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Abstract 

It is becoming evident that forgetting is an active and adaptive mechanism that facilitates cognitive 

flexibility through the regulation of the stability of the stored experiences. The complex and wide 

spectrum of molecular catalyses and circuit-based activities determines the preservation of 

memories, their impairment, or availability for updating. Similar studies have been done on memory 

reconsolidation with the idea that retrieval with moderate prediction error creates a window of 

temporary destabilisation where the underlying engram can be modified. Nevertheless, none of the 

existing frameworks combine active forgetting mechanisms, accessibility of engrams, dynamics of 

reconsolidation and emerging neurotechnology in a single model of targeted memory deletion. This 

summary presents the multi-scale findings, such as synaptic destabilisation and engram remodelling, 

prediction-error gating, and non-invasive neuromodulation, to describe the conceptual bases of 

engineered memory modification. It is based on this platform that we suggest that Targeted Memory 

Deletion System (TMDS) can be implemented in four phases consisting of engram identification, 

controlled destabilisation, focused interference during reconsolidation and validation of deletion 

versus suppression. The structure puts into the limelight the biological possibility as well as the 

ethical limitation of selective memory editing. Combined, these observations put active forgetting, 

rather than a failure of retention, as a mechanistic gateway in which the clinically precise adjustment 

of memory might be enabled. 

Keywords: active forgetting; memory reconsolidation; prediction error; engram identification; neural 

circuit dynamics; synaptic destabilisation; decoded neurofeedback (DecNef); focused ultrasound 

neuromodulation; cognitive neurotechnology; Targeted Memory Deletion System (TMDS) 

 

1. Introduction: The Biological Imperative of Erasure 

Memory and forgetting are biological systems that are tightly coupled, and they enable 

organisms to respond to dynamic environments. Although classical theories defined forgetting as an 

explicit passive loss of information, there is a consistent body of evidence that shows that the brain 

actively engages in a specific set of molecular and circuit-based mechanisms to dismantle or weaken 

traces of memory. The mechanisms overcome interference, avoid mnemonic overload and ensure the 

flexibility necessary to support continuous learning. In this perspective, forgetting does not represent 

a blemish, but a preserved homeostatic process that, in a continuous way, keeps the stability of 

experiences that are stored [1]. 

An independent line of evidence has found that consolidated memories are not fixed. When 

recollected, numerous memories dissolve back to a transient destabilised state, which needs 

restabilisation through protein synthesis. This prediction error-gated reconsolidation window 

presents a time opportunity for an exceptionally known exactness with which the underlying engram 

can be altered or dysfunctional. Combined, these findings completely transform the conceptual and 
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translational environment of the science of memory: the biological processes involved in executing 

specific forgetting are already present in the brain [3]. 

The thesis presented in this review is that endogenous processes of active forgetting form the 

mechanistic basis on which engineered memory-deletion interventions can be based. We describe the 

architectural pathways of the Targeted Memory Deletion System (TMDS) of synthesising molecular 

pathways of synaptic weakening; circuit-level regulation of engram accessibility, and the boundary 

condition of reconsolidation with new neurotechnology [4]. 

The review is conducted in four sections. We come to first describe the molecular mechanisms 

that destabilise the synapses and facilitate active forgetting. Second, we are going to describe the 

circuit-level dynamics of engram accessibility. Third, we discuss the conditions at the border of 

reconsolidation and prediction error conditions of memory lability. Fourth, we combine these 

biological principles and new neurotechnology to suggest a four-stage TMDS model, and then an 

ethical assessment. 

Through these areas coming together, active forgetting is no longer a pathology but a 

biologically inscribed opportunity, a backdoor, whereby, with more precise memory modification 

aimed, it could become possible in a clinical setting. 

Nevertheless, regardless of the tremendous gains made in molecular, systems, and 

computational neuroscience, active forgetting, engram accessibility, prediction-error-gated 

reconsolidation, and emerging neurotechnology have not been merged into a framework to explain 

how targeted memory deletion can be achieved. This gap in ideas restricts the discipline in 

determining the practicability and morality of engineered remembrance change. 

2. Molecular Mechanisms of Active Forgetting 

Active forgetting is achieved through a series of coordinated molecular activities that cause 

weakening of synaptic connections, remodelling of dendritic spines, and weakening long-term 

potentiation at the same time. These processes include: Rac1-mediated actin remodelling, 

proteasomal protein degradation, AMPA receptor endocytosis by GluA2, and Arc-mediated 

weakening of synapses are part of the biological pathways that stabilise, make a memory labile, or 

erase it. Every mechanism presents a possible site of leverage among a Targeted Memory Deletion 

System (TMDS), which attempts to take advantage of endogenous destabilisation pathways in a 

controlled and memory-specific fashion. 

