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ABSTRACT 

Craniofacial deformities are common developmental defects across all 

vertebrate species, which can be caused by genetic factors, environmental factors, 

or a combination of both. Typically, in humans, these birth defects cannot be 

treated, or the only form of treatment is an expensive and invasive surgery. Thus, 

there is a critical need to study not just the causes of craniofacial defects in 

vertebrate model systems, but also potential resolutions and treatments for these 

craniofacial defects. Previous work by the McLaughlin lab determined that 

Xenopus laevis tadpoles with craniofacial deformities improve their overall 

morphology prior to metamorphosis by remodeling malformed craniofacial tissues, 

such as cartilage and eye tissue. In these works, we show that this self-correction 

process also includes the remodeling and repair of brain tissue. To elucidate the 

mechanism by which this self-correction process occurs, brain tissue differentiation 

and cerebrospinal fluid flow were examined in control and malformed brains. We 

found that both Pax7 spatial patterning and cerebrospinal fluid flow are altered in 

brains with malformations induced via teratogen exposure during embryogenesis 

but improve over time along with the overall morphology of the brains. In addition, 

the genetic factors involved in the self-correction of abnormal brain tissue were 

studied through RNA-seq and RT-qPCR procedures. The RNA-seq experiment 

identified prolactin hormone involvement in the self-correction mechanism that 

occurs in Xenopus laevis tadpoles prior to metamorphosis. Additional RT-qPCR 

experiments confirmed differential prolactin.2.S regulation in tadpole brain tissues 

undergoing self-correction and revealed differential expression of various mmp 
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genes. Furthermore, we found prolactin causes upregulation of  mmp genes in brain 

tissue, predominantly mmp1. This suggests that the differential mmp expression that 

occurs in brains undergoing remodeling and repair is at least partially due to 

prolactin signaling. This implication that prolactin hormone and upregulation in 

mmp expression are directly involved in the self-correction process that occurs in 

pre-metamorphic Xenopus laevis tadpoles brings us one step closer to elucidating 

this exact mechanism and forming a more effective treatment for debilitating 

craniofacial deformities in humans.  
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Developmental biology: organ development, remodeling, regeneration, and 

repair  

Developmental biologists study the various signaling pathways and cell 

interactions that mediate the creation of functional organs from individual cells. 

The creation of organs during development is not a completely understood 

biological process, and there is still much to learn about how organisms begin as 

individual cells with identical DNA and end with differentiated cells with specific 

roles within complex tissue structures. However, we do know that cells differentiate 

based on highly regulated and well conserved gene regulatory networks as well as 

biophysical factors, which create the different organs and tissues necessary for life 

in an organism (Simoes-Costa and Bronner, 2015; Friston et al., 2015; Van Otterloo 

et al., 2013). 

The McLaughlin lab at Tufts University is a developmental biology lab that 

focuses on vertebrate organ development, remodeling, regeneration, and repair. 

One of the overarching goals of the McLaughlin lab is to better understand how 

malformed tissues can be remodeled to improve organ function, which could lead 

to the discovery of novel medical treatments for correcting human diseases and 

deformities. Here, we investigate the mechanisms that control the remodeling of 

malformed tissues by utilizing the amphibian (frog) model system, Xenopus laevis. 

 

Craniofacial development in vertebrates 

Craniofacial defects are caused by disruptions in craniofacial development, 

which is very complex and strictly regulated process in vertebrates. The 
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development of the vertebrate head involves the formation of the vertebral column, 

brain, sensory organs, jaws, nerves, blood vessels, skeletal muscles, and cartilage 

(Van Otterloo et al., 2016). A complex development such as this leaves a lot of 

room for error. Signaling pathways and gene products regulate the formation of 

craniofacial tissues and organs and any disruptions in these pathways could induce 

craniofacial defects. For example, a study in mice showed that absence of either the 

G-coupled endothelin- receptor (ETA) or endothelin-1 (ET-1) in the development 

of neural crest cells results in numerous craniofacial defects (Clouthier et al., 2000). 

In organisms lacking ETA and/or ET-1, it appears that migration of the neural crest 

cells in the head of the embryos is normal, but there is either a reduction or complete 

absence of certain transcription factors (Clouthier et al., 2000). This leads to 

retarded arch growth, defects in proper differentiation, and mesenchymal cell 

apoptosis (Clouthier et al., 2000). 

Frequently, craniofacial abnormalities are linked to alterations in migration 

or differentiation of cranial neural crest cells (Liu, 2016). Neural crest cells are a 

multipotent cell population central and unique to the evolution and development of 

the head in vertebrates (Van Otterloo et al., 2016). Neural crest cells originate at 

the dorsal junction between the neuroepithelium and the surface ectoderm, then 

cranial neural crest cells (CNCCs) migrate anteriorly and form distinct structures 

of the face (Hu et al., 2015). After CNCCs complete their migration into the facial 

primordia, a process of growth and patterning begins that causes the CNCCs to 

differentiate and give rise to craniofacial tissues, neurons, and muscles (Van 

Otterloo et al., 2016). The neural crest cells interact with the surrounding 
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mesoderm, endoderm and ectoderm to form these facial structures as well as the 

craniofacial cartilage and/or skeleton (Van Otterloo et al., 2016). Therefore, any 

disruptions in the migration of neural crest cells or the processes that lead to the 

formation of the vertebrate head can cause craniofacial abnormalities. 

Craniofacial development is also a highly conserved process among 

vertebrate species, which means that research on vertebrate animal models can 

mimic processes in human beings (Van Otterloo et al., 2016; Dubey and Saint-

Jeannet, 2017; Liu, 2016; Achilleos and Trainor, 2015; Goodwin et al., 2015; 

Square et al., 2015) (Figure 1.1). This also implies that vertebrates are generally 

susceptible to the same craniofacial defect-inducing teratogens, genetic disorders, 

and biophysical pressures (Van Otterloo et al., 2016, Dubey and Saint-Jeannet, 

2017, Marrs et al., 2010). A single teratogen, such as ethanol, can even result in 

similar abnormal craniofacial phenotypes across several vertebrate species (e.g. 

humans, mice, fish, and frogs) (Shi et al., 2014; Guizzetti, 2015; Kumar et al., 2010; 

Kot-Leibovich and Fainsod, 2009a; Yelin et al., 2007). Thus, a better understanding 

of craniofacial development through research on animal models helps clarify how 

certain malformations arise and may ultimately inform the development of medical 

treatments. 

 

Abundance of craniofacial abnormalities  

Craniofacial deformities are common developmental defects across all 

vertebrate species, and they can be caused by genetic factors, environmental 

factors, or a combination of both. Craniofacial (CF) defects in humans, like cleft 
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lip and cleft palate, are among the most common birth defects in the world. In the 

United States, about 2,650 babies are born with cleft palate, and 4,440 babies are 

born with cleft lip (with or without cleft palate) (Parker et al., 2010). These defects 

can be devastating for patients and families, as they can result in impairment of 

function and require lifelong care (Lui, 2016). Craniofacial deformities can also 

involve malformed brain tissue and compromised behavioral functions, as is seen 

with Fetal Alcohol Spectrum Disorders (FASDs), which are a group of conditions 

that can occur in an individual whose mother consumed alcohol during pregnancy 

(Guizzetti, 2015). Worldwide prevalence of FASD varies, ranging from 1.06 to 

113.22 per 1000 people (Reid et al., 2018). The symptoms associated with FASD 

can include facial deformities, such as microcephaly (small head size), ocular 

anomalies (usually wide-set eyes), lack of philtrum (ridge between the nose and 

upper lip), congenital heart defects, and malformed brain tissue, leading to 

intellectual defects (Shi et al., 2014; Parker et al., 2010). Alcohol causes neural 

crest apoptosis, perturbation of neural crest migration, and deterioration of cartilage 

(Shi et al., 2014). Furthermore, any FASD-associated brain defects are likely to 

cause difficulties in learning, memory, and attention, as the overall brain size is 

usually smaller in these cases, with a malformed corpus callosum and cerebellum 

(Guizzetti, 2015). The higher the concentration of alcohol exposure during 

embryogenesis, the more severe the defects (Guizzetti, 2015; Shi et al., 2014). 

Craniofacial deformities may be caused by random genetic mutations, or 

environmental factors such as ethanol or folic acid deficiency (Carpeta et al., 2018, 

Webster et al., 1983, Christensen et al., 2018). For many facial deformities, surgery 
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is the only effective form of treatment, which is not only dangerous but expensive 

and intrusive. Many craniofacial deformities which include brain defects, like 

FASDs, have even fewer treatment options. Therefore, there is a great need for an 

improved, more effective way to treat facial defects and/or malformed brain tissue. 

New treatments that could direct the correction of birth defects would drastically 

change the lives of thousands of people, and help them to lead healthy, happy lives. 

 

Xenopus laevis as a model organism for craniofacial tissue remodeling 

Xenopus laevis, commonly known as the African clawed frog, is a tractable 

model system for studying craniofacial deformities and tissue remodeling because 

it is easily observed, amenable to manipulation during development, a fast 

developer, and is a vertebrate animal (Figure 1.2). Therefore, Xenopus laevis’ 

craniofacial development is very similar to that of human beings, and the findings 

of studies with these animals can be related to humans. In addition, Xenopus laevis 

has a large clutch size, external development, and relatively large embryos, which 

is helpful for imaging (Figure 1.2).  

Perhaps the most useful and intriguing aspect of Xenopus laevis, is that larvae 

with malformed craniofacial tissues are able to partially or entirely correct 

themselves prior to metamorphosis (Vandenberg et al., 2012). A study by 

Vandenberg et al. showed that the knockdown of the H+-V-ATPase channel in 

Xenopus laevis altered membrane potential, pH and gene expression, causing 

craniofacial abnormalities (Vandenberg, Morrie & Adams, 2011). Surprisingly, it 

was observed that over time, these defects normalized to become similar to control 
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groups (Vandenberg et al., 2012). No other vertebrate model system has been 

shown to be able to spontaneously correct these kinds of developmental defects. 

Although the ability for abnormal tissues in tadpoles to self-correct was 

documented by Vandenberg et al., how these tissues were able to become more like 

normal animals remained a mystery.  

The McLaughlin Lab begun to elucidate the underlying mechanisms that direct 

the self-correction of malformed tissues in the heads of tadpoles. It was determined 

that craniofacial deformities could be induced in Xenopus laevis pre-metamorphic 

tadpoles by exposing them to various chemical treatments during neurulation (see 

Figure 1.2 for reference), stages 14-25 (Nieuwkoop & Faber, 1994). ICI 118,551 

HCl, thioridazine HCl, and ethanol were used for these exposures. ICI 118,551 HCl 

is a β2‐adrenoceptor antagonist and caused abnormal trapezoidal-shaped head 

phenotypes in tadpoles due to the absence of anterior mandibular cartilage elements 

(Figure 1.3) (Smith et al., 1987). Thioridazine HCl is a dopamine receptor 

antagonist, which was found to cause a square head phenotype, misshapen eyes, 

and hyper-pigmentation in tadpoles that were exposed to the drug during 

neurulation (Figure 1.3) (Sachlos et al., 2012). Ethanol, a retinoic acid signaling 

antagonist, produced a very similar phenotype in tadpoles as a child with severe 

Fetal Alcohol Syndrome: microcephaly and ocular deformities (Figure 1.3) (Kot-

Leibovich and Fainsod, 2009b; Shi et al., 2014). The McLaughlin lab went on to 

show that the overall craniofacial morphology of the thioridazine HCl and ethanol 

treatment groups improved prior to metamorphosis, while the abnormal 
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morphology of tadpoles in the ICI 118,551 HCl treatment group remained 

unchanged.  

