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Abstract

The autism spectrum disorder-associated SCN2A, ANK2, and SHANK-family genes encode
molecularly distinct proteins that converge functionally on dendritic integration. Recent
work established that ankyrin-B, encoded by ANK2, acts as an obligate dendritic scaffold
for NaV1.2, encoded by SCN2A, in neocortical pyramidal neurons. Loss of this module mis-
localizes dendritic NaV1.2, reduces dendritic Na* influx, weakens backpropagating action
potentials, and impairs synaptic maturation and long-term potentiation. SHANK proteins
organize a complementary postsynaptic receptor scaffold within dendritic spines, coupling
N-methyl-D-aspartate (NMDA), x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA), and metabotropic glutamate receptor (e.g., mGluR5) signaling to the actin cy-
toskeleton through layered PSD-95/GKAP /Homer interactions. Disruption of this scaffold
can destabilize excitatory transmission, spine morphology, and plasticity. We propose that
these dendritic shaft and spine-associated modules jointly regulate dendritic input-output
gain and that their disruption may contribute to autism spectrum disorder by destabilizing,
rather than uniformly shifting, excitatory integration across cortico-subcortical circuits
relevant to sensory reactivity, behavioral flexibility, and social-valence processing. Here,
we review the cortical evidence for this layered dendritic convergence and evaluate its
potential relevance beyond the cortex. We assess the striatum, thalamus, and amygdala
as subcortical sites where related dendritic scaffolding mechanisms may operate. The
striatum provides the strongest current test case, with established roles for both NaV1.2 and
SHANKS3 in medium spiny neuron physiology and corticostriatal connectivity. Thalamic
and amygdalar extensions are supported mainly by SHANK-related circuit and chan-
nelopathy data but lack direct evidence for ANK2-SCN2A involvement. The framework
is experimentally testable: conditional Ank2 deletion in striatal, thalamic, and amygdalar
cell types; dendritic Na*/Ca?* imaging across Scn2a, Ank2, and Shank3 models; adult
rescue experiments; and genetic-interaction designs would determine whether ankyrin-B
supports dendritic excitability beyond the cortex and whether these genes converge on,
rather than merely parallel, dendritic input-output gain. Validation in human subcortical
tissue would then establish whether this dendritic scaffolding logic represents a shared
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point of convergence through which genetically distinct autism spectrum disorder-risk
variants alter circuit function.

Keywords: autism spectrum disorder; dendritic integration; ankyrin-B; NaV1.2; SHANKS;
striatum; thalamus; amygdala; cortico-subcortical circuits; postsynaptic density

1. Introduction

Autism spectrum disorder (hereafter, autism) is a neurodevelopmental condition
characterized by persistent differences in social communication and social interaction across
multiple contexts, together with restricted and repetitive patterns of behavior, interests,
or activities, with features present in the early developmental period and associated with
clinically meaningful functional impact or support needs [1,2]. Its strong heritability
and pronounced genetic heterogeneity have made gene discovery dependent on high-
throughput genomic approaches. Next-generation sequencing, particularly trio-based
whole-exome and whole-genome sequencing in large cohorts, has been central to this
progress because it enabled the systematic identification of rare de novo and inherited
variants associated with autism and helped resolve a genetic architecture in which many
genes each contribute to a fraction of cases [3-6]. These efforts have placed SCN2A, ANK2,
and members of the SHANK family, particularly SHANK3, among the highest-confidence
autism-associated genes and genes associated with related neurodevelopmental conditions,
including intellectual developmental disability, epilepsy, and developmental delay [3,4].
These genes encode molecularly distinct proteins: the voltage-gated sodium channel
NaV1.2 (SCN2A), the membrane-cytoskeleton scaffold ankyrin-B (ANK2), and postsynaptic
density organizing scaffolds (SHANK family). Their phenotypic range is broader than
autism alone; therefore, this review frames them as components of an autism-relevant
neurodevelopmental mechanism rather than as an autism-specific pathway.

The biological functions of SCN2A, ANK2, and SHANK3 can be contextualized through
selected Gene Ontology (GO) annotations [7-9], which classify gene products according to
molecular function, cellular component, and biological process (Table 1; Figure 1). SCN2A
is associated with voltage-gated sodium channel activity and Na* transmembrane trans-
port, consistent with the role of NaV1.2 in neuronal excitability and sodium-dependent
dendritic signaling. ANK? is associated with cytoskeletal structure, spectrin binding, and
transmembrane transporter binding, consistent with the role of ankyrin-B as a membrane—
cytoskeleton scaffold that couples membrane proteins to the spectrin—actin cytoskeleton.
SHANKS3 is associated with the postsynaptic density, synapse assembly, and regulation
of synaptic plasticity, consistent with its role as an excitatory postsynaptic scaffold. To-
gether, these annotations support the central premise of this review: molecularly distinct
autism-associated genes may converge on membrane-associated, cytoskeleton-linked, and
postsynaptic mechanisms relevant to dendritic integration.

This functional convergence is also supported by the domain organization of the
encoded proteins (Figure 2). NaV1.2 is a pore-forming sodium-channel alpha subunit orga-
nized into four homologous transmembrane domains that support voltage sensing, pore
formation, and fast inactivation [10,11]. Ankyrin-B contains membrane-binding ankyrin
repeats, a spectrin-binding domain, a death domain, and a C-terminal regulatory region
that allow it to connect membrane proteins to the spectrin—actin cytoskeleton [12]. SHANK3
contains multiple protein-interaction domains, including an SPN domain, ankyrin-repeat
region, SH3 and PDZ domains, a proline-rich interaction region, and a C-terminal SAM
domain, allowing it to organize receptor-associated scaffolds within the postsynaptic
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density [13]. These domain architectures place NaV1.2, ankyrin-B, and SHANKS in com-
plementary dendritic compartments: the dendritic shaft membrane—cytoskeleton interface
and the receptor-rich postsynaptic spine scaffold.

Table 1. Selected Gene Ontology annotations for SCN2A, ANK2, and SHANK3.

Gene Encoded Protein GO Aspect Selected GO GOID Quld.(.co Relevance to the
Term Qualifier Framework
Supports the role of
Molecular Voltage-gated NaV1.2 in neuronal
SCN2A NaV1.2 P . sodium channel GO:0005248 enables excitability and
unction . . .
activity sodium-dependent
dendritic signaling.
Links SCN2A to sodium
. . flux across the membrane,
Sodium ion consistent with active
SCN2A NaV1.2 Biological process  transmembrane GO:0035725 involved_in i
transport dendritic and
P action-potential-related
signaling.
Molecular Structural iﬁllzp;)i;t-sBﬂaf ;019 .
ANK2 Ankyrin-B . constituent of GO:0005200 enables Y .
function cytoskeleton-associated
cytoskeleton
scaffold.
Molecular Links ankyrin-B to the
ANK2 Ankyrin-B . Spectrin binding GO:0030507 enables spectrin-based
function
cytoskeleton.
Supports the role of
Molecular Transmembrane ?rrllekrﬁ)lgr?em rccgtzipnl;ng
ANK2 Ankyrin-B : transporter GO:0044325 enables . Jane p /
function A including channel-
binding - )
associated proteins, to
cytoskeletal scaffolds.
. . Places SHANK3 within
SHANK3 ~ SHANK3 Cellular Postsynaptic GO:0014069 located_in/ the excitatory
component den51ty is_active_in .
postsynaptic scaffold.
Supports the role of
SHANK3  SHANK3 Biological process  Synapse assembly ~ GO:0007416 involved_in SHAI\.TKS'm synaptic
organization and
maturation.
Reeulation of Links SHANKS3 to
SHANK3  SHANK3 Biological process swa . GO:0048167 involved_in activity-dependent
synaptic plasticity . .
synaptic regulation.

Selected human Gene Ontology (GO) annotations were retrieved from QuickGO and organized according to the
three GO aspects: molecular function, cellular component, and biological process. Evidence codes: IBA, inferred
from biological aspect of ancestor; IDA, inferred from direct assay; IEA, inferred from electronic annotation;
IMP, inferred from mutant phenotype; IPI, inferred from physical interaction; ISS, inferred from sequence or
structural similarity.

Despite their molecular differences, SCN2A, ANK2, and SHANK-family genes converge
functionally on a shared cellular problem: how neurons coordinate intrinsic excitability
with synaptic drive to stabilize dendritic input-output transformations. Dendrites actively
filter, amplify, and integrate synaptic input through voltage-gated conductances, receptor
composition, spine architecture, and cytoskeleton-linked scaffolding. Disruption of any of
these layers can alter dendritic gain—how strongly and reliably a given pattern of synaptic
input is converted into dendritic and somatic electrical output—together with plasticity
thresholds and circuit stability [10,11,13,14]. This dendritic scaffolding framework com-
plements the excitation/inhibition imbalance hypothesis [15] by focusing on an upstream
cellular mechanism: the integrity of dendritic channel localization, postsynaptic receptor
organization, and cytoskeleton-linked scaffolding. Such upstream disruption could pro-
duce different downstream excitability profiles depending on the cell type, circuit context,
and developmental stage [16-19].
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Figure 1. Gene Ontology overview of SCN2A, ANK2, and SHANK3 functional annotations. Selected
Gene Ontology (GO) annotations classify the encoded proteins according to (A) molecular function,
(B) cellular component, and (C) biological process. SCN2A/NaV1.2 is represented by voltage-gated
sodium channel activity and sodium ion transmembrane transport; ANK2/ankyrin-B by structural

|
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constituent of cytoskeleton, spectrin binding, and transmembrane transporter binding; and SHANK3
by postsynaptic density, synapse assembly, and regulation of synaptic plasticity. Blue ellipses denote
the genes; green-filled boxes, the selected focal GO terms; white boxes, broader ancestral GO terms;
black arrows, is_a relationships; and red lines, gene-to-term annotations. The figure illustrates how
molecularly distinct autism-risk genes converge on membrane-associated, cytoskeleton-linked, and
postsynaptic mechanisms relevant to dendritic integration.
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Figure 2. Protein domain organization of NaV1.2, ankyrin-B, and SHANKS3 within a pyramidal
neuron. The schematic neuron (left) depicts the principal subcellular compartments: dendritic shaft,
dendritic spine, dendrite, and axon. Connecting lines link each compartment to the domain schematic
of the protein or isoform enriched there. (A) NaV1.2 (SCN2A) is a pore-forming voltage-gated
sodium-channel alpha subunit comprising four homologous transmembrane domains (DI-DIV),
each with six membrane-spanning segments (51-56) oriented between the extracellular (“out”) and
intracellular (“in”) sides of the membrane, with intracellular N- and C-termini and the ankyrin-
binding motif located in the DII-DIII intracellular linker. (B) SHANKS is shown with its SPN domain,
ankyrin-repeat region, SH3 and PDZ domains, proline-rich region, and C-terminal SAM domain.
Domain shapes and positions are schematic and not drawn to scale. (C) Ankyrin-B (ANK2) is shown
as the canonical 220 kDa and giant 440 kDa isoforms, sharing the N-terminal membrane-binding
ankyrin-repeat region, the spectrin-binding domain, and the C-terminal death domain (labels shown
on the 440 kDa isoform; corresponding shapes are mirrored on the 220 kDa isoform); the neuronal
giant exon is unique to the 440 kDa isoform.

