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Congenital heart disease (CHD) has, despite significant improvements in patient survival, increasingly become associated with neurological deficits during infancy that persist into adulthood. These impairments afflict a wide range of behavioral domains including executive function, motor learning and coordination, social interaction, and language acquisition, reflecting alterations in multiple brain areas. In the past few decades, it has become clear that CHD is highly genetically heterogeneous, with large chromosomal aneuploidies and copy number variants (CNVs) as well as single nucleotide polymorphisms (SNPs) being implicated in CHD pathogenesis. Intriguingly, many of the identified loss-of-function genetic variants occur in genes important for primary cilia integrity and function, hinting at a key role for primary cilia in CHD. Here we review the current evidence for CHD primary cilia associated genetic variants, their independent functions during cardiac and brain development and their influence on behavior. We also highlight the role of environmental exposures in CHD, including stressors such as surgical factors and anesthesia, and how they might interact with ciliary genetic predispositions to determine the final neurodevelopmental outcome. The multifactorial nature of CHD and neurological impairments linked with it will, on one hand, likely necessitate therapeutic targeting of molecular pathways and neurobehavioral deficits shared by disparate forms of CHD. On the other hand, strategies for better CHD patient stratification based on genomic data, gestational and surgical history, and CHD complexity would allow for more precise therapeutic targeting of comorbid neurological deficits.
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1 CHD-ASSOCIATED NEUROLOGICAL AND BEHAVIORAL IMPAIRMENTS
Children with CHD face the highest risk of infant mortality due to birth defects (Gilboa et al., 2010). Surgical technique advances have dramatically improved survival rates, however assessments of long-term outcomes in these patients have revealed a propensity for neurodevelopmental and neurobehavioral deficits. Cognitive delay, motor skill deficits, higher rates of autism spectrum disorder (ASD) and attention deficit hyperactivity disorder (ADHD) diagnoses as well as language difficulties represent the most frequently encountered neurological sequelae (Bellinger et al., 2003; Bellinger et al., 2009; Marelli et al., 2016; Morton et al., 2017). Longitudinal studies have found correlations between lower arterial oxygen saturation levels and worse motor skills in CHD patients, according to diagnostic criteria of the Bayley Scales of Infant Development III (Hoffman et al., 2016). In addition, subclinical perioperative seizures detected via electroencephalography (EEG) in a subset of CHD patients was predictive of executive function deficits, reduced sociability, and restrictive behaviors (Gaynor et al., 2013). Many of the impairments persist into late childhood and adolescence, manifesting as a lower intelligence quotient (IQ), worse scholastic performance, attenuated visuo-spatial and visuo-motor skills, and a greater frequency of behavioral issues (Bellinger et al., 2009). Neuroanatomically, the most consistent findings using magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI) are white matter injury and immaturity (Gaynor, 2004; Beca et al., 2013), suggesting that CHD patients have impaired structural and functional connectivity. These clinical studies underscore the variety, yet specificity of detrimental neurobehavioral outcomes found among CHD patients, which likely involve multiple brain regions and circuits that are particularly vulnerable to CHD-linked risk factors.
2 GENETIC RISK FACTORS
Evidence for a major role of genetic variants in CHD has mostly come from large-scale genomic and exome sequencing efforts, such as those performed by research groups of the Pediatric Cardiac Genomics Consortium (PCGC). These studies have focused on dissecting the genetic contribution to CHD cases presenting with or without neurodevelopmental deficits using parent offspring trios (Homsy et al., 2015). Many of the identified gene hits in the neurodevelopmental group were de novo loss of function variants which were associated with known genetic syndromes, with some genes also being linked to isolated CHDs.
2.1 Key genetic variants
Among the genes with damaging (premature truncation, frame shift or splice site mutations) de novo variants identified as significantly associated with CHD, key ontological categories include transcriptional regulation, morphogenesis, cilia formation, chromatin regulation and the connectome (Homsy et al., 2015; Ji et al., 2020). These variants were particularly enriched among CHD individuals with accompanying neurodevelopmental deficits in contrast to those without extra-cardiac anomalies. Many of these genes were also demonstrated to have high levels of expression in both the heart and brain. Independent CHD association studies have found multiple genomic hotspots for copy number variants (CNVs) with known pleiotropic and dosage-sensitive effects on cardiac and brain development, whose contribution is estimated at 10%–15% of CHD cases (Ehrlich and Prakash, 2022; Landis et al., 2023). Single nucleotide polymorphisms (SNPs) conferring elevated risk of CHD have also been detected in individual genomic loci (Wang F. et al., 2016). Alongside single gene alterations chromosomal aneuploidies such as trisomy 21/Down syndrome are well known for frequently manifesting CHD (Dimopoulos et al., 2023). Collectively these studies illustrate the existence of extensive genetic heterogeneity among CHD patients with comorbid neurological impairments, some of which is shared with equally multifactorial neurodevelopmental disorders.
