remodeling

Activates cAMP response element biding
(CREB) for gene transcription and synaptic
protein expression

Activates CREB, promotes long-
term structural synaptic changes

Activates mTOR, stabilizes long-term LTP
maintenance

Supports local protein synthesis and
long-term memory consolidation

Increases CREB activation, dendritic
growth, and spine density

AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid.

larly in the CA1 region and dentate gyrus, enhances long-term
potentiation (LTP) by coordinating neurotransmitters such
as acetylcholine, glutamate, and norepinephrine, which are
essential for learning and memory. When orexin-A binds to
OXIR receptors, it increases NMDA receptor—mediated cal-
cium influx, activating key intracellular pathways (including
ERK/MAPK and PI3K/Akt) that help maintain LTP (Table 2)
[31-34]. This encoding process also stimulates the produc-
tion of synaptic proteins such as postsynaptic density protein,
strengthens the structural connections between neurons, and
supports long-term information storage. Importantly, these
orexin-driven neuroplastic effects are state-dependent, they
are strongest during periods of alertness and focused attention,
which may explain why learning efficiency improves when
individuals are engaged awake and attentive. During develop-
mental stages, this mechanism also provides neuroprotective
benefits, enhancing resilience against stress and environmen-
tal factors that might otherwise disrupt learning and memory
consolidation [34].

Emotional memory enhancement

Orexin modulates emotional learning through its connections
with the amygdala, particularly via the basolateral amygdala
pathways that influence hippocampal-dependent memory for-
mation. The amygdala plays a central role in enhanced memo-
ry for emotional experiences, demonstrating increased activity
during both encoding and retrieval of emotional content [35,
36]. This neural circuit explains why emotionally significant
events form stronger, more durable memories through orexin
interactions with the amygdala and stress hormone systems.
These amygdala-hippocampal circuits facilitate long-term re-
tention of emotionally salient material, supporting recent find-
ings about the enhancing effects of emotionally engaged edu-
cational contexts [37].

Memory consolidation and sleep-wake coordination

Memory consolidation, the process by which newly learned in-
formation becomes stable and retrievable, depends on dynamic
interactions between the orexin system and key memory circuits.
Orexin neurons display distinct patterns of activity during the con-
solidation, and retrieval phases of memory [32]. Beyond wakeful
learning, the orexin system also coordinates sleep-wake transi-
tions that are vital for effective memory consolidation. Although
orexin neurons are predominantly active during wakefulness,
their firing patterns influence how memories are reorganized and
strengthened during sleep through modulation of acetylcholine
release and hippocampal activity [32, 38—40]. Consequently,
sleep disturbances can disrupt consolidation and further hinder
learning, an issue particularly relevant for children with learn-
ing disorders who often experience sleep irregularities. Interven-
tions that promote optimal arousal and attention during learning,
alongside sleep hygiene strategies, can therefore enhance both
orexin-mediated encoding and sleep-dependent consolidation,
supporting more efficient and lasting memory formation [12, 41].

Memory retrieval

Memory retrieval involves orexin modulation of attention and
arousal systems that facilitate access to stored information.
During retrieval, optimal orexin signaling helps maintain
the focused attention necessary to search memory stores and
evaluate retrieved information [32, 35]. Experimental evi-
dence demonstrates that blockade of orexin receptors in the
basolateral amygdala impairs memory consolidation through
the amygdala-hippocampal pathway. This confirms the vital
role of this system in learning and memory processes. These
findings suggest that children with retrieval difficulties may
benefit from strategies that optimize their arousal and atten-
tion states during testing or performance situations, leverag-
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ing the orexin system’s natural role in facilitating memory
access [35].

Learning and cognitive flexibility

Executive function, neural plasticity, and prefrontal modulation

Orexin supports executive function and learning by coordinat-
ing activity in the PFC, the brain region for planning, attention
and cognitive flexibility. It works through two main pathways.
The first acts directly, where orexin activates layer VI PFC
neurons through OX2R receptors, improving cognitive flex-
ibility and helping regulate anxiety [25]. The second works in-
directly through the basal forebrain, which releases acetylcho-
line, a neurotransmitter vital for attention and memory, into the
PFC. The more orexin is released, the more acetylcholine is
produced, boosting wakefulness and attention. When orexin-A
is delivered intranasally, it further increases acetylcholine and
glutamate levels in the PFC, enhancing neuron activity and
cognitive performance [42—44].

