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Abstract

to provide basis for effective treatment.

lead to new treatment approaches.

formulation of this theory.

Extant theories failed to recognize this possibility.

Background: Explicit and implicit memories are conserved but flexible biological tools that nature uses to regulate
the daily behaviors of human beings. An aberrant form of the implicit memory is presumed to exist and may be
contributory to the pathophysiology of disorders such as tardive syndromes, phantom phenomena, flashback,
posttraumatic stress disorders (PTSD), and related disorders. These disorders have posed significant clinical problems
for both patients and physicians for centuries. All extant pathophysiological theories of these disorders have failed

Objective: The objective of this article is to propose an alternative pathophysiological theory that will hopefully

Methods: The author sourced over 60 journal articles that treated topics on memory, and involuntary motor and
sensory disorders, from open access journals using Google Scholar, and reviewed them and this helped in the

Results: From the reviews, the author thinks physical or chemical insult to the nervous system can cause defective
circuit remodeling, leading to generation of a variant of implicit (automatic) memory, herein called “reflex memory”
and this is encoded interoceptively to contribute to these phenomena states.

Conclusion: Acquired involuntary motor and sensory disorders are caused by defective circuit remodeling
involving multiple neural mechanisms. Dysregulation of excitatory neurotransmitters, calcium overload, homeostatic
failure, and neurotoxicity are implicated in the process. Sustained effects of these defective mechanisms are
encoded interoceptively as abnormal memory in the neurons and the conscious manifestations are these disorders.

Keywords: Unconscious memory, Reflex memory, Drug memories, Interoceptive signaling, Optogenetics,
Pathophysiology, Memory erasure, Synaptic homeostasis, Defective circuit remodeling, L-type calcium channels

Introduction

Declarative (explicit) and nondeclarative (implicit) mem-
ories are forms of long-term memories that guide the
daily activities of human beings. It is suspected that
there exists a pathological form of implicit memory,
thought to be an “aberrant memory” responsible for ex-
citatory involuntary and uncontrollable motor and sen-
sory phenomena disorders such as Tardive syndromes,
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phantom phenomena, flashback, posttraumatic stress
disorders (PTSD), and related disorders. Because of the
assumption that these disorders are all acquired, have
similar characteristics, and originate from defective cir-
cuit remodeling and their persistence are connected to a
pathological form of memory, they are herein catego-
rized as “acquired reflex phenomena disorders” (ARPDs).
These disorders have been problems for both patients
and physicians for centuries.

All extant pathophysiological theories have failed to
provide basis for effective treatment of tardive
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syndromes [1-3], flashbacks and PTSD [4—7], and phan-
tom phenomena [8-13].

The objective of this article is to propose an alternative
pathophysiological theory that has potentials for new in-
terventions. The author sourced over 60 journal articles
that treated topics on memory, and involuntary motor,
and sensory disorders, from open access journals using
Google Scholar, and reviewed them, and this helped in
the formulation of this theory. From the reviews, the au-
thor believes that physical or chemical insult to the ner-
vous system could induce defective circuit remodeling.
This may lead to generation of a variant of implicit
(automatic) memory, herein called “reflex memory,”
which is encoded interoceptively to cause these phenom-
ena states.

Reflex memory theory presumes that when there is an
insult to nervous system due to physical injury or chem-
ical assault, the neural cells in an effort to remodel by
reestablishing connectivity or restoring lost cells trigger
complex hyperexcitatory molecular and structural neural
mechanisms that overwhelmed the neural homeostatic
capacity and this may lead to excitotoxicity. When this
state is sustained for a long time, the affected cell en-
sembles in the network encode this state interoceptively
as a memory, an aberrant memory that is labile, un-
stable, and in a “persistent recall mode,” manifesting as
excitatory involuntary and uncontrollable motor and
sensory phenomena disorders (the interoceptive
awareness).

The author proposes that the formation of this aber-
rant memory, like the normal memory, is assumed to in-
volve phases of acquisition, consolidation, and retrieval
but, unlike normal memories, it fails to reconsolidate, ra-
ther it remains in “persistent retrieval mode.” The author
believes that understanding this type of memory may
equally lead to the understanding of the origin and
pathophysiology of these distressful phenomena states,
which in turn will guide researchers toward formulation
of effective therapeutic options. The author thinks too
that the nature of this type of memory may not be differ-
ent from what have been variously referred to as mal-
adaptive memory or dysfunctional memories [14], drug
memories [15-17], proprioceptive memories [13], invol-
untary memories [4], pathological memories [18], and
intrusive memories [18, 19]. Because this type of memory
is in a perpetual recall mode, it is vulnerable to interfer-
ences from pharmacological, molecular, optogenetic, and
behavioral manipulations.

In the main text, the author highlighted on circuit re-
modeling to create an understanding of how a defect in
remodeling can cause an end-state disorder. An over-
view of memory was given but with focus on acquired
implicit (automatic) memory to lay a foundation for the
explanation of the concept of Reflex Memory. The
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discussion continues with the explanation of the reflex
memory theory, its proposed role in the pathophysiology
of “acquired reflex phenomena disorders,” and its appli-
cations in proposing treatment options for the disorders.

Main text

This section and its subsections explain how “reflex
memory” contributes to the persistence of excitatory ac-
quired involuntary motor and sensory disorders despite
all forms of treatment. Acquired involuntary motor and
sensory disorders such as Tardive syndromes, phantom
phenomena, flashback, posttraumatic stress disorders
(PTSD), and related disorders are intractable, even with
treatment. In this main text, the author hypothesized
that the intractable nature of these disorders is due to
encoding of maladaptive (reflex) memory secondary to
maladaptive synaptic plasticity that originates from de-
fective circuit remodeling. The role of defective circuit
remodeling in acquired involuntary motor and sensory
disorders is discussed. An overview of the role of mem-
ory in acquired involuntary motor and sensory disorders
is also discussed. The process of formation of maladap-
tive (reflex) memory from implicit memory is described.
A highlight of the applications of reflex memory theory
in the treatment of the disorders is also given.

Role of defective circuit remodeling in acquired
involuntary motor and sensory disorders

Normal circuit remodeling

Circuit remodeling is a normal neurodevelopmental
process of neuronal regeneration or regrowth. The for-
mation of adult neuronal circuitry often involves gener-
ating too many connections of axon, dendrite, and
synapse, most of which are not necessary and are later
eliminated with high temporal and spatial resolution.
This is called circuit remodeling and it is a conserved
strategy to refine and sculpt neural circuits during the
assembly of vertebrate and invertebrate nervous systems
[20]. The hallmark of developmental circuit formation is
that postsynaptic cells are initially contacted by many
presynaptic partners before synaptic elimination pro-
cesses remove excessive connections and establish ma-
ture connectivity [21].

Defective (pathological) circuit remodeling

In adult humans, remodeling occurs following physical
or chemical insult to the nervous system in an attempt
to reestablish connections, but sometimes appropriate
connectivity fails, and when this happens, it results in a
disease state. A typical example is the reported dyskin-
esia induced by chronic L-DOPA treatment as a result
of aberrant rewiring of cortico-striatal synapses on
medium spiny neurons (MSNs) of the striatum [22].
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Fine sensory perception and intricate motor control
are orchestrated by a discrete and permanent communi-
cation between the central nervous system (CNS) and
the parasympathetic nervous system (PNS), and this
cross-talk between the CNS and PNS is critical for inte-
gration of sensory inputs, being mechanical, auditory,
gustatory, and olfactory, which are all relayed to the
CNS through the nerves [23]. During neural perturb-
ation, this communication can be disturbed, and if ap-
propriate connectivity fails, the resultant effect is
maladaptive response which in this context can be a dis-
turbance of Melzack’s “neuromatrix” and “neurosigna-
ture” (culled from: [9, 10, 13]). The neurophenotypes of
this maladaptive response is the observed involuntary
and uncontrollable sensory disorders such as phantom
syndrome, flashback, and PTSDs.

