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Abstract

Modeling epileptic syndromes co-occurring with movement disorders in mice often fails to 
fully recapitulate human phenotypes due to distinct gene-specific and anatomical mech-
anisms. This review categorizes these translational barriers into three primary groups. 
First, ortholog heterotopia and heterochrony drive spatiotemporal shifts in gene expression, 
causing orthologs to activate at disparate developmental stages or within different cell 
populations across species. Second, molecular redundancy and compensation obscure 
phenotypes through the upregulation of alternative proteins in response to target protein 
suppression, the activation of modifier genes, or neural network rewiring. Third, structural 
variations in striatal anatomy fundamentally alter corticostriatal loop functioning. Charac-
terizing these divergent mechanisms is essential for improving the predictive validity of 
preclinical models and advancing targeted therapies.

Keywords: phenotypic recapitulation; molecular redundancy; ortholog heterotopia;
translational barriers

1. Introduction
Many genes associated with epilepsy are involved in regulating neuronal excitability, 

synaptic transmission, and the functioning of ion channels. Their disruption can affect 
several systems at once and lead not only to epilepsy but also to motor disorders [1,2]. For 
example, disruption of SCN1A affects the excitability of GABAergic interneurons, which 
contributes to the development of epilepsy, but the clinical picture is not limited to seizures: 
motor disorders may also be observed in Dravet syndrome [3–5]. Therefore, if we evaluate 
the model solely based on the presence of seizures, we may fail to notice other important 
consequences of the same mutation.

Furthermore, the manifestation of one phenotype can make it difficult to interpret 
another [6]. Suppose we have obtained a model in which seizures and motor disorders 
are observed. Several questions arise: is the motor disorder a consequence of the same 
mutation [6], or could it be the result of recurring seizures [7], or perhaps the motor 
deviation appeared as a result of treatment with antiepileptic drugs, if such treatment was 
carried out [8]?

To investigate the mechanisms underlying the pathogenesis of such disorders, novel 
transgenic lines modeling patient-identified mutations have been generated [9]. Mouse 
models of human diseases are widely utilized in laboratory practice [10] due to interspecies 
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physiological conservation and cost-effectiveness [9]. However, these models often fail to 
fully recapitulate the entire spectrum of human clinical features. Often, animals reproduce 
only part of the clinical picture: for instance, a model may exhibit typical seizures but 
lack the characteristic motor disorders, or vice versa [11,12]. Such discrepancies help us 
understand the limitations of a particular model—specifically, the gap between genetic 
construct validity and phenotypic face validity—and highlight important species-specific 
differences. This discordance stems from a range of genetic, molecular, and anatomical 
factors that modulate symptom severity [13].

In this review, we describe experimentally validated, gene-specific mechanisms that 
complicate the modeling of epileptic syndromes co-occurring with movement disorders 
in mouse models. We have categorized these known mechanisms into three main groups: 
ortholog heterotopia and heterochrony, molecular redundancy and compensation, and 
structural variations in striatal anatomy (Figure 1). The first group is driven by temporal 
and spatial shifts in ortholog expression between mice and humans. This implies that 
the activation of a specific gene in these species occurs at distinct developmental stages or 
within different cell populations [14]. The second group is associated with mechanisms 
of molecular redundancy and compensation, manifested as the upregulation of other 
proteins in response to the suppression of a given protein, activation of modifier genes, 
and neural network rewiring [15–17]. The third mechanism particularly impacts the motor 
features of the phenotype and is associated with structural variations in striatal anatomy 
and, consequently, in the functioning of corticostriatal loops between mice and humans. 
The human dorsal striatum is anatomically divided into the caudate nucleus and putamen, 
whereas in the mouse it forms a single contiguous structure [18]. Furthermore, humans 
possess robust connectivity between the dorsolateral prefrontal cortex and the striatum, 
which is absent in rodents. Despite substantial similarities in limbic and sensorimotor 
corticostriatal networks, the associative circuits subserving human cognitive behavior differ 
markedly from that of the rodents [19].

Figure 1. Mechanisms underlying phenotypic deviations in mouse models. (Red arrows indicate 
expression upregulation; blue arrows indicate expression downregulation.) Three main mechanisms
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contribute to the failure of mouse models to fully recapitulate the phenotype of epilepsy co-occurring 
with movement disorders. First, spatiotemporal shifts in gene expression exist between mice and 
humans, meaning that specific genes are activated at distinct developmental stages and neuroanatom-
ical locations across species. Second, molecular redundancy and functional compensation can occur, 
leading either to the compensatory upregulation of alternative proteins in response to target protein 
suppression, or to the activation of modifier genes that modulate mutant protein expression. Third, 
structural variations in striatal anatomy lead to functional differences in corticostriatal loops between 
humans and rodents.

Investigating the factors that influence the phenotype of animal models allows not 
only for a better understanding of the translational limitations of transgenic mouse mod-
els, but also for identifying novel potential mechanisms governing brain adaptation to 
pathogenic gene variants. This is essential for proper experimental design and the accurate 
interpretation of data obtained from transgenic models.

2. Temporal and Spatial Shifts in Gene Expression
A high degree of ortholog conservation does not inherently guarantee phenotypic 

congruence between humans and mice. A single gene may be developmentally activated 
across distinct brain regions or within disparate postnatal developmental windows in 
these two species. Consequently, a mutation critical to a specific neuronal population in 
humans may operate within a markedly different molecular and neuroanatomical context 
in rodents [14].

2.1. Heterotopia: Spatial Shifts in Gene Expression
The GluN2D subunit, encoded by the GRIN2D gene, is a component of N-methyl-

D-aspartate receptors (NMDARs)—ionotropic glutamate receptors expressed predomi-
nantly in GABAergic interneurons of the cortex, hippocampus, and basal ganglia. GluN2D-
containing NMDARs are characterized by low sensitivity to Mg2+  voltage-dependent block 
and slow deactivation kinetics, enabling their activation at depolarization levels where other 
NMDAR subtypes remain blocked [20,21]. In humans, gain-of-function (GoF) variants 
in GRIN2D cause severe developmental and epileptic encephalopathy (DEE). The clinical 
spectrum features refractory seizures, severe axial hypotonia, neurodevelopmental delay, 
and motor automatisms [22]. Heterozygous knock-in mutant mice recapitulate certain 
behavioral, neuroanatomical, and electrophysiological abnormalities: lethal convulsive 
seizures initiate at postnatal day (P) 17, and prolonged bursts of spike-wave discharges 
(SWDs) are recorded in adult animals [22].

However, GluN2D expression dynamics reveal potential limitations of this model. In 
mice, GluN2D expression is prominent in the neonatal brainstem and diencephalon. In 
adult mice, it is restricted to specific cerebellar nuclei, the striatum, olfactory bulb, nigral 
dopaminergic neurons, subthalamic nucleus, and hippocampal interneurons [23]. In adult 
mice, the striatal GluN2D pool is substantially diminished relative to the prenatal period, 
whereas humans maintain significant expression within the striatum and interconnected 
motor structures throughout adulthood. This regional population represents the likely 
anatomical substrate for motor impairment in GRIN2D-DEE [20,24,25].

Because GluN2D expression in the adult mouse striatum is minimal, structural defects 
(enlarged presynaptic terminals and increased synaptic cleft width) develop predominantly 
in the cerebellum and hippocampus rather than in striatal motor circuits. As a result, 
specific motor automatisms or dyskinesias—which form the core clinical phenotype of 
GRIN2D-DEE in humans—failed to be recapitulated in mice [22]. Notably, pharmacological 
interventions demonstrated limited efficacy in normalizing pathological brain activity in 
Grin2d mutant mice, and ketamine, which exerts anticonvulsant effects in patients with 
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GRIN2D-DEE, exhibited proconvulsant properties in mutant [26]. It should be noted, 
however, that this pharmacological discrepancy may partly reflect differences in dosing, 
route of administration, and experimental context rather than a straightforward species-
specific effect.

2.2. Heterochrony: Temporal Shifts in Gene Expression
GRIN2A encodes the GluN2A subunit of the ionotropic NMDAR. NMDARs are excita-

tory ionotropic glutamate receptors mediating Na+  and Ca2+  influx and K+  efflux, playing 
fundamental roles in synaptic transmission, plasticity, brain development, learning, and 
memory [20,27,28]. A heterozygous GoF variant in GRIN2A was reported in a human 
patient with severe DEE and myoclonic seizures, infantile spasms, and subsequent phar-
macoresistant tonic–clonic seizures [29]. Mouse models mirror the molecular GoF effect 
and associated alterations in neuronal excitability but fail to fully reproduce the primary 
clinical phenotype: in humans, heterozygous variants are associated with severe spon-
taneous epilepsy, whereas knock-in mouse models display spontaneous seizures only in 
homozygous animals [29,30]. Furthermore, alterations in induced seizure thresholds in 
heterozygous mice were bidirectional depending on the paradigm, arguing against a simple 
uniform increase in seizure susceptibility [29]. The behavioral phenotype of these mice 
also only partially recapitulated human disease manifestations, exhibiting hyperactivity, 
stereotypies, and mild gait or motor coordination deficits [29].

It appears that a single mutant allele in mice is sufficient to alter local network activity 
but insufficient to trigger a transition to spontaneous epilepsy. This discrepancy is likely 
modulated by cell-type-specific circuit architecture [31] and genetic background [29,32], as 
well as age and sex [33]. Additionally, the magnitude of the GluN2A(S644G) GoF effect 
depends on receptor subunit composition. In the heterozygous state, mutant GluN2A can co-
assemble either with wild-type GluN2A or with GluN2B [34]; in tri-heteromeric assemblies 
containing GluN2B, the functional impact of the mutation is blunted [29,34]. Crucially, 
the postnatal expression ratio of GluN2A to GluN2B progressively increases [20,35]. In 
mice, this developmental “GluN2B-to-GluN2A switch” occurs rapidly over 2–5 weeks [36], 
whereas in humans, it spans several years [37]. Consequently, in mice, the pathological 
effect of the mutation manifests rapidly during a stage when neural networks retain high 
developmental plasticity, enabling potential functional compensation. In contrast, the 
maturing human neural network progressively accumulates mutation-sensitive GluN2A-
containing receptors over an extended period, potentially creating a permissive environment 
for progressive hyperexcitability and the emergence of spontaneous epilepsy.

SCN8A encodes the voltage-gated sodium channel Nav1.6, the principal ion chan-
nel at the axon initial segment and nodes of Ranvier in mammals [38]. The spectrum 
of SCN8A-related disorders encompasses DEE with severe developmental delay, juvenile 
pharmacoresistant epilepsy, and motor disturbances including dystonia, ataxia, and choreoa-
thetosis [39,40]. Early knock-in lines harbouring patient-derived GoF variants reproduced 
seizures and premature lethality but failed to recapitulate motor abnormalities [38,39]. 
Recapitulation of the full symptom spectrum required the generation of a line with prema-
ture Nav1.6 activation—the only mechanism that enabled simultaneous reproduction of 
both epileptic and motor manifestations [38]. When expression was restricted to excitatory 
forebrain neurons, the motor phenotype was abolished, indicating divergent neuronal 
substrates underlying the disease in humans and mice. The mRNA splicing pattern of 
SCN2A, SCN3A, and SCN8A undergoes developmental regulation in the brain: a neonatal 
copy of the fifth coding exon (5N) is included perinatally, whereas an alternative mutu-
ally exclusive copy (5A) predominates in the mature brain [41]. For all three genes, the 
coordinated transition from 5N to 5A occurs between gestational week 24 and six years of 
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age in humans, whereas the equivalent transition in mice begins no later than embryonic 
day E15.5. This temporal shift results in mutations acting on distinct channel isoforms at 
non-overlapping stages of neural circuit maturation. In addition to the 5N/5A pair, SCN8A 
harbours a second set of mutually exclusive exons—18N and 18A [42]. During early fetal 
development, transcripts containing 18N or lacking both exons predominate; in humans, 
the transition to 18A-containing transcripts occurs between gestational week 13 and six 
months of postnatal life [41]. In mice, the proportion of 18N-containing transcripts peaks 
between E12.5 and P1.5, after which 18A rapidly becomes dominant [41,43]. The earlier 
and more compressed transition in mice substantially narrows the window of fetal isoform 
expression. Consequently, standard GoF mutations in the murine ontogenetic context do 
not engage the same stages of motor circuit maturation that are affected in humans. Only 
a mutation that shifts the timing of channel activation compensates for this ontogenetic 
divergence and reproduces the full phenotypic spectrum [38,41,43].

However, it should be noted that the human–mouse difference in the timing of the 
18N-to-18A switch is not yet firmly established as the primary driver of motor phenotype 
discrepancies. Some standard GoF knock-in models do display mild motor abnormalities, 
and the mutations used across studies (N1768D, R1872W versus the premature-activation 
T767I allele) have distinct biophysical effects that provide an equally plausible explanation 
for the observed differences in phenotypic completeness. Genetic background and the extent 
of motor phenotyping may also contribute [38,41,43]. Thus, while splicing heterochrony 
remains a reasonable candidate modifier, further direct comparative evidence is required.

Heterochrony does not always lead to a milder phenotype in mice. It can even ex-
acerbate it, as in the case of SNAP25. The SNAP25 gene encodes the SNAP-25 protein, a 
core component of the SNARE complex that mediates Ca2+-dependent synaptic vesicle 
fusion with the presynaptic membrane and subsequent neurotransmitter release [44,45]. A 
patient with the SNAP25 L50S variant (a missense mutation resulting in the substitution of a 
hydrophobic leucine for a polar serine at position 50 of the protein) presented with infantile 
spasms, tonic seizures with an onset at 7 months of age, and developmental delay [46,47]. 
However, heterozygous mice carrying the exact same amino acid substitution (Snap25 
L50S) exhibit a much more severe phenotype. In addition to recurrent focal and gener-
alized tonic–clonic seizures, these mice develop profound motor and behavioral deficits, 
impaired long-term memory, and experience high early postnatal mortality [48]. Such 
striking phenotypic differences between humans and mice may be attributed to several 
factors. First, species-specific timelines of brain maturation directly influence the capac-
ity of neural networks to adapt to persistent disruptions in synaptic transmission [49,50]. 
The protracted maturation of the human brain provides a broader window for engaging 
homeostatic mechanisms, allowing for the fine-tuning of synaptic strength and intrinsic 
neuronal excitability [51]. Ultimately, the rarity of the L50S variant limits broader clinical 
conclusions [46]. It should be noted that, along with the L50S mutation, the authors also 
introduced two synonymous substitutions (G43 and R45). Although they do not change 
the amino acid sequence, they could potentially lead to undesirable disruptions at the RNA 
level [48].

