Send Orders for Reprints to reprints@benthamscience.net 13

Current Neuropharmacology, 2023, 21, 13-21
EDITORIAL

@ When the Mind Comes to Live Inside the Body: The Ontogeny of the Per-
ceptual Control Clock
BENTHAM

SCIENCE

Sari Goldstein Ferber", Ronny Geva' and Aron Weller!

'Department of Psychology and the Leslie and Susan Gonda (Goldschmied) Multidisciplinary Brain Research Center,
Bar Ilan University, Ramat Gan, Israel

Abstract: In this editorial, we discuss the neurobiological processes underlying the early emergence
of awareness that we term the “when” and “how” the mind comes to live inside the body. We de-
scribe an accumulative developmental process starting during embryonic life and continuing to fetal

and postnatal development, of coupling of heart rate, body movements, and sleep states on the be-
R havioral level with underlying mechanisms on the structural, functional, cellular, and molecular lev-
Accepted: April 09, 2022 els. A developmental perspective is proposed based on Perceptual Control Theory (PCT). This in-
cludes a developing sequence of modules starting from early sensing of neural intensities to early
manifestation of human mindful capacities. We also address pharmacological treatments adminis-
tered to preterm infants, which may interfere with this development, and highlight the need to con-
@ CrossMark sider this potential “side effect” of current pharmaceuticals when developing novel phar-
macogenomic treatments.
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1. INTRODUCTION

Many terms have been used to address the emergence of human mindful capacities: awareness, self-awareness, attention
regulation, executive function, cognition, conscious control and more. An important question regards the timing and the tem-
poral flow of these germinal human capacities or “when the mind comes to live inside the body”.

An executive attention network, termed "the cingulo-opercular network™ [1, 2] (comprised of the anterior cingulate and an-
terior insula (operculum)), provides the infant with the opportunity for voluntary control behaviors in accordance with goals
[3]. This network is involved in novelty-seeking, error detection, and resolving conflict between signals [2, 4-6]. The executive
network emerges in infancy and activates some of the regions which are activated in adults [3, 7]. Interestingly, recent claims
relate the emergence of germinal perceptual capacities at the borderline of viability, 23-25 weeks gestational age (GA), to the
first signs of rudimentary awareness/consciousness [8-10]. Others speak of subordinate awareness/consciousness at even earlier
stages of gestation (12-14 weeks GA) [10, 11].

We suggest an accumulative developmental process starting during embryonic life and continuing to fetal and postnatal de-
velopment, by which coupling of heart rate, body movements and sleep states accelerate at 23-28 weeks GA when sensory pro-
cessing becomes available and the preparation zone for cortical development advances [9, 12, 13]. We further suggest a devel-
opmental perspective based on Perceptual Control Theory (PCT). Powers [14, 15] suggested a hierarchy of modules. He sug-
gested that feedback mechanisms are active between modules using a comparison of the actual measure to the desired measure
(set-point). Powers suggested the modules as a hierarchy of feedback processes from very basic perception of outside stimuli
intensities to full perception aimed at a goal-oriented action. We suggest here a developing sequence of modules running from
early sense of neural intensities to early manifestation of human mindful capacities, using comparisons of earlier intrauterine
and genetic/epigenetic stimulation progresses towards a desired GA-related neural state with age-appropriate neurobehavioral
achievements during gestation. We propose that these neural-based progressions occur via changes in the desired measure (set-
point) in very sensitive time windows during embryonic, fetal and neonatal life. We aim to show these shifts in the set-points
both as a behavioral manifestation and a corresponding neural change towards further maturation. We term this process “the
ontogenetic clock of perceptual control development”. We also address pharmacological treatments administered to preterm
infants which may interfere with the development of this clock and emphasize the need to consider these potential “side ef-
fects” of current pharmaceuticals when developing novel pharmacogenomic treatments.
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2. EARLY FETAL MINDFUL CAPACITIES