The neuromatrix can be conceptualized as a network
of neurons within the brain that integrates numerous in-
puts from various areas including somatosensory, limbic,
visual, and thalamocortical components [10]. The term
“neurosignature” refers to the output patterns of the
neuromatrix, which are specific for an individual and are
continuously being updated based upon one’s conscious
awareness and perception of the body and self as well as
epigenetic changes [9, 10, 13].

Studies have revealed that tissue or nerve injury trig-
gers or induces maladaptive plastic changes in peripheral
nociceptive nerve endings, in the dorsal horn of the
spinal cord, as well as in supraspinal and cortical areas
[9, 10, 13, 24-26], causing excessive aberrant inputs
[13], and these have been implicated in chronic pain
syndromes and phantom limb pains. The remodeling of
supraspinal axonal circuits mediates functional recovery
after spinal cord injury, and this process critically de-
pends on the selection of appropriate synaptic connec-
tions between cortical projection and spinal relay
neurons [21].

The plastic changes affect the morphology and num-
ber of neurons, followed by increased neuronal activity,
expansion of the neuronal receptive field, and hyperex-
citability [9, 10, 13]. The sum effect could be augmenta-
tion of the memory storage capacity of neurons, as
structural rewiring allows more variability and therefore
a larger number of potential circuits to be generated, im-
plying a larger memory capacity per synapse [24]. In the
process, the system may be overwhelmed by the high
neural current generated and lose its homeostatic
control.

While pruning, remodeling and synaptic connections
between neurons occur, those neurons within affected
networks must make homeostatic responses to reestab-
lish a proper balance of excitation and inhibition, be-
cause normal cognition and behavior depend on tight
neuronal homeostatic control mechanisms. Loss or gain
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of function of any protein that alters synaptic output
may cause neurological or psychiatric phenotypes be-
cause changes in neuronal excitability demand compen-
sation, which may, in turn, exhaust the homeostatic
capacity of the network [27]. Failure to maintain tight
neuronal homeostatic control may lead to pathological
synaptic remodeling.

The L-type calcium channels (LTCCs) are known to
play an important role in triggering intracellular cas-
cades related to synaptic plasticity and in Hebbian syn-
aptic plasticity at glutamatergic synapses [28], and are
involved in normal brain development and plasticity
[29]. However, dysregulated Cav 1.2 and Cavl.3 isoforms
of LTCCs (the only LTCCs present in the brain) leading
to calcium overload have been variously cited to be im-
plicated in pathological circuit remodeling and manifest-
ing as neuropsychiatric disorders such as bipolar
disorder (BD), schizophrenia (SCZ), major depressive
disorder, autism spectrum disorder, attention deficit
hyperactivity disorder, and drug dependence-associated
symptoms [29-35]. Defects in remodeling have been at-
tributed to a variety of psychoneurological conditions
[20]. Synaptic disease hypothesis holds that a disease-
defining experience would trigger specific forms of syn-
aptic plasticity, which in susceptible subjects would be-
come persistent and lead to the disease [36]. Current
models of addiction and anxiety, Autism, schizophrenia,
synesthesia, and a host of other neuropsychatric disor-
ders stem from the idea that aberrant function and re-
modeling of neural circuits cause the pathological
behaviors [20, 36]. The author believes that all the disor-
ders that fall within the spectrum of acquired reflex phe-
nomena disorders are synaptic disorders. The author
thinks the aberrant growths coupled with inappropriate
connectivity are capable of generating hyper-excitable
ectopic neural current, resulting in spontaneous dis-
charges, high enough to escape neural homeostasis. If
this abnormal neural activity is sustained for a long time,
it could be saved as an aberrant memory (reflex mem-
ory) and may continue to be recalled automatically,
manifesting as end point disorders such as Tardive syn-
dromes, phantom phenomena, flashback, posttraumatic
stress disorders (PTSD), and related disorders. Merlo
and colleagues [14] noted that the persistent nature of
maladaptive memory or dysfunctional memories is a
common characteristic in several psychiatric disorders
including posttraumatic stress disorder (PTSD), specific
phobias, and drug addiction.

Liithi and Liischer [36] lamented that even though the
notion of synaptic diseases has received much attention,
no candidate disorder has been sufficiently investigated
to yield new, rational therapies that could be tested in
the clinic. Reflex memory theory, as circumstantial and
speculative as it may seem, promises to offer an
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alternative explanation to the pathophysiology and treat-
ment of ARPDs.

Role of memory in acquired involuntary motor and
sensory disorders

Definitions of memory

Memory can be defined as processes involved in the acqui-
sition, storage, retention, and later retrieval of information.
In simplistic terms, acquisition can be defined as the encod-
ing of new information, consolidation is the stabilization of
the new information for storage, retention is the preserva-
tion of the information, and retrieval is the later recall of
the information [37]. It is also the ability to retain informa-
tion and recall it at a later time, which is a biologically fun-
damental function essential for survival [18]. It is
considered to be a process that has several stages, including
acquisition, consolidation, retention, retrieval, and perform-
ance [38]. Retrieval is the only possible measure of memory
performance and it is of paramount importance in deter-
mining our uniqueness as individuals [39]. Furthermore,
memories shape our identity: we are who we are because of
our memories, which guide our thoughts and decisions,
and also influence our emotional reactions [18]. They are
crucial to the cognitive essence of who we are as human be-
ings [40]. Broadly, memory phenomena have been catego-
rized as explicit or implicit; explicit memories for
experience involve the hippocampus—medial temporal lobe
system, and implicit basic associative learning and memory
involves the cerebellum, amygdala, and other systems [41].

Classifications of memory

Short term versus long term Memory is broadly classi-
fied into short term and long term. Short-term memory
has capacity of between 5 and 9 items and can hold in-
formation for approximately 20 to 30 s [18, 37, 42].
Short-term memory is formed and stored in the hippo-
campus and later consolidated in extra-hippocampal
structures as long-term memory. Figure 1 shows types of
memory and how memory transforms from simple
stimulus to long term memory. Long-term memory has
an almost infinite capacity, and information in long-
term memory may stay there for the duration of a per-
son’s life [18, 37, 42]. Long-term memories are stored
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throughout the brain as subsets of neurons that probably
fire together in the same pattern each time [40].

Implicit (nondeclarative) versus explicit (declarative)
Long-term memory can be sub-classified into implicit
(nondeclarative) and explicit (declarative) memories
based on retrieval process as shown in Fig. 2. Explicit
(declarative) memory or episodic memory is also called
conscious memory. It is conscious, intentional remem-
bering of information and is the most familiar system of
recall of factual information such as dates, words, faces,
events, and concepts [18, 43]. Declarative memory re-
quires a concerted effort to bring to the surface. Implicit
(nondeclarative) memory is sometimes referred to as un-
conscious memory or automatic memory; it requires lit-
tle if any effort to recall, and it is a collection of abilities
that are expressed through performance (motor skills
and perceptual skills) without requiring conscious mem-
ory content [42, 43]. It uses past experiences to remem-
ber things without thinking about them. Procedural
memory, which is a subset of implicit memory, is a part
of the long-term memory responsible for knowing how
to do things, also known as motor skills. It is recall of
how to do things such as swimming or driving a car [18,
43]. They can be motor memories of skills and habits in
which skeletal muscles are involved or sensory memories
involving senses of smell, sight, taste, or touch. Others
are senses such as proprioception, which helps us in
climbing/walking down staircase without looking at each
step [44], or equilibrioception which helps in knowing
that there is a change of direction in a moving vehicle
even with eyes closed, and a host of others that are also
consolidated unconsciously in long-term memories.
However some other structures are also suspected to be
involved in the formation of unconscious memory.
Functional magnetic resonance imaging of PTSD pa-
tients revealed increased activation in sensory and motor
areas including the insula, precentral gyrus, supplemen-
tary motor area, and mid-occipital cortex [5]. Further-
more, amygdala is also involved in some forms of
acquired implicit memories called METH-associated
memory or visceral memories [17], or flashbulb memory
[45], and the parietal lobe is suspected to be involved in
the formation of some form of acquired implicit memor-
ies, the proprioceptive memories [13]. The implicit

