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Abstract 

Neurodevelopmental disorders encompass a spectrum of different conditions with both genetic 

and environmental etiologies. Although rapid progress has been made in deciphering the genetic 

landscape of these disorders, in most cases, it remains unclear how mutations undermine 

neurodevelopmental mechanisms. However, increasing identification of risk genes suggests 

chromatin remodelling is frequently impacted. For instance, de novo variants encoding the 

chromatin remodeller CHD4 causes Sifrim-Hitz-Weiss syndrome, which manifests as an 

overgrowth-intellectual disability syndrome. To further understand Chd4’s role during cortical 

development, we excised the ATPase domain of Chd4 in the germline or specifically in the 

developing telencephalon, creating three mouse models. Germline heterozygotes presented a 

slight decrease in brain weight, cortex area and Ctip2+ cells, with females displaying more 

overt impairments in learning and memory. Telencephalon-specific conditional heterozygotes 

exhibited slight changes in white matter, increased repetitive movements and altered social 

behaviours. Telencephalon-specific conditional knockouts presented with decreased brain size, 

brain weight, and cortex thickness due to decreased upper layer neurons, and anxiety phenotypes. 

These data reveal an unexpected complexity in the impacts of Chd4 mutations on 

neurodevelopmental processes and behaviour.  
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Chapter 1. Introduction  

1.1 Neurodevelopmental Disorders  

A recent study published that the prevalence of neurodevelopmental disorders (NDDs) represents 

at least 4.70% of the population, with even higher prevalence identified depending on study 

measures, study location and associated socio-contextual differences between locations1. Indeed, 

5.1% of Canadians reported living with a developmental disability or disorder in 20172. 

Moreover, it has been predicted that many individuals with NDDs are undiagnosed and that 

NDD prevalence may increase with improvements in diagnostic resources and healthcare 

access1,3-9. Despite this, our understanding of NDDs and development of effective treatments for 

individuals with NDDs is still limited.   

 

The 5th Edition Diagnostic and Statistical Manual of Mental Disorders’ (DSM-5; American 

Psychiatric Association, 2013) classification of NDDs includes intellectual disability (ID) 

disorders, communication disorders, autism spectrum disorder (ASD), attention-

deficit/hyperactivity disorder, specific learning disorders, motor disorders and tic disorders, 

among others. Though each of these disorders has unique diagnosis criteria, in many cases they 

share overlapping symptoms. Conversely, individuals with the same diagnosis can exhibit great 

variance in terms of the symptoms they present with and/or the degree of severity of each 

symptom. Indeed, even within a given category of an NDD (e.g. ID, ASD), several different sub-

classes have been identified, and can require unique customized treatments. Moreover, it is not 

uncommon for individuals to be diagnosed with multiple NDDs and/or additional neurological 

conditions including mental illnesses and psychiatric disorders, which can mask symptoms and 

further complicate diagnosis10,11. This can make it challenging to identify treatments that best 
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suit each person. For this reason, research that elucidates underlying mechanisms of NDDs and 

associated symptoms may allow this spectrum of disorders to be stratified, providing insight 

towards appropriately tailoring treatments to individuals. 

 

Previously identified environmental factors causing NDDs include social deprivation, physical 

trauma, toxic substances, nutrition, and metabolic/infectious diseases12. An ever-increasing 

number of genetic risk factors have also been identified, including cases of chromosomal 

aberrations (e.g. Down Syndrome13 and fragile X-syndrome14)15, copy number variations 

(CNVs)16-18 and single nucleotide variants (including de novo variants)19-32. However, the 

majority of NDDs have no known cause. Research suggests that many of these unknown cases 

may be attributed to 1) many unique rare genetic variants that have a high impact on 

development and/or 2) individuals that have accumulated many variants (de novo and/or 

hereditary; SNV and CNVs) which culminate together to determine the severity and phenotype 

of a particular NDD33. This may help explain why specific mutations (seemingly identical 

CNVs, similar mutations in same gene etc.) do not always predict similar disease outcome, while 

mutations in different genes have been identified as the cause of indistinguishable patient 

phenotypes. Moreover, it can help explain how NDDs might have both a hereditary component, 

which has been implicated in twin studies34, and a de novo component. Adding to this, research 

suggests that various identified causative genes converge on common cellular and biological 

processes, suggesting that diverse NDDs may share pathological mechanisms19-21,25,26,29,35-37. 

Hence, understanding how these common cellular pathways are affected across NDDs may 

provide new insights towards therapeutics and treatments targeted towards subsets of individuals 

with similarly affected processes. Based on the identities of identified risk genes, relevant 
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cellular pathways include synaptogenesis, cell proliferation, cell differentiation and chromatin 

remodeling. We sought to further investigate how chromatin remodelers affect 

neurodevelopment.  

 

1.2 Chromatin Remodellers 

The dynamic organization of DNA within the cell is critical for development and differentiation, 

and the nucleosome has been well established as playing a vital role in the organization 

process38. The nucleosome typically consists of 146bp of DNA wrapped around an octamer of 

H2A, H2B, H3 and H4 histones. The dynamic nature of chromatin is yielded in part by the 

various ways nucleosomes can be modified. Chromatin remodelling encompasses the various 

ways chromatin structure can be altered and controlled via histone-modifying enzymes. During 

neurodevelopment, chromatin remodelling helps orchestrate a range of important and complex 

processes including progenitor proliferation, neural migration, cell differentiation and synapse 

maturation. Chromatin remodelers contribute to this process by using energy derived from ATP-

hydrolysis in order to mobilize and remodel nucleosomes39-42. This ability is endowed to them by 

an SNF2 (sucrose nonfermenting 2)-like ATPase domain, which can be subdivided into two 

linked RecA-like lobes (also denoted as DExx and HELICc) that are linked by a variable 

insertion. Chromatin remodelers are additionally classified into at least four different families 

dependent on the other functional domains they possess; the SWI/SNF (switching 

defective/sucrose non-fermenting) family; the ISWI (imitation SWI/SNF) family; the INO80 

(inositol requiring 80) family; and the CHD (chromodomain helicase DNA binding) family. 

Additionally, several orphan families of chromatin remodellers have also been identified. This 

includes the ATRX (alpha-thalassemia/mental retardation) family and the SWRI (SWI2/SNF2-
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Related 1) family41,43. The genes in these families are well-conserved across evolution. 

Chromatin remodellers also commonly form multisubunit complexes, including the nucleosome 

remodeling and deacetylase (NuRD) complex (CHD family, ~10 subunits) to facilitate and 

enhance remodelling activities41. Here we will focus on CHD4 of the CHD family.  

  

1.3 The CHD family 

The chromodomain helicase gene family encodes a class of ATP-dependent chromatin 

remodeling proteins, which can evict or slide nucleosomes in order to remodel the epigenetic 

state of target genes. As such, they have been implicated in a variety of processes including 

transcription, proliferation and genome integrity, as well as cancer, NDDs and other 

developmental disorders in humans44. A total of 10 distinct members (CHD1, CHD1L, CHD2-9) 

have been identified so far, which have been further classified into three subfamilies based on 

homologous protein domains. A SNF2-like ATP-dependent helicase motif and two tandem 

chromodomains (chromatin organization modifier domains) are found in all CHD proteins. 

Members of Subfamily I (CHD1/CHD2) have a DNA binding domain with preference for AT-

rich sequences45. Members of Subfamily II (CHD3/CHD4/CHD5) have dual plant 

homeodomains (PHDs) which can interact with methylated histone residues and protein 

cofactors46-51. Lastly, members of Subfamily III (CHD6/CHD7/CHD8/CHD9) have BRK 

domains, a SANT-like domain, CR motifs and a non-sequence-specific DNA binding domain44.  

 

Interestingly, mutations in nearly all of the CHDs have been associated with neurodevelopmental 

disorders52-55. CHD2 mutations have been implicated in autosomal dominant childhood-onset 

epileptic encephalopathy syndrome56-58. CHD1, CHD3, and CHD4 mutations have been shown 
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to cause the dominantly inherited neurodevelopmental syndromes Pilarowski-Bjornsson 

syndrome59, Snijders Blok-Campeau syndrome60 and Sifrim-Hitz-Weiss syndrome61-63 

respectively, discussed further below. CHD5 has been implicated in neuroblastoma64, a cancer 

that develops from immature neural cells, and missense and truncation variants in CHD5 have 

been linked to an autosomal dominant neurodevelopmental syndrome with ID, epilepsy and 

behavioural symptoms (Parenti-Mignot neurodevelopmental syndrome (PMNDS))65.  Mutations 

in CHD7 have been shown to cause CHARGE syndrome66-69, characterized by a multitude of 

developmental features, with a large percentage of these patients reported to also have ASD-like 

behaviours70. Mutations in CHD8 have been implicated in causing an overgrowth-intellectual 

disability (OGID) syndrome called Zahir Friedman syndrome, which is associated with 

microcephaly71. CHD8 has also been identified as one of the most significant risk genes for 

ASD24,37,72 and associated with schizophrenia73. Additionally, mutations in CHD2, CHD6 and 

CHD7 have been shown to cause rare cases of ASD, ID or epilepsy24,74-77.  Furthermore, variants 

in other subunits of chromatin remodelling complexes have also been implicated in NDDs27,78,79. 

We will go into more depth on two of the CHD4-associated chromatin remodelling complexes 

below.  

 

1.4 The NuRD complex & the ChAHP complex 

CHD3, CHD4 and CHD5 are the only known CHDs to associate with the NuRD complex. This 

complex, also known as the Mi-2β complex, is highly conserved across plants and animals and 

regulates gene expression across multiple tissues80-83. It functions to remodel chromatin structure 

and has been accordingly implicated in a variety of important cellular processes, including 

neurogenesis and corticogenesis84. Outside of the brain, it has also been implicated in stem cell 
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differentiation, embryonic development, and genomic integrity85-88. The NuRD complex is often 

characterized by transcriptional repressor activity, however it has also been implicated in other 

transcriptional activities, including gene activation88,89.  

 

Six core subunits of the NuRD complex, all of which contain several paralogues, have been 

identified90 (Figure 1.1). These are the chromodomain-helicase DNA-binding proteins 

(CHD3/CHD4/CHD5); the histone deacetylases (HDAC1/HDAC2); the metastasis associated 

proteins (MTA1/MTA2/MTA3); the GATA zinc finger domain proteins 

(GATAD2B/GATAD2A); the retinoblastoma binding proteins (RBBP4/RBBP7); and the 

methyl-domain binding proteins (MBD2/MBD3). It is thought that the histone deacetylase 

module is formed from two HDAC1/2 subunits, an MTA1/2/3 dimer, and four RBBP4/7 

proteins. MBD2/3, in turn, is thought to connect the MTA1/2/3 dimer to an individual 

GATAD2A/B subunit, which recruits a single CHD3/4/5 subunit to form the chromatin 

remodelling module90-94. Moreover, it has been shown that the NuRD complex can be 

functionally specialized depending on which subunits it incorporates. For instance, during 

neurodevelopment, it has been shown that the sequential switching of the CHD3/CHD4/CHD5 

homologues is required for transcription regulation of distinct aspects of embryonic cortical 

development84. Moreover, the NuRD complex has been shown to interact with transcription 

factors to further dictate how and where it regulates the genome, such as Ctip2 and Ikaros95-98.  
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Diagram 1. The NuRD Complex subunits. The NuRD complex encompasses 6 core subunits: the 

chromodomain-helicase DNA-binding proteins (CHD3/CHD4/CHD5), the GATA zinc finger 

domain proteins (GATAD2B/GATAD2A), the histone deacetylases (HDAC1/HDAC2), the methyl-

domain binding proteins (MBD2/MBD3), the metastasis-associated proteins 

(MTA1/MTA2/MTA3), and the retinoblastoma binding proteins (RBBP4/RBBP7). Nucleosome 

remodeling and histone deacetylate activity are rendered by the CHD and HDAC units, respectively. 

The specific subunit homologues can confer functional specialization to the complex. Several of the 

subunits are also not exclusive to the NuRD complex.  

 

From Larrigan et al. International Journal of Molecular Sciences (2021)  

Comment [PM10]: I	feel	like	the	most	common	thing,	is	to	
call	the	introductory	figures	“Figures”.		Figure	1.1	for	this	
one.	
	
When	you	get	into	your	data	chapter	(Chapter	3	right?),	you	
can	call	the	figures,	Figure	3.1,	Figure	3.2	etc.	

Figure 1.1. The NuRD Complex subunits. The NuRD complex encompasses 6 core subunits: the 

chromodomain-helicase DNA-binding proteins (CHD3/CHD4/CHD5), the GATA zinc finger 

domain proteins (GATAD2B/GATAD2A), the histone deacetylases (HDAC1/HDAC2), the methyl-

domain binding proteins (MBD2/MBD3), the metastasis-associated proteins 

(MTA1/MTA2/MTA3), and the retinoblastoma binding proteins (RBBP4/RBBP7). Nucleosome 

remodeling and histone deacetylate activity are rendered by the CHD and HDAC units, respectively. 

The specific subunit homologues can confer functional specialization to the complex. Several of the 

subunits are also not exclusive to the NuRD complex. Created with BioRender.com. 

 

From Larrigan et al. International Journal of Molecular Sciences (2021) 
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Several of the NuRD subunit genes have also been associated with neurodevelopmental 

disorders. CHD3, CHD4 and GATAD2B-associated NDDs present as OGID syndromes with 

overlapping phenotype including microcephaly and ID, as well as motor/language delays, high 

forehead/frontal bossing, and enlarged cerebral spinal fluid spaces. Because of this, the term 

“NuRDopathies” has been proposed to further classify these OGID syndromes54. Interestingly, 

however, CHD3 and CHD4 syndromes also have distinct features, supporting the hypothesis that 

they play distinct roles during neurodevelopment99. Indeed, it has been shown these proteins also 

exhibit differences in their spatiotemporal expression patterns and functional specificity, as 

mentioned above84. More recently, as aforementioned, CHD5 has also been implicated in an 

autosomal dominant neurodevelopmental syndrome with ID (PMNDS)65. Additionally, MBD3 

has been associated with ASD79, and CASZ1, encoding another protein known to interact with 

the NuRD complex, has been associated with ID and ASD100,101. Future work might place these 

proteins under the umbrella of NuRDopathies as well, which might allow for further elucidation 

of the responsible molecular pathways. 