In the neonatal period, human infants show rudiments of awareness which implicitly suggest their-self awareness [16] and
body awareness [9]. This implies early maturational processes of sensory-motor and attention development and preparation for
the resulting language acquisition [16, 17]. Imaging studies show that older fetuses show long-range connectivity more than
younger fetuses, with co-activation of motor, thalamic and contralateral cerebellar regions [18]. Others have shown evidence
for early cognitive function from 28 weeks of gestation onwards, including short-term memory [19], language learning [20],
and speech perception, e.g., [21], by assessing discriminative abilities in the fetuses. These developments may be related to in-
crease in myelination from mid-gestation onwards [22, 23]. The synaptogenesis from mid-gestation onwards is manifested
through creation of neural connections and networks within the developing cerebrum [24, 25]. In addition, fetuses older than 31
weeks of gestation exhibit a module, or connectivity subnetwork that is comprised of the dorsal posterior and medial frontal
brain regions [18]. We will go in this editorial from behavior down to further structural\functional developments and their tim-
ing and from there down to the cellular\molecular level and its developmental timewise flow as related to the structur-
al\functional and behavior progression.

3. BEHAVIORAL MANIFESTATIONS

Given the data showing early perceptual processes in the fetus, there is a remaining question. How is this process triggered,
towards developing into future goal-oriented behaviors? We suggest that around mid-gestation, based on structural and func-
tional changes at the borderline of viability, the coupling of heart rate, body movements and sleep states underlies the emer-
gence of awareness/self-awareness as detected behaviorally. We suggest that this physiology triggers maturation on the behav-
ioral level and then the behavioral early maturation triggers the advancement in perceptual levels such as self-awareness.

During the early stages of gestation, the heart is among the first organs to develop, undergoing proliferation and differentia-
tion through 7 weeks GA with increasing heart rate peaking at 10 weeks GA (170 beats per minute) followed by a gradual de-
crease (to 120-160 beats per minute) from this peaking age onwards [26, 27].

Fetal motor movements are spontaneously generated and this precedes the manifestation of sensory evoked behaviors, while
being modulated by the periphery [28]. The large repertoire of general movements starting with movements of the entire body
as early as 8-10 weeks GA is followed by extension of the arm and finger two weeks later (12 weeks GA). Neurologically, it
has been suggested that the formation of the subplate coincides with the generation of general movements including mouthing,
breathing, hiccoughing and swallowing behaviors [29]. For a full description see [28].

Temporal organization of sleep states is apparent from 28 weeks GA onwards [30, 31]. Most of the embryonic and fetal life
is characterized by indeterminate sleep (i.e., not meeting the criteria for either active/rapid eye movement (REM) sleep or quiet
(non-REM) sleep). It has been shown that active sleep cycles are endogenous and do not necessarily reflect a dependency on
maternal cycles [32]. REM sleep is regarded as contributing to central nervous system (CNS) development during embryonic
and fetal life, while quiet (non-REM) sleep development represents a crucial time window in CNS maturation coinciding with
maturation of the thalamocortical network and heightened synaptogenesis [13, 23, 33, 34]. Active sleep is the most archaic
mode of sleep, coinciding upon its onset with the earliest brainstem development [33]. Until mid-gestation (26-28 weeks GA),
the brainstem modulates and is responsible for active and indeterminate sleep in the embryo and fetus. From mid-gestation and
onwards, the thalamus gateway for sensory activation and emerging sensory regions are involved in the consolidation of sleep
organization into active and quiet sleep [35].

The functionality of the heart, measured by heart rate, heart rate variability and vagal tone, using ultrasonic tools during
embryonic life, has been shown to correspond to neurobehavioral measures such as behavioral sleep-awake states and motor
movements, with a coupling of onset of heart rate and movements at 12 weeks GA [36]. Maturational changes in the innerva-
tion of sympathetic and parasympathetic autonomic processes [37], including vagal myelination [38], and alterations to central
mediation within the medulla oblongata and adjacent loci [39] may underlie the coupling of fetal heart rate, movements, and
sleep states from 28 weeks gestation, a major accomplishment in CNS development [40].

4. THE STRUCTURAL\FUNCTIONAL UNDERLYING PROGRESSION

We have recently suggested that the brainstem is responsible for cell migration and differentiation needed for the develop-
ing control of the cortex over the brainstem through the corticospinal tract [23]. Its role in controlling active sleep early in ges-
tation is manifested further in the contribution of active sleep to the developing synchrony and maturation within the two
branches of the autonomic nervous system (ANS) [23, 33].