Elucidating the mechanism by which this self-correction occurs in pre-

metamorphic tadpoles is a current goal of the McLaughlin lab. Disruptions in the 

processes of the brain are often related to facial malformations, as facial formation 

seems to be related to healthy brain formation (Marcucio et al., 2015; Adameyko 

and Fried, 2016; Hu et al., 2015). Furthermore, the brain is required for normal 

muscle and nerve development in Xenopus laevis, making it likely that the presence 

of the brain, or signals from the brain, have an important role in normal craniofacial 

development (Herrera-Rincon and Levin, 2018). Thus, a study investigating the 

role of the brain in this self-correction process in X. laevis larvae was necessary.  

 

Scope of Thesis 

The aim of this thesis is to investigate the mechanisms of craniofacial tissue 

repair and remodeling in Xenopus laevis, focusing specifically on brain tissue in 

pre-metamorphic larvae. The overall goal of this research is to better understand 

the innate normalization of malformed brains in X. laevis tadpoles, in order to 

elucidate the mechanism by which these organisms self-correct brain and head 

deformities. This could lead to the development of improved treatment methods for 

human craniofacial birth defects. 

 

Summary of Chapters 



10 

 

  In Chapter 2, we examine the repair and remodeling of brain abnormalities 

in pre-metamorphic Xenopus laevis tadpoles. We begin by characterizing the brain 

phenotypes at early and late pre-metamorphic stages, in order to determine and 

characterize how well these animals can resolve brain abnormalities. Then, through 

various indicators, we found that the remodeling and repair of malformed brain 

tissues in these animals involved increased cell proliferation and altered matrix-

metalloproteinase regulation. For this work, I examined cell differentiation through 

Pax7 protein expression patterns and cerebrospinal fluid flow across pre-

metamorphic stages during the self-correction period. This work will be submitted 

for publication to Developmental Dynamics.  

Chapter 3 discusses the significance and broader impact of the conclusions 

made from this honors thesis work, as well as future directions for the project. Also, 

an Appendix is included which details an additional set of preliminary experiments 

for characterizing the spatial patterning of another brain patterning marker, tyrosine 

hydroxylase, in the brains of  X. laevis tadpoles with malformed tissues during pre-

metamorphic life stages.  
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Figure 1.1 Mesodermal gene expression maps of larval vertebrate head skeletons 

highlights the conservation of craniofacial gene patterning across vertebrates.  The 

larval head of a representative shark (Scyliorhinus canicula), ray-finned fish 

(zebrafish; Danio rerio), frog (Xenopus laevis), and mouse (Mus musculus) are shown with 

combinational transcription factors mapped out in multiple colors. The heads are arranged 

with anterior to the left. A hypothetical expression map of a gnathostome common ancestor 

is represented at the bottom-left of the figure based on published expression data. 

Craniofacial development is shown to be highly conserved among different vertebrate 

species, as is shown by the similar color patterns across the organisms. Figure taken from 

Square et al., 2015 (Fig. 4).  

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/scyliorhinus-canicula
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/anura
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/xenopus-laevis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mus-musculus


12 

 

 

Figure 1.2 Xenopus laevis life cycle. There are several distinct and important pathways 

that Xenopus laevis undergo after fertilization and prior to metamorphosis, which is when 

tadpoles develop into mature frogs. During cleavage, the overall volume of the egg stays 

the same, but it is divided into tens of thousands of cells. Gastrulation indicates the 

formation of the germ layers, and neurulation is the formation of the neural tube. During 

organogenesis, the embryo elongates into its typical tadpole form, and neural crest cells 

give rise to neurons, cartilage, muscles and other structures through cell differentiation and 

morphogenesis. Figure from http://www.mun.ca/biology/desmid/brian/BIOL3530.html. 

 

 

 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjcj4WTw83hAhUNZN8KHdFhARwQjRx6BAgBEAU&url=http://www.mun.ca/biology/desmid/brian/BIOL3530/DEVO_03/devo_03.html&psig=AOvVaw2bSnFZ2tnPIjXiNhgJnh-w&ust=1555260539248929
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Figure 1.3 Xenopus laevis corrects ethanol and thioridazine HCl induced craniofacial 

deformities, but cannot correct ICI 118,551 induced craniofacial deformities 

Xenopus laevis tadpoles have the unique ability to self-correct craniofacial defects over 

time, as was first noted in the Vandenberg et al. paper in 2012, suggesting a tissue 

remodeling process. The McLaughlin Lab exposed pre-metamorphic tadpoles to three 

different teratogens: ethanol, an antagonist of the Retinoic Acid signaling pathway, 

Thioridazine  HCl, a dopamine inhibitor, and ICI 118,551, a beta-adrenergic antagonist. 

Ethanol and thioridazine exposures cause abnormal craniofacial morphology that can fix 

over time (from stage 42 to 48 in these images), but abnormal phenotypes seen with beta 

blocker, ICI, cannot be fixed due to an absence of cartilage. The yellow borders and arrows 

highlight malformations in the treated tadpole heads as compared to the control heads. The 

arrows point to malformed or “cone-shaped” eyes. At stage 49, only ICI tadpoles still have 

an irregular, trapezoidal-shaped head. Photo credit to Kaylinnette Pinet. Scale bar  = 

500m.  
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Abstract 

Background 

Amongst vertebrates, craniofacial birth defects are often associated with 

malformed brain tissue. We previously confirmed that defects observed in Xenopus 

laevis larvae involving eye and craniofacial cartilaginous tissues can improve via 

tissue remodeling during pre-metamorphic stages. Here we characterize the 

underlying brain defects associated with the more external craniofacial defects seen 

after short-term pharmacological exposures to ethanol, thioridazine HCl, and ICI 

118,551 HCl during neurulation. We also investigate the potential repair and 

remodeling of abnormal brain tissue prior to metamorphosis.  

Results  

We determined that the repair and remodeling of abnormal brain tissue in 

pre-metamorphic tadpoles occurs in conjunction with the correction of malformed 

craniofacial features. Furthermore, dysmorphic brains undergoing repair and 

remodeling show elevated prolactin and matrix metalloproteinase (mmp1, mmp13, 

or mmp7) gene expression, as well as significant increases in brain cell 

proliferation.  

Conclusions 

We reveal that Xenopus laevis larvae can correct abnormal brain tissue via 

a tissue remodeling and repair mechanism prior to the onset of metamorphosis. 

These results also suggest that prolactin signaling, differential mmp gene 

regulation, and cell proliferation play a role in the remodeling and repair of 

malformed brain tissue in Xenopus laevis pre-metamorphic tadpoles. 
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Introduction 

Vertebrate animals have a tightly linked developmental regiment for 

craniofacial and brain tissue development. This connection is largely due to the 

close spatial relationship between neuronal progenitor cells and cranial neural crest 

cells (CNCCs) and their interdependent gene regulatory networks. As a result, 

craniofacial birth anomalies amongst vertebrates are often associated with 

malformed brain tissue (Marcucio et al., 2015). While facial abnormalities are the 

more apparent and salient aspects of these disorders, underneath lie neural 

deformities with equal if not greater significance. For example, fetal alcohol 

spectrum disorder (FASD), cleft lip/palate (CLP), and Lenz microphthalmia 

syndrome (LMS) are all characterized by abnormal or malformed craniofacial 

features, as well as mild to severe effects on cognition due to brain abnormalities 

(Kodituwakku and Kodituwakku, 2014; Roberts et al., 2012; Patel et al., 2018). 

Given that there are little to no treatment options for developmental brain 

abnormalities, it is imperative to investigate instances of craniofacial (CF) and brain 

repair and remodeling in animal models. 

We previously confirmed that gross structural malformations in Xenopus 

laevis larvae, such as abnormal eyes and irregular cartilaginous tissues, caused by 

exposure to various teratogens during neurulation, self-correct prior to 

metamorphosis via tissue remodeling (Pinet et al., 2019). Here we investigate 

whether X. laevis pre-metamorphic tadpoles also self-correct the brain phenotypes 

associated with ethanol, thioridazine, and ICI 118,551-induced craniofacial defects. 

Gross brain morphology, cell proliferation, apoptosis, cerebrospinal fluid flow, and 
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tissue patterning were examined in these experimental organisms, as well as wild-

type animals, throughout pre-metamorphic stages. In some or all the experimental 

groups, we observed atypical brain morphology, cell proliferation, tissue 

patterning, and cerebrospinal fluid flow at early pre-metamorphic stages. However, 

prior to entering metamorphic life stages many of the abnormal brain phenotypes 

partially or completely normalized, suggesting that these animals experienced an 

innate tissue remodeling and repair event in response to their pharmacologically-

induced neural tissue malformations.  

Neural tissue remodeling is a relatively new concept, with substantial 

implications for brain plasticity and cognitive capacity. Research studies focused 

on neural tissue remodeling (neural plasticity) have found that it occurs not only 

throughout neural development in juvenile animals, but also during adulthood 

(Gregg et al., 2007; Song and Dityatev, 2018; Zhornitsky et al., 2013; Shingo et al., 

2003). Furthermore, there is evidence that endocrine (prolactin and growth 

hormone) signaling-dependent extracellular remodeling by matrix 

metalloproteinases (MMPs) is critical to neural plasticity in juvenile and adult 

animals (Gregg et al., 2007; Parhar, 2003; Costanza and Pedotti, 2016). Studies on 

mammals and amphibians have shown that prolactin signaling regulates the 

expression of certain matrix metalloproteinases (MMPs) (Jung et al., 2004; Philips 

and McFadden, 2004). MMPs are the major enzymes responsible for degrading 

proteins within the extracellular matrix (Jabłońska-Trypuć et al., 2016). 

Subsequently,  MMPs and their inhibitors play a major role in physiological and 
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pathological tissue remodeling processes, such as morphogenesis, angiogenesis, 

and cancer metastasis (Beurden and Hoff, 2005). 

To gain a better understanding of the underlying molecular mechanisms 

mediating the remodeling and repair of malformed brain tissues in pre-

metamorphic X. laevis specimen, we applied a global RNAseq-based gene 

expression analysis on brain tissue isolated from wild-type controls and tadpoles 

with self-correcting brain phenotypes. This RNAseq analysis revealed an 

upregulation of remodeling factors, such as gnrh2, prolactin.2, and mmp7 in the 

brain tissue of animals just prior to or during the repair and remodeling period. We 

then utilized  RT-qPCR to confirm that the repair and remodeling of abnormal brain 

tissue in pre-metamorphic tadpoles coincides with differential expression of prl.2 

and mmp7, as well as mmp1 and mmp13, relative to wild-type brain tissue. MMP7 

is a matrilysin enzyme, while MMP1 and MMP13 are both interstitial collagenases 

that have previously been shown to be regulated by prolactin signaling in X. laevis 

cell cultures (Maeda et al., 1995; Quillard et al., 2014; Yueh et al., 2018; Jung et 

al., 2004). 