 

CHD4 is also an important member of the ChAHP complex. Research so far suggests this 

complex is associated with gene repression and composed of Activity-dependent neuroprotective 

protein (ADNP), CHD4 and Heterochromatin protein 1 (HP1)102. Work in cultured cells suggests 

CHD3 and CHD5 may be able to incorporate in the ChAHP complex as well103. Notably, ADNP 

mutations also cause a neurodevelopmental syndrome known as Helsmoortel-Van Der Aa 

syndrome, and ADNP is one of the top risk genes associated with ASD104. We will focus more 

on the CHD4-associated syndrome below. 
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1.5 Sifrim-Hitz-Weiss syndrome  

De novo variants in CHD4 cause the OGID syndrome known as Sifrim-Hitz-Weiss syndrome 

(SIHIWES)61-63. The most recent study to date on this syndrome has identified a total of 32 

individuals with this CHD4 syndrome. All participants were heterozygous with nearly all 

pathogenic variants being missense or in-frame insertions/deletions, with the exception of three 

variants predicted to yield truncated proteins. Notably, the majority of the variants were found 

within the SNF2-like domain of CHD4 - 16 individuals with C-terminal helicase variants and 6 

individuals with N-terminal ATPase variants (Figure 1.2). Though the location of the variants 

did not appear to track or be associated with specific symptoms. 

 

Mild to moderate ID (19/22 school aged participants), macrocephaly (11/28 participants), and 

speech delay (29/31 participants) were identified frequently in individuals. Additionally, of the 

23 individuals that underwent brain imaging (MRI), 22 (96%) presented with various types of 

brain abnormalities including ventriculomegaly, hydrocephalus requiring shunting, Chiari 1, and 

a thin corpus callosum. Together, these findings highlight the neurodevelopmental aspects of this 

syndrome. Outside of the brain, this disorder is also associated with hearing loss, hypotonia, 

gross motor delays, and abnormalities in the heart, skeleton, and gonads. Additionally, a subset 

(3 participants) had growth hormone deficiency. These findings support the idea that Chd4 acts 

in basic developmental processes.  
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Diagram 2. Domains of CHD4 and associated Sifrim-Hitz-Weiss syndrome variants. Top) The 

various domains of CHD4 and their associated roles including N-terminal domain of CHD 

(CHDNT), plant homeodomain (PHD), chromodomains, ATPase domain, C-terminal helicase 

domain, domains of unknown function (DUF1087, DUF1086) and CHDCT2 C-terminal domain. 

Bottom) Identified Chd4 variants in Sifrim-Hitz-Weiss syndrome. Red line indicates separation 

between variants in the ATPase domain versus the C-terminal helicase domain. 

 

Adapted from Weiss et al. Genetics in Medicine (2019) 

Figure 1.2. Domains of CHD4 and associated Sifrim-Hitz-Weiss syndrome variants. Top) The 

various domains of CHD4 and their associated roles including N-terminal domain of CHD 

(CHDNT), plant homeodomain (PHD), chromodomains, ATPase domain, C-terminal helicase 

domain, domains of unknown function (DUF1087, DUF1086) and CHDCT2 C-terminal domain. 

Bottom) Identified Chd4 variants in Sifrim-Hitz-Weiss syndrome. Red line indicates separation 

between variants in the ATPase domain versus the C-terminal helicase domain. 

 

Adapted from Weiss et al. Genetics in Medicine (2019) 
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Weiss et al. revealed that two of the missense mutations in the C-terminal helicase domain of 

CHD4 did not appear to affect CHD4’s ability to interact with HDAC or localize to the nucleus 

when transfected into HEK293 cells. This suggests these mutants might instead impair complex 

activity63. Further investigations revealed that most SIHIWES variants exhibited a decrease in 

ATP hydrolysis and chromatin remodelling activities compared to wildtype62. These data give 

clues toward how a small subset of CHD4 variants may impact neurodevelopment, though more 

research is needed to understand how variants lead to changes in phenotype at an organism level.  

 

1.6 Neurodevelopment in the cortex 

The mature six-layered mammalian neocortex (cerebral cortex) is highly specialized and has 

been extensively studied due to its rapid evolution in mammals and expansion in humans. Many 

NDDs have been linked to impaired neocortical development105. At around E9.5, the neural tube 

gives rise to the telencephalon in the murine brain. The dorsal telencephalon goes on to develop 

the neocortex, as well as additional structures, including the olfactory cortex and hippocampus. 

The unique layered organization of excitatory neurons within the cortex is generated by 

progenitor cells between ~E11-E18105,106 (Figure 1.3). Briefly, neuroepithelial cells within the 

ventricular zone proliferate and differentiate into radial glial cells (apical progenitors) between 

~E10-E12. The radial glia undergo asymmetric divisions to generate deep layer neurons (~E11-

E13), then upper layer neurons (~E14-E18), allowing for cortical neuron development in an 

inside out fashion. Some radial glial also generate intermediate progenitor cells (basal 

progenitors), which typically divide symmetrically into two daughter cells that tend to migrate to 

the upper layers. Hallmark transcription factors have been identified that help determine final 

neuron identity and discriminate between the various neural subtypes (Table 1). Following 
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neuron generation, radial glia progenitors switch to generating glial cells within the cortex (~E18 

onwards)107. Cells created outside the cortex, including Cajal-Retzius cells, cortical interneurons, 

and the initial wave of oligodendrocyte precursors, also migrate tangentially into the cortex 

during the development process. Postnatally, neocortical development includes the generation of 

glial cells, layer maturation, and circuit refinement.  
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Figure 3. Development of the murine neocortex. At E10, neuroepithelial cells (white) in the ventricular zone (VZ) prolif-
erate to expand the progenitor pool. By E12, neuroepithelial progenitors differentiate into radial glial cells (light blue). 
Radial glia begin to undergo self-renewing asymmetric divisions, producing neuronal precursors that contribute to the 
preplate (PP; dark brown). By E14, the preplate has split into the marginal zone (MZ) and subplate (SP). Subsequent waves 
of neurons migrate radially along basal processes of radial glia, and take up positions in the cortical plate (CP), settling in 
an inside out fashion: deep layers (yellow) are generated first and upper layers (light brown) begin to be generated later. 
By E14, some radial glial cells give rise to intermediate or basal progenitor cells, which in turn, are thought to divide in 
the subventricular zone (SVZ) to give rise to pairs of daughter neurons (shown in dark blue). Radial glial cells transition 
from generating neurons to generating glial cells at around E16 (green). Gliogenesis, layer maturation, axonogenesis, den-
dritogenesis, and circuit refinement continues to unfold postnatally, ultimately yielding the mature six-layered neocortex. 
IFL: inner fiber layer, SEZ: subependymal zone. I–VI: neural layer I–IV. 

7. NuRD Complexes and Neurogenesis 
Precocious gliogenesis was not observed in Mbd3 conditional mutant neocortices. 

However, during early phases of neocortical development, the Gotoh lab observed that 
Polycomb is required to maintain the birth order of neocortical neurons [115]. Similarly, 
Knock et al. reported that the identities of neocortical neuronal subtypes became blurred 
in Mbd3 conditional mutants, with markers of early-born and late-born neurons inappro-
priately coexpressed [77]. Finally, the Tole laboratory demonstrated that the NuRD com-
plex interacts with the homeodomain transcription factor Lhx2 [116], which is a key ‘se-
lector gene’ required for neocortical progenitor identity [117]. Muralidharan et al. showed 
that Lhx2 and Rbbp4 bound and suppressed Sox11, which encodes a transcription factor 
that contributes to the identity of early-born neocortical neurons [118]. Together, these 
studies suggest that the NuRD complex may additionally cooperate with Polycomb dur-
ing early phases of neocortical development. 

In addition to Casz1, and Lhx2, the NuRD complex has also been shown to physically 
interact with a number of additional transcription factors that are known to regulate neu-
rogenesis and neuronal cell fate. These include transcription factors expressed in progen-
itors (Ikzf1/2 [119], Fezf2 [120–124], Myc [125,126], Sall1 [127,128], Sox2 [129–131]), early-
born neurons (Bcl11a/b [132–135], Fezf2, Zeb2 [136,137]), and late-born neurons (Satb1/2 
[138–140]). Importantly, formal support demonstrating that these transcription factors de-
pend on NuRD to regulate neurodevelopment is largely lacking. Only Casz1, Lhx2, and 

Figure 3. Development of the murine neocortex. At E10, neuroepithelial cells (white) in the ventricular zone (VZ) proliferate
to expand the progenitor pool. By E12, neuroepithelial progenitors differentiate into radial glial cells (light blue). Radial glia
begin to undergo self-renewing asymmetric divisions, producing neuronal precursors that contribute to the preplate (PP;
dark brown). By E14, the preplate has split into the marginal zone (MZ) and subplate (SP). Subsequent waves of neurons
migrate radially along basal processes of radial glia, and take up positions in the cortical plate (CP), settling in an inside out
fashion: deep layers (yellow) are generated first and upper layers (light brown) begin to be generated later. By E14, some
radial glial cells give rise to intermediate or basal progenitor cells, which in turn, are thought to divide in the subventricular
zone (SVZ) to give rise to pairs of daughter neurons (shown in dark blue). Radial glial cells transition from generating
neurons to generating glial cells at around E16 (green). Gliogenesis, layer maturation, axonogenesis, dendritogenesis, and
circuit refinement continues to unfold postnatally, ultimately yielding the mature six-layered neocortex. IFL: inner fiber
layer, SEZ: subependymal zone. I–VI: neural layer I–IV.

7. NuRD Complexes and Neurogenesis

Precocious gliogenesis was not observed in Mbd3 conditional mutant neocortices.
However, during early phases of neocortical development, the Gotoh lab observed that
Polycomb is required to maintain the birth order of neocortical neurons [115]. Similarly,
Knock et al. reported that the identities of neocortical neuronal subtypes became blurred in
Mbd3 conditional mutants, with markers of early-born and late-born neurons inappropri-
ately coexpressed [77]. Finally, the Tole laboratory demonstrated that the NuRD complex
interacts with the homeodomain transcription factor Lhx2 [116], which is a key ‘selector
gene’ required for neocortical progenitor identity [117]. Muralidharan et al. showed that
Lhx2 and Rbbp4 bound and suppressed Sox11, which encodes a transcription factor that
contributes to the identity of early-born neocortical neurons [118]. Together, these studies
suggest that the NuRD complex may additionally cooperate with Polycomb during early
phases of neocortical development.

In addition to Casz1, and Lhx2, the NuRD complex has also been shown to physically
interact with a number of additional transcription factors that are known to regulate
neurogenesis and neuronal cell fate. These include transcription factors expressed in
progenitors (Ikzf1/2 [119], Fezf2 [120–124], Myc [125,126], Sall1 [127,128], Sox2 [129–131]),
early-born neurons (Bcl11a/b [132–135], Fezf2, Zeb2 [136,137]), and late-born neurons
(Satb1/2 [138–140]). Importantly, formal support demonstrating that these transcription
factors depend on NuRD to regulate neurodevelopment is largely lacking. Only Casz1,
Lhx2, and Satb2 have thus far been shown to be necessary for NuRD recruitment, or to
require NuRD for neurodevelopmental functions [10,116,139].

Taken together, studies in the neocortex and retina suggest that neural progenitor
cells utilize the NuRD complex to reinforce multiple temporal competence states, ensur-

Figure 1.3. Development of the six-layered mouse neocortex. Neuroepithelial cells (very light 

blue) within the ventricular zone proliferate and differentiate into radial glial (light blue) 

progenitors between ~E10-E12. Radial glia undergo asymmetric divisions and generate cells that 

help form the preplate (PP; dark brown), which then splits into the marginal zone (MZ (also known 

as layer I)) and subplate (SP). The radial glia continue undergo asymmetric divisions to yield early-

born deep layer V and VI neurons (yellow) and late-born upper layer IV and II/II neurons (brown), 

migrating into the cortical plate (CP) in an inside out fashion. Around E13, some radial glia cells 

also generate intermediate (basal) progenitor cells (dark blue), which typically divide into two 

daughter neurons that migrate to the upper layers. Radial glia progenitors then switch to generating 

glial cells (green). Cells created outside the cortex, including Cajal-Retzius cells, cortical 

interneurons, and the initial wave of oligodendrocyte precursors, also migrate tangentially into the 

cortex during the development process (not shown).  

 

From Larrigan et al. International Journal of Molecular Sciences (2021)  
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Table 1. Cell specific markers in the murine cortex. Examples of markers expressed in neural 

and glial subtypes in the murine cortex.  

