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ABSTRACT OF DISSERTATION

TRANSCRIPTIONAL AND MORPHOLOGICAL
CHANGES DURING THYROXINE-INDUCED METAMORPHOSIS
OF THE MEXICAN AXOLOTL AND AXOLOTL-TIGER SALAMANDER HYBRIDS
For nearly a century, amphibian metamorphosis has served as an important model of how
thyroid hormones regulate vertebrate development. Consequently metamorphosis has
been studied in a number of ways including: morphologically, developmentally,
ecologically, and from an endocrine perspective. Over the last two decades, much has
been learned about the molecular basis of anuran (frog) metamorphosis. However, very
little is known about the molecular underpinnings of urodele (salamander)
metamorphosis. Using the axolotl and axolotl hybrids as models, I present some of the
first studies on the gene expression changes that occur during urodele metamorphosis. In
Chapter 1, the motivation for the research described in the subsequent chapters is
presented and the literature is briefly reviewed. In Chapter 2, the first microarray
analysis of urodele metamorphosis is presented. This analysis shows that hundreds of
genes are differentially expressed during thyroid hormone-induced metamorphic skin
remodeling. Chapter 3 extends the analysis presented in Chapter 2 by showing that the
transcriptional patterns associated with metamorphic skin remodeling are robust even
when the concentration of thyroid hormone used to induce metamorphosis is varied by an
order of magnitude. Chapter 4 makes use of the differentially expressed genes identified
in Chapters 2 and 3 to articulate the first model of urodele metamorphosis to integrate
changes in morphology, gene expression, and histology. In addition, Chapter 4 outlines a
novel application for piecewise linear regression. In turn, Chapter 5 makes use of the
model presented in Chapter 4 to demonstrate that full siblings segregating profound
variation in metamorphic timing begin to diverge in phenotype early during larval
development. In Chapter 6 the conclusions drawn from the research are summarized and
future directions are suggested.
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CHAPTER 1: Introduction

Overview
Amphibian metamorphosis is a complex process during which individuals undergo a
period of rapid developmental change that results in each individual being transformed
from an aquatic larva to a terrestrial or semi-terrestrial adult (Wilder, 1925; Taylor and
Kollros, 1946; Nieuwkoop and Faber, 1967; Rosenkilde and Ussing, 1996; Shi, 2000).
At morphological and histological levels of organization this transformation involves
three types of processes: de novo development of adult structures, remodeling of larval
structures into the adult form, and resorption and loss of larval characteristics that have
no adult counterpart (reviewed by Shi, 2000; Brown and Cai, 2007). The control and
coordination of these events has a complex neuroendocrine basis that is influenced by
environmental factors (e.g., Wilbur and Collins, 1973; Sexton and Bizer, 1978; Wilbur,
1980; Werner, 1986; Relyea, 2007) and genetic (e.g., Humphrey, 1967; Tompkins, 1978;
Voss and Shaffer, 1996; Voss and Smith, 2005) in ways that are only partially
understood. Hence, a deeper understanding of the proximate and ultimate factors that
influence metamorphosis requires an integrative approach to research as endocrinology,
developmental biology, genetics, evolutionary biology, and ecology all influence the
morphological and molecular changes that occur.
The multifaceted nature of metamorphosis has resulted in this developmental
process (or a lack thereof; see below) becoming an important research model for a
number of problems in vertebrate biology including: (1) endocrine control of
development (e.g., Leloup and Buscaglia, 1977; Larras-Regard et al., 1981; Alberch et
al., 1986; Buchholz and Hayes, 2005; Buchholz et al., 2006; Denver et al., 2002), (2)
spatiotemporal coordination of the gene expression programs underlying morphological
and histological change (e.g., Kawahara et al., 1991; Kanamori and Brown, 1992; Wong
and Shi, 1995; Furlow et al., 1997; Berry et al., 1998; Ishizuya-Oka and Shi, 2007;
Yoshizato, 2007), (3) the influence of the environment on life history parameters that
affect fitness (e.g., Wilbur and Collins, 1973; Sexton and Bizer, 1978; Wilbur, 1980;
Werner, 1986; Semlitsch et al., 1988; Beachy, 1997; Ryan and Semlitsch, 1998), and (4)
genetic control of alternative life history strategies and metamorphic (i.e., developmental)
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timing (e.g., Harris et al., 1990; Voss, 1995; Voss and Shaffer, 1997, 2000; Voss et al.,
2000, 2003; Voss and Smith, 2005). In addition, amphibian metamorphosis has received
considerable attention recently as a system of importance in the applied areas of
ecotoxicology and endocrine disruption (e.g., Turque et al., 2005; Zhang et al., 2006;
Helbing et al., 2007a, 2007b; Fort et al., 2007). While this dissertation touches on all of
these topics, the common thread connecting all of the research presented herein is the use
of modern molecular tools to elucidate the proximate biological processes that underlie
urodele (salamander) metamorphosis, an amphibian order that has received far less
empirical attention than anuran (frog) amphibians. Below, I provide a brief overview of
amphibian metamorphosis with the goal of giving biologists that work on other systems
sufficient background to appreciate the motivation for the research presented in
subsequent chapters of this dissertation.

Background and motivation
In 1912, Gudernatsch demonstrated that feeding tadpoles mammalian thyroid resulted in
the transformation from tadpole to frog. Since that time, it has been conclusively
demonstrated that amphibian metamorphosis is controlled by thyroid hormone (TH;
reviewed by Rosenkilde and Ussing, 1996; Shi, 2000; Denver et al., 2002). Thus,
postembryonic larval development in amphibians is often conceptualized in terms of the
amount of circulating plasma TH and is typically subdivided into three stages (Etkin,
1968). The first is premetamorphosis which is a period of rapid growth when serum TH
levels are low or undetectable. The second is prometamorphosis during which TH levels
slowly begin to rise. The third is metamorphic climax during which TH levels increase
dramatically and molecular and morphological changes become pronounced.
All known vertebrates have thyroid glands that produce iodine containing
hormones known as THs (Carr and Norris, 2006; Paris and Laudet, 2008). The majority
of the TH released by the thyroid is L-thyroxine (T4), a relatively inactive pro-hormone
that is converted to the more active form, 3,5,3’-triiodothryonine (T3), in target tissues via
deiodinase activity (Brown, 2005; Denver et al., 2002). T3 in turn serves as a ligand for
its receptors, thyroid hormone receptors (TRs)  and  which are nuclear transcription
factors that activate or repress transcription in a TH-dependent manner (see Buchholz et
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al., 2006). Because all vertebrates use a similar cast of endocrine factors and because
molecular signaling mechanisms are broadly evolutionarily conserved, the dramatic
nature of amphibian metamorphosis makes it a useful model for studying the molecular
mechanisms underlying TH signaling (e.g., Paul et al., 2007; Matsuda et al., 2009).
While it has been clear for some time that TH orchestrates metamorphosis via activating
transcriptional cascades that result in the transformation of target tissues (reviewed by
Shi, 2000), the massive scale of the transcriptional changes that occur at metamorphosis
was not fully appreciated until the advent and application of microarray technology (Das
et al., 2006; Buchholz et al., 2007; also see Chapters 2 and 3 in this volume).
Metamorphosis has been examined in anuran and urodele amphibians. However,
these two orders have received considerably different amounts of attention in the
literature (Duellman and Trueb, 1994). Although a number of species from both of these
orders have been investigated ecologically and morphologically, very little is known
about the physiological and molecular underpinnings of urodele metamorphosis (see
Duellman and Trueb, 1994). In contrast, the anuran genus Xenopus has long served as an
important model of vertebrate endocrinology and development (for recent reviews see
Furlow and Neff, 2006; Tata, 2006; Brown and Cai, 2007). Over the past 20 years, the
gene expression changes that occur during Xenopus metamorphosis have been intensely
studied (e.g., Yaoita and Brown, 1990; Wang and Brown, 1991; Buckbinder and Brown,
1992; Shi and Brown, 1993; Kanamori and Brown, 1992; Denver et al., 1997; Das et al.,
2006; Buchholz et al., 2007). While this has provided a number of insights into the
molecular underpinnings of Xenopus metamorphosis, the extent to which these findings
generalize to other amphibian taxa is unclear.
To my knowledge, this dissertation represents the first collection of studies to
rigorously examine the gene expression changes that occur in a urodele amphibian during
metamorphosis. I have used the Mexican axolotl (Ambystoma mexicanum; Chapters 2, 3,
and 4) and axolotl-Eastern tiger salamander (Ambystoma tigrinum tigrinum) hybrids
(Chapter 5) to conduct the studies presented herein because they are amenable to
laboratory conditions (Armstrong et al., 1989; Armstrong and Duhon, 1989; Frost et al.,
1989), have a considerable genomic and genetic infrastructure (Putta et al., 2004; Smith
et al., 2005a, 2005b; Monaghan et al., 2009), and exhibit striking life history differences
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that are of considerable interest in evolutionary and ecological contexts (e.g., Wilbur and
Collins, 1973; Shaffer and Voss, 1996; Voss and Smith, 2005). The Mexican axolotl and
A. t. tigrinum are members of a large species complex known as the tiger salamander
species complex. Members of the tiger salamander complex diversified from a common
metamorphic ancestor within the past few million years (Shaffer and McKnight, 1996).
However, since that time, a fully aquatic life cycle (epitomized by the axolotl) that is
characterized by metamorphic failure (i.e., paedomorphosis) has evolved independently
in several of the lineages within the complex (Shaffer and Voss, 1996). Despite rarely
undergoing metamorphosis spontaneously, axolotls are competent to respond to
exogenous TH and can be induced to undergo a metamorphosis (Prahlad and DeLanney,
1965; Prahlad, 1968; Cano-Martinez et al., 1994; Rosenkilde and Ussing, 1996). Thus,
the axolotl represents a powerful model system for studying amphibian metamorphosis
because metamorphosis can be induced in an extremely uniform and controlled fashion
without the use of thyroid antagonists that may disrupt other aspects of an organism’s
physiology. In Chapters 2 and 3, I exploit this aspect of axolotl biology to generate the
first functional genomics analyses of urodele metamorphosis and to investigate the effect
of TH concentration on metamorphic skin remodeling. In Chapter 4, I further exploit this
aspect of axolotl biology to articulate a model of axolotl metamorphosis that integrates
changes in morphology, histology, and gene expression.
Whereas the axolotl is a paedomorphic member of the tiger salamander complex,
A. t. tigrinum, generally speaking, has retained a metamorphosis as part of its life cycle
(Petranka, 1998). Because the phylogentic distance between axolotls and A. t. tigrinum is
extraordinarily small, viable hybrid crosses are possible between these two lineages
(reviewed by Voss and Shaffer, 1996). While all of the resulting F1 hybrids from such
crosses undergo metamorphosis, backcrossing F1 hyrbirds to the axolotl results in
offspring that segregate profound discrete (metamorphosis versus paedomorphosis) and
quantitative variation in metamorphic timing (Voss and Shaffer, 1997; Voss and Smith,
2005). In a recent study, Voss and Smith (2005) identified a quantitative trait locus
(QTL) that strongly associates with life cycle variation and variation in metamorphic
timing. In Chapter 5, I use this model genetic system to examine when during
development closely related individuals on different metamorphic schedules begin to
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diverge in phenotype. Following the presentation of the experiments summarized above
in Chapters 2 through 5, I discuss my findings and suggest future directions in Chapter 6.

Copyright © Robert Bryce Page 2009
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CHAPTER 2: Microarray Analysis Identifies Keratin Loci as Sensitive Biomarkers
for Thyroid Hormone Disruption in the Salamander Ambystoma mexicanum

Introduction
Vertebrates use many of the same hormones to regulate periods of post-embryonic
development. For example, thyroid hormone (TH) is essential for initiating and
orchestrating amphibian metamorphosis, a developmental period in which a suite of
genetic, molecular, cellular, morphological, and physiological changes are induced to
transform aquatic larvae into more terrestrial adults. Similarly, TH is essential for
initiating normal growth and maturation of organ systems during critical windows of
early mammalian development. Many aspects of TH regulation and action are
evolutionarily conserved between mammals and amphibians, including TH synthesis,
secretion, and transport (Barrington, 1962; Larsson et al., 1985; Power et al., 2000),
tissue-specific regulation of TH concentration (St. Germain and Galton, 1997; Kester et
al., 2004), attenuation of TH effect via synergistic interactions with corticosteroids
(Hayes, 1997; Helmrich et al., 2005; Kuhn et al., 2005), TH-mediated regulation of gene
expression by steroid nuclear receptor isoforms and accessory factors (Lazar, 1993;
Brent, 1994; Shi, 2000; Buchholz et al., 2006), and pituitary regulation of TH release
(Denver et al., 2002). The conservation of TH-dependent development among vertebrates
indicates that tractable non-mammalian organisms can be exploited as models for TH
disruption in human.
Amphibians offer special advantages for studying endocrine disruption of TH and
other developmentally important hormones (Tata, 1993). In contrast to working with
early mammalian life stages, it is straightforward to administer hormones to free-living
amphibian embryos and larvae to study the effects of normal and disrupted endocrine
signaling on development (e.g., Kitamura et al., 2005). Hormones and toxicants can
simply be added to the water in which amphibians are housed and developmental effects
can be measured using either gross morphology (e.g., Degitz et al., 2005) or molecular
tools (e.g., Turque et al., 2005). Another advantage is that the amphibian metamorphic
program presents some of the same basic questions that confront researchers working on
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early mammalian development (e.g., Zoeller, 2004): How does a single molecule (TH)
orchestrate different cellular-level changes and coordinate developmental processes
among multiple tissue types, and What are the consequences of delayed or inadequate
delivery of TH during critical windows of development? Indeed, the recent finding that a
single QTL contributes to both developmental timing variation and clinical
hypothyrodism in a non-metamorphosing salamander suggests there is much to be
learned from studying amphibians (Voss and Smith, 2005). Over the last few decades,
amphibian research has helped conceptualize TH-associated trade-offs in allocations to
growth, maturation, and developmental plasticity. This body of work is providing a
framework for understanding the consequences of disrupted, fetal and natal development
in humans (Amiel-Tison et al., 2004; Crespi and Denver, 2004; Zoeller, 2004).
In addition, amphibians are likely to become important sentinels in determining
minimal contaminant levels that threaten human health. Natural populations of
amphibians are declining rapidly and there is growing concern that endocrine disrupting
chemicals are contributing significantly to their demise (e.g., Reeder et al., 2005). For
example, the herbicide Atrazine has been linked to developmental abnormalities, reduced
growth, and altered metamorphic timing (Hayes, 2005); such insults can affect larval life
history parameters (e.g., age and size at metamorphosis, and future reproductive success)
that directly impact long-term population stability (sensu Semlitsch et al., 1988; Wilbur,
1996). To better monitor natural populations for endocrine disruption, it will be important
to develop methods that allow comprehensive assessment of the thyroidal axis, from
neuroendocrine control to target tissues. Additionally, methods must be able to diagnose
TH axis disruptions of development from a multitude of natural and anthropogenic
stressors that can yield convergent phenotypes at the morphological level.
Microarray analysis offers the potential to identify diagnostic gene expression
patterns that can differentiate among different types of endocrine disruption. Microarray
analysis may also provide the power to differentiate among the several molecular and
cellular bases (i.e., sites of action) that are possible for each disrupter type. To date,
relatively few microarray resources have been developed and applied for work in
amphibians, with all effort directed toward anurans (Crump et al., 2002; Baldessari et al.
2005; Chalmers et al, 2005; Turque et al., 2005). A custom Affymetrix GeneChip was
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developed to identify and monitor genes that are responsive to TH signaling and
endocrine disruption in Ambystoma mexicanum, a salamander with a maturing model
organism infrastructure. Genomic, bioinformatic, and living stock resources are available
for ambystomatids and a networking infrastructure is under development (Smith et al.,
2005b). Ambystomatids are easily reared in the laboratory using standardized culture
methods and they offer the advantage of being broadly distributed among North
American habitats. I report the results of a study that measured the abundance of
transcripts isolated from Mexican axolotl (A. mexicanum) epidermis (skin) after
exogenous application of TH to whole animals. This study has identified the first
collection of loci that are regulated during TH-induced metamorphosis in a salamander
amphibian, and thus set the stage for future investigations of TH disruption in the axolotl
and other ambystomatid salamanders.