To test the effect of Prolactin.2 on mmp1, mmp13, and mmp7 expression 

within brain tissue, in vivo, we experimentally altered Prolactin.2 signaling in wild-

type pre-metamorphic tadpoles. We found a strong and direct correlation between 

altered Prolactin.2 signaling and the differential expression of mmp1 in pre-

metamorphic X. laevis tadpole brain tissue. While inhibiting or inducing prolactin 

signaling in wild-type controls was not sufficient to fully recapitulate the 

differential regulation of Prl.2, mmp1, mmp13, and mmp7 seen in brain tissue 
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undergoing remodeling and repair, these data suggest that prolactin signaling is 

integral to brain growth and development in Xenopus larvae. Furthermore, these 

findings strongly suggest that MMPs (i.e., MMP1, MMP13, and MMP7) and a 

multifaceted endocrine hormone signaling cascade play a role in the correction of 

malformed brain tissue and maintenance of normal brain morphology in X. laevis 

pre-metamorphic tadpoles. However, further studies are needed to identify 

additional directive signaling pathways and molecules responsible for the 

normalization of malformed brain tissue in these animals. Once these remodeling 

and repair mechanisms are more well-understood, they will likely inspire future 

translational research and novel medical therapies.  

 

Results 

Abnormal brain tissue morphology improves during pre-metamorphic stages 

       In order to examine whether teratogen-induced brain deformities 

normalized during pre-metamorphic stages in Xenopus laevis, we had to observe 

brain phenotypes at early and late pre-metamorphic stages. While the effect of 

thioridazine or ICI 118,551 exposure during neurulation on brain morphology has 

not been previously described in X. laevis, various studies have demonstrated that 

ethanol exposure during embryogenesis causes brain abnormalities in several 

vertebrates, including X. laevis (Shi et al., 2014; Yelin et al., 2007; Guizzetti, 2015). 

Indeed, we found that X. laevis specimen exposed to ethanol (during neurulation 

only) frequently showed mild midline defects in their brains; the olfactory bulbs of 

the telencephalon were often underdeveloped or fused (Figure 2.1A, Figure 2.1A). 
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The morphology of the ethanol-exposed tadpole brains at NF stages 45-47 also 

differed noticeably from control brains in the fact that they frequently displayed 

midbrain defects and wider hindbrains (Figure 2.1A, Figure 2.1A). Yet, by NF stage 

49 the mid and hindbrain morphology of the ethanol tadpoles matched wild-type 

controls (Figure 2.1A, Figure 2.1A). 

Like ethanol tadpoles, the brain morphology of thioridazine tadpoles was 

pointedly different from controls, at early pre-metamorphic stages. From NF stage 

45 to 47, these animals generally displayed wide hindbrains with thin ridges and 

underdeveloped forebrains and/or midbrains (Figure 2.1A, Figure 2.2A). 

Strikingly, by NF stage 49 we found that most or all these abnormal morphologies 

were resolved (Figure 2.1A, Figure 2.2A). As for the ICI 118, 551 tadpole group, 

at NF stage 45 their brains were fairly normal morphologically, with only slightly  

underdeveloped telencephalons (Figure 2.1A and Figure 2.2A). Additionally, ICI 

118, 551 brains were smaller than those of stage-matched control. Still, by NF stage 

49 these animals were indistinguishable from controls based on morphology and 

size. 

Pre-metamorphic tadpoles with malformed brains exhibit increased cell 

proliferation in brain tissue relative to wild-type tadpoles 

Several studies have reported that cell death and cell proliferation are 

critical for the intense tissue remodeling that occurs during metamorphosis 

(Schreiber et al., 2001; Ueda, 1996; Brown, 1995). Therefore, we investigated cell 

proliferation and apoptosis as potential cellular processes through which 

malformed brain tissue is remodeling and corrected in pre-metamorphic tadpoles. 
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Through a quantitative analysis of the number of proliferative cells visible from 

dorsal view images of tadpole brains, we determined that all the experimental 

groups show a very significant increase in cell proliferation within the brain at NF 

stage 45 and/or NF stage 47 (Dunn’s test; df = 3; p < 0.001), and no significant 

difference at stage 49 (Dunn’s test; df = 3; p < 0.001) (Figure 1B). We similarly 

measured apoptosis in the brains of these experimental animals and found no 

significant difference, relative to controls at NF stage 45, 47, or 49 (Kruskal-Wallis 

test; df = 3; p > 0.05) (Figure 2.2B). 

Cerebrospinal fluid (CSF) analysis reveals brain tissue functionality improves 

along with morphology  

 Given our observation that the hindbrains of ethanol and thioridazine 

tadpole groups appeared wider than those of control animals, we decided to 

investigate whether this was due to the buildup of cerebrospinal fluid (CSF) in the 

4th ventricle of the brain. Cerebrospinal fluid is key to the distribution of signaling 

factors and nutrients throughout the central nervous system and has significant 

implication for brain development in X. laevis (Hagenlocher et al., 2013). 

Appropriate CSF flow is dependent upon ciliary functionality in the ependymal 

cells that line the brain ventricles, thus dysfunctional ependymal cells and brain 

tissue can result in ventricle dilation (hydrocephalus) (Baas et al., 2006; Ibañez-

Tallon et al., 2004; Hagenlocher et al., 2013; Banizs et al., 2005; Chiang et al., 

2009; Pérez-Fígares et al., 2001). 

CSF volume and flow has previously been analyzed in vivo in X. laevis 

embryos and tadpoles via microinjection of fluorescent dyes and microbeads into 
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the fourth brain ventricle (Mogi et al., 2012; Hagenlocher et al., 2013). Utilizing 

this approach, we measured cerebrospinal fluid in ethanol, ICI 118,551, and 

thioridazine tadpole brains (Fig. 2.3). We began by measuring the ratio between the 

length and width (anterior-posterior [AP] axis to left-right axis [LR] axis) of the 4th 

ventricle. We found the mean AP:LR ratio of the 4th ventricle was significantly 

lower in all the experimental groups at NF stage 45, compared to controls (Dunn’s 

test, df = 3, p < 0.05) (Fig. 3A). This expansion of the ventricular space is consistent 

with an increase in CSF pressure (Fig. 2.3A,B).  

We then analyzed CSF flow by tracking microbead movement within 

ventricular spaces and quantifying their curvilinear velocities within the forebrain 

(lateral and 3rd ventricles) and hindbrain (4th ventricle) (Fig.3 B-E). We analyzed 

CSF flow in the forebrain to determine whether the fused olfactory bulbs seen in 

ethanol specimen, which remain unresolved, coincided with persistent abnormal 

CSF flow. Indeed, we found a correlation between the fused forebrain phenotypes 

in ethanol tadpoles and reduced CSF flow in the forebrain at NF stages 45-50 

(Figure 2.3B). Additionally, thioridazine tadpoles with abnormally wide hindbrains 

had significantly increased CSF flow rate the hindbrain region at NF stage 45-48 

(Dunn’s test, df = 3, p < 0.01) (Figure 3F). However, by NF stage 49, CSF flow 

within the 4th ventricle equalized across the control and experimental groups 

(Kruskal-Wallis test, df = 3, p < 0.05) (Figure 2.3F). 

Paired box 7 (Pax7) spatial patterning is altered in tadpoles with abnormal brain 

morphology and normalizes over time 
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       Pax7 is a highly conserved marker for localized cell populations within the 

central nervous system of tetrapod animals (Moreno et al., 2014; Bandín et al., 

2013; Joven et al., 2013). The spatiotemporal patterning of this marker has been 

thoroughly characterized in embryonic, pre-metamorphic, pro-metamorphic, and 

adult X. laevis tadpole brains (Bandín et al., 2013; Bandín et al., 2014). Thus, we 

utilized immunohistochemistry to compare Pax7 expression in the brains of our 

experimental tadpoles and wild-type controls. Allowing for the inspection of tissue 

differentiation, patterning, and organization in malformed brains as they self-

corrected. 

  Although Pax7 spatial patterning changes dynamically throughout normal 

brain development, at each developmental stage wild-type controls have a 

consistent Pax7 expression pattern (Fig. 2.4A). We found that less than 15% of 

controls deviated from this pattern at any given stage (Fig. 2.4B), whereas 30-45% 

of ethanol, ICI 118,551, and thioridazine tadpoles displayed atypical Pax7 

expression at NF stage 45 (Fig. 2.4A,C-E). The most common case of atypical Pax7 

expression observed was reduced (or diffuse) Pax7 pattern along the ridges of the 

hindbrain ventricle (4th ventricle), as opposed to the sharp punctate expression 

observed in controls.  

Notably, the percentage of tadpoles with abnormal Pax7 spatial patterns in 

the experimental groups dropped to 10-25% as they progressed to NF stage 49 (Fig. 

2.3C-E). While, both the ethanol and ICI 118,551 specimen showed a rather steady 

improvement in this metric from NF stage 45 to 49, larvae with thioridazine-

induced abnormalities showed improvement specifically between NF stage 47 and 
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49 (Fig. 2.4E). It is also important to note that none of the experimental groups 

demonstrated ablated Pax 7 patterning, suggesting that cell differentiation within 

Pax7-positive brain tissue was not drastically altered. 

RNA-seq analysis of thioridazine tadpole brain tissue identified differentially 

expressed hormones and other tissue remodeling factors 

       Having observed, through several methods, that X. laevis larvae are able to 

resolve malformed brain tissue, we sought to identify and decipher the underlying 

molecular mechanisms mediating this phenomenon. To that end, we applied a 

RNAseq-based gene expression analysis on brain tissue isolated from wild-type 

controls and tadpoles with thioridazine-induced abnormal brain phenotypes. Only 

the thioridazine treatment was utilized for this approach because it induces very 

consistent abnormal brain phenotypes that reliably improve over time. Any 

significant factors identified in thioridazine tadpoles could then be probed in 

ethanol and ICI 118,551 specimen through RT-qPCR. Differential gene analysis of 

the RNA-seq run on control and thioridazine brain cDNA libraries revealed 13 

differentially expressed genes at stage 45 and 16 at stage 47 (Table 2.1 and 2.2). 