 

 

1.7 Chd4 and neurodevelopment in rodents  

Chd4 germline mutants are unable to implant, making them inviable and highlighting its role as 

an essential gene108. Moreover, even though mouse knockout model of exons 11 and 12 of the 

Chd4 chromodomains did manage to implant, the knockouts were embryonic lethal prior to 

organogenesis (International Mouse Phenotyping Consortium (IMPC)). Conditional knockouts 

are thus important for studying Chd4’s requirement in neurodevelopment. Indeed, research has 

implicated Chd4 in various aspect of neurodevelopment including regulation of neurogenesis and 

neural plasticity in rodents84,109-112. In primary cortical cultures, Chd4 was shown to suppress 

astroglial differentiation in neural progenitor cells (NPCs)109. The role of Chd4 in the NuRD 

complex was also implicated during embryonic cortical development84. Nestin-Cre driven 

conditional knockout of Chd4 in the embryonic nervous system resulted in reduced proliferation 

of apical NPCs and reduced number and proliferation of basal NPCs. This led to a decrease in 

cortical plate thickness – particularly in the upper layers (II and III), but not lower layers (IV-

VI), of the cortex. This also contributed toward reduced brain size and cortical thickness in these 
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implicated Chd4 in various aspect of neurodevelopment including regulation of neurogenesis and 

neural plasticity in rodents84,109-112. In primary cortical cultures, Chd4 was shown to suppress 

astroglial differentiation in neural progenitor cells (NPCs)109. The role of Chd4 in the NuRD 

complex was also implicated during embryonic cortical development84. Nestin-Cre driven 

conditional knockout of Chd4 in the embryonic nervous system resulted in reduced proliferation 

of apical NPCs and reduced number and proliferation of basal NPCs. This led to a decrease in 

cortical plate thickness – particularly in the upper layers (II and III), but not lower layers (IV-

VI), of the cortex. This also contributed toward reduced brain size and cortical thickness in these 

conditional knockouts. Nestin-Cre Chd4 conditional knockouts were also perinatally lethal, 
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conditional knockouts. Nestin-Cre Chd4 conditional knockouts were also perinatally lethal, 

further highlighting Chd4’s importance during neurodevelopment4. Conversely, it was shown 

that Chd4 did not appear to have an effect on cortical radial migration or neuronal polarity, 

whereas these aspects were affected by Chd3 and Chd5 knockdown. Since CHD subunits are 

monomeric within NuRD, they incorporate into the complex in a mutually exclusive fashion54. 

Accordingly, it was shown that Chd3, Chd4 and Chd5 incorporated into the NuRD complex in a 

temporal fashion during cortical development. The form of the NuRD complex with Chd4 

appears to be most prominent during the earlier stages of development (~E12.5) in the neural 

progenitor cells, while Chd3 and Chd5 appear to be expressed and incorporated into the complex 

at later stages of neurodevelopment when migrating neurons are more abundant. This temporal 

expression pattern appears to correlate with their non-overlapping roles during cortical 

development.  

    

In addition to neurogenesis, Chd4 may also contribute to the functions of postmitotic neurons. 

Conditional knockout of Chd4 in cerebellar granule neurons of mice and knockdown of Chd4 by 

RNAi in rats revealed that Chd4 was required for proper development of synaptic connectivity in 

the cerebellar cortex110. Another study found that Chd4 knockout in the granule neurons of the 

mouse cerebellum also impaired dendrite pruning, and that these mice exhibited deficits in 

procedural learning behaviour tests, such as the accelerating rotarod111. In both studies, these 

essential Chd4 functions were linked to the NuRD complex and transcriptional repression, since 

RNAi on other NuRD subunits phenocopied Chd4 ablation. Additionally, it has been shown that 

Chd4 knockout in murine postmitotic cerebellar granule neurons results in increased accessibility 
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to enhancers and promoters on a genome-wide basis, which had concomitant effects on gene 

expression112.  

  

1.8 Research Gaps in studying Chd4  

Though previous research highlights a clear role for Chd4 during neurodevelopment, the role of 

Chd4 during cortical development remains to be fully elucidated. For instance, 1) research in the 

cerebellum suggests that Chd4 may also play a role in post-mitotic neurons, which has yet to be 

addressed in the cortex. Moreover, 2) cortical development (encompassing neurogenesis, 

gliogenesis, layer specific cell differentiation, and cortical arealization) continues during the first 

postnatal week. However previous attempts to knockout Chd4 in neural progenitors led to 

perinatal lethality, preventing examination beyond birth. Additionally, 3) a thorough 

investigation between Chd4 function and behaviour has yet to be performed despite clear links of 

Chd4 variants in humans with intellectual disability. This precludes our understanding of how 

changes in Chd4 lead to clinically relevant phenotypes. 4) Previous work with Chd4 knockout in 

NPCs resulted in a microcephaly phenotype resulting from impaired NPC proliferation and cell 

death. However, many individuals with de novo Chd4 mutations present with macrocephaly, 

suggesting that Chd4 might regulate uncharacterized aspects of neural progenitor proliferation 

not previously captured by knockout models. Lastly, 5) previous studies described phenotypes 

almost exclusively in Chd4 knockouts, whereas Chd4 syndrome is heterozygous in nature. 

Examining heterozygotes in more detail may help provide further insight into whether Chd4 

variants act in a loss-of-function or dominant-negative fashion in Sifrim-Hitz-Weiss syndrome. 

We aimed to expand upon current research, which has precluded detailed analysis of the 

relationship between Chd4 heterozygosity, postnatal cortical development, and behaviour.  
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1.9 Hypothesis and Aims 

We hypothesize that i) Chd4 is required for neocortical (dorsal forebrain) neurogenesis and 

neurodevelopment and ii) that decrease or loss of Chd4 expression leads to variations in 

behaviour. 

 

1) We aim to generate and compare genetic mouse models of decreased or lost Chd4 

expression that more accurately recapitulate SIHIWES and that can be examined 

postnatally and to examine these mouse models for changes in forebrain development 

and/or cell composition. 

 

2) We aim to assess our genetic mouse models of decreased or lost Chd4 expression for 

meaningful variations in behaviour.  
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Chapter 2. Methods  

2.1 Animal work  

All animal work was approved by the University of Ottawa Animal Care Committee and carried 

out following guidelines set out by the Canadian Council of Animal Care. The University of 

Ottawa Animal Care and Veterinary Services facility provided animal housing, where animals 

were kept in a 12-hour light cycle with food and water provided ad libitum. All mouse lines were 

maintained on a C57BL/6J background. CMV-Cre mice were purchased directly from The 

Jackson Laboratory (B6.C-Tg(CMV-cre)1Cgn/J, Stock no. 006054). Emx1-Cre+ mice were 

generously donated by Dr. David Picketts (OHRI, Ottawa, Canada). Chd4f/f founders were 

generously donated by Dr. Katia Georgopoulos (Harvard). Emx1-Cre mice and Chd4f/f mice were 

backcrossed to C57BL/6J background mice a minimum of six generations before 

experimentation began. Female Chd4f/f mice were crossed with male Emx1-Cre+, Chd4f/+ mice 

to yield control (Emx1-Cre-, Chd4f/+; Emx1-Cre-, Chd4f/f) Chd4 conditional knockouts (Emx1-

Cre+, Chd4f/f) and conditional heterozygotes (Emx1-Cre+, Chd4f/+). CMV-Cre+ animals were 

crossed with Chd4f/+ animals to yield control (CMV-Cre-, Chd4+/+; CMV-Cre-, Chd4f/+; CMV-

Cre+, Chd4+/+) and full body heterozygous (CMV-Cre+, Chd4+/DEL) mice.  All mice were 

included in our analyses with the exception of biological replicates where tissue was damaged, 

mice requiring euthanasia due to hydrocephalus (n = ~3), or when data was lost due to software 

malfunctions.   

  

2.2 Genotyping 

Ear clippings in adult mice or tail clippings in pre-natal/juvenile mice were collected. DNA was 

isolated with 50 mM NaOH at 95˚C for 20 mins followed by neutralization with 1M Tris pH 7.4, 
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vortex, and 5 min centrifuge spin (Legend Micro 21 Centrifuge, Sorvall, Thermo Scientific, 

Catalogue no. 75002437) at max speed. Polymerase chain reaction (PCR) was performed using 

primers listed in Table 1. Taq FroggaMix (Catalogue no. FBTAQM48, Frogga) was used for 

elongation and the thermocycler settings were as indicated in Table 2. Amplicons were run on 

1.5% agarose gel (1.5% w/v agarose, 0.003% Ethidium Bromide in 1 X TAE Buffer (24.2% w/v 

Tris base, 5.7% glacial acetic acid, 50mM EDTA pH 8.0 in ddH2O), and visualizing using 

ultraviolet detection (Gel Doc XR+ Molecular Imager, Bio-Rad). Amplicon size was verified 

against 1kB DNA Ladder (GeneRuler 1 kb Plus DNA Ladder, Thermo Scientific, Catalogue no. 

FERSM1331). Mice used in behaviour studies were genotyped 2-3 times (one to two times 

before testing, once after testing) to confirm genetics.  Mice denoted as “WT” include mice of 

the following genotypes: Emx1-Cre-, Chd4+/+; Emx1-Cre-, Chd4f/+; Emx1-Cre-, Chd4f/f; Emx1-

Cre+, Chd4+/+; CMV-Cre-, Chd4+/+; CMV-Cre-, Chd4f/+; CMV-Cre-, Chd4f/f; CMV-Cre+, 

Chd4+/+. 

 

Table 2. Polymerase Chain Reaction Thermocycler settings for Chd4 Flox, Chd4 DEL and Cre 

primers.  

PCR Thermocycler Protocol 

Step 1 94˚C for 3:00 minutes 

Step 2 94˚C for 0:30 minutes 

Step 3 54˚C for 0:30 minutes 

Step 4 72˚C for 1:00 minutes 

Step 5 Repeat steps 2-4 35X 

Step 6 72˚C for 10:00 minutes 

Step 7 Hold at 12˚C 
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2.3 Dissection   

Adult mice were euthanized via CO2 inhalation followed by cervical dislocation. The brains 

were dissected out, weighed, imaged, and fixed in 4% PFA overnight. Mouse pups were 

euthanized via decapitation, followed by brain dissection, imaging, fixing in 4% PFA overnight, 

and weighing. For immunohistochemistry, brains were subsequently transferred to 20% sucrose 

for 24 hours, freezing solution (1:1 of OCT:30% sucrose in PBS) for 24-36 hours, and frozen 

down to -80˚C in freezing solution.  

  

2.4 Immunofluorescence 

Brains were sectioned coronally using a Leica CM1860 cryostat. Thickness was set at 12µm for 

pre-natal brains and 16µm for post-natal brains. For consistency across coronal sections, the 

primary somatosensory cortex located between the crossing of the corpus collosum to the 

beginning of the hippocampus was targeted. Sections were rinsed in 1X PBS followed by antigen 

retrieval in citrate buffer (10 mM Sodium citrate, 0.05% Tween 20, pH 6.0) using a pressure 

cooker for 10mins, and rinsing with water for 10 minutes. All antibodies were diluted in 30% 

w/v Bovine Serum Albumin, 0.4% Triton, and 1:5000 Hoechst in PBS. Rat anti-Ctip2 (1:200, 

Abcam ab18465), Rabbit anti-Brn2 (1:200, Cell Signaling Technology 12137S), rat anti-Satb2 

(1:100, Abcam ab51502), Rabbit anti-Tbr1 (1:100, Cell Signaling Technology 49661), Rabbit 

anti-Olig2 (1:200, Novus Biologicals NBP1-28667SS), rabbit anti-Aldh1l1 (1:100, Abcam 

ab87117), mouse anti-Chd4 (1:200, Abcam ab70469), rat anti-Chd4 (BioLegend 942302, 1:100), 

rabbit anti-Chd4 (Abcam ab72418, 1:100), goat anti-Sox2 (R&D Systems AF2018, 1:200), 

rabbit anti-Neurog2 (Cell Signaling Technology 13144S, 1:250), mouse anti-Pax6 

(Developmental Studies Hybridoma Bank PAX6, 1:10), and rabbit anti-Tbr2 (Abcam ab23345, 
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1:100) primary antibodies were left overnight at 4˚C, followed by three 1X PBS washes, 

secondaries (Alexa Fluor 488 goat anti-mouse IgG (Jackson ImmunoResearch 115-545-003; 

1:1000), DyLight 550 donkey anti-rat IgG (Invitrogen SA510027; 1:1000), Dylight 650 donkey 

anti-rabbit IgG (Novus Biologicals NBP1-75634; 1:1000)) were incubated for 1 hour at room 

temperature, three 1X PBS washes and mounted in Mowiol mounting media (12% w/v Mowiol 

4-88, 30% w/v glycerol, 120mM Tris-Cl pH 8.5, 2.5% DABCO).  

   

2.5 Cell Counting and imaging 

Every other section, barring imperfections, was imaged using the Zeiss LSM900 Confocal 

Microscope at 200X magnification. Single Z-stack images were tiled and stitched using Zeiss 

software. Manual cell counting was performed using Adobe Photoshop on 200µm-wide sections 

of somatosensory cortex between the crossing of the corpus callosum and the start of the 

hippocampus. Each 200µm-wide section was separated into six 200µm-wide bins of equal height 

for counting. This allowed the proportion of cells in the upper sixth area of the cortex to the 

lower sixth area of the cortex to be assessed, as well as total (i.e. absolute) counts. Three 

technical replicates were counted for each biological replicate.   

  

2.6 Cortex area and cerebellum area measurements 

Brains were imaged post-dissection using the Zeiss Stemi 508 stereo microscope with Axiocam 

ERc 5s at 6.3X magnification. Images were imported into Fiji and the outline of cortex or 

cerebellum was traced using the “polygon selections” tool. Area measurements were recorded 

and used for subsequent analysis. Scale was consistent across images and is depicted with 

arbitrary units.  
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 2.7 Statistics 

Data is presented as mean ± standard deviation unless otherwise indicated. Round black circles 

represent individual data points. Emx1-Cre vs CMV-Cre lines were assessed separately due to 

significant differences between the control groups of both lines (see Figure 3.3C, E; Figure 3.4D; 

Figure 3.5 C, D, E and control lanes in Figure 4.9 B/E, D/G; Figure 4.11B/G, C/H, D/I; Figure 

4.12B/D for examples). Statistical analysis of two groups or three groups was performed vs 

Student’s t-test, or one-way ANOVA with Tukey’s post-hoc tests (as indicated in the figure 

legends/text), respectively. P < 0.05 was considered statistically significant. All statistical 

analyses and graphs were performed/generated using GraphPad Prism version 8.0.0 for OS X, 

GraphPad Software, San Diego, California USA, www.graphpad.com. 