Here, we use the term framework in a functional, not biochemical, sense. ANK2 and
SCN2A proteins form a directly demonstrated dendritic scaffolding module in neocortical
pyramidal neurons, whereas SHANK-family proteins organize a complementary post-
synaptic scaffold that converges on related dendritic computations. Thus, the proposed
ANK2-SCN2A-SHANK-family framework does not imply that these proteins form a single
molecular complex. Instead, it refers to layered mechanisms that together regulate dendritic
excitability, postsynaptic organization, and synaptic maturation. Section 2 reviews this
cortical template in detail, whereas Section 3 evaluates whether related mechanisms may
operate in subcortical circuits. The starting point for considering these three genes together
is therefore not a shared protein complex but a shared dendritic computation. We begin
from the single interaction that is experimentally established—the direct, dendrite-specific
anchoring of NaV1.2 by ankyrin-B in neocortical pyramidal neurons [11]—and ask which
other high-confidence autism-risk genes shape the same computation. SHANK-family
proteins meet this criterion because they organize the excitatory synaptic input that the
ANK2-SCN2A machinery integrates and amplifies. In this framing the ANK2-SCN2A
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module is the demonstrated anchor, and the SHANK scaffold is included not as a binding
partner but as the organizer of the synaptic events on which dendritic integration operates.
This framework is particularly relevant to autism because many autism-associated traits
involve differences in how sensory, social, motivational, and action-related information
is integrated across time and context. Social approach—avoidance and social preference
depend in part on bidirectional prefrontal-amygdalar circuits that assign affective valence
to social cues [20-22]. Restricted and repetitive behaviors, flexible action selection, sensory
reactivity, attentional filtering, and sleep regulation depend on corticostriatal and thalamo-
cortical loops [23-26]. We therefore focus on dendritic integration not as a generic cellular
phenotype but as a candidate mechanism through which genetically distinct neurodevel-
opmental variants may alter the gain, timing, and state dependence of circuit operations
relevant to autism-associated behavior.

The proposed dendritic framework is summarized in Figure 3, which distinguishes the
ANK2-5CN2A dendritic-shaft module from the SHANK-family postsynaptic scaffold at an
excitatory postsynapse. This mechanism is proposed to operate within cortico-subcortical
circuits linking the prefrontal cortex, striatum, thalamus, and amygdala. The striatum
currently provides the strongest subcortical test case, whereas the thalamus and amygdala
remain promising but less established extensions.

Presynaptic neuron

Glutamate @
e NMDAR
2

"
Mg
L’ qo de-blockage

2+,
Ca influx

synaptic gain

(main binding domains)

Nav1.2

/m’?ﬁi @ <

Backpropagating action potential

Postsynaptic neuron

Figure 3. Proposed layered dendritic scaffolding framework at an excitatory postsynapse. In the den-
dritic spine, glutamatergic receptors(NMDA receptors, AMPA receptors, and group I metabotropic
glutamate receptors) are organized within the postsynaptic density through indirect, layered linkages
rather than direct binding to SHANK. NMDA receptors couple to PSD-95 and, via GKAP/SAPAP, engage
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SHANK-family proteins; AMPA receptors couple to PSD-95 through stargazin/TARPs; and group I
metabotropic glutamate receptors couple to SHANK through Homer. Connecting thin lines indicate
simplified molecular associations within larger receptor-scaffold and membrane—cytoskeleton net-
works; not all intermediary proteins are depicted. In the adjacent dendritic shaft, ankyrin-B (ANK2;
220 kDa isoform) anchors NaV1.2 (SCN2A) within the dendritic membrane-associated cytoskeletal
scaffold, supporting dendritic sodium signaling, backpropagating action potentials, and active den-
dritic integration. These two modules are spatially adjacent and functionally convergent on dendritic
input-output gain, but they do not represent a single biochemical complex. Abbreviations: AMPAR,
AMPA receptor; GKAP/SAPAP, guanylate kinase-associated protein/SAP90/PSD-95-associated pro-
tein; mGluR, metabotropic glutamate receptor; NaV1.2, voltage-gated sodium channel 1.2; NMDAR,
NMDA receptor; PSD-95, postsynaptic density protein 95; TARPs, transmembrane AMPA receptor
regulatory proteins.

2. A Cortical Template for Layered Dendritic Scaffolding

The mechanistic evidence for the proposed framework remains strongest in the cortex.
This section therefore defines the cortical template before considering whether related
mechanisms extend to subcortical circuits. The key point is not that ANK2, SCN2A,
and SHANK-family proteins form a single biochemical complex. Rather, the evidence
supports two adjacent dendritic modules: an ANK2-SCN2A module that controls dendritic
NaV1.2 localization in the shaft, and a SHANK-family module that organizes receptor-
associated scaffolds in dendritic spines (Figure 3). These mechanisms operate through
distinct molecular interactions but converge functionally on dendritic input-output gain.

2.1. The ANK2-SCN2A Module: Dendritic Channel Localization

NaV1.2, encoded by SCN2A, plays a developmentally dynamic role in neocortical
pyramidal cells. NaV1.2, together with NaV1.6, is among the principal voltage-gated
sodium channels of excitatory pyramidal neurons, in contrast to the NaV1.1 channels
enriched in inhibitory interneurons [27]. Early in development, NaV1.2 is enriched at
the axon initial segment, where it contributes to action potential initiation. After the first
postnatal week, NaV1.2 becomes increasingly important in somatodendritic membranes,
where it supports backpropagating action potentials—spikes initiated near the axon and
soma that travel back into the dendrites, signaling recent output to active synapses and, by
depolarizing dendritic spines, helping convert coincident synaptic input into long-term
potentiation—as well as dendritic Na* influx and active dendritic integration [10,11,17].
Scn2a haploinsufficiency reduced dendritic Na* influx, weakened backpropagation, low-
ered the AMPA:NMDA ratio, increased the proportion of silent GluN2B-enriched synapses,
and blocked long-term potentiation induction [10]. The AMPA:NMDA ratio and the pro-
portion of silent synapses—immature contacts that carry GluN2B-rich NMDA currents
but lack functional AMPA receptors—are standard readouts of excitatory synapse mat-
uration, so these shifts indicate arrested postsynaptic maturation rather than a purely
intrinsic excitability change [10]. These deficits were not merely developmental: restora-
tion of Scn2a in adulthood rescued several phenotypes, indicating that mature dendritic
function depends on ongoing NaV1.2 availability rather than solely on developmental
channel expression [11].

Nelson and colleagues [11] identified ankyrin-B as the key scaffold that anchors
dendritic NaV1.2. Using epitope-tagged NaV1.2, Ank2 knockout-and-rescue experiments,
and immunoprecipitation from the adult neocortex, they showed that ankyrin-B binds
NaV1.2 through the canonical ankyrin-binding motif in the channel’s II-1II intracellular
loop. Ankyrin-B was required for dendritic, but not somatic, NaV1.2 localization. Ankyrin-
G, the dominant axonal ankyrin described in related neuronal scaffolding studies [28,29],
could not substitute for ankyrin-B at the dendritic membrane, although both ankyrins
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can scaffold somatic sodium channels. This finding established a direct physical and
functional convergence between two high-confidence autism-risk genes within neocortical
pyramidal cell dendrites. This mechanism requires isoform precision. ANK2 encodes
multiple ankyrin-B isoforms with compartment-specific functions. The dendritic NaV1.2
scaffolding mechanism has been linked most directly to the canonical 220 kDa ankyrin-B
isoform, whereas autism-associated mutations affecting giant 440 kDa ankyrin-B have been
associated with axonal branching and aberrant long-range connectivity [12,30].

These represent distinct cellular mechanisms—dendritic channel localization versus
axonal wiring defects—that may both contribute to neurodevelopmental phenotypes but
through different routes. Ankyrin-B membrane targeting also depends on S-palmitoylation,
which promotes dendritic membrane localization and supports NaV1.2 positioning in
dendrites [31]. Thus, dendritic NaV1.2 localization is an actively regulated scaffolding
process, not a passive distribution of sodium channels.

2.2. The SHANK Scaffold: Postsynaptic Receptor Organization

SHANK-family proteins organize a complementary layer of dendritic architecture
within the postsynaptic density. Rather than anchoring NaV1.2 directly, SHANK proteins
scaffold receptor-associated signaling complexes in dendritic spines. N-methyl-D-aspartate
(NMDA) receptors couple to PSD-95 and from there to GKAP/SAPAP, which binds the
PDZ domain of SHANK; x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors couple to PSD-95 through stargazin/TARPs and are tethered to the same postsy-
naptic platform; and group I metabotropic glutamate receptors couple to SHANK through
Homer [32-35]. SHANK proteins then connect these receptor-associated complexes to
actin-regulatory machinery through cortactin and related signaling modules. Thus, the
receptor scaffold depicted in Figure 3 should be interpreted as a layered postsynaptic
organization, not as direct binding of all receptor classes to SHANK.

This layered architecture is important because disruption at the SHANK level can affect
several receptor-associated pathways simultaneously. SHANK3 loss altered spine morphol-
ogy, weakened excitatory synaptic transmission, and impaired synaptic plasticity [23,36].
Combined Shank1 and Shank3 deletion further impairs developmental Akt signaling, un-
derscoring the developmental role of SHANK-family scaffolds [37]. SHANK3 haploinsuf-
ficiency has also been associated with Ih channelopathy in human neurons, suggesting
one mechanism by which postsynaptic scaffold disruption may alter dendritic excitability,
synaptic integration, and neuronal morphology [38]. These findings support the idea
that SHANK-family disruption can alter dendritic computations through postsynaptic
scaffold instability, even though it does not directly reproduce the ANK2-SCN2A channel-
localization mechanism.

