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Effects of a digitalized childhood on the cognitive
and emotional maturation of the brain
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Brain rot. A term that sounds provocative — and yet it describes with frightening precision what | see every day in my practice:
a decay of neural structures triggered by excessive, algorithmically controlled digital stimuli. No wonder Oxford Languages
chose this very word as its Word of the Year in 2024." It refers to the cognitive and emotional impairment caused by excessive

screen use, especially in children.

For the first time in history, children are growing up permanently
and intensively exposed to digital stimuli. Smartphones, tablets, so-
cial networks — these are no longer just tools. They are digital living
spaces in which childhood takes place today.

And the question we all need to ask ourselves is not just a medical
or educational one, but a social one: What happens to a brain that
matures through two-dimensional, algorithmically controlled stimuli
instead of through direct experience, touch, movement, and social
interaction? When likes, rapid image sequences, and swiping dom-
inate perception, thinking, and feeling, it is not only the architecture
of the brain that changes, but also the basis of what we understand
as our “self”.

The latest data from the 2025 Common Sense Media study? pro-
vides impressive figures on the explosive increase in media use
among toddlers and children. Children as young as two to four years
old already spend over two hours a day with screen media. Gaming
time has increased by 65 percent in the last four years between
2020 and 2024, and almost one in three children uses Al-based ap-
plications for learning. By the age of two, four in ten children already
have their own tablet, and by the age of four, it is more than half. By
the age of eight, almost one in four children has their own smart-
phone. Short video platforms, originally designed for older children
and teenagers, are now increasingly becoming the main source of
video content for young children. The majority of parents express
great concern about screen time. Daily reading is declining among
children aged five to eight. It is also worrying that 20% of children
up to the age of eight already use digital devices to calm themselves
down, during meals, or to fall asleep.

This article aims to provide insight into our neurobiological research
findings and explain how digital environments influence the cogni-
tive and emotional maturation of the brain.

1. Obstetrical dilemma: Evolutionary compromise
between pelvic size and brain development

Human evolution is characterized by a remarkable compromise be-
tween locomotion and brain development. With the development of
upright walking, anatomical structures adapted, especially those of
the female pelvis. A pelvis that was too wide would have compro-
mised the stability of upright walking, while one that was too narrow
would have made it difficult to give birth to children with relatively
large heads. At the same time, brain volume continued to grow in

order to enable complex cognitive abilities such as thinking and
language.®**® This conflict between pelvic size and head volume
led to what is known as the obstetric dilemma.® The evolutionary
solution to this dilemma was for human children to be born before
their brains were fully developed. As a result, newborns are relatively
immature compared to other primates: although they have almost all
of their neurons, the formation of functional neural networks occurs
predominantly after birth.”
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Evolutionary compromise between pelvic size and brain development.
Relationships between the foetal head and the maternal pelvis in higher
primates: Pongo (orangutan), Pan (chimpanzee), Gorilla (gorilla) and humans.
From: Wittman, A. B., & Wall, L. L. (2007). The evolutionary origins of
obstructed labour: bipedalism, encephalisation, and the human obstetric
dilemma. Obstetrical & gynaecological survey, 62(11), 739-748.

2. From upright walking to fine motor skills:
80% of neurons for movement

The growth in brain size led to numerous adaptations that were
closely linked to the development of motor skills. Quantitative analy-
ses show that humans have around 86 billion neurons.® It is striking
that around 80% of these neurons are responsible for motor skills
and are mainly concentrated in the cerebellum. The high number
of motor neurons underscores the central role of movement and
sensorimotor integration for the human brain. The cerebellum is
primarily responsible for the coordination of movement, fine motor
skills, and balance, but at the same time, its extensive connections
to other areas of the brain show that physical activity is crucial for
the development and function of cognitive networks.
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Children who sit in front of digital devices for long periods of time
and have little motor activity do not use this predominant propor-
tion of motor neurons. As a result, much of their neural potential is
wasted, which not only limits their motor skills but can also have
negative effects on executive functions, learning ability, and emo-
tional regulation.

