
ABSTRACT 

JACKSON, THOMAS WILLIAM. Defining how Developmental Cadmium Exposure Female-
Specifically Induces Adult Metabolic Disease. (Under the direction of Dr. Scott Belcher). 
 
 Responses to many environmental toxicants and genetic mutations are sexually 

dimorphic. The mechanisms underlying sex-specific phenotypic responses are varied and 

depend on the timing, dose, and duration of the insult. The work presented in this dissertation 

examines the hypothesis that sex as a biological variable interacts with genetic mutations or 

environmental exposures to mediate the molecular and physiological determinants of toxicity. 

Sex differences in phenotypes resulting from haploinsufficiency of the Sonic Hedgehog 

receptor, Ptch1, and in toxicity caused by developmental cadmium (Cd) exposure were 

explored.  

Sonic hedgehog (SHH) signaling is essential for the differentiation and migration of 

early stem cell populations throughout the brain and dysregulation of SHH-signaling can result 

in cerebellar overgrowth and the formation of the brain tumor medulloblastoma. A 

haploinsufficient SHH receptor knockout mouse model (Ptch1+/−) was used to explore activity, 

social behavior, and neuroanatomical changes caused by decreased SHH signaling. The 

results of these experiments found neuroanatomical changes related to deficient SHH 

signaling and female-specific atypical social behavior.  

Maternal exposure to cadmium (Cd) can harm fetal development by restricting fetal 

growth, inducing trace element deficiencies, and causing congenital malformations. To 

explore the hypotheses that developmental Cd exposure increases risk of obesity later in life 

and persistently disrupts essential trace metal homeostasis, male and female CD-1 mice were 

maternally exposed to physiologically relevant concentrations of cadmium (500 ppb CdCl2) in 

drinking water during a human gestational equivalent period. Observations of steatosis, 

metabolic syndrome, and disrupted trace metal homeostasis in exposed female offspring 



indicate that Cd persistently disrupts trace metal homeostasis and acts developmentally as a 

female-specific delayed obesogen.  

This research demonstrates that sex as a biological variable should be considered 

alongside timing, dose, and duration of exposure when evaluating phenotypes resulting from 

genetic mutations or toxicity. Ultimately, these studies reveal how sex can interact with 

environmental exposures and genetic mutations to mediate the molecular and physiological 

determinants of disease.  
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CHAPTER 1 

Introduction 

Toxicology is often defined as the branch of science that studies substances that 

cause harmful effects to living organisms 1. Toxicity is a complex cascade of events beginning 

with an exposure and leading to a toxic outcome. Historically, the key mediators of response 

to a toxicant are timing of the exposure, dose of the toxicant, and the duration of the exposure. 

The timing of an exposure mediates the response to a toxicant, wherein some periods of life 

present increased risk. Adult exposures to a toxicant may cause no discernible effect while 

the same exposure in utero causes severe damage. There are critical windows of 

susceptibility, such as during gestation, during which toxicants may cause harmful impacts to 

the developing fetus 2,3. The dose of a toxicant determines whether there will be a toxic effect. 

The common adage taught to young toxicologists, “The dose makes the poison,” conveys this 

point well. There is no chemical that is not toxic; instead, the dose is responsible for any toxic 

effects. Finally, the duration of exposure determines toxicity. Acute exposures to a toxicant 

may be less damaging than chronic exposure to the same level of toxicant. These variables 

are canonically considered the predominant modifiers of toxicity. In this dissertation, I 

demonstrate why sex as a biological variable should be considered as a similarly critical 

mediator of toxicity. Specifically, sex-specific phenotypes resulting from genetic mutations or 

environmental exposure to a toxicant are examined using mouse models.  

Sex as a biological variable can interact with environmental exposures and genetic 

mutations to mediate the molecular and physiological determinants of toxicity, and these sex 

differences can be influenced by behavior, exposure, anatomy, physiology, biochemistry, and 

genetics to cumulatively alter an individual’s response to a toxicant. Sex steroid hormones are 

responsible for many sex differences. Although estrogens are typically viewed as female sex 

hormones and androgens as male, both estrogen and androgen signaling are involved in a 

myriad of physiological processes in both sexes.  
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1.1 Biological Sex 

1.1.1 Sex Determination 

The cascade of actions governing sex determination is extremely complex and 

multifaceted. Early societies believed that sex determination could be controlled by actions 

like bandaging a women’s foot or man’s testis, or by dietary changes, with beliefs that nutrition 

and temperature were involved in sex determination persisting into the 19th century when 

scientists began to study chromosomes and found that sex chromosomes looked and 

behaved differently than autosomes 4. In the early 1900s, scientists began to agree that sex 

chromosomes were involved in sexual determination, but there was still debate over whether 

the Y chromosome was dominant over the X chromosome or if sex was determined 

quantitatively with a “whole-chromosome effect” 4. In the 1950s and 1960s, scientists were 

searching for a single testis-determining factor located on the Y chromosome, and through 

research on four masculinized female patients, the sex-determining region of the Y 

chromosome (SRY) was discovered 4. Understanding of the sexual differentiation of 

physiology and behavior has drastically changed since the 20 th century.  

Early research on sex differences focused on the obvious phenotypes including the 

gonads, genitalia, and mating behaviors, with attention focused on reproductive biology 5. As 

early as the 1930s, researchers were investigating whether phenotypic sex differences were 

controlled by sex chromosomes or secretions from the gonads 6. Experiments in the 1940s 

demonstrated that administering hormones isolated from male gonads to genetic females 

masculinized the genitals or behavior, whereas removal of male hormones from genetic males 

feminized genitals or behavior 7. In mammals, sex determination occurs before sexual 

differentiation, meaning that the sex chromosome complement determines gonadal sex, but 

subsequent gonadal differentiation into testes or ovaries allows the gonads to produce 

hormonal secretions that determine the sexual phenotypes of body and behavior 7. The 

innovation of molecular genetics provided much better understanding of the genes located on 
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sex chromosomes and with which functions these genes are associated. These findings 

demonstrated that the chromosomal inequality between sexes causes systemic effects 

outside the gonads 7. Furthermore, in songbirds, several sexual phenotypes, such as the 

zebra finch song system, were not dependent on differentiated gonads, providing further 

evidence that chromosomal sex is responsible for sexual differentiation outside the gonads 8. 

An explosion of research outside reproductive biology discovered functional differences in 

males and females throughout the body, including in tissues not involved with reproduction 

and non-reproductive brain regions, and determined that there is a complex interplay with 

genetics and proximate factors that are ultimately responsible for these sex differences 7.  

 In species like birds and mammals that possess heteromorphic sex chromosomes, 

sex differences begin at the chromosomal level due to differences in the genetic inequality of 

sex chromosomes 7. In mammals, sex is determined by the presence or absence of the sex 

chromosomes X and Y, with females having two X chromosomes and males having one X 

and one Y chromosome. The Y chromosome initiates male-specific changes that result in sex 

differences between males and females. The Y-encoded Sry gene is responsible for the 

differentiation of the male gonads, sex differences in gonadal hormones, and subsequent sex 

differences in tissue function 7. In addition to initiation of gonadal differentiation, Y-encoded 

genes act on other tissues like the brain and germ cells and are responsible for non-gonadal 

sex differences 7. In females, genes that are encoded by the X chromosome have not been 

demonstrated as sexually dimorphic, yet these genes are responsible for the differentiation of 

the ovaries 7. Although genes encoded by the X chromosome are not sexually dimorphic, the 

number of X chromosomes does cause sex differences. When two or more X chromosomes 

are present, one of them will initiate expression of the long noncoding RNA Xist, which is 

responsible for transcriptional silencing of the additional X chromosomes 7. Inactivation of the 

X chromosome results in similar levels of X-encoded genes between males and females, but 

these levels are achieved through different mechanisms. As such, there is a higher expression 
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of X-encoded genes avoiding inactivation and therefore upregulated relative to males 9. The 

unequal number of X chromosomes between sexes also means that males and females 

receive different levels of parental imprinting, with males receiving only a maternally imprinted 

X chromosome but females receiving both a maternally and paternally imprinted X 

chromosome 10. All of these differences continue to build and amplify through development 

as downstream pathways interact and produce further sex differences 7. 

1.1.2 Sex as a Modifier of Phenotypes 

There are important biological and behavioral differences between males and females 

that affect normal function and disease manifestation, epidemiology, and pathophysiology 11. 

Hundreds of human studies have reported sex or gender differences in toxico/pharmaco-

kinetics of exogenous substances and in disease of systems affecting cardiology, 

rheumatology/immunology, pneumology, nephrology, gastroenterology/hepatology, 

neurology, endocrinology, oncology, and hematology 11. Biological sex is a significant 

modulator of health and disease, and sex as a biological variable should be considered in any 

study of health or toxicity.  

Many normal phenotypes and behaviors are sexually dimorphic, and research should 

always consider whether a sexual dimorphism exists. Additionally, sex modifies phenotypic 

responses to insult. For example, during disruptions to morphgenic signaling, sex can interact 

with the disruption to exacerbate or mitigate phenotypes. In response to a toxicant, sex can 

interact with the toxic exposure to mediate health outcomes. In the analyses of this 

manuscript, sex is always considered both in the fundamental differences identified within 

control males and females and in how sex interacts with environmental exposures or genetic 

mutations to mediate phenotypic outcomes.  

1.2 Estrogens 

 Endogenous estrogens are a class of naturally occurring sex steroid hormones 

that include estrone, 17β-estradiol (E2), and estriol. In adult animals, estrogen actions are 



5 
 

mediated through modulation of rapid estrogen signaling, estrogen receptor (ER)-regulated 

gene expression and subsequent modulation of growth-factor related signal transduction. 

Estrogens act in part through binding at estrogen receptors (ER) α and β 12. The ERs then act 

as ligand-activated transcription factors that alter the expression of estrogen-responsive target 

genes and activate intracellular signaling 12–16. E2 is the most potent estrogen hormone with 

6-10 times higher half maximal effective concentrations for estrogen receptor α and β than 

estriol and 25-40 times higher than estrone 15. E2 has diverse effects in both males and 

females during development and in adult physiology. Estrogens are responsible for the 

development and function of the female reproductive system and secondary sex 

characteristics, as well as influencing function of the male reproductive system and 

reproductive behavior 17–19.  

 



6 
 

 

Figure 1.1.  General overview of the steroid hormone biosynthesis pathway. Cholesterol is the 
substrate for de novo steroid hormone synthesis and steroidogenesis. Cholesterol is converted, via a 
series of enzymatic reactions, into stress and sex steroid hormones 20,21. 
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Hormones, including estrogens, act within the organizational-activational conceptual 

framework wherein developmental hormones “organize” the sexual differentiation of a 

mammal and subsequent “activation” occurs by hormonal exposure later in life, typically 

characterized by post-pubertal secondary sex changes 22. In the 1950s, seminal work by 

Phoenix et al. demonstrated that sex differences in behavior were permanently differentiated 

by testosterone during an early susceptible window of development. The authors injected 

pregnant guinea pigs with testosterone propionate and examined the adult mating behavior 

of the offspring for prototypical “male” or “female” traits. For example, lordotic behavior is 

considered “female” behavior whereas mounting of a receptive female is “male.” The primary 

findings of this work were that behavior of females treated prenatally with testosterone were 

masculinized and those effects were permanent, giving rise to the concept of the 

organizational effects of hormones 23. Subsequent studies validated and extended these 

findings, discovering morphological sex differences in the brain.  

Some of the earliest reports of sex differences in the brain found that adult males have 

heavier brains than adult females, and early in the 20th century researchers erroneously 

posited that head circumference and brain size was directly linked to intellectual capacity 24. 

This biased line of research was discarded, but subsequent studies in the latter half of the 

century found evidence for functional sex differences in the brain. In the 1970s, Gorski and 

colleagues discovered the sexually dimorphic nucleus of the medial preoptic area in the rat 

that was visible under Nissl stain to the naked eye 25. Subsequent studies discovered sex 

differences on numerous neural structures including the medial amygdaloid nucleus and bed 

nucleus of the stria terminalis, the medial preoptic nucleus, the anteroventral periventricular 

nucleus, the arcuate nucleus of the hypothalamus, the ventromedial nucleus of the 

hypothalamus, the ventral premammilary nucleus, the cortex, and the brain stem 5. These 

brains regions are involved in a variety of pathways including reproductive behavior, stress 

response, and sensory pathways 5. In addition to neuroanatomical sex differences, there are 
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sexually dimorphic neurochemistries, with neuronal gonadal steroid receptor expression 

differing by sex in the adult brain.  

Steroid hormones can cross the blood-brain barrier; sex differences in circulating 

steroid hormones result in differences in neural function in brain regions responsive to steroid 

hormones. Neurons expressing gonadal steroid receptors are primarily within discrete brain 

regions in the hypothalamus or limbic region with projections to the hypothalamus 26. Sex 

hormones, including androgens, estrogens, and progestogens all act within this 

organizational-activational framework, with early hormone exposure programming sexual 

differentiation and later in life hormones further triggering sex differences 22. There is overlap 

between the distributions of neurons that express estrogen receptors, progesterone receptors, 

and androgen receptors, with sexually dimorphic brain regions among those with the highest 

densities of hormone-sensitive neurons 5. 

Along with the reproductive system and secondary sex characteristics, estrogens are 

responsible for the development and function of numerous other organs systems. Estrogens 

promote bone health and prevent osteoporosis, affect metabolism and serum lipoproteins, 

and are critical regulators of normal central nervous system development and function 27–29.  

In the central nervous system (CNS), estrogens are involved in development and normal 

function and may be protective in some CNS diseases. During early postnatal development, 

the testes produce increased levels of testosterone, which can cross the blood-brain barrier 

and induce structural changes in sexually dimorphic regions of the brain to masculinize 

behavior 30. Studies with E2 demonstrated that the “female” sex hormone caused similar 

masculinization of the brain, leading to the discovery that testosterone is aromatized in the 

brain by the enzyme aromatase (CYP19A1), a member of the cytochrome P450 superfamily 

encoded by the gene CYP19 (Figure 1.1) 31,32. Sexually dimorphic brain regions express the 

CYP19A1 enzyme aromatase, and inhibition of aromatase activity can prevent 

masculinization of the brain, providing further evidence that E2 is responsible for these 



9 
 

masculinizing effects 30. Additional roles of E2 in the CNS include regulation of the 

development of brain regions not involved with sexual behavior or reproduction, including the 

cerebellum. Along with the developmental roles of estrogens, estrogens are implicated in 

cancer development and progression.  

Estrogens are involved with the development and progression of tumors. The effects 

of estradiol in the etiology and progression of breast cancer are well-described. Increased 

endogenous and exogenous estrogens are a risk factor for tumorigenesis and progression of 

breast cancer, but tumor responsiveness to estrogens depends on nuclear receptor 

expression 15. In breast cancer tumors that express ERα, actions of E2 on ERα are required 

for tumor growth and promote tumor proliferation and metastasis 33. Functional studies in ERα 

knockout mice have shown that ERα is required for the onset of mammary tumor development 

and prostate cancer progression 34–36. In addition to breast cancer, cancers arising from 

numerous other tissues, including the prostate and central nervous system, express estrogen 

receptors that respond to E2. In advanced stages of prostate cancer, ERα is up-regulated and 

can stimulate osteoblastic tumor growth in human prostate cancer cell lines 37–39. In these 

cancers that express ERα, ERβ expression appears to oppose the growth promoting activities 

of estrogen, suggesting a dichotomous model in which ERα stimulates and ERβ suppresses 

estrogen-responsive tumors 40. This view of ERβ as purely suppressive in cancer is 

inadequate, given the growing body of evidence demonstrating ERβ activation in ERα-

negative cancers is proliferative 41,42. The role of estrogens and estrogen receptor expression 

in breast cancer, prostate cancer, and medulloblastoma are more thoroughly reviewed in 

Chapter 1.2.2.  

1.2.1 Cerebellar Development and Function 

The cerebellum is a hindbrain region involved in the coordination of voluntary motor 

movement, muscle tone, and balance. The role of the cerebellum in motor movement has 

been known for a long time, with the earliest experiments conducted in the 19th century. Marie 
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Jean Pierre Flourens noted that removal of the cerebellum from rabbits and pigeons affected 

equilibrium and motor coordination. In 1891, Luigi Luciani expanded these early observations 

by defining a triad of symptoms resultant from cerebellar lesions: atonia, or reduction in resting 

muscle tone, asthenia, or a weakness of voluntary muscle contraction, and astasia, an inability 

to maintain posture, with a fourth symptom, dysmetria, or an inability to accurately reach a 

target in space, added later 43. More recently, the importance of the cerebellum in higher-order 

cognitive functions and related behavior have been noted 44,45. For example, both reductions 

in the volume of specific cerebellar regions or hyperplasia of cerebellar regions are associated 

with social impairments in patients with autism 45–50. A potential mechanism linking cerebellar 

pathology to impaired social functions is via cerebellar modulation of dopamine release within 

the medial prefrontal cortex 51. The cerebellum depends on tightly regulated control of several 

neuron types that are found in specific subregions within the cerebellum.  

Normal function of the adult cerebellum depends on properly integrated actions of 

numerous neuron types residing in the three distinctive layers of the mature cerebellum: the 

molecular layer (ML), Purkinje cell layer (PL), and the internal granular layer (IGL). The ML is 

primarily comprised of synaptic interfaces between dendritic arbors of Purkinje cell neurons 

and the axonal parallel fibers of mature granule cells in the IGL. The PL is demarcated by a 

monolayer of Purkinje cell bodies that divide the ML from the IGL in the mature cerebellum 52. 

The innermost layer of the cerebellum is the IGL, which contains a dense layer of granule 

cells that each has a small cell body and dendrites that each receive a mossy fiber input 53. 

Granule cells are the most numerous cerebellar cell type, comprising greater than 95% of all 

cells in primary cerebellar cultures isolated from rats 52,54. Each of these three layers also 

contains distinct populations of inhibitory interneurons that inhibit the activity of granule and 

Purkinje cell postsynaptic targets 55–57.  

During early development, cerebellar progenitors arise from two separate regions of 

the rhombencephalon. In the mouse, Purkinje cells originate between embryonic days 11 and 



11 
 

13 (E11-E13) and migrate to the cerebellar cortex between E13-E17 52. In humans, the cells 

destined to become Purkinje cells originate in the ventricular zone around 44-48 days 

gestation, with migration into the developing cerebellum occurring primarily between the 16 th 

and 28th weeks of gestation 58,59. Formation of the PL is largely completed by birth in both 

rodents and humans. Granule cell precursors (GCPs) arise from a population of rhombic lip 

progenitors that migrate to the cerebellum and form the external germinal layer (EGL) where 

GCP proliferation continues until post-natal day 15 in mouse 52. During the postnatal period of 

cerebellar development, the GCPs mitotically arrest, differentiate, and migrate through the ML 

and PL, and then reach their final destination in the IGL as mature granule cells. The 

development of this stereotypic structure of the cerebellum is a tightly regulated process that 

requires specific gradients of key morphogens at critical windows throughout development 60. 



12 
 

 

Figure 1.2.  Sonic Hedgehog (SHH) signaling pathway and cerebellar development. The ligand for 
the SHH signaling pathway, Sonic Hedgehog (Hh), binds its receptor PTCH1, which constitutively 
inhibits the downstream receptor Smoothened (SMO). After Hh binding, SMO is disinhibited and can 
then release the transcription factor GLI from its negative regulator SUFU, allowing the transcription 
factor to enter the nucleus and initiate transcription of SHH-responsive genes (A). In the developing 
cerebellum, granule cell precursors (GCP) are the precursors that give rise to granule neurons. GCPs 
proliferate in the external germinal layer (EGL) of the cerebellum in response to SHH signals from 
Purkinje cells. GCPs then differentiate and migrate to their final destination in the IGL (B1). When 
SHH signaling is disrupted by mutations that result in increased SMO activity, uncontrolled SHH 
signaling results in overpopulation of the IGL and formation of the pediatric brain tumor 
medulloblastoma (B2). The peak of GCP proliferation in rodents occurs in the first postnatal week of 
life. The cerebellum is a postnatal day 14 developing cerebellum adapted from the Allen Brain Atlas 
(https://developingmouse.brain-map.org/static/atlas) 61.    
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1.2.2 Role of the morphogen Sonic Hedgehog in Cerebellar Development and 

Medulloblastoma 

The Sonic Hedgehog (SHH) signaling pathway (Figure 1.2A) is necessary to induce 

differentiation and mitotic arrest of GCPs in the EGL, and subsequently acts to direct migration 

of the maturing granule cells to the IGL 62,63. Those processes are mediated by the morphogen 

SHH which binds to the Patched-1 (PTCH1) receptor expressed in Purkinje cells, GCPs, and 

cerebellar interneurons. Secretion of SHH from Purkinje cells is initiated around E17.5 in the 

mouse and peaks around postnatal day 6-8. The resulting SHH concentration gradient 

regulates differentiation of GCPs wherein lower concentrations of the morphogen allow 

continued proliferation 62,64. In the absence of the SHH ligand, PTCH1 inhibits Smoothened 

(SMO), a downstream G-protein coupled receptor. By contrast, SHH binding leads to 

disinhibition of SMO, resulting in increased activation of glioma-associated oncogene 

homolog (GLI) transcription factors (Figure 1.2A). Uncontrolled disinhibition of SMO can result 

in failure of GCPs to differentiate, resulting in continued and excessive GCP proliferation, 

thereby overpopulating the IGL (Figure 1.2B) 65,66.  

Mutations of genes encoding SHH pathway proteins are implicated in several human 

neurodevelopmental disorders 67. Holoprosencephaly (HPE), most frequently caused by 

mutations of SHH resulting in decreased expression of the SHH gene, are the most common 

congenital forebrain abnormality in humans 68–70. Less commonly, mutations of PTCH1, the 

receptor for SHH, that decrease SHH activity by enhancing the repressive activity of PTCH1, 

are also associated with HPE 71. Patients with HPE present with a wide array of phenotypes 

including forebrain malformations, craniofacial defects, and behavioral abnormalities including 

attention deficit hyperactivity disorder (ADHD) 72,73. Mutations of PTCH1 causing over- or 

under- expression of PTCH1, thereby causing changes in SHH signaling, are also associated 

with basal cell nevus syndrome (BCNS) 74,75. Some BCNS patients develop skeletal 

anomalies, and approximately 3% develop the cerebellar brain cancer medulloblastoma (MB) 



14 
 

76. Molecular characterization of MB tumors using integrated genomics approaches including 

comparative genomic hybridization and whole genome sequencing has revealed that 20-30% 

of MB patients have mutations in the SHH pathway 77. The role of dysregulated SHH signaling 

in MB has been experimentally demonstrated using genetically modified strains of mice 

containing constitutively active Smo alleles, or knockout mutations of Ptch1, that result in 

aberrant GLI1 transcriptional activity that gives rise to MB 65,78–84. Ptch1-knockout mice, initially 

developed to evaluate the role of the SHH-PTCH signaling pathway in BCNS, have been used 

widely to study MB 65,85. Whereas homozygous knockout of the PTCH1 receptor gene (Ptch1-

/-) is embryonically lethal due to failures of neural tube closure, haploinsufficient Ptch1 

heterozygous mice (Ptch1+/-) are viable but have increased SMO and GLI1 activity resulting 

from decreased PTCH1 protein expression 65. Phenotypically, dysregulation of GLI1 

transcriptional programming results in increased GCP proliferation, aberrant neuronal 

migration, and MB in 10-20% of Ptch1+/- adult mice 86.  In addition to cerebellar dysregulation 

and MB tumorigenesis, altered hippocampal structures have been reported in male Ptch1+/- 

adult mice 87, which is consistent with SHH signaling also having potential roles in 

neurogenesis of hippocampal progenitors 88.  

In experimental mouse models, mutations in humans causing unregulated activation of 

SHH-signaling, either via gain of SMO or loss of PTCH1 function, also result in MB. There are 

noted sex differences in incidence of MB for, with overall incidence showing a 1.5:1 male to 

female sex ratio; however, the sex ratio differs by population and depends on the molecular 

subgroup of the tumor 77,89. Two of the four MB subgroups, the WNT and SHH, MB present 

with a 1:1 sex ratio 77. Only Group 3 and Group 4 subtype tumors show a 2:1 male to female 

incidence ratio, and Group 3 tumors commonly have a loss of an X chromosome 139. Estrogen 

receptor β (ERβ) is expressed in maturing GCPs and MB tumor cells and can modify MB 

growth and progression 13,90. Increased estrogen receptor signaling during cerebellar 

development and MB progression results in upregulation of cytoprotective ERβ-dependent 



15 
 

insulin-like growth factor signaling that impacts GCP maturation and migration, and can 

increase MB tumor growth rate 13,16. 

1.2.3 Role of Estrogens in Cerebellar Development 

Estrogen actions on the developing and adult cerebellum are dependent on the 

expression of ERs. Neurons within the cerebellum express ERs, and E2 signaling plays 

important roles in regulating the development and activity of the cerebellum 52,91. Patterns of 

E2 binding and expression of both ERα and ERβ in cerebellum vary by time and cell type 

throughout cerebellar development in rodent models 90,92. The expression of ERβ is present 

in the rodent cerebellum from birth, and expression continues throughout adulthood in 

Purkinje cells, granule cells, and interneurons. Developmentally, expression of both ERα and 

ERβ mRNA and protein levels vary with timing in GCPs of rat pups in the first 15 days of 

postnatal development 90,93. The protein expression of ERβ is predominantly in the 

differentiating layer of the EGL during postnatal cerebellar development 90. Granule cell 

precursors are estrogen-responsive, and GCP viability and proliferation are mediated by E2 

13,94,95. In addition to actions on GCPs, E2 acts on Purkinje cells during development and in 

the mature cerebellum 91. The expression of ERβ is induced in Purkinje cells when migrating 

granule cells are nearby 90. Medulloblastoma tumors arise from GCPs that express ERβ, and 

increased estrogen activation of ERβ signaling increases GCP mitogenesis, migration, and 

upregulates neuroprotective mechanisms in mature granule cells that contribute to the 

pathogenesis of MB. The role of ERβ in cerebellar development and in medulloblastoma, 

specifically, is explored further in the subsequent sections.  
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1.2.4 Duality of estrogen receptor β expression in cancer progression 
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Abstract  

The physiological actions of estrogens are primarily mediated by the nuclear hormone 

receptors estrogen receptor alpha (ERα) and beta (ERβ). Activities of these nuclear steroid 

hormone receptors in etiology and progression of many hormone-responsive cancers are 

well-established, yet the specific role of each receptor, and their various expressed isoforms, 

in estrogen-responsive cancers remains unclear. Recent advances in nuclear receptor 

profiling, characterization of expressed splice variants, and the availability of new 

experimental cancer models, has extended the understanding of the complex interplay 

between the differentially expressed nuclear estrogen receptors. In this review, we discuss 

proposed roles of ERβ in several subtypes of cancers that lack significant ERα expression 

and define current understanding of how different ERs collaborate to regulate cellular 

processes. 
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Introduction  

The steroid hormone 17β-estradiol (E2) is the most potent physiological estrogen and is 

responsible for a myriad of functions, including cell growth and differentiation. Perturbations 

to estrogen signaling not only disrupt normal function and development, but are also involved 

in the initiation, progression, and severity of several types of estrogen responsive cancers 96–

98. The physiological actions of estrogens are largely mediated though the activities of nuclear 

hormone receptors NR3A1 (ERα) and NR3A2 (ERβ), which act in cell, tissue, and temporally 

specific fashions to regulate complex and dynamic gene-expression networks. ERα and ERβ 

share 96% homology in the DNA-binding region and 59% in the ligand-binding region (Figure 

1.3) 12. Although both full length receptors have comparable binding affinities for endogenous 

ligands (e.g. E2), they differ significantly in their affinity for various natural and synthetic 

ligands including phytoestrogens and pharmaceuticals (Table 1) 99. Alternative mRNA splicing 

differentially regulates expression of ERα and ERβ isoforms that produce receptors with 

distinctive ligand-binding properties, subcellular localization, response to post-translational 

modification, and ligand-dependent and independent activities (Figure 1.3). Cell-specific 

expression patterns of both canonical receptor and alternatively spliced receptor isoforms play 

a role in mediating the diverse responsiveness to ligand binding 98. 
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 Figure 1.3.  Comparative representation of ERβ isoforms. Each receptor is represented by a 
colored bar with structural domains conserved across the steroid/thyroid super-family of nuclear 
receptors indicated. Shading in the carboxyl terminus of each ERβ isoform is representative of 
the predicted differential amino acid sequences in each receptor isoform as a result of 
alternative splicing. Percentage on ERβ1 highlights the amino acid sequence identity shared 
between each domain of ERα and ERβ1. The amino-terminal A/B regions have a 
transactivation domain with ligand-independent function and recruits co-activators and co-
repressors. The C region contains the DNA-binding domain (DBD), which is needed for binding 
to specific estrogen response elements (EREs) in estrogen responsive genes. The D region 
contains several functional domains, including the hinge domain to connect C and E/F. The 
carboxy-terminal regions E and F contain the ligand-binding domain, which is needed for ligand 
binding, receptor dimerization, and nuclear translocation. ERβ variants are identical in the first 
468 amino acid (AA) sequences, and divergence of AAs are shown after 468 in different colors 
and representative boxes underneath the variant protein structure. 

 

 

 

 

 

 



20 
 

 

 

 

 

 

 

 

 

 

Endogenous ligands, phytoestrogens, and pharmaceuticals inhibitor constant (Ki), half maximal effective 
concentration (EC50), and half maximal inhibitory concentration (IC50) for ERα and ERβ. All concentration values 
are in nM.  
 

Receptor-specific activities in cancer 

ERα influences both tumor development and progression and is largely associated 

with poor prognosis and malignancy in breast, prostate, ovarian, and endometrial cancer 33. 

In ER-positive (ER+) breast cancer (BC), ERα mediates estrogen actions and promotes tumor 

cell proliferation and metastasis 33. Functional studies in ERα knockout mice have shown that 

ERα is required for the onset of mammary tumor development and prostate cancer 

progression 34–36. In advanced stages of prostate cancer (PCa), ERα is up-regulated and can 

stimulate osteoblastic tumor growth in human PCa cell lines 37–39. In these ER+
 cancers, ERβ 

expression appears to oppose the growth promoting activities of estrogen, suggesting a 

dichotomous model in which ERα stimulates and ERβ suppresses estrogen-responsive 

tumors 40. This view of ERβ as purely suppressive in cancer is inadequate, given the growing 

body of evidence demonstrating ERβ activation in ERα-negative cancers is proliferative 41,42. 

 

 

Table 1.1. Binding Affinities of Estrogenic Ligands. 

Compounds Ki ERα EC50 ERα IC50 ERα Ki ERβ EC50 ERβ IC50 ERβ 

Endogenous       

17-β-Estradiol 0.04 0.017 0.12 0.11 0.068 0.18 

Estriol 0.35 0.16 - 0.63 0.41 - 

Estrone 1.01 0.66 - 3.1 1.6 - 

Phytoestrogens       

Genistein 126 38 - 12.8 5.8 - 

Coumestrol 80 16 - 27 6.9 - 

Daidzein 262 150 - 85.3 57 - 

Pharmaceuticals       

PPT 0.4 0.085 - 92.8 Not detected - 

DPN 32.4 27 - 1.7 2.3 - 

Fulvestrant 
(ICI 182,780) 

0.42 - 2.2 1.3 - 1.3 

4-OH-tamoxifen 2.3 - 2.2 4.8 - 1.1 
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Activities of ERß in breast cancer  

Increased endogenous and exogenous estrogens are a risk factor for the initiation and 

progression of BC 41,100,101, but tumor responsiveness to estrogens depends on nuclear 

receptor expression. Based on expression of ERα, progesterone receptor (PR), and human 

epidermal growth factor receptor 2 (HER2), there are three major classes of BC tumors: Triple 

negative phenotypic, luminal (A and B), and human epidermal growth factor receptor 2 

(HER2)-enriched 102. ERβ is tumor suppressive in ERα positive (ER+) BC 103–105. Several 

studies demonstrate that ERβ activation in ER+ BC cell lines reduces proliferation 105, 

angiogenesis, and tumor formation in mice 106. 

Two subtypes of BC tumors are ERα negative (ER-): 1) HER2-enriched, and 2) triple 

negative breast cancer (TNBC). Both subtypes are also progesterone receptor negative, but 

differ in HER2 expression status 102. Though TNBC lacks ERα, nuclear and extranuclear 

localized ERβ is expressed in TNBC tumor specimens 107,108, and both in vitro and in vivo 

studies have shown that ERβ is proliferative in the absence of ERα 109,110. Disregarding the 

potential proliferative activities of ERβ in TNBC, a recent prospective, open label clinical trial 

evaluated efficacy of oral E2 (Estrace, 10 mg) in TNBC (Clinicaltrial.gov Identifier: 

NCT01083641). As anticipated, the trial was unsuccessful and terminated with 65% of 

patients exhibiting disease progression after the first 28-day cycle of drug treatment 111. 

Although death occurred in 88% of patients, and 77% were removed from the study treatment 

for disease progression, the authors argued that additional ERβ agonist treatment is 

recommended in TNBC. That interpretation is inconsistent with the study findings and 

understanding of current literature on the actions of ERβ in TNBC. Outlined below, several 

studies highlight evidence for a proliferative role of ERβ in TNBC, and support contraindication 

of ER agonists for TNBC pharmacotherapy.  

 High ERβ1 expression correlates with increased expression of the proliferative marker, 

Ki-67, which was also associated with poor prognosis in TNBC 112,113. ERβ activation in ER- 

https://clinicaltrials.gov/show/NCT01083641
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breast cancer stem cells (BSCs) increased mammosphere growth, and ERβ knockdown with 

shRNA in TNBC xenografts reduced tumor volume by 50%. Further, treatment of TNBC-

derived BSCs with an ERβ selective antagonist (PHTPP) reduced mammosphere formation 

by 45% 114•• and also suppressed TNBC growth in vitro 115•. Additionally, treatment with the 

non-selective anti-estrogen (Fulvestrant) decreased tumor volume and cell proliferation in 

TNBC explants in two different ER- cell lines [MDA-MB-231 (ER-, high ERβ), MDA-MD-468 

(ER-, low ERβ)] 116. These seminal findings indicate that ERβ has proliferative activities in ER- 

BSCs and TNBC.  

The differing roles of ERβ in BC are also dependent on ERβ splice variant expression; 

ERβ2 and ERβ5 do not possess a ligand-binding region but alter estrogen signaling through 

heterodimerization with ERβ1 and ERα. A recent meta-analysis of ERβ1, ERβ2, and ERβ5 

expression in BC patients (ER+/-) showed that ERβ1 was positively associated with increased 

overall and disease free survival 117 •. However, when the analysis was stratified by ERα (+ or 

-) status, the positive association of ERβ1 with survival was lost, indicating interplay between 

ERβ variants and ERα. In ER+ BC, increased cytoplasmic ERβ2 was associated with 

decreased overall survival 118. Histologic and experimental evidence data support a 

proliferative role for ERβ2 in TNBC cells 119•; however, few studies have analyzed the 

association between ERβ variants in ER- BC.  

One established mediator of ERβ actions in TNBC is increased insulin-like growth factor 

(IGF 1,2) expression and signaling 120. IGF1/2 modulates expression of ERβ in TNBC, and 

using inhibitors for both IGF1R (BMS-754807) and HER2 (neratinib) decreased cell 

proliferation in ER- cell lines, providing two potential therapeutic targets for ER- BC 121••. 

ERß actions in Prostate cancer  

Androgens and the androgen receptor (AR) are crucial to the development and 

progression of prostate cancer (PCa). The role of estrogens in suppressing androgenic 
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actions (through the hypothalamic–pituitary–gonadal axis and negative Luteinizing 

hormone feedback) in PCa has been noted for over 70 years 122. The foundational studies of 

Huggins and Hodges showed that injection of E2 suppressed levels of testosterone in PCa 

patients and reduced the influence of androgens on PCa advancement 123,124. Further 

epidemiological evidence indicates that the ratio of circulating testosterone to E2 is significant 

to the progression of PCa; low testosterone and/or high E2 was associated with higher risk of 

PCa. Whereas the importance of AR in PCa is well established, roles for other steroid 

receptors (ERβ) on AR and PCa progression remain controversial, as several studies present 

contradictory findings.  

ERβ is expressed throughout normal prostate, while ERα expression is differentially 

localized to stromal cells and the androgen-independent basal cell layer 125. ERβ expression 

is typically reduced in advanced stages of PCa 126,127. ERβ activation in the prostate is typically 

tumor suppressive, with ERβ agonists displaying anti-proliferative activity in cell and mouse 

models of prostate cancer 128,129. ERβ activation upregulated tumor repressor genes (PTEN, 

T-cadherin13, Smad7) and loss of ERβ in older mice (18 months) increased AR expression 

in the ventral prostate 130•. This suggests that ERβ is an important potent regulator of AR 

signaling which acts to suppress tumor formation. Epidemiological evidence also suggests 

that diets high in phyotestrogens (ERβ selective partial agonists) may lower the risk of PCa 

99,131.  

However, a recent large cohort study positively associated expression of ERβ with 

reduced biochemical-failure-free survival supporting an adverse role for ERβ in PCa 132•. 

Treatment with E2 in a xenograft model that only expressed ERβ (DU-145) elicited a divergent 

effects wherein low doses of E2 increased tumor growth, and high E2 exposure decreased 

tumor volume 133•. These seemingly contradictory results indicate differential responses of 

ERβ based on concentration of E2.  
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As with BC, possible explanations for the contradictory actions of ERβ in PCa are 

opposing actions of ERβ2 isoform. ERβ2 expression was increased in advanced PCa and 

metastatic cancer and was associated with reduced overall survival in PCa patients 134. In 

vitro models have also shown that ERβ2 can upregulate several proteins associated with 

osteolytic metastasis 78. These findings suggest that ERβ2 can promote PCa tumor 

progression, although further work is necessary to clarify the differential roles of ERβ and its 

isoforms in PCa. 