The SHANK module should also be interpreted in a region- and isoform-sensitive
manner. SHANK3 provides the strongest entry point for the striatal and cortico-limbic
components of this framework because of its strong autism association, its robust effects on
excitatory synaptic maturation, and its prominent roles in striatal and cortico-amygdalar
circuits [13,23,24]. However, SHANK3 should not be forced into every subcortical context.
SHANK2 may be particularly relevant in selected thalamic regions, and region-specific
SHANK expression differences need to be considered when translating between rodent
and human data [39]. Thus, the ANK2-SCN2A module may converge with different
SHANK-family scaffolds depending on the cell type, developmental stage, species, and
subcortical region.
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2.3. Functional Convergence

The strongest interpretation is not that SHANKS directly binds the ANK2-SCN2A com-
plex but that SHANK-family disruption may converge functionally with ANK2-SCN2A
dysfunction at the level of dendritic computation. Ankyrin-B organizes the electrogenic
machinery of the dendritic shaft by positioning NaV1.2, whereas SHANK-family proteins
organize receptor-rich postsynaptic machinery within dendritic spines (Figure 3). These
systems operate through distinct molecular scaffolds, but both influence how dendrites
transform synaptic input into electrical and biochemical output.

The key link between the two modules is that dendritic integration is not a property
of either compartment alone; they converge on a single physical event at the spine. NaV1.2-
dependent backpropagating action potentials and dendritic Na* signals supplied by the
ankyrin-B-anchored shaft provide the postsynaptic depolarization that, coincident with
glutamate release, relieves the Mg?* block of NMDA receptors and admits the Ca®* that
induces plasticity [10,11,14]. Because those NMDA receptors are positioned and stabilized
within the SHANK-organized postsynaptic scaffold [32-35], the SHANK module is the
structural site at which the electrical output of the ANK2-SCN2A module is read out as
synaptic plasticity. The two modules are therefore not merely adjacent: one supplies a
coincidence signal, the other positions the coincidence detector.

This coupling is visible in the loss-of-function phenotypes themselves. Disruption
of the dendritic-shaft module does not remain confined to the shaft: Scn2a haploinsuffi-
ciency lowers the AMPA:NMDA ratio, increases the proportion of silent GluN2B-enriched
synapses, and blocks long-term potentiation [10]—all changes in the postsynaptic compart-
ment that the SHANK scaffold organizes. SHANK-family loss converges on the same read-
out from the opposite direction, weakening excitatory transmission, destabilizing spines,
and impairing plasticity [23,36,38]. Because both modules ultimately set the strength and
plasticity of the same excitatory synapses, their disruption is predicted to interact rather
than simply co-occur, which is the rationale for the compound and sequential genetic-
interaction experiments proposed in the Discussion. This distinction is central to the
framework. The ANK2-SCN2A module primarily affects dendritic sodium-channel local-
ization, backpropagating action potentials, dendritic Na* influx, synaptic maturation, and
plasticity thresholds. The SHANK-family scaffold primarily affects postsynaptic receptor
organization, spine structure, glutamatergic signaling, and activity-dependent synaptic
regulation. Loss of either system can therefore alter dendritic input—output gain, but the
physiological direction of the effect may differ across cell types and circuits.

This interpretation also clarifies the relationship between the dendritic scaffolding
framework and the excitation/inhibition imbalance hypothesis. The excitation/inhibition
framework describes circuit-level output in terms of the balance between excitatory and in-
hibitory signaling [15,19]. The dendritic scaffolding framework operates one level upstream,
asking how neurons position the electrogenic and receptor machinery that determines how
synaptic inputs are integrated. A neuron with disrupted dendritic NaV1.2 localization or
destabilized SHANK-dependent receptor scaffolds may appear either hypoexcitable or hy-
perexcitable depending on compensatory adaptations, local channel expression, and circuit
state [16-19]. Therefore, the proposed convergence does not predict a single direction of
excitability change. Instead, it predicts impaired stabilization of dendritic input-output
gain. Together, these cortical mechanisms provide a mechanistic template for testing
whether autism-risk genes converge on dendritic input—output transformations across
cortico-subcortical circuits.
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3. Subcortical Extensions of the Framework

The cortical-centric framing of ANK2-SCN2A convergence partly reflects an exper-
imental bias toward layer 5 pyramidal neurons, which are highly tractable for dendritic
electrophysiology and imaging. However, autism-associated behavioral domains depend
on recurrent cortico-subcortical loops, and the genes considered here are expressed beyond
the cortex. The critical question is therefore not whether SCN2A, ANK2, and SHANKS are
expressed at the subcortical level but whether related molecular logic also shapes dendritic
function in striatal, thalamic, and amygdalar neurons.

The current evidence is uneven. The striatum provides the strongest subcortical case
because both NaV1.2 and SHANKS3 have established functional relevance in medium
spiny neurons and corticostriatal behavior. The thalamus provides an emerging case,
driven mainly by SHANK-related channelopathy and thalamocortical dysfunction. The
amygdala provides a plausible but more speculative extension, supported primarily by
SHANKS circuit data and by the dependence of basolateral amygdala neurons on dendritic
integration of long-range excitatory inputs. In each region, the contribution of ANK2
remains the least defined and therefore represents the critical experimental gap.

Table 2 summarizes the established and hypothesized roles of the two modules across
the cortical template and the three subcortical regions considered here, together with the
current strength of evidence for dendritic convergence in each.

We used the BrainSpan Atlas of the Developing Human Brain [51] to examine devel-
opmental expression trajectories across more anatomically specific regions. These data
are summarized in Figure 4A. BrainSpan allowed us to group samples into prefrontal
cortical regions, amygdala, striatum, and thalamic regions across developmental stages
from prenatal development to adulthood. We log2-transformed the expression values as
log2(RPKM + 1) and averaged them within each region—-gene—stage category; the heatmap
therefore displays mean log2(RPKM + 1) values across regions, genes, and developmental
stages. These developmental data support the temporal plausibility of the framework by
showing that SCN2A, ANK2, and SHANK3 are expressed across relevant brain regions
during developmental windows in which dendritic excitability, synaptic maturation, and
cortico-subcortical circuit organization are established. However, as with the Human Pro-
tein Atlas analysis, these data provide expression context rather than direct evidence for
ANK2-SCN2A-SHANK mechanistic convergence.

We also examined public human expression resources for SCN2A, ANK2, and SHANKS.
First, we used the Human Protein Atlas brain RNA-seq dataset [52] to retrieve adult brain-
region expression values for the three genes. These data are summarized in Figure 4B. To
remain anatomically conservative, we retained the Human Protein Atlas region labels rather
than relabeling broad anatomical categories as more specific subdivisions. Thus, Figure 4B
shows SCN2A, ANK2, and SHANK3 expression across the cerebral cortex, amygdala,
basal ganglia, and thalamus. The basal ganglia category provides broad adult regional
context for the striatal system, but it should not be interpreted as a striatum-specific
measurement. These adult brain-region data support the anatomical plausibility that the
genes are expressed in regions relevant to the proposed framework while underscoring that
transcript expression alone does not establish protein abundance, dendritic localization, or
molecular interaction.

The disease relevance of these genes is further reflected in their clinical and autism-
genetic annotations (Table 3). All three genes are catalogued in OMIM with distinct
Mendelian phenotype entries. SCN2A (MIM 182390) is associated with developmental
and epileptic encephalopathy 11 (MIM 613721), benign familial infantile seizures 3 (MIM
607745), and episodic ataxia 9 (MIM 618924). ANK2 (MIM 106410) is associated with
ankyrin-B-related cardiac arrhythmia and long QT syndrome 4 (MIM 600919). SHANK3
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(MIM 606230) is the principal driver of Phelan-McDermid syndrome, or 22q13.3 deletion
syndrome (MIM 606232) [53]. In the SFARI Gene database, all three are classified as high-
confidence autism-risk genes, with SHANKS3 additionally designated as syndromic [54].

Their Eagle scores differ, reflecting differences in the current strength and replication of

curated autism evidence across genes. This pattern is informative because the proposed

convergence links genes whose Mendelian phenotypes are otherwise heterogeneous: an

epilepsy/encephalopathy gene, a cardiac-arrhythmia gene with autism genetic evidence,

and a syndromic neurodevelopmental gene. Thus, the framework does not imply a single

clinical pathway. Instead, it proposes that genetically and clinically distinct risk genes may

converge on a shared downstream cellular mechanism: dendritic input-output integration.

Table 2. Roles of the ANK2-SCN2A (NaV1.2-ankyrin-B) module and the SHANK family across the
cortical template and subcortical circuits.

Region

NaV1.2-Ankyrin-B Module
(ANK2-SCN2A)

SHANK Family

Status of Dendritic Convergence

Neocortex (PFC)

Demonstrated: ankyrin-B directly
anchors dendritic NaV1.2;
supports backpropagation,
dendritic Na* influx, the
AMPA:NMDA ratio, and LTP;
adult rescue restores function
[10,11,17].

Organizes the excitatory
postsynaptic density; loss alters
spine morphology, excitatory
transmission, and plasticity
[13,23,36,38].

Established cortical template; the
only region with a demonstrated
ANK2-SCN2A dendritic complex.

NaV1.2 expressed in medium
spiny neurons; severe Scn2a loss
paradoxically raises medium
spiny neurons excitability via
KV1.1 downregulation, reversible

SHANKS3 is the dominant striatal
isoform; mutants show
repetitive/social phenotypes with
striatal synaptic and circuit

Strongest subcortical test case; the

Striatum by adult rescue [18,40]; ankyrin-B  changes; region-specific deletion ﬁlfij_icnguizﬁiﬂhc role s
is broadly expressed but its drives perseveration; early loss yopenq '
scaffolding of dendritic NaV1.2in  accelerates corticostriatal
medium spiny neurons is maturation [23,24,42-44].
untested [12,30,41].

