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Abstract: Extensive research in neuroscience and psychology has focused on memory
consolidation driven by positive feedback. This paper elucidates methods to enhance memory
retention. Evidence indicates that dopamine plays a crucial role in the formation of declarative
memories associated with rewarding stimuli and may affect the generalization of reward
value. An event-related fMRI study investigated the anticipatory mechanisms involved in
reward-based memory formation during a monetary incentive encoding task, where
participants were presented with cues signaling high or low-value rewards for memorizing
forthcoming scenes. Following a 24-hour evaluation, participants exhibited significantly
improved recall of images associated with high-value cues compared to those linked to low-
value cues. Additionally, a separate monetary incentive delay task pinpointed specific brain
regions involved in reward anticipation. In the encoding phase, high-reward cues that
preceded recalled events activated the ventral tegmental area, nucleus accumbens, and
hippocampus. Enhanced activation in these areas was predictive of stronger memory retention.
The relationship between the hippocampus and ventral tegmental area was correlated with
improved long-term memory retrieval. These results imply that neural activity prior to
stimulus encoding can serve as a predictor for declarative memory formation, reinforcing the
notion that positive feedback bolsters memory by facilitating dopamine release in the
hippocampus before the learning process.
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1. Introduction

Contemporary understanding posits that memory functions as a dynamic and expansive process,
intricately linked to the preexisting network of knowledge [1]. It is possible to incorporate fresh
experiences into the preexisting framework of prior knowledge. This procedure makes sure that
memory networks are both reactivated and refreshed through memory consolidation and retrieval
functions. [2]. In the end, the representation of the memory would get increasingly abstract,
encompassing data from various sensory and semantic aspects.

Memories with emotional relevance are harder to forget than neutral ones. While significant
insights into aversive learning mechanisms have emerged, particularly from classical fear
conditioning studies, the role of rewards in memory consolidation remains underexplored. Recent
evidence suggests that positive feedback enhances memory formation and retention. The first section
defines declarative memory and positive feedback, while the next discusses methodologies on

© 2025 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).

185



Proceedings of the 5th International Conference on Signal Processing and Machine Learning
DOI: 10.54254/2755-2721/121/2025.20073

positive feedback effects. The third section presents an FMRI study identifying key brain regions
involved in this process. This research aims to clarify how positive feedback boosts memory retention,
potentially enhancing cognitive abilities in students through effective motivational strategies.

2.  Basic terminology
2.1. Declarative memory

Declarative memory denotes the memory type that can be expressed orally; it possesses a hypothetical
value for truth regarding actions or events and is generally associated with conscious remembering.
This type of memory can be subdivided into episodic memory and semantic recall. It pertains to the
capacity for deliberate recollection of previous experiences, facts, and principles, which in humans
can be evidenced by spoken narratives [3].

The medial temporal lobe (MTL) system, encompassing the area of the hippocampus with its
related structures, is well documented in scholarly literature [4].

2.2. Positive feedback

Positive feedback, often described as a reinforcement mechanism, functions as a catalyst that
positively enhances behavior. Additionally, it stimulates a state of desire or energy to undertake
specific actions, commonly known as motivation. Humans display two fundamental motivational
orientations: approach and avoidance, which are activated in response to rewards and punishments.
Although these orientations exert contrasting influences on human behavior, it is proposed that they
are governed by distinct yet highly interconnected neural circuits within the limbic and mesolimbic
systems [5]. This talk will focus on approach inclination. Positive feedback motivates by making
incentives salient and valuable, or cue-induced "wanting."

3. Positive feedback enhances memory

Memory plays a significant role in shaping decision-making processes and guiding behavioral
preferences by retrieving information related to the genesis of goals established in the past.
Consequently, the retention of action outcomes becomes essential for informed decision-making in
future scenarios.

Positive reinforcement or rewards can improve memory prioritisation by utilising the relative value
and novelty via dopaminergic pathways originating from the VTA, which is the ventral tegmental
and the amygdala, extending to the brain and hippocampal.
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Figure 1: Schematic representation of the brain's anatomical structures associated with reward-based
memory modification. (A) Functional contributions of cerebral components primarily determined
through investigations in animal models. (B) Anatomical locations from section A portrayed on a
human brain illustration [6].
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The acronyms: SN/VTA-—substantia nigra/ventral tegmental area; vmPFC—ventromedial
prefrontal cortex; MTL—medial temporal lobe; BLA—basolateral amygdala.