From the list of differentially expressed genes, we identified factors which 

correlated with statistically significant upregulation of hormone pathways 

involving gonadotropin releasing hormone and prolactin hormone in the 

thioridazine tadpoles, relative to stage matched controls (Table 2.1 and 2.2). We 

also found significant differential expression of mmp7 and col3a1 genes at NF stage 

47, both of which are important factors for extracellular matrix remodeling (Table 

2.2). 
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In situ hybridization and RT-qPCR analysis of prolactin.2 confirmed RNAseq 

results 

The RNAseq experiment revealed upregulation of prolactin.2S (prl.2) in 

thioridazine-effected brains at NF stage 47. From previous studies in Xenopus and 

other animals we know that prolactin signaling can induce the remodeling of 

various tissues (Huang et al., 2009; Huang and Brown, 2000a; Jung et al., 2004, 

Parhar, 2003). Thus, we generated primers specific to the prolactin.2S sequence to 

generate in situ RNA probes and further investigate this hormone in experimental 

tadpoles with brain defects. Analysis of prl.2 expression through whole-mount in 

situ hybridization revealed relatively normal gene expression patterning, within the 

hypothalamus and pituitary regions of the brain in all control and experimental 

groups at pre-metamorphic stages (Fig. 2.5A). 

However, through RT-qPCR we found that ethanol and ICI 118,551 

tadpoles both showed an approximately 3-fold decrease of prl.2 at stage 45 and 1.5-

fold decrease at stage 47. We also tested the relative expression levels of the 

prolactin receptor gene (prlr) and found that at NF stage 47 the ICI 118,551 and 

ethanol groups showed a 5-fold and 3-fold decrease in prlr expression, respectively. 

As for the thioridazine brain tissue, we noted a 3-fold increase of prolactin.2 

expression in post-thioridazine tadpoles at stage 45 and a 5-fold increase at stage 

47, with no change in the expression of prolactin receptor at either stage (Figure 

2.5). Thus, the RNAseq results were confirmed by RT-qPCR. 

Differential mmp1, mmp7, and mmp13 expression occurs in brains undergoing 

remodeling and repair 
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 Given that our RNAseq experiment discovered increased expression of 

prl.2 and mmp7 in the brain tissue of NF stage 47 thioridazine tadpoles (Table 2.2) 

and a previous in vitro study showing mmp1 and mmp13 regulation by prolactin 

signaling (Jung et al., 2004), we examined whether the expression of these three 

mmp genes were also altered in ethanol and ICI 118,551-treated tadpole brain 

tissue. RT-qPCR revealed 1.5 to 3-fold upregulation of mmp13 at NF stage 45 in 

ethanol, ICI 118,551, and thioridazine tadpole brains, as well as 1.5 to 3-fold down 

regulation of mmp1 in ICI 118,551 and thioridazine samples (Figure 2.6A). At NF 

stage 47, the mmp1 gene also seems to be downregulated in the brain tissue of all 

three experimental groups (Figure 2.6B). 

In order to evaluate the effect that prolactin (PRL) signaling may have on 

the expression levels of mmp1, mmp7, and mmp13, we applied exogenous X. laevis 

Prolactin.2 or pergolide mesylate (an antagonist of prolactin gene expression) 

exposures to wild-type pre-metamorphic tadpoles. Prolactin.2 exposure was 

expected to bind and activate the prolactin receptor and initiate or upregulate the 

PRL signaling cascade, based on previous studies which utilized human or ovine 

prolactin hormone isolates to bind and activate Xenopus prolactin receptors (Huang 

and Brown, 2000b; Campantico et al., 1972). Exposure to pergolide mesylate (PM) 

was expected to downregulate all prolactin gene expression via its agonistic effects 

on dopamine signaling, ultimately decreasing prolactin hormone prevalence 

(Fitzgerald and Dinan, 2008; Factor, 1999). Interestingly no significant change in 

prl.2.S gene expression was detected with the PM or PRL.2 exposures (Fig. 

2.6C,D). However, we did observe that PM and PRL.2 exposures have opposing 
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effects on mmp1, mmp13, and mmp7 expression, with PRL.2 increasing expression 

and PM decreasing expression (Fig. 2.6C and D). In fact, after only two days of 

exposures, specimen showed significantly different effects on mmp1 expression 

(Fig. 2.6C) (Kruskal-Wallis Test, df = 2, p < 0.05). After a longer exposure period 

(7 days), the PM and PRL.2 groups showed significantly opposing effects on all 

three mmp genes (Fig. 6D) (Kruskal-Wallis Test, df = 2, p < 0.05). Thus, these 

treatments modulated a factor critical for regulating mmp1 gene expression, which 

our evidence suggests is downstream of prolactin signaling.  

 

Discussion 

We have characterized brain morphology in pre-metamorphic tadpoles that 

experienced acute exposures to either ethanol, ICI 118,551, or thioridazine during 

neurulation. Most craniofacial defect-inducing teratogens affect CNCs; for 

example, ethanol has been reported to hinder migration and increase apoptosis in 

the CNCs of frog, fish, murine, and human embryos, all of which develop 

craniofacial defects (Shi et al., 2014; Guizzetti, 2015; Carvan et al., 2004; Bilotta 

et al., 2004). Although the mechanisms through which ethanol, thioridazine, and 

ICI 118,551 induce craniofacial defects are not fully understood, they likely affect 

apoptosis, proliferation, migration, or differentiation in cranial neural crest cells 

(CNCs). In fact, ethanol is an antagonist of the retinoic acid signaling pathway, a 

pathway known to be involved in cell differentiation and patterning of the brain 

(Yelin et al., 2007). We determined that thioridazine exposure during neurulation 
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causes obvious brain abnormalities, while exposure to ICI 118,551 has much more 

subtle effects on brain development. 

Through qualitative and quantitative morphological, gene expression, and 

tissue function analysis, we have found that the ethanol and thioridazine tadpoles 

have atypical brain morphology and functionality at early pre-metamorphic stages. 

Intriguingly, if these same analyses are applied to late pre-metamorphic tadpole 

stages, the experimental tadpole brains match wild-type controls completely or 

more closely. This is most evident when looking at the morphology, function, and 

patterning of the 4th ventricle and hindbrain region of thioridazine tadpoles, which 

drastically improves between NF stage 47 and 49. These results support the 

existence of an adaptive tissue remodeling and repair mechanism for brain tissue in 

pre-metamorphic tadpoles (Fig. 2.7). These findings also correlate with, and expand 

upon, previous reports of the self-correction of craniofacial anomalies in X. laevis 

tadpoles prior to metamorphosis (Vandenburg et al., 2012; Pinet et al. 2019). 

Ultimately, we find that X. laevis specimen exposed to thioridazine during 

neurulation serve as useful models for the remodeling and repair of malformed 

craniofacial and brain tissues, due to the consistent effect of acute thioridazine 

exposure on brain development and the subsequent improvement of malformed 

brain tissue over time. 

This study also highlights cell proliferation and adaptive MMP regulation 

in brain tissue as potential mechanisms for the remodeling and repair of dysmorphic 

brain tissue. Our data strongly suggests that cell proliferation is a significant factor 

in the self-correction of abnormal brain tissue in pre-metamorphic X. laevis 



31 

 

tadpoles with brain defects induced via several distinct pharmacological 

perturbations. During the time period where we see significant changes in brain 

morphology, for both wild-type and abnormal brains, we also see significant 

increases in cell proliferation. While, increased proliferation at these developmental 

stages is associated with growth, it is important to note that tadpoles undergoing 

self-correction of brain anomalies experience even greater proliferation than their 

wild-type counterparts. Furthermore, by stage 49/50 at which point brain 

morphology normalization seems to have ceased, proliferation rates across 

experimental and control groups are equal. Other remodeling and repair 

mechanisms that involve proliferation, such as gut remodeling and brain tissue 

regeneration in Xenopus laevis, support the importance of cell proliferation to tissue 

remodeling in this organism (Ueda, 1996; Heimeier et al., 2010; Gaete et al., 2012). 

In addition to characterizing larvae brain tissue before and during self-

correction, we applied RNAseq and RT-qPCR to identify some of the genetic 

factors involved. These factors include mmp1, mmp13, mmp7, and prl.2. 

Furthermore, through experimental manipulation of prolactin signaling we have 

demonstrated a strong link between prolactin signaling and mmp1 gene regulation, 

in vivo. MMPs are at the heart of tissue remodeling and repair events because they 

are the major proteinase family responsible for extracellular matrix degradation and 

turnover in multicellular animals (Visse and Nagase, 2003; Fu et al., 2009; Naitoh 

et al., 2017; Pinet et al. 2019). Therefore, determining the spatiotemporal protein 

patterning and function of these MMPs through the design and implementation of 

antibodies for immunohistochemistries is a natural next step.  
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Generally, further analysis of the gene cascades responsible for inducing the 

remodeling and repair of neural tissue in X. laevis is required in order to develop 

detailed models of this phenomenon. However, all that we have uncovered thus far 

regarding endocrine signaling, mmp gene regulation, and cell proliferation profiles 

in adaptively remodeling brain tissue has significant implications for our 

understanding of brain development and remodeling in vertebrates. For example, 

prolactin hormone’s effect on neural tissue remodeling and cell behavior in wild-

type and atypical specimen certainly deserves further analysis, given our findings 

and the fact that prolactin has been implicated in the reversal or alleviation of 

neurodegenerative disease-related symptoms in adult mice and humans (Shingo et 

al., 2003; Gregg et al., 2007; Costanza and Pedotti, 2016). 

Furthermore, previous studies have shown that pre-metamorphic tadpoles 

can be trained through associative learning and that the ability to learn is hindered 

in tadpoles with severe brain defects (Blackiston and Levin, 2012; Blackiston and 

Levin, 2013; Pai et al., 2018). Thus, the increase in cell proliferation observed in 

self-correcting brain tissue has major consequences, because it could have a 

positive effect on cognition and learning in these animals. Moving forward, it 

would be pertinent to determine whether animals with malformed brain tissues have 

hindered cognitive abilities and whether normalization of the brain tissue restore 

cognitive abilities. In conclusion, we find that X. laevis  larvae have a remarkable 

ability to address and resolve brain abnormalities prior to metamorphosis, via a 

complex and adaptive molecular mechanism involving endocrine signaling, cell 

proliferation, and altered mmp gene expression.  
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Experimental Procedures 

Embryo culturing and tadpole rearing 

All the experiments were conducted in accordance with the guide for Care 

and Use of Laboratory Animals and were approved by the Institutional Animal Care 

and Use Committee at Tufts University. Embryo culturing was carried out as 

previously described by Caine and McLaughlin (Caine and McLaughlin, 2013). 

Embryos and tadpoles were reared and fed following the methods described in Pinet 

et al. 2019 (Pinet et al., 2019). Embryos and tadpoles were staged based on 

Nieuwkoop and Faber (P.D. Nieuwkoop and J. Faber, 1994). 

Pharmacological exposures 

Embryos were reared at 14˚C until NF stage 13/14, then pharmacological 

exposures to induce craniofacial defects were conducted on the neurula stage 

embryos (NF stage 14-26) at 18 ˚C.  After the exposures they were kept at 14 ˚C 

until they reached feeding-tadpole stages. Pharmacological treatments included: 

1.5-2% ethanol, 90 µM thioridazine (Tocris), and 25-100 µM ICI 118, 551  

(Tocris). Plate densities during exposures were kept at 50 embryos per 10 mL of 

media. 

