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Abstract

Despite decades of study on the genetics of schizophrenia - marked by an absence of Mendelian alleles, extraordinary polygenicity
and low penetrance of identifiable alleles - there is yet little consensus on how heritability and etiology are linked. Accordingly, new
strategies have undertaken to classify intermediate anatomical, biochemical, and physiological domains that may be subject to patho-
logical perturbation on the premise that multiple and diverse perturbations for a given disorder are likely to undergo convergence in
the path from genome to clinical phenotype. As a theoretical premise, however, this thesis does not account for aberrations affecting
top down regulation, like the inability to attribute self-initiated motor behavior to oneself in schizophrenia patients or to account for
voluntary changes in motor circuit dynamics. These findings suggest that study of schizophrenia will be advanced by an improved
understanding of top down control over intended behaviors like motor actions rather than bottom up influences on purported com-

mon molecular and circuit components..
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Introduction

Schizophrenia is among the five leading causes of disability worldwide, affecting both public and personal health at societal and famil-
ial levels [1,2]. The disease is known for its relatively high heritability and for exhibiting a strong and widely replicated familial association

[3,4]. Yet, despite decades of genetic study there is little consensus on the bridge between heritability and etiological pathology.

A major conclusion of the genetic studies is the polygenic nature of schizophrenia, with risk alleles distributed across the entire ge-
nome. Included are many common variants - some estimates place their number in the thousands [5] - with small phenotypic effects,
some rare CNVs with moderate penetrance [6] and a few exome variants. In general, the penetrance of these latter is small, nor does
there appear to be a direct link to qualitatively distinct symptoms that are observed in clinical settings; hence, while informative regard-
ing the degree of heritable influence, these studies fail to identify specific molecular factors that may substantially influence behavioral
symptoms. Accordingly, while it is possible to now assess the relative burden of CNVs and common alleles, to parcel out environmental
vs genetic contributions, and to make clinical assessments regarding other family members and their comorbidities [7], the chief theme
emerging from the genetic studies is that of little direct effect on clinically recognized symptoms. The range of investigations that have
been undertaken over decades of exploration, in fact, from single allele variation to whole genome studies reveal that while genetic influ-
ences are clearly at work in cognition [4] - the disease exhibits a demonstrable and statistically significant familial correlation-such influ-
ences bear little resemblance to a stepwise biochemical pathway, for which allelic studies and mutational analyses have been traditionally

and successfully used for identifying molecular players [8,9].
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Bottom up approaches to cognitive disease: The concept of convergence
The research domain criteria: Genetic determinism in circuit failures

The absence of Mendelian alleles, extraordinary polygenicity, and low penetrance of identifiable alleles - hence, a general lack of align-
ment with schizophrenia’s clinical symptoms - is a stated motivation for the National Institute of Mental Health’s initiation of a new clas-

sification framework for research into schizophrenia as well as other mental disorders®.

While relying on a legacy of clinically recognizable, psychopathological determinations the initiative proposes to study and classify
intermediate anatomical, biochemical and physiological domains that are subject to pathological perturbation. Its motivation is rooted in
the belief that clinical phenomenology has remained descriptive and largely divorced from a biological underpinning that would enable

the identification of more precise etiological markers characterizing the disease state? [10].

In contrast to descriptive clinical manifestations, intermediate biological domains are seen as more technically tractable with the
techniques used to measure physical features of the nervous system and so are considered informatively more reliable than symptomatic
clinical characterization. Accordingly, it seeks to establish a framework for research on pathophysiology that will ‘better match research

findings and clinical decision making’.

The Research Domain Criteria classification rests on three assumptions [11]. First, the RDoC framework conceptualizes mental ill-
nesses as brain disorders. In contrast to neurological disorders with identifiable lesions, the RDoC posits that mental disorders can be
addressed as disorders of brain circuits. Second, RDoC classification assumes that the dysfunction in neural circuits can be identified with
the tools of clinical neuroscience, e.g. electrophysiology, functional neuroimaging, and the new methods for quantifying connections in
vivo; that is, brain disorders are constituted by objective physical changes leading to circuit disarray that can be detected by such tools.
Third, the RDoC framework assumes that data from genetics and clinical neuroscience will yield biosignatures that will augment clinical
symptoms and signs used for clinical management; that is, by bridging the gap from lower level genetic origins upwards to neuroscientific

substrata.