2.2 Preponderance of cilia-related damaging variants in CHD
One of the most striking findings of the large-scale sequencing and forward genetic screening studies in CHD has been the extensive genetic contribution of cilia-associated variants. Loss of function mutations in genes such as Foxj1, Cep110, Jbts17 and Fuz and their association with ciliary defects point to a central role for cilia signaling in CHD pathogenesis (Zaidi et al., 2013; Li et al., 2015). The uncovered variants cluster into categories related to ciliogenesis, endocytic function and cilia-transduced intracellular signaling (Figure 1). These findings suggest that disruption of multiple processes upstream and downstream of normal cilia function enhances the likelihood of CHD-linked cardiac malformations. In addition, since many of the same genes are required for appropriate neural development and brain maturation, it is conceivable that the same damaging mutations affect both the developing heart and brain in CHD patients with neurological impairments. For instance, loss of function of the Foxj1 gene, encoding a transcription factor, was demonstrated to detrimentally impact murine postnatal ependymal cell differentiation in the neurogenic niche of the lateral ventricles (Jacquet et al., 2009) as well as postnatal olfactory bulb neurogenesis (Jacquet et al., 2011). In addition, Foxj1 targeted mutations elicit reductions in length and numbers of motile cilia in mice and zebrafish, while patient heterozygous FOXJ1 mutations cause ciliopathies associated with situs inversus and isolated CHD (Padua et al., 2023). Ciliopathies such as Joubert and Meckel syndromes are frequently associated with neurological defects (Valente et al., 2014) including hydrocephalus, corpus callosum hypoplasia, ataxia and intellectual disability. Since cilia can be both motile and immotile/primary, the functional consequences on cardiac and neural development might differ substantially, depending on the nature and origin of the ciliary insult.
[image: Figure 1]FIGURE 1 | Ciliary compartments and pathways targeted by the known CHD mutations and environmental stressors. Diagram showing primary cilium and its compartments along with signaling pathways known to be affected by damaging genomic variants and environmental stressors associated with CHD and neurological impairments. Created in Biorender and adapted from Valente et al. (2014).
3 ROLE FOR PRIMARY CILIA
Primary cilia are organelles consisting of microtubular filaments which form predominantly singular protrusions from the cell membrane (Goetz and Anderson, 2010). The initial putative links between CHD and ciliopathy came from observations of randomized left-right patterning of the developing heart due to loss of motile cilia and the resultant randomized morphogen flow in the extraembryonic fluid of the embryonic murine node organizer (Nonaka et al., 1998; Brennan et al., 2002). Ciliary mutations causing primary ciliary dyskinesia (PCD) result in heart laterality defects, including transposition of the great arteries (TGA) and double outlet right ventricle (DORV) (Desgrange et al., 2018). Further evidence for a ciliary role in CHD pathogenesis came from a large-scale forward mutagenesis screen carried out in murine fetuses using ethylnitrosourea (ENU) (Li et al., 2015). Interestingly, there was a clear observation of segregation between motile and immotile/primary cilia genes according to the presence of heart laterality defects, with a roughly equal split between motile and primary cilia genes within the laterality deficit group. Motile cilia function has been suggested to impact the developing brain by altering cerebrospinal fluid flow patterns and volume, leading to brain dysplasia (Panigrahy et al., 2016). Primary cilia have also been identified as key regulators of neural development, being required for developmental phases spanning early neurogenesis, appropriate expansion of different precursor cell classes and neuronal maturation (Youn and Han, 2018; Park et al., 2019).
3.1 Neurodevelopmental functions of primary cilia
Ciliary patterning of the embryonic forebrain is an important determinant of early dorsoventral and rostrocaudal division formation, as demonstrated by the marked telencephalic disorganization in hypomorphic intraflagellar transport 88 (Ift88) mutant mice (Willaredt et al., 2008). The Ift88 mutants lack key microtubular components of the intraflagellar transport (IFT) system which serves to transport protein cargo bidirectionally along the cilium axoneme. Loss of primary cilia in neural progenitors of the early mouse embryo (earlier than embryonic day 9) results in increased immature progenitor proliferation (Wilson et al., 2012), which is largely attributable to dampened Gli3 signaling, itself a negative regulator of the Sonic hedgehog (SHH) pathway (Matissek and Elsawa, 2020). Later, mid-gestational, loss of primary cilia does not result in overt deficits in neocortical development (Tong et al., 2014), suggesting that their developmental function is critical specifically during early forebrain patterning. In contrast to murine corticogenesis, the human fetal neocortex has significantly higher basal levels of hedgehog signaling, rendering its expansion potentially more sensitive to ciliary disruptions (Wang L. et al., 2016). Individuals with hypoplastic left heart syndrome (HLHS) are indeed known to have a greater risk of microcephaly, cortical mantle immaturity and agenesis of the corpus callosum (Glauser et al., 1990), while also harboring ciliome-related loss of function variants (Yagi et al., 2018). On the other hand, conditional ablation of primary cilia in murine hippocampal and cerebellar precursors results in significant reductions in adult hippocampal neural stem cells (Breunig et al., 2008) and cerebellar hypoplasia (Spassky et al., 2008) respectively. These findings argue that a subset of the ciliary mutations recovered from CHD screens regulate key stages of early neurodevelopment of different brain regions and therefore might be responsible for more severe neurological outcomes in CHD patients.
