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Abstract 

 

Role of CHD7 in neural development and maintenance 

by 

Wanda Sherrie Layman 

 

Chair:  Donna M. Martin 

 

Normal tissue development and maintenance require precise timing and correct 

localization of gene expression.  Several lines of evidence indicate that the 

chromodomain (CHD) family of proteins are critical regulators of chromatin remodeling 

and gene expression.  In humans, haploinsufficiency for CHD7 causes CHARGE 

syndrome, a multiple anomaly condition characterized by ocular coloboma, heart defects, 

choanal atresia, retarded growth and development, genital hypoplasia and ear 

abnormalities.  Many patients with CHARGE display Kallmann-like features which 

include olfactory and endocrine dysfunction.  Clinical evidence indicates that mutations 

in CHD7 lead to pleiotropic developmental defects; however, the mechanisms underlying 

these defects have not yet been determined.   

In order to study the role of CHD7, we generated mice carrying a Chd7
Gt 

allele 

derived from Chd7 deficient, gene trapped lacZ reporter embryonic stem cells and mice 
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with a conditional Chd7 null allele, Chd7
flox

.  Homozygous Chd7 null mice are 

embryonic lethal by E11.  Chd7
Gt/+ 

mice exhibit features similar to human CHARGE 

phenotypes, including postnatal growth delay, vestibular dysfunction, and olfactory 

defects which include olfactory bulb hypoplasia and severely impaired olfaction.  Our 

data indicate that olfactory dysfunction may primarily result from defects in neural stem 

cell proliferation and reduced olfactory sensory neurons in the olfactory epithelium.  

However, defects in neural stem cell proliferation in the subventricular zone of the 

forebrain may also contribute to olfactory bulb defects which occur in both humans and 

mice with Chd7 deficiency.  Additionally, decreased cellular proliferation in the E10.5 

olfactory placode causes reduced GnRH neurogenesis, and reduced numbers of GnRH 

neurons in embryonic and adult Chd7
Gt/+ 

mice.  Expression levels of GnRH1 and Otx2 in 

the hypothalamus and GnRHR in the pituitary are significantly reduced in adult Chd7
Gt/+

 

mice.  Additionally, Chd7 mutant embryos have CHD7 dosage dependent reductions in 

expression levels of Fgfr1, Bmp4, and Otx2 in the olfactory placode.  Together, these data 

suggest that CHD7 has critical roles in the development and maintenance of GnRH 

neurons for regulating puberty and reproduction.  Overall, our data have shown how 

defects in neural progenitor proliferation and neurogenesis have contributed to the 

Kallmann-like features associated with CHD7 deficiency.
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Chapter 1 

Introduction
1
 

 

Abstract 

 In humans, heterozygous mutations in the ATP-dependent chromatin remodeling 

gene CHD7 cause CHARGE syndrome, a common cause of deaf-blindness, balance 

disorders, congenital heart malformations, and olfactory dysfunction with an estimated 

incidence of approximately 1 in 10,000 newborns.  The clinical features of CHARGE in 

humans and mice are highly variable and incompletely penetrant, and most mutations 

appear to result in haploinsufficiency of functional CHD7 protein.  Mice with 

heterozygous loss of function mutations in Chd7 are a good model for CHARGE 

syndrome, and analyses of mouse mutant phenotypes have begun to clarify a role for 

CHD7 during development and into adulthood.  Chd7 heterozygous mutant mice have 

postnatal delayed growth, inner ear malformations, anosmia/hyposmia, and craniofacial 

defects, and Chd7 homozygous mutants are embryonic lethal.  A central question in 

developmental biology is how chromodomain proteins like CHD7 regulate important 

developmental processes, and whether they directly activate or repress downstream gene 

transcription or act more globally to alter chromatin structure and/or function. CHD7 is 

expressed in a wide variety of tissues during development, suggesting that it has tissue-

specific and developmental stage-specific roles.  Here we review recent and ongoing 

analyses of CHD7 function in mouse models and cell based systems.  These studies 
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explore tissue-specific effects of CHD7 deficiency, known CHD7 interacting proteins, 

and downstream target sites for CHD7 binding.  CHD7 is emerging as a critical regulator 

of important developmental processes in organs affected in human CHARGE syndrome. 

 

Introduction  

 Regulation of eukaryotic genes is essential for normal tissue and organ 

development and maintenance.  Chromatin structure has a vital role in gene regulation, 

via its effects on cellular proliferation and maintenance of the differentiated state.  A 

central goal in current developmental biology is to identify molecular pathways that 

regulate chromatin structure and gene expression, and to understand how this regulation 

influences organogenesis.  In humans, haploinsufficiency for the chromodomain helicase 

DNA binding gene 7 (CHD7) causes CHARGE syndrome, a multiple anomaly condition 

characterized by ocular coloboma, heart defects, atresia of the choanae, retarded growth 

and development, genital hypoplasia and ear abnormalities including deafness and 

vestibular disorders (1).  The identification of CHD7 as the causative gene for CHARGE 

syndrome has led to several recent advancements in our understanding of this complex 

disorder.  Furthermore, with the establishment of mouse models for CHARGE, it is now 

possible to begin detailed molecular analyses of how CHD7 functions in specific tissues 

and cell types both during development and into adulthood.  Here we review recent 

studies which explore the underlying molecular genetic mechanisms by which CHD7 

regulates the development and maintenance of various tissues.  Researchers are now 

poised to charge into the future with a well-equipped toolbox for analyzing CHD7 

function.     
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CHD7 mutations cause CHARGE syndrome 

 In humans, heterozygous CHD7 mutations cause CHARGE syndrome, a 

clinically variable, multiple congenital anomaly condition affecting development of the 

inner ear, central nervous system, olfactory system, eyes, heart, choanae (the region 

between the oropharynx and nasal passages), genitalia, and craniofacial structures 

including the hard and soft palates, lip, external ear, and midface (2-6).  CHARGE is a 

common cause of deaf-blindness, balance disorders, olfactory dysfunction, and 

congenital heart malformations, with an estimated incidence of 1:10,000 in newborns (7-

9).  The human CHD7 gene spans 188 kb on chromosome 8q12.1, with a 8994 bp open 

reading frame and transcription start site in exon 2.  Heterozygosity for nonsense, 

deletion, or missense CHD7 mutations occurs in 60-80% of patients with CHARGE (2-5, 

10, 11).  Human CHD7 mutations are distributed throughout the coding sequence and do 

not appear to be correlated with specific aspects of the clinical phenotype (2-5, 10, 11).  

Most human CHD7 mutations identified thus far are de novo; however, evidence for 

germline mosaicism has been reported in families with multiple affected siblings (3, 12-

14). 

 The clinical features of CHARGE in humans and mice are highly variable and 

incompletely penetrant.  We recently reviewed all reports of CHD7-mutation positive 

CHARGE individuals, and found that the most commonly affected organ in humans with 

CHD7 mutations is the ear (2-6, 12-35).  Ear defects in CHARGE include temporal bone 

abnormalities, external ear malformations, and hearing loss (2-6, 12-35).  In addition to 

ear abnormalities, a majority of CHARGE patients are also affected by some combination 

of the following: ocular coloboma, heart defects, delayed growth and development, and 
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genital hypoplasia (2-6, 12-35).  Although olfactory function is less commonly analyzed 

in CHARGE patients, a majority of CHARGE patients analyzed have some form of 

olfactory defect including olfactory bulb hypoplasia and/or aplasia, and impaired 

olfaction ranging from mild hyposmia to anosmia (16, 24, 26, 28, 36-40).  Less 

commonly reported clinical features associated with CHARGE and CHD7 mutations 

include choanal atresia, facial nerve palsy, cleft lip and/or plate, and tracheoesophageal 

fistula (2-6, 12-35).  The variability in CHARGE features suggests that mutations in 

CHD7 lead to pleiotropic developmental defects; however, the mechanisms underlying 

these defects have not yet been determined. 

 

Mouse models of CHARGE and tissue specific defects 

 Mouse CHD7 protein is comprised of 2985 amino acids, and has a predicted 

molecular weight of 334 kDa.  Both human and mouse Chd7 genes contain 38 exons, and 

have similar exon-intron structures.  At the protein level, there is 94.7% sequence identity 

between mouse and human CHD7, which corresponds to 89.7% nucleotide sequence 

identity.  Heterozygous Chd7 mutant mice were originally identified by ethylnitrosourea 

(ENU) mutagenesis, with each of nine different lines carrying a single nonsense Chd7 

mutation (41).  These nine Chd7 mutant mouse lines are viable, with phenotypes that 

include head bobbing, circling behaviors, disrupted lateral semicircular canals, 

hyperactivity, reduced postnatal growth, variable cleft palate, choanal atresia, cardiac 

septal defects, hemorrhage, prenatal death, genital abnormalities, keratoconjunctivitis 

sicca (dry eye), and olfactory defects (41).  Our laboratory generated heterozygous loss of 

function Chd7
Gt/+ 

mice using Chd7 gene trap embryonic stem (ES) cells (42).  Chd7
Gt/+ 
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mice have phenotypic features similar to those generated by ENU mutagenesis (42).  

Chd7
Gt/Gt

 mice are embryonic lethal by E11, and exhibit developmental growth delays 

such as reduction in size of multiple organs including brain, eyes, ears, and craniofacial 

structures (42).  The intrauterine lethality of homozygous Chd7
Gt/Gt

 embryos and the 

severity of developmental malformations in Chd7
Gt/+

 mice indicate a lack of redundancy 

for prenatal Chd7 function in the mouse genome, and suggest important roles for CHD7 

in organogenesis (42).  Chd7 is expressed in specific tissues during mouse and human 

embryogenesis including the ear, brain, cranial nerves, olfactory epithelium, olfactory 

bulb, pituitary, heart, liver, eye, gut, kidney, and craniofacial structures (Figure 1.1) (5, 

39, 41, 42).  Chd7 is also expressed in the adult mouse olfactory epithelium, olfactory 

bulb, and in the rostral migratory stream (39).   

 

Inner ear abnormalities in humans and mice with CHD7 deficiency 

The most consistent clinical feature associated with CHARGE syndrome is inner 

ear defects, including semicircular canal dysplasia that typically affects all three canals, 

and a Mondini form of cochlear hypoplasia (35, 43-45).  In addition, both facial and 

vestibulocochlear nerve abnormalities are also reported (44, 46).  Cochlear implants are a 

successful treatment for some CHARGE patients, provided there are no underlying nerve 

abnormalities.  CHARGE patients also display vestibular dysfunction, including delayed 

postural development, abnormal vestibular testing, and balance/motor problems (47, 48).  

Although absence of the semicircular canals is believed to be a major cause of balance 

dysfunction, other factors such as ocular malformations, CNS defects, and skeletal 

abnormalities are also likely contributors. 
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Heterozygous Chd7 mice display circling and head-bobbing behaviors consistent 

with vestibular dysfunction phenotypes (41, 42).  Detailed examination of Chd7 mutant 

mouse ears indicates a variety of lateral semicircular canal malformations, smaller 

posterior semicircular canals, and defects in innervation of the posterior crista (Figure 

1.2) (42, 49-52).  During embryonic development, semicircular canals are formed by 

sequential outpocketing, fusion of the otic epithelium, and tightly controlled processes to 

form three canals (53).  Semicircular canal dysgenesis can be caused by mutations in a 

variety of transcription factors and signaling molecules (Table 1).  Semicircular canal 

abnormalities observed in Chd7 mutant mice are postulated to be the result of smaller 

posterior and lateral canal outpocketings and delayed fusion of the epithelium (Figure 

1.2) (51).  Perturbations in signaling cascades both within the inner ear epithelium and 

surrounding mesenchyme can also result in semicircular canal defects (Table 1.1) (54).  

In summary, the inner ear phenotypes observed in heterozygous Chd7 mice are similar to 

those reported in CHARGE patients and include semicircular canal defects, innervation 

defects, and vestibular dysfunction.  The precise molecular mechanisms of Chd7 function 

within the ear are still not understood, but likely involve complex interactions with 

essential transcription factors expressed during ear development. 

 

Impaired olfaction in humans and mice with CHD7 deficiency 

Genital hypoplasia, delayed puberty, and delayed growth are common in 

CHARGE individuals (16, 24, 26, 28, 40).  These features often occur in conjunction 

with olfactory defects, including hypoplastic olfactory bulbs and reduced olfaction (16, 

24, 26, 28, 40).  Previous studies of endocrine dysfunction in CHARGE patients reported 
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growth delays, but only 9% of CHARGE patients had growth hormone deficiency, and 

growth delay was not associated with thyroid-stimulating hormone or adrenocorticotropic 

hormone deficiency (40).  Analysis of female CHARGE patients over the age of 12 

showed lack of spontaneous puberty and no response to stimulation with gonadotropin-

releasing hormone (GnRH) (40).  A majority of male CHARGE patients had low 

testosterone levels and cryptorchidism and/or micropenis.  In contrast to females, male 

response to GnRH stimulation was variable and did not always correlate with testosterone 

levels (40).  Endocrine dysfunction in CHARGE individuals is therefore likely to be 

multifactorial, with variable influence on olfaction, somatic growth, puberty, and fertility.    

Mutations in CHD7 have been reported in individuals with Kallmann syndrome 

with and without a CHARGE syndrome diagnosis (24, 26).  Kallmann syndrome is 

primarily characterized by idiopathic hypogonadotropic hypogonadism and anosmia (26, 

55, 56).  Idiopathic hypogonadotropic hypogonadism is characterized by impaired or 

absent sexual development due to sex steroid hormone deficiency, with low serum levels 

of the pituitary gonadotropins follicle-stimulating hormone (FSH) and luteinizing 

hormone (LH) as well as infertility (26, 55, 56).  Kallmann-like features in humans are 

often associated with impairment of embryonic gonadotropin releasing hormone (GnRH) 

neuronal migration along olfactory neuronal tracts from the olfactory placode to the 

hypothalamus (26, 55, 56).  Kallmann syndrome is genetically heterogeneous, with 

mutations reported in a variety of genes including KAL1, FGFR1, FGF8, PROKR2, 

PROK2, and CHD7 (26, 55-59).  Mouse models exist for several of the genes associated 

with Kallmann syndrome (hypogonadotropic hypogonadism and reduced olfaction) and 

are listed in Table 1.2.         



8 

 

Odorant detection is a complex process that requires normal function of several 

different tissues and organs.  Odorants are first detected in the nasal olfactory epithelium 

by odorants binding to specific odorant receptors located on the surface of olfactory cilia 

(Figure 1.3).  Bound odorants activate olfactory sensory neurons, which are bipolar 

neurons that project axons to the glomeruli in the olfactory bulb.  Olfactory bulb 

glomeruli contain dendrites of mitral cells and a variety of interneurons and 

periglomerular cells.  Neuronal signals are then relayed to higher brain regions in the 

central nervous system (CNS).   

Since olfactory ability is reliant upon a number of components working in a 

coordinated fashion, we chose to look at olfactory function in mice utilizing methods that 

are not influenced by behavioral issues such as circling and hyperactivity.  We observed, 

using electro-olfactogram of the olfactory epithelium, a lack of functional responses in 

olfactory sensory neurons to a variety of odorants in young (6 week old) adult Chd7
Gt/+

 

mice (39).  Additionally, we found that young adult Chd7
Gt/+

 mice have fewer olfactory 

sensory neurons and olfactory bulb hypoplasia (Figure 1.3) (39).  In order to identify the 

underlying mechanisms by which CHD7 regulates olfactory sensory neurons, we 

analyzed cell-type specific expression of Chd7 in the young adult olfactory epithelium 

(39).  CHD7 is present in 97% of proliferating neural stem cells and in Ascl1-positive 

(Mash1) and NeuroD-positive pro-neuronal cells in the adult mouse olfactory epithelium 

by immunofluorescence (39).  Chemical ablation of the adult mouse olfactory epithelium 

in Chd7
Gt/+ 

mice results in reduced regenerative capacity of olfactory sensory neurons, 

indicating ongoing requirements for CHD7 in adulthood (39). Consequently, we 

hypothesize that with age or insult, further reductions in olfactory sensory neurons and 
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olfactory bulb size could occur, but this remains to be formally tested (Figure 1.3).  In a 

concurrent study, Chd7
Whi/+

 mice had reduced olfaction (assayed by sniff response to 

mouse urine compared to water), olfactory bulb hypoplasia, reproductive dysfunction, 

and decreased fertility compared to wild type mice (60).  Taken together, these studies 

suggest that CHD7 has critical functions in olfactory sensory neuron integrity and 

odorant detection.     

 

CHD7 and other CHD proteins: classification and characteristics 

CHD proteins are a part of the large group of ATP-dependent chromatin remodelers.  

The mammalian genome encodes approximately 30 such genes that appear to be non-

redundant and vital for normal embryonic development (61).  Many ATP-dependent 

chromatin remodeling genes demonstrate haploinsufficiency, indicating that their 

products may be involved in rate-limiting steps during development (61).  CHD7 is one 

of nine ATP-dependent chromatin remodeling CHD enzymes that are characterized by 

the presence of two chromodomains, centrally located helicase domains, and less well 

defined carboxy terminal domains (Figure 1.4) (61-63).  CHD proteins use ATP 

hydrolysis to regulate access to DNA by altering nucleosomes (61-63).  The nine CHD 

proteins are broadly classified into three subfamilies based upon their amino acid 

sequence and functional protein domains (61-63).  CHD7 is a member of the class III 

chromodomain proteins together with CHD5, CHD6, CHD8, and CHD9 (61-63).  CHD7 

contains a SANT (SWI3, ADA2, N-COR, and TFIIB) domain, which is conserved among 

many regulators of transcription and chromatin structure, and is believed to function as a 

histone tail binding module (64).  CHD7, CHD8, and CHD9 contain two BRK domains, 
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the function of which appears to be specific to higher eukaryotes since it is not present in 

yeast chromatin remodeling factors (63).  CHD7 and the other eight CHD proteins are an 

interesting class of novel ATP-dependent chromatin remodelers with unique protein 

motifs that are incompletely characterized.  To date, CHD7 is the only member of this 

class of proteins for which mutations have been associated with a well described human 

syndrome.     

 

CHD7 binding sites and interacting proteins  

Recent studies have begun to clarify a role for CHD7 in regulating gene 

expression during tissue development and maintenance.  In a study using chromatin 

immunoprecipitation followed by microarray based sequence analysis (ChIP-chip), 

CHD7 has been shown to bind in a cell type specific manner to methylated histone H3 

lysine 4 in enhancer regions of numerous genes in human colorectal carcinoma cells, 

human neuroblastoma cells, and mouse embryonic stem cells before and after 

differentiation, indicating that CHD7 may have temporal and tissue-specific functions 

(65).  CHD7 has also been implicated to regulate multipotent neural crest-like cells by 

binding to PBAF components including BRG1, BAF170, BAF155, BAF57, PB1, 

ARID2, and BRD7 (66).  In mesenchymal stem cells, CHD7 regulates cell fate 

specification during osteoblast and adipocyte differentiation (67).  CHD7 forms a 

complex with NLK, SETDB1, and PPAR-γ, and binds to methylated lysine 4 and lysine 9 

residues on histone H3 at PPAR-γ target promoters, which suppresses ligand-induced 

transactivation of PPAR-γ target genes (67).  Additionally, the CHD7 Drosophila 

orthologue, Kismet, is involved in transcriptional elongation by RNA polymerase II 
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through recruitment of ASH1 and TRX and may help maintain stem cell pluripotency by 

regulating methylation of histone H3 lysine 27 (68). Together, these data indicate 

multiple roles for CHD7 in regulating transcription, potentially affecting tissue and 

developmental stage-specific processes (Figure 1.5). 

    

Summary and future studies 

 In summary, CHARGE syndrome is a monogenic disease which exhibits highly 

variable expressivity.  Organs affected in CHARGE during development include neural 

tube, neural crest, and placodal derivatives.  Certain tissues such as the inner ear and 

olfactory system appear to be highly sensitive to CHD7 dosage, whereas other organs 

such as the heart, kidney, and skeletal systems are more variably affected.  CHD7 

haploinsufficiency occurs in 60-80% of CHARGE patients and mutations in CHD7 are 

distributed throughout the coding sequence.  Further studies are necessary to determine 

whether the remaining 20-40% of CHARGE patients have mutations in CHD7 regulatory 

elements or in other genes.  It is also possible that unidentified environmental factors 

contribute to the phenotype.  Heterozygous Chd7 mutant mice and in vitro ES cell 

analyses have begun to clarify a role for CHD7 in the development and maintenance of a 

variety of tissues (39, 41, 42, 60, 65-68).  These studies suggest that CHD7 has roles in 

stem cell maintenance and cell fate specification (39, 65-68).  In vitro analyses have 

implicated that CHD7 is a member of the PBAF complex in neural crest-like cells (66) 

and that CHD7 forms a complex with NLK, SETDB1, and PPAR-γ (67).  These studies 

open the door for further in vivo assays which should identify important downstream 

effectors of CHD7.  Taken together, these observations suggest that CHD7 is likely to 
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participate in combinatorial protein complexes which bind DNA in enhancer regions and 

regulate gene transcription in a temporal and tissue-specific manner.  

 To date, much has been learned about CHARGE syndrome, but several important 

questions remain unanswered.  Is there a core set of CHD7 binding partners that regulate 

CHD7 function, and if so are they tissue and age-specific?  What are the upstream 

regulators of CHD7?  Finally, can we use information about CHD7 function in cells to 

help design therapies for patients diagnosed with CHARGE syndrome? 

 

Chapter 1 Notes 

1
A revised version of Chapter 1 was published as Layman WS, Hurd EA, Martin DM.  

(2010).   Chromodomain Proteins in Development: Lessons from CHARGE Syndrome. 

Clinical Genetics: Jul;78(1):11-20. 
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Figure 1.1  Chd7 is expressed in CHARGE related tissues during development.  Frozen 

sections from E14.5 Chd7
Gt/+

 -galactosidase (X-gal staining) in 

CHARGE-related organs including (A) olfactory bulbs (ob), (B) olfactory epithelium 

(oe), (C) limb, (D) heart (hrt), (E) kidney (kd), (F) enteric neurons of the gut (en), (G) 

crista (ca) and cochlea (coc) of the inner ear and (H) lens (le) and retina (re) of the eye.  