From these stated assumptions it is evident that the research domain initiative presupposes a tight coupling between lower level ge-
netic, molecular and cellular features - involved in brain circuit construction - with observed higher order cognitive function. By ground-
ing mental disease in disorders of brain circuits, therefore, such dysfunctions can be diagnostically assessed for incorrect circuit connec-
tions, where connectivities can be traced to developmental regimes subject to strict transcriptional oversight and yielding relatively fixed
network operations. Brain circuits are thus understood to be generated from genetic coding, which then maps directly onto behaviors; de-

fective coding, by this reasoning, induces psychiatric symptoms via the routing of defective gene products through dysfunctional circuitry.

In the explicit circuit-based sense that the initiative endorses, therefore, functional consequences emerge from computational archi-
tectures that upwardly and linearly process behaviorally relevant output. Hence, the genetic architecture is regarded as the source of

intermediate and even global level domains; that is, higher order behavior, up to and including the ‘organism as a whole’ is understood to

;Diagnostic categories based on clinical consensus fail to align with findings emerging from clinical neuroscience and genetics’.

ZHistory shows that predictable problems arise with early, descriptive diagnostic systems designed without an accurate understanding
of pathophysiology.’

3Enable the identification of targeted treatments ...to ensure a better match between research findings and clinical decision making’, with

specific emphasis on findings from genomics and neuroscience.of pathophysiology.’
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be the vehicle through which genetic expression is mediated. In its construction of biomarker classification the research domain initia-

tive thus presupposes a contingency of brain function on this causal order and its contribution to a hetero mixture of clinical symptoms.
The psychiatric cell map initiative: A convergent systems biological approach

This contingency is an explicit feature described in the notion of convergence, a recently proposed theoretical perspective that posits
that multiple diverse biological perturbations carrying risk for a given disorder are likely to converge mechanistically in the path from
genome to clinical phenotype [12-15]. Endorsed in the Psychiatric Cell Map Initiative, ‘the ‘converging’ pathway is proposed to manifest
at many levels, from gene and protein networks within a cell to common patterns of neuronal network dysfunction within the complex,
distributed networks of the brain. The National Institute of Mental Health (NIMH), for instance, defines convergent neuroscience as an
approach that aims to establish directional bridges across different levels of analysis (e.g. genetic, molecular, cellular, circuit) in order to
fully explain emergent phenomena, and ultimately, pathobiology. Higher-level cell-cell interactions, as well as systems-level neural cir-
cuitry, especially, is proposed to display behavior that reflects the collective properties of multiple cell types emerging from a ‘bottom-up’
organization [15]; that is, circuits exhibit manifestations of convergence, in which ‘changes in diverse genes, protein networks, cell types,
or developmental stages may elicit similar changes in circuit function’. Higher-level cell-cell interactions, as well as systems-level neural
circuitry are proposed to represent a promising avenue of convergent investigation, particularly for extending insights gained from a
convergent bottom-up approach [16]; that is, circuits represent logical loci for the manifestation of convergence, in which changes in di-
verse genes, protein networks, cell types, or developmental stages may elicit similar changes in circuit function. By means of hierarchical
modular analysis, or other similar approaches, it is proposed to be possible to establish functional relationships leading to testable hy-
potheses anchoring investigations of higher-order phenotypes [17]; hence, the elimination of key protein entities in lower order networks

is expected to impair functional integrity at successive levels of hierarchy, ultimately affecting the behavior of the whole.

As a theoretical premise, convergence closely resembles the mechanistic conception that has been advanced by Machamer, Darden,
and Craver (MDC) [18,19], among others, to account for neural operation. In the MDC conception all subordinate mechanisms converge
in a ‘phenomenon’, which is the behavior of the mechanism as a whole; that is, all mechanisms are mechanisms of some phenomenon
[20,21]. The mechanism of protein synthesis synthesizes protein channels, for example, which function in the permeability changes
needed for action potential generation. The boundaries of a mechanism-what it is and what it is not-are thus fixed by reference to the phe-
nomenon that the mechanism underpins. In the convergent notion, underlying genes and gene products and ultimately cell assemblies

control cognition, and so behavior itself.