Fig. 1 Simple process diagram showing types of memory, and their transformations. Whatever information that is picked from the environment
by the senses is quickly transferred into short-term memory in the hippocampus. Short-term memory is not consolidated; rather it is processed to
long-term memory in the hippocampus which in turn is consolidated in extra-hippocampal structures. The different colors in the figure simply
represent different types of memory and how memory transforms from simple stimulus to long term memory

Short Term Long Term
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Memory
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Long Term
Memory

Implicit (Unconscious)

Episodic
(events
experienced
personally)

Semantic
(general
knowledge)

Sensory memory
(conditioning)

Motor memory
(procedural)

Fig. 2 A hierarchical flowchart showing long-term memory classification. Long-term memory has been classified into explicit and implicit to
differentiate their retrieval processes. While explicit memory is retrieved with efforts, implicit memory retrieval is automatic and unconscious. The
explicit memory sub-classification into episodic and semantic is to explain that events personally experienced are not exactly the same as the
general knowledge of existence of objects around us. The implicit memory sub-classification into sensory and motor is to separate sensory
processing in somatosensory areas from motor programming in the motor association areas before both sensory and motor memories are
integrated in the complementary multi-integration system where the two connect to give meaning to our behaviors. An explicit memory can
progress to implicit memory depending on how frequently and emotionally it is recalled and reconsolidated. It is based on the general principle
of persistent changes in the strength of connections (synaptic plasticity) between neurons; active connections tend to get stronger, whereas
those that are not used get weaker and can eventually disappear entirely

memory can be sub-classified into sensory and motor to
separate sensory processing in somatosensory areas from
motor programming in the motor association areas be-
fore their integration in the complementary multi-
integration system where the two connect to give mean-
ing to our behaviors.

Acquired versus genetic Implicit memory can also be
sub-classified into acquired and genetic. Acquired impli-
cit memories are our learning and personal experiences
as we interact with our environments (internal and ex-
ternal) as well as those we inherit epigenetically from
our parents through developmental process that has
formed the basis for the concept of Developmental Ori-
gins of Health and Disease (DOHaD) [46—52]. Some ac-
quired implicit memories are somatic and limited to the
individual, and not passed on to the offspring. Adaptive
immune response (adaptive immunity) is thought to be
an example of acquired implicit somatic memory, so also
delayed reaction to neuroleptic drugs.

Genetic memory is a memory present at birth that ex-
ists in the absence of motor or sensory experience, resid-
ing in specific molecules of deoxyribonucleic acid.
Information is retrieved by transcribing the DNA mes-
sage in the form of ribonucleic acid and then translating

the RNA message into protein [53]. It is stably inherited
through a process of cell division (meiosis) and trans-
ferred from generation to generation.

Normal memory formation processes
Normal memory formation involves adaptive synaptic
plasticity, relying on learned associations, memories, and
emotions and partly associative in a Hebbian fashion
(rapidly induced and input specific).

Encoding Generally, forming a memory involves encod-
ing, storing, retaining, and subsequently recalling infor-
mation and past experiences [42]. The five traditional
senses recognized in humans and considered in explain-
ing encoding are all exteroceptive (the perception of en-
vironmental stimuli acting on the body). The ability to
detect other stimuli beyond those governed by these
most broadly recognized senses also exists, and these
sensory modalities are interoceptive (any of the senses
that detect conditions within the body). Takeuchi and
colleagues [54] noted that during memory formation
synaptic plasticity is induced at appropriate synapses and
that this is dependent on the type of activity happening
at the time. By implication, this can be external activity
sensed by sight, smell, hearing, touch, or taste or internal
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activities through interoceptive signaling. Encoding
through interoceptive pathway is certainly different from
that of the exteroceptive pathway. Hirst and Phelps [45]
in an attempt to explain the seemingly distinctive char-
acter of flashbulb memories (FBMs) also observed that a
set of encapsulated mental processes govern the encod-
ing, retention, and retrieval of FBMs, different from
other autobiographical memories, or any other type of
memory. It is therefore logical to reason that encoding
cannot be limited to the five traditional senses.

The focus of this article in an attempt to explain reflex
memory is on interoceptive sense which is viewed as a
multimodal integration not restricted to any sensory
channel, not restricted to mere sensations, but also rely-
ing on learned associations, memories, and emotions
and integrating these in the total experience which is the
subjective representation of the body state [55]. Price
and Hooven [56] and Cameron [57] have explained
interoception as perception of sensations from inside the
body and to include the perception of physical sensa-
tions related to internal organ function such as heart
beat, respiration, satiety, and the autonomic nervous sys-
tem activity related to emotions. They opined that much
of these perceptions remain unconscious; what becomes
conscious, that is, interoceptive awareness, involves the
processing of inner sensations so that they become avail-
able to conscious awareness.

Even though the perspective of these authors in the
usage of the word “interoception” in their review is
not exactly the same with the sense the author is
using it here, some features such as the perception
involves “nervous system,” “sensations from inside the
body,” and “perceptions remain unconscious” are
shared in the same sense. The author therefore thinks
that there are more types of encoding than presently
thought since encoding is about perception through a
sensor, learning what was perceived, and relating it to
past knowledge.

Flowing from the above synthesis, some unconscious
encodings, more refined and deeper than the known
traditional encodings, may exist through the process of
interoception and may have accounted for the proposed
reflex memory. The process is assumed to begin with
the creation of a memory trace or engram in response to
biochemical stimuli, causing complex excitatory synaptic
responses that are encoded as a memory which is un-
conscious, labile, and reflexive and also partly associative
in a Hebbian fashion (rapidly induced, and input spe-
cific). Hebbian forms of plasticity, such as LTP, rapidly
modify the efficacy of individual synapses associatively in
an input-specific manner, and they are thought to repre-
sent the cellular mechanisms for storing memories [58].

The average human brain houses about 86 billion neu-
rons [59] with each connecting with neighboring
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neurons to form elaborate networks that generate
neural-wide actions. Hoshiba and colleagues [40] noted
that accumulating evidence has suggested that memories
are stored as a subset of neurons that probably fire to-
gether in the same ensemble and that memories are
encoded and recalled in the form of synchronous activa-
tion of cell ensembles. They further noted that cell en-
sembles are organized by synaptic ensembles, which can
allow the brain to form an astronomical number of con-
nections and that the defined circuits responsible for
each behavior connect with one another in order to pro-
duce executional hierarchies. For this reason, an insult
at a location may create an effect in another point dis-
tant from site of insult, and so, a lot of CNS disorders
are network disorders.

Molecular and structural mechanisms Long-term
memory formation is accompanied by structural and
functional changes of neural networks that require de
novo gene expression [18]. According to Tong and col-
leagues [60], memory mechanisms are heterogeneous in
form, structure, and time course, yet exhibit many com-
monalities across regions of the brain. These mecha-
nisms can be separated into two broad -categories:
molecular, which includes intracellular cascades, mo-
lecular signaling, neuromodulatory influences, activity-
dependent protein synthesis, and epigenetic modifica-
tions, and structural, which includes physiological
changes such as long-term potentiation or other synaptic
weight modifications, alterations to neuronal morph-
ology such as dendritic branching, changes to terminal
shapes or numbers, and ancillary modifications such as
effects on glia or cell adhesion to the extracellular
matrix, as well as changes to neuron number via adult
neurogenesis or selective apoptosis [60]. From genetic,
molecular, electrophysiological, and anatomical investi-
gations, it has emerged that molecular modifications at
all levels (post-translational, translational, and transcrip-
tional) play a critical role in long-term memory forma-
tion and these changes include both general
mechanisms of long-term plasticity, which occur in
many brain regions involving long-lasting changes, and
selective mechanisms, which are found in specific brain
regions and cell populations [18], or cell ensembles [40]
or microdomains [54].