[lustration A in Figl shows that dopaminergic pathways from the SN/VTA to the hippocampus,
where dopamine influences plasticity, correlate with improved memory (indicated by the upward
curve). The descending pathway from the hippocampus through the subiculum, nucleus accumbens,
and pallidum to the VTA is activated by the motivational value of new information. There is also an
indirect connection between the hippocampus and the VTA. Inputs to the VTA converge in the ventral
striatum, consolidating data on current motivational goals from the mPFC (in rats) or vmPFC (in
humans), sensory characteristics from the basolateral amygdala/hippocampus, and contextual
memory from the hippocampus, which facilitates goal-directed behavior. The PFC assimilates new
knowledge with pre-existing mental models to improve memory consolidation. Emotional arousal
affects memory processing through the amygdala-hippocampus connections, with the amygdala
modulating dopamine signals in the nucleus accumbens to respond to Pavlovian stimuli.

A recent optogenetic investigation conducted on rats has demonstrated that the direct activation of
dopaminergic neurons in the ventral tegmental area and substantia nigra during positive
reinforcement may serve as a predictive indicator of the significance of the prior stimulus [7].
Consequently, in rats, the activation of dopaminergic neurones may serve as a vital signal that renders
goals "wanted." This document elucidates the specific mechanisms via which positive feedback
motivation, together alertness and stimulation of the mesolimbic dopamine structure, influences the
consolidation of memory.

4.  Positive feedback anticipation incites arousal.

The activation of behavior is linked to the secretion of noradrenaline. [8]In rats, Locus Coeruleus (LC)
neurones demonstrate phasic burst in reaction to both incentives and penalties, as well as alterations
in stimulus-reinforcement contingencies, such as during extinction or reversal. Nonetheless,
noradrenaline is not directly implicated in behavioural decision-making within a reinforcement
learning task, in contrast to dopaminergic neurones. Noradrenergic and dopaminergic neurons
simultaneously react to comparable environmental stimuli, which leads to the simultaneous release
of noradrenaline and dopamine in particular brain areas, such as the frontal cortex, where they
collectively influence network activity.[8]. The new study has excluded the direct role of
noradrenaline in motor action selection.

The influence of arousal on human memory is inconsistent. It is both selective and modulated by
adrenergic receptors located in the amygdala, which is thought to improve the recognition of relevant
information and stimulate the locus coeruleus (LC). Analogous to dopamine, noradrenaline plays a
crucial role in memory consolidation by facilitating long-term potentiation (LTP) via receptors found
in the amygdala and hippocampus.[8]. The release of noradrenaline may affect hippocampus-
dependent memory types within a restricted post-learning timeframe, including slow-wave sleep.
Research indicates that variations in pupil response—an indicator of locus coeruleus (LC) activity—
during the encoding phase are associated with the successful recall of emotional stimuli later on.
Furthermore, there is an enhancement in the connectivity between the LC and amygdala, which offers
indirect proof of the emotional drive exerted by the LC on pertinent memories. [9].

5.  The function of dopamine in the processes of learning and memory consolidation

Dopaminergic neurons are predominantly situated in the ventral tegmental area (VTA) and the
neighboring substantia nigra pars compacta (SNpc). The dopaminergic signaling within the VTA
encapsulates the valence of feedback and conveys the expected intensity of the stimulus. The variance
between these two parameters is termed "prediction error." The signaling activity of dopaminergic
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neurons reflects the extent of the error.VTA neurones go to the hippocampus where dopamine
enhances synaptic plasticity ultimately enhancing memory consolidation (see Figure 1). The
neuromodulatory role of dopamine in the hippocampus and its promotion of improved episodic
memory through a hippocampal-VTA circuit were detailed in a landmark study. [10]. Dopaminergic
neurotransmission originating from the ventral tegmental area (VTA) to the ventral striatum plays a
crucial role in reinforcement learning and is vital for the consolidation of memories in the
hippocampus, beginning at the encoding stage. In hippocampal neurons, the stimulation of dopamine
receptors lowers the threshold for long - term potentiation (LTP) and boosts protein synthesis within
the dendrites of these neurons. This is crucial for maintaining late LTP in the CA1 region of the
hippocampus.

Consequently, activating the substantia nigra/VTA via incentive-driven motivation is expected to
improve hippocampal-dependent episodic recall of data obtained during reward anticipation. The
memory-enhancing properties of dopamine are intricately associated with other information encoded
in its presence, a phenomenon known as the 'penumbra hypothesis.'[11]. The 'penumbra hypothesis'
suggests that an increase in dopamine availability facilitates the preferential consolidation of all
encoded information, regardless of the specific stimulus that initiated the dopamine release. This
assertion has been subsequently validated by both animal and human research. Enhanced dopamine
levels contribute to memory stability, underscoring its vital role in the process of memory
consolidation.