Methods and Materials

Salamanders, experimental design, and tissue collection
Salamanders (A. mexicanum) were obtained from a single genetic cross, using adults
from an inbred strain that is maintained by Dr. Voss’s laboratory at the University of
Kentucky. Embryos and larvae were reared individually at 20-22º C in 40% Holtfreter’s
solution. After hatching, larvae were fed freshly hatched brine shrimp (Artemia sp.)
napuli until they were large enough (3 weeks) to eat California blackworms (Lumbriculus
sp.; J.F. Enterprises). At approximately eight months of age, 24 animals were randomly
assigned to the L-thyroxine (T4) treatment group. Individuals in the T4 treatment group
were reared in 40% Holtfreter’s containing T4 (Sigma). A stock solution of 100 M T4
was made by first dissolving 100 mg T4 (Sigma T2376) in 1 mL of 1.0 M NaOH and then
adjusting the volume of this solution to 10 mL with 0.4 M NaOH. Five mL of this
solution was then added to 645 mL sterile-distilled water to obtain a 100 M stock. 50
nM T4 was made fresh at each water change by mixing 25 mL of 100 M T4 stock with
40 % Holtfreter’s solution to a final volume of 50 L. Water was changed every third day.
Skin tissue was collected from eight untreated salamanders on Day 0 of the experiment
and eight treated salamanders at each of three time points following 2, 12, and 28 days of
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chronic exposure to T4. These time points were sampled to test for early gene expression
changes that might precede morphological metamorphosis, and because 28 days is a
sufficient period for complete metamorphosis of TH-induced A. mexicanum. To obtain
tissue, salamanders were anesthetized in 0.01% Benzocaine (Sigma) and a ~1cm2 piece
of skin tissue was removed from the top of the head. Gross phenotypic changes
associated with T4 treatment of axolotls included resorption of external gills and loss of
upper and lower larval tailfins. I used a four stage developmental series (Cano-Martinez
et al., 1994) to describe morphological changes associated with TH-induced
metamorphosis in A. mexicanum.

Ambystoma GeneChip
A custom Ambystoma Affymetrix GeneChip was designed from curated expressed
sequence tag (EST) assemblies for the species A. mexicanum and Ambystoma tigrinum
tigrinum that are available from the Ambystoma EST Database (Smith et al, 2005b). The
Amby_001 array is tiled in a 100-3660 format with 11 micron features. Probe-sets were
designed using a preferred maximum of 11 probe pairs (match/mismatch) and a possible
minimum of 8 probe pairs. Only 8 probe-sets on the GeneChip contain fewer than 11
probe pairs. The GeneChip contains 4844 total probe-sets, 254 of which are control or
replicate probe-sets. The remaining 4590 probe-sets correspond to unique A. mexicanum
or A. t. tigrinum contigs, of which 2960 are significantly identical in nucleotide
composition (E < 10-7; BLASTX) to a human sequence in the non-redundant, RefSeq
protein database.

RNA isolation, probe preparation, and microarray hybridization
Total RNA was extracted for each independent tissue sample with TRIzol (Invitrogen)
according to the manufacturer’s protocol; additionally, RNA preparations were further
purified using a Qiagen RNeasy mini column (Qiagen). UV spectrophotometry and a
2100 Agilent Bioanalyzer (Agilent Technologies) were used to quantify and qualify RNA
preparations. Three high quality RNA isolations from each time point (day 0, 2, 12, 28)
were used for reverse transcriptase polymerase chain reaction (RT- PCR) analysis and to
make three individual-specific, pools of biotin labeled cRNA probes. Each of the 12
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pools was subsequently hybridized to an independent GeneChip. The University of
Kentucky Microarray Core Facility generated cRNA probes and performed
hybridizations according to standard Affymetrix protocols.

Data analysis
Background subtraction, normalization, and expression summarization were performed
using the Robust Multiple-array Average (RMA) algorithm (Irizarry et al., 2003).
Analysis of variance (ANOVA) was used, independently for each probe-set to test for
significant differences in hybridization intensity across the four sampling times (day 0,
day 2, day 12, and day 28). ANOVA was performed using log2-transformed data via
J/MAANOVA software (Wu and Churchill, 2005) and the gene specific F-test (F1)
described by Cui and Churchill (2003). I controlled the False Discovery Rate (FDR)
using a FDR threshold of 0.001 (Benjamini and Hochberg, 1995; Reiner et al., 2003).
Hybridization intensities were averaged across each of the replicate GeneChips within the
control and T4 treated groups for all further analyses.
Genesis, Version 1.6.0 Beta 1 software (Sturn, 2000; Sturn et al. 2002) was
subsequently used to cluster a candidate list of 123 genes into discrete categories based
on their expression patterns. This clustering was conducted on log2-ratio data and was
accomplished by implementing a Self Organizing Map (SOM) algorithm using Pearson’s
correlation coefficient as a distance measure. The initialization and learning parameters
of the SOM as well as the neighborhood, topology, and radius were set to the default
values suggested by Sturn (2000). However, the dimensions of the SOM network were
2X*1Y and were determined by comparing a variety of settings. The SOM algorithm was
initiated using randomly selected genes and was allowed to proceed through 123,000
iterations, giving an average of 1000 iterations per gene.
Biological process gene ontologies for the 123 candidate gene list were collected
using the Database for Annotation Visualization and Integrated Discovery (DAVID;
Dennis et al., 2003). Because genes often fit into more than one ontology category, I
present the ontology data in several different ways that address this lack of discreteness.
Ultimately, a scheme for ranking the ontologies was developed in order to force each
gene into only one category (see Figure 2.2d). For example, when possible, more
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specific categories such as ion transport were given higher priority than more general
categories such as transport.

RT-PCR
cDNA synthesis was performed with the Bio-Rad iScript cDNA synthesis kit according
to manufacturer instructions. The same total RNA used for microarray hybridizations was
used for all subsequent RT-PCR reactions. One of three RNA samples was chosen from
time points 0, 2, and 12 to perform RT-PCR. Oligonucleotide primers for differentially
expressed keratin genes were designed using Primer3 (Rozen and Skaletsky, 2000; Table
2.1; Table 2.2) such that amplified fragments encompassed their respective GeneChip
probe-set regions. PCR was performed using cDNA generated from 20 ng total RNA and
50 nM forward and reverse primers. PCR parameters for MC01187, MC00098,
MC01260, MC00277, TC01472, MC02467, MC00279, and TC02870 were 28 cycles 94º
C for 45 sec, 55º C for 45 sec, 72º C for 30 sec, and 72º C for 5 min. PCR parameters for
TC03778 and MC00232 were as above for 26 cycles. Three µL of PCR product was
analyzed on 1.2% agarose gels alongside a Genemate 100 base pair ladder and visualized
with a Gel Logic 100 Imaging system. PCR product was compared with a control gene
(GAPDH; MC01187) that showed no significant change across time in the microarray
experiment.

Results

Morphological metamorphosis
Although A. mexicanum do not normally undergo metamorphosis in the laboratory,
metamorphosis can be induced with T4. Salamanders that were sampled after 2 days of T4
treatment showed no external morphological signs of having initiated metamorphosis
(Stage 0, Cano-Martinez et al, 1994); thus, they were morphologically identical to day 0
control salamanders. Salamanders that were sampled after 12 days of T4 treatment
showed early morphological signs of metamorphosis (reduction of tail fins and gills;
Stages I to II). The group of individuals that were sampled after 28 days of T4 treatment
had completed metamorphosis, having fully resorbed all external gills and larval tail fins
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(Stage IV). Thus, 50 nM T4 was sufficient to induce complete metamorphosis in all
salamanders.

Evaluation of the Ambystoma GeneChip
I evaluated the repeatability of the Ambystoma GeneChip by calculating Pearson’s r for a
group of 21 probe-sets that were replicated on each GeneChip five times. Correlation
matrices were generated for the four triplicate sets of GeneChips that correspond to each
sampling time and descriptive statistics were calculated for each matrix (n = 3, mean r
day 0  SE = 0.953  0.022, n = 3, mean r day 2  SE = 0.998  0.001, n = 3, mean r day
12  SE = 0.996  0.001, mean r day 28  SE = 0.990  0.005). These results
demonstrate that the repeatability of a given treatment across GeneChips is extremely
high.

Identification of TH responsive genes
A total of 325 probe-sets yielded significantly different hybridization intensities
(transcript abundances) between time points (Figure 2.1). To reduce this number and
focus attention on probe-sets with annotation, I only retained probe-sets that were up or
down-regulated by at least 2 fold and which exhibited significant sequence identity with a
human reference sequence (E < 10-7). Applying these additional criteria reduced the
number of significant probe-sets (genes) to 123 (Tables 2.3 and 2.4). This final list
includes a relatively large number of genes (28%) whose protein products are associated
uniquely with a single biological process category (Figure 2.2a). However, because
proteins often have dual or multiple functions, overall, I identified 265 ontologies and a
relatively large number of biological processes (categories). These results show that THinduced metamorphosis in A. mexicanum skin affects the abundance of transcripts for loci
that presumably function in a variety of molecular, cellular, and developmental contexts
(Figure 2.2b-d).

Identification of gene clusters
The SOM analysis identified two clusters of genes that correspond well to up-regulation
(Cluster 1; Figure 2.3a) and down-regulation (Cluster 2; Figure 2.3b). In either cluster,
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only a few genes exhibited > 2 fold changes in transcript abundance, and only one gene
exhibited a > 3 fold change after 2 days of TH treatment (solute carrier family 6, member
14). Thus, I observed no morphological changes and very few molecular changes at day
2. However by day 12, transcript levels for many genes had changed dramatically. For
example, > 100-1000 fold changes were measured for keratin 4, keratin 12, keratin 14,
and keratin 24 (Figures 2.4 and 2.5). Two additional keratins and a keratin-associated
protein were also identified as significantly regulated. My results show that the
abundances of transcripts for several members of the keratin gene family change
dramatically in TH-induced A. mexicanum at the time of morphological remodeling of
the epidermis.

RT-PCR of keratins
RT-PCR was used as an independent method of gene expression analysis to evaluate
significant microarray results for the first three time points (day 0, 2, 12). I focused my
efforts on differentially expressed keratins because independent confirmation by RT-PCR
would further support the idea that these keratins are sensitive biomarkers of TH activity
(Figures 2.4 and 2.5). GAPDH was used as a reference gene because it was not TH
responsive in the microarray analysis; this result was confirmed by RT-PCR (Figure 2.6).
The ~1000 fold increases in transcript abundance that were detected by microarray
analysis for keratin 4, keratin 14, and keratin 24 on day 12 were convincingly confirmed
by RT-PCR as there was no observable PCR product on gels (Figure 2.6). RT-PCR also
confirmed the >10 fold decreases in transcript abundance that were measured for keratin
6A and keratin 12 on day 12 (Figure 2.6). Although average fold-level changes of the
remaining keratins were small as measured by microarray analysis (< 7), changes in the
predicted direction were observed in all cases by RT-PCR. These results confirm that
keratin loci are TH-responsive and show that major and minor gene expression changes
that are measured by the Ambystoma GeneChip are replicable using an independent
assay.
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Discusssion
Although there have been several microarray analyses of anuran amphibians, mine is the
first using a salamander. The custom GeneChip identified a collection of TH-regulated
genes that will enable future studies of post-embryonic development, specifically in the
areas of developmental genetics and endocrine disruption. Below, I discuss my results
within the context of TH-regulated gene expression as it applies to amphibian epidermal
development and metamorphosis using the Ambystoma model organism system.

Amphibian skin and TH-induced changes at metamorphosis
The integument or skin of an organism is a very important tissue because it provides the
interface between the body and the external environment. Amphibian skin protects the
body from many different physical and mechanical stresses, pathogens, and toxic agents,
and also performs many vital functions, including structural support, osmoregulation,
respiration, mechanoreception, camouflage, and protection from desiccation (Duellman
and Trueb 1994). The epidermis of larval amphibians has the same general structure: an
outer layer of apical cells and an inner basal layer (reviewed by Fox, 1985). In
salamanders, there is a distinct middle layer of Leydig cells (Kelly, 1966). The basal
population includes progenitor cells that ultimately give rise to adult cell types at
metamorphosis. There are variations on this general structural theme and considerable
variation in the numbers and types of cells among amphibian species.
The larval, metamorphosing, and adult A. mexicanum epidermis have been
described in detail (Farhmann, 1971a,b,c). The larval epidermis of A. mexicanum consists
of an apical layer of cover cells, an interstitial layer of mucuous secreting Leydig cells,
and a basal layer of germinative cells. Other cells of lower relative abundance are
distributed in the epidermis, including goblet cells, flask cells, mesenchymal
macrophages, fibroblasts, melanocytes, and supporting cells of lateral line neuromasts.
During TH-induced metamorphosis, Leydig cells disappear in A. mexicanum and
Hynobius retardatus; the disappearance of Leydig cells in H. retardatus is consistent
with TH-induced apoptosis (Ohmura and Wakahara, 1998). It is known from extensive
studies of larval anurans that TH induces apoptosis and other metamorphic programs by
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regulating cell-specific patterns of gene expression; TH binds directly to nuclear
receptors (and accessory factors) that activate or repress gene transcription (Shi 2000;
Buchholz et al., 2006). With respect to larval anuran epidermis, TH induces
autonomously apoptotic gene expression programs in outer apical cells (Schreiber and
Brown, 2002). This cell population is replaced by a cornified layer of squamous cells that
originate from progenitors of the basal cell population (Kinoshita and Sasaki, 1994;
Suzuki et al., 2002; Ishida et al., 2003). In addition, TH induces gene expression
programs in the basal cell population that reorganize the collagen lamella and initiate de
novo development of skin glands to yield an adult epidermis that is better suited for a
terrestrial existence.

TH-induced gene expression in ambystomatid skin
Although my analysis allowed for temporal clustering of genes, the clusters identified
differed in their temporal patterns: up-regulated versus down-regulated. There are at
least two reasons why I obtained this clustering result. First, the number of possible
clustering outcomes may have been reduced in this experiment because relatively few
transcripts were activated or repressed after two days of TH treatment. Additional
clusters of genes may have been identified if more sampling times were included in the
experimental design, especially for periods flanking day 12. Second, it is well known
from anuran studies that TH does in fact induce up and down-regulation of genes in
epithelial tissues (Shi, 2000); in other words, the clustering result was obtained because
of the known, molecular effect of TH. I observed many significant up and downregulated gene expression changes by day 12 in A. mexicanum, and these coincided with
early reductions of fin and gill epithelia. This correlation between morphology and
transcript abundance suggests two explanations for the classification of genes as downregulated: (1) These genes (e.g., keratins 6A, 12, 15) maybe expressed uniquely in Leydig
and apical cells that ultimately disappear during metamorphosis. As Leydig and apical
cell numbers decrease during metamorphosis, so might the relative abundance of
transcripts for larval-specific genes. (2) TH may repress transcription of genes classified
as down-regulated in basal cells that survive or differentiate during metamorphosis. With
respect to genes classified as up-regulated (e.g., keratins 4, 6E, 6L, 14, and 24), transcript
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numbers may increase because of transcriptional activation by TH. Although, relatively
little is known about the molecular functions of keratins during metamorphosis, they are
useful biomarkers for epithelial cell differentiation. In this regard, it is well established
that TH initiates the switch from larval-type to adult-type keratin transcription during
anuran metamorphosis, and this occurs at the time of basal cell differentiation and
cornification of the epidermis (Reeves, 1975; Mathison and Miller, 1987; ShimizuNishikawa and Miller, 1992; Watanabe et al., 2001). Future studies that localize mRNAs
to specific cell types by in situ hybridization (ISH) are needed to better understand the
temporal regulation of keratin loci during metamorphosis and gain insight about their
molecular functions.