LTM memory formation is dependent on protein kin-
ase G (PKG), protein kinase C (PKC), calcium/calmodu-
lin-dependent protein kinase II (CaMKII), ionotropic
glutamate NMDA receptors complexes, and phosphoryl-
ation of cyclic AMP (cAMP) response element binding
protein (CREB), and has long been associated with per-
sistent structural changes in specific brain regions in-
volved in the formation of memory [60]. It has emerged
that after learning glucocorticoid receptors (GRs)
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regulate several intracellular signaling pathways known
to be required for memory consolidation of stress related
events [18, 61, 62]. These include the pathways activated
by CREB, mitogen-activated protein kinase (MAPK), cal-
cium/calmodulin-dependent protein kinase II (CaMKII),
and brain-derived neurotrophic factor (BDNF), so
BDNEF-dependent pathway is a key downstream effector
of GR activation during memory consolidation [18].
Brain-derived neurotrophic factor is a potent mediator
both of synaptic plasticity on the cellular level, and of
the interaction of an organism with its environment on
the behavioral level, and has been confirmed to be a
protein-synthesis-dependent memory enhancer [63].
Therefore, BDNF-dependent pathway is a strategic
therapeutic target of involuntary memories connected to
emotion such as PTSDs. Endocannabinoid system also
plays an important role in modulating consolidation and
reconsolidation of emotionally aversive memories
through a combined action of the type 1 cannabinoid re-
ceptor (CB1R) and glucocorticoids [18].

One general feature of long-term memory formation
across memory systems and species is that a newly
encoded memory initially exists in a fragile state, but
with time, the memory becomes stronger, stable and re-
silient to disruption, a process known as memory con-
solidation [18]. The consolidated memory can again
become labile if it is reactivated, for example by re-
trievals and this post-retrieval fragility can return to a
stable state through a process known as reconsolidation.
Both consolidation and reconsolidation are phases dur-
ing which memory is vulnerable to interference and dur-
ing which a strengthening or weakening or disruption of
the memory trace can be achieved [14, 18, 38, 39, 63,
64]. The molecular events underlying consolidation
might thus be an extension of the processes that begin
during acquisition [38]. Excitatory neurotransmitters are
known to be the main neurochemicals involved in the
formation of memory, but synapses have differential ex-
pressions of neurochemicals [65]. The most abundant
excitatory neurotransmitter and the one used at the
great majority of fast excitatory synapses in the brain
and spinal cord is glutamate and it is said to be very in-
volved in cognitive functions like learning and memory
formation [63, 66]. For learning and memory, glutamate
mediates its effects through the activation of two major
classes of receptors, the ionotropic (iGluRs) and metabo-
tropic glutamate receptors (mGluRs). Ionotropic glutam-
ate receptors consist of the a-amino-3-hydroxy-5-
methyl-isoxazolepropionic acid receptors (AMPARs), N-
methyl-D-aspartate receptors (NMDARs), and kainate
receptors [63, 67]. NMDA receptor plays the major role
with overwhelming evidence proving its involvement in
the actual learning process (encoding), throughout the
animal kingdom [66].
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Glutamate is also used at most synapses that are cap-
able of increasing or decreasing in strength and are
thought to be the main memory storage elements in the
brain. Synapses can be persistently potentiated due to
strong excitation and remain so for a long period (even
for a lifetime) called long-term potentiation (LTP), or re-
main weak for a long period, due to poor firing or per-
sistent inhibition called long-term depression (LTD).
LTP and LTD are enduring changes in synaptic strength,
induced by specific patterns of synaptic activity, thought
to be cellular models of information storage in the cen-
tral nervous system, and can also be potentially exploited
to treat disorder and disease in the human central ner-
vous system (CNS) [68].

Long-term potentiation (LTP) is key to understanding
the cellular and molecular mechanisms by which mem-
ories are formed and stored [69]. Hallmark features of
LTP are that synaptic changes are associative, rapidly in-
duced, and input specific. Taken together, these charac-
teristics render LTP an attractive model for a cellular
basis for learning and memory [63]. Long-term potenti-
ation (LTP) at synapses is classically triggered by the
synaptic activation of NMDA receptors (NMDARs) and
calcium-permeable (CP) AMPA receptors [70], and it is
typically induced by high-frequency tetanic stimulation,
which leads to Na'-influx through AMPARs,
depolarization of the postsynaptic compartment, and ac-
tivation of N-methyl-D-aspartate receptors (NMDARs)
to permit Ca®* influx; this sets off a cascade of phos-
phorylation events to potentiate synaptic transmission
[71].

Synaptic plasticity in both excitatory and inhibitory
synapses has been found to be dependent upon postsyn-
aptic calcium release which is also dependent on AMPA
Rs/ NMDARs system. The dynamic changes in postsyn-
aptic calcium concentration represent the critical ele-
ments to determine the direction and amplitude of the
changes in synaptic strength, and the activation of sev-
eral subtypes of glutamate receptors contributes to
changes in postsynaptic calcium concentration at synap-
ses, resulting in various types of changes in synaptic
strength [67]. Failed regulation of Ca** influx through
the calcium-permeable (CP) AMPA receptors and
NMDARs leads to calcium overload with consequent
neuronal hyperexcitability and neurotoxicity which are
common phenomena in involuntary motor and sensory
disorders.

L-type calcium channels (LTCCs) function to facilitate
coupling, mainly excitation-contraction, excitation-
secretion, and excitation-transcription, the latter being
crucial for neuronal function and memory formation,
and under several circumstances, LTCCs have been
shown to be important for long-term potentiation (LTP)
of synaptic activity [72]. Cavl.2 and Cavl.3 are involved



Oyigeya The Egyptian Journal of Neurology, Psychiatry and Neurosurgery

in short- and long-term plasticity, but Cavl.3 is the key
conductance responsible for short-term sensitization in
physiological pain transmission, and Cavl.2 is involved
in long-term plasticity associated with neuropathic pain.
Therefore, upregulation of Cavl.2 and downregulation
of Cavl.3 in neuropathic pain underlies the switch from
physiology to pathology [73].

Cavl.2 and Cavl.3 are postsynaptic channels localized
predominantly in the soma, spines, and shafts of den-
drites that shape neuronal firing, activate Ca®* signaling
pathways involved in excitation-transcription coupling
(ETC), and thus regulate neuronal plasticity associated
with learning, memory, drug addiction, and neuronal de-
velopment [30, 35]. The importance of LTCCs in protein
synthesis-dependent long-term memory is well estab-
lished and most attention has been given to CaV;, for
mediating learning [72].

Because of the involvement of Cay1.2 and Cay1.3 iso-
forms in synaptic plasticity, synaptic scaling, heterosy-
naptic molecular dynamics, and transcriptional
regulation, it is not surprising that a deficiency of LTCC
channels or their increased activity leads to aberrant
brain function and neurological disorders [22]. LTCC
blockers are known to inhibit both Cay1.2 and Cay1.3
isoforms [74]. Therefore, development of isoform-
specific blockers is desirable when there is increased ac-
tivity of LTCCs. Lamprecht [75] asserted that long-term
memory (LTM) formation involves alterations of synap-
tic efficacy produced by modifications in neural trans-
mission and morphology, and these modifications are
mandatory for memory formation. Actin cytoskeleton
has been shown to be involved in these key neuronal
processes by subserving events such as presynaptic
vesicle movement and postsynaptic glutamate and
GABA receptor trafficking and dendritic spine morpho-
genesis, and the actin cytoskeleton and its regulatory
proteins are needed for memory formation and extinc-
tion in different organisms including mammals. Myosin
IIB motor activity regulates NMDAR-driven actin net-
work dynamics and this mechanism is necessary for syn-
aptic plasticity and memory formation [76]. Nonmuscle
myosin II (NMII) is a direct regulator of actin
polymerization in dendritic spines [77]. It drives synaptic
actin polymerization to support plasticity and learning in
the hippocampus and basolateral amygdala complex
(BLC). Systemic administration of the NMII small mol-
ecule inhibitor (NMIIi) blebbistatin (Blebb) produces an
immediate, retrieval-independent and long-lasting dis-
ruption of the storage of METH-associated memories
[17], further confirming the role of nonmuscle myosin II
in memory formation.

An array of novel technologies including new
molecular-genetic technologies, optical imaging in living
animals, and optogenetic tools for manipulation of
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individual neurons are available to study synapse-specific
activity [65, 78-83]. These technologies have provided
strong evidence that learning can be associated with the
induction of changes in synaptic weights in apparently
relevant neural circuits [40, 54]. It is therefore possible
to selectively alter memory in specific cell ensembles at
specific areas in the brain.