As recently suggested, the developing override of the cortex over the brainstem through the largest connection between the
two organs, the corticospinal tract, coincides with the penetration of thalamic fibers and the resolution of the transient cortical
subplate. These processes meet the developing bidirectional connectivity between the corticospinal tract (CST) and the thala-
mus [23]. In this sense, the capacity to self-regulate through coupling of heart rate movements and sleep states precedes the
capacity for self-awareness as we have recently suggested [23].

The earliest cortical activity is modulated through monoaminergic afferents originating from the brainstem [41]. Recently
we have described the complex process of the developing control of the cortex over the brainstem through its largest connection
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with the brainstem, the corticospinal tract [23]. We have also suggested that cortical development is dependent on the develop-
ing synchronicity between the sympathetic and parasympathetic systems, both originating from the brainstem. We have further
reviewed evidence for ANS coupling with the cortex during healthy fetal development [23]. This development is shown to be
active in the first organization of cortical activity prior to mid-gestation, mainly supported by transient structures such as the
cortical subplate [42, 43]. It is further enhanced from mid-gestation onwards by reorganization of the developing cortical activi-
ty, affected by the penetration of thalamic fibers from the sub-plate waiting zone to create the first synapses in the cortical plate

[9].

5. TRANSITIONAL PROGRESS IN PERCEPTUAL SET-POINTS INITIATED AT THE CELLULAR LEVEL- A
CONTROL THEORY APPROACH

The complex considerations articulated above lead us to a hypothesis of an integrative dynamic model adapted from Control
Theory. James Clerk Maxwell first described Control Theory in the 19th century and it has been developed since then. Control
Theory suggests the regulation of signals dynamically by controllers. These aim to reach a set-point - an expected level of sig-
nal compared to the given level of this signal. After comparison, the corrected signal is provided by the controller. Essential to
Control Theory are the feedback mechanisms and the comparisons between the required and the given signal, behavior, out-
come or output [44].

According to Powers [45], in the theoretical framework termed PCT adapted from control systems, perceptual cognitions
are generated by brain functioning. PCT has recently achieved renewed interest [46-48]. Essential to the understanding of feed-
back mechanisms between modules described by Powers [45] and their comparisons by controllers between the actual value
and the desired value (set-point) is that when physical entities change, as occurs in fetal and infant development, structurally
and functionally, the error correction leads to further correction of the current set-point to a higher order value, before any fur-
ther error correction can be evaluated reliably.

It is noted that PCT has been shown to be applicable to adult perception and has been recently applied to human conscious-
ness [49, 50]. But if viewed sequentially, through the adjustments of the “set-points,” its developmental application may be
suggested, from early embryonic life through the onset of rational thinking ability, around the age of 2 years postnatally, when
the massive cortical progress and changes in its organization and complexity reach a peak [51].

We have suggested recently that developmental acquisition may be described by the mathematical term “step response”
which is a change of a system or organism from zero to one [23]. Acquisition of a new developmental stage (during prenatal
and postnatal life), via self-regulation, is mediated by one neurobehavioral subsystem dominating the others [52, 53] and by
time-limited interactions between age-dependent subsystems [54]. This process can be termed “step-response”, a mathematical
concept adapted from Control Theory (and Neural Networks). In a particular state, a system's step response includes the time
evolution of its outputs. Its inputs are the source of the step function. Step response in Control Theory, represents the temporal
behavior of a general system's output, with its input switching from zero to one rapidly [55].

Fluidity and interconnecting influences between all neurobehavioral subsystems are maintained during the plateau part after
achieving a certain developmental goal. The step response occurs all at once within an age-appropriate range for any specific
developmental goal concentrated on advancing a particular neurobehavioral subsystem. The plateau, after acquiring a “zero to
one” state, a new developmental acquisition, may represent a continuous use of a certain set-point for a limited time until the
next age appropriate skill acquisition is driven by the cellular and molecular levels. The change from zero to one may include
behavioral, structural and functional fluctuations initiated by the cellular level for a progression of reorganization in the organ-
ism’s perceptual control.