Role of skin and microarray analysis in endocrine disruption
Although several biochemical and molecular assays have been proposed as tests for
endocrine disruption of the thyroidal axis, morphological endpoint methods are more
commonly used in amphibians (e.g., Degitz et al., 2005; Opitz et al., 2005). These
methods use premetamorphic and prometamorphic Xenopus laevis tadpoles and
developmental staging series to evaluate TH-induced changes in morphology and
developmental timing variation. The current study shows that similar morphological tests
can easily be developed for A. mexicanum and coupled with gene expression assays. The
fold level changes that I measured for several keratin loci during early stages of THinduced metamorphosis in A. mexicanum are orders of magnitude greater than TR gene
expression changes that are observed in comparable anuran-based assays (e.g., Zhang et
al., 2006). This suggests that keratin loci are extremely sensitive biomarkers that can be
developed to test A. mexicanum skin for temporal disruptions of the larval-to-adult gene
expression program. They should also be useful for identifying basal progenitor and adult
stem cell populations.

Ambystoma as a model for endocrine disruption
This study sets the stage for future gene expression experiments that promise to yield
exacting assays for monitoring endocrine disruption in the laboratory and in nature. This
latter goal is achievable because genomic and bioinformatics resources can be extended
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from the laboratory model A. mexicanum to ambystomatids that are widely distributed
among diverse aquatic habitats in North America (Putta et al., 2004; Smith et al., 2005b).
For over 35 years, the National Science Foundation has provided funding to maintain a
collection of genetically homogenous A. mexicanum for distribution (embryos, larvae,
adults, and mutants) to researchers throughout the world. This resource is known as the
Ambystoma Genetic Stock Center and it is located at the University of Kentucky. In
contrast to the anuran model Xenopus (African clawed frog), much is known about the
ecology, evolution, and natural history of ambystomatid salamanders and they are
indigenous to a diversity of North American habitats. Ambystomatid salamanders are
found in the coastal lowlands of the Carolinas, the prairie and central plains of the
Midwest, elevations exceeding 10,000 feet in the Rocky Mountains, arid desert-lands of
the southwest US and Mexico, and ephemeral natural ponds in California, just to name a
few. The diversity of habitats that ambystomatid salamanders occupy makes them an
ideal model for studying environmental variables and endocrine disruptors in the field
and laboratory.

This chapter was previously published under the same title by RB Page, JR Monaghan,
AK Samuels, JJ Smith, CK Beachy, and SR Voss in Comparative Biochemistry and
Physiology, Part C: Toxicology and Pharmacology, Volume 145:15-27.
Copyright © Robert Bryce Page 2009
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Table 2.1: Primers used for RT-PCR
Contig ID
TC01472_F
TC01472_R
MC02467_F
MC02467_R
TC03778_F
TC03778_R
MC00232_F
MC00232_R
MC00098_F
MC00098_R
MC00279_F
MC00279_R
MC01260_F
MC01260_R
MC00277_F
MC00277_R
TC02870_F
TC02870_R
MC01187_F
MC01187_R

Gene name
Keratin 4
Keratin 4
Keratin 6A
Keratin 6A
Keratin 6E
Keratin 6E
Keratin 6L
Keratin 6L
Keratin 12
Keratin 12
Keratin 14
Keratin 14
Keratin 15
Keratin 15
Keratin 17
Keratin 17
Keratin 24
Keratin 24
GAPDH
GAPDH

Primer sequence
TGT GTC TGT TGG AGG GTG AA
ACA GCC ACT GAG CTA CGG TT
CTC AAA AGC CAA CAG GAA GC
CCT GGT AGT CAC GCA GTT GA
TGA TCC CGA AAT CCA GAA AG
CTC ATT CTC TGC AGC TGT GC
CCT CTC TGG TGA ACC AGT CC
CCT GCA CTT TCG GTT GAA AT
CAG AAC GTA GAG GCC GAC AT
TCC TGA GAG ATC GCT GCT TT
TGC AGT CCC AAC TGT CAA TG
GAT CCT GAG CCC CCA TCC
TCC TCT GTC ACG ATA GTG CG
GAA ACA GAA GGT CGC TAC GG
AAA CCA TCG ACG ACC TCA AG
ATC TCA ACA CTC ACG TCC CC
GAA CGA GCA GAA ACT ACG CC
CAG CTT CTC GCT CTT TTG CT
CCA GGC GGC AGG TCA AGT CAA C
GTC GGC AAG GTC ATC CCA GAG C

Contig IDs represent curated salamander EST assemblies with F indicating the 5’ primer
and R indicating the 3’ primer. Gene names represent the common name for the best
human RefSeq protein sequence. GAPDH stands for glyceraldehyde 3-phosphate
dehydrogenase.
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Table 2.2: Keratin probe-sets evaluated by RT-PCR
Probe ID

Contig ID

SRV_12057_at *
SRV_02579_a_at *
SRV_14426_at
SRV_00344_at
SRV_00210_x_at *
SRV_00391_a_at *
SRV_01372_a_at *
SRV_00389_a_at *
SRV_13498_s_at *

TC01472
MC02467
TC03778
MC00232
MC00098
MC00279
MC01260
MC00277
TC02870

Human BLASTX
Hit
Keratin 4
Keratin 6A
Keratin 6E
Keratin 6L
Keratin 12
Keratin 14
Keratin 15
Keratin 17
Keratin 24

E-value
3.5E-46
7E-120
2.6E-93
3.2E-10
1.5E-86
6.1E-21
7.5E-46
1.4E-80
2.4E-78

Human Hit GI
Number
gi|17318574|
gi|5031839|
gi|27465517|
gi|32567786|
gi|4557699|
gi|15431310|
gi|24430190|
gi|4557701|
gi|9506669|

* Statistically significant as assessed by ANOVA after controlling for multiple testing
using a false discovery rate (FDR) threshold of 0.001.
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Probe-set
SRV_00391_a_at
SRV_13498_s_at
SRV_12057_at
SRV_03196_a_at
SRV_00113_at
SRV_02298_at
SRV_11102_at
SRV_11642_at
SRV_01767_at
SRV_05575_at
SRV_00504_at
SRV_04813_a_at
SRV_00309_at
SRV_02941_at
SRV_02773_at
SRV_04996_at
SRV_00466_a_at
SRV_10889_at
SRV_01521_at
SRV_00555_at
SRV_11441_at
SRV_02009_at
SRV_04923_at
SRV_04787_s_at
SRV_00469_at
SRV_01215_a_at
SRV_00470_at
SRV_04693_a_at

Sal ID
MC00279
TC02870
TC01472
MC03084
MC00001
MC02186
TC00532
TC01065
MC01655
MC05458
MC00392
MC04696
MC00197
MC02829
MC02661
MC04879
MC00354
TC00327
MC01409
MC00443
TC00864
MC01897
MC04806
MC04670
MC00357
MC01103
MC00358
MC04576

BLASTX (E)
6.1E-21
2.4E-78
3.5E-46
3E-69
3E-21
1.1E-11
3.6E-48
1.5E-21
2.1E-74
1.1E-15
4E-161
4.1E-95
9.9E-15
1.2E-45
9.8E-31
1.9E-52
8.1E-24
8.9E-54
1.4E-16
7.2E-44
1.6E-80
6.5E-61
5.7E-62
2.8E-29
1.5E-61
1.8E-32
5.5E-83
5E-16

Gene Name
keratin 14
keratin 24
keratin 4
solute carrier family 6, member 14
alpha-2-macroglobulin
solute carrier family 16, member 6
epithelial membrane protein 1
Transgelin
Transgelin
WAP four-disulfide core domain 5
ATPase, Na+/K+ transporting
bubblegum related protein
transglutaminase 1
influenza virus NS1A binding protein
26 serine protease
solute carrier family 7, member 3
aminolevulinate, delta-, synthase 1
cytochrome P450, family 2
plasminogen activator
P450 (cytochrome) oxidoreductase
myosin, heavy polypeptide 11
sphingosine-1-phosphate lyase 1
hypothetical protein MGC13102
serine proteinase inhibitor,member 2
aldehyde dehydrogenase 2 family
solute carrier family 31, member 1
aldehyde dehydrogenase 2 family
desmocollin 1

Day 2
1.25
0.931
1.05
12.6
1.23
1.26
2.17
0.978
0.815
2.22
1.38
0.677
2.63
1.52
2.02
0.451
1.34
0.841
1.85
0.975
0.696
1.24
1.60
1.58
0.977
1.12
1.21
0.878

Table 2.3: List of up-regulated genes showing best BLASTx hits and fold change values relative to Day 0.
Day 12
1.36x103
901
345
68.6
6.23
3.39
17.3
3.52
3.75
23.2
4.50
3.05
14.5
1.36
6.47
6.39
4.03
0.72
5.08
1.77
1.80
4.93
7.00
3.76
2.39
6.06
2.20
3.74

Day 28
1.73x103
1.67x103
418
67.4
19.0
9.18
8.82
8.03
7.99
7.05
6.68
6.27
6.20
6.11
5.90
4.94
4.81
4.57
4.55
4.49
3.90
3.54
3.48
3.43
3.39
3.19
3.10
3.06
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Table 2.3
(Continued)
SRV_12418_at
SRV_02418_at
SRV_01550_at
SRV_05319_at
SRV_01045_a_at
SRV_00439_at
SRV_01121_at
SRV_02178_a_at
SRV_05448_at
SRV_04119_at
SRV_04229_at
SRV_11152_at
SRV_04911_at
SRV_14223_at
SRV_03255_a_at
SRV_03491_a_at
SRV_03562_at
SRV_02177_at
SRV_03398_at
SRV_04215_at
SRV_02554_at
SRV_11893_a_at
SRV_02461_at
SRV_08154_a_at
SRV_02108_a_at
SRV_02310_at
SRV_02093_a_at
SRV_02201_at
SRV_05178_at

TC01823
MC02306
MC01438
MC05202
MC00933
MC00327
MC01009
MC02066
MC05331
MC04006
MC04116
TC00582
MC04794
TC03582
MC03143
MC03379
MC03450
MC02065
MC03286
MC04102
MC02442
TC01316
MC02349
MC08037
MC01996
MC02198
MC01981
MC02089
MC05061

1.9E-33
1.4E-34
8E-100
7.8E-99
6.9E-54
6.4E-77
7.8E-91
7.5E-34
3E-100
1.5E-24
6.5E-53
1E-124
3.6E-18
9.8E-72
0.000000019
8E-68
7.3E-33
4E-75
2E-133
5.2E-44
1.1E-50
6E-21
3.2E-34
8.5E-12
8E-68
1E-101
1.7E-65
8.2E-70
6.2E-44
myosin, light polypeptide 9, regulatory
serine proteinase inhibitor, member 10
mitogen-activated protein kinase 6
tyrosine 3-monooxygenase activator
Actin, alpha 2, smooth muscle, aorta
glutathione S-transferase M1
ATPase, Ca++ transporting
dystroglycan 1
ATPase, Ca++ transporting
epsin 3
hypothetical protein FLJ11151
Actin, alpha 2, smooth muscle, aorta
thioredoxin domain containing 2
EH-domain containing 4
act. of hsp 90kDa ATPase
glycine C-acetyltransferase
ERO1-like
dystroglycan 1
NCK-associated protein 1
phosphoglucomutase 2
DnaJ (Hsp40) homolog, member 6
cyclin-dependent kinase inhibitor 1B
ubiquitin specific protease 10
Heat shock 70kDa protein 9B
tryptophanyl-tRNA synthetase
Euk. translation termination factor 1
Heat shock 70kDa protein 9B
phenylalanine-tRNA synthetase-like
suppressor of cytokine signaling 4

0.815
1.79
1.70
1.23
0.579
1.00
1.06
0.949
1.20
0.927
0.966
0.669
1.13
1.16
1.43
0.766
1.16
1.21
1.01
0.904
1.00
1.33
1.18
1.10
1.10
1.24
1.22
1.05
1.16

1.79
3.24
12.6
2.91
1.41
2.85
4.07
4.69
3.99
4.61
1.17
1.52
2.44
9.87
3.42
1.11
4.23
3.43
1.21
1.02
2.50
2.95
2.04
2.88
2.80
3.24
2.61
2.40
3.08

2.99
2.98
2.95
2.79
2.71
2.69
2.67
2.66
2.66
2.65
2.63
2.55
2.54
2.48
2.42
2.31
2.27
2.20
2.18
2.11
2.07
2.01
2.01
1.99
1.89
1.88
1.84
1.83
1.76
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MC05180
MC02091
MC02177
MC04681
TC01606

6.7E-93
2.4E-59
2.6E-20
4.5E-22
5.8E-58
MAP kinase kinase 3
FK506 binding protein 2, 13kDa
RAB11A, member RAS family
histocompatibility (minor) 13
EphA1

1.25
1.22
1.33
0.841
1.19

5.11
2.19
3.53
2.32
2.00

1.73
1.68
1.51
1.33
1.11

Sal ID corresponds to A. mexicanum and A. t. tigrinum contigs used for probe production. Sequence similarity was assessed using the
entire contig sequence. Day 2, Day 12, and Day 28 columns are the average fold change values relative to Day 0.

Table 2.3
(Continued)
SRV_05297_at
SRV_02203_a_at
SRV_02289_a_at
SRV_04798_a_at
SRV_12195_at
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Probe-set
SRV_02216_a_at
SRV_00210_x_at
SRV_00221_x_at
SRV_10623_x_at
SRV_02579_a_at
SRV_00205_a_at
SRV_02006_a_at
SRV_03122_a_at
SRV_03130_a_at
SRV_02688_at
SRV_03123_at
SRV_05278_a_at
SRV_01482_at
SRV_05485_a_at
SRV_00389_a_at
SRV_12633_a_at
SRV_01372_a_at
SRV_01410_a_at
SRV_13669_at
SRV_01220_at
SRV_02072_at
SRV_00038_at
SRV_05180_a_at
SRV_02056_a_at
SRV_01687_at
SRV_02292_at
SRV_03421_a_at

Sal ID
MC02104
MC00098
MC00109
TC00107
MC02467
MC00093
MC01894
MC03010
MC03018
MC02576
MC03011
MC05161
MC01370
MC05368
MC00277
TC02028
MC01260
MC01298
TC03037
MC01108
MC01960
gi|4325096
MC05063
MC01944
MC01575
MC02180
MC03309

BLASTX
(E)
2.5E-11
1.5E-86
1.7E-59
4.7E-86
7E-120
1.4E-56
3E-49
3.5E-68
2.8E-79
8.1E-21
3.9E-37
1.1E-40
2.3E-41
1.3E-14
1.4E-80
8.4E-81
7.5E-46
6.7E-48
6E-64
1E-31
6.4E-50
4E-27
7.9E-41
6.6E-18
9.4E-24
0.000000092
2E-11
Gene Name
S100 calcium binding protein A4
keratin 12
keratin 12
keratin 12
keratin 6A
keratin 12
Fc fragment of IgG binding protein
uroplakin 1B
uroplakin 1A
Mesothelin
uroplakin 1B
Otoancorin
prostatic binding protein
keratin associated protein 18-9
keratin 17
calmodulin 1
keratin 15
mal, T-cell differentiation protein
myosin, light polypeptide 7, regulatory
cytochrome c oxidase subunit VIb
cathepsin S
KIT ligand
QRWT5810
beta-2-microglobulin
chemokine (C-C motif) ligand 5
N-myc (and STAT) interactor
LR8 protein

Day 2
-0.981
-1.14
-1.15
-1.12
-1.38
-1.10
1.11
1.06
-1.11
-1.35
1.18
-1.79
-1.71
-1.07
1.37
-1.37
-1.14
-1.16
-1.07
1.08
-1.08
-1.42
-2.01
-1.08
1.20
-1.02
-1.19

Day 12
-1.52x102
-67.4
-68.7
-69.1
-111
-40.8
-94.2
-28.7
-13.1
-30.1
-21.7
-15.5
-6.03
-22.3
-1.56
-11.8
-6.81
-5.07
-3.19
1.29
-1.48
-9.89
-7.21
-2.67
-5.48
-3.23
-4.29