Formation of maladaptive (reflex) memory

Normal implicit memory People display certain skills
or habits unconsciously and automatically without giving
a thought to them. The action happens instantaneously
and effortlessly as the demands for them arise. These are
usually skills and habits people learned and are accus-
tomed to over time. These can be motor memories of
skills and habits involving skeletal muscles such as driv-
ing car, playing basketball, playing musical instrument,
running, jumping, and so on. After these actions were
done repeatedly, and learned overtime, they got saved
unconsciously in long-term memories and are retrieved
unconsciously and instantaneously when needed.

In the same vein, people unconsciously and automatic-
ally differentiate perceptions (somatic, visual, olfactory,
gustatory, or auditory) of objects they are accustomed to
over time without giving a thought. That is to say, they
saved these perceptions unconsciously as different mem-
ories in their nervous system in long-term memories.
When later in life they encounter these objects, they re-
call automatically the perceptions of these objects with-
out giving a thought.

The formation of this memory follows normal adaptive
process and involves phases of acquisition, consolidation,
retrieval, and reconsolidation, and the author believes
that the encoding of this type of memory is uncon-
sciously done through interoceptive pathway and consol-
idated in long-term memory as implicit memory. The
encoding is unconscious and the recall is also uncon-
scious and automatic. Even though the recall of this type
of memory is automatic and unconscious, it still obeys
the “inhibition rule,” that is, you can voluntarily stop ac-
tion if need be.

Abnormal implicit memory A variant of the normal
implicit (unconscious) memory can be generated by de-
fective circuit remodeling as a result of physical or
chemical injury to the nervous system. When neurons
are perturbed by either physical injury or chemical in-
sult, there is usually an attempt to remodel by reestab-
lishing connectivity or regrowth of the neurons, and
these cause plastic changes in the neurons. When the
process fails or is poorly done, a defect occurs in the cir-
cuit. This defect may provoke upregulation of excitatory
neurotransmitters (ENTs), mostly involving ionotropic
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glutamate NMDA receptor complexes. The activation of
glutamate NMDA receptors would lead to Ca2+ influx
through L-type calcium channels (LTCCs), increased
plastic changes in the neurons, and then hyper-
excitation of the neurons. Efforts by neurons within af-
fected networks to make homeostatic responses in order
to reestablish a proper balance of excitation/inhibition
may fail and the homeostatic capacity of the network
may be overwhelmed, leading to excitotoxicity. A lot of
molecular and structural mechanisms are involved in the
processes. The L-type calcium channels (LTCCs) are
known to play an important role in triggering intracellu-
lar cascades related to synaptic plasticity at glutamater-
gic synapses [28], and they are involved in normal brain
development and plasticity [29]. However, dysregulation
of Cav 1.2 and Cavl.3 isoforms of LTCCs (the only
LTCCs present in the brain) may lead to calcium over-
load and have been variously cited to be implicated in
pathological circuit remodeling, and manifesting as
neuropsychiatric disorders [29-35]. Besides L-type cal-
cium channels (LTCCs) function to facilitate excitation-
transcription coupling, modulating neuronal gene tran-
scription and synaptic plasticity [73]. All these are cru-
cial for neuronal function and memory formation.
LTCCs have also been shown to be important for long-
term potentiation (LTP) of synaptic activity [72]. Be-
cause of the involvement of Cay1.2 and Cay1.3 isoforms
in synaptic plasticity, synaptic scaling, heterosynaptic
molecular dynamics, and transcriptional regulation, their
increased activity leads to aberrant brain function and
neurological disorders [22]. NMDA receptor also plays a
major role in the actual encoding process.

It is also well known that the plastic changes affect
the morphology and number of neurons, followed by
increased neuronal activity, expansion of the neuronal
receptive field, and hyperexcitability [9, 10, 13]. These
events may lead to maladaptive synaptic plasticity,
and then formation of maladaptive (reflex) memory
which is consolidated with sustained abnormal pro-
cesses. Because of the increased molecular and struc-
tural activities occasioned by these processes, there is
augmentation of the memory storage capacity of neu-
rons, as structural rewiring allows more variability
and therefore a larger number of potential circuits to
be generated, implying a larger memory capacity per
synapse [24].

The retrieval phase of the memory is what manifests
as involuntary motor and sensory disorders. At this
phase, the memory is fragile and unstable. Unlike the
normal implicit memory, it has no inhibition control,
and therefore remains uncontrollable; hence, it is said to
have disobeyed the “inhibition rule.” It is the retrieval
performance of this memory that defines the uniqueness
of these motor and sensory disorders. Again, unlike the
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normal implicit memory, it does not reconsolidate, and
hence remains in persistent recall mode.

Reflex memory theory therefore holds that when this
state is sustained for a long time the affected cell ensem-
bles in the network encode this state interoceptively as
an aberrant memory that is labile, unstable, and in a
“persistent retrieval mode,” causing persistence of invol-
untary and uncontrollable motor and sensory phenom-
ena disorders such as tardive syndromes, flashback and
posttraumatic stress disorder, phantom syndromes, and
related disorders, in defiance of all available treatments.

Because this memory is in a “persistent retrieval mode,
" it is always vulnerable to interferences from pharmaco-
logical, molecular, optogenetic, and behavioral manipu-
lations. Figure 3 depicts a highly simplified process of
formation of this pathological memory from perturbed
neurons, putting side by side with normal implicit mem-
ory formation. Figure 4 is a process diagram showing
stages of reflex memory formation, and their provoking
factors. Potential points of therapeutic interventions
have also been proposed as presented in a process dia-
gram (Fig. 5).

Tallet and colleagues [84] capture a picture relating to
procedural learning that is applicable to both persistent
motor and sensory memories and this has a bearing with
reflex memory. That procedural learning follows five
successive stages in adults: fast learning, slow learning,
consolidation, automatization, and retention. That after
repetitive practice followed by further repetitive practice
of routines, a consolidation stage occurs where perform-
ance undergoes either a spontaneous offline increase in
performance or an increase in resistance to interference
from the learning of new and competing similar rou-
tines. Then, the task is automatized, which means that
the new routine can be performed with minimal cogni-
tive resources. Finally, the new routine can be performed
with the same level of performance after long delays
without further practice (retention stage). Hence, once
the new routine has undergone all these five stages, it is
robust enough to persist permanently in long-term
memory without alteration.

Lischer and Malenka [85] noted that psychoactive
drugs act on glutamatergic and GABAergic synaptic
transmission in brain areas causing changes which they
refer to as “drug-evoked synaptic plasticity,” which out-
lasts the presence of the drug in the brain and contrib-
utes to the reorganization of neural circuits. They
further opined that while in most cases early changes are
not sufficient to induce disease, with repetitive drug ex-
posure, they may add up and contribute to addictive be-
havior. The author has adopted this view to say, this is
possible only when the effect of the drug is saved in a
memory, and in this case, as reflex memory and its recall
comes up unconsciously and unpredictably in a reflex

g
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Implicit memory

Healthy neurons

Memory aquisition through
adaptive synaptic plasticity
modulated by regulated
neurotransmitters

Perturbed neurons

Pathological memory aquisition
through maladaptive synaptic
plasticity modulated by dysregulated
neurotransmitters

Consolidation phase (memory
in a stable state)

Recall/retrieval phase (memory is

unstable, fragile, labile, molten and
malleable). Obeys 'inhibition rule'.

Reconsolidation phase (memory is
again in a stable state)

persistent retrieval mode, reflexive and fails
to obey 'inhibition rule', hence uncontrollable.

Consolidation phase (memory
in a stable state)

Recall/retrieval phase (memory
is unstable, fragile, labile,
molten and malleable). Does not
obey 'inhibition rule'.

!

Memory fails to reconsolidate; remains in a

Fig. 3 A process diagram showing how reflex memory is formed as a result of neuronal perturbation. As depicted, healthy memory formation is
on the left side, and pathological memory (reflex memory) on the right side. The rectangles marked in red prints indicate potential areas of
therapeutic targets. Drugs aimed at inhibiting the formation of, or erasing, the pathological memory may be targeted at phases marked red.

