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Abstract
Synchronous and coordinated neural electrical activity is essential for proper mental
functioning in the wake state. Sleep-dependent neuroplastic repair and adaptation that occur
due to oxidative damage, inflammation, learning, and memory formation fostered by wake
state experiences alter the finely-tuned electrical activity of neurons. Resynchronization after
neuroplastic repair and adaptation, but before waking, is needed to redress such adverse
effects. These circuit-specific resynchronizations restore the unique sequential activity
patterns needed for the diversity of mental functions. Dreaming is the result of neural circuit
activations during sleep as part of resynchronization processes. Dream content is explained by
the information load of neural circuits that underwent extensive neuroplastic repair and
adaptation and that were activated during resynchronization. Neural circuit activation
sequences and their combinations during resynchronization determine the narratives and
bizarreness of dreams.

Keywords: sleep, dreaming, neuroplasticity, electrical activity, resynchronization, neural

circuit activation



DREAMING REFLECTS NEURAL RESYNCHRONIZATION 2

Dreaming Reflects Neural Resynchronization After Sleep-Dependent Neuroplastic
Adaptations

Though various theories of sleep and dreaming exist, they have been found wanting
(Dombhoft, 2017; Frank & Heller, 2018; Hoel, 2021; Mageo, 2019; Revonsuo, 2000; Scarpelli
et al., 2022; Stickgold et al., 2001). This lack of a cogent and comprehensive theory of sleep
and dreaming is clearly an unsatisfactory affair that requires continuing efforts of synthesis
and integration. The theory presented here is intended to further address this deficiency and it
is organized as explained below.

I start by emphasizing the critical role performed by neural activities uniquely
synchronized and exquisitely coordinated within specific neural pathways. Daily activities
generate oxidative damage and inflammation in neurons. Such damage needs to be repaired
and preempted (learning) through various neuroplastic processes. Executing neuroplastic
processes is incompatible with continued wake-state mental functioning because it risks
disrupting the finely-tuned electrical activities of neurons and so might impair mental
functioning. A sleep state is required to permit these restorative and adaptive processes to
occur. After neuroplastic modifications, neurons need to be resynchronized within circuits
and circuits re-coordinated with others. Thus, inputs to a given neuron need to arrive with the
proper timing and in the proper sequence for it to function correctly. Neuroplastic processes
occur during NREM sleep and excessive alterations are constrained by the slow oscillations to
facilitate resynchronization during REM sleep. These circuit-specific resynchronizations
manifest as overall desynchronous activity. Resynchronization is coordinated by pontine
centers and external stimuli are ‘simulated’ by the brainstem — thus enabling coordination
with the peripheral nervous system. Resynchronization requires the activation and functional

integration of neural circuits and this produces dreams. Because neural circuits are activated
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during both NREM and REM sleep, but activated in different ways, dreams occur in both
stages, but manifest differently. Dream content is related to events that most provoked
neuroplastic processes, thus will be related to the most salient wake state experiences. The
strange narratives and bizarre nature of some dreams are due to the specific sequences in
which neural circuits are activated and these depend on those circuits most in need of
resynchronization. I conclude with a short discussion of the adaptive value of dreams.
The Importance of Synchronized Neural Activity

Mental processes are dependent on neuronal structures and activities that are highly
complex, finely tuned and exquisitely synchronized (Poulet & Crochet, 2019; Puentes-Mestril
et al., 2019; Zbili et al., 2020). In pyramidal neurons, for example, excitatory post synaptic
potentials decay with dendrite length and the amount of decay from a given synapse is
dependent on which dendrite it is located and where it is located on the dendrite (Hill et al.,
2013; Spruston, 2008). Furthermore, synapses may have different morphological
characteristics and function with different time courses (Jonas, 2000). The synchronized and
coordinated activations of multiple synapses needed to trigger a specific action potential in a
given neuron must therefore occur on millisecond time-scales (Hill et al., 2013; Spruston,
2008; Yin et al., 2018). Clearly, a disruption of intricately coordinated and synchronously
ordered activities that could occur at various synapses distributed amongst complex dendritic
arborizations in a neuron would impact the function of the circuit in which it serves and thus
have adverse effects on downstream mental processes.