Cerebrospinal fluid (CSF) flow and volume analysis 

 CSF flow analysis was based on the procedures previously described by 

Hagenlocher et al. (Hagenlocher et al., 2013). Pre-metamorphic tadpoles were 

anesthetized with tricaine (MS-222, Sigma) and 10-20 nl injections were made into 

the fourth brain ventricle using needles made from glass capillaries. The injections 

solution consisted of a 0.008% FluoSpheresTM (1 µm, yellow-green [505/515], 2% 
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solids, ThermoFisher), 0.5 µg/µl Dextran, Texas Red TM (10,000 MW, Neutral, 

ThermoFisher), and 1x MBSH buffer solution. Fluorescent microbead movement 

and brain ventricle volume imaging was performed on a Zeiss Axiocam 

microscope. CSF flow videos were generated by capturing approximately 345 

frames over a 5 second window. 

 Fluorescent microbead velocities were analyzed by isolating 30 consecutive 

raw frames from the full length CSF flow videos and applying a customized 

flowcathR package-based R script (Federico Marini, 2015). The temporal color 

coding, ruler, and polygon outlining features of Fiji were utilized to visualize 

microbead movement and measure the dimension of the 4th ventricle (Schindelin et 

al., 2012).  

Immunohistochemistry (IHC) and in situ hybridization (ISH) 

Tadpoles were euthanized and fixed in 1x MEMFA (0.1 M MOPS, pH 7.4, 

2 mM EGTA, 1 mM MgSO4, 3.7% formaldehyde), washed with 1x phosphate 

buffered saline (PBS), dehydrated in methanol, bleached overnight at room 

temperature with a 9% hydrogen peroxide solution under a constant light source, 

transitioned to 100% methanol, and stored at -20˚C until used for IHC or ISH. 

Whole-mount IHC and ISH were performed as described by Caine and McLaughlin 

(Caine and McLaughlin, 2013), except IHC on brain tissue often required that we 

dissect out the brain prior to incubation with IHC antibodies, resulting in a whole-

brain rather than whole-mount approach. The IHC primary antibodies utilized for 

this study were, 12/101 (skeletal muscle marker; Developmental Studies 

Hybridoma Bank [DSHB]), anti-PAX7 (neural marker; DSHB), anti-
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phosphorylated histone 3 (pH3, mitotic cell marker; Thermo Fisher Scientific), and 

anti-active Caspase 3 (apoptotic cell marker; BD Biosciences Pharminogen). The 

IHC secondary antibodies used were either goat anti-mouse of goat anti-rabbit 

conjugated to alkaline phosphatase (AP; 1:1,500 dilution, Sigma), Alexa Fluor 488 

(AF488; 1:300 dilution, Abcam), or Alexa Fluor 555 (AF555; 1:300 dilution, 

Abcam). The ISH transcripts detected were PRL.1.L and PRL.2.S, see 

supplementary table 1 for RNA probe sequences. 

       For sectioning of brain tissue post IHC, isolated brains were embedded in 

4% agarose solution, then sectioned on a Leica vibratome. The 75 µM sections were 

then cleared in a 50% glycerol: 50% PBS solution and mounted on slides for 

imaging on a Nikon SMZ1500 dissections microscope with a Spot Insight Color 

digital camera and Spot Image SolutionsTM software. 

Real time quantitative PCR (RT-qPCR) and RNA-Seq 

RNA libraries were generated from brain tissue and RNAseq cDNA 

libraries were generated following methods described in Pinet et. al. 2019 (Pinet et. 

al. 2019). Isolated brain tissue RNAseq cDNA libraries were pooled and run on 

Illumina Hi-Seq 2500 at the Tufts University Core Facility to generate 100-bp 

single end reads. The sequencing reads were then trimmed to remove adapter 

sequences and filtered to remove any low-quality reads with Trimmomatic, then 

mapped to the Xenopus laevis genome v9.1 with HISAT2. Transcript count tables 

were generated with HTSeq-count and differential gene analysis was carried out 

using the DESeq2 package in R (Love et al., 2014). 

Statistics 
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For sufficient statistical power, a minimum total samples size (total n) of 14 

tadpoles per control and experimental group was applied; total n is the sum of 

samples sizes (n) across multiple biological replicates (N). Quantitative data across 

multiple control and experimental groups were analyzed with Kruskal-Wallis non-

parametric tests (KW test), if the KW test were significant, a post-hoc Dunn’s test 

was performed. Bonferroni p-value adjustments were also utilized to adjust for 

multiple testing bias. 
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Figure 2.1. Thioridazine and ethanol tadpoles show normalized brain morphology 

between NF stage 45 and 49, after experiencing increased cell proliferation across 

brain tissue.  
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Figure 2.1. Thioridazine and ethanol tadpoles show normalized brain morphology 

between NF stage 45 and 49, after experiencing increased cell proliferation across 

brain tissue. A) Immunohistochemistry for phosphorylated-histone 3 (pH3); a cell 

proliferation marker. Representative NF stage 45, 47, and 49 control, ethanol, IC 118,551, 

and thioridazine tadpole brains, respectively. Blue, red, and black arrowheads point to 

fused olfactory bulbs, malformed midbrain, and thin hindbrain ridges, respectively. Yellow 

stars signify abnormally wide hindbrain ventricle. Scale bar for whole head images = 500 

µM. Scale bar for brain images = 200 µM. FB = Forebrain; MB = Midbrain; HB = 

hindbrain. B) Quantified mean proliferation ± standard error (pH3 positive cells/µM2) in 

control, ethanol, ICI 118,551, and thioridazine brains, measured from dorsal view images 

at NF stage 45, 47, and 49, respectively. Kruskal-Wallis tests were followed by Dunn’s 

post-hoc test when appropriate; ***p < 0.001, **p < 0.01 for Dunn’s post-hoc test. N = 3, 

n = 8-29, for a total n of 41-65 for each group/stage. 
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Figure 2.2. Ethanol, ICI 118, 551, and thioridazine tadpoles do not show 

significantly increased apoptosis across brain tissue, relative to controls 

between NF stage 45 and 49. 
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Figure 2.2. Ethanol, ICI 118, 551, and thioridazine tadpoles do not show 

significantly increased apoptosis across brain tissue, relative to controls 

between NF stage 45 and 49. A) Immunohistochemistry for alpha-caspase 3 

(Casp3); a cell apoptosis marker. Representative NF stage 45, 47, and 49 control, 

ethanol, ICI 118,551, and thioridazine tadpole brains, respectively. Blue, red, and 

black arrowheads point to fused olfactory bulbs, malformed midbrain, and thin 

hindbrain ridges, respectively. Yellow stars signify abnormally wide hindbrain 

ventricle. Scale bar for whole head images = 500 µM. Scale bar for brain images = 

200 µM. FB = Forebrain; MB = Midbrain; HB = hindbrain. B) Quantified mean 

apoptosis ± standard error (Casp3 positive cells/µM2) in control, ethanol, ICI 

118,551, and thioridazine brains, measured from dorsal view images at NF stage 

45, 47, and 49, respectively. Kruskal-Wallis tests for all stage revealed no 

significant difference between groups (p > 0.05). N = 3, n = 8-17, for a total n of 

36-46 for each group/stage. 
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Figure 2.3. Ventricular expansion and altered cerebrospinal fluid (CSF) flow 

correspond with abnormal brain phenotypes.   
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Figure 2.3. Ventricular expansion and altered cerebrospinal fluid (CSF) flow 

correspond with abnormal brain phenotypes.  A) Analysis of difference in the fourth 

ventricle length to width ratio (anterior-posterior axis [AP] to left-right axis [LR] ratio) 

between controls and experimental tadpoles. B) Quantified difference in forebrain CSF 

flow (microbead curvilinear velocity, µM/ms) in ethanol, ICI 118,551, and thioridazine 

brains, relative to controls. Curvilinear velocity was measured from dorsal view videos at 

NF stage 45-50. C) Same analysis as B, except on the hindbrain ventricle. D,E) Pseudo-

colored trajectories generated from time-lapse images taken over 5 seconds of fluorescent 

microbeads within the forebrain and hindbrain ventricles, respectively. Darker trajectories 

correspond with shorter distance traveled across ~345 frames (~5 seconds), while lighter 

trajectories correspond with larger distances traveled across ~345 frames. For ventricle 

volume experiments, N = 3, n =14-22 , for a total n of 43-65 for each group/stage. For CSF 

velocity experiments, N = 3-5, n = 4-7, for a total n of 14-33 for each group/stage. Kruskal-

Wallis tests were followed by Dunn’s post-hoc test when appropriate; ***p < 0.001, **p 

< 0.01, *p < 0.05 for Dunn’s post-hoc test. Scale bars  in forebrain and hindbrain microbead 

trajectory images equal 100 µM. 
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Figure 2.4. Paired box 7 (Pax7) immunohistochemistry reveals abnormal neural 

tissue patterning in ethanol and thioridazine exposed tadpoles at NF stage 45, which 

is largely resolved by NF stage 49.  
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Figure 2.4. Paired box 7 (Pax7) immunohistochemistry reveals abnormal neural 

tissue patterning in ethanol and thioridazine exposed tadpoles at NF stage 45, which 

is largely resolved by NF stage 49. A) Control, ethanol, ICI 118,551, and thioridazine 

whole-brain-mount immunohistochemistry for Pax7 at NF stage 45, 47, and 49. Pax7 is a 

marker for neural cells within the midbrain and hindbrain regions. Images are 

representative of phenotypes seen over three trials. Yellow arrow heads point to ectopic 

brain tissue and Pax7 expression. N=3, n= 8, for a total n of 24 for each group/stage. 
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Figure 2.5. Whole-mount in situ hybridization and RT-qPCR confirms Prl.2 is 

expressed in the hypothalamic and pituitary regions of pre-metamorphic wild-type, 

ethanol, ICI 118,551, and thioridazine tadpole brains.  
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Figure 2.5. Whole-mount in situ hybridization and RT-qPCR confirms Prl.2 is 

expressed in the hypothalamic and pituitary regions of pre-metamorphic wild-type, 

ethanol, ICI 118,551, and thioridazine tadpole brains. A) Lateral and ventral views of 

Isolated brains from Prolactin.2 (Prl.2) whole-mount in situ hybridization on control, 

ethanol, ICI 118,551 and thioridazine tadpoles. B & C) RT-qPCR for Prl.2 and Prlr gene 

expression in control (y = 0), ethanol, ICI 118,551, and thioridazine brain tissue at NF stage 

45 and 47, respectively. Gene quantity was normalized by eukaryotic elongation factor 1 

alpha (eef1aa) expression values, then by matching control values. Thus, control mean log2 

fold change values are set to zero. *p < 0.05, **p < 0.01 for Kruskal-Wallis test. N= 3, 

n=10 for each group/stage.  
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Figure 2.6. RT-qPCR reveals differential mmp1, mmp7, and mmp13 regulation in 

brain tissue undergoing adaptive tissue remodeling and repair, which cannot be fully 

recapitulated in wild-type control brains through modulation of Prolactin signaling.  
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Figure 2.6. RT-qPCR reveals differential mmp1, mmp7, and mmp13 regulation in 

brain tissue undergoing adaptive tissue remodeling and repair, which cannot be fully 

recapitulated in wild-type control brains through modulation of Prolactin signaling. 