2.1. The Rac1-Scribble-Cofilin Signalosome: The Structural Eraser 

Rac1 is a small GTPase that works as a global controller of spine dynamics and intrinsic 

forgetting. High levels of Rac1 increase the rate of spine shrinkage and memory degradation, and the 

absence of Rac1 increases memory retention. Rac1 is activated, which recruits a signalling complex 

organised by Scribble and results in the activation of p21-activated kinase (PAK), resulting in the 

eventual activation of Cofilin. The Cofilin divides F-actin filaments of the dendritic spines and 

triggers a quick structural destabilisation. 

This direction proves that forgetting is not the process of active decay but is an energy-

consuming process organised. In the case of TMDS, Rac1 -Cofilin signalling is a drugable axis that 

can elicit specific engram weakening. Any subsequent clinical application, however, should concern 

the issue of cell-type and engram-specific activation, since non-specific Rac1 activation may cause 

global synaptic dysregulation. 

2.2. The Ubiquitin-Proteasome System (UPS): The Synaptic Cleaner 

This erasure of the protein level of the postsynaptic density is furnished by the UPS. Proteasomal 

degradation occurs as a result of ubiquitination of scaffolding proteins, including PSD 95, SHANK 

and GKAP and decreases synaptic strength, allowing memory destabilisation. Pharmacological 
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inhibition of the proteasome inhibits memory labilisation during retrieval, which implies that 

proteolysis plays an obligatory role in reconsolidation [8]. 

UPS work has a spatial constraint, which enables selective deletion with all-spatial cognitive 

deficit, i.e., synapse-specific weakening. In TMDS, the UPS forms the mechanistic target molecule of 

Phase 3 (Intervention): the drugs or neuromodulator procedures will need to exploit this local 

proteolysis to make sure that destabilised memories do not restabilise [9]. 

2.3. GluA2 Endocytosis: The Gateway to Lability 

Postsynaptic deactivation of GluA2-containing AMPA receptors on the postsynaptic membrane 

is the key to long-term depression (LTD) and destabilisation in reconsolidation-dependent processes. 

Endocytosis of GluA2 through retrieval reduces the synaptic efficacy, thus indicating that an engram 

is in a modifiable state. Blocking this process using particular peptides, like the GluA23Y, blocks 

memory lability; this gives good evidence that AMPAR trafficking is a biophysical gateway that 

allows an engram to be updated or eliminated. In the therapeutic context of Targeted Memory 

Deletion Systems (TMDS), GluA2 endocytosis of a memory is a well-defined point at which the 

memory has been stored once it is in the endocytosis, such that when the carriers of protein synthesis 

are blocked, or the interruption of synaptic restabilization is achieved, the trace can be eliminated 

selectively. On the contrary, the inability the evocation the GluA2 internalisation makes the 

subsequent interventions ineffective [10,13]. 

 

Figure 1. Molecular Pathways of Active Forgetting. 

2.4. Arc: The Immediate Early Gene of Forgetting 

Arc (activity-regulated cytoskeleton-associated protein) is an expression of neuronal activity 

that is critical in AMPAR endocytosis and homeostatic synaptic scaling. Arc recruits endocytic 

machinery to enable a large-scale down-regulation of synaptic strength and can organise the 

ensemble-level down-regulation of memory traces. New evidence suggests that Arc may differentiate 

virus-like capsids with the ability to transfer RNA between cells, which may be used to modify 

engrams distributed. These findings are, however, preliminary and can be regarded as speculative in 

a clinical setting. In the case of TMDS, Arc is a molecular amplifier of forgetting mechanisms, and this 

offers a natural mechanism through which destabilised synapses can experience sustained 

weakening [17]. 
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2.5. Summary 

Molecular Constraints towards TMDS Design. All these processes, Rac1-mediated actin 

remodelling, UPS-mediated proteolysis, GluA2 endocytosis, and Arc expression, define the synaptic 

environment in which memories are either made or lost. An effective TMDS should connect to these 

molecular pathways by: 

• causing controlled destabilisation, 

• maintaining local proteolysis, and 

• Inhibition of synaptic restabilisation at reconsolidation. 

