TICS 2667 No. of Pages 14

Trends in
Cognitive Sciences

¢? CellPress

The neural basis of the insight memory

advantage

Maxi Becker ® * and Roberto Cabeza'?

Creative problem solving and memory are inherently intertwined: memory ac-
cesses existing knowledge while creativity enhances it. Recent studies show
that insights often accompanying creative solutions enhance long-term memory.
This insight memory advantage (IMA) is explained by the 'insight as prediction
error (PE)' hypothesis which states that insights arise from PEs updating predic-
tive solution models and thereby enhancing memory. Neurally, the hippocampus
initially detects PEs and then, together with the medial prefrontal cortex (mPFC),
integrates and updates these expectations facilitating efficient memory
encoding and retrieval. Dopamine (DA) mediates reward PEs and long-term po-
tentiation (LTP) in the hippocampus, while noradrenaline (NE) enhances arousal
and attention impacting the amygdala, the salience network, and hippocampal
plasticity. These neurobiological mechanisms likely underpin IMA and have sig-
nificant implications for educational practices and problem-solving strategies.

Insight and the memory advantage

Few stories in science illustrate creative problem-solving as well as Archimedes' discovery of the
buoyancy principle. According to historical accounts, Archimedes was tasked with measuring the
gold content of a crown, and he found the solution while taking a bath, noticing the water
displaced. Drawing on his knowledge of measurement and geometry, he suddenly realized
how to measure irregularly shaped objects by the water they displaced and shouted Eureka!
('l have it!"). This feeling of joy and surprise, known as the Eureka or Ahal moment, is a defining
property of insight (see Glossary). Archimedes' discovery not only solved the problem but also
introduced the principle of buoyancy, thus enhancing his prior knowledge. We address the ques-
tion of how learning newly discovered information is improved when the discovery elicits insight,
specifically in a strong Ahal moment.

Behavioral evidence shows that problems and solutions that are accompanied by insight are bet-
ter remembered later. This IMA has been of particular interest in recent years [1-5]. Unlike other
forms of learning that require multiple repetitions [6], insight can significantly enhance long-term
memory, often after a single exposure. Hence, insights can not only activate and recombine rel-
evant memories but can also enhance them. This phenomenon holds educational implications as
insight-driven learning experiences can be particularly effective in knowledge retention [6-8].

What is it about insight that explains its impact on memory? In general, memory is enhanced for
behaviorally significant events that are salient, novel, surprising, or associated with reward [9].
When a person has an insight, this is a unique situation where these memory-enhancing proper-
ties of behaviorally significant events come together. For this reason, the Ahal experience has
recently been conceptualized as the consequence of a set of PEs [10-13] that capture saliency,
novelty, surprise, and reward through mismatches between expectations and outcomes. In a
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broad sense, they arise when an outcome, such as solving a problem, exceeds expectations
(model predictions based on prior knowledge), and generates a sense of intrinsic reward, sur-
prise, and suddenness. We propose that the insight as PE hypothesis provides a valuable frame-
work for explaining the observed IMA.

We first provide a brief overview of the insight as PE hypothesis and its connection to memory. We
next present behavioral studies demonstrating IMA. Last, we explore the neural mechanisms un-
derlying PEs at both the systems and molecular levels to provide potential explanations for IMA.

The insight as PE hypothesis

The subject of insight has a considerable history within psychological research, and various def-
initions have been proposed over time [14]. We conceptualize insight here as a fundamental pro-
cess within creative problem-solving that is characterized by a sudden and deep understanding
of a problem and is accompanied by an Ahal experience. This process involves restructuring,
namely reorganizing pre-existing knowledge structures, thereby allowing the solution to suddenly
become obvious [15-17] (Box 1). The Ahal experience is a multifaceted construct and refers to