Table 2.4: List of down-regulated genes showing best BLASTx hits and fold change values relative to Day 0.
Day 28
-3.40x102
-131
-111
-106
-99.1
-95.2
-87.0
-55.2
-40.7
-39.7
-33.2
-29.4
-20.6
-20.2
-16.0
-12.3
-11.0
-11.0
-10.5
-7.65
-6.73
-6.52
-5.84
-5.55
-5.28
-4.88
-4.70
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Table 2.4
(Continued)
SRV_00387_at
SRV_14350_at
SRV_01294_at
SRV_04183_at
SRV_00512_at
SRV_03763_at
SRV_05463_at
SRV_00527_at
SRV_01306_at
SRV_00135_at
SRV_05460_at
SRV_02285_at
SRV_03073_at
SRV_01633_at
SRV_00098_at
SRV_05077_at
SRV_05450_a_at
SRV_00148_at
SRV_03769_a_at
SRV_05597_at
SRV_03144_at
SRV_05231_at
SRV_04972_a_at
SRV_03843_a_at
SRV_05174_a_at
SRV_05237_at
SRV_05090_at
SRV_01556_at
SRV_04181_at

MC00275
TC03706
MC01182
MC04070
MC00400
MC03651
MC05346
MC00415
MC01194
MC00023
MC05343
MC02173
MC02961
MC01521
MC04960
MC05333
MC00036
MC03657
MC05480
MC03032
MC05114
MC04855
MC03731
MC05057
MC05120
MC04973
MC01444
MC04068

8.2E-61
2.2E-70
3.3E-71
1.5E-43
5.6E-32
1.5E-84
3.4E-94
2.7E-62
2.5E-29
2.2E-23
7E-65
2.7E-55
2.4E-36
4.3E-90
5E-11
2.7E-31
1.2E-38
3E-16
9.5E-20
8E-41
1.2E-63
1.4E-22
6.5E-45
9.7E-57
1.6E-36
1.1E-76
3.8E-53
8E-126
3E-112
hexosaminidase B
NIMA-related kinase 3
ferritin, heavy polypeptide 1
leucine rich repeat containing 20
cytochrome P450
similar to 2310016C16Rik protein
CaM kinase II beta
glutathione S-transferase M4
glutaredoxin (thioltransferase)
aspartoacylase
tripartite motif-containing 39
chromosome 21 o.r.f. 33
interferon-induced protein 44
ras-related botulinum toxin substrate 2
Ax_xVent_5.1
zinc finger protein 21 (KOX 14)
integrin beta 1 binding protein 3
cystatin SA
zinc finger protein 593
hypothetical protein MGC61571
nuclear phosphoprotein PWP1
hypothetical protein BC009561
histidine triad nucleotide bind. protein 2
CGI-125 protein
three prime repair exonuclease 2
lysophospholipase-like 1
COMM domain containing 7
phosphoribosyl pyrophosphate synth. 2
high-mobility group 20A

-1.19
-1.16
1.00
-1.02
-1.24
-1.17
1.05
-1.32
1.09
-1.22
-1.10
-1.10
-1.13
-1.13
-1.11
1.02
-1.01
-1.04
-1.04
-1.01
1.15
1.00
-1.16
-1.11
2.13
1.02
1.04
-1.17
-1.17

-2.76
-4.71
-1.34
-2.36
-1.15
-4.22
-3.15
-3.63
-1.51
-3.63
-2.62
-1.21
-2.25
-1.17
-2.16
-2.72
-1.77
-2.12
-3.27
-2.30
-2.94
-2.29
-3.35
-2.15
-0.145
-2.47
-2.53
-2.24
-2.43

-4.60
-3.55
-3.46
-3.25
-3.15
-3.01
-2.94
-2.93
-2.87
-2.77
-2.73
-2.62
-2.27
-2.26
-2.16
-2.09
-2.04
-1.92
-1.80
-1.76
-1.73
-1.70
-1.65
-1.52
-1.49
-1.49
-1.43
-1.35
-1.29
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MC04893
MC03317
MC03257
MC01846
MC00417

2.9E-43
5.5E-23
1.5E-71
7.4E-35
3.4E-36
U7 small nuclear RNA associated
transmembrane protein 14A
expressed in non-metastatic cells 7
euk. translation initiation factor 4E bp 3
glutathione S-transferase pi

-1.07
-1.20
1.08
1.08
-1.10

-2.73
-2.26
-2.05
-2.07
-2.58

-1.29
-1.25
-1.21
-1.11
1.18

Sal ID corresponds to A. mexicanum and A. t. tigrinum contigs used for probe production. Sequence similarity was assessed using the
entire contig sequence. Day 2, Day 12, and Day 28 columns are the average fold change values relative to Day 0.

Table 2.4
(Continued)
SRV_05010_at
SRV_03429_a_at
SRV_03369_at
SRV_01958_at
SRV_00529_a_at

Figure 2.1: Volcano plot of the 4844 probe-sets on the Ambystoma Affymetrix
GeneChip that were tested for significant differences in hybridization intensity
across time via ANOVA. Points below the dark horizontal line are not statistically
significant after adjusting the FDR to 0.001.
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Figure 2.2: Graphical representation of the gene ontologies for 123 probe-sets. (a)
The proportion of genes that fit into one, two, three, or four or more biological process
categories. (b) The proportion of the 265 ontologies that fit into each category. The mean
number of ontologies per gene = 2.15. (c) The number of genes that belong to each of the
ontology categories. Some genes are in more than one category. (d) The proportion of
genes that are in each category when genes are assigned to only one category.
Assignments were made in decreasing order of priority from the following list (i.e., one is
highest priority): (1) apoptosis, (2) development, (3) immune response, (4) detection of
external stimulus, (5) response to stress, (6) cell adhesion, (7) cell organization and
biogenesis, (8) cell communication, (9) cell cycle, (10) ion transport, (11) transport, (12)
proteolysis, (13) metabolism, (14) physiological process, (15) unknown, (16) no hit in
DAVID.
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Figure 2.3: Expression profiles of the two clusters obtained from the SOM
algorithm. (a) Cluster 1 (up-regulated) and (b) Cluster 2 (down-regulated).
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Figure 2.3 (Continued)
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Figure 2.4: Down-regulated keratins. The y-axis represents intensity (arbitrary units)
and the x-axis represents days of T4 treatment (0, 2, 12, 28). Dark circles represent the
mean of three samples  standard error (SE).
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Figure 2.5: Up-regulated keratins. The y-axis represents intensity (arbitrary units) and
the x-axis represents days of T4 treatment (0, 2, 12, 28). Dark circles represent the mean
of three samples  SE.
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Figure 2.6: RT-PCR of keratins. Columns represent 0, 2, and 12 days of T4 treatment.
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CHAPTER 3: Effect of Thyroid Hormone Concentration on the Transcriptional
Response Underlying Induced Metamorphosis in the Mexican Axolotl (Ambystoma)

Introduction
Amphibian metamorphosis is generally characterized by dramatic and conspicuous
developmental changes that are necessary for larvae to function as terrestrial adults. The
morphological, behavioral, and physiological changes that occur during metamorphosis
are associated with increases in thyroid hormone (triiodothyronine, T3 and thyroxine, T4;
TH; Leloup and Buscaglia, 1977; Larras-Regard et al., 1981) and RNA synthesis (Tata,
1966). These events are interconnected; at metamorphosis, tissue-specific concentrations
of TH activate and repress transcriptional networks within target cells that in turn
regulate new patterns of development (Shi, 2000). Many genes that are associated with
molecular and morphological events during metamorphosis have been identified from
studies of anurans, and in particular Xenopus laevis. In contrast, little is known about
patterns of gene expression during salamander metamorphosis.
Although anuran and salamander metamorphosis are regulated by many of the
same endocrine factors, there is considerable developmental variation between these
groups. Most conspicuously, some salamanders do not undergo a complete
metamorphosis in nature. These salamanders are called paedomorphs because they retain
larval characteristics into the adult stage, and because genetic and phylogenetic evidence
suggests that they evolve from metamorphic ancestors (Shaffer and Voss, 1996; Voss and
Smith, 2005). Paedomorphosis in the Mexican axolotl (Ambystoma mexicanum) is
associated with low hypothalamic-pituitary-thyroid (HPT) activity and differential
sensitivity of tissues to TH that results in some cryptic biochemical and molecular
changes, but not the complete suite of morphological changes seen in related
metamorphic tiger salamanders. Interestingly, A. mexicanum can be induced to undergo
anatomical metamorphosis by administering TH and endocrine factors that function
upstream of TH synthesis (Rosenkilde and Ussing, 1996; Kuhn et al., 2005). The axolotl
provides an excellent alternative to anuran systems because metamorphosis can be
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precisely induced and studied in juveniles or adults that are not developing toward a
metamorphic outcome.
Functional genomic approaches are beginning to reshape the way transcription is
conceptualized during amphibian metamorphosis (Das et al., 2006; Buchholz et al., 2007;
also see Chapter 2 of this volume). The transcriptional program for tissue regression,
remodeling, and organogenesis is significantly more complicated than was initially
predicted for Xenopus (Wang and Brown, 1991; Buckbinder and Brown, 1992; Shi and
Brown, 1993; Dever et al., 1997). Previously, I used microarray technology to identify
keratin biomarkers for T4 induced metamorphosis in the integument (epidermis) of the
Mexican axolotl (Chapter 2 of this volume). I showed that 50 nM T4 induces a complex
transcriptional program and axolotls complete metamorphosis with no mortality.
Interestingly, this T4 concentration is known to affect gene expression and mortality in
anurans (Zhang et al., 2006; Helbing et al., 2007a,b) and it is higher than T4
concentrations estimated in the serum of spontaneously metamorphosing salamanders.
For example, Larras-Regard et al. (1981) reported 28 nM as the maximum serum T4 level
in Ambystoma tigrinum, a close relative of the axolotl that typically undergoes
metamorphosis. To further investigate the effect of T4 concentration on induced
metamorphosis in the Mexican axolotl, I report the results of a second microarray
experiment that induced metamorphosis using a much lower concentration of T4 (5 nM).
Using 5 and 50 nM T4 microarray datasets, I describe the temporal transcriptional
response of T4 induced metamorphosis and specifically address the following question:
Does T4 concentration affect morphological metamorphosis and gene expression in the
axolotl? I discuss the biological significance of some of the differentially expressed genes
(DEGs) that were identified and the relationship between salamander and anuran
metamorphic gene expression programs.

Methods and Materials

Study animals for microarray analyses
Salamanders (A. mexicanum) were obtained from a single genetic cross, using adults
from an inbred strain. Embryos and larvae were reared individually at 20-22 C in 40%
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Holtfreter’s solution. After hatching, larvae were fed freshly hatched brine shrimp
(Artemia sp., Brine Shrimp Direct, Ogden, UT) napuli until they were large enough (3
weeks) to eat California blackworms (Lumbriculus sp., J.F. Enterprises, Oakdale, CA). At
approximately eight months of age, 30 salamanders were randomly assigned to each of
10 different treatments and reared in 40% Holtfreter’s solution with or without T4,
(Sigma T2376, St. Louis, MO). One hundred M stock T4 solutions were made as
described in Chapter 2. Five and 50 nM T4 were made fresh for each water change by
mixing 2.5 or 25 mL of 100 M stock with 40% Holfreter’s solution to a final volume of
50 L. Water was changed every third day.
Skin tissue was collected from salamanders following 0, 2, 12, and 28 days of T4
treatment. These time points were sampled to test for early gene expression changes that
might precede morphological metamorphosis, and because 28 days is a sufficient period
for complete metamorphosis of 50 nM T4 induced A. mexicanum (see Chapter 2). To
obtain tissue, salamanders were anesthetized in 0.01% benzocaine (Sigma, St. Louis,
MO) and 1 cm2 of skin tissue was removed from the top of the head.

RNA isolation
Total RNA was extracted from each tissue sample with TRIzol (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol; additionally, RNA preparations were
further purified using a Qiagen RNeasy mini column (Qiagen, Valencia, CA). UV
spectrophotometry and a 2100 Agilent Bioanalyzer (Agilent Technologies, Santa Clara,
CA) were used to quantify and qualify RNA preparations. Three high quality RNA
isolations from each treatment and sampling time combination were used to make
individual-specific pools of biotin labeled cRNA probes. Each of the 30 pools was
subsequently hybridized to an independent GeneChip. The University of Kentucky
Microarray Core Facility generated cRNA probes and performed hybridizations
according to standard Affymetrix protocols.

Microarray platform
A custom Ambystoma Affymetrix (Santa Clara, CA) GeneChip was designed from
curated expressed sequence tag assemblies for A. mexicanum and A. t. tigrinum (Putta et

35

al., 2004; Smith et al., 2005a). The array contains 4844 probe-sets, 254 of which are
controls or replicate probe-sets. Detailed descriptions of this microarray platform can be
found in Chapter 2 of this volume and Monaghan et al. (2007).

Quality control and low-level analyses
I used the Bioconductor package affy that is available for the R statistical programming
environment to perform a variety of quality control and preprocessing procedures at the
individual probe level (Bolstad et al., 2005a,b). These procedures included: 1) generating
matrices of M versus A plots for all replicate GeneChips (n = 3 GeneChips for 10
treatment/sampling time combinations), 2) investigating measures of central tendency,
measures of dispersion, and the distributions of all 30 GeneChips via boxplots and
histograms, 3) viewing images of the log2(intensity) values for each GeneChip to check
for spatial artifacts, and 4) viewing an RNA degradation plot (Bolstad et al., 2005b) that
allows for visualization of the 3’ RNA labeling bias across all GeneChips simultaneously.
In addition, I used ArrayAssist Lite software (Stratagene, La Jolla, CA) to assess several
quality control measures that are recommended by Affymetrix such as average
background (minimum = 48.36, maximum = 59.28, n = 30) scale factors (minimum =
0.404, maximum = 0.629, n = 30), and percent present (minimum = 81.5, maximum =
86.5, n = 30). Next, I processed these data by implementing the RMA algorithm of
Irizarry et al. (2003).

Assessment of GeneChip precision
To obtain estimates of between GeneChip repeatability, I generated correlation matrices
for the hybridization intensities across all probe-sets among replicate GeneChips. Very
high and consistent mean r-values were calculated for each of the 10 treatment by
sampling time combinations (range of mean r ± standard error = 0.966 ± 0.002 to 0.986 ±
0.001). These results demonstrate that I was able to obtain a high level of repeatability
between replicate GeneChips. These data are Minimum Information About Microarray
Experiment (MIAME) compliant and raw data files can be obtained at Sal-Site (Smith et
al., 2005b).
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Data filtering
Microarray platforms may not accurately or precisely quantify genes with low intensity
values (Choe et al., 2005; Draghici et al., 2006). Because low intensity genes contribute
to the multiple testing problem that is inherent to all microarray studies, I filtered probesets whose mean expression values across all GeneChips (n = 30 per gene) were smaller
than or equal to the mean of the lowest quartiles (25th percentiles) across all GeneChips
(n = 30, mean = 6.53, standard deviation = 0.04; data presented on a log2 scale). Upon
performing this filtration step, 3688 probe-sets were available for significance testing. I
then performed principal component analysis (PCA) on the centered and scaled data from
these probe-sets. This analysis allowed me to visualize the relationships between
GeneChips within and across treatments.

Temporal gene expression in the absence of T4
I investigated whether genes exhibited differential expression as a function of time in the
absence of T4 (control animals sampled at Days 0, 2, 12, and 28) via linear and quadratic
regression (Liu et al., 2005). I corrected for multiple testing by evaluating 0 according
to the algorithm of Benjamini and Hochberg (Benjamini and Hochberg, 1995) with a
false discovery rate (FDR) of 0.05. 1 was set to 0.05.