All sections are in the coronal orientation. 
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Figure 1.2  Model of inner ear development in wild type and Chd7 heterozygous mutant 

mice.  The E11.5 otocyst extends dorsally to form the endolymphatic duct (ed, grey) and 

ventrally to form the cochlea (coc), and neuroblasts delaminate from the ventral 

epithelium to occupy the statoacoustic ganglion (sag, shown in blue).  By E12.5, the 

epithelium of the canal pouches fuses to form the anterior (asc), posterior (psc) and 

lateral (lsc) semicircular canals.  Between E13.5 and adulthood, the vestibular apparatus 

continues to mature, the cochlea completes its coiling, and the sensory epithelium 

becomes completely innervated.  In Chd7 heterozygous mutant ears the lateral and 

posterior semicircular canals are truncated (lt), small, or misshapen.  In addition, the 

nerve to the posterior ampulla (npa) is disrupted.  Normal developmental structures are 

shown by a dashed line in Chd7 heterozygous mutants. 
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Figure 1.3  Model of olfactory function in wild type and Chd7
Gt/+ 

mice.  

Following inhalation, odorants are detected in the olfactory epithelium by binding 

to specific odorant receptors located on the surface of olfactory cilia.  Bound 

odorants activate olfactory sensory neurons, which are bipolar neurons that 

project axons to the glomeruli in the olfactory bulb.  Each olfactory sensory 

neuron (ex. blue, red, green, and purple) contains one type of odorant receptor in 

the cilia and each neuron with that type of odorant receptor projects an axon to the 

same glomerulus in the olfactory bulb.   Electrical signals sent by olfactory 

sensory neurons are detected by mitral cell dendrites in the glomeruli.  These 

signals are then sent to higher brain regions in the central nervous system.  Wild 

type mouse olfactory epithelium contains densely packed olfactory sensory 

neurons which project to the olfactory bulb.  However, Chd7
Gt/+

 young adult mice 

have 30% fewer olfactory sensory neurons and olfactory bulb hypoplasia.  We 

hypothesize that aged Chd7
Gt/+

 mice have a greater reduction in both olfactory 

sensory neurons and size of the olfactory bulb.   
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Figure 1.4  The chromodomain family of proteins contains 9 members that are 

subdivided into 3 classes on the basis of shared protein motifs.  CHD7 is a member of the 

third class together with CHD5, CHD6, CHD8, and CHD9. 
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Figure 1.5  Model for CHD7 transcriptional regulation.  CHD7 binds to enhancer regions 

of target genes together with a tissue-specific complex of proteins.  The CHD7 tissue-

specific complex either activates or represses downstream target gene expression in a 

developmental stage specific manner.
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Table 1.1  Mouse models of human semicircular canal dysgenesis.  Abbreviations: ASC, anterior/superior semicircular 

canal; LSC, lateral semicircular canal; PSC, posterior semicircular canal. 

Gene Type of protein Mouse inner ear defects Human inner ear defects References 

Brn4 

(Pou3f4) 

Pou-domain 

transcription factor 

ASC abnormalities X-linked hereditary deafness type 3: 

Dysplasia of cochlea and semicircular canals 

and deafness 

(69, 70) 

Chd7 Chromodomain 

helicase DNA binding 

protein 

LSC, PSC and associated 

crista abnormalities 

CHARGE Syndrome:  

Outer and inner ear abnormalities including 

semicircular canal defects and deafness 

(41, 42, 49) 

Eya1 Transcription factor ASC, PSC, LSC and 

associated crista absent 

Branchio-oto-renal syndrome: Outer, Middle 

and Inner ear abnormalities and deafness 

(71, 72) 

Fgf3 Fibroblast growth 

factor 

ASC, PSC and LSC 

abnormalities 

Syndromic deafness: 

Inner ear agenesis and deafness 

(73-75) 

Fgf10 Fibroblast growth 

factor 

ASC, PSC, LSC and 

associated crista 

abnormalities  

LADD syndrome: 

Outer ear abnormalities, Inner ear 

abnormalities and deafness  

(76, 77) 

 

Jag1 Notch receptor ligand ASC, PSC and LSC 

abnormalities 

Alagille syndrome: Posterior semicircular 

canal defects 

(51, 78)  

Six1 Transcription factor ASC, PSC and LSC absent Branchio-oto-renal syndrome: Outer, Middle 

and Inner ear abnormalities and deafness 

  (79-81) 

1
8
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Gene Type of Protein Reference(s) 

Chd7 Chromodomain helicase DNA binding protein (39, 60) 

Fgf8 Fibroblast growth factor (57, 82, 83) 

Fgfr1 Fibroblast growth factor receptor (57) 

Prok2 (Pk2) Prokineticin (84, 85) 

Prokr2 (Pkr2) Prokineticin receptor (86) 

 

Table 1.2  Mouse models of human Kallmann syndrome (idiopathic hypogonadotropic 

hypogonadism and olfactory dysfunction) 
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Chapter 2 

Defects in neural stem cell proliferation and olfaction in Chd7 deficient mice 

indicate a mechanism for hyposmia in human CHARGE syndrome
1
 

 

 

Abstract  

 Mutations in CHD7, a chromodomain gene, are present in a majority of 

individuals with CHARGE syndrome, a multiple anomaly disorder characterized by 

ocular coloboma, heart defects, atresia of the choanae, retarded growth and development, 

genital hypoplasia, and ear anomalies.  The clinical features of CHARGE syndrome are 

highly variable and incompletely penetrant.  Olfactory dysfunction is a common feature 

in CHARGE syndrome and has been potentially linked to primary olfactory bulb defects, 

but no data confirming this mechanistic link have been reported.  Based on these 

observations, we hypothesized that loss of Chd7 disrupts mammalian olfactory tissue 

development and function.  We found severe defects in olfaction in individuals with 

CHD7 mutations and CHARGE, and loss of odor evoked electro-olfactogram responses 

in Chd7 deficient mice, suggesting reduced olfaction is due to a dysfunctional olfactory 

epithelium.  Chd7 expression was high in basal olfactory epithelial neural stem cells and 

down-regulated in mature olfactory sensory neurons.  We observed smaller olfactory 

bulbs reduced olfactory sensory neurons, and disorganized epithelial ultrastructure in 
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Chd7 mutant mice, despite apparently normal functional cilia and sustentacular cells.  

Significant reductions in proliferation of neural stem cells and regeneration of olfactory 

sensory neurons in the mature Chd7
Gt/+ 

olfactory epithelium indicate critical roles for 

Chd7 in regulating neurogenesis.  These studies provide evidence that mammalian 

olfactory dysfunction due to Chd7 haploinsufficiency is linked to primary defects in 

olfactory neural stem cell proliferation, and may influence olfactory bulb development. 

 

Introduction 

 CHD7 haploinsufficiency in humans causes CHARGE syndrome, a clinically 

variable, multiple anomaly condition with an estimated incidence of 1:8500-1:12,000 (1-

3).  CHARGE is characterized by ocular coloboma, heart defects, atresia of the choanae, 

retarded growth and development, genital hypoplasia, and ear abnormalities including 

deafness and vestibular disorders (4).  CHARGE individuals also have variably penetrant 

craniofacial abnormalities, hypogonadotropic hypogonadism, and olfactory dysfunction 

(4-11).  Heterozygosity for nonsense, deletion, or missense CHD7 mutations is estimated 

to occur in 60-80% of patients with CHARGE syndrome; these mutations are distributed 

throughout the coding sequence and do not appear to be correlated with specific aspects 

of the clinical phenotype (5-11).  Most human CHD7 mutations identified thus far are de 

novo; however, evidence for germline mosaicism has been suggested for families with 

multiple affected siblings (6, 12-14).  Magnetic resonance imaging shows olfactory bulb 

defects ranging from hypoplasia to complete absence in all CHARGE individuals tested, 

and olfactory dysfunction in a majority of patients (15-20). 
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 Chd7 is widely expressed during murine and human embryonic development, and 

in many neural tissues including forebrain, midbrain, hindbrain, optic nerve, retina, 

trigeminal ganglion, facial ganglion, glossopharyngeal ganglion, dorsal root ganglion, 

and enteric neurons (8, 21, 22).  Chd7 is also expressed in developing human and mouse 

olfactory bulb and olfactory epithelium (8, 21, 22), suggesting a role for CHD7 in 

olfaction.  The olfactory system provides a unique model in which to analyze the role of 

CHD7 in neuronal development, due to the rapid turnover of the olfactory epithelium 

with continuous neurogenesis of olfactory sensory neurons during development and into 

adulthood.  A better understanding of the mechanisms underlying olfaction and neuronal 

regeneration in adult tissues could give insights into therapies directed toward neural 

regeneration, and elucidate the role of CHD7 in olfactory development and maintenance. 

 CHD7 is one of nine members of a family of chromatin remodeling proteins that 

are characterized by the presence of two chromodomains, a centrally located helicase 

domain, and less well defined carboxyl terminal domains (23, 24).  These nine CHD 

proteins are subdivided into three classes based upon their amino acid sequence and 

functional protein domains (25-29).  CHD proteins use ATP hydrolysis to regulate access 

to DNA by altering nucleosome structure (25-29).  There is also evidence that CHD7 

may regulate transcription elongation.  The CHD7 Drosophila orthologue Kismet down 

regulates transcriptional elongation by RNA polymerase II through recruitment of ASH1 

and TRX and may be involved in maintenance of stem cell pluripotency by regulating 

methylation of histone H3 lysine 27 (30).  CHD7 is also implicated in cell fate 

specification of mesenchymal stem cells (31).  During osteoblast and adipocyte 

differentiation, CHD7 forms a complex with NLK, SETDB1, and PPAR-γ, then binds to 
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methylated lysine 4 and lysine 9 residues on histone H3 at PPAR-γ target promoters and 

suppresses ligand-induced transactivation of PPAR-γ target genes which leads to a 

change in cell fate (31).  Together, these data suggest that CHD7 regulates gene 

transcription with effects on stem cell differentiation.        

  Here, we show that CHARGE individuals with mutations in CHD7 have variably 

impaired olfaction, and Chd7 deficient mice also have severely impaired olfaction with 

hypoplastic olfactory bulbs.  We found high Chd7 expression in adult mouse olfactory 

epithelial stem cells including proliferating basal cells and pro-neuronal basal cells, but 

no detectable Chd7 expression in the adult olfactory bulb.  Chd7 deficient mice have a 

significant decrease in olfactory neural stem cell proliferation, leading to a reduction in 

olfactory sensory neurons.  These data help to clarify the structural impact of Chd7 

deficiency on olfactory neuronal production and regeneration, and implicate a role for 

CHD7 in neural stem cell differentiation.                                   

 

Results 

Olfaction is reduced in human CHARGE patients and in mice with Chd7 deficiency 

 Olfactory defects and olfactory bulb hypoplasia have previously been reported in 

CHARGE individuals (15-20, 32).  However, there is minimal information about 

olfactory status in individuals with CHARGE phenotypes and documented CHD7 

mutations.  We analyzed eight individuals with CHARGE (and confirmed mutations in 

CHD7) (7) for defects in olfaction, using The Brief Smell Identification Test (B-SIT) 

(Table 2.1).  B-SIT is a self-administered, scratch and sniff test booklet that measures 

whether an individual can accurately identify 12 different odorants.  It is important to 
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note that random guessing would result in a score of 3.  We found that 6 of 8 individuals 

with CHARGE aged 10 years or older had B-SIT scores of 8 or lower, whereas a score of 

9-12 is considered to reflect normal olfactory function.  The 8 scores from individuals 

with CHARGE ranged from 0 to 11, and included misidentification of all odorants 

represented in the test.  Interestingly, individuals 6, 7, and 8 all did well on the B-SIT 

test, with scores of 8 or higher.  These individuals all have mutations in exon 33 

(individuals 6 and 7 have missense mutations, whereas individual 8 has a nonsense 

truncating mutation).  Exon 33 is a 3’ exon that does not encode any of the well 

characterized protein domains in CHD7 (chromodomain, helicase, SNF2, BRK, or 

SANT).  Further analyses are needed to determine whether olfactory ability correlates 

with specific CHD7 genotypes, and whether certain CHD7 protein domains are more 

important than others for olfactory function.   

 Based on the high prevalence of olfactory defects in individuals with CHARGE, 

we hypothesized that similar defects might be present in Chd7 deficient mice.  To test 

this hypothesis, we used Chd7
Gt/+

 mice which are heterozygous for a gene trapped lacZ 

allele (22).  Homozygous Chd7
Gt/Gt

 mice are embryonic lethal after E10.5, presumably 

from cardiac or other internal organ defects (21, 22).  To test for olfactory function in 

Chd7
Gt/+

 mice, we analyzed six-week old wild type (N = 8) and Chd7
Gt/+

 (N = 7) sex-

matched littermate mice by electro-olfactogram (Figure 2.1).  Mice were tested with amyl 

acetate at four different concentrations (Figure 2.1A), as well as five additional odorants 

(octanal, haptaldehyde, hexanal, eugenol, carvone) at 10
-3

M (Figure 2.1B).  Chd7
Gt/+

 

mice had little to no response to any odorant at the concentrations tested by electro-

olfactogram (Figure 2.1).  These data provide definitive evidence that Chd7
Gt/+

 mice have 
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severely impaired olfactory function compared to wild type littermates, for all odorants 

tested and they demonstrate for the first time that this impairment occurs at the level of 

the olfactory epithelium. 

 

Chd7 is expressed in developing and mature olfactory epithelium  

 Chd7 mRNA is expressed in developing mouse olfactory tissues (21, 22).  To 

localize CHD7 protein in the olfactory system, we used two independent approaches.  We 

used Chd7
Gt/+

 mice that express β-galactosidase from the Chd7 locus (22), and compared 

β-galactosidase expression with immunofluorescence for CHD7 using anti-CHD7 

antibody (Figure 2.2).  We detected high β-galactosidase activity (Figure 2.2A, B) and 

anti-CHD7 immunofluorescence (Figure 2.2C-F) in the developing olfactory epithelium 

and olfactory bulb.  There was a slight reduction in anti-CHD7 immunofluorescence in 

the olfactory epithelium of Chd7
Gt/+

 embryos compared to wild type littermates (Figure 

2.2C, D), consistent with Chd7 haploinsufficiency at the Chd7
Gt

 allele.  

 To test whether Chd7 expression continues into adulthood in mouse olfactory 

tissues, we performed antibody staining with anti-CHD7 on the 6 week-old adult mouse 

olfactory epithelium and olfactory bulb.  We found that Chd7 is expressed in the mature 

olfactory epithelium (Figure 2.2G-L) and is significantly down-regulated in the adult 

olfactory bulb (data not shown).  We observed some regional differences in the 

distribution of CHD7-positive cells in both the wild type and Chd7
Gt/+

 olfactory 

epithelium (Figure 2.2G, H).  In wild type mice, a majority of the olfactory epithelium 

contained CHD7-positive cells in the basal portion of the epithelium with a small 

proportion of CHD7-positive cells residing in the apical portion.  Chd7
Gt/+

 mice appeared 
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to have fewer CHD7-positive cells in the olfactory epithelium, most of which resided in 

the basal portion of the epithelium (Figure 2.2G, H).  Olfactory epithelial crypts (recessed 

regions) in both wild type and Chd7
Gt/+

 mice had CHD7-positive cell nuclei occupying 

the basal, medial, and apical portions of the epithelium (Figure 2.2K, L).  These data 

indicate that Chd7 expression is regionally distributed throughout the adult olfactory 

epithelium of both wild type and Chd7
Gt/+ 

mice.              

 

Chd7 is expressed in olfactory neural stem cells  

 The olfactory epithelium contains a variety of well defined, functionally, and 

structurally distinct cell types (33).  In order to identify CHD7-positive cell types within 

the adult olfactory epithelium, we used immunofluorescence with anti-CHD7 and cell 

type specific antibodies.  Olfactory marker protein (OMP) labels mature olfactory 

sensory neurons in the postnatal olfactory epithelium (33, 34).  We found that most 

CHD7-positive cells in the olfactory epithelium were OMP-negative in both wild type 

and Chd7
Gt/+

 mice (Figure 2.3A, B).  However, the distribution and intensity of OMP 

immunofluorescence in Chd7
Gt/+

 olfactory epithelium was altered compared to wild type 

littermates (Figure 2.3B).  There was 16% less anti-OMP immunofluorescence of mature 

olfactory sensory neurons measured by ImageJ software in the Chd7
Gt/+

 olfactory 

epithelium, and this OMP label appeared disorganized compared to wild type (Figure 

2.3B).  These data are consistent with an abnormality in olfactory sensory neurons in 

Chd7
Gt/+ 

mice.     

 Since a majority of CHD7-positive cells are located in the basal portion of the 

epithelium (Figure 2.2I, J), it was important to distinguish which population of basal cells 
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was CHD7-positive.  To characterize the CHD7-positive basal cells in the mature 

olfactory epithelium, we used antibodies against Mash-1 and NeuroD, markers of early 

(Mash1) and late (NeuroD) pro-neuronal basal stem cells.  Mash1 is a basic helix-loop-

helix (bHLH) transcription factor thought to be a pro-neuronal determination gene that 

initiates neuronal differentiation (33).  NeuroD is a bHLH transcription factor whose 

expression is thought to drive cell cycle exit and determination of neuronal cell fate (33).  

We detected co-localization of CHD7 with Mash1 (Figure 2.3C, D) and NeuroD (Figure 

2.3E, F) in basal cells of wild type and Chd7
Gt/+

 olfactory epithelium.  These observations 

provide evidence that Chd7 is expressed in pro-neuronal basal cells of the adult olfactory 

epithelium, in both wild type and Chd7
Gt/+

 mice.   

 Sustentacular cells and microvillar cells are the two known cell types located in 

the apical portion of the olfactory epithelium. Sustentacular cells comprise the majority 

of apical cells and are thought to represent a glial-like population of cells.  To test 

whether CHD7-positive cells in the apical portion of the epithelium represented 

sustentacular cells, we used an antibody against receptor expression-enhancing protein 6 

(Reep6) (35).  We found colocalization between CHD7 and REEP6 in both wild type and 

Chd7
Gt/+

 olfactory epithelium (Figure 2.3G, H).  We also found colocalization of CHD7 

and Sus1, another marker of sustentacular cells (Figure 2.3I, J).  In addition, anti-Sus1 

appeared to label a subset of microvillar cells, based upon cellular morphology.  CHD7 

colocalized with Sus1 in some of these microvillar appearing cells (arrow, Figure 2.3I).  

These data indicate that Chd7 is expressed in sustentacular cells and perhaps also in some 

microvillar cells of the olfactory epithelium. 
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Olfactory bulb neuronal defects in Chd7
Gt/+

 mice  

 Clinical data in humans with CHARGE have suggested a high prevalence of 

olfactory bulb defects, ranging from complete absence of the bulbs to mild hypoplasia or 

asymmetry (15-20).  We found statistically significant differences in brain, 

telencephalon, and olfactory bulb length between adult wild type and Chd7
Gt/+ 

mutant 

mice (Figure 2.4A, B, I, J).  There were no differences in olfactory bulb width (Figure 

2.4A, B, I, J) or morphology, based on H&E staining of wild type and Chd7
Gt/+ 

mutant 

mice (Figure 2.4C, D, I).  Olfactory bulb hypoplasia in Chd7
Gt/+

 mice is consistent with 

olfactory bulb defects found in CHARGE individuals.  However, Chd7
Gt/+

 mice may also 

have a subtle abnormality in olfactory bulb neuronal architecture or function.  To test 

this, we used anti-OMP which marks olfactory sensory neuron projections in the 

olfactory bulb glomeruli.  We found intact OMP-positive glomeruli in both wild type and 

Chd7
Gt/+

 olfactory bulb (Figure 2.4E, F), arguing against a major defect in olfactory 

sensory neuronal architecture.  To further analyze olfactory sensory neuron activity, we 

labeled dopaminergic interneurons which surround the glomeruli with anti-tyrosine 

hydroxylase.  Tyrosine hydroxylase is expressed in these interneurons in response to 

signal transduction from the olfactory sensory neurons (36).  We found a significant 

reduction in tyrosine hydroxylase label around the glomeruli in the Chd7
Gt/+

 olfactory 

bulb (Figure 2.4G, H).  These data demonstrate that while Chd7
Gt/+

 olfactory sensory 

neurons appear to project normally to the olfactory bulb, olfactory bulb interneuron 

activity is reduced.   
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Analysis of cell type specific functions in Chd7
Gt/+

 olfactory epithelium 

The absence of response to odorants by electro-olfactogram in Chd7
Gt/+

 mice 

demonstrates an inability of the Chd7
Gt/+

 epithelium to generate or conduct an electrical 

current after exposure to chemical stimuli.  In order to test the function of olfactory 

sensory neurons, we used calcium imaging in olfactory epithelium slices to analyze 

whether individual olfactory sensory neurons elicit a signal in response to odorants (37).  

We found that Chd7
Gt/+

 pups had functional OSN responses to odorants similar to wild 

type littermates (Figure 2.5A-F).  These data show that early postnatal olfactory sensory 

neurons are intact in Chd7
Gt/+

 mice, and exclude developmental delay as a cause of 

mature olfactory epithelium dysfunction.      

Because sustentacular cells are essential for normal olfactory function (33), we 

tested whether olfactory dysfunction in Chd7
Gt/+

 mice was due to defects in sustentacular 

cells.  To test this, we measured sustentacular cell function by examining glutathione-S 

transferase (GST) activity (Figure 2.5G).  GST expression is restricted to sustentacular 

cells and Bowman’s glands (and not olfactory sensory neurons) in the olfactory 

epithelium (38, 39), and is necessary for sustentacular cells to properly detoxify the 

olfactory environment which is under constant environmental stress (33).  We found 

normal GST activity in Chd7
Gt/+

 mice compared to wild type littermates (Figure 2.5G).  

Together, these data suggest a mechanism of reduced olfaction in Chd7
Gt/+

 mice that is 

independent of GST activity in sustentacular cells, and suggest that olfactory dysfunction 

is not simply due to an unhealthy olfactory epithelium.   