SHANK3 expressed (SHANK2
. enriched in some nuclei); Shank3 . .
NaV1.2 reported in relay neurons; . Emerging; carried by
. . mutants show thalamocortical

Thalamus no evidence that ankyrin-B HCN2 channelopathy (sensory SHANK:-related channelopathy

anchors NaV1.2 in thalamic . and circuit data; ANK2-SCN2A

. hypersensitivity, sleep

dendrites [40]. . . untested.
fragmentation) and reticular
burst-firing changes [39,45-48].
SHANK expressed;

Roles of SCN2A and ANK2 circuit-selective Shtmlf3 d.eletlon in

o . the mPFC—BLA projection alters .
Amygdala proteins in amygdalar dendrites dendritic structure Speculative; supported only

largely unexplored; no
direct evidence.

excitatory/inhibitory balance,
and sociability within valence
circuits [16,20-22,39,49,50].

through the SHANK arm.

Citation numbers refer to the reference list. The “NaV1.2-ankyrin-B module” denotes the experimentally demon-
strated ANK2-SCN2A dendritic complex; the “SHANK family” denotes the postsynaptic scaffold organized by
SHANK proteins, principally SHANKS; PFC, prefrontal cortex; BLA, basolateral amygdala.
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A. Region-specific developmental expression levels of SCN2A, ANK2, SHANK3
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Figure 4. Regional and developmental expression of SCN2A, ANK2, and SHANKS3 in the human
brain. (A) Developmental expression patterns from the BrainSpan Atlas of the Developing Human
Brain. The heatmap shows SCN2A, ANK2, and SHANK3 expression across prefrontal cortical regions,
amygdala, striatum, and thalamic regions from prenatal development to adulthood. BrainSpan RNA-
seq values were log2-transformed as log2(RPKM + 1) and averaged within each region-gene—stage
category; the heatmap displays these mean log2(RPKM + 1) values. (B) Adult human brain-region
RNA expression from the Human Protein Atlas. Grouped bars show normalized transcript expression
(nTPM) for SCN2A, ANK2, and SHANKS across the HPA-defined regions cerebral cortex, amygdala,
basal ganglia, and thalamus; these labels were retained as defined by the Human Protein Atlas
and were not relabeled as more specific anatomical subdivisions. Together, these complementary
datasets support the anatomical and developmental plausibility of the proposed framework while
recognizing that transcript expression does not establish protein abundance, region-specific function,
or molecular interaction.
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Table 3. Clinical (OMIM) and autism-genetic (SFARI Gene) annotations for SCN2A, ANK2,
and SHANK3.

Gene

Associated OMIM

Gene (OMIM) SFARI Genetic Score SFARI Eagle Score

Phenotype(s) [MIM]

SCN2A

182390

Developmental and epileptic

encephalopathy 11 [613721];

benign familial infantile 1 (high confidence) 109.3
seizures 3 [607745]; episodic

ataxia 9 [618924]

ANK2

106410

Cardiac arrhythmia,
ankyrin-B-related /long QT 1 (high confidence) 10.8
syndrome 4 [600919]

SHANK3

606230

Phelan-McDermid syndrome 1 (high confidence),

(22q13.3 deletion) [606232] syndromic 74.85

OMIM (www.omim.org); SFARI Gene 2026 Q1 release (www.gene.sfari.org). SFARI Gene score 1 denotes a
high-confidence autism-risk gene; “syndromic” indicates association with a syndrome in which a substantial
subpopulation develops autism. Eagle scores summarize the strength of curated autism evidence and should be
interpreted as evidence-strength metrics rather than expression or effect-size measures.

3.1. Striatum

The striatum is the most compelling subcortical site for testing an ANK2-SCN2A-SHANK3
dendritic convergence model. NaV1.2 is strongly expressed in striatal medium spiny
neurons as well as in medial prefrontal cortical pyramidal neurons [18,40]. Severe Scn2a
deficiency unexpectedly elevated intrinsic excitability in striatal principal neurons through
compensatory downregulation of KV1.1, an effect that was cell-autonomous, reversible
by adult Scn2a re-expression, and likely relevant to corticostriatal circuit imbalance [18].
This finding is important because it shows that NaV1.2 loss does not produce a uniform
reduction in excitability across all cell types. Its consequences depend on local channel
compensation, developmental stage, and circuit identity. The paradoxical excitability
increase in medium spiny neurons contrasts with the reduced dendritic Na* influx observed
in cortical pyramidal neurons [10], highlighting the cell-type specificity that any subcortical
extension of this framework must accommodate.

SHANK3 has particularly strong relevance in the striatum. It is the most abundant
SHANK isoform in striatal circuits, and Shank3 mutant mice showed autism-relevant behav-
ioral phenotypes, including repetitive grooming and altered social interaction, alongside
striatal synaptic and circuit alterations [23]. Global Shank3 loss reduced Homerlb/c at the
striatal postsynaptic density, altered mGluR5-Homer scaffolds, and disrupted corticostri-
atal circuit dynamics [24]. Region-specific manipulations further supported dissociable
cortical and striatal contributions to autism-associated behavioral domains: striatal Shank3
deletion was sufficient to elicit perseverative exploratory behavior, whereas broader fore-
brain excitatory deletion produced severe self-grooming phenotypes [42]. Early postnatal
disruption of Shank3 also accelerated corticostriatal maturation, producing precocious
glutamatergic synaptogenesis and increased connectivity in medium spiny neurons [43,44].
These region-selective findings demonstrate that SHANK3-dependent postsynaptic scaffold
disruption in the striatum is sufficient to produce autism-relevant behavioral changes that
are partly independent of cortical effects. Together with human neuroimaging evidence
linking caudate nucleus growth trajectories to restricted and repetitive behaviors [55], these
findings position the striatum as a key site for linking dendritic scaffolding to repetitive
behavior, behavioral flexibility, and reward-guided action selection.

By contrast, ANK2 function in striatal dendrites remains poorly characterized.
Ankyrin-B is broadly expressed across the central nervous system [12,41], and autism-
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associated ANK2 mutations targeting giant 440 kDa ankyrin-B caused ectopic axonal
branching and aberrant connectivity across cortical and subcortical tracts [30]. These find-
ings support a broad role for ankyrin-B in neuronal wiring, but they do not yet demonstrate
that the canonical 220 kDa ankyrin-B isoform scaffolds dendritic NaV1.2 in medium spiny
neurons. This distinction is essential because medium spiny neurons are not simplified
subcortical equivalents of cortical pyramidal cells. They differ profoundly in morphology,
intrinsic conductances, dopamine modulation, corticostriatal and thalamostriatal input
structure, and spine-based integration.

Therefore, the key prediction is not that Scn2a, Ank2, and Shank3 mutations produce
identical phenotypes across the cortex and striatum. Rather, the prediction is that they
destabilize dendritic input-output transformations required for corticostriatal computation.
Conditional Ank2 deletion in Drd1- and Drd2-expressing lineages, combined with dendritic
Na* imaging and behavioral comparison across Scn2a, Ank2, and Shank3 models, would
directly test this hypothesis.

3.2. Thalamus

The thalamus has emerged as a central node in autism-relevant circuit models, par-
ticularly through its roles in sensory gating, sleep regulation, attentional control, and
cortico-subcortical coordination [25,26]. However, the thalamus should not be treated as a
homogeneous structure. Thalamocortical relay neurons, thalamic reticular nucleus neu-
rons, first-order nuclei, and higher-order nuclei differ in intrinsic conductances, synaptic
connectivity, behavioral roles, and state-dependent firing modes. Any subcortical dendritic
convergence model must therefore be tested at the level of specific thalamic cell types
and nuclei.

SHANK-family expression supports this need for regional precision. SHANK3 is ex-
pressed in the human thalamus, while SHANK?2 shows particularly high neuropil density
in selected thalamic regions [39,45]. These findings suggest that SHANK-dependent postsy-
naptic organization may contribute to thalamic function, but the relevant SHANK isoform
may vary across nuclei and species. This distinction is especially important for translational
research because SHANK2 and SHANK3 expression patterns may not map uniformly across
rodent and human thalami [39]. Functional evidence already supports thalamic involve-
ment in Shank3-related phenotypes. Shank3 mutant mice displayed abnormal thalamocorti-
cal neuron excitability linked to HCN2 channel dysfunction in the ventral posteromedial
nucleus, and correction of this channelopathy ameliorated sensory hypersensitivity and
sleep fragmentation phenotypes [46]. Subtype-specific changes have also been reported in
the thalamic reticular nucleus of Shank3 mutant mice, including altered rebound burst firing
in first-order projecting thalamic reticular neurons, more subtle changes in higher-order pro-
jecting thalamic reticular neurons, and reduced inhibitory drive to relay nuclei [47]. These
findings align with broader models in which thalamic reticular dysfunction contributes to
sensory and attentional phenotypes in neurodevelopmental conditions [25,26,48].

They are particularly relevant to autism-associated sensory reactivity, attentional
filtering, and sleep-wake regulation, which depend on state-dependent thalamocortical and
reticular gating. Whether SCN2A and ANK2 participate in thalamic dendritic excitability
remains unresolved. NaV1.2 has been reported in thalamic relay neurons [40], and both
thalamocortical relay and thalamic reticular neurons rely on active dendritic conductances
to shape burst firing, synaptic integration, and state-dependent gating. The cortical ANK2—
SCN2A mechanism therefore provides a biologically plausible model, but direct evidence is
still lacking. In particular, no study has yet demonstrated that ankyrin-B anchors NaV1.2
in thalamic dendrites or that Ank2 haploinsufficiency phenocopies Scn2a-related thalamic
dendritic defects. The key experiments would determine whether ankyrin-B and NaV1.2
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colocalize in dendrites of thalamocortical relay and thalamic reticular neurons, whether
Ank?2 loss reduces dendritic Na* influx in these cells, and whether this interacts with
Shank-dependent HCN, glutamatergic, or inhibitory synaptic alterations.

3.3. Amygdala

The amygdala provides a plausible but more speculative extension of the dendritic con-
vergence model. SHANK proteins are expressed in amygdalar circuits, and SHANKS3 has
functional relevance in cortico-amygdalar pathways, although whether this intersects with
ANK2-SCN2A-dependent dendritic excitability in basolateral amygdala neurons remains
unknown [39,45,50]. Circuit-selective Shank3 deletion in the medial prefrontal cortex-to-
basolateral amygdala projection produced altered dendritic structure, increased excitatory
drive, reduced inhibitory drive, and altered sociability, paralleling altered functional con-
nectivity of this circuit in autistic individuals [22]. This projection forms part of a broader
prefrontal-to-basolateral amygdala pathway through which prefrontal cortical inputs dif-
ferentially recruit distinct basolateral amygdala projection neuron populations [20] and
through which amygdala-to-prefrontal projections guide behavior amid conflicting cues
of reward and punishment [21]. Valence-encoding medial prefrontal cortex—basolateral
amygdala subcircuits shape social approach—avoidance behavior, consistent with the view
that dendritic disruption within this pathway could alter social-valence computation [16].
Together, these studies position social approach-avoidance and social preference as cortico-
amygdalar behavioral readouts through which altered dendritic integration could be tested
in autism-relevant models.