Box 1. Insight: a cognitive approach

Insightful problem-solving is a multifaceted cognitive phenomenon characterized by a distinct transition from a state of impasse
to the sudden realization of a solution ({1 16] for a critical perspective on impasse). The inability to assess the proximity of a so-
lution is one of the distinguishing features of insight compared with non-insight problem-solving [14,21]. The reason is that in-
sight problem-solving presents several sources of difficulty that hinder immediate solution discovery [117]. These difficulties
have been explained by inappropriate search heuristics or overly vast problem spaces that hinder immediate solution discovery
[23,117,118]. Another account, called representational change theory (RCT), suggests that these difficulties arise from initial
representations of a problem that are too restrictive. Essentially, although solvers have the necessary knowledge, false or irrel-
evant assumptions about the task hinder their ability to find solutions [22,24]. Insight, initially explored in the context of scientific
breakthroughs such as Archimedes' discovery of the buoyancy principle, is now studied in simpler laboratory problems such as
the nine-dot problem [14,17,22]. This task requires participants to link nine dots using four straight lines without lifting the pen,
which is initially difficult because of the prior assumption that lines must be contained within a square boundary (Figure ). This
scenario exemplifies how overly restrictive initial perceptions of a problem can induce task difficulty. Insight occurs when the
solver successfully changes or restructures this initial problem representation [17,22,24] by realizing that the lines can extend
beyond the imaginary square formed by the nine dots. Note, however, that the solution to the problem may not be immediate
after restructuring because it depends on the number and complexity of the sources of difficulty [117].

In addition to inability to assess the proximity of a solution, insight is characterized by other cognitive and affective compo-
nents [119], many of which are deemed to be crucial in terms of learning [3]. Cognitive components include encountering
impasses during problem-solving, where the individual feels that they have exhausted potential solutions [17], restructuring
problem representations to explore new solution spaces [17,22,24], and exhibiting confidence in solutions [20,120]. Affec-
tive components refer to the moment when the solution is discovered, and include surprise and tension relief upon under-
standing, as well as experiencing pleasure and internal reward upon discovering the solution [18,19], often accompanied
by a sense of suddenness and novelty [18].
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Figure I. The nine-dot problem.
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Glossary

Information gain: the reduction in
uncertainty (negative PEs) resulting from
new information, measured by how
much it improves the predictions of an
internal model.

Insight: a sudden and deep
understanding of a problem as a result of
prior restructuring, accompanied by an
Ahal experience.

Insight memory advantage (IMA):
the enhanced recall or recognition of
newly discovered information that was
gained via sudden insights compared
with information leared through gradual
processes.

Insight task: a problem-solving task
that is often used to study insight.
Importantly, this does not imply that
insight is elicited every time the subject
solves the task.

Locus coeruleus/norepinephrine
(LC-NE) system: a brain network
involved in regulating attention and
arousal through the release of NE from
the LC that impacts on various cognitive
and physiological functions.

Mooney images: in a visual insight
task, Mooney images are abstracted
images with high contrast that depict
concrete real-world objects or scenes.
Precision weighting: the confidence
the brain assigns to a prediction or piece
of information that guides how much it
relies on that input in processing or
updating mental models.

Prediction error (PE): the difference
between the expected and actual
outcome that influences learning and
decision-making by signaling the need
to update expectations.
Restructuring: the process of
reorganizing or altering mental
representations or concepts to
accommodate new information or solve
problems.

Salience network: a collection of
brain regions (anterior insula and
anterior cingulate cortex, ACC) that
identifies and filters important stimuli
from the environment to direct
attention and facilitate responses to
those stimuli.

Schema: a higher-level semantic
structure that organizes lower-level
representations (objects, events,
concepts) from long-term memory.
Subsequent memory: the difference
in neural activity during the learning
session depending on whether or not
an item was remembered in a later
memory test.
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the conviction of the solver that the solution is correct, surprising, emerged suddenly, and is as-
sociated with a feeling of internal pleasure and reward [18-20]. Insight solutions, as well as their
prior knowledge reorganization, are associated with unconscious processing and often emerge
as if they are separate from conscious thought [14], which distinguishes them from gradual
non-insight solutions [21] that are akin to the step-by-step process of solving an arithmetic equa-
tion [14,21]. While classical insight theories focus on the cognitive processes leading to an insight
[22-25] (Box 1), a new perspective — the insight as PE hypothesis — supplements these theories
by additionally explaining the resulting Aha! experience, namely why the solution feels surprising,
certain, sudden, and intrinsically rewarding, and why such solutions often result in improved
subsequent memory (Box 2).

According to predictive coding theories, our sensory and cognitive systems aim to construct re-
liable world representations for adaptive behavior [26]. The brain generates models to predict per-
ceptual experiences via cognitive processes such as memory retrieval. These models are
compared with incoming sensory or cognitive information, resulting in a PE [26]. A larger mis-
match between input and predictions yields a larger error, prompting an update to these models
to minimize this error [26]. Furthermore, PEs update these models in a manner that is weighted by
their associated reliability, also referred to as precision, such that more is learned from (more
strongly weighted) precise and reliable PEs compared with noisy and unreliable PEs [27]. This
model update serves as the foundation for learning, with stronger updates more likely to be
stored in memory [28,29]. Consistently, PEs have been shown to impact on episodic memory
[30]. PEs occur at various hierarchical levels in the brain [31]: low-level sensory PEs arise from
mismatches between expected and actual sensory input, while higher-level cognitive and
metacognitive PEs indicate unexpected cognitive outcomes, such as discrepancies in cognitive
states during decision-making [13]. PEs can be unsigned, reflecting the magnitude of surprise,
or signed, indicating outcome valence linked to reward [26].