A & B) RT-qPCR for mmp1, mmp13, and mmp7 in control (y = 0), ethanol, ICI 118,551 , 

and thioridazine brain tissue samples at NF stage 45 and 47, respectively. C & D) RT-

qPCR for mmp1, mmp13, mmp7, and prl.2 in wild-type (control, y = 0), wild-type + 

pergolide mesylate (+PM), and wildtype + Prolactin.2 (+PRL.2) tadpoles after 2 and 7 days 

of continuous exposures, respectively. Gene quantity was normalized by eukaryotic 

elongation factor 1 alpha (eef1aa) expression values, then by matching control values. 

Thus, control mean log2 fold change values are set to zero.  *p < 0.05, **p < 0.01 for 

Kruskal-Wallis test. N= 2-3, n=10 for each group/stage. 
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Figure 2.7. Model for the adaptive tissue remodeling and repair response observed in 

pre-metamorphic X. laevis tadpoles with abnormal brain morphology.  
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Figure 2.7. Model for the adaptive tissue remodeling and repair response observed in 

pre-metamorphic X. laevis tadpoles with abnormal brain morphology. Adaptive brain 

tissue remodeling and repair primarily occurs between NF stage 47 and 49, during which 

malformed brains experience an increase in cell proliferation and mmp gene expression. 

Afterwards, brain morphology is normalized and may not be differentiable from stage-

matched wild-type brains. Blue, red, and black arrowheads point to fused olfactory bulbs, 

malformed midbrain, and thin hindbrain ridges, respectively. Yellow stars signify 

abnormally wide hindbrain ventricle. 
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Table 2.1. Thirteen differentially expressed genes between control and post-

thioridazine brain tissue samples at NF stage 45 found through RNAseq. N = 

3, n = 10 brains per group/stage. 

Gene Symbol 
GenBank Gene 

Accession 

log2 Fold 
Change (Mean 

± SE) 
Adjusted 
P Value 

c1qtnf9b.L XR_001934332 6.51 ± 1.015 4.280E-06 

MGC64358 NM_001086304 4.84 ± 1.003 6.831E-03 

slc34a3.L XM_018229375 4.50 ± 0.924 6.721E-03 

adh7.S NM_001093434 4.46 ± 0.847 1.214E-03 

slc23a1.L XM_018251343 4.23 ± 0.950 2.311E-02 

LOC108715679 XM_018261058 3.61 ± 0.815 2.329E-02 

cltrn.L XM_018244790 3.39 ± 0.738 1.792E-02 

LOC495407 NM_001095065 3.33 ± 0.635 1.214E-03 

rgn.S XM_018249822 1.73 ± 0.379 1.955E-02 

LOC108718490 XM_018266824 1.61 ± 0.359 2.311E-02 

LOC108719682 XM_018268871 1.60 ± 0.358 2.311E-02 

slc24a5.L XM_018253090 1.20 ± 0.292 9.806E-02 

gnrh2.L XM_018227027 1.11 ± 0.210 1.214E-03 
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Table 2.2. Sixteen differentially expressed genes between control and post-

thioridazine brain tissue samples at NF stage 47 found through RNAseq. N = 

3, n = 10 brains per group/stage. 

Gene Symbol 

GenBank Gene 

Accession 

log2 Fold 

Change (Mean 

± SE) 

Adjusted 

P Value 

LOC100495517.S NM_001089905 5.69 ± 1.129 0.003 

LOC108715679 XM_018261058 3.21 ± 0.750 0.040 

LOC108698356 XM_018229778 2.90 ± 0.697 0.062 

rgn.L NM_001085655 2.62 ± 0.651 0.100 

LOC108713473 XM_018257041 1.95 ± 0.432 0.018 

LOC108709516 XM_018249437 1.88 ± 0.423 0.022 

gpnmb.L NM_001095618 1.32 ± 0.284 0.012 

prl.2.S XM_018227169 1.25 ± 0.209 6.470E-05 

MGC53823 NM_001086195 0.93 ± 0.212 0.029 

epx.L NM_001088379 0.90 ± 0.181 0.003 

elf3.S XM_018249348 0.89 ± 0.165 0.001 

mmp7.L NM_001086213 0.81 ± 0.179 0.018 

mpo.L XM_018244848 0.80 ± 0.172 0.012 

col3a1.S NM_001090075 0.71 ± 0.126 0.000 

gpr151.L XM_018252147 -0.74 ± 0.178 0.062 

krt61.L XM_018245249 -1.36 ± 0.292 0.012 
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Table S2.1. PRL2 and PRL1 sense and antisense RNA in situ probe 

sequences. 
Probe Sequence 

Sense 

PRL.2.S  

ccactttgtacaagaaagctgggtacgcgtaagcttgggcccctcgaggg

atactctagagcGGCCGCATGGCCAGCTCAAGAAGAGGTATCATGCTCCT

TGCACTGTTGATGTCTGATGTGTTTGTGATGAGAAAGATGGTATCCTCTA

TGCCAATATGTACTCCTGGAAGCTTCCAGTGTCAGGTTCTGCTTAGTGAC

CTCTTCGACAGAGCTATAAAGTTATCACACTATATCCATTCCCTGTCCAC

AGAGATGTATGAGGACCTGGATCAGAGGTTTTCCCAAGGCCGTCAGATTT

TAGGGAAAGCCATGATCAGCTGTCACACCTCCTCCCTAAGTACCCCAGAG

GACAAGGACCAGGCTTTGCAGACACACCATGACGACCTGATTAACCTTGT

GCAGAAGTTACTGCGCTCATGGAACCAGCCCTTACAACATTTGGCACTGG

AGGCTCCAGACAACATGGCGAGCAAAATGAAAGAAGTTGAGGAGCATGCA

AAGATCCTGCAGGGAGGGATTGATAGGATTGCTGGAAGGATGCAAAGCAA

TCTGGGAGATGAATTCTACCCTCAATGGCTCACCCCGGGGGATTCCAGGA

TGCCAAATGGAGATTCTGAGAGTTATGCCCTCTATCACTTACTGCACTGT

TTCCGGAGGGATTCCAACAAGATAGACAACTACCTGAAGATCCTCCGCTG

CCGCATGGTGCACGCCAGCAACTGCAGGg 

A.S. 

Prl.2.S 

caagtttgtacaaaaaagcaggctggtaccCCTGCAGTTGCTGGCGTGCA

CCATGCGGCAGCGGAGGATCTTCAGGTAGTTGTCTATCTTGTTGGAATCC

CTCCGGAAACAGTGCAGTAAGTGATAGAGGGCATAACTCTCAGAATCTCC

ATTTGGCATCCTGGAATCCCCCGGGGTGAGCCATTGAGGGTAGAATTCAT

CTCCCAGATTGCTTTGCATCCTTCCAGCAATCCTATCAATCCCTCCCTGC

AGGATCTTTGCATGCTCCTCAACTTCTTTCATTTTGCTCGCCATGTTGTC

TGGAGCCTCCAGTGCCAAATGTTGTAAGGGCTGGTTCCATGAGCGCAGTA

ACTTCTGCACAAGGTTAATCAGGTCGTCATGGTGTGTCTGCAAAGCCTGG

TCCTTGTCCTCTGGGGTACTTAGGGAGGAGGTGTGACAGCTGATCATGGC

TTTCCCTAAAATCTGACGGCCTTGGGAAAACCTCTGATCCAGGTCCTCAT

ACATCTCTGTGGACAGGGAATGGATATAGTGTGATAACTTTATAGCTCTG

TCGAAGAGGTCACTAAGCAGAACCTGACACTGGAAGCTTCCAGGAGTACA

TATTGGCATAGAGGATACCATCTTTCTCATCACAAACACATCAGACATCA

ACAGTGCAAGGAGCATGATACCTCTTCTTGAGCTGGCCATGCGGCC 
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CHAPTER THREE 

Conclusions and future directions 
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Summary of thesis work 

In this thesis, I have focused on the characterization of brain tissue before, 

during and after the self-correction process that is seen in pre-metamorphic 

Xenopus laevis tadpoles. I sought out to answer three main questions: (1) Does 

abnormal brain structure cause abnormal cerebrospinal fluid flow and can this be 

corrected? (2) Are abnormal protein expression patterns corrected over time?, and 

(3) Is tissue remodeling involved? In the McLaughlin lab, a principle goal is to 

elucidate the mechanism by which pre-metamorphic tadpoles with craniofacial 

abnormalities self-correct over time, in the hope that this information could be 

used to create better treatments for human beings born with facial deformities. We 

examined cerebrospinal fluid flow, Pax7 protein expression patterns, and mmp 

gene regulation to better understand the process that leads to the normalization of 

craniofacial deformities in Xenopus laevis tadpoles. 

The results of this study showed that both cerebrospinal fluid and protein 

expression patterns can be used as markers for the self-correction of craniofacial 

abnormalities in Xenopus laevis pre-metamorphic tadpoles. The CSF data showed 

abnormal brain morphologies do correspond with abnormal CSF flow, and this 

normalizes over time. The Pax7 data showed that region-specific markers of 

tissue differentiation normalize over time in pre-metamorphic stages.  

Preliminary studies done in the McLaughlin lab had shown that brain 

morphologies in all three of the treatment groups appeared to improve prior to 

metamorphosis. It was observed during these experiments that many of the 

malformed brains exhibited expanded hindbrains, specifically in the 4th ventricle, 

with thinner edges along the hindbrain. It was hypothesized that there was some 
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kind of blockage within the malformed brains that was not allowing cerebrospinal 

fluid to flow freely, causing a buildup of this fluid in the hindbrain. Therefore, we 

wanted to examine the cerebrospinal fluid flow in control, ICI 118,551 HCl, 

thioridazine HCl, and ethanol tadpole brains to show whether there were 

measurable differences in the treated brains, and whether they could be corrected. 

An alteration in cerebrospinal fluid could have large impacts on the health of the 

organism overall, because cerebrospinal fluid is involved in nutrient and waste 

control and has a role as a “broadcasting system” to send signals to various parts 

of the brain (Veening et al., 2010).  

While altered  cerebrospinal fluid flow was found in the forebrains of 

tadpoles with misshaped fore and hindbrains, the overall volume of cerebrospinal 

fluid in the treated brains was not found to be significantly different form that of 

the control brains. However, further analysis of the brain size and shape revealed 

that the treated brains are smaller overall than the control brains. Since they still 

contain the same volume of cerebrospinal fluid within a smaller space, the 

pressure from the fluid is greater in the treated brains, likely causing the 

distortions seen in the hindbrains.  

After examining the physical brain tissue phenotype and function, I 

wanted to explore whether cell level differentiation was altered in the 

experimental groups and if brain tissue pattering improved over time, as the 

cerebrospinal fluid flow did. I did so by performing the immunohistochemistry 

procedure on control, ICI 118,551 HCl, thioridazine HCl, and ethanol tadpole 

brains using Pax7 antibodies to determine how similar brain tissue in the 
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treatment groups is to that of control groups. Pax proteins have been found to be 

essential during development, and are involved in neuronal proliferation, brain 

regionalization, cell differentiation, and neuronal survival (Bandín, et al. 2013). 