  

2.8 Behaviour analysis 

Behaviour testing, including protocols and materials provided, was done with the Behavioural 

Core Facility at the University of Ottawa. Mice were assessed between ~3-8 months of age, with 

females and males housed separately. Mice were habituated to testing room for at least 30 

minutes prior to commencing testing. Mice were handled (lifted out of cage and put back 3-4 

times) for 5 days prior to testing commencing. Testing was scheduled so that mice only 

performed one behaviour test a day following established protocols. Behaviour testing was 

recorded with a video camera mounted appropriately and subsequently analyzed using 

Ethovision software (Noldus). Velocity and distanced travelled measurements were captured 

during each behaviour test. During analysis, male and female data was pooled, as no sex-specific 

significant differences were observed, unless otherwise indicated. One female gHT mouse died 

during behaviour testing, hence some of the tests only have biological replicates of five female 
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gHT instead of six. Additionally, one batch of mice was not subjected to the elevated plus maze 

during testing, explaining why the biological replicates are lower in this test compared to others. 

All testing was performed blind to animal genotype. 

  

Elevated Plus Maze 

Mice were placed in the middle of a plus shaped apparatus that was elevated above the 

ground for 10 minutes under 100 lux lighting. Two arms of the plus maze, opposite to 

each other, were enclosed (6 cm wide x ~69cm long, 20 cm high walls) while the 

remaining two were open (6 cm wide x ~69cm long, raised 74 cm off the floor). The 

number of entries the mouse made into the closed versus open arms, as well as the time 

spent in the closed versus open arms was measured. Measurements of mice activity, 

videos of mice activity, and analysis was collected using Ethovision software (Noldus).  

  

Open Field   

Mice were placed in the middle of an opaque plastic box (45 cm x 45 cm x 45 cm) with 

an open top. A camera mounted above the box recorded the mice activity for 10 minutes 

under 300 lux light. Ethovision software (Noldus) was used to analyze videos of mice 

activity. The amount of time mice spent in the center of the box (small centre and large 

centre) and the corners of the box was recorded. The latency for the mice to reach the 

corners of the box was also measured.   

 

Beam Break  

Mice were placed in a new housing cage that was placed between a photocell emitters 

and photocell receptors system for 24 hours. Disruption of the infrared light as the mouse 
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moved through the cage was detected and recorded by the photocell analyzer (Micromax 

Analyzer, AccuScan) and subsequently tallied through computer analysis (Fusion 5.3 

software, Omnitech Electronics Inc.). Ambulatory Activity Counts, measuring the 

amount of beam breaks that occurred while the animal was ambulating (vs stereotypic 

behaviour such as grooming, etc.) was plotted. Unfortunately due to a software 

malfunction, data was lost during the first three to four hours of testing for one cohort of 

mice, which included 13 WTs, 3 Chd4 cHTs and 4 Chd4 cKOs. This can explain the 

jump in data of the cKOs between 12:30-13:30 (See Figure 4.7).  

  

Marble Burying   

Mice were first habituated to the testing arena with no marbles present for 5 minutes. 

Subsequently, 20 marbles were evenly spaced atop woodchip bedding in a 4 x 5 marble 

grid in the arena. Mice were placed in the testing area again for 30 minutes and the 

number of marbles buried after this time was manually recorded. 75%+ of marbles 

covered by bedding was considered as buried.   

  

Adult Social Interaction  

Mice were habituated in red light before testing, and the test was subsequently performed 

under red light. During the habituation phase, a mouse was placed in the corner of a 45 

cm x 45 cm x 45 cm box with a 5.5 cm x 9.6 cm wire mesh rectangular cage located 

along one side and allowed to explore for 5 minutes. After this point, the mouse was 

removed and temporarily placed in a clean container for 5 minutes. Next, a C57BL/6J 

background social target mouse (of the same gender and of similar age) was placed inside 



	 	 	
	

	 	 	
	

25	 

the wire mesh cage for the socialization phase. The tested mouse was reintroduced into 

the box for 5 minutes and activity recorded. Time spent and number of entries of the 

mouse’s body near the cage (large interaction zone) and in the corners was recorded, as 

well as time and number of entries the nose point of the mouse entered the small 

interaction zone around the cage.   

  

Rotarod  

Mice were placed on a horizontal textured rod (IITC Life Science, Ugo Basile) rotating at 

a speed of 5 RPM. The speed was gradually increased to 40 RPM over the course of five 

minutes and the time the mouse spent on the rod before falling off (latency to fall) was 

recorded. Mice were trained on the Rotarod four times a day with 10 minute intertrial 

intervals in their home cage. This was performed for four consecutive days.   

  

Morris Water Maze   

A ~132cm diameter pooled was filled with opaque (white non-toxic tempura paint) water 

(22˚C) with a 10cm diameter white platform hidden 1cm below the surface of the water. 

The pool had 4 starting location at the edge of the pool located equidistant to each other, 

and the platform was located between two of them about 24cm from the edge of the pool. 

Lighting was set to 140 lux and the pool was surrounded by 4 white “walls”. Two black 

visual cues were located on two of the adjacent walls to allow for spatial navigation. 

Briefly, a mouse was placed in the water at one of the starting points and allowed to try 

and find the platform for 1 minute. If they did not find it, the platform was tapped by the 

researcher, and if the mice still did not find it, gently guided by the tail towards the 
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platform. Once on the platform, the mouse was left for 10 seconds, prior to being 

removed, toweled off and returned to its home cage for a 15-minute intertrial interval. 

Mice were trained 4 times a day at each of the locations, the order of which was 

randomized. After 6 days of training, the platform was removed and the amount of time 

the mouse spent in the quadrant where the platform was located, and the number of times 

the mouse crossed the area where the platform had been was measured.   

  

2.9 Optomotor Analysis 

 The StriaTech Optodrum was used to assess visual acuity in mice. Briefly, a mouse was placed 

atop a white 9 cm diameter platform in the middle of the OptoDrum (box shaped). Contrast 

cycles were set at 99.72% with a constant rotation speed of 12˚/s. The number of cycles was set 

to start at 60 cycles (0.167 cyc/˚) and increased/decreased following an automatic staircase 

procedure that allowed determination of visual acuity (i.e., max number of cycles mice would 

respond to). Mice were tested for three consecutive trials in one day and the mean of these trials 

was calculated and graphed.  
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Chapter 3. Characterizing cortical growth in Chd4 mouse models 

3.1 Characterizing Chd4 expression and generation of Chd4 mouse models  

It is generally thought that Chd4 is ubiquitously expressed throughout cell types and tissues. To 

examine Chd4 expression during neocortical development, we performed a comprehensive set of 

co-stainings with cell type-specific marker proteins (Figure 3.1). We found that Chd4 appeared 

fairly ubiquitously expressed, with co-expression in neural progenitor cells (Pax6), intermediate 

progenitor cells (Tbr2), early born/deep layer neurons (Tbr1, Ctip2), late born/upper layer 

neurons (Brn2, Satb2), and a subset of glia cells (Olig2, Aldh1l1) among others. Hence, we 

generated a detailed reconstruction of Chd4 expression during cortical development and found 

that Chd4 is present and may play a role in various cell types.  
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Figure 3.1. Chd4 is expressed in various neural cell types throughout development. A-D) Co-staining 

of Chd4 with NPC markers Pax9 and Tbr2 (A), upper layer neuron markers Brn2 and Satb2 (B, C), deep 

layer neuron markers Ctip2 and Tbr1 (B, C) and glial cells markers Olig2 and Aldh1l1 (D) at E13.5 

and/or P7 stages in murine cortex. Chd4 co-staining with neuron markers also observed at E14.4, E17.5, 

P0, and P30 stages (not shown).
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In order to assess the role of Chd4 in neurodevelopment and behaviour, we generated and 

characterized mouse lines with reduced or conditionally ablated Chd4 expression. We took 

advantage of a previously developed mouse line that allows for conditional knockout of the Chd4 

ATPase domain (exons 12-21) using a Cre/loxp approach113, as most identified individuals with 

Sifrim-Hitz-Weiss syndrome present with missense mutations in the SNF2-like domains of Chd4 

(Figure 3.2A). Previous work suggests that loss of these exons will inactivate Chd4 and lead to 

reduced full length mRNA and protein levels, allowing for a Chd4 knockout phenotype113. To 

validate this, we used an antibody targeting an epitope outside of the ATPase domain in our 

Chd4 conditional knockouts and found that Chd4 staining was greatly reduced in the 

somatosensory cortex (Figure 3.2B). We believe the remaining Chd4 expression in the cortex 

was due to cells that fell outside of our Cre-driver (Emx1-Cre) lineage, including inhibitory 

cortical neurons. 

 

All individuals with SIHIWES identified to date are heterozygous. Hence, we crossed mice 

heterozygous for the Chd4 floxed exons with CMV-Cre, a ubiquitous-Cre driver to examine full 

body (germline) heterozygous Chd4+/DEL mice (Chd4 gHTs), which we predicted would better 

model the human genetics. We additionally sought to more deeply investigate Chd4’s role in the 

cortex, as SIHIWES presents very frequently with intellectual disability, suggesting a role for 

Chd4 in the executive and associative centers of the brain. Moreover, patients frequently exhibit 

macrocephaly, and Nitarska et al. previously found cortical growth phenotypes84. However, the 

Nestin-Cre driver used by Nitarska et al. is expressed throughout the neural tube at very early 

stages (~E7.75114), and led to perinatal lethality84. To ablate Chd4 in a later (~E9.5) and more 

restricted fashion, we used an Emx1-Cre driver115 to target the dorsal telencephalon, which gives 
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rise to the cortex, in order to generate Chd4 conditional knockouts (Chd4 cKOs) and conditional 

heterozygotes (Chd4 cHTs) (Figure 3.2A). The Emx1-Cre driver was found to be largely specific 

to the cortex (Figure 3.2C), although we did observe some Cre expression in the hypothalamus, 

hippocampus and in the dermis (not shown, however confirmed in the literature)115. As previous 

work indicates germline homozygous mice will be lethal, we excluded them from our study84,108. 

We found that all mouse models were viable. However, we observed significantly less Emx1-

Cre+; Chd4flox/flox mice than expected following Mendelian ratios (Table 3). A few mice in the 

Emx1-Cre line also presented with hydrocephalus requiring euthanasia around P30, with one 

confirmed to be a Chd4 cKO (Figure 3.2D). Additionally, a small subset of adult Chd4 cKOs 

presented with what appeared to be benign skin growths/lesions, possibly as a result of the 

Emx1-Cre driver expressing in the dermis (data not shown), where it was previously shown to be 

required for barrier function116.  Brief examination of the hippocampus in Chd4 cKOs also 

revealed apparent defects in development relative to wildtype, with the dentate gyrus appearing 

almost completely abolished (Figure 3.2E). Chd4 cHTs and gHTs were generated in expected 

Mendelian numbers (Table 3 and Table 4, respectively), though there were more WT mice than 

expected generated in our Chd4 gHT crosses. The Cre allele is also thought to be x-linked in this 

model, which may help explain the slight change in numbers.  

 

Chd4 cKOs, cHTs and gHTs were identified by PCR genotyping and validated by 

immunohistochemistry (Figure 3.2 B, F, G). Western Blot analysis (not shown) revealed that 

Chd4 was still expressed in Chd4 gHTs. 
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Table 3. Mendelian Ratios of Chd4 cHT and cKO mice. Emx1-Cre+; Chd4Flox/+ mice were crossed 

with Chd4Flox/Flox mice to yield Chd4 conditional heterozygotes and conditional knockouts. Data was 

retrieved from two P7 litters (2 Chd4 cKO / 17 mice) and litters post weaning. Probability based off Chi-

square vale was calculated. Degrees of Freedom = 3.  

Emx1-Cre+; Chd4f/+ x Chd4f/f 
Chd4f/f Chd4+/f 

Emx1-Cre- Emx1-Cre+ Emx1-Cre- Emx1-Cre+ 

Expected 19.25 19.25 19.25 19.25 
Observed 34 3 14 26 

Chi-square value 11.30195 13.71753 1.431818 2.366883 

Probability 0.05* 0.01** n.s. n.s. 
 

 

Table 4. Mendelian ratios of Chd4 gHT. CMV-Cre+; Chd4+/DEL mice were crossed with CMV-Cre+ 

mice to yield Chd4 germline heterozygotes. Data was retrieved from four P7 litters (5 Chd4 gHT / 22 

mice) and litters post weaning. Probability based off Chi-square vale was calculated. Degrees of Freedom 

= 3.  

CMV-Cre+ x CMV-Cre+ Chd4+/DEL Chd4+/+ Chd4+/DEL 

Cre- Cre+ Cre- Cre+ 

Expected 9.625 28.875 10.75 28.875 
Observed 29 22 7 19 

Chi-square value 39.00162 1.97153 1.30814 3.82243 

Probability 0.01* n.s. n.s. n.s. 
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Figure 3.2. Creating three Chd4 mouse models to understand SIHIWES. A) Mouse model strategy. A 

mouse with a floxed ATPase domain of Chd4 was crossed with an Emx1-Cre driver to yield conditional 

heterozygotes (cHTs) and conditional knockouts (cKOs) specific to the dorsal telencephalon. The floxed 

ATPase mouse was also crossed to CMV-Cre+ mice to yield germline heterozygotes (gHTs). Created 

with BioRender.com. B) Staining of P7 brain in a wildtype and Emx1-Cre Chd4 conditional knockout 

demonstrating loss of Chd4 staining in the brain. The antibody used mapped outside of the floxed ATPase 

domain of Chd4, suggesting loss of Chd4 protein. C) Staining of YFP in Emx1-Cre+, ROSA-YFR/YFP P2 

mouse brain, showing pattern of Emx1 expression in the cortex. D) Example of Chd4 cKO mouse brain 

with hydrocephalus compared to wildtype. E) Coronal sections of hippocampus with Hoechst staining in 

WT (top) and cKO (bottom) brains. F) Example of genotyping for WT, cHT, and cKO mice with Chd4 

and Cre PCR primer sets. G) Example of genotyping for the DEL locus (i.e. locus after floxed ATPase 

domain is spliced out) and generic Cre.  
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3.2 Characterizing gross anatomy of Chd4 mouse models  

We sought to examine our mouse models for changes in the gross anatomy and cell composition 

of the brain (see Table 5 for summary of findings). Due to differences observed between the 

CMV-Cre and Emx1-Cre control animals (see Figure 3.3C, E; Figure 3.4D; Figure 3.5 C, D, E as 

examples), we chose to analyze Chd4 cHTs and cKOs separately from gHTs. P7 mice were 

examined for changes in body weight, brain weight, and area of the cortex (arbitrary units, 

measured from images looking down on the dissected brain). Chd4 cKOs presented with 

significant decreases in brain weight and cortex area (Figure 3.3A-C). However, the size of the 

cerebellum remained unchanged (Figure 3.3D). This suggests that the decrease in brain weight 

was largely driven by the loss of cortex mass. This is in accordance with the predicted expression 

pattern of Emx1-Cre within the telencephalon but not the cerebellum, and also matches well with 

previous findings of decreased brain weight in E18.5 Nestin-Cre Chd4 cKOs84.  