ERβ action in Medulloblastoma   

Estrogens play a critical role throughout cerebellar development by regulating gene 

expression and modulating growth factor related signal transduction pathways. Patterns of E2 

binding and expression of both ERα and ERβ in cerebellum vary temporally and by cell type 

during cerebellar development in rodent models 90,92. Wherein ERβ expression is highest 

during periods of cellular differentiation, ERβ is present in the rodent cerebellum from birth 

and persists in Purkinje cells, granule cells and other interneurons through adulthood.  In the 

first postnatal week of development, expression of ERβ is localized primarily in post-mitotic 

granule cell precursors, with ERβ expression induced in Purkinje cells when migrating granule 

cells are nearby 90. Similar patterns of ERβ expression is observed in the infant human 

cerebellum 93,135.   

Medulloblastoma (MB) are a heterogeneous group of brain tumors that are associated 

with the posterior fossa or cerebellum and comprise nearly 10% of all childhood tumors [58]. 

Cerebellar MB arise from ERβ+ granule cell precursors (GCPs) which normally differentiate in 

the mitotically active external germinal layer of the cerebellum, and then migrate to form the 

internal granular layer 52. GCPs are estrogen-responsive and express ERβ, but not ERα, and 

increased estrogen activation of ERβ signaling increases GCP mitogenesis, migration and 

upregulates neuroprotective mechanisms in mature granule cells 13. 
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MB tumors express ERβ, and dysregulation of ER signaling during cerebellar 

development drives MB progression 13,16••. Estrogen increased the growth of MB tumors in 

gonadectomized male and female mice with xenografts from a human cell line established 

from a 6-year old male’s tumor, D283Med , and in a mouse model of MB, knockout of ERβ 

inhibited MB growth in both sexes (Figure 1.4) 16••. ERβ-mediated tumor development may be 

driven through a DNA repair mechanism, since ERβ-mediated nuclear interactions between 

proteins in the insulin-like growth factor (IGF) pathway inhibited homologous recombination-

directed DNA repair in MB 136. IGF signaling has been implicated in tumorigenesis and is key 

in the progression of MB 137. The IGF pathway is up-regulated in human MB 138, and Igf2 

amplification can increase incidence and is required for progression of MB in mice 139. IGF1R 

is a receptor tyrosine kinase that is considered a key target in high risk metastatic MB 140, and 

Tyrosine Kinase Inhibitors (TKIs) are an emerging treatment in MB 141•. There are several 

ongoing clinical trials using erlotinib, a receptor TKI, to treat central nervous system tumors 

including MB (Clinicaltrials.gov Identifiers: NCT00360854, NCT00077454, NCT02689336). 

 

https://clinicaltrials.gov/show/NCT00360854
https://clinicaltrials.gov/show/NCT00077454
https://clinicaltrials.gov/show/NCT02689336
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Figure 1.4 ERβ activation drives progression of medulloblastoma through cytoprotective and anti-
apoptotic mechanisms. Granule cells in the IGL of the healthy mouse cerebellum (a) only weakly 
express ERβ, leading to a highly structured network of mossy fiber and parallel fiber synapses on 
Purkinje cell dendrites [A1]. Dysregulation of granule cell mitogenesis results in cerebellar 
overgrowth, excessive granule cell numbers in the IGL and tumor formation associated with the ML 
(b). In MB cells (c), ERβ is highly expressed and estrogen drives tumor formation and progression 
through cytoprotective mechanisms that decrease apoptosis. Addition of anti-estrogens (+ anti-
estrogen) block the protective ERβ actions increases apoptosis resulting in decreased tumor size. 
Abbreviations: ML, molecular layer; PL, Purkinje cell layer; IGL, internal granular layer. Purkinje cell 
adapted from Cell Image Library CCDB_3687. 

  

Blockade of ER signaling inhibited both the growth and migration of MB through ERβ-

mediated IGF-like signaling mechanisms 135. Treatment of human MB cell lines with genistein, 

a phytoestrogen, and cisplatin, a chemotherapeutic, have showed synergistic growth inhibition 

and cytotoxicity 142. E2 and dietary estrogens decreased the sensitivity of MB to cytotoxic 

treatments, and inhibition of ERβ prevented the cytoprotective effects of these estrogens 143••. 

These findings support the therapeutic potential of anti-estrogen drugs and indicate that it may 

be prudent for patients to avoid environmental estrogen exposure during treatment. An 

ongoing clinical trial is using Tamoxifen, a selective estrogen receptor modulator, in 

combination with classical chemotherapy to treat patients with solid tumors including MB 
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(Clinicaltrials.gov Identifier NCT00002608); this study could provide further evidence that anti-

estrogen activity improves patient outcomes.  

 Overall, MB occurs more often in males; however, the gender ratio differs by population 

and within tumor subtypes 144. Contradicting the proliferative role of ERβ activation on MB 

development, tumors from females showed significantly lower growth and fewer proliferative 

markers in a mouse with D283Med human tumor xenografts 145. In an ionizing radiation-

induced mouse model, an ERβ-selective agonist inhibited MB development via anti-

proliferative and pro-apoptotic pathways in ovariectomized females, while an ERα agonist had 

no effect 146. The authors conclude that ERβ serves a tumor suppressive role, but an 

alternative explanation is that ERβ activation was cytoprotective against the ionizing radiation 

induction of GCPs in this model. 

The physiological actions of ERβ in the cerebellum and on MB are modified by sex, ER 

splice variation, and neurotrophic and growth factors. Purkinje cells express aromatase and 

estrogens are synthesized de novo in the cerebellum, and this activity could be involved in 

reported sex differences. Tumors from both sexes expressed similar amounts of the ERβ 

isoforms ERβ2 and ERβ5, whereas ERβ1 was absent in tumors from males but persisted in 

females 145. ERα and ERβ have several splice variants that present differentially across MB 

tumor tissue 145. Immunohistochemical analysis of human cerebella revealed ERs in normal 

tissue and in primary MB tumor samples. In primary tumor samples, ERβ was detected in 

each sample, whereas ERα was essentially absent 135. Additionally, primary tumors with the 

lowest levels of ERβ were associated with better clinical prognosis compared to tumors 

associated with the highest level of ERβ expression 147. An alternative isoform in mouse 

reduced the ligand-mediated activity of the primary ERβ isoform, demonstrating that certain 

isoforms could modulate activity of other isoforms 148. 

Secreted neurotrophic factors including brain-derived neurotrophic factor (BDNF) and 

neurotrophin-3 (NT-3) are highly expressed in granule and Purkinje cells and may be involved 

https://clinicaltrials.gov/show/NCT00002608
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in mediating the expression of ERβ during cerebellar development 90. BDNF acts on early 

GCPs in the EGL to promote commitment, followed by NT-3 to promote maturation into 

granule cells 149. Growth factors also modify actions of ERβ activation on MB. As previously 

mentioned, the IGF pathway is up-regulated in MB, and activation of ERβ both promoted 

tumor proliferation and inhibited apoptosis of MB cells via up-regulation of IGF1 receptor 

expression and signaling activity 16. 

Conclusions  

The general claim that ERβ is tumor-suppressive and ERα is tumor promoting in cancer 

is incomplete, as a multifaceted environment of other coregulators, presence of other steroid 

receptors, transcriptional regulators, and endogenous and exogenous ligands influence ER 

actions. The role of ERβ in carcinogenesis or tumor suppression is highly dependent on the 

co-expression of ERα. In addition to expression of ERα, ERβ actions depend on the specific 

cell types (stem cells, stromal, etc.) and other estrogen modulators (IGF signaling).   

Highlighting the importance of cell type specific activities, in a comparison between BC 

stem cells (ERα-) and PCa stem cells (ERα+), treatment with an ERβ agonist elicited 

contrasting results. In the ERα-negative model, treatment induced cell proliferation and tumor 

development in mouse xenografts. Alternatively, in PCa stem cells, treatment with an ERβ 

agonist prompted apoptosis. These results highlight that presence or absence of ERα 

contributes to the duality of ERβ activities in stem cells.  

IGF signaling is also an important modulator of estrogen in the etiology of ERβ cancers. 

In TNBC cells, IGF-2 increased expression of ERβ, and in a MB murine model, ERβ activation 

upregulated IGF-1 expression and activity. The extent to which this NR crosstalk can influence 

cancers is uncertain and warrants further investigation.   

Understanding the role of ERβ signaling in the development and progression of BC, PCa, 

and MB is critical to the development of therapeutic interventions. Blockade of ERβ has 

demonstrated anti-tumorigenic properties in cell and animal models; however, as 



29 
 

demonstrated in this review and others, ERβ’s influence depends on multiple factors. 

Compensatory mechanisms of steroid receptors might require treatment of multiple levels of 

the steroid hormone pathway and other growth factors to reduce the proliferative role of 

estrogen in cancer. 
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1.3 Developmental Origins of Health and Disease  

In the 20th century, David Barker found a high correlation between geographical areas 

with high infant mortality and adult deaths due to specific diseases. He additionally noted a 

correlation between low birthweight and adult death due to heart disease 150–153. Using this 

information, Barker created Barker’s Hypothesis, which states that intrauterine growth 

retardation, low birth weight, and premature birth have a causal relationship to the origins of 

hypertension, coronary heart disease, and diabetes in middle age 150–153. His original 

hypothesis was later modified into the Developmental Origins of Health and Disease (DOHaD) 

hypothesis 154,155. The DOHaD hypothesis states that changes in fetal health, specifically fetal 

nutrition, permanently alter the body’s structure, function, and metabolism, and thereby 

predispose individuals to increased risk of disease later-in-life 156. In the environmental health 

sciences, Barker’s hypothesis is now widely accepted and well-supported to include exposure 

to environmental toxicants. Gestational exposure to endocrine disrupting chemicals, 

nutritional imbalances, or heavy metals can all influence adult disease 2,156,157. 

1.3.1 Endocrine Disrupting Chemicals 

The Endocrine Society defines an endocrine disrupting chemical (EDC) as “an 

exogenous chemical, or mixture of chemicals, that can interfere with any aspect of hormone 

action” 158. This is distinct from the toxicological definition of an EDC, which would require that 

the interference result in an adverse effect, but this distinction is largely pedantic considering 

that any disruption of endocrine function would typically be considered adverse 158. Individuals 

are exposed to EDCs throughout their lives through work, consumer products including food, 

bottles and cans, cosmetics, flame retardants, medications, natural resources, military 

service, and numerous other circumstances 159. Chemicals both natural and synthetic may be 

classified as EDCs because of their ability to mimic hormones and interfere with the endocrine 

system. Potency of an EDC depends on its ability act as a ligand and activate or repress the 

response of a hormone receptor. Natural EDCs, such as ingestion of soy-based foods, have 
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lower affinities for the steroid hormone receptors than endogenous hormones, but natural 

EDCs still have higher affinity than synthetic EDCs. Synthetic EDCs typically have much lower 

affinity for steroid hormone receptors than natural EDCs, which explains why synthetic EDCs 

are typically much less potent than naturally occurring ones 160. Exposures to EDCs can 

increase risk of reproductive impairment, cognitive deficits, metabolic diseases and disorders, 

and various cancers 161.  

The effects of EDCs and the mechanisms by which EDCs exert their toxic effects vary 

by the concentration, both of overall exposure levels and toxicant levels within tissues and 

cells, life stage, and sex 158. The greatest window of susceptibility is during development when 

organs systems are forming and differentiating, and adverse health effects from exposure to 

EDCs can be permanent and severe 3. Most research on EDCs has been focused on 

interactions with steroid hormone receptors, and therefore most known EDCs exert their 

effects by interacting with steroid hormone receptors including the estrogen receptors (ER), 

progesterone receptor, or androgen receptor and acting as either a receptor ligand, receptor 

agonist, or receptor antagonist, and thereby altering receptor expression or signal 

transduction in hormone-responsive cells 161. Developmentally, sex steroids, and particularly 

estrogens, play critical roles in homeostatic and neuroendocrine functions in the fetus 17.  

In adult animals, the activities of estrogen are mediated through modulation of rapid 

estrogen signaling, estrogen receptor-regulated gene expression, and resulting modulation of 

growth-factor related signal transduction pathways 13,15,16. Some EDCs show estrogen-like 

activity through binding of the ER, wherein EDCs bind specifically to ERs with varying affinity 

and modulate ER activity 99. Estrogenic chemicals are those that either directly or indirectly 

modify estrogen action, and more than 450 chemicals have been identified to have some level 

of estrogenic activity 162. The estrogenic or anti-estrogenic potential of a compound can be 

measured using a variety of methods, but these methods frequently have conflicting results 

with an individual compound behaving as estrogenic and anti-estrogenic, agonistic and 
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antagonistic for ERs, ligand and/or pathway-dependent activities, or differences in response 

because of modified gene expression or enzymatic activities 162. 

1.3.2 Maternal Diet 

The importance of diet and nutrition in human health are well-established, and nutrition 

during pregnancy is of extraordinary significance. Nutritional concerns in pregnancy are 

increasing, especially considering the obesity pandemic 163. In addition to adequate 

macronutrient intake and high food quality being important for the health of both mother and 

child, adequate micronutrient intake is critical 164. Deficiencies in vitamin A, vitamin B6, vitamin 

B12, folate, vitamin C, vitamin D, vitamin E, copper, iodine, iron, selenium, and zinc are all 

associated with adverse health outcomes 165. Adverse health outcomes from gestational 

micronutrient deficiency include miscarriage, stillbirth, birth defects, small size for gestational 

age, preterm birth, death, altered growth, poor neurodevelopment and cognition, and impaired 

cardiometabolic function 165. Along with essential factors, maternal contribution of the 

environmental chemical pollutants to the fetus have become increasingly recognized with a 

recent nontargeted chemical analysis of the prenatal exposome identified 19 compounds with 

analytical standards, 73 more compounds with matching mass spectrometry spectra, and 98 

further features with annotation, indicating that nearly 200 unique chemicals were identified in 

fetal cord blood 166. Maternal diet is a source of toxic exposures to polychlorinated biphenyls, 

per- and polyfluorinated alkyl substances, heavy metals including Cd, and other potentially 

toxic contaminants 167.  

1.3.3 Heavy Metals 

Heavy metals are generally described as metals with relatively high densities (>5 

g/cm3), high atomic weights, or high atomic numbers, but the criteria used for inclusion as a 

heavy metal is highly dependent on the field of research and individual author’s opinion 168,169. 

Often, metalloids or semimetals like arsenic that meet these criteria are included by 
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toxicologists and environmental chemists because of their extensive use, widespread 

distribution in the environment, and ability to cause harm 168.  

The WHO has designated the heavy metals Cadmium (Cd), lead (Pb), arsenic (As), 

and Mercury (Hg) in the top ten chemicals of public health concern 170. Environmental levels 

of and human exposure to these metals is increasing due to anthropogenic activities 168. 

Toxicity studies on each of these metals typically consider each in isolation, but mixtures of 

these heavy metal compounds in different conditions can show additive, synergistic, or 

antagonistic toxicity 168. Additionally, there is increasing evidence that developmental 

exposure to these toxic metal pollutants is of especial concern, with prenatal exposure 

associated with harmful effects on fetal development including altered birth weight 171,172, 

cognition 173, cardiovascular disease, type 2 diabetes, and numerous other adverse health 

outcomes 174. Whereas earlier work has demonstrated that As, Pb, and Hg cross the placenta 

efficiently, previous reports indicate that Cd cannot cross the placenta efficiently due to its 

strong induction of the protective protein metallothionein leading to Cd sequestration 175. 

Therefore, the primary mechanism of gestational Cd toxicity is generally thought to be due to 

altered trace metal transfer to the fetus, overall loss of the protective antioxidant effects offered 

by metallothionein, or poor maternal nutrient transfer 175.   

Although Cd is a naturally occurring metal found in low levels in the soil, increased 

natural and anthropogenic activities are increasing environmental Cd levels 176,177. Exposure 

to Cd occurs through inhalation or ingestion. The highest exposures to Cd in the general public 

occur through cigarette smoking or occupational exposure such as metal mining, with lower 

inhalation exposures coming from contaminated dust particles 177. Ingestion of Cd is the 

predominant route of human exposure and occurs through contaminated drinking water or 

food 176,177. Ingested Cd has a much lower rate of absorption than inhaled Cd, with estimated 

Cd absorption rates for inhaled Cd at 1.1 - 10.6% and inhaled Cd absorption estimated at 5.0 
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to 50% 178. Because exposures to Cd are increasing and the toxic metal is relatively well 

absorbed into tissues, the levels of Cd accumulate over time.  

The half-life of Cd is estimated to be between 6 and 38 years in humans and 42-350 

days in mice, and treatment options are limited since chelation therapy is ineffective at 

removing Cd from the body 177–179. The half-life of Cd does vary by sex and age, with females 

both absorbing more Cd and exhibiting a longer half-life than males and younger individuals 

accumulating more Cd from the gastrointestinal tract than older rodents 179. The increase in 

female absorption of Cd may be due to increased dietary demands for iron in females relative 

to males, which could result in increased accumulation of divalent metal cations including 

essential metals and toxicants like Cd 180. Cadmium accumulates in primarily the liver and 

kidneys, with lower levels found in pancreas, heart, testis, bone, and neural tissues 181,182. 

Cadmium is considered a cumulative toxicant, which means that toxic effects develop over 

time due to poor excretion, with only ~0.006% of Cd body burden eliminated each day 181,182. 

Cadmium can cause a myriad of adverse health outcomes depending on the route of 

exposure, dose and duration of exposure, availability of essential trace elements, age, and 

sex 177. Cadmium is classified as a carcinogen, and chronic exposure to relatively higher levels 

of Cd can cause death, renal tubulopathy, osteomalacia, and diffuse osteoporosis 182–184. 

Chronic exposure to relatively lower Cd levels are associated with and have been shown to 

cause obesity, type 2 diabetes, non-alcoholic fatty liver disease, and cancer 180,185–190. 

Cadmium has numerous mechanisms of toxicity. As previously described, 

mechanisms of Cd toxicity include induction of trace metal deficiencies. Cadmium binds 

metallothionein with high affinity, which results in a dose-dependent loss of protective 

antioxidant mechanisms and thereby causes oxidative damage 191–193. Cadmium can cause 

oxidative stress and the resultant reactive oxygen species can damage cells. These reactive 

oxygen activities may also be responsible for the carcinogenic properties of Cd, but in vitro 
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evaluation has demonstrated that Cd can cause malignant transformation of cells in the 

absence of reactive oxygen species 177.  

Cadmium is a nonessential trace element with no known physiological function 177. 

Because Cd shares similar chemical and physical properties with other divalent cations (Zinc 

(Zn), Iron (Fe), Copper (Cu), Selenium (Se), and Manganese (Mn)), Cd competes with Zn and 

other essential trace metals to bind their transporters and proteins 194. These divalent metal 

cation transporters are responsible for Cd absorption, and exposure to Cd can lead to changes 

in their expression and contribute to toxicity 194,195. Either deficiency or overload of any of these 

metals can cause toxicity 196–201.  In fact, Cd toxicity may stem from interference with critical 

Zn-mediated processes 177. Dietary or existing deficiencies of essential trace metals can 

intensify Cd toxicity, whereas supplementation with essential trace metals can mitigate Cd 

toxicity 185,202–205.  

Numerous studies have demonstrated in humans and animals that deficiencies in 

essential metals including zinc, calcium, or iron result in increased absorption and toxicity of 

Cd 206–209. For example, in weanling female rats, deficiency of zinc, iron, or calcium resulted 

in 4-fold increase in Cd uptake into intestinal segments compared with adequately fed rats 206. 

Conversely, supplementation with essential trace metals can decrease Cd absorption and 

toxicity. In adult male rats chronically exposed to Cd in drinking water, Zn co-exposure was 

protective against Cd-induced oxidative damage in the testis 210. Oral selenium administration 

to adult male rats decreased accumulation in the lungs of acute subcutaneous Cd and also 

mitigated oxidative damage in the brain 211. Adult male rats with an iron sufficient diet 

accumulated less total body burden of Cd following oral gavage Cd challenge 212. There is an 

important interaction between levels of essential trace metals and Cd absorption and toxicity. 

Despite decades of research evaluating toxicity and carcinogenicity of Cd, the 

mechanism of fetal and placental Cd toxicity has been poorly described. In mammals, Cd has 

been demonstrated to cross the placenta with poor efficiency, but it is worth noting that studies 
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examining this process have measured the whole fetus for Cd content and did not consider 

sex 213. Maternal exposure to Cd can impair fetal growth, result in essential trace element 

deficiencies, cause congenital malformations, and is associated with numerous other negative 

consequences 177,213–215. Results from human and animal studies have demonstrated that 

maternal Cd levels, rate of maternal-fetal transfer of Cd, and the timing of exposure greatly 

influence the nature and magnitude of toxicity in gestationally exposed offspring 216–219. 

Exposures to Cd during these critical developmental windows can lead to increased risk of 

disease susceptibility later-in-life. Fetal exposure to Cd occurs through maternal exposure, 

with the primary source of non-occupational exposure in pregnant women coming through 

maternal diet 180.  

In some cases, Cadmium has been classified as a metallohormone or 

metalloestrogen, meaning that it is a metal capable of mimicking a hormone or estrogen 220. 

In MCF-7 cells, which are hormone-dependent human breast cancer cells that require E2 for 

growth, Cd increases cell proliferation and increases estrogen-mediated transcription 220. 

Additionally, Cd has been demonstrated to bind the ligand binding domain of ERα and can 

block binding of E2 to ERα non-competitively 221. However, it is important to note that all 

evidence of direct Cd interactions with ERs are in vitro, with inconclusive and mixed results in 

vivo 222–226. There is no evidence that oral Cd exposure in rodents causes any direct changes 

on progesterone or testosterone at term 213. The role of estrogen in sex-specific 

responsiveness to developmental toxicants deserves further exploration.   
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Figure 1.5. Graphical representation of the intracellular uptake and mechanisms of Cd toxicity. 
Cadmium (Cd) enters the cell primarily through divalent metal ion transporter 1 (DMT1) and Zrt-, Irt-
related protein (ZIP) transporters, with another small portion of Cd uptake occurring through voltage-
gated calcium channels. Once inside the cell, Cd acts through a number of different mechanisms: 1) 
Cd binds to metalloproteins, thereby displacing essential trace metals like Fe, Zn, Cu, and Mn. These 
displacements can lead to misfolded proteins or production of reactive oxygen and nitrogen species 
(ROS; RNS) that further contribute to oxidative damage and DNA damage. The ROS can also 
contribute to mitochondrial damage; 2) Cd binds to specific receptors on the endoplasmic reticulum 
(ER) membrane and causes release of free calcium, which can cause apoptosis via caspase 
activation, trigger proteasomal degradation of proteins, cause cell proliferation via activation of 
kinases and phosphatases that promote transcription of cell cycle genes; 3) Cd binds to the protein 
responsible for much of the metal transport throughout the body, metallothionein (MT) and displaces 
MT-bound Zn. Subsequently, Zn binds the transcription factor MTF1, which then translocates to the 
nucleus and initiates transcription of target genes; 4) Cd can cause mitochondrial oxidative stress that 
triggers apoptosis. 
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1.4 Toxicological Response to Cadmium Exposure  

1.4.1 Role of Metal Ion Transporters in Cadmium Uptake 

The molecular initiating event for Cd-induced toxicity is entry into the cell. Cadmium is 

a cumulative toxicant that accumulates primarily in the liver and kidney, with lower levels 

accumulating in pancreas, heart, testis, bone, and neural tissues (Figure 1.5) 178. The organ-

specific pattern of uptake and resulting toxicity of Cd is mediated by differential expression of 

SLC39 transporters, SLC30 efflux transporters, and the divalent metal transporter-1 (DMT1) 

which together mediate intracellular Cd-uptake (Figure 1.5) 227. The mechanism of cumulative 

Cd toxicity results from high-affinity binding of Cd by metallothioneins (MTs) and a resulting 

dose-dependent loss of protective antioxidant mechanisms leading to oxidative damage 191–

193. The functional roles of the Zip8 (SLC39A8) and Zip14 (SLC39A14) Zn and Mn transporter 

proteins in regulating the absorption, intracellular uptake, accumulation, and toxicity of Cd in 

the testis, kidney and liver are well established 191,227–229. In Slc39a14-knockout mice, loss of 

Zip14 function alters glucose homeostasis and gluconeogenesis resulting in increased 

adiposity  230,231. Additional studies suggest a mechanistic role for Zip14 in preadipocyte 

differentiation and adipose metabolism 232,233. Expression of Zn transporters including 

Slc39a6, Slc30a3, and Slc30a5 are mediated by estrogen, insulin, insulin-like growth factor 

1, and other nutritional and physiological inputs 234–236. Slc39a6 and Slc39a14 are responsive 

to estrogen and display reduced RNA expression in breast cancer cell lines after treatment 

with an estrogen receptor inhibitor (fulvestrant) or selective estrogen receptor modulator 

(tamoxifen), suggesting that estrogen may be transcriptionally regulating the expression of 

these metal ion transporters 237. 

1.4.2 Role of Metallothionein in Cadmium Toxicity 

 The metallothionein (MT) protein was first isolated in 1957 as a cadmium binding 

protein from horse kidney, and its amino acid sequence was described in 1976 as a cysteine-

rich, low molecular weight, heat-stable metal binding protein 238–240. In humans, there are at 



39 
 

least ten closely related MT protein isoforms synthesized primarily in the kidneys and liver, 

and the production of MT is dependent on dietary zinc levels 241. MT can detoxify heavy metals 

like Cd and is important in maintaining essential trace metal homeostasis including iron and 

zinc. Metallothionein also provides antioxidant protection against reactive oxygen species, 

DNA damage, oxidative stress, cell survival, angiogenesis, and apoptosis 241. MT 

accomplishes these protective properties by releasing of antioxidant mediators in response to 

oxidative stress, inhibition of apoptosis, or through the binding and exchange of heavy metals 

like the essential metals zinc, copper, iron, or the toxic metal Cd 241. MT release their bound 

metals when exposed to nitric oxide, and MT is necessary for nitric oxide-mediated increases 

in intracellular free Zn 242,243. MT controls the cellular Zn ion levels and thereby regulates the 

functional activity of Zn-containing proteins that promote apoptosis 244. Most Cd in the body is 

bound by MT, and the expression of MT in Cd-induced tumors indicate that MT often provides 

protection from Cd-induced carcinogenesis 241. MT is also involved in insulin signaling and 

diabetes by modulating zinc levels in the pancreas, kidneys, and liver that are essential in 

glucose homeostasis and protect from redox stress that promote diabetes and metabolic 

disease 241. Because Cd displaces Zn and other essential metals from the MT protein, Zn is 

freed to bind the zinc-responsive transcription factor MTF1, which subsequently translocates 

to the nucleus and initiates transcription of MTF1-responsive genes including those that 

increase expression of MT and others involved in metal homeostasis (Figure 1.5) 245. 

Cadmium disruption of normal MT function is one of the primary mechanisms of Cd toxicity.  

1.4.3 Sex Differences in Response to Cd toxicity 

There are well-documented sex differences in response to Cd toxicity. In both human 

and experimental rodent models, females are more sensitive to the toxic effects of Cd than 

males. This increase in sensitivity has been attributed to the longer biological half-life of Cd in 

females 179,246. However, as early as infancy, there is increased Cd content in the umbilical 

cord blood of females compared to males 247. At high concentrations, Cd has multiple activities 
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that can alter steroid hormone concentrations and activities including alteration of steroid 

binding globulins concentrations, dysregulation of steroidogenesis, and some evidence that 

Cd may act as a metalloestrogen and mimic endogenous estrogens to induce hormonal 

imbalances 223,225,248. At high doses, oral Cd exposure decreases E2 and increases 

progesterone, and these changes disrupt rat estrous cycle for months after Cd administration 

ended 249. Epidemiological studies have sometimes reported associations between urinary or 

plasma Cd levels and risk of breast cancer, which led the authors to propose that Cd can act 

as a metalloestrogen and bind the ligand binding domain of ERs, but other studies have found 

no effect; larger meta-analysis across multiple cohorts did not find a significant association 

between blood Cd levels and breast cancer risk 223,250–253.  

Experiments examining the effects of acute cadmium exposure on gene expression in 

breast cancer cell models has found that Cd blocked E2 binding in a noncompetitive manner, 

increased ER-regulated gene expression and cell growth, activated ERα-mediated 

transcription, and decreased levels of ERα 221,254–259. Chronic exposure to Cd in breast cancer 

cell models found that Cd increased invasion and colony formation and decreased contact 

inhibition 260. It is important to note that all of these are in vitro assays that demonstrate 

potential direct effects of Cd as a metalloestrogen. There are limited animal studies examining 

the estrogenic activity of Cd, and the in vivo results are mixed and inconclusive. In studies of 

ovariectomized rats exposed acutely to Cd, researchers noted increased uterine weight, 

thickening of uterine epithelium, and increased evidence of pre-malignancies in the uterus 

and mammary glands 261–263. However, transcriptional activity of ERα-mediated genes and 

estrogen-responsive element reporter activity indicate that these uterine results did not appear 

to be induced through Cd acting via classical estrogen signaling mechanisms, and the authors 

proposed alternative estrogen-like activities such as ERα tethering to other transcription 

factors caused the uterine changes 263,264. All of these acute exposure rodent studies injected 
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CdCl2 at concentrations ranging from 5 µg/kg – 2 mg/kg body weight per day 223. A chronic 

rodent study injected 2 mg/kg – 3 mg/kg CdCl2 for 2 or 7 weeks and found that Cd caused 

development ductal growth deformities, whereas in adults Cd increased lobuloalveolar 

development and ductal branching 265. The authors conclude these phenotypic changes 

provide direct evidence of Cd as a metalloestrogen, but it is entirely possible that Cd is 

mediating the uterine and mammary changes indirectly. There is not strong enough evidence 

to conclude that Cd is behaving directly as an environmental estrogen or metallohormone in 

vivo.   
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1.5 Statement of Purpose 

The overall objective of this dissertation research was to characterize the role of sex as a 

biological variable in mediating genetic, teratogenic, and fetal toxicity. Two paradigms were 

explored: 1) haploinsufficiency of the Sonic Hedgehog receptor, Ptch1, and 2) developmental 

exposure to the toxic metal cadmium.  

1.6 Central Hypothesis 

The central hypothesis for this dissertation was that sex as a biological variable would interact 

with genetic mutations or environmental exposures to mediate the molecular and 

physiological determinants of toxicity such that males and females would display differential 

susceptibility to developmental toxicity.  

1.7 Specific Aims 

The specific aims of this dissertation included 1) investigating the role of haploinsufficiency of 

the Sonic Hedgehog receptor Ptch1 in neuroanatomy and social behavior and how sex 

mediates those effects, and 2) investigating the effects of developmental exposure to “lower” 

levels of cadmium chloride in drinking water on offspring metabolic health and the role of 

biological sex in cadmium toxicity.  
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CHAPTER 2 

Methods 

2.1 Animal Husbandry 

All animal procedures and reporting adhere to the ARRIVE guidelines 266 and were 

performed in accordance with protocols approved by the North Carolina State University 

(NCSU) Institutional Animal Care and Use Committee following recommendations of the 

Panel on Euthanasia of the American Veterinary Medical Association 267. Study animals were 

housed on a 12:12 light cycle at 25°C and 45%-60% average relative humidity in an AAALAC 

accredited animal facility. Mice were housed in thoroughly washed polysulfone or single-use 

polyethylene (Innovive, San Diego, CA) cages with woodchip bedding and pulped virgin cotton 

fiber nestlets (Ancare, Bellmore, NY). Soy-free Teklad 2020X diet (Envigo, Madison, WI) or 

defined AIN-93G diet (D10012G, Research Diets, New Brunswick, NJ) was supplied ad 

libitum. Sterile drinking water produced from a reverse osmosis water purification system 

(Millipore Rios with ELIX UV/Progard 2, Billerica, MA) was supplied ad libitum from glass water 

bottles with rubber stoppers and metal sippers.  

For testing of genetically modified mouse strains, strains C57Bl6/J and STOCK 

Ptch1tm1Mps/J were obtained from Jackson Laboratory (Bar Harbor, ME). Breeding was 

performed in-house to propagate both lines. Heterozygote Ptch1 mutants and wildtype 

littermates were used for experimental procedures. Adult mice that presented with MB tumors 

were excluded from analyses. Genomic DNA was isolated from a 5 mm tail biopsy using a 

rapid digestion method where 95 µl of lysis buffer reagent (Viagen Biotech, Los Angeles, CA; 

Cat: 102-T) and 5 µl of Proteinase K (20 mg/ml; Viagen Biotech, Los Angeles, CA; Cat: 501-

PK) were added to the biopsy sample, incubated for 4 hours at 55°C and 45 minutes at 85°C. 

Isolated DNA was used to identify offspring genotype following recommended genotyping 

protocol (Jax, Bar Harbor, ME) and analyzed by agarose gel electrophoresis on 1.5% gels. 
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Heterozygotes were identified by the presence of both wild-type (200 base pair) and mutant 

(479 base pair) specific PCR products. 

Strain CRL:CD-1(ICR) (CD-1) male and female breeder mice were obtained from 

Charles River Laboratories (Raleigh, NC). At the time of arrival, mice were assigned a coded 

study identification number that was used to randomly assign each animal to control or Cd-

exposed study group (Random# Generator v1.2 for Apple iPhone iOS10) and housed 

separately by sex and exposure group for two weeks prior to mating.   

2.2 Behavior Tests and Analysis 

All behavioral testing was conducted in a dedicated behavioral testing room at the NCSU 

Biological Resources Facility. Mice were transported in their home cage to the testing room 

on a covered rolling cart and tested after a minimum 30-minute acclimation period. Animals 

were tested in the last three hours of the light cycle. Both novel social and partner preference 

tasks used a blue, opaque arena (58 cm x 58 cm) with four high walls (43 cm). All arenas 

were in the same room with two conspecific animals run concurrently. Each animal was gently 

placed in the middle of the arena and given 30 minutes to explore, during which time they 

were not disturbed. No observer was present in the room. Behavioral data was digitally 

recorded (Handycam HDR-CX190, Sony, Tokyo) and automatically scored using TopScan 

behavioral analysis software (CleverSys, Inc, Reston, VA). For analysis, the floor of the open 

field arena was digitally divided into a 3x3 square grid, creating 9 squares in total of equal 

size. The middle square was designated as the center. All data was collected and analyzed 

by observers blinded to experimental group, and were validated by hand-scoring using a stop-

watch. 

2.2.1 Novel Social Task 

Adult mice were tested for 30 minutes in the novel social arena as described previously 

268. A naïve same sex and younger/smaller, unrelated wild-type stimulus animal was caged in 

a randomly selected corner of the arena. The first five minutes of the trial were excluded from 
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analyses to account for increased exploratory behavior that is commonly observed during 

entry into a novel environment 269. Maximum velocity and distance traveled were used to 

examine motor function decrements. Center crosses, time spent along the wall, number of 

interactions, and time spent interacting were used to assess sociability. Latency to enter the 

stimulus animal’s area, frequency of movement within areas of the arena, number of contact 

bouts, and duration within stimulus animal’s area and exploratory areas were analyzed.  

2.2.2 Partner Preference Task 

Twenty-four hours after the novel social testing, animals were tested with two same-

sex conspecific wild-type animals to examine social interaction and formation of partner 

preference 268. Briefly, the same stimulus animal used for the novel social task was caged in 

one corner as a now-familiar animal, while a novel unfamiliar mouse was caged in the opposite 

corner. Latency to enter each stimulus animal’s area, frequency of movement within areas of 

the arena, number of contact bouts with each animal, and duration within stimulus animal’s 

area and exploratory areas were analyzed. 

2.2.3 Olfactory Task  

The ability of a subset of experimental animals to respond to a desirable olfactory cue was 

evaluated using an established protocol to assess intact recognition of a food-reward smell 

270. Briefly, animals were fasted for 12 hours overnight with ad libitum access to water and 

then placed into a clean cage containing a single previously buried Apple Jack (Kellogg, Battle 

Creek); the time required to locate and pick up the Apple Jack was measured using a 

stopwatch. An a priori maximum latency threshold of >900 seconds for food-treat discovery 

was defined as indicative of a decrement responsiveness 270. 

2.3 Tissue Isolation, Histology, Neuroanatomy, and Liver Pathology 

Following completion of behavioral testing mice were euthanized by CO2 asphyxiation. 

Brains were isolated by dissection, rapidly frozen on powdered dry ice, and stored at -80oC 

until prepared for analysis. Brains and cerebella were separately embedded in OCT (Fisher 
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Scientific, Hampton, NH) and mounted directly onto cryostat chucks for cryosectioning. Serial 

mid-sagittal cryosections (20 µm) from the central vermis of each cerebellum and serial 

coronal cryosections (40 µm) of the brain were sectioned using a Leica Cryostat (Leica 

CM1900, Nussloch, Germany), mounted onto Superfrost plus slides (Fisher Scientific, 

Pittsburgh, PA), and stored at -80oC until histological processing. Livers were blocked and 

embedded in tissue freezing media (OCT, Electron Microscopy Sciences, Hatfield, PA). 

Cryosections (12 µm) and were cut at -18oC and collected onto slides (SuperFrost Plus, Fisher 

Scientific) and stored at -80oC until stained. 

For Nissl staining, sections were brought to room temperature and immersed in xylene 

(Fisher Scientific, Hampton, NH; Cat: X5-500) for 30 minutes, 100% ethanol (Fisher Scientific, 

Hampton, NH; Cat: 22-032-601) for 3 minutes, 95% ethanol for 3 minutes, and Milli-Q water 

for 2 minutes before staining with 0.2% Cresyl Violet (Fisher Scientific, Hampton, NH; Cat: 

AC405760025) for 12 minutes. Sections were then dehydrated by immersing in 95% ethanol 

for 30 seconds, 100% ethanol for 30 seconds, and 3 washes in Xylene for 1 minute each. 

Slides were then cover-slipped using Permount (Electron Microscopy Sciences, Hatfield, PA; 

Cat: 17986-01).  

For Oil Red O staining, sections were brought to room temperature and immersion 

fixed in 10% neutral buffered formalin for 5 minutes. Fixed sections were washed in running 

tap water for 5 minutes, transferred to 60% isopropanol/deionized water for 30 seconds with 

gentle agitation, stained for 15 minutes in freshly prepared and filtered 0.3% (W/V) Oil Red O 

(CAS 1320-06-5, Lot: S20D046, Alfa Aesar, Haverhill MD) in 60% isopropanol, washed in 

running tap water for 15 minutes, and then cover-slipped with aqueous mounting media 

(Crystal Mount, Biomeda, Foster City, CA). 