Orexin also strengthens neural plasticity, the brain’s ability
to form and refine connections during learning. It regulates how
glutamate affects specialized neurons in layer V of the PFC, im-
proving how these neurons communicate and store information
[45]. During learning, orexin helps specific medial PFC networks
activate and later reactivate during memory recall, linking what
is learned to motivation and goal-directed behavior. Together,
these processes allow orexin to align arousal, attention, and mo-
tivation, forming a powerful system for efficient learning [46].

Cognitive flexibility and working memory

The orexin system is essential for cognitive flexibility (the abil-
ity to switch between different tasks or strategies) and working
memory, which allows us to temporarily hold and manipulate
information. When orexin signaling is disrupted, these executive
functions will be impaired. For example, chronic jet lag impairs
cognitive flexibility in mice by reducing orexin neuron activity in
the hypothalamus, particularly affecting the medial orbitofrontal
cortex, a PFC region critical for flexible thinking [47]. Remark-
ably, intranasal orexin-A administration reverses these deficits,
restoring both cognitive flexibility and working memory, which
demonstrates that circadian rhythm disturbances impair executive
function by disrupting orexin input to the PFC. Orexin receptor
activity in the basal forebrain also facilitates cognitive flexibil-
ity tasks such as discrimination learning, with OX1R stimulation
improving performance and OX1R blockade impairing it, likely
through modulation of acetylcholine release to the cortex [44, 47].

Motivation and goal-directed behavior

Integration of arousal, reward, and cognitive persistence

Orexin neurons project extensively to key reward and cogni-

tive control regions, including the VTA, NAc, PFC and amyg-
dala [48, 49]. This broad network allows orexin to act as a
bridge between arousal regulation and motivational drive, link-
ing physiological readiness with cognitive engagement during
learning. Activation of OX1R receptors on dopaminergic neu-
rons in the VTA and NAc heightens neuronal excitability and
promotes phasic dopamine release, sustaining motivation and
reward anticipation. Unlike dopamine, which primarily en-
codes reward prediction errors, orexin provides the energizing
component of motivation, maintaining goal-directed behavior
and cognitive effort even when immediate rewards are absent
[50-52].

Through this mechanism, orexin supports cognitive persis-
tence, or the capacity to sustain attention and effort during de-
manding tasks. Continuous orexinergic signaling coordinates
arousal regulation, selective attention, and reward valuation,
enabling individuals to remain engaged despite frustration or
delayed gratification [37]. By maintaining dopaminergic ac-
tivity within the VTA-PFC pathway, orexin prevents prema-
ture disengagement and promotes motivational endurance, a
capacity essential for extended learning or problem-solving
sequences requiring sustained focus [48].

Intrinsic versus extrinsic motivation and reinforcement dy-
namics

Orexin-dopamine interactions vary with the type of motiva-
tion driving learning. During intrinsic motivation, includ-
ing learning driven by curiosity, interest, or mastery, there is
strong orexin-dopamine coupling and enhanced connectivity
between reward centers (i.e., VTA, NAc) and cognitive con-
trol regions at the PFC and anterior cingulate cortex (ACC).
In contrast, extrinsic motivation, based on external incen-
tives, produces weaker and more transient activation, relying
mainly on dopaminergic signaling with minimal orexin in-
volvement. Consequently, orexin appears central to the neural
sustainability of intrinsic motivation and self-directed learning
[37]. Repeated successful learning experiences reinforce this
orexin-dopamine circuitry, strengthening associations between
effort and reward and building academic self-efficacy [48].
However, chronic failure or discouragement can blunt orexin
and dopamine responsiveness, reducing motivational energy
and creating negative feedback loops that contribute to learned
helplessness and academic disengagement.

Clinical implications for learning difficulties

In children with neurodevelopmental disorders such as ASD,
ADHD, and SLD, disruptions in orexin-dopamine coupling
may underlie characteristic difficulties with sustained atten-
tion and delayed reward processing. Neuroimaging studies
reveal weakened connectivity between hypothalamic orexin
centers and the mesocorticolimbic dopamine system, resulting
in reduced reinforcement signaling during task success. This
diminished feedback weakens activation in the ACC and dor-
solateral PFC, impairing error monitoring, metacognitive con-
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trol, and goal maintenance. Consequently, children with poor
orexin-dopamine integration may lose effort prematurely dur-
ing complex learning, leading to task avoidance and cumula-
tive motivational decline. Understanding this neurobiological
mechanism underscores the importance of interventions that
enhance alertness, intrinsic motivation, and positive reinforce-
ment cycles to restore persistence and resilience in learning
[37, 48].