Neuronal Damage Occurs from Activity During Wakefulness

Neurons have high energy demands met via oxidative phosphorylation (Hall et al.,
2012) that produces reactive oxygen species (ROS). Under conditions of activity, energy
demands are substantially amplified leading to elevated ROS production (Coulson et al.,

2022; Qiu et al., 2020; Raefsky & Mattson, 2017). This, in turn, causes damage to lipids,
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proteins and nucleic acids (Coulson et al., 2022; Schieber & Chandel, 2014). ROS can also
activate the immune system leading to damaging inflammation (Besedovsky et al., 2018;
Schieber & Chandel, 2014).

Learning a novel task, requiring the same neural circuitry to be activated repeatedly,
therefore predisposes neurons in that circuit to oxidative damage. To counter such damage,
repair processes are induced in the neuron (Cao et al., 2020; Qiu et al., 2020; Schulze, 2004;
Zada et al., 2019). Furthermore, to preempt or reduce experience-dependent damaging
metabolic demands, memory formation and associated processes require neuroplastic
adaptations and modifications (Girardeau & Lopes-dos-Santos, 2021; Klinzing et al., 2019;
Schmidt et al., 2021). These repair and modification processes are themselves energy
intensive and will conflict with the high energy demands of neural functioning that occur
during wakefulness. Thus, sleep deprivation, sleep apnea, and insomnia, where the wake state
is prolonged (and repair impaired), aggravate oxidative stress, neuroinflammation,
neurodegeneration and apoptosis (Besedovsky et al., 2018; Mahalakshmi et al., 2022; Suresh
et al., 2021; Villafuerte et al., 2015; L. Wang & Aton, 2022) and degrades effective cognitive
and immune function while sleep is restorative (e.g., Besedovsky et al., 2018; Klinzing et al.,
2019; K. T. Li et al., 2022; Raven et al., 2019; Wunderlin et al., 2021).

Neuroplastic Processes Alter the Strength and Time Course of Electrical Activity

Neural plasticity involves numerous subcellular modifications that include DNA repair
(Zada et al., 2019), gene transcription (Qiu et al., 2020; Schulze, 2004), protein synthesis
(Tudor et al., 2016; Yap & Greenberg, 2018), changes in dendritic spine structure (Spruston,
2008), axonal plasticity (Galliano et al., 2021; Jamann et al., 2018; Lazari et al., 2018;
Leterrier, 2016), mitochondrial genesis and trafficking (Chang et al., 2006; Course & Wang,
2016; Lee et al., 2018; Lin & Sheng, 2015; Ly & Verstreken, 2006; Palikaras & Tavernarakis,

2020), myelination (Lazari et al., 2018; Pan et al., 2020; Ronzano et al., 2020; Sinclair et al.,
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2017) and synaptic plasticity (Galliano et al., 2021; W. Li et al., 2017; Lieberman & Sulzer,
2020; Stampanoni Bassi et al., 2019).

At least some of these might alter neuronal properties such as synaptic contact size and
morphology, glial wrapping and the density of glutamate transporters (Jonas, 2000) and thus
the neuron’s firing characteristics (Benna & Fusi, 2016; Fusi et al., 2005; Liu et al., 2021;
Spruston, 2008; Zenke et al., 2017). Changes that occur in the firing characteristics of one or
more neurons will also affect other neurons. This might alter interneural delay, the time taken
for electrical activity in one neuron to be propagated to the next one, a critical parameter in
fully connected spiking neural networks (Vibert et al., 1994) and affect long term potentiation
(LTP) where LTP augmented excitation in a neuron has both individual and network level
effects producing unstable circuits with excessive activity (Jamann et al., 2018; Turrigiano,
2012; Wefelmeyer et al., 2016).