 Analysis of other mouse mutants with reduced olfaction has indicated that all of 

the necessary components for odorant detection need to be properly localized in the cilia 
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(40) and that proper cilia structure and function are essential for normal odorant detection 

(41, 42).  To test whether cilia structure and function are altered in Chd7
Gt/+

 mice, we 

measured ciliary adenylyl cyclase activity and analyzed cilia by immunofluorescence 

with antibodies against cilia components.  Adenylyl cyclase activity in the cilia is 

essential for canonical G-protein coupled receptor signaling in most olfactory sensory 

neurons (43).  We detected normal basal and forskolin-stimulated adenylyl cyclase 

activity in adult Chd7
Gt/+

 mice (Figure 2.5H).   

 Interestingly, immunofluorescence label for cilia markers in Chd7
Gt/+

 mice was 

consistently patchy between mice and between sections within a given mouse, with some 

regions appearing to have normal antibody label and other regions showing decreased 

label, consistent with regional differences in cilia distribution (Figure 2.6A, B).  We also 

found intact but variable immunofluorescence for several cilia components in Chd7
Gt/+

 

mice, including acetylated α-tubulin (Figure 2.6A-D), Gγ13 (Figure 2.6E, F), adenylyl 

cyclase III (Figure 2.6G, H), CNGA2, and γ-tubulin (data not shown).  These data 

indicate that abnormalities in cilia components are not a likely contributor to reduced 

olfactory function in Chd7
Gt/+

 mice, but that regional decreases in the amount of cilia 

present may potentially contribute to olfactory dysfunction. 

 

Olfactory sensory neurons are reduced and disorganized in Chd7
Gt/+

 mice    

 The cytoarchitecture of the postnatal olfactory epithelium is highly organized, and 

each cell type can be distinguished by its gene expression profile, apical-basal location, 

and morphology.  We examined the ultrastructure of the olfactory epithelium in wild type 

and Chd7
Gt/+

 mice using scanning electron microscopy (SEM).  By SEM, we observed 
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wild type OSN cell bodies organized in parallel stacked columns within the epithelium 

(Figuer 2.7A).  In contrast, Chd7
Gt/+

 OSN cell bodies appeared to have lost this highly 

ordered arrangement (Figure 2.7B).  We also observed patchy cilia distribution on the 

apical surface of the Chd7
Gt/+

 epithelium consistent with the immunofluorescence for 

cilia components (Figure 2.7C, D).  These data indicate that olfactory sensory neurons in 

Chd7
Gt/+

 olfactory epithelium are disorganized but retain some dendritic projections to 

the apical surface.     

 We closely examined olfactory epithelial cell types by transmission electron 

microscopy (TEM).  We found that wild type and Chd7
Gt/+

 olfactory sensory neurons 

appear to extend dendrites which end in a dendritic knob on the apical surface of the 

epithelium and project cilia along the nasal mucosa (Figure 2.7E, F).  We then directly 

quantified the numbers of various cell types in the olfactory epithelium by light 

microscopic analysis of tissues that had been processed for TEM (Figure 2.7G-I).  Cell 

types were classified based upon their location in the epithelium and their morphology.  

The number of cells of each type was compared to the average known percentages of 

each cell type of the adult olfactory epithelium: apical cells 15%, olfactory sensory 

neurons 75-80%, and basal (globose and horizontal) cells 10% (33).  The apical-most and 

basal-most populations of cell nuclei could not be differentiated into further subclasses.  

The remaining cell bodies located in the medial portion of the epithelium were counted as 

olfactory sensory neurons (Figure 2.7G, H).  We detected a significant reduction (30%) in 

the number of olfactory sensory neurons in Chd7
Gt/+

 mice (Fig. 7H, I), consistent with 

our previous observation of decreased OMP staining (Fig. 3A, B).  There was also a 

small (10%) yet significant reduction in the number of basal cells in Chd7
Gt/+

 mice 



47 

 

(Figure 2.7H, I).  We found no statistically significant difference in the number of apical 

cells in Chd7
Gt/+

 mice compared to wild type (Figure 2.7H, I).  The smaller reduction in 

basal cells compared to the larger reduction observed in olfactory sensory neurons is 

likely due to the olfactory epithelium having two populations of basal cells: horizontal 

basal cells (HBCs) and globose basal cells (GBCs).  Since HBCs are typically quiescent 

(33), their cell numbers may not be as influenced by reduced Chd7 dosage as GBCs.  

Reduced GBCs with no change in HBCs could also skew the data toward the small 

difference in total basal cell number.  These data indicate that the appearance of 

disorganized olfactory sensory neurons in Chd7
Gt/+

 mice could be related to an overall 

reduction in the number of olfactory sensory neurons and GBCs.            

 

Neural stem cell proliferation in the olfactory epithelium requires CHD7 

 Basal cells are the stem cell progenitors in the postnatal olfactory epithelium, and 

GBCs are known to be a highly dynamic pro-neuronal basal cell population (33, 44-48).  

Since Mash1/NeuroD labeling showed that Chd7 is expressed in pro-neuronal basal cells, 

we tested whether Chd7
Gt/+

 olfactory epithelia have defects in cellular proliferation.  For 

these studies, we used a BrdU incorporation assay to identify S-phase cells in the wild 

type and Chd7
Gt/+

 olfactory epithelium.  Colocalization between anti-BrdU and anti-

CHD7 immunofluorescence allowed us to visualize and quantify CHD7-positive and 

BrdU-positive proliferating basal cells (Figure 2.8A-D).  We found that Chd7 is 

expressed in 98% of BrdU-positive proliferating basal cells in both wild type and 

Chd7
Gt/+

 mice (Figure 2.8A-D).  Chd7 expression was high in crypt regions, which also 

appeared to be sites of high cellular proliferation in the olfactory epithelium (Figure 
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2.8A, B).  Previous reports indicate that there are regions of the olfactory epithelium 

where proliferation is more active (49).  These crypt regions appear to have high levels of 

CHD7-positive proliferating basal cells.  Quantification of CHD7-positive and BrdU-

positive cells revealed a 50% reduction in proliferating basal cells in the olfactory 

epithelium in adult Chd7
Gt/+

 mice compared to wild type littermates (Figure 2.8E).  There 

was also a 50% reduction in the number of CHD7-positive cells in the apical region of 

the epithelium (Fig. 8E).  Together, these data indicate a requirement for CHD7 in 

proliferating cells in the basal olfactory epithelium.  Reduced numbers of proliferating 

GBCs could translate into fewer apical CHD7-positive cells and lead to fewer mature 

olfactory sensory neurons, as predicted by the reduced intensity of olfactory epithelium 

OMP staining (Figure 2.3A, B). 

 

Neuronal regeneration is altered in Chd7
Gt/+

 mice 

 Neuronal regeneration throughout adulthood is an essential characteristic for 

continued function of the olfactory epithelium, since the olfactory epithelium is 

continuously exposed to environmental stresses and must recover to maintain its primary 

function of odorant detection.  To determine whether defects in Chd7
Gt/+

 olfaction were 

associated with abnormalities in neuronal regeneration, we chemically ablated the 

olfactory epithelium and assayed neuronal regeneration in wild type and Chd7
Gt/+

 mice.  

Six-week old wild type (N = 9) and Chd7
Gt/+

 (N = 8) sex-matched littermates were given 

a 25 μl intranasal infusion of 1% Triton-X 100 in saline.  Two weeks post-ablation, one 

wild type mouse was sacrificed to determine efficiency of the ablation technique.  The 

olfactory epithelium was completely ablated at two weeks post-ablation, with no 
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observable OMP or Reep6 staining.  Four weeks post-ablation, wild type (N = 4) and 

Chd7
Gt/+

 (N = 4) mice were sacrificed and analyzed for neuronal regeneration by 

immunofluorescence using anti-OMP (Figure 2.9A, B).  Wild type and Chd7
Gt/+

 mice 

both had some degree of OMP staining and neuronal regeneration.  However, Chd7
Gt/+

 

mice had reduced OMP-positive cells which also appeared to be disorganized compared 

to wild type littermates.  At eight weeks post-ablation, wild type (N = 4) mice had almost 

complete recovery of olfactory sensory neurons in the olfactory epithelium at eight weeks 

post-ablation (Figure 2.9C, E), whereas Chd7
Gt/+

 (N = 4) mice had regional differences in 

neuronal regeneration with some regions of the epithelium appearing normal while others 

exhibited little to no neuronal regeneration (Figure2. 9D, F).  These data indicate that 

adult Chd7
Gt/+

 mice have delayed or impaired ability to regenerate the olfactory 

epithelium compared to wild type mice.  Delays or reductions in the ongoing formation 

of new olfactory sensory neurons under normal conditions could also contribute to the 

olfactory defects observed in Chd7
Gt/+

 mice.       

 

Discussion 

 Here we have shown that both humans and mice with CHD7 deficiency have 

impaired olfaction.  We observed Chd7 expression during development in restricted cell 

types of the olfactory epithelium and olfactory bulb, and Chd7 expression in the adult 

mouse olfactory epithelium in proliferating basal cells and in pro-neuronal basal cells.  

We also found that Chd7 deficient mice have a significant reduction in basal cell 

proliferation, which translates into a reduction in both basal cells and olfactory sensory 

neurons.  Figure 2.10 depicts a diagram of the olfactory epithelium in both wild type and 
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Chd7 mutant mice.  The reduction in olfactory sensory neurons caused by Chd7 

deficiency leads to regional variability in cilia density and disorganization of the Chd7 

mutant olfactory epithelium, which may influence tight junctions required for signal 

transduction.  Additionally, Chd7 deficient mice have a reduced capacity for regeneration 

of olfactory sensory neurons following chemical ablation of the olfactory epithelium.  

These data together suggest a critical role for CHD7 in olfactory tissues not only during 

development but also into adulthood. 

 Our data provide the first evidence that CHD7 functions in cellular proliferation 

and neuronal differentiation in the olfactory epithelium.  The mechanism by which CHD7 

regulates cell cycle progression and stem cell differentiation is not yet understood.  DNA 

chromatin structure has a vital role in gene regulation, cellular proliferation and 

maintenance of the differentiated state.  However, little is known about the cell and tissue 

specific functions of chromodomain proteins.  Protein-protein interactions involving cell 

cycle progression and gene expression have been reported for some CHD family 

members (50-56).  Proteins such as histone deacetylases and nuclear receptor corepressor 

1 are involved in protein interactions with CHD proteins (50-56) and are also known to 

be critical for neuronal differentiation (57, 58).  In a recent study using ChIP-chip 

analysis, CHD7 was shown to bind to methylated histone H3 K4 enhancer regions of 

numerous genes in the mammalian genome (59).  These data suggest a role for CHD7 in 

regulating transcription, potentially affecting multiple developmental processes during 

cell fate specification. 

 CHD7 and other chromodomain proteins are also thought to regulate access to 

chromatin by binding and unwinding it (25-29).  CHD7 could work in conjunction with 
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other transcription factors involved in cell cycle progression and neuronal differentiation.  

Otx2, a paired-like homeodomain transcription factor, is critical for normal cellular 

proliferation and neuronal differentiation (60).  Otx2 mutant mice lack the pro-neuronal 

transcription factor Mash1 (60).  Mash1 induces the expression of later bHLH 

transcription factors like Ngn1 and NeuroD, driving cell cycle exit and neuronal 

differentiation (33).  We found that CHD7 colocalizes with BrdU-positive proliferating 

cells and with Mash1 and NeuroD in basal cells.  Since Otx2 is involved in cellular 

proliferation and induces the expression of Mash1 and NeuroD, CHD7 may be necessary 

for access to Otx2 target genes in the olfactory epithelium.  Our data indicate that Chd7 

deficiency may impact the expression and/or function of transcription factors dependent 

upon CHD7 for access to target genes through chromatin modifications.     

 Neural progenitor cells in the adult olfactory epithelium possess an extensive 

capacity for ongoing cellular proliferation and differentiation.  These neural progenitors 

must be tightly regulated developmentally, temporally, and spatially to maintain the 

integrity of the epithelium over time.  Chd7 is expressed in both the embryonic and adult 

olfactory epithelium, and targets of CHD7 are likely to include factors involved in 

regulation of neurogenesis, neuronal regeneration and cell cycle progression.  CHD7 

could be involved in expression of morphogens such as the bone morphogenetic proteins 

(BMPs) or fibroblast growth factors (FGFs).  Previous studies have shown that BMP4 has 

dosage dependent opposing effects on neurogenesis in the olfactory epithelium (61, 62).  

BMP2, BMP4, and BMP7 at high concentrations have anti-neurogenic effects on 

progenitors (61, 62).  However, low concentrations of BMP4 increase neurogenesis in the 

olfactory epithelium while BMP2 and BMP7 retain their anti-neurogenic effects at low 
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concentrations (61, 62).  Although low concentrations of BMP4 increase neurogenesis in 

the olfactory epithelium, BMP4 does not cause an increase in cellular proliferation (61), 

in contrast to the decreased cellular proliferation we observed with Chd7 deficiency.  

FGF2 induces neurogenesis and increases cellular proliferation of progenitors in the 

olfactory epithelium (61).  Together these data suggest that BMP and FGF signaling may 

be sensitive to changes in CHD7 dosage in the olfactory epithelium.  

 Interestingly, Chd7 deficiency does not appear to affect the structure, function, or 

localization of olfactory cilia components.  However, we observed regional cilia 

reductions in Chd7
Gt/+ 

mice that could contribute to defects in odorant detection.  These 

data indicate that unlike other mouse models with defects in olfaction, olfactory 

dysfunction in Chd7
Gt/+ 

mice is not caused by defects in cilia structure, function (41, 42), 

or protein transport (40).  Instead, reduced numbers of olfactory sensory neurons and cilia 

could contribute to impaired olfaction in mature Chd7
Gt/+ 

mice, perhaps through altered 

electrical signal transmission.  The apparently normal calcium responses in neurons of 

the neonatal Chd7 mutant mouse olfactory epithelium suggest that the developing mutant 

epithelium is relatively normal.  Therefore, later defects in EOG, olfactory bulb tyrosine 

hydroxylase label, reduced olfactory bulb size, and reduced olfactory performance in 

CHARGE patients could be a result of ongoing abnormalities in neural stem cell 

proliferation and reduced/disorganized olfactory sensory neurons.  Future studies of 

developing Chd7 mutant olfactory tissues and olfactory behaviors in Chd7 mutant mice 

should help clarify these pleiotropic effects.    

 Olfactory dysfunction in CHARGE has typically been associated with defects in 

the olfactory bulb which ranged from hypoplasia to complete absence of one or both 
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lobes of the olfactory bulb (15-20).  Chd7 mutant mice have olfactory bulb hypoplasia, 

consistent with the observed human phenotype.  However, the olfactory bulb defects 

observed in CHARGE individuals often consist of more severe hypoplasia or complete 

absence of one or both olfactory bulb lobes.  Since we detected olfactory hypoplasia in 

young adult mice (6 weeks) it is also possible that the olfactory bulb hypoplasia could 

become progressively more severe as the animals age.  Defects in the olfactory 

epithelium have not previously been analyzed in humans or mice with CHD7 mutations 

(15-20).  We found that Chd7
Gt/+ 

mice have severely impaired olfaction by electro-

olfactogram, which measures odorant detection directly from the surface of the 

epithelium independent of the olfactory bulb.  Our data indicate that olfactory 

dysfunction in CHARGE individuals may be attributed to primary defects in the olfactory 

epithelium, and raises the possibility that reduced sensory input from olfactory sensory 

neurons could contribute to later and more severe olfactory bulb defects. 

 Prior studies of olfaction in CHARGE have also been limited because the 

mutation status of the individuals was not reported (15-18, 20) in all but one study of a 

female with CHARGE and Kallmann (19), and in a recent report of three individuals 

ascertained on the basis of a Kallmann syndrome phenotype (63).  The eight patients in 

our study have CHD7 mutations that span the gene, and one functional domain (SNF 

domain) of the CHD7 protein (Table 1).  Ours is the first report of measured reduction in 

olfaction in CHARGE patients with known CHD7 mutations.  We chose the B-SIT to 

analyze olfactory dysfunction in CHARGE individuals because it is a rapid test that is 

readily available and inexpensive, especially compared to physiological measures of 

olfactory function in humans (64).  The B-SIT is easy to perform, even for children.  
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However, the B-SIT is not reliable for distinguishing degrees of hyposmia and anosmia 

(64).  Also, our results could be potentially influenced by cognitive impairment, as is true 

for the University of Pennsylvania Smell Identification Test (UPSIT), from which the B-

SIT is based.  Our B-SIT data were obtained from individuals who took the test at home, 

which could also have influenced test results.  Despite these limitations, the B-SIT 

showed reduced olfaction in a majority of CHD7 mutation-positive CHARGE 

individuals.  A better understanding of the mechanisms involved in the pathogenesis of 

CHARGE will help facilitate both diagnosis and therapies for CHARGE syndrome.  Our 

data suggest that the B-SIT could be used in a clinical setting as an additional diagnostic 

tool for evaluating children and adults with suspected CHARGE phenotypes.   

 We have identified a novel role for CHD7 in neural stem cells of the olfactory 

epithelium, which could provide insight into a similar role for Chd7 in regulating cell 

cycle and cell fate specification in other sensory and non-sensory tissues.  Our data also 

demonstrate a novel mechanism for olfactory dysfunction in mammals caused by reduced 

olfactory sensory neurons.  How does a reduction in olfactory sensory neurons lead to 

impaired olfaction?  We hypothesize that fewer olfactory sensory neurons are insufficient 

to generate an electrical potential, leading to reduced neuronal electrical transmission to 

the olfactory bulb.  Reduced tyrosine hydroxylase in the Chd7
Gt/+

 olfactory bulb is 

consistent with this notion.  A reduction in olfactory sensory neurons in Chd7
Gt/+ 

mice 

may also alter the integrity of the olfactory epithelium such that critical cell-cell contacts 

are disrupted, impairing the ability of the olfactory sensory neurons to process and 

maintain electrical signals.  It will be important to identify whether there are critical 

genes dysregulated by loss of Chd7 function.  We expect some genes regulated by CHD7 
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to influence proliferation, while others may control aspects of cellular differentiation.  

Generation and characterization of conditional Chd7 null mutants could also enable 

further analysis of the roles of CHD7 during olfactory development.  Since Chd7 null 

mice are embryonic lethal by E11 (21, 22), tissue specific and inducible knockouts would 

enable research on homozygous phenotypes that are currently not amenable for study in 

heterozygous mouse models.  Our work also opens new questions for future research on 

the function of CHD7 in stem cells in the olfactory system and elsewhere.                  

         

Materials & Methods 

Human olfactory testing  

 We used the B-SIT (Brief Smell Identification Test
TM

, Sensonics, Inc., Haddon 

Heights, NJ) as a measure of olfactory function in individuals with CHARGE syndrome.  

The B-SIT is a 12 item, self-administered test booklet which contains odorants embedded 

on scent strips that are released by scratching with a pencil (40, 64-67).  Answers are 

given as multiple choices among four alternative responses.  Individuals with CHARGE 

who were 10 years or older, and their parents or unaffected siblings, were recruited for 

participation by mail inquiries, and then subsequently sent test booklets for scoring.  

Individuals were provided with detailed instructions for completing the test.  All aspects 

of the study were approved by the IRB medicine review committees of The University of 

Michigan and Baylor College of Medicine. 
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Mice 

 Chd7
Gt/+ 

mice were generated by backcrossing with 129S1/Sv1mJ (Jackson 

Laboratory) mice to generation N5-N7 and genotyped using methods as previously 

described (22). We found no detectable CHD7 immunofluorescence in Chd7
Gt/Gt

 E10.5 

embryos using a polyclonal anti-CHD7 antibody, confirming that Chd7
Gt 

is a null allele 

(unpublished observations).  All procedures were approved by the University Committee 

on Use and Care for Animals at The University of Michigan and Michigan State 

University.    

 

Immunofluorescence and immunohistochemistry 

Six week-old Chd7
+/+

 and Chd7
Gt/+

 sex-matched littermate mice were 

anaesthetized with 250 mg/kg body weight tribromoethanol and perfusion fixed with 4% 

paraformaldehyde.  Mice were then decapitated and heads placed in 4% 

paraformaldehyde overnight at 4°C.  Heads were incubated in RDO Rapid Decalcifier 

(Apex Engineering, Aurora, IL) for 4-6 hours followed by 30% sucrose protection 

overnight at 4°C.  Tissue was flash frozen in O.C.T. embedding medium (Tissue Tek, 

Torrance, CA) for sectioning.  Following cryosectioning, 14 μm sections were processed 

for hematoxylin/eosin staining or immunofluorescence with antibodies against adenylyl 

cyclase III (1:500; Santa Cruz, Santa Cruz, CA), CNGA2 (1:200; Alomone Labs, 

Jerusalem, Israel), acetylated α-tubulin (1:1000; Sigma, St. Louis, MO), Gγ13 (1:200; gift 

of Robert Margolskee, Mt. Sinai School of Medicine, New York, NY), γ-tubulin (1:500; 

Sigma), OMP (1:200; Wako Chemicals USA, Inc, Richmond, VA), CHD7 (1:1000; 

Abcam, Cambridge, MA), β-galactosidase (1:1000; gift of Thomas Glaser), BrdU (1:100; 
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Immunologicals Direct, Raleigh, NC), NeuroD (1:1000; gift of Jacques Drouin), Mash1 

(1:150; Abcam, Cambridge, MA), Tyrosine hydroxylase (1:150; Pel-Freez, Rogers, AR), 

Sus1 (1:20; gift of Frank Margolis) or Reep6 (1:500).  Rabbit antisera against mouse 

REEP6 peptides (1-16; MDGLRQRFERFLEQKN and 188-201; STSEPPAALELDPK) 

were generated by Zymed Laboratories Inc. (South San Francisco, CA). Specificity to 

REEP6 was confirmed in cell-based transfection assays.  Secondary antibodies used at 

1:200 were conjugated with Alexa 488, Alexa 555, or biotin with streptavidin-HRP 

(Vector Laboratories) and diaminobenzidine (DAB) with urea/peroxide tablets (Sigma) 

or biotinylated secondary antibodies conjugated with streptavidin-Alexa488 or 

streptavidin-Alexa555 Molecular Probes, Eugene, OR and Invitrogen, Carlsbad, CA).  