Orexin Dysfunction in Pediatric Learning Dif-
ficulties

ADHD

ADHD represents the condition with the strongest evidence
for orexin system involvement in pediatric learning difficul-
ties. Children with ADHD characteristically display altered
reward sensitivity, and executive function deficits consistent
with orexin dysregulation. Clinical studies demonstrate re-
duced orexin-A/B levels in children with ADHD, correlating
with severity of inattention. Additionally, dysregulation of
orexin-acetylcholine interactions may contribute to impaired
cortical arousal and attentional instability characteristic of
ADHD [48, 53].

The core symptoms of ADHD align well with known
orexin functions. Problems with arousal regulation in ADHD,
where a child can be hyper-reactive to some inputs yet under-
responsive to others, are consistent with disrupted orexin con-
trol of wakefulness and state-dependent responsiveness [54].
Orexin helps sustain cortical arousal over time via activation
of basal-forebrain cholinergic systems and by supporting cor-
tical neurotransmission. This may explain why children with
ADHD may do well on short tasks but struggle with prolonged
attention [55]. Executive function impairments involving
working memory, cognitive flexibility, and planning difficul-
ties implicate PFC regions receiving orexin innervation. Fur-
thermore, the altered reward sensitivity observed in ADHD
may reflect disrupted orexin-dopamine interactions in reward
circuits [48, 56].

Other neurodevelopmental conditions

While evidence is strongest for ADHD, emerging research
suggests orexin dysfunction may contribute to learning dif-
ficulties in other neurodevelopmental conditions, though this
remains an area requiring further investigation. Children with
SLD including dyslexia, dyscalculia, and dysgraphia often
show comorbid attention difficulties. Whether these reflect
primary orexin dysfunction or secondary effects remains un-
clear. However, understanding orexin’s role in sustained at-
tention and working memory may inform educational and be-
havioral interventions that optimize timing and arousal states
during instruction for these populations [57]. To date, direct
biomarker studies measuring orexin-A/B levels specifically in
children with SLD or ASD remain scarce. The present frame-
work therefore extrapolates from ADHD models, and future

research should prioritize targeted orexin biomarker studies in
these populations.

EdTx: Orexin-Informed Interventions

Principles and framework of educational and behavioral
therapies

Understanding orexin system dysfunction in pediatric learn-
ing difficulties provides a neurobiological foundation for tar-
geted non-pharmacological interventions. EdTx represents
evidence-based approaches aligning with orexin-mediated
mechanisms underlying attention, memory, learning, and mo-
tivation. It targets academic skills, executive functioning, and
metacognitive strategies to improve performance in areas like
reading, writing, or problem-solving.

EdTx, recognized by the World Health Organization
(WHO) under procedural code 93.82 since 1986 in WHO’s
International Classification of Diseases (ICD), Ninth Edition,
Clinical Modifications, Volume 3 [58, 59], bridges neurosci-
ence and education. While medical professionals use the ICD
or Diagnostic and Statistical Manual of Mental Disorders
(DSM) published by the American Psychiatric Association
(APA) [1], educational therapists consult the Educator’s Diag-
nostic Manual of Disabilities and Disorders (EDM) [60], clas-
sified according to the 13 disability categories in the Individu-
als with Disabilities Education Act (IDEA, 2004).

EdTx focuses on academic skill-building and cognitive
strategies, such as phonics instruction or metacognitive tech-
niques, to address SLD. In relation to orexin, EdTX optimizes
arousal and attention through timed tasks and reduced cogni-
tive load, potentially stabilizing orexin-mediated cortical ac-
tivation. Duman et al [61] have demonstrated in their studies
EdTx’s effectiveness in reducing SLD in addition to increasing
self-esteem and decreasing behavioral problems in children.
Educational therapists collaborate with schools and families to
implement individualized educational plans (IEPs), assistive
technologies, and flexible instructional strategies tailored to
each child’s evolving neurocognitive profile [19].