These mechanisms provide the biological rationale of the circuit-level and technological 

strategies, which are addressed in later sections. 

3. Circuit Dynamics: The Engram and Its Regulation 

The synaptic processes of the active forgetting act in an ensemble of distributed neural networks, 

called engrams, which encode particular experiences. Such groups show dynamic access to 

information controlled by hippocampal-prefrontal networks, thalamic coordination and structural 

remodelling processes. This is important because to design a Targeted Memory Deletion System 

(TMDS), awareness of these circuit-level constraints is required, enabling a specific engram to be 

destabilised without impacting other engrams. 

 

Figure 2. Circuit-Level Model of Engram Accessibility. 

3.1. Silent Engrams vs. True Erasure 

Optogenetic experiments show that the memories that become unreachable due to the effects of 

a pharmacological blockade (such as anisomycin-induced amnesia) can be restored by stimulating 

the original engram cells directly. The connectivity underlying is still maintained despite the failure 

of natural cues to recall the memory. This differentiation shows two dissociable elements of a memory 

trace: 

• Engram Connectivity- structural wiring of ensemble neurons 

• Synaptic Potentiation - the weight pattern that is needed to do natural recall 

A TMDS then has to consider this duality. Interventions that do not alter synaptic potentiation 

can result in silent engrams, which can subsequently be reinstated later with exposure to stress. The 

requirement that a permanent deletion be reliable requires either the destruction of the connectivity 
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per se or a permanently irreversible loss of engram excitability. These are taken into account when 

designing the protocols of TMDS verification, distinguishing between suppression and erasure. 

3.2. Neurogenesis-Induced Forgetting 

Adult neurogenesis in the hippocampus introduces new granule cells in the adult dentate gyrus, 

triggering the reallocation of synapses and remodelling at the network level. This operation damages 

the representation of older dentate gyrus-reliant memories by transforming input-output patternings 

in the circuit. Infantile amnesia is a result of high rates of neurogenesis during early development, 

and the rate of neurogenesis is experimentally increased to accelerate forgetting of contextual fear 

memories in adults [26]. 

Although neurogenesis is an extremely potent way of forming circuits, its low rate and 

widespread effect in the network restrict its accuracy in deleting a particular memory. In the case of 

TMDS, neurogenesis is more appropriately understood as a supportive effect- a possible long-term 

stabilisation of deletion effects and not an acute intervention with specific effects on memory [28,29]. 

3.3. The Nucleus Reuniens: Orchestrating Specificity 

The thalamic nucleus reuniens coordinates hippocampal and medial prefrontal cortical activity 

with the help of the theta oscillations, which allow the coordinated retrieval and discrimination of 

the context. Reinforcement inactivation leads to loss of the capacity to differentiate similar contexts 

and high-fidelity memory retrieval, which enhances generalisation. Reuniens, therefore, is a circuit-

level control in memory accuracy. The destabilisation would be possible by temporarily disrupting 

its activity during a reconsolidation window, through greater or lesser non-invasive techniques, like 

focused ultrasound, to degrade the contextual or emotional specificity of a target memory. In the case 

of TMDS, reuniens is a possible neuromodulatory target that is capable of transiently damaging the 

integrative mechanisms that stabilise the process of reactivating engrams [31,33,34]. 

3.4. Pattern Separation and Sparse Coding 

The Pattern separation is maintained by the dentate gyrus, which converts similar signals into 

non-overlapping neuronal groups that are minimal. Engram representations in this part are very 

sparse and may consist of less than 2% of granule cells. Sparse coding makes it easier to increase the 

specificity of memory, but difficult to specifically manipulate: interventions that include large tissue 

volumes, like global neuromodulation, can interfere with irrelevant memories [37]. The sparse 

engram architecture has a basic limitation on TMDS: deletion can only be effectively done by high-

precision tagging of a particular neuronal subpopulation that is becoming active when memory is 

being retrieved. This can be done by activity-dependent labelling methods (such as c-Fos/ Arc gene 

expression patterns) or by real-time monitoring of memory-related activation states [38]. 

3.5. Summary 

Circuit Requirement TMDS. In hippocampal, thalamic and prefrontal circuitries, the accessibility 

of memory depends on the interaction between ensemble connectivity, synaptic strength, circuit 

coordination and structural remodelling. A TMDS that is clinically viable should: 

• distinguish between erased and silent engrams, 

• minimise disruption of the off-target circuit, 

• distort retrieval pathways temporarily to destabilise it, 

• should be able to achieve engram-level accuracy with sparse coding. 