Looking at a step response of a system, its response depends on the system’s levels of damping ratio, which is a term used
in engineering to describe how oscillations in a system decay when they are disturbed from their initial position and eventually
come to rest. In a given system or organism, one can see that for low damping, there is a lot of overshoot but the settling time is
shorter for reaching the plateau (reaching the new set-point of 1). For higher damping, there will be less oscillations\ overshoot-
ing, but the settling time of the plateau stage (reaching the new set-point of 1) will be longer [56]. This may explain the disor-
ganized behavior observed prior to a new acquisition of a developmental goal reported earlier [S0]. We suggest that genetic and
epigenetic individual differences (corresponding to low or high levels of damping typical response of the system) are involved
in determining the level of disorganization (low or high levels of oscillations), as well as the characteristics of the given envi-
ronment, be it intra- or extra-uterine.

We suggest that this reorganization, which includes acquisition of a higher perceptual ability, represents a sinusoidal un-
steady transient change (oscillations\overshooting) along a process of a step-response, advancing the change to a higher set-
point compared to the highest previously acquired module. This is in accordance with Powers' theory, which resurrected it in
cybernetic terms by suggesting that plateaus reflect the learner's shifts in attention to new perceptual variables [57, 58].

Every subsystem within a system, when the environmental conditions change, should adjust itself to the new conditions by
changing its set-point. Since neurobehavioral subsystems are interconnected, changing of one subsystem’s set-point affects the
set-points of the other subsystems (a Multivariable scheme). Multivariable control takes over ‘setting’ a set-point and adjusting
the output for groups of related subsystems, including non-linear scenarios. This process typically produces consistent and
timely adjustments, less oscillatory responses, and greater optimization. Closed-loop as suggested by Powers, and with multi-
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variable control as we suggest here, allows for procedures to approximate actual constraints or benefits of advanced con-
trol. Thus, under multivariable control, an automatic, reliable response takes place during changing conditions [59].

We suggest that a multivariable reliable and adaptive control system is the case of healthy fetal and newborn growth. We
suggest further, that the weight of earlier set-points is dependent on the degree of reinforcement these set-points gained through
experience, by intra- and extra-uterine exposure along the developmental clock's timewise pathway. The case of prematurity
suggests that the exposure to sensory stimulation, which is not age-appropriate after preterm birth, strengthens the stability of
previously established set-points and increases the weight centrality of hubs in the brainstem-basilar mediated pathways. Thus,
atypical programming [62], inappropriate stimulation or experience block the developmental adjustment of set-points which
remains rigidly based on basilar pathways rather than on the developing cortices [51].

We further suggest that the molecular components of the cell, such as protein isoforms, are sensitive to the time flow of ges-
tation and elicit the change in the set-points for more complex and mature status of brain development as manifested in change
in fetal behavior. Thus, new synapses within the brainstem-CST-thalamus-cortical plate network connectivity trigger, in our
view, changes in set-points for elicited further progress in typical healthy fetal behavior. This means turning a desired value
into a more development-adaptive and age-appropriate value, aimed at further maturation. The error correction capability of the
developing brain is thus doubled, and it includes comparisons between an older set-point and a new one, in addition to regular
comparisons between each set-point and the actual value.

To support our claim that the set-points' transition is initiated on the cellular and molecular level, we note that the develop-
ing brain is characterized by rapid alterations in neurotransmission and voltage, in a preprogrammed sequence. This is support-
ed by a Na-K pump in neurons, setting cellular firing and recovery times. Non-synaptic calcium plateaus and synaptic depolari-
zation potentials come after the appearance of intrinsic currents [60]. N-Methyl-D-aspartic Acid (NMDA) receptor and Gam-
ma-Aminobutyric Acid (GABA) currents mediate these cellular processes [60]. Weak disorganized connectivity is evident at
early developmental stages [61]. However, by mid-gestation, when these currents are coupled with behavior, voltage-gated K+
signaling suggests the existence of a preprogrammed “stop-signal” for burst activity. From this point on, older (“senior”) neu-
rons connect, establishing networks among themselves, first in older structures such as the brainstem and spinal cord and only
later in “younger” structures [24, 62, 63]. Thus, in our view, these changes on the cellular level are the basis for triggering
changes in set-points.