 

Chd4 gHTs also presented with decreased brain weight (Figure 3.3B) and cortex area (Figure 

3.3C), but not cerebellum area (Figure 3.3D) or overall mass (Figure 3.3E), which suggests that 

the loss in brain mass may also be due to decreased cortical tissue. Interestingly, however, the 

change in cortex area was a lot less than that observed in Chd4 cKO, despite a similar decrease 

in brain weight of both models. This might suggest that the loss of brain mass in Chd4 gHTs is 

additionally due to subcortical structures. Meanwhile, Chd4 cHTs appeared to exhibit no overt 

changes of gross anatomy relative to wildtype (Figure 3.3). This suggests that Chd4 likely has 

important roles in very early in cortical development prior to the expression of Emx1-Cre, 

supporting existing literature84,108.  
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Figure 3.3. Chd4 is required for cortical growth.  A) Images of P7 WT, Chd4 cHT and Chd4 cKO 

brains (Emx1-Cre line, left) and WT and Chd4 gHT brains (CMV-Cre line, right). B) Brain weight (left) 

and brain weight/body weight (right) of Chd4 cHT, cKO, and gHT mouse models and respective controls. 

C) The cortex was traced using images of the brain (as in A) and area was calculated. Cortex area of all 

Chd4 mouse models relative to respective controls (right), and of cortex area/body weight (left) are 

shown. D) Area of the cerebellum was traced as described above and calculated for WT, cHT and cKO 

mice (right). The proportion of cortex area relative to cerebellum area was also calculated (left). E) Body 

weight of WT, cHT, cKO and gHT mouse models. All statistical analyses are via One-way ANOVA with 

Tukey’s post-hoc test (Emx1-Cre line) or unpaired Student’s t-test (CMV-Cre line). * p < 0.05. ** p < 

0.01. **** p < 0.0001. Biological n = 12 (WT-Emx1), 6 (cHT), 4 (cKO), 29 (WT-CMV), and 13 (gHT), 

with the exception of D) wherein n = 28 (WT-CMV), as one cerebellum was damaged during dissection.  
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To further investigate changes in cell numbers and composition within the cortex, we generated 

coronal sections of the somatosensory cortex between the crossing of the corpus callosum to the 

beginning of the hippocampus. We proceeded to measure the thickness of the somatosensory 

cortex, thickness of white matter under the cortex, total cell number in the cortex (via Hoechst 

staining) and cell density. At the histological level, the decreased cortex area in Chd4 cKOs 

corresponded to decreased cortex thickness (Figure 3.4A, B), decreased thickness of white 

matter (Figure 3.4C) and decreased number of Hoechst+ cells (Figure 3.4D), though overall cell 

density remained unchanged (Figure 3.4E). Chd4 cHTs were largely similar to wild-type mice, 

however, they presented with a small but significant increase in thickness of the white matter 

layer under the cortex (Figure 3.4C). The observed decrease in cortical area in Chd4 gHTs did 

not affect the thickness of the cortex in cross-section, though there was a non-significant trend of 

the Chd4 gHTs having decreased cell number (Figure 3.4D) and cell density (Figure 4E). Chd4 

gHT had significantly decreased cell number in a subset of bin counts, supporting the decreased 

cell number trend (Figure 3.4 D). 
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Figure 3.4. Changes in cortex thickness and cell number in Chd4 mouse models. A) Sample images 

of Chd4 and Hoechst immunohistochemistry in Chd4 cHT, cKO, and gHT mouse models and respective 

controls in coronal sections of the P7 somatosensory cortex. B) Cortex thickness and C) thickness of 

white matter layer below cortex in Chd4 cHT, cKO, and gHT mouse models and respective controls. D) 

Total number of Hoechst positive cells (left) and number of Hoechst+ cells per bin (right) in Chd4 cHT, 

cKO, and gHT mouse models and respective controls. Bins are 200µm in width (tangential axis) and 

equally sized per sample (adjusted to cover the radial axis) in height. E) Cell density of somatosensory 

cortex in Chd4 cHT, cKO, and gHT. All statistical analyses are via One-way ANOVA with Tukey’s post-

hoc test (Emx1-Cre line) or unpaired Student’s t-test (CMV-Cre line). * p < 0.05. ** p < 0.01. *** p < 

0.001. Biological n = 4 (WT-Emx1), 3 (cHT), 4 (cKO), 3 (WT-CMV), and 3 (gHT). 
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Figure 3.4. Investigating somatosensory cortex anatomy in P7 Chd4 cHT, cKO and gHT mouse 

models. // Chd4 cKO present with decreased somatosensory cortex thickness and white matter 

thickness while Chd4 cHT present with increased white matter thickness. A) Sample images of Chd4 

and Hoechst immunohistochemistry in Chd4 cHT, cKO, and gHT mouse models and respective controls 

in coronal sections of the P7 somatosensory cortex. B) Cortex thickness and C) thickness of white matter 

layer below cortex in Chd4 cHT, cKO, and gHT mouse models and respective controls. D) Total number 

of Hoechst positive cells (left) and number of Hoechst+ cells per bin (right) in Chd4 cHT, cKO, and gHT 

mouse models and respective controls. Bins are 200µm in width (tangential axis) and equally sized 

(adjusted to cover the radial axis) in height. E) Cell density of somatosensory cortex in Chd4 cHT, cKO, 

and gHT. All statistical analyses are via One-way ANOVA with Tukey’s post-hoc test (Emx1-Cre line) or 

unpaired Student’s t-test (CMV-Cre line). * p < 0.05. ** p < 0.01. *** p < 0.001. Biological n = 4 (WT), 3 

(cHT), 4 (cKO), 3 (cont), and 3 (gHT). 
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3.3 Characterizing cell composition of Chd4 mouse models  

To better understand the changes in cortex area in our Chd4 mouse models, we performed 

immunohistochemistry on the P7 somatosensory cortex sections using markers for neuronal 

(Figure 3.5) and glial (Figure 3.6) cells. This included late-born upper layer markers (Brn2, 

Satb2), early-born deep layer markers (Ctip2, Tbr1), and glial markers (Olig2, Aldh1l1). We 

analyzed these counts in terms of the absolute number of cells (Figure 3.5 and Figure 3.6) or the 

proportion of cell subtypes over total Hoechst (Supplementary Figure 1). Additionally, we 

divided the coronal somatosensory cortex into 6 equally sized bins per section, allowing for cell 

distribution across the cortex in the radial axis (top to bottom) to be assessed.  

 

Chd4 cKOs presented with a decrease in late-born upper layer Brn2+ cells and Satb2+ cells 

(Figure 3.5A, B, C). Lower layer neural (Figure 3.5A, D, E) and glial (Figure 3.6A, B, C) cell 

markers remained unchanged. This is also consistent with previous findings, wherein Nestin-Cre 

Chd4 cKOs present with decreased production of upper layer markers due to impaired 

proliferation of neural progenitor cells84. Conversely, we also observed an increase in the number 

of Ctip2+ Brn2+ double positive cells in our Chd4 cKOs, which are largely located in the deep 

layers (Figure 3.5F-H). Potentially, this may represent mixed neuron identities or an expansion 

of a rare subtype of Ctip2 Brn2 double positive cells. Together, this suggests that our Chd4 cKO 

have decreased upper layers leading to decreased cortex size, and potentially some minor 

changes in cell identity or neural subtypes.   

 

Chd4 cHTs presented with no changes in neural markers (Figure 3.5) or overall numbers of glial 

cells (Figure 3.6). However, bin distribution of cells revealed that Chd4 cHTs presented with a 
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slight increase in Olig2+ cells in the upper area of the cortex (Figure 3.6B). This is interesting 

due to the change in white matter previously noted below the cortex (Figure 3.4C) and suggests 

that Chd4 cHTs may have altered white matter.  

 

Though Chd4 gHTs presented with a trend towards decreased late-born upper layer Brn2+ cells, 

the number did not come to significance (Figure 3.5B). Instead, we found that Chd4 gHTs had a 

slight decrease of early-born deep layer Ctip2+ cells (Figure 3.5D). As this decrease in Ctip2+ 

cells did not affect cortex thickness (Figure 3.4B), but trended towards decreased overall cell 

number (Figure 3.4D, E), it suggests that the Chd4 gHTs present with a specific decrease in 

Ctip2+ positive cells. Potentially, this reduction in cells may have also contributed towards the 

observed decrease in cortex area (Figure 3.3C), which might indicate decreased cortical growth 

in the tangential axis more than along the radial axis. Alternatively, the decrease in Ctip2+ cells 

appears most striking in bins 1, 2 and 5 (Figure 3.3C), which are outside of the area where layer 

5 Ctip2+ cells reside. This might suggest that the loss of Ctip2+ cells indicates a more restricted 

expression of Ctip2 in cells versus a loss in cells overall.  
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Figure 3.5. Chd4 is required to expand upper layer neocortical neurons. A) Sample images from P7 

coronal sections of the somatosensory cortex for layer-specific marker proteins as indicated. B-G) Total 

absolute cell counts and absolute cell counts per bin of neuron markers Brn2 (B), Satb2 (C), Ctip2 (D), 

Tbr1 (E), and Brn2 Ctip2 double positive cells (F, G) in Chd4 cHT, cKO, and gHT mouse models and 

respective controls. H) Proportion of Brn2 Ctip2 double positive cells over Hoechst in Chd4 cHT, cKO, 

and gHT mouse models. All statistical analyses are via One-way ANOVA with Tukey’s post-hoc test 

(Emx1-Cre line) or unpaired Student’s t-test (CMV-Cre line). * p < 0.05. ** p < 0.01. Biological n = 4 

(WT-Emx1), 3 (cHT), 4 (cKO), 3 (WT-CMV), and 3 (gHT). 
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Figure 3.6. Investigating glia composition in P7 Chd4 cHT, cKO and gHT mouse models. A) Sample 

images from P7 coronal sections of the somatosensory cortex for glial-specific marker proteins as 

indicated. B-C) Absolute cell counts and absolute cell counts per bin of glial markers Olig2 (B) and 

Aldh1l1 (C) in Chd4 cHT, cKO, and gHT mouse models and respective controls. All statistical analyses 

are via One-way ANOVA with Tukey’s post-hoc test (Emx1-Cre line) or unpaired Student’s t-test (CMV-

Cre line). * p < 0.05. Biological n = 4 (WT-Emx1), 3 (cHT), 4 (cKO), 3 (WT-CMV), and 3 (gHT). 
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Chapter 4. Characterizing behaviour of Chd4 mouse models  

While Chd4 mutants exhibited defects in cortical growth and cell composition, it remained 

unclear whether these defects affected cognitive function. We therefore sought to investigate 

changes in behaviour of our animal models. We ran the mice through a battery of behaviour tests 

in order to determine whether our models succeeded in recapitulating meaningful SIHIWES and 

related NDD phenotypes. Our battery of tests included assessing for learning and memory 

(Morris water maze test); assessing fear/anxiety (the elevated plus maze, open field test); 

assessing repetitive behaviours (the marble burying task); assessing sociability (adult social 

interaction test); and assessing for motor behaviour and sensorimotor coordination (rotarod test 

and beam break test). We chose to continue assessing CMV-Cre and Emx1-Cre lines separately 

due to significant differences in behaviour of the control mice (see control lanes in Figure 4.9 

B/E, D/G; Figure 4.11B/G, C/H, D/I; Figure 4.12B/D for examples). These changes are most 

likely due to genetic drift during breeding. We also chose to pool male and female data together 

as we did not find significant differences between sexes in most test parameters. In instances 

where there were significant differences, sex-specific data is presented. Curiously, the Chd4 

cHTs, cKOs and gHTs all exhibit separate behavioural profiles, which also appear to be 

influenced at times by sex. The behaviour profiles of each model are summarized in Table 5.  

 

Using the beam break test, we were able to assess baseline ambulatory activity over the course of 

24 hours. Unfortunately, some data was lost due to a software malfunction, and only two Chd4 

cKO mice were able to be examined during the first three hours of testing. Despite this, we found 

all three mouse models exhibited fairly normal ambulatory activity (Figure 4.7A, B). 