These clues mediate the biological forgetting processes with the temporal aspects of 

reconsolidation that will be discussed in the next section. 
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4. Reconsolidation: The Temporal Window of Vulnerability 

Reconsolidation theory supports the idea that consolidated memories can revert to a temporary, 

labile state under certain conditions of reactivation. The molecular processes maintaining long-term 

synaptic stability are reversed in part during this window, permitting the underlying engram to be 

changed, weakened, or erased. Reconsolidation, therefore, constitutes the temporal basis of a 

Targeted Memory Deletion System (TMDS); otherwise, downstream interventions cannot modify the 

trace. On the other hand, too much disturbance can cause extinction instead of erasure. Consequently, 

to be more exact with memory engineering, it is important to understand the boundary conditions 

on which the lability is defined. 

4.1. Prediction Error (PE): The Boundary Condition 

Recalling memories does not necessarily lead to reconsolidation. Rather, destabilisation only 

starts when the retrieval experience creates a prediction error (PE), one that is a difference between 

the expected and actual results. PE is an adaptive filter that is energy-saving, and it only updates 

memory when contingencies in the environment vary. The practical results of PE may be summarised 

in the following way: 

• No PE (Stability): A perfectly aligned retrieval generates no changes in the memory. The engram 

does not destabilise, and the continuation of the trace does not require the production of 

proteins. 

• Moderate PE (Lability): The endocytosis of GluA2-AMPAR and ubiquitin-proteasome system-

mediated proteolysis triggered by partial violations of expectation creates a reversible 

destabilisation window. This is the opportunity TMDS will not have. 

• Excessive PE (Extinction): The existence of large discrepancies brings new learning of an 

inhibitory nature and not destabilisation of the original memory. The initial engram is retained, 

but through IL-ITC pathways, it is suppressed. 

This is a non-linear PE-lability relationship that gives the basic engineering problem of TMDS: 

the retrieval process should be consistently able to generate moderate PE. When PE is too weak, the 

memory will not be unlocked (the system will not create an extinction memory); when it is too strong, 

the original memory will not be destroyed but a new one developed. PE needs algorithmic tuning, 

which may be possible with virtual reality, virtual-controlled cue violation, or physiological 

feedback. 

 

Figure 3. Prediction Error Window for Reconsolidation. 
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Table 1. The Prediction Error Spectrum and Memory Fate. 

PE Magnitude Memory State Outcome Mechanism 

Zero / Low Stable Persistence No protein synthesis 

required. 

Moderate Labile Update / Erasure GluA2 endocytosis; 

UPS degradation. 

High Stable (Inhibited) Extinction New inhibitory 

circuit (IL-mPFC -> 

ITC). 

4.2. Molecular Blockade of Restabilisation 

The molecular signature of destabilisation is demonstrated by the presence of molecules. 

In case moderate PE is achieved, destabilisation is characterised by: 

• GluA2 -AMPAR endocytosis, synaptic efficacy decreases; 

• PSD scaffolds degenerate under the influence of UPS. 

• Stabilisation proteins are removed depending on the proteasome. 

• Activation of actin-remodelling pathways, including Rac1-Cofilin; 

• De novo protein synthesis is required in restabilisation. 

In case any of these processes are inhibited, e.g., by blocking GluA2 endocytosis or the 

proteasome, retrieved memories become unable to destabilise and are unable to resist modification. 

In the case of TMDS, the mechanisms define the molecular preconditions that should exist before the 

activation of Phase 3 (Intervention). 

4.3. Pharmalogical Blockade of Restabilisation 

To interrupt the process of restabilisation, the following pharmacological agents may be utilised: 

Neurotransmitters. Inhibiting the reabsorption of 5-HT3B receptors citation. 

After being destabilised, a memory requires reconsolidation, which is dependent on protein 

synthesis to maintain itself indefinitely. This restabilisation process can be prevented by 

pharmacological agents, and basically, the process effectively leaves the destabilised state orphaned 

and resulting in loss of memory. 

Propranolol (β-adrenergic blockage) 

Propranolol is selective in attenuating the noradrenergic signalling in the amygdala. Human 

research indicates that propranolol intake during the pre-retrieval period may be used to remove the 

emotional display of traumatic memories without impacting the declarative information. This makes 

propranolol especially appropriate in valence deletion, which is a partial form of memory 

modification of clinical importance. 