2.3. Combined Spatiotemporal Divergence
The UBE3A gene encodes ubiquitin-protein ligase E3A (E6-AP), a HECT domain-

containing E3 ligase within the ubiquitin-proteasome system. UBE3A mediates targeted 
protein degradation via the proteasomal pathway through ubiquitin labeling [52]. At 
the molecular level, it regulates synaptic plasticity, transcriptional control, and circadian 
rhythmicity [53]. A hallmark feature of UBE3A is its neuron-specific genomic imprinting: 
in neurons, the paternal allele is predominantly silenced through an epigenetic mechanism. 
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Consequently, UBE3A exhibits maternal allele-specific expression across most brain regions 
in both mice and humans, with the highest expression observed in hippocampal and 
cerebellar neurons [54,55].

Mutations in UBE3A are causal for Angelman syndrome (AS), a rare neurodevelop-
mental disorder [54]. Patients with AS present with severe intellectual disability, absence of 
speech, epilepsy, characteristic dysmorphic facial features, ataxia, and a distinct behavioral 
phenotype including hyperactivity, short attention span, and frequent sleep disruptions [54]. 
Maternal-deficient (Ube3am−/p+ ) mice recapitulate microcephaly, ataxia, motor deficits, EEG 
abnormalities, and audiogenic seizure susceptibility.

However, imprinting is incomplete and regionally heterogeneous in both species. In 
the mouse Ube3am−/p+  Angelman model, paternal UBE3A protein is not completely silenced: 
it persists in a spatially and cell-type-restricted mosaic pattern, most notably in neurons of 
the suprachiasmatic nucleus (SCN) that co-express arginine vasopressin and core clock 
proteins PER2 and BMAL1 [56]. In humans, this process is significantly prolonged: in 
cerebral organoids, UBE3A still exhibits robust biallelic (including nuclear) expression at 3–7 
weeks of differentiation, with progressive paternal allele silencing becoming evident after 
approximately 6 weeks and continuing through weeks 10–17 [57,58]. Thus, in humans the 
paternal allele remains functionally active across a substantially longer window of neuronal 
differentiation. The Ube3am−/p+  mouse model therefore does not fully capture the extended 
developmental window of biallelic expression or the precise human spatiotemporal pattern 
of residual paternal protein, thereby contributing to incomplete phenotypic recapitulation.

DEPDC5 encodes a component of the GATOR1 complex, which—together with NPRL2 
and NPRL3—functions as a negative regulator of mTORC1, suppressing its activity under 
amino acid-deficient conditions [59]. In humans, heterozygous pathogenic variants in 
DEPDC5 are associated with a broad phenotypic spectrum that includes structural corti-
cal abnormalities (focal cortical dysplasia and hemimegalencephaly), focal epilepsy, and 
marked incomplete penetrance: a substantial fraction of carriers remain asymptomatic. 
Mosaic second-hit mutations have been identified in some patients, including occasionally 
in individuals without clinical manifestations [60–63]. However, heterozygous Depdc5+ /− 
mice—carrying the same genotype as affected patients—typically do not develop sponta-
neous seizures or overt cortical dysplasia [64–67]. This discrepancy is most likely multifac-
torial. A “two-hit” model has been proposed for DEPDC5-related epilepsy [61,62], in which 
the inherited heterozygous mutation constitutes the first “hit”—establishing disease suscep-
tibility but being insufficient on its own to generate an epileptogenic cortical lesion [61]. The 
second “hit” is caused by a stochastic somatic mutation arising in a small population of pro-
genitor cells during brain development or, possibly, postnatally [63]. Should this mutation 
inactivate the remaining wild-type DEPDC5 allele, a focal clone of cells with biallelic loss of 
function emerges; it is this mosaic clone—rather than systemic heterozygosity per se—that is 
thought to drive pathological mTORC1 activation and epileptogenic focus formation [61,68]. 
The standard heterozygous Depdc5+ /−  mouse recapitulates only the first hit [61,63]. The 
probability of a second “hit” is determined by the scale of cortical neurogenesis. In humans, 
cortical neurogenesis spans approximately four months—compared with approximately 
one week to eleven days in mice—generating on the order of 16 billion neocortical neurons 
and sustaining large proliferative progenitor pools, including outer radial glia (oRG), which 
are only sparsely represented in the murine brain [69–73]. The substantially fewer cell 
divisions and the abbreviated existence of proliferating progenitor populations in mice 
markedly reduce the probability that a somatic second-hit mutation will arise and give rise 
to a sufficiently large mosaic clone to initiate pathological processes [74–77].

In addition, the well-documented incomplete penetrance and variable expressivity of 
heterozygous DEPDC5 variants in humans further complicate direct phenotypic compar-
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isons. Thus, both the two-hit requirement (with its inherent stochasticity and incomplete 
penetrance) and species differences in neurogenic scale contribute to the limited recapitula-
tion observed in heterozygous mouse models.

3. Molecular Redundancy and Compensation
Genetic and functional compensation can be mediated by paralogs or other functionally 

related proteins [16,78], alterations in ionic currents [15], and developmental adaptations 
within neural networks [17]. The efficacy of this compensation often depends on species-
specific characteristics of underlying molecular and cellular mechanisms [79].

3.1. Paralog-Mediated Compensation
The DNM1 gene encodes dynamin-1, a predominantly neuronal large GTPase essential 

for presynaptic endocytosis and synaptic vesicle recycling during high-frequency neuronal 
activity [80,81]. In humans, heterozygous de novo variants in DNM1 cause severe de-
velopmental and epileptic encephalopathy 31 (DEE31), often presenting with refractory 
seizures, hypotonia, and profound intellectual disability [82–84]. Heterozygous knock-
in mice carrying the identical R237W mutation recapitulate these cellular and network 
abnormalities—specifically impaired endocytosis. However, they do not exhibit sponta-
neous tonic–clonic seizures, only stereotypical episodes of myoclonic seizures [12]. It 
should be emphasized that the lack of a comprehensive phenotypic assessment of dystonia, 
ataxia, and other motor disorders in these animals does not allow us to draw a definitive 
conclusion about the absence of the full spectrum of symptoms characteristic of DEE31. 
This incomplete phenotypic recapitulation may be attributed to functional buffering of 
DNM1 within the murine nervous system. Experimental evidence indicate that compen-
sation can be mediated by dynamin-1 paralogs: in murine neurons, DNM3 cooperates 
with DNM1 during synaptic vesicle endocytosis, while DNM2 can sustain basal synaptic 
transmission and partially compensate for the loss of DNM1 [80,85,86]. Furthermore, the 
impact of DNM1 dysfunction varies across cell types, pointing to differential sensitivity 
among distinct neuronal populations and circuits [87]. Another factor contributing to this 
divergence may be differences in the temporal expression profiles of DNM1 isoforms [88,89]. 
In mice, the Dnm1b isoform (containing exon 10b) is expressed predominately during early 
development and can partially compensate for the loss of Dnm1a, whereas the expression 
of Dnm1a (exon 10a) progressively increases postnatally [88,89] and is approximately 
twofold higher than that of Dnm1b [90]. Thus, the robust early expression of Dnm1b in 
mice may provide an extended developmental window for compensation. However, a direct 
comparative analysis of early DNM1a/DNM1b expression kinetics between humans and 
mice has not yet been conducted.

The KCNQ3 gene encodes the Kv7.3 voltage-gated potassium channel subunit, which 
predominantly forms heteromeric channel complexes with Kv7.2. These channels gen-
erate the M-current—a key physiological mechanism that limits neuronal hyperexcitabil-
ity and prevents repetitive firing [91,92]. In humans, biallelic loss-of-function variants in 
KCNQ3 are associated with neonatal-onset epilepsy and severe developmental delay [93–95]. 
Conversely, constitutive or conditional loss of Kcnq3 in mice does not induce early lethal 
spontaneous epilepsy or a severe systemic neurological phenotype, despite clear electro-
physiological deficits, including an ~50% reduction in M-current density [96,97]. One 
potential explanation for this species discordance lies in differing capacities for functional 
compensation. Potential candidates include other Kv7 family subunits, particularly Kv7.2 
and Kv7.5 (encoded by KCNQ5). Kv7.5 is widely expressed throughout the brain and 
forms functional heteromers with Kv7.3 [97–99]. In Kcnq3-deficient mouse models, residual 
Kv7 channel function and sensitivity to channel activators are preserved, while Kv7.2 and 
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Kv7.5 expression levels remain largely unaltered [97]. However, direct evidence that other 
Kv7 subunits actively mediate this compensation remains lacking. Furthermore, potential 
compensatory mechanisms are not strictly rodent-specific, as KCNQ5 is also expressed in 
the human cortex and hippocampus [100,101]. Therefore, an additional explanation may 
stem from fundamental differences in intrinsic neuronal electrophysiology. Human and 
mouse cortical neurons differ markedly in intrinsic excitability, action potential kinetics, and 
passive membrane properties [102]. The contribution of specific ionic currents to membrane 
properties also varies across species; for instance, h-currents exert a substantially greater 
influence on membrane properties in human supragranular pyramidal neurons than in 
murine counterparts [103]. Consequently, an equivalent level of residual M-current may 
carry fundamentally distinct functional consequences in humans versus mice.

3.2. Modifier Gene Activation
The SCN1A gene encodes the Nav1.1 voltage-gated sodium channel subunit, which 

is particularly critical for action potential generation and propagation in GABAergic in-
terneurons [104,105]. In humans, heterozygous pathogenic variants in SCN1A disrupt 
Nav1.1 function and cause Dravet syndrome—a severe infantile-onset epileptic encephalopa-
thy [106–108]. However, the phenotype of heterozygous Scn1a loss in mice (Scn1a+ /− ) is 
heavily dependent on genetic background [107,109]. For instance, on the 129S6/SvEvTac 
strain background, mice exhibit virtually no overt epileptic phenotype and retain normal 
survival, whereas on the C57BL/6J background, they develop severe spontaneous seizures 
and premature mortality—a phenotype much more closely mirroring human Dravet syn-
drome [107,110,111]. This discrepancy between strain backgrounds is driven by genetic 
modifiers—variants in other genes that do not independently cause disease but modulate 
phenotypic severity in the presence of an Scn1a mutation [111]. Subsequent candidate 
gene mapping identified Gabra2, encoding the α2 subunit of the GABA_A receptor, as 
a major modifier locus [108,111]. The C57BL/6J background harbors a specific intronic 
deletion in Gabra2 that causes an approximately twofold reduction in mRNA and protein 
levels [111,112]. Deficiency of α2-containing GABA_A receptors attenuates postsynaptic 
GABAergic responses, thereby further compromising inhibitory control [113,114]. Com-
bined with impaired GABAergic interneuron function due to Nav1.1 deficiency, this leads 
to a more profound disruption of inhibition and exacerbates the phenotype of Scn1a+ /− 
mice [111,115]. Restoring normal Gabra2 expression significantly reduces seizure severity 
and improves survival [111]. Thus, the severity of the Scn1a+ /−  phenotype is dictated 
not only by the primary mutation itself, but also by the genetic background, which can 
substantially aggravate or mitigate the consequences of Nav1.1 loss.

4. Anatomical Barrier of Striatal Somatotopy
In humans and non-human primates, the striatum possesses highly differentiated 

somatotopy and specialised circuits—including those dedicated to distal limb motor control 
and facial musculature—that are simplified or absent in mice. Consequently, mouse models 
frequently reproduce generalized striatal dysfunction (hyperactivity, stereotypies, impaired 
coordination) but fail to recapitulate the species-specific motor patterns characteristic of the 
human phenotype. A comparison of corticostriatal circuitry across humans, non-human 
primates, and mice using connectivity-based fingerprinting of resting-state fMRI data re-
vealed that connections between the nucleus accumbens and lateral putamen are conserved 
across all three species, whereas 85% of human striatal voxels and 69% of macaque voxels 
have no counterpart in any murine corticostriatal circuit [19]. These voxels are concentrated 
in the caudate nucleus and anterior putamen—regions implicated in executive function, 
social behaviour, and language, forming loops that appear to be unique to primates [116]. It 
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is precisely through these regions that topographically organized chorea of the distal limbs 
and facial musculature is expressed in humans. Corticostriatal projections from sensory 
and motor cortex are somatotopically organised, with topographic specificity decreasing 
progressively from sensory to motor and frontal territories [117]. In mice, this topography 
is present but functionally constrained, as the circuitry required for a digit- or facial-specific 
loop is absent in the rodent brain [117]. Behavioural testing of knockout animals confirms 
a genuine striatal deficit—hyperactivity, stereotypies, impaired rotarod performance—but 
fails to reproduce chorea per se, since its expression requires a fine-grained corticostri-
atal topography of distal limb representation that is not present in the mouse, despite the 
conservation of broader somatotopic organization [118].

FOXG1 is a forkhead-family transcription factor specifically expressed in forebrain 
neural progenitors during early neurogenesis. Monoallelic mutations in FOXG1 cause 
FOXG1 syndrome [119]. Clinically, the disorder manifests as severe intellectual disability, 
autistic features, continuous involuntary jerking movements, sleep disturbances, seizures, 
and irritability [120]. Foxg1 haploinsufficiency in mice disrupts forebrain development, 
reducing the volume of the neocortex, hippocampus, and striatum. Foxg1 mouse models 
display several phenotypes superficially resembling human FOXG1 syndrome, including 
increased locomotor activity in a novel environment and impaired learning or fear-context 
recognition [120]. Nevertheless, the continuous hyperkinetic–dyskinetic movement disor-
der characteristic of the human condition—distal chorea/athetosis, orofacial dyskinesias, 
and complex involuntary hyperkinesias—is reproduced only partially or in a simplified 
form, manifesting largely as coordination and gait deficits.

This limitation is directly related to interspecies differences in corticostriatal anatomy. 
Although mice retain the overall somatotopic organization, they lack the detailed represen-
tations necessary for complex movements of the distal parts of the limbs. For example, in 
humans, the kinematics of hand movements are ensured by connections between the motor 
cortex and the ventral part of the putamen—a region that consists of 85% voxels that have 
no structural analogue in the rodent brain [119,121] (Table 1).

Table 1. Differences in phenotypic recapitulation between humans and mouse models.

Gene Function Phenotype in Humans Phenotype in Mice Reasons for the Differences

GRIN2D

Encodes GluN2D, an 
(N-methyl-D-aspartate) 
NMDA receptor subunit 
with slow 
deactivation [20,21].