However, the roles of SCN2A and ANK2 in amygdalar dendrites remain largely un-
explored. Basolateral and lateral amygdala principal neurons integrate glutamatergic
inputs from prefrontal, thalamic, hippocampal, and sensory association regions, including
prefrontal-to-basolateral amygdala projections and direct thalamo-amygdala pathways that
route sensory—affective information from posterior thalamic nuclei to the lateral amygdala.
These pathways are sufficient, in parallel with thalamo-cortico-amygdala routes, to support
associative affective learning [20,49]. Because these computations depend on dendritic
excitability and synaptic integration, the ANK2-SCN2A-SHANK-family framework offers
a plausible mechanistic hypothesis. Yet the evidence currently supports only the SHANK3
arm directly. Future translational studies should test whether NaV1.2 contributes to den-
dritic electrogenesis in basolateral amygdala principal neurons, whether ankyrin-B anchors
NaV1.2 or other voltage-gated channels in these dendrites, and whether Shank3 disruption
modifies related dendritic computations through postsynaptic scaffold instability.

4. Discussion

This review proposes that cortical ANK2-SCN2A convergence provides a mechanistic
template for investigating autism-relevant alterations in dendritic integration across sub-
cortical circuits. The framework does not claim that SCN2A, ANK2, and SHANK-family
proteins form a single biochemical complex. Instead, it argues that dendritic channel
localization, postsynaptic scaffold organization, and synaptic maturation represent layered
mechanisms that can converge functionally on dendritic input—output gain. The Human
Protein Atlas and BrainSpan analyses added here support the anatomical and developmen-
tal plausibility of this framework by showing expression of SCN2A, ANK2, and SHANK3
across relevant human brain regions and developmental windows. However, these ex-
pression data should be interpreted as contextual support rather than direct evidence for
protein abundance, dendritic localization, or molecular interaction.
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4.1. Functional Convergence Predicts Destabilized Dendritic Gain Rather than a Fixed Excitability Shift

A major challenge for this framework is that dendritic convergence is unlikely to
produce a uniform physiological signature across cell types and brain regions. SCN2A
loss can reduce dendritic Na* influx and weaken backpropagation in cortical pyramidal
neurons, but it can also produce paradoxical hyperexcitability through compensatory
changes in other conductances, as demonstrated in striatal medium spiny neurons [17,18].
Similarly, SHANK3 loss can weaken excitatory synaptic maturation in some contexts while
producing circuit hyperactivity or precocious connectivity in others [24,43]. Therefore,
the relevant convergent phenotype may not be a fixed increase or decrease in excitability.
Instead, it may be a failure to stabilize dendritic input—-output gain across development,
cell type, and behavioral state.

This interpretation clarifies the relationship between the dendritic scaffolding frame-
work and the excitation/inhibition imbalance hypothesis [15,19]. The excitation/inhibition
hypothesis describes circuit-level output in terms of the balance between excitatory and
inhibitory signaling, often with emphasis on increased excitation. The dendritic scaffolding
framework is not incompatible with this view, but it operates at a different explanatory
level. Rather than describing the net output of a circuit, it addresses the upstream molecular
mechanisms that determine how individual neurons position electrogenic and receptor-
associated machinery within dendrites. A neuron with disrupted dendritic NaV1.2 localiza-
tion or destabilized SHANK-dependent receptor scaffolds may appear either hypoexcitable
or hyperexcitable depending on compensatory adaptations, local channel expression, synap-
tic input structure, and circuit state [17,18]. Thus, the same upstream scaffolding alteration
could produce cell-type-specific downstream excitability changes. This cell-type specificity
is reinforced by the division of labor within the sodium-channel family itself: NaV1.2,
together with NaV1.6, predominates in excitatory pyramidal neurons [27], whereas NaV1.1
sustains high-frequency firing in inhibitory interneurons [56], and dendritic NaV1.2 can
even drive dendritic gamma-aminobutyric acid (GABA) release in specialized neurons
such as olfactory-bulb granule cells [57]—so the same loss-of-function variant may be read
out differently depending on the channels and scaffolds a given neuron expresses. This
framework therefore does not predict a uniform shift toward excitation or inhibition but
rather a reduced capacity to maintain stable dendritic gain in a context-dependent manner.

4.2. Translational Window for Autism-Relevant Trait Assessment

In this view, dendritic scaffolding does not map into a single autism-associated trait.
Rather, it may influence how distributed cortico-subcortical circuits regulate sensory re-
activity, behavioral flexibility, sleep—wake state, and social-valence processing across de-
velopment. This framing helps connect molecular mechanisms with behavioral domains
without reducing autism to a single pathway or assuming that the same cellular alteration
produces identical outcomes across circuits. It also explains why the striatum, thalamus,
and amygdala differ in evidential strength: the striatum currently provides the clearest
subcortical test case, whereas thalamic and amygdalar extensions remain more dependent
on SHANK-related evidence and require direct tests of ANK2-SCN2A involvement.

The cortico-subcortical circuitry that frames this proposal is defined largely in the
mouse (Figure 5), so species translation requires caution. SHANK-family expression differs
across species and subcortical regions; therefore, predictions derived from mouse mod-
els should be validated against human expression, post-mortem, and cell-type-resolved
datasets wherever possible [39]. This point is especially important for the thalamus and
amygdala, where SHANK2 and SHANK3 expression patterns may not map uniformly
across rodents and humans. Conditional genetic models in mice, while powerful, may also
differ from the gene dosage and genetic contexts observed in people. Gene-dosage sensitiv-
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ity, genetic background effects, developmental compensation, and cell-type-specific isoform
expression all represent potential confounds that must be considered when interpreting
subcortical phenotypes in animal models.

Cortico-subcortical projections in mice

Prefrontal cortex

Striatum
Thalamus

Figure 5. Cortico-subcortical projections relevant to the ANK2-SCN2A-SHANK framework.
Schematic sagittal representation of cortico-subcortical projections in the mouse brain linking the pre-
frontal cortex (PFC), striatum, thalamus, and amygdala. Arrows depict the major projections relevant
to this review: corticostriatal projections (PFC — striatum), thalamocortical and corticothalamic pro-
jections (thalamus <> PFC), thalamostriatal projections (thalamus — striatum), reciprocal prefrontal—
amygdalar circuits (PFC <+ BLA), and direct thalamo-amygdalar inputs (thalamus — amygdala). For
simplicity, the schematic does not display polysynaptic return paths from the striatum to the cortex
via the pallidum and thalamus. Abbreviations: BLA, basolateral amygdala; PFC, prefrontal cortex.

4.3. Limitations

While this framework builds on converging genetic and physiological evidence linking
SCN2A, ANK2, and SHANK-family genes to dendritic integration and circuit-level input-
output gain, several limitations should be acknowledged. First, the proposed convergence
is functional rather than biochemical: only the ANK2-SCN2A dendritic interaction has
been directly demonstrated, in neocortical pyramidal neurons [11], whereas the inclusion
of SHANK-family proteins rests on shared dendritic computations rather than on a shared
molecular complex. Second, the human expression analyses presented here (Figure 4A,B)
provide anatomical and developmental plausibility but do not establish protein abundance,
dendritic localization, isoform usage, or mechanistic interaction in any subcortical region.
Third, the subcortical extension of the ANK2-SCN2A module remains experimentally
untested: there is currently no direct evidence that ankyrin-B anchors NaV1.2 in the
dendrites of striatal medium spiny neurons, thalamocortical relay or reticular neurons, or
basolateral amygdala principal neurons, and the framework should therefore be treated as
a hypothesis to be tested rather than as an established mechanism. Fourth, the thalamic and
amygdalar arms of the framework are supported almost exclusively by SHANK-related
circuit and channelopathy data [39,45-48,50], so the strength of evidence is asymmetric
across the three subcortical regions considered (Table 2). Fifth, much of the mechanistic
evidence is derived from mouse models, and species- and isoform-level differences in
SHANK and ankyrin-B biology [12,30,39] limit direct translation to human subcortical
circuits. Sixth, this is a conceptual review rather than a systematic synthesis; literature
selection was guided by the dendritic-integration logic of the framework, and the absence
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of formal meta-analytic procedures should be considered when weighing the evidence
summarized here.

4.4. Experimental Priorities and Validation in Human Tissue

Several experimental priorities follow from this framework. Conditional Ank2 deletion
in striatal D1- and D2-expressing medium spiny neurons, thalamocortical relay neurons,
thalamic reticular neurons, and basolateral amygdala principal neurons would test whether
ankyrin-B supports dendritic excitability outside the cortex and whether its contribution
differs across subcortical cell types. Dendritic Na* and Ca®* imaging across Scn2a, Ank2,
and Shank3 animal models would determine whether these genes produce convergent
or cell-type-specific dendritic phenotypes. Region- and cell-type-specific rescue exper-
iments would test whether restoring ANK2-SCN2A-dependent channel localization or
SHANK-dependent postsynaptic organization in adulthood can normalize subcortical
circuit function as adult rescue has already shown promise in Scn2a models [11,18]. Com-
paring the directionality of excitability changes across the cortex, striatum, thalamus,
and amygdala would also be essential because NaV1.2 loss can produce either reduced
or paradoxically increased excitability depending on cell type and compensatory chan-
nel regulation [17,18]. Finally, genetic-interaction designs, including compound or se-
quentially perturbed Scn2a;Shank3 and Ank2;Shank3 animal models, would test whether
these modules interact at the level of dendritic gain rather than merely producing similar
single-gene phenotypes.

Validation in human tissue should be treated as a priority rather than a caveat.
Proximity-ligation and co-localization assays for ankyrin-B and NaV1.2 in human subcorti-
cal neurons, together with cell-type-resolved post-mortem and induced pluripotent stem
cell-derived datasets, would help determine whether the dendritic scaffolding logic defined
in the rodent cortex generalizes to the human striatum, thalamus, and amygdala. Such
validation would be critical for establishing whether the ANK2-SCN2A-SHANK-family
framework represents a shared point of convergence through which genetically distinct
autism-associated variants alter cortico-subcortical circuit function.