Additionally, in order to confirm that our Chd4 didn’t have any visual impairments (which might 
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affect e.g. open field test and Morris Water Maze) we performed optomotor analysis 

(Supplementary Figure 2). No changes in visual acuity were observed. This suggests that our 

mouse models exhibit fairly normal baseline activity and vision.   
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Figure 4.7. Chd4 cHT, cKO and gHT mouse models present normal baseline activity on beam break 

test. A) Cumulative ambulatory activity counts per hour during the beam break test of WT Chd4 cHT and 

Chd4 cKO mice. B) Cumulative ambulatory activity counts per hour during the beam break test of WT 

and Chd4 gHT mice. All mice were placed into testing apparatus at ~10:30 during the light cycle, as 

indicated in the bar above the graph (black = dark, white = light). Biological n = 32 (WT-Emx1, 19♂: 

13♀), 15 (cHT, 9♂: 6♀), 6 (cKO, 3♂: 3♀), 26 (WT-CMV, 13♂: 13♀), and 16 (gHT, 8♂: 6♀).  
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In the open field test, mice are placed in the center of a field under a very bright light (Figure 

4.8A). Mice tend to avoid this area with the bright light and preferentially stay in the corners. No 

changes were observed on this test for Chd4 cHTs (Figure 4.8B-F) or Chd4 gHTs (Figure 4.8G-

J). Conversely, Chd4 cKOs exhibited decreased velocity specifically in the first minute of the 

open field test (Figure 4.8F), and this lack of movement accounted for increased time spent in 

center of the field (Figure 4.8B), and increased latency before reaching the field corners (Figure 

4.8D). After the initial minute, they appear to adapt and exhibit similar velocity and behaviour to 

WT mice.  This suggests that Chd4 cKOs may exhibit freezing or delayed reactions when first 

introduced into the new environment under the stress of bright lighting, and suggests an anxiety 

phenotype.  
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Figure 4.8. Chd4 cKOs exhibit delayed reaction when placed inside the open field test. A) Sample 

schematic of the open field test. Created with BioRender.com. B-C) total cumulative duration in (B) and 

total number of times entering (C) the large center (left), small center (middle), and corners (right) of the 

open field test for WT, Chd4 cHT and Chd4 cKO mice. D) Latency to corners in the open field test for 

WT, Chd4 cHT and Chd4 cKO mice. E) Velocity of WT, Chd4 cHT and Chd4 cKO mice during open 

field test. F) Velocity per minute of WT, Chd4 cHT and Chd4 cKO mice during open field test. G-H) 

WT
cH

T
cK

O
0

50

100

150

200

250

D
ur

at
io

n 
in

 la
rg

e 
ce

nt
er

 (s
)

✱

WT
cH

T
cK

O
0

50

100

150

200

250
D

ur
at

io
n 

in
 s

m
al

l c
en

te
r (

s)
✱✱✱

✱✱✱✱

WT
cH

T
cK

O
0

200

400

600

800

D
ur

at
io

n 
in

 c
or

ne
rs

 (s
)

WT
cH

T
cK

O
0

50

100

150

200

250

La
te

nc
y 

to
 c

or
ne

rs
 (s

)

✱✱✱✱

✱✱✱✱

WT
cH

T
cK

O
0

2

4

6

8

10

Ve
lo

ci
ty

 (c
m

/s
)

WT
cH

T
cK

O
0

50

100

150

200

Fr
eq

ue
nc

y 
in

 la
rg

e 
ce

nt
er

WT
cH

T
cK

O
0

50

100

150

Fr
eq

ue
nc

y 
in

 s
m

al
l c

en
te

r

WT
cH

T
cK

O
0

100

200

300

Fr
eq

ue
nc

y 
in

 la
rg

e 
ce

nt
er

A)

Contro
l

DEL
0

20

40

60

80

100

Fr
eq

ue
nc

y 
in

 la
rg

e 
ce

nt
er

Contro
l

DEL
0

50

100

150

200

D
ur

at
io

n 
in

 la
rg

e 
ce

nt
er

 (s
)

Contro
l

DEL
0

20

40

60

Fr
eq

ue
nc

y 
in

 s
m

al
l c

en
te

r

Contro
l

DEL
0

20

40

60

80

D
ur

at
io

n 
in

 s
m

al
l c

en
te

r 
(s

)

Contro
l

DEL
0

50

100

150

Fr
eq

ue
nc

y 
in

 c
or

ne
rs

Contro
l

DEL
0

200

400

600

800

D
ur

at
io

n 
in

 c
or

ne
rs

 (s
)

Contro
l

DEL
0

10

20

30

40
La

te
nc

y 
to

 c
or

ne
rs

 (s
)

Contro
l

DEL
0

5

10

15

Ve
lo

ci
ty

 (c
m

/s
)

0:
00

:0
0-

0:
01

:0
0

0:
01

:0
0-

0:
02

:0
0

0:
02

:0
0-

0:
03

:0
0

0:
03

:0
0-

0:
04

:0
0

0:
04

:0
0-

0:
05

:0
0

0:
05

:0
0-

0:
06

:0
0

0:
06

:0
0-

0:
07

:0
0

0:
07

:0
0-

0:
08

:0
0

0:
08

:0
0-

0:
09

:0
0

0:
09

:0
0-

0:
10

:0
0

0

2

4

6

8

10

Ve
lo

ci
ty

 (c
m

/s
)

✱✱

C)

FIG. 8) OF

B)

D) E)

F)

H)

G)

I) J)



	 	 	
	

	 	 	
	

49	 

total cumulative duration in (B) and total number of times entering (C) the large center (left), small center 

(middle), and corners (right) of the open field test for WT and gHT mice. I) Latency to corners in the 

open field test for WT and gHT mice. J) Velocity of WT and Chd4 gHT mice during open field test. All 

statistical analyses are via One-way ANOVA with Tukey’s post-hoc test (Emx1-Cre line) or unpaired 

Student’s t-test (CMV-Cre line). * p < 0.05. *** p < 0.001. **** p < 0.0001. Biological n = 32 (WT-

Emx1, 19♂: 13♀), 15 (cHT, 9♂: 6♀), 6 (cKO, 3♂: 3♀), 26 (WT-CMV, 13♂: 13♀), and 14 (gHT, 8♂: 

6♀).  
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In the elevated plus maze, mice are placed in an elevated cross maze with two open arms and 

two enclosed arms (Figure 4.9A). As was the case for the elevated plus maze, neither Chd4 cHT 

(Figure 4.9B-D) or Chd4 gHTs (Figure 4.9E-G) displayed any variation during this test. 

However, Chd4 cKOs spent less time in the central zone of the elevated plus maze, without 

affecting other parameters (Figure 4.9B). This may suggest that the mice take less time deciding 

which new arm to enter (i.e. variations in decision making behaviour), or that they are more 

averse to the being in the open center of the maze. Indeed, another mouse model with this 

phenotype was described as having increased anxiety, as the mice avoided an open portion (i.e. 

the center) of the maze117. Together, the data from the elevated plus maze and open field tests 

suggest that ablation of Chd4 expression in the cortex can contribute towards anxiety behaviours 

in mice. Partial loss of Chd4 expression (i.e. Chd4 cHTs and gHTs) however, was not sufficient 

to cause the same phenotype. 
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Figure 4.9. Chd4 cKOs spend less time in the center zone of the elevated plus maze. A) Sample 

schematic of elevated plus maze. Created with BioRender.com. B) Number of times entering the central 

zone (left), total cumulative duration in the center zone (right), C) Total cumulative duration in open arms 

(left), total cumulative duration in closed arms (right), and D) velocity of WT, Chd4 cHT and Chd4 cKO 

mice in the elevated plus maze. E) Number of times entering the central zone (left), total cumulative 
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duration in the center zone (right), F) Total cumulative duration in open arms (left), total cumulative 

duration in closed arms (right), and G) velocity of WT and Chd4 gHT mice in the elevated plus maze. All 

statistical analyses are via One-way ANOVA with Tukey’s post-hoc test (Emx1-Cre line) or unpaired 

Student’s t-test (CMV-Cre line). * p < 0.05. Biological n = 16 (WT-Emx1, 10♂: 6♀), 11 (cHT, 5♂: 6♀), 4 

(cKO, 1♂: 3♀), 17 (WT-CMV, 12♂: 5♀), and 13 (gHT, 5♂: 1♀). 
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During the marble burying test, mice are placed into a cage with 20 evenly spaced marbles 

(Figure 4.10A). The number of marbles mice bury after half an hour is used as an indication of 

repetitive behaviours. We found that Chd4 cHTs buried significantly more marbles compared to 

WT (Figure 4.10B). This suggests that Chd4 cHTs exhibit increased repetitive behaviours. Chd4 

cKOs appeared to exhibit a dichotomy in terms of their behaviour. Nearly all the marbles seemed 

to be buried, or none at all (Figure 4.10B). When separated by sex, females seem to bury none of 

the marbles (Figure 4.10D), though as the sample size is small, it is possible that this result is 

simply due to undersampling. As we have previously observed Chd4 cKOs exhibiting anxiety-

like behaviours in the elevated plus maze and the open field test, it is possible that the 

introduction into this testing environment may also result in an anxiety phenotype, affecting their 

behaviour. For instance, they may have an aversion to new foreign objects (e.g. marbles) or, be 

less aware of them. However, it appears that in the event Chd4 cKOs do bury marbles, they 

present with increased repetitive movements like the Chd4 cHTs. Full body Chd4 gHTs did not 

exhibit any changes in marble burying (Figure 4.10E, F). 
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 Figure 4.10. Chd4 cHTs exhibit increased repetitive movements in marble burying test. A) Sample 

schematic of the marble burying test. Created with BioRender.com. B) Total number of marbles by Chd4 

WT, cHT and cKO mice. C) Velocity of Chd4 WT, cHT and cKO mice during testing. D) Total number 

of marbles by male (left) and female (right) Chd4 WT, cHT and cKO mice. E) Total number of marbles 

by control WT and Chd4 gHT mice. C) Velocity of WT and Chd4 gHT mice during testing. All statistical 

analyses are via One-way ANOVA with Tukey’s post-hoc test (Emx1-Cre line) or unpaired Student’s t-

test (CMV-Cre line). * p < 0.05. ** p < 0.01. *** p < 0.001. Biological n = 32 (WT-Emx1, 19♂: 13♀), 15 

(cHT, 9♂: 6♀), 6 (cKO, 3♂: 3♀), 26 (WT-CMV, 13♂: 13♀), and 14 (gHT, 8♂: 6♀). 
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During the adult social interaction test, a mouse is first habituated to a chamber with an empty 

cage, and subsequently reintroduced into the chamber with a stranger mouse in the cage (Figure 

4.11A - schematic of socialization phase). Chd4 cHTs exhibited increased frequency of times 

spent entering the large interaction zone around the stranger mouse during the socialization 

period compared to wildtype, but not during the habituation phase (Figure 4.11C frequency in 

large interaction zone). However, duration of time spent in the large interaction zone (Figure 

4.11B) and velocity during the socialization phase (Figure 4.11D) remained unchanged. From 

this, we deduced that Chd4 cHTs visit the stranger mouse more frequently but stay for briefer 

periods of time, while control mice visit the stranger mice less frequently but stay in the 

interaction zone for longer amounts of time. We were able to confirm this finding by inspecting 

video footage. Hence, Chd4 cHTs present with a variation in socialization behaviour. Chd4 

cKOs also presented with a change in behaviour during the adult social interaction test, however 

it differed from Chd4 cHTs. Chd4 cKOs spent less time in socialization areas and entered the 

socialization areas less frequently during the habituation and socialization phases (Figure 4.11B, 

C). There was also a decrease in velocity during the habituation and socialization periods of this 

test (Figure 4.11D). Curiously, unlike the open field test where velocity is only decreased during 

the first minute, decreased velocity is maintained throughout testing in the ASI test (Figure 4.11 

F). Moreover, this decrease is not reflected in velocity measurements from other tests (e.g. open 

field test, Figure 4.8E; marble burying test, Figure 4.10C). This suggests that the environment of 

this particular test affected the mice in such a way that they slowed down and/or were more 

hesitant to explore the empty cage and/or stranger mice. Of note, the ASI test is the only test 

included that was performed in the dark, which may have influenced behaviour. Additionally, 

upon outlier removal (red star), the ratio of time the mice spent in the large and small interaction 
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zones during the socialization period compared to the habituation period was not significantly 

different (Figure 4.11E), further suggesting that the cKO phenotype manifests due to the 

environment and not the socialization aspect of this test. On the other hand, Chd4 gHT mice did 

not exhibit any changes in socialization during the ASI test (Figure 4.11G-J). Thus, 

telencephalon-specific loss or ablation of Chd4 alters socialization behaviour, while full body 

loss did not.  
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Figure 4.11. Chd4 cHT and cKO present with altered behaviours during the adult social interaction 

test. A) Sample schematic of two independent trials of the adult social interaction test occurring 

simultaneously (social phase). During the habituation phase, both cages inside the field containing mice 

are empty. Created with BioRender.com. B) Total cumulative duration WT, Chd4 cHT and Chd4 cKO 
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Figure 11. Chd4 cHT and cKO present with altered behaviours during the adult social interaction 

test. A) Sample schematic of two independent trials of the adult social interaction test occurring 

simultaneously (social phase). During the habituation phase, both cages inside the field containing mice 

are empty. B) Total cumulative duration Chd4 WT, cHT and cKO mice spend in the large interaction 
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mice spend in the large interaction zone (left) and total cumulative duration their noses spend in the small 

interaction zone (right) during habituation (HAB) and social (SOC) trials. C) Total number of times WT, 

Chd4 cHT and Chd4 cKO mice enter the large interaction zone (left) and total number of times their 

noses enter the small interaction zone (right) during habituation (HAB) and social (SOC) trials. D) 

Velocity of WT, Chd4 cHT and Chd4 cKO mice during testing. E) Ratio of time WT, Chd4 cHT and 

Chd4 cKO mice spend in large interaction zone during the social versus the habituation phase (left) and 

ratio of time the mice’s noses spend in small interaction zone during the social versus the habituation 

phase (right). F) Velocity per minute of WT, Chd4 cHT and Chd4 cKO mice during testing. G) Total 

cumulative duration WT and Chd4 gHT mice spend in the large interaction zone (left) and total 

cumulative duration their noses spend in the small interaction zone (right) during habituation (HAB) and 

social (SOC) trials. H) Total number of times WT, and Chd4 gHT mice enter the large interaction zone 

(left) and total number of times their noses enter the small interaction zone (right) during habituation 

(HAB) and social (SOC) trials. I) Velocity of WT and Chd4 gHT mice during testing. J) Ratio of time 

WT and Chd4 gHT mice spend in large interaction zone during the social versus the habituation phase 

(left) and ratio of time the mice’s noses spend in small interaction zone during the social versus the 

habituation phase. All statistical analyses are via One-way ANOVA with Tukey’s post-hoc test (Emx1-

Cre line) or unpaired Student’s t-test (CMV-Cre line). * p < 0.05. ** p < 0.01. *** p < 0.001. Biological n 

= 32 (WT-Emx1, 19♂: 13♀), 15 (cHT, 9♂: 6♀), 6 (cKO, 3♂: 3♀), 26 (WT-CMV, 13♂: 13♀), and 13 

(gHT, 8♂: 5♀). 
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The Morris Water Maze test was used to assess for changes in spatial learning and memory, 

which may recapitulate learning aspects of ID. In this test, mice are trained over the course of 6 

days to find a platform based on visual cues (Figure 4.12A). On the 7th day (probe day) the 

platform is removed and the ability of the mice to remember the platform’s location is tested. 