NIH ImageJ software (Bethesda, MD) was used to analyze fluorescence intensity over at 

least 30 images.  Fluorescence intensity was measured in restricted areas of the 

epithelium encompassing the olfactory sensory neurons but excluding cilia label, and 

background was subtracted to obtain the final measurements.  Images were captured on a 

confocal microscope (Olympus IX-81 inverted scope) using the Olympus FluoView 500 

software and processed in Photoshop CS2 version 9.0.  

 

β-Galactosidase assay 

 Timed pregnancies were established between Chd7
Gt/+ 

and wild type mice, with 

the morning of plug identification designated E0.5.  Embryos were collected at E12.5 

after cervical dislocation and hysterectomy.  Embryos were briefly washed in PBS and 

amniotic sacs were collected for DNA isolation and PCR genotyping.  Embryos were 

processed for X-gal staining as previously described (68).  X-gal stained sections were 
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post-fixed in 4% paraformaldehyde and counterstained in eosin.  Sections were visualized 

with a Leica DMRA microscope and digital images processed with Adobe Photoshop 

CS2 V9.0 software.     

        

Proliferation assays 

 Mice were injected intraperitoneally with 0.1 g/g body weight 5-bromo-2-

deoxyuridine (BrdU) 30 minutes prior to sacrifice.  Tissues were then processed for anti-

BrdU and anti-CHD7 immunofluorescence as above.  Secondary antibodies were 

conjugated with Alexa 488, Alexa 555, or biotin, as above.  For quantitation of S-phase 

cells, confocal images from three regions of the olfactory epithelium were analyzed in 

eight different mice (N = 4 wild type, N = 4 Chd7
Gt/+ 

sex-matched littermates).  From 

each tissue section, 4-6 images were analyzed using Olympus FluoView 500 software for 

number of CHD7-positive, BrdU-positive, and CHD7/BrdU-positive cells, and the data 

tested for significance by t-test using two-tailed unequal variance.    

 

Scanning and transmission electron microscopy 

Six week- old Chd7
+/+

 and Chd7
Gt/+

 sex-matched littermate mice were 

anaesthetized with 250 mg/kg body weight tribromoethanol and perfusion fixed with 2% 

glutaraldehyde.  Mice were decapitated, the head bisected along the midline and further 

dissected to expose the olfactory epithelium.  The olfactory epithelium was dissected 

from the head and fixed in 2% glutaraldehyde overnight.  The tissue was then prepared 

for scanning electron microscopy (SEM) using the OTOTO fixation method (69).  

Scanning electron microscopy was performed at the University of Michigan Microscope 
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and Image Analysis Laboratory using the AMRAY 1910 Field Emission Scanning 

Electron Microscope.   

 For transmission electron microscopy (TEM), perfusion fixed and dissected 

olfactory tissues were processed for TEM as previously described (70-72).  Transmission 

electron microscopy was done at the University of Michigan Microscope and Imaging 

Analysis Laboratory using the Philips CM-100 transmission electron microscope.  For 

quantifying numbers of cells in the olfactory epithelium, tissues processed for TEM were 

sectioned (1 μm).  Olfactory tissue sections from each pair of littermate mice (N = 3 wild 

type, N = 3 Chd7
Gt/+

 sex-matched littermates) were collected randomly from three 

different regions of the epithelium.  Within each section, cells in 10 images were counted, 

taking into consideration their location in the epithelium and their cellular morphology.  

Sections were visualized with a Leica DMRA microscope and digital images processed 

with Adobe Photoshop CS2 V9.0 software.  Cell numbers were analyzed for significance 

by t-test using two-tailed unequal variance.             

 

Electro-olfactograms 

 Six week- old Chd7
+/+

 and Chd7
Gt/+

 sex-matched littermate mice were sacrificed 

by CO2 inhalation then decapitated, the head bisected along the midline, and tissues 

dissected to expose the turbinates of the olfactory epithelium.  Electrodes ranging from 4-

8 MΩ in resistance filled with Ringers containing 0.1% agarose were placed on either 

turbinates II or IIb for recording.  Vapor-phase odor stimuli were generated from 10mL 

of solution in a sealed 50mL bottle.  The odorants were delivered as a 20mL pulse 

injected into a continuous stream of humidified air flowing over the tissue sample.  The 
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data were then analyzed with Clampfit (Molecular Devices Corp., Sunnyvale, CA) and 

peak heights determined from pre-pulse baseline.  Data were normalized to a pulse of 

pure amyl acetate given later in the same trace.  Chd7 mutant data were normalized to the 

average response of the Chd7 wild type mouse for a specific dose of the odorant.  For 

each mouse tested (N = 8 wild type, N = 7 Chd7
Gt/+

 sex-matched littermates), four 

different concentrations of amyl acetate were delivered as well as five additional odorants 

(octanal, heptaldehyde, hexanal, eugenol, and carvone) each tested at a concentration of 

10
-3 

M of the respective odorant. 

 

Adenylyl cyclase/cAMP accumulation assay   

Six week-old Chd7
+/+

 and Chd7
Gt/+

 sex-matched littermate mice were sacrificed 

by CO2 inhalation then decapitated.  Cilia membranes were isolated essentially as 

described previously (73).  Briefly, olfactory epithelia from either wild type or Chd7
Gt/+ 

mice were dissected into small pieces.  Cilia were removed from the epithelium by 

agitation in Ringers solution supplemented with 10 mM CaCl2 and Complete Protease 

Inhibitor tablets (Roche, Indianapolis, IN).  Tissue was rocked for 15 min at 4 C 

followed by centrifugation at 7700 x g for 5 min.  The supernatant was collected in a 

separate tube and the agitation/centrifugation steps were repeated two more times.  The 

pooled supernatants were centrifuged for 30 min at 27,000 x g to pellet the ciliary 

membranes.  The supernatants were discarded and the pellet was resuspended in GTPS 

buffer (100 mM NaCl, 5 mM MgCl2, 20 mM Tris-Cl, 0.8 mM EDTA, pH7.4) 

supplemented with Complete Protease Inhibitors.   
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To start
 
the adenylyl cyclase assay, 15-20 g of the isolated cilia prep was added 

to the assay mix containing 1x GTPS buffer, 1x ATP regenerating mix, 10 M GTP, and 

1 mM IBMX in the presence or absence of 10 M forskolin.  After 10 min
 
at 37 °C, the 

reaction was stopped by replacing the medium
 
with ice-cold 3% perchloric acid.  After at 

least 30 min at 4 °C,
 
0.4 ml was removed from each sample, neutralized with 0.08 ml

 
of 

2.5 M KHCO3, vortexed, and centrifuged at 15,000 x g for 1 min.  A 20 µl aliquot was 

taken from the supernatant of each
 
sample, and accumulated cAMP was quantified using 

a [
3
H]cAMP

 
assay kit according to manufacturer's instructions (GE Healthcare,

 
Chalfont 

St. Giles, Buckinghamshire, UK).  The total pmol cAMP produced per mg protein was 

calculated for each condition.  All data are presented as a percent of basal, unstimulated 

cyclase activity for the wild type mouse.  Statistical significance was determined using 

one-way ANOVA analysis with GraphPad Prism 5 software. 

 

Calcium imaging 

 Slices were essentially prepared as previously described (37).  Neonatal mice 

(postnatal day 1-2) were killed
 
by decapitation and the lower jaw was removed.  Tissue 

was mounted onto a vibratome-cutting
 
block, supported by carrots, and 400m thick 

slices
 
were cut.  Ice-cold slices were transferred to oxygenated

 
Ringer solution until ready 

to load with dye.  Ringer solution
 
contained 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 

mM CaCl2, 10 mM HEPES,
 
10 mM glucose, and 0.5 mM probenicid (to prevent dye 

loss).  To identify the presence of the lacZ gene in the heterozygous mice, one slice from 

each mouse was incubated in fluorescein digalactoside (Invitrogen, Carlsbad, CA) 

according to manufacturers instruction to test for -galactosidase activity.  Genotyping 
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was confirmed by PCR analysis of genomic DNA isolated from the mouse tail snips.  

Prior to calcium imaging, all slices were loaded with 18 µM fluo-4 AM (Invitrogen) for 

60-90 min at 25°C.  

 Fluo-4 loaded olfactory epithelial slices in a laminar flow chamber (Warner 

Instruments, Hamden, CT) were measured for odorant-evoked calcium using laser 

scanning confocal
 
imaging as described previously (37).

  
Ringer solution was 

continuously perfused over the slice at a flow rate of 1.5–2.0 ml/min throughout the 

length of the experiment.  Images were taken at least 100 m below the top of the slice to 

avoid damaged neurons.  An odorant mixture consisting of 200 µM each of amyl acetate, 

carvone, eugenol, cineole, octanal, heptanal, and hexanal was made fresh in Ringer 

solution was applied using bath exchange and a
 
200-µl-volume loop injector. Images 

were acquired on an Olympus FluoView 1000 confocal laser scanning system and
 
data 

analysis was performed using Olympus software and NIH ImageJ.  Images were acquired 

approximately every 1 second for 2-3 minutes.  For all traces, odorant was added after 15 

s of recording to allow for baseline stabilization, and all data were normalized to the 

average of the first 15 s of recording during which odorant was absent.     

 

Glutathione S-Transferase assay   

Six week-old Chd7
+/+

 and Chd7
Gt/+

 sex-matched littermate mice were sacrificed 

by CO2 inhalation then decapitated.  Heads were bisected along the midline to expose the 

olfactory epithelium.  The olfactory epithelium was dissected from the head and 

processed for glutathione S-transferase enzymatic activity using the Glutathione S-

Transferase Assay Kit as per manufacturer’s instructions (Sigma).   
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Olfactory epithelium chemical ablation studies 

 Six week-old Chd7
+/+

 and Chd7
Gt/+

 sex-matched littermate mice were anesthetized 

with 100 mg/kg ketamine/10mg/kg xylazine intraperitoneal injection and given a single 

intranasal irrigation with 20μl of 1% TritonX-100 in 0.15M NaCl, based on methods 

previously described (36).  Mice were sacrificed at 2, 4, and 8 weeks post-ablation and 

processed for immunofluorescence using anti-CHD7, anti-OMP, and anti-BrdU as 

described above.  
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Figure  2.1  Chd7
Gt/+

 mice have severely impaired olfaction.  (A) Electro-olfactogram 

tracings from adult wild type and Chd7
Gt/+

 mice.  The olfactory epithelium from each 

mouse was exposed to four different concentrations of amyl acetate.  (B) Histogram of 

electro-olfactogram responses from wild type (open bars; N = 8) and Chd7
Gt/+

 (solid bars; 

N = 7) mice shows four different concentrations of amyl acetate and five additional 

odorants tested at 10
-3 

M.  Each response was normalized and expressed as a percentage 

of a pure amyl acetate pulse given during the same trace.  AA, amyl acetate; 8-AL, 

octanal; 7-AL, haptaldehyde; 6-AL, hexanal; Eug, eugenol; Car, carvone. * P < 0.05, ** 

P < 0.005, and *** P < 0.001 as determined by unpaired Student’s t test.   
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Figure  2.2  Chd7 is expressed in developing and mature olfactory tissues.  X-gal 

staining shows Chd7 expression in the embryonic olfactory epithelium (A) and bulb (B).  

Immunofluorescence with anti-CHD7 shows Chd7 expression in embryonic E12.5 

olfactory epithelium (C, D) and bulb (E, F) and in the adult olfactory epithelium (G-L).  

Chd7 expression in the adult olfactory epithelium is regionally variable (G, H), with most 

CHD7-positive cells present in the basal and apical regions of the olfactory epithelium (I, 

J).  A few regions of the olfactory epithelium contain CHD7-postive cells which span the 

olfactory epithelium (basal to apical), typically in crypt regions where the epithelium 

undergoes acute turns in orientation (K, L).  White dotted lines in I-L indicate apical and 

basal surfaces of the epithelium.   
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Figure 2.3  Chd7 is expressed in basal stem cells in the mature olfactory epithelium.  The 

adult olfactory epithelium from wild type and Chd7
Gt/+

 mice is stained with anti-CHD7 

and antibodies against OMP (A, B), Mash1 (C, D), NeuroD (E, F), Reep6 (G, H), and 

Sus1 (I, J).  CHD7-positive cells in the apical and basal domains do not colocalize with 

anti-OMP (Fig. 3A, B).  White dotted lines in C-F indicate the apical and basal surfaces 

of the epithelium.  CHD7-positive cells express the pro-neuronal basal stem cell marker 

Mash1 and the immature olfactory sensory neuron marker NeuroD.  CHD7-positive cells 

colocalize with nuclei of the sustentacular cell markers Reep6 and Sus1 (I, J).  Arrow (I) 

indicates a CHD7-positive / Sus1-positive cell with a microvillar-like cell morphology.   
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Figure 2.4  Chd7 mutant mice have olfactory bulb hypoplasia.  Brains were dissected and 

imaged from 6 week old Chd7
+/+

 (N = 5) and Chd7
Gt/+

 mice (N = 5) (A, B).  

Measurements were taken of the brain (b), telencephalon (t), olfactory bulb length (l), and 

olfactory bulb width (w).  Chd7
Gt/+ 

mice have significantly smaller brains, 

telencephalons, and olfactory bulb lengths compared to wild type littermates (I).  

Significant differences in olfactory bulb length taken as a percent of the brain and 

telencephalon indicate that Chd7 mutant mice (closed bars) have olfactory bulb 

hypoplasia compared to wild type littermates (open bars) (J).  Cross-sections of the 

olfactory bulbs stained with hemotoxylin and eosin (C, D) show no difference in the layer 

composition of Chd7
Gt/+

 olfactory bulbs.  Anti-OMP in the olfactory bulb stains the 

glomeruli in both wild type and Chd7
Gt/+

 mice (E, F).  Dopaminergic interneurons 

surrounding the glomeruli express tyrosine hydroxylase (TH) in response to electrical 

activity from olfactory sensory neurons in wild type mice, whereas TH label is decreased 

in Chd7
Gt/+

 mice (G, H).  * P < 0.05 and ** P < 0.01 as determined by unpaired Student’s 

t test.  Abbreviations:  GL (glomerular layer), ePL (external plexiform layer), MCL 

(mitral cell layer), and GCL (granule cell layer). 
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Figure 2.5  Olfactory sensory neurons and sustentacular cells are physiologically intact 

in early postnatal Chd7
Gt/+

 mice.  Odor-evoked calcium responses are similar in postnatal 

day 3 wild type (N = 4) and Chd7
Gt/+

 (N = 4) mouse olfactory epithelial slices.  

Representative confocal images (A-C) from a single fluo-4 AM-loaded Chd7
Gt/+

 mouse 

olfactory epithelial slice (A) before, (B) during, or (C) after odorant application.  

Representative responding neurons are outlined in A-C. Average time course data (D) 

were generated from recordings of 22 wild type and 23 Chd7
Gt/+

 neurons imaged over 6 

slices.  No significant difference was observed between wild type and Chd7
Gt/+ 

mice as 

determined by an unpaired t test. Histogram representation of the average peak odor-

evoked response (E-F) of the neurons measured in (D).  Glutathione S transferase activity 

(G) was examined in six-week old wild type (closed circles, N = 3) and Chd7
Gt/+

 (closed 

squares, N = 3) mice.  A representative pair of six-week old wild type and Chd7
Gt/+

 

littermates showed no significant difference in sustentacular cell activity as determined 

by an unpaired t test.  Adenylyl cyclase activity was examined in the presence or absence 

of 10 M forskolin (H) in six-week old wild type (N = 8) and Chd7
Gt/+

 (N = 8) littermate 

mice.  No significant difference was observed in either the basal or forskolin-stimulated 

cyclase activity as determined by an unpaired t test.  Data are presented as the mean value 

 SEM from 3 separate experiments, where each condition was tested in duplicate.  *** P 

< 0.001 as measured by one-way ANOVA analysis. 
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Figure 2.6  Components of the olfactory cilia are intact in Chd7
Gt/+

 mice.  Olfactory cilia 

proteins were labeled in wild type and Chd7
Gt/+

 mice by immunofluorescence with anti-

acetylated α-tubulin (A-D), anti-Gγ13 (E, F), and anti-adenylyl cyclase III (G, H).  

Regional decreases in immunofluorescence label were consistently observed in Chd7
Gt/+

 

mice for all cilia markers, as represented by acetylated α-tubulin label (A, B).  White 

dotted lines in C-F indicate the basal surface of the epithelium.  Immunofluorescence 

using antibodies against cilia proteins indicated that although regional decreases in label 

existed, all cilia components analyzed were present in Chd7
Gt/+

 olfactory cilia compared 

to wild type littermates. 
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Figure 2.7  Olfactory sensory neurons in Chd7
Gt/+

 mutant mice are disorganized and 

reduced in number.  Scanning electron micrographs of the olfactory epithelium show loss 

of the orderly arrangement of olfactory sensory neurons in (B) Chd7
Gt/+

 mice (N = 4) 

compared to (A) wild type littermates (N = 4).  Olfactory cilia are present in wild type 

and Chd7
Gt/+

 mice; however, Chd7
Gt/+

 mice have variable distribution of cilia on the 

apical surface (C, D).  Transmission electron micrographs from Chd7
Gt/+

 mice (N = 3) 

compared to wild type littermates (N = 3) show that olfactory sensory neurons from 

Chd7
Gt/+ 

mice properly extend dendrites to the apical surface and have cilia which project 

along the nasal mucosa (E, F).  Light microscopy of olfactory epithelial tissues processed 

for TEM (G, H) shows a reduction in olfactory sensory neurons.  Cell counts of TEM 

tissue sections (I) show a significant reduction in Chd7
Gt/+  

(closed bars) olfactory sensory 

neurons and basal cells compared to wild type (open bars) littermates  * P < 0.05 and *** 

P < 0.001 as determined by unpaired Student’s t test.  Abbreviation:  OSNs (olfactory 

sensory neurons).   
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Figure 2.8  Olfactory epithelial basal cell proliferation is reduced in Chd7
Gt/+

 mice.  

Adult wild type and Chd7
Gt/+

 mice were exposed to BrdU 30 minutes prior to tissue 

collection, then processed for double immunofluorescence with anti-BrdU and anti-

CHD7.  Many CHD7-positive basal cells are actively dividing, based on co-localization 

between anti-CHD7 and anti-BrdU (A-D).  Chd7 is highly expressed in crypt regions 

(marked by arrows) which also appear to be regions of high proliferation in the olfactory 

epithelium (A, B).  White dotted lines in C and D indicate the apical surface of the 

epithelium.  Cell counts (wild type = open bars, Chd7
Gt/+

 = closed bars) show a 50% 

reduction in the number of BrdU-positive cells in the Chd7
Gt/+

 olfactory epithelium and a 

50% reduction in the number of all CHD7-positive cells (basal and apical).  * P < 0.05 

and *** P < 0.001 as determined by unpaired Student’s t test. 
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Figure 2.9  Chd7
Gt/+

 mice exhibit altered regeneration of olfactory sensory neurons in the 

olfactory epithelium after chemical ablation.  Six-week old wild type (N = 9) and 

Chd7
Gt/+

 mice (N = 8) were given an intranasal infusion of 1% Triton-X 100 in saline 

then sacrificed 2, 4, or 8 weeks later.  The olfactory epithelium at 4 weeks post-ablation 

(A, B) shows olfactory sensory neurons in both wild type (N = 4) and Chd7
Gt/+ 

(N = 4) 

littermates, with some disorganization and reduced OMP label.  At 8 weeks post-ablation 

(C-F), wild type mice (N = 4) exhibit a normal appearing olfactory epithelium while 

Chd7
Gt/+ 

mice (N = 4) have regionally restricted OMP staining and OSN regeneration.  
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Figure 2.10  Diagram of the Chd7 mutant mouse olfactory epithelium.  Wild type (A) 

and Chd7 mutant (B) mouse olfactory epithelium is depicted with all of the main cell 

types including olfactory sensory neurons (blue), sustentacular cells (dark gray), globose 

basal cells (GBCs; purple), horizontal basal cells (HBCs; pink), and microvillar cells 

(white).  Chd7 mutant mice have approximately 30% fewer olfactory sensory neurons 

and 50% fewer GBCs compared to wild type.  Red bars indicate regions of normal cilia 

density (solid) and sparse cilia density (dashed).  Chd7 mutants have fewer olfactory 

sensory neurons, which causes gaps between the olfactory sensory neurons and a loss of 

support leading to a disorganized appearance.  Abbreviation:  OSNs (olfactory sensory 

neurons). 
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Patient # B-SIT score Exon Mutation De Novo vs. Familial 

1 3 2 R312X unknown 

2 1 11 c.2836-15C>G unknown 

3 5 12 L1007P unknown 

4 0 12 T1027_P1029del De Novo 

5 1 20 R1557fsX1558 unknown 

6 8 33 R2319S Familial 

7 9 33 R2319S Familial 

8 11 33 W2332X De Novo 

 

Table 2.1  Humans with CHD7 mutations and CHARGE syndrome have variable 

reductions in olfaction.  Brief Smell Identification Tests (B-SIT) were performed on eight 

individuals with CHD7 mutations and a clinical phenotype of CHARGE.  B-SIT scores 

of 9 or higher are considered normal.  
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Chapter 3 

Reproductive dysfunction and decreased GnRH neurogenesis in a mouse model of 

CHARGE syndrome
1
 

 

Abstract  

 CHARGE is a multiple congenital anomaly disorder and a common cause of 

pubertal defects, olfactory dysfunction, growth delays, deaf-blindness, balance disorders, 

and congenital heart malformations.  Mutations in CHD7, the gene encoding 

chromodomain helicase DNA binding protein 7, are present in 60-80% of individuals 

with CHARGE syndrome.  Mutations in CHD7 have also been reported in Kallmann 

syndrome (olfactory dysfunction, delayed puberty, and hypogonadotropic 

hypogonadism).  CHD7 is a positive regulator of neural stem cell proliferation and 

olfactory sensory neuron formation in the olfactory epithelium, suggesting that loss of 

CHD7 might also disrupt development of other neural populations.  Here we report that 

female Chd7
Gt/+ 

mice have delays in vaginal opening and estrus onset, and erratic estrus 

cycles.  Chd7
Gt/+

 mice also have decreased circulating levels of LH and FSH but 

apparently normal responsiveness to GnRH agonist and antagonist treatment.  GnRH 

neurons in the adult Chd7
Gt/+

 hypothalamus and embryonic nasal region are diminished, 

and there is decreased cellular proliferation in the embryonic olfactory placode.  