PsyEdTx, a subset of EdTx, combines psychotherapeu-
tic techniques, including cognitive behavior therapy (CBT),
mindfulness based cognitive therapy (MBCT), and emotion
regulation behavior management (ERBM) training, with ed-
ucational interventions to address the complex interplay be-
tween orexin system dysfunction, learning difficulties, and
emotional-behavioral challenges in children with neurodevel-
opmental conditions [62—64]. This is also relevant to orexin
via modulation of amygdala-hippocampal circuits and stress
responses that influence motivational and memory consolida-
tion pathways [35, 36].

In contrast, BeTx is a clinical intervention within the
broader umbrella of psychotherapy, rooted in learning theo-
ries, such as operant conditioning and cognitive-behavioral
principles, aimed at modifying maladaptive behaviors and
promoting adaptive ones. Its relevance to orexin lies in estab-
lishing sleep-wake routines and reinforcement schedules that
support stable orexin neuron activity patterns and habit forma-
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tion via dopamine interactions [8, 14, 48]. Some overlapping
with PsyEdTx, BeTx employs structured techniques like rein-
forcement, modeling, and parent training to target behaviors im-
pacting learning, attention, or sleep, such as impulsivity or poor
sleep onset. BeTx is widely used to address symptoms of neu-
rodevelopmental disorders, including ADHD and sleep-wake
disorders [65, 66], as defined in the DSM [1] and ICD-11 [67].

Given the protracted maturation of the orexin system, in-
tervention strategies should be adapted to the child’s develop-
mental stage. Younger children (preschool/early elementary)
may benefit from highly structured, play-based EdTx and
BeTx routines to support emerging connectivity and plastic-
ity [7, 8, 13]. Adolescents could incorporate later school start
times or circadian-aligned scheduling to accommodate puber-
tal shifts in orexin-circadian coupling [14, 15]. Clinicians and
therapists should therefore consider developmental age when
designing orexin-informed intervention programs.

Optimizing arousal and attention through orexin-aligned
routines

The orexin system functions as the master regulator of arous-
al and wakefulness [3]. Interventions that align with natural
orexin neuron activity patterns enhance learning capacity and
memory. EdTx could schedule cognitively demanding tasks
during mid-morning when orexin signaling and cortisol levels
optimally support alertness. For children with ADHD showing
delayed sleep phase patterns, EdTx and BeTx could accom-
modate later classes start times or schedule critical learning
during peak orexin-mediated arousal periods [32, 48]. Pre-
dictable, low-distraction environments with consistent ar-
rangements and visual schedules could support stable orexin-
mediated arousal states [8, 17]. This may reduce anticipatory
anxiety and environmental unpredictability, thereby promot-
ing more stable arousal state conducive to sustained attention.
When combined with brief movement breaks (as in structured
transitions), these routines could further enhance orexin sign-
aling by activating orexin neurons through locomotor and mo-
tivational pathways, similar to how physical activity augments
norepinephrinergic and cholinergic transmission [22]. Such
state-dependent modulation may improve receptor sensitiv-
ity over repeated sessions by aligning behavioral context with
optimal internal arousal. BeTx could incorporate brief physi-
cal activity intervals (3—5 min) between tasks, as movement
activates orexin neurons and enhances norepinephrinergic and
cholinergic signaling [22].

Enhancing memory consolidation through coordinated
sleep-wake cycles

The orexin system coordinates sleep-wake transitions, making
sleep hygiene critical for memory consolidation. BeTx could
establish consistent sleep-wake schedules that support healthy
orexin neuron activity patterns synchronized with circadian
rhythms [8, 14]. It could implement calming pre-sleep routines
that facilitate natural decline in orexin neuron activity, including

dimming lights and avoiding screens [23, 68]. BeTx could cre-
ate optimal bedroom environments that support orexin system
quieting during sleep, allowing memory consolidation through
orexin-modulated hippocampal activity patterns [32, 69].