The Ahal experience has recently been theoretically linked to PEs owing to its close conceptual
proximity to surprise, reward, and confidence [10-13]. From a predictive processing perspective,

Box 2. How to investigate the insight memory advantage (IMA)?

Learning and memory research typically involves experiments with a learning phase followed by a memory test phase. In
studies focusing on insight-based learning, the learning phase typically involves solving a specific problem and then pro-
viding a rating of the Ahal experience, which serves as an indicator of whether the problem was solved with insight
(Figure [E). The participants are usually not instructed to memorize the solution or the problem for later examination. During
the memory test phase, which can occur from minutes to weeks afterward, the memory abilities of participants are
assessed by requiring them to either recognize the problem or recall the respective solution (Figure [E) [2,4,38].

To examine how insight affects learning, researchers compare memory performance for items originally solved with or
without insight. Behavioral studies might use singular problems such as those described by Duncker [121] or the nine-
dot task [36], or they might employ a series of similar problems, such as the compound remote associate (CRA) task
[70] or the matchstick arithmetic task [22], which allow the generation of numerous items for analysis.

In neuroscientific research, where a high volume of consistent data is essential for reducing the signal-to-noise ratio (SNR),
the use of many similar problem sets is indispensable. Common paradigms used for insight research with fMRI or electro-
encephalography (EEG) recordings include Mooney images (Figure IA) [6,7], anagrams (Figure IB) [114], chunk decompo-
sition tasks using Chinese characters (Figure IC) [122], and the CRA (Figure ID) [70,123].

Neuroscience studies focused on identifying brain regions associated with successful encoding typically compare neural
activity for items that were successfully remembered versus forgotten in a later memory test [124]. Insight research utilizes
this approach to investigate the neural correlates of insight-based learning by contrasting high- versus low-insight solu-
tions depending on whether they were subsequently remembered or not. Ideally, this involves calculating an interaction
between the degree of insight (high vs. low) and memory outcomes (successful vs. unsuccessful) to understand the impact
of insight on memory retention (barplot in Figure IE).
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Substantia nigra/ventral tegmental
area (SN/VTA): regions in the midbrain
that are involved in the production of
dopamine (DA).
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Figure I. Simplified representation of subsequent memory paradigm to study insight memory advantage
(IMA). The upper panels (A-D) present examples of tasks that are suitable for neuroscientific insight research. The
upper boxes illustrate the problems and the lower boxes the solutions. (A) Mooney images; (B) anagrams; (C) chunk
decomposition task, which requires participants to break down the Chinese characters into smaller units and then
either form new characters or recognize characters made from these units; and (D) compound remote associates. The
lower panel (E) illustrates a simplified procedure for an insight paradigm followed by a subsequent memory test: during
the learning phase the brain signal for every solved item (typically the moment of the button press) is extracted and their
averaged betas are contrasted depending on the insight rating (O = low; 12 = high) and memory performance from the
subsequent memory test. IMA can be evaluated through an insight x memory interaction, as illustrated in the bar plot.
The data shown are from Becker et al. [7]. The brain image was created with BioRender. Abbreviations: aHC, anterior
hippocampus; MR, magnetic resonance tomograph.

insight can be described as follows: when faced with a problem such as the nine-dot problem
(Box 1), the brain relies on prior knowledge or schemas — higher-level semantic frameworks
that organize lower-level representations stored in long-term memory [32] to create an internal
model. It predicts the relationship between the problem elements (e.g., perceiving the dots as
forming a square, leading to the assumption that lines must remain within its boundaries). If pre-
dictions falil (e.g., lines cannot connect all dots within the square), negative PEs emerge as a result
of suboptimal outcomes, and influence assumptions about difficulty and solution proximity
(e.g., the problem appears to be difficult). The brain updates its predictions based on PEs;
however, overweighting irrelevant schemas or prior assumptions (e.g., the square boundary as-
sumption) can result in disregarding these PEs as noise (cognitive insight theories might refer to
this as a biased problem representation requiring restructuring [17,22,24]). Accumulating nega-
tive PEs eventually prompt model revision, thereby enabling alternative schemas to emerge
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(e.g., considering lines that extend beyond the square boundary). Insight occurs at the transition
point when the internal model is updated by activating alternative schemas for this new context,
and perfectly aligns predictions with the problem requirements. This alignment sharply reduces
negative PEs (lowering uncertainty [12]), resulting in substantial information gain. Simulta-
neously, this information gain defies prior metacognitive assumptions and generates a strong
positive PE (e.g., the solution was simpler than expected [11]). We argue that this dual effect —
the information gain and the generation of positive PEs via the unexpectedness of the solution
— create the hallmark of the Ahal experience that is marked by confidence, suddenness, surprise,
and internal pleasure. The brain assigns high precision [13] to PEs that are associated with infor-
mation gain and metacognitive expectation mismatches, leading to stronger model updates and
ultimately to improved memory.