Chd4 gHT mice take longer to find the platform on Day 3 than WT mice (Figure 4.7E), and there 

is a consistent trend of this happening throughout training. This seems to be especially noticeable 

in female gHT mice (Figure 4.7G). Additionally, female Chd4 gHT mice have significantly 

decreased frequency of crossing the platform area on probe day (Figure 4.7G). Conversely, 

neither Chd4 cHTs or cKOs presented with significant changes in learning and memory during 

the Morris Water Maze test (Figure 4.7B). Therefore, only the Chd4 gHT mouse models, 

especially females of this model, presented with impaired spatial learning and memory.  
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Figure 4.12. Female Chd4 gHT exhibit impaired learning and memory in the Morris Water Maze 

test. A) Sample schematic of Morris Water Maze. Black cross and black rectangle represent visual cues to 

located the position of the hidden platform. Created with BioRender.com. B-D) Time to find the platform 

during Morris Water Maze training (left) and frequency of crossing platform area during probe day (right) 

for all mice (B), male mice (C) and female mice (D) of WTs, Chd4 cHTs and Chd4 cKOs. E-G) Time to 

find the platform during Morris Water Maze training (left) and frequency of crossing platform area during 
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probe day (right) for all mice (E), male mice (F) and female mice (G) of WT and Chd4 gHTs. All 

statistical analyses are via One-way ANOVA with Tukey’s post-hoc test (Emx1-Cre line) or unpaired 

Student’s t-test (CMV-Cre line). * p < 0.05. ** p < 0.01. Biological n = 32 (WT-Emx1, 19♂: 13♀), 15 

(cHT, 9♂: 6♀), 6 (cKO, 3♂: 3♀), 26 (WT-CMV, 13♂: 13♀), and 13 (gHT, 8♂: 5♀). 
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Impaired spatial learning in female Chd4 gHTs was further implicated in the rotarod test. The 

rotarod test trains mice over the course of four days to stay on a rod that incrementally increases 

its rotation speed, allowing for assessment of motor coordination and movement (Figure 4.12A). 

Neither Chd4 cHTs, cKOs or male gHTS displayed any changes in motor function (Figure 

4.12B, E). However, we found that female Chd4 gHT mice had a decreased latency to fall during 

Day 3 and Day 4 of rotarod training (Figure 4.12E). To test whether this was the result of 

difficulty learning or of rotarod-specific impaired motor activity, we performed a preliminary 10-

day training rotarod test on a small group of female mice. We found that the tested female Chd4 

gHTs could improve over time and were able to stay on the rotarod for the full length of time 

during certain trials (Figure 4.12F). This suggests that, as in the Morris Water Maze, female 

Chd4 gHTs may present with impaired learning on this test. Future research can be done to better 

examine this. As male Chd4 gHT mice do not show this phenotype, it also suggests a sex 

specific effect.  
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Figure 4.13. Female Chd4 gHTs present with impaired learning during the rotarod test. A) Sample 

schematic of the accelerating rotarod test, performed for four consecutive days with four five-minute 

trials per day. Created with BioRender.com. B-C) Latency of fall of rotarod for all (B), male (C, left), and 

female (C, right) WT, Chd4 cHT and Chd4 cKO mice. D-E) Latency of fall of rotarod for all (B), male 

(C, left), and female (C, right) WT and Chd4 gHT mice. F) The accelerating rotarod test was performed 

over the course of ten consecutive days with four five-minute trials per day. Data grouped by WT and 

gHT genotype (left) versus individual mouse plots (left) are shown. All statistical analyses are via One-

way ANOVA with Tukey’s post-hoc test (Emx1-Cre line) or unpaired Student’s t-test (CMV-Cre line). * 

p < 0.05. ** p < 0.01. Biological n = 32 (WT-Emx1, 19♂: 13♀), 15 (cHT, 9♂: 6♀), 6 (cKO, 3♂: 3♀), 26 

(WT-CMV, 13♂: 13♀), and 13 (gHT, 8♂: 5♀).  
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Overall, each Chd4 mouse model presents with a different subset of behaviours which are very 

likely dependent on how and where Chd4 expression is altered. Changes in anxiety, sociality and 

repetitive movements were only present when the cortex was targeted (Chd4 cHT, cKO), while 

changes in learning behaviours were only observed when the whole-body was targeted (Chd4 

gHT), especially in the case of female mice. Additionally, behaviour phenotypes appeared more 

severely affected when Chd4 was ablated (cKO) versus partial loss of Chd4 expression (cHT). A 

summary of observed behaviour phenotypes is found in Table 5.  

 

Table 5. Summary of Chd4 cHT, cKO and gHT mouse model observed phenotypes.  

 
Created with BioRender.com 
 
  

  

Conclusion & Summary of 
Findings

21

SIHIWES 
mouse model Gross Anatomy Immunohistochemistry Behaviour

v ↑ WM thickness v ↑ Olig2+ cells (bin 1)

REPETIVITVE MOVEMENTS

v ↑ repetitive movements (marble)
v ↑ frequency in large IZ (ASI)

v ↓ observed # (Mendelian)
v ↓ brain weight
v ↓ cortex area
v ↓ cortex thickness
v ↓  WM thickness

v ↓ Hoechst+ cells (total)
v ↓ Brn2+ cells (total; upper bins)
v ↓ Satb2+ cells (total; upper bins)

ANXIETY/FEAR BEHAVIOURS

v ↑ duration in center (OF)
v ↑ latency to corners (OF)
v ↓ central zone duration (EPM) 
v � repetitive movements (marble)
v ↓ Velocity & � behaviour (ASI)

v ↓ cortex area v ↓ Ctip2+ cells (total)

LEARNING & MEMORY

v ↓ learning (WMW)
v ♀ ↓ learning & memory (MWM)
v ♀ ↓ learning? (rotarod)

(Emx1-Cre) 
Chd4 cHT

(CMV-Cre) 
Chd4 gHT

(Emx1-Cre) 
Chd4 cKO
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Chapter 5. Discussion  

We showed that Chd4 is expressed in diverse neural cells within the developing cortex. We were 

additionally able to produce and examine three viable mouse models of Chd4 syndrome, 

allowing for investigation of postnatal brain development and behavior, and extending the work 

of mouse models previously examined embryonically. The three models presented with unique 

profiles in terms of gross anatomy, cell composition and behaviour, summarized in Table 5 and 

explained more in depth below. 

 

5.1 Cortical development in genetic mouse models of SIHIWES 

We were able to successfully build upon previous research in Chd4 cKO neonates by developing 

the first Chd4 cKO mouse model that can be examined postnally. It appears that although Chd4 

is essential for life (Chd4 germline KOs are lethal108), and essential in the brain for survival 

postnally (Nestin-Cre Chd4 cKOs are perinatally lethal84), mice with loss of Chd4 expression in 

the dorsal telencephalon are viable, though recovered less frequently than expected. At least one 

Chd4 cKO animal was also lost to hydrocephalus, a symptom associated with SIHIWES, and not 

included in the analysis. It remains unclear whether this phenotype was true to the Chd4 cKOs or 

whether it arose spontaneously in the colony.  

 

The cortex of Chd4 cKOs was smaller, encompassing decreased brain weight, area of the cortex, 

thickness of the cortex and decreased thickness of white matter under the cortex. Notably, as 

expected, cerebellum area did not change, suggesting that growth defects were autonomous to 

the telencephalon. Histological analysis revealed this was largely due to a decrease in upper layer 

markers Satb2 and Brn2. The observed phenotype of Chd4 cKOs phenotype is consistent with 
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previously developed Nestin-Cre Chd4 cKO models by Nitarska et al84. These Nestin-Cre Chd4 

cKOs also presented decreased brain size that appears to be mostly due to a decrease specific to 

upper layer neurons. Further investigations revealed that this was due to impaired proliferation of 

the progenitor cells and increased cell death of apical and intermediate progenitor cells. Hence, 

the decreased upper layer markers in our Chd4 cKO model is likely also explained by these 

phenomena. Additionally, Chd4 cKOs presented with an increase in Ctip2 Brn2 double positive 

cells. More will need to be done to determine the exact nature of these double positive cells, 

whether they are a naturally occurring subtype whose population became expanded, or cells that 

struggle to adopt a final layer identity. Interestingly, conditional knockout of the NuRD complex 

subunit Mbd3 has been reported to cause misexpression of both deep and upper layer markers in 

cortical neurons118.  

 

Chd4 cHTs showed no signs of decreased brain weight or cortex area. In fact, they had increased 

thickness of white matter in coronal sections of the cortex, and a slight increase of Olig2+ cells 

in the upper area of the cortex. Changes in white matter are frequently observed in 

neurodevelopmental syndromes, including ASD and a subset of SIHIWES cases62,119,120. 

Additionally, triplication of Olig1 and Olig2 genes in human Down syndrome neural progenitor 

cells121 and in certain mouse models of Down syndrome122 leads to overexpression and 

concomitant overproduction of oligodendroglial cells.  Moreover, studies have linked Olig genes 

to the associated neurodevelopmental cognitive symptoms of Down syndrome121-124 and Olig2’s 

importance during in neurodevelopment has been extensively reported (reviewed here125). Future 

work can be done to fully characterize changes in white matter within the Chd4 cHT. This may 
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include looking at larger white matter structures and investigating the projection patterns of 

cortical neurons.  

 

Interesting, Chd4 gHTs presented with decreased brain weight and cortex area, similarly to Chd4 

cKOs. As Chd4 cHT didn’t present with this phenotype, it suggests that Chd4 plays a key role in 

cortical development, prior to E9.5 (the onset of Emx1 expression). Moreover, as cerebellum 

area and body weight were unaffected in Chd4 gHTs, it suggests that this early role may still be 

specific to the telencephalon, although other subcortical structures we didn’t examine might also 

be affected. Moreover, this mechanism is independent to that observed in Chd4 cKOs, where 

Chd4 expression is lost only after E9.5. Supporting this, Chd4 gHTs had lesser reductions in 

cortical area versus Chd4 cKOs, and cortical thickness was unaffected. Chd4 gHTs also did not 

present with a deficit in upper layer neurons. This provides evidence that haploinsufficiency of 

Chd4 in very early stages is sufficient to have an effect on cortical development. This also 

correlates well with the literature, as haploinsufficiency of several CHD members and other 

chromatin remodelers can be lethal and/or lead to NDDs66,126-128. Chd4 gHTs also presented with 

a decreased number of Ctip2+ neurons, which might suggest a specific requirement for Chd4 in 

these cells. Indeed, Tbr1, another deep layer marker, did not change. Moreover, Ctip2 and Ctip 

factors have been shown to interact with the NuRD complex96,97,129. As Ctip2 is also a layer V 

determinant transcription factor, its misexpression can have a direct impact on the specification 

of layer-specific identities130. Future work will need to be done to fully characterize this 

phenotype.  
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5.2 Behavioural variations in genetic mouse models of SIHIWES 

Our SIHIWES mouse models demonstrated that variants of Chd4 can cause changes in both 

cortical growth and in behaviour. Moreover, behavioural changes could be observed even when 

Chd4 was only decreased or conditionally ablated from the cortex. Though there is still work to 

be done, these findings provide significant weight towards linking cortex specific structural 

changes (due to variations in chromatin remodelling) to alterations in behaviours, as well as 

providing models to investigate the involved mechanisms.  

 

In addition to generating the first viable Chd4 cKO in the cortex, we also were able to generate 

the first Chd4 cKO mice able to be assessed behaviourally. Chd4 cKOs presented with decreased 

velocity/freezing behaviour during the first minute of the open field test, a decreased amount of 

time spent in the center zone of the elevated plus maze, tendencies towards burying all or none of 

the marbles, and decreased velocity throughout the adult social interaction test. Interestingly, it 

has been previously reported that several genetic mouse models of ASD take longer time to 

evaluate and respond to visual threats131. These findings might correspond to the observed 

phenotype of our Chd4 cKOs in the open field test; they take longer to respond to the bright light 

visual cue, demonstrated by their delay to move into the corners of the field and decreased 

velocity at the beginning of the test. Meanwhile, increased repetitive behaviours are a frequent 

hallmark of NDDs including ASD and OCD132-134. It is interesting that some of our Chd4 cKOs 

show tendencies towards increased repetitive movements, like the Chd4 cHTs, while others do 

not bury any of the marbles. Moreover, decreased marble burying has been previously observed 

in another mouse model of ASD, involving the knockout of the excitatory postsynaptic 

metabotropic glutamate receptor 5 (mGluR5)135. Looking towards the EPM test, it is possible 
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that elevated anxiety might drive an aversion towards foreign objects. Changes in behaviour 

during ASI testing are also frequent in mouse models of ASD, with, for example, the mGluR5 

model reporting decreased velocity in a subset of tests as well135.   

 

Chd4 cHTs presented with increased repetitive movements (marble burying test) and variation in 

social behaviour during the adult social interaction test. As mentioned above, increased repetitive 

behaviours are frequently noted in individuals with neurodevelopmental conditions, including 

autism spectrum disorder, obsessive compulsive disorder (OCD), and Down Syndrome, and in 

mouse models of these conditions132-134. Changes in social behaviours are often observed in 

neurodevelopmental conditions like ASD and mouse models of ASD too136.  