The birth event is a massive transition from the intra-uterine to the extra-uterine environment [64]. This requires a shift in
all neural and physiological mechanisms. We suggest that during labor, the newborn undergoes a comparison between all last
intrauterine updated set-points and that the new set-points rely on feedback from earlier set-points just as a control system
needs adjustment of all set-points if physical conditions are significantly changed. The advancement to higher modules, based
on earlier levels, is part of the PCT theorem [45].

Among the resulting mindful capacities after birth as imposed by the new set-points and a new perceptual module activity
are: the ability to fixate on salient cues in the periphery and visual field and the ability to follow salient visual stimuli including
recognition of maternal voice, [65, 66] and maternal face [67]. A special case is the possibility to assess these abilities in infants
born before term, at ages equivalent to fetal life. Even in these early born infants, when no brain injury is involved, these facul-
ties are based on increasing involvement of cortical structures following the period of relying on brainstem-basilar mediated
pathways [51, 68]. Furthermore, protracted overreliance on brainstem-basilar mediated pathways has been recently suggested to
compromise the ability to regulate familiar set-points, a rigidity and a central-cohesion deficit which characterizes autism [69].

A developmental application of PCT shows that phases of reorganization towards an age-appropriate new perceptual capac-
ity occur following phases of disorganized behavior of the infant and child suggesting a non-linear process of development [57,
58]. This may correspond to the costly process of the newborn and infant towards a change in set-points. In this regard, we sug-
gest that this costly, but progressive, process is applicable for normal fetal development and for preterm infants too.

Although the exact terminology of the PCT modules may not precisely fit the developmental pathway along the time that
elapses from conception to the acquisition of rational thinking, the control systems principle of an error correction drive to pro-
gress from module to module with feedback mechanisms in accumulating order of neural functioning and the comparison be-
tween the actual measure to the desired measure (set-point) may pave the way to improved understanding of very early percep-
tions and their progressive pathway towards the time when the mind resides inside the body.

6. FOR FURTHER RESEARCH
6.1. State of the Art

To the extent that we can advance the diagnosis and elucidation of these developing mechanisms, there are significant po-
tential benefits. These include producing evidence-based treatment approaches and guidelines for pregnant women. The first
step to advance the field of very early clocks would be the complex use of tools and maternal stimulations during pregnancy as
we outline in the following section.

To assess brain-ANS trajectories it should be considered that optimal ANS maturation is only achieved around 37 weeks
GA [70]. Accordingly, indeed, a sympathetic advantage is evident in preterm newborns [71]. During the first trimester, while
the vagal myelination increases and the lateral hypothalamus differentiates, the parasympathetic nervous system (PNS) begins



The Ontogeny of the Perceptual Control Clock Current Neuropharmacology, 2023, Vol. 21, No. 1 17

to develop [72, 73]. Vagal regulatory function increases from 32 weeks GA. During this interim a major maturation process
occurs. Among the systems emerging are: the baroreflex mechanisms, Heart Rate (HR) increase (indicating increasing sympa-
thetic nervous system (SNS) function), respiratory sinus arrhythmia (HR regulation based on respiratory rate) and fetal move-
ments [74]. The discrimination between quiet and active sleep develops at this time window accordingly [30, 33]. ANS regula-
tion develops until birth (mainly parasympathetic regulation). At that point, the ANS has an important role in fetal-neonatal
transition: modifying the respiratory and cardiovascular systems to the novel, extra-uterine conditions [75, 76].

Following development of the Functional Fetal Autonomic Brain Age Score (fFABAS), Schmidt ef al. [77], claim that uni-
versal indices, derived from phylogeny and evolution, can even better characterize fetal development from 20 weeks GA on-
wards. These authors used a modeling procedure on indices of heart rate variability (HRV). They reported that their models
estimated the maturation age of the fetuses. Developmental disturbances such as those due to intrauterine growth restriction
(IUGR) are reflected in altered fABAS [78, 79] as well as in these more recent developmental indices. These and other devia-
tions from the trajectory of normal maturation (reported by [77]) suggest deviations from optimal integrated structure-function
development. There are scarce reports on the assessment tools of developmental trajectories such as the above-mentioned ap-
proach.