Rapamycin (mTOR inhibition) 

Rapamycin disrupts mTOR-dependent translation of synaptic proteins needed in 

reconsolidation. Animal work exhibits a strong erasure in the case of rapamycin administration 

following destabilising retrieval. There is clinical trial evidence of possible efficacy in pathological 
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reward or fear memories. Rapamycin is an ideal TMDS Phase 3 delivery option because it is FDA-

approved and has a good safety profile compared to general translation inhibitors. 

The problem facing TMDS is not that these drugs can weaken memories- they can- but how to 

provide them selectively to a specific engram. This is tackled in the technological vectors that are 

discussed in the following section. 

4.4. Constraints and Failure Modes of Reconsolidation-Based Interventions 

Reconsolidation failure is common in both animals and humans. Major reasons include: 

• Insufficient PE, preventing destabilisation. 

• Overlong retrieval causes extinction rather than reconsolidation. 

• Memory age or strength which can raise the PE threshold for lability. 

• Boundary conditions that vary by memory type (episodic vs procedural vs emotional). 

• Inconsistent mapping between retrieval cues and engram activation, especially in humans. 

In the case of TMDS, these limitations would mean that Phase 2 (Destabilisation) would include 

the real-time observation of physiological and neural indicators of PE, such as pupil dilation, skin 

conductance, or pattern drift during fMRI, to determine that one is in the labile window. 

5. Technological Vectors for Delivery 

Active forgetting and reconsolidation have a basis in the molecular and circuitry events that 

enable the provision of the biological basis of active forgetting and reconsolidation, making available 

the target of memory modification. New neurotechnologies put forward discrete pathways to 

selectively regulate engram stability, induce destabilisation, or disrupt later restabilization. These 

modalities are used in a Targeted Memory Deletion System (TMDS) as modulation mechanisms on 

individual pipeline phases delivered by the engram. The current review assesses the most promising 

ones (decoded neurofeedback, targeted memory reactivation during sleep, optogenetic principles, 

non-invasive neuromodulation, and focused ultrasound) in terms of their mechanistic aptitude, 

translational preparedness, and inherent constraints. 

5.1. Decoded Neurofeedback (DecNef): Implicit Modulation of Engram Probability Distributions 

Decoded neurofeedback enables the conditioning of certain multivoxel patterns of activation 

without the knowledge of the subject. DecNef has the power to reformat perceptual representations, 

threat reactions, and affective ratings by rewarding the spontaneous emergence of a target pattern. 

Evidence: The ability to sculpt neural activity in fear responses to specific conditioned stimuli has 

been proven in proof-of-concept studies despite the lack of explicit memory reactivation. 

In the context of TMDS, DecNef is mainly used in Phase 1(Mapping) and Phase 3 (Intervention). 

Neural fingerprints derived through MVPA can be used to detect the engram patterns of a candidate 

during mapping. In the process of intervention, DecNef gums the system against a reconsolidation-

based restabilization process by strengthening competing neural states or depressing engram-related 

patterns. The main weakness of this method is that it relies upon the fMRI resolution, which is rather 

poor in relation to the sparseness of the engram representations. 

5.2. Targeted Memory Reactivation (TMR) In Sleep: Cue-Driven Modulation of Consolidation and Updating 

Memory traces are spontaneously reactivated during sleep in hippocampal-neocortical loops. 

TMR takes advantage of this fact and introduces the sensory signals associated with a learned 

memory when a person is in slow-wave sleep, which predisposes replay processes. This intervention 

can either strengthen or weaken or qualitatively alter memory expression depending on the 

parameters of timing and cues [60]. 

TMR is especially appropriate to Phase 3 (Interference). In the conditions of destabilisation 

induced by TMDS, cue-induced reactivation during sleep may guide a replay in a downscaling or 

overwriting direction, particularly in domains of emotional or associative memory. Limitations are 
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interindividual differences in the transitions between sleep stages and the inability to accurately 

determine the time to match reconsolidation periods [61,63]. 

5.3. Optogenetically Inspired Principles: Proof-of-Concept for Engram-Specific Modulation 

The study of optogenetics has explained two basic facts about memory: 

• that activating an engram is sufficient to recall; 

• that long-term depression (LTD) or silencing of engram neurons prevents recall 

Although optogenetics is not clinically viable yet, the concepts are used to design TMDS. The 

LTD induced optogenetically provides a Phase 3 (Intervention) mechanistic analogue to show that 

target weakening of a given ensemble is enough to cause functional deletion. In addition, the 

optogenetic recovery of silent engrams highlights the need for Phase 4 (Verification) to confirm the 

actual erasure as opposed to suppression [64–66]. 