Top down control: Maximizing behavioral responsivity

Superseding genetic determinism: The organism shapes genetic expression

What is ultimately neglected in a conception of convergence, however, is how the determination of the parts, processes, and functions
are themselves dictated by the dynamic actions of the individual or organism as a whole. For example, in the case of a flagellar motor, the
motor’s performance must also conform to an organizational design principle to be functional, which is to say that the explanation for the
motor’s function must include a dimension beyond that of the succession of internal events leading to functional output. Similar reason-
ing holds for the generation of an action potential [22,23], oscillatory phenomena, or memory traces. The invoking of design principle is
significant for revealing that a global operational form is necessary to explain the origin of different functions, and their associated neural
events. In other words, rather than determined primarily from gene properties, efficient causal effects involved in various neural func-
tions emerge from an all encompassing, dynamic organization that is critical for determining which genes are needed for operation. To
understand any cellular or organismic phenomenon, therefore, it is necessary to situate the ‘local’ molecular process causally responsible
for it within the ‘global’ context of the organized system that makes it possible in the first place [24]. The pacemaker rhythm of the heart,
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for example, is not only ‘caused’ by the activity of the ion channels at the molecular level, but is also dependent on the organizational
functioning of the brain, and even the body as a whole. Viewed from this organismal perspective the parts and processes of the organism

are also necessarily framed by the organism’s overriding existential objective, which is pursued in its interactions with the environment.

The emergence of various functions is therefore fundamentally related to global influences that induce the alignment of such func-
tions with these two aspects [25,26], evident in an organizational order that governs associations of larger-order dynamic complexes (e.g.
seen in organizational motifs and networks [27] and in various organismal behaviors that sustain viability. The observations of massive
numbers of affected alleles in schizophrenia are certainly consistent with this conclusion. This is to say that cognitive operations govern-
ing behaviors can be expected to selectively modulate many subordinate processes that are required by distinctive behaviors and so
variably enlist the participation of numerous alleles. Such autonomous activity has bearing on how the nervous system is organized and
so also how a cognitive disease like schizophrenia can affect its organization to yield clinically relevant symptoms. Indeed, the evolution
of top down influences appears to be driven by the ‘need’ to overcome limitations imposed by a strictly genetic program for regulating
the organism’s interactions with the world; that is, a drive to organismal autonomy is objectively facilitated by ceding genetic control to

progressive improvements in top down oversight.

Regulating genes: Behavioral effects on gene expression and evolution

Accordingly, the relationship between genetic factors and behavior can be expected to be distant and highly non-linear, as the genetic
studies of schizophrenia imply. Instead, the need for the organism as a whole to respond flexibly to its surroundings, would predict that
global control over behavioral selection modifies genetic expression, rather than be a functional outcome of it, both across time, evolu-
tionarily, and in the course of individual actions. Moreover, its manifestation in a disease of agency like schizophrenia, would predict little
influence on individual genes, but significant effects in top down processes associated with autonomous actions. Considerable evidence

now supports both of these predictions.
Evolution

Top down, organismal influences are evidenced by effects on evolutionary and adaptive change, among others, that help to explain
lacunae in standard evolutionary theory [28,29]. In the Darwinian legacy the environment assumes a dominant force and externalist
relation that shapes the sorts of organisms that come to dominate its adaptive space. Organismal variation arises by chance through ge-
netic change that then endows new organisms with features that maximize survival possibility within the existing space. Such a position,
however, neglects the active role that organisms are now known to play in modifying the environment to favor their survival. Kant notably
ascribed to them a capacity for purposeful action, which meant that self initiated actions determined their adaptive successes. Indeed, to
greater or lesser degrees, it can be demonstrated that organisms determine their food sources and types of habitats, and work to modify
local environments, e.g. nests, light flux, or temperature selection. The evolutionary significance of self determination through ‘niche con-
struction’ and environmental conditioning [30,31] thus resides in the realization that the active modification of the environment is itself a
force exerting selection pressure on organisms; conversely, the environment can no longer be considered to be the sole force shaping the
genetic repertoire. In other words, top down, active influences that govern organismal behavior share with the environment a significant
influence in dictating the genes needed not just for survival but for a host of goal oriented actions, which become inscribed in the organ-