Behavioral evidence supports this insight as PE hypothesis [33-35], and demonstrates that the
magnitude of the PEs is proportional to the intensity of the Ahal experience. Moreover, since
PEs update prior expectations and enhance memory for these updates, insightfully solved prob-
lems are naturally linked to better memory of the solution.

Behavioral evidence for the insight memory advantage

The idea that insight can enhance memory is not novel [36], but systematic investigation into how
insight improves long-term memory (i.e., IMA) has only gained traction recently (Box 2). Studies
show that, alongside self-generating the solution, memory for insightfully solved problems is
closely linked to the intensity of the Ahal experience (note that the relationship between
restructuring and IMA has yet to be fully clarified [3]).

When a solution is self-generated (as when associations are produced or word-stems are com-
pleted), the information is better retained than when passively processed [19,37]. This generation
effect occurs consistently across different insight tasks and subsequent memory assessment
methods [3,4,19,38-40], and is believed to involve heightened cognitive effort leading to deeper
processing levels [41]. However, this effect improves memory for solutions regardless of whether
insight is involved or not, indicating it is not specific to insight.

Importantly, the intensity of the Ahal experience, particularly its affective aspects and confidence
in the correctness of the solution [3], has been shown to enhance subsequent memory beyond
merely generating the solution [40,42]. For instance, subjects who solved Magic tricks had signif-
icantly better recall after several days for those tricks that were solved with a more intense Ahal
experience [2,3]. Similarly, subsequent recognition of objects in Mooney images (difficult-to-
recognize abstracted images; see Figure IA in Box 2) was notably enhanced when they were ini-
tially identified with high compared with low Ahal [4,7,35]. Verbal insight tasks also exhibit improved
subsequent memory when solved with a more intense Aha! experience [40,42-45], although null
effects, particularly for compound remote associates (CRAs; see Figure ID in Box 2), have also
been reported [5,39]. Furthermore, IMA has even been shown for unrelated scholastic facts
encoded in close temporal proximity to the insight [46].

In summary, there is wide empirical evidence for a behavioral IMA across various tasks, modalities,
memory assessments (recognition, recall), and memory retention intervals, and this memory ad-
vantage is linked to the intensity of the Ahal experience, in line with the insight as PE hypothesis.

Neural basis of the insight memory advantage
The neuroscience of insight is a relatively new field, and insight is challenging to investigate under
controlled settings owing to its transient and multifaceted nature [16,47]. Consequently,
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neuroscientific research on IMA is currently limited. To bridge this gap, we describe PE-related
memory mechanisms at the systems and molecular levels and discuss the extent to which they
are linked to the Ahal experience and IMA (Figure 1). Importantly, this mechanistic sketch is nei-
ther exhaustive nor exclusive because PE-driven memory enhancement involves heterogeneous
processes [48].