For glycogen staining, slides were brought to room temperature, dehydrated through 

a series of ethanol (70%-95%), fixed with Carnoy’s fixative (60% absolute ethanol, 30% 

chloroform, 10% glacial acetic acid), rinsed and rehydrated through 95-70% series of ethanol, 
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and two changes of water. Sections were immersed in 0.5% periodic acid for 5 minutes, rinsed 

with five changes of water. Sections were then covered with Lille’s “cold Schiff” reagent (1% 

basic fuchsin, 1.9% Na2S2O5 in 0.15N HCl) for 15 minutes in a humidified chamber, and then 

immersed in sulfurous rinse (300 ml distilled water, 15 ml 1N HCl, 18 ml 10% Na2S2O5 ) three 

times. Slides were counterstained in Harris’s hematoxylin for 1 minute, washed in running tap 

water for 10 minutes, dehydrated, and cover-slipped with Permount mounting medium (Fisher 

Scientific, Hampton, NH). Sections incubated at 37°C with amylase (Fisher Scientific) were 

used as negative controls for staining. 

For Masson’s trichrome staining, tissues were isolated following transcardiac 

perfusion with potassium phosphate buffered saline. Tissues were fixed for 24 hours in 10% 

neutral buffered formalin (NBF), post-fixed in fresh NBF for 24 hours, and then transferred to 

70% ethanol. Specimens were prepared by automated tissue processing for 40–45 minutes 

each in seven changes of graded alcohols followed by embedding with three changes in 

paraffin at 58°C with applied vacuum (Tissue-Tek VIP 3000; Sakura Torrence, CA). Serial 5 

μm microtome liver sections on positively charged slides were Masson’s trichrome stained 

(Thermo Scientific Cat# 87019 Richard-Allan, Kalamazoo, MI) using standard protocols. 

Stained sections were examined on a Nikon Eclipse 80i microscope using a DSFi1 

CCD camera controlled with Digital Sight Software (Nikon; Melville, NY) by an investigator 

blind to exposure group. Digital bright field micrographs of sections from the most medial 100-

microns of the vermis were collected using the 2x objective for analysis of cerebellar 

morphology. For IGL area quantification, the most medial 20-micron section was defined using 

consecutive serial sections and identified by using the following criteria: the 4 th ventricle 

protrudes towards lobule IX, deep cerebellar nuclei (fastigial nucleus, interposed nucleus, and 

dentate nucleus) are absent, and lobule X had a distinct nodulus. Coronal 40-micron 

cryosections of the cortex were assessed for gross morphometric differences at each of the 
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following three landmarks. The first region was identified using the following criteria: ammon’s 

horn extends through the section, supramammilary and medial mammillary nuclei were 

present, and nucleus of Darkschewitsch was present (Bregma -2.88). The second region was 

identified using the following criteria: the 3rd ventricle extends through section and arcuate 

nucleus was present; (Bregma -1.755). The third region was identified using the following 

criteria: CA3 appears circular, lateral ventricle is rhomboid with a tail (Bregma -1.06). Digital 

bright field micrographs were collected using 1x and 2x Nikon objectives (Nikon, Tokyo, 

Japan; Cat: MRL00012 and MRL00022) and compared to a standardized atlas to identify 

gross morphometric differences. (Allen Institute for Brain Science, 2011, Seattle, WA). Areas 

of interest were measured using Nikon NIS Elements AR 3.2 with final figures of 

representative sections generated using Adobe Photoshop (San Jose, CA). Digital bright field 

photomicrographs (3-5 per section from 3 sections per liver) representative of each section 

were captured. Acquired images for Oil Red O and glycogen were converted to 8-bit gray 

scale and thresholded to background staining intensity using ImageJ 271. Total stained area 

and intensity were calculated with neutral lipid or glycogen staining reported for each sample 

as the mean percent of image area stained and staining intensity. Pathology of PND90 and 

PND120 deidentified liver specimens was evaluated by examination of Masson’s trichrome 

stained sections. Non- and pre-neoplastic hepatic lesions were scored according to the 

International Harmonization of Nomenclature and Diagnostic Criteria for Lesions in Rats and 

Mice (INHAND Project) 272. No threshold for morphological changes was applied to the 

analysis, and any lesion consistent with each pathology was scored positive. All histology and 

pathology was assessed by multiple observers blinded to study group, with differences in 

scoring reviewed by all investigators and resolved by consensus. Final figures were 

representative and generated using Adobe Photoshop (San Jose, CA). 

2.4 Cadmium Exposure, Mating, and Endpoint Analysis 
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Beginning 2 weeks prior to mating and ending on postnatal day 10 (PND10), drinking 

water of dams in the Cd-exposed group was supplemented with a final concentration of 0.5 

µg/L (500 ppb) cadmium chloride (CdCl2; CAS 10108-64-2; 99.99% purity, Lot MKBM1769V, 

Sigma Aldrich). Beginning on PND10, drinking water for both control and exposed study 

groups for the remainder of the study was Cd-free. During the 2-week acclimation exposure 

period, general health, body weight, and food and water consumption were monitored. 

Following acclimation, 2 dams were paired with each male and monitored daily for presence 

of a copulation plug no more than 3 hours into the light-on cycle. Identified plug-positive 

females (GD0) were single-housed and monitored for general health, food and water 

consumption, body weight and parturition. 

A subset of dams (n=3 per group) were euthanized by CO2 asphyxiation and rapid 

decapitation at GD18 and fetuses isolated 2-3 hours after lights on. Dams and fetuses were 

weighed and tissues collected. The intrauterine position of each fetus was recorded and fetal 

genetic sex determined by Sry-specific PCR as previously described 273. For the remaining 

litters, litter size, pup sex, and pup weight was recorded on the day following parturition 

(PND1). Offspring were separated from dams at PND21 and housed 2-4 per cage separated 

by sex and study group. For all study animals, food and water consumption and body weights 

were measured at least weekly until necropsy. From each litter, one male and one female 

representative of the mean litter body weight was euthanized at PND1, PND21, PND42, 

PND90, and at study termination on PND120. Study animals remained in their home cage, 

with food and water available, until euthanized by carbon dioxide asphyxiation or transcardiac 

perfusion under isoflurane anesthesia. All study animals were necropsied with study samples 

and tissues isolated at the time of sacrifice. Systematic bias was avoided by housing animals 

randomly on cage racks and ensuring the timing and order of measurements, data collection, 

and experimental manipulations were the same. Necropsy was performed at the same 

approximate time of day, independent of study group, and dependent on date of birth. For 
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adult females, experimental manipulations were performed in estrus. Estrus was assessed 

daily through visual observation and verified by vaginal cytology as previously described 274.  

2.5 Tissue Isolation and ICP-MS 

At the time of pairing, blood was collected and analyzed from a subset of control and 

Cd-exposed dams (n = 3 per group) by inductively coupled plasma mass spectrometry (ICP-

MS) using an Elan DRCII ICP-MS (Perkin Elmer). At necropsy, tissues were dissected, frozen 

on powdered dry ice, and stored at -80oC until prepared for analysis. Liver and placenta Cd 

levels in tissue isolated at necropsy from dams on GD18 and from offspring on GD18, PND21, 

PND42, PND90, and PND120 were determined using an ICAP RQ ICP-MS (Thermo Fisher) 

at the NCSU Molecular Education, Technology and Research Innovation Center as previously 

described 275. Bovine liver standard (SRM 1577c; lot c) was purchased from the National 

Institute of Science and Technology (Gaithersburg, MD). The accuracy and precision of our 

analysis for tissue cadmium, zinc, iron and manganese levels were assessed with 

simultaneous analysis of a standard reference bovine liver (SRM 1577c). 

2.6 Intraperitoneal Glucose and Insulin Tolerance Tests 

 For the glucose tolerance test (GTT), mice were fasted overnight and blood glucose 

was determined with a handheld glucometer (Truetrack by Nipro Diagnostics, Inc, Fort 

Lauderdale, FL). Blood from the tail vein (5 μL) was applied directly to the glucose strip to 

measure fasting blood glucose (T0). Glucose (1.5 mg glucose/g body weight) was 

administered by intraperitoneal (IP) injection and blood glucose measured at 15, 30, 60, 90, 

and 120 minutes after injection. For the insulin tolerance test (ITT), the same method as GTT 

was used with the following modifications. Mice were fasted for 4 hours beginning at the start 

of the light cycle. Fasting glucose was measured, then 0.75 U insulin Aspart/kg body weight 

(Novo Nordisk Inc, Plainsboro, NJ) was administered by IP injection. Blood glucose was 

measured at 0, 15, 30, 45, 60, and 120 minutes after injection. 

2.7 Triglyceride and Total Thyroxine (T4) Assay 
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Total plasma triglycerides (TAGs) and total thyroxine (T4) were determined using a 

colorimetric TAG assay (Cat. #10010303; Cayman Chemical, Ann Arbor, MI) or T4 ELISA 

(Cat #3149-18; Diagnostic Automation/Cortez Diagnostics, Woodland Hills, Ca.) according to 

the manufacturer’s protocols. For TAGs analysis, individual samples were analyzed in 

duplicate, with 4 replicate quality control samples included throughout the assay. The intra-

assay coefficient of variation (CV) of the replicate quality control samples was 1.6%, and the 

CV for all duplicate samples < 4.0%; the T4 samples were run in triplicate, and the CV for all 

samples ≤ 7.2%.  

2.8 RNAseq Analysis of Livers  

Liver RNA was extracted from 30-50 mg of tissue using the RNEasy miniprep kit, 

according to manufacturer protocols (Qiagen, Valencia, CA). The RNA integrity number (RIN) 

for all samples was ≥ 7 (Agilent 2100 Bioanalyzer). Library creation and sequencing were 

performed using a single-end 125 bp protocol on the Illumina HiSeq2500 sequencer, with ~33 

million uniquely mapped reads generated per sample. Quality control of read data was 

evaluated using FastQC and STAR short read aligner was used to align reads to Mus 

musculus (mm10) reference genome. Mapped read number was determined using 

featureCounts software, with data normalized for distortion and depth. The DESeq2 

Bioconductor package in R normalized count data by fitting a generalized linear model for 

each gene. Sex was considered as a covariate at PND42 and exposure group was considered 

as a covariate at PND1, 21, and 42 (CdCl2, control). No samples were excluded from 

differential expression based on QC analysis. Differential expression analysis of 14,259 genes 

(PND1 and PND21) and 13,092 genes (PND42) between sex and exposure was set to 

adjusted p = 0.05 cutoff to identify differences between control and CdCl2 exposure. A sample 

heat map of overall mapped reads, volcano plot, and hierarchical cluster diagrams are 

included for each time point (Supplemental Fig. 3.1-3.3). Identification of counts in a minimum 

of 75% of samples was required for further analysis of differential expression between control 
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and CdCl2 exposure groups or between female and male mice. For all samples, the overall 

mean of the normalized counts, the log2 (fold-change), and the adjusted P value (padj, 

adjusted for multiple testing using the Benjamini–Hochberg False Discovery Rate, FDR) were 

determined and analyzed for gene pathway enrichment using the Ingenuity Pathway Analysis 

(IPA) software platform (Spring 2020 version, Qiagen, Valencia, CA). For PND21 and PND42, 

FDR was set to 5%, and for PND1 a FDR of 15% was used because of known increased gene 

expression variability at birth 276. Along with IPA, GOTERMFINDER 277 and WebGestalt 278 

were used to identify ontology, KEGG pathways, and molecular pathways associated with 

differentially expressed gene (DEG) responses to CdCl2 exposure. The data discussed in this 

publication have been deposited in NCBI’s Gene Expression Omnibus and are accessible 

through GEO Series accession number GSE150679: 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE150679).  

2.9 Quantitative RT-PCR Analysis of Livers and Placenta 

Total RNA was isolated using the RNEasy Mini Kit (Qiagen, Valencia, CA). One µg of 

RNA was reverse transcribed using the high-capacity cDNA reverse transcription kit (Applied 

Biosystems; Grand Island, NY) following manufacturer’s recommendations. Standard PCR 

amplification was performed in triplicate on a Step One Plus Real-Time PCR System (Applied 

Biosystems; Grand Island, NY) in a final volume of 20 µL containing ~10 ng of cDNA (1.5 µL 

of RT product), 1x Universal Master Mix and TaqMan expression assay primers 

(Supplemental Table 3.1; Applied Biosystems; Grand Island, NY). Relative expression was 

quantified using the 2ΔΔCt method, in which ΔΔCt is the normalized value. Five independent 

reference genes, ribosomal protein S18 (Rps18), beta-actin (Actb), glyceraldehyde-3-

phosphate dehydrogenase (Gapdh), and beta-glucuronidase (Gusb) were used for 

normalization 279.  
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2.10 Analysis of DNA Methylation in Putative Promoter Regions  

Bisulfite pyrosequencing analyses were developed to quantitatively measure the level 

of methylation at CpG sites within putative promoter regions upstream of the metal ion 

transporters Slc30a10 and Slc39a14. Genomic DNA (1 µg) was treated with sodium bisulfite 

using the EZ DNA Methylation Gold Kit per manufacturer’s instructions (Zymo Research; 

Irvina, CA) to convert unmethylated cytosines to uracils while leaving methylated cytosines 

intact. Bisulfite converted DNA (~20 ng) was amplified by PCR in a 25 µl reaction volume 

using HotStartTaq plus DNA polymerase (Qiagen) with 1.5mM MgCl2 and 0.12 µM each of 

the forward and reverse primers listed. Each reaction also contained 2.5 µl of CoralLoad 

Concentrate (Qiagen) to allow verification of amplicon amplification and integrity on an 

agarose gel. The reverse primer of each pair was conjugated to biotin at the 5’ end to facilitate 

retention of a single strand using streptavidin beads for the pyrosequencing reaction. Single 

stranded amplicons were isolated on the Pyrosequencing Work Station and pyrosequencing 

was performed on a Pyromark Q96 MD instrument (Qiagen). Pyrosequencing assays were 

performed in duplicate and the values shown represent the mean methylation for the CpG 

sites contained within the sequence analyzed. Using these methods, a minimum 5% 

difference in methylation can be detected 280. 

2.11 Data and Statistical Analysis 

All procedures, measurements and endpoint assessments were made by an observer 

blinded to treatments, litter, and sex when appropriate. To avoid the influence of extreme litter 

size on endpoint sensitivity, litters with fewer than 6 pups were excluded from analysis and 

litters with greater than 14 pups were culled to a maximum of 12 281. All animal assignments 

and litter information are provided for each study. 

For analysis of genetically modified mouse strains, data analysis was performed using 

a 2-way (sex, genotype) or 3-way (sex, genotype, novelty/sociality/5-min period) multivariate 
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analysis of variance as indicated. For analysis of cerebellar lobules and cortical layers, data 

analysis was performed using repeated measure ANOVA. Litter was included as a covariate 

and adjusted for if necessary. 

Growth curve analysis was performed using a repeated measure one-way analysis of 

variance (ANOVA) within sex with postnatal day as the repeated measure. Body weight and 

adipose weight differences at each time point were analyzed using two-way ANOVA (sex, 

exposure), with litter size included as a covariate. For GTT/ITT a RM two-way ANOVA (sex, 

exposure) was run with time after injection as the repeated measure. Results of Oil Red O 

and glycogen staining were analyzed using a Mann-Whitney U (based on normality tests). If 

overall effects were significant, a Fisher’s least significant differences post hoc test was 

performed to evaluate pair-wise differences. A Fisher’s exact test was used to evaluate 

incidence of pre-neoplastic and non-neoplastic lesions, and multinomial logistic regression 

was used to evaluate lesion severity. Effect sizes were calculated depending on the statistical 

test, values for “η2” for ANOVA, “Cohen’s d” for t-tests, and “r” for Mann-Whitney U are 

reported. A Student’s t-test was used for analysis of total plasma triglycerides, plasma 

thyroxine, total hepatic lipids, and glycogen content. Unless specifically noted, the 

experimental unit for analysis was the litter; when necessary, litter and litter size were included 

in statistical models as covariates. Significance between differences in values were defined 

as p < .05. All data was analyzed using Prism® v8 (GraphPad; La Jolla, California) and SPSS 

V.25 (IBM, California). 
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CHAPTER 3 

Heterozygous mutation of Sonic Hedgehog receptor (Ptch1) drives cerebellar 

overgrowth and sex-specifically alters hippocampal and cortical layer structure, 

activity, and social behavior in female mice 

Published in Neurotoxicology and Teratology. 

Mar-Apr 2020;78:106866. doi: 10.1016/j.ntt.2020.106866.  

 

Thomas W. Jackson, Gabriel A. Bendfeldt, Kelby A. Beam, Kylie D. Rock, Scott M. Belcher† 

 

Center for Human Health and the Environment  

Department of Biological Sciences  

North Carolina State University 

127 David Clark Labs Campus Box 7617 

Raleigh, North Carolina, USA  27695-7617 

 

Email address: Thomas Jackson: twjacks2@ncsu.edu 

   Gabriel Bendfeldt: gabendfe@ncsu.edu 

   Kelby Beam: kabeam2@ncsu.edu 

   Kylie Rock: kdrock@ncsu.edu 

   Scott Belcher: smbelch2@ncsu.edu 

 

†Corresponding author: Scott M. Belcher, smbelch2@ncsu.edu 

 

Funding: This work was supported in part by NIEHS training grant 5T32ES007046-38 and 

NIEHS grant P30ES025128. 

 

Conflicts: The authors declare no conflicts of interest.  

 

  



56 
 

Abstract 

Sonic hedgehog (SHH) signaling is essential for the differentiation and migration of early stem 

cell populations during cerebellar development. Dysregulation of SHH-signaling can result in 

cerebellar overgrowth and the formation of the brain tumor medulloblastoma. Treatment for 

medulloblastoma is extremely aggressive and patients suffer life-long side effects including 

behavioral deficits. Considering that other behavioral disorders including autism spectrum 

disorders, holoprosencephaly, and basal cell nevus syndrome are known to present with 

cerebellar abnormalities, it is proposed that some behavioral abnormalities could be inherent 

to the medulloblastoma sequalae rather than treatment. Using a haploinsufficient SHH 

receptor knockout mouse model (Ptch1+/-), a partner preference task was used to explore 

activity, social behavior and neuroanatomical changes resulting from dysregulated SHH 

signaling. Compared to wild-type, Ptch1+/- females displayed increased activity by traveling a 

greater distance in both open-field and partner preference tasks. Social behavior was also 

sex-specifically modified in Ptch1+/- females that interacted more with both novel and familiar 

animals in the partner preference task compared to same-sex wild-type controls. 

Haploinsufficency of PTCH1 resulted in cerebellar overgrowth in lobules IV/V and IX of both 

sexes, and female-specific decreases in hippocampal size and isocortical layer thickness. 

Taken together, neuroanatomical changes related to deficient SHH signaling may alter social 

behavior.  

 

 

Key words:  cerebellum, cortex, holoprosencephaly, hyperactivity, medial prefrontal cortex, 

medulloblastoma, sex differences. 
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Introduction 

The cerebellum is a brain region important for coordinating control of voluntary motor 

movement, muscle tone, and balance 52. Additionally, the cerebellum is involved in higher-

order cognitive functions and related behaviors (Rogers et al., 2013a). Developmental 

cerebellar damage and abnormal cerebellar structure can result in impairment of motor 

function, cognition, and social reward behavior. Abnormalities of the prefrontal cortex, 

thalamus, and some cerebellar structures are a commonly observed feature of autism 

spectrum disorder (ASD). Emerging evidence supports the existence of behavioral circuits 

integrating the cerebellum, prefrontal cortex, and thalamus through dopaminergic signaling 

282. 

Normal cerebellar function depends on properly integrated actions of neurons residing 

in the three distinctive layers of the mature cerebellum: the molecular layer (ML), Purkinje cell 

layer (PL), and the internal granular layer (IGL). The ML is primarily comprised of synaptic 

interfaces between dendritic arbors of Purkinje cell neurons and the axonal parallel fibers of 

mature granule cells in the IGL. The PL is demarcated by a monolayer of Purkinje cell bodies 

that divide the ML from the IGL 52. Granule cell precursors (GCPs) arise from a population of 

rhombic lip progenitors that migrate to the cerebellum and form the external germinal layer 

(EGL) where GCP proliferation continues until post-natal day 15 in mouse 52. During the 

postnatal period of cerebellar development, the GCPs mitotically arrest, differentiate, and 

migrate through the ML and PL, and then reach their final destination in the IGL as mature 

granule cells. Development of the stereotypic structure of the cerebellum is a tightly regulated 

process that requires specific gradients of key morphogens 60. 

The Sonic Hedgehog (SHH) signaling pathway is necessary to induce differentiation 

and mitotic arrest of GCPs in the EGL, and subsequently acts to direct migration of the 

maturing granule cells to the IGL 62,63. Those processes are mediated by the morphogen SHH 

which binds to the Patched-1 (PTCH1) receptor expressed in Purkinje cells, GCPs, and 
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cerebellar interneurons. Secretion of SHH from Purkinje cells is initiated around E17.5 in the 

mouse and peaks around postnatal day 6-8. The resulting SHH concentration gradient 

regulates differentiation of GCPs wherein lower concentrations of the morphogen allow 

continued proliferation 62,64. In the absence of the SHH ligand, PTCH1 inhibits Smoothened 

(SMO), a downstream G-protein coupled receptor. By contrast, SHH binding leads to 

disinhibition of SMO, resulting in increased activation of glioma-associated oncogene 

homolog (GLI) transcription factors. Uncontrolled disinhibition of SMO can result in failure of 

GCPs to differentiate, resulting in continued and excessive GCP proliferation, thereby 

overpopulating the IGL 65,66.  

Mutations of genes encoding SHH pathway proteins are implicated in several human 

neurodevelopmental disorders 67. Holoprosencephaly (HPE), most frequently caused by 

mutations of SHH, are the most common congenital forebrain abnormality in humans 68–70. 

Less commonly, mutations of PTCH1, the receptor for SHH, are also associated with HPE 71. 

Patients with HPE present with a wide array of phenotypes including forebrain malformations, 

craniofacial defects, and behavioral abnormalities including attention deficit hyperactivity 

disorder (ADHD) 72,73.  

Mutations of PTCH1 causing dysregulation of SHH are also associated with basal cell 

nevus syndrome (BCNS) 74,75. Some BCNS patients develop skeletal anomalies, and 

approximately 3% develop the cerebellar brain cancer medulloblastoma (MB) 76. Molecular 

characterization of MB tumors has revealed that 20-30% of MB patients have mutations in the 

SHH pathway 77. The role of dysregulated SHH signaling in MB has been experimentally 

demonstrated using genetically modified strains of mice containing constitutively active Smo 

alleles, or knockout mutations of Ptch1, that result in aberrant GLI1 transcriptional activity that 

gives rise to MB 65,78–84. Ptch1-knockout mice, initially developed to evaluate the role of the 

SHH-PTCH signaling pathway in BCNS, have been used widely to study MB 65,85. Whereas 

homozygous knockout of the PTCH1 receptor gene (Ptch1-/-) is embryonically lethal due to 
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failures of neural tube closure, haploinsufficient Ptch1 heterozygous mice (Ptch1+/-) are viable 

but have increased SMO and GLI1 activity resulting from decreased PTCH1 protein 

expression 65. Phenotypically, dysregulation of GLI1 transcriptional programming results in 

increased GCP proliferation, aberrant neuronal migration, and MB in 10-20% of Ptch1+/- adult 

mice 86.  In addition to cerebellar dysregulation and MB tumorigenesis, altered hippocampal 

structures have been reported in male Ptch1+/- adult mice 87, which is consistent with SHH 

signaling also having potential roles in neurogenesis of hippocampal progenitors hippocampal 

88.  

As was observed in experimental mouse models, mutations in humans causing 

unregulated activation of SHH-signaling, either via gain of SMO or loss of PTCH1 function, 

also result in MB. There are noted sex differences in some molecular subgroups of MB, with 

overall incidence showing a 1.5:1 male to female sex ratio; however, the sex ratio differs by 

population and depends on the etiology of the tumor 77,89. The WNT and SHH subgroups of 

MB present with a 1:1 sex ratio 77. Estrogen receptor β (ERβ) is expressed in maturing GCPs 

and MB tumor cells and can modify MB growth and progression 13,90. Increased estrogen 

receptor signaling during cerebellar development and MB progression results in upregulation 

of cytoprotective ERβ-dependent insulin-like growth factor signaling that impacts GCP 

maturation and migration, and can increase MB tumor growth rate 13,16. 

Clinical treatment for MB is extremely aggressive and associated with severe life-long 

side effects in survivors. Typical treatment for MB involves primary tumor resection followed 

by radiation therapy and cytotoxic chemotherapy. Neurological complications including 

impaired attention and processing speed, learning and memory, language, visual perception, 

and executive functions occur in nearly all MB survivors and cause difficulties with social 

functions that can greatly decrease quality of life 283. While associated with treatment, these 

behavioral defects and cognitive deficits resemble the hallmark behavioral symptoms 

associated with HPE and BCNS. The neurological deficits in MB survivors have been solely 
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attributed to therapeutic side effects, but some component of the behavioral deficits in patients 

with MB may result from IGL overgrowth inherent to the SHH MB sequalae. To determine 

whether heterozygous mutation of Ptch1 alone may influence behavior, male and female 

Ptch1+/- mice and their wildtype littermates were assayed using several behavioral tasks. 

Following behavioral analysis, brains from these Ptch1+/- mice were examined histologically 

to identify neuroanatomical alterations in structures potentially related to cerebello-cortical 

circuitry that could influence social behavior. 

Experimental Procedures 

Animal Husbandry 

All animal procedures and reporting adhere to the ARRIVE guidelines (Supplemental 

data) and were performed in accordance with protocols approved by the North Carolina State 

University (NCSU) Institutional Animal Care and Use Committee following recommendations 

of the Panel on Euthanasia of the American Veterinary Medical Association. Study animals 

were housed on a 12:12 light cycle at 25°C and 45%-60% average relative humidity in an 

AAALAC accredited animal facility. Mice were housed in thoroughly washed polysulfone 

cages with woodchip bedding and pulped virgin cotton fiber nestlets (Ancare, Bellmore, NY). 

Soy-free Teklad 2020X diet (Envigo, Madison, WI) was supplied ad libitum. Sterile drinking 

water produced from a reverse osmosis water purification system (Millipore Rios with ELIX 

UV/Progard 2, Billerica, MA) was supplied ad libitum from glass water bottles with rubber 

stoppers and metal sippers.  

Strains C57Bl6/J and STOCK Ptch1tm1Mps/J were obtained from Jackson Laboratory 

(Bar Harbor, ME). Breeding was performed in-house to propagate both lines. Heterozygote 

Ptch1 mutants and wildtype littermates were used for experimental procedures. Adult mice 

that presented with MB tumors were excluded from analyses. Genomic DNA was isolated 

from a 5 mm tail biopsy using a rapid digestion method where 95 µl of lysis buffer reagent 

(Viagen Biotech, Los Angeles, CA; Cat: 102-T) and 5 µl of Proteinase K (20 mg/ml; Viagen 
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Biotech, Los Angeles, CA; Cat: 501-PK) were added to the biopsy sample, incubated for 4 

hours at 55°C and 45 minutes at 85°C. Isolated DNA was used to identify offspring genotype 

following recommended genotyping protocol (Jax, Bar Harbor, ME) and analyzed by agarose 

gel electrophoresis on 1.5% gels. Heterozygotes were identified by the presence of both wild-

type (200 base pair) and mutant (479 base pair) specific PCR products.  Mice were weaned 

on postnatal day 21 (PND 21), assigned a coded identification number (Supplemental Table 

3.1), and identified by ear notching. No notable pathology differences or morbidity were 

detected in Ptch1+/- mice aside from development of MB in a subset of animals (18% of female; 

9% of male) that were excluded from analyses due to death or ataxia associated with MB-like 

tumors detected at necropsy. 

Behavior Tests and Analysis 

All behavioral testing was conducted in a dedicated behavioral testing room at the 

NCSU Biological Resources Facility. Mice were transported in their home cage to the testing 

room on a covered rolling cart and tested after a minimum 30-minute acclimation period. 

Animals were tested in the last three hours of the light cycle. Both novel social and partner 

preference tasks used a blue, opaque arena (58 cm x 58 cm) with four high walls (43 cm). All 

arenas were in the same room with two conspecific animals run concurrently. Each animal 

was gently placed in the middle of the arena and given 30 minutes to explore, during which 

time they were not disturbed. No observer was present in the room. Behavioral data was 

digitally recorded (Handycam HDR-CX190, Sony, Tokyo) and automatically scored using 

TopScan behavioral analysis software (CleverSys, Inc, Reston, VA). For analysis, the floor of 

the open field arena was digitally divided into a 3x3 square grid, creating 9 squares in total of 

equal size. The middle square was designated as the center. All data was collected and 

analyzed by observers blinded to experimental group, and were validated by hand-scoring 

using a stop-watch. 
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Novel Social Task 

Adult mice (wild-type: mean age: PND96, range: PND75-114; Ptch1+/- mean age: 

PND99; range: PND75-119) were tested for 30 minutes in the novel social arena as described 

previously (Winslow, 2003). A naïve same sex and younger/smaller, unrelated wild-type 

stimulus animal was caged in a randomly selected corner of the arena. The first five minutes 

of the trial were excluded from analyses to account for increased exploratory behavior that is 

commonly observed during entry into a novel environment (Bailey and Crawley, 2009). 

Maximum velocity and distance traveled were used to examine motor function decrements. 

Center crosses, time spent along the wall, number of interactions, and time spent interacting 

were used to assess sociability. Latency to enter the stimulus animal’s area, frequency of 

movement within areas of the arena, number of contact bouts, and duration within stimulus 

animal’s area and exploratory areas were analyzed.  

Partner Preference Task 

Twenty-four hours after the novel social testing, animals were tested with two same-

sex conspecific wild-type animals to examine the effects of Ptch1 haploinsufficiency on social 

interaction and formation of partner preference (Winslow, 2003). Briefly, the same stimulus 

animal used for the novel social task was caged in one corner as a now-familiar animal, while 

a novel unfamiliar mouse was caged in the opposite corner. Latency to enter each stimulus 

animal’s area, frequency of movement within areas of the arena, number of contact bouts with 

each animal, and duration within stimulus animal’s area and exploratory areas were analyzed. 

Olfactory Task  

The ability of a subset of experimental animals to respond to a desirable olfactory cue 

was evaluated using an established protocol to assess intact recognition of a food-reward 

smell 270. Briefly, animals were fasted for 12 hours overnight with ad libitum access to water 

and then placed into a clean cage containing a single previously buried Apple Jack (Kellogg, 

Battle Creek); the time required to locate and pick up the Apple Jack was measured using a 
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stopwatch. An a priori maximum latency threshold of >900 seconds for food-treat discovery 

was defined as indicative of a decrement responsiveness 270. 

Neuroanatomy and Histology 

Following completion of behavioral testing mice were euthanized by CO2 asphyxiation. 

Brains were isolated by dissection, rapidly frozen on powdered dry ice, and stored at -80oC 

until prepared for analysis. Brains and cerebella were separately embedded in OCT (Fisher 

Scientific, Hampton, NH) and mounted directly onto cryostat chucks for cryosectioning. Serial 

mid-sagittal cryosections (20 µm) from the central vermis of each cerebellum and serial 

coronal cryosections (40 µm) of the brain were sectioned using a Leica Cryostat (Leica 

CM1900, Nussloch, Germany), mounted onto Superfrost plus slides (Fisher Scientific, 

Pittsburgh, PA), and stored at -80oC until histological processing. 

For Nissl staining, sections were brought to room temperature and immersed in xylene 

(Fisher Scientific, Hampton, NH; Cat: X5-500) for 30 minutes, 100% ethanol (Fisher Scientific, 

Hampton, NH; Cat: 22-032-601) for 3 minutes, 95% ethanol for 3 minutes, and Milli-Q water 

for 2 minutes before staining with 0.2% Cresyl Violet (Fisher Scientific, Hampton, NH; Cat: 

AC405760025) for 12 minutes. Sections were then dehydrated by immersing in 95% ethanol 

for 30 seconds, 100% ethanol for 30 seconds, and 3 washes in Xylene for 1 minute each. 

Slides were then cover-slipped using Permount (Electron Microscopy Sciences, Hatfield, PA; 

Cat: 17986-01).  

Stained sections were examined by an investigator blind to genotype and sex on a 

Nikon Eclipse 80i microscope using a DSFi1 CCD camera controlled with Digital Sight 

software (Nikon; Melville, NY). Digital bright field micrographs of sections from the most medial 

100-microns of the vermis were collected using the 2x objective for analysis of cerebellar 

morphology. For IGL area quantification, the most medial 20-micron section was defined using 

consecutive serial sections and identified by using the following criteria: the 4 th ventricle 

protrudes towards lobule IX, deep cerebellar nuclei (fastigial nucleus, interposed nucleus, and 
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dentate nucleus) are absent, and lobule X had a distinct nodulus. Coronal 40-micron 

cryosections of the cortex were assessed for gross morphometric differences at each of the 

following three landmarks. The first region was identified using the following criteria: ammon’s 

horn extends through the section, supramammilary and medial mammillary nuclei were 

present, and nucleus of Darkschewitsch was present (Bregma -2.88). The second region was 

identified using the following criteria: the 3rd ventricle extends through section and arcuate 

nucleus was present; (Bregma -1.755). The third region was identified using the following 

criteria: CA3 appears circular, lateral ventricle is rhomboid with a tail (Bregma -1.06). Digital 

bright field micrographs were collected using 1x and 2x Nikon objectives (Nikon, Tokyo, 

Japan; Cat: MRL00012 and MRL00022) and compared to a standardized atlas to identify 

gross morphometric differences. (Allen Institute for Brain Science, 2011, Seattle, WA). Areas 

of interest were measured using Nikon NIS Elements AR 3.2 with final figures of 

representative sections generated using Adobe Photoshop (San Jose, CA).  

Statistical Analysis 

Data analysis was performed using a 2-way (sex, genotype) or 3-way (sex, genotype, 

novelty/sociality/5-min period) multivariate analysis of variance as indicated. For analysis of 

cerebellar lobules and cortical layers, data analysis was performed using repeated measure 

ANOVA. Litter was included as a covariate and adjusted for if necessary. All animal 

assignments and litter information are provided (Supplemental Table 3.1). If overall effects 

were significant, a Fisher’s least significant differences post hoc test was performed to 

evaluate pair-wise differences. For neuroanatomical endpoints, confounds related to possible 

litter effects were avoided by limiting analysis to one animal of a given sex from each litter. A 

minimal level of statistical significance for differences in values among or between groups was 

considered p < .05. Percentage data was arcsine transformed (arcsine of the square root of 

the percentage) prior to statistical analysis. All data were analyzed using GraphPad Prism v8 

(GraphPad; La Jolla, CA) or SPSS v26 (IBM, Armonk, NY). 
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Figure 3.1 Behavioral assessment using a novel openfield task. Maximum velocity (A), total distance 
traveled (B), and distance traveled over 5-min periods in females (C) and males (D) are shown. 
Values are expressed as mean ± SEM. * = p < .05. Females: wild-type, n = 18; Ptch1+/−, n = 18. 
Males: wildtype, n = 23; Ptch1+/−, n = 13. Three wild-type females were excluded because they 
climbed atop the holding cup and avoided the task. 
 

Results 

General locomotor function and exploratory behavior 

Since the cerebellum is critical in motor function, general locomotor function was 

assessed during the open-field novel social task to evaluate whether Ptch1+/- mice exhibit 

motor deficits. Multivariate analysis of variance (MANOVA) showed no deficits in maximum 

velocity over the 30-minute trial (F(1, 68) = .14, p = .71) (Figure 3.1A). Multivariate analysis 

of variance showed an interaction of sex and genotype on total distance traveled (F(1, 54 = 

4.52, p = .04, η2 = .55)). Post hoc analysis using Fisher’s LSD indicated that total distance 

traveled by Ptch1+/- females only was increased compared to wild-type (females: p = .009; 
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males: p = .84) (Figure 3.1B). Repeated measures 3-way MANOVA with sex (male, female) 

as the within-subjects factor, 5-min period (1-6), and genotype (wild-type, Ptch1+/-) as the 

between-subjects factors revealed a significant interaction of sex and genotype on distance 

traveled across 5-minute periods (F(1, 53 = 4.28, p = .04, η2 = .18)). A follow-up repeated 

measures 2-way MANOVA within sex revealed that females only were significantly different 

in distance traveled across 5-minute periods (females: p = .002; male: p = .47) (Figure 3.1C 

and 2.1D).  

During the open-field novel social task, time spent along the wall and number of center 

crosses over the 30-minute trial were assessed to examine exploratory behavior. Multivariate 

analysis of variance showed no differences in time spent along the wall (F(1, 68 = .79, p = 

.38)) (Supplemental Figure 3.1). Consistent with increased distance traveled, MANOVA 

found a significant effect of genotype on center crosses (F(1, 68 = 8.47, p = .006, η2 = .81)) 

(Supplemental Figure 3.1). Post hoc analysis using Fisher’s LSD indicated a significant 

increase in number of center crosses in Ptch1+/- females only (females: p = .02; males: p = 

.55). In the novel social task, MANOVA found no differences in the number of interactions 

(F(1, 68 = 1.98, p = .16) or the duration of those interactions (F(1, 68 = 0.20, p = .66) with 

the novel animal.  
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Social behavior 

To assess the effects of Ptch1 mutation on social behavior, a partner preference task 

was used. As in the novel social task, MANOVA of the partner preference task showed no 

differences in maximum velocity (F(1, 57 = .59, p = .45) (Figure 3.1A) nor time spent along 

the wall (F(1, 57 = 3.72, p = .06)) (Supplemental Figure 3.2). In the partner preference task, 

MANOVA again detected a significant interaction between sex and genotype on total distance 

traveled (F(1, 56 = 4.12, p = .048, η2 = .51). Post hoc analysis using Fisher’s LSD identified 

a significant increase in total distance traveled was again in Ptch1+/- females only (females: p 

= .002; males: p = .71). Multivariate analysis of variance again showed a main effect of 

genotype on center crosses consistent with increased distance traveled (F(1, 57 = 5.99, p = 

.02, η2 = .67)) (Supplemental Figure 3.2). Post hoc analysis using Fisher’s LSD identified a 

significant increase in total distance traveled was again in Ptch1+/- females only (females: p = 

.02; males: p = .22).  