Expression levels of GnRH1 and Otx2 in the hypothalamus and GnRHR in the pituitary 
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are significantly reduced in adult Chd7
Gt/+

 mice.  Additionally, Chd7 mutant embryos 

have CHD7 dosage dependent reductions in expression levels of Fgfr1, Bmp4, and Otx2 

in the olfactory placode.  Together, these data suggest that CHD7 has critical roles in the 

development and maintenance of GnRH neurons for regulating puberty and reproduction.   

 

Introduction  

 In humans, heterozygous mutations in chromodomain helicase DNA binding 

protein 7 (CHD7) cause CHARGE syndrome, a clinically variable, multiple congenital 

anomaly condition with an estimated incidence of 1:8500-1:12,000 in newborns (1-3).  

CHARGE is characterized by ocular coloboma, heart defects, atresia of the choanae, 

retarded growth and development, genital hypoplasia, and ear abnormalities including 

deafness and vestibular disorders (4). Genital hypoplasia occurs in approximately 62% of 

CHARGE individuals with confirmed CHD7 mutations, and gonadotropins (luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH)) are deficient in 81% of males and 

93% of females (5-12).   

 The gonadotropic hormones LH and FSH are generated and secreted from the 

pituitary in response to gonadotropin-releasing hormone (GnRH) from the median 

eminence (13-16).  GnRH production is dependent upon multiple signaling mechanisms 

including sex-steroid feed-back regulation, kisspeptin-GPR54 signaling, and leptin 

signaling (14, 15, 17).  Transcription of GnRH1 requires the paired-like homeodomain 

transcription factor OTX2 (18-20).  OTX2 is also required for neurogenesis in multiple 

tissues (21, 22).  GnRH neurogenesis is partially regulated by FGF signaling, and 
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mutations in FGF8 and FGFR1 cause hypogonadotropic hypogonadism and olfactory 

dysfunction in humans and mice (23-28).  

 Mice with heterozygous loss of Chd7 (Chd7
Gt/+

) have olfactory defects (29) 

similar to those reported in CHARGE individuals, and are an excellent model for 

CHARGE syndrome.  Chd7 is highly expressed in the developing mouse and human 

olfactory epithelium (29-31), where GnRH neurons are born (32).  In mice and humans, 

Chd7 is expressed in the developing (30, 31) and mature hypothalamus, and in GnRH 

neuronal cell lines (8).  CHD7 is hypothesized to influence gene expression by regulating 

access to chromatin through binding and unwinding chromatin (33-37), and CHD7 is 

likely to participate in multiple protein complexes that regulate transcription.  Based on 

prior studies showing that CHD7 is critical for olfactory neural stem cell proliferation and 

regeneration of olfactory sensory neurons (29), we hypothesized that CHD7 may also 

regulate one or more aspects of GnRH neurogenesis.  To test this, we analyzed Chd7
Gt/+ 

mice for pubertal development and underlying cellular mechanisms involved in 

hypogonadotropic hypogonadism.  

 

Results 

Analysis of puberty and estrus cycles 

 Endocrine defects including delayed puberty, hypogonadotropic hypogonadism, 

and genital hypoplasia have been reported in CHARGE individuals (5-11).  Prior studies 

of the reproductive system in Chd7
Whi/+

 mice, a model of CHARGE syndrome, reported 

an increased time to first litter and hypoplasia of the testes, clitoris, and uterus compared 

to wild type mice (38, 39).  Based on these reproductive defects, we hypothesized that 
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mice deficient for Chd7 might have underlying endocrine abnormalities.  To test this, we 

analyzed female Chd7
Gt/+

 mice which are heterozygous for a gene trapped loss of 

function lacZ reporter allele (30).  Homozygous Chd7
Gt/Gt

 embryos die by E11, 

presumably from cardiac or other internal organ defects (30).  Recently weaned female 

wild type (n = 5) and Chd7
Gt/+

 (n = 6) littermate mice were examined for vaginal 

opening and first estrus, two well established markers of rodent sexual maturity (Figure 

3.1 A) (40).  Vaginal opening was significantly delayed and occurs an average of 5 days 

later in Chd7
Gt/+

 female mice (postnatal day 32) compared to wild type littermates 

(postnatal day 27) (Figure 3.1 A).  Vaginal smears taken from both wild type and 

Chd7
Gt/+

 littermate females showed that Chd7
Gt/+

 female mice achieve first estrus on 

postnatal day 43, ten days later than their wild type littermates (postnatal day 33) (Figure 

3.1 A).   

Establishment of estrus cyclicity is another measure of reproductive health and 

development in mice, and the timing of cyclicity onset can be variable between inbred 

strains (40).  Cyclicity in mice is defined by the sequential attainment of each stage of 

estrus during a 4-7 day period of time (40).  To determine the onset of estrus cyclicity, 

vaginal smears were analyzed daily in female wild type (n = 5) and Chd7
Gt/+

 (n = 6) 

mice for 3 months (Figure 3.1 B-D).  In contrast to wild type littermates, female Chd7
Gt/+

 

mice have highly erratic estrus cycles, with no apparent pattern of timing or duration of 

cycle stages (Figure 3.1 B-D).   

Body size can influence pubertal development in both humans and mice (40-45).  

For example, vaginal opening in wild type female mice is dependent upon attainment of a 

threshold body size (40).  Both male and female Chd7 deficient mice and humans with 
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CHARGE syndrome have postnatally acquired growth delays and reduced body size (12, 

30, 39).  We examined female wild type (n = 5) and Chd7
Gt/+

 (n = 6) littermate mice for 

pubertal markers with respect to body size.  Vaginal opening corresponds to attainment of 

a body size of approximately 15 grams in both wild type and Chd7
Gt/+

 female littermates 

(Figure 3.1 E).  However, wild type females have first estrus at approximately 18 grams, 

while Chd7
Gt/+

 females have first estrus at approximately 15 grams.   

Metabolic cues and nutritional state are also key elements involved in proper 

pubertal development (42-48).  Defects in the leptin, insulin, GH, or IGF-1 signaling 

pathway have been reported to cause delayed puberty, hypogonadotropic hypogonadism 

and/or infertility (49-55).  Levels of leptin, insulin, GH, and IGF-1 are also sensitive to 

nutritional state, with circulating levels that vary between 2- and 5-fold after fasting (56).  

To further explore factors that may influence pubertal development, female wild type (n 

= 4) and Chd7
Gt/+

 (n = 4) littermate mice were analyzed for circulating levels of insulin 

and leptin (Figure 3.1 F).  Insulin and leptin levels were not altered in Chd7
Gt/+

 females 

compared to wild type (Figure 3.1 F).  Additionally, circulating levels of growth hormone 

(GH) and insulin-like growth factor 1 (IGF1) were similar in wild type (n = 4) and 

Chd7
Gt/+

 (n = 4) littermate females (Figure 3.1 G, H) and males (data not shown).  

Although we could detect no significant differences in insulin, leptin, GH, or IGF1, 

Chd7
Gt/+

 mice (male and female) are significantly smaller than their wild type littermates 

(30).  Our data cannot completely rule out a more subtle defect in metabolism or nutrition 

that may influence reproduction in Chd7
Gt/+

 mice.          
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Chd7
Gt/+

 mice have decreased levels of circulating gonadotropic hormones 

 CHARGE individuals are reported to have hypogonadotropic hypogonadism and 

variable response to GnRH stimulation (5-11).  To test the integrity of the hypothalamic-

pituitary axis, we assayed circulating levels of LH and FSH in 3-4 month old wild type 

(males n = 4, females n = 5) and Chd7
Gt/+

 (males n = 5, females n = 6) sex-matched 

littermate mice (Figure 2 A, B).  Circulating levels of female gonadotropic hormones 

fluctuate dependent upon stage of estrus (57); therefore, we collected serum from all 

females at late estrus.  We found that Chd7
Gt/+

 female mice have reduced levels of 

circulating LH (74% decrease) and FSH (83% decrease) in comparison to wild type 

littermates (Figure 3.2 A, B).  Chd7
Gt/+

 male mice also have reduced levels of circulating 

LH (86% decrease) whereas levels of FSH are normal (Figure 3.2 A, B).  Interestingly, 

studies of Fshβ
-/-

 mice reported that FSH is not required for male fertility but is required 

for female fertility (58, 59).  In contrast, Fshβ mutations in human males cause 

azoospermia and infertility (60, 61).  Fshβ is also expressed independent of GnRH 

signaling in an activin-dependent pathway (62, 63), and LH and FSH are differentially 

regulated by GnRH during development (64).   

 

Chd7
Gt/+ 

mice respond normally to GnRH agonist stimulation 

 Hypogonadotropic hypogonadism can be caused by defects in the hypothalamus, 

the pituitary, or both.  Mutations in the GnRH receptor gene, GnRHR, cause pituitary 

gonadotrope insensitivity to GnRH stimulation and subsequent hypogonadotropic 

hypogonadism (65, 66), whereas mutations in genes such as GPR54 or GnRH1 affect 

GnRH neuronal function at the level of the hypothalamus (67, 68).  Mutations in genes 
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affecting GnRH neuronal function could therefore mask a normal ability of pituitary 

gonadotropes to respond to GnRH.  To test this, we administered the GnRH agonist, 

leuprolide, to 3-4 month old wild type (males n = 4, females n = 3) and Chd7
Gt/+

 (males 

n = 4, females n = 4) sex-matched, late estrus-matched (females) littermate mice.  In 

mice, leuprolide causes a rapid (between 70 to 180 minutes) increase in production and 

circulation of LH and FSH (69, 70).  Wild type and Chd7
Gt/+ 

mice had similar circulating 

levels of LH and FSH measured 2 hours following leuprolide administration (Figure 3.2 

C, D).  These observations are consistent with normal pituitary gonadotrope 

responsiveness to GnRH agonist in Chd7
Gt/+ 

mice. 

 Male Chd7
Gt/+ 

mice have normal baseline circulating levels of FSH (Figure 3.2 

B).  To determine whether pituitary gonadotropes in Chd7
Gt/+ 

males constitutively 

produce FSH independent of GnRH signal, we administered the GnRH antagonist antide 

to 3 month old male wild type (n = 4) and Chd7
Gt/+

 (n = 4) littermate mice.  In mice, 

antide causes a rapid (2 hours) decrease in the production and circulation of LH and FSH 

(71, 72).  Wild type and Chd7
Gt/+ 

mice had no difference in circulating levels of FSH or 

LH 2 hours following antide administration (Figure 3.2 E, F).  Additionally, no 

abnormalities in pituitary histology were found by hematoxylin and eosin staining of 

sections from E10.5, E14.5, E18.5, and adult Chd7
Gt/+ 

mice-data not shown and (30).   

 

GnRH neurons are decreased in Chd7 deficient mice   

 Reduced levels of circulating LH and FSH can reflect defects in GnRH neurons in 

the hypothalamus, as a result of reductions in GnRH neuronal number, defective 

migration to the hypothalamus, and/or aberrant hormone production and/or release (14).  
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To measure GnRH neurons in Chd7
Gt/+

 mice, immunofluorescence was performed with 

anti-GnRH antibody on hypothalamic sections from 3-4 month old wild type (males n = 

4, females n = 4) and Chd7
Gt/+

 (males n = 4, females n = 4) sex-matched, late estrus-

matched (females) littermates.  A visually apparent decrease in GnRH 

immunofluorescence was found in the median eminence in both male and female 

Chd7
Gt/+

 mice compared to wild type littermates (Figure 3.3 A, B).  In contrast, there was 

no difference between wild type and Chd7
Gt/+ 

mice in immunofluorescence of arginine 

vasopressin (AVP)-positive fibers in the median eminence (Figure 3.3 C, D), providing 

evidence against a general defect in neural development or maintenance.  Quantitation of 

anti-GnRH immunofluorescence in the median eminence using ImageJ software showed 

a 54% decrease in anti-GnRH immunofluorescence in Chd7
Gt/+ 

females and a 51% 

decrease in Chd7
Gt/+ 

males (Figure 3.3 K).   

Reduced GnRH in the median eminence could be a result of fewer GnRH neurons 

in the hypothalamus or defects in GnRH neuronal function.  Adult GnRH neurons have a 

rostral-caudal distribution that spans from the nasal region to the hypothalamus, but the 

vast majority of GnRH neurons reside in specific regions of the hypothalamus (73).  To 

quantify GnRH neurons in the hypothalamus, immunofluorescence was performed with 

anti-GnRH antibody on hypothalamic sections from 3-4 month old wild type (males n = 

4, females n = 4) and Chd7
Gt/+

 sex-matched (males n = 4, females n = 4), late estrus-

matched (for females) littermates.  GnRH neuronal cell counts taken from the 

hypothalamus including the medial septal nucleus (MSN) (Figure 3 E, F) and preoptic 

area (POA) (Figure 3.3 G, H) showed a significant decrease (approximately 35%) in the 

number of GnRH-positive cell bodies in the hypothalamus of Chd7
Gt/+ 

females and 
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Chd7
Gt/+ 

males compared to wild type littermates (Figure 3.3 L).  The average total 

number of GnRH-positive neurons counted in the hypothalamus is Chd7
Gt/+ 

females = 

348 (standard error = 21; P < 0.001), Chd7
Gt/+ 

males = 361 (standard error = 18; P < 

0.001), wild type females = 487 (standard error = 26), and wild type males = 473 

(standard error = 24).  To determine whether GnRH neurons exhibit migration 

abnormalities in Chd7
Gt/+ 

mice, immunofluorescence was performed with anti-GnRH 

antibody on both coronal and sagittal sections from 3-4 month old wild type (males n = 

4, females n = 4) and Chd7
Gt/+

 (males n = 4, females n = 4) sex-matched, late estrus-

matched (females) littermates.  GnRH neurons were distributed similarly throughout the 

rostral-caudal axis from the nasal region to the cerebellum in wild type and Chd7
Gt/+

 

mice.  Thus, we did not identify a major defect in GnRH neuronal migration in Chd7
Gt/+

 

mice.   

 Chd7 is expressed in immortalized GnRH neuronal cell lines (8), but Chd7 

expression in GnRH neurons in vivo had not been previously examined.  We analyzed 

adult Chd7
Gt/+

 hypothalamic sections using anti-β-galactosidase and anti-GnRH and 

found that most GnRH-positive neurons were also positive for the β-galactosidase 

reporter (Figure 3.3 I, J).  These data suggest that CHD7 may also regulate GnRH 

neuronal development or function. 

 

Chd7
Gt/+

 embryos have fewer GnRH neurons in the nasal region 

 The timing of GnRH neuron formation, their migratory paths, and molecules 

regulating this migration have been extensively studied (74).  In mice, GnRH neurons 

arise from the E9.5-11.5 olfactory placode then migrate along olfactory tracts leading to 
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the forebrain (32).  GnRH neurons reside in the nasal region until E13.5, at which time 

most GnRH neurons have migrated into the forebrain; GnRH neurons continue to migrate 

until E16.5 when they reach the hypothalamus and have assumed their adult-like 

distribution (32).   

 Hypogonadotropic hypogonadism is often associated with abnormalities in GnRH 

neurons, and can be caused by defects in neurogenesis, migration, or survival (75).  

Mouse models with mutations affecting genes such as Pkr2, Epha5, and Nhlh2 are 

reported to have defects in GnRH neuronal migration and/or survival (76-78), while 

mutations in Fgf8 and Fgfr1 cause reduced neurogenesis (26-28).  To determine whether 

GnRH neuronal numbers are altered in Chd7
Gt/+

 embryos, GnRH-positive cells were 

counted in wild type (n = 4 each time point) and Chd7
Gt/+

 (n = 4 each time point)
 

littermate embryos at E11.5 and E12.5.  We found approximately a 30% reduction in the 

number of GnRH neurons in the nasal region of Chd7
Gt/+

 embryos at both E11.5 and 

E12.5 (Figure 3.4).  The average total number of GnRH-positive neurons counted in the 

embryonic nasal region is E11.5 Chd7
Gt/+  

= 565 (standard error = 19; P < 0.001), E12.5 

Chd7
Gt/+ 

 = 622 (standard error = 32; P < 0.001), E11.5 wild type  = 793 (standard 

error = 42), and E12.5 wild type  = 882 (standard error = 40).  Decreased numbers of 

GnRH neurons in Chd7
Gt/+

 embryos is consistent with reduced GnRH neurons in the 

hypothalamus of adult Chd7
Gt/+

 mice.   

 

Chd7
Gt/+

 embryos have defects in cellular proliferation in the olfactory placode     

 Chd7 is highly expressed in the olfactory placode by E10.5 (30), and continues to 

be expressed in olfactory tissues throughout development and into adulthood (29).  To 
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test cellular proliferation in the olfactory placode, immunofluorescence was performed 

with anti-CHD7 and the proliferation marker anti-phospho-histone H3 in wild type (n = 

4), Chd7
Gt/+

 (n = 4), and Chd7
Gt/Gt

 (n = 3)
 
littermate embryos at E10.5 (Figure 3.5 A-I).  

A 49% decrease in phospho-histone H3-positive cells was found in E10.5 Chd7
Gt/+

 

embryos compared to wild type (Figure 3.5 A-F, J).  The vast majority (97%) of 

phospho-histone H3-positive cells in the olfactory placode were CHD7-positive, similar 

to previously published results showing CHD7 in 98% of proliferating cells in the adult 

olfactory epithelium (29).  We found a 90% decrease in proliferation and reduced size of 

the olfactory placode in Chd7
Gt/Gt

 embryos compared to wild type, and an 80% decrease 

in proliferation compared to Chd7
Gt/+

 embryos (Figure 3.5 A-J).  Together, these data 

indicate that Chd7 deficiency negatively impacts cellular proliferation in the developing 

olfactory placode, consistent with fewer olfactory sensory neurons in the adult Chd7
Gt/+

 

olfactory epithelium (29) and fewer GnRH neurons available for migration into the 

hypothalamus. 

 Decreased numbers of adult GnRH neurons could also result from defects in cell 

survival (78).  To test this, wild type (n = 4 each time point) and Chd7
Gt/+

 (n = 4 each 

time point)
 
littermate embryos at E10.5, E11.5, and E12.5 were analyzed for apoptosis by 

TUNEL assay.  Chd7
Gt/+

 embryos have significantly fewer TUNEL-positive cells in the 

nasal region compared to wild type embryos at all time points analyzed [E10.5 (21% 

decrease), E11.5 (11% decrease), and E12.5 (13% decrease)] (Figure 3.5 K).  Fewer 

TUNEL-positive cells may be present due to an overall reduction in the number of cells 

in the nasal region of Chd7
Gt/+

 embryos.  Alternatively, Chd7
Gt/+

 mice may have 

decreased susceptibility to apoptosis.  The 49% decrease in cellular proliferation in the 



99 

 

E10.5 olfactory placode is greater than the 21% decrease in E10.5 TUNEL-positive cells 

in Chd7
Gt/+

 embryos compared to wild type littermates.  Wild type and Chd7
Gt/+

 embryos 

at E10.5 appear to have normal invagination of the olfactory placode to form the 

olfactory pit (Figure 3.5 A-F).  However, Chd7
Gt/Gt

 embryos appear to lack olfactory pits, 

suggesting that invagination of the olfactory placode is disrupted (Figure 3.5 G-I).  

Altogether, our data suggest that defects in GnRH neurogenesis lead to reduced GnRH 

neurons in embryonic and adult Chd7
Gt/+

 mice, and are not associated with increased cell 

death. 

 

Reduced CHD7 dosage alters gene expression in olfactory placode, pituitary, and 

hypothalamus 

 CHD7 may regulate neural progenitors by directly influencing the expression of 

morphogens such as the bone morphogenetic proteins (BMPs) and fibroblast growth 

factors (FGFs).  CHD7 may also regulate the expression and/or function of transcription 

factors involved in neurogenesis.  Chd7 is highly expressed throughout the entire 

olfactory placode, whereas the expression of morphogens is often regionally restricted 

within the olfactory placode (23, 79).  To determine whether CHD7 regulates expression 

of Fgfr1, Fgf8, Bmp4, or Otx2, we analyzed microdissected olfactory placode from E10.5 

wild type (n = 3), Chd7
Gt/+

 (n = 3), and Chd7
Gt/Gt

 (n = 4)
 
littermate embryos using 

TaqMan gene expression assays.  We found that Chd7
Gt/+

 embryos have decreased 

expression of Otx2 (fold change: -3.01 +/- 0.32), Bmp4 (fold change: -2.61 +/- 0.15), and 

Fgfr1 (fold change: -2.88 +/- 0.23) compared to wild type littermates (Figure 3.6 A).  

Chd7
Gt/Gt

 embryos also have decreased expression of Otx2 (fold change: -7.87 +/- 0.46), 
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Bmp4 (fold change: -7.91 +/- 0.37), and Fgfr1 (fold change: -8.65 +/- 0.29) compared to 

wild type littermates (Figure 3.6 A).  There was no significant difference in Fgf8 

expression in Chd7
Gt/+

 or Chd7
Gt/Gt

 embryos compared to wild type littermates (Figure 

3.6 A).  Potential changes in spatial distribution of gene expression within the Chd7 

mutant placode could not be determined from these studies.   

  To determine whether CHD7 regulates the expression of genes required for 

normal adult hypothalamic-pituitary signaling, we analyzed the expression of GnRH1, 

Otx2, Kiss1, and GnRHR using TaqMan gene expression assays.  We analyzed RNA 

isolated from the hypothalamus and pituitary of 3-4 month old wild type (n = 4) and 

Chd7
Gt/+

 (n = 4) littermate mice.  We found decreased expression of GnRHR (fold 

change: -2.34 +/- 0.22) in Chd7
Gt/+

 pituitary (Figure 3.6 B), consistent with decreased 

GnRH signal (80-82) rather than a direct effect of reduced Chd7 dosage.  We also found 

decreased expression of GnRH1 (fold change: -3.61 +/- 0.63) and Otx2 (fold change: -

4.09 +/- 0.43) in Chd7
Gt/+

 hypothalamus compared to wild type littermates (Figure 3.6 B).  

There was no significant difference in expression of Kiss1 in the Chd7
Gt/+

 hypothalamus 

compared to wild type littermates (Figure 3.6 B). 