Supporting executive function through prefrontal path-
way optimization

Orexin’s dual pathways to the PFC, direct OX2R-mediated
excitation and indirect modulation via basal forebrain cholin-
ergic neurons, inform interventions targeting executive func-
tions. EdTx could break complex tasks into manageable steps
to reduce working memory demands and prevent cognitive
overwhelm that dysregulates orexin-mediated arousal [18, 43].
It could implement external aids including visual schedules
and graphic organizers that reduce cognitive load on prefrontal
systems depending on orexin-stimulated acetylcholine release
[42]. PsyEdTx could teach metacognitive strategies to monitor
arousal and emotional states together with cognitive perfor-
mance, enabling children to recognize their orexin system’s
natural fluctuations [70].

Fostering intrinsic motivation through dopamine circuit
engagement

Orexin-dopamine coupling in reward circuits provides specific
targets for motivation-enhancing interventions. EdTx could
design learning experiences that connect to children’s interests
to activate robust orexin-dopamine integration, where orexin
projections to VTA sustain dopamine activity and promote
connectivity between reward and cognitive control circuits
[37]. BeTx could structure appropriately challenging tasks, as
repeated successful experiences enhance orexin-VTA dopa-
minergic activity and strengthen academic self-efficacy [48,
61]. EdTx could provide frequent feedback that sustains orex-
in-mediated motivational arousal and offer meaningful choices
that support autonomous learning [71, 72].

Psychoeducation for families and educators

Comprehensive psychoeducation empowers families and
teachers within an orexin-informed framework [64]. It could
provide accessible explanations of how the orexin system in-
fluences learning, helping caregivers recognize that difficul-
ties reflect orexin dysfunction rather than willful behavior
and training them to recognize arousal dysregulation signs,
enabling timely supportive strategies [8]. BeTx could engage
stakeholders in setting realistic, orexin-informed goals that ac-
knowledge natural variations in orexin-dependent functions.12

Integration of mindfulness-based learning

The orexin system’s connections with basolateral amygdala
circuits inform interventions that address emotional learning
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aspects [35, 36]. PsyEdTx could create psychologically safe
environments that enhance memory consolidation through
orexin’s amygdala connections, with BeTx demonstrating
significant improvements in behavioral problems [37, 61].
PsyEdTx could teach stress management strategies such as
mindfulness-based stress reduction (MBSR) that helps chil-
dren to regulate the orexin system and hypothalamic-pituitary
adrenal (HPA) axis stress response system to maintain optimal
arousal states [3]. EdTx could explicitly teach that learning
difficulties result from neurobiological differences, reducing
shame and enhancing self-compassion [73].

Limitations and Future Research Considera-
tions

Current research limitations

Application of orexin research to pediatric learning difficul-
ties faces significant limitations, primarily due to the scarcity
of direct evidence linking orexin function to educational in-
terventions. While theoretical connections between orexin,
arousal regulation, and learning are compelling, the lack of
pediatric-specific investigations is a major gap, as the devel-
oping orexin system in children may differ functionally from
that of adults [19, 23]. To overcome these limitations, educa-
tional and clinical approaches should integrate comprehensive
psychoeducational diagnostic assessment, evaluation, and pro-
filing (PDAEP) using established framework such as the Cat-
tell-Horn—Carroll (CHC) theory of human cognitive abilities
[74]. These provide structured means to understand cognitive
strengths and weaknesses while allowing targeted intervention
design that considers orexin-related factors, including arousal
regulation, sleep-wake rhythms, attention span, memory and
motivation [19]. Future research should prioritize large-scale
longitudinal and randomized controlled trials to establish the
efficacy of orexin-informed interventions across developmen-
tal stages. Biomarker validation studies are needed to develop
reliable, noninvasive measures of orexin activity for pediatric
use [75, 76].

Conclusions and Clinical Implications

The orexin system plays a central role in regulating arousal,
attention, motivation, memory, and learning, making it a key
neurobiological foundation for understanding pediatric learn-
ing difficulties. Through its extensive neural connections,
orexin links motivation with attention, and supports memory
consolidation essential for academic success. Indirect indi-
cators such as sleep quality, attention variability, and arousal
regulation can provide useful insights. Intervention planning
should integrate orexin-informed principles within evidence-
based frameworks. While a single therapy like EdTx can be
effective for specific, isolated learning difficulties, it is gener-
ally less efficacious than a multimodal approach by integrating
EdTx, PsyEdTx and BeTx for complex or comorbid pediatric

learning difficulties. They represent promising non-pharmaco-
logical applications of these principles, offering practical path-
ways to enhance learning outcomes for children facing cogni-
tive and motivational challenges.
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