Developmental and 
Epileptic Encephalopathy 
(DEE) with refractory 
seizures, axial hypotonia 
and motor 
automatisms [22].

Heterozygous knock-in 
mice have lethal seizures. 
There are no motor 
automatisms. Ketamine 
causes seizures (in 
humans, it suppresses 
them) [22,23].

In adult mice, the amount of 
GluN2D in the striatum is 
significantly reduced [23–25]. It 
should be noted that 
pharmacological discrepancy may 
partly reflect experimental 
context [26].

GRIN2A

Encodes GluN2A, an 
NMDA receptor subunit 
with rapid 
deactivation [20,27,28].

DEE with myoclonic 
seizures and
tonic–clonic seizures. 
Heterozygous variants 
are associated with 
severe spontaneous 
epilepsy [29].

Spontaneous seizures 
occur only in 
homozygous animals. In 
heterozygous mice, only 
hyperactivity, 
stereotypical behavior, 
and mild motor 
impairments are 
observed [29,30].

Differences may reflect 
cell-type-specific circuit 
architecture [31], genetic 
background [29,32], as well as age 
and sex [33]. And developmental 
receptor switching: the 
GluN2B-to-GluN2A transition is 
rapid in mice but takes years in 
humans [36,37].
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Table 1. Cont.

Gene Function Phenotype in Humans Phenotype in Mice Reasons for the Differences

SCN8A

Encodes Nav1.6, the 
principal sodium channel 
at the axon initial 
segment and nodes of 
Ranvier [38].

DEE with juvenile 
pharmacoresistant 
epilepsy and motor 
disturbances including 
dystonia, ataxia, and 
choreoathetosis [39,40].

Early Gain-of-Function 
(GoF) variants 
recapitulated seizures 
and premature lethality 
but failed to recapitulate 
motor 
abnormalities [38,39].

Splicing transitions from 5N to 5A 
and 18N to 18A occur over a 
shorter period in mice [42,43]. The 
18N-to-18A switch is not 
established as the primary cause of 
motor discrepancies. 
Mutation-specific biophysical 
effects (N1768D/R1872W vs. 
T767I), genetic background, and 
behavioral testing may also 
contribute.

SNAP25

Encodes a core 
component of the SNARE 
complex that mediates 
Ca2+ -dependent synaptic 
vesicle fusion with the 
presynaptic membrane 
and subsequent 
neurotransmitter 
release [44,45].

A patient carrying the 
rare SNAP25 L50S 
missense variant 
presented with infantile 
spasms, tonic seizures 
beginning at 7 months of 
age, and developmental 
delay [46,47].

Heterozygous mice with 
the L50S amino acid 
substitution exhibit 
recurrent focal and 
generalized tonic–clonic 
seizures, severe motor 
and behavioral disorders, 
as well as high early 
postnatal mortality [48].

The more prolonged maturation of 
the human brain may provide a 
broader window for homeostatic 
adjustment of synaptic strength 
and intrinsic neuronal 
excitability [49–51]. The rarity of 
L50S and additional synonymous 
substitutions in the mouse model 
limit mechanistic 
conclusions [46,48].

UBE3A

It encodes the ubiquitin 
protein ligase E3A, which 
mediates the targeted 
degradation of 
proteins [52].

Angelman syndrome 
(AS): severe intellectual 
disability, absence of 
speech, epilepsy, ataxia, 
and hyperactivity [54].

Recapitulates 
microcephaly, ataxia, and 
seizure susceptibility, but 
does not faithfully 
reproduce the region- 
and cell-type-specific 
mosaic phenotype [56].

Although mouse models with a 
maternal Ube3a mutation show key 
features of Angelman syndrome, 
differences in how the paternal 
gene is turned off limit their 
accuracy. In mice, the paternal 
allele is silenced very quickly, 
though it stays partially active in a 
specific brain region called the 
suprachiasmatic nucleus 
(SCN) [56]. In contrast, this 
silencing happens much later in 
humans. Both copies of the gene 
remain active during early brain 
development, and the paternal 
copy only gradually turns off 
between weeks 10 and 17 [57,58].

DE-
PDC5

Encodes a component of 
the GATOR1 complex, 
which functions as a 
negative regulator of 
mTORC1 [59].

Heterozygous variants 
cause focal epilepsy and 
cortical malformations 
(for example, focal 
cortical dysplasia, 
hemimegalencephaly) 
with pronounced 
incomplete penetrance. 
The pathogenesis is 
based on the “two-hit” 
mechanism: hereditary 
predisposition (first hit) 
is followed by a somatic 
mutation (second hit), 
which leads to the 
formation of a focal 
epileptogenic clone with 
biallelic loss of 
function [60–63,68].

Heterozygous mice 
typically do not develop 
spontaneous seizures or 
overt cortical 
dysplasia [64–67].

The standard heterozygous mouse 
model reproduces only the first 
“hit” [61–63]. A second somatic 
mutation affecting the remaining 
functional allele may be required 
to generate a focal clone with 
biallelic loss of function [61–63,68]. 
Human cortical neurogenesis lasts 
approximately 4 months, versus 
7–11 days in mice, and involves 
larger progenitor pools, including 
outer radial glia, which are sparse 
in mice [69–72]. Incomplete 
penetrance and variable 
expressivity further complicate 
comparisons.
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Table 1. Cont.

Gene Function Phenotype in Humans Phenotype in Mice Reasons for the Differences

DNM1

Encodes dynamin-1, a 
predominantly neuronal 
large GTPase essential for 
presynaptic endocytosis 
and synaptic vesicle 
recycling during 
high-frequency neuronal 
activity [80,81].

Heterozygous de novo 
variants cause severe 
developmental and 
epileptic encephalopathy 
31 (DEE31), often 
presenting with 
refractory seizures, 
hypotonia, and profound 
intellectual 
disability [82–84].

Heterozygous knock-in 
mice carrying the R237W 
mutation recapitulate 
impaired endocytosis 
and cellular and network 
abnormalities but do not 
exhibit spontaneous 
tonic–clonic seizures; 
instead, they display 
stereotyped episodes of 
myoclonic seizures [12]. 
The lack of a 
comprehensive 
assessment of dystonia, 
ataxia, and other motor 
disorders does not allow 
for a definitive 
conclusion about the 
absence of a complete 
human phenotype.

Incomplete phenotypic 
recapitulation may be associated 
with compensation by DNM3 and 
DNM2 [80,85,86], as well as with 
differences in neuronal sensitivity 
and vulnerability [87]. Early 
expression of the Dnm1b isoform 
may also compensate for the loss 
of Dnm1a in mice, although 
comparative studies of expression 
in humans and mice have not been 
conducted [88–90].

KCNQ3

Encodes Kv7.3, which 
predominantly forms 
heteromeric channels 
with Kv7.2. These 
channels generate the 
M-current, limiting 
neuronal 
hyperexcitability and 
repetitive firing [91,92].

Biallelic loss-of-function 
variants in KCNQ3 are 
associated with 
neonatal-onset epilepsy 
and severe 
developmental 
delay [93–95].

Constitutive or 
conditional Kcnq3 loss 
does not cause early 
lethal spontaneous 
epilepsy or severe 
systemic neurological 
abnormalities, despite an 
approximately 50% 
reduction in M-current 
density [97,98].

Kv7.2 and Kv7.5 may preserve 
residual channel function, 
although direct evidence of 
compensation is lacking [97–99]. 
Species-specific differences in the 
excitability of neurons may also 
play a role: h-currents have a 
greater effect on human 
supragranular pyramidal neurons 
than on mouse 
counterarts [102,103].

SCN1A

Encodes Nav1.1, which is 
critical for action 
potential generation and 
propagation in 
GABAergic 
interneurons [104,105].

Heterozygous pathogenic 
variants in SCN1A 
disrupt Nav1.1 function 
and cause Dravet 
syndrome—a severe 
infantile-onset epileptic 
encepha-
lopathy [106–108].

Heterozygous Scn1a+ /− 
mice show 
strain-dependent 
phenotypes: 
129S6/SvEvTac mice have 
little overt epilepsy and 
normal survival, whereas 
C57BL/6J mice develop 
spontaneous seizures 
and premature 
mortality [107,109,111].

The strain-dependent phenotype is 
partially determined by the Gabra2 
modifier [108,111]. Intronic 
deletion in C57BL/6J mice reduces 
Gabra2 expression by 
approximately half [111,112], 
weakening inhibition and 
exacerbating Nav1.1 
deficiency [113–115]. Restoring 
Gabra2 expression reduces the 
severity of seizures and increases 
survival [111].

FOXG1

Encodes a 
forkhead-family 
transcription factor 
expressed in forebrain 
neural progenitors 
during early 
neurogenesis [119].

Monoallelic mutations 
cause FOXG1 syndrome, 
characterized by severe 
intellectual disability, 
autistic features, 
involuntary movements, 
sleep disturbances, 
seizures, and 
irritability [119,120].

The continuous 
hyperkinetic–dyskinetic 
movement disorder 
characteristic of the 
human condition is 
reproduced only partially 
or in a simplified 
form [120].

Differences in corticostriatal 
anatomy may contribute. Mice 
retain broad somatotopic 
organization but lack detailed 
representations for complex 
distal-limb movements. Human 
hand movements rely on motor 
cortex–ventral putamen 
connections; approximately 85% of 
voxels in this putaminal region 
have no structural analogue in 
rodent [119,121].
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5. Discussion
The varying number of examples in each section reflects the current availability of 

experimental data. For instance, evidence explicitly linking species differences to a lack 
of specific corticostriatal topography is currently restricted to a handful of well-studied 
models. Across all sections, we prioritized examples where the underlying mechanism for 
the interspecies difference has been experimentally validated, rather than simply listing 
cases where the human and mouse phenotypes diverge (the detailed methodology for 
literature search and the criteria for selecting studies are presented in Supplementary 
Material S1).

In conducting this synthesis, we identified a notable scarcity of functional data regard-
ing paralogous protein divergence, as the available literature remains overwhelmingly tran-
scriptomic [122–124]. Current research predominantly focuses on establishing orthology 
between human and rodent genes rather than dissecting how paralogs functionally diverge. 
A comprehensive characterization of species-specific paralog dynamics—incorporating 
detailed profiling of their expression patterns, cell-type specificity, developmental kinetics, 
and functional interchangeability—is urgently needed [125,126]. However, because such 
comparative mechanistic studies do not directly yield novel disease lines, they are frequently 
deprioritized in favor of generating new models. Nevertheless, systematically elucidating 
these biological constraints remains vital for neurobiology.

Investigating the causes of phenotypic non-recapitulation provides profound mecha-
nistic insights into disease pathogenesis. For instance, researchers dissecting phenotypic 
discrepancies in Scn1a-deficient models uncovered the potent modifying effect of Gabra2, re-
vealing that SCN1A-dependent pathology (such as Dravet syndrome) is heavily modulated 
by epistatic genetic interactions [108,111,114]. Disruption of Gabra2 leads to a deficiency in 
GABA A receptor α2 subunits and a consequential impairment in postsynaptic inhibition—a 
principle directly applicable to human pathophysiology. An even clearer example is pro-
vided by SCN8A models: initial knock-in lines harboring patient-derived gain-of-function 
(GoF) variants failed to reproduce key aspects of the clinical phenotype. Only after identi-
fying that developmental isoform switching occurs at an accelerated pace in mice relative 
to humans were researchers able to engineer a line harboring a mutation that appropri-
ately shifted Nav1.6 activation timing, thereby achieving full recapitulation of the clinical 
phenotype [41,43].

Although we have classified these mechanisms above for conceptual clarity, the existing 
data is limited by the fact that in vivo these various mechanisms cannot be evaluated 
in isolation; there is no clear boundary between them. In Dnm1 models, for example, 
incomplete phenotypic recapitulation can be attributed either to functional buffering by 
its paralogs Dnm2 and Dnm3 [80,85,86] or to the developmental predominance of the 
Dnm1b isoform, which provides an extended window for early compensation [88,89]. In 
Kcnq3 models, the incomplete phenotype may reflect residual function of Kv7 channels, 
which is potentially supported by other subunits, as well as species-specific differences in 
neuronal excitability [97,101]. In Scn8a models, exon splicing is developmentally shifted 
toward embryonic stages in mice, yet phenotypic severity simultaneously depends on the 
precise domain location of the mutation [41]. Similarly, for GRIN2A, phenotypic divergence 
can stem from heteromeric receptor composition (whether the mutant GluN2A subunit 
co-assembles with wild-type GluN2A or GluN2B) [34] combined with an accelerated 
postnatal GluN2A/GluN2B developmental switch in rodents [36,37], which may prevent 
the accumulation of pathological signaling deficits over time.

Background strain differences also introduce substantial variability. Even substrains 
maintained and bred independently in different laboratories over extended periods un-
dergo genetic drift [127–130], inevitably accumulating spontaneous mutations and novel 
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variants that can suppress, exacerbate, or compensate for primary genetic lesions [127,131]. 
Predicting and controlling for these background-dependent modifications during model 
generation is exceptionally challenging. Indeed, one could argue that conclusions regarding 
the “non-recapitulation” of a given mutation strictly apply only to the specific genetic 
background and laboratory environment in which the model was evaluated.

Moreover, experimentally validated mechanisms fail to account for all instances of 
phenotypic divergence. Additional non-coding and regulatory factors likely play under-
appreciated roles, including species-specific enhancer architectures, 3′-untranslated re-
gion (3′-UTR) dynamics, and differential microRNA-mediated post-transcriptional regula-
tion [132–134].

Since the phenotypes we are considering (epilepsy and motor neuron disorders) are 
caused by pathogenic variants that directly affect the functioning of ion channels (SCN1A, 
SCN8A, KCNQ3) and synaptic receptors (GRIN2A, GRIN2D), it is also necessary to take 
into account species-specific differences in the biophysical properties of neurons. On a bio-
physical level, the challenge of recapitulating epilepsy phenotypes in rodents is intrinsically 
linked to species differences in neuronal morphology, arborization complexity, and ion 
channel density distributions. Human cortical neurons feature larger somatic volumes and 
extensive dendritic arbors yet display unexpectedly low ion channel conductance (particu-
larly Kv channels). Humans deviate from standard mammalian allometric scaling rules, 
exhibiting a cortical volume conductance approximately fourfold lower than predicted for a 
mammal of equivalent body size. Human dendritic arbors generate narrow, low-amplitude 
dendritic spikes rather than the prominent, complex calcium spikes characteristic of ro-
dents, accompanied by high input resistance [135]. Furthermore, the inactivation curves of 
human Na+  and K+  channels are shifted toward more depolarized membrane potentials, 
increasing channel availability for activation. Human voltage-gated K+  currents display 
faster activation and recovery kinetics, whereas Na+  currents undergo slower, incomplete 
inactivation, supporting rapid action potential generation and precise input–output syn-
chronization [13]. Consequently, lower channel densities make human neurons uniquely 
vulnerable to mutations that impair ion channel function, whereas mouse neurons recruit 
robust local compensatory mechanisms by engaging neighboring channel populations. Be-
cause human neurons generate action potentials rapidly due to these kinetic specializations, 
mouse neurons exhibit greater physiological “inertia” in response to equivalent genetic 
perturbations, leading to blunted disease phenotypes [136].