5. Conclusions

SCN2A and ANK?2 proteins converge directly in neocortical pyramidal cell dendrites,
where ankyrin-B serves as an obligate scaffold for NaV1.2 and supports dendritic Na*
signaling, backpropagation, synaptic maturation, and plasticity. This module depends on
isoform-specific ankyrin-B function and lipid-dependent membrane targeting. SHANK3
does not form a direct biochemical complex with ANK2-SCN2A but organizes a comple-
mentary postsynaptic scaffold that controls glutamatergic receptor complexes and synaptic
plasticity through a layered PSD-95/GKAP/Homer architecture. Together, these systems
define layered dendritic machinery required for stable excitatory integration.

The central unresolved question is whether this dendritic logic extends beyond the
cortex. Current evidence makes the striatum the strongest subcortical test case because
SCN2A and SHANKS proteins both have established relevance in medium spiny neurons
and corticostriatal behavior. The thalamus and amygdala provide compelling but more
speculative extensions, supported mainly by SHANK-related channelopathy, synaptic
dysfunction, and circuit phenotypes, while the contributions of ANK2 and SCN2A remain
largely undefined. Testing this framework across these circuits—and relating findings
to human neuroimaging and behavioral stratification—could reveal whether dendritic
scaffolding represents a circuit-selective point of convergence across genetically distinct
neurodevelopmental conditions with autism-relevant phenotypes.

https:/ /doi.org/10.3390/ijms27135979


https://doi.org/10.3390/ijms27135979

Int. J. Mol. Sci. 2026, 27, 5979 19 of 22

Author Contributions: Conceptualization, M.S.M., M.M.P,, S.C.S. and A.B.L.R,; writing—original
draft preparation, S.C.S. and A.B.L.R.; writing—review and editing, M.S.M., M.\M.P,, S.C.S. and
A.B.L.R;; visualization, S.C.S. and A.B.L.R.; supervision, M.S.M. and M.M.P,; funding acquisition,
M.S.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by project PID2023-1485410B-100, funded by MICIU/AEI
(https:/ /doi.org/10.13039/501100011033) and FEDER/EU; the Consejeria de Educacioén, Junta de
Castilla y Leén (SA218P23); and the strategic research programs of excellence from the Regional
Government of Castile and Leén, co-funded by the ERDF Operational Programme (ref. CLU-2023-1-
01), awarded to M.S.M., S.C.S. was supported by a fellowship from the Spanish Ministry of Science
and Universities (FPU2021/00124).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: During the preparation of this manuscript, the authors used ChatGPTv5.5
(OpenAl, San Francisco, CA, USA) solely to improve English grammar, readability, and language
clarity in selected parts of the text. The authors reviewed and edited all Al-assisted output and take
full responsibility for the content of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest. The sponsors had no role in the
conception of the review; in the interpretation of the literature; in the writing of the manuscript; or in
the decision to submit the article for publication.

References

1.  American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; American Psychiatric Association:
Arlington, VA, USA, 2013. [CrossRef]

2. Rosen, N.E,; Lord, C.; Volkmar, ER. The Diagnosis of Autism: From Kanner to DSM-III to DSM-5 and Beyond. J. Autism Dev.
Disord. 2021, 51, 4253-4270. [CrossRef] [PubMed]

3. Satterstrom, FK.; Kosmicki, J.A.; Wang, J.; Breen, M.S.; De Rubeis, S.; An, ].Y.; Peng, M.; Collins, R.; Grove, J.; Klei, L.; et al.
Large-Scale Exome Sequencing Study Implicates Both Developmental and Functional Changes in the Neurobiology of Autism.
Cell 2020, 180, 568-584. [CrossRef] [PubMed]

4. Fu, ] M,; Satterstrom, FX.; Peng, M.; Brand, H.; Collins, R.L.; Dong, S.; Wamsley, B.; Klei, L.; Wang, L.; Hao, S.P.; et al. Rare Coding
Variation Provides Insight into the Genetic Architecture and Phenotypic Context of Autism. Nat. Genet. 2022, 54, 1320-1331.
[CrossRef] [PubMed]

5. La Monica, I; Di Iorio, M.R; Sica, A.; Rufino, F; Sotira, C.; Pastore, L.; Lombardo, B. Autism Spectrum Disorder: Genetic
Mechanisms and Inheritance Patterns. Genes 2025, 16, 478. [CrossRef] [PubMed]

6.  Treccarichi, S.; Vinci, M.; Virgillito, M.; Musumeci, A.; Bruno, F; Papa, C.; Galati Rando, R.; Marano, P.; Greco, D.; Fallea, A_; et al.
Unraveling the Genetic and Molecular Architecture of Autism Spectrum Disorder: Implications for Clinical Genetics and Genomic
Diagnostics. Int. J. Mol. Sci. 2026, 27, 3278. [CrossRef] [PubMed]

7. Ashburner, M.; Ball, C.A.; Blake, ].A ; Botstein, D.; Butler, H.; Cherry, ] M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, ].T.; et al.
Gene Ontology: Tool for the Unification of Biology. Nat. Genet. 2000, 25, 25-29. [CrossRef] [PubMed]

8.  The Gene Ontology Consortium; Aleksander, S.A.; Balhoff, J.; Carbon, S.; Cherry, ].M.; Drabkin, H.]J.; Ebert, D.; Feuermann, M.;
Gaudet, P;; Harris, N.L.; et al. The Gene Ontology Knowledgebase in 2023. Genetics 2023, 224, iyad031. [CrossRef] [PubMed]

9. Binns, D.; Dimmer, E.; Huntley, R.; Barrell, D.; O’'Donovan, C.; Apweiler, R. QuickGO: A Web-Based Tool for Gene Ontology
Searching. Bioinformatics 2009, 25, 3045-3046. [CrossRef] [PubMed]

10. Spratt, PW.E.; Ben-Shalom, R.; Keeshen, C.M.; Burke, K.J.; Clarkson, R.L.; Sanders, S.J.; Bender, K.J. The Autism-Associated Gene
Scn2a Contributes to Dendritic Excitability and Synaptic Function in the Prefrontal Cortex. Neuron 2019, 103, 673-685. [CrossRef]
[PubMed]

11. Nelson, A.D.; Catalfio, A.M.; Gupta, ].P; Min, L.; Caballero-Floran, R.N.; Dean, K.P.; Elvira, C.C.; Derderian, K.D.; Kyoung, H.;

Sahagun, A.; et al. Physical and Functional Convergence of the Autism Risk Genes Scn2a and Ank2 in Neocortical Pyramidal Cell
Dendrites. Neuron 2024, 112, 1133-1149. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27135979


https://doi.org/10.13039/501100011033
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1007/s10803-021-04904-1
https://www.ncbi.nlm.nih.gov/pubmed/33624215
https://doi.org/10.1016/j.cell.2019.12.036
https://www.ncbi.nlm.nih.gov/pubmed/31981491
https://doi.org/10.1038/s41588-022-01104-0
https://www.ncbi.nlm.nih.gov/pubmed/35982160
https://doi.org/10.3390/genes16050478
https://www.ncbi.nlm.nih.gov/pubmed/40428300
https://doi.org/10.3390/ijms27073278
https://www.ncbi.nlm.nih.gov/pubmed/41977462
https://doi.org/10.1038/75556
https://www.ncbi.nlm.nih.gov/pubmed/10802651
https://doi.org/10.1093/genetics/iyad031
https://www.ncbi.nlm.nih.gov/pubmed/36866529
https://doi.org/10.1093/bioinformatics/btp536
https://www.ncbi.nlm.nih.gov/pubmed/19744993
https://doi.org/10.1016/j.neuron.2019.05.037
https://www.ncbi.nlm.nih.gov/pubmed/31230762
https://doi.org/10.1016/j.neuron.2024.01.003
https://www.ncbi.nlm.nih.gov/pubmed/38290518
https://doi.org/10.3390/ijms27135979

Int. J. Mol. Sci. 2026, 27, 5979 20 of 22

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Yoon, S.; Penzes, P. Roles of ANK2/Ankyrin-B in Neurodevelopmental Disorders: Isoform Functions and Implications for Autism
Spectrum Disorder and Epilepsy. Curr. Opin. Genet. Dev. 2024, 89, 102270. [CrossRef] [PubMed]

Monteiro, P.; Feng, G. SHANK Proteins: Roles at the Synapse and in Autism Spectrum Disorder. Nat. Rev. Neurosci. 2017, 18,
147-157. [CrossRef] [PubMed]

Stuart, G.J.; Spruston, N. Dendritic Integration: 60 Years of Progress. Nat. Neurosci. 2015, 18, 1713-1721. [CrossRef] [PubMed]
Rubenstein, J.L.R.; Merzenich, M.M. Model of Autism: Increased Ratio of Excitation/Inhibition in Key Neural Systems. Genes
Brain Behav. 2003, 2, 255-267. [CrossRef] [PubMed]

Huang, W.C.; Zucca, A.; Levy, J.; Page, D.T. Social Behavior Is Modulated by Valence-Encoding mPFC-Amygdala Sub-Circuitry.
Cell Rep. 2020, 32, 107899. [CrossRef] [PubMed]

Spratt, PW.E.; Alexander, R.P.D.; Ben-Shalom, R.; Sahagun, A.; Kyoung, H.; Keeshen, C.M.; Sanders, S.J.; Bender, K.J. Paradoxical
Hyperexcitability from NaV1.2 Sodium Channel Loss in Neocortical Pyramidal Cells. Cell Rep. 2021, 36, 109483. [CrossRef]
[PubMed]

Zhang, J.; Chen, X.; Eaton, M.; Wu, J.; Ma, Z,; Lai, S.; Park, A.; Ahmad, T.S.; Que, Z.; Lee, ]. H.; et al. Severe Deficiency of the
Voltage-Gated Sodium Channel NaV1.2 Elevates Neuronal Excitability in Adult Mice. Cell Rep. 2021, 36, 109495. [CrossRef]
[PubMed]

Sohal, V.S.; Rubenstein, J.L.R. Excitation-Inhibition Balance as a Framework for Investigating Mechanisms in Neuropsychiatric
Disorders. Mol. Psychiatry 2019, 24, 1248-1257. [CrossRef] [PubMed]