Detecting and classifying DEGs
I conducted three analyses to investigate the effect of T4 on epidermal gene expression.
For the first analysis, I used limma (Smyth, 2004, 2005) to identify genes that were
differentially expressed as a function of T4 concentration. The limma package couples
linear models with an empirical Bayes methodology to generate moderated t-statistics for
each contrast of interest. This approach has the same effect as shrinking the variance
towards a pooled estimate and thus reduces the probability of large test statistics arising
due to underestimations of the sample variances. Operating limma requires the
specification of two matrices. The first is a design matrix in which the rows represent
arrays and the columns represent coefficients in the linear model. The second is a
contrast matrix in which the columns represent contrasts of interest and the rows
represent coefficients in the linear model. For this analysis, the design matrix specified a
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coefficient for each unique treatment by sampling time combination (10 coefficients) and
the contrast matrix specified the calculation of contrasts between the two T4
concentrations (5 and 50 nM) at each of the non-zero sampling times (Days: 2, 12, and
28). In addition to moderated t-statistics, limma also generates moderated F-statistics.
These moderated F-statistics test the null hypothesis that no differences exist among any
of the contrasts specified by a given contrast matrix. A FDR correction (Benjamini and
Hochberg, 1995) of 0.05 was applied to the P-values associated with the moderated Fstatistics of the contrast matrix. In order to further reduce the number of false positives, I
required that all “identified” DEGs be differentially regulated by  two-fold at one or
more of the contrasted time points.
The last two analyses were conducted using the regression-based approach of Liu
et al. (2005) to detect genes that exhibit differential expression as a function of days of T4
treatment. This approach also classifies DEGs into nine categories based on their
temporal expression profiles as determined via linear and quadratic regression. In the
context of this experiment, these profiles have specific biological interpretations.
However, exceptions to these interpretations exist (see results for examples). In general,
genes that exhibited linear down, linear up, quadratic linear concave down, and quadratic
linear convex up (LD, LU, QLCD, and QLVU) expression profiles were still actively
undergoing changes in their expression levels when the study was terminated. In
contrast, genes that exhibited quadratic linear convex down and quadratic linear concave
up (QLVD and QLCU) expression profiles underwent down and up-regulation
respectively but reached steady state expression levels before the experiment was
terminated. Finally, genes that exhibited quadratic concave and quadratic convex (QC
and QV) expression profiles were transiently up and down-regulated respectively before
returning to baseline expression levels. Null results are described by the ‘Flat’ category.
Separate analyses were conducted for the 5 and 50 nM datasets with 0 evaluated at a
FDR of 0.05 according to the algorithm of Benjamini and Hochberg (1995) and 1 =
0.05. DEGs were required to exhibit  two-fold changes relative to Day 0 controls at one
or more sampling times before they were categorized as “identified”.
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Over representation analyses for genes with established orthologies
Biological process gene ontology categories that are over represented in my lists of DEGs
(statistically significant and  two-fold change) were identified using DAVID (Dennis et
al., 2003). In all analyses, the 3085 probe-sets on the Ambystoma GeneChip with
established orthologies were used as the background for generating expected values. The
EASE threshold was always set to 0.05, and the count threshold was always set to two.

Bioinformatic comparison with Xenopus
In a recent microarray study, Buchholz et al. (2007) presented “a core set of up-regulated
genes”. These genes have been identified as up-regulated in response to T3 treatment by
 1.5 fold in every tissue that has been examined in metamorphosing X. laevis via
microarray analysis (limb, brain, tail, and intestine; Das et al., 2006; Buchholz et al.,
2007). I determined the orthologies of these genes to human as described in Chapter 2
and Monaghan et al. (2007). I then identified genes listed by Buchholz et al. (2007) that
were also differentially expressed in the current experiment. The same approach was
used to compare my gene lists to the 2340 DEGs identified by Buchholz et al. (2007)
from the intestine of metamorphosing X. laevis.

Biologically and technically independent verification
I conducted a second experiment using quantitative real-time reverse transcriptase
polymerase chain reaction (Q-RT-PCR) to investigate the temporal expression patterns of
five genes identified as differentially expressed by microarray analysis (Table 3.1).
Animals used in this second experiment were raised as described for the animals used in
the microarray experiment, with the exception that T4 treatment (50 nM) was initiated at
120 days post-fertilization. Tissue samples from two or three individuals were collected
as described above beginning on Day 0 (prior to initiating T4 treatment) and were
collected every two days for 32 days (i.e., Day 0, Day 2, Day 4… Day 32).

Q-RT-PCR
Total RNA was extracted from integument as described for the microarray experiment
with the exception that all samples were treated with RNase-Free DNase Sets (Qiagen,
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Valencia, CA) according to the manufacturer’s protocol. For each sample, the Bio-Rad
iScript cDNA synthesis kit (Hercules, CA) was used to synthesize cDNA from 1 g total
RNA. Primers (Table 3.1) were designed using Primer3 (Rozen and Skaletsky, 2000),
and design was targeted to the same gene regions that are covered by Affymetrix probesets. All PCRs were 25 L reactions that contained: cDNA template corresponding to 10
ng total RNA, 41 ng forward and reverse primers, and iQ SYBR-Green real-time PCR
mix (Bio-Rad, Hercules, CA). Reaction conditions were as follows: 10 minutes at 50 C,
five minutes at 95 C, 45 cycles of 10 seconds at 95 C followed by 30 seconds at 55 C,
one minute at 95 C, and one minute at 55 C. Melting curve analysis was used to ensure
the amplification of a single product for each reaction. All reactions were run in 96 well
plates and blocked by sampling time (i.e., each of the 17 sampling times was equally
represented for each gene on each plate). PCRs were performed using a Bio-Rad iCycler
iQ Multi-Color Real Time PCR Detection System (Hercules, CA). All plates contained
template free controls (Bustin and Nolan, 2004). Primer efficiencies were estimated via
linear regression and relative expression ratios were calculated according to Pfaffl (2001).
All expression ratios are relative to the average of the Day 0 animals, and normalized to
transcriptional intermediary factor 1 (probe-set ID: L_s_at). This gene was selected as a
control because it had an extremely small standard deviation across all treatment regimes
in the microarray experiment (n = 30, mean = 14.44, standard deviation = 0.03; data
presented on a log2 scale).

Statistical analysis of the Q-RT-PCR data
Log2 transformed R-values for each gene were analyzed separately via linear and
quadratic regression models in which days of T4 treatment was the predictor variable.
These analyses were carried out using JMP, Version 5 (SAS Institute, Cary, NC). I
decided whether to use a linear or quadratic model for a given gene via forward selection
(Zar, 1999). In short, quadratic models were accepted when the polynomial terms were
significant (P < 0.05) and resulted in an increase in the proportion of variation in the data
explained by the model (adjusted R2) of  five percent relative to the linear model. The
residuals of all models were inspected graphically. In addition, the residuals of all
models were checked for normality. In cases where the assumption of normality was
40

violated, regression analyses were run to obtain equations that describe the response of
these genes to T4 as a function of time. However, such analyses were conducted with the
understanding that a strict hypothesis testing interpretation could prove problematic.

Results

Effect of T4 concentration on morphological metamorphosis
During T4 induced metamorphosis, Mexican axolotls progress through developmental
stages (0-IV) (Cano-Martinez et al., 1994) that are defined by the resorption of the upper
and lower tailfins, dorsal ridge, and gills. I staged all axolotls after 0, 2, 12, and 28 days
of T4 treatment. No metamorphic changes were observed after two days of T4 treatment
and thus axolotls from both T4 treatments were assigned to Stage 0. At Day 12,
morphological changes were observed in 50 nM T4 treated axolotls (Stages I and II) but 5
nM T4 treated axolotls were indistinguishable from control animals (Stage 0). At Day 28,
axolotls reared in 50 nM T4 had fully resorbed tailfins and gills, and thus had completed
morphological metamorphosis (Stage IV). Between Days 12 and 28, 5 nM T4 treated
axolotls initiated metamorphosis but did not complete all morphological changes by Day
28 (Stage III). On average, individuals complete metamorphosis after 35 days in 5 nM T4
(unpublished data). Thus, a low concentration of T4 delays the initiation timing of
morphological metamorphosis but not the length of the metamorphic period.

Gene expression in the absence of T4
My first set of statistical analyses tested control axolotls for temporal changes in mRNA
abundance that were independent of T4 treatment (Supplementary_Document_3_1;
Supplementary_Table_3_1). Temporal changes are expected if patterns of transcription
(gene expression) change significantly over time as salamanders mature, or if there are
uncontrolled sources of experimental variation. After adjusting the FDR to 0.05, none of
the probe-sets (genes) on the custom Ambystoma GeneChip were identified as
significantly differentially abundant as a function of time. Thus, I found no statistical
support for differential gene expression among control animals.
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Gene expression in the presence of T4: 5 versus 50 nM
At each of the times that I estimated mRNA abundances during T4 induced
metamorphosis, the number and diversity of genes that were differentially expressed
between the 5 and 50 nM T4 treatments differed (Figure 3.1A;
Supplementary_Document_3_2; Supplementary_Table_3_2). A total of 402 DEGs that
differed by  two-fold at one or more of the sampling times were identified among all
day by T4 treatment contrasts (Figure 3.1A; Supplementary_Document_3_2;
Supplementary_Table_3_2). I identified 30 DEGs as early as Day 2 (Table 3.2), and 80%
of these DEGs were up-regulated in 50 nM T4 relative to 5 nM T4. This small group of
early response genes was statistically associated with the amino acid transport and amine
transport ontology terms. Additional gene functions of these early responding genes
include epithelial differentiation, ion transport, RNA processing, signal transduction, and
apoptosis/growth arrest. I note that no differentially expressed transcription factors were
identified as DEGs at Day 2, and neither TR ( or ) was identified as differentially
expressed at any time point in the current study. At Day 12, when axolotls in 50 nM T4
were undergoing dramatic tissue resorption events and axolotls in 5 nM T4 were
indistinguishable from controls, I identified the greatest number of DEGs between the T4
treatments (n = 319; Figure 3.1A). An approximately equivalent number of up and downregulated DEGs were identified (see Supplementary_Document_3_2;
Supplementary_Table_3_2). These genes were enriched for functions associated with
epidermis development, carbohydrate metabolism, ectoderm development, response to
chemical stimulus, negative regulation of cell proliferation, response to abiotic stimulus,
negative regulation of biological process, development, and organ development. By Day
28, when axolotls in 50 nM T4 had completed metamorphosis and axolotls in 5 nM T4
were continuing to show morphological restructuring, I identified 216 DEGs that differed
between the T4 treatments (Figure 3.1A). Of the identified DEGs, 76% were downregulated in 50 nM T4 relative to 5 nM T4 (Supplementary_Document_3_2;
Supplementary_Table_3_2). DEGs identified at Day 28 were associated with response to
pest, pathogen, or parasite, negative regulation of cellular process, positive regulation of
physiological process, response to stress, response to stimulus, transition metal ion
transport, di-, tri-valent inorganic cation transport, response to other organism, immune
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response, development, organismal physiological process, muscle contraction, response
to biotic stimulus, and response to bacteria. The functional categories that I identified
show that the axolotl epidermal transcriptional response to T4 is complex, involving
hundreds of DEGs.
To further explore the effect of T4 on gene expression and morphological
metamorphosis I conducted PCA. This analysis shows that global gene expression and
morphological metamorphosis are strongly correlated, but there is little or no correlation
between gene expression and T4 treatment (Figure 3.2). This suggests that after
metamorphosis was initiated within T4 treatments, molecular and morphological events
were coordinately regulated. T4 concentration affected the onset timing of metamorphosis
in axolotls, but not the sequence of transcriptional and morphological events that define
this process.

Modeling the transcriptional response of genes during induced metamorphosis
To further investigate the effect of T4 concentration on induced metamorphosis, I
modeled mRNA abundance estimates from the 5 and 50 nM T4 treatments using
quadratic and linear regression. The regression analyses identified 542 and 709 DEGs
that changed by  two-fold relative to Day 0 controls, in the 5 and 50 nM T4 treatments
respectively (Supplementary_Document_3_3; Supplementary_Table_3_3;
Supplementary_Document_3_4; Supplementary_Table_3_4). Given my previous
analyses, I expected to observe different regression patterns (expression profiles; Figure
3.3) for DEGs from each treatment because metamorphic initiation timing was delayed in
5 nM T4 and metamorphosis was only completed in 50 nM T4. Indeed, most DEGs
identified by the 5 nM regression analysis exhibited linear expression profiles during
metamorphosis (e.g., LD; LU; Figure 3.3) while the majority of the DEGs identified by
the 50 nM regression analysis exhibited curvilinear and parabolic expression profiles
(e.g., QLVD; QLCU; QV; QC; Figure 3.3; see the methods for a summary of the
biological interpretations of these expression profiles in the context of this experiment).
Thus, biological processes known to be fundamental to tissue remodeling and/or
development were identified from both T4 treatments, however they were statistically
associated with different regression patterns (Figure 3.3). For example, four collagen-

43

degrading matrix metallopeptidase (MMP) genes (MMP13, MMP9, MMP1) exhibited
linear up-regulated responses in 5 nM T4 and were categorized as LU. However, under
50 nM T4, these genes were categorized among the QC and QLCU profiles. Several
genes associated with organ development (transgelin, mitogen-activated protein kinase
12, distal-less homeo box 3, actin binding lim protein 1, collagen type VI alpha 3, and
msh homeo box homolog 2) were up-regulated in a linear fashion in 50 nM T4 and were
categorized as LU. In 5 nM T4, several of these genes (mitogen-activated protein kinase
12, actin binding lim protein 1, and msh homeo box homolog 2) were statistically
significantly up-regulated (LU and QLVU) but failed to eclipse the two-fold change
criteria. A single gene (collagen type VI alpha 3) was not statistically significant and
categorized as “Flat” in 5 nM T4. However, this gene did not appreciably deviate from
base-line expression levels until Day 28 in 50 nM T4 (Figure 3.4A). I attribute these
differences between the T4 treatments to the delayed onset timing of metamorphosis in
the 5 nM T4 treatment. Overall, the same generalized direction of expression was
observed for 457 of 463 (99%) DEGs that were commonly identified from both T4
treatments (Figure 3.1B). The six genes (calponin 2, ethylmalonic encephalopathy 1, 3’
repair exonuclease 2, SRV_05658_a_at, SRV_09880_at, and N-myc downstream
regulated gene 1) that seemingly exhibited opposite directions of expression in 5 and 50
nM T4 were all categorized the same way (LU in 5 nM T4 and QLCD in 50 nM T4).
Closer inspection of these expression profiles revealed that genes classified as QLCD
trend upward at the early time points before decreasing at later time points (Figure 3.4B).
These results show that T4 concentration affected the shape of temporal gene expression
profiles but essentially all epidermal DEGs that were identified in both T4 treatments
were regulated in the same direction by 5 and 50 nM T4.
The regression analyses identified a number of DEGs that only met both of my
criteria (statistically significant and  two-fold change) in one of the T4 concentrations (5
nM, n = 79; 50 nM, n = 246; Figure 3.1B). Of the 79 genes unique to 5 nM T4, 36 (46%)
were statistically significant in 50 nM T4 but did not eclipse the two-fold change criteria.
Of the remaining 43 genes unique to 5 nM T4, 25 exhibited  two-fold change in 50 nM
T4 at one or more sampling times but were not statistically significant. Inspection of the
50 nM T4 regression patterns and fold change data associated with the 79 genes unique to
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5 nM T4 revealed that all of these genes exhibited similar directional trends (up versus
down-regulation) in 5 and 50 nM T4 (Supplementary_Document_3_5;
Supplementary_Table_3_5). Of the 246 genes unique to 50 nM T4, 96 (39%) were
statistically significant in 5 nM T4, but failed to eclipse the two-fold change criteria. An
additional 48 genes exhibited  two-fold change for at least one sampling time in 5 nM
T4, but were not statistically significant. Inspection of the 5 nM T4 regression patterns
and fold change data associated with the 246 genes unique to 50 nM T4 demonstrated that
209 (85%) of these genes exhibited similar directional trends in 5 and 50 nM T4
(Supplementary_Document_3_6; Supplementary_Table_3_6). An additional 22 genes
unique to 50 nM T4 did not exhibit > 1.5 fold changes relative to Day 0 controls until Day
28 (at which time they were differentially regulated by  two-fold), suggesting that they
are expressed during the terminal stages of metamorphosis
(Supplementary_Document_6; Supplementary_Table_6). Presumably, these genes were
not detected in 5 nM T4 because I did not sample later time points for this concentration.
These results reiterate the point that essentially all genes identified by the current study
were similarly, directionally expressed in the 5 and 50 nM T4 treatments.
To address similarity in terms of magnitude, I compared maximum fold level
values for genes that exhibited QLVD and QLCU expression profiles in both T4
treatments (Figure 3.3; Table 3.3). I assumed that genes exhibiting these profiles had
achieved maximum/minimum mRNA levels during the experiment, and thus could be
reliably compared between treatments. No statistical differences were observed for fold
level values of 13 QLVD and QLCU genes between the 5 and 50 nM T4 treatments
(Wilcoxon signed rank test, Z = -1.293, P = 0.1961; Zar, 1999), and the fold level values
were highly correlated (Table 3.3; Spearman’s rho = 1.00, P < 0.0001; Zar, 1999).
Although this analysis was performed on a small subset of genes, the results suggest that
mRNA abundances are similar for genes that are differentially expressed in 5 and 50 nM
T4.