In addition, profound differences exist in interneuron cell-type composition and mi-
crocircuit architecture between mice and humans. In human temporal cortex versus mouse 
primary somatosensory cortex, marked layer-specific variations are observed in the density 
and spatial distribution of GABAergic axonal terminals impinging onto the soma and axon 
initial segments of pyramidal neurons [137–139]. The human neocortex also exhibits a three-
fold expansion in calretinin-expressing (CR+) interneurons compared to rodents, where 
parvalbumin-expressing (PV+) cells predominate [140,141]. CR+ interneurons serve a 
specialized neuromodulatory role, primarily targeting other GABAergic interneurons to 
mediate disinhibition across both human and rodent circuits [142,143]. However, the hu-
man hippocampus harbors unique CR+ cell types—such as multipolar cells at the stratum 
lacunosum–moleculare border of the CA1 region and enlarged dentate gyrus neurons—
that are absent in rodents and perform uncharacterized functions. This expansion of CR+ 
interneurons reflects a significant evolutionary increase in interneuron connectivity den-
sity [144], suggesting that CR+ interneurons orchestrate a more specialized inhibitory 
network in the human brain [145].

Beyond neuronal and circuit specializations, fundamental metabolic divergences fur-
ther limit phenotypic recapitulation. Although metabolic pathways in mouse and human 
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brains are homologous at a core pathway level, significant species-specific differences in 
blood–brain barrier (BBB) transport activity, energy metabolism kinetics, and substrate 
utilization can attenuate disease manifestations in mice and alter therapeutic responses to 
antiseizure medications [146]. Pericytes—microvascular cells regulating trans-BBB trans-
port and local metabolic homeostasis—exhibit divergent gene expression profiles between 
species. Human pericytes uniquely express the glutamate transporter SLC1A3 (encoding 
GLAST1) and the potassium-chloride cotransporter SLC12A7, whereas mouse pericytes pre-
dominantly express Slc1a5 (an amino acid transporter) and ATPase genes (Atp1b2, Atp2a3, 
Atp13a5). Anoctamin expression profiles are similarly inverted (Ano1 enriched in mice; 
ANO3 in humans). These transporter variations highlight distinct BBB metabolic regulation 
strategies across species, confounding preclinical drug efficacy testing [10]. Furthermore, 
metabolic fluxes for glucose, acetate, β-hydroxybutyrate, and glutamine in human cortical 
slices proceed at significantly slower rates than in rodent brain slices. Conversely, human 
neurons demonstrate a superior capacity to convert exogenous glutamate into glutamine for 
GABA synthesis, whereas mouse neurons predominantly shunt glutamate into aspartate 
pathways. Owing to lower basal metabolic rates, human brain mitochondria consume 
less oxygen when utilizing succinate and exhibit higher coupled respiratory activity with 
pyruvate and malate compared to mouse mitochondria—critical factors to consider when 
using rodent in vitro preparations to model human brain pathology [147].

In recent years, an increasing body of evidence has shown that the gut microbiota 
can influence the progression of various disorders [148], including the manifestation of 
seizure activity [149]. Notably, direct comparisons of human and mouse microbiomes 
reveal substantial differences in gut bacterial species composition, sharing only about 10% 
similarity [150]. Distinct bacterial species exhibit unique metabolic profiles and differen-
tially contribute to neuroinflammatory processes and GABA/glutamate balance [151,152]. 
Furthermore, this relationship is bidirectional: a primary genetic mutation can alter the com-
position of the microbiota, which in turn further modifies the neurological phenotype [153]. 
These translational differences are particularly pronounced between humans and laboratory 
mice, as the murine microbiota develops under standardized, environmentally restricted 
housing conditions [154,155]. Consequently, generating humanized microbiota models may 
represent a highly relevant strategy to improve the translational value of mouse models. For 
example, it has been demonstrated that transplanting modified microbiota from children 
on a ketogenic diet into mice is feasible and confers increased resistance to seizures [156].

Based on this comprehensive analysis, we outline a four-step practical framework for 
designing and interpreting transgenic mouse models:

Planning and in silico pre-analysis: systematically evaluate spatiotemporal expression 
profiles of target orthologs and paralogous family members. Identify potential compen-
satory pathways, select appropriate background strains while considering known genetic 
modifier loci, and define anatomical and circuit-level translational boundaries. Further-
more, differences between the microbiota of mice and humans, as well as the influence 
of housing conditions and the supplier’s diet, should be considered as potential external 
factors affecting the phenotype.

Construct validation: rigorously sequence all genetic constructs prior to transgenesis 
and validate their efficiency and targeting specificity in relevant cell line models.

In vitro and human-based alternative systems: prior to generating in vivo transgenic 
lines, conduct preliminary functional characterizations using human induced pluripotent 
stem cell (iPSC)-derived neurons, cerebral organoids, or 2D/3D human neural cultures. This 
enables assessment of pathogenic variants within both human and rodent genetic contexts.

The goal of this stage is to identify the primary disruption. In the brain of a living 
organism suffering from encephalopathy, the effects of the mutation are combined with 
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secondary damage (caused, for example, by the seizures themselves). However, in an 
isolated cell culture, it is possible to precisely determine what exactly the pathogenic 
variant is doing at the initial stage, before these changes are mixed with the “noise” and 
before reorganization and compensation occur. Furthermore, such control helps to avoid 
misinterpretation of the results: if a cell model demonstrates the same disorder as in humans, 
the absence of a phenotype in rodents may indicate the activation of specific compensatory 
mechanisms. At the same time, it is necessary to take into account the limitations of in vitro 
systems: incomplete functional maturity and the absence of a vascular network.

Rigorous evaluation of negative results: non-recapitulation or absence of an expected 
phenotype should not be dismissed as an experimental failure; rather, it represents a critical 
biological finding that can expose novel mechanisms of species-specific resilience, buffering, 
and adaptation.

6. Conclusions
In summary, phenotypic non-recapitulation in mouse models of monogenic diseases 

arises from several distinct mechanistic drivers: spatiotemporal discordance in the expres-
sion of orthologs and their developmental isoforms, varying capacities of the nervous 
system to functionally compensate for genetic loss, and species-specific structural and neu-
roanatomical divergence—factors that present the greatest challenges to replicate, model, 
and control for. Rigorously dissecting these underlying mechanisms is essential not only 
for establishing the translational validity of rodent models but also for leveraging these 
insights toward the development of targeted human therapeutics. A mouse is neither a 
human nor a non-human primate; inherent translational limitations will always persist, 
including divergences in orthologous gene expression dynamics, cell-type composition 
ratios, motor circuit architecture, and intrinsic membrane excitability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms27219916/s1.

Author Contributions: Conceptualization, A.O.K.; Investigation, D.I.T., P.E.A., K.A.B. and A.O.K.; 
Writing—original draft preparation, D.I.T., P.E.A., K.A.B. and A.O.K.; Writing—review and editing, 
D.I.T., A.O.K. and V.S.T.; Visualization, K.A.B.; Supervision, V.S.T. All authors have read and agreed 
to the published version of the manuscript.

Funding: This work was supported by the Ministry of Science and Higher Education of the Russian 
Federation (project No. FSWR-2026-0012).

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: A. O. Kustova is supported by the Brain Program of the IDEAS Research Center.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Yuan, M.; Wang, X.; Yang, Z.; Luo, H.; Gan, J.; Luo, R. Advances in Genetic Developmental and Epileptic Encephalopathies with 

Movement Disorders. Acta Epileptol. 2025, 7, 9. [CrossRef]
2. Mohammad, S.; Ebrahimi-Fakhari, D.; Morales-Briceno, H. Movement Disorders in Developmental and Epileptic Encephalopathies. 

Mov. Disord. Clin. Pract. 2026, 13, 2328–2340. [CrossRef]

https://doi.org/10.3390/ijms27219916

https://www.mdpi.com/article/10.3390/ijms27219916/s1
https://www.mdpi.com/article/10.3390/ijms27219916/s1
https://doi.org/10.1186/s42494-024-00194-z
https://doi.org/10.1002/mdc3.70641
https://doi.org/10.3390/ijms27219916


Int. J. Mol. Sci. 2026, 27, 9916 16 of 22

3. Ricobaraza, A.; Mora-Jimenez, L.; Puerta, E.; Sanchez-Carpintero, R.; Mingorance, A.; Artieda, J.; Nicolas, M.J.; Besne, G.; 
Bunuales, M.; Gonzalez-Aparicio, M.; et al. Epilepsy and Neuropsychiatric Comorbidities in Mice Carrying a Recurrent Dravet 
Syndrome SCN1A Missense Mutation. Sci. Rep. 2019, 9, 14172. Correction in Sci Rep. 2021, 11, 8437. https://doi.org/10.1038/s4
1598-021-87092-3. [CrossRef]

4. Pizzamiglio, L.; Capitano, F.; Rusina, E.; Fossati, G.; Menna, E.; Léna, I.; Antonucci, F.; Mantegazza, M. Neurodevelopmental 
Defects in Dravet Syndrome Scn1a+/− Mice: Targeting GABA-Switch Rescues Behavioral Dysfunctions but Not Seizures and 
Mortality. Neurobiol. Dis. 2025, 207, 106853. [CrossRef]

5. Zhang, G.; Huang, S.; Wei, M.; Wu, Y.; Xie, Z.; Wang, J. Dravet Syndrome: Novel Insights into SCN1A-Mediated Epileptic 
Neurodevelopmental Disorders within the Molecular Diagnostic-Therapeutic Framework. Front. Neurosci. 2025, 19, 1634718. 
[CrossRef]

6. Garris, J.; Abbott, M.; Axeen, E.; Tochen, L.; Schreiber, J.M. Evaluation, Diagnosis, and Treatment of Concomitant Movement 
Disorders in Genetic Epilepsies. Epilepsy Curr. 2025, 25, 378–388. [CrossRef]

7. Freitas, M.E.; Ruiz-Lopez, M.; Dalmau, J.; Erro, R.; Privitera, M.; Andrade, D.; Fasano, A. Seizures and Movement Disorders: Phe-
nomenology, Diagnostic Challenges and Therapeutic Approaches. J. Neurol. Neurosurg. Psychiatry 2019, 90, 920–928. [CrossRef]

8. Zhou, D.J.; Pavuluri, S.; Snehal, I.; Schmidt, C.M.; Situ-Kcomt, M.; Taraschenko, O. Movement Disorders Associated with 
Antiseizure Medications: A Systematic Review. Epilepsy Behav. 2022, 131, 108693. [CrossRef]

9. Perlman, R.L. Mouse Models of Human Disease: An Evolutionary Perspective. Evol. Med. Public Health 2016, 2016, eow014. 
[CrossRef]

10. Miao, Y.; Li, W.; Jeansson, M.; Mäe, M.A.; Muhl, L.; He, L. Different Gene Expression Patterns between Mouse and Human Brain 
Pericytes Revealed by Single-Cell/Nucleus RNA Sequencing. Vasc. Pharmacol. 2024, 157, 107434. [CrossRef]

11. Antonucci, F.; Corradini, I.; Fossati, G.; Tomasoni, R.; Menna, E.; Matteoli, M. SNAP-25, a Known Presynaptic Protein with 
Emerging Postsynaptic Functions. Front. Synaptic Neurosci. 2016, 8, 1–9. [CrossRef]

12. Bonnycastle, K.; Dobson, K.L.; Blumrich, E.-M.; Gajbhiye, A.; Davenport, E.C.; Pronot, M.; Steinruecke, M.; Trost, M.; Gonzalez-
Sulser, A.; Cousin, M.A. Reversal of Cell, Circuit and Seizure Phenotypes in a Mouse Model of DNM1 Epileptic Encephalopathy. 
Nat. Commun. 2023, 14, 5285. [CrossRef]

13. Fallah, M.S.; Eubanks, J.H. Seizures in Mouse Models of Rare Neurodevelopmental Disorders. Neuroscience 2020, 445, 50–68. 
[CrossRef]

14. Rayon, T.; Stamataki, D.; Perez-Carrasco, R.; Garcia-Perez, L.; Barrington, C.; Melchionda, M.; Exelby, K.; Lazaro, J.; 
Tybulewicz, V.L.J.; Fisher, E.M.C.; et al. Species-Specific Pace of Development Is Associated with Differences in Protein Sta-
bility. Science 2020, 369, eaba7667. [CrossRef]

15. Beeton, C. Differences in Ion Channel Phenotype and Function between Humans and Animal Models. Front. Biosci. 2018, 23, 
43–64. [CrossRef]

16. Korff, A.; Yang, X.; O’Donovan, K.; Gonzalez, A.; Teubner, B.J.W.; Nakamura, H.; Messing, J.; Yang, F.; Carisey, A.F.; 
Wang, Y.-D.; et al. A Murine Model of hnRNPH2-Related Neurodevelopmental Disorder Reveals a Mechanism for Genetic 
Compensation by Hnrnph1. J. Clin. Invest. 2023, 133, e160309. [CrossRef]

17. Wallace, J.L.; Pollen, A.A. Human Neuronal Maturation Comes of Age: Cellular Mechanisms and Species Differences. Nat. Rev. 
Neurosci. 2024, 25, 7–29. [CrossRef]

18. Petersen, K.A.; Zong, W.; Depoy, L.M.; Scott, M.R.; Shankar, V.G.; Burns, J.N.; Cerwensky, A.J.; Kim, S.-M.; Ketchesin, K.D.; 
Tseng, G.C.; et al. Comparative Rhythmic Transcriptome Profiling of Human and Mouse Striatal Subregions. Neuropsychopharma-
cology 2024, 49, 796–805. [CrossRef]

19. Balsters, J.H.; Zerbi, V.; Sallet, J.; Wenderoth, N.; Mars, R.B. Primate Homologs of Mouse Cortico-Striatal Circuits. eLife 2020,
9, e53680. [CrossRef]