A 3-way MANOVA with sex (male, female) as the within-subjects factor, and novelty 

(novel, familiar) and genotype (wild-type, Ptch1+/-) as the between-subjects factors, revealed 

an interaction between sex and genotype on the duration of interactions during the partner 

preference task (F(1, 110) = 8.59, p = .005, η2 = .82)). Post hoc analysis using Fisher’s LSD 

revealed that Ptch1+/- females only show increased time spent interacting with both novel 

(females: p = .047; males: p = .72) and familiar animals (females: p = .03; males: p = .93) 

(Figure 3.2A). All other main effects were non-significant and not relevant to the tested 

hypotheses. 

A 3-way MANOVA with sex (male, female) as the within-subjects factor and novelty 

(novel, familiar) and genotype (wild-type, Ptch1+/-) as the between-subjects factors revealed 

an interaction between sex and genotype on the number of interactions during partner 

preference task (F(1, 111) = 14.52, p = .0002, η2 = .22)). That interaction was qualified by an 

interaction  
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between novelty, sex, and genotype (F(1, 111) = 7.698, p = .007, η2 = .11)). Post hoc analysis 

using Fisher’s LSD revealed that Ptch1+/- females only show an increase in the number of 

interactions with the novel animal (females: p < .0001; males: p = .10) (Figure 3.2B). All other 

main effects were non-significant and not relevant to the tested hypotheses. 

 

Figure 3.2 Behavioral assessment using a partner preference task. Duration of interactions with 
novel and familiar animals (A), the number of those interactions (B), and the type of those interactions 
(C) are shown. Lower-cased (a) and (b) illustrate significant differences within each level of the 
ANOVA compared to wild-type females. Values are expressed as mean ± SEM. * = p < .05. Females: 
wild-type, n = 17; Ptch1+/−, n = 14. Males: wild-type, n = 19; Ptch1+/−, n = 12. One wild-type female 
that climbed atop the holding cup and avoided performing the task was excluded. 
 

A 3-way ANOVA with sex (male, female) as the within-subjects factor, and sociality 

(nose-nose, nose-tail) and genotype (wild-type, Ptch1+/-) as the between-subjects factors, 

revealed a significant interaction between sex, sociality, and genotype on the percentage of 

nose-tail bouts (F(1, 136) = 7.24, p = .01, η2 = .75). Post hoc analysis using Fisher’s LSD 

revealed that Ptch1+/- females only show increased nose-tail bouts relative to wild-type 

(females: p = .0003; males: p = .81) (Figure 3.2C). All other main effects were non-significant 

and not relevant to the tested hypotheses.  

Olfaction 

The ability of test animals to respond to a desirable food-treat was evaluated to ensure 

that modifications in social behaviors were not influenced by unanticipated decrements in 

ability to identify and respond to olfactory cues or a lack of motivation. A subset of wild-type 

(female: n=7; male: n=5) and Ptch1+/- (female: n=3; male: n=2) were evaluated using an 
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established protocol to assess intact recognition of smell wherein a latency greater than 15 

minutes (900 seconds) is considered indicative of a decrement in smell (Yang and Crawley, 

2009). There were no test failures with all animals tested rapidly discovering the olfactory 

stimulus in less than the allotted task time. The maximum time for any animal to complete the 

task was less than 4 minutes (231 seconds).  

Cerebellar and cortical structures  

In contrast to the stereotypic morphology of the cerebellum observed in both male and 

female wild-type mice (Figure 3.3A and 2.3C), granule cell overgrowth with localized 

thickening of the IGL was commonly observed in the Ptch1+/- mutants (Figure 3.3B and 2.3D; 

asterisks). Ectopic granule cells were also observed in 43% (6/14) of Ptch1+/- females (Figure 

3.3B; arrow) and 45% (5/11) of Ptch1+/- males, compared to vermis of the cerebellum from 

wild-type mice (Figure 3.3A, female; 2.3C, male) where ectopic granule cells were not 

observed in either sex (female: n=9; male: n=9).   

The extent of granule cell overgrowth was assessed by quantitative comparison of IGL 

area in the cerebellar vermis of wildtype and Ptch1+/- mutants. Repeated measures analysis 

of variance showed a significant effect of genotype on total IGL area (F(1, 31 = 7.349, p = .01, 

η2 = .99)). Post hoc analysis for total IGL area using Fisher’s LSD was not statistically 

significant in either sex (Figure 3.3B; female: p = .06; male: p = .07), but differences in the 

area of individual lobules of the cerebellum appeared to drive the detected effect of genotype 

(Table 3.1; Figure 3.3E). Repeated measures ANOVA for the IGL area of individual lobules 

detected a significant main effect of genotype on IGL area (F(1, 31 = 13.7, p = .002, η2 = .98) 

with post hoc analysis using Fisher’s LSD demonstrating specific effects in both sexes on 

lobules IV/V (females: p = .02; males: p = .001), VII (females: p = .04; males: p = .009), VIII 

(females: p = .046; males: p = .008), and IX (females: p = .001; males: p = .01) and in males 

only in lobule VI (females: p = .82; males: p = .001) (Figure 3.3E). Overt loss of Purkinje cells 
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or differences in the width of the Purkinje cell monolayer were not observed in the cerebellum 

of either sex.  

 

 

Figure 3.3 Assessment of changes in cerebellar structures. Sagittal cerebellar section (20 μm) 
showing lobular definition in a Wild-Type female, with cerebellar lobules (II–X) and the fourth ventricle 
labeled (V4). The lobular structures are outlined as quantified (A). The hatched outline in (A) denotes 
the region compared to a Ptch1+/− female (B), where differences in Ptch1+/− females are highlighted 
with an arrow indicating ectopic overgrowth and asterisks showing overgrowth of lobule IX (B). A wild-
type male (C) and Ptch1+/− male (D) are also shown. Individual lobular IGL area is shown (E). Scale 
bar = 1 mm. Values expressed as mean ± SEM. * = p < .05. Females: wild-type, n = 9; Ptch1+/−, n = 
5. Males: wild-type, n = 9; Ptch1+/−, n = 9.  
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Table 3.1. Internal Granule Cell Layer Area 

 Wild-Type Ptch1+/- Wild-Type Ptch1+/- 

Lobule Female Male 

II 
0.342 ± 
0.035 

0.427 ± 
0.033 

0.369 ± 
0.028 

0.377 ± 
0.044 

III 
0.450 ± 
0.027 

0.580 ± 
0.055* 

0.492 ± 
0.017 

0.556 ± 
0.037 

IV/V 
0.732 ± 
0.029 

0.897 ± 
0.040* 

0.690 ± 
0.029 

0.941 ± 
0.062* 

VI 
0.570 ± 
0.031 

0.569 ± 
0.031 

0.468 ± 
0.034 

0.616 ± 
0.046 

VII 
0.193 ± 
0.015 

0.227 ± 
0.018 

0.156 ± 
0.007 

0.222 ± 
0.017* 

VIII 
0.421 ± 
0.032 

0.453 ± 
0.028 

0.371 ± 
0.015 

0.424 ± 
0.024 

IX 
0.637 ± 
0.031 

0.803 ± 
0.051* 

0.765 ± 
0.045 

0.861 ± 
0.061* 

X 
0.246 ± 
0.015 

0.280 ± 
0.019 

0.303 ± 
0.019 

0.316 ± 
0.028 

      Measurements expressed as mean ± SEM (mm2). * = p < .05. 

Outside of the cerebellum, malignancy or gross morphological changes in the brains 

of the Ptch1+/- mutants were not observed. To evaluate potential structural differences in the 

extra-cerebellar brain regions of Ptch1+/- mutants, hippocampal and cortical structures 

implicated in playing a functional role in cerebellar functions and related behaviors were 

compared. Analysis of variance of the length of ammon’s horn (Figure 3.4A-4C) showed a 

statistically significant interaction of genotype and sex (F(1, 14 = 4.62, p = .0495, η2 = .39). 

Post hoc analysis using Fisher’s LSD indicated that this hippocampal structure in Ptch1+/- 

females only was significantly smaller than wildtype (females: p = .006; males: p = .75) (Figure 

3.4D). Analysis of variance of the dentate gyrus length showed a statistically significant 

interaction of genotype and sex (F(1, 14 = 7.16, p = .02, η2 = .40)). Post hoc analysis using 

Fisher’s LSD indicated that the dentate gyrus of Ptch1+/- females only was similarly reduced 

in size compared to wild-type (females: p = .006; males: p = .71) (Figure 3.4D). Lateral 

ventricle area was measured because of noted differences of the lateral ventricle in BCNS 
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syndrome and ASD 284,285. Analysis of variance showed no differences in lateral ventricle area 

(F(1, 11 = 0.93, p = .35)).  

In the cortex, a main effect of genotype on overall cortical layer length (F(1, 14 = 6.24, 

p = .03, η2 = .80)) was detected, however post hoc analysis of total cortical layer length (Figure 

3.4A) was not statistically significant for either sex (female: p = .10; male: p = .10). Analysis 

of variance of overall cortical layer width showed no effect from sex or genotype (F(1, 14 = 

1.65, p = .22). However, increased cellularity in all cortical layers was observed in Ptch1+/- 

females (Figures 2.4B; 2.4C). Repeated measures ANOVA found a significant effect of 

genotype on the width of individual cortical layers (F(1, 25) = 8.2, p = .02, η2 = .48). Post hoc 

analysis using Fisher’s LSD detected specific effects in layer VI in females only (females: p = 

.007; males: p = .35) (Figure 3.4E). No effect of sex or genotype was detected in either sex in 

cortical layers I (females: p = .22; males: p = .65)), II/III/IV (females: p = .09; males: p = .70)) 

or V (females: p =.14; males: p = .20).  
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  Figure 3.4 Assessment of changes in cortical structures. Coronal brain section (40 μm) 
highlighting measured regions of cortex (CTX), Ammon's horn (CA1, CA3), dentate gyrus 
(DG) (A) with region identified using caudate putamen (CP) and thalamus (TH) as landmarks. 
Inset image shows cortical layers (labeled I, II–IV, V, and VI of WT female (B) and Ptch1+/− 
female mouse (C). Ammon's horn (CA1-3), dentate gyrus, and cerebral cortex are outlined in 
red. Cortical layers are labeled I, II-IV, V, and VI. Scale bar = 1 mm (A) and 500 μm (B,C). 
Expressed as mean ± SEM. * = p < .05. For overall cortical layer length and width, the 
number of analyzed animals follow. Females: wild-type, n = 4; Ptch1+/−, n = 4. Males: wild-
type, n = 6; Ptch1+/−, n = 4. Final animal numbers for individual cortical layers follow. 
Females: wild-type, n=4; Ptch1+/−, n=3. Males: wild-type, n=6; Ptch1+/−, n=3. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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Discussion 

Sex-specific alterations of social behavior and activity of Ptch1+/- females 

Dysregulation of SHH signaling resulted in a significant interaction of sex and genotype 

that drove the female-specific social behavioral effects observed in the novel open-field and 

partner preference tasks.  Ptch1+/- females traveled further and had more center crosses in 

both the novel open-field and partner preference tasks. In the partner preference task, Ptch1+/- 

females spent increased time with both novel and familiar animals and had increased nose-

tail interactions relative to wild-type mice. In mice, most novel social interactions involve nose-

nose contact, this investigative social activity contrasts with aggressive nose-tail interactions 

286. There were no detected differences in the type or duration of social behavior displayed in 

the male Ptch1+/- mutants. Prosocial phenotypes observed in Ptch1+/- females indicated 

differential responsiveness to dysregulated SHH signaling wherein female sex exacerbates 

alterations in social behavior and hyperactivity.     

Because the Ptch1 knockout mutation used in this study resulted in global deficits of 

PTCH, pleiotropic effects from Ptch1 haploinsufficiency could have contributed to the 

observed behavioral changes. The cerebellum is critical in motor movement 52, and disrupted 

SHH signaling has been linked to changes in olfactory neuron production 287–290. To rule out 

trivial explanations for altered behaviors observed, we carefully assessed movement in our 

novel open-field task for evidence of decrements related to compromised mechano-skeletal 

ability, cerebellar control of coordination or movement, and to rule out defects related to 

olfaction. No deficits in movement velocity, distance traveled, or latency to find an olfaction 

cue were detected. In fact, there was a paradoxical increase in the activity of Ptch1+/- females 

indicated by increases in total distance moved. Sustained activity after the first five minutes 

indicates a failure of Ptch1+/- females to acclimate to the arena (Figure 3.1C), suggesting more 

complicated sex-specific impacts than decreased movement coordination or loss of the ability 

to smell were responsible for the observed alterations in behavior.  
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Increased activity and prosocial behaviors of Ptch1+/- females could be explained by a 

hyperactivity phenotype. In humans, ADHD has been associated with HPE caused by SHH 

mutations primarily in female humans with noted high intellectual function 73,291, demonstrating 

that altered SHH signaling can lead to hyperactivity. Similar to the sex differences observed 

in Ptch1+/-  female mice, human females are also at increased risk for diagnosis of HPE with 

sex ratios ranging from 1.2:1 to 2.3:1 female:male 70,72,292. The prosocial phenotype observed 

in Ptch1+/- females may be due to a mild sex-specific HPE-like hyperactive phenotype resulting 

in indiscriminate social interactions. 

Neuroanatomical examination of cerebellar structure 

The presented findings from behavioral tasks supplement previous work 

demonstrating that haploinsufficiency of Ptch1 can alter cognitive behaviors including reduced 

motor learning ability and performance on a spatial memory task by linking dysregulation of 

SHH signaling with hyperactivity and altered social behaviors 87,293. The altered social 

behavior in Ptch1+/- females may be related to cerebellar overgrowth, which is increasingly 

appreciated for its role in schizophrenia, dementia, and other psychiatric disorders 294.  

Imaging, clinical, and experimental animal studies have linked the cerebellum with 

cognitive brain disorders including ASD and BCNS syndrome 295,296, with cerebellar 

hypoplasia and reduced Purkinje cell numbers most commonly linked with ASD 297,298. 

However, investigations mechanistically linking the cerebellum to cognition and circuits 

modulating social behavior are preliminary and deserve further attention 51. There were no 

detectable differences in the width of the Purkinje cell monolayer in Ptch1+/- mice or overt 

losses of Purkinje cells. Increases in IGL area was generally evident across the entire 

cerebellum in both male and female Ptch1 heterozygotes, indicating that cerebellar 

phenotypes are likely related to increased proliferation and density of granule cells that 

resulted in detectable increases in area of some cerebellar lobules. While IGL area was 

generally increased across all lobules, significant cerebellar overgrowth in the IGL of lobules 
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IV/V and IX was found in both sexes, whereas GCP overgrowth of lobule III reached 

significance in females and overgrowth of lobule VII was significant in males. Lobules IV/V 

and IX of the cerebellum have previously been identified as sensitive to SHH pathway defects 

via mutation of Gli1, Gli2, and Smo 299,300; both Ptch1+/- males and females developed GCP 

overgrowth specifically in these two lobules. 

The cerebellum is divided into functionally specific regions with lobules I-V and IX often 

associated with motor function and working memory in rodents and humans 46–48. Reductions 

in volume of lobules IV/V and IX are also associated with social impairments in patients with 

autism 46. Vermal hyperplasia of cerebellar lobules VI and VII in a subgroup of autism patients 

49, and Purkinje cell hyperplasia in lobules IV/V and IX associated with impaired social 

behavior have been described 50. Because both hypoplasia and overgrowth of the different 

layers of the cerebellum are linked to altered social behavior, an appropriate balance of 

Purkinje and granule cell inputs are likely necessary for normal cerebellar modulation of 

behavior; vermal granule cell hyperplasia in Ptch1+/- females may be driving the observed 

alterations in social behavior and hyperactivity-like phenotype.     

Treatment for SHH MB is extremely aggressive and involves primary tumor resection 

followed by high-dose chemotherapeutics 141. Following treatment, behavioral decrements of 

attention and processing speed, learning and memory, language, visual perception, and 

executive function are common 283. These neurological complications, attributed entirely to 

therapeutic side effects, occur in nearly all MB survivors and resemble behavioral defects and 

cognitive deficits observed in cerebellar-associated disorders including HPE, BCNS, and 

William’s Syndrome 296,301,302. Considering that Ptch1+/- females exhibit altered behavior, some 

neurological complications noted in MB survivors may exist prior to treatment as disease 

etiology rather than solely a consequence of adverse effects of treatment, and those 

neurological symptoms could be different in males and females. Understanding of the 
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behavioral sequelae inherent to, and the innate sex differences within, MB etiology is critical 

to improving the treatment plan for MB patients. 

Cerebellar modulation of social behavior 

Consistent with the association between reduced hippocampal size, hyperactivity, 

learning, and memory deficits in humans 303,304, Ptch1+/- female mice exhibited changes in 

hippocampal structures associated with altered behavior. Altered hippocampal structures 

have previously been reported in Ptch1+/- male mice, although females were not examined 87. 

SHH signaling directs neurogenesis and is a critical player in hippocampal plasticity 88. Ptch1+/- 

females also exhibited increased cellularity and thickness of cortical layer VI.  

Cortical layer VI is the earliest developing cortical layer 305 and has the greatest 

diversity of neuronal cell types, with many excitatory pyramidal neurons, glutamatergic 

neurons, spiny stellate neurons that project to the thalamus, and local inhibitory neurons 306. 

SHH signaling is critical to mitogenesis and speciation of cortical progenitors early in 

development 307 and SHH signaling induces cortical growth 308.  The observed decrement in 

hippocampal size and increased cortical layer thickness resulting from decreased SHH 

signaling provides further evidence that neuronal changes outside the cerebellum may 

contribute to noted behavioral changes in Ptch1+/- females. The observed behavioral changes 

in activity and social behavior could be related to decreases in hippocampal plasticity and the 

alteration of projections to extracerebellar circuits. Alternatively, the observed changes in 

cortical and hippocampal structures may result from an imbalance of extracerebellar inputs or 

activity to these structures resulting from the indirect influence of increased cerebellar granule 

cell numbers due to increased synaptic inputs on Purkinje cells and subsequent impacts on 

extracerebellar activity.  

A potential mechanism linking abnormal cerebellar pathology to impaired social 

function is via cerebellar modulation of dopamine release within the mPFC 45. The mPFC 

incorporates cerebellar output through the cerebellar dentate nucleus which modulate 
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dopamine release in the mPFC via two primary pathways that appear to contribute equally to 

mPFC activation: 1) contralateral glutamatergic projections from the cerebellar dentate 

nucleus to reticulotegmental nuclei that project to pedunculopontine nuclei and stimulate 

mesocortical dopaminergic neurons in the ventral tegmental area (VTA), which then project 

to the mPFC, or 2) contralateral glutamatergic projections of the cerebellar dentate nucleus 

project to thalamic mediodorsal and ventrolateral nuclei (ThN md and ThN vl) that send 

glutamatergic effects to the mPFC to modulate mesocortical dopaminergic terminal release in 

the mPFC via excitatory glutamatergic synapses 51 (Figure 3.5).  

Changes in projections through the VTA may explain why Ptch1+/- females display 

altered social behavior, because SHH is necessary for the specification of dopamine cell fate 

in the VTA 309. Supporting this possibility, experimental mutation of the Ptch1 coreceptor, Cdon 

in mice, increased numbers of dopamine neurons in the VTA and eleveated levels of 

dopamine and its metabolites in the mPFC 310. Thus, alterations in dopamine release within 

the mPFC might explain the increased activity and altered social behavior observed in female 

Ptch1+/- mice. Supporting this possibility, mice with conditional inactivation of Smo specifically 

in dopamine cells are hyperactive 311, whereas dopamine receptor D1 blockade in the mPFC 

of rats reduces the distance traveled in an open-field task 312. Those studies suggest that 

cerebellar-related increases in mPFC dopamine release might mediate the alterations in 

activity and social observed in the Ptch1+/- females. 
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Figure 3.5 Proposed pathway of cerebello-cortical circuitry. Shown is a cartoon of the proposed 
neuronal circuits linking outputs from the cerebellar cortex (CBX) to projections from deep cerebellar 
nuclei (DN) to neurons in the prefrontal cortex (PFC) via the tegmental reticular nuclei (TRN), 
pedunculopontine nuclei (PPN), the ventral tegmental area (VTA), thalamic mediodorsal (MD) and 
ventrolateral (VL) nuclei, and pontine reticular nuclei (PRN). 
 

Female-specific effects of Ptch1 mutation 

The more severe cerebellar overgrowth and behavior phenotypes observed in female 

Ptch1+/- mice could also be explained by increased responsiveness of GCPs to circulating 

estrogens. It is notable that in SHH mouse models of MB the incidence of tumors is higher in 

females 313. Estrogens also play important roles in regulating cerebellar granule cell 

proliferation and MB progression 15. Considering the progressive nature of MB development 

in Ptch1+/-, the apparent increased sensitivity of females to dysregulated SHH signaling could 

be related to the increased levels of circulating estrogens in mature females. These activities 

of estrogen are mediated through modulation of rapid estrogen signaling, estrogen receptor-

regulated gene expression, and resulting modulation of growth factor-related signal 

transduction pathways 16,314. Increased activation of ERβ signaling increases GCP 

mitogenesis and migration, and upregulates neuroprotective mechanisms in mature granule 

cells, which also act in the etiology and progression of MB to drive tumor progression 13,15,16. 
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It is possible that the more severe phenotypes detected in Ptch1+/- female mice are related 

to a relative increase in estrogen signaling in ERβ positive Ptch1+/- granule cell-like 

precursors. It is also possible that sex-related differences in the proposed dopaminergic 

cerebellar-mPFC circuitry, leading to differential dopamine release or dopamine receptor 

activity in the mPFC, could sex-specifically contribute to differences in structural organization 

and behaviors that are associated with decreased SHH signaling.  

Conclusion 

The disruption of SHH-signaling in Ptch1+/- mice causes lobule-specific overgrowth in 

cerebellar structures previously linked to ASD in both sexes. Additionally, Ptch1+/- mice 

exhibited female-specific alterations in the hippocampus and cortical layers, hyperactivity, and 

altered social behaviors. Based on these findings, it is proposed that a subset of the behavioral 

phenotypes observed in MB patients following treatment are a component of MB sequalae 

rather than side effects of treatment. Further work focusing on the role of estrogen and SHH 

signaling cross-talk is needed to elucidate the developmental and functional nature of the 

proposed cerebellar-mPFC circuitry and the functional role of the cerebellum as a mediator of 

sex-specific behaviors. 
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Abstract  

There is compelling evidence that developmental exposure to some toxic metals 

increases risk for obesity and obesity-related morbidity including cardiovascular disease and 

type 2 diabetes in adults. To explore the hypothesis that developmental Cd exposure 

increased risk of obesity later in life, male and female CD-1 mice were maternally exposed to 

500 ppb CdCl2 in drinking water during a human gestational equivalent period (GD0 - PND10). 

Hallmark indicators of metabolic disruption, hepatic steatosis, and metabolic syndrome were 

evaluated prior to birth through adulthood. Blood Cd levels in dams were similar to those 

observed in human pregnancy cohorts. There were no observed impacts of exposure on dams 

or pregnancy-related outcomes. Results of glucose and insulin tolerance testing revealed that 

Cd-exposure impaired glucose homeostasis in young adult offspring. Exposure-related 

increases in circulating triglycerides and hepatic steatosis were apparent only in females. By 

PND120, Cd-exposed females had become 30% heavier with 700% more perigonadal fat than 

unexposed control females. There was no evidence of dyslipidemia, steatosis, increased 

weight gain, nor increased adiposity in Cd-exposed male offspring. Hepatic transcriptome 

analysis at PND1, PND21, and PND42 revealed evidence for female-specific increases in 

oxidative stress and mitochondrial dysfunction with significant early disruption of retinoic acid 

signaling and altered insulin receptor signaling consistent with hepatic insulin sensitivity in 

adult females. The observed steatosis and metabolic syndrome-like phenotypes resulting 

from exposure to 500 ppb CdCl2 during the pre- and perinatal period of development 

equivalent to human gestation indicate that Cd acts developmentally as a sex-specific delayed 

obesogen.  
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Introduction  

More than 1.9 billion adults are overweight; of those, 650 million are considered obese   . 

In the United States, obesity affects >30% of the population and is projected to increase to 

~50% by 2030 317. Cardiovascular disease (CVD) and type 2 diabetes (T2D) are principal 

comorbidities of obesity and account for $500 billion in annual health care costs 318. Whereas 

the underlying cause of obesity is an imbalance between energy consumed and energy 

expended, there is compelling evidence that exposure to some xenobiotic and toxic metal 

pollutants during development increases risk for obesity and obesity-related morbidity 

including CVD and T2D 174. Epidemiologic data from different worldwide populations 

demonstrate that prenatal exposure to the toxic metal cadmium (Cd) is associated with 

harmful effects on fetal development, with especially well-described impacts on birth weight 

171,172, Apgar score 171, cognition 173, and epigenetic status 319–323. 

Despite decades of research evaluating toxicity and carcinogenicity of Cd, the mechanism 

of fetal and placental Cd toxicity remains uncertain. Results from human and animal studies 

have revealed that maternal Cd levels, rate of maternal fetal-transfer of Cd, timing, and route 

of exposure can influence the nature and magnitude of toxicity in exposed offspring 

(Sonawane et al. 1975; Bhattacharyya 1983; Christley and Webster 1983; Lau et al. 1998). 

Because gestation is a critical developmental period for metabolic programming, the impacts 

of maternal Cd exposures may have profound effects on offspring metabolism. During 

gestation, the placenta regulates fetal nutrition and oxygen transfer in response to maternal 

nutritional and fetal-demand signals 324. At high concentrations, maternal exposure to Cd 

adversely alters hormonal and nutritional signaling of the placental unit. In rats, gestational 

exposure to toxic levels of CdCl2 can increase placental corticosterone levels, an effect that 

is associated with intrauterine growth restriction and alterations in the maternal/fetal balance 

of monovalent and divalent cations 181,214,325. Along with being a critical developmental period 
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for establishing metabolic set points, adipocyte and nephron numbers are also established 

during gestation 157,326,327.  

Experimental and epidemiologic analysis indicate that chronic Cd exposure can adversely 

affect metabolism and increase risk factors for metabolic disease. For example, chronic 

exposure of adult mice to CdCl2 decreases expression of lipid synthesis genes and insulin 

secretion 328,329. In adult humans, increases in blood Cd concentrations are associated with 

elevated blood glucose 186,187,189,190 and hypertension 330. Numerous epidemiological studies 

also link elevated Cd exposure with increased weight gain, T2D, and CVD 331–334. However, 

the link between Cd exposure and T2D is not clear cut, as some studies fail to identify 

associations between increased Cd exposure and increased risk of T2D 335–337. Recent meta-

analysis has also concluded that T2D risk in the general population is not significantly 

associated with urinary or blood Cd concentrations, but significant sources of study 

heterogeneity, including consideration of sex differences, were identified that limited the ability 

to detect associations across studies 334. Sex differences are an especially important 

consideration in the evaluation of the effects of Cd, because females are more sensitive to 

the adverse effects of Cd, in part due to the longer biological half-life of Cd in females 179,246,338. 

Cadmium is most often considered a cumulative toxicant, with only ~0.006% of the body 

burden of Cd eliminated each day; this slow elimination rate results in a biological half-life of 

~ 38 years in humans 181. Cadmium accumulates primarily in the liver and kidney, with lower 

levels found in pancreas, heart, testis, bone, and neural tissues (ATSDR, 2012). The organ-

specific uptake and resulting toxicity of Cd is mediated by differential expression of SLC39 

transporters, SLC30 efflux transporters, and the divalent metal transporter-1 (DMT1) that 

mediate intracellular Cd-uptake 227. The mechanism of cumulative Cd toxicity results from 

high-affinity binding of Cd by metallothioneins (MTs) and a resulting dose-dependent loss of 

protective antioxidant mechanisms that leads to oxidative damage 191–193.  
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The functional roles of the Zip8 (SLC39A8) and Zip14 (SLC39A14) Zn and Mn transporter 

proteins in regulating the absorption, intracellular uptake, accumulation, and toxicity of Cd in 

the testis, kidney and liver are well established 191,227–229. In vitro and in vivo experimental 

studies demonstrated that transcriptional regulation of Zip8 expression mediates Cd-induced 

toxicity in the testis and kidney 227,339–342. Along with DMT1, Zip14 is primarily responsible for 

uptake of ingested Cd and mediates the accumulation of Cd in liver, pancreas, and heart 343–

345. In Slc39a14-knockout mice, loss of Zip14 function alters glucose homeostasis and 

gluconeogenesis resulting in increased adiposity 230,231. Additional studies in Zip14-knockout 

mouse models and in vitro studies using human adipose further support a mechanistic role 

for Zip14 in preadipocyte differentiation and adipose metabolism 232,233. However, the impacts 

and mechanisms involved in Cd-mediated metabolic disruption and later-in-life pathology are 

unknown. 

To evaluate the physiological impact of gestational-only Cd exposure on offspring 

metabolic health, pregnant female CD-1 mice were exposed to 500ppb CdCl2 in drinking water 

throughout a developmental period equivalent to human gestation 346 .The impacts of Cd-

exposure in male and female offspring were comprehensively evaluated for indications of 

metabolic disruption, hepatic steatosis, and metabolic syndrome. RNA sequence (RNAseq), 

functional genomic and pathway analysis was performed on offspring livers at PND1, PND21, 

and PND42 to describe the mechanistic progression of observed hepatic steatosis and 

metabolic syndrome-like phenotypes resulting from gestational Cd exposure.  
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Materials and Methods 

Animal Husbandry  

All animal procedures were approved by the North Carolina State University (NCSU) 

Institutional Animal Care and Use Committee and followed recommendations of the Panel on 

Euthanasia of the American Veterinary Medical Association. Procedures and study reporting 

follow the ARRIVE guidelines (Supplemental material). Study animals were housed in single-

use polyethylene cages (Innovive, San Diego, CA) with Sanichip bedding (PJ Murphy Forest 

Products Corp, Montville, NJ) and pulped virgin cotton fiber nestlets (Ancare, Bellmore, NY) 

on a 12:12 light cycle at 25°C and 45%-60% average relative humidity in an AAALAC 

accredited animal facility. Defined AIN-93G diet (D10012G; lot: 17010510A6, Research Diets, 

New Brunswick, NJ) and sterile drinking water produced from a reverse osmosis water 

purification system (Millipore Rios with ELIX UV/Progard 2, Billerica, MA) was supplied ad 

libitum. 

Strain CRL:CD-1(ICR) (CD-1) male and female breeder mice were obtained from 

Charles River Laboratories (Raleigh, NC). At the time of arrival, mice were assigned a coded 

study identification number that was used to randomly assign each animal to control or Cd-

exposed study group (Random# Generator v1.2 for Apple iPhone iOS10) and housed 

separately by sex and exposure group for two weeks prior to mating. The study was 

independently replicated in two cohorts, with one beginning in March 2017 (n = 20 dams) and 

the second initiated March 2019 (n = 18 dams).  

Exposure, mating, and endpoint analysis 

The experimental protocol used is shown in Figure 4.1A. Beginning 2 weeks prior to 

mating and ending on postnatal day 10 (PND10), drinking water of dams in the Cd-exposed 

group was supplemented with a final concentration of 0.5 g/L (500 ppb) cadmium chloride 

(CdCl2; CAS 10108-64-2; 99.99% purity, Lot MKBM1769V, Sigma Aldrich). Beginning on 

PND10, drinking water for both control and exposed study groups for the remainder of the 
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study was Cd-free. During the 2-week acclimation exposure period, general health, body 

weight, and food and water consumption were monitored. Following acclimation, 2 dams were 

paired with each male and monitored daily for presence of a copulation plug no more than 3 

hours into the light-on cycle. Identified plug-positive females (GD0) were single-housed and 

monitored for general health, food and water consumption, body weight and parturition. 

At the time of pairing, blood was collected and analyzed from a subset of control and 

Cd-exposed dams (n = 3 per group) by inductively coupled plasma mass spectrometry (ICP-

MS) using a Elan DRCII ICP-MS (Perkin Elmer). Liver Cd levels in tissue isolated at necropsy 

on PND42 were determined using an ICAP RQ ICP-MS (Thermo Fisher) at the NCSU 

Molecular Education, Technology and Research Innovation Center as previously described 

275.  

A subset of dams (n=3 per group) were euthanized by CO2 asphyxiation and rapid 

decapitation at GD18 and fetuses isolated 2-3 hours after lights on. Dams and fetuses were 

weighed and tissues collected. The intrauterine position of each fetus was recorded and fetal 

genetic sex determined by Sry-specific PCR as previously described 273. For the remaining 

litters, litter size, pup sex, and pup weight was recorded on the day following parturition 

(PND1). Offspring were separated from dams at PND21-23 and housed 2-4 per cage 

separated by sex and study group. For all study animals, food and water consumption and 

body weights were measured at least weekly until necropsy. From each litter, one male and 

one female representative of the mean litter body weight was euthanized at PND1, PND21, 

PND42, PND90, and at study termination on PND120. Study animals remained in their home 

cage, with food and water available, until euthanized by carbon dioxide asphyxiation or 

transcardiac perfusion under isoflurane anesthesia. All study animals were necropsied with 

study samples and tissues isolated at the time of sacrifice. Systematic bias was avoided by 

housing animals randomly on cage racks and ensuring the timing and order of measurements, 

data collection, and experimental manipulations were the same. Necropsy was performed at 
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the same approximate time of day, independent of study group, and dependent on date of 

birth. For adult females, experimental manipulations were performed in estrus. 

Intraperitoneal Glucose and Insulin Tolerance Tests 

 For the glucose tolerance test (GTT), mice were fasted overnight and blood glucose 

was determined with a handheld glucometer (Truetrack by Nipro Diagnostics, Inc, Fort 

Lauderdale, FL). Blood from the tail vein (5 μL) was applied directly to the glucose strip to 

measure fasting blood glucose (T0). Glucose (1.5 mg glucose/g body weight) was 

administered by intraperitoneal (IP) injection and blood glucose measured at 15, 30, 60, 90, 

and 120 minutes after injection. For the insulin tolerance test (ITT), the same method as GTT 

was used with the following modifications. Mice were fasted for 4 hours beginning at the start 

of the light cycle. Fasting glucose was measured, then 0.75 U insulin Aspart/kg body weight 

(Novo Nordisk Inc, Plainsboro, NJ) was administered by IP injection. Blood glucose was 

measured at 0, 15, 30, 45, 60, and 120 minutes after injection. 

Tissue Isolation and Histology  

 At necropsy, tissues were dissected, frozen on powdered dry ice, and stored at -80oC 

until prepared for analysis. Livers were blocked and embedded in tissue freezing media (OCT, 

Electron Microscopy Sciences, Hatfield, PA). Cryosections (12 µm) were cut at -18oC and 

collected onto slides (SuperFrost Plus, Fisher Scientific) and stored at -80oC until stained. 
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Figure 4.1 Experimental timeline and effects of gestational exposure to CdCl2 on total body weight, 
perigonadal fat weight, and circulating triglycerides in female CD-1 mice. Experimental timeline 
showing that 500 ppb CdCl2 was administered to pregnant dams beginning 2 weeks prior to mating 
and extending through postnatal day 10. Offspring were sacrificed and tissues were collected at 
gestational day 18 and postnatal days 1, 21, 42, 90, and 120 (A). Growth trajectories showing body 
weight of control and CdCl2-exposed F1 female (B) and male (B) CD-1 mice are shown (geometric 
mean of litters ± SEM) plotted against postnatal day. In CdCl2-exposed offspring, body weight was 
increased at birth in females (A). Perigonadal fat weight is shown normalized to control female fat 
weight on PND90 (D) and PND120 (E). Plasma total triglycerides (mean ± SEM) were increased in 
CdCl2 exposed female offspring but not males (F). Serum thyroxine showed no difference between 
control and exposure groups in either sex (G) (mean ± SEM.). Growth trajectory: Females: control, 
n=11; CdCl2, n=12. Males: control, n=10; CdCl2, n=11. Perigonadal fat weight (PND90): Females: 
control, n=6; CdCl2, n=9. Males: control, n=4; CdCl2, n=8; (PND120: Females: control, n=5; CdCl2, 
n=8. Males: control, n=3; CdCl2, n=7. Triglycerides: Females: control, n=11; CdCl2, n=10. Males: 
control, n=7; CdCl2, n=9. Thyroxine: Females: control, n=7; CdCl2, n=7. Males: control, n=6; CdCl2, 
n=7. 
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For Oil Red O staining, sections were brought to room temperature and immersion 

fixed in 10% neutral buffered formalin for 5 minutes. Fixed sections were washed in running 

tap water for 5 minutes, transferred to 60% isopropanol/deionized water for 30 seconds with 

gentle agitation, stained for 15 minutes in freshly prepared and filtered 0.3% (W/V) Oil Red O 

(CAS 1320-06-5, Lot: S20D046, Alfa Aesar, Haverhill MD) in 60% isopropanol, washed in  

running tap water for 15 minutes, and then cover-slipped with aqueous mounting media 

(Crystal Mount, Biomeda, Foster City, CA). 

For glycogen staining, slides were brought to room temperature, dehydrated through 

a series of ethanol (70%-95%), fixed with Carnoy’s fixative (60% absolute ethanol, 30% 

chloroform, 10% glacial acetic acid), rinsed and rehydrated through 95-70% series of ethanol, 

and two changes of water. Sections were immersed in 0.5% periodic acid for 5 minutes, rinsed 

with five changes of water. Sections were then covered with Lille’s “cold Schiff” reagent (1% 

basic fuchsin, 1.9% Na2S2O5 in 0.15N HCl) for 15 minutes in a humidified chamber, and then 

immersed in sulfurous rinse (300 ml distilled water, 15 ml 1N HCl, 18 ml 10% Na2S2O5 ) three 

times. Slides were counterstained in Harris’s hematoxylin for 1 minute, washed in running tap 

water for 10 minutes, dehydrated, and cover-slipped with Permount mounting medium (Fisher 

Scientific, Hampton, NH). Sections incubated at 37°C with amylase (Fisher Scientific) were 

used as negative controls for staining. 