6.2. Very Early Novel Assessment and Intervention Approaches

As a further contribution to the field, we would like to suggest the use of magnetic resonance imaging (MRI) and functional
MRI (fMRI) for fetal brain imaging, in addition to measuring the complexity of HRV. We also propose that the crucial neuro-
behavioral indices are manifested by the fetus on the developmental pathways of the heart rate-movement-states coupling.
Measuring brain structure and function concomitantly (at the same time units) with sonographic measurements to capture and
then calculate the complexity of HRV, would enable gathering more knowledge on the time trajectories of the clock develop-
ment based on the brain-heart associations, together with the neurobehavioral coupling of movements-states-heart rate. This
type of coupling is suggested as a developmental measure of the clock. The scientific literature shows that this type of coupling
is gradually accomplished by the fetus with a peak of development at the time window of mid-gestation. Recent scientific in-
vestigations measured each part of this crucial progress of coupling independently, movements, heart-rate or states, if at all [28,
30, 31, 33, 80, 81]. Measuring the trajectories of fetal coupling is a novel idea. Additionally, older studies on maternal stimula-
tion during pregnancy, e.g., [82-84] may serve to elicit the coupling of neurobehavioral reactions. These suggestions may pave
the way towards very early interventions if they would first be based on validated measures of coupling. Use of assessment
tools, investigating fetal reactions to maternal stimulation during pregnancy, is another novel idea aimed at “correcting” the
developmental delays of the neurobehavioral clock as potential interventions in cases identified as IUGR, risks for early deliv-
ery, or different developmental anomalies. This approach goes beyond the conventional clinical measures of fetuses which are
still mainly growth and heart rate. In general, the above may assist in early detection of developmental dysfunctions and in de-
velopment of (control) system-theory-based therapeutic strategies.

7. CONSIDERATIONS FOR FUTURE PHARMACOGENOMICS

It is well accepted that the balance between central noradrenergic and serotonergic activity and acetylcholine is relevant for
active sleep generation and the onset of sleep organization [85, 86]. Several drugs widely used during pregnancy and the neona-
tal period may interfere with establishing behavioral states and CNS maturation, and thus they may delay the clock of ontoge-
netic self-awareness. For example, theophylline, commonly used to treat apnea in preterm infants, affects adenosine receptors,
catecholamine levels, and cyclic adenosine monophosphate (cyclic AMP), changes sleep-wake patterns, and may also disorgan-
ize the emergence of attention regulation difficulties [87] and distinct behavioral states after a few weeks of use [88].

Therefore, we suggest that the next generation of pharmacological and pharmacogenomic treatments of preterm infants may
need to target receptor composition beyond the numerical availability of receptors [48, 89]. Drug developers should consider
the potential risk to induce insults to the endogenous ontogenetic timewise development of mindful human capacities. The ge-
netic and epigenetic impact on the developmental transition of set-points towards progressing very early mindful capacities
should be also considered. In this sense, it is suggested that the emergence of the mind starts in cellular patterns [48] and de-
pends on protein isoforms, including their supporting role in adaptation to the given environment with gradual growth [48]. In
terms of PCT, the onset and temporal flow of any shift in set-points along fetal and newborn life to create the granular human
perceptions is initiated on the molecular and cellular level and represents the time when the mind comes to live inside the body.

LIST OF ABBREVIATIONS

ANS = Autonomic nervous system
CNS = Central nervous system
CST = Corticospinal tract

Cyclic AMP = Cyclic adenosine monophosphate
fABAS = Fetal Autonomic Brain Age Score
GA = QGestational age
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GABA = Gamma-Aminobutyric Acid

HR = Heart rate

HRV = Heart rate variability

IUGR = Intrauterine growth restriction
MRI = Magnetic resonance imaging
NMDA = N-Methyl-D-aspartic Acid

PCT = Perceptual Control Theory

PNS = Parasympathetic nervous system
REM = Rapid eye movement

SNS = Sympathetic nervous system
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