Altered Electrical Activity Requires Resynchronization

The firing characteristics of a neuron after damage repair or neuroplastic modification
must occur with the correct timing for a neural ensemble to function effectively (Turrigiano,
2012). Neural ensembles must also have the appropriate firing characteristics after multiple
neurons underwent modifications because the dynamics of neural networks depend on spiking
activity that must be coordinated within specified neural circuits (Brinkman et al., 2022;
Reynolds et al., 2022). Disruptions of needed synchronized inputs to a neuron could limit
single-cell participation in some circuits with associated information loss (Valero et al.,
2017). It may also decorrelate the correlated spiking activity required of some cortical
neurons (Bartolo et al., 2020; Geng et al., 2016; Smith & Kohn, 2008) or desynchronize
specific neural circuits that need to be synchronized for neural processing (Bosman et al.,
2012; Poulet & Crochet, 2019) leading to impairment of perceptual functions and affecting

mental health (Nobukawa et al., 2022). To restore proper mental functioning, neural activity
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must be resynchronized and re-coordinated.
Slow Waves Constrain Distributed Neuroplastic Processes

Important durable repair and adaptation processes occur during NREM sleep. Plasticity
processes in corticothalamic circuitry are evident after prolonged and rhythmic firing during
SWS (Steriade, 2000) with both depression and potentiation occurring (Brzosko et al., 2019).
Synchronized firing during SWS improves memory processes (Abel et al., 2013; Girardeau &
Lopes-dos-Santos, 2021; Staresina et al., 2015) suggesting that intrinsic neuronal firing
patterns were occurring within bounds established by network activity. Thus, bounds appear
to be determined by the slow oscillation that controls the synchronization of other sleep
rhythms. It acts as a carrier wave in interconnected circuits throughout the brain and
coordinates the firing characteristics of intracortical circuits, spindles in thalamocortical
circuits and sharp wave ripples in hippocampocortical circuits (Crunelli & Hughes, 2010;
Girardeau & Lopes-dos-Santos, 2021; Jones, 2009; Puentes-Mestril et al., 2019; Schreiner et
al., 2022; Steriade & Amzica, 1998). Furthermore, by virtue of constraining neuroplastic
processes, the slow oscillation might also have a homeostatic effect on neuroplastic events.

The thalamus is a relay and gating system for external stimuli (Jones, 2009). While
asleep, it blocks transmission of external signals to the neocortex (Steriade, 2000). The slow
oscillation arises in the thalamus (Crunelli & Hughes, 2010; Ujma et al., 2022) and it actively
organizes sleep rhythms in the neocortex (Schreiner et al., 2022). As sleep deepens from
stages 2 to 4, the frequency of slow oscillations increases and clear periods of delta waves
emerge that are more frequent and longer (Crunelli & Hughes, 2010). Thus, it appears that
upon falling asleep and the commencement of neural repair and adaptation the thalamus
replaces external signals with structured slow wave activity to constrain and coordinate
neuroplastic processes.

Simulating Wakefulness to Resynchronize Neural Activity
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After neuroplastic processes that might have altered neural synchronization, even within
the bounds determined by slow waves as discussed above, functional resynchronization is
required to produce the unique, event-specific sequential neural activity patterns needed for
wakefulness. Ponto-geniculo-occipital (PGO) waves occur as discrete biphasic wave events
occurring during REM sleep and are good candidates to orchestrate such resynchronization.
They have highly synchronous effects in those neural circuits that they propagate through
(Puentes-Mestril et al., 2019; Ramirez-Villegas et al., 2021). In the cortex they might present
as sawtooth waves that widely activate, modulate and synchronize neuronal activity in
specific circuits producing overall high spatiotemporal heterogeneity (Frauscher et al., 2020;
Girardeau & Lopes-dos-Santos, 2021; Ramirez-Villegas et al., 2021). Thus, not all neural
circuits are firing synchronously, but the resynchronization pertains to specific circuits — those
that required neuroplastic alterations — even though those circuits and others that they need to
be coordinated with might span several brain regions. These unique sequential neural activity
patterns needed for a diversity of wakefulness functions produce desynchronous activity
(Beaman et al., 2017; Bermudez Contreras et al., 2013; Frauscher et al., 2020).

The resynchronization processes themselves might require rapid adjustments to
neuronal function. Given that synchronization implies the fine-tuning of conduction velocities
and that myelination regulates conduction velocities (de Faria et al., 2021; Fields, 2015;
Ronzano et al., 2020), myelin plasticity and nodes of Ranvier architecture plasticity (Rasband
& Peles, 2016), with adjustments of the internodal and nodal lengths and modifications of the
ion channel densities and clustering and types, are prime candidates for mediating
resynchronization (Chapman & Hill, 2020; Pajevic et al., 2022).