Physical exercise is therefore essential for promoting neural plas-
ticity, strengthening cognitive skills, and ensuring the development
of a functional, adaptive brain.

3. Adolescence as a critical phase of cognitive maturation
Brain development in humans is not complete at birth, but contin-
ues into adulthood, approximately until the age of 18-20. It occurs
particularly slowly (extensive neuromaturation), with maturation
processes taking place along various gradients: from back to front
(caudal — rostral), from central to peripheral (core areas before
cortical areas) and from medial to lateral (medial structures before
lateral association cortices), so that each phase serves as the foun-
dation for the next.®®

The environment and brain maturation interact throughout the entire
lifespan. This interaction is particularly intense during the so-called
critical phases. Critical phases are developmental windows in which
the nervous system exhibits particularly high plasticity and in which
environmental influences have a structuring effect."""* During these
periods, neural circuits are reorganized and functionally stabilized
through experience-dependent refinement, provided that the appro-
priate sensory or cognitive stimuli are present.'®'" If a critical phase is
disrupted or the necessary experience is not provided, this can cause
long-term and sometimes irreversible impairments in development.®

Such critical periods include, for example, early sensorimotor matu-
ration, during which basic motor and perceptual functions develop;
the phase of motor learning, which serves to develop gross and fine
motor skills; and the phase of language and lateralization develop-
ment, which is important for reading, writing, and complex cognitive
abilities; the maturation of the frontal lobe (PFC, prefrontal cortex),
which enables working memory, social behavior, anticipation, and
concepts of space and time; and the lifelong development of the
limbic system, which acts as a selector for novelty, attention, emo-
tion, and motivation.

According to Larsen and Luna,’® adolescence as a whole (from
birth to adulthood) can even be understood as a large-scale critical
phase for the development of higher cognitive functions.

During these phases, the environment has a particularly strong ef-
fect by stabilizing frequently used synaptic connections and elimi-
nating rarely used ones (synaptic pruning), which leads to the for-
mation of efficient and specialized neural networks.'"'® At the end
of the critical phase, plasticity decreases, causing the content to
be learned to become structurally and functionally “woven” into the
brain, creating stability but at the same time reducing flexibility."*

Let us note that critical periods are time windows during which the
brain is particularly malleable, but also particularly sensitive. This is
because during this time, neural connections are stabilized, which
later form the basis for complex functions. Early, real-life experi-
ences—movement, orientation, physical contact, diverse sensory
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impressions, and social interactions—are crucial for these networks
to develop optimally. Digital media can only replace this diversity to a
limited extent. If important experiences are missing or are conveyed
in a one-sided manner, this can permanently impair the development
of central brain functions. Critical periods thus show how fundamen-
tal the quality of environmental contacts is for brain development and
why active engagement with the real world remains irreplaceable.

4, Lifelong critical phase in the hippocampus

While the critical phase for the maturation of many areas of the brain
lasts only until adulthood, it remains lifelong in the hippocampus, as
new nerve cells are continuously formed here from an embryonic
germ layer.

The hippocampus is a central structure of the medial temporal lobe
that plays a key role in processing memory content, spatial orienta-
tion, and emotional information. Anatomically, it belongs to the ev-
olutionarily older archicortex and forms a central component of the
limbic system. It owes its name to its characteristic shape, which re-
sembles a seahorse. In the human brain, it is elongated and slightly
curved, with an anterior part pointing forward and downward and a
posterior part pointing backward upwards.

Along this axis, the hippocampus fulfills two central functions,'® be-
tween which there are fluid transitions:

e The anterior hippocampus is more strongly associated with emo-
tional processes, including social behavior and anxiety regulation

e The posterior hippocampus is predominantly associated with cog-
nitive tasks, in particular spatial navigation, figural memory (mem-
ory of visual or pictorial information and patterns), and declarative
memory (consciously retrievable knowledge of facts and events).