We first examine the roles of the mPFC and hippocampus in generating and updating prior expec-
tations within the framework of schema memory. In this context, we discuss the hippocampus as
the primary PE-related neural substrate linked to IMA. Subsequently, we explore dopaminergic
and noradrenergic systems that modulate PE signaling in the hippocampus and other brain areas
to enhance memory formation. Note that the influence of insight on memory for the problem or
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Figure 1. Schematic illustration of proposed memory mechanisms underlying insight memory advantage (IMA). lllustration of neural and cognitive processes
underlying IMA across time (also Box 3 in the main text). (Panel 1) Pre-insight phase: facing a new problem (e.g., the nine-dot problem), the brain generates internal models
based on schemas that are stored in posterior neocortex, an integrated in the medial prefrontal cortex (MPFC), to predict the solution. These schemas often include
solution-irrelevant constraints (e.g., staying within the dotted box), leading to failed solution attempts and generating negative prediction errors (PEs). (Panel 2) Insight
phase: insight arises when the internal model is updated by activating alternative schemas (e.g., drawing outside the imaginary box), resulting in a high-precision solution
(broken lines). This process reduces prior negative PEs and generates positive PEs (e.g., the solution is unexpected), creating the Ahal experience. Neurally, in panel (2A)
the hippocampus (HC) detects these PEs [9,58] and in (2B) encodes the updated model into memory (thin gray lines), while mPFC rapidly integrates schema-congruent
semantic information into the neocortex [50]. (2C) Two neurotransmitter systems facilitate hippocampal encoding: dopamine (DA) from the substantia nigra/ventral teg-
mental area (SN/VTA) (that is linked to reward prediction [9]) influences memory prioritization and integration in the HC [9,95], while increased norepinephrine (NE) from
the locus coeruleus (LC)-NE system, that is linked to arousal and salience [103], enhances representation and consolidation in the amygdala [30] and the HC [95].
(Panel 3) Post-insight phase: upon encountering the nine-dot or a similar problem, the solver activates the updated model and recognizes that the lines can extend beyond
the dots, thus improving future problem-solving. (Panel 4) llustration of the insight as PE hypothesis: insight solutions (relative to non-insight solutions) sharply reduce neg-
ative PEs immediately before the solution (higher change rate, dy/dx), which, combined with the resulting positive metacognitive PEs from its unexpectedness, create the
Ahal experience. Brain images were created with BioRender.
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solution is complex and likely depends on its impact during initial encoding, consolidation, or sub-
sequent retrieval stages. Our focus here, however, primarily centers on the memory-encoding
phase (Box 2).

Systems level: generating and updating prior expectations

Schemas serve as the memory structure for predictive models to generate and update expecta-
tions about the world, and influence how information is perceived, interpreted, and stored in
memory [32,49]. Memory encoding is enhanced for events that are highly congruent or incongru-
ent with preactivated schemas compared to events without prior predictions [50]. This schema
memory effect can be explained by increased precision weighting: schema-congruent events
benefit from high-precision predictions and enable efficient integration into existing knowledge,
while schema-incongruent events elevate PE precision and prioritize learning and schema
updates [50].

At the systems level, schemas represent long-term neural patterns that are distributed across the
posterior neocortex and are assumed to be temporarily integrated by the mPFC to form a compre-
hensive knowledge template [32]. Schema-congruent events are thought to benefit from rapid con-
solidation into neocortex, facilitated by the mPFC [32], whereas unexpected or schema-incongruent
events trigger PEs in the hippocampus and drive schema updates [50,51]. We propose that IMA re-
flects the synergistic effects of these mPFC and hippocampal mechanisms: the unexpected solution
triggers hippocampal PEs by conflicting with metacognitive expectations about the solution pro-
cess, and alignment of the updated model with existing schemas facilitates rapid neocortical consol-
idation via the mPFC. This mechanism aligns with evidence that mPFC and hippocampus are
interconnected by poly- and monosynaptic projections that form a functional loop for cortical and
subcortical interactions during memory processes [52]. It is also consistent with models (i) empha-
sizing the role of the hippocampus in linking novel events with prior knowledge through its ability
to bind arbitrary associations, and (i) highlighting critical bidirectional hippocampus—-mPFC interac-
tions for memory encoding and context-dependent retrieval [53-55].

Medlal prefrontal cortex. The mPFC assesses how well new information matches existing
schemas in semantic memory, for example by activating relevant and suppressing irrelevant
schematic information for schema-congruent information [50]. When there is a strong match, it
shifts episodic memory processing from the medial temporal lobe (MTL) to rapid storage in
neocortex [52,53].