For Masson’s trichrome staining, tissues were isolated following transcardiac 

perfusion with potassium phosphate buffered saline. Tissues were fixed for 24 hours in 10% 

neutral buffered formalin (NBF), post-fixed in fresh NBF for 24 hours, and then transferred to 

70% ethanol. Specimens were prepared by automated tissue processing for 40–45 minutes 

each in seven changes of graded alcohols followed by embedding with three changes in 

paraffin at 58°C with applied vacuum (Tissue-Tek VIP 3000; Sakura Torrence, CA). Serial 5 

μm microtome liver sections on positively charged slides were Masson’s trichrome stained 

(Thermo Scientific Cat# 87019 Richard-Allan, Kalamazoo, MI) using standard protocols. 
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Stained sections were examined on a Nikon Eclipse 80i microscope using a DSFi1 

CCD camera controlled with Digital Sight Software (Nikon; Melville, NY) by an investigator 

blind to exposure group. Digital bright field photomicrographs (3-5 per section from 3 sections 

per liver) representative of each section were captured. Acquired images for Oil Red O and 

glycogen were converted to 8-bit gray scale and thresholded to background staining intensity 

using ImageJ 271. Total stained area and intensity were calculated with neutral lipid or glycogen 

staining reported for each sample as the mean percent of image area stained and staining 

intensity. Pathology of PND90 and PND120 deidentified liver specimens was evaluated by 

examination of Masson’s trichrome stained sections. Non- and pre-neoplastic hepatic lesions 

were scored according to the International Harmonization of Nomenclature and Diagnostic 

Criteria for Lesions in Rats and Mice (INHAND Project) 272. No threshold for morphological 

changes was applied to the analysis, and any lesion consistent with each pathology was 

scored positive. All histology and pathology was assessed by multiple observers blinded to 

study group, with differences in scoring reviewed by all investigators and resolved by 

consensus. Final figures were representative and generated using Adobe Photoshop (San 

Jose, CA). 

Triglyceride and Total Thyroxine (T4) assay 

Total plasma triglycerides (TAGs) and total thyroxine (T4) were determined using a 

colorimetric TAG assay (Cat. #10010303; Cayman Chemical, Ann Arbor, MI) or T4 ELISA 

(Cat #3149-18; Diagnostic Automation/Cortez Diagnostics, Woodland Hills, Ca.) according to 

the manufacturer’s protocols. For TAGs analysis, individual samples were analyzed in 

duplicate, with 4 replicate quality control samples included throughout the assay. The intra-

assay coefficient of variation (CV) of the replicate quality control samples was 1.6%, and the 

CV for all duplicate samples < 4.0%; the T4 samples were run in triplicate, and the CV for all 

samples ≤ 7.2%.  
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RNAseq analysis of livers  

Liver RNA was extracted from 30-50 mg of tissue using the RNEasy miniprep kit, 

according to manufacturer protocols (Qiagen, Valencia, CA). The RNA integrity number (RIN) 

for all samples was ≥ 7 (Agilent 2100 Bioanalyzer). Library creation and sequencing were 

performed using a single-end 125 bp protocol on the Illumina HiSeq2500 sequencer, with ~33 

million uniquely mapped reads generated per sample. Quality control of read data was 

evaluated using FastQC and STAR short read aligner was used to align reads to Mus 

musculus (mm10) reference genome. Mapped read number was determined using 

featureCounts software, with data normalized for distortion and depth. The DESeq2 

Bioconductor package in R normalized count data by fitting a generalized linear model for 

each gene, taking into account sex at PND42 and exposure group at PND1, 21, and 42 (CdCl2, 

control). No samples were excluded from differential expression based on QC analysis. 

Differential expression analysis of 14,259 genes (PND1 and PND21) and 13,092 genes 

(PND42) between sex and exposure was set to adjusted p = 0.05 cutoff to identify differences 

between control and CdCl2 exposure. A sample heat map of overall mapped reads, volcano 

plot, and hierarchical cluster diagrams are included for each time point (Supplemental Fig. 

4.1-4.3). Identification of counts in a minimum of 75% of samples was required for further 

analysis of differential expression between control and CdCl2 exposure groups or between 

female and male mice. For all samples, the overall mean of the normalized counts, the log2 

(fold-change), and the adjusted P value (padj, adjusted for multiple testing using the 

Benjamini–Hochberg False Discovery Rate, FDR) were determined and analyzed for gene 

pathway enrichment using the Ingenuity Pathway Analysis (IPA) software platform (Spring 

2020 version, Qiagen, Valencia, CA). For PND21 and PND42, FDR was set to 5%, and for 

PND1 a FDR of 15% was used because of known increased gene expression variability at 

birth 276. Along with IPA, GOTERMFINDER 277 and WebGestalt 278 were used to identify 

ontology, KEGG pathways, and molecular pathways associated with differentially expressed 
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gene (DEG) responses to CdCl2 exposure. The data discussed in this publication have been 

deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO Series 

accession number GSE150679: 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE150679).  

Quantitative RT-PCR analysis  

Total RNA was isolated using the RNEasy Mini Kit (Qiagen, Valencia, CA). One µg of 

RNA was reverse transcribed using the high-capacity cDNA reverse transcription kit (Applied 

Biosystems; Grand Island, NY) following manufacturer’s recommendations. Standard PCR 

amplification was performed in triplicate on a Step One Plus Real-Time PCR System (Applied 

Biosystems; Grand Island, NY) in a final volume of 20 µL containing ~10 ng of cDNA (1.5 µL 

of RT product), 1x Universal Master Mix and TaqMan expression assay primers 

(Supplemental Table 4.1; Applied Biosystems; Grand Island, NY). Relative expression was 

quantified using the 2ΔΔCt method, in which ΔΔCt is the normalized value. Five independent 

reference genes, ribosomal protein S18 (Rps18), beta-actin (Actb), glyceraldehyde-3-

phosphate dehydrogenase (Gapdh), and beta-glucuronidase (Gusb) were used for 

normalization 279.  

Data and Statistical Analysis 

 All procedures, measurements and endpoint assessments were made by an observer 

blinded to treatments, litter, and sex when appropriate. To avoid the influence of extreme litter 

size on endpoint sensitivity, litters with fewer than 6 pups were excluded from analysis and 

litters with greater than 14 pups were culled to a maximum of 12 281. All animal assignments 

and litter information are provided (Supplemental Table 4.2).  

Growth curve analysis was performed using a repeated measure (RM) one-way analysis 

of variance (ANOVA) within sex with postnatal day as the repeated measure. Body weight 

and adipose weight differences at each time point were analyzed using two-way ANOVA (sex, 

exposure), with litter size included as a covariate. For GTT/ITT a RM two-way ANOVA (sex, 
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exposure) was run with time after injection as the repeated measure. Results of Oil Red O 

and glycogen staining were analyzed using a Mann-Whitney U (based on normality tests). If 

overall effects were significant, a Fisher’s least significant differences post hoc test was 

performed to evaluate pair-wise differences. A Fisher’s exact test was used to evaluate 

incidence of pre-neoplastic and non-neoplastic lesions, and multinomial logistic regression 

was used to evaluate lesion severity. Effect sizes were calculated depending on the statistical 

test, values for “η2” for ANOVA, “Cohen’s d” for t-tests, and “r” for Mann-Whitney U are 

reported. A Student’s t-test was used for analysis of total plasma triglycerides, plasma 

thyroxine, total hepatic lipids, and glycogen content. Unless specifically noted, the 

experimental unit for analysis was the litter; when necessary, litter and litter size were included 

in statistical models as covariates. Significance between differences in values were defined 

as p < .05. All data was analyzed using Prism® v8 (GraphPad; La Jolla, California) and SPSS 

V.25 (IBM, California). 
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Table 4.1.  Gestational exposure, food and water consumption, dam and litter 
characteristics  

  Control (0 Cd) 500 ppb CdCl2 

Water Consumption (ml per day, GD0-PND0) 5.6 ± 0.9 (16) 5.3 ± 1.0 (18) 

Cd Exposure (mg/kg/day) 0 0.050 ± 0.003 

      

Gestational Food Consumption (g per day)# 4.58 ± 0.4 (15) 4.42 ± 0.4 (17) 

Gestational Food Consumption (kcal per day) 18.3 ± 1.6 (15) 17.7 ± 1.6 (17) 

Perinatal (PND1-10) Food Consumption (g/day) 9.0 ± 0.7 (15) 9.4 ± 1.6 (17) 

Perinatal (PND1-10) Food Consumption (kcal/day) 35.7 ± 2.6 (15) 36.9 ± 7.8 (17) 

   

Juvenile (PND21-42) Food Consumption 4.21 ± 0.5 (15) 4.14 ± 0.9 (17) 

Female 4.42 ± 1.12 3.86 ± 0.21 

Male 4.01 ± 1.02 4.48 ± 0.65 

Young Adult (PND42-90) Food Consumption 4.52 ± 0.4 (6) 4.32 ± 0.4 (9) 

Female 4.74 ± 1.19 4.45 ± 0.16 

Male 4.3 ± 1.09 4.18 ± 0.25 

Adult (PND90-120) Food Consumption 5.88 ± 0.7 (5) 5.32 ± 0.6 (8) 

Female 5.52 ± 1.41 5.31 ± 0.34 

Male 6.23 ± 1.57 5.33 ± 0.22 

    

Gestational Weight Gain (g) 23.8 ± 4.0 (16) 24.6 ± 5.2 (18) 

Number of Pups per litter 11.4 ± 1.8 (16)  11.7 ± 1.7 (18)  

Sex Ratio  
54% Female 

46% Male 
48% Female 

52% Male 

Values represent group mean ± SD; the number of samples analyzed is shown in parenthesis. 1 dam in each 
group was excluded from all analyses because of death prior to parturition, and two litters were excluded from 
the control group due to small litter size. #: 1 dam in each group was excluded because they ground food onto 
cage bottom. kcal = grams *4. GD; gestational day. PND; postnatal day.  
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Results 

Maternal weight gain, water consumption, and food consumption was unaffected 

Analysis of maternal water and food consumption indicated no significant differences 

in water consumption (t(26) = .83, p = .41, d = .32), food consumption during gestation (t(24) 

= .78, p = .44, d = .31), or perinatal food consumption (t(18) = .72, p = .48, d = .32) (Table 4.1) 

. Mean daily intake of Cd in the CdCl2 exposure group during acclimation and gestational 

exposure period (GD0 to PND10) was 0.050 ± 0.003 mg/kg/day, an exposure equivalent to 

the ATSDR intermediate duration minimal risk level (ATSDR, 2012). At mating, blood Cd 

concentrations in control dams was below the limit of quantification (0.1 µg/L), and 0.42 ± 0.04 

µg/L (n=3) in CdCl2-exposed dams. Tissue Cd levels in female offspring from both control 

and exposure groups at PND42 were below the limit of detection (0.08 µg/L; n=3 per group).  

There were no changes in maternal weight gain during gestation (t(18) = .37, p = .72, 

d = .16), and there was no effect of exposure on litter size (t(18) = .38, p = .71., d = .17). Male 

and female offspring consumed similar amounts of food, and no exposure related changes in 

food consumption were observed in either sex during the juvenile period of growth (PND21-

42) (t(18) = .18, p = .86, d = .10), or in adults (PND42-90: t(13) = .88, p = .40, d = .46; PND90-

120: t(13) = 1.7, p = .12, d = .87) (Table 4.1).  

Maternal Cd-exposure decreased offspring hemoglobin levels at birth 

Maternal blood hemoglobin levels were unaffected by CdCl2 exposure. Offspring 

hemoglobin levels at birth were significantly lower in both male (t(10) = 3.5,  p = .006, d = 

2.18) and female offspring (t(11) = 2.9,  p = .01, d = 1.65) in the CdCl2 exposure groups 

compared to same-sex controls. This effect was transient, with no differences between control 

and Cd-exposed groups detected at weaning (male: (t(7) = 1.1, p = .30, d = .74); female: (t(8) 

= .66, p = .53, d = .42) (Supplemental Table 4.3). 
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Gestational Cd-exposure increases adult female body weight and adiposity 

Gestational Cd exposure increased body weight and perigonadal fat weight in female 

offspring (Figure 4.1B-E). At GD18, exposed mice were heavier (F(1, 72 = 4.73, p = .03, η2 = 

.17)), with post hoc analysis indicating that only CdCl2-exposed females were significantly 

heavier than unexposed controls (females: p = .02; males: p = .48). At PND1, Cd-exposed 

offspring were heavier (F(1, 307 = 20.0, p < .001, η2 = .12); both males and females were 

significantly heavier than same sex controls at PND1 (females: p < .001; males: p < .001). 

Differences in weight during perinatal development were transient and not observed after 

PND1. The growth curve for Cd-exposed female offspring was significantly different from 

control females (F(1, 7) = 101, p < .001, η2 = .94), with the mean weight of females in the 

exposed group becoming significantly heavier after PND90 (p = .003) (Figure 4.1B). After 

PND1, there were no differences in weight or growth trajectory of the exposed male offspring 

(F(1, 5) = .303, p = .61, η2 = .06) (Figure 4.1C). 

Perigonadal fat weight was increased 2.5-fold in exposed females at PND90 and 7-

fold at PND120 (Figure 4.1D, 3.1E). Two-way ANOVA found a significant interaction of sex 

and exposure on fat weight (PND90: (F(1, 26) = 4.7, p = .04, η2 = .18); PND120: (F(1, 23) = 

5.0, p = .04 η2 = .22)). At each time point, post hoc analysis using Fisher’s LSD found 

increased fat pad weight only in Cd-exposed females (PND90: females, p = .003; males, p = 

.33; PND120: females, p = .001; males, p = .20). 

Along with increased adiposity, dyslipidemia was evident in Cd-exposed females with 

increased circulating triglycerides (t(19) = 2.1, p = .047, d = .91) (Figure 4.1F). No differences 

were detected in males (t(14) = .65, p =.53, d = .33). There were no differences in serum T4 

levels in either sex (Figure 4.1G; female: (t(12) = .68, p = .51, d = .36); male: (t(11) = 1.3, p = 

.22, d = .70). 
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Figure 4.2. Effects of gestational exposure to CdCl2 on glucose (PND42) and insulin tolerance 
(PND49). Following a 16-h fast, a glucose bolus was administered, and glucose measurements were 
taken at regular intervals. On PND42, peak glucose was increased, and glucose clearance was 
decreased in female (A) and male (B) offspring gestationally exposed to 500 ppb CdCl2. Glucose 
AUC for the GTT is depicted (C). Following a 4-h fast, an insulin  bolus was administered, and 
glucose measurements were taken at regular intervals. On PND49, glucose was delayed in returning 
to basal levels in female (D) and male (E) Cd-exposed offspring. Glucose AUC for the ITT is depicted 
(F). Females: control, n=3; CdCl2, n=5. Males: control, n=3; CdCl2, n=5. 

 

Cd-exposure differentially alters glucose and insulin responses  

 Glucose tolerance and insulin tolerance testing of 6-7 week old offspring revealed 

impaired responses in both males and females. Repeated measures two-way ANOVA (sex, 

exposure) revealed a significant (F(1, 11) = 26.8, p < .001, η2 = .69) effect of exposure on 

peak glucose levels during GTT (Figure 4.2A-B). Post hoc analysis revealed that the effect of 

gestational exposure was significant in both sexes (females: p = .02; males: p = .03). 

Repeated measures two-way ANOVA (sex, exposure) indicated a significant effect of Cd 

exposure on glucose clearance during GTT (F(1, 11) = 17.8, p = .001, η2 = .62) in both sexes 

(females: p = .004; males: p = .007). Area under the curve (AUC) analysis for both males and 

females also indicated the effect of gestational Cd-exposure significantly altered the response 

to glucose challenge (F(3, 11 = 12.3, p = .0006, η2 = .75) in both sexes (females: p = .005; 
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males: p = .006) (Figure 4.2C). Two-way ANOVA (sex, exposure) revealed a significant 

(F(1,14) = 17.8, p = .001, η2 = .62) effect of exposure on return to basal glucose levels 

following an insulin bolus during ITT (Figure 4.2D-E). Post hoc analysis revealed the effect of 

gestational exposure was significant in both sexes (females: p =.001; males: p = .01), but the 

effect was more pronounced in females, with exposed males only significantly different at the 

15 and 30-minute timepoints. Analysis of AUC indicated the effect of gestational Cd-exposure 

significantly altered the insulin response only in females (F(3, 11 = 4.7, p = .02, η2 = .56; 

females: p = .01; males: p = .17; Figure 4.2F).  

Hepatic pathology 

Macroscopic evidence of fatty livers during necropsy was observable only in females 

beginning at PND42. Hepatic steatosis at PND42 was confirmed using Oil Red O staining of 

accumulated neutral lipids (Figure 4.3A-D). A 3.3-fold increase in lipid droplet staining was 

observed in livers of Cd-exposed female offspring (Figure 4.3A, Control: Mdn = 5.1; Figure 

4.3C, Cd-exposed: Mdn = 15.5, U = 0, p = .02, r = .69) demonstrating female-specific hepatic 

steatosis at this early age (Figure 4.3E). There were no significant changes in males (Figure 

4.3B, control: Mdn = 6.9; Figure 4.3D, Cd-exposed: Mdn = 8.7, U = 16, p = .82, r = .19). No 

differences in hepatic glycogen storage were observed in either females (Control: Mdn = 13.4; 

Cd-exposed: Mdn = 34.2, U = 15, p = .70, r = .28) or males (control Mdn = 21.2; Cd-exposed: 

Mdn = 28.5, U = 16, p = .82, r = .19). Masson’s trichrome staining revealed a significant and 

progressive increases in incidence and severity of pre-neoplastic and non-neoplastic hepatic 

lesions in adult female livers (Table 4.2; Figure 4.3F-H). Minimal age-dependent increases in 

hepatic fibrosis unrelated to exposure were notable in livers of each sex. 
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Figure 4.3. Effects of gestational exposure to CdCl2 on hepatic morphology and pathology in CD-1 
mice. Shown are representative photomicrographs of Oil red O stained liver sections from a PND42 
control female (A) and male (B) CD-1 mouse and from a female (C) and male (D) exposed to 500ppb 
CdCl2 (during gestation). Quantitative analysis of the percent staining intensity relative to controls is 
presented for females and males (E). Representative photomicrographs of Masson’s trichrome 
stained liver sections from female CD-1 mice exposed to 500 ppb CdCl2 (during gestation) collected 
on PND90 and PND120. Images fromPND90 show fatty change (F), hypertrophy (G, H), and 
inflammation (F, H) throughout. Black arrows indicate mononuclear infiltration (F, H). Black 
arrowheads indicate multinucleated cells (G). Scale bars represents 100 mm. Oil red O: PND 42 
Females: control, n=6; CdCl2, n=6.Males: control, n=6; CdCl2, n=6. Masson’s trichrome: PND90 
Females: control, n=6; CdCl2, n=7. PND120 Females: control, n=5; CdCl2, n=8. 
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Table 4.2. Pre-neoplastic and Non-neoplastic Lesions  

Pre-neoplastic      Lesion Control Gestational CdCl2 Control Gestational CdCl2 

  PND90 PND120 

Clear cell focus 1 (.16) 5 (2.0)# 2 (.40) 7* (1.8) 

Eosinophilic focus 0 (0) 1 (.14) 0 (0) 1 (.25) 
Basophilic focus 0 (0) 0 (0) 0 (0) 0 (0) 
Mononuclear infiltration 2 (.83) 7* (2.0) 5 (2.4) 8* (3.5) 
Neutrophil infiltration 0 (0) 0 (0) 0 (0) 0 (0) 
Multinucleated cells 0 (0) 5* (.86) 1 (.20) 8* (1.38) 

Non-neoplastic Lesion Control Gestational CdCl2 Control Gestational CdCl2 

  PND90 PND120 

Fatty change, diffuse 4 (.89) 7 (2.4)# 2 (.60) 8* (3.3) 

Inflammation 1 (.17) 7* (1.86)# 2 (.60) 8* (2) 

Fibrosis 0 (0) 0 (0) 4 (1.2) 3 (1) 
Hyperplasia 0 (0) 5* (1) 2 (.40) 8* (1.38) 
Hypertrophy 1 (.17) 4 (.71) 0 (0) 6* (1.5) 
Number of Animals 6 7 5 6 
Values represent incidence with severity score in parenthesis. Significant differences in incidences relative to 
control are indicated in the CdCl2 column * = p < .05. Significant differences in severities relative to control are 
indicated in the CdCl2 column. # = p < .05 
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Figure 4.4. Hepatic transcriptome changes measured by RNAseq analysis on PND42. RNA isolated 
from the liver of control and gestationally CdCl2-exposed  offspring on PND42 was used for RNA-
sequencing analysis. On PND42, principal components analysis shows segregation by exposure in 
females but not males (A). The top 10 canonical pathways altered by Cd exposure are shown for 
females on PND42 (B) with 5789 genes differentially expressed in females and only 11 in males. The 
percentage of upregulated genes are denoted on the right and downregulated on the left of each bar. 
Ingenuity pathway analysis of the hepatic transcriptome of PND42 CdCl2-exposed female mice 
revealed significant changes in the retinoate biosynthesis, RAR activation, and insulin signaling 
canonical pathways. Differentially expressed genes in RA signaling (C) and insulin signaling 
pathways (D) are shown. Processes predicted to be affected altered based on gene expression 
analysis are shown in gray. Females: control, n=4; CdCl2, n=4. Males: control, n=4; CdCl2, n=4. 
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Figure 4.5. Hepatic transcriptome changes measured by RNAseq analysis from birth through 
adulthood. RNA isolated from the liver of control and gestationally CdCl2-exposed offspring on PND1, 
PND21, and PND42 was used for RNA-sequencing analysis. Principal components analysis shows 
segregation by timepoint of analysis (A). Overlap between differentially expressed genes is shown in 
a Venn diagram (B). The top 10 canonical pathways altered by Cd exposure are shown for females 
on PND1 (C) and PND21 (D). The percentage of upregulated genes are denoted by the barss. PND1: 
Females: control, n = 4; CdCl2, n = 4. PND21: Females: control, n = 3; CdCl2, n = 3. PND42: 
Females: control, n = 4; CdCl2, n = 4. 
 

 

Figure 4.6. Quantitative reverse transcription PCR (qRT-PCR) analysis of insulin signaling 
transcriptomic signature genes and Slc39a8 and Slc39a14 gene expression. Quantitative RT-PCR 
analysis comparison of unexposed and CdCl2-exposed (500 ppb) CD-1 female mice on PND42 for 
selected genes related to insulin signaling are shown (A). Differential expression of the genes 
encoding the metal ion transporters Zip8 and Zip14 on PND1, PND21, and PND42 are shown (B). 
Relative differences in gene expression between control and exposed groups were determined by the 
ΔΔ cycle threshold method with specific TaqMan assays and TaqMan Custom Format Array 
(Supplementary Table 4.1). Results are expressed as mean of group ± SEM with significantly 
upregulated and downregulated mRNAs indicated. N≥3 animals. The level of statistical significance 
for differences between mean values of control and CdCl2-exposed groups was determined by 
Student’s t test for all experiments and is indicated by *p<0.05. 
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Hepatic transcriptome analysis  

Transcriptome analysis was initially performed at PND42 to evaluate the sex-specific 

differences in hepatic metabolic responses to gestational Cd-exposure and the mechanisms 

underlying the female-specific steatoses. The hepatic transcriptome of males was essentially 

unchanged by exposure with only 11 DEGs identified (Padj < .05; Geo Accession 

GSE150679). By contrast, at PND42 there were 5789 DEGS; of those, 3103 (54%) were 

downregulated and 2686 (46%) were upregulated in livers of the Cd-exposed females 

(Supplemental Figure 4.1; Geo Accession GSE150679). Consistent with those findings, 

principal components analysis showed segregation by sex and exposure with sex accounting 

for 14.9% of the variance and gestational Cd-exposure accounting for 38.8% of the observed 

variance (Figure 4.4A).  

Gene ontology (GO) and IPA network analysis identified significantly enriched 

signaling pathways related to stress-responses (EIF2 signaling, NRF2 signaling, and protein 

ubiquitination), mitochondrial dysfunction, sirtuin signaling and senescence, regulation of eIF4 

and P70S6K and mTOR signaling, cancer mechanisms, and estrogen receptor signaling 

pathways in PND42 female liver transcriptome (Figure 4.4B; Geo Accession GSE150679). 

Significant (padj < .01) enrichment for 658 GO molecular processes were identified 

(Supplemental Table 4.4). Many (>18%) of those processes are involved in metabolism or 

energy balance, suggesting a generalized disruption of mitochondrial functions and metabolic 

processes. The 10 most significantly enriched signaling pathways are related to mitochondrial 

dysfunction, sirtuin signaling, retinoic acid (RA) biosynthesis, and retinoic acid receptor (RAR) 

activity (Figure 4.4B). The alterations in RA-related canonical pathways are striking, wherein 

13/34 genes in the RA biosynthesis pathway (z-score = -2.3, p = .03) and 70/194 genes in the 

RAR activation pathway were differentially expressed (p = .00002; Figure 4.4C).  

There was also significant enrichment in 124 biological functions including ubiquinone 

activity, and cation, metal, zinc, and iron ion binding (Supplemental Table 4.4). Consistent 
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with the notable hepatic insulin insensitivity, the canonical insulin signaling pathway was 

significantly downregulated (z = -2.1, p < .0001) with differential expression in 47/137 genes 

(Figure 4.4D). The Insr upstream regulator was predicted to be significantly inhibited with 43 

of 83 DEGs in the insulin receptor signaling pathway (z-score = -4.604, p = .0002). Glycolysis 

(9/23 genes, z-score = -2.3, p = .03) and Igf1 signaling pathways (31/102, z-score = -0.85, p 

= .01) were also downregulated in livers of the Cd-exposed females. Pathway and upstream 

regulator analysis also revealed changes in protein folding related to endoplasmic reticulum 

stress, oxidative stress, lipid metabolism, and glucose metabolism that were consistent with 

the observed hepatic insulin insensitivity and steatoses phenotypes in the Cd-exposed female 

offspring.  

Comparative differential gene expression and functional genomic analysis of Cd-

induced modifications of the liver transcriptome in female offspring at PND1, PND21 and 

PND42 were used to evaluate the developmental progression and mechanism of Cd-induced 

of hepatic steatosis. Principal components analysis of the hepatic gene expression data sets 

at PND1, PND21, and PND42 indicated that postnatal day accounted for 64.3% of the 

observed variance (Figure 4.5A), with a minimal overlap of 13 common DEGs shared across 

all time points (Supplemental Table 4.5).  There were 20 DEGs shared between PND1 and 

PND21 (Figure 4.5B; Supplemental Table 4.6). Pathway over-representation analysis 

identified significant over enrichment of shared DEGs involved in retinol metabolism, fatty acid 

metabolism and non-alcoholic fatty liver (NAFLD) disease. Significant over-representation of 

multiple pathways involved with ER stress and misfolded protein responses in the ER were 

identified in the 150 overlapping DEGs shared between the PND21 and PND42 time points. 

 In CdCl2-exposed females at PND1, there were 278 genes differentially expressed in 

liver tissue compared to controls (Supplemental Figure 4.2; Geo Accession GSE150679). 

Gene ontology group analysis identified significant (padj < .01) enrichment for 41 GO 

molecular processes and 16 biological functions, primarily related to dysregulation of cellular 
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metabolism, mitochondrial function, and stress-related functions (Supplemental Table 4.7). 

The 10 most significantly enriched signaling pathways were related to mitochondrial 

dysfunction, sirtuin signaling, RA biosynthesis and RAR activity (Figure 4.5C). At PND21, 446 

DEGs were identified (Supplemental Figure 4.3; Geo Accession GSE150679), with GO group 

analysis identifying significant (padj < .01) enrichment for 219 GO molecular processes and 

48 biological functions. Many identified functional groups (>37%) were involved in metabolic 

processes, with evident enrichment of processes and functions related to oxidative and ER 

stress (Supplemental Table 4.8). There was also over-representation of functions related to 

metal ion binding, suggestive of compensatory changes in metal ion homeostasis following 

Cd-exposure. The top 10 canonical pathways altered by Cd exposure at PND21 were 

unfolded protein response, BAG2 signaling pathway, pregnolone biosynthesis, histidine 

degradation VI, ubiquinol-10 biosynthesiss, endoplasmic reticulum stress pathway, 

Huntington’s disease signaling, Nrf2-mediated oxidative stress response, aldosterone 

signaling in epithelial cells, and acetone degradation (Figure 4.5D). At PND21, the PPARα 

signaling pathway (z-score = -0.816, p = .009) and other related canonical pathways including 

PPARα/RXRα (z-score = -0.333, p = .002) were downregulated.  

Quantitative RT-PCR validation  

Quantitative RT-PCR was used to validate the subset of DEGs identified by RNAseq 

and comprehensively evaluate dysregulation of insulin signaling pathway and the genes 

encoding the Zn/Mn transporters, Zip 8 (Slc39a8) and Zip 14 (Slc39a14), in female livers 

(Figure 4.6). At PND42, there were significant effects of exposure on expression of 13/14 

analyzed mRNA transcripts from the insulin-signaling pathway (Figure 4.6A; Supplemental 

Table 4.1).  In Cd-exposed females, Scl39a8 mRNA expression was significantly upregulated 

at PND42, and Slc39a14, which is expressed at much higher levels, was significantly 

downregulated compared to unexposed females at PND21 and 42 in Cd-exposed females 

(Figure 4.6B; Supplemental Table 4.1). 
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Discussion 

To explore the hypothesis that developmental Cd exposure increased risk of obesity 

in later in life, in utero and perinatal exposure of CD-1 mice from GD0-PND10 to CdCl2 was 

used to model Cd exposure during a human gestational equivalent period 346.  Exposure levels 

were equivalent to the intermediate-duration minimal risk level defined by ATSDR and similar 

to those found in many human cohorts. Because of the short  duration of exposure and the 

relatively low concentration of Cd in drinking water, the resulting Cd exposure was lower and 

of much shorter duration than those causing acute or chronic toxicity 178,275,321. While not 

considered a toxic exposure, maternally administered 500 ppb CdCl2 resulted in a remarkable 

metabolic syndrome-like phenotype in the exposed adult female offspring as evidenced by 

early onset insulin insensitivity, increased circulating triglycerides, nonalcoholic fatty liver 

disease (NAFLD)-like pathology with excessive adiposity and weight gain as adults. The 

observed exposure-related effects were sexually dimorphic. Adult male body weight, 

adiposity, and hepatic lipid accumulation were unchanged by gestational CdCl2 exposures. In 

both sexes, Cd-exposure decreased glucose clearance and insulin sensitivity relative to 

same-sex controls; however, the insulin insensitivity of females was more severe. Further 

evidence of major metabolic changes in Cd-exposed females included progressive increases 

in hepatic pathology and increased incidence and severity of pre-neoplastic lesions 

associated with development of hepatocellular carcinoma 272. Together, the findings of this 

study provide evidence that exposure to Cd during gestation results in disruption of hepatic 

lipid and carbohydrate metabolism that induces metabolic syndrome and progressive obesity 

in female adult mice.  

Gestational CdCl2 induces obesity in adult female offspring 

Exposure of mice to 500ppb CdCl2 during the pre- and perinatal period of development 

equivalent to human gestation acted as a delayed obesogen in exposed female offspring. By 

PND90, female body weight was increased 23% and perigonadal fat weight was more than 
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220% greater than age matched control females. At PND120, Cd-exposed females were 30% 

heavier and had 700% more perigonadal fat than unexposed control females. Those findings 

are concordant with accumulating evidence linking elevated Cd exposure during gestation 

with increased risk of obesity and T2D later in life 334,347–351. In humans, prenatal Cd exposure 

is associated with lower birth weight followed by a steep rise in adiposity and increased obesity 

by age five years 348. Steep growth trajectories in early life, like those caused by prenatal Cd 

exposure, are a consistent risk factor for metabolic disease in adulthood 352. However, beyond 

weight and height measures, there is little understanding of the ways in which gestational Cd 

exposure alters metabolic function in humans. The mechanistic consistency of the 

developmental impact of Cd exposure observed here, and the well-defined mechanisms of 

Cd toxicity, sets the stage for rational public health policy aimed at protecting against later-in-

life adverse effects of developmental Cd-exposures. It is notable that at the end of gestation, 

offspring mice were heavier than same-sex controls; the difference between humans and mice 

are likely attributable to differences in levels or impacts of exposure occurring during later 

periods of human gestational development and the corresponding perinatal development in 

the mouse offspring. 

Gestational CdCl2 dysregulates glucose metabolism in adult offspring of both sexes 

In humans, insulin resistance is a hallmark feature of metabolic syndrome and T2D 

353. Gestational Cd exposure resulted in impaired glucose homeostasis in the young adult 

offspring of both sexes. The exposure-related changes in response to glucose bolus during 

GTT in Cd-exposed male and female offspring were similar; compared to same sex controls 

peak glucose concentrations were increased and the rate of glucose clearance was 

decreased. Those results are similar to a previous study that found exposure to 500 ppb Cd 

during gestation decreased glucose clearance at weaning, that resulted in insulin resistance 

in adult Wistar rats 354. 
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The significant peripheral insulin resistance, hepatic lipid accumulation and steatosis 

observed in the Cd-exposed female offspring is constant with a pathophysiological 

mechanism mediated by decreased hepatic insulin clearance resulting in hyperinsulinemia, 

leading to lipotoxicity, with subsequent weight gain and increased adiposity 355,356. This 

interpretation is supported by the observed female-specific changes in the hepatic 

transcriptome at PND42 that revealed significant impacts on insulin-signaling pathway, 

including upregulation of insulin receptor (Insr) and the insulin-like growth factor receptor 

(Igf1r) effects that are indicative of hepatic insulin resistance 357,358. In Cd-exposed males, the 

observed decrease in glucose clearance without pronounced insulin insensitivity, and the lack 

of exposure-induced changes in hepatic gene expression, suggest that the altered glucose 

metabolism observed in Cd-exposed males was independent of altered hepatic functions and 

largely unrelated to the hepatic insulin insensitivity observed in exposed females. Rather, 

insulin resistance in males may involve pancreatic insulin secretion impairment, an 

interpretation consistent with previous studies that found Cd can cause pancreatic β-cell 

toxicity leading to decreased insulin secretion 359–361. Defining the specific nature of the Cd-

induced changes of glucose metabolism in males will require additional study focusing on 

impacts of sex differences in gestational Cd and pancreatic functions. 

Gestational CdCl2 induces hepatic steatosis in female offspring 

Although Cd-exposure ended at PND10 and Cd was not detectable in the liver at 

PND42, gestational exposure to 500 ppb CdCl2 caused dyslipidemia, increased hepatic lipid 

deposition, and altered expression of NAFLD-related genes in the livers of adult females. At 

PND42, a 400% increase in hepatic lipid accumulation and a 33% increase in circulating 

triglycerides was observed in females. This robust steatosis phenotype in female offspring 

contrasts with the lack of observed effects in male offspring, consistent with a previous 20-

week chronic exposure study in adult male C57BL/6J mice exposed to 10,000 ppb CdCl2,  

where only a modest 4% increase to hepatic lipid deposition was detected 362. These findings 
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suggest that along with sex, exposure timing, dose, and duration of Cd exposure are important 

determinants of the resulting adverse metabolic effects. In addition to impacts of sex and strain 

on Cd-sensitivity, it is likely that Cd-exposure during critical periods of development cause 

more severe metabolic phenotypes than those resulting from adult exposures. Because 

gestational Cd exposure caused female-specific obesity, fatty liver disease, and hepatic 

insulin resistance, and no changes in lipid deposition, hepatic gene expression, or adiposity 

in age-matched male offspring, it is evident that sex is a major modifier of the developmental 

effects of Cd-mediated metabolic disruption. 

Gestational CdCl2 increased pre-neoplastic lesions in adult female liver 

Cadmium is a known carcinogen wherein environmental Cd exposure increases risk 

for development of hepatocellular carcinoma 363,364. In humans, nearly 50% of HCC arise in 

the absence of cirrhosis or fibrosis, but are instead highly associated with NAFLD and 

metabolic syndrome 365–367. Here, the comparative analysis of hepatic pathology revealed 

progressive impacts of gestational Cd-exposure in females. Age-related increases in body 

weight and adiposity were associated with progressive increases in inflammation, cellular 

hyperplasia, and hypertrophy. In addition, there was a significant and progressive increase in 

incidence and severity of pre-neoplastic lesion in the livers of the exposed female offspring. 

To our knowledge, this is the first analysis to find evidence for gestational-only Cd exposure 

increasing preneoplastic lesions later-in-life. Although HCC were not detected here, likely due 

to the duration of the study, the observed increases in preneoplastic lesions are consistent 

with 16-week chronic exposure studies in adult mice that found 1,500 ppb Cd increased the 

incidence of HCC and hepatic adenomas 368. While increased incidence was a secondary 

endpoint of the current study, the decreased dose and short duration of exposure employed 

here suggests that the carcinogenic effects of Cd may be increased during gestation relative 

to Cd-exposures occurring in adults. Additional longer duration analysis will be necessary to 

define the carcinogenic potency of gestational Cd exposures. 
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Link between Cd-induced metabolic-disruption and pre-neoplastic liver lesions 

In humans, NAFLD and T2D are associated with insulin resistance, inflammation, and 

oxidative stress that could promote the progression of HCC; incidence of HCC was 2-3 times 

higher in patients presenting with T2D 369,370. The changing DEG profiles from birth through 

adulthood in Cd-exposed female offspring observed here were consistent with the observed 

progression of metabolic changes and increases in hepatic pathology. Gestational Cd 

exposure altered EIF2 signaling, unfolded protein response, ER stress, sterol biosynthesis, 

and mitochondrial dysfunction signaling pathways as early as PND1, and those changes 

persisted in adult females. At PND21, gestational Cd exposure was associated with transient 

downregulation of PPARα-related pathways that was not evident at PND1 or 42. Compared 

to control, DEGs involved in fatty acid β-oxidation and FXR-RXR signaling were 

downregulated at birth and again at PND42, but not at PND21. Consistent with no detectable 

increases in pathologic fibrosis at any timepoint analyzed, there was no enrichment of DEGs 

in pathways associated with the inflammasome and fibrosis. These findings are similar to 

those found in diet-induced animal model studies of NAFLD where similar transcriptomic 

profiles and metabolic disease that progressed from NAFLD to steatohepatitis, fibrosis, and 

ultimately HCC later in life occur 371. As described above, hepatic insulin resistance and 

alterations in the hepatic insulin-signaling pathways were concomitant with hepatic lipid 

accumulation and appeared before progression to pre-neoplastic hepatic lesions. The time 

course and progression of the metabolic pathology observed here suggests that gestational 

Cd-exposure is causing peripheral insulin resistance and hepatic insulin insensitivity that are 

driving development of NAFLD, effects that priming offspring for increased HCC risk later in 

life. 