At the same time, the hippocampus distinguishes between famil-
iar and new information, acting as a selector for novelty. Its ability
to recognize, select, filter, and integrate relevant signals into mem-
ory processes is based on the dynamic interaction of learning pro-
cesses coupled with attention and motivation. In the Department of
Neuroanatomy under Prof. Dr. Teuchert-Noodt, we developed our
model of hippocampal plasticity and learning integration, which ex-
plains how these mechanisms work.

5. Model of the core mechanisms of learning

in the hippocampus
Let’s dive into the heart of learning. Our model can be divided into
three central mechanisms that together enable the selection and
integration of new learning content.

1. Synaptic and molecular mechanisms of learning reinforcement
through Hebbian learning synapses in the hippocampus
Sensory information from the environment reaches the hippocam-
pus primarily via the medial and lateral entorhinal cortex (EC): The
medial EC mainly encodes spatial information, while the lateral EC
transmits object-relevant information.?®2! These signals reach the
granule cells of the dentate gyrus, a part of the hippocampus, where
they activate glutamatergic synapses in the upper two-thirds of the
cell layer.?>?? This is precisely where learning takes place, as de-
scribed by Hebb’s rule of learning: “Neurons that fire together, wire

together”.22:2%



This occurs molecularly via two types of receptors — AMPA and
NMDA.2® When the presynaptic neuron becomes active, it releases
glutamate. This initially binds to the AMPA receptors of the postsyn-
aptic membrane, causing sodium ions (Na*) to flow into the cell and
depolarizing the membrane.?® The NMDA receptor also responds to
glutamate, but is initially blocked by a magnesium ion (Mg?*), which
acts like a “plug” to prevent the flow of ions.?®24

Only when the postsynapse itself is active and depolarized is the
Mg?* block removed and the NMDA receptor can open. When glu-
tamate then binds to the open NMDA receptor, calcium (Ca®*) flows
into the postsynapse. This calcium is the decisive signal for synaptic
amplification, known as long-term potentiation (LTP). The presyn-
apse and postsynapse fire almost simultaneously. The NMDA re-
ceptor acts like an “AND switch” — only when both are active is the
connection strengthened.?®24

There are two forms of LTP: early LTP strengthens the synapse
within minutes for several hours by incorporating AMPA receptors.
Late LTP acts at the structural level, leading to new protein synthe-
sis and synapse formation over hours to days and ensuring lasting
strengthening.32*

This system is specifically geared towards learning: information
from the entorhinal cortex, especially spatial information, specifically
strengthens the synapses and consolidates learning processes. If
this information is missing, there is no strengthening and no learning
takes place. What’s more, unused connections atrophy — according
to the principle of “use it or lose it”.2924

2. Neurogenesis: Permanent restlessness forces reorganization
While sensory inputs in the molecular layer of the dentate gyrus
are initially processed in the upper two-thirds, a different synaptic
connection takes place in the lower third. Immediately below the
granule cell layer lies a lifelong active embryonic germ layer — the so-
called subgranular zone (SGZ).2%2 New nerve cells are continuously
produced here: approximately 1600 cells per mm? in children and
around 700 cells per mm? in adults.

In order for the newly formed granule cells to be integrated into the
existing network, continuous structural and functional reorganiza-
tion through synaptic adaptations is required, particularly in the in-
ner third of the molecular layer.?%26 In our model, this process pro-
ceeds as follows: During the ingrowth of new nerve cells, the young
neurons send out neurotrophic factors that stimulate neighboring
circuits to connect with them. Existing synapses detach from their
previous partners and connect with the new neurons.?®2¢ This leads
to a state of constant dynamic instability—a kind of “functional rest-
lessness” —that keeps the network flexible and adaptable.?%:2

This permanent restructuring creates the basis for high adaptability:
it enables the rapid encoding and evaluation of sensory informa-
tion, but at the same time contributes to the transience of memory
traces.?” Information can be efficiently evaluated and categorized
in the short term, but fades away if it is not transferred to long-term
memory processes. This corresponds to the functioning of short-
term memory.?’
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3. Theta rhythm and the coupling of emotion
and cognition through movement