The density of dopamine synapses in the area of the hippocampus is significantly lower than in the
regions of the striatum or prefrontal cortex. Dopaminergic neurones demonstrate significant
innervation in the striatum, amygdala, and frontal cortex, with merely 15% of the neurones emanating
from the ventral tegmental area/substantia nigra that project to the hippocampus being categorised as
dopamine-producing, thereby suggesting that the dopamine in the hippocampus may derive from
alternative sources rather than the substantia nigra[12]. Using the LC as an example, the dopaminergic
and noradrenergic systems are intricately interconnected within hippocampal circuits. Dopamine, as
a precursor of noradrenaline, is present in all noradrenergic fibers and can be produced at
noradrenergic synapses from the locus coeruleus, which are abundant in the hippocampal.

6. Detection&experiment

Below the detection of the brain by FMRI is given and an experiment was conducted to show distinct
effects from positive feedback to different types of memory.

6.1. FMRI

FMRI studies show that positive feedback and its anticipation, along with VTA co-activation,
significantly enhance hippocampal memory. This is evident in real-time evaluations of visual stimuli
and paired associations, as well as in delayed recognition memory assessments. Additionally, the
interaction between the VTA and hippocampus during encoding may improve item association
generalization.

This aligns with the framework proposed by Lisman & Grace.[10], novelty may induce dopamine
release, which subsequently enhances the consolidation of memory traces associated with novel
stimuli. The response to novel and rewarded things, unlike that to familiar but rewarded items, is
linked to an enhanced connectivity between the SN/VTA and mesolimbic regions.
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Recognized vs forgotten high-value cues Pavlovian-to-Instrumental Transfer (Talmi et

(Adcock et al. 2008) al., 2008)
[l Recognized vs forgotten high-value cues A ive g lization on subx
(Wittmann et al, 2005) choice (Wimmer & Shohamy, 2012)
. Correlation of midbrain and hippocampus B Generalization of prediction error in outcome-
activation during a salient cue in a rewarded probability-association (Wimmer, Daw &
block (Murty & Adcock, 2013) Shohamy, 2012)
B Midbrain and hippocampal activity for late vs B Generalization of prediction error in perceptual

early learning correlates with the degree of similarity-generalization (Kahnt et al, 2012)
generalization (Shohamy & Wagner, 2008)

Figure 2: The underlying mechanisms of memory enhancement influenced by rewards are explored.
(A) The concurrent activation of the midbrain and hippocampus during the acquisition of rewarded
stimuli amplifies memory retention (indicated in green, blue, and violet) and supports associative
inference (represented in turquoise). (B) The coactivation of the hippocampus and striatum plays a
crucial role in the generalization of reward value. The online version of this article for a thorough
comprehension of the colour allusions depicted in this image's myth.

6.2. Long-term memory versus immediate memory

Human studies found positive feedback has an influence on immediate short memory. The influence
of rewards is also observed over time as memories consolidate. Wittmann illustrated that when
monetary reward cues were linked to a sequence of line drawings, participants displayed markedly
enhanced memory of the compensated drawings relative to the non-rewarded ones when evaluated
three weeks after encoding, although this benefit was not apparent during right away evaluation. The
effective identification of graphics forecasting rewards was associated with a greater stimulation in
the area of the hippocampus and the lateral tegmental region during the initial encoding phase.

Murayama and Kuhbandner suggested that while rewards enhance long-term memory retention,
they do not markedly influence immediate declarative memory performance.[13]. The subjects were
presented with a series of trivia questions, with the provision that correct responses would yield
monetary rewards. Following a 10-minute gap, no notable differences were detected between the two
groups, possibly due to peak influences in memory recall, and individuals reached roughly 80%
reliability. However, one week subsequently, a notable increase in average recall was observed for
those answers that had been initially rewarded compared to those that had not. This study underscores
the significant influence of positive reinforcement on declarative memory, indicating an improvement
in long-term retention, which corresponds with the role of serotonin in regulating late LTP and
consolidating of long-term memories [14].

Positive feedback may significantly influence immediate and long-term memory differently, with
more notable distinctions emerging over extended retention periods that involve offline playback,
which effectively safeguards reward-associated memories from decay.

7. Conclusion

This article synthesizes recent studies on memory enhancement through positive feedback, asserting
that such feedback significantly influences memory formation and consolidation. It highlights that
incentives activate the ventral tegmental area (VTA) and hippocampus prior to memory formation,
allowing anticipations and motivations to interact with experiences, thereby impacting learning. The
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anticipatory activation of this mesolimbic pathway may facilitate the conversion of motivation into
memory.

Further exploration is needed on optimizing positive feedback, particularly in education. Research
in U.S. primary and secondary schools suggests that financial incentives for academic success may
not be effective. Researchers should explore diverse and engaging reward systems to captivate
students, similar to the video game industry’s use of external incentives to maintain player
engagement, which is vital for educational success. However, this article overlooks individual
differences in reward sensitivity, indicating that responses to rewards may vary. Future studies should
examine the impact of novelty, emotional arousal, and extrinsic motivation on long-term memory
consolidation, especially for content lacking intrinsic interest, to bridge current neuroscientific
insights with practical applications.
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