Gestational Cd exposure disrupts retinoic acid signaling 

Pathway and upstream regulator analysis of DEGs in the livers of the Cd-exposed 

females revealed exposure-related changes in RA metabolism and RAR signaling pathways 
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at every timepoint analyzed. Overall, these analyses suggest adverse metabolic actions of 

gestational Cd are mediated by developmental or metabolic disruption of retinoic acid (RA) 

signaling.  During embryogenesis, RA levels regulate anteroposterior patterning through 

RAR/RXR mediated induction of Hox gene expression 372. Gestational exposure to excessive 

levels of either retinoids or high concentrations of Cd can alter developmental patterning to 

cause a similar teratogenic spectrum of embryonic malformations 373–376. Combined exposure 

to Cd and RA induce a synergistic effect on these fetal malformations, suggesting mechanistic 

convergence between the RA and Cd toxicity pathways 377.  

Retinoids also have well-defined roles in regulating lipid and carbohydrate metabolism 

in the liver. Metabolic activity of RAR/RXR signaling by RA influences hepatic lipid metabolism 

by increasing lipolysis and the breakdown of triglycerides, while loss of RXR function causes 

increases in hepatic cholesterol and circulating triglyceride levels 378,379. In addition to inhibiting 

lipid biosynthesis in the liver, RA signaling is necessary for the maintenance of glucose-

stimulated insulin secretion and can repress the development of obesity and insulin resistance 

380–382. Conversely, vitamin A deficiency can induce hyperglycemia and reduce insulin 

secretion, leading to T2D 383. Previous analysis has also demonstrated that Cd alters RA 

signaling by upregulating genes involved in RA metabolism and inhibiting enzymes involved 

in RA degradation 384. The dysregulated expression of retinoid signaling pathways identified 

in the livers of Cd-exposed female-offspring provides further evidence that gestational Cd acts 

as an obesogenic RA disruptor that acts by altering RA signaling to induce metabolic disease 

in adulthood.  

Gestational Cd exposure induces oxidative and ER stress  

In sensitive tissues including the liver, chronic uptake and intracellular accumulation 

of excessive levels of Cd induce toxicity by inhibiting antioxidant activity, causing increased 

production of mitochondrial reactive oxygen species (ROS) that induce of oxidative stress 

385,386Cuypers et al. 2010). It is notable that even at the relatively low 500 ppb concentration 
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used here, gestational Cd exposure induced DEG patterns indicative of the hallmark 

molecular phenotypes of Cd toxicity that occur with longer duration exposures to higher 

concentrations of Cd 387–391. The patterns of DEGs identified in liver of Cd-exposed female 

offspring at each analyzed timepoint revealed the involvement of oxidative stress, 

mitochondrial dysfunction, and ER stress in the observed mechanism of metabolic 

dysfunction. Along with being a fundamental component of the mechanism of Cd toxicity, 

mitochondrial dysfunction also has a critical role in dysregulation of energy balance and 

metabolic processes associated with insulin resistance and T2D pathogenesis 392,393. The link 

between Cd-related toxicity and gestational Cd-induced metabolic disruption is further 

supported by the clear changes in DEGs associated with ER stress and unfolded protein 

response that have well-defined functions in abnormal lipid and energy metabolism and cause 

increased hepatic lipid accumulation and liver diseases including NAFLD and HCC 394,395.  

Zn transporters and Cd-induced metabolic disruption 

The molecular initiating event of Cd-induced toxicity is the cellular uptake of Cd by 

divalent cation transporters. The Zn/Mn transporter Zip14 encoded by the Slc39a14 gene is 

primarily responsible for intestinal uptake of ingested Cd and mediates intracellular Cd 

accumulation in liver, pancreas, and heart where it is expressed at the highest levels 

191,228,396,397. The expression of Slc39a14 was downregulated in livers of exposed females at 

weaning following gestational Cd exposure, and this effect persisted into adulthood 

concordant with an apparently compensatory increase in expression of Slc39a8, the gene 

encoding the Zip8 Zn transporter. A direct mechanistic connection of the observed changes 

in metal ion transporter gene expression to the mechanism of Cd metabolic effects in exposed 

female offspring is not possible. It is however noteworthy that genetic knock out of Slc39a14 

in mice results in a spectrum of altered metabolic phenotypes that include increased adiposity, 

altered glucose homeostasis, and impaired gluconeogenesis, and that these effects amplified 

with aging 398–400. Alterations in Zn homeostasis are associated with insulin resistance and 
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T2D, wherein Zn is protective against insulin resistance and Zn deficiency is associated with 

impaired insulin secretion and action 401–403. Defining the role of alterations in metal ion 

transporters in gestationally-induced Cd metabolic disruption will require further analysis 

aimed at defining the mechanistic role of metal ion homeostasis during the developmental 

progression of Cd- induced metabolic disease. 

Sex-specific responsiveness to Cd toxicity 

Female offspring exposed to gestational Cd developed metabolic syndrome, whereas 

males were largely unaffected. The mechanistic basis of this sexually dimorphic response to 

developmental exposure to Cd is unknown. In both human and experimental rodent models, 

females are more sensitive to the toxic effects of Cd than males. This increase in sensitivity 

has been attributed to the longer biological half-life of Cd in females 179,246. Because of the 

relatively low dose-duration of the gestational exposure, and the lack of evidence for Cd 

accumulation in liver, sex differences in Cd half-life are considered unlikely to have played a 

major role in mediating the markedly different metabolic impacts and hepatic pathology 

observed. Although studies examining the sex-related effects of environmental exposures on 

glucose metabolism exist for other toxicants, there is limited analysis of gestational Cd 

exposure on metabolic endpoints 404. At high concentrations, Cd has multiple activities that 

can alter steroid hormone concentrations and activities including alteration of steroid binding 

globulins concentrations, dysregulation of steroidogenesis, and some evidence that Cd may 

act as a metalloestrogen 223,225,248. However, there was a paucity of evidence from this analysis 

for direct involvement of steroid hormone related endocrine disruption in the etiology of the 

metabolic impacts observed. Considering the well-documented interactions of sex hormones, 

glucose metabolism, and insulin sensitivity, ongoing analysis of Cd toxicity must consider sex 

as an important modifier of Cd-mediated effects on insulin resistance and metabolic 

syndrome.   
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5. Conclusion 

Gestational Cd exposure in mice, at concentrations to which human populations are 

exposed, caused hepatic steatosis, dyslipidemia, glucose intolerance, and insulin resistance 

in young female offspring. In adult females, gestational Cd increased body and perigonadal 

fat weight and increase liver pathology that indicates increased risk of HCC. These findings 

extend previous work demonstrating the carcinogenic potential of prolonged exposures, or 

exposures at higher concentrations, and find that female CD-1 mice are differentially 

susceptible to toxicity following gestational Cd exposure. Analysis of the hepatic transcriptome 

revealed mechanistic insight into the etiology of Cd-induced metabolic disease. Oxidative 

stress, ER stress, and mitochondrial dysfunction were notable at birth and progressed to 

pathologic metabolic disease in early adulthood, all of which point to alterations in the 

developmental programming, potentially involving disruptions in timing or levels of retinoic 

acid signaling. The severe liver damage and obesity induced in female offspring by relatively 

low levels of Cd during gestation is consistent with Cd acting as a developmental RA disruptor, 

obesogen and potential carcinogen.  
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Abstract 

Maternal cadmium (Cd) exposure can harm fetal development by restricting fetal growth, 

inducing trace element deficiencies, and promoting congenital malformations. To explore the 

hypothesis that perinatal Cd exposure persistently disrupts essential metal homeostasis, 

male and female CD-1 mice were maternally exposed to 500ppb CdCl2 from GD0 - PND10. 

Offspring were evaluated for alterations in essential tissue-specific metal content and mRNA 

expression. In Cd-exposed dams, liver Cd was 850 times higher than controls and 

comparable to liver Cd levels in non-occupationally exposed humans. At GD18, placenta Cd 

was 62 and 53 µg/kg and hepatic Cd was 29 and 5.5 µg/kg in females and males, 

respectively. At GD18, exposed females were heavier, whereas exposed males displayed 

decreased placental efficiency. At GD18, placental zinc was decreased 36% and hepatic 

zinc was increased 26% in Cd-exposed females. By weaning, females have decreased 

hepatic zinc, iron, and manganese that persists into adulthood. Gestational Cd exposure 

upregulated placental metallothionein mRNA expression in both sexes and downregulated 

hepatic metallothionein in females. Metal ion transporters responsible for metal uptake from 

maternal blood vessels into placenta and cord blood were upregulated in exposed females. 

Comprehensive evaluation of adult female liver at PND42 found altered metallothionein and 

metal ion transporter mRNA expression, with primary importer (Slc39a14) down- and 

primary exporter (Slc30a10) upregulated. Together, these results suggest Cd preferentially 

crosses the female placenta and accumulates in the liver and could account for increased 

susceptibility of female offspring to persistent metal homeostasis disruptions and previously 

reported metabolic syndrome in adulthood. 
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1. Introduction 

Cadmium (Cd) is a ubiquitous environmental contaminant ranked 7th on the list of 

toxicants of concern by the Agency for Toxic Substances and Disease Registry. 178 In adults, 

elevated Cd exposure increases risk of cardiovascular disease, hypertension, diabetes, 

osteoporosis, impaired kidney function, and cancer. 189,405 Emerging data also suggests that 

increased exposure during development can also increase risk for obesity in children. 359,406 

Employing an experimental mouse model of gestational exposure to human relevant  

concentrations of CdCl2 (500 ppb), we previously demonstrated that gestational Cd exposure 

resulted in maternal blood Cd levels equivalent to the geometric mean blood Cd 

concentrations for women of childbearing age in the US population. 185,407 In the Cd exposed 

offspring, hepatic steatosis, dyslipidemia, insulin resistance, and obesity were observed only 

in the adult females. Those female specific metabolic syndrome-like phenotypes resulted from 

hepatic insulin insensitivity and demonstrated that early life exposure to even very low 

concentrations of Cd is obesogenic.  Along with observed metabolic disruption, gestational 

Cd exposure also transiently increased hemoglobin levels at birth of both sexes but 

normalized to control levels by weaning. These findings suggested gestational exposure to 

Cd was influencing essential metal homeostasis during development. 185 

In contrast to our findings that brief exposures during development resulted in adverse 

metabolic impacts, Cd is generally considered a cumulative toxicant, meaning that toxic 

effects develop over time as levels accumulate due to poor excretion. 181,182 Cadmium 

accumulates primarily in the liver and kidney, with lower levels accumulating in pancreas, 

heart, testis, bone, and neural tissues. 178 The molecular initiating event for Cd-induced toxicity 

is cellular uptake of Cd2+ via divalent cation transporters. The noted organ-specific patterns of 

Cd uptake and toxicity is mediated by differential expression of SLC39 transporters, SLC30 

efflux transporters, and the divalent metal transporter-1 (DMT1) mediate intracellular Cd 

uptake. 227 The functional roles of the Zip8 (SLC39A8) and Zip14 (SLC39A14) Zinc (Zn) and 
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Manganese (Mn) transporter proteins in regulating the absorption, intracellular uptake, 

accumulation, and toxicity of Cd in the testis, kidney and liver are well established. 191,227–229 

In addition to its role in Zn and Cd ion transport, Zip14 is also the liver Mn transporter, which 

works in concert with the Mn efflux transporter Slc30a10 (ZnT10) to regulate homeostasis of 

the essential metal Mn. During pregnancy, there are additional responsible for uptake from 

the maternal blood vessels into the placenta and from the placenta into the fetal cord blood. 

In mammals, Cd has been demonstrated to cross the placenta with poor efficiency, but studies 

examining this process have measured the whole fetus for Cd content and did not consider 

sex 213. Metal ion transporters are established as crucial in essential divalent metal ion 

homeostasis, and exposure to Cd can disrupt these essential functions. 228 

Metallothioneins are metal-binding proteins that are also involved in regulation of 

absorption, transport, and homeostasis of essential trace metals, but MT also binds and 

sequesters toxic metals including Cd. 191,408–411 Cumulative Cd toxicity results from high-affinity 

binding of Cd2+ by metallothionein and a resulting dose-dependent loss of protective 

antioxidant mechanisms leading to oxidative damage. 191–193 Metallothionein is induced by 

increased levels of free Zn2+ via the metal-response element binding transcription factor 1 

(MTF-1) 245,412,413 and by free Cd2+ indirectly through the release of MT-bound Zn2+.411,414 

Cadmium-induced alterations in metallothionein expression may also contribute disruptions 

of essential metal homeostasis.  

To test the hypothesis that gestational Cd exposure disrupts offspring metal 

homeostasis and evaluate the mechanistic role of metal ion transporters and metallothionein 

in adverse effects in offspring, the 500 ppb CdCl2 in drinking water gestational exposure 

paradigm previously demonstrated to cause metabolic disruption in female offspring was 

again used here. 185 This exposure paradigm resulted in maternal hepatic Cd content within a 

range comparable to the general, non-occupationally exposed human public. 178,415–418 The 

impacts of Cd exposure in male and female offspring were evaluated for evidence of Cd 
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accumulation in liver and placenta, content of the essential metals Zinc (Zn), Iron (Fe), and 

Manganese (Mn) in the liver and placenta, transcription of genes involved in metal ion influx 

and efflux, and methylation of promoter regions upstream of those genes. Analyses included 

samples collected from gestational day (GD) 18 through postnatal day (PND) 120 to describe 

the progression of disruption to metal homeostasis in offspring following gestational Cd 

exposure.  
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2. Materials and Methods 

2.1 Animal Husbandry  

All animal procedures were carried out as previously described 185 and approved by 

the North Carolina State University (NCSU) Institutional Animal Care and Use Committee and 

followed recommendations of the Panel on Euthanasia of the American Veterinary Medical 

Association. Briefly, study animals were housed in single-use polyethylene cages (Innovive, 

San Diego, CA) with Sanichip bedding (PJ Murphy Forest Products Corp, Montville, NJ) and 

pulped virgin cotton fiber nestlets (Ancare, Bellmore, NY) on a 12:12 light cycle at 25°C and 

45%-60% average relative humidity in an AAALAC accredited animal facility. Defined AIN-

93G diet (D10012G; lot: 17010510A6, Research Diets, New Brunswick, NJ) and sterile 

drinking water produced from a reverse osmosis water purification system (Millipore Rios with 

ELIX UV/Progard 2, Billerica, MA) was supplied ad libitum. Strain CRL:CD-1(ICR) (CD-1) male 

and female breeder mice were obtained from Charles River Laboratories (Raleigh, NC). 

Beginning 2 weeks prior to mating and ending on postnatal day 10 (PND10), drinking water 

of dams in the Cd-exposed group was supplemented with a final concentration of 0.5 g/L 

(500 ppb) cadmium chloride (CdCl2; CAS 10108-64-2; 99.99% purity, Lot MKBM1769V, 

Sigma Aldrich). Beginning on PND10, drinking water for both control and exposed study 

groups for the remainder of the study was Cd-free.  

A subset of dams (n=3 per group) were euthanized by CO2 asphyxiation and rapid 

decapitation at GD18 and fetuses isolated 2-3 hours after lights on. Dams and fetuses were 

weighed and tissues collected. The intrauterine position of each fetus was recorded and fetal 

genetic sex determined by Sry-specific PCR as previously described. 273 For the remaining 

litters, litter size, pup sex, and pup weight was recorded on the day following parturition 

(PND1). Offspring were separated from dams at PND21 and housed 2-4 per cage separated 

by sex and study group. From each litter, one male and one female representative of the mean 

litter body weight was euthanized at PND1, PND21, PND42, PND90, and at study termination 
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on PND120. Study animals remained in their home cage, with food and water available, until 

euthanized by carbon dioxide asphyxiation or transcardiac perfusion under isoflurane 

anesthesia. All study animals were necropsied with study samples and tissues isolated at the 

time of sacrifice. Systematic bias was avoided by housing animals randomly on cage racks 

and ensuring the timing and order of measurements, data collection, and experimental 

manipulations were the same. Necropsy was performed at the same approximate time of day, 

independent of study group, and dependent on date of birth. For adult females, analysis and 

sample collection were performed in estrus. 

2.2 Tissue Isolation and ICP-MS 

At necropsy, tissues were dissected, frozen on powdered dry ice, and stored at -80oC 

until prepared for analysis. Samples were digested in 1 mL trace metal grade nitric acid 

(Thermo Fisher, Waltham, MA; Catalog #A509) and 1 mL hydrogen peroxide (Thermo Fisher, 

Waltham, MA; Catalog #H341) at 100 °C for 3 hours. Digested samples were allowed to cool 

and filtered through a 0.22-µm filter (Millipore Sigma, Burlington, MA; Catalog #SLMP025SS). 

The filtered solution was transferred to a 50 mL conical tube with internal standard mix solution 

added before adjusting to a final volume of 50 mL with deionized water and vortexing for 30 

seconds. Procedural blanks were included by preparing all samples identically without the 

addition any sample. Liver Cd levels in tissue isolated at necropsy on GD18, PND21, PND42, 

PND90, and PND120 were determined using an ICAP RQ ICP-MS (Thermo Fisher, Waltham, 

MA) at the NCSU Molecular Education, Technology and Research Innovation Center as 

previously described. 275 Bovine liver standard (SRM 1577c) was purchased from the National 

Institute of Science and Technology. The accuracy and precision of our analysis for tissue 

cadmium, zinc, iron and manganese levels were assessed with simultaneous analysis of a 

standard reference bovine liver (SRM 1577c). Certified values for the metals in the reference 

bovine liver were 97, 181100, 197940, and 10460 µg/kg dry-tissue weight for Cd, Zn, Fe, and 

Mn, respectively. Our analysis of the reference bovine liver gave mean and standard deviation 
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values (n = 17) of 98 +/- 6.9 µg/kg for Cd and 189 +/- 23, and 206 +/- 27, and 13 +/- 1.9 mg/kg 

dry-tissue weight for Zn, Fe, and Mn, respectively. The coefficient of variation for the NIST 

SRM was 7.0% for cadmium, 12.1% for zinc, 13.3% for iron, and 13.8% for manganese. 

Seven samples were lost due to inadequate tissue quantity for ICP-MS.  

2.3 Quantitative RT-PCR analysis  

Total RNA was isolated using the RNEasy Mini Kit (Qiagen, Valencia, CA). One µg of 

RNA was reverse transcribed using the high-capacity cDNA reverse transcription kit (Applied 

Biosystems; Grand Island, NY) following manufacturer’s recommendations. Standard PCR 

amplification was performed in triplicate on a Step One Plus Real-Time PCR System (Applied 

Biosystems; Grand Island, NY) in a final volume of 20 µL containing ~10 ng of cDNA (1.5 µL 

of RT product), 1x Universal Master Mix and TaqMan expression assay primers 

(Supplemental Table 1); Applied Biosystems; Grand Island, NY). Relative expression was 

quantified using the 2ΔΔCt method, in which ΔΔCt is the normalized value. 

2.4 Analysis of DNA methylation in putative promoter regions  

Bisulfite pyrosequencing analyses were developed to quantitatively measure the level 

of methylation at CpG sites within putative promoter regions upstream of the metal ion 

transporters Slc30a10 and Slc39a14. Genomic DNA (1 µg) was treated with sodium bisulfite 

using the EZ DNA Methylation Gold Kit per manufacturer’s instructions (Zymo Research; 

Irvina, CA) to convert unmethylated cytosines to uracils while leaving methylated cytosines 

intact. Bisulfite converted DNA (~20 ng) was amplified by PCR in a 25 µl reaction volume 

using HotStartTaq plus DNA polymerase (Qiagen) with 1.5mM MgCl2 and 0.12 µM each of 

the forward and reverse primers listed. Each reaction also contained 2.5 µl of CoralLoad 

Concentrate (Qiagen) to allow verification of amplicon amplification and integrity on an 

agarose gel. The reverse primer of each pair was conjugated to biotin at the 5’ end to facilitate 

retention of a single strand using streptavidin beads for the pyrosequencing reaction. Single 

stranded amplicons were isolated on the Pyrosequencing Work Station and pyrosequencing 
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was performed on a Pyromark Q96 MD instrument (Qiagen). PCR and pyrosequencing 

primers and amplification conditions are provided in Supplemental Table 2). Pyrosequencing 

assays were performed in duplicate and the values shown represent the mean methylation 

for the CpG sites contained within the sequence analyzed. Using these methods, a minimum 

5% difference in methylation can be detected. 280 

2.5 Data and Statistical Analysis 

All procedures, measurements and endpoint assessments were made by an observer 

blinded to treatments, litter, and sex when appropriate. To avoid the influence of extreme litter 

size on endpoint sensitivity, litters with fewer than 6 pups were excluded from analysis and 

litters with greater than 14 pups were culled to a maximum of 12. 281 For analysis of body 

weight, placenta weight, and placental efficiency, data were analyzed using two-way ANOVA 

(sex, exposure), with litter size included as a covariate. For trace metal content, data were 

analyzed using a two-way ANOVA (sex, exposure) for each metal at each timepoint with litter 

size and litter included as covariates where appropriate. If overall effects were significant, a 

Fisher’s least significant differences post hoc test was performed to evaluate pair-wise 

differences. Effect sizes were calculated depending on the statistical test, values for “η2” for 

ANOVA, “Cohen’s d” for t-tests, and “r” for Mann-Whitney U are reported. Significance 

between differences in values were defined as p < .05. All data was analyzed using Prism® 

v9 (GraphPad; La Jolla, California) and SPSS V.26 (IBM, California). 
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3. Results 

 

Figure 5.1. Effects of gestational CdCl2 exposure on fetal and placental weight. At Gd18, female 
fetuses exposed to gestational CdCl2 had increased body weight, with no effect observed in males 
(A). Placentas of female fetuses were unaffected by exposure to gestational CdCl2, whereas male 
placentas were heavier (B). Placental efficiency is shown as fetal weight divided by placental weight, 
where female offspring show no effect of gestational CdCl2 exposure and male placental efficiency is 
reduced (C). Females: control, n=17; CdCl2, n=14. Males: control, n=20; CdCl2, n=22. Samples were 
collected from 3 litters per treatment. All values shown are mean ± SD. The level of statistical 
significance for differences between mean values of control and CdCl2-exposed groups was 
determined by a two-way ANOVA (treatment, sex) with a Tukey’s post hoc test for all experiments 
and is indicated by * (p<0.05). 

 

3.1 Fetal and placental weight 

Gestational Cd exposure increased female body weight and increased male placental 

weight on GD18. Exposed offspring were heavier than control animals (F(1, 72 = 4.73, p = 

.03, η2 = .17)), with post hoc analysis indicating that only CdCl2-exposed female offspring were 

heavier than unexposed controls (Figure 5.1A; females: 6% increase, p = .02; males: p = .48). 

Placentas from Cd-exposed offspring were significantly heavier than unexposed control 

animals (F(1, 72 = 2.79, p = .03, η2 = .14)), with post hoc analysis indicating that only CdCl2-

exposed male placentas were heavier (females: p = .27; males: 22% increase, p = .02; Figure 

5.1B). Placental efficiency is the ratio of fetal body weight to placenta weight. Gestational Cd 

exposure significantly decreased placental efficiency (F1, 72 = 3.90, p = .01, η2 = .15)), with 

post hoc analysis indicating that male placentas exposed to Cd were significantly less efficient 

than control males (females: p = .80; males: 15% decrease, p = .04) (Figure 5.1C).  
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Table 5.1. Metal content of dam liver measured by ICP-MS.  

  Control Control 

Cadmium 0.43 ± 0.27 364 ± 99* 

Zinc 154588 ± 4489 150112 ± 5875 

Iron 306723 ± 27923 302473 ± 8730 

Manganese 4361 ± 131 4383 ± 782 
Values represent group mean ± SD; n = 3 per treatment. Cadmium values in µg/kg and zinc, iron, 
and manganese levels in µg/g dry tissue weight. Bold * indicates significant difference; p < .05. CdCl2 
= 500ppb gestational Cadmium Chloride 

 

 

Figure 5.2. Cadmium content of liver and placenta following gestational exposure to CdCl2. 
Cadmium content of tissues were quantified using ICP-MS. In livers isolated from dams exposed to 
CdCl2 at GD18 of their pregnancy, an average of 364 µg/kg Cadmium was detected (A). In offspring 
livers at GD18 following gestational exposure to CdCl2, females had a significant accumulation of 
Cadmium with an average of 29 µg/kg and males did not have a significantly elevated accumulation 
of Cadmium with an average of 5.6 µg/kg (B). In the placenta of offspring exposed to CdCl2 during 
gestation, both sexes showed accumulation with an average in females of 62 µg/kg and in males of 
53 µg/kg (C). Females gestationally exposed to CdCl2 had an average of 22 µg/kg Cd in their livers 
at PND21 (D), 22 µg/kg Cd in their livers at PND42 (E), and 21 µg/kg Cd in their livers at PND90 and 
PND120 (F). Males gestationally exposed to CdCl2 had an average of 3.8 µg/kg Cd in their livers at 
PND42 (E), 2.0 µg/kg Cd in their livers at PND90 (F), and 5.4 µg/kg Cd in their livers at PND120 (F). 
Dams: control, n=3; CdCl2, n=3. GD18: Females: control, n=9; CdCl2, n=11. Males: control, n=8; 
CdCl2, n=10. PND21: Females: control, n=4; CdCl2, n=4. PND42: Females: control, n=5; CdCl2, n=4. 
Males: control, n=4, CdCl2, n=4. PND90: Females: control, n=6; CdCl2, n=4. Males: control, n=4; 
CdCl2, n=6. PND120: Females: control, n=5, CdCl2, n=4. Males: Control, n=3; CdCl2, n=5. The level 
of statistical significance for differences between mean values of control and CdCl2-exposed groups 
was determined by a two-way ANOVA (treatment, sex) with a Tukey’s post hoc test for all 
experiments and is indicated by * (p<0.05). All images show mean ± SD. 
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3.2 Cadmium content of livers 

Livers from dams exposed to CdCl2 in their drinking water accumulated ~850 times as 

much Cd as control females (t(4 = 6.4, p = .003, d = 5.2)) (Figure 5.2A). Fetal livers isolated 

at GD18 from animals exposed to gestational CdCl2 had increased Cd content relative to 

control livers (F(1, 37 = 25, p < .0001, η2 = .75)), with post hoc analysis indicating that the liver 

accumulation of Cd in placentas was female-specific (females: 790% increase, p < .0001; 

males: p = .34) (Figure 5.2B). Placentas isolated at GD18 from animals exposed to gestational 

CdCl2 had increased Cd content relative to control placentas (F(1, 37 = 15, p < .0001, η2 = 

.61), with post hoc analysis indicating a significant increase in Cd content in both sexes 

(females: 15-fold increase, p < .0001; males: 21-fold increase, p < .0001) (Figure 5.2C). In 

Cd-exposed females, the placenta sequestered 65 ± 12% of Cd detected in either the placenta 

or fetal liver, whereas in males the placenta sequestered 92 ± 8% of total detected Cd.  

Gestational Cd exposure increased hepatic Cd levels in female offspring that persisted 

through PND120. At PND21, Cd was not detected in any control samples and had an average 

of 21.9 µg/kg in Cd-exposed female offspring (t(6 = 11, p < .0001, d = 7.8)) (Figure 5.2D). 

Gestational Cd exposure resulted in hepatic Cd accumulation at PND42 (F(1, 16 = 33, p < 

.0001, η2 = .89)), PND90 (F(1, 16 = 33, p < .0001, η2 = .89), and PND120 (F(1, 16 = 29, p < 

.0001, η2 = .87)). Strikingly, post hoc analysis revealed that hepatic Cd accumulation was 

female-specific at all timepoints (Figure 5.2E, 5.2F).  

3.3 Essential metal content of livers and placenta from GD18 

Gestational Cd exposure increased hepatic Zn (F(1, 37 = 36, p < .0001, η2 = .76)), with 

post hoc analysis indicating that only female livers gestationally exposed to CdCl2 had 

increased Zn content relative to control livers (females: 26% increase, p < .0001; males: p = 

.62) (Figure 5.3A). Gestational Cd exposure decreased hepatic Fe (F(1, 37 = 3, p = .04, η2 = 

.21)), with post hoc analysis indicating that only male livers gestationally exposed to CdCl2 

had decreased hepatic Fe content (Figure 5.3B). Gestational Cd exposure did not significantly 
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alter hepatic Mn at GD18 (F1, 37 = 1.66, p = .19) (Figure 5.3C). Gestational Cd exposure 

disrupted placental essential metal content differently than hepatic metals. Placental Zn 

content was significantly decreased by gestational Cd exposure (F(1, 37 = 89, p < .0001, η2 

=.87), with post hoc analysis indicating that this decrease was female-specific (females: 36% 

decrease, p < .0001; males: p = .78) (Figure 5.3D). Placental Fe was unaffected by gestational 

Cd exposure (F(1, 37 = .71, p = .55)) (Figure 5.3E). Placental Mn was significantly increased 

by gestational exposure to CdCl2 (F(1, 37 = 5.0, p = .005, η2 = .28)), with post hoc analysis 

indicating a significant increase of placental Mn in both sexes (females: 28% increase, p = 

.03; males: 33% increase, p = .005) (Figure 5.3F). Pearson correlation matrix (Figure 5.4) 

demonstrated that hepatic Cd was positively associated with hepatic Zn (p < .0001) and 

placental Cd (p = .008) but was negatively correlated with placental Zn (p < .0001). Hepatic 

Zn was positively correlated with placental Cd (p = .01) and negatively correlated with 

placental Zn (p < .0001). Hepatic iron is negatively correlated with placental Mn (p = .03). 

Placental Cd was negatively correlated with placental Zn (p = .0008) and positively correlated 

with placental Mn (p = .03) (Figure 5.4). 
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Figure 5.3. Liver content of the essential metals Zinc (A), Iron (B), and Manganese (C) are shown for 
both sexes of fetal livers isolated and flash frozen at GD18. Placental content of Zinc (D), Iron (E), 
and Manganese (F) are shown for both sexes of placenta isolated and flash frozen at GD18. Liver: 
Females: control, n=9; CdCl2, n=11. Males: control, n=8; CdCl2, n=10. Placenta: Females: control, 
n=10; CdCl2, n=11. Males: control, n=10; CdCl2, n=12. All samples come from three unique litters 
per treatment. The level of statistical significance for differences between mean values of control and 
CdCl2-exposed groups was determined by a two-way ANOVA (treatment, sex) with a Tukey’s post 
hoc test for all experiments and is indicated by * (p<0.05). All images show mean ± SD.  
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Figure 5.4. A Pearson Correlation Matrix of liver and placental metal content is shown. Hepatic 
cadmium has a significant positive correlation with hepatic zinc and placental cd, and a significant 
negative correlation with placental zinc. Placental cadmium has a significant positive correlation with 
hepatic zinc and placental manganese and a significant negative correlation with placental zinc. 
Placental zinc has a significant negative correlation with hepatic zinc. Placental manganese has a 
significant negative correlation with hepatic iron. Liver: Females: control, n=9; CdCl2, n=11. Males: 
control, n=8; CdCl2, n=10. Placenta: Females: control, n=10; CdCl2, n=11. Males: control, n=10; 
CdCl2, n=12. All samples come from three unique litters per treatment. 
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Figure 5.5. Effects of gestational exposure to CdCl2 on essential metal content in offspring CD-
1 mice liver. Liver content of the essential metals Zinc (A, D, G), Iron (B, E, H), and Manganese (C, 
F, I) are shown for both sexes of livers isolated and flash frozen at PND21 (A-C), PND42 (D-F), 
PND90 and PND120 (G-I). PND21 Females: control, n=4; CdCl2, n=4. PND42 Females: control, n=5; 
CdCl2, n=4. Males: control, n=4; CdCl2, n=4. PND90 Females: control, n=6; CdCl2, n=4. Males: 
control, n=4; CdCl2, n=6. PND120 Females: control, n=5; CdCl2, n=4. Males: control, n=4; CdCl2, n=5. 
The level of statistical significance for differences between mean values of control and CdCl2-exposed 
groups was determined by a two-way ANOVA (treatment, sex) with a Tukey’s post hoc test for all 
experiments and is indicated by * (p<0.05). All images show mean ± SD. 

 

3.4 Essential metal content from adult livers 

Essential metal content of livers from animals gestationally exposed to CdCl2 was 

significantly disrupted. At PND21, in female livers of mice exposed to gestational Cd, hepatic 
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Zn was decreased by 22% (t(6 = 6.0, p = .0009, d = 4.3) (Figure 5.5A), Fe was not significantly 

changed (t(6 = 2.3, p = .06) (Figure 5.5B), and Mn was significantly decreased (t(6 = 3.2, p = 

.02, d = 2.2) (Figure 5.5C). At PND42 following gestational Cd exposure, hepatic Zn, Fe, and 

Mn were all significantly decreased (Zn: (F(1, 16 = 3.3, p = .047, η2 = .39)), Fe: (F(1, 16 = 49, 

p < .0001, η2 = .92), with post hoc analysis indicating that the essential hepatic metals were 

only decreased in female offspring, with Zn decreased 18% (females: p = .008; males: p = .74 

(Figure 5.5D), Fe decreased 19% (females: p < .0001; males: p = .15) (Figure 5.5E), and Mn 

decreased 36% (females: p = .0002; males: p = .75) (Figure 5.5F). At PND90, gestational Cd 

exposure resulted in the same decreases in essential metals observed at PND42, with Zn 

(F(3, 16 = 12.7, p = .0002, η2 = .70)), Fe (F(3, 16 = 9.8, p = .0007, η2 = .65)), and Mn all 

significantly disrupted (PND90: F(3, 16 = 5.5, p = .008, η2 = .51)). Post hoc analysis revealed 

that the decreases were again sex-specific, with Zn down 46% in females (p < .0001; males: 

p = .07) (Figure 5.5G), Fe down 41% in females and 21% in males (females: p = .0004; males: 

p = .007) (Figure 5.5H), and Mn down 23% in females (p = .008; males: p = .25) (Figure 5.5I). 

At PND120, the changes in metal content following gestational Cd exposure were the same 

as those observed at PND90, with Zn (F(3, 14 = 11.7, p = .0004, η2 = .72)), Fe ((F(3, 14 = 

11.4, p = .0006, η2 = .72)), and Mn (F(3, 14 = 4.3, p = .03, η2 = .50)) all changed. In females, 

Zn was decreased 40% (p < .0001; males: p = .12) (Figure 5.5J), Fe down 37% in females 

and 18% in males (females: p = .001; males: p = .04) (Figure 5.5K), and Mn decreased 23% 

in females (p = .02; males: p = .22) (Figure 5.5L).  
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Table 5.2. qRT-PCR Results for mRNA Expression Changes in Placenta and Developing 
Liver 

      GD18 Placenta 

      Female Male 

Gene 
Test 

statistic 

P-
valu

e 

Fold 
Change 
(Mean ± 

SD) 

Samp
le 

size 
(contr

ol, 
CdCl2

) 

Directi
on 

P-
valu

e 

Fold 
Change 
(Mean ± 

SD) 

Samp
le 

size 
(contr

ol, 
CdCl2

) 

Directi
on 

P-
val
ue 

Slc11a
2 

F(1, 18) = 
20.7 

.000
2 

3.76 ± 
1.04 

6, 6  
<.00
01 

1.86 ± 
1.22 

4, 6 - .16 

Slc30a
2 

F(1, 18) = 
2.5 

.01 
2.2 ± 
0.71 

6, 6  .004 
1.35 ± 
0.68 

4, 6 - .39 

Slc30a
10 

F(1, 17) = 
1.8 

.19 
0.59 ± 
0.56 

6, 5 - - 
0.78 ± 
0.55 

4, 6 - - 

Slc39a
4 

F(1, 18) = 
4.6 

.046 
2.33 ± 
1.06 

6, 6 - .007 
1.08 ± 
0.66 

4, 6 - .87 

Slc39a
8 

F(1, 18) = 
3.6 

.07 
1.54 ± 
0.41 

6, 6 - - 
1.15 ± 
0.26 

4, 6 - - 

Slc39a
14 

F(1, 18) = 
19.4 

.000
3 

2.72 ± 
0.76 

6, 6  
<.00
01 

1.52 ± 
0.59 

4, 6 - .19 

                      

Mt1 
F(1, 17) = 

48.7 
<.00
01 

4.78 ± 
1.07 

6, 6  
<.00
01 

1.95 ± 
0.64 

4, 6  
0.0
4 

Mt2 
F(1, 18) = 

28.9 
<.00
01 

2.72 ± 
0.53 

6, 6  
<.00
01 

1.34 ± 
0.59 

4, 6 - .25 

Mt3 ND ND ND   - ND ND   - ND 

                      

      GD18 Liver 

      Female Male 

Gene 
Test 

statistic 

P-
valu

e 

Fold 
Change 
(Mean ± 

SD) 

Samp
le 

size 
(contr

ol, 
CdCl2

) 

Directi
on 

P-
valu

e 

Fold 
Change 
(Mean ± 

SD) 

Samp
le 

size 
(contr

ol, 
CdCl2

) 

Directi
on 

P-
val
ue 

Mt1 
F(1, 19) = 

36.2 
<.00
01 

0.34 ± 
0.1 

6, 7  
<.00
01 

0.82 ± 
0.23 

4, 6 - .11 

Mt2 
F(1, 19) = 

1.2 
.29 

0.81 ± 
0.28 

6, 7 - - 
0.93 ± 
0.26 

4, 6 - - 

Mt3 ND ND ND 6, 7 - ND ND 4, 6 - ND 

 

 

 



134 
 

Table 5.2 (continued).  