Glutamate is most implicated, and upregulated, in neural perturbations of hyperexcitatory nature like TD, PTSDs, phantom syndromes, and similar
disorders. Excess glutamate may be mopped up quickly from the synaptic cleft at the memory acquisition phase by enhancing the function of
excitatory amino acid transporters (EAATS). Sustained excitotoxicity can lead to calcium overload with consequent neurodegeneration. Cay1.3
isoform-specific blocker may be helpful in any recommended combination therapy. The author thinks that extant theories overlooked the
possible role of pathological memory in these phenomena states, and this may have accounted for the resistance of these disorders to extant

therapies. A combination therapy that includes memory inhibition and/erasure is therefore advocated

manner and this may explain the “flashback”
phenomenon in cocaine addicts or what has been tagged
drug memories or drug-associated memories or METH-
associated memory or visceral memories [15, 17].
Flashbacks are said to be involuntary, recurrent, intru-
sive, and vivid images of a trauma that emerge in some-
one’s mind in a waking state, and it is also
conceptualized as re-experiencing part of a traumatic
event with a realistic intensity as if it were happening in
the present [7]. The fact that the “event is re-
experienced with a realistic intensity as if it were hap-
pening in the present” after a long period of time means
a memory of the event was saved. That the recall was
“involuntary and intrusive” means that the recall can

come up unconsciously and automatically without
provocation in a reflex manner. Bourne and colleagues
[4] described flashbacks as involuntary memories” which
gives credence to the fact that a flashback is a reflex
phenomenon.

Similarly, in posttraumatic stress disorder (PTSD), the
sensory images of the traumatic scene that happened
months or years ago are re-experienced as though they
were happening in the present [5].

The same goes for tardive syndromes which often per-
sist for years or even decades after discontinuation of
the offending dopamine receptor blocking agents
(DRBAs) [2, 3, 86, 87]. This can only be possible if the
effects of the DRBAs are stored in a memory.
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® Poor regrowth/lost cells
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e Upregulation of excitatory neurotransmitters (ENTSs)
¢ Homeostatic failure
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e Sustained abnormal process
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J

reconsolidated

Fig. 4 A process diagram showing stages of reflex memory formation, and their provoking factors. As expressed in the figure, stages of neural
events are presented on the left of the diagram and to the right are provoking factors. When neurons are perturbed by either physical injury or
chemical insult, there is usually an attempt to remodel by reestablishing connectivity or regrow the neurons. When the process fails or is poorly
done, a defect occurs in the circuit. This defect may provoke upregulation of excitatory neurotransmitters (ENTs), mostly ionotropic glutamate
NMDA receptor complexes leading to Ca2+ influx and excessive calcium loading, and then excitotoxic stimulation of the neurons with
consequent homeostatic failure. Maladaptive synaptic plasticity is induced with consequent formation of abnormal memory, the “reflex memory.”
Consolidation of the memory occurs as the abnormal process continues. When retrieval or recall occurs, the abnormal memory becomes
unstable and fragile. In normal acquired implicit memory, reconsolidation occurs after retrieval, but in this abnormal acquired implicit memory, no
reconsolidation occurs because this memory remains in persistent retrieval/recall mode. Because this memory is in a persistent retrieval/recall
mode, it is said to have “lost inhibition control” or “disobeyed the inhibition rule.” The “loss of inhibition control” is what makes the retrieval
uncontrollable. This state of fragility and instability, and persistent recall mode makes this memory vulnerable to interventions using
pharmacological, molecular, optogenetic, or behavioral manipulations, and so, can even be erased

The author believes that this pathological form of un-
conscious memory gives rise to these unconscious, in-
voluntary, and uncontrollable phenomena states when
the body synaptic homeostasis fails. Homeostatic plasti-
city is a negative feedback mechanism that neurons use
to offset excessive excitation or inhibition by adjusting
their synaptic strengths [58, 88], or the ability of a sys-
tem to return to a set point following perturbation [27].
According to Takeuchi and colleagues [54], it plays both
normalizing and protective roles in neural circuits that

might otherwise be at risk for seizure through potenti-
ation of too high a proportion of neural afferents. The
discussion of homeostatic plasticity in detail is beyond
the purpose of this article.

So, the beneficial unconscious memory with its in-
stantaneous auto-recall in a normal state can become
disordered as a result of pathological synaptic remodeling
coupled with failed synaptic homeostasis to give rise to
sensory and motor disorders. The author believes that the
defective synaptic remodeling leading to pathological
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Fig. 5 A process diagram showing stages of the reflex memory formation and points of intervention. As shown, a process diagram has presented
the process of reflex memory formation to the left and also proposed interventions to the right. The pathogeneses of acquired excitatory sensory
and motor disorders involve multiple molecular and structural mechanisms, and reflex memory only causes persistence of the disorders despite
treatment. The proposed points of intervention start from the stage of excitoxicity where there is a need to reduce: excessive neuronal activities;
glutamate release; oxidative stress; and calcium loading, and to enhance: glutamate metabolism; and mitochondria integrity. Therefore, use of
Adenosine A1 receptor agonists and metabolic inhibitors, A(2A) receptor selective antagonists, antioxidants, potent and selective blockers of NMDA
receptors, EAATs enhancers, and selective L-type CCBs are advocated in appropriate rations in the suggested combined treatment protocol of these
disorders. At the point of memory formation, selective pharmacological memory blockers (for example, propranolol) and optogenetic manipulations
are proposed. At the point that consolidation had occurred, retrieval can be prevented using selective pharmacological blockers and optogenetic
manipulations. Retrieval phase follows consolidation phase, and at this point, the memory is fragile and unstable, and quite vulnerable so, the memory

can be selectively erased using drugs and optogenetic procedures. Since by its very nature it does not reconsolidate, it remains so vulnerable to
various manipulations. If the proposed therapies as explained above are applied, the expected outcome is a cure

J

memory formation is part of the pathophysiological basis
of tardive dyskinesia, phantom phenomena, “flashback,”
and posttraumatic stress disorder (PTSD) and similar dis-
orders, herein referred to as “acquired reflex phenomena
disorders.” The pathological memory (reflex memory) is
believed to be the end stage of the multiple mechanisms
that lead to the generation of these disorders and may be
responsible for the persistence of the disorders despite
treatment. All extant theories of these disorders failed to
recognize this possibility, and it is suspected that this over-
sight may be the reason why these disorders remained re-
fractory to all extant forms of therapy. This underscores

the need to think of therapeutic options that can inhibit
formation of, or erase, such abnormal memory.

The author believes too that the memories referred to
as drug memories or drug-associated memories or
METH-associated memory or visceral memories by re-
searchers [15-17] to explain drug dependence, or pro-
prioceptive memories [13] to explain phantom
syndromes, or involuntary memories [4] to explain
PTSDs, are all forms of reflex memory caused by patho-
logical synaptic remodeling. What is common to them
all is the fact that they are all products of defective cir-
cuit remodeling and are all interoceptively encoded. It is
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also assumed that multiple mechanisms involving dys-
regulation of excitatory neurotransmitters, neurotoxicity,
calcium overload, and homeostatic failure give rise to
the formation of the memories in [4, 13, 15-17]. It is as-
sumed too that these memories are all labile, fragile, un-
stable, and in a “persistent recall mode” just like the
proposed reflex memory, hence vulnerable to interfer-
ences from pharmacological, molecular, optogenetic, and
behavioral manipulations. So, treatment options that can
work for visceral memories are likely to work for
neuroleptic-induced or toxin-induced movement disor-
ders or involuntary sensory disorders due to brain rewir-
ing, because the author believes they all have origin in
reflex memory.

Applications of reflex memory theory in the treatment of
the disorders

It is the author’s belief that using epigenetic therapies,
pharmacotherapuetic approaches, optogenetic manipula-
tions, and other such techniques, people with “acquired
reflex phenomena disorders” can be treated with better
results than what is obtained presently. This can be
achieved using methods involving selective memory
erasure or memory inhibition/reversion at specific brain
areas, in combination with other extant therapies.