 

Discussion  

 We report here that Chd7
Gt/+

 mice have delayed puberty, erratic estrus cycles, 

decreased levels of circulating gonadotropins, and reduced GnRH neurons in the 

hypothalamus.  Chd7
Gt/+

 embryos have fewer GnRH neurons and reduced cellular 

proliferation in the olfactory placode.  Additionally, reduced CHD7 dosage impacts 

expression of genes involved in proliferation and/or neurogenesis (Fgfr1, Bmp4, and 
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Otx2) in the olfactory placode and GnRH signaling (Otx2 and GnRH1) in the adult 

hypothalamus.  Together, our data suggest that defects in neural progenitor proliferation 

in the developing olfactory epithelium may underlie the Kallmann-like features found in 

Chd7
Gt/+

 mice and in CHD7 mutation positive humans with CHARGE syndrome.  These 

observations also provide evidence that CHD7 positively regulates cellular proliferation 

potentially by either directly or indirectly regulating transcription of Fgfr1, Bmp4, and 

Otx2.  Combined with previous published results in the olfactory system (29) and the 

developing inner ear (83), our data imply a broad role for CHD7 in promoting 

neurogenesis in multiple tissues. 

 Although no binding site consensus sequences have been identified for CHD7, we 

compared our gene expression results to CHD7 CHiP-seq data (derived from embryonic 

stem cells) deposited in GEO by Schnetz et al (84).  We found CHD7 binding sites at the 

medium threshold for Otx2 (1 site inside the gene and 1 upstream close to the 

transcriptional start site), Bmp4 (3 sites downstream of the gene), and Fgfr1 (5 sites in the 

second intron and several sites both upstream and downstream of the gene).  We also 

found a potential CHD7 binding site for Fgf8 in the adjacent gene Mgea5, which could 

contain an enhancer region for Fgf8.  There were no CHD7 binding sites at the low, 

medium, or high thresholds for GnRH1, GnRHR, or Kiss1.  It is important to note that 

comparison of our data to that of prior ChIP-seq experiments is limited due to differences 

in cell types analyzed.  Moreover, our results do not provide information on whether 

changes in gene expression result from direct or indirect effects of CHD7. 

Roles for CHD7 in regulation of gene expression during tissue development and 

maintenance are emerging for multiple organs.  In a study of neural crest formation in 
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Xenopus, CHD7 was implicated to regulate multipotent neural crest-like cells by binding 

to PBAF components including BRG1, BAF170, BAF155, BAF57, PB1, ARID2, and 

BRD7 (85).  In mesenchymal stem cells, CHD7 regulates cell fate specification during 

osteoblast and adipocyte differentiation (86).  CHD7 forms a complex with NLK, 

SETDB1, and PPAR-γ, and binds to methylated lysine 4 and lysine 9 residues on histone 

H3 at PPAR-γ target promoters, which suppresses ligand-induced transactivation of 

PPAR-γ target genes (86).  Additionally, the CHD7 Drosophila orthologue, Kismet, is 

involved in transcriptional elongation by RNA polymerase II through recruitment of 

ASH1 and TRX, and may help maintain stem cell pluripotency by regulating methylation 

of histone H3 lysine 27 (87).  These data provide evidence that the role of CHD7 in tissue 

development and maintenance is dependent upon coordination of multiple components.  

Our results showing that CHD7 affects GnRH neurogenesis and signaling, potentially by 

influencing transcriptional regulation of key target genes, add to this emerging evidence. 

 Previous reports of reproductive phenotypes in Chd7 haploinsufficient mice using 

the Chd7
Whi

 allele (which contains a nonsense mutation) (39) showed that Chd7
Whi/+

 mice  

have genital hypoplasia, hypogonadism, and increased time to first litter (38).  Similar to 

Chd7
Gt/+

 mice, Chd7
Whi/+

 mice were also reported to have reduced GnRH neurons in the 

adult hypothalamus (38).  However, the mechanism underlying decreased GnRH neurons 

in Chd7
Whi/+

 mice was not evaluated.  Our data provides a potential cellular mechanism 

for the reduced gonadal size and decreased fertility associated with CHD7 

haploinsufficiency.  Compared to wild type littermates, Chd7
Gt/+

 mice have reduced 

capacity for GnRH signal to pituitary gonadotropes, leading to less LH and FSH available 

to act on the gonads for sex-steroid production.  Reductions in circulating LH and FSH 
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negatively affect both gonad size and fertility (88).  Although our data do not exclude the 

possibility of a subtle defect in GnRH migration, reduced GnRH neurons in Chd7
Gt/+

 

mice are explained at least in part by defects in GnRH neurogenesis during development.  

Together, these data support our model for an underlying intrinsic cellular mechanism for 

hypogonadotropic hypogonadism in Chd7 haploinsufficient mice.                  

 Neural progenitors must be tightly regulated during development by factors that 

are likely to be temporally and spatially restricted (89).  The neurogenic potential of 

progenitors is influenced by both BMP and FGF signaling in the central and peripheral 

nervous systems (90-94).  The opposing effects of FGF and BMP signaling must be 

tightly regulated during olfactory development to obtain the proper proportions of 

olfactory sensory and olfactory respiratory cell types; notably, reductions in either FGF8 

or BMP4 can cause decreased cellular proliferation in the olfactory placode (95).  In 

addition, BMP4 and BMP7 have dosage and threshold dependent effects on neurogenesis 

in the olfactory epithelium (90-92, 96, 97).  Although BMP activity is generally thought 

to inhibit neurogenesis, low doses of BMP4 are required for promoting neurogenesis in 

multiple tissues including the olfactory placode, hippocampus, and subventricular zone 

(95-100).  Neurogenesis in the olfactory epithelium is also regulated by FGF8 and 

FGFR1, and mutations in Fgf8 or Fgfr1 in humans and mice cause reduced numbers of 

olfactory sensory neurons and GnRH neurons (23-28).  FGF2 induces neurogenesis and 

increases cellular proliferation of progenitors in olfactory tissues (96), and FGF2 signals 

via FGFR1 to induce proliferation of olfactory bulb progenitors in the subventricular 

zone (101).  Our data provide the first evidence that reduced CHD7 dosage results in 
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decreased expression of Fgfr1 and Bmp4, and that CHD7 is required for proper cellular 

proliferation and genesis of GnRH neurons during development.   

Proper CHD7 dosage is critical for development in humans and mice (30, 31, 39, 

102).  However, CHD7 function in adult tissues and post-mitotic cells has not been fully 

explored.  Although adult Chd7 expression in the brain is mostly restricted to 

proliferative regions, cells expressing Chd7 are scattered throughout the adult mouse 

hypothalamus [data available on GENSAT website (http://www.gensat.org/index.html)].  

CHD7 is also expressed in GnRH neurons in vivo (Figure 3I, J) and in GnRH neuronal 

cell lines (8), but it is unknown whether CHD7 has a functional role in post-mitotic 

GnRH neurons.  Our data provide the first evidence that CHD7 haploinsufficiency in 

mice results in decreased expression GnRH1 and Otx2 expression in the adult 

hypothalamus.  These data are consistent with a recent report showing that loss of CHD7 

in the developing mouse inner ear causes reduced expression of Otx2 (83).  Interestingly, 

humans with OTX2 mutations have some clinical features similar to those seen in 

CHARGE, including pituitary hormone deficiency, short stature, and ocular colobomata 

(103, 104).  Thus, fewer GnRH neurons in Chd7
Gt/+

 mice and defects in GnRH signaling 

may be exacerbated by decreased expression of GnRH1.  Together, these results provide 

evidence that CHD7 controls multiple facets of normal hypothalamic-pituitary signaling, 

by regulating GnRH neuronal cell number as well as expression of transcription factors 

and morphogens required for proper GnRH signaling.    
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Materials and Methods 

Mice 

 Chd7
Gt/+

 mice were generated and characterized as previously described (30).  

Mice were maintained by backcrossing with 129S1/Sv1mJ (Jackson Laboratory) mice to 

generation N6-N8.  Mice are housed with a 10/14h dark/light cycle and fed ad libitum.  

Serum was collected in the afternoon between 2:00 and 3:00pm by cardiac 

exsanguinations after anaesthesia with 250 mg/kg body weight tribromoethanol.  Timed 

pregnancies were established, and the morning of plug identification designated as E0.5.  

Embryos were collected after cervical dislocation and hysterectomy, and washed briefly 

in PBS.  Amniotic sacs were collected and DNA isolated for PCR genotyping as 

described (30).  All procedures were approved by The University of Michigan University 

Committee on Use and Care of Animals (UCUCA). 

 

Vaginal Smears 

 Vaginal smears were taken at the same time daily over a three month period.  One 

drop of water from a Pasteur pipette was gently expelled into the vagina and aspirated 4-6 

times, and then transferred to a microscope slide.  The smear was dried at room 

temperature and then fixed with 100% methanol.  Fixed slides were stained for 30 

minutes in 2% Giemsa (GibcoBRL, Grand Island, NY).  Stained slides were then 

analyzed for stage of estrus cycle.    
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Immunofluorescence  

 Embryos were fixed in 4% paraformaldehyde for 30 minutes (E10.5) to 1.5 hrs 

(E12.5), then washed in PBS and dehydrated in an ethanol gradient.  Embryos were 

subsequently embedded in paraffin and sectioned at 7 μm.  Three to four month old 

Chd7
+/+

 and Chd7
Gt/+

 sex-matched littermate mice were anaesthetized with 250 mg/kg 

body weight tribromoethanol and perfusion fixed with 4% paraformaldehyde.  Mice were 

then decapitated and heads placed in 4% paraformaldehyde overnight at 4°C.  Heads 

were incubated in RDO Rapid Decalcifier (Apex Engineering, Aurora, IL) for 4-6 hours 

followed by 30% sucrose protection overnight at 4°C.  Tissue was flash frozen in O.C.T. 

embedding medium (Tissue Tek, Torrance, CA) for sectioning at 14 μm.  Following 

paraffin or cryosectioning, sections were processed for immunofluorescence with 

antibodies against CHD7 (1:1000; Abcam, Cambridge, MA), GnRH (1:150; Abcam 

(ab5617), Cambridge, MA), β-galactosidase (1:200; Vector Laboratories, Burlington, 

CA), arginine vasopressin (1:500; Abcam, Cambridge, MA), or phospho-histone H3 

(1:200; Millipore, Temecula, CA).  Secondary antibodies were used at 1:200 and were 

conjugated with Alexa 488, Alexa 555, or biotin with streptavidin-HRP (Vector 

Laboratories) and or biotinylated secondary antibodies conjugated with streptavidin-

Alexa488 or streptavidin-Alexa555 (Molecular Probes, Eugene, OR and Invitrogen, 

Carlsbad, CA).  Images were captured by single channel fluorescence microscopy on a 

Leica upright DMRB microscope and processed in Photoshop v.9.0 (San Jose, CA).  NIH 

ImageJ software (Bethesda, MD) was used to analyze anti-GnRH fluorescence intensity 

over at least 30 images of the median eminence per animal.  Fluorescence intensity was 

measured in restricted areas of the median eminence and background was subtracted to 
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obtain the final measurements.  GnRH neuronal cell counts were performed by counting 

cell bodies only on at least four adults (4 pairs male and 4 pairs female) and four embryos 

of each genotype at each time point.  A minimum of 30 sections per animal were used for 

all cell counts. Cell counts were analyzed for significance by Student’s t-test using two-

tailed unequal variance. 

 

Mouse Insulin and Leptin ELISA Assay 

Circulating serum levels of insulin and leptin were assayed by ELISA from three 

to four month old Chd7
+/+

 and Chd7
Gt/+

 stage of estrus cycle matched littermate mice.  

Insulin was measured using the Ultra Sensitive Mouse Insulin ELISA Kit (Crystal Chem, 

Downers Grove, IL).  Leptin was measured using the Mouse Leptin ELISA Kit (Crystal 

Chem).  Absorbance (A450) for insulin and leptin was measured and analyzed using a 

standard curve.  Differences in absorbance were analyzed for significance by Student’s t-

test using two-tailed unequal variance.   

 

Mouse GH and IGF1 ELISA Assay 

 Circulating levels of growth hormone (GH) and insulin-like growth factor 1 

(IGF1) were assayed by ELISA.  GH was measured in serum collected from three to four 

month old Chd7
+/+

 and Chd7
Gt/+

 stage of estrus cycle matched littermate mice using the 

ELISA kit Cat# EZRMGH-45K (LINCO Research, St. Charles, Missouri).  IGF1 was 

measured in serum using the ELISA Kit Cat# DSL-10-29200 (Diagnostic Systems 

Laboratories, Webster, Texas).  Absorbance (A450) for GH and IGF1 was measured and 
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analyzed using a standard curve.  Differences in absorbance were analyzed for 

significance by Student’s t-test using two-tailed unequal variance. 

 

Mouse LH Sandwich Assay (MLHS) 

 Circulating levels of LH were assayed at the University of Virginia Center for 

Research in Reproduction Ligand Assay and Analysis Core using the following methods: 

LH was measured in serum by a sensitive two-site sandwich immunoassay (105, 106) 

using monoclonal antibodies against bovine LH (no. 581B7) and against the human LH-

beta subunit (no. 5303: Medix Kauniainen, Finland)  as previously described (106). The 

tracer antibody (no. 518B7) was kindly provided by Dr. Janet Roser (107), (Department 

of Animal Science, University of California, Davis) and iodinated by the chloramine T 

method and purified on Sephadex G-50 columns. The capture antibody (no. 5303) was 

biotinylated and immobilized on avidin-coated polystyrene beads (7mm; Epitope 

Diagnostics, Inc., San Diego, CA). Mouse LH reference prep (AFP5306A; provided by 

Dr. A.F. Parlow and the National Hormone and Peptide program) was used as standard. 

The mouse LH sandwich assay has a sensitivity of 0.07 ng/ml.  

 

Mouse FSH Radioimmunoassay (RIA) 

 Circulating levels of FSH were assayed at the University of Virginia Center for 

Research in Reproduction Ligand Assay and Analysis Core using the following methods:  

FSH was assayed by RIA using reagents provided by Dr. A.F. Parlow and the National 

Hormone and Peptide Program, as previously described (108). Mouse FSH reference 

prep AFP5308D was used for assay standards and mouse FSH antiserum (guinea pig; 
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AFP-1760191) diluted to a final concentration of 1:400,000 was used as primary 

antibody. The secondary antibody was purchased from Equitech-Bio, Inc. and diluted to a 

final concentration of 1:25.  The assay has a sensitivity of 2.0 ng/ml and less than 0.5% 

cross-reactivity with other pituitary hormones. 

 

GnRH Agonist and Antagonist Assays 

 Three to four month old Chd7
+/+

 and Chd7
Gt/+

 sex-matched littermate mice were 

given a subcutaneous injection of either the GnRH agonist leuprolide (Sigma, St Louis, 

MO) or the GnRH antagonist antide (Sigma).  Leuprolide was dissolved in 0.9% saline 

and administered at a dose of 1mg/kg body weight two hours prior to cardiac 

exsanguination (69, 70).  Antide was dissolved in 20% propylene glycol and 0.9% saline 

and administered at a dose of 3.0mg/kg body weight two hours prior to cardiac 

exsanguination (71, 72).  Serum was collected and analyzed by mouse LH sandwich 

assay and mouse FSH RIA.    

 

Cellular Proliferation Assays 

 Wild type, Chd7
Gt/+

, and Chd7
Gt/Gt 

E10.5 embryos were processed as above for 

immunofluorescence.  Serial adjacent sections were labeled with rabbit anti-H3 (1:200, 

Millipore, Temecula, MA) followed by incubation with anti-rabbit AlexaFluor488 

conjugated secondary antibody (Invitrogen).  A minimum of 30 sections per embryo were 

photographed by single channel fluorescence microscopy on a Leica upright DMRB 

microscope and processed for dual channel imaging with Adobe Photoshop software v9.0 

(San Jose, CA).  Cell counts were performed on at least four embryos of each genotype.  



110 

 

Statistical significance was determined using one-way ANOVA analysis with GraphPad 

Prism 5 software. 

 

TUNEL Assays 

 Wild type and Chd7
Gt/+ 

E10.5, E11.5, and E12.5 embryos were processed as 

above for immunofluorescence.  Serial adjacent sections were assayed for apoptosis using 

Fluorescein-FragEL DNA Fragmentation Detection Kit (Calbiochem, Darmstadt, 

Germany).  A minimum of 30 sections per embryo were photographed by single channel 

fluorescence microscopy on a Leica upright DMRB microscope and processed for dual 

channel imaging with Adobe Photoshop software v9.0 (San Jose, CA).  Cell counts were 

performed on at least four embryos of each genotype at each time point.  Cell counts 

were analyzed for significance by Student’s t-test using two-tailed unequal variance.    

 

RNA Isolation and Real-Time PCR 

 Three to four month old Chd7
+/+

 and Chd7
Gt/+

 sex-matched littermate mice were 

euthanized by cervical dislocation and decapitated.  The brain and pituitary were 

removed from the head.  The hypothalamus was microdissected from whole brain and 

placed in ice cold TRIzol (Invitrogen) and mechanically homogenized prior to RNA 

isolation.  Pituitary RNA was isolated using the RNAqueous-Micro RNA Isolation Kit 

(Ambion, Austin, TX).  Wild type, Chd7
Gt/+

, and Chd7
Gt/Gt 

E10.5 embryos were 

harvested as described above.  The olfactory placode was microdissected and RNA 

isolated using the RNAqueous-Micro RNA Isolation Kit (Ambion).  Isolated RNA from 

adult and embryonic tissues was treated with DNase I prior to cDNA synthesis.  cDNA 



111 

 

was generated using Superscript First-Strand cDNA Synthesis system for RT-PCR 

(Invitrogen) with random primers.   

 Relative expression levels were assayed utilizing TaqMan Gene Expression 

Master Mix and TaqMan probes (Applied Biosystems, Foster City, CA) for GnRH1, 

GnRHR, Kiss1, Otx2, Bmp4, Fgfr1, Fgf8, and Gapdh.  Reactions were run in triplicate in 

an Applied Biosystems StepOne-Plus Real-Time PCR System.  The level of Gapdh was 

used as an internal control.  The difference in CT between the assayed gene and Gapdh 

for any given sample was defined as CT(X).  The
 
difference in CT(x) between two 

samples was defined as CT(X),
 
which represents a relative difference in expression of 

the assayed gene.  The fold change of the assayed gene relative to Gapdh was defined as 

2
-ΔΔCT 

(109).  DataAssist software (Applied Biosystems) was used for statistical analysis 

and to confirm CT(X) calculation. 
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Chapter 3 Notes 

1
A revised version of Chapter 3 has been published as Layman WS, Hurd EA, Martin 

DM.  (2011).  Reproductive dysfunction caused by decreased GnRH neurogenesis in a 

mouse model of CHARGE syndrome.  Human Molecular Genetics: in press. 
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Figure 3.1  Chd7
Gt/+ 

females have delayed puberty and erratic estrus cycles.  (A) Wild 

type and Chd7
Gt/+ 

female littermates were examined for vaginal opening and first estrus.  

(B) In wild type females, estrus cyclicity is obtained at postnatal day 39, nine days after 

first estrus.  (C and D) Chd7
Gt/+ 

female littermates never achieve cyclicity and have 

erratic estrus cycles.  (E) Pubertal markers (vaginal opening (VO), first estrus, and 

cyclicity) in relation to body size are depicted for wild type and Chd7
Gt/+ 

females.  (F) 

Circulating levels of insulin and leptin are similar in wild type and Chd7
Gt/+ 

female 

littermate mice.  (G and H)  Circulating levels of growth hormone (GH) or insulin-like 

growth factor 1 (IGF1) are similar in wild type and Chd7
Gt/+ 

female littermate mice.  * P 

< 0.05 ** P < 0.01 by unpaired Student’s t test.  NS= Not Significant.   
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Figure 3.2  Circulating LH and FSH are decreased in Chd7
Gt/+

 mice.  (A) Chd7
Gt/+

 mice 

analyzed for circulating LH have decreased serum levels compared to wild type 

littermates.  The LH reportable range was 0.04 to 37.4 ng/ml.  (B) Chd7
Gt/+ 

females have 

decreased levels of circulating FSH but Chd7
Gt/+ 

males have normal serum levels.  The 

FSH reportable range was 2.3 to 20.0 ng/ml.  (C and D) GnRH agonist, leuprolide, 

administered to wild type and Chd7
Gt/+

 mice caused similar responses in the production 

and circulation of LH and FSH.  The reportable range for LH was 0.04 to 37.4 ng/ml and 

for FSH was 6.7 to 75.0 ng/ml.  (E and F) Wild type and Chd7
Gt/+

 males were 

administered GnRH antagonist, antide.  Wild type and Chd7
Gt/+

 males have similar 

decreases in circulating levels of LH and FSH.  The reportable range for LH was 0.04 to 

37.4 ng/ml and for FSH was 6.7 to 75.0 ng/ml.  * P < 0.05 ** P < 0.01 *** P < 0.001 by 

unpaired Student’s t test.  NS= Not Significant.   
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Figure 3.3  Chd7
Gt/+

 mice have decreased GnRH neurons in the hypothalamus.  (A and 

B) Immunofluorescence using anti-GnRH (green) revealed decreased GnRH 

immunofluorescence in the median eminence in Chd7
Gt/+

 mice compared to wild type 

littermates.  (C and D) Immunofluorescence using anti-arginine vasopressin (AVP) 

showed no difference in the median eminence in Chd7
Gt/+

 mice compared to wild type 

littermates. (E-H) Immunofluorescence using anti-GnRH (green) showed decreased 

numbers of GnRH neurons in the medial septal nucleus (MSN) and preoptic area (POA) 

in Chd7
Gt/+

 mice compared to wild type littermates.  (I and J) Chd7 is expressed in GnRH 

neurons in vivo.  Immunofluorescence of Chd7
Gt/+

 hypothalamic sections using anti-β-

galactosidase (β-gal) and anti-GnRH showed that most GnRH-positive neurons in the 

hypothalamus are also positive for the β-galactosidase reporter for Chd7 expression.  