Bioinformatic comparison: axolotl versus Xenopus
Salamanders and anurans may express similar genes during amphibian metamorphosis.
To test this idea, I compared a list of ‘core’ up-regulated metamorphic genes from
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Xenopus (Buchholz et al., 2007) to DEGs identified from the current study of axolotl. Of
the 59 genes that were reported as differentially up-regulated by  1.5 fold in limb, brain,
tail, and intestine from metamorphosing Xenopus, 23 (39%) are represented by at least
one of the 3688 probe-sets analyzed in the current study. Of these, only two (FK506
binding protein 2 and glutamate-cysteine ligase modifier subunit) were identified as
statistically significant and differentially expressed by  two-fold in the current study
(Supplementary_Document_3_7; Supplementary_Table_3_7). FK506 binding protein 2
was up-regulated in axolotl and Xenopus. However, glutamate-cysteine ligase modifier
subunit was down-regulated in axolotl and up-regulated in Xenopus. Thus, < 5% of the
‘core’ DEGs that are commonly expressed among Xenopus tissues during
metamorphosis, were identified as DEGs in the current study using axolotl.
I also conducted a comprehensive bioinformatics comparison between DEGs
from axolotl epidermis and DEGs from T3 induced Xenopus intestine (Buchholz et al.,
2007). Gene expression similarities may exist between the Xenopus intestine and axolotl
epidermis because both organs undergo extensive extracellular remodeling that is
associated with apoptosis of larval epithelial cells and the proliferation and differentiation
of adult cell types. The presumptive orthologs of 111 of the 820 non-redundant DEGs
from the current study correspond to DEGs from Xenopus intestine
(Supplementary_Document_3_7; Supplementary_Table_3_7). Of these 111 genes, 50
(45%) exhibited the same direction of differential expression in axolotl epidermis and
Xenopus intestine. This list includes genes that are known to be associated with
metamorphic developmental processes in amphibians. For example, two MMPs (MMP9
and MMP13) that are associated with extra cellular matrix turnover were up-regulated in
Xenopus intestine and axolotl epidermis. However, other genes were regulated in
opposite directions. For example, keratin 12 and keratin 15 were down-regulated in
axolotl epidermis but up-regulated in Xenopus intestine. These results show that there are
similarities and differences in gene expression between Xenopus and axolotls when
comparing tissues that undergo similar remodeling processes.
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Biological, technical, and statistical replication
In order to validate a subset of genes that were identified as DEGs in the microarray
experiment, I conducted a second experiment in which I used Q-RT-PCR to generate
expression profiles for five candidate genes (Table 3.1). These genes were chosen
because they are involved in a variety of biological processes including cytoskeleton
organization (desmin), cell-cell adhesion (desmocollin 1), tissue remodeling (matrix
metallopeptidase 13), and ion transport (solute carrier family 31 member 1). In addition,
I investigated SRV_10216_s_at in order to verify results from a gene with unknown
function. Results of the regression analyses performed on the Q-RT-PCR data are
presented in Figure 3.5 alongside plots of the analogous microarray data. Residuals from
the models fit for desmocollin 1 and solute carrier family 31 member 1 exhibited
significant departures from normality (Shapiro-Wilk test, P < 0.05). Overall, there was
very good agreement between the expression profiles obtained from microarray and QRT-PCR analyses. The fact that the Q-RT-PCR results are biologically and technically
independent of the microarray data strongly suggests that these patterns are repeatable
and unlikely to be experimental or technical artifacts.
In Chapter 2, I used stringent statistical criteria (one-way ANOVA, FDR = 0.001,
and  two-fold change) to identify 123 annotated genes that exhibited robust responses to
50 nM T4. In that study, I focused on the potential of several keratin loci to serve as
biomarkers of early metamorphic changes that precede changes in gross morphology. In
this study, I used less stringent criteria to identify DEGs and more fully explore temporal
gene expression responses when T4 concentration is varied. Of the 123 DEGs previously
identified in the epidermis of metamorphosing axolotls, 116 genes were statistically
significant and differentially regulated by  two-fold in the 50 nM regression analysis. Of
these, 91 (78%) were statistically significant and differentially expressed by  two-fold in
the 5 nM regression analysis. Only one of these 91 genes was expressed in opposite
directions between the T4 treatments (3’ repair exonuclease 2). However this gene was
classified as LU in 5 nM T4 and QLCD in 50 nM T4, and represents another example of a
transiently up-regulated gene that was categorized as QLCD
(Supplementary_Document_3_4; Supplementary_Table_3_4). The 25 genes identified in
50 nM T4 but not 5 nM T4 (Table 3.4) may function in late stage metamorphic processes
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that were only attained within 28 days under 50 nM T4. For example, keratin 17 is
known to be a marker of proliferating basal epidermal stem cells in mammals (McGowan
and Coulombe, 1998); this gene may be expressed late during metamorphosis in terminal
cell populations of axolotl epidermis that give rise to adult epithelial cells. Other genes
associated with tissue stress, injury, and immune function (ferritin heavy polypeptide 1,
ras-related C3 botulinum toxin substrate 2, and cathespin S) also appear to be late
response genes although I can’t rule out the possibility that these genes may be
differentially expressed as a toxic response to 50 nM T4. The majority of the DEGs
identified in Chapter 2 using 50 nM T4 and very strict statistical criteria were similarly
identified using 5 nM T4 and different statistical methods/criteria. These findings further
emphasize that the metamorphic gene expression programs of A. mexicanum are similar
even when TH concentration is varied by an order of magnitude.

Discussion
Paedomorphic Mexican axolotls can be induced to undergo metamorphosis by
administering TH. I found that axolotls initiate metamorphosis at least one week earlier in
50 nM versus 5 nM T4 and complete morphological transformations in 28 days. The
lower 5 nM T4 concentration was sufficient to induce metamorphosis but the initiation
timing was delayed and this proportionally delayed the time to complete metamorphosis.
The same sequence of morphological changes was observed between T4 treatments and
the majority of DEGs were identified in both T4 treatments, although their expression
profiles were temporally shifted. Nearly all DEGs exhibited similar directional trends
between treatments, and the subset of genes that were directly compared between the T4
treatments exhibited similar relative abundances. These results show extremely similar
changes in gene expression and morphology in the axolotl when varying T4 by an order
of magnitude. This is an interesting result because T4 concentrations within this range are
toxic to anurans and are known to affect tissue-specific abundances of transcription
factors that regulate metamorphic gene expression programs (Zhang et al., 2006). Below,
I discuss the axolotl’s precise transcriptional response to the range of T4 concentrations
examined in this study. I then discuss the epidermal gene expression program of the
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axolotl, noting gene expression similarities and differences between salamander and
anuran metamorphosis.
TH levels are known to increase in larval amphibians as they mature and reach
maximal levels during metamorphic climax. When the concentration of TH reaches a
critical intracellular level, transcriptional changes are initiated that bring about new
patterns of development. Because the TH concentration required to alter transcription is
cell-specific, tissues are often described as having different sensitivities to TH. The
sensitivity of cells to TH involves multiple factors that affect the intracellular
concentration of TH and the ability of TH to affect transcription, which is determined in
part by the number of nuclear TH binding sites (TRs; Yoshizato and Frieden, 1975).
Mexican axolotls have functional TRs (Safi et al., 2004), but TH levels are apparently too
low to initiate metamorphosis (Kuhn and Jacobs, 1989). Direct hypothalamic application
of T4, using a dose that is insufficient to initiate metamorphosis via intraperitoneal
injection, is sufficient to initiate metamorphosis in the axolotl (Rosenkilde and Ussing,
1996) and related paedomorphic tiger salamanders (Norris and Gern, 1976). Thus,
axolotls are capable of synthesizing TH in sufficient quantities to initiate and complete
metamorphosis. However, the pituitary doesn’t release a sufficient amount of thyrotropin
to trigger the metamorphic process (Kuhn and Jacobs, 1989). Axolotl epidermis can be
stimulated to initiate metamorphic changes in vitro, in isolation of endogenously
synthesized TH (Takada et al., 1998). Thus, the metamorphic timing delay that I
observed between the 5 and 50 nM T4 treatments probably reflects the time required to
autonomously activate gene expression within TH responsive cells of the epidermis and
the time required to stimulate the HPT axis. Rosenkilde (1985) showed that this latency
period is TH concentration dependent and above a critical dose (37.5 nM T3) there is no
variation in latency. After accounting for an estimated one-week difference in the
initiation timing of metamorphosis between the T4 treatments, there was not a difference
in the length of the metamorphic period. Thus, endogenous TH levels were functionally,
if not quantitatively similar between 5 and 50 nM T4 treated axolotls after metamorphosis
was initiated. This idea is also supported by the precise gene expression response that we
observed between the T4 treatments: essentially all of the genes were expressed in the
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same direction, and a subset of genes that could be reliably compared showed the same
magnitude of gene expression.
The precision of the transcriptional response between T4 treatments indicates that
axolotls are surprisingly tolerant to T4 levels that dramatically affect anuran mortality and
gene expression. Others before me have also noted the tolerance of axolotls to high
levels of T4 (Rosenkilde, 1985; Brown, 1997). Because anuran metamorphosis involves
a more extensive and integrated set of remodeling events that are accomplished over a
shorter time frame, there may be greater overlap in the sensitivities of cells to TH among
tissues that causes metamorphic remodeling events to occur out of sequence. The fact that
salamander metamorphosis encompasses fewer morphological changes and that many of
the changes are not as integrated (hindlimb development occurs months before tail
metamorphosis) may explain why axolotls are so tolerant to high T4 concentrations.
However, failure to observe an increase in TR- transcription in axolotl suggests there
may be fundamental regulatory differences between anuran and salamander
metamorphosis.
The larval epidermis of axolotls is extensively remodeled during T4 induced
metamorphosis (Fahrmann, 1971a,b,c). Application of TH to paedomorphic axolotls
induces many of the same epidermal changes that occur during natural and induced
metamorphosis in anurans, including apoptosis of larval cells, proliferation of adult cell
types, and epidermal keratinization. My results show that TH induces a diversity of
transcriptional changes that are associated with specific remodeling processes. I observed
significant gene expression changes between the T4 treatments at Day 2, prior to
observable morphological changes at the whole-organism level. Most of these genes were
up-regulated in the higher T4 concentration relative to the lower T4 concentration. Day 2
gene expression changes may reflect direct transcriptional activation via the binding of
exogenous TH to TRs, which are functional in axolotls (Safi et al., 2004). For example,
the human ortholog of phosphoenolpyruvate carboxykinase 1, a primary target for
transcriptional regulation of gluconeogenesis, is known to have a TH response element
(Giralt et al., 1991). Early up-regulation of phosphoenolpyruvate carboxykinase 1, as
well as fructose 1,6 bisphosphotase, glucose 6 phosphate dehydrogenase, and 70 kD heat
shock protein 5 at Day 12, indicates a biochemical response at the cellular level that
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includes activation of key regulatory enzymes of the gluconeogenic pathway. This is an
interesting finding for the epidermis because such responses are generally associated with
hepatic cell functions. Several other interesting gene expression changes were detected at
Day 2. These include ATP binding cassette, subfamily B, member 4, and
transglutaminase 1. ATP binding cassette family genes are up-regulated in mammals
during epidermal lipid reorganization and keratinocyte differentiation (Kielar et al.,
2003), and transglutaminase 1 encodes an enzyme that functions in the formation of the
cross-linked, cornified envelope of keratinocytes (Hitomi, 2005). The early expression of
these genes is curious because keratinization is assumed to be a terminal differentiation
event in the metamorphosis of amphibian epidermis. My results suggest that the process
of keratinization is initiated very early. As a final example, two proteins that are specific
to the mammalian inner ear were identified as significantly down-regulated: otogelin and
otoancorin. The head epidermis of the axolotl contains mechanoreceptors that are
homologous to hair cells of the mammalian ear (Northcutt et al., 1994). My results
suggest remodeling of these and other neural components in the axolotl skin at
metamorphosis. There are many additional examples that could be highlighted from my
gene lists that have not been previously discussed within the context of amphibian
metamorphosis.
The most gene expression changes and the greatest changes in transcript
abundances were observed at Day 12 in 50 nM T4. For example, keratin 14, a
prototypical marker of proliferating keratinocytes in mammals (Coulombe et al., 1989)
was up-regulated 1146 fold in 50 nM T4. This also marks the time of the greatest
morphological remodeling. After this time, gene expression levels of many genes
decreased. Thus, as has been described in anurans, many gene expression changes in
axolotl are transient, increasing initially and then decreasing. For example, apoptosis is
activated and terminated during anuran (Yoshizato, 2007) and salamander (Ohmura and
Wakahara, 1998) metamorphosis to regulate the death and replacement of larval
epithelial cells. When statistically significant genes were analyzed in the absence of a
two-fold change criterion, genes that were transiently up-regulated (i.e., exhibited QC
profiles) were statistically associated with apoptosis and proteolysis functional ontologies
(data not shown). As another example of the similarities between the metamorphic gene
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expression changes that occur in the epidermis of frogs and salamanders, I identified
three distinct probe-sets with established orthologies to human uromodulin that are
dramatically down-regulated in the epidermis of metamorphosing A. mexicanum. Furlow
et al. (1997) have observed analogous results in X. laevis and have shown that Xenopus
uromodulin orthologs are exclusively expressed in the apical cells of the larval epidermis.
These and other genes that are similarly expressed between urodeles and anurans will
provide useful biomarkers for comparative studies of metamorphosis between these two
groups.
My informatics comparison between DEGs identified from axolotl epidermis and
Xenopus intestine identified > 100 genes that are commonly expressed in these organs
during metamorphic remodeling. However, over half of these genes were differentially
expressed in opposite directions in axolotl and Xenopus. For example, several genes
associated with immune function (CD74 antigen, chemokine ligand 5, interferon
regulatory factor 1, proteasome beta subunit 9, and class I-related major
histocompatability complex) were down-regulated in axolotl epidermis and up-regulated
in Xenopus intestine. This is not too surprising because it is well established that the
axolotl immune system is fundamentally different from that of other vertebrates,
including Xenopus (Volk et al., 1998). Additionally, genes expressed in opposite
directions in these comparisons may reflect fundamental differences that exist between
intestinal and epidermal remodeling. Genes that exhibited similar transcriptional patterns
between Xenopus intestine and axolotl epidermis were associated with many different
functions. For example, DNA methyltransferase 1 and 17-beta hydroxysteroid
dehydrogenase 8 were down-regulated in axolotl epidermis and Xenopus intestine during
induced metamorphosis. In mammals, DNA methyltransferase 1 functions to maintain
DNA methylation patterns that influence gene transcription (Hermann et al., 2004) and
17-beta hydroxysteroid dehydrogenase 8 preferentially inactivates androgens and
estrogens, (Fomitcheva et al., 1998; Aziz et al., 2001). This latter example suggests a
transcriptional response to increase gonadal steroid hormone levels during epithelial
remodeling in amphibians. As a final example, a presumptive ortholog to human keratin
24 (SRV_13498_s_at) that was up-regulated by > 1000 fold in axolotls exposed to 50 nM
T4 was also up-regulated in Xenopus intestine, albeit by a comparatively modest four-fold
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increase. These comparisons emphasize similarities and differences in gene expression
during metamorphic epithelial tissue remodeling in anurans and salamanders.