20. Vieira, M.; Yong, X.L.H.; Roche, K.W.; Anggono, V. Regulation of NMDA Glutamate Receptor Functions by the GluN2 Subunits. J. 
Neurochem. 2020, 154, 121–143. [CrossRef]

21. Carles, A.; Freyssin, A.; Perin-Dureau, F.; Rubinstenn, G.; Maurice, T. Targeting N-Methyl-d-Aspartate Receptors in Neurodegen-
erative Diseases. Int. J. Mol. Sci. 2024, 25, 3733. [CrossRef]

22. Teoh, J.; Simko, J.; Camp, C.R.; Liu, C.J.; Wang, W.; Williams, D.J.; Ma, L.; Soundararajan, D.; Martin, C.; Taylor, N.K.; et al. 
Synaptic Dysregulation in a Mouse Model of GRIN2D Developmental and Epileptic Encephalopathy. Brain 2025, 148, 3973–3988. 
[CrossRef]

23. Vinnakota, C.; Hudson, M.R.; Jones, N.C.; Sundram, S.; Hill, R.A. Potential Roles for the GluN2D NMDA Receptor Subunit in 
Schizophrenia. Int. J. Mol. Sci. 2023, 24, 11835. [CrossRef]

24. Morris, P.G.; Mishina, M.; Jones, S. Altered Synaptic and Extrasynaptic NMDA Receptor Properties in Substantia Nigra Dopamin-
ergic Neurons From Mice Lacking the GluN2D Subunit. Front. Cell. Neurosci. 2018, 12, 354. [CrossRef]

25. Cocciante, M.; Minacapelli, I.; Almesberger, A.; Pasquariello, R.; Bartolini, E. Neuroimaging Features of GRIN-Related Epilepsies. 
Appl. Sci. 2025, 15, 9520. [CrossRef]

https://doi.org/10.3390/ijms27219916

https://doi.org/10.1038/s41598-021-87092-3
https://doi.org/10.1038/s41598-021-87092-3
https://doi.org/10.1038/s41598-019-50627-w
https://doi.org/10.1016/j.nbd.2025.106853
https://doi.org/10.3389/fnins.2025.1634718
https://doi.org/10.1177/15357597251323917
https://doi.org/10.1136/jnnp-2018-320039
https://doi.org/10.1016/j.yebeh.2022.108693
https://doi.org/10.1093/emph/eow014
https://doi.org/10.1016/j.vph.2024.107434
https://doi.org/10.3389/fnsyn.2016.00007
https://doi.org/10.1038/s41467-023-41035-w
https://doi.org/10.1016/j.neuroscience.2020.01.041
https://doi.org/10.1126/science.aba7667
https://doi.org/10.2741/4581
https://doi.org/10.1172/JCI160309
https://doi.org/10.1038/s41583-023-00760-3
https://doi.org/10.1038/s41386-023-01788-w
https://doi.org/10.7554/eLife.53680
https://doi.org/10.1111/jnc.14970
https://doi.org/10.3390/ijms25073733
https://doi.org/10.1093/brain/awaf125
https://doi.org/10.3390/ijms241411835
https://doi.org/10.3389/fncel.2018.00354
https://doi.org/10.3390/app15179520
https://doi.org/10.3390/ijms27219916


Int. J. Mol. Sci. 2026, 27, 9916 17 of 22

26. Yam, M.; Nassir, J.; Galber, D.; Quinn, S.; Gal, R.; Ovadia, M.; Bordeynik-Cohen, M.; Peled, E.; Makinson, C.D.; 
Hausman-Kedem, M.; et al. A Mouse Model of GRIN2D Developmental and Epileptic Encephalopathy Recapitulates the 
Human Disease. Brain 2026, 149, 90–104. [CrossRef]

27. GRIN2A Gene: MedlinePlus Genetics. Available online: https://www.medlineplus.gov/genetics/gene/grin2a/ (accessed on 14 
September 2026).

28. Niu, M.; Yang, X.; Li, Y.; Sun, Y.; Wang, L.; Ha, J.; Xie, Y.; Gao, Z.; Tian, C.; Wang, L.; et al. Progresses in GluN2A-Containing 
NMDA Receptors and Their Selective Regulators. Cell. Mol. Neurobiol. 2023, 43, 139–153. [CrossRef]

29. Amador, A.; Bostick, C.D.; Olson, H.; Peters, J.; Camp, C.R.; Krizay, D.; Chen, W.; Han, W.; Tang, W.; Kanber, A.; et al. Modelling 
and Treating GRIN2A Developmental and Epileptic Encephalopathy in Mice. Brain 2020, 143, 2039–2057. [CrossRef]

30. Korinek, M.; Candelas Serra, M.; Abdel Rahman, F.E.S.; Dobrovolski, M.; Kuchtiak, V.; Abramova, V.; Fili, K.; Tomovic, E.; Hrcka 
Krausova, B.; Krusek, J.; et al. Disease-Associated Variants in GRIN1, GRIN2A and GRIN2B Genes: Insights into NMDA Receptor 
Structure, Function, and Pathophysiology. Physiol. Res. 2024, 73, S413–S434. [CrossRef]

31. Bertocchi, I.; Eltokhi, A.; Rozov, A.; Chi, V.N.; Jensen, V.; Bus, T.; Pawlak, V.; Serafino, M.; Sonntag, H.; Yang, B.; et al. Voltage-
Independent GluN2A-Type NMDA Receptor Ca2+ Signaling Promotes Audiogenic Seizures, Attentional and Cognitive Deficits in 
Mice. Commun. Biol. 2021, 4, 59. Correction in Commun Biol. 2021, 4, 187. https://doi.org/10.1038/s42003-021-01717-x. [CrossRef]

32. Wang, W.; Frankel, W.N. Overlaps, Gaps, and Complexities of Mouse Models of Developmental and Epileptic Encephalopathy. 
Neurobiol. Dis. 2021, 148, 105220. [CrossRef]

33. Camp, C.R.; Vlachos, A.; Klöckner, C.; Krey, I.; Banke, T.G.; Shariatzadeh, N.; Ruggiero, S.M.; Galer, P.; Park, K.L.; 
Caccavano, A.; et al. Loss of Grin2a Causes a Transient Delay in the Electrophysiological Maturation of Hippocampal Par-
valbumin Interneurons. Commun. Biol. 2023, 6, 952. [CrossRef]

34. Han, W.; Yuan, H.; Allen, J.P.; Kim, S.; Shaulsky, G.H.; Perszyk, R.E.; Traynelis, S.F.; Myers, S.J. Opportunities for Precision 
Treatment of GRIN2A and GRIN2B Gain-of-Function Variants in Triheteromeric N-Methyl-D-Aspartate Receptors. J. Pharmacol. 
Exp. Ther. 2022, 381, 54–66. [CrossRef]

35. Monyer, H.; Burnashev, N.; Laurie, D.J.; Sakmann, B.; Seeburg, P.H. Developmental and Regional Expression in the Rat Brain and 
Functional Properties of Four NMDA Receptors. Neuron 1994, 12, 529–540. [CrossRef] [PubMed]

36. McKay, S.; Ryan, T.J.; McQueen, J.; Indersmitten, T.; Marwick, K.F.M.; Hasel, P.; Kopanitsa, M.V.; Baxter, P.S.; Martel, M.-A.; 
Kind, P.C.; et al. The Developmental Shift of NMDA Receptor Composition Proceeds Independently of GluN2 Subunit-Specific 
GluN2 C-Terminal Sequences. Cell Rep. 2018, 25, 841–851.e4. [CrossRef]

37. Siu, C.R.; Beshara, S.P.; Jones, D.G.; Murphy, K.M. Development of Glutamatergic Proteins in Human Visual Cortex across the 
Lifespan. J. Neurosci. 2017, 37, 6031–6042. [CrossRef]

38. Anne, M.N.K.; Kakuk-Atkins, L.; Kaplan, J.; Deardorff, A.S.; Hanson, M.A.; Johantges, A.C.; Marshall, A.H.; Kolb, S.J.; Wester, J.C.; 
Wagnon, J.L. Distinct Neuronal Mechanisms for Motor Impairment and Seizures in a Novel Mouse Model of SCN8A Epileptic 
Encephalopathy. Neurobiol. Dis. 2026, 221, 107317. [CrossRef]

39. Meisler, M.H. SCN8A Encephalopathy: Mechanisms and Models. Epilepsia 2019, 60, S86–S91. [CrossRef]
40. Talwar, D.; Hammer, M.F. SCN8A Epilepsy, Developmental Encephalopathy, and Related Disorders. Pediatr. Neurol. 2021, 122, 

76–83. [CrossRef]
41. Liang, L.; Fazel Darbandi, S.; Pochareddy, S.; Gulden, F.O.; Gilson, M.C.; Sheppard, B.K.; Sahagun, A.; An, J.-Y.; Werling, D.M.; 

Rubenstein, J.L.R.; et al. Developmental Dynamics of Voltage-Gated Sodium Channel Isoform Expression in the Human and 
Mouse Brain. Genome Med. 2021, 13, 135. [CrossRef]

42. O’Brien, J.E.; Drews, V.L.; Jones, J.M.; Dugas, J.C.; Barres, B.A.; Meisler, M.H. Rbfox Proteins Regulate Alternative Splicing of 
Neuronal Sodium Channel SCN8A. Mol. Cell. Neurosci. 2012, 49, 120–126. [CrossRef]

43. Plummer, N.W.; McBurney, M.W.; Meisler, M.H. Alternative Splicing of the Sodium Channel SCN8A Predicts a Truncated 
Two-Domain Protein in Fetal Brain and Non-Neuronal Cells. J. Biol. Chem. 1997, 272, 24008–24015. [CrossRef]

44. Washbourne, P.; Thompson, P.M.; Carta, M.; Costa, E.T.; Mathews, J.R.; Lopez-Benditó, G.; Molnár, Z.; Becher, M.W.; 
Valenzuela, C.F.; Partridge, L.D.; et al. Genetic Ablation of the T-SNARE SNAP-25 Distinguishes Mechanisms of Neuroexo-
cytosis. Nat. Neurosci. 2002, 5, 19–26. [CrossRef]

45. Shen, X.-M.; Selcen, D.; Brengman, J.; Engel, A.G. Mutant SNAP25B Causes Myasthenia, Cortical Hyperexcitability, Ataxia, and 
Intellectual Disability. Neurology 2014, 83, 2247–2255. [CrossRef]

46. Liang, J.-S.; Wang, J.-S.; Lin, L.-J.; Yang, M.-T.; Hung, K.-L.; Lu, J.-F. Genetic Diagnosis in Children with Epilepsy and Developmental 
Delay/Mental Retardation Using Targeted Gene Panel Analysis. Neuropsychiatry 2018, 8, 1577–1585. [CrossRef]

47. Klöckner, C.; Sticht, H.; Zacher, P.; Popp, B.; Babcock, H.E.; Bakker, D.P.; Barwick, K.; Bonfert, M.V.; Bönnemann, C.G.; 
Brilstra, E.H.; et al. De Novo Variants in SNAP25 Cause an Early-Onset Developmental and Epileptic Encephalopathy. Genet. 
Med. 2021, 23, 653–660. Correction in Genet Med. 2021, 23, 796. https://doi.org/10.1038/s41436-020-01090-w. [CrossRef]

48. Uzay, B.; Ma, Z.Z.; Uzay, I.A.; Alten, B.; Monteggia, L.M.; Kavalali, E.T. Lithium as a Therapeutic Strategy for SNAP25 En-
cephalopathies via Modulation of Homeostatic Plasticity. Neuropsychopharmacology 2026, 1–14. [CrossRef]

https://doi.org/10.3390/ijms27219916

https://doi.org/10.1093/brain/awaf149
https://www.medlineplus.gov/genetics/gene/grin2a/
https://doi.org/10.1007/s10571-021-01185-1
https://doi.org/10.1093/brain/awaa147
https://doi.org/10.33549/physiolres.935346
https://doi.org/10.1038/s42003-021-01717-x
https://doi.org/10.1038/s42003-020-01538-4
https://doi.org/10.1016/j.nbd.2020.105220
https://doi.org/10.1038/s42003-023-05298-9
https://doi.org/10.1124/jpet.121.001000
https://doi.org/10.1016/0896-6273(94)90210-0
https://www.ncbi.nlm.nih.gov/pubmed/7512349
https://doi.org/10.1016/j.celrep.2018.09.089
https://doi.org/10.1523/JNEUROSCI.2304-16.2017
https://doi.org/10.1016/j.nbd.2026.107317
https://doi.org/10.1111/epi.14703
https://doi.org/10.1016/j.pediatrneurol.2021.06.011
https://doi.org/10.1186/s13073-021-00949-0
https://doi.org/10.1016/j.mcn.2011.10.005
https://doi.org/10.1074/jbc.272.38.24008
https://doi.org/10.1038/nn783
https://doi.org/10.1212/WNL.0000000000001079
https://doi.org/10.4172/Neuropsychiatry.1000494
https://doi.org/10.1038/s41436-020-01090-w
https://doi.org/10.1038/s41436-020-01020-w
https://doi.org/10.1038/s41386-026-02535-7
https://doi.org/10.3390/ijms27219916


Int. J. Mol. Sci. 2026, 27, 9916 18 of 22

49. Linaro, D.; Vermaercke, B.; Iwata, R.; Ramaswamy, A.; Libé-Philippot, B.; Boubakar, L.; Davis, B.A.; Wierda, K.; Davie, K.; 
Poovathingal, S.; et al. Xenotransplanted Human Cortical Neurons Reveal Species-Specific Development and Functional Integra-
tion into Mouse Visual Circuits. Neuron 2019, 104, 972–986.e6. [CrossRef]

50. Iwata, R.; Casimir, P.; Erkol, E.; Boubakar, L.; Planque, M.; Gallego López, I.M.; Ditkowska, M.; Gaspariunaite, V.; Beckers, S.; 
Remans, D.; et al. Mitochondria Metabolism Sets the Species-Specific Tempo of Neuronal Development. Science 2023, 379, eabn4705. 
[CrossRef]

51. Tien, N.-W.; Kerschensteiner, D. Homeostatic Plasticity in Neural Development. Neural Dev. 2018, 13, 9. [CrossRef]
52. Born, H.A.; Dao, A.T.; Levine, A.T.; Lee, W.L.; Mehta, N.M.; Mehra, S.; Weeber, E.J.; Anderson, A.E. Strain-Dependence of the 

Angelman Syndrome Phenotypes in Ube3a Maternal Deficiency Mice. Sci. Rep. 2017, 7, 8451. [CrossRef]
53. Shi, S.; Bichell, T.J.; Ihrie, R.A.; Johnson, C.H. Ube3a Imprinting Impairs Circadian Robustness in Angelman Syndrome Models. 