Other potential rapid resynchronization processes are changes in the axon initial
segment (Jamann et al., 2021; Leterrier et al., 2017), mitochondrial redistribution (Course &

Wang, 2016; Lin & Sheng, 2015), skewed distributions of brain parameters (Buzsaki and
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Mizuseki, 2014) and oligodendrocyte-mediated feedback (Pajevic et al., 2022). This feedback
involves global and transient responses to local action potentials in the axons myelinated by a
given oligodendrocyte. They produce rapid myelination that selectively modifies the
conduction velocity of a given axon (Pajevic et al., 2022).

Resynchronization must not only occur mutually between functionally connected neural
circuits of the central nervous system, but also between the central and peripheral nervous
systems and in such a way as to permit accurate and sensitive interfacing with the external
world. The thalamus that blocks external signals and replaces them with structured slow wave
activity to constrain and coordinate neuroplastic processes during NREM sleep, during REM
sleep permits signals from the brainstem to be transmitted to the cortex. These signals seem to
simulate sensory, as opposed to social (Revonsuo et al., 2015), aspects of waking life, thus
producing contractions of the middle ear muscles, myoclonic twitches of skeletal muscles,
irregularities in respiratory and cardiac activity (Dickerson et al., 1993; Ioannides et al., 2022;
Simor et al., 2018) and rapid eye movements with wakefulness-like aspects of visual
processing (Andrillon et al., 2015). It is therefore of interest that both pontine waves (the
rodent analogue of PGO waves) and REM sleep are regulated by the same excitatory neurons
in the dorsomedial medulla (Schott et al., 2022) because the medulla plays a role in many
important autonomic functions such as breathing, heart rate and blood pressure and also in the
sleep wake cycle (Waldman, 2009). As a result of the involvement of the medulla via
regulation of PGO waves and REM sleep, the autonomic nervous system is resynchronized
with the central nervous system. All this occurs while maintaining skeletal muscle atonia
(Simor et al., 2018), possibly to reduce harm by avoiding activity when external stimuli are
diminished, nervous system coordination impaired and phantom simulated stimuli might be
present. Thus, some processes that occur during REM sleep resynchronization seem intended

to mimic those that occur during wakefulness to effect an adequate, reality-competent
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resynchronization and prepare the brain for optimal activity during the wake state.
Dreaming

Objectively, the ‘simulation’ of predominantly sensory-related input during REM sleep
to resynchronize specific neural circuits produces measurable brain activity that resembles
wakefulness. Subjectively, the same brain activity that resembles wakefulness produces
dreams. The transition from resembling wakefulness to wakefulness itself depends on the
locus coeruleus (LC). During wakefulness, LC activity is high, but variable. Sparse LC
activity with high noradrenaline levels that occur during NREM sleep (Osorio-Forero et al.,
2022) coordinates sleep spindles, themselves constrained by slow oscillations. Thus, LC
activity appears involved in constraining neuroplastic events to be compatible with sensory-
related activity from the brainstem and facilitate brain-body coordination (Osorio-Forero et
al., 2022; Totah et al., 2018). Though LC activity and NA levels during NREM sleep seem to
promote brain-body coordination in preparation for the waking state, during REM sleep the
LC is quiescent (Osorio-Forero et al., 2022) to avoid wakefulness while circuit-specific
resynchronization is in progress.
Sleep Architecture

The first NREM episode might be relatively long as many neuroplastic processes occur.
In contrast, the first REM episode during which circuit-specific resynchronization is
attempted might reveal shortcomings in those neuroplastic processes. Such obstacles might
result in limited synchrony required between specific neural circuits and involve a limited
number of neural circuits. This results in truncated REM sleep followed by further NREM
sleep to address these shortcomings possibly via the perineuronal net (Bozzelli et al., 2018).
The perineuronal net is a lattice-like structure present in several brain regions that include the
cortex and hippocampus. It appears to be involved in synchronous neuronal population

discharges that occur with gamma oscillations and sharp-wave ripples (Bozzelli et al., 2018).