Conclusion
Recent microarray analyses of anurans and salamanders show that amphibian
metamorphosis involves thousands of gene expression changes, involving many
biological processes that have previously received little attention (Das et al., 2006;
Buchholz et al., 2007). My results show similarities and differences in the metamorphic
transcriptional programs of anurans and salamanders. I expected to identify similarly
expressed genes because epidermis was included in anuran tissue preparations that were
used for microarray analysis, and because tissue remodeling that occurs during
metamorphosis appears to involve some evolutionarily conserved biological processes. I
also expected to observe transcriptional differences because anuran and salamander
lineages diverged > 200 million years ago. My results suggest that amphibian
metamorphosis cannot be fully understood from the study of a few anuran species. I show
here that axolotls offer several advantages (inducible metamorphosis, robust
transcriptional response, less complex integration of remodeling events) that can be
exploited to provide complementary and novel perspectives on amphibian
metamorphosis.

This chapter was previously published under the same title by RB Page, SR Voss, AK
Samuels, JJ Smith, S Putta, and CK Beachy in BMC Genomics, Volume 9:78.
Copyright © Robert Bryce Page 2009
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DSC1
MMP13
SLC31A1
N/A

Desmocollin 1

Matrix metallopeptidase 13

Solute carrier family 31 member 1

N/A

Probe-set ID/Direction
SRV_01373_at_5.1
SRV_01373_at_3.1
SRV_04693_a_at_5.1
SRV_04693_a_at_3.1
SRV_11423_at_5.1
SRV_11423_at_3.1
SRV_01215_a_at_5.1
SRV_01215_a_at_3.1
SRV_10216_s_at_5.1
SRV_10216_s_at_3.1

Sequence
GGGCCAATTATGAAGCAA
CTTCGACGACTCGCTTTG
GAGTCATTGCTCTTCCTTGG
TTTTGATGTGCTGCTCCA
TGGAAGAAGACTGCGTTGA
ACACTTTGAAGGCCCTTTG
TGTGATCAAACCCCAGGA
CGCGCAATCTTAAGGAAC
ACATCACTGTCCCCGAAGT
GGTCGGGGTCTGTTCAAT

N/A refers to a gene that does not have an established orthology to human. Probe-set ID represents the unique identifier for each
probe-set on the custom Ambystoma GeneChip. Forward and reverse primers are denoted by the extensions 5.1 and 3.1 respectively.

Symbol
DES

Gene
Desmin

Table 3.1: Primer sequences used for Q-RT-PCR
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Gene
Actin, alpha, cardiac muscle
N/A
Solute carrier family 7, member 3
Lipopolysaccharide-induced TNF factor
N/A
Regulator of G-protein signaling 5
Cadherin 1, type 1, E-cadherin
ATP-binding cassette, sub-family B, member 4
N/A
N/A
N/A
Solute carrier family 6, member 14
N/A
N/A
Transglutaminase 1
Phosphoenolpyruvate carboxykinase 1
N/A
N/A
Adipose differentiation-related protein
Chemokine ligand 5
N/A
N/A
Heterogeneous nuclear ribonucleoprotein L-like
Transmembrane protein 79
N/A
N/A
N/A
Solute carrier family 11, member 1

Probe-set ID
SRV_12180_x_at
SRV_07408_at
SRV_04996_at
SRV_05921_at
SRV_09913_at
SRV_01913_a_at
SRV_11961_at
SRV_10722_at
SRV_05709_at
SRV_05710_a_at
SRV_10033_at
SRV_03196_a_at
SRV_10338_at
SRV_07637_at
SRV_00309_at
SRV_01492_at
SRV_08888_at
SRV_07731_at
SRV_00744_a_at
SRV_01687_at
SRV_07816_a_at
SRV_05752_at
SRV_05212_a_at
SRV_04923_at
SRV_07996_at
SRV_06589_at
SRV_05658_a_at
SRV_00441_at

Contig ID
TC01592
MC07291
MC04879
MC05804
MC09796
MC01801
TC01382
TC00206
MC05592
MC05593
MC09916
MC03084
MC10221
MC07520
MC00197
MC01380
MC08771
MC07614
MC00632
MC01575
MC07699
MC05635
MC05095
MC04806
MC07879
MC06472
MC05541
MC00329
t
-4.17
-2.49
-2.33
-2.66
-2.98
-2.35
4.19
3.11
3.84
4.93
3.90
2.79
2.69
2.80
2.69
2.57
2.28
2.39
2.06
2.81
2.32
3.11
2.59
2.19
2.81
2.05
2.17
2.32

Table 3.2: Genes identified as differentially abundant between 5 and 50 nM T4 at Day 2
P
0.0004
0.0209
0.0295
0.0144
0.0069
0.0283
0.0004
0.0051
0.0009
< 0.0001
0.0008
0.0108
0.0134
0.0104
0.0134
0.0177
0.0324
0.0258
0.0501
0.0102
0.0304
0.0051
0.0168
0.0396
0.0102
0.0525
0.0410
0.0301

Fold Change
-8.91
-2.83
-2.47
-2.38
-2.22
-2.18
5.65
5.64
4.79
4.78
3.25
3.00
2.63
2.44
2.28
2.24
2.04
2.04
1.89
1.72
1.68
1.64
1.57
1.53
1.51
1.44
1.43
1.34
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SRV_02177_at
SRV_05297_at

MC02065
MC05180

2.44
2.32

0.0232
0.0303

1.30
1.20

N/A refers to genes that do not have established orthologies to human. Probe-set ID represents the unique identifier for each probe-set
on the custom Ambystoma GeneChip. Contig ID represents the Sal-Site identifier for contigs associated with each probe-set. All fold
changes are relative to the 5 nM dataset. Thus positive values are up-regulated in 50 nM samples relative to 5 nM samples and
negative values are down-regulated in 50 nM samples relative to 5 nM samples.

Table 3.2 (Continued)
Dystroglycan 1
Mitogen-activated protein kinase kinase 3
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Probe-set ID
SRV_02418_at
SRV_04787_s_at
SRV_05867_a_at
SRV_05889_x_at
SRV_06225_at
SRV_07624_x_at
SRV_10263_at
SRV_10508_a_at
SRV_14426_at
SRV_05575_at
SRV_12057_at
SRV_01373_at
SRV_01375_at

Fold Change 5 nM
3.60
4.23
21.70
11.05
24.98
9.64
72.28
86.94
2.97
24.23
327.01
-51.18
-6.03

Fold Change 50 nM
3.24
3.76
21.44
11.01
26.20
9.60
70.70
86.10
2.95
23.40
417.46
-50.21
-5.90

Profile
QLCU
QLCU
QLCU
QLCU
QLCU
QLCU
QLCU
QLCU
QLCU
QLCU
QLCU
QLVD
QLVD

N/A refers to genes that do not have established orthologies to human. Probe-set ID represents the unique identifier for each probe-set
on the custom Ambystoma GeneChip. Fold change 5 nM refers to the maximum fold change observed in the 5 nM T4 treatment
relative to Day 0 controls. Fold change 50 nM refers to the maximum fold change observed in the 50 nM T4 treatment relative to Day
0 controls. Profile refers to the expression profile for each gene obtained from regression analyses on the 5 and 50 nM T4 datasets.
QLCU refers to the quadratic linear concave up regression profile and QLVD refers to the quadratic linear convex down regression
profile.

Gene
Serpin peptidase inhibitor clade B member 10
Serpin peptidase inhibitor clade B member 2
N/A
N/A
N/A
N/A
N/A
N/A
Keratin 6E
WAP four-disulfide core domain 5
Keratin 4
Desmin
N/A

Table 3.3: Genes categorized as QLVD and QLCU in both T4 treatments.
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Probe-set ID
SRV_01045_a_at
SRV_11152_at
SRV_02072_at
SRV_05090_at
SRV_02285_at
SRV_01220_at
SRV_00512_at
SRV_12195_at
SRV_01958_at
SRV_01294_at
SRV_01306_at
SRV_03491_a_at
SRV_04181_at
SRV_04229_at
SRV_00389_a_at
SRV_05010_at
SRV_03843_a_at
SRV_11441_at
SRV_12418_at
SRV_03398_at
SRV_03369_at
SRV_00555_at
SRV_04215_at
SRV_01633_at
SRV_02461_at

Profile
LU
LU
QLCD
QLVD
QLCD
QLCD
QLCD
QC
QV
QLCD
LD
LU
QLVD
QLVU
QLCD
QLVD
QLVD
LU
LU
LU
QLVD
LU
QLVU
QLCD
QLCU

Probe-set ID represents the unique identifier for each probe-set on the custom Ambystoma GeneChip. Profile refers to the regression
profile obtained from the regression analysis of the 50 nM T4 dataset (see Figure 3.3)

Gene
Actin alpha 2
Actin alpha 2
Cathepsin S
Chormosome 20 open reading frame 92
Chromosome 21 open reading frame 33
Cytochrome C oxidase subunit VIB polypeptide 1
Cytochrome P450 family 2 subfamily c polypeptide 8
EPH receptor A1
Eukaryotic translation initiation factor 4E binding protein 3
Ferritin heavy polypeptide 1
Glutaredoxin
Glycine C-acetyltransferase
High-mobility group 20 A
Hypothetical protein FLJ11151
Keratin 17
LSM10 U7 small nuclear RNA associated
Mediator of RNA polymerase II transcription subunit 31 homolog
Myosin heavy polypeptide 11
Myosin light polypeptide 9
Nick-associated protein 1
Non-metastatic cells 7
P450 oxidoreductase
Phosphoglucomutase 2
Ras-related C3 botulinum toxin substrate 2
Ubiquitin specific peptidase 10

Table 3.4: Genes previously identified using 50 nM T4 that were not identified using 5 nM T4.

Figure 3.1: Results of the statistical analyses conducted on the microarray data. (A)
Venn diagram showing the DEGs identified at specific time points by contrasting the two
T4 concentrations and imposing fold change criteria. D2 = Day 2, D12 = Day 12, and
D28 = Day 28. (B) Venn diagram depicting the relationship between DEGs that were
identified via the 5 and 50 nM regression analyses and imposing fold change criteria. For
panel B, fold change values are relative to Day 0.
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Figure 3.2: Results of the principal component analysis. Scatter plots of the 30
GeneChips based on the rotations of their first two principal components (PC 1 and PC
2). PCA was performed on all 3688 probe-sets that were available for significance
testing. PC 1 and PC 2 account for 89.2% and 6.2% of the variation respectively. CanoMartinez stages are listed in parentheses in the legend.
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Figure 3.3 Generalized regression patterns. The units and values of the axes are
arbitrary. The number of probe-sets in each category is listed in parentheses by
concentration. Significantly enriched biological process gene ontology terms are listed
by concentration and pattern. In some cases specific terms were too abundant and were
thus summarized via a broader term. Abbreviations are as follows LD = linear down,
QLCD = quadratic linear concave down, QLVD = quadratic linear convex down, LU =
linear up, QLCU = quadratic linear concave up, QLVU = quadratic linear convex up,
QC = quadratic concave, and QV = quadratic convex. A ninth pattern (Flat) that
describes null results is not shown.
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Figure 3.4: Example regression profiles. Expression profiles based on microarray data
from a gene that does not appreciably deviate from baseline until Day 28 in 50 nM T4 (A;
collagen, type VI, alpha 3; probe-set ID: SRV_05103_a_at) and a gene that is initially upregulated in 50 nM T4 before being down-regulated (B; N-Myc downstream regulated
gene 1; probe-set ID: SRV_12417_at). Trend lines for the 5 nM regression analyses are
gray and trend lines for the 50 nM regression analyses are black. LU = linear up and
QLCD = quadratic linear concave down.
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Figure 3.5: Comparisons of the relationships between transcript abundance and
days of 50 nM T4 treatment as assessed in different biological samples via Q-RTPCR (upper panels) and Affymetrix GeneChip technology (lower panels). Trend
lines in the Q-RT-PCR data were obtained by linear or quadratic regression. Models with
P < 0.01 are denoted by ** and models with P < 0.0001 are denoted by ***. R2 refers to
adjusted R2. The microarray data represent the mean of three samples  standard
deviation. MMP13 = matrix metallopeptidase 13 and SLC31A1 = solute carrier family
31, member 1.
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CHAPTER 4: A Model of Transcriptional and Morphological Changes During
Thyroid Hormone-induced Metamorphosis of the Axolotl

Introduction
Amphibian metamorphosis is a well-studied example of a complex developmental
process that is regulated by endocrine factors (Wilder, 1925; Nieuwkoop and Faber,
1967; Rosenkilde and Ussing, 1996; Shi, 2000; Brown and Cai, 2007). Thyroid hormone
(3,5,3’-triiodothyronine, T3 and L-thyroxine, T4; TH) control of metamorphosis is
broadly conserved across amphibians, and radioimmunoassay (RIA) data from anurans
(e.g., Leloup and Buscaglia, 1977) and urodeles (e.g., Larras-Regard et al., 1981; Alberch
et al., 1986) support the idea that T4 and T3 markedly increase at metamorphic climax.
TH (T3 or T4) is necessary and sufficient to induce metamorphosis in anurans (reviewed
by Shi, 2000; Brown and Cai, 2007) and urodeles (Prahlad and DeLanney, 1965; Prahlad
1968; Rose, 1995b,c; Rosenkilde and Ussing, 1996) and its biological effects are
mediated by nuclear receptors (thyroid hormone receptors α and β; TR- and TR-) that
repress or activate transcription in a TH-dependent manner (Safi et al., 2004; Buchholz et
al., 2006). However, while these and other general features of amphibian metamorphosis
are broadly conserved (see Denver et al., 2002), there is considerable variation in the
timing, duration, and remodeling patterns that occur across different taxa (Duellman and
Trueb, 1994). For example, anurans completely resorb their tails during metamorphosis
(Shi, 2000) while urodeles remodel and retain their tails as adults (Duellman and Trueb,
1994). As another example, hind limb formation and growth are intimately linked to
metamorphosis in anurans (Shi, 2000), but occur months before metamorphic climax in
urodeles (Rosenkilde and Ussing, 1996). Finally, some urodeles (but no anurans) are
paedomorphic and altogether fail to undergo a conspicuous metamorphosis thus retaining
larval morphological traits and completing their life cycles in water as aquatic adults (see
Petranka, 1998).
While the endocrinology (e.g., Leloup and Buscaglia, 1977; Buchholz and Hayes,
2005; Larras-Regard et al., 1981; Alberch et al., 1986), histology (e.g., Heady and
Kollros, 1964; Nieuwkoop and Faber, 1967; Fahrmann, 1971a,b,c; Alberch et al., 1985;
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Ohmura and Wakahara, 1998), and morphology (e.g., Taylor and Kollros, 1946;
Nieuwkoop and Faber, 1967; Norman, 1985; Cano-Martinez et al., 1994; Rose,
1995a,b,c) of metamorphosis have been examined in anurans and urodeles, the vast
majority of knowledge about metamorphic gene expression comes from studies of
anurans and Xenopus in particular (reviewed by Shi, 2000; Buchholz et al., 2006). This
has enabled the conceptualization of models of Xenopus, and, to a lesser extent, Rana
metamorphosis that integrate changes in morphology, histology, and gene expression (for
examples see Ishizuya-Oka and Shi, 2007; Yoshizato, 2007). However, there have been
few attempts to incorporate gene expression data into integrative models of salamander
metamorphosis.
Ambystomatid salamanders are a logical urodele family to develop as
metamorphic research models because they exhibit interesting life-history variation
(Wilbur and Collins, 1973; Shaffer and Voss, 1996; Denver et al., 2002), have a maturing
genomic resource infrastructure (Putta et al., 2004; Smith et al., 2005a,b; Monaghan et
al., 2009), and are amenable to laboratory culture and conditions (Armstrong et al., 1989;
Armstrong and Duhon, 1989; Frost et al., 1989). In particular, the Mexican axolotl
(Ambystoma mexicanum) has a long history as a developmental model (Smith, 1989). The
axolotl is a paedomorphic salamander that is part of a large species complex (i.e., the
tiger salamander species complex) that consists of metamorphic, facultatively
paedomorphic, and paedomorphic taxa that have recently diversified from a metamorphic
ancestor (Shaffer and Mcknight, 1996; Shaffer and Voss, 1996; Weisrock et al., 2006).
Despite rarely spontaneously metamorphosing in nature or the lab, the axolotl can be
induced to undergo metamorphosis by adding T3 or T4 to rearing water. I typically
induce metamorphosis in the axolotl with T4 because it is generally thought to be the
primary iodine containing hormone released by the thyroid and delivered to other tissues
where it is locally converted to T3 via deiodinase activity (Denver et al., 2002; Brown,
2005). Fifty nM T4 is an appropriate standard for studying induced metamorphosis in the
axolotl because it is well below the threshold of toxicity (80 nM; Rosenkilde and Ussing,
1996), induces metamorphosis at a rate that is not accelerated by higher doses
(Rosenkilde and Ussing, 1996), and maximizes rate without altering the sequence of
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morphological and transcriptional events observed at physiologically relevant
concentrations (Chapter 3 of this volume).
During TH-induced metamorphosis, axolotls undergo a series of morphological
changes that include reductions in body mass and growth rate, and complete resorption of
the tail fins, dorsal ridge, and gills. Comparisons of staging series based on these gross
morphological events suggest that the pattern exhibited by TH-induced axolotls (CanoMartinez et al., 1994) qualitatively resembles the pattern exhibited by naturally
metamorphosing tiger salamanders (Ambystoma tigrinum; Norman, 1985; also see
Rosenkilde and Ussing, 1996). Thus the axolotl represents a convenient and informative
model system for examining metamorphic gene expression in the tiger salamander
complex. In the previous chapter, I used microarray technology to correlate gene
expression in the skin of TH-induced axolotls with metamorphic stage and T4
concentration. These gene expression screens revealed that hundreds of genes are
differentially regulated in response to T4 in a way that strongly correlates with
morphological stage, but shows little or no correlation with the dose of T4 (5 or 50 nM)
used to induce metamorphosis. While potential biomarkers of skin metamorphosis were
identified, sampling across developmental time and individuals was too sparse to detail
temporal changes in gene expression and morphology. Here, I report on a detailed timecourse study of TH-induced metamorphosis of axolotl skin using a group of candidate
biomarker genes, Q-RT-PCR, histology, and in situ hybridization (ISH). I use linear and
piecewise linear modeling to identify the onset, offset, and rate of change for
morphological and molecular traits during metamorphosis and articulate an integrative
model of TH-induced metamorphosis in A. mexicanum. I compare and contrast my results
with results obtained from other studies of natural and induced metamorphosis in
urodeles and highlight what appear to be conserved features of urodele and anuran
metamorphosis.
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Methods and Materials