Pax7 is involved in early brain regionalization and maintenance of identity, and it 

is expressed in both humans and Xenopus laevis (Bandín et al., 2013). In fact, 

there is an extremely conserved distribution pattern of Pax7 cells between 

amphibians and other vertebrates (Bandín et al., 2013). The Pax7 protein is found 

primarily in the midbrain and hindbrain of pre-metamorphic Xenopus laevis 

brains (Bandín et al., 2013). Thus, we used Pax7 as a marker for proper 

differentiation of the midbrain and hindbrain regions. 

These results indicated that Pax7 protein expression in certain tadpoles 

with craniofacial defects is different from the Pax7 expression seen in control 

brains at stage 45. However, the treatment groups with brains that show miss-

patterned Pax7 expression generally become increasingly similar to controls over 

time (matching controls by stage 49). This is particularly true for the brains of 

tadpoles from the ICI 118,551 and ethanol groups. Thus, our study revealed that 

abnormal brain morphology in pre-metamorphic Xenopus laevis tadpoles can 

improve over time, along with the improvement of overall head morphology. 

While the improvement of abnormal head morphology in these animals was 

previously observed by Vandenberg et al., brain morphology was not examined 

(Vandenberg et al., 2012).  

We then wanted to investigate the genetic factors involved in the self-

correction of malformed brain tissue. An RNAseq experiment by the McLaughlin 
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lab on thioridazine-HCl exposed brains revealed an upregulation of prolactin.2S 

and mmp7 so we decided to examine the expression of these genes, as well as 

mmp1 and mmp13, during the remodeling and repair process occurring in these 

tadpoles. From this work we confirmed that prolactin.2.S expression is 

upregulated in thioridazine tadpole brains and that mmp genes are differentially 

regulated in self-correcting tadpole head and brain tissue. 

We followed up on these findings by investigating Prolactin.2.S 

hormone’s influence on  mmp gene expression. In the 2000s, it was discovered 

that increased prolactin signaling modulates mmp1 and mmp13 expression in ex 

vivo X. laevis cell culture experiments (Jung et al., 2004). However, in Xenopus 

laevis, there are four different prolactin gene variants within the Xenopus laevis 

genome (Session et al., 2016). The McLaughlin lab recently generated 

Prolactin.2.S (PRL.2.S) extracts, so we could investigate how exogenous 

Prolactin.2.S exposure altered mmp expression in vivo. As a negative control, we 

used pergolide mesylate (PM) exposure to downregulate all prolactin gene 

expression and signaling in tadpoles. Through RT-qPCR, it was found that PRL.2 

upregulated all three mmp genes, having a particularly strong influence on mmp1, 

while PM downregulated all three mmp genes. The upregulation of mmp genes, 

especially mmp1 in brains that were exposed to PRL.2 suggests that thioridazine 

HCl-exposed brains undergoing remodeling and repair have significantly different 

levels of MMPs than normal, indicating that they could be involved in the self-

correction process that we observe in Xenopus laevis tadpoles. 

 A possible explanation for the upregulation of mmp gene expression 
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could be that this process is an inflammatory response of Xenopus laevis tadpoles. 

MMPs have been shown to play a pivotal role in retinal regeneration and suggest 

that inflammatory cytokines trigger MMP upregulation (Naitoh et al., 2017). It is 

possible that the increased pressure within the brain due to hydrocephalus may 

trigger an inflammatory response that causes the upregulation of mmp genes, 

indicating that there is a self-correction procedure set in place in these organisms 

that can be initiated in the event of craniofacial malformations. 

Overall, this study has expanded our knowledge of the ability of the 

tadpole brain to normalize over time when malformations are induced through 

chemical treatments. We now understand that the abnormal brain morphologies 

we observed correspond with abnormal brain tissue patterning as well as 

hydrocephaly. We have shown that Xenopus laevis tadpoles self-correct both of 

these types of abnormalities using a specific response mechanism prior to and 

separate from metamorphosis. The qPCR data suggests that this mechanism 

involves prl.2 and the upregulation of mmp genes, especially mmp1. In the end, 

this study has brought us closer to elucidating the mechanism by which Xenopus 

laevis pre-metamorphic tadpoles are able to fix head and brain malformations on 

their own. The discovery of this mechanism would lead to the development of 

more effective, less invasive treatment methods for human beings with 

craniofacial malformations. 
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Significance and broader implications 

 This thesis presented novel information on the ability of pre-metamorphic 

Xenopus laevis tadpoles to remodel malformed brain tissue. Tadpoles with brain 

malformations can normalize tissue morphology, cerebrospinal fluid flow, and 

tissue patterning over time. Because of this study, we have concrete evidence that 

this self-correction of brain irregularities does occur. In addition, we have learned 

that prolactin hormone and mmp regulation play a role in the mechanism that 

controls the self-correction of craniofacial malformations. The significance of 

these results is that we now understand key molecular components of the 

mechanism that allows for this remodeling of malformed tissue and causes 

tadpole phenotypes to normalize prior to metamorphosis: prolactin hormone and 

mmp regulation.  

 The focus of this project, within the McLaughlin lab, can now be placed 

on discovering the exact roles that prolactin hormone and mmp gene regulation 

play in the process that leads to tissue remodeling after injury, and seeing whether 

there are other molecular factors involved in this unique mechanism. Specifically, 

performing RT-qPCR with cDNA from tadpoles that were not only exposed to 

one of the three chemical treatments, but also exposed to either PRL.2 or PM. 

Furthermore, the field of craniofacial research as well as the medical field could 

use the information gathered from this study to focus on developing non-surgical 

treatments for craniofacial deformities in humans, which is the goal of this thesis 

project. 
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Future directions 

The most obvious future direction would be to continue to research mmp 

regulation in cDNA from the experimental groups after exposure to prolactin 

hormone though RT-qPCR procedure. This type of experiment could also show 

that the addition of PRL.2 helps in the normalization process of these tadpoles, 

which means supplemental prolactin hormone may be a better way to treat 

patients with CF deformities. The main goal is to elucidate the mechanism by 

which Xenopus laevis tadpoles self-correct CF abnormalities, but there are other 

important future directions that stem from the first two main experiments of this 

study. 

The results of the study of the cerebrospinal fluid flow in malformed 

tadpole brains suggest that the abnormal brains hold the same amount of total 

CSF, but the overall brain size is smaller, resulting in hydrocephalus. According 

to the study by Hagenlocher et al., 2013, Hydrocephalus may result from 

overproduction of CSF and impaired reabsorption or obstruction of any of the 

ventricular ducts. The disorder leads to ventricle dilation and increased 

intracranial pressure. Loss of function of foxj1 or absence of motile cilia can also 

cause hydrocephalus (Hagenlocher et al., 2013). Foxj1 is a key transcription 

factor that regulates the development of ependymal cell cilia (Miskevich, 2009). 

Thus, another future direction would be to test the function of the foxj1 gene to 

see if loss of function is correlated with hydrocephalus in the treated tadpole 

brains (Hagenlocher et al., 2013). Confirming that Xenopus laevis pre-

metamorphic tadpoles are exhibiting hydrocephalus in malformed brains, but can 
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self-correct, would have very large medical implications in treating 

hydrocephalus. Currently, the only way to treat hydrocephalus is to relieve the 

pressure in the brain through surgery (Miskevich, 2009). 

Since the Pax7 protein expression pattern only exists in the midbrain and 

hindbrain, it would be effective to find a  protein that shows a clear and consistent 

protein expression pattern in the forebrain to see if similar results are obtained. 

This is important to confirm whether the self-correction process is limited to 

certain regions of the brain or is specific to Pax7 expression only. We need to 

check to make sure the cell-level differentiation is normalized in all parts of the 

brain. Therefore, it would be helpful to run immunohistochemistry experiments 

for other proteins, such as the sonic hedgehog protein, which has been found to 

display a conserved protein spatial pattern in the Xenopus laevis larval forebrain 

(Domínguez et al., 2010).  

Finally, an experiment to inhibit prl.2 signaling in order to see whether 

self-correction would occur in malformed brains could confirm prolactin’s direct 

involvement in the normalization of deformed brains over time. This could have 

large implications in creating novel treatments for craniofacial deformities in the 

future. 

After addressing these future directions, we will have a better 

understanding of the ability of pre-metamorphic Xenopus laevis tadpoles to repair 

malformations in brain tissue, and we will be able to see whether the addition of 

PRL.2 causes a quicker normalization process among malformed brains. These 
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experimental proposals will help in the effort to discover the mechanism by which 

Xenopus laevis tadpoles fix their own craniofacial abnormalities, which would 

have huge implications in the medical field, and could allow us to treat human 

beings with common birth deformities in a more effective, less intrusive way than 

the surgical options that currently exist. 
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APPENDIX 

Analyzing tyrosine hydroxylase protein expression patterns in pre-

metamorphic Xenopus laevis brains   
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Introduction 

Tyrosine hydroxylase plays a very important role in brain function. This 

protein is the rate-limiting enzyme of catecholamine biosynthesis (Daubner et al., 

2011). Tyrosine hydroxylase changes tyrosine to L-DOPA, which then leads to the 

making of dopamine, norepinephrine, and epinephrine, all important hormones and 

neurotransmitters (Daubner et al., 2011). These neurotransmitters play a role in 

brain functions, such as attention, memory, cognition and emotion (Daubner et al., 

2011). Non-functional tyrosine hydroxylase can have a great effect on the brain, 

causing the catecholamine biosynthesis pathway to be impaired (Daubner et al., 

2011). In addition, there may be a link between this non-functioning protein and 

neurodegenerative diseases, such as Alzheimer’s, Parkinson’s and Huntington’s 

disease (Daubner, et.al. 2011). We sought to utilize tyrosine hydroxylase as a 

marker for proper forebrain differentiation because based on previous research, it 

was predicted that the protein expression pattern would be seen in the forebrain, 

which cannot be determined with Pax7 (González et al., 1993). 

I examined pre-metamorphic tadpoles that underwent one of three exposure 

treatments during neurogenesis: ICI 118,551 HCl, thioridazine HCl, or ethanol 

exposure. These treatments had been previously used in experiments in the 

McLaughlin lab, and were known to cause craniofacial deformities when tadpoles 

were exposed to the drugs during neurulation, stages 14-25 (Nieuwkoop & Faber, 

1994). ICI 118,551 HCl is a β2‐adrenoceptor antagonist (Smith et al., 1987). Based 

on previous experiments done in the McLaughlin lab, ICI 118,551 HCl exposure 

during neurulation is known to cause abnormal trapezoidal-shaped head 
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phenotypes in tadpoles due to the absence of anterior mandibular cartilage 

elements. Thioridazine HCl is a dopamine receptor antagonist (Sachlos et al., 

2012). Through previous experiments in the McLaughlin lab, it has been found to 

cause a square head phenotype, misshapen eyes, and hyper-pigmentation in 

tadpoles that were exposed to the drug during neurulation. Ethanol, a retinoic acid 

signaling antagonist, produces a very similar phenotype in tadpoles as a child with 

severe Fetal Alcohol Syndrome: microcephaly and ocular deformities (cone eyes) 

(Kot-Leibovich and Fainsod, 2009b; Shi et al., 2014). McLaughlin lab studies have 

also shown that the overall craniofacial morphology of the thioridazine HCl and 

ethanol treatment groups improve prior to metamorphosis, while the abnormal 

morphology of tadpoles in the ICI 118,551 HCl treatment group remain unchanged.  