Memory erasure
Because acquired memory is epigenetically determined,
its performance can easily be modulated, whether im-
paired or improved, by epigenetic processes [89]. Avail-
able treatments for neurodegenerative diseases do not
arrest disease progression but mainly help in keeping pa-
tients from getting worse for a limited period of time.
Studies in animal models of neurodegenerative diseases
have highlighted the potential role of epigenetic drugs,
including inhibitors of histone deacetylases and methyl
donor compounds, in ameliorating the cognitive symp-
toms and preventing or delaying the motor symptoms of
the disease, thereby opening the way for a potential ap-
plication in human pathology [90]. Drugs are available
and in use to block or reverse the process through which
non-conscious fearful memories of traumatic events be-
come pathological and cause posttraumatic stress dis-
order (PTSD) and similar debilitating mental illnesses
[91]. Several such reports have been recorded where
drug memories have been altered and “erased” [15, 17].
Professor Barry Everitt and colleagues at the University
of Cambridge in 2008 were able to reduce drug-seeking
behaviors in rats by blocking a brain chemical receptor
important to learning and memory during the recall of
drug-associated memories. By disrupting or erasing mem-
ories associated with drug use during recall, they could
prevent the memories from triggering relapses and drug
taking. They opined that when memories are recalled, they
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become “unstable” or malleable and can be altered or
erased during the process of reconsolidation. They further
explained that when the animals were given a chemical
that interfered with the action of the NMDA -type glutam-
ate receptor (which plays an important role in memory)
prior to the “reactivation” session, the rats showed re-
duced cocaine-seeking behaviors; a single treatment re-
duced or even stopped drug-seeking behaviors for up to 4
weeks. They expressed hope that this might also be used
to treat other neuropsychiatric disorders characterized by
maladaptive memories, including posttraumatic stress and
phobic anxiety disorders [15]. Bellfy and Kwapis had noted
that memory is not a stable record of experience, but in-
stead is an ongoing process that allows existing memories
to be modified with new information through a
reconsolidation-dependent updating process, and that un-
derstanding the molecular mechanisms underlying
reconsolidation-dependent memory updating is an im-
portant step toward leveraging this process in a thera-
peutic setting to modify maladaptive memories and to
improve memory when it fails [92]

Professor Courtney Miller and colleagues in Florida cam-
pus of Scripps Research Institute [17] believed that during
neuronal synaptic plasticity memory becomes malleable or
exists in a molten state and can be altered or erased. By
injecting their experimental rat with a single dose of a
modified form of the compound blebbistatin, they select-
ively erased dangerous addiction-associated memories.
They also believed that they were able to achieve this be-
cause of the “unstable” state of the “drug memory.” It was
further explained that normally, actin and nonmuscle my-
osin II stabilize within minutes of learning, lending stability
to long-term memory storage. However, the actin and my-
osin supporting meth memories behave differently. They
remain active and, therefore, uniquely vulnerable to a drug
designed to inhibit nonmuscle myosin II [17]. However,
Young and colleagues [93] claimed that they produced a
long-lasting disruption of context-induced drug seeking (at
least 30 days) with a single intra-BLC (basolateral amygdala
complex) treatment of blebbistatin (Blebb), an inhibitor of
nonmuscle myosin IIB, and that the effect was also inde-
pendent of retrieval, as METH-associated memory was dis-
rupted 24h after a single systemic injection of Blebb
delivered in the home cage.

These researchers may have achieved these results be-
cause “drug memories” are said to be “unstable” and the
author believes these memories are persistently in a “recall
mode”/ retrieval mode, and hence vulnerable to interfer-
ence from the drug blebbistatin. All the researchers that
used the drug blebbistatin achieved selective inhibition of
nonmuscle myosin IIB (an “upstream” of brain actin)
without affecting other long-term memories, such as fear
or food reward or motivations and even the formation of
new memories. Currently, Blebb is the only small
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molecular inhibitor of the nonmuscle class of myosin II's
and is an excellent starting point for medicinal chemistry
and a potential substance use disorder (SUD) neurothera-
peutic [94]. The drug blebbistatin (Blebb) and optogenetic
manipulations used in these studies can be tried for people
suffering from acquired reflex phenomena disorders.

Memory inhibition/reversion

Epigenetic therapy, optogenetic tools, and pharmaco-
logical therapies can also be options in this direction.
The current epigenetic therapy primarily involves inhibi-
tors of DNA demethylation and histone deacetylation.
The great potential for epigenetic therapies lies in the
fact that unlike genetic abnormalities, epigenetic changes
are reversible, allowing recovery of function for affected
genes with normal DNA sequences [95].

Because of the reversible nature of epigenetic events, re-
searchers postulate that inhibition of epigenetic changes
could be of valuable therapeutic potential. In fact, in some
neurological diseases and cancers, epigenetic drugs are
already in use [96]. Mansuy and Mohanna [89] noted that
unlike genes, which can be altered only through complex
gene therapies, epigenetic marks are reversible and there-
fore amenable to environmental or drug treatment ap-
proaches. They further observed that therapeutic
interventions based on drugs appear to be the most direct
and rapid treatment strategies, and already in use are in-
hibitors of enzymes that drive epigenetic processes, such
as DNA methyl transferase inhibitors or histone deacety-
lase (HDAC) inhibitors, in the treatment of cancers like
leukemia and lymphoma which could be exploited for
treatment of diseases of the central nervous system, such
as neurodegenerative and psychiatric diseases, mental re-
tardation, and drug addiction. Therapeutic optogenetic
protocols are highly effective at reversing symptoms in
animal models of neuropsychiatric disease [82].

Lonergan and colleagues [97] also reported the central
inhibitory effects of propranolol on protein synthesis in
humans, leading to blockage of memory consolidation and
reconsolidation. They further reported that a recent neu-
roimaging study revealed altered amygdala and hippocam-
pus activity associated with propranolol-induced
emotional memory impairment in healthy individuals.
Similarly, Terbeck and colleagues [98] reported that pro-
pranolol significantly abolished implicit racial bias—auto-
matic negative attitudes in a study involving human
subjects. They also noted the key role of the amygdala,
and the central effect of propranolol in the process.

Other areas of consideration

Considering the suspected multiple mechanisms in the
pathogeneses of these disorders, a combination therapy
is advocated starting from the stage of excitotoxicity. L-
glutamate (L-glu) has been consistently implicated in
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tardive dyskinesia [99, 100], posttraumatic stress disor-
ders [101, 102], and phantom pains/sensations [103—
105]. Excitotoxicity, a term used in 1969 by Olney to de-
scribe the ability of L-glu, as well as structurally related
amino acids, to kill nerve cells, a process that has been
proposed to take place not only in acute but also chronic
diseases of the central nervous system [106]. Excitotoxi-
city results from the excessive activation of ionotropic
glutamate receptors (iGluRs) and leads to a characteris-
tic loss of postsynaptic structures including dendrites
and cell bodies [106]. L-glutamate (L-glu) is the major
excitatory neurotransmitter in the brain and is function-
ally involved in virtually all activities of the nervous sys-
tem; excess extracellular glutamate may lead to
excitotoxicity via the overactivation of ionotropic glu-
tamate receptors [106]. Glutamate is metabolized by two
major processes: its uptake by glutamate transporters
and the subsequent enzymatic degradation by glutamine
synthetase [107]. Timely clearance of glutamate from the
synaptic cleft is necessary because high levels of extracel-
lular glutamate overactivate glutamate receptors, result-
ing in excitotoxic effects in the central nervous system
[108]. Excitatory amino acid transporters (EAATSs) lo-
cated on the plasma membrane of neurons and glial cells
rapidly terminate the action of glutamate and maintain
its extracellular concentration below excitotoxic levels
[109]. Upon release, glutamate is rapidly taken up by
astrocytic glutamate transporters, especially EAAT2
[106], which function to maintain extracellular glutam-
ate levels at low levels [110], but energy depletion and
disruption of ionic homeostasis inhibits EAAT activity in
astrocytes and may lead to hypo-expression or hypo-
function with consequent accumulation of glutamate in
the extracellular space [106]. EAAT2 loss or hypo-
function contributes to chronic excitotoxicity, and p-
lactam antibiotic ceftriaxone (Cef) has proved to be a
positive inducer of EAAT?2 in preclinical studies [106].