5.4. Non-Invasive Neuromodulation: Interfering with Coordinated Activity to Impair Restabilisation 

Transcranial magnetic stimulation (TMS) and transcranial alternating current stimulation 

(tACS) are neuromodulation devices that are able to adjust network synchrony, excitability, and 

phase coupling. As an example, theta-frequency tACS can interfere with hippocampal-prefrontal 

coherence, an essential element in fear memory reconsolidation. 

Regarding the TMDS, the techniques can assist Phase 3 by disrupting the coordinated oscillatory 

patterns of the engram restabilisation process. Nevertheless, they do not have a sufficiently high 

resolution to do any manipulations specific to engrams, and thus perform best in combination with 

narrow retrieval cues that limit the active subpopulation of neurons during intervention. 

5.5. Further Research on Focused Ultrasound (FUS): Deep and Focal Neuromodulation with Translational 

Potential 

Low-intensity focused ultrasound (LIFU) grants the possibility to control deep brain structures 

with millimetre precision and non-invasively. Under the right stimulation conditions, FUS may 

produce a momentary inhibition or excitation of neural groups, adjustment of synaptic plasticity, or 

delivery of drugs by opening the blood-brain barrier (BBB). Repeated BBB opening is shown to be 

safe and produces a modulation effect upon fear circuitry, as confirmed by clinical studies. 

In the case of TMDS, FUS is one of the best Phase 2 (Destabilisation) and Phase 3 (Intervention). 

During Phase 2, prediction error can be intensified in response to transient disruption of particular 

connectivity, amygdala-prefrontal, whilst destabilisation can be strengthened. Phase 3 Localised BBB 

opening allows direct delivery of agents like propranolol, rapamycin or next-generation protein 

synthesis blockers to the active engram region. Its major issues are the maintenance of thermal safety 

margins, the reduction of off-target acoustic impact, and the real-time control of the delivery of FUS 

in order to synchronise the delivery of FUS with an engram activation triggered by its retrieval. 

6. The Conceptual Architecture of the TMDS (4-Phase Framework) 

The theoretical basis of a technology aimed at selectively attenuating or destroying maladaptive 

memories is the advances in the neuroscience of forgetting, engram dynamics and reconsolidation. 

The Targeted Memory Deletion System (TMDS) converts these empirical findings into a practical, 

four-step model: (1) identification of the target memory, (2) induction of an artificially controlled 

period of destabilisation, (3) focused interference to hamper reconsolidation and (4) deletion 

verification. Despite its current conceptual base, the framework will be based on the biological 

principles that are already tested and the latest technologies of neuromodulation. 
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Figure 4. TMDS Architecture. 

TMDS begins with the identification of the engram, which is necessary to reduce the size of the 

neural ensemble involved in the intervention. Direct molecular tagging is limited only to animal 

models; however, methods compatible with humans, like multivoxel pattern analysis and decoded 

neurofeedback, can be used to form probabilistic neural fingerprints of the target memory. Engram 

activation further becomes selective to the relevant associative network by retrieval protocols 

mediated by virtual reality or by the modulation of sensory cues. These approaches do not accurately 

capture engrams but offer a feasible level of specificity to be used in translation. 

After a reliable engagement of a memory, TMDS will then cause controlled destabilisation. This 

step is dependent on the development of an accurately tuned prediction error level, neither too large 

to induce GluA2 -AMPAR endocytosis and ubiquitin -proteasome -system -mediated proteolysis, nor 

too large to cause extinction learning. VR-induced mismatch signals, partial reinforcement errors, or 

controlled distortions of hippocampal-prefrontal coherence (e.g., using focused ultrasound) are 

possible ways of realising such an intermediate error of prediction. Automatic reactivity, changes in 

neural pattern, and pupil dilation are physiological indicators that provide real-time information on 

whether destabilisation has taken place. This step is the most substantiated part of TMDS 

mechanistically because the molecular machinery that controls memory lability is well-characterised. 