In insight problem-solving, the mPFC has been associated with schema-related long-term mem-
ory formation [5,6,19]. For example, participants solving a verbal insight task (CRAs) showed in-
creased activity in the mPFC and hippocampus when meaningful solutions inducing sudden
insight compared to meaningless solutions were presented [5]. However, subsequent memory
for meaningful solutions primarily correlated with mPFC rather than the hippocampus, suggesting
that when novel associations align particularly well with existing semantic memory schemas [5],
episodic memory information in the hippocampus is incorporated rapidly into semantic memory
schemas in mPFC [54]. In other words, insight might promote the transfer of episodic memory
information from the hippocampus to semantic memory schemas in the cortex [55]. The role of
the mPFC in insight-related schema memory is supported by a study on the incubation period
during insight problem-solving [56]. Using a number-reduction task with a hidden structure, par-
ticipants were categorized based on their ability to detect the rule after a night's sleep. By analyz-
ing blood oxygen level-dependent (BOLD) signals before and after insight, the study found
increased ventral MPFC activity before insight and dorsal mPFC activity after insight, highlighting
the pivotal role of the ventral MPFC in implicit learning through insight [56].
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Hippocampus. The hippocampus, essential for episodic memory [57], detects novel and unex-
pected events by comparing current experiences to stored memories or schemas [58]. In-
creased hippocampal activity, specifically in the CA1 subfield [59,60], signals PEs reflecting
changes in predictive associative relationships [61] when new events differ from expectations
[68]. These PEs drive memory and schema updates by creating distinct memory traces
through processes such as pattern separation [62] or neural differentiation [63], and may
alter hippocampal associative representations either directly [64,65] or through interactions
with the mPFC [66]. Note that the hippocampus is not the only region that signals higher-
level (mnemonic) PEs [67]. The anterior cingulate cortex (ACC), that is often linked to moments
of insight [16,68], plays a key role in detecting discrepancies between expected and actual out-
comes in decision-making [31].

Increased hippocampal activity has been repeatedly reported at the moment of insight [69-73],
and evidence indicates that it is causally linked to creative thinking overall [74,75]. For this reason
it is speculated that specific hippocampal synaptic plasticity mechanisms, such as the rapid for-
mation of place fields by CA1 place cells, not only detect but also facilitate the generation of new
ideas leading to insights [76]. Alternatively, it has been suggested that restructuring of schemas
occurs over a longer timeframe during rapid eye movement (REM) sleep that involves hippocam-
pal replay processes that enhance the integration of new information and the formation of novel
connections ([77] for more details). Importantly, fMRI studies have directly linked the hippocam-
pus to IMA [7,78]. Participants who experienced higher levels of insight while solving Chinese
Chengyu riddles exhibited superior subsequent memory, and this correlated with heightened
activity in the right hippocampus [78]. Similarly, activity in bilateral anterior hippocampus during
solution of Mooney images accompanied by insight predicted better later memory for these im-
ages [7] (see Figure |E in Box 2).

In sum, when predicting solutions, solvers use schemas to organize and interpret information, en-
hancing memory for events that match or deviate from these schemas, likely contributing to IMA.
At the systems level, the mPFC and hippocampus interact to integrate and update these
schemas, thereby supporting efficient memory encoding and retrieval. The hippocampus is likely
a key neural substrate for IMA related to PE-enhanced memory encoding. In the next section we
examine how neurotransmitters, specifically dopamine and noradrenaline, are involved in PE sig-
naling in hippocampus and other brain regions and in enhancing memory formation.

Molecular level: modulating PE signaling to enhance memory

Dopaminergic system

DA has been classically associated with reward PE processing [9] and is increasingly recognized
to encode the confidence of the brain in the reliability of these PEs as a guide for learning (preci-
sion weighting) [27,79]. DA neurons exhibit phasic excitation in response to rewards, and the
magnitude is proportional to PE — responding most strongly to unexpected rewards, minimally
to fully anticipated rewards, and decreasing firing for rewards below expectations [80]. The pri-
mary sources of midbrain DA are the substantia nigra (SN), which projects to the dorsal striatum,
and the ventral tegmental area (VTA), which in turn projects to the ventral striatum, amygdala,
mPFC, and hippocampus [81,82], as well as to other regions [9]. DA updates reward predictions
by adjusting synaptic weights between neurons, a neural implementation of precision weighting,
especially in the striatum and prefrontal cortex, to improve learning [83]. This involves strengthen-
ing or weakening of connections based on the difference between the expected and received re-
ward. Increased fMRI activity in the SN/VTA [84-86] and its dopaminergic targets, particularly the
ventral striatum [87-90], has been consistently linked to reward PEs during learning in healthy
humans.
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Crucially, the dopaminergic reward prediction system is also linked to memory formation. The VTA
is structurally and functionally linked to the hippocampus and mPFC [91]. Memory enhancements
tied to reward prediction involve ventro-mPFC activity [92] and increased VTA-hippocampus con-
nectivity [8,84,93]. DA mediates the role of the hippocampus in comparing ongoing experiences
with stored memories by influencing the hippocampal prioritization and integration of memories re-
lated to surprising events [9]. This modulation likely occurs through D1-type receptor activation in
the hippocampus that induces LTP, a form of synaptic plasticity [9,94,95].