 

Chd4 gHTs exhibited behaviours that were generally indistinguishable from control mice. 

However female Chd4 gHTs exhibited decreased spatial learning and memory during the Morris 

Water Maze test. Learning deficits also appeared to occur during the rotarod test. Notably, body 

weight can affect performance on the rotarod test, and as Chd4 gHT trend towards decreased 

body weight, it may have been a confounding factor for the latter observations137. However, 

mobility and velocity of the mice was not impaired in any other tests including Morris Water 

Maze. Learning and memory are affected in human ID, a hallmark symptom of SIHIWES, so our 

results suggest that female Chd4 gHTs may recapitulate an aspect of this phenotype. A 

comparison between these gHT phenotypes versus the lack of equivalent deficits in cHT females 

suggests that Chd4 is required in cells derived outside of cortical lineages. Indeed, mice with a 

conditional knockout of Chd4 in the cerebellum had impacted learning on the rotarod as well111, 

with gait and motor activity otherwise unaffected. This may suggest that Chd4 

haploinsufficiency is sufficient to drive certain learning impairments.  
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5.3 Comparing genetic mouse models of SIHIWES 

Examining the similarities and differences between our models gives us clues towards where 

Chd4 may be most important. Interestingly, Chd4 cHT and cKO tended to follow opposing 

trends in terms of thickness of the cortex, white matter layer thickness, and total cell number in 

somatosensory cortex, highlighting how conditional heterozygous versus knockout loss of Chd4 

may affect brain development in diverging ways. In all other aspects, unsurprisingly, increased 

loss of Chd4 resulted in more severe observed phenotypes, with Chd4 cHT being the least 

affected, followed by gHT, and then cKO, which presented with the most blatant changes. 

Accordingly, behavioural tests that yielded Chd4 cHT phenotypes also yielded phenotypes in 

Chd4 cKOs and were often more overt. Partial loss of Chd4 (cHT) was sufficient to affect some 

social and repetitive movement behaviours, however only ablation of Chd4 (cKO) was sufficient 

to induce observable anxiety phenotypes.  

 

Interestingly, our Chd4 gHT mice did not display the aforementioned changes in repetitive 

movement and social behaviours that the Chd4 cHT displayed. Further investigations may need 

to be done in order to examine why this is. One potential avenue to explore is focusing on the 

role of Chd4 in neurons. Work in the cerebellum demonstrates that Chd4 can play important 

roles in post mitotic neurons110-112. And while Chd4 gHT mice have both inhibitory and 

excitatory neurons of the cortex targeted for reduction of Chd4, Chd4 cHTs and cKOs only have 

targeted loss in excitatory neurons. This could lead to imbalances in the cortical excitatory vs 

inhibitory circuitry, which has been highlighted as a strong cause of ASD138. Alternatively, it is 

possible that the Chd4 gHTs have less behaviour phenotypes because they had more time to 

develop and activate compensating mechanisms, as Chd4 expression is impacted at an earlier 
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time point. Indeed, some CHD subunits have been shown to partially compensate for each 

other84.  

 

We observe a sex difference in terms of learning and memory in our Chd4 gHTs, with females 

being more affected than males. It is unclear why females would be more affected in our model, 

though sex-specific changes in learning behaviours of rodents have previously been 

reported139,140. It is possible that these behaviour changes might be correlated to a sex-specific 

cortical growth defects (i.e. decreased brain weight and cortex area), which we have yet to 

examine. Future research can help further unpack the mechanism behind this sex-specific 

difference in mice. The current identified cohort of SIHIWES cases only includes 12 females and 

20 males, making it hard to draw conclusions regarding sex-specific differences in humans. 

Future work might also reveal whether females are actually more severely impacted. 

Historically, males have been diagnosed with NDDs (e.g. ASD, ADHD) more than females, 

which has been linked the existence of several X-linked conditions. Though the diagnosis criteria 

used to capture affected individuals has also been recently highlighted as a contributing factor7-9. 

 

Fascinatingly, this work reflects something observed in humans; variants in the same gene can 

lead to differing phenotypes. Specifically, changing the level or restriction pattern of a mutated 

gene can lead to diversity in phenotypes. In humans, this may be analogous to how each 

individual has a different set of unique variants, all with various degrees of impact, alongside 

CHD4 that culminate together to yield a unique phenotype. Moreover, the effect of sensitizing 

alleles has been demonstrated in mice, wherein different mouse models of CHD8 syndrome 

resulted in varying phenotypes depending on the strain (i.e. genetic background of the mice) 
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used141. Indeed, differences in genetic background may have also contributed towards the subtle 

differences observed between Emx1-Cre and CMV-Cre lines we used as well. Additionally, this 

work also reflected how a similar phenotype, i.e. decreased brain weight and cortex thickness, 

can be caused by different mechanisms (Chd4 gHT vs cKO). And yet, the same basic processes 

are likely affected in each. Further investigations uncovering how changes at the genetic level 

led to these different observable phenotypes may be useful to understand affected chromatin 

remodeling mechanisms and identify treatment targets.    

 

5.4 Understanding Chd4’s relevance to neurodevelopment 

Our work helped expand upon several gaps in the literature. 1) We were able to examine a 

postnatal Chd4 cKO mouse models for changes in histology and behaviours. 2) We were able to 

characterize two Chd4 heterozygote models, which more closely reflect SIHIWES variants, 

including predicted truncating variants. 3) We demonstrated that haploinsufficiency of Chd4 was 

sufficient to affect cortical growth, neocortical neuron composition, and behaviour. 4) We did 

not observe cortical overgrowth or macrocephaly in our haploinsufficiency models, suggesting 

that this symptom might arise via other types of variants (e.g. specific point mutations, 

dominant-negative variants, variants that gains novel function, etc.) in humans. 5) We were able 

to demonstrate that Chd4 mouse models are capable of exhibiting similar phenotypes through 

different mechanisms, as well as 6) having the same affected gene (Chd4) lead to unique 

phenotype profiles depending on when and where it was excised. We feel that this has advanced 

our understanding of how chromatin remodelling contributes to neurodevelopment and NDDs, 

which implications for understanding CHD4 variants and likely extending into other 

NuRDopathies.  
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5.4 Limitations and Future Directions  

Of course, there were limitations to our work that future research can expand upon. For instance, 

we were unable to fully examine how Chd4 variants impact cortex development to cause changes 

in behaviour. Future work looking at cell expression (e.g. single cell RNA- sequencing), changes 

in chromatin accessibility (e.g. ATAC-seq), and functional assays of cortical neurons (e.g. patch-

clamps recordings) of our Chd4 mouse models may be especially helpful in doing so. This 

phenotyping could also help expand upon how chromatin remodelling is affected in the models, 

and how these impairments in turn drive the phenotypes. Moreover, white matter structures and 

structures outside the cortical cell lineage could also be further investigated. For example, a more 

thorough examination of white matter in the brain may help determine the phenotype of Chd4 

cHT. Additionally, the hippocampus of Chd4 cKO mice was severely altered, with what appears 

to be complete loss of the dentate gyrus (Figure 3.2E). Despite this, Chd4 cKOs exhibited no 

deficits in spatial learning and memory compared to wildtype mice (Figure 4.7B). This leaves an 

open area of investigation for hippocampus development and rewiring of the hippocampus to be 

researched.  

 

Moreover, structures outside the cortex and hippocampus are likely affected in Chd4 gHT, and 

could use further exploration. In fact, CHD4 variants very likely may affect neurodevelopment 

by acting outside of neural lineages. For example, de novo CHD4 variants have been implicated 

in a rare cerebrovascular disease called Moyamoya angiopathy (MMA), wherein stenosis of the 

distal internal carotid arteries leads to childhood-onset stroke and associated neurological 

impairments142. It is therefore possible that our Chd4 mouse models could also experience 
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alterations in cerebral blood flow, affecting brain development and behaviour. CHD4 variants are 

additionally associated with congenital heart disease and cancer, further highlighting potential 

associations that could also play a role in Chd4 variant pathology.  

 

Additionally, though we examined spatial learning and memory in our mouse models, it is 

possible that these mice exhibited behaviour phenotypes that were not captured by the scope of 

our testing. For example, fear conditioning tests, Barnes maze, or the IntelliCage, may have been 

more sensitive to other learning phenotypes. Moreover, it possible that the mild-moderate ID 

phenotype observed in humans does not translate well to mice.  

 

Finally, we were unable to examine other potential variants of CHD4 in SIHIWES. Our work 

supports the idea that human CHD4 variants may act in a dominant negative fashion or gain a 

novel function to yield certain phenotypes including macrocephaly. Moreover, that mechanism 

would necessarily be different than that observed in our haploinsufficient mouse models, leaving 

another area open to explore. However, the diversity exhibited by our haploinsufficient models 

demonstrates that multiple variants may be necessary to fully understand SIHIWES pathologies. 

In the future, work can be expanded upon to create patient specific variants and examining them 

in animal models and functional assays. We hope extension of this work will allow for 

identification of underlying chromatin remodelling mechanisms leading to disadvantageous 

effects in individuals (e.g. intellectual disability, hydrocephalus, etc.), which can be 

therapeutically targeted. Moreover, we hope that this will permit subcategorization of NDDs 

based on the mechanistic causes, perhaps facilitating corresponding personalized treatment plans. 
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5.5 Conclusion 

In conclusion, we successfully developed three novel mouse models of CHD4 syndrome that 

each presented with a unique profile of neurodevelopmental and behavioural features, some of 

which recapitulated SIHIWES phenotypes. This encompassed two heterozygote models, which 

better reflected patient genetics, and a novel, viable conditional Chd4 knockout mouse. Our work 

suggests that Chd4 variants in the cortex can affect both cortical development and behaviour, 

though Chd4 mutations outside the cortex are likely responsible for changes in spatial learning 

and memory, and other variants may be more important in developing cortical overgrowth 

phenotypes. Our work underscores the importance of diversity even when a single gene is 

mutated, and the importance of the chromatin remodelling gene Chd4 during neurodevelopment. 

Future work can help continue to unravel the affected pathways and mechanisms these variants 

play a role in to affect the developing brain.  
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Appendix  

The following is a brief word on neurodiversity and language. According to the DMS-5, the term 

“neurodevelopmental disorders” refers towards a wide spectrum of conditions including autism 

spectrum disorders and ADHD, as has been used in this paper according to that definition. 

However, it has been argued that individuals with different neurocognitive parameters, including 

autistic individuals, are a part of the normal variation within society, and therefore not 

“disordered”. Indeed, some NDD traits can be seen as advantageous in certain scenarios. This 

has led to the development of terminology including neurodiversity, neurodivergent and 

neurotypical, with the former first coined by Judy Singer in 1998143. This further brings into 

discussion whether socio-environmental models or medical models of treatments should come 

into play when addressing all individuals with these conditions. This is especially of note when 

considering the grand spectrum of severity the term NDD has come to encompass, and 

considering that there are certain NDDs, such as cases of fragile X syndrome, that fall outside of 

a “normal range” of impairment. In an attempt to unite viewpoints, Scotland's National Autism 

Implementation Team offered new definitions and models of these terms144, which were not 

reflected in this paper. Though limitations, including how to best use definitions for identity 

versus diagnostic criteria, are still being discussed and debated. Hence, though the term NDD 

was used according to the DMS-5 criteria exclusively here, we recognize there is ongoing debate 

within the community about the extent to which this term should be used to represent all 

individuals with a variation in neurodevelopment and/or cognitive parameters.  
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Supplemental Figures 

 

Supplementary Figure 1. Proportion of neural cells in Chd4 cHT, cKO and gHT mouse models. A-

G) Proportion of Brn2 (A), Satb2 (B), Ctip2 (C), Tbr1 (D), Olig2 (E), Aldh1l1 (F), and Ctip2 Brn2 
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double positive cells (G) over Hoechst in the somatosensory cortex of Chd4 cHT, cKO, and gHT mouse 

models and respective controls. Total proportion (left) and proportion per bin (right) are shown. H) 

Proportion of Hoechst cells in each bin over total Hoechst in Chd4 cHT, cKO, and gHT mouse models 

and respective controls. All statistical analyses are via One-way ANOVA with Tukey’s post-hoc test 

(Emx1-Cre line) or unpaired Student’s t-test (CMV-Cre line). * p < 0.05. ** p < 0.01. Biological n = 4 

(WT-Emx1), 3 (cHT), 4 (cKO), 3 (WT-CMV), and 3 (gHT). 
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Supplementary Figure 2. Visual acuity is unchanged in Chd4 cHT, cKO and female gHT mouse 

models. A) Visual acuity of WT, Chd4 cHT and Chd4 cKO mice. B) Visual acuity of total (left) and male 

and female (right) WT and Chd4 gHT mice. 
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Supplementary Figure 3. Individual mouse data in adult social interaction test of Chd4 cHT, cKO 

and gHT mouse models. A) Total cumulative duration WT (left), Chd4 cHT (middle) and Chd4 cKO 

(right) mice spend in the large interaction zone during habituation (HAB) and social (SOC) trials. B) 
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Total cumulative duration WT (left), Chd4 cHT (middle) and Chd4 cKO (right) spend in the small 

interaction zone during habituation and social trials. C) Total cumulative duration the noses of WT (left), 

Chd4 cHT (middle) and Chd4 cKO (right) spend in the small interaction zone during habituation and 

social trials. D) Total cumulative duration WT (left) and Chd4 cHT (right) mice spend in the large 

interaction zone during habituation and social trials. E) Total cumulative duration WT (left) and Chd4 

cHT (right) spend in the small interaction zone during habituation and social trials. F) Total cumulative 

duration the noses of WT (left) and Chd4 cHT (right) spend in the small interaction zone during 

habituation and social trials. Biological n = 32 (WT-Emx1, 19♂: 13♀), 15 (cHT, 9♂: 6♀), 6 (cKO, 3♂: 

3♀), 26 (WT-CMV, 13♂: 13♀), and 13 (gHT, 8♂: 5♀). 
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