McGarry, L.M.; Carter, A.G. Prefrontal Cortex Drives Distinct Projection Neurons in the Basolateral Amygdala. Cell Rep. 2017, 21,
1426-1433. [CrossRef] [PubMed]

Burgos-Robles, A.; Kimchi, E.Y.; Izadmehr, E.M.; Porzenheim, M.].; Ramos-Guasp, W.A; Nieh, E.H.; Felix-Ortiz, A.C.; Namburi, P;
Leppla, C.A.; Presbrey, K.N.; et al. Amygdala Inputs to Prefrontal Cortex Guide Behavior amid Conflicting Cues of Reward and
Punishment. Nat. Neurosci. 2017, 20, 824-835. [CrossRef] [PubMed]

Kim, S.; Kim, Y.-E.; Song, I.; Ujihara, Y.; Kim, N.; Jiang, Y.-H.; Yin, H.H.; Lee, T.-H.; Kim, I.H. Neural Circuit Pathology Driven by
Shank3 Mutation Disrupts Social Behaviors. Cell Rep. 2022, 39, 110906. [CrossRef] [PubMed]

Pega, J.; Feliciano, C.; Ting, ].T.; Wang, W.; Wells, M.E,; Venkatraman, T.N.; Lascola, C.D.; Fu, Z.; Feng, G. Shank3 Mutant Mice
Display Autistic-Like Behaviours and Striatal Dysfunction. Nature 2011, 472, 437-442. [CrossRef] [PubMed]

Wang, X.; Bey, A.L.; Katz, B.M.; Badea, A.; Kim, N.; David, L.K.; Duffney, L.J.; Kumar, S.; Mague, S.D.; Hulbert, S.W.; et al. Altered
mGluR5-Homer Scaffolds and Corticostriatal Connectivity in a Shank3 Complete Knockout Model of Autism. Nat. Commun.
2016, 7, 11459. [CrossRef] [PubMed]

Krol, A.; Wimmer, R.D.; Halassa, M.M.; Feng, G. Thalamic Reticular Dysfunction as a Circuit Endophenotype in Neurodevelop-
mental Disorders. Neuron 2018, 98, 282-295. [CrossRef] [PubMed]

Nakajima, M.; Schmitt, L.I.; Feng, G.; Halassa, M.M. Combinatorial Targeting of Distributed Forebrain Networks Reverses Noise
Hypersensitivity in a Model of Autism Spectrum Disorder. Neuron 2019, 104, 488-500. [CrossRef]

Goodchild, S.J.; Shuart, N.G.; Williams, A.D.; Ye, W.; Parrish, R.R.; Soriano, M.; Thouta, S.; Mezeyova, J.; Waldbrook, M.;
Dean, R.; et al. Molecular Pharmacology of Selective NaV1.6 and Dual NaV1.6/NaV1.2 Channel Inhibitors That Suppress
Excitatory Neuronal Activity Ex Vivo. ACS Chem. Neurosci. 2024, 15, 1169-1184. [CrossRef] [PubMed]

Smith, K.R.; Kopeikina, K.J.; Fawcett-Patel, ].M.; Leaderbrand, K.; Gao, R.; Schiirmann, B.; Myczek, K.; Radulovic, J;
Swanson, G.T.; Penzes, P. Psychiatric Risk Factor ANK3/Ankyrin-G Nanodomains Regulate the Structure and Function of
Glutamatergic Synapses. Neuron 2014, 84, 399-415. [CrossRef] [PubMed]

Jenkins, PM.; Kim, N.; Jones, S.L.; Tseng, W.C.; Svitkina, TM.; Yin, H.H.; Bennett, V. Giant Ankyrin-G: A Critical Innovation
in Vertebrate Evolution of Fast and Integrated Neuronal Signaling. Proc. Natl. Acad. Sci. USA 2015, 112, 957-964. [CrossRef]
[PubMed]

Yang, R.; Walder-Christensen, K.K.; Kim, N.; Wu, D.; Lorenzo, D.N.; Badea, A.; Jiang, Y.H.; Yin, H.H.; Wetsel, W.C.; Bennett, V.
ANK2 Autism Mutation Targeting Giant Ankyrin-B Promotes Axon Branching and Ectopic Connectivity. Proc. Natl. Acad. Sci.
USA 2019, 116, 15262-15271. [CrossRef] [PubMed]

Gupta, J.P; Jenkins, PM. Ankyrin-B Is Lipid-Modified by S-Palmitoylation to Promote Dendritic Membrane Scaffolding of
Voltage-Gated Sodium Channel NaV1.2 in Neurons. Front. Physiol. 2023, 14, 959660. [CrossRef] [PubMed]

Naisbitt, S.; Kim, E.; Tu, J.C.; Xiao, B.; Sala, C.; Valtschanoff, J.; Weinberg, R.].; Worley, PF.; Sheng, M. Shank, a Novel Family
of Postsynaptic Density Proteins That Binds to the NMDA Receptor/PSD-95/GKAP Complex and Cortactin. Neuron 1999, 23,
569-582. [CrossRef] [PubMed]

Sala, C.; Vicidomini, C.; Bigi, I.; Mossa, A.; Verpelli, C. Shank Synaptic Scaffold Proteins: Keys to Understanding the Pathogenesis
of Autism and Other Synaptic Disorders. J. Neurochem. 2015, 135, 849-858. [CrossRef] [PubMed]

Liu, X; Yuan, M.; Lau, B.W,; Li, Y. SHANK Family on Stem Cell Fate and Development. Cell Death Dis. 2022, 13, 880. [CrossRef]
[PubMed]

https://doi.org/10.3390/ijms27135979


https://doi.org/10.1016/j.gde.2024.102270
https://www.ncbi.nlm.nih.gov/pubmed/39426116
https://doi.org/10.1038/nrn.2016.183
https://www.ncbi.nlm.nih.gov/pubmed/28179641
https://doi.org/10.1038/nn.4157
https://www.ncbi.nlm.nih.gov/pubmed/26605882
https://doi.org/10.1034/j.1601-183X.2003.00037.x
https://www.ncbi.nlm.nih.gov/pubmed/14606691
https://doi.org/10.1016/j.celrep.2020.107899
https://www.ncbi.nlm.nih.gov/pubmed/32668253
https://doi.org/10.1016/j.celrep.2021.109483
https://www.ncbi.nlm.nih.gov/pubmed/34348157
https://doi.org/10.1016/j.celrep.2021.109495
https://www.ncbi.nlm.nih.gov/pubmed/34348148
https://doi.org/10.1038/s41380-019-0426-0
https://www.ncbi.nlm.nih.gov/pubmed/31089192
https://doi.org/10.1016/j.celrep.2017.10.046
https://www.ncbi.nlm.nih.gov/pubmed/29117549
https://doi.org/10.1038/nn.4553
https://www.ncbi.nlm.nih.gov/pubmed/28436980
https://doi.org/10.1016/j.celrep.2022.110906
https://www.ncbi.nlm.nih.gov/pubmed/35675770
https://doi.org/10.1038/nature09965
https://www.ncbi.nlm.nih.gov/pubmed/21423165
https://doi.org/10.1038/ncomms11459
https://www.ncbi.nlm.nih.gov/pubmed/27161151
https://doi.org/10.1016/j.neuron.2018.03.021
https://www.ncbi.nlm.nih.gov/pubmed/29673480
https://doi.org/10.1016/j.neuron.2019.09.040
https://doi.org/10.1021/acschemneuro.3c00757
https://www.ncbi.nlm.nih.gov/pubmed/38359277
https://doi.org/10.1016/j.neuron.2014.10.010
https://www.ncbi.nlm.nih.gov/pubmed/25374361
https://doi.org/10.1073/pnas.1416544112
https://www.ncbi.nlm.nih.gov/pubmed/25552556
https://doi.org/10.1073/pnas.1904348116
https://www.ncbi.nlm.nih.gov/pubmed/31285321
https://doi.org/10.3389/fphys.2023.959660
https://www.ncbi.nlm.nih.gov/pubmed/37064897
https://doi.org/10.1016/S0896-6273(00)80809-0
https://www.ncbi.nlm.nih.gov/pubmed/10433268
https://doi.org/10.1111/jnc.13232
https://www.ncbi.nlm.nih.gov/pubmed/26338675
https://doi.org/10.1038/s41419-022-05325-3
https://www.ncbi.nlm.nih.gov/pubmed/36257935
https://doi.org/10.3390/ijms27135979

Int. J. Mol. Sci. 2026, 27, 5979 21 of 22

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mossa, A.; Giona, F.; Pagano, ].; Sala, C.; Verpelli, C. SHANK Genes in Autism: Defining Therapeutic Targets. Prog. Neuro-
Psychopharmacol. Biol. Psychiatry 2018, 84, 416-423. [CrossRef] [PubMed]

Kathuria, A.; Nowosiad, P.; Jagasia, R.; Aigner, S.; Taylor, R.D.; Andreae, L.C.; Gatford, N.J.E; Lucchesi, W.; Srivastava, D.P;
Price, ]. Stem Cell-Derived Neurons from Autistic Individuals with SHANK3 Mutation Show Morphogenetic Abnormalities
during Early Development. Mol. Psychiatry 2018, 23, 735-746. [CrossRef] [PubMed]

Mossa, A.; Pagano, J.; Ponzoni, L.; Tozzi, A.; Vezzoli, E.; Sciaccaluga, M.; Costa, C.; Beretta, S.; Francolini, M.; Sala, M.; et al.
Developmental Impaired Akt Signaling in the Shank1 and Shank3 Double Knock-Out Mice. Mol. Psychiatry 2021, 26, 1928-1944.
[CrossRef] [PubMed]

Yi, F; Danko, T.; Botelho, S.C.; Patzke, C.; Pak, C.; Wernig, M.; Stidhof, T.C. Autism-Associated SHANK3 Haploinsufficiency
Causes Th Channelopathy in Human Neurons. Science 2016, 352, aaf2669. [CrossRef] [PubMed]

Woelfle, S.; Deshpande, D.; Feldengut, S.; Braak, H.; Del Tredici, K.; Roselli, F.; Deisseroth, K.; Michaelis, J.; Boeckers, T.M.;
Schon, M. Expression Profiles of the Autism-Related SHANK Proteins in the Human Brain. BMC Biol. 2023, 21, 254. [CrossRef]
[PubMed]