Curr. Biol. 2015, 25, 537–545. [CrossRef]
54. Aguilera, C.; Viñas-Jornet, M.; Baena, N.; Gabau, E.; Fernández, C.; Capdevila, N.; Cirkovic, S.; Sarajlija, A.; Miskovic, M.; 

Radivojevic, D.; et al. Novel Intragenic Deletions within the UBE3A Gene in Two Unrelated Patients with Angelman Syndrome: 
Case Report and Review of the Literature. BMC Med. Genet. 2017, 18, 137. [CrossRef]

55. Biagioni, M.; Baronchelli, F.; Fossati, M. Multiscale Spatio-Temporal Dynamics of UBE3A Gene in Brain Physiology and Neurode-
velopmental Disorders. Neurobiol. Dis. 2024, 201, 106669. [CrossRef]

56. Jones, K.A.; Han, J.E.; DeBruyne, J.P.; Philpot, B.D. Persistent Neuronal Ube3a Expression in the Suprachiasmatic Nucleus of 
Angelman Syndrome Model Mice. Sci. Rep. 2016, 6, 28238. [CrossRef]

57. Hsiao, J.S.; Germain, N.D.; Wilderman, A.; Stoddard, C.; Wojenski, L.A.; Villafano, G.J.; Core, L.; Cotney, J.; Chamberlain, S.J. A 
Bipartite Boundary Element Restricts UBE3A Imprinting to Mature Neurons. Proc. Natl. Acad. Sci. USA 2019, 116, 2181–2186. 
[CrossRef]

58. Sen, D.; Voulgaropoulos, A.; Drobna, Z.; Keung, A.J. Human Cerebral Organoids Reveal Early Spatiotemporal Dynamics and 
Pharmacological Responses of UBE3A. Stem Cell Rep. 2020, 15, 845–854. [CrossRef]

59. Bar-Peled, L.; Chantranupong, L.; Cherniack, A.D.; Chen, W.W.; Ottina, K.A.; Grabiner, B.C.; Spear, E.D.; Carter, S.L.; Meyerson, M.; 
Sabatini, D.M. A Tumor Suppressor Complex with GAP Activity for the Rag GTPases That Signal Amino Acid Sufficiency to 
mTORC1. Science 2013, 340, 1100–1106. [CrossRef]

60. Baulac, S.; Ishida, S.; Marsan, E.; Miquel, C.; Biraben, A.; Nguyen, D.K.; Nordli, D.; Cossette, P.; Nguyen, S.; Lambrecq, V.; et al. 
Familial Focal Epilepsy with Focal Cortical Dysplasia Due to DEPDC 5 Mutations. Ann. Neurol. 2015, 77, 675–683. [CrossRef]

61. Ribierre, T.; Deleuze, C.; Bacq, A.; Baldassari, S.; Marsan, E.; Chipaux, M.; Muraca, G.; Roussel, D.; Navarro, V.; Leguern, E.; et al. 
Second-Hit Mosaic Mutation in mTORC1 Repressor DEPDC5 Causes Focal Cortical Dysplasia–Associated Epilepsy. J. Clin. Invest. 
2018, 128, 2452–2458. [CrossRef]

62. Marsan, E.; Baulac, S. Review: Mechanistic Target of Rapamycin (mTOR) Pathway, Focal Cortical Dysplasia and Epilepsy. 
Neuropathol. Appl. Neurobiol. 2018, 44, 6–17. [CrossRef]

63. Groff, K.J.; Liang, Y.; Morici, C.; Modasia, J.B.; Mehendale, L.; Gupta, N.; D’Amore, A.; Choe, Y.; Hameed, M.Q.; Rotenberg, 
A.; et al. Focal DEPDC5 Loss without Disruption to Cerebral Cortical Neuron Migration Recapitulates DEPDC5-Related Focal 
Epilepsy. JCI Insight 2025, 10, e181544. [CrossRef]

64. Hughes, J.; Dawson, R.; Tea, M.; McAninch, D.; Piltz, S.; Jackson, D.; Stewart, L.; Ricos, M.G.; Dibbens, L.M.; Harvey, N.L.; et al. 
Knockout of the Epilepsy Gene Depdc5 in Mice Causes Severe Embryonic Dysmorphology with Hyperactivity of mTORC1 
Signalling. Sci. Rep. 2017, 7, 12618. [CrossRef]

65. Yuskaitis, C.J.; Jones, B.M.; Wolfson, R.L.; Super, C.E.; Dhamne, S.C.; Rotenberg, A.; Sabatini, D.M.; Sahin, M.; Poduri, A. A 
Mouse Model of DEPDC5-Related Epilepsy: Neuronal Loss of Depdc5 Causes Dysplastic and Ectopic Neurons, Increased mTOR 
Signaling, and Seizure Susceptibility. Neurobiol. Dis. 2018, 111, 91–101. [CrossRef]

66. Klofas, L.K.; Short, B.P.; Zhou, C.; Carson, R.P. Prevention of Premature Death and Seizures in a Depdc5 Mouse Epilepsy Model 
through Inhibition of mTORC1. Hum. Mol. Genet. 2020, 29, 1365–1377. [CrossRef]

67. De Fusco, A.; Cerullo, M.S.; Marte, A.; Michetti, C.; Romei, A.; Castroflorio, E.; Baulac, S.; Benfenati, F. Acute Knockdown of 
Depdc5 Leads to Synaptic Defects in mTOR-Related Epileptogenesis. Neurobiol. Dis. 2020, 139, 104822. [CrossRef]

68. Anderson, M.P. DEPDC5 Takes a Second Hit in Familial Focal Epilepsy. J. Clin. Invest. 2018, 128, 2194–2196. [CrossRef]
69. Fietz, S.A.; Kelava, I.; Vogt, J.; Wilsch-Bräuninger, M.; Stenzel, D.; Fish, J.L.; Corbeil, D.; Riehn, A.; Distler, W.; Nitsch, R.; et al. 

OSVZ Progenitors of Human and Ferret Neocortex Are Epithelial-like and Expand by Integrin Signaling. Nat. Neurosci. 2010, 13, 
690–699. [CrossRef]

70. Hansen, D.V.; Lui, J.H.; Parker, P.R.L.; Kriegstein, A.R. Neurogenic Radial Glia in the Outer Subventricular Zone of Human 
Neocortex. Nature 2010, 464, 554–561. [CrossRef]

71. Silbereis, J.C.; Pochareddy, S.; Zhu, Y.; Li, M.; Sestan, N. The Cellular and Molecular Landscapes of the Developing Human 
Central Nervous System. Neuron 2016, 89, 248–268. [CrossRef]

https://doi.org/10.3390/ijms27219916

https://doi.org/10.1016/j.neuron.2019.10.002
https://doi.org/10.1126/science.abn4705
https://doi.org/10.1186/s13064-018-0105-x
https://doi.org/10.1038/s41598-017-08825-x
https://doi.org/10.1016/j.cub.2014.12.047
https://doi.org/10.1186/s12881-017-0500-x
https://doi.org/10.1016/j.nbd.2024.106669
https://doi.org/10.1038/srep28238
https://doi.org/10.1073/pnas.1815279116
https://doi.org/10.1016/j.stemcr.2020.08.006
https://doi.org/10.1126/science.1232044
https://doi.org/10.1002/ana.24368
https://doi.org/10.1172/JCI99384
https://doi.org/10.1111/nan.12463
https://doi.org/10.1172/jci.insight.181544
https://doi.org/10.1038/s41598-017-12574-2
https://doi.org/10.1016/j.nbd.2017.12.010
https://doi.org/10.1093/hmg/ddaa068
https://doi.org/10.1016/j.nbd.2020.104822
https://doi.org/10.1172/JCI121052
https://doi.org/10.1038/nn.2553
https://doi.org/10.1038/nature08845
https://doi.org/10.1016/j.neuron.2015.12.008
https://doi.org/10.3390/ijms27219916


Int. J. Mol. Sci. 2026, 27, 9916 19 of 22

72. Deb, B.K.; Bateup, H.S. Modeling Somatic Mutations Associated With Neurodevelopmental Disorders in Human Brain Organoids. 
Front. Mol. Neurosci. 2022, 14, 787243. [CrossRef]

73. Gkini, V.; Namba, T. Glutaminolysis and the Control of Neural Progenitors in Neocortical Development and Evolution. The 
Neuroscientist 2023, 29, 177–189. [CrossRef]

74. Kornack, D.R.; Rakic, P. Changes in Cell-Cycle Kinetics during the Development and Evolution of Primate Neocortex. Proc. Natl. 
Acad. Sci. USA 1998, 95, 1242–1246. [CrossRef]

75. Nowakowski, T.J.; Mysiak, K.S.; O‘Leary, T.; Fotaki, V.; Pratt, T.; Price, D.J. Loss of Functional Dicer in Mouse Radial Glia 
Cell-Autonomously Prolongs Cortical Neurogenesis. Dev. Biol. 2013, 382, 530–537. [CrossRef]

76. D’Gama, A.M.; Walsh, C.A. Somatic Mosaicism and Neurodevelopmental Disease. Nat. Neurosci. 2018, 21, 1504–1514. [CrossRef]
77. Keogh, M.J.; Wei, W.; Aryaman, J.; Walker, L.; Van Den Ameele, J.; Coxhead, J.; Wilson, I.; Bashton, M.; Beck, J.; West, J.; et al. 

High Prevalence of Focal and Multi-Focal Somatic Genetic Variants in the Human Brain. Nat. Commun. 2018, 9, 4257. [CrossRef]
78. El-Brolosy, M.A.; Stainier, D.Y.R. Genetic Compensation: A Phenomenon in Search of Mechanisms. PLoS Genet. 2017, 13, e1006780. 

[CrossRef]
79. Semple, B.D.; Blomgren, K.; Gimlin, K.; Ferriero, D.M.; Noble-Haeusslein, L.J. Brain Development in Rodents and Humans: 

Identifying Benchmarks of Maturation and Vulnerability to Injury across Species. Prog. Neurobiol. 2013, 106–107, 1–16. [CrossRef]
80. Ferguson, S.M.; Brasnjo, G.; Hayashi, M.; Wölfel, M.; Collesi, C.; Giovedi, S.; Raimondi, A.; Gong, L.-W.; Ariel, P.; Paradise, S.; et al. 

A Selective Activity-Dependent Requirement for Dynamin 1 in Synaptic Vesicle Endocytosis. Science 2007, 316, 570–574. [CrossRef] 
[PubMed]

81. Dhindsa, R.S.; Bradrick, S.S.; Yao, X.; Heinzen, E.L.; Petrovski, S.; Krueger, B.J.; Johnson, M.R.; Frankel, W.N.; Petrou, S.; 
Boumil, R.M.; et al. Epileptic Encephalopathy-Causing Mutations in DNM1 Impair Synaptic Vesicle Endocytosis. Neurol. Genet. 2015, 
1, e4. [CrossRef]

82. Yigit, G.; Sheffer, R.; Daana, M.; Li, Y.; Kaygusuz, E.; Mor-Shakad, H.; Altmüller, J.; Nürnberg, P.; Douiev, L.; Kaulfuss, S.; et al. 
Loss-of-Function Variants in DNM1 Cause a Specific Form of Developmental and Epileptic Encephalopathy Only in Biallelic State. 
J. Med. Genet. 2022, 59, 549–553. [CrossRef]

83. AlTassan, R.; AlQudairy, H.; Alromayan, R.; Alfalah, A.; AlHarbi, O.A.; González-Álvarez, A.C.; Arold, S.T.; Kaya, N. Clinical, 
Radiological, and Genetic Characterization of a Patient with a Novel Homoallelic Loss-of-Function Variant in DNM1. Genes 2022, 
13, 2252. [CrossRef]

84. Drackley, A.; Peter, M.; Akbari, H.H.; Ivanisevic, J.; Ing, A.; Regan-Fendt, K.; McMullen, P.; Yap, K.L. Long-Read Genome 
Sequencing Establishes Biallelic Pathogenic Variants in DNM1 With Distinct Functional Effects as the Cause of Early Infantile 
Developmental and Epileptic Encephalopathy. Am. J. Med. Genet. A 2026, 200, 947–951. [CrossRef]

85. Raimondi, A.; Ferguson, S.M.; Lou, X.; Armbruster, M.; Paradise, S.; Giovedi, S.; Messa, M.; Kono, N.; Takasaki, J.; 
Cappello, V.; et al. Overlapping Role of Dynamin Isoforms in Synaptic Vesicle Endocytosis. Neuron 2011, 70, 1100–1114. [CrossRef]

86. Bhave, M.; Mettlen, M.; Wang, X.; Schmid, S.L. Early and Nonredundant Functions of Dynamin Isoforms in Clathrin-Mediated 
Endocytosis. Mol. Biol. Cell 2020, 31, 2035–2047. [CrossRef]

87. Asinof, S.K.; Sukoff Rizzo, S.J.; Buckley, A.R.; Beyer, B.J.; Letts, V.A.; Frankel, W.N.; Boumil, R.M. Independent Neuronal Origin of 
Seizures and Behavioral Comorbidities in an Animal Model of a Severe Childhood Genetic Epileptic Encephalopathy. PLoS Genet. 
2015, 11, e1005347. [CrossRef]

88. Boumil, R.M.; Letts, V.A.; Roberts, M.C.; Lenz, C.; Mahaffey, C.L.; Zhang, Z.; Moser, T.; Frankel, W.N. A Missense Mutation in a 
Highly Conserved Alternate Exon of Dynamin-1 Causes Epilepsy in Fitful Mice. PLoS Genet. 2010, 6, e1001046. [CrossRef]

89. Asinof, S.; Mahaffey, C.; Beyer, B.; Frankel, W.N.; Boumil, R. Dynamin 1 Isoform Roles in a Mouse Model of Severe Childhood 
Epileptic Encephalopathy. Neurobiol. Dis. 2016, 95, 1–11. [CrossRef]

90. Parthasarathy, S.; Ruggiero, S.M.; Gelot, A.; Soardi, F.C.; Ribeiro, B.F.R.; Pires, D.E.V.; Ascher, D.B.; Schmitt, A.; Rambaud, C.; 
Represa, A.; et al. A Recurrent de Novo Splice Site Variant Involving DNM1 Exon 10a Causes Developmental and Epileptic 
Encephalopathy through a Dominant-Negative Mechanism. Am. J. Hum. Genet. 2022, 109, 2253–2269. [CrossRef]