White box in I indicates the co-labeled neuron magnified in J.  (K) Quantitation of anti-

GnRH immunofluorescence in the median eminence using ImageJ software showed 

significantly decreased GnRH in Chd7
Gt/+

 mice compared to wild type.  (L) Quantitation 

of GnRH neurons per hypothalamus showed decreased numbers of GnRH neurons in 

both male and female Chd7
Gt/+

 mice compared to sex-matched wild type littermates.  

Sections are in the coronal plane.  ** P < 0.01 *** P < 0.001 by unpaired Student’s t test.  

3v= third ventricle. 
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Figure 3.4  GnRH neurons are reduced in Chd7
Gt/+

 embryos.  (A-L) Immunofluorescence 

using antibody against GnRH (red) and counterstained with DAPI (blue) showed a 

decrease in anti-GnRH staining at E11.5 A-D and E12.5.  (M) The total number of GnRH 

neurons per embryo was significantly decreased at each time point in Chd7
Gt/+

 embryos 

compared to wild type littermates.  Sections are in the transverse plane.  *** P < 0.001 by 

unpaired Student’s t test. 
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Figure 3.5  Chd7
Gt/+

 embryos have reduced cellular proliferation in the olfactory 

placode.  (A-F) Immunofluorescence of wild type and Chd7
Gt/+

 at E10.5 using antibodies 

against CHD7 (red) and phospho-histone H3 (H3) (green).  (G-I) Immunofluorescence of 

Chd7
Gt/Gt

 embryos at E10.5 using antibodies against CHD7 (red) and phospho-histone H3 

(H3) (green) counterstained with DAPI (blue).  (J) Cell counts showed decreased cellular 

proliferation in the olfactory placode in Chd7
Gt/+

 and Chd7
Gt/Gt

 embryos compared to 

wild type littermates.  (K) Cell counts showed a decrease in TUNEL-positive cells at 

E10.5, E11.5, and E12.5 in Chd7
Gt/+

 embryos compared to wild type.  Sections are in the 

transverse plane.  ** P < 0.01 *** P < 0.001 by ANOVA (proliferation) and unpaired 

Student’s t test (TUNEL).   

  



118 

 

 

 

Figure 3.6  Reduced CHD7 dosage alters gene expression in olfactory placode, adult 

hypothalamus, and adult pituitary.  TaqMan gene expression assays were done on 

microdissected tissues.  (A) Expression of Otx2, Bmp4, and Fgfr1 is decreased in E10.5 

Chd7
Gt/+

 and Chd7
Gt/Gt

 olfactory placode compared to wild type littermates, whereas Fgf8 

expression is unchanged.  (B) Expression of Otx2 and GnRH1 is decreased in Chd7
Gt/+

 

hypothalamus compared to wild type littermates, whereas Kiss1 expression is unchanged.  

Expression of GnRHR is decreased in Chd7
Gt/+

 pituitary compared to wild type 

littermates.  *P<0.05 by DataAssist Software. 
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Chapter 4 

CHD7 deficient mice have defects in neural stem cell maintenance and cell fate 

 

Introduction 

CHD7 haploinsufficiency in humans causes CHARGE syndrome, a clinically 

variable, multiple congenital anomaly condition with an estimated incidence of 1:8500-

1:12,000 (1-3).  CHARGE is characterized by ocular coloboma, heart defects, atresia of 

the choanae, retarded growth and development, genital hypoplasia, and ear abnormalities 

including deafness and vestibular disorders (4).  CHARGE individuals also have 

craniofacial abnormalities, hypogonadotropic hypogonadism, and olfactory dysfunction 

(4-11).  Heterozygosity for nonsense, deletion, or missense CHD7 mutations is estimated 

to occur in 60-80% of patients with CHARGE syndrome (5-11).  These mutations are 

distributed throughout the coding sequence and do not appear to be correlated with 

specific aspects of the clinical phenotype (5-11).  Most human CHD7 mutations 

identified thus far are de novo; however, evidence for germline mosaicism has been 

suggested for families with multiple affected siblings (6, 12-14).  Magnetic resonance 

imaging shows olfactory bulb defects ranging from hypoplasia to complete absence in all 

CHARGE individuals tested, and olfactory dysfunction in a majority of patients (15-20).     

 Chd7 is expressed in the developing and mature human and mouse subventricular 

zone and olfactory bulb (7, 8, 21-23).  However, the cell type specific expression of Chd7 



138 

 

in these regions of the central nervous system is unknown.  Since Chd7 is expressed in 

the neural stem cell population in the olfactory epithelium (23), it is possible that Chd7 is 

also expressed in the neural stem cells of the subventricular zone.  Chd7 is expressed in 

pro-neural and proliferating olfactory neural stem cells (23).  Chd7
Gt/+

 mice have a 50% 

reduction in olfactory neural stem cell proliferation and 30% fewer olfactory sensory 

neurons (23).  Consistent with the human CHARGE phenotype, Chd7
Gt/+

 mice also have 

olfactory bulb hypoplasia, which may be caused by defects in normal olfactory bulb 

regeneration (23).  Since regeneration of the olfactory epithelium and olfactory bulb are 

required for normal odorant detection, haploinsufficiency for Chd7 could contribute to 

defects in neural stem cells in the subventricular zone and subsequent olfactory bulb 

hypoplasia. 

The interneuron populations in the olfactory bulb are continuously regenerated 

throughout the life of an organism from neural stem cells located in the subventricular 

zone (24-26).  Neural stem cells in the subventricular zone proliferate, differentiate, and 

migrate along the rostral migratory stream (RMS) to the olfactory bulb.  The olfactory 

bulb is primarily composed of three broad cell types including mitral cells, tufted cells, 

and interneurons (24-26).  New neurons entering the olfactory bulb from the RMS are not 

randomly inserted into the olfactory bulb but are carefully integrated into the organized 

circuitry of the olfactory bulb as interneurons (24-26).  Most (about 90%) of these newly 

generated neurons become granule cells, which are the most abundant interneuron cell 

type in the bulb (24, 26).  Periglomerular cells comprise the second population of 

interneurons integrated from the RMS.  Periglomerular cells are a diverse population of 

interneurons which include calretinin-containing, dopamine-containing, and calbindin-
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containing neurons (24-28).  Given the diversity of interneurons regenerated in the 

olfactory bulb by the neural stem cells of the subventricular zone, it is important to 

understand how loss of Chd7 may impact these neural cell types. 

 

Results 

Chd7 is expressed in neural stem cells in the subventricular zone 

 Clinical data in humans with CHARGE have suggested a high prevalence of 

olfactory bulb defects, ranging from complete absence of the bulbs to mild hypoplasia or 

asymmetry (15-20).  The subventricular zone contains a population of neural stem cells 

that give rise to the various interneuron populations in the olfactory bulb (25-27).  Neural 

stem cell populations must be tightly regulated to maintain the proper proportions of 

neural stem cells, neuroblasts and differentiated interneurons (25-27).  In order to identify 

CHD7-positive cell types within the adult subventricular zone, we used 

immunofluorescence with anti-CHD7 and cell type specific antibodies.  Neural stem cells 

that function as primary precursors in the subventricular zone correspond to type B cells, 

a subpopulation of slowly dividing cells that are positive for the astrocyte marker glial 

fibrillary acidic protein (GFAP) (24, 26, 28).  Type B cells produce type C cells which 

are GFAP-negative and Sox2-positive (24-26, 28).  Type C cells divide rapidly and 

produce neuroblasts or type A cells (24-26, 28). Type A cells divide rapidly and migrate 

tangentially in chains along the RMS, which is lined by GFAP-positive astrocytes (24-26, 

28).  We found that most CHD7-positive cells in the subventricular zone were GFAP-

negative but Sox2-positive in both wild type and Chd7
Gt/+

 mice (Figure 4.1 A-C).  



140 

 

CHD7-positive cells were also located in the RMS in association with the GFAP-positive 

astrocytes which line the RMS in both wild type and Chd7
Gt/+

 mice (Figure 4.1 D). 

 

Cellular proliferation in the subventricular zone requires proper CHD7 dosage 

 Chd7 haploinsufficiency in mice causes a 50% decrease in neural stem cell 

proliferation in the adult and embryonic olfactory epithelium/placode (23).  To determine 

whether CHD7 deficiency causes decreased cellular proliferation in the subventricular 

zone, we used a 30 minute BrdU incorporation assay to identify S-phase cells in the wild 

type and Chd7
Gt/+

 subventricular zone (Figure 4.2 A and B).  Quantification of BrdU-

positive cells revealed a 46% reduction in proliferating cells in the subventricular zone in 

adult Chd7
Gt/+

 mice compared to wild type littermates (Figure 4.2 C). 

 

Interneuron populations in the olfactory bulb are CHD7-positive  

Mitral and tufted cells of the olfactory bulb interact with a large population of 

local circuit interneurons that use γ-aminobutyric acid (GABA) as their main 

neurotransmitter (26).  There are two principle types of these adult-born interneurons in 

the olfactory bulb: granule cells and periglomerular cells.  These interneurons can be 

subdivided into calretinin-positive, tyrosine hydroxylase-positive, and calbindin-positive 

neurons (24-28).  To determine the cell type specific expression of Chd7 in the olfactory 

bulb, we used immunofluorescence with anti-CHD7 together with anti-calretinin, anti-

tyrosine hydroxylase, and anti-calbindin.  We found that CHD7-positive cells in the 

olfactory bulb co-localize with interneurons positive for GABA, calretinin, tyrosine 
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hydroxylase, and calbindin neurons in both wild type and Chd7
Gt/+

 mice (Figure 4.3 A-

D). 

Chd7 conditional knockout embryos lack most olfactory tissues 

 Since Chd7 null mice are embryonic lethal by E11 (22), we generated a Chd7 

conditional null allele, Chd7
flox

 (29).  Foxg1-Cre is expressed in sensory neural tissues 

(olfactory epithelium) as well as in regions of the central nervous system including the 

subventricular zone by E8.5.  Chd7
flox/Gt

 ; Foxg1-Cre mice do not survive beyond 

postnatal day 1 (29).  Chd7
flox/Gt

 ; Foxg1-Cre pups are born with craniofacial 

dysmorphisms (Figure 4.4 C) and appear to have respiratory distress.  Since newborn 

pups are obligate nose breathers, the respiratory distress may be due to craniofacial 

defects that affect air passage through the nose.  Bisected heads from E12.5 and P0 

Chd7
flox/Gt

 ; Foxg1-Cre mice appear to have severely hypoplastic/absent olfactory 

turbinates and severely hypoplastic/absent olfactory bulbs compared to Chd7
flox/+

 

littermates (Figure 4.4 A-C).  These data suggest that CHD7 is essential for normal 

olfactory epithelium and bulb development.  However, the combined effect of tissue-

specific loss of Chd7 together with Foxg1 haploinsufficiency may also contribute to this 

phenotype. 

 

CHD7 deficient neurospheres have defects in neural stem cell self-renewal 

 The in vitro effect of Chd7 tissue-specific loss was analyzed by generating 

neurosphere cultures derived from E14.5 embryonic telencephalon.  Chd7
flox/Gt

 ; Foxg1-

Cre primary and secondary neurospheres were examined for frequency, size, and 

multipotency.  We found that Chd7
flox/Gt

 ; Foxg1-Cre telencephalon cells formed 
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mutipotent primary neurospheres at a significantly lower frequency than Chd7
flox/+

 

littermates (Figure 4.5 A), which suggests that there are significantly fewer neural stem 

cells in the Chd7
flox/Gt

 ; Foxg1-Cre telencephalon.  Additionally, Chd7
flox/Gt

, Chd7
flox/+

 ; 

Foxg1-Cre, and Chd7
flox/Gt

 ; Foxg1-Cre telencephalon cells formed primary neurospheres 

that were significantly smaller than Chd7
flox/+

 littermates (Figure 4.5 B).  Secondary 

neurospheres formed by sub-cloning primary neurospheres also gave rise to fewer 

multipotent Chd7
flox/Gt

 ; Foxg1-Cre neurospheres that were significantly smaller in size 

than Chd7
flox/+

 littermates (Figure 4.5 C and D), indicating a defect in self-renewal.  

Chd7
flox/Gt

 and Chd7
flox/+

 ; Foxg1-Cre also formed significantly smaller multipotent 

secondary neurospheres but at a frequency similar to Chd7
flox/+

 littermates (Figure 4.5 C 

and D).  Consistent with the reduction in neurosphere size, Chd7
flox/Gt

, Chd7
flox/+ 

; Foxg1-

Cre, Chd7
flox/Gt

 ; Foxg1-Cre neurosphere colonies contained fewer cells than Chd7
flox/+

 

littermates (data not shown).  These data together suggest that CHD7 deficiency reduces 

the self-renewal capacity of neural stem cells. 

 

Loss of CHD7 leads to a cell fate switch 

 We recently showed that CHD7 positively regulates the expression of Fgfr1 in the 

E10.5 olfactory placode (30).  FGFR1 deficiency in subventricular zone neural stem cells 

causes decreased cellular proliferation and spontaneous cellular differentiation toward a 

glial cell fate (31).  Adult Chd7 conditional knockout mice were generated to test whether 

loss CHD7 causes a spontaneous shift in cellular differentiation toward a glial cell fate.  

Ubc-creERT2 mice ubiquitously express cre in response to Tamoxifen administration 

(32).  Chd7
flox/Gt 

; Ubc-CreERT2 mice have a visually apparent increase in GFAP-positive 
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cells in the subventricular zone and olfactory bulb compared to Chd7
flox/+

 littermates 

(Figure 4.6 A-F).  The increase in GFAP-positive cells was also seen in the olfactory bulb 

surrounding the glomeruli in regions usually occupied by interneurons (Figure 4.6 E and 

F).  These data suggest that loss of CHD7 in adult neural progenitors causes a 

spontaneous shift toward a glial cell fate.             

 

Discussion 

  Here we provide evidence that CHD7 is required to maintain neural stem cell 

proliferation and self-renewal.  We observed Chd7 expression in the adult mouse 

subventricular zone, rostral migratory stream, and interneurons in the olfactory bulb.  

CHD7 co-localizes with Sox2-positive cells in the adult subventricular zone.  Chd7 

continues to be expressed in migrating neuroblasts in the rostral migratory stream and in 

calbindin-positive, calretinin-postive, and tyrosine hydroxyase-positive interneuron 

populations in the olfactory bulb.  Chd7 deficient mice have a significant (46%) decrease 

in neural stem cell proliferation in the subventricular zone.  Tissue-specific loss of CHD7 

also results in a reduction in neural stem cell self-renewal.  Additionally, conditional loss 

of CHD7 in adult neural progenitors causes a switch toward a glial cell fate.  Taken 

together, these data indicate a critical role for CHD7 in neural stem cell maintenance and 

cell fate specification from developmental stages through adulthood.   

 Roles for CHD7 in regulation of gene expression during tissue development and 

maintenance are emerging for multiple organs.  A recent study found that CHD7 binds to 

SOX2 in neural stem cells and helps regulate expression of genes that are mutated in 

human syndromes (33).  In a study of neural crest formation in Xenopus, CHD7 was 
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implicated to regulate multipotent neural crest-like cells by binding to PBAF components 

including BRG1, BAF170, BAF155, BAF57, PB1, ARID2, and BRD7 (34).  In 

mesenchymal stem cells, CHD7 regulates cell fate specification during osteoblast and 

adipocyte differentiation (35).  CHD7 forms a complex with NLK, SETDB1, and PPAR-

γ, and binds to methylated lysine 4 and lysine 9 residues on histone H3 at PPAR-γ target 

promoters, which suppresses ligand-induced transactivation of PPAR-γ target genes (35).  

Additionally, the CHD7 Drosophila orthologue, Kismet, is involved in transcriptional 

elongation by RNA polymerase II through recruitment of ASH1 and TRX, and may help 

maintain stem cell pluripotency by regulating methylation of histone H3 lysine 27 (36).  

Together, these data provide evidence that CHD7 functions to regulate gene expression 

through tissue-specific transcriptional complex formation with additional factors. 

 Neural stem cells and progenitors must be tightly regulated by factors that are 

likely to be temporally and spatially restricted (37).  Previous reports have shown CHD7 

regulates the expression of Fgfr1 and Bmp4 in the olfactory placode during development 

(30).  Although BMP activity is generally thought to inhibit neurogenesis, low doses of 

BMP4 are required for promoting neurogenesis in multiple tissues including the 

subventricular zone, hippocampus, and the olfactory placode (38-43).  FGF2 signals via 

FGFR1 to induce proliferation of neural stem cells in the subventricular zone (44).  Loss 

of FGFR1 in neural stem cells from the subventricular zone results in decreased cellular 

proliferation and spontaneous cellular differentiation toward a glial cell fate (31).  Our 

data are consistent with these previous reports, since conditional loss of CHD7 in adult 

neural progenitors appears to result in a spontaneous switch toward a glial cell fate.  
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Reductions in CHD7 dosage in neural stem cells may result in decreased Bmp4 and Fgfr1 

expression causing decreased self-renewal and neurogenesis, and a switch in cell fate.   

 Adult Chd7 expression in the mouse brain is mostly restricted to proliferative 

regions including the subventricular zone and dentate gyrus [data available on GENSAT 

website (http://www.gensat.org/index.html)].  However, CHD7 function in adult tissues 

has not been fully explored.  Our data suggest that CHD7 promotes neural stem cell self-

renewal and proliferation.  Maintenance of neural stem cells is critical not only during 

development but also into adulthood.  Defects in neural stem cell proliferation have been 

shown in humans and mouse models to cause defects in memory (Alzheimer's disease), 

impaired movement (Parkinson's disease), epilepsy and developmental delay (45-47).  

The CHD7 Drosophila orthologue, Kismet, has been shown to regulate memory and 

locomotion in adult Drosophila (48).  CHARGE patients are reported to have 

developmental delay ranging from mild speech delay to severe mental impairment, 

epilepsy, arhinencephaly, and balance dysfunction (49).  Several of the clinical features 

of CHARGE syndrome that affect the central nervous system may be explained by a 

defect in neural stem cell maintenance.  Further research into the mechanisms underlying 

CHD7 function in neural stem cells will help elucidate how neural stem cells are 

regulated and maintained from development through adulthood. 

 

Materials and Methods                

Mice 

 Chd7
Gt/+ 

mice were generated by backcrossing with 129S1/Sv1mJ (Jackson 

Laboratory) mice to generation N7-N9 and genotyped using methods as previously 

http://www.gensat.org/index.html)
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described (22).  Chd7
flox/flox

 mice were generated and genotyped using methods 

previously described (29).  Chd7
flox/Gt

 mice were mated with Foxg1-Cre mice.  Foxg1-

Cre mice were maintained on the Swiss Webster (Charles River Laboratories #F44281) 

background and genotyped for Cre as described (50).  Ubc-creERT2 mice were 

maintained on the B6D2F1/J background (Jackson Laboratory #100006).  All procedures 

were approved by the University Committee on Use and Care for Animals at the 

University of Michigan.    

 

Immunofluorescence  

Six-eight week-old Chd7
+/+

, Chd7
Gt/+

, Chd7
flox/+

, or Chd7
flox/Gt

 ; Ubc-CreERT2 

sex-matched littermate mice were anaesthetized with 250 mg/kg body weight 

tribromoethanol and perfusion fixed with 4% paraformaldehyde.  Mice were then 

decapitated, the brains were dissected from the head and placed in 4% paraformaldehyde 

overnight at 4°C, followed by 30% sucrose protection overnight at 4°C.  Tissue was flash 

frozen in O.C.T. embedding medium (Tissue Tek, Torrance, CA) for sectioning.  

Following cryosectioning, 14 μm sections were processed for immunofluorescence with 

antibodies against CHD7 (1:1000; Abcam, Cambridge, MA), BrdU (1:100; 

Immunologicals Direct, Raleigh, NC), Tyrosine hydroxylase (1:150; Pel-Freez, Rogers, 

AR), Calbindin (1:1500; Sigma, St. Louis, MO), Calretinin (1:1000; Millipore, 

Temecula, CA),  GFAP (1:500; Sigma), O4 antibody (1:800, Developmental Studies 

Hybridoma Bank, University of Iowa, Iowa City, IA), and Tuj1 (1:1000, Covance, 

Princeton, NJ).  Secondary antibodies used at 1:200 were conjugated with Alexa 488, 

Alexa 555, or biotin with streptavidin-HRP (Vector Laboratories) and biotinylated 
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secondary antibodies conjugated with streptavidin-Alexa488 or streptavidin-Alexa555 

Molecular Probes, Eugene, OR and Invitrogen, Carlsbad, CA).  Images were captured by 

single channel fluorescence microscopy on a Leica upright DMRB microscope and 

processed in Photoshop v.9.0 (San Jose, CA).  

 

Proliferation assays 

 Mice were injected intraperitoneally with 0.1 g/g body weight 5-bromo-2-

deoxyuridine (BrdU) 30 minutes prior to sacrifice.  Tissues were then processed for anti-

BrdU and anti-CHD7 immunofluorescence as above.  Secondary antibodies were 

conjugated with Alexa 488, Alexa 555, or biotin, as above.  For quantitation of S-phase 

cells, images from the subventricular zone were analyzed in eight different mice (N = 3 

wild type, N = 3 Chd7
Gt/+ 

sex-matched littermates).  From each tissue section, 4-6 images 

were analyzed for number of BrdU-positive cells and the data tested for significance by t-

test using two-tailed unequal variance. 

 

Neurosphere cultures 

Timed pregnancies were established and the morning of plug identification 

designated as E0.5. Embryos were harvested and amniotic sacs collected for PCR 

genotyping as described (22, 29).  Microdissected E14.5 telencephalons were dissociated 

and plated as previously described (51).  For the neurosphere formation assays (non-

adherent cultures) we used ultra-low binding plates (Corning, Corning, NY). To test the 

self-renewal capacity of the neurospheres, individual neurospheres were selected, 

centrifuged at 210g for 4 min, and then mechanically dissociated and replated (51).  We 
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quantified self-renewal as the number of secondary neurospheres generated per primary 

neurosphere as previously described (51).  Cell suspensions were plated on adherent 

plates at clonal density, which means that cells were plated at a low density such that 

individual cells could form spatially distinct colonies (51).  This allowed us to infer the 

developmental and proliferative potential of single cells on the basis of the types and 

numbers of cells that comprised each colony. 