Insight moments, which are strongly related to reward processing, often come with positive emo-
tions such as pleasure, surprise, and intrinsic reward that form the affective part of the Ahal expe-
rience [18,96,97]. Consistently, greater activity in dopaminergic brain regions such as SN/VTA
and striatum has been associated with reward processing in insight problem-solving [19,73].
Moreover, activity in the ventral striatum has been linked to confidence in the correctness of the
solution during insight, consistent with the proposed role of DA in precision weighting of
reward-related outcomes [98]. Some studies using verbal insight tasks (CRASs) reported hippo-
campal activity during insight but failed to link it to enhanced memory [5,40]. This discrepancy
might reflect task-specific factors, possibly involving an encoding route that relies more on
mPFC and less on hippocampus. However, these studies also found that dopaminergic brain
regions (SN/VTA, dorsal striatum) were associated with better subsequent memory. Similarly, vo-
cabulary learning studies (akin to CRAs) where participants suddenly understood the meaning of
a word through sentence inference, showed correlations between pleasantness ratings, SN/VTA
activation, and better subsequent memory for those words [99,100].

In sum, DA plays a key role in precision weighting of reward PEs and LTP in hippocampus to en-
hance the encoding of rewarding events, such as the Aha! experience, and likely contributes to
IMA. Alongside DA, noradrenaline also plays a role in PE processing. Both systems heavily inter-
act to promote general learning [91]; however, owing to distinct mechanisms, the noradrenergic
system is discussed separately in the next section.

Noradrenergic system

PEs signal salience, increase arousal, and trigger an orienting response that enhances attention
and the signal-to-noise ratio (SNR) for processing new and unexpected stimuli [26,101,102].
This process increases precision weighting of PEs to achieve better encoding and model-
updating, mediated by NE that plays a crucial role in memory formation, particularly during emo-
tionally arousing events [102,103]. Emotional arousal refers to the physiological activation or inten-
sity of an emotional state, such as anger or pleasure, during an Ahal experience. When the
hippocampus detects PEs and relays this to the midbrain and striatal structures (previous section),
it triggers NE release from brainstem nuclei such as the locus coeruleus (LC) [30,48]. This impacts
on memory formation in two ways: directly, through corelease of NE and DA from LC neurons that
modulate hippocampal synaptic plasticity [104], and indirectly, through simultaneous activation of
glucocorticoids and basolateral amygdala by NE from brainstem nuclei. The latter leads to height-
ened attention to salient features, thereby enhancing memory formation for ongoing events
[30,105]. Importantly, the amygdala does not directly store memories but regulates their consolida-
tion in other brain regions, including PFC, dorsal striatum, and hippocampus [106].

Evidence is accumulating for increased LC-NE system activation and emotional arousal during
insightful experiences. Pupil dilation, a biomarker of both arousal and LC activity [30], increases
during high compared with low Ahal [68,107]. Furthermore, there is heightened amygdala activa-
tion during high compared with low Aha! moments [6,7,69,73]. Importantly, amygdala activity is
greater for solutions that are later remembered rather than forgotten in both visual [6] and verbal
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[5,108] insight tasks. However, note that while one study [7] demonstrated a significant main
effect on memory and insight in the amygdala, it did not detect an insight x memory interaction
effect (see Figure 1E in Box 2).

NE impacts not only on the amygdala but also on the forebrain [91] and other brain regions to in-
crease overall arousal, alertness [30,109], and SNR [101]. For example, the LC-NE system mod-
ulates attention and the salience network [110,111] comprising bilateral ACC. This network
detects and prioritizes salient environmental information and enhances the encoding of relevant
information while filtering out irrelevant stimuli [112,113]. Increased salience network activation
is also observed during insight [69,114,115]. Furthermore, increased activation in ACC has
been most consistently associated with insight at the time of solution awareness ([16] for review)
and in the resting state before problem onset [116]. In addition, IMA may also involve a retroactive
neural mechanism, including NE and DA, that selectively stabilizes and prioritizes emotionally
charged memories during consolidation. This process enhances synaptic plasticity in active neu-
ral pathways, thereby ensuring the retention of salient information while potentially suppressing
irrelevant details [66].

In sum, PEs signal the salience of unexpected stimuli, and NE mediates this effect by increasing
arousal and attention, which in turn enhances the precision weighting of these PEs, thus promot-
ing more effective updating of the model. By modulating the amygdala, salience network, and
hippocampal plasticity, NE facilitates the encoding and consolidation of salient information during
emotional events such as the Ahal experience, thereby likely contributing to IMA.