91. Wang, H. KCNQ2 and KCNQ3 Potassium Channel Subunits: Molecular Correlates of the M-Channel. Science 1998, 282, 1890–1893. 
[CrossRef]

92. Brun, L.; Viemari, J.; Villard, L. Mouse Models of Kcnq2 Dysfunction. Epilepsia 2022, 63, 2813–2826. [CrossRef]
93. Miceli, F.; Soldovieri, M.V.; Weckhuysen, S.; Cooper, E.C.; Taglialatela, M. KCNQ3-Related Disorders. In GeneReviews® ; 

Adam, M.P., Bick, S., Mirzaa, G.M., Wallace, S.E., Amemiya, A., Eds.; University of Washington: Seattle, WA, USA, 1993.
94. Ambrosino, P.; Freri, E.; Castellotti, B.; Soldovieri, M.V.; Mosca, I.; Manocchio, L.; Gellera, C.; Canafoglia, L.; Franceschetti, S.;

Salis, B.; et al. Kv7.3 Compound Heterozygous Variants in Early Onset Encephalopathy Reveal Additive Contribution of C-
Terminal Residues to PIP2-Dependent K+ Channel Gating. Mol. Neurobiol. 2018, 55, 7009–7024. [CrossRef]

95. Lauritano, A.; Moutton, S.; Longobardi, E.; Tran Mau-Them, F.; Laudati, G.; Nappi, P.; Soldovieri, M.V.; Ambrosino, P.; Cataldi, M.; 
Jouan, T.; et al. A Novel Homozygous KCNQ3 Loss-of-function Variant Causes Non-syndromic Intellectual Disability and 
Neonatal-onset Pharmacodependent Epilepsy. Epilepsia Open 2019, 4, 464–475. [CrossRef]

https://doi.org/10.3390/ijms27219916

https://doi.org/10.3389/fnmol.2021.787243
https://doi.org/10.1177/10738584211069060
https://doi.org/10.1073/pnas.95.3.1242
https://doi.org/10.1016/j.ydbio.2013.08.023
https://doi.org/10.1038/s41593-018-0257-3
https://doi.org/10.1038/s41467-018-06331-w
https://doi.org/10.1371/journal.pgen.1006780
https://doi.org/10.1016/j.pneurobio.2013.04.001
https://doi.org/10.1126/science.1140621
https://www.ncbi.nlm.nih.gov/pubmed/17463283
https://doi.org/10.1212/01.NXG.0000464295.65736.da
https://doi.org/10.1136/jmedgenet-2021-107769
https://doi.org/10.3390/genes13122252
https://doi.org/10.1002/ajmga.70012
https://doi.org/10.1016/j.neuron.2011.04.031
https://doi.org/10.1091/mbc.E20-06-0363
https://doi.org/10.1371/journal.pgen.1005347
https://doi.org/10.1371/journal.pgen.1001046
https://doi.org/10.1016/j.nbd.2016.06.014
https://doi.org/10.1016/j.ajhg.2022.11.002
https://doi.org/10.1126/science.282.5395.1890
https://doi.org/10.1111/epi.17405
https://doi.org/10.1007/s12035-018-0883-5
https://doi.org/10.1002/epi4.12353
https://doi.org/10.3390/ijms27219916


Int. J. Mol. Sci. 2026, 27, 9916 20 of 22

96. Tzingounis, A.V.; Nicoll, R.A. Contribution of KCNQ2 and KCNQ3 to the Medium and Slow Afterhyperpolarization Currents. 
Proc. Natl. Acad. Sci. USA 2008, 105, 19974–19979. [CrossRef]

97. Soh, H.; Pant, R.; LoTurco, J.J.; Tzingounis, A.V. Conditional Deletions of Epilepsy-Associated KCNQ2 and KCNQ3 Channels 
from Cerebral Cortex Cause Differential Effects on Neuronal Excitability. J. Neurosci. 2014, 34, 5311–5321. [CrossRef]

98. Tzingounis, A.V.; Heidenreich, M.; Kharkovets, T.; Spitzmaul, G.; Jensen, H.S.; Nicoll, R.A.; Jentsch, T.J. The KCNQ5 Potassium 
Channel Mediates a Component of the Afterhyperpolarization Current in Mouse Hippocampus. Proc. Natl. Acad. Sci. USA 2010, 
107, 10232–10237. [CrossRef]

99. Fidzinski, P.; Korotkova, T.; Heidenreich, M.; Maier, N.; Schuetze, S.; Kobler, O.; Zuschratter, W.; Schmitz, D.; Ponomarenko, A.; 
Jentsch, T.J. KCNQ5 K+ Channels Control Hippocampal Synaptic Inhibition and Fast Network Oscillations. Nat. Commun. 2015, 
6, 6254. [CrossRef]

100. Lerche, C.; Scherer, C.R.; Seebohm, G.; Derst, C.; Wei, A.D.; Busch, A.E.; Steinmeyer, K. Molecular Cloning and Functional 
Expression of KCNQ5, a Potassium Channel Subunit That May Contribute to Neuronal M-Current Diversity. J. Biol. Chem. 2000, 
275, 22395–22400. [CrossRef]

101. Yus-nájera, E.; Muñoz, A.; Salvador, N.; Jensen, B.S.; Rasmussen, H.B.; Defelipe, J.; Villarroel, A. Localization of KCNQ5 in the 
Normal and Epileptic Human Temporal Neocortex and Hippocampal Formation. Neuroscience 2003, 120, 353–364. [CrossRef]

102. Mihaljević, B.; Larrañaga, P.; Bielza, C. Comparing the Electrophysiology and Morphology of Human and Mouse Layer 2/3 
Pyramidal Neurons With Bayesian Networks. Front. Neuroinformatics 2021, 15, 580873. [CrossRef]

103. Kalmbach, B.E.; Buchin, A.; Long, B.; Close, J.; Nandi, A.; Miller, J.A.; Bakken, T.E.; Hodge, R.D.; Chong, P.; De Frates, R.; et al. 
H-Channels Contribute to Divergent Intrinsic Membrane Properties of Supragranular Pyramidal Neurons in Human versus 
Mouse Cerebral Cortex. Neuron 2018, 100, 1194–1208.e5. [CrossRef]

104. Cheah, C.S.; Yu, F.H.; Westenbroek, R.E.; Kalume, F.K.; Oakley, J.C.; Potter, G.B.; Rubenstein, J.L.; Catterall, W.A. Specific Deletion 
of NaV  1.1 Sodium Channels in Inhibitory Interneurons Causes Seizures and Premature Death in a Mouse Model of Dravet 
Syndrome. Proc. Natl. Acad. Sci. USA 2012, 109, 14646–14651. [CrossRef]

105. Favero, M.; Sotuyo, N.P.; Lopez, E.; Kearney, J.A.; Goldberg, E.M. A Transient Developmental Window of Fast-Spiking Interneuron 
Dysfunction in a Mouse Model of Dravet Syndrome. J. Neurosci. 2018, 38, 7912–7927. [CrossRef]

106. Claes, L.; Del-Favero, J.; Ceulemans, B.; Lagae, L.; Van Broeckhoven, C.; De Jonghe, P. De Novo Mutations in the Sodium-Channel 
Gene SCN1A Cause Severe Myoclonic Epilepsy of Infancy. Am. J. Hum. Genet. 2001, 68, 1327–1332. [CrossRef]

107. Miller, A.R.; Hawkins, N.A.; McCollom, C.E.; Kearney, J.A. Mapping Genetic Modifiers of Survival in a Mouse Model of Dravet 
Syndrome. Genes Brain Behav. 2014, 13, 163–172. [CrossRef]

108. Hawkins, N.A.; Zachwieja, N.J.; Miller, A.R.; Anderson, L.L.; Kearney, J.A. Fine Mapping of a Dravet Syndrome Modifier Locus 
on Mouse Chromosome 5 and Candidate Gene Analysis by RNA-Seq. PLoS Genet. 2016, 12, e1006398. [CrossRef]

109. Kang, S.K.; Hawkins, N.A.; Kearney, J.A. C57BL/6J and C57BL/6N Substrains Differentially Influence Phenotype Severity in the 
Scn1a+/−  Mouse Model of Dravet Syndrome. Epilepsia Open 2019, 4, 164–169. [CrossRef]

110. Mistry, A.M.; Thompson, C.H.; Miller, A.R.; Vanoye, C.G.; George, A.L.; Kearney, J.A. Strain- and Age-Dependent Hippocampal 
Neuron Sodium Currents Correlate with Epilepsy Severity in Dravet Syndrome Mice. Neurobiol. Dis. 2014, 65, 1–11. [CrossRef]

111. Hawkins, N.A.; Nomura, T.; Duarte, S.; Barse, L.; Williams, R.W.; Homanics, G.E.; Mulligan, M.K.; Contractor, A.; Kearney, J.A. 
Gabra2 Is a Genetic Modifier of Dravet Syndrome in Mice. Mamm. Genome 2021, 32, 350–363. [CrossRef]

112. Mulligan, M.K.; Abreo, T.; Neuner, S.M.; Parks, C.; Watkins, C.E.; Houseal, M.T.; Shapaker, T.M.; Hook, M.; Tan, H.; Wang, X.; et al. 
Identification of a Functional Non-Coding Variant in the GABAA Receptor A2 Subunit of the C57BL/6J Mouse Reference Genome: 
Major Implications for Neuroscience Research. Front. Genet. 2019, 10, 188. [CrossRef]

113. Dixon, C.I.; Morris, H.V.; Breen, G.; Desrivieres, S.; Jugurnauth, S.; Steiner, R.C.; Vallada, H.; Guindalini, C.; Laranjeira, R.; 
Messas, G.; et al. Cocaine Effects on Mouse Incentive-Learning and Human Addiction Are Linked to A2 Subunit-Containing 
GABAA  Receptors. Proc. Natl. Acad. Sci. USA 2010, 107, 2289–2294. [CrossRef]

114. Hines, R.M.; Maric, H.M.; Hines, D.J.; Modgil, A.; Panzanelli, P.; Nakamura, Y.; Nathanson, A.J.; Cross, A.; Deeb, T.; 
Brandon, N.J.; et al. Developmental Seizures and Mortality Result from Reducing GABAA Receptor A2-Subunit Interaction with 
Collybistin. Nat. Commun. 2018, 9, 3130. [CrossRef]

115. Yu, F.H.; Mantegazza, M.; Westenbroek, R.E.; Robbins, C.A.; Kalume, F.; Burton, K.A.; Spain, W.J.; McKnight, G.S.; Scheuer, T.; 
Catterall, W.A. Reduced Sodium Current in GABAergic Interneurons in a Mouse Model of Severe Myoclonic Epilepsy in Infancy. 
Nat. Neurosci. 2006, 9, 1142–1149, Erratum in Nat. Neurosci. 2007, 10, 134. https://doi.org/10.1038/nn0107-134b. [CrossRef]

116. Beauchamp, A.; Yee, Y.; Darwin, B.C.; Raznahan, A.; Mars, R.B.; Lerch, J.P. Whole-Brain Comparison of Rodent and Human 
Brains Using Spatial Transcriptomics. eLife 2022, 11, e79418. [CrossRef]

117. Hooks, B.M.; Papale, A.E.; Paletzki, R.F.; Feroze, M.W.; Eastwood, B.S.; Couey, J.J.; Winnubst, J.; Chandrashekar, J.; Gerfen, C.R. 
Topographic Precision in Sensory and Motor Corticostriatal Projections Varies across Cell Type and Cortical Area. Nat. Commun. 
2018, 9, 3549. Correction in Nat. Commun. 2018, 9, 4317. https://doi.org/10.1038/s41467-018-06928-1. [CrossRef]

https://doi.org/10.3390/ijms27219916

https://doi.org/10.1073/pnas.0810535105
https://doi.org/10.1523/JNEUROSCI.3919-13.2014
https://doi.org/10.1073/pnas.1004644107
https://doi.org/10.1038/ncomms7254
https://doi.org/10.1074/jbc.M002378200
https://doi.org/10.1016/S0306-4522(03)00321-X
https://doi.org/10.3389/fninf.2021.580873
https://doi.org/10.1016/j.neuron.2018.10.012
https://doi.org/10.1073/pnas.1211591109
https://doi.org/10.1523/JNEUROSCI.0193-18.2018
https://doi.org/10.1086/320609
https://doi.org/10.1111/gbb.12099
https://doi.org/10.1371/journal.pgen.1006398
https://doi.org/10.1002/epi4.12287
https://doi.org/10.1016/j.nbd.2014.01.006
https://doi.org/10.1007/s00335-021-09877-1
https://doi.org/10.3389/fgene.2019.00188
https://doi.org/10.1073/pnas.0910117107
https://doi.org/10.1038/s41467-018-05481-1
https://doi.org/10.1038/nn1754
https://doi.org/10.7554/eLife.79418
https://doi.org/10.1038/s41467-018-06928-1
https://doi.org/10.1038/s41467-018-05780-7
https://doi.org/10.3390/ijms27219916


Int. J. Mol. Sci. 2026, 27, 9916 21 of 22

118. Waes, V.V.; Tseng, K.Y.; Steiner, H. GPR88: A Putative Signaling Molecule Predominantly Expressed in the Striatum: Cellular 
Localization and Developmental Regulation. Basal Ganglia 2011, 1, 83–89. [CrossRef]

119. Jeon, S.; Park, J.; Moon, J.H.; Shin, D.; Li, L.; O’Shea, H.; Hwang, S.-U.; Lee, H.-J.; Brimble, E.; Lee, J.W.; et al. The Patient-Specific 
Mouse Model with Foxg1 Frameshift Mutation Provides Insights into the Pathophysiology of FOXG1 Syndrome. Nat. Commun. 
2025, 16, 4760. [CrossRef]

120. Younger, S.; Boutros, S.; Cargnin, F.; Jeon, S.; Lee, J.W.; Lee, S.-K.; Raber, J. Behavioral Phenotypes of Foxg1 Heterozygous Mice. 
Front. Pharmacol. 2022, 13, 927296. [CrossRef]

121. Gadalla, K.K.E.; Ross, P.D.; Riddell, J.S.; Bailey, M.E.S.; Cobb, S.R. Gait Analysis in a Mecp2 Knockout Mouse Model of Rett 
Syndrome Reveals Early-Onset and Progressive Motor Deficits. PLoS ONE 2014, 9, e112889. [CrossRef]