A central feature of the hippocampal system is its timing by the theta
rhythm (4-7 Hz). This rhythm is generated by the medial septum and
acts as a “neuronal metronome” that precisely controls the activity
of the hippocampus in a phase- dependent manner.'>2 Theta tim-
ing coordinates the flow of information between the anterior hip-
pocampus, which is primarily responsible for emotional and social
processes—including anxiety regulation, affective evaluation, and
motivational states—and the posterior hippocampus, which spe-
cializes in cognitive tasks such as spatial navigation, contextual
memory, and declarative memory.'%:2%:30

In a resting state, the theta rhythm is not normally active. It is only
activated during active movement, exploration, focused attention,
or REM sleep.?®2° During these phases, theta timing synchronizes
neural activity in a phase-dependent manner so that learning con-
tent can be processed in a temporally and spatially organized man-
ner. This allows new information to be encoded efficiently and emo-
tion/motivation and cognition to be dynamically coupled.®28:2

Together, these three mechanisms form the basis for the hippocam-
pus to function as a central interface for learning. It does not simply
receive information passively, but constantly checks it for novelty,
filters it specifically, and even coordinates it on different time levels.
This makes it an important integration and selection instance in the
brain, ensuring that learning processes can be maintained flexibly,
adaptively, and throughout life. If rich, multisensory experiences are
lacking and are replaced by strongly visual digital stimuli, this can
hinder the formation of stable memory traces and disrupt emotional
self-regulation. Teuchert-Noodt aptly describes this effect as “func-

tional decoupling of the limbic system”.%'

6. Overstimulation of the hippocampus by digital media
and constant sensory stimuli

Today’s ubiquitous use of digital media leads to chronic overstim-
ulation and thus to a “functional decoupling of the limbic system.”
Endless reels, constant notifications, and multisensory stimuli cre-
ate an uninterrupted stream of information. Not only light, color, and
movement on screens activate the hippocampus, but also the rapid
succession of visual, auditory, and other sensory stimuli.

Thermal effects such as blue light and overheating, but also ather-
mal effects—such as rapid image changes or algorithmically con-
trolled sensory overload—create a state of permanent activation.
Neural networks are under constant stress, cannot find rest, and
increasingly lose their ability to separate relevant from irrelevant in-
formation.32:33

Studies provide alarming findings: children and adolescents who
use media extensively show changes in areas responsible for emo-
tional regulation, reward processing, and cognitive control.®? 3 An-
imal models show that excessive sensory stimulation (ESS) during
the early developmental phase promotes hyperactivity and atten-
tion deficits and disrupts learning and memory processes.®* 3¢ Even
young children who use screens intensively show significant deficits
in writing and language.®>34

In the context of our model, this means that if the hippocampus
is constantly flooded with unfiltered, intense sensory input—with-
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out real, three-dimensional spaces for experience, without coupled
motor skills, without breaks and repetition phases—then the three
central mechanisms become unbalanced:

* Hebbian learning synapses cannot be selectively strengthened
e Lifelong neurogenesis loses its structural effect

e Theta rhythm synchronization is disrupted 333536

The result: the system overloads itself. Network stability declines,
learning and memory performance deteriorate, and the ability to
process information and learn is weakened.32~%6

We are not talking about an abstract danger here, but rather about
very concrete, measurable neurological consequences for children
and adolescents whose brains are still in critical stages of develop-
ment. This constant digital overload acts like continuous fire on the
brain’s central learning system—with consequences that we can

already see today and whose long-term effects we can only guess
at.32‘36

7. Activation of the reward system and influence
on the prefrontal cortex

Permanent overstimulation of the hippocampal system has an ef-
fect far beyond the hippocampus and influences the mesocortical
dopamine pathway in particular. This projection is central to the de-
velopment and function of the prefrontal cortex (PFC), the region
responsible for working memory, impulse control, decision-making
processes, and long-term planning. Research by the Teuchert-
Noodt working group has shown that the mesocortical dopamine
innervation of the PFC is particularly sensitive to environmental in-
fluences during early development. Even slight dopaminergic over-
stimulation during sensitive phases can lead to profound structural
changes. The findings show that a single dose of methamphetamine
during the early developmental window can reduce subsequent do-
pamine fiber density in the PFC by more than fifty percent.?%? This
result illustrates how vulnerable the system is and how sensitive it is
to early childhood stimulation — a mechanism that is also relevant to
modern digital overstimulation in a figurative sense.