The third element is a direct interference during the period of reconsolidation, the period at 

which the weakened or inhibited destabilised trace may be achieved. Modes of interference include 

pharmacological, neuromodulatory, or replay-based modes of interference. Propranolol is able to 

suppress the emotional reaction of fear memories, and mTOR inhibitors like rapamycin can block the 

process of de novo protein synthesis needed to maintain the restitution. The temporary opening of 

the blood-brain barrier in a localised area could be achieved with focused ultrasound, allowing the 

delivery of drugs that are limited to a localised foci or engram. e.g., transcranial magnetic stimulation, 

or theta-phase transcranial alternating current stimulation. Non-invasive neuromodulation may 

interfere with coordinated oscillatory activity (e.g., reconsolidation) that is required. Sleep-based 

targeted memory reactivation can also induce additional bias on replay to downscale. These 

techniques differ in their invasiveness and specificity, but all focus on inhibiting the molecular 

cascade that would otherwise re-stabilise the engram. 

Lastly, TMDS has a verification phase that is used to filter out the event of actual deletion besides 

transient suppression. Preliminary evidence of deletion is through behavioural tests, e.g., absence of 

spontaneous recovery, reinstatement or context-dependent renewal. The result of neural 

confirmation is the representational similarity analysis, reduced reactivation of neural fingerprints, 

and the lack of engram-like activity, even with the dominating retrieval cues. The ability to re-
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instatement of suppression-induced silent engrams is a property that requires TMDS to be multi-

level validated to ensure that the underlying connectivity or excitability of the trace has not been 

permanently damaged. 

The combination of these stages creates a logical translational extension between fundamental 

processes of forgetting and useful technologies in the field of therapeutic memory restructuring. 

Some of them, including destabilisation through prediction error and interference as a result of 

pharmacological reconsolidation, have strong empirical support. The other elements, such as 

accurate engram mapping, focal drug delivery, and universal neural biomarkers of deletion, are 

developing issues. As a result, TMDS is more of a blueprint than a complete technology, just a 

mechanism that defines where current ability is consistent with biological feasibility and where 

innovation must be undertaken further. 

Table 2. The TMDS Clinical Pipeline. 

Phase Objective Biological 

State 

Technological 

Vector 

Success Metric 

1. Mapping Identify Trace Stable Engram fMRI + MVPA >90% Classifier 

Accuracy 

2. 

Destabilizatio

n 

Open Window Labile (GluA2 

Endocytosis) 

VR + Prediction 

Error 

Moderate 

Arousal Spike 

3. Intervention Block 

Restabilization 

Protein 

Synthesis 

Inhibition 

FUS + 

Rapamycin / 

DecNef 

Synaptic 

Depotentiation 

4. Verification Confirm 

Deletion 

Silent / Erased Spontaneous 

Recovery Test 

No 

Reinstatement 

7. Ethical Analysis: The Rights to Memory and Mind 

The possibility of selectively altering or eliminating the memories of humans creates immense 

ethical and governance issues. In contrast to the general forms of therapeutic intervention, memory 

editing changes the source of individual identity, emotional continuity, and narrative integrity. Since 

TMDS integrates molecular destabilisation, circuit modulation, and targeted pharmacology into a 

coordinated system, the ethical reflection will have to go beyond abstract issues of neurotechnology 

and look at the actual impacts that each step of the deletion process will have. 

One of the key concerns is cognitive liberty, the right to regulate individual mental states and 

neural activities. TMDS gets in at the very point when a memory is in a state of instability and 

uniquely vulnerable, and therefore puts an inordinately heavy responsibility upon making sure that 

the consent is informed, voluntary, and reversible. Since reconsolidation blockade is capable of 

causing permanent alterations, one should have a full understanding of what elements of a memory 
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can be modified: emotional, contextual or semantic. This is not limited to the normal disclosure of 

medical information but also to uncertainty about boundary conditions, risk of partial deletion and 

the possibility of creation of silent engrams. 

The second challenge is narrative identity. The continuity provided by autobiographical 

memory is that which assists people to conceptualise themselves; by picking and choosing portions 

of that text, we may threaten to disrupt personal continuity. Though TMDS will, in the meantime, 

hardly successfully remove the intricate episodic frameworks, even valence-specific deletion (e.g., 

eliminating the emotive content of a traumatic memory) will reconfigure moral appraisals, individual 

growth paths, and subsequent decision-making. The therapeutic usage will therefore require a 

careful evaluation of whether the alteration will improve the well-being without compromising on 

reflective authenticity. 

Another issue connected to it is the mental integrity - the right not to have the psychological 

architecture changed without a reason. As TMDS operates based on the intentional destabilisation of 

neural representations, TMDS makes it difficult to draw the line between healing and manipulation. 