Sometimes the glutamate excitotoxicity can be inde-
pendent of ionotropic glutamate receptors, but can be a
result of inhibition of the glutamate/cystine antiporter
xc, which results in a form of oxidative stress and cell
death called oxidative glutamate toxicity which can be
inhibited by vitamin E, by group I metabotropic receptor
agonists, by a caspase inhibitor, by elevated extracellular
cystine, and by the removal of extracellular glutamate
[111]. Increased concentrations of extracellular glutam-
ate can also inhibit cystine uptake, leading to glutathione
depletion and oxidative glutamate toxicity [108]. There
are preclinical and clinical results of the differentiated
effectiveness of N-methyl-p-aspartate (NMDA) receptor
antagonists, especially antagonists that bind with the
GIuN2B subunit of NMDA receptors [112, 113].

The L-type calcium channels (LTCCs) are known to
play an important role in triggering intracellular
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cascades related to synaptic plasticity at glutamatergic
synapses [28], important for long-term potentiation
(LTP) of synaptic activity [72], and also function to fa-
cilitate excitation-transcription coupling, modulating
neuronal gene transcription and synaptic plasticity, with
Cayl.2 and Cayl.3 subunits making distinct contribu-
tions to transcriptional responses [73]. Because of the in-
volvement of Cay1.2 and Cay1.3 isoforms in synaptic
plasticity, synaptic scaling, heterosynaptic molecular dy-
namics, and transcriptional regulation, their increased
activity leads to aberrant brain function and neurological
disorders [22] like the acquired involuntary motor and
sensory disorders under investigation. Therefore, use of
selective L-type calcium channel blockers (CCBs), espe-
cially Cay1.2 and Cay1.3 isoform-specific blockers, may
help to attenuate the excitotoxicity.

The increased activities of ionotropic glutamate
NMDA receptor complexes with consequent excitotoxo-
city place a lot of energy demand on synapses. The high-
energy demands of synapses lead to high levels of react-
ive oxygen species (ROS) production, hence oxidative
stress. Energy depletion and/or increased oxidative dam-
age to various synaptic proteins can result in a local dys-
regulation of calcium homeostasis and synaptic
degeneration [114]. Mitochondria play a key role in ATP
supply to cells via oxidative phosphorylation, and various
redox reactions catalyzed by enzymes take place in the
oxidative phosphorylation process. An inefficient oxi-
dative phosphorylation may generate reactive oxygen
species (ROS), leading to mitochondrial dysfunction
[115]. Therefore, there is a need to strengthen the
mitochondria integrity by improving the antioxidant
defense system, and put up measures to reduce the
release of glutamate. Dietary and pharmacological an-
tioxidants have been advocated for, to strengthen
antioxidant defense system [114]. Some antioxidants
have been studied and they proved effective at pre-
clinical trials and are even undergoing clinical trials
now. These include the following: alpha lipoic acid
associated with omega-3 [116]; alpha lipoic acid [117];
rice bran oil [118]; Curcumin, the active principle of
turmeric (Curcuma longa) [119]; rutin, a polyphenolic
flavonoid [120]; caffeine and adenosine [121]; adeno-
sine reuptake/transport inhibitors [122]; Carvedilol
[123]; and quercetin, a bioflavonoid [124].

Adenosine receptors modulate neuronal and synaptic
function in a range of ways that may make them relevant
to the occurrence, development, and treatment of brain
ischemic damage and degenerative disorders. A(1) ad-
enosine receptors tend to suppress neural activity by a
predominantly presynaptic action, while A(2A) adeno-
sine receptors are more likely to promote transmitter re-
lease and postsynaptic depolarization [125]. Both
agonists of adenosine A(1) and A(2) receptors and the
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antagonists of A(2A) receptors are known to protect
against neuronal damage caused by toxins as well as they
can also protect against the cell damage inflicted by re-
active oxygen species [121], and so, can be used as anti-
oxidants. Adenosine reuptake inhibitors dipyridamole
and nimodipine (L-type channel calcium antagonist), an
adenosine transport inhibitor, could be possible thera-
peutic antioxidants [122]. Adenosine is an endogenous
neuroprotective metabolite, and in situations of meta-
bolic stress, adenosine decreases energy demand and in-
creases energy supply; in this context, it modulates
glutamate release. This shift of adenosine-glutamate bal-
ance in favor of adenosine helps to restore function at
the cellular, organ, and organism level [126]. Adenosine
agonists can therefore help in reducing excessive glu-
tamate release at the stage of excitotoxicity. Adenosine
increases dramatically during enhanced nerve activity,
hypoxia, or ischemia, and in these pathological condi-
tions, adenosinergic transmission-potentiating agents,
which elevate adenosine level by either inhibiting its
degradation (adenosine deaminase and kinase inhibitors)
or preventing its transport, offer protection against is-
chemic or excitotoxic neuronal damage; the directly act-
ing adenosine Al receptor agonists are known to
mediate neuroprotection, mostly by the blockade of
Ca2+ influx, which results in the inhibition of glutamate
release and reduction of its excitatory effects at a post-
synaptic level [127]. Antagonists of adenosine A2A re-
ceptors markedly reduce cerebral ischemic damage in
animal models of focal and global ischemia by attenuat-
ing the neuronal loss induced by excitatory amino acids
(EAA). Hence, it might be suggested that adenosine
A2A receptor antagonists may represent a novel strategy
in the therapeutic approach to pathologies characterized
by acute or chronic neurodegenerative events [127].
Presynaptic release of the excitotoxic neurotransmitters
glutamate and aspartate impair intracellular Ca2+
homeostasis or induce uncontrolled membrane
depolarization leading to cytotoxic calcium loading and
neuronal cell death [128], but adenosine counteracts this
process by inhibiting neuronal Ca2+ influx [128, 129]. In
addition, adenosine directly stabilizes the neuronal
membrane potential by increasing the conductance for
K+ and Cl- ions, thereby counteracting excessive mem-
brane depolarization [128]. It is therefore justifiable
using a combined therapy of antioxidants, adenosine ag-
onists and metabolic inhibitors, selective blockers of
NMDA receptors, EAAT2 enhancers, and selective L-
type calcium channel blockers (CCBs) to reduce the
excitotoxic effects of the excitatory amino acids (EAAs).
Recently, two prospective epidemiological studies of
large cohorts have firmly established the beneficial ef-
fects of consumption of caffeine (a non-specific adeno-
sine antagonist) as a neuroprotector for mediating
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neuroprotection in a variety of brain injuries induced by
stroke, excitotoxicity, and mitochondrial toxins [130].
Therefore, it may be worth putting on clinical trials
these agents, using people with involuntary motor and
sensory disorders.

Conclusions

Acquired involuntary motor and sensory disorders origin-
ate from defective circuit remodeling but involve multiple
neural mechanisms. Dysregulation of excitatory neuro-
transmitters, neurotoxicity, calcium overload, and homeo-
static failure is implicated in the process. Sustained effects
of these defective mechanisms are encoded interoceptively
as a memory (the reflex memory) in the neurons. The in-
voluntary motor and sensory phenomena are the con-
scious manifestations of this memory. Unlike the normal
implicit memory, it has no inhibition control, and there-
fore remains uncontrollable; hence, it is said to have dis-
obeyed the “inhibition rule.” It is the retrieval performance
of this memory that defines the uniqueness of these motor
and sensory disorders. This memory is proposed to be re-
sponsible for the persistence of tardive dyskinesia, flash-
backs, and posttraumatic stress disorders, phantom pains
and sensations, and related disorders even with all known
therapies. All extant theories of these disorders failed to
recognize this possibility, and it is suspected that this over-
sight may be the reason why these disorders remained re-
fractory to all extant forms of therapy. A combination
therapy that includes memory erasure and memory inhib-
ition/reversion is expected to give a cure.
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