3.2 Ciliary neuroprotection
Emerging pre-clinical evidence points to a neuroprotective function for primary cilia from environmental exposures. In a forebrain-specific model of ciliopathy acute perinatal exposure to ethanol led to neuronal caspase activation and subsequent dendritic degeneration of deep layer pyramidal neurons (Ishii et al., 2021). Intriguingly, the phenotype was solely observed when ethanol exposure was combined with Ift88 inactivation-induced primary cilia loss, indicative of a gene-environment interaction. This effect was dependent on caspase 3-mediated cytoskeletal remodeling and was reversible through pharmacological activation of the insulin-like growth factor 1 receptor-protein kinase B (IGF1R-AKT) pathway, which is known for its growth-promoting and anti-apoptotic cellular functions (Hemmings and Restuccia, 2012). Curiously, this study did not find evidence for caspase-mediated apoptotic loss of neurons following ethanol, suggesting a non-apoptotic mechanism of action. Ethanol acts as both a facilitator of γ-amino butyric acid (GABAergic) and inhibitor of N-methyl-D-aspartate (NMDA) neurotransmission (Nagy, 2008), a property which classifies it as a CNS depressant and which is shared with most general anesthetics (Petrenko et al., 2014).
3.3 Ciliary dysfunction and CHD perioperative anesthesia
A significant fraction of CHD neonates (estimated at 25%) require heart surgery within their first year of life, necessitating the use of general anesthesia (Moller et al., 1994). Despite being essential for suppressing consciousness and pain management during surgeries, inhalable and injectable anesthetics have been scrutinized due to a plethora of pre-clinical evidence pointing to their potential for developmental neurotoxicity (Jevtovic-Todorovic et al., 2003; Yon et al., 2005). A recent clinical trial did not find significantly altered neurobehavioral outcomes in 5-year-old children undergoing a short 1-h course of general anesthesia (McCann et al., 2019), however it did not account for genetic status of the participants. This is of particular concern given that pre-existing genetic susceptibility in CHD infants, such as ciliary gene variants, might adversely interact with general anesthetic exposures as previously described (Saric et al., 2022). More in depth pre-clinical modeling as well as careful clinical studies which account for multiple relevant variables are needed to dissect the risk and mechanisms of genetic status and anesthesia interactions.
4 DIAGNOSTIC AND THERAPEUTIC OUTLOOKS
The multitude of factors which can influence risk of CHD-relevant neurological impairments necessitates a combination of detailed diagnostic patient stratification and therapies targeted at each potential high-risk phase for neurological injury. Currently proposed CHD therapeutic strategies span both pre- and post-operative phases and include maternal oxygen supplementation, progesterone, tetrahydrobiopterin (BH4) as well as mesenchymal stromal cell (MSC) administration during surgery (Kobayashi et al., 2021). In addition to therapy, more precise diagnostic tools encompassing genomic data and developmental history are needed to identify CHD patients at high risk of comorbid neurological impairments, coupled with the appropriate, specific treatment regime. Given that primary cilia function constitutes a key node for damaging genetic variants, potential environmental stressors such as anesthesia and gene-environment interactions, future diagnostic tools will necessarily be more comprehensive to account for these factors. Ciliome-directed therapies will likely target ciliogenesis, signaling pathways such as Sonic hedgehog (SHH), Wingless (WNT), transforming growth factor β (TGFβ) and insulin growth factor (IGF), as well as ciliary microtubular transport (Figure 1).
5 CONCLUDING REMARKS
Here we aimed to account for ciliary dysfunction as a potential key causative element in the adverse neurodevelopmental and behavioral sequelae commonly encountered in CHD patients. In conclusion, while many of the ciliary genetic and environmental risk factors associated with CHD can produce neurodevelopmental deficits in independent fashion, there is an increasing appreciation for their interactions which can act as strong phenotypic modifiers. Investigating how these interactions might induce or enhance neurological impairment will yield potential avenues for better therapeutic management.
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