Protective measures should make sure that interventions are not used in a coercive manner, in a law-

related environment, in the military, or in relationships where the power balance is established. A 

possible advantage of taking advantage of the reconsolidation window to have a non-therapeutic 

influence makes this risk ethically important. 

The deletion of memory also overlaps with the obligation to remember, especially in a situation 

of social responsibility or justice. In the case of violence victims, full removal of emotional or 

situational organisation of traumatic records may act as an obstacle to testimony, accountability, or 

healing of the society in the long term. Any application of TMDS has to be based on the premise of 

weighing personal therapeutic utility against more expansive moral/civic considerations of changing 

historically resonant memories. 

Lastly, governance has to deal with accuracy, transparency, and oversight. Since TMDS is used 

at both molecular and circuit, and computational levels, it becomes essential to ensure the real 

deletion. The lack of differentiation between suppression and erasure may confuse the therapeutic 

consequences or the false hope that it is possible to take the negative memories out safely. Regulatory 

frameworks, then, should require stringent post-intervention evaluations, periodic monitoring, as 

well as straightforward reporting requirements. 

All these factors suggest that the Targeted Memory Deletion System (TMDS) cannot be assessed 

as a biomedical instrument only. It is a transformation of the neuroscience ethical environment, which 

requires the creation of new protective measures to safeguard autonomy, identity and social integrity 

and allow the alleviation of debilitating memory-based disorders. Since the technological base of 

TMDS is coming of age, the governance frameworks need to be adjusted accordingly so that the 

practice of memory editing is not based on the opportunistic use of human-rights-centred 

conceptions but instead on human-rights-based principles. 

8. Conclusion 

It is the modern neuroscience of forgetting that has shown that memories are dynamic constructs 

and not fixed entities, but are influenced by the molecular turnover, reconfiguration of synapses and 

competition between circuits. Caused by Rac1 actin remodelling, UPS-dependent degradation, 

GluA2-AMPAR endocytosis, and Arc-mediated synaptic weakening, all these processes provide the 

cellular machinery in the course of which engrams become unstable. These processes, in their turn, 

work in the distributed networks, the accessibility of which is regulated by sparse coding, 

remodelling induced by neurogenesis, and thalamocortical coordination. The studies on 

reconsolidation show that remembering not only exposes the memory but also temporarily presents 

it to change when it is evoked at moderate errors of prediction. A combination of these principles 

places forgetting not in opposition to retention but in a biologically conserved position of adaptive 

updating (and possibly of therapeutic deletion). 
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The Targeted Memory Deletion System (TMDS) suggested in this review is a continuation of 

these findings. TMDS proposes a viable translational course towards selective modification of 

maladaptive memories by incorporating engram identification, controlled destabilisation, 

interference during the reconsolidation window and rigorous verification. Some of the components 

already tested are validated, including prediction-error-dependent lability and pharmacological 

reconsolidation blockade, but some involve large amounts of innovation. Real-time and high-

resolution engram mapping, safe and focal neuromodulatory delivery, and universal biomarkers of 

actual deletion are also still critical issues of clinical implementation. 

There are four directions that future research should focus on. To begin with, the limitation of 

specificity in memory editing will be outlined by improving human-compatible identification of 

engrams using the tools of neuroimaging, representational modelling, and activity-informed 

decoding. Second, elaborating precision destabilisation techniques, including algorithmically-

adjusted prediction-error paradigms that are accompanied by physiological monitoring, will enhance 

reliability in people and memory types. Third, optimising targeted delivery technologies, such as 

next-generation focused ultrasound, and localised pharmacology will ensure that interventions can 

be engram-selective, but not global disruptors. Lastly, the creation of strong verification criteria is 

necessary in order to delineate what is real erasure versus suppression, and as such, avert the 

interpretation of the clinical outcomes and safeguard long-term safety. 

The ethical implications of memory editing technologies are enormous, but the progress of this 

technology is not hypothetical or far-off. With the evolution of the mechanistic knowledge of 

forgetting and the development of new technologies becoming more accurate, the future of the 

deliberate forced removal of memory becomes even more concrete. TMDS offers a model of 

responsible development of such interventions, which is based on scientificity, clinical utility, and 

ethical protection of autonomy and narrative identity. 

This review will place active forgetting as the conceptual framework through which the basic 

memory processes are mediated to future therapeutic technologies by combining molecular biology, 

systems neuroscience, reconsolidation theory, and neurotechnology. The difficulty herein remains to 

put this mechanistic knowledge into devices that would selectively transform the memory whilst 

maintaining the structural integrity of the mind. 
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