However, the mesocortical dopamine pathway is also permanently
stimulated in adulthood. The resulting continuous release of dopa-
mine leads to chronic activation of prefrontal networks. Instead of a
finely modulated, context-dependent dopamine effect, overstimula-
tion occurs. At the same time, GABAergic interneurons in the PFC
increasingly take over the modulation of dopaminergic fibers. This
reorganization represents an attempt by the system to compensate
for chronic overstimulation, but leads to dysregulation of the pre-
frontal network. The result is a significant impairment of executive
functions: working memory, decision-making ability, impulse control,
and goal-oriented planning lose stability and efficiency. The brain
reacts increasingly impulsively, seeks new stimuli more quickly, and
loses the ability to maintain attention over longer periods of time.

Overall, the neurobiological findings suggest that constant digital
stimulation is a form of chronic dopaminergic stress that has a par-
ticularly profound effect on the functioning of the prefrontal cortex.
Since this area continues to develop well into young adulthood,
such disruptive factors affect a system that remains malleable and
vulnerable for years. The permanent activation of the reward system
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thus not only destabilizes the hippocampus, but also weakens in
the long term those prefrontal functions that are irreplaceable for
self-control, reflective thinking, and sustainable learning.

Conclusion — Digital cocaine for the brain

For our children, the constant sensory overload from digital media
is like a neurobiological barrage, a form of “digital cocaine”. Every
click, every new image, every like releases small dopamine kicks
— the reward system is constantly on high alert. The hippocampus
works incessantly, the prefrontal cortex is under constant stress.

The brain learns to respond only to quick clicks — instead of deep-
rooted, sustainable learning. Concentration, patience, long-term
goal pursuit — all of these are weakened. Emotions and motivation
become increasingly disconnected from cognition and reflection.

What remains is a system that constantly demands new stimuli but
finds less and less real satisfaction. Digital overstimulation is no
substitute for real experience, touch, or social interaction. It is usu-
ally low in movement, rendering around 80% of the brain, which is
intended for motor functions, virtually inoperable. The brain is thus
systematically robbed of its natural learning and action capabilities.
In short, the constant overstimulation of the digital world puts our
brains into an artificial state—addicted to novelty but lacking in
depth.

Responsibility and opportunity

We all bear responsibility for this: as parents, teachers, scientists,
doctors, and therapists. The particularly long postnatal brain devel-
opment — due to the compromise between pelvic width and brain
size — as well as the disproportionately high density of motor neu-
rons in the brain (80%) necessitate real, three-dimensional expe-
riences: movement, grasping, feeling, and social closeness. Only
in this way can stable cortical and limbic networks develop, which
form the basis for cognitive, emotional, and social skills.

Similar to dealing with alcohol or driving a car, we need rules, struc-
tures, and protective measures to prevent our children’s brains from
rotting — to prevent brain rot from becoming the norm.

It is up to us to critically examine digital environments, recognize al-
gorithmic control, and create conditions in which children can grow
up to be resilient, self-determined, and empathetic.

We are at a crossroads: we can shape and control the risks of the dig-
ital world, or we can leave our children to an endless stream of stimuli.

Digital media can significantly impair children’s cognitive and emo-
tional development. We must actively support our children, provide
them with guidance, and safely navigate them through this digital-
ly-driven world so that their brains can develop to their full potential.

There is no plan B. There is only this one childhood. Let us protect it.
Because what we preserve today determines who our children will
be tomorrow.

This article was presented as a lecture at the 23rd Annual Confer-
ence on Environmental Medicine of the European Society for Clinical
Environmental Medicine (EGKU).
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