ism’s genetic heritage.
Spinal cord, operant conditioning

In line with findings on autonomous actions affecting evolutionary patterns are observations from modern experimental paradigms

illustrating top down induction of new motor behaviors. These paradigms reveal, among other characteristics, ‘voluntary’ or operant
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initiated conditioning, plasticity in shaping behavior, multi-realizability (overlapping or multi-use functional modules), and distributed
control mechanisms over brain and spinal cord. In Operant conditioning the strength of a behavior is modified voluntarily through an
associative learning process. Responses to stimuli are under the control of the organism and are operants as, for example, in the case of
a child who may face a choice between opening a box and petting a puppy. Operant conditioning modifies behavior based on its conse-
quences, with studies revealing that simple spinal reflex behaviors in humans, monkeys, rats, and even mice can be gradually changed
through learning and practice [32]. The change in motor behaviors involves a hierarchy of spinal and supraspinal plasticity [33]; hence,
with the operant method, CNS plasticity is broadly targeted by top down control, that is, by the organism, rather than being non-specifi-

cally induced.

Cumulatively, these paradigms reveal that the neuronal components of motor behaviors are not rigidly or exclusively interdependent
and that the induction of such elements is quasi or even largely independent of unique genes, protein clusters, or, at systemic levels, of

individual circuit elements, being instead dictated by apparently intentional control.
Schizophrenia: Distinct changes in global behavior are paired with diffuse genetic effects

Consistent with effects on top down control, impairments in global brain activity have become evident in schizophrenia [34]. The in-
ability of first rank schizophrenia patients to monitor their own actions, for instance, led Frith to propose that the etiological basis for
schizophrenia’s clinical symptoms lay in a defective central monitoring system that normally functioned to attribute self generated events
or even thoughts, to the individual [35]. Dysfunctional monitoring, according to this model, resulted in an inability to correctly attribute
the origin of self made actions to oneself, revealed in clinical symptoms of psychosis; symptoms, for example, like acoustic-verbal halluci-
nations, thought insertion or withdrawal, or delusions of alien control (the so-called “First rank symptoms” [34] that refer to feelings or

experiences of losing control of oneself and/or being controlled or influenced by other agents.

Similarly in motor movements, when shown moving hands of uncertain origin, schizophrenia patients were consistently worse than
healthy subjects in judging whether the movement they saw was theirs or not. Additionally, the degree of uncertainty was directly related
to the severity of the disease. Those with first rank symptoms were worse than those without [36]. In the experiment [37] described the
rate of attribution errors in patients with first rank symptoms went up to 80%, as opposed to 50% in patients without such symptoms
and 30% in healthy subjects. These symptoms clearly correspond to what can be categorised as attribution errors. Taken together, these

results reveal an etiological origin coincident with global control over event execution.
Conclusion

There is now evidence from such diverse sources as evolutionary findings, voluntary effects on brain plasticity, and system perturba-
tions of motor behavior indicating that top down regulation is fundamental to central nervous system function, a strong argument that
systemic and top down influences supersede regulation imposed by the genetic order, even while the latter maintains an essential role in
determining its operations. This evidence implicates the presence of a distinctly different cognitive architecture from that of the bottom-
up, mechanist model proposed in convergence theory. Accordingly, it has bearing on the sorts of studies that may improve traction in
investigations of schizophrenia, with its argument for a prioritization of higher order function over that of information based, lower level
molecular and cellular operations. Given the systemic integration of an organism, lesions of higher-order neural functions appear linked
to dysfunctional global brain activity, with risk alleles contributing non-specifically to cognition. For schizophrenia, these higher order
functions can be expected to be subordinated to existential priorities and the integration of the organism as a whole; that is, those func-

tions involved in autonomous pursuits requiring self-recognition and self-directedness are those likely to be disrupted by the disease.
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