  PND1 Female Liver PND21 Female Liver 

Gene 
Test 

statistic 

Fold 
Chan

ge 
(Mean 
± SD) 

Sampl
e size 
(contr

ol, 
CdCl2

) 

Directi
on 

P-
value 

Test 
statisti

c 

Fold 
Chan

ge 
(Mean 
± SD) 

Samp
le 

size 
(contr

ol, 
CdCl2

) 

Direc
tion 

P-
value 

Slc11a
2 

t(1, 6) = 
0.84 

0.90 ± 
0.17 

4, 4 - .43 
t(1, 4) 
= 1.41 

1.40 ± 
0.47 

3, 3 - .23 

Slc25a
16 

t(1, 6) = 
3.0 

1.43 ± 
0.24 

4, 4  .02 
t(1, 4) 
= 5.6 

1.78 ± 
0.24 

3, 3 - .005 

Slc30a
10 

t( 1, 6) = 
1.7 

0.75 ± 
0.22 

4, 4 - .14 
t(1, 4) 
= 3.1 

2.04 ± 
0.57 

3, 3  .04 

Slc39a
4 

t(1, 6) = 
2.8 

1.8 ± 
0.47 

4, 4  .04 
t(1, 4) 
= 3.0 

1.87 ± 
0.28 

3, 3 - .04 

Slc39a
6 

t(1, 6) = 
4.5 

0.81 ± 
0.08 

4, 4  .004 
t(1, 4) 
= 1.4 

0.72 ± 
0.22 

3, 3 - .24 

Slc39a
8 

t(1, 6) = 
0.39 

0.97 ± 
0.04 

4, 4 - .39 
t(1, 4) 
= 0.12 

0.97 ± 
0.31 

3, 3 - .91 

Slc39a
14 

t(1, 6) = 
0.78 

1.09 ± 
0.10 

4, 4 - .47 
t(1, 4) 
= 4.3 

0.68 ± 
0.05 

3, 3  .01 

Values represent mean ± SD fold-change (2-ΔΔCt) for each gene normalized to control. Significant 
differences are indicated in bold, p < .05. ND; not detected 
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Table 5.3. qRT-PCR Results of mRNA Expression Changes in Adult Female 
Liver 

  PND42 Female Liver 

Gene 
Test 

statistic 
Fold Change (Mean ± 

SD) 

Sample 
size 

(control, 
CdCl2) 

Direction 
P-

value 

Slc11a1 
t(1, 4) = 
1.5 1.25 ± 0.17 3, 3 

- 
.27 

Slc11a2 
t(1, 4) = 
2.1 1.3 ± 0.14 3, 3 

- 
.17 

Slc25a16 
t(1, 4) = 
4.9 0.73 ± 0.13 3, 3 

 

.02 

Slc30a1 
t(1, 4) = 
0.40 1.05 ± 0.12 3, 3 

- 
.73 

Slc30a2 
t(1, 4) = 
2.2 0.92 ± 0.04 3, 3 

- 
.27 

Slc30a3 
t(1, 4) = 
2.2 1.6 ± 0.27 3, 3 

- 
.15 

Slc30a4 
t(1, 4) = 
1.1 1.13 ± 0.11 3, 3 

- 
.37 

Slc30a5 
t(1, 4) = 
1.3 0.84 ± 0.12 3, 3 

- 
.32 

Slc30a6 
t(1, 4) = 
3.2 1.37 ± 0.12 3, 3 

 

.04 

Slc30a7 
t(1, 4) = 
1.1 0.89 ± 0.10 3, 3 

- 
.39 

Slc30a8 
t(1, 4) = 
2.2 1.25 ± 0.11 3, 3 

- 
.16 

Slc30a9 
t(1, 4) = 
4.5 0.88 ± 0.03 3, 3 

 

.045 

Slc30a10 
t(1, 4) = 
1.8 2.35 ± 0.19 3, 3 

 

.009 

Slc39a1 
t(1, 4) = 
1.9 1.24 ± 0.13 3, 3 

- 
.20 

Slc39a2 
t(1, 4) = 
7.1 0.75 ± 0.04 3, 3 

 

.02 

Slc39a3 
t(1, 4) = 
6.0 1.18 ± 0.03 3, 3 

 

.03 

Slc39a4 
t(1, 4) = 
5.3 0.82 ± 0.03 3, 3 

 

.02 

Slc39a5 
t(1, 4) = 
1.3 1.4 ± 0.30 3, 3 

- 
.31 

Slc39a6 t(1, 4) = 11 0.82 ± 0.02 3, 3  .01 

Slc39a7 
t(1, 4) = 
2.4 1.2 ± 0.08 3, 3 

- 
.14 
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Table 5.3 (continued). 

Slc39a8 t(1, 4) = 18 1.9 ± 0.05 3, 3  .04 

Slc39a9 
t(1, 4) = 
0.40 1.03 ± 0.07 3, 3 

- 
.73 

Slc39a10 t(1, 4) = 15 1.04 ± 0.003 3, 3 - .78 

Slc39a11 
t(1, 4) = 
0.75 1.2 ± 0.26 3, 3 

- 
.53 

Slc39a12 
t(1, 4) = 
2.1 1.35 ± 0.17 3, 3 

- 
.17 

Slc39a13 t(1, 4) = 97 1.2 ± 0.002 3, 3  .01 

Slc39a14 t(1, 4) = 26 0.81 ± 0.01 3, 3  .001 

Slc40a1 
t(1, 4) = 
0.68 1.06 ± 0.08 3, 3 

- 
.57 

Mt1 t(1, 4) = 3 0.62 ± 0.13 3, 3  .04 

Mt2 t(1, 4) = 2 0.76 ± 0.12 3, 3 - .18 

Mt3 t(1, 4) = 15 0.33 ± 0.05 3, 3 - .005 

Mt4 ND ND 3, 3 - ND 

Values represent mean ± SD fold-change (2-ΔΔCt) for each gene normalized to 
control. Significant differences are indicated in bold, p < .05. ND; not detected 
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3.5 mRNA expression of genes encoding metallothionein and zinc transporters  

Quantitative RT-PCR was performed on hepatic and placental mRNA at different 

timepoints to evaluate the progression of dysregulation of mRNA expression of genes 

involved in the regulation of metal homeostasis. At GD18, placental mRNA expression of Mt1 

(F(1, 18) = 48, p < .0001, η2 = .47) and Mt2 (F(1, 18) = 29, p < .0001, η2 = .40) were increased 

by gestational Cd exposure. Post hoc analysis indicated that metallothionein mRNA 

expression was upregulated in both sexes (Mt1: females: p < .0001; males: p = .04. Mt2: 

females: p < .0001; males: p = .25) (Table 5.2). Placental mRNA expression of metallothionein 

genes (Mt1, Mt2) was upregulated in response to gestational Cd exposure (F(3, 36 = 12.8, p 

< .0001, η2 = .18), with post hoc analysis indicating that these increases were also female-

specific (Mt1: females: 3.3-fold upregulated, p < .0001; males: p = .14. Mt2: females: 2.0-fold 

upregulated, p = .002; males: p = .84) (Figure 5.6).  

Expression of genes encoding metal ion transporters and metallothionein were 

evaluated at PND42. In female mice gestationally exposed to Cd, 12 of the 28 analyzed metal 

ion transporter genes were changed relative to same-sex control mice (Table 5.3). The 

primary families of influx transporters (e.g. Slc39 family) were significantly disrupted at 

PND42, with 4 of 17 downregulated and 4 of 17 upregulated (Table 5.3). The primary efflux 

transporters (e.g. Slc30 family) were also significantly disrupted by gestational Cd exposure, 

with 1 of 10 downregulated and 2 of 10 upregulated at PND42 (Table 5.3). Hepatic genes 

encoding metallothionein (Mt1, Mt3) were downregulated at PND42 (Table 5.3). The two 

primary zinc transporters were both dysregulated by gestational Cd exposure and showed 

progressive disruption of mRNA expression with age. The primary efflux transporter, 

Slc30a10, became progressively more upregulated from PND1 to PND42, whereas the 

primary influx transporter, Slc39a14, was progressively downregulated with age (Table 5.3). 

The Zn transporter Zip6 was downregulated at PND1 and PND42, and Slc25a16 was 

downregulated all three timepoints (Table 5.3).  
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Table 5.4. CpG methylation of putative promoter regions upstream of 
metallothionein and metal ion transporter genes in female CD-1 mice 

Gene Control CdCl2 # CpG Sites  

Slc30a10 1.64 ± 0.88 (8) 1.26 ± 0.93 (8) 15 

Slc25a16 0.60 ± 0.35 (8) 0.48 ± 0.40 (8) 27 

Slc39a6 0.78 ± 0.42 (8) 0.45 ± 0.29 (8) 12 

Slc39a14 1.13 ± 1.26 (8) 2.06  ± 1.58 (8) 14 

Mt1 23.8 ± 17.0 (7) 26.2 ± 14.8 (6) 12 

Values represent group mean (%) ± SEM; the number of samples analyzed is shown in 
parenthesis. * p < .05. CdCl2 = 500ppb gestational Cadmium Chloride 

 

3.6 DNA methylation of promoter regions upstream of genes encoding Zip transporters, ZnT 

transporters, and Mt  

In females gestationally exposed to Cd, there were no differences in the methylation 

levels at CpG sites within putative promoter regions upstream of the gene encoding Slc30a10 

(t(15 = .84, p = .42)), Slc25a16 (t(15 = .64, p = .53)), Slc39a6 (t(15 = 1.8, p = .09)), Slc39a14 

(t(15 = 1.3, p = .21)), or Mt1 (t(12 = .27, p = .79)). All four of the putative promoter regions 

upstream of genes encoding metal ion transporters are nearly entirely unmethylated, and the 

differential expression of these genes does not appear to be under methylation control. In 

putative promoter regions upstream of the gene encoding Mt1, the CpG sites were all 

approximately 25% methylated with no difference between treatments (Table 5.4).  
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Figure 5.6. Graphic Representation of Gestational Cd Disruption Placental and Hepatic Metal 
Content and Alters mRNA Expression of Metal Ion Transporters. This graphic illustrates that 
dams were exposed to 500ppb CdCl2 in drinking water. Exposed dams accumulated 850X more Cd 
than control dams by GD18. At GD18, exposed female offspring had 15X more Cd in the placenta 
and ~8X more Cd in the liver than control female offspring. Gestational Cd exposure resulted in 
decreased placental Zn and increased placental Mn in exposed female offspring. Metallothionein 
mRNA expression was upregulated in exposed female placenta. The transporter responsible for 
uptake from maternal blood vessels into the placenta (ZIP14) and the transporters responsible for 
uptake from the placenta into the fetal cord blood (DMT1, ZnT2) were upregulated in the placentas of 
exposed female offspring relative to same-sex controls. In fetal livers from Cd-exposed animals, Cd 
and Zn content were increased, whereas metallothionein levels were downregulated and remained 
downregulated into adulthood. The increased hepatic Zn was transient. Metal ion transporters 
responsible for influx of divalent metal cations into the liver were significantly downregulated in 
adulthood, whereas efflux transporters responsible for export into the bile were significantly 
upregulated. By adulthood, the hepatic Zn phenotypes had reversed with adult hepatic Zn decreases 
in exposed female offspring. 
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4. Discussion 

To explore the hypothesis that developmental Cd exposure disrupts essential metal 

homeostasis of the fetal liver and placenta that persists into adulthood, in utero and perinatal 

exposure of CD-1 mice from GD0-PND10 to CdCl2 was used to model Cd exposure during a 

human gestational equivalent period 185,346.  The exposure paradigm used in this study is a 

relatively short duration and low concentration of Cd in drinking water (500 ppb CdCl2) and 

was designed to mirror human exposures for pregnant women in the United States. As 

previously described, maternal blood Cd levels from CdCl2-exposed dams at mating was 

approximately equivalent to the geometric mean blood Cd concentration for women of 

childbearing age in the United States 185.  At GD18, maternal mouse livers had accumulated 

Cd concentrations within a range comparable to the general human population who are 

nonoccupationally exposed 178. Following birth, Cd exposure continued until weaning through 

breast milk transfer to the fetus 181. Although these exposures are considered subtoxic levels, 

500 ppb CdCl2 administered to dams in drinking water induced metabolic syndrome and 

hepatic steatosis 185 and resulted in substantial disruption of metal homeostasis in offspring 

livers that persisted into adulthood. The observed exposure-related effects were sexually 

dimorphic. At GD18, exposed females had increased body weight with no changes in 

placental weight, whereas males had unchanged body weight but increased placental weight 

leading to a decrease in placental efficiency. Both sexes had altered hepatic content of 

essential metals, but changes were especially pronounced in females. Expression of 

metallothionein and metal ion transporter mRNA was dysregulated by gestational Cd 

exposure. Together, these findings provide evidence that gestational Cd exposure in mice 

disrupts essential metal homeostasis through altered metallothionein and metal ion 

transporter expression in female mice.  

4.1 Gestational CdCl2 increases female body weight and decreases male placental efficiency 
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Exposure to 500 ppb CdCl2 during the pre- and perinatal period of development 

equivalent to human gestation caused notable effects on offspring that were detectable by 

GD18. Increased body weight of fetuses was sex-specific, with female body weight up 5.5% 

and male body weight unchanged. Conversely, placental weight was increased 22% in males 

leading to a 15% decline in placental efficiency. The placenta is a critical regulator of offspring 

health that regulates fetal nutrition and oxygen transfer that also responds to Cd toxicity by 

sequestering Cd and upregulating expression of metallothionein in response to toxic metal 

exposure 219,419. The observed decline in placental efficiency in males could indicate that male 

fetuses are preferentially disposed to further toxicity, but this is unlikely considering that a 

majority of phenotypic toxicity is female-specific 185. Alternatively, the decreased placental 

efficiency in males could be due to more efficient sequestration of Cd in the male placenta 

that is absent in the female, an effect that may predispose females to further Cd toxicity. 

4.2 Gestational CdCl2 accumulates in female, but not male, livers 

Consistent with the placenta sequestering toxic metal pollutants to protect the fetus 

from direct toxicity, placental Cd content was above 50 µg/kg in both sexes with no difference 

between males and females. The placenta sequestered 92% of total Cd detected in the 

placenta and liver in exposed males at GD18, but only 65% in exposed females. In mammals, 

Cd has previously been demonstrated to cross the placenta with poor efficiency; however 

these studies did not account for the sex of the placenta or offspring and used whole fetal 

homogenate 213. Zinc and Cd arrive in the placenta from maternal blood via ZIP proteins, 

where these metals are delivered to cord blood and reach the fetus primarily through ZnT2, 

Zip14, and Dmt1. All three of these importers were upregulated in female placentas following 

gestational exposure to Cd, which could explain the female-specific increases in hepatic Cd 

accumulation. During pregnancy, Cd is transported to cord blood through the protein DMT1, 

which causes placental downregulation of Zn transporters that reduce Zn transport to the fetus 

and thereby cause fetal Zn deficiency and downregulation of Zn transporters. Cd in the fetus 
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accumulates primarily in the liver and kidney 420. Whereas there were no sex differences in 

placental Cd content, 5x greater Cd content was detected in the female fetal liver than the 

male at GD18. In adult animals, significant Cd accumulation was only detected in females. 

These results demonstrate that Cd is nearly completely sequestered by the male, but not 

female, placenta in CD-1 mice. Furthermore, Cd that reaches the female fetus is persisting in 

the liver until at least PND120. These findings are consistent with the half-life of orally 

administered Cd, which has very different values ranging from 42-350 days in mice depending 

on route of administration, dose, single or repeated exposure, and other parameters like age. 

Younger animals absorb more Cd from the gastrointestinal tract than older animals, and the 

half-life of Cd is longer in aged mice than younger mice. Female rats have higher rates of Cd 

absorption and retention for orally administered Cd than males and have a longer biological 

half-life than male mice 179. The increase in female absorption of Cd may be due to increased 

dietary demands for iron in females relative to males 180. Cadmium that is reaching the fetus 

and accumulating into tissues can exert direct toxic effects on female offspring, whereas 

toxicity in males occurs through more indirect mechanisms since less Cd is reaching the male 

liver and is nearly completely undetected in adulthood.  

4.3 Gestational CdCl2 disrupts essential metal content in placenta and livers of exposed 

offspring 

Disruption of essential metal homeostasis is evident by GD18 in fetal livers and 

placenta, and these disturbances are sex-specific. There is a male-specific decrease in 

hepatic Fe, but a female-specific increase in hepatic Zn. Conversely, there is a female-specific 

decrease in placental Zn. Placental Mn is increased in both sexes. As previously reported, at 

birth, offspring hemoglobin levels were decreased in both sexes 185. Gestational Cd exposure 

is associated with anemia and iron deficiency, and adult Cd exposure induces anemia and 

iron deficiency 421,422. Early disruption of placental metal levels can program adult disorders. 

For example, maternal Zn deficiency has been associated with fetal death, congenital 
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malformations, intrauterine growth retardation, reduced birth weight, and numerous other 

adverse health outcomes 423. In rodent models, maternal Zn deficiency induces insulin 

resistance in adult offspring, even with adequate Zn in adulthood 424. The increased hepatic 

Zn noted in females at GD18 has reversed by PND21, where females have decreased hepatic 

Zn and Mn. At PND42, there are female-specific decreases in hepatic levels of Zn, Fe, and 

Mn that persist to PND120. Gestational Cd is inducing placental Zn deficiency that is likely 

programming female offspring for adult disease.   

There are no changes in the Zn content of male livers, but we previously demonstrated 

that males gestationally exposed to Cd have decreased glucose clearance. 185 These 

observations, in the absence of changes in hepatic Zn levels, could indicate that gestationally 

exposed males have altered Zn content in the pancreas without widespread metal content 

changes. Pancreatic Zn is essential for insulin sensitivity and proper function of pancreatic 

islet and beta cells. 403,425 Future studies should explore whether gestational Cd exposure 

induces changes in pancreatic or other extra-hepatic tissues.  

4.4 Gestational CdCl2 dysregulates metallothionein and metal ion transporter mRNA 

expression in offspring liver and placenta 

Gestational Cd exposure causes altered expression of metal ion transporters and 

metallothionein mRNA expression in placenta and livers of female offspring. There are four 

isoforms of MT identified in mammals, with the two major metallothionein isoforms, MT1 and 

MT2 expressed at particularly high levels and responsible for binding of divalent metals like 

the essential metal Zn. 241  Transgenic mice that overexpress MT1 accumulate Zn in maternal 

compartments and are resistant to teratogenic effects of Zn deficiency during pregnancy, 

whereas mice with knockout of Mt1 accumulate less Zn in maternal tissues and have 

increased susceptibility to the teratogenic effects of dietary Zn deficiency. 202–204,426 There are 

tissue-specific differences in expression of MT1 and Mt2. 427 Previous studies have shown 

that MT2 mRNA is expressed 15- to 25-fold higher than MT1 in the placenta, and in response 
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to gestational Cd exposure, both isoforms are dramatically upregulated with MT2 markedly 

more. 428 Because both isoforms are similarly responsive to induction by Cd exposure, it is 

likely the two genes share common promoter elements. 429,430 There is a correlation with 

demethylation of DNA sequences in the vicinity of the MT1 gene and upregulation of mRNA 

expression, indicating that MT mRNA expression may be regulated by changes in DNA 

methylation. 431 Metal response element-binding transcription factor-1 (MTF-1) is responsible 

for transcriptional regulation of the promoter. 412 Because MTF-1 responds to free Zn2+, 

increased levels of Zn2+ or Cd2+ can act through MTF-1 to induce expression of 

metallothionein. Both of the major MT isoforms were upregulated in the placenta of female 

mice gestationally exposed to Cd, a finding consistent with previous work demonstrating 

placental induction of MT in rats gestationally exposed to Cd 428. In males, only Mt1 mRNA 

expression was significantly upregulated. It is important to note that in previous work, sex of 

the fetal and placental samples was not specified. Paradoxically, hepatic MT was 

downregulated at GD18 and PND42 in females, further indicating disrupted metal sensing and 

indicating that there is a more complex interplay during gestation than levels free metal ions 

directly induing the production of metallothionein.  

Cadmium uses the metal ion transporters of biologically essential metals for uptake 

into metabolic tissues like the liver. Members of the SLC39 family of Zn transporters, the 

SLC30 family efflux transporters, DMT1, and MT play critical roles in Cd toxicity and are 

important regulators of essential metal (Fe, Zn, Mn) homeostasis. Expression of these 

transporters is responsive to levels of the metals Fe, Zn, and Cd (228,397,432). However, the 

effects of “low-dose” developmental or chronic Cd exposure on later-in-life expression in 

metabolically relevant tissues is unknown. In female mice gestationally exposed to Cd, 12 of 

the 28 analyzed metal ion transporter genes were dysregulated in adulthood, including the 

primary Cd influx transporter, Slc39a14, and the primary efflux transporter, Slc30a10. Both of 



145 
 

those transporters showed a slight progression in dysregulation with age concomitantly with 

disease progression 185.  

In addition to dysregulating mRNA expression of the two primary influx and efflux 

transporters, gestational Cd exposure significantly downregulated mRNA expression of two 

metal transporters at PND1, PND21, and PND42: another member of the Slc39 family of Zn 

transporters, Slc39a4 (Zip4), and Slc25a16 185. Zip4 encodes a tissue-specific, zinc-regulated 

zinc transporter in mice that has been localized to the same chromosomal region where a 

human Zn malabsorption disorder has been mapped 234. Zip4 is expressed highly in intestines, 

embryonic visceral yolk sac, and placenta, and is somewhat expressed in liver, stomach, and 

pancreatic β-cells 432,433. Dietary Zn deficiency increases the expression of Zip4, while Zn 

supplementation decreases expression in intestine and embryonic visceral yolk sac 432. Zip4-

knockout mice die early during embryogenesis, and heterozygotes display a 

haploinsufficiency of decreased viability, encephalia, anopthalmia, and severe growth 

retardation that is exacerbated by maternal Zn deficiency and ameliorated by maternal Zn 

supplementation 434. In periods of Zn deficiency, Zip4 upregulation from pancreatic β-cells 

induces Zn uptake 433. Cadmium may be acting as a Zn mimic gestationally and inducing a 

long-term epigenetic alteration of Zip4 that persists into adulthood. Slc25a16 is associated 

with mitochondrial defects and its deletion in yeast caused a 15-fold reduction in mitochondrial 

coenzyme A levels 435,436. Coenzyme A is a critical regulator of metabolic pathways including 

the citric acid cycle, sterol and steroid biosynthesis, heme biosynthesis, amino acid synthesis, 

and β-oxidation, and knockout of the panthotenate kinase genes that control the overall rate 

of coenzyme A biosynthesis results in impaired fatty acid oxidation and gluconeogenesis 

coupled with increased hepatic lipid accumulation 437,438. The consistent downregulation of 

Zip4 and Slc25a16 at all timepoints analyzed indicates that downregulation of these two 

transporters may be contributing to the pathogenesis of fatty liver disease and insulin 
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insensitivity. Expression of another zinc transporter, Slc39a6 (Zip6) was downregulated at 

PND1 and PND42.  

Expression of Zn transporters including Slc30a3, and Slc30a5, Slc39a6, Slc39a67, 

and Slc39a14 are mediated by signals including estrogen, insulin, insulin-like growth factor 1, 

and other nutritional and physiological inputs 234–236. Zip6 was first discovered as an estrogen-

regulated gene found in breast cancers with lymph node involvement, and more recent work 

has determined that ZIP6 forms a heteromer with ZIP10 to allow zinc influx into cells where 

the heteromeric protein triggers mitosis 439,440. Gestational Cd exposure downregulated mRNA 

expression of Zip6 in females at PND1 and PND42. The expression of Zip6, Zip7, and Zip14 

are increased by exposure to estrogen, and Zip6 and Zip14, which are located on the plasma 

membrane where they regulate zinc uptake into the cell, are downregulated by estrogen 

receptor antagonists. The observed downregulation of Zip6 and Zip14 in females could 

indicate disrupted hormonal signaling during development, or more likely is involved in 

predisposing adult females to further pathology.  

4.5 Gestational CdCl2 does not seem to alter DNA CpG methylation within putative 

promoter regions upstream of metal ion transporters or metallothionein 

Due to the early and persistent disruption of mRNA expression in metal ion 

transporters and metallothionein, it is likely that gestational Cd causes epigenetic changes 

that last throughout life. However, no differences were detected in CpG island DNA 

methylation levels of putative promoter regions upstream of the primary Cd influx transporter, 

Zip14, the primary efflux transporter, ZnT10, Zip6, Slc25a16, or the primary hepatic 

metallothionein Mt1. All four of the metal ion transporters measured were essentially 

completely unmethylated at all CpG sites examined, indicating that transcriptional control of 

these regions of the promoters were unaffected by Cd exposure. In vitro and in vivo 

experimental studies have demonstrated that transcriptional regulation of Zip8 expression 

controls Cd uptake and sensitivity to Cd-induced toxicity in the testis and kidney 227,339–342. 
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Epigenetic modifications are one type of mechanism representing an organismal response to 

environmental stressors, yet regions of the epigenome responsive to Cd or other trace metals 

are largely unknown 77. DNA methylation contributes to transcriptional silencing and chromatin 

condensation. In targeted analyses of experimental model systems, higher Cd levels are 

associated with altered DNA methylation of sequences regulating genes critical in adipocyte 

differentiation and lipogenesis , including imprinted genes DLK1/MEG3 10, PEG1/MEST 25, 

ADIPOQ (adiponectin) 10, and PPARG 78,79. Human cohort studies have shown an association 

between prenatal Cd exposure and stable methylation shifts in sequences regulating PEG3, 

PLAG1, IGF2/H19, and DLK1/MEG3, all of which are imprinted genes that serve as growth 

effectors critical in early development 80,81.  

Because both isoforms of MT are similarly responsive to induction by Cd exposure, it 

is likely the two genes share common promoter elements 429,430. There is a correlation with 

demethylation of DNA sequences in the vicinity of the MT1 gene and upregulation of mRNA 

expression 431. Metal response element-binding transcription factor-1 is responsible for 

transcriptional regulation of the promoter 412. In the promoter region upstream of the mouse 

Mt1 gene, there were no differences in CPG methylation at any of the CpG sites examined. 

Because the genes encoding metal ion transporters and metallothionein did not have altered 

CpG methylation within the putative promoter regions measured, it is possible that the 

transcriptional regulation of these genes occurs through, or in conjunction with, other 

epigenetic modifications, such as histone modifications, microRNAs, or other chromatin 

accessibility changes. Alternatively, DNA methylation is involved in the transcriptional 

regulation, but not at the CpG sites reported here.  

5. Conclusion 

Maternal exposure to 500 ppb CdCl2 in mice disrupted essential metal homeostasis in female 

offspring. Exposed females were larger late in gestation and exposed males had decreased 
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placental efficiency relative to same-sex controls. Cadmium was only detected in substantial 

amounts in the liver of females exposed to Cd, providing the first report of an important sex 

difference in the materno-fetal transfer of Cd. Analysis of trace level metals revealed early 

disruption of placental and hepatic Zn, Fe, and Mn in female offspring that persisted into 

adulthood. The hepatic mRNA expression of the metal ion transporter proteins responsible for 

maintenance of essential trace metal homeostasis were dysregulated by gestational Cd 

exposure, but no changes were detected in DNA methylation in putative promoter regions 

upstream of those genes. The transfer of Cd to the fetal liver of female offspring, severe 

disruption of trace element homeostasis, and alterations in metal ion transporter and 

metallothionein mRNA expression provide critical mechanistic insights into female-specific 

gestational Cd toxicity.     
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CHAPTER 6 

DISCUSSION, CONCLUSIONS, AND FUTURE DIRECTIONS 

In this work, the hypothesis that sex is a critical mediator of developmental toxicity that 

should be considered alongside timing, dose, and duration as key determinants of toxicity was 

examined. More specifically, I used a haploinsufficient SHH receptor knockout mouse model 

to determine the activity, social behavior, and neuroanatomical changes resulting from 

dysregulated SHH signaling. Additionally, I used an outbred CD-1 mouse strain to explore the 

hypothesis that developmental Cd exposure disrupts essential trace metal homeostasis and 

increases the risk of obesity later in life. The role of biological sex as a critical mediator of 

phenotypes was carefully explored in these studies.  

6.1 Sex Mediates Developmental Toxicity of Decreased SHH Signaling 

6.1.1 Summary and Conclusions 

Chapter 3 describes studies examining how haploinsufficiency of the Sonic Hedgehog 

receptor Ptch1 affected neuroanatomy and social behavior. I demonstrated that Ptch1+/- 

females displayed increased activity and altered social behavior wherein females interacted 

more with other animals than same-sex controls. Haploinsufficiency of PTCH1 caused 

cerebellar overgrowth in both sexes and female-specific decreases in hippocampal size and 

isocortical layer thickness. Deficiencies in Sonic Hedgehog signaling resulting from 

heterozygous mutation of the receptor caused neuroanatomical changes that may alter social 

behavior.  

6.1.2 Future Directions –  

Role of Circulating Estrogens in SHH MB 

To evaluate whether circulating estrogens are responsible for the observed sex 

differences, future studies on the underlying mechanisms need to demonstrate that circulating 

estrogens are necessary for and sufficient to induce the observed developmental toxicity. 

Because mature female mice have increased circulating estrogens, estrogen may be 



150 
 

interacting with previously established organizational effects to exacerbate existing sex 

differences or drive sex-specific toxicity.  

In adult females, increased circulating estrogens may be promoting the altered 

neuroanatomy observed in female Ptch1+/- mice to promote the progression of cerebellar 

dysregulation and ultimately MB development. This hypothesis is consistent with the 

observation that, in SHH mouse models of MB, the incidence of tumors is higher in females 

and estrogens are significant modulators of cerebellar granule cell proliferation and MB 

progression 15,313. In ERβ-positive, Ptch1+/-, granule cell-like precursors, increased estrogen 

signaling may increase granule cell precursor mitogenesis and migration and thereby promote 

the observed female-specific severity of Ptch1+/- mutation on neuroanatomy and social 

behavior in our studies as well as the increased incidence and progression of MB in females 

13,15,16,143,314.  

To further evaluate this hypotheses, future work should focus on the role of circulating 

estrogens in the development of altered neuroanatomy and social behavior. In the Ptch1+/- 

mouse model, gonadectomy before puberty in female mice would allow us to examine the role 

of circulating estrogens on Ptch1+/--induced abnormal development. Similarly, treatment with 

an ER antagonist like fulvestrant could be administered in adulthood to examine the effects 

of blocking estrogen action pharmaceutically. The study design should also include pre-

pubertal gonadectomized male and female mice with post-pubertal E2 supplementation to 

determine if E2 can restore the observed phenotypic changes. If circulating estrogens in adult 

female mice are responsible for the progressive onset of cerebellar overgrowth, cortical 

changes, and altered social behavior, I would expect that gonadectomized females would not 

show the same sensitivities as intact females, demonstrating that circulating estrogens are 

necessary for the pathologies. If both gonadectomized males and females supplemented with 

E2 show the neuroanatomical and behavioral changes observed in intact female mice, these 
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results would provide evidence that circulating estrogens are sufficient to induce the observed 

pathologies.  

6.1.3 Future Directions –  

Role of Aromatase in SHH MB 

 In addition to gonadal estrogens produced in females, estrogens are locally 

synthesized in the brain by the cytochrome P450 aromatase (CYP19) in both sexes 31,32. 

Rather than circulating estrogens being responsible for the estrogen actions on SHH MB, it is 

possible that these effects are due to locally synthesized estrogens. These locally synthesized 

estrogens bind membrane-bound and intracellular ERs to regulate the activity of estrogen-

responsive genes and growth-factor like signaling pathways in the developing brain 441. In the 

cerebellum, Purkinje cells express various enzymes involved in hormone synthesis, including 

aromatase, and are one of the primary sites of steroidogenesis in the brain of developing 

mammals 442–444.  

Estrogens synthesized in the developing cerebellum modulate dendritic growth, 

spinogenesis, and synaptogenesis of Purkinje cells through activation of ERβ 445. The 

expression patterns of ERα and ERβ and binding of E2 vary temporally and by cell type 

throughout cerebellar development and persists into adulthood in Purkinje cells, granule cells, 

and other interneurons 90,92. Similarly, the expression and distribution of aromatase expression 

varies throughout development. In adulthood, aromatase expression is very low and found 

almost exclusively in Purkinje cells 446.  

Cholesterol modification is involved in the activity of SHH, and the biosynthesis of 

cholesterol is an essential step in the SHH intracellular signal transduction pathway 447. SHH 

signaling induces the expression of the cytochrome P450 responsible for the conversion of 

cholesterol into pregnenolone, CYP11A1 (Figure 1.1) 448. Additionally, SHH signaling is 

essential for the conversion of cholesterol to progesterone and E2 in trophoblasts early during 

development, providing a link between SHH activity and the formation of E2 448. It is possible 
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that mutations in the SHH signaling pathway are interfering with typical de novo synthesis of 

E2 in the brain, and that these changes are responsible for some of the tumor development 

and progression in SHH MB. Future studies should consider the role of aromatase in the 

development and progression of SHH MB by using aromatase inhibitors or genetic ablation 

of CYP19. 

Future Directions –  

6.1.4 Role of Estrogens in Cerebellar Development and SHH MB 

Future studies should characterize the role of ERs in cerebellar development and 

define the degree to which selectively eliminating ERβ activity in granule cells and/or Purkinje 

cells during development affects cerebellar formation. Furthermore, additional studies should 

characterize the role of ERβ in the development and progression of SHH-type MB. 

There is significant mechanistic crosstalk between IGF and estrogen signaling 

pathways. Both in vitro and in vivo work has demonstrated that ERβ activation increases 

IGF1R expression and activity, and that increased IGF activity is cytoprotective 449. Further, 

global ablation of ERβ in mice resulted in decreased IGF1R and IGF-like signaling to block 

untoward cerebellar granule cell proliferation 449. In a cell model, IGF1 upregulated ERβ and 

aromatase expression 450. These findings together provide evidence for a positive feed-

forward loop in which ERβ and IGF/IGF1R each stimulate the other’s expression and activity. 

Future work should characterize the role of ERβ in normal cerebellar development using a 

variety of cell-specific knockout mice to determine the nature of the positive feedback of ERβ 

and IGF1/IGF1R.  

I would hypothesize that during cerebellar granule cell neuron differentiation, ERβ and 

IGF1R-mediated signaling collaborate to promote survival of post-mitotic neurons in an ERβ-

dependent manner. Using a Cre-lox approach wherein 1) Atoh1-Cre expresses Cre-

recombinase in embryonic cerebellar progenitor granule cells or 2) L7Cre-2 expresses Cre-

recombinase in Purkinje cells to drive knockout of ERβ in a cell-specific manner will allows 
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targeted examination of the role of estrogens on granule and Purkinje cells during specific 

stages of cerebellar development (Figure 6.1). This approach is superior to previous studies 

using ubiquitous ERβ knockout because it eliminates the possibility that indirect effects from 

uncharacterized estrogenic mechanisms in cerebellar cells or from extra-cerebellar tissues 

are responsible for the decrease in IGF signaling 449. I have already generated mice with ERβ 

knockout in embryonic cerebellar progenitor granule cells with littermate controls that do not 

possess Atoh1-Cre (KO: Female, n=14, Male, n=12; Control: Female, n=22, Male: n=19). No 

differences were noted in survivability, fertility, or fecundity. I performed behavioral testing 

from PND2 – PND21 to assess offspring for evidence of meeting normal developmental 

milestones, and ERβ knockout caused no detectable deficits in ability to complete a surface 

righting, negative geotaxis, or bar holding task 451. As expected from cerebellar granule-cell 

ERβ knockout, these results indicate that there are no overt developmental deficits or motor 

defects. Brains, including separate cerebella, from these animals have been isolated and are 

ready for subsequent histological analysis to determine how embryonic granule cell-specific 

ERβ ablation affects cerebellar development. 

6.1.5 Future Directions –  

Clinical Interventions to Treat Central Nervous System Tumors 

In Chapter 1.2.4, I cited three ongoing clinical trials in using erlotinib, a receptor TKI, to 

treat central nervous system tumors including MB and presented the potential of these 

treatments to offer relief to patients. This manuscript was published in 2018, and there are 

several updates to those clinical trials. One was withdrawn due to lack of recruitment, one has 

unknown status, and the third has completed with no publication of findings (Clinicaltrials.gov 

Identifiers: NCT00360854, NCT00077454, NCT02689336). Since 2018, treatment with 

erlotinib and other receptor TKIs, alongside other chemotherapeutics, has become 

postoperative standard of care 452–455. Future studies should continue to evaluate the efficacy 

of receptor TKI preoperatively; unfortunately, acquired resistance to receptor TKI are 

https://clinicaltrials.gov/show/NCT00360854
https://clinicaltrials.gov/show/NCT00077454
https://clinicaltrials.gov/show/NCT02689336
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common, so future studies should also consider cycling drugs like erlotinib throughout pre- 

and postoperative care to prevent acquired resistance while continuing to treat central 

nervous system tumors like MB 456.  

Treatment with aromatase inhibitors are a commonly used therapeutic in cases of 

breast cancer and are being clinically evaluated in patients with high-grade gliomas, but are 

not used in MB treatment 457,458. Aromatase inhibitors could be a viable treatment option for 

patients with MB since SHH signaling is involved in the local synthesis of E2 in the brain.  

 

Figure 6.1. The breeding scheme illustrates generation of novel granule- and Purkinje-cell-specific 
ERβ knockouts using Cre-loxP system with built-in littermate controls Figure adapted from Cookman 
and Belcher 2015 449. 
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6.2 Sex Mediates Developmental Toxicity of Gestational Cd Exposure 

6.2.1 Summary and Conclusions 

In Chapter 4 and 5, I tested the effects of maternal Cd exposure on offspring health 

using a CD-1 mouse model and exposing offspring from GD0-PND10. In Chapter 4, I tested 

the hypothesis that developmental Cd exposure increases the risk of obesity later in life. 

Offspring mice had impaired glucose homeostasis on PND42 in both sexes. Exposure-related 

increases in circulating triglycerides and hepatic steatosis were only evident in female 

offspring. By PND120, female offspring were significantly heavier and had 7 times more 

perigonadal fat than unexposed female offspring. In exposed male offspring, there was no 

evidence of dyslipidemia, steatosis, weight gain, nor increased adiposity. Analysis of the 

hepatic transcriptome revealed female-specific increases in oxidative stress and 

mitochondrial dysfunction alongside early disruption of retinoic acid signaling and altered 

insulin receptor signaling consistent with the observed hepatic insulin insensitivity in adult 

female offspring. Maternal Cd exposure during pre- and perinatal development acts 

developmentally as a female-specific delayed obesogen in CD-1 mice.  