DREAMING REFLECTS NEURAL RESYNCHRONIZATION 10

After the NREM remedial neuroplastic processes have been completed, a subsequent REM
episode follows consisting of more extensive resynchronization and coordination of specific
neurons within neural circuits as well as involving more neural circuits with which they are
functionally integrated. Further shortcomings revealed are addressed in further NREM
episodes. These will generally decline in duration or frequency (Abel et al., 2013; Simor et
al., 2018) as mending and adaptation needs reduce. Conversely, REM episodes will increase
in duration or frequency (Abel et al., 2013; Simor et al., 2018) as specific neurons within
neural circuits become more comprehensively resynchronized and more and more neural
circuits are integrated in the resynchronization procedure to produce the unique sequential
neural activity patterns for event-specific mental functioning. This should result in highly-
specific patterns of both locally synchronous brain activity and ones that extend over larger
brain regions. Patterns of short-range synchrony are indeed observed during phasic REM
periods while patterns of long-range synchrony occur during tonic REM periods (Simor et al.,
2018). Furthermore, external information processing appears to be modest during phasic
REM periods with cortical activity mostly detached from sensory input. In contrast, during
tonic REM sleep, a wake-like state is achieved where alertness and environmental processing
appear to be partially maintained (Simor et al., 2018). This is congruent with the notion that
wakefulness is simulated during resynchronization to prepare for the wake state.
Dream Content

Neural circuits that required more neuroplastic adaptations due to specific waking
activities that precipitated this need are likely to require more extensive resynchronization.
The information load of these activated circuits are thus more likely to feature in dreams.
Thus, waking experiences that placed a particular neuroplastic burden on the nervous system,
due to its frequency, intensity or emotional valence, are likely to feature prominently in dream

content (Nemeth & Fazekas, 2018; Vallat et al., 2017) whereas waking experiences of a more
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general and diffuse character might not. Dream content will generally feature events related to
the preceding day — the day residue effect — but further resynchronization and reintegration of
neuroplastically adapted neural circuits might also occur on subsequent days and account for
the dream lag effect (Carr & Solomonova, 2019; Picard-Deland & Nielsen, 2022). Moreover,
any neural circuit that requires neuroplastic adaptation needs to be resynchronized with — at
least — some other downstream neural circuits with which it interfaces even if these neural
circuits themselves did not require neuroplastic adaptations. Consequently, dream content
might also reflect activation of these latter neural circuits. This establishes, for example, the
concordance observed between head, limb and eye movements during REM sleep (Leclair-
Visonneau et al., 2010).

During resynchronization, neural circuits are activated in sequences and with
frequencies that are deemed dependent on the types and extent of neuroplastic adaptations
effected. These sequences and their frequencies predominantly generate the narratives of
dream episodes. The bizarreness of dreams (Carr & Solomonova, 2019; Scarpelli et al., 2022)
also derives from the resynchronization and integration demands of neural circuits that are
determined by neuroplastic alterations, but predominantly from the combinations of neural
circuits that are ‘tested’ together. Even though aspects of simulation occur during
resynchronization, resynchronization is not likely to result in an activation of neural circuits
in the same coordinated manner as experienced in the waking state and provoked by external
stimuli because the activation of neural circuits is dependent on the extent of neuroplastic
alterations.

Dream Length
Because REM episodes will increase in duration or frequency (Abel et al., 2013; Carr &
Solomonova, 2019; Simor et al., 2018), scope arises for more dreams or dreams of longer

duration. Indeed, this is expected as specific neural circuits need to become more
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comprehensively resynchronized and functionally integrated with more downstream neural
circuits.
NREM Dreaming

Dreaming can also occur in NREM sleep (Carr & Solomonova, 2019; Nemeth &
Fazekas, 2018) because neural circuit activation, thus dreaming as a consequence of such
activation, also occurs during NREM sleep. However, the activation of intracortical circuits,
spindles in thalamocortical circuits and sharp wave ripples in hippocampocortical circuits
(Crunelli & Hughes, 2010; Girardeau & Lopes-dos-Santos, 2021; Jones, 2009; Puentes-
Mestril et al., 2019; Schreiner et al., 2022; Steriade & Amzica, 1998) are coordinated by the
slow oscillation, not by PGO waves. Thus, the activation of neural circuits occurs in a
different manner from that in REM sleep and different dream attributes could reasonably be
expected. Though NREM dreams do indeed appear to be qualitatively different from REM
dreams, being shorter, more mundane and more thought-like (Carr & Solomonova, 2019;
Nemeth & Fazekas, 2018), it is yet unclear how to provide a more detailed mechanistic
explanation accounting for these specific attributes.
Moods and Emotions