Since the results of the 2012 Vandenberg study revealed that tadpoles with 

craniofacial deformities were able to self-correct over time, we hypothesized that 

tadpoles with these defects may also show malformed brain tissue, and that this 

abnormal brain tissue would correct over time as well. I performed 

immunohistochemistry on control, ICI 118,551 HCl, thioridazine HCl, and ethanol 

tadpole brains using Tyrosine hydroxylase antibodies to analyze and score protein 

expression patterns in the brains of tadpoles at different pre-metamorphic stages, to 

determine whether the brain tissue in these treatment groups is properly 

differentiated. However, in the end, the high background signal in our 

immunohistochemistries reveal that tyrosine hydroxylase is far less of a specific 

brain region marker compared to Pax7. 
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Results 

The tyrosine hydroxylase immunohistochemistries did not produce as clear 

of a protein expression pattern as that of the Pax7, as the normal expression shown 

by the control groups appeared to change slightly from stage to stage (Figure A.1). 

There was consistent expression in the hindbrain at each of the stages, especially 

along the ridges of the hindbrain. Stage 45 controls showed expression in the 

forebrain and the upper part of the midbrain in addition to the hindbrain, while stage 

47 controls showed less expression in the forebrain (Figure A.1). Stage 49 controls 

had minimal expression in the forebrain (only at the very top of the brain) and the 

midbrain seemed to have slightly less than the stage before (Figure A.1). Finally, 

stage 50 controls showed most expression along the ridges of the hindbrain (Figure 

A.1).  

In each of the stages examined (45, 47, 49 and 50) there seemed to be large 

differences in the percentage of abnormal tyrosine hydroxylase expression patterns 

between the treated groups and the control group (Figure A.2). For stage 45, 75% 

of the control brains had normal brain tyrosine hydroxylase expression patterning, 

16.8% of brains had decreased expression, and 8.3% had increased expression 

(Figure A.2). The three treatment groups all had the same results: 40% of brains 

had normal expression, 40% of brains had decreased expression, and 20% of brains 

had increased expression (Figure A.2). There was also an extremely large 

difference between the percentage of brains with abnormal tissue in specimen 

exposed to ICI from stage 47 to 49 (100% abnormal to 20% abnormal expression) 

(Figure A.2).  
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Based on a single trial, by stage 50, the control group had 100% of brains 

with normal expression, while ICI and EtOH both had 25% of brains with normal 

expression. 25% of the ICI brains showed expanded expression, and 50% of brains 

showed ectopic expression in the midbrain. The EtOH brains showed 75% ectopic 

expression in the midbrain. The ThioHCl brains appeared to be much more similar 

to the controls, with 60% of the brains having normal expression and 40% of the 

brains having ectopic expression in the midbrain and forebrain. 

 

Discussion 

The results of the tyrosine hydroxylase immunohistochemistries showed 

that, similarly to Pax7, the treated groups at stage 45 all seemed to have abnormal 

expression patterns relative to controls. For this protein, it appeared that only the 

brains that had been exposed to ThioHCl were able to improve by stage 50 (Figure 

A.2). However, the stage 50 brain results come from only one trial, so the data could 

possibly be skewed, and more trials are needed to draw major conclusions. Another 

unexpected result was that there was not more of a consistent tyrosine hydroxylase 

expression pattern in the forebrain, as previous studies have reported (Domínguez 

et al., 2010; González et al., 1993). This issue might be resolved by adjusting 

concentrations of the antibody used or the timing of the chromogenic reaction in 

future trials. 

Overall, this study seemed to show that brains which exhibited abnormal 

protein patterning at stage 45 were more likely to be able to show an improvement 

in Pax7 protein expression by stage 49/50 than tyrosine hydroxylase, which could 
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mean that the mid and hindbrain regions are better able to remodel and correct 

abnormal phenotypes. Also, it is possible that Pax7 is involved in the mechanism 

by which Xenopus laevis tadpoles reform damaged tissues prior to metamorphosis 

because the protein expression patterns seemed to improve as the overall 

morphology of the brain was improving. 

 In addition to further replicates of tyrosine hydroxylase 

immunohistochemistries, it may be helpful to do the immunohistochemistry 

experiment for other proteins such the sonic hedgehog protein (x-Shh) which has 

been found to express a largely conserved protein pattern in the Xenopus laevis 

forebrain (Domínguez et al., 2010). Due to the fact that tyrosine hydroxylase  did 

not show a clear and consistent protein expression pattern in the forebrain, I would 

want to try to find a protein that does. The x-Shh protein is critical in the patterning 

of vertebrate embryonic tissues, including the brain and the spinal cord (Chiang et 

al., 1996). Defects in sonic hedgehog were found to cause cyclopia and absence of 

distal limbs, spinal column, and cells in the neural tube (Chiang et al., 1996).  

 

Materials and Methods 

Animal husbandry 

 Adult, female Xenopus laevis frogs were primed by injecting 0.75 mL of 

chorionic gonadotrophin hormone into their dorsal lymph sac in order to induce 

ovulation. The females were then placed in a 18C incubator overnight in 4L 

buckets of frog water, each containing two frogs. After 16-18 hours, the frogs were 

gently squeezed to extract eggs, which were retrieved in a petri dish. The eggs were 
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then fertilized by a portion of a gonad, which had been surgically removed from a 

male Xenopus laevis frog after euthanasia. The gonads were stored at 4C in 1X 

MBS (modified Barth’s saline) solution. Zygotes were de-jellied with 2% cysteine 

and rinsed with 0.1X MMR (Marc’s Modified Ringer’s Solution: 1 M NaCl, 20 nM 

KCl, 10 nM MgCl2, 20 nM CaCl2, 50 mM HEPES), then placed in the 14C 

incubator in fresh 0.1X MMR solution. As the embryos grew, dead or lysed 

embryos were removed, and the MMR solution was regularly changed.  

 

Pharmaceutical exposures 

 Upon reaching stage 14 (approximately 48 hours after fertilization if kept 

at 14C), the embryos were separated into four groups and exposed to different 

drugs. There was one control group, which was kept in 0.1X MMR, and three 

groups exposed to the following chemical treatments: 50 µM ICI 118, 551 in 0.1X 

MMR, 90 µM of thioridazine hydrochloride in 0.1X MMR, and 2% ethanol in 0.1X 

MMR. The tadpoles were exposed to these treatments only during neurulation; the 

exposure was stopped once the neural tube was completely formed at stage 26 

(Nieuwkoop & Faber, 1994). After exposures during neurulation, the four groups 

were all switched to new petri dishes and reared in 0.1X MMR at 14C until they 

reached the desired developmental stage. 

 

Tadpole care and tissue preservation 

 The tadpoles were raised at 14C until they reached stage 45-47, at which 

point the tadpoles were transferred to larger containers (Tupperware), kept at 22C, 
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and fed three times a week with a Sera Micron mixture. When the tadpoles reached 

stage 45, approximately 25-30 tadpoles from each of the four groups were 

euthanized with tricaine (Fisher BioReagents), MEMFA-fixed (MEMFA: 10% 

10X MEM salts, 10% formaldehyde, 80% Pico water), dehydrated in 100% 

methanol, and stored at -20C. This MEMFA-fixing process was repeated when the 

tadpoles reached stages 47, 49, and 50. After fixation, the tadpoles were bleached 

with a 30% hydrogen peroxide and 70% methanol solution and exposed to a 

constant bright light overnight. 

 

Immunohistochemistry 

 The bleached tadpoles were dissected to isolate the brains in preparation for 

whole mount immunohistochemistry (Caine and McLaughlin, 2013), with the 

following modifications: PBTr washes were cut down to half hour washes, only 

1mL of the various antibody solutions were added to each of the wells containing 

brains, and the well-plate was rocked upright on a shaker at a low setting rather 

than a nutator. The tyrosine hydroxylase protein expression pattern was tested using 

the immunohistochemistry procedure. The tyrosine hydroxylase (diluted 1:40) 

(DSHB) antibody was derived from mice, so the secondary antibody used was goat 

anti-mouse AP (diluted 1/1500) (Sigma). Levamisole was added to the 

chromogenic reaction solution (100 nM Tris, 50 nM MgCl2, 100 nM NaCl, 0.05% 

Tween-20, nitro blue tetrazolium [NBT] and 5-bromo-4-chloro-indolyl-phosphate 

[BCIP]) to reduce background staining.  
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 The protein expression in the brains were scored as normal or abnormal, 

relative to the most consistent expression pattern of the control group. The 

abnormal patterns were further categorized into either expanded, decreased, or 

ectopic expression groups. 2-3 brains from each different exposure group and stage 

were imaged using a Nikon microscope and SPOT ImageSolutionsTM software at 

5X or 6X magnification. 

 

Statistical analysis 

 Significant differences between the treatment and control groups, based on 

the quantitative scoring data, were calculated using a Chi-Square goodness of fit. 

The expected values in this analysis were the average control values for each stage, 

for only two categories: normal and abnormal protein expression patterns. 
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Figure A.1 Immunohistochemistry results showing tyrosine hydroxylase protein 

expression. Immunohistochemistry procedure was performed targeting tyrosine 

hydroxylase protein expression in the brains of control, ICI 118,551 HCl, thioridazine HCl, 

and ethanol-exposed pre-metamorphic Xenopus laevis tadpoles at NF stages 45, 47, 49 and 

50. It appears that many areas of the brain may express tyrosine hydroxylase, as a clear 

protein expression pattern was not attained. From stage 45 to stage 50, it appears that the 

brains are normalizing, but it’s hard to say if the brains are improving, or if the tyrosine 

hydroxylase gene is just dynamic. Scale bar = 500m.   
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Figure A.2 Scoring results of the tyrosine hydroxylase protein expression. Each brain 

was scored as normal or abnormal basing the normal pattern on the control group for each 

individual stage. The abnormal brains were then categorized as showing either ectopic, 

decreased, or expanded expression. The bar graph shows the percentage of brains in each 

scoring category, so the bars add to 100%. As can be seen in the legend, blue is normal 

expression, red is expanded expression, pink is decreased expression, and black is ectopic 

expression. Treatment groups appear abnormal at stage 45. Improvement is seen in the 

thioridazine HCl group, but not in the other treatment groups. N=2 trials for control stage 

45, and control, ThioHCl and EtOH for stage 47; N=1 trial for every other group; n=19-40 

tadpole brains per group per stage for control stage 45, and control, ThioHCl and EtOH 

stage 47; n=4-5 tadpole brains per group per stage for every other group.  
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