Box 3. Summary of proposed IMA process

To explain IMA, we adopt the insight as PE hypothesis which expands traditional theories by linking the cognitive and emo-
tional characteristics of insight (suddenness, confidence, pleasure) to PE-driven model updates. In addition, drawing on
the memory (schema) and cognitive neuroscience literature, we propose a multilevel mechanistic sketch, as detailed later.

Initially, when the problem is presented, the brain generates internal models based on prior experience or schemas to
predict relationships between problem elements [26] (panel 1 in Figure 1 in the main text). In the brain, schemas are
represented as long-term neural patterns distributed across posterior neocortex and likely temporarily integrated by the
mPFC [32]. When predictions fail, negative cognitive PEs emerge, prompting model adjustments [26]. However,
overweighting irrelevant schemas may cause persistence of ineffective internal models.

Insight occurs when the internal model is restructured by activating alternative schemas to predict relationships accurately,
thereby sharply reducing prior negative PEs (uncertainty; panel 4 in Figure 1 in the main text). This reduction results in
significant information gain [10,35], further generating positive metacognitive PEs owing to the violation of metacognitive
expectations (e.g., regarding problem difficulty and solution timing [11]). At the neural level, the hippocampus detects
the unexpected event by comparing current experiences with stored memory schemas [48,58] (panel 2A in Figure 1 in
the main text). Information gain and positive PEs together create an Ahal experience marked by suddenness, confidence,
surprise, and pleasure.

Consider Archimedes' discovery of the buoyancy principle. Struggling to determine whether a crown was pure gold, he
relied on schemas for regular geometric shapes, which failed for irregular objects, thus creating negative PEs. His insight
came during a bath when he noticed water displacement and realized that its volume equaled that of the submerged
object. This reduced negative PEs by accurately predicting the relationship between submerged objects and displaced
water, thus generating high information gain.

The brain assigns high precision weight to this information gain and positive PEs, thus driving strong model updates, en-
hancing encoding via the mPFC and hippocampus, and explaining IMA (panel 2B in Figure 1 in the main text). Neuromod-
ulators such as DA and NE enhance PE precision by influencing hippocampal plasticity, emotional arousal, and attention,
thereby strengthening memory traces [30,82,104] (panel 2C in Figure 1 in the main text). In Archimedes' case, the surpris-
ing and emotionally charged Eurekal moment ensured vivid memory encoding. In addition, the high-precision prediction,
indicated by the information gain, accelerates neocortical consolidation mediated by mPFC by integrating updated model
aspects congruent with existing schemas into long-term memory [50]. Archimedes' insight about water displacement
seamlessly aligned with his prior knowledge of fluid mechanics, thus enabling quick integration.
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Concluding remarks

Accumulating evidence suggests a behavioral IMA that highlights the intricate relationship be-
tween memory and creative problem-solving. This indicates that insights not only leverage
existing memory structures but also hold the potential to enhance them. Using the insight as
PE hypothesis as a theoretical framework, we propose a multilevel mechanistic sketch to explain
this rapid form of learning (see Box 3 for a summary). Specifically, insight arises from changes in
meta-(cognitive) PEs in which the existing brain model is suddenly updated to accurately predict
the solution, resulting in the characteristic Ahal experience. This process is underpinned by neural
mechanisms involving the hippocampus, mPFC, and dopaminergic and noradrenergic systems
which facilitate the encoding and consolidation of insights by prioritizing the integration of unex-
pected, internally rewarding, and salient information into long-term memory.

However, direct neural evidence for IMA remains limited, and future research should prioritize gath-
ering more evidence to support the insight as PE hypothesis and PE-driven memory mechanisms
in the context of insight (see Outstanding questions). Several empirical challenges must be ad-
dressed. For instance, individual variability in prior semantic knowledge can influence memory out-
comes and insight experiences, thus posing a challenge for generalizable findings. To mitigate this,
researchers could employ standardized training materials to create consistent schemas across
participants, thereby facilitating comparable insights during problem-solving experiments. Another
challenge is the complex interplay between DA, NE, and other neurotransmitter systems in memory
formation. Pharmacological manipulations, for example, by using DA enhancers such as methyl-
phenidate or NE-modulating agents such as propranolol, could be used to investigate their causal
roles in PE processing and memory retention during insight problem-solving.

Finally, understanding how insights enhance memory has significant potential for educational ap-
plications. Learning experiences designed to foster insightful problem-solving can improve both
memory retention and learning efficiency. For example, students are more likely to retain physics
concepts, such as Archimedes' principle of buoyancy, when they discover them through hands-
on exploration — by submerging objects — rather than through rote memorization.
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