122. Kryuchkova-Mostacci, N.; Robinson-Rechavi, M. Tissue-Specificity of Gene Expression Diverges Slowly between Orthologs, and 
Rapidly between Paralogs. PLoS Comput. Biol. 2016, 12, e1005274. [CrossRef]

123. Guschanski, K.; Warnefors, M.; Kaessmann, H. The Evolution of Duplicate Gene Expression in Mammalian Organs. Genome Res. 
2017, 27, 1461–1474. [CrossRef]

124. Jiang, W.; Chen, L. Tissue Specificity of Gene Expression Evolves Across Mammal Species. J. Comput. Biol. 2022, 29, 880–891. 
[CrossRef]

125. Ruff, J.S.; Saffarini, R.B.; Ramoz, L.L.; Morrison, L.C.; Baker, S.; Laverty, S.M.; Tvrdik, P.; Capecchi, M.R.; Potts, W.K. Mouse 
Fitness Measures Reveal Incomplete Functional Redundancy of Hox Paralogous Group 1 Proteins. PLoS ONE 2017, 12, e0174975. 
[CrossRef]

126. Luzuriaga-Neira, A.; Subramanian, K.; Alvarez-Ponce, D. Functional Compensation of Mouse Duplicates by Their Paralogs 
Expressed in the Same Tissues. Genome Biol. Evol. 2022, 14, evac126. [CrossRef]

127. Benavides, F.; Rülicke, T.; Prins, J.-B.; Bussell, J.; Scavizzi, F.; Cinelli, P.; Herault, Y.; Wedekind, D. Genetic Quality Assurance and 
Genetic Monitoring of Laboratory Mice and Rats: FELASA Working Group Report. Lab. Anim. 2020, 54, 135–148. [CrossRef]

128. Mekada, K.; Yoshiki, A. Substrains Matter in Phenotyping of C57BL/6 Mice. Exp. Anim. 2021, 70, 145–160. [CrossRef]
129. Huang, X.; Henck, J.; Qiu, C.; Sreenivasan, V.K.A.; Balachandran, S.; Amarie, O.V.; Hrabě De Angelis, M.; Behncke, R.Y.; 

Chan, W.-L.; Despang, A.; et al. Single-Cell, Whole-Embryo Phenotyping of Mammalian Developmental Disorders. Nature 2023, 
623, 772–781. [CrossRef]

130. Gryksa, K.; Schäfer, T.; Gareis, F.; Fuchs, E.; Royer, M.; Schmidtner, A.K.; Bludau, A.; Neumann, I.D. Beyond Fur Color: Differences 
in Socio-Emotional Behavior and the Oxytocin System between Male BL6 and CD1 Mice in Adolescence and Adulthood. Front. 
Neurosci. 2024, 18, 1493619. [CrossRef]

131. Uchimura, A.; Higuchi, M.; Minakuchi, Y.; Ohno, M.; Toyoda, A.; Fujiyama, A.; Miura, I.; Wakana, S.; Nishino, J.; Yagi, T. Germline 
Mutation Rates and the Long-Term Phenotypic Effects of Mutation Accumulation in Wild-Type Laboratory Mice and Mutator 
Mice. Genome Res. 2015, 25, 1125–1134. [CrossRef]

132. D’haene, E.; Vergult, S. Interpreting the Impact of Noncoding Structural Variation in Neurodevelopmental Disorders. Genet. Med. 
2021, 23, 34–46. [CrossRef]

133. Kvon, E.Z.; Waymack, R.; Gad, M.; Wunderlich, Z. Enhancer Redundancy in Development and Disease. Nat. Rev. Genet. 2021, 22, 
324–336. Correction in Nat. Rev. Genet. 2021, 22, 337. https://doi.org/10.1038/s41576-021-00361-9. [CrossRef]

134. Ha, D.; Kim, D.; Kim, I.; Oh, Y.; Kong, J.; Han, S.K.; Kim, S. Evolutionary Rewiring of Regulatory Networks Contributes to 
Phenotypic Differences between Human and Mouse Orthologous Genes. Nucleic Acids Res. 2022, 50, 1849–1863. [CrossRef]

135. Beaulieu-Laroche, L.; Brown, N.J.; Hansen, M.; Toloza, E.H.S.; Sharma, J.; Williams, Z.M.; Frosch, M.P.; Cosgrove, G.R.; Cash, S.S.; 
Harnett, M.T. Allometric Rules for Mammalian Cortical Layer 5 Neuron Biophysics. Nature 2021, 600, 274–278. [CrossRef]

136. Bushart, D.D.; Shakkottai, V.G. Vulnerability of Human Cerebellar Neurons to Degeneration in Ataxia-Causing Channelopathies. 
Front. Syst. Neurosci. 2022, 16, 908569. [CrossRef]

137. Ostos, S.; Aparicio, G.; Fernaud-Espinosa, I.; DeFelipe, J.; Muñoz, A. Quantitative Analysis of the GABAergic Innervation of 
the Soma and Axon Initial Segment of Pyramidal Cells in the Human and Mouse Neocortex. Cereb. Cortex 2023, 33, 3882–3909. 
[CrossRef]

138. Inda, M.C.; DeFelipe, J.; Muñoz, A. Voltage-Gated Ion Channels in the Axon Initial Segment of Human Cortical Pyramidal Cells 
and Their Relationship with Chandelier Cells. Proc. Natl. Acad. Sci. USA 2006, 103, 2920–2925. [CrossRef]

139. Inda, M.C.; DeFelipe, J.; Munoz, A. Morphology and Distribution of Chandelier Cell Axon Terminals in the Mouse Cerebral 
Cortex and Claustroamygdaloid Complex. Cereb. Cortex 2009, 19, 41–54. [CrossRef]

140. Džaja, D.; Hladnik, A.; Bicanic, I.; Bakovic, M.; Petanjek, Z. Neocortical Calretinin Neurons in Primates: Increase in Proportion 
and Microcircuitry Structure. Front. Neuroanat. 2014, 8, 103. [CrossRef]

141. Hladnik, A.; Džaja, D.; Darmopil, S.; Jovanov-Milosevic, N.; Petanjek, Z. Spatio-Temporal Extension in Site of Origin for Cortical 
Calretinin Neurons in Primates. Front. Neuroanat. 2014, 8, 50. [CrossRef]

142. Gulyás, A.I.; Hájos, N.; Freund, T.F. Interneurons Containing Calretinin Are Specialized to Control Other Interneurons in the Rat 
Hippocampus. J. Neurosci. 1996, 16, 3397–3411. [CrossRef]

https://doi.org/10.3390/ijms27219916

https://doi.org/10.1016/j.baga.2011.04.001
https://doi.org/10.1038/s41467-025-59838-4
https://doi.org/10.3389/fphar.2022.927296
https://doi.org/10.1371/journal.pone.0112889
https://doi.org/10.1371/journal.pcbi.1005274
https://doi.org/10.1101/gr.215566.116
https://doi.org/10.1089/cmb.2021.0592
https://doi.org/10.1371/journal.pone.0174975
https://doi.org/10.1093/gbe/evac126
https://doi.org/10.1177/0023677219867719
https://doi.org/10.1538/expanim.20-0158
https://doi.org/10.1038/s41586-023-06548-w
https://doi.org/10.3389/fnins.2024.1493619
https://doi.org/10.1101/gr.186148.114
https://doi.org/10.1038/s41436-020-00974-1
https://doi.org/10.1038/s41576-021-00361-9
https://doi.org/10.1038/s41576-020-00311-x
https://doi.org/10.1093/nar/gkac050
https://doi.org/10.1038/s41586-021-04072-3
https://doi.org/10.3389/fnsys.2022.908569
https://doi.org/10.1093/cercor/bhac314
https://doi.org/10.1073/pnas.0511197103
https://doi.org/10.1093/cercor/bhn057
https://doi.org/10.3389/fnana.2014.00103
https://doi.org/10.3389/fnana.2014.00050
https://doi.org/10.1523/JNEUROSCI.16-10-03397.1996
https://doi.org/10.3390/ijms27219916


Int. J. Mol. Sci. 2026, 27, 9916 22 of 22

143. Shi, A.; Petrache, A.L.; Shi, J.; Ali, A.B. Preserved Calretinin Interneurons in an App Model of Alzheimer’s Disease Disrupt 
Hippocampal Inhibition via Upregulated P2Y1 Purinoreceptors. Cereb. Cortex 2020, 30, 1272–1290. [CrossRef]

144. Loomba, S.; Straehle, J.; Gangadharan, V.; Heike, N.; Khalifa, A.; Motta, A.; Ju, N.; Sievers, M.; Gempt, J.; Meyer, H.S.; et al. 
Connectomic Comparison of Mouse and Human Cortex. Science 2022, 377, eabo0924. [CrossRef]

145. Takács, V.; Papp, P.; Orosz, Á.; Bardóczi, Z.; Zsoldos, T.; Zichó, K.; Watanabe, M.; Maglóczky, Z.; Gombás, P.; Freund, T.F.; et al. 
Absolute Number of Three Populations of Interneurons and All GABAergic Synapses in the Human Hippocampus. J. Neurosci. 
2025, 45, e0372242024. [CrossRef]

146. Verscheijden, L.F.M.; Koenderink, J.B.; De Wildt, S.N.; Russel, F.G.M. Differences in P-Glycoprotein Activity in Human and Rodent 
Blood–Brain Barrier Assessed by Mechanistic Modelling. Arch. Toxicol. 2021, 95, 3015–3029. [CrossRef]

147. Westi, E.W.; Jakobsen, E.; Voss, C.M.; Bak, L.K.; Pinborg, L.H.; Aldana, B.I.; Andersen, J.V. Divergent Cellular Energetics, Glutamate 
Metabolism, and Mitochondrial Function Between Human and Mouse Cerebral Cortex. Mol. Neurobiol. 2022, 59, 7495–7512. 
[CrossRef]

148. Chen, G.; Li, J.; Huang, T.; Zeng, D.; Mo, L.; Li, J.; Zhu, C. Gut Microbiota in Genetic Diseases: From Mendelian Disorders to 
Complex Traits. Front. Immunol. 2026, 17, 1908644. [CrossRef]

149. Olson, C.A.; Vuong, H.E.; Yano, J.M.; Liang, Q.Y.; Nusbaum, D.J.; Hsiao, E.Y. The Gut Microbiota Mediates the Anti-Seizure 
Effects of the Ketogenic Diet. Cell 2018, 173, 1728–1741.e13. [CrossRef]

150. Kieser, S.; Zdobnov, E.M.; Trajkovski, M. Comprehensive Mouse Microbiota Genome Catalog Reveals Major Difference to Its 
Human Counterpart. PLoS Comput. Biol. 2022, 18, e1009947. [CrossRef] [PubMed]

151. Tingler, A.M.; Packirisamy, C.; Gutierrez, A.; Horvath, A.E.; Grozis, M.; Haidacher, S.J.; Hoch, K.M.; Haag, A.M.; Oezguen, N.; 
Engevik, K.A.; et al. Commensal Human Gut Microbes Produce Species Specific Neuroactive Compounds. iScience 2026,
29, 114424. [CrossRef]

152. Blackmer-Raynolds, L.; Lipson, L.D.; Kozlov, A.; Yang, A.; Hill, E.J.; Sampson, M.M.; Hamilton, A.M.; Fraccaroli, I.; Kelly, S.D.; 
Chopra, P.; et al. Indigenous Gut Microbes Modulate Neural Cell State and Neurodegenerative Disease Susceptibility. Cell Syst. 
2026, 17, 101481. [CrossRef]

153. Damiani, F.; Giuliano, M.G.; Cornuti, S.; Putignano, E.; Tognozzi, A.; Suckow, V.; Kalscheuer, V.M.; Pizzorusso, T.; Tognini, P. 
Multi-Site Investigation of Gut Microbiota in CDKL5 Deficiency Disorder Mouse Models: Targeting Dysbiosis to Improve 
Neurological Outcomes. Cell Rep. 2025, 44, 115546. [CrossRef]

154. Ericsson, A.C.; Franklin, C.L. The Gut Microbiome of Laboratory Mice: Considerations and Best Practices for Translational 
Research. Mamm. Genome 2021, 32, 239–250. [CrossRef]

155. Hanski, E.; Joseph, S.; Curtis, M.A.; Swann, J.W.; Vallier, M.; Linnenbrink, M.; Baines, J.F.; Jensen, J.-K.; Wolfenden, A.; Mair, I.; et al. 
Wild House Mice Have a More Dynamic and Aerotolerant Gut Microbiota than Laboratory Mice. BMC Microbiol. 2025, 25, 204. 
[CrossRef]

156. Lum, G.R.; Ha, S.M.; Olson, C.A.; Blencowe, M.; Paramo, J.; Reyes, B.; Matsumoto, J.H.; Yang, X.; Hsiao, E.Y. Ketogenic Diet 
Therapy for Pediatric Epilepsy Is Associated with Alterations in the Human Gut Microbiome That Confer Seizure Resistance in 
Mice. Cell Rep. 2023, 42, 113521. [CrossRef]

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/ijms27219916

https://doi.org/10.1093/cercor/bhz165
https://doi.org/10.1126/science.abo0924
https://doi.org/10.1523/JNEUROSCI.0372-24.2024
https://doi.org/10.1007/s00204-021-03115-y
https://doi.org/10.1007/s12035-022-03053-5
https://doi.org/10.3389/fimmu.2026.1908644
https://doi.org/10.1016/j.cell.2018.04.027
https://doi.org/10.1371/journal.pcbi.1009947
https://www.ncbi.nlm.nih.gov/pubmed/35259160
https://doi.org/10.1016/j.isci.2025.114424
https://doi.org/10.1016/j.cels.2025.101481
https://doi.org/10.1016/j.celrep.2025.115546
https://doi.org/10.1007/s00335-021-09863-7
https://doi.org/10.1186/s12866-025-03937-1
https://doi.org/10.1016/j.celrep.2023.113521
https://doi.org/10.3390/ijms27219916

	Introduction 
	Temporal and Spatial Shifts in Gene Expression 
	Heterotopia: Spatial Shifts in Gene Expression 
	Heterochrony: Temporal Shifts in Gene Expression 
	Combined Spatiotemporal Divergence 

	Molecular Redundancy and Compensation 
	Paralog-Mediated Compensation 
	Modifier Gene Activation 

	Anatomical Barrier of Striatal Somatotopy 
	Discussion 
	Conclusions 
	References