Ogiwara, I.; Miyamoto, H.; Tatsukawa, T.; Yamagata, T.; Nakayama, T.; Atapour, N.; Miura, E.; Mazaki, E.; Ernst, S.J;
Cao, D,; et al. Nav1.2 Haplodeficiency in Excitatory Neurons Causes Absence-Like Seizures in Mice. Commun. Biol. 2018,
1, 96. [CrossRef] [PubMed]

Lorenzo, D.N.; Badea, A.; Davis, J.; Hostettler, J.; He, J.; Zhong, G.; Zhuang, X.; Bennett, V. A PIK3C3-Ankyrin-B-Dynactin
Pathway Promotes Axonal Growth and Multiorganelle Transport. J. Cell Biol. 2014, 207, 735-752. [CrossRef] [PubMed]

Bey, A.L.; Wang, X.; Yan, H.; Kim, N.; Passman, R.L.; Yang, Y.; Cao, X.; Towers, A.]J.; Hulbert, S.W.; Duffney, L.]J.; et al. Brain
Region-Specific Disruption of Shank3 in Mice Reveals a Dissociation for Cortical and Striatal Circuits in Autism-Related Behaviors.
Transl. Psychiatry 2018, 8, 94. [CrossRef] [PubMed]

Peixoto, R.T.; Wang, W.; Croney, D.M.; Kozorovitskiy, Y.; Sabatini, B.L. Early Hyperactivity and Precocious Maturation of
Corticostriatal Circuits in Shank3B~/~ Mice. Nat. Neurosci. 2016, 19, 716-724. [CrossRef] [PubMed]

Peixoto, R.T.; Chantranupong, L.; Hakim, R.; Levasseur, J.; Wang, W.; Merchant, T.; Gorman, K.; Budnik, B.; Sabatini, B.L.
Abnormal Striatal Development Underlies the Early Onset of Behavioral Deficits in Shank3B~/~ Mice. Cell Rep. 2019, 29,
2016-2027. [CrossRef] [PubMed]

Wan, L.; Ai, ].Q.; Yang, C.; Jiang, J.; Zhang, Q.L.; Luo, Z.H.; Huang, R.].; Tu, T.; Pan, A.; Tu, E.; et al. Expression of the Excitatory
Postsynaptic Scaffolding Protein, Shank3, in Human Brain: Effect of Age and Alzheimer’s Disease. Front. Aging Neurosci. 2021,
13,717263. [CrossRef] [PubMed]

Guo, B; Liu, T.; Choi, S.; Mao, H.; Wang, W.; Xi, K; Jones, C.; Hartley, N.D.; Feng, D.; Chen, Q.; et al. Restoring Thalamocortical
Circuit Dysfunction by Correcting HCN Channelopathy in Shank3 Mutant Mice. Cell Rep. Med. 2024, 5, 101534. [CrossRef]
[PubMed]

Ortiz-Cruz, C.A.; Peralta-Ramirez, M.; Herrera-Murillo, M. A.; Mejia-Ortiz, R.A.; Palomero-Rivero, M.; Guo, B.; Ramirez-Jarquin, U.N,;
Lopez-Huerta, V.G. Subtype-Specific Alterations in First- and Higher-Order Thalamic Reticular Neurons in the Shank3 Mutant
Mouse Model of Autism. Neurobiol. Dis. 2025, 216, 107108. [CrossRef] [PubMed]

Wells, M.E.; Wimmer, R.D.; Schmitt, L.I.; Feng, G.; Halassa, M.M. Thalamic Reticular Impairment Underlies Attention Deficit in
Ptchd1(Y/—) Mice. Nature 2016, 532, 58-63. [CrossRef] [PubMed]

Romanski, L.M.; LeDoux, ].E. Equipotentiality of Thalamo-Amygdala and Thalamo-Cortico-Amygdala Circuits in Auditory Fear
Conditioning. J. Neurosci. 1992, 12, 4501-4509. [CrossRef] [PubMed]

Zitzer, H.; Honck, H.H.; Bachner, D.; Richter, D.; Kreienkamp, H.J. Somatostatin Receptor Interacting Protein Defines a Novel
Family of Multidomain Proteins Present in Human and Rodent Brain. . Biol. Chem. 1999, 274, 32997-33001. [CrossRef] [PubMed]
Kang, H.J.; Kawasawa, Y.I; Cheng, F; Zhu, Y.; Xu, X,; Li, M.; Sousa, A.M.M.; Pletikos, M.; Meyer, K.A.; Sedmak, G.; et al.
Spatio-Temporal Transcriptome of the Human Brain. Nature 2011, 478, 483—489. [CrossRef] [PubMed]

Sjostedt, E.; Zhong, W.; Fagerberg, L.; Karlsson, M.; Mitsios, N.; Adori, C.; Oksvold, P.; Edfors, F; Limiszewska, A;
Hikmet, F; et al. An Atlas of the Protein-Coding Genes in the Human, Pig, and Mouse Brain. Science 2020, 367, eaay5947.
[CrossRef] [PubMed]

Amberger, ].S.; Bocchini, C.A.; Schiettecatte, F.; Scott, A.F.; Hamosh, A. OMIM.org: Online Mendelian Inheritance in Man
(OMIM®), an Online Catalog of Human Genes and Genetic Disorders. Nucleic Acids Res. 2015, 43, D789-D798. [CrossRef]
[PubMed]

Abrahams, B.S.; Arking, D.E.; Campbell, D.B.; Mefford, H.C.; Morrow, EM.; Weiss, L.A.; Menashe, I.; Wadkins, T.; Banerjee-Basu, S.;
Packer, A. SFARI Gene 2.0: A Community-Driven Knowledgebase for the Autism Spectrum Disorders (ASDs). Mol. Autism 2013,
4, 36. [CrossRef] [PubMed]

Langen, M.; Bos, D.; Noordermeer, S.D.S.; Nederveen, H.; de Jonge, M.V.; van Engeland, H.; Durston, S. Changes in the
Development of Striatum Are Involved in Repetitive Behavior in Autism. Biol. Psychiatry 2014, 76, 405-411. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27135979


https://doi.org/10.1016/j.pnpbp.2017.11.019
https://www.ncbi.nlm.nih.gov/pubmed/29175319
https://doi.org/10.1038/mp.2017.185
https://www.ncbi.nlm.nih.gov/pubmed/28948968
https://doi.org/10.1038/s41380-020-00979-x
https://www.ncbi.nlm.nih.gov/pubmed/33402706
https://doi.org/10.1126/science.aaf2669
https://www.ncbi.nlm.nih.gov/pubmed/26966193
https://doi.org/10.1186/s12915-023-01712-0
https://www.ncbi.nlm.nih.gov/pubmed/37953224
https://doi.org/10.1038/s42003-018-0099-2
https://www.ncbi.nlm.nih.gov/pubmed/30175250
https://doi.org/10.1083/jcb.201407063
https://www.ncbi.nlm.nih.gov/pubmed/25533844
https://doi.org/10.1038/s41398-018-0142-6
https://www.ncbi.nlm.nih.gov/pubmed/29700290
https://doi.org/10.1038/nn.4260
https://www.ncbi.nlm.nih.gov/pubmed/26928064
https://doi.org/10.1016/j.celrep.2019.10.021
https://www.ncbi.nlm.nih.gov/pubmed/31722214
https://doi.org/10.3389/fnagi.2021.717263
https://www.ncbi.nlm.nih.gov/pubmed/34504419
https://doi.org/10.1016/j.xcrm.2024.101534
https://www.ncbi.nlm.nih.gov/pubmed/38670100
https://doi.org/10.1016/j.nbd.2025.107108
https://www.ncbi.nlm.nih.gov/pubmed/40967312
https://doi.org/10.1038/nature17427
https://www.ncbi.nlm.nih.gov/pubmed/27007844
https://doi.org/10.1523/JNEUROSCI.12-11-04501.1992
https://www.ncbi.nlm.nih.gov/pubmed/1331362
https://doi.org/10.1074/jbc.274.46.32997
https://www.ncbi.nlm.nih.gov/pubmed/10551867
https://doi.org/10.1038/nature10523
https://www.ncbi.nlm.nih.gov/pubmed/22031440
https://doi.org/10.1126/science.aay5947
https://www.ncbi.nlm.nih.gov/pubmed/32139519
https://doi.org/10.1093/nar/gku1205
https://www.ncbi.nlm.nih.gov/pubmed/25428349
https://doi.org/10.1186/2040-2392-4-36
https://www.ncbi.nlm.nih.gov/pubmed/24090431
https://doi.org/10.1016/j.biopsych.2013.08.013
https://www.ncbi.nlm.nih.gov/pubmed/24090791
https://doi.org/10.3390/ijms27135979

Int. J. Mol. Sci. 2026, 27, 5979 22 of 22

56. Gallucci, A.; Potet, E; Santos, S.; Lin, Z.; Theile, J.; Yoger, K.; Ren, W.; Wang, L.; Lebreton, S.; Attinost, I; et al. Voltage
Sensor Interaction Site for a Selective Small Molecule NaV1.1 Sodium Channel Potentiator That Enhances Firing of Fast-Spiking
Interneurons. Mol. Pharmacol. 2025, 107, 100072. [CrossRef] [PubMed]

57.  Nunes, D.; Kuner, T. Axonal Sodium Channel NaV1.2 Drives Granule Cell Dendritic GABA Release and Rapid Odor Discrimina-
tion. PLoS Biol. 2018, 16, €2003816. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27135979


https://doi.org/10.1016/j.molpha.2025.100072
https://www.ncbi.nlm.nih.gov/pubmed/40974976
https://doi.org/10.1371/journal.pbio.2003816
https://www.ncbi.nlm.nih.gov/pubmed/30125271
https://doi.org/10.3390/ijms27135979

	Introduction 
	A Cortical Template for Layered Dendritic Scaffolding 
	The ANK2–SCN2A Module: Dendritic Channel Localization 
	The SHANK Scaffold: Postsynaptic Receptor Organization 
	Functional Convergence 

	Subcortical Extensions of the Framework 
	Striatum 
	Thalamus 
	Amygdala 

	Discussion 
	Functional Convergence Predicts Destabilized Dendritic Gain Rather than a Fixed Excitability Shift 
	Translational Window for Autism-Relevant Trait Assessment 
	Limitations 
	Experimental Priorities and Validation in Human Tissue 

	Conclusions 
	References