In Chapter 5, I used the same exposure paradigm as Chapter 4 to test the hypothesis 

that maternal Cd exposure disrupts offspring trace metal homeostasis. Cadmium exposure 

resulted in females with increased body weight, and males with decreased placental 

efficiency, at GD18. In both sexes, the placenta sequestered a majority of Cd, but there was 

notable Cd accumulation only in female livers. At GD18, exposed females had placental zinc 

deficiency and increased hepatic zinc, whereas males had decreased hepatic iron. The 

significant hepatic trace element disruption in females continued into adulthood, with 

decreases in zinc, iron, and manganese. To explore the hypothesis that these disruptions in 

trace element levels were due to dysregulation of metal ion transporter expression, the mRNA 

expression of metallothionein and metal ion transporters was examined. Only in females, 

metallothionein mRNA expression was upregulated in the placenta, but downregulated in fetal 
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and adult livers. Metal ion transporter mRNA expression was also dysregulated in a manner 

consistent with disease progression in female offspring. Gestational Cd exposure female-

specifically disrupts trace metal homeostasis early in development, and these changes 

persisted into adulthood.   

 Overall, these studies demonstrate that sex as a biological variable is an important, 

but often overlooked, mediator of developmental Cd toxicity. This dissertation demonstrates 

that sex is a mediator of the developmental toxicity stemming from altered morphogenic 

signaling like SHH signaling and from exposures to environmental toxicants like Cd. The work 

presented in this dissertation is largely observational, and further work is needed to 

mechanistically define how sex mediates these differences in developmental toxicology.  

6.2.2 Future Directions –  

Role of Circulating Estrogens in Progression of Cd-Induced Metabolic Disease 

Increased circulating estrogens in adult females who were exposed gestationally to 

Cd may exacerbate existing sex differences or promote sex-specific toxicity. Female offspring 

exposed to gestational Cd developed metabolic syndrome, whereas males were largely 

unaffected. The mechanistic basis of this sexually dimorphic response to developmental 

exposure to Cd is unknown. In both human and experimental rodent models, females are 

more sensitive to the toxic effects of Cd than males, and this increase in sensitivity has been 

attributed to the longer biological half-life of Cd in females 179,246. Considering the observation 

that Cd is only reaching the female liver in notable quantities, it is possible that increased 

placental permeability to Cd in females, combined with the longer half-life, is responsible for 

the female-specific toxicity observed. At high concentrations, Cd has multiple activities that 

can alter steroid hormone concentrations and activities including alteration of steroid binding 

globulins concentrations, dysregulation of steroidogenesis, and mixed evidence that Cd may 

act as a metalloestrogen 223,225,248. Although CVD in women has not been studied as 

extensively in men because premenopausal women experience lower rates of CVD than age-
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matched men, the rate of CVD development and mortality in post-menopausal women 

exceeds age-matched men 459. Estrogen is thought to be responsible for this protective effect, 

because the effect is lost in post-menopausal women with lower levels of estrogen and 

knockout of ER predisposes females to increased CVD 459. The role of circulating estrogens 

in adult females in activating Cd-mediated metabolic toxicity and altered trace metal 

homeostasis could be evaluated by performing gonadectomy before puberty in female mice. 

The study design should also assess the effects of pre-pubertal gonadectomy on male and 

female mice and post-pubertal E2 supplementation to determine if E2 is responsible for 

female-specific developmental Cd toxicity. If circulating estrogens in adult female mice are 

responsible for the progression of metabolic syndrome in gestationally Cd-exposed mice, I 

would expect that gonadectomized females would display protection relative to intact females 

and that E2 supplementation would restore the pathologies. If both gonadectomized males 

and females that are supplemented with E2 develop metabolic syndrome, these results would 

demonstrate that increased circulating estrogens in adult female mice are responsible for the 

female-specific progression of metabolic syndrome. 

Previous research has demonstrated that pretreatment of gonadectomized males with 

estradiol eliminated the sex difference in hepatic Cd accumulation and MT induction in rats 

460. If gonadectomized females are still differentially susceptible to gestational Cd toxicity, 

these results would indicate that the toxicity is not mediated by adult increases in circulating 

female sex hormones like E2. In that case, it is likely that early developmental organizational 

differences explain the increased female-specific toxicity.  

Alternatively, Cd-induced alterations in aromatase activity could be responsible for 

some of the observed phenotypes. Administration of Cd to vitellogenic fish causes a dose- 

and time-dependent decrease in E2 production via decreased cytochrome P450 aromatase 

gene expression and activity in ovarian follicles 461. Aromatase is expressed in numerous 

tissues including the ovary, placenta, testis, prostate, brain, bones, adipose tissue, and breast 
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462. Cadmium could induce placental changes in aromatase expression that are responsible 

for the observed female-specific toxicity early in development. Aromatase expression in the 

placenta is important for placental growth, implantation, and embryo development and is 

involved in the formation of many sex-specific functions 462. Aromatase-deficient females have 

external genital ambiguity, whereas newborn males appear healthy until later-in-life when they 

develop skeletal anomalies 463.  

If sex hormones are programming organizational effects that predispose female 

offspring to increased sensitivity to metabolic disease and disruption of trace metal 

homeostasis, it is likely occurring through estrogen actions on MTs, metal ion transporters, or 

insulin-related signaling early in development. There are known sex differences in the hepatic 

and renal expression of MTs. In kidney and liver, the expression of Mt1 and Mt2 was higher 

in females, upregulated by gonadectomy in males and downregulated by gonadectomy in 

females 464. Further, treatment with estradiol increases MT levels in both sexes 460. The 

regulation of MT mRNA expression is controlled by both estrogen stimulation and androgen 

inhibition, providing multiple avenues of sexually dimorphic Cd toxicity 464. Females are 

predisposed to oxidative stress from changes in MT partially due to the increased iron 

demands in females, because iron increases oxidative stress and iron-regulating proteins are 

induced by estrogen 465,466.Considering the known sexually dimorphic MT expression levels, 

it is possible that estrogens are programming an early but persistent downregulation of hepatic 

MT in response to Cd exposure, and that the downregulation of MT is responsible for the 

progression to hepatic Zn deficiency, insulin resistance, and metabolic syndrome. To examine 

this hypothesis, the above studies could be replicated with mouse models that have genetic 

ablation of Mt1 and Mt2. If the hypothesis that early programming of downregulated MTs are 

responsible for the observed pathologies, mice lacking Mt1 or Mt2 should display exacerbated 
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toxicity to Cd. In support of this hypothesis, Cd transferred to the fetus is two to three times 

higher in rodents with MT-knockout 467.  

Expression of Zn transporters including Slc30a3, and Slc30a5, Slc39a6, Slc39a7, and 

Slc39a14 are mediated by signals including estrogen, insulin, insulin-like growth factor 1, and 

other nutritional and physiological inputs 234–236. Zip6 was first discovered as an estrogen-

regulated gene found in breast cancers with lymph node involvement, and more recent work 

has determined that ZIP6 forms a heteromer with ZIP10 to allow zinc influx into cells where 

the heteromeric protein triggers mitosis 439,440. The expression of Zip6, Zip7, and Zip14 are 

increased by exposure to estrogen, and Zip6 and Zip14, which are located on the plasma 

membrane where they regulate zinc uptake into the cell, are downregulated by estrogen 

receptor antagonists. The observed downregulation of Zip6 and Zip14 in females could 

indicate disrupted hormonal signaling during development, or more likely is involved in 

predisposing adult females to further pathology. Considering that mRNA expression of Zip6 

and Zip14 were significantly downregulated in females gestationally exposed to Cd, these 

transporters may be responsible for the female-specific increased accumulation and half-life 

of Cd. To explore this hypothesis, replication of the above studies on the gestational toxicity 

of Cd could be evaluated in mice with knockout of Zip14. Because Zip14 is a major Cd uptake 

transporter in hepatocytes and placenta, knockout of this gene will likely affect accumulation 

of Cd into other tissues as well 468. If decreases in Zip14 expression are responsible for some 

of the observed physiological changes presented, knockout of the metal ion transporter should 

exacerbate the effects of gestational Cd toxicity in both sexes.  
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6.2.3 Future Directions –  

Analysis of Cd-Induced Stable Perturbations to Epigenome  

Gestational exposure to Cd severely disrupts essential metal homeostasis in female 

offspring. Disruptions of the placental and hepatic transcriptome and changes in trace metal 

levels of the placenta and livers that begin as early as GD18 and persist into adulthood. 

Because of these early, stable changes, I hypothesize that there are stable changes in the 

epigenome that are responsible for these effects. However, analysis of CpG methylation 

within putative promoter regions upstream of the primary hepatic metallothionein and several 

metal ion transporters did not detect any differences in methylation. It is possible that the 

transcriptional regulation of these genes occurs through, or in conjunction with, other 

epigenetic modifications, such as histone modifications, microRNAs, or other chromatin 

accessibility changes. Alternatively, DNA methylation is involved in the transcriptional 

regulation, but not at the CpG sites measured in Chapter 5. Future studies should evaluate 

alternative epigenetic modifications that may cause the observed alterations in essential metal 

homeostasis of female offspring. Methylation of DNA is the most studied epigenetic 

modification, primarily because the DNA molecule is stable and the covalent binding of 

methylation to the DNA can be easily detected 469,470. Increased DNA methylation is an 

epigenetic event that silences the expression of a gene often by blocking transcription factor 

binding sites. Hypermethylation of DNA in promoter regions overlapping CpG islands is a key 

epigenetic mediator of transcriptional suppression. Early Cd exposure likely induces stable 

epigenetic changes including altered DNA methylation that affect the regulation of genes 

involved in growth and metabolism. Higher Cd levels have previously been associated with 

altered DNA methylation of imprinted genes 471,472 and Cd exposure altered DNA methylation 

of imprinted genes in model systems 275,328. Hypermethylation and subsequent gene silencing 

of genes including MT1 have been observed in cells treated with Cd 473. Global changes in 

DNA methylation have been observed in chick embryos exposed to Cd via changes in DNA 
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methyltransferase activity 474. In Chapters 4 and 5, I have demonstrated that gestational Cd 

exposure caused mRNA upregulation of 5 and downregulation of 7 genes encoding analyzed 

metal ion transporters in adult female offspring 185. Because epigenetic modifications are often 

small and cumulative, the observed absence of DNA methylation changes indicates that the 

transcriptional regulation of these genes occurs through, or in conjunction with, other 

epigenetic modifications, such as histone modifications 475.  

Enhancers are critical DNA regulatory elements that drive cell type-specific gene 

expression and can activate transcription of target genes. Enhancers operate as transcription 

factor binding platforms, and there are chromatin modifications commonly associated with the 

activation or repression of these important regulatory regions (Figure 3) 476. Histones are 

globular proteins that possess long tails on H3 and H4 that can undergo post-translational 

modifications, including methylation or acetylation, that alter their ability to interact with DNA 

and other proteins 475. Environmental exposures to toxic chemicals can induce histone 

modifications that alter transcriptional activity 475. Cadmium exposure may cause alterations 

in chromatin structure around enhancer regions that alter transcriptional regulation. Cells 

treated with Cd induced expression of Mt3 mRNA expression via histone modifications in the 

Mt3 promoter region that alter chromatin accessibility 477. Co-exposure of cells to Cd and lead 

(Pb) increased histone deacetylase mRNA activity, providing further evidence that Cd may 

modify histone tails 478.  

I would hypothesize that Cadmium will modify transcriptional activity by altering the 

availability of transcription factor binding sites in enhancer regions surrounding metal ion 

transporter and MT genes. Liver samples from both early in life (birth) and later stages of life 

should be examined using chromatin immunoprecipitation (ChIP) with antibodies for 

H3K4me3, H3K27me3, H3K27ac, and H3K4me1 479. Subsequent ChIP-sequencing and 

alignment with existing mRNA expression data will allow analysis of changes in chromatin that 
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may be responsible for the observed alterations in transcriptional activity. Histone 

modifications associated with transcriptional activation (H3K4me3, H3K27ac, H3K4me1) will 

be observed in enhancer regions nearby genes where Cd caused upregulation of mRNA 

expression, and modifications associated with repressed transcription (H3K27me3) will be 

observed in enhancer regions nearby genes where Cd caused downregulation of 

transcription.  

Absence of changes in H3K27ac, H3K4me1, and H3K27me3 status, alongside the 

absence of DNA methylation in the examined CpG sites, would indicate that transcriptional 

regulation of these genes occurs through another epigenetic modification, such as microRNAs 

or other chromatin accessibility changes. MicroRNAs are small RNA molecules that can 

negatively control target gene expression post-transcriptionally, which make them a less likely 

but still viable mechanism to explain the observed changes in mRNA expression and would 

thus deserve further exploration. 

6.2.4 Future Directions –  

Dietary Interventions to Treat Cd-Induced Metabolic Disease 

 Placental Zn deficiency in Cd-exposed females likely contribute to the observed trace 

element disruptions and metabolic syndrome in adult animals. Zinc is a critical regulator of 

placental morphogenesis and maternal hemodynamics during pregnancy in rodents, and 

gestational Zn deficiency impairs fetal growth and predisposes offspring to insulin resistance 

similar to the metabolic phenotypes presented in Chapter 4 424,480,481. Future work should 

characterize the role of Zn deficiency in Cd-induced offspring metabolic disease and explore 

the therapeutic potential of maternal Zn supplementation administered concomitantly with Cd 

exposure. 

 Supplementation of maternal diet with Zn reduces Cd-induced changes in trace metal 

levels in rabbits 482, protects against Cd accumulation and cytotoxicity in bovine kidney cells 
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483, and can reduce the accumulation of Cd in older MT-knockout mice 484. Considering the 

known protective potential of Zn supplementation on toxicity from higher exposures to Cd, it 

is likely that Zn supplementation alongside gestational Cd exposure can prevent early 

disruption of placental Zn and thereby mitigate Cd-induced toxicity in offspring. Studies 

examining other metals should also be considered. I conducted preliminary studies that 

included a low-iron diet alongside maternal Cd exposure, testing the hypothesis that maternal 

iron deficiency would exacerbate gestational Cd toxicity. Instead, I observed a potential 

protective effect of low iron in maternal diet that, although underpowered, deserves further 

attention and evaluation.  

6.2.5 Clinical Interventions to Treat Cd-Induced Metabolic Disease 

In addition to further work determining the mechanisms of female-specific gestational 

Cd toxicity, the work described in this dissertation provides possibilities for clinical 

interventions to mitigate the toxicity of gestational Cd exposure. Because T2D and fatty liver 

disease are in a cyclical relationship whereby lipid accumulation induces insulin resistance 

and hyperinsulinemia causes hepatic lipid accumulation, preventing or stopping this cycle with 

therapeutic interventions is a promising avenue of future research 485–487. Although hepatic 

glucose production and gluconeogenesis appear unaffected by 500ppb gestational CdCl2 

exposure, decreased responsiveness of Cd-exposed females to GTT and ITT further support 

the hypothesis that gestational Cd exposure induces hepatic insulin insensitivity leading to 

hepatic steatosis in adult female offspring. To explore the potential of clinical interventions to 

prevent or mitigate insulin resistance and fatty liver disease, maternal treatment concomitantly 

with Cd exposure during gestation and ending on PND10 with drugs like Metformin or DPP4 

inhibitors as viable preventative clinical candidates. Alternatively, treatments with the same 

drugs in adulthood could be explored as a therapeutic option after disease onset. Metformin 

has a complex mechanism of action whereby the drug inhibits gluconeogenesis by blocking 

mitochondrial redox, but treatment with metformin often does not improve hepatosteatosis or 
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liver pathology in adults 488–490. DPP4 inhibitors inhibit the principal enzyme responsible for 

the degradation of endogenous GLP-1. By decreasing clearance of GLP-1, concentrations of 

active GLP-1 are increased, resulting in lower fasting and postprandial glucose concentrations 

488,489,491. Metformin is one of the most prescribed drugs worldwide, and pretreatment with 

metformin has previously been demonstrated to prevent oxidative-stress induced pathology 

492. If prevention or treatment with clinical interventions were successful in attenuating Cd-

induced metabolic syndrome, it would provide further mechanistic insights into the etiology of 

Cd-induced disease progression.  

6.3 Summary 

In summary, this dissertation has provided evidence that sex as a biological variable 

mediates the developmental toxicity resulting from reduced signaling from the morphogen 

SHH or gestational exposure to the toxic metal pollutant Cd. Ultimately, these studies reveal 

how sex can interact with environmental exposures and genetic mutations to mediate the 

molecular and physiological determinants of toxicity, and these sex differences can be 

influenced by behavior, exposure, anatomy, physiology, biochemistry, and genetics to 

cumulatively alter an individual’s response to a toxicant. Future work should focus on 

elucidating the mechanisms underlying the sex-specific responsiveness to toxicity. Future 

studies into the role of ERβ knockout specifically in GCP or Purkinje cells can be used to 

evaluate the role of tissue-specific ERβ expression on the progression of MB. In determining 

the female-specific toxicity of gestational Cd exposure, future work should evaluate the ways 

in which steroid hormones are responsible for either predisposing female offspring to Cd 

toxicity or circulating estrogens in adult females drive progression of metabolic syndrome.  
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Supplemental Figure 3.1. Behavioral assessment using a novel open-field task. Time along 
the wall (A) and center crosses are shown (B). Values are expressed as mean ± SEM.  * = p 
< .05. Final animal numbers animals used for novel social task follow. Females: wild-type, 
n=18; Ptch1+/-, n=18. Males: wild-type, n=23; Ptch1+/-, n=13. Three wild-type females were 
excluded because they climbed atop the holding cup and avoided the task.  
 

Supplemental Figure 3.2. Behavioral assessment using a novel open-field task. Time along 
the wall (A) and center crosses are shown (B). Values are expressed as mean ± SEM.  * = p 
< .05. Final animal numbers animals used for partner preference task follow. Females: wild-
type, n=17; Ptch1+/-, n=14. Males: wild-type, n=19; Ptch1+/-, n=12. One wild-type female that 
climbed atop the holding cup and avoided performing the task was excluded.   
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Supplemental Table 3.1. Experimental Distribution of Study Animals 

Litter 
ID 

ID Sex 
Geno
type 

Novel      
Open-
Field 

Partner 
Pref 

Anosmia 
Cerebellar 
Histology 

Cerebrum 
Histology 

1 35 Male 
Ptch+

/- 
Yes Yes No No No 

1 36 Female 
Ptch+

/- 
Yes Yes No No No 

1 37 Female WT Yes No No Yes No 

1 38 Male WT Yes Yes No Yes No 

1 39 Male WT Yes Yes No Yes No 

1 40 Male WT Yes Yes No Yes No 

2 41 Female WT Yes Yes No No No 

2 42 Female WT Yes Yes No Yes No 

2 44 Male WT Yes Yes No Yes No 

2 45 Male WT Yes Yes No No No 

2 46 Male 
Ptch+

/- 
Yes Yes No Yes Yes 

3 47 Female WT Yes Yes No No No 

3 48 Female 
Ptch+

/- 
Yes Yes No Yes No 

4 50 Male WT Yes Yes No No No 

4 51 Male 
Ptch+

/- 
Yes Yes No Yes No 

4 52 Female WT Yes Yes No No No 

4 53 Female 
Ptch+

/- 
Yes Yes No Yes No 

4 54 Female WT Yes Yes No No No 

4 55 Female WT Yes Yes No Yes No 

4 56 Female WT Yes Yes No Yes No 

4 57 Male 
Ptch+

/- 
Yes Yes No Yes No 

4 58 Male 
Ptch+

/- 
Yes Yes No No No 

4 59 Male 
Ptch+

/- 
Yes Yes No No No 

4 60 Male 
Ptch+

/- 
Yes Yes No Yes No 

5 71 Female WT Yes Yes No Yes No 

5 75 Female WT Yes Yes No No No 

5 76 Female WT Yes Yes No No No 

5 78 Male WT Yes Yes No Yes No 
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Supplemental Table 3.1 (continued).  

5 79 Male WT Yes Yes No Yes No 

6 80 Female WT Yes Yes No Yes No 

6 81 Female WT Yes Yes No No No 

6 82 Female WT Yes Yes No Yes No 

6 83 Male WT Yes Yes No No No 

Litter 
ID 

ID Sex 
Geno
type 

Novel      
Open-
Field 

Partner 
Preferen

ce 
Anosmia 

Cerebellar 
Histology 

Cerebrum 
Histology 

6 84 Male WT Yes Yes No Yes No 

6 85 Male WT Yes Yes No No No 

7 93 Female 
Ptch+

/- 
Yes Yes No Yes No 

7 94 Female WT Yes Yes No Yes No 

7 95 Female WT Yes Yes No No No 

7 96 Male WT Yes Yes No No No 

7 97 Male 
Ptch+

/- 
Yes Yes No Yes No 

7 98 Male 
Ptch+

/- 
Yes Yes No Yes No 

7 99 Male WT No No No No Yes 

8 
10
3 

Male WT Yes Yes No No Yes 

8 
10
4 

Female WT Yes Yes No Yes Yes 

8 
10
5 

Male WT Yes Yes No No Yes 

8 
10
6 

Male WT Yes Yes No No Yes 

9 
10
7 

Female WT Yes Yes No No No 

9 
10
8 

Male WT Yes No No No No 

9 
10
9 

Male WT Yes No No No No 

10 30 Female 
Ptch+

/- 
Yes Yes No No No 

10 31 Female 
Ptch+

/- 
Yes Yes No Yes Yes 

10 32 Female 
Ptch+

/- 
Yes No No No No 

10 33 Female 
Ptch+

/- 
Yes Yes No No No 
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Supplemental Table 3.1 (continued).  

10 34 Female 
Ptch+

/- 
Yes Yes No Yes No 

11 86 Female 
Ptch+

/- 
Yes Yes No No No 

11 87 Male WT Yes Yes No Yes No 

11 88 Male 
Ptch+

/- 
Yes Yes No Yes No 

11 92 Male WT Yes Yes No Yes No 

12 
10
0 

Female 
Ptch+

/- 
Yes Yes No Yes Yes 

12 
10
1 

Female 
Ptch+

/- 
Yes No No No Yes 

13 
12
9 

Female 
Ptch+

/- 
Yes Yes No No No 

13 
13
0 

Female 
Ptch+

/- 
Yes Yes No No No 

14 
13
5 

Female 
Ptch+

/- 
Yes No No No Yes 

14 
13
6 

Female 
Ptch+

/- 
Yes Yes No No No 

14 
13
7 

Female 
Ptch+

/- 
Yes Yes No No No 

15 
11
0 

Male 
Ptch+

/- 
Yes Yes No No No 

Litter 
ID 

ID Sex 
Geno
type 

Novel      
Open-
Field 

Partner 
Prefere

nce 
Anosmia 

Cerebellar 
Histology 

Cerebrum 
Histology 

15 
11
3 

Male WT Yes No No No No 

15 
11
4 

Male WT Yes Yes No No No 

15 
11
5 

Male WT Yes Yes No No Yes 

15 
11
6 

Male WT Yes No No No Yes 

15 
11
7 

Female WT No No No No Yes 

16 
11
9 

Male 
Ptch+

/- 
Yes No No Yes Yes 

16 
12
2 

Female WT No No No No Yes 

17 
12
7 

Male 
Ptch+

/- 
No No No No Yes 
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Supplemental Table 3.1 (continued).  

17 
13
2 

Male 
Ptch+

/- 
Yes Yes No Yes Yes 

18 
14
9 

Female WT No No Yes No No 

18 
15
0 

Male WT No No Yes No No 

18 
15
1 

Male WT No No Yes No No 

18 
15
2 

Female WT No No Yes No No 

19 
13
8 

Male WT No No Yes No No 

19 
13
9 

Female 
Ptch+

/- 
Yes Yes No No No 

19 
14
0 

Female WT No No No No Yes 

20 
15
3 

Female WT No No Yes No No 

20 
15
4 

Female 
Ptch+

/- 
No No Yes No No 

20 
15
6 

Male WT No No Yes No No 

20 
15
7 

Male 
Ptch+

/- 
No No Yes No No 

20 
15
8 

Female WT No No Yes No No 

20 
15
9 

Female WT No No Yes No No 

20 
16
0 

Female 
Ptch+

/- 
No No Yes No No 

20 
16
1 

Male WT No No Yes No No 

20 
16
2 

Male 
Ptch+

/- 
No No Yes No No 

20 
16
3 

Female 
Ptch+

/- 
No No Yes No No 

21 
14
4 

Female WT No No Yes No No 

21 
14
5 

Female WT No No Yes No No 
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Supplemental Figure 4.1. RNA-seq PND42 quality control plots. RNA-sequencing 
of the hepatic transcriptome of females gestationally exposed to Cd revealed 5789 
genes were differentially exposed between Cd and control females at PND42. 
Hierarchical clustering of 13092 genes in females are shown (A). The top 50 
differentially expressed genes are shown, with significantly upregulated genes shown 
in red and significantly downregulated genes shown in blue (B). A volcano plot of the 
RNA-seq results shows that 3103 genes are downregulated while 2686 genes are 
upregulated (C).  
 

 

Supplemental Figure 4.2. RNA-seq PND1 quality control plots. RNA-sequencing 
of the hepatic transcriptome of females gestationally exposed to Cd revealed 278 
genes were differentially exposed between Cd and control females at PND1. 
Hierarchical clustering of 14259 genes in females are shown (A). The top 50 
differentially expressed genes are shown, with significantly upregulated genes shown 
in red and significantly downregulated genes shown in blue (B). A volcano plot of the 
RNA-seq results shows that 174 genes are downregulated while 104 genes are 
upregulated (C).  
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Supplemental Figure 4.3. RNA-seq PND21 quality control plots. RNA-sequencing 
of the hepatic transcriptome of females gestationally exposed to Cd revealed 446 
genes were differentially exposed between Cd and control females at PND21. 
Hierarchical clustering of 14259 genes in females are shown (A). The top 50 
differentially expressed genes are shown, with significantly upregulated genes shown 
in red and significantly downregulated genes shown in blue (B). A volcano plot of the 
RNA-seq results shows that 336 genes are downregulated while 110 genes are 
upregulated (C). 
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Supplemental Table 4.1. Gene list for qRT-PCR and TaqMan Assays   

Gene Name 
Gene 

Symbol 
ABI Assay 

# 
Entrez 
Gene ID # 

ΔΔCT (Mean 
± SEM) 

p-
valu

e 

beta actin Actb 
Mm012056

47_g1 11461 
- - 

actin, beta Actb 
Mm026195

80_g1 11461 
- - 

glyceraldehyde-3-phosphate 
dehydrogenase Gapdh 

Mm999999
15_g1 14433 

- - 

glucuronidase, beta Gusb 
Mm011976

98_m1 110006 
- - 

hypoxanthine guanine 
phosphoribosyl transferase Hprt 

Mm030240
75_m1 15452 

- - 

18S ribosomal RNA Rn18s 
Mm039289

90_g1 19791 
- - 

Eukaryotic 18S rRNA 18S 
Hs9999990

1_s1 106632259 
- - 

ribosomal protein S18 Rps18 
Mm026017

77_g1 20084 
- - 

            

protein kinase b Akt1 
Mm013316

26_m1 11651 
0.52 ± .03 .008 

CD36 antigen Cd36 
Mm011351

98_m1 12491 
0.12 ± .04 .048 

diacylglycerol O-acyltransferase 
2 

Dgat2 
Mm004995

36_m1 67800 
1.50 ± .21 .047 

fatty acid binding protein 4, 
adipocyte 

Fabp4 
Mm004458

78_m1 11770 
0.37 ± .11 .004 

forkhead box protein O1 Foxo1 
Mm013316

26_m1 56458 
0.68 ± .08 .009 

histone deacetylase 3 Hdac3 
Mm005159

16_m1 15183 
1.62 ± 09 .02 

insulin-like growth factor 1 
receptor 

Igf1r 
Mm013184

59_m1 16001 
1.81 ± .27 .03 

insulin-like growth factor binding 
protein 3 

Igfbp3 
Mm011878

17_m1 16009 
0.24 ± .05 .02 

insulin-like growth factor binding 
protein 7 

Igfbp7 
Mm038078

86_m1 29817 
0.50 ± .13 .04 

insulin receptor Insr 
Mm012118

75_m1 16337 
1.63 ± .53 .04 

perilipin 2 Plin2 
Mm004757

94_m1 11520 
0.59 ± .11 .01 

peroxisome proliferator-activated 
receptor alpha 

PPARa 
Mm004409

39_m1 19013 
1.46 ± .13 .04 

protein kinase c epsilon type Prkce 
Mm004408

94_m1 18754 
1.41 ± .16 .03 

solute carrier family 2, member 4 Slc2a4 
Mm004366

15_m1 20528 
1.73 ± .79 .21 

solute carrier family 39, member 
8 Slc39a8 

Mm004708
55_m1 67547 

1.9 ± 0.05 .04 

solute carrier family 39, member 
14 Slc39a14 

Mm013174
39_m1 213053 

0.81 ± 0.01 .001 
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Supplemental Table 4.2.  Blood Hemoglobin Levels (g/dL) 

 Control (0 Cd) Gestational CdCl2 

Dams at study onset 15.45 ± 0.71 (10) 15.36 ± 0.70 (10) 

Dams at breeding (GD0) 15.94 ± 0.82 (10) 16.25 ± 0.89 (10) 

   

PND1 Female 13.17 ± 0.86 (6) 11.49 ± 1.15 (7)* 

PND1 Male 13.31 ± 1.00 (7) 11.59 ± 0.49 (5)* 

PND21 Female 16.36 ± 1.11 (5) 16.00 ± 0.49 (5) 

PND21 Male 16.20 ± 1.30 (4) 15.38 ± 0.89 (5) 

Values represent group mean ± SD; the number of samples analyzed is 
shown in parenthesis. * p < .05 
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Supplemental Table 5.1. Gene list for qRT-PCR and custom format TaqMan array 

Gene Name 
Gene 

Symbol 
ABI Assay 

# 
Entrez 

Gene ID # 

actin, beta 
Actb 

Mm0261958
0_g1 11461 

solute carrier family 11 (proton-coupled divalent metal 
ion transporters), member 1 Slc11a1 

Mm0044304
5_m1 18173 

solute carrier family 11 (proton-coupled divalent metal 
ion transporters), member 2 Slc11a2 

Mm0043536
3_m1 18174 

solute carrier family 25 (mitochondrial carrier), member 
16 Slc25a16 

Mm0061355
5_m1 73132 

solute carrier family 30 (zinc transporter), member 1 
Slc30a1 

Mm0043737
7_m1 22782 

solute carrier family 30 (zinc transporter), member 2 
Slc30a2 

Mm0118531
7_m1 230810 

solute carrier family 30 (zinc transporter), member 3 
Slc30a3 

Mm0044214
8_m1 22784 

solute carrier family 30 (zinc transporter), member 4 
Slc30a4 

Mm0126868
7_m1 22785 

solute carrier family 30 (zinc transporter), member 5 
Slc30a5 

Mm0045815
8_m1 69048 

solute carrier family 30 (zinc transporter), member 6 
Slc30a6 

Mm0046061
0_m1 210148 

solute carrier family 30 (zinc transporter), member 7 
Slc30a7 

Mm0045823
9_m1 66500 

solute carrier family 30 (zinc transporter), member 8 
Slc30a8 

Mm0055579
3_m1 239436 

solute carrier family 30 (zinc transporter), member 9 
Slc30a9 

Mm0061827
8_m1 109108 

solute carrier family 30 (zinc transporter), member 10 
Slc30a10 

Mm0131548
1_m1 226781 

solute carrier family 39 (zinc transporter), member 1 
Slc39a1 

Mm0160592
1_g1 30791 

solute carrier family 39 (zinc transporter), member 2 
Slc39a2 

Mm0131459
7_g1 214922 

solute carrier family 39 (zinc transporter), member 3 
Slc39a3 

Mm0046029
0_m1 106947 

solute carrier family 39 (zinc transporter), member 4 
Slc39a4 

Mm0051115
1_m1 72027 

solute carrier family 39 (metal ion transporter), member 
5 Slc39a5 

Mm0051110
5_m1 72002 

solute carrier family 39 (zinc transporter), member 6 
Slc39a6 

Mm0050729
5_m1 106957 

solute carrier family 39 (zinc transporter), member 7 
Slc39a7 

Mm0043393
0_m1 14977 

solute carrier family 39 (zinc transporter), member 8 
Slc39a8 

Mm0047085
5_m1 67547 

solute carrier family 39 (zinc transporter), member 9 
Slc39a9 

Mm0047090
7_m1 328133 

solute carrier family 39 (zinc transporter), member 10 
Slc39a10 

Mm0055417
4_m1 227059 

solute carrier family 39 (metal ion transporter), member 
11 Slc39a11 

Mm0420688
8_m1 69806 
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Supplemental Table 5.1 (continued).  

solute carrier family 39 (zinc transporter), member 12 
Slc39a1

2 
Mm01325273_m

1 
27746

8 

solute carrier family 39 (metal ion transporter), member 13 
Slc39a1

3 
Mm01329757_m

1 68427 

solute carrier family 39 (zinc transporter), member 14 
Slc39a1

4 
Mm01317439_m

1 
21305

3 

solute carrier family 40 (iron-regulated transporter), 
member 1 Slc40a1 

Mm01254822_m
1 53945 

metallothionein 1 
Mt1 

Mm00496660_g
1 17748 

metallothionein 2 
Mt2 

Mm00809556_s
1 17750 

metallothionein 3 
Mt3 

Mm00496661_g
1 17751 

metallothionein 4 
Mt4 

Mm00485227_m
1 17752 
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Supplemental Table 5.2. PCR and pyrosequencing primers (listed 5' to 3') and  
PCR reaction conditions.  
Gene Forward Primer 1 Reverse Primer 1 Sequencing Primer 1 

Mt1 AGGAATTTTAGGAAAGG

AGAAGT 

AACATCATATCCCTATAATA

CTTTCC 

GGAGAAGTTGAGGTT

AT 

Mt1 GGGGAAAGTATTATAGG

GATATGAT 

CTTAAAAAACAACCTACCCT

CTTT 

AAAGTATTATAGGGAT

ATGATG 

Mt1 TGTGTATATTGGAGTTTT

AGGGAGTTT 

ATAACCCTTAAAAAACAACC

TACCCTCTT 

TGGAGTTTTAGGGAGT

TTTGTAT 

Mt1 GGGGAAAGTATTATAGG

GATATGAT 

ATAACCCTTAAAAAACAACC

TACCCTCTTT 

GTGGGTTGGAGTAAT 

Slc25

a16 

AGTAGGAAATTAGGGATT

TTGAGTGT 

CAAAACACTAAACAACACCA

TAACT 

GTGTAGTAGATTTTTT

GGGTGA 

Slc25

a16 

AGTAGGAAATTAGGGATT

TTGAGTGT 

CAAAACACTAAACAACACCA

TAACT 

GTTATGGGTATTATTT

GGT 

Slc25

a16 

ATGGTGTTGTTTAGTGTT

TTGTAAG 

ACTTCAACACCCAACCCC GTGTTTTGTAAGTTGG

TAG 

Slc25

a16 

ATGGTGTTGTTTAGTGTT

TTGTAAG 

ACTTCAACACCCAACCCC AAAAAAAAACCCAACC

AATAAAAAT 

Slc25

a16 

GGATTTAGGGGTTGGGT

GTTGA 

CCACCTAAAAAATCCTATTTT

CAACCTTA 

GGTTGGGTGTTGAAG 

Slc25

a16 

TGGTTGTAGTAGTTTTTT

GGGGATAT 

TTCCTCACTACCCTCTACTTC

ACCATCT 

GTTTTTTGGGGATATT

TTAAAG 

Slc30

a10 

AGGTTGGTGGTTATTAGT

TAAATTAAG 

TAAAACCCACCTCCTACTAC

AAAC 

GGTGGTTATTAGTTAA

ATTAAGT 

Slc30

a10 

GGTTGGTGGTTATTAGTT

AAATTAAGT 

TAAAACCCACCTCCTACTAC

AAAC 

GGTTATTTTTGTAGAT

TTTGGTT 
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Supplemental Table 5.2 (continued).  
 
Slc30a1

0 

AAGGGAGGGTTTGTAGTA

GGAG 

ACCTAAATAACCACCCATC

TCTACA 

GAGGTGGGTTTTAG

AT 

Slc30a1

0 

AGGTTGGTGGTTATTAGTT

AAATTAAG 

TAAAACCCACCTCCTACTA

CAAAC 

GGTTATTTTTGTAGA

TTTTGGTT 

Slc39a6 AGGTTAGAAGGGATTGGG

AAT 

AACCAAACTAAACTAAAAT

CCTAAC 

GTTTTTTTTAAGTAG

GATAAT 

Slc39a6 GGGAGGAGTTAGGTTATT

GATTATTTAGT 

CCAACTAATCCCTCCTACC

TAAAAATCATA 

GGAGGTGTTTTATG

TG 

Slc39a6 GGTAAGAGGGATTAGTTG

GATTTAGAG 

ACTCCTACACCCCTAAAAT

AT 

GGATTAGTTGGATT

TAGAGTT 

Slc39a6 TTTAGGTAAGAGGGATTAG

TTGGATTTAGA 

ATCACAAACCACCAATACC

CTAAATT 

TTAGGGGTGTAGGA

G 

Slc39a1

4 

GATTGTAGGTTGGAGGATT

TTAGGT 

CAATCAAATACTACCAAAA

CTAAACTCAAA 

AGGTAGGATGGGAA

G 

Slc39a1

4 

GGGTTTTGGATAGTGAGG

T 

ACAATCAAATACTACCAAA

ACTAAACT 

GGTGGGGGTTGGA

GA 

Slc39a1

4 

TGTGTTTTGGGGTTTTAGA

AAGT 

TAAACCCAATCCTAATAAC

ACCTAATTAC 

AAGTTTATTTTAGTT

TTTTTGAGTA 

Slc39a1

4 

ATTTAGGGTTTTGTAGTTG

AAGGGATAG 

CACTCCCTAAACCCAATCC

T 

CCCTAAACCCAATC

CTA 

Slc39a1

4 

GGGTTTTGTAGTTGAAGG

GATAG 

ACTCCCTAAACCCAATCCT CCCTAAACCCAATC

CTA 

Slc39a1

4 

TGTTATTAGGATTGGGTTT

AGGG 

AAAACCCACCCACTCAATA

ACTATAT 

GGATTGGGTTTAGG

GA 

PCR conditions: 1) 95°C 30s, 2) 95°C 30s , 3) 50-55°C 30s, 4) 68°C 1min, Repeat 2-4 35x, 5) 68°C 
5min. Annealing temperature for each primer pair was determined using a gradient PCR from 50-
60°C for each new primer pair. Bold indicates biotinylated primer. 

 