Moods and emotions are associated with the limbic system and play a central role in
dreaming (Simor et al., 2018; Stickgold et al., 2001). They are highly prominent in REM
dreaming (Carr & Solomonova, 2019; Stickgold et al., 2001) but appear less so in NREM
dreaming (Carr & Solomonova, 2019; Scarpelli et al., 2022). Parts of the limbic system,
including the amygdala and limbic forebrain, will also need to be resynchronized and
functionally reintegrated with other neural circuits because they might also undergo
neuroplastic adaptations, especially after exposure to adverse and traumatic events (Scarpelli
et al., 2022). Thus, in earlier REM episodes, resynchronization will involve the activation of

fewer associated neural circuits while in later episodes, resynchronization will be more
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extensive with a wider range of participating neural circuits being concurrently activated with
unique sequential patterns. Moods and emotions might appear as more isolated dream
experiences initially and, as resynchronization progresses, will occur along with other dream
facets to produce dreams where emotions are more integrated with complex narratives (Carr
& Solomonova, 2019; Simor et al., 2018). Furthermore, they might also occur during NREM
episodes (Moyne et al., 2022) and be qualitatively different (Carr & Solomonova, 2019) as
explained above. Even if no part of the limbic system required neuroplastic adaptations, other
circuits that did so need to be synchronized with them and that would result in moods and
emotions featuring in the concomitant dreams. The excessively strong activation of limbic
system neural circuits during a resynchronization episode might explain the occurrence of
some nightmares.
Vividness and Complexity

The vividness and complexity of dreams (Carr & Solomonova, 2019; Nemeth &
Fazekas, 2018; Simor et al., 2018) are potentially accounted for by three factors. The first is
that the intensity of dream experiences is likely related to the intensity or extent of neural
repair or neural adaptions required — generally as a result of experiences. Such provoked
changes are expected to produce robust neuroplastic alterations within the constraints
imposed by SWS that might yet produce strong, even though moderated, excitation of neural
circuits during the resynchronization process. Homeostatic processes and neuromodulation
moderate excessive excitation of neural circuitry, including on short timescales (Brzosko et
al., 2019; Turrigiano, 2012; Wefelmeyer et al., 2016; Zenke et al., 2017). The pruning of
neural spines during REM sleep (W. Li et al., 2017) might be a further mechanism for
moderating excitation intensity. Increased vividness and bodily sensations also occur when
sensory stimulation is applied during sleep stages (Scarpelli et al., 2022), thus simulated

stimuli deriving from the brainstem might contribute to the vividness of dreams. Finally,
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besides intensity moderation that might occur, as more neural circuits are involved and
gradually become more synchronized and functionally coordinated dreams also become more
coherent and attain a greater ‘focus’ of vividness and complexity.
Discussion

Dreams might have adaptive value in several respects. The resynchronization and
coordination of neural circuits have an obvious benefit in restoring and improving mental
function. It is also likely that dreaming would eliminate parasitic modes of excitation (Crick
& Mitchison, 1983) that might otherwise occur in poorly synchronized and poorly
coordinated circuits. Furthermore, dreaming consists of the activation of different neural
circuits in a sequence and manner dependent on the degree and extent of neuroplastic
adaptations needed in various neural circuits — and these are in turn precipitated by
experiences during wakefulness. Thus, unusual sequences of activation might occur.
Memories due to such unusual activations, whether explicitly formed and accessible through
dream recall or implicitly formed due to a resynchronization sequence, might provide
unexpected insights or solutions to problems. This is compatible with dreams having a
biological function (Revonsuo, 2000). It is precisely those circuits most challenged during
wakefulness that will undergo the most extensive neuroplastic adaptations and be most
extensively resynchronized in a particular pattern. Such sequences of activation might well
represent available solutions to the presented challenges in terms of extant neural circuits and
their knowledge loading.
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