 

Tamoxifen administration 

 Tamoxifen (Sigma, cat # T5648-1g) was solubilized in sterilized corn oil (Sigma, 

cat # C8267-500ml) at a concentration of 20 mg/ml.  A 0.2 mg/g body weight 

intraperitoneal injection was administered to 5 week old littermate mice once daily for 5 

consecutive days.  Mice were euthanized 3 weeks following the first Tamoxifen injection.  
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Figure 4.1  Chd7 is expressed in neural stem cells in the subventricular zone.  

Immunofluorescence of adult wild type cryosections using anti-CHD7 (red) together with 

anti-SOX2 (green) or anti-GFAP (green).  (A and B) Immunofluorescence showed that 

CHD7 co-localized with SOX2-positive cells in the SVZ.  (C) The majority of CHD7-

positive cells do not co-localize GFAP-positive cells in the SVZ.  (D) CHD7-positive 

cells were found in the RMS surrounded by GFAP-positive cells which line the RMS.  (E 

and F) Cartoons of a coronal adult brain section through the SVZ and a sagittal view of 

the RMS show the regions immunofluorescence images were obtained.  (A) is the 

magenta box in (E).  (B and C) are from the green box in (E).  (D) is an image taken from 

the of section shown in (F).   
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Figure 4.2  Cellular proliferation in the subventricular zone requires proper CHD7 

dosage.  Proliferation was examined using a 30 minute BrdU incorporation assay in 

conjunction with immunofluorescence using anti-BrdU on adult wild type and Chd7
Gt/+

 

littermate mice.  (A and B) Immunofluorescence using anti-BrdU showed a decrease in 

BrdU-positive cells in the Chd7
Gt/+

 SVZ compared to wild type littermates.  (C) 

Quantification of the BrdU-positive cells showed a 47% decrease BrdU-positve cells in 

Chd7
Gt/+

 mice compared to wild type littermates.  ***P < 0.001 by unpaired Student’s t 

test. 
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Figure 4.3  Interneuron populations in the olfactory bulb are CHD7-positive.  

Immunofluorescence of adult wild type mice using antibodies against CHD7, GABA, 

tyrosine hydroxylase (TH), calbindin (CALB), and calretinin (CALR).  (A-D) CHD7-

positive cells co-localize with GABA-positive, TH-positive, CALB-positive, and CALR-

positive cells in the olfactory bulb.  GL = glomerular layer, EPL = external plexiform 

layer, MCL = mitral cell layer, and GCL = granule cell layer. 
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Figure 4.4  Chd7 conditional knockout (CKO) mice have craniofacial dysmorphisms and 

lack most olfactory tissues.  (A and B) Chd7
flox/Gt

 ; Foxg1-Cre E12.5 embryos have 

forebrain hypoplasia and craniofacial dysmorphisms compared to Chd7
+/flox

 littermates.  

(C) P0 Chd7
flox/Gt

 ; Foxg1-Cre pups (left) have severely hypoplastic olfactory tissues and 

craniofacial dysmorphisms compared to Chd7
+/flox

 littermates (right).  White arrow 

indicates hypoplastic olfactory bulb.  Black arrow indicates hypoplastic olfactory 

epithelium.  HP = hard palate, OE = olfactory epithelium, and OB = olfactory bulb. 
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Figure 4.5  CHD7 deficient neurospheres have defects in neural stem cell self-renewal.  

E14.5 Chd7
flox/Gt

 ; Foxg1-Cre primary and secondary neurospheres were examined for 

frequency, size, and multipotency.  (A) Chd7
flox/Gt

 ; Foxg1-Cre telencephalon cells 

formed mutipotent primary neurospheres at a significantly lower frequency than 

Chd7
flox/+

.  (B) Chd7
flox/Gt

, Chd7
flox/+

 ; Foxg1-Cre, and Chd7
flox/Gt

 ; Foxg1-Cre 

telencephalon cells formed primary neurospheres that were significantly smaller than 

Chd7
flox/+

 littermates.  (C and D) Secondary neurospheres in Chd7
flox/Gt

 ; Foxg1-Cre 

neurospheres were significantly smaller in size and at a reduced frequency compared to 

Chd7
flox/+

 littermates.  Chd7
flox/Gt

 and Chd7
flox/+

 ; Foxg1-Cre also formed significantly 

smaller secondary neurospheres but at frequency similar to Chd7
flox/+

 littermates.  * P < 

0.05 ** P < 0.01 *** P < 0.001 by ANOVA. 
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Figure 4.6  Loss of CHD7 results in increased GFAP-positive cells in the SVZ and 

olfactory bulb.  Immunofluorescence of Chd7
flox/+

 and Chd7
flox/Gt 

; Ubc-CreERT2 

littermate mice using anti-GFAP.  (A-F) Chd7
flox/Gt 

; Ubc-CreERT2 mice had a visually 

apparent increase in GFAP-positive cells in the subventricular zone and olfactory bulb 

compared to Chd7
flox/+

 littermates.  (E and F) The increase in GFAP-positive cells was 

also seen in the olfactory bulb surrounding the glomeruli in regions usually occupied by 

interneurons.  GL = glomerular layer, EPL = external plexiform layer, MCL = mitral cell 

layer, and GCL = granule cell layer. 
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Chapter 5 

Conclusion 

 

The focus of my thesis work has been to understand the role of CHD7 in neural 

development and maintenance.  Specifically, I have focused on the Kallmann-like 

features associated with CHD7 deficiency in a mouse model of human CHARGE 

syndrome.  Overall, my work has shown that defects in neural progenitor proliferation 

and neurogenesis contribute to the Kallmann-like features associated with CHD7 

deficiency.  However, the presence of CHD7 in multiple tissue types and the variability 

in clinical features indicate that CHD7 has pleiotropic roles that cannot be simply 

explained by defects in neural progenitor proliferation and neurogenesis.      

 

CHD7 in olfactory tissues 

 The results of this dissertation have contributed to our understanding of the 

olfactory impairment that is associated with CHARGE syndrome.  CHD7 is required for 

proper development and maintenance of olfactory tissues.  Chd7 is expressed in 

developing and mature olfactory tissues, including the olfactory epithelium and olfactory 

bulb in humans and mice.  In mice, Chd7 is expressed in neural progenitors of both the 

olfactory epithelium and olfactory bulb, and appears to regulate proliferation and 
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neurogenesis in these tissues.  Chd7 haploinsufficiency causes decreased cellular 

proliferation and neurogenesis, resulting in a reduced capacity for neural regeneration.  

Additionally, tissue-specific loss of CHD7 results in a reduced capacity for neural stem 

cell self-renewal and conditional loss of CHD7 causes an increase in GFAP-positive cells 

in the SVZ and olfactory bulb. 

 Olfactory impairment associated with CHD7 deficiency in mice as assessed by 

electro-olfactogram is correlated with decreases in cellular proliferation and reduced 

olfactory sensory neurons in the adult olfactory epithelium.  However, a reduction in the 

number of olfactory sensory neurons had not been previously shown to cause olfactory 

impairment.  We have shown that individual olfactory sensory neurons in Chd7
Gt/+

 P3 

pups have normal calcium signaling in response to odorant, suggesting that Chd7 

haploinsufficiency does not affect the ability of each individual olfactory sensory neuron 

to respond to odorants.  This further suggests that Chd7
Gt/+

 mice are unable to properly 

propagate the olfactory signal from the olfactory sensory neurons to the olfactory bulb.  

Signal propagation from the olfactory sensory neurons to the olfactory bulb requires 

multiple components to act in coordination.  Calcium channels located in sustentacular 

cells and olfactory sensory neuron dendrites and axons each have a role in olfactory 

signal propagation (1-3).  CHD7 is present in some sustentacular cells but it’s role in 

these cells is unknown.  CHD7 may be required in sustentacular cells for signal 

propagation by regulating genes involved in calcium signaling or calcium channels.  

However, gap junctions between cells of the olfactory epithelium are also required for 

odorant sensitivity and perception (4).  Gap junctions are specialized intercellular 

channels that are comprised of two connexins which connect across the intercellular 
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space (4).  Since Chd7
Gt/+

 mice have decreased numbers of olfactory sensory neurons that 

appear disorganized, it is possible that gap junctions are not properly formed in these 

mice, which may cause to an inability to propagate the olfactory signal to the olfactory 

bulb.  In addition, CHD7 may regulate the expression of connexins within immature 

olfactory neural progenitors or in sustentacular cells.  Although olfactory impairment is 

prevalent in humans and mice with CHD7 deficiency, the primary cause underlying the 

olfactory dysfunction is not fully understood. 

 CHD7 haploinsufficiency in humans causes olfactory bulb hypoplasia and/or 

aplasia.  Prior to our work, olfactory impairment in CHARGE individuals was thought to 

be caused primarily by defects associated with the olfactory bulb.  Our data were the first 

to analyze olfactory function independent of the olfactory bulb and behavioral issues 

associated with CHD7 deficiency.  Chd7
Gt/+

 mice have olfactory bulb hypoplasia that 

may also contribute to olfactory impairment.  Although the olfactory sensory neurons in 

Chd7
Gt/+

 mice project axons to the olfactory bulb glomeruli, it is unknown whether the 

axons project properly to the appropriate glomerulus.  If olfactory sensory neuron axons 

do not project to the glomeruli properly, then amplification of the olfactory signal by 

multiple individual olfactory sensory neurons transmitting a signal to the same 

glomerulus is lost (5, 6).  CHD7 may regulate genes associated with axon guidance and 

adhesion molecules necessary for generating the olfactory map in the olfactory bulb.  

Inhibitory inputs by interneuron populations in the olfactory bulb also play a key role in 

the local circuitry in the olfactory bulb.  Studies suggest that interneuron populations 

have a vital role in both neural plasticity and modification of postsynaptic target firing 

patterns (7, 8).  CHD7 is present in the adult interneuron populations of the olfactory 
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bulb, and it will be important to understand how CHD7 deficiency influences these 

interneuron populations and what impact CHD7 deficiency has on olfactory plasticity in 

the olfactory bulb over time.                    

          

Significance and future directions 

The studies presented here describe a role for CHD7 in development and 

maintenance of olfactory tissues.  CHD7 is a chromodomain protein that is thought to 

regulate transcription factor access to target genes by altering nucleosome structure.  

Chromatin structure has a vital role in gene regulation, via its effects on cellular 

proliferation and maintenance of the differentiated state.  Recent studies have begun to 

clarify a role for CHD7 in regulating gene expression during tissue development and 

maintenance.  CHD7 has been shown by ChIP-chip to bind to chromatin in a cell type 

specific manner via methylated histone H3 lysine 4 in enhancer regions of numerous 

genes.  This has been demonstrated in human colorectal carcinoma cells, human 

neuroblastoma cells, and mouse embryonic stem cells before and after differentiation, 

further supporting the idea that CHD7 may have temporal and tissue-specific functions 

(9).  CHD7 was shown by ChIP-seq to bind to enhancer and promoter regions of more 

than 10,000 genes in mouse embryonic stem (ES) cells (10).  CHD7 was shown to 

localize with ES cell master regulators SOX2, OCT4, and NANOG (10).  CHD7 was also 

reported to form a complex with SOX2 in ES-cell derived neural stem cells (11).  SOX2 

is a HMG-box transcription factor that is required for the in vivo maintenance of both 

mouse ES cells and neural stem cells (12).  Our data revealed that CHD7 co-localizes in 

vivo with SOX2 in neural stem cells of the adult mouse SVZ.  Further exploration into 
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the relationship between CHD7 and SOX2 is vital to understanding the functional role of 

CHD7 in neural stem cells. 

Chd7 is expressed in 98% of proliferating neural progenitors in the adult mouse 

olfactory epithelium.  In mice, Chd7 haploinsufficiency causes approximately a 50% 

reduction in the number of proliferating neural progenitors in both the olfactory 

epithelium and SVZ.  However, the mechanism underlying this observation is not known.  

Neural stem cells are reliant upon both symmetric (self-renewal) and asymmetric 

(division to produce a more differentiated cell) cell division to regulate and maintain the 

proper proportions of neural stem cells, progenitors, and differentiated cell types (13-15).  

Since CHD7 is present in most proliferating neural progenitors, CHD7 could regulate the 

expression of genes essential for initiating cell division and/or cell cycle progression.  

Understanding whether CHD7 functions prior to initiation of cell division or whether 

CHD7 functions only during cell cycle progression will help provide a basis for 

uncovering the role of CHD7 in proliferating neural progenitors. 

Our data in the embryonic mouse olfactory placode showed that loss of proper 

CHD7 dosage affects the expression of genes such as Fgfr1 and Bmp4 (16).  FGFR1 and 

BMP4 have distinct roles in cellular proliferation and cellular differentiation in 

neurogenic domains (17-25).  The opposing effects of FGF and BMP signaling must be 

tightly regulated during olfactory development to obtain the proper proportions of 

olfactory sensory and olfactory respiratory cell types (26).  The adult olfactory epithelium 

requires CHD7 for normal olfactory sensory neuron regeneration (27).  However, it is 

unknown whether CHD7 continues to regulate the expression of Fgfr1 and Bmp4 

throughout adulthood in olfactory tissues.  Loss of FGFR1 in neural stem cells from the 



169 

 

subventricular zone results in decreased cellular proliferation and spontaneous cellular 

differentiation toward a glial cell fate (28).  We showed that conditional loss of CHD7 in 

adult mice caused a spontaneous shift toward a glial cell fate in the SVZ and olfactory 

bulb.  These data together suggest that CHD7 may continue to regulate the expression of 

morphogenic genes such as Fgfr1 and Bmp4. 

 

CHD7 and reproductive dysfunction 

 The data presented in this dissertation have contributed to better understanding 

the mechanisms underlying CHD7 function in pubertal development and reproduction.  

Chd7 haploinsufficiency in mice causes pubertal delay, hypogonadotropic 

hypogonadism, and decreased GnRH neurogenesis (16).  Decreased GnRH neurogenesis 

results from reduced cellular proliferation in the olfactory placode during development.  

Reduced cellular proliferation in the Chd7 mutant olfactory placode is likely due to 

decreased expression of Fgfr1, Bmp4, and Otx2.  Additionally, expression levels of Otx2 

and GnRH1 are significantly reduced in adult Chd7
Gt/+

 mice compared to wild type 

littermates.  Together, these data suggest that CHD7 has a role in both the genesis and 

function of GnRH neurons. 

 GnRH neurons are derived from neural progenitors in the olfactory placode (29-

31).  It is currently unknown whether neural progenitors for GnRH neurons are different 

from neural progenitors for olfactory sensory neurons.  Extensive work has been done in 

the olfactory placode in identification of GnRH specific neural progenitors (29-34).  

However, these studies have been unable to identify markers that are specific for GnRH 

neural precursors, which suggest that neural progenitors in the olfactory placode may 
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have the capacity to become GnRH neurons, olfactory sensory neurons, or olfactory 

ensheathing cells.  CHD7 deficiency causes decreased numbers of GnRH neurons and 

olfactory sensory neurons, which suggests that CHD7 is essential for the maintenance of 

neural progenitors and neurogenesis in the olfactory placode and epithelium.  Although 

olfaction and reproduction may appear to be unrelated, our data clearly show how defects 

in olfactory tissues can have lifelong effects on both olfaction and reproduction in 

humans and mice.  

 

Significance and future directions 

 Studies presented here have provided insight into CHD7 mediated reproductive 

development and function.  Our data provide evidence that Chd7 haploinsufficiency in 

mice causes delayed pubertal development and decreased levels of LH and FSH.  

However, the role of CHD7 in the pituitary has not been fully characterized.  Chd7 is 

highly expressed in the embryonic and adult pituitary (data not shown).  No gross 

morphological abnormalities exist in the Chd7
Gt/+ 

pituitary, and response to GnRH 

agonist and antagonist is normal.  Although the pituitary appears normal in Chd7
Gt/+

 

mice, the anterior pituitary contains several cell type that include somatotrophs that 

produce GH, lactotrophs producing prolactin, gonadotrophs that secrete both LH and 

FSH, thyrotrophs producing TSH, corticotrophs that express proopiomelanocortin 

(POMC) and cleave it to produce ACTH, and nonsecreting cells (35).  The anterior 

pituitary in rodents continues to grow and mature substantially during the first postnatal 

weeks of life (36).  Debate also exists in the literature in regards to the existence of a 

stem cell population in the adult rodent pituitary (37).  Previous reports have identified a 
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SOX2-positive cell population located around the lumen in the marginal zone of the 

pituitary between the anterior and the intermediate lobes and scattered in small clusters 

inside the pituitary gland in mice (38).  These SOX2-positive cells were shown to have 

the characteristics of progenitors and stem cells (38).  Since CHD7 has been shown to 

complex with SOX2, CHD7 and SOX2 may function to help maintain the proper 

proportions of the different hormone producing cell types in the embryonic and adult 

pituitary. 

 Chd7 continues to be expressed in adult GnRH neurons and CHD7 deficiency 

causes decreased expression of Otx2 and GnRH1 (16).  However, the decrease in GnRH1 

expression in adult Chd7
Gt/+

 hypothalamus may be multifactorial because many CHD7-

positive cells in the hypothalamus are GnRH-negative.  Interestingly, BMP4 signaling is 

required for GnRH1 expression in mature GnRH cell lines (GT1-7) (39), and for 

gonadotropin expression in mouse LβT2 gonadotrophs (40).  We have shown that CHD7 

regulates the expression of Bmp4 in the mouse olfactory placode (16) and developing 

inner ear (data not shown).  Loss of proper BMP4 signal in the Chd7
Gt/+

 hypothalamus 

and pituitary may contribute to decreases in GnRH1 expression in the hypothalamus, 

GnRH in the median eminence, and circulating LH and FSH from the pituitary.  Further 

investigation is needed to understand the potentially multifaceted regulation by CHD7 of 

the hypothalamic-pituitary axis and the reproductive dysfunction associated with loss of 

CHD7.   
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Summary 

 Studies reported in this dissertation highlight an increased understanding of the 

functional role of CHD7 in developing and mature olfactory and endocrine related 

tissues.  However, it is unclear whether humans and mice with CHD7 deficiency have 

similar defects in the maintenance of the neural progenitor pool and neurogenesis.  

Humans and mice with CHD7 deficiency have Kallmann-like features which include 

olfactory impairment and reproductive dysfunction.  In a study that examined Kallmann-

like features in human fetuses, CHARGE fetuses were found to have GnRH neurons only 

in the frontonasal region but not in the hypothalamus, which suggests that the GnRH 

neurons fail to migrate properly into the forebrain through the cribriform plate (41).  

Notably, CHARGE fetuses appear to have premature termination of the olfactory sensory 

neuron axons prior to their penetration of the cribriform plate and extension into the 

forebrain (41).  GnRH neurons are unable to penetrate the cribform plate independently 

and are fully dependent upon the olfactory sensory neuron axons to penetrate through the 

cribriform plate to access the forebrain (29-31, 34).   The GnRH neuronal migration 

defect found in CHARGE fetuses is likely caused by a defect in the ability of olfactory 

sensory neurons to penetrate the cribriform plate.  This may be due to defects in axonal 

guidance or simply because a threshold number of olfactory sensory neurons are required 

for penetration of the cribriform plate.  Humans possess a poorly developed olfactory 

sense in comparison to mice (42, 43), and subtle defects in cribriform plate penetration 

into the forebrain may be more apparent in humans than in mice.                           

It is increasingly clear that the pleiotropic roles for CHD7 in the development and 

maintenance of neural tissues are due to temporal and tissue specific transcriptional 
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complex formation.  We have shown that CHD7 regulates the expression of Otx2, a 

paired-like homeodomain transcription factor (44-48), in the developing olfactory 

placode (16) and inner ear (49).  However, Otx2 is not expressed in adult SVZ [data 

available on GENSAT website (http://www.gensat.org/index.html)] whereas Chd7 is 

expressed in the adult SVZ.  Although CHD7 mediated expression of target genes such as 

Otx2 exists in multiple tissue types, this is not true of all tissues affected by CHD7 

deficiency.  Thus, caution must be taken in selecting and verifying potential CHD7 

regulated candidate genes.  This is of vital importance because many of the biochemical 

assays used to confirm genetic interactions are done on immortalized cell lines or ES cell 

lines.  Immortalized cells and ES cells are greatly impacted by the culture conditions in 

which they are grown.  Antibiotics and antimycotics are routinely used in cell culture 

with little regard to their effects on the cells themselves.  Antibiotics and antimycotics 

have been shown to alter calcium levels, growth and apoptotic rates, and the cellular 

proteome (50-53).  

 One of the common themes that has emerged from this work is that CHD7 

deficiency is associated with decreased neurogenesis.  Defects in neurogenesis with 

CHD7 deficiency were identified in the olfactory placode (16), the developing inner ear 

(49), the adult olfactory epithelium, and olfactory bulb (27).  Although Chd7 is widely 

expressed in neurogenic regions during development and adulthood, nothing is known 

about the factors upstream of Chd7 that regulate its expression.  Haploinsufficiency for 

CHD7 is estimated to occur in 60-80% of CHARGE patients (54-59).  What accounts for 

the remaining 20-40% of patients accurately diagnosed with CHARGE but without a 

mutation in CHD7?  The overlap in Chd7 expression in neurogenic regions may hold the 

http://www.gensat.org/index.html)
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key to discovering some of the factors involved in the regulation of Chd7 expression.  

Neurogenic regions are reliant upon extrinsic and intrinsic factors within the neurogenic 

niche for proper neurogenesis to occur, and these have been well studied.  It will be 

important to examine factors involved very early in regulating the neurogenic potential of 

the niche, and to identify factors that act similarly among neurogenic regions with Chd7 

expression.  Animal models will be vital in accurately identifying factors that may 

regulate Chd7 expression.  It will also be important to note that some redundancy may 

exist between the different CHD proteins.  Compensatory mechanisms for CHD7 have 

not yet been explored, but some of the variability in CHARGE clinical features may be 

due to tissue-specific compensation by additional factors such as other CHD proteins.  

Additionally, some CHD proteins such as CHD3 and CHD4 are binding partners (60-64), 

and CHD7 may bind to additional CHD proteins to regulate CHD7 function.  

Understanding the mechanisms underlying CHD7 regulation of neurogenesis will help 

identify additional factors relevant to human neurological disorders.   
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