Study animals
Sixty Mexican axolotls were obtained from a single inbred cross and reared individually
at 20-22 C in 40% Holtfreter’s solution. After hatching, larvae were fed freshly hatched
brine shrimp (Artemia) napuli until they were three weeks of age. Beginning at three
weeks of age, salamanders were fed California blackworms (Lumbriculus). At 120 days
post-fertilization (Day 0), 50 nM T4 (Sigma, St. Louis, MO; T2376) was administered to
the animals’ rearing water as described in Chapter 2. A  1 cm2 section of skin was
removed from a dorsal region of the head (posterior to the eyes and anterior to the neck)
of three individuals beginning on Day 0 (prior to initiating T4 treatment). Skin was then
sampled from three individuals every other day for 30 days (i.e., Day 0, Day 2, Day 4, …
Day 30). Sampling was also conducted on Day 32; however, only two individuals were
sampled at this time point. On Days 0, 12, and 28, additional animals (4, 3, and 3
respectively) were sampled to obtain skin for histological staining and ISH. The
remaining 50 tissue samples were used for Q-RT-PCR. All 60 animals were sacrificed at
the time of tissue collection. On Day -1, all 60 animals were measured for mass and the
seven other morphometric traits described by Figure 4.1 (here out referred to as the pre
dataset). Just prior to tissue collection, all 60 animals were measured for these same
morphometric traits a second time (here out referred to as the post dataset).
Morphological staging was conducted according to Cano-Martinez et al. (1994).

Modeling changes in morphological traits as a function of time
After T4 is administered to an axolotl’s rearing water, there is a latency period before
metamorphic changes are observed (Rosenkilde and Ussing, 1996; Chapter 3 of this
volume). During this latency period, growth continues at a normal rate and metamorphic
changes, such as weight loss and tissue resorption, are not evident. At the end of this
latency period, there is an onset and changes in one or more traits become obvious as
morphological metamorphosis proceeds. Similarly, because metamorphic change
ultimately results in new adult morphology, many metamorphic traits also undergo an
offset after which they no longer change because they have taken on their adult form.
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These onset and offset times can be conceptualized as transitions or breakpoints that
connect linear equations with different slopes (rates of change). These slopes describe
the direction and rate of change for a trait before the onset/offset and the direction and
rate of change after the onset/offset (Figure 4.2). Piecewise linear regression is a useful
tool because it can enable one to estimate: (1) the time at which a transition (onset/offset)
occurs, (2) the direction and rate of change before the transition, and (3) the direction and
rate of change after the transition. In its simplest form, a piecewise linear model can be
defined as follows: for xi  , yi = 0 + 1xi + i and for xi > , yi = 0 + 1xi + 2(xi ) + i where yi is the value observed for a given trait from individual i, 0 is the baseline
value for the trait, 1 is the slope or rate of change to the left of the transition, xi is the
time at which individual i was sampled, 2 is the slope to the right of the breakpoint
minus the slope to the left of the breakpoint (Figure 4.2),  is the transition time or
breakpoint, and i is the error associated with individual i (for a detailed discussion of
piecewise regression see Toms and Lesperance, 2003). Thus, it follows that the rate of
change (slope; m) to the right of the breakpoint can be obtained as follows: m = 1 + 2.
I performed piecewise regression as implemented by the “segmented” software
package (Muggeo, 2008) that is freely available for the R statistical computing
environment. All models in which morphological traits (t) were treated as response
variables were conducted using the differences between the pre and post measurements.
The following formula: t = tpre – tpost makes resorption (for most morphometric traits the
phenomenon of interest) positive. Thus, positive values of t indicate that a trait is
vanishing and negative values of t indicate that a trait is growing. For morphological
traits where piecewise relationships were not evident, I fit linear regression models of the
form yi = 0 + 1xi + i where 0 is the baseline trait value, 1 is the slope, and  is the
error term (Zar, 1999). Such linear models provide estimates of the direction and rate of
change for traits (slopes) that do not exhibit evidence of metamorphic onset or offset
within the experimental interval. In all cases, intercept free models (0 = 0) were fit so as
to force lines through the origin as, by definition, all traits have initial values of zero days
T4 administration (x-axis) and zero change between the pre and post datasets (y-axis).
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Genes investigated
In the previous two chapters, I used microarray technology to identify hundreds of genes
that are differentially expressed in response to T4 treatment. This gene list included
keratin 6A (KRT6A), keratin 14 (KRT14), uromodulin (UMOD), calmodulin 2 (CALM2),
epithelial membrane protein 1 (EMP1), glutamate ammonia-ligase (GLUL), and matrix
metalloproteinase 1 (MMP1). To the best of my knowledge, only UMOD and MMP1 are
known TH response genes from other amphibian taxa. UMOD-like genes have been
identified from Xenopus laevis and are thought to contribute to a larval specific structure
on the surface of the skin that has “protective” and “secretory” functions (Furlow et al.,
1997). MMP1 is a gene that is known to be directly targeted by TH in Rana catesbeiana
(Oofusa and Yoshizato, 1996; Sawada et al., 2001). In R. catesbeiana, MMP1 is
involved in collagen turnover that occurs during tail resorption and skin remodeling
(Oofusa and Yoshizato, 1991). The functions of the rest of these genes (KRT6A, KRT14,
GLUL, EMP1, CALM2) during amphibian metamorphosis are largely unknown. I assign
gene names to assembled and curated EST based contigs (Putta et al., 2004; Monaghan et
al., 2009) in accordance with their presumptive orthologies to human based on BLASTx
searches of the human RefSeq protein database (E < 10-7; see Monaghan et al., 2007 and
Chapter 2 of this volume). Thus, sequence homology leads me to assume that KRT6A
and KRT14 encode cytoskeletal proteins that are constituents of intermediate filaments.
Similarly, I assume that CALM2 encodes a protein involved in several aspects of calcium
regulation and signaling (Friedberg and Rhoads, 2001). I also assume GLUL encodes an
enzyme that plays important roles in nitrogen metabolism (Kumada et al., 1993). Finally,
I assume EMP1 is associated with cell proliferation (Ben-Porath and Benvenisty, 1996)
and epithelial differentiation (Marvin et al., 1995). In addition to genes that were
identified by previous expression screens, I have chosen to investigate TR- and TR-
due to the fundamental roles that these transcription factors play in TH signaling during
metamorphosis (see Safi et al., 2004; Buchholz et al., 2006). Table 4.1 summarizes the
genes that I have investigated.
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RNA isolation
Total RNA was extracted from 50 tissue samples using TRIzol (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol. RNA samples were further purified using
Qiagen RNeasy mini columns. All samples were treated with RNase-Free DNase Sets
(Qiagen, Valencia, CA) according to the manufacturer’s protocol. UV
spectrophotometry and gel electrophoresis were used to quantify and qualify RNA
preparations.

Q-RT-PCR
Relative transcript abundances for the genes listed in Table 4.1 were estimated via Q-RTPCR according to the protocol described in Chapter 3. Briefly, primers (Table 4.1) were
designed using Primer3 (Rozen and Skaletsky, 2000). All PCRs were 25 L reactions
that contained cDNA corresponding to 10 ng total RNA, 41 ng forward and reverse
primers, and iQ SYBR-Green real-time PCR mix (Bio-Rad, Hercules, CA). Reaction
parameters were 10 minutes at 50 C, five minutes at 95 C, 45 cycles of 10 seconds at
95 C followed by 30 seconds at 55 C, one minute at 95 C, and one minute at 55 C.
For all reactions, melting curve analysis was performed to ensure that only a single
product was amplified. PCRs were performed on a Bio-Rad iCycler iQ Multi-Color Real
Time PCR Detection System. All plates contained template free controls (Bustin and
Nolan, 2004). Primer efficiencies were estimated via linear regression and relative
expression ratios (R) were calculated according to Pfaffl (2001). All expression ratios are
relative to the average of Day 0 animals, and normalized to the expression of
transcriptional intermediary factor 1 (TIF1; Table 4.1; see Chapter 3 of this volume).

Modeling gene expression changes in the skin as a function of time
Just as many of the morphological changes that occur during induced metamorphosis can
be conceptualized as offset times, so can many of the gene expression changes that occur
during metamorphic skin remodeling. For example, larval specific and adult specific
genes are often down and up-regulated respectively during metamorphosis to new adult
expression levels. Thus, as is the case with morphological traits, there are transitions or
breakpoints that connect the rate of change observed during the metamorphic period with
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the rate of change observed after metamorphic gene regulation has ended (i.e.,
metamorphic offset). Hence, the simple piecewise model described in Figure 4.2 allows
one to estimate several useful parameters including: 1 the rate of change in transcript
abundance during the metamorphic period,  the offset time of metamorphic gene
regulation, and m the rate of change in transcript abundance after the offset of
metamorphic gene regulation. This same piecewise model (Figure 4.2) also enables the
estimation of meaningful parameters for genes associated with metamorphic remodeling
processes. Such remodeling genes are frequently transiently up or down-regulated before
returning to baseline expression levels (Chapter 3 of this volume). Thus, 1 provides an
estimate of the rate of change in transcript abundance prior to reaching
maximum/minimum expression levels,  provides an estimate of the time at which
maximum/minimum expression levels are reached, and m provides an estimate of the rate
of return to baseline expression levels. In keeping with these ideas, I applied piecewise
and linear regression, as described above for morphological traits, to the gene expression
data. In order to decide between piecewise and linear models for each gene, I used
Akaike’s information criterion (AIC; Venables and Ripley, 2002) which attaches a
numerical value (smaller AIC is better) to each model that accounts for the tradeoff
between model fit and model complexity (i.e., the number of parameters in a model). All
models of gene expression treat days of T4 treatment as the predictor variable and log2
transformed R-values as the response variable. As with the morphology data, I used
models that lack intercepts (0 = 0) to estimate 1, , and m (m is estimated indirectly via
knowledge of 1 and 2; see Figure 4.2) as larval expression levels on a log2 scale (y-axis)
are by definition zero and sampling began following zero days of T4 exposure (x-axis).
By assuming that baseline expression for each gene is equal to the mean of the three
individuals observed at Day 0 (i.e. that 0 = 0), I am able to obtain consistent estimates of
1, , and m that put the expression of all genes on a common scale. However, because
my estimation of R for each gene at Day 0 rests on a small sample size, I use models that
estimate 0 (baseline expression) from all 50 data points via least squares to conduct
hypothesis testing (i.e., to make statements about differential regulation in a statistical
sense). When I was unable to estimate piecewise models due to convergence problems
in the model fitting routine, I used quadratic regression to test for the presence of
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curvilinear relationships that are similar in shape to the piecewise model described in
Figure 4.2. Quadratic models take on the following form: log2(R)i = 0 + 1xi + 2x2i + i
where 0 and  are the baseline expression value and error term respectively and 1 and 2
are the linear and quadratic regression coefficients respectively. Quadratic models
provide a well-established framework for testing for the presence of curvilinear
relationships (Zar, 1999), but do not provide parameter estimates with interpretations as
straight forward as the model described in Figure 4.2.

Histology
In order to show that TH induces tissue remodeling events in the skin, I conducted
hematoxylin and eosin staining at three time points: Days 0, 12, and 28. Skin samples
were fixed at 4 C in 1x phosphate buffer saline (PBS), 4% paraformaldehyde (PFA)
overnight. Following cryoprotection in 30% sucrose, tissues were sectioned at 20 m
using a Microm 500 HM cryostat (Richard Allen Scientific, Kalamazoo, MI) and stained
with Gill’s hematoxylin #2 (Sigma, St. Louis, MO) and eosin Y (Amresco, Solon, OH).
Microscopy was performed using an Olympus AX80 microscope and images were
acquired with an Olympus DP70 camera (Olympus, Center Valley, CA).

In situ hybridization
I used ISH to verify Q-RT-PCR results and spatially localize gene expression at the
cellular level. Tissues were collected and prepared as described above for histological
staining. Day 0 and Day 28 sections were collected on the same SuperFrost Plus
microscope slides (VWR, West Chester, PA) and analyzed simultaneously. ISHs were
performed as described in Monaghan et al. (2007), with minor modifications. Tissues
were not decalcified and sectioning was conducted at 20 m rather than 16 m. Images
were captured using an AX-80 Olympus microscope (Olympus, Center Valley, CA).
Hybridizations and washes were performed overnight at 63.5 C, except for CALM2 for
which hybridizations and washes were performed at 58 C. Probes for each gene are
shown in Table 4.1.
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Results

Morphological and histological changes
I observed morphological and histological changes that are consistent with TH-induced
metamorphosis. The first Stage 1 (Cano-Martinez et al., 1994) animal was observed at
Day 8 and individuals completed metamorphosis (Stage 4) between Day 28 and Day 32
(Figure 4.3). I note that the time required for a given animal to reach a particular CanoMartinez stage was quite variable (Figure 4.3), suggesting that even among full siblings
raised individually under identical conditions, there is variation in response to T4.
Histological changes were consistent with Fahrmann’s (1971a,b,c) descriptions of
metamorphic skin remodeling (Figure 4.4). Briefly, larval cell types (Figure 4.4A-C)
such as apical cells and Leydig cells were removed while adult cell types (Figure 4.4G-I)
increased in abundance. By Day 12 (Figure 4.4D-F), the skin was chimeric and consisted
of larval and adult cell types. By Day 28, the epidermis consisted of a heavily keratinized
stratified squamous epithelium similar to that observed in metamorphosed anurans and
adult mammals (Figure 4.4G-I).
Of the eight morphological traits investigated (Figure 4.1), five (LTH, GL, mass,
TL, and SVL) exhibited piecewise relationships and two (UTH and TH) exhibited linear
relationships (Figure 4.5A-G). As measured, DRL is not a continuous variable (Figure
4.1) and therefore could not be modeled in a regression framework. However, graphical
inspection indicates that the dorsal ridge is completely resorbed between Day 18 and Day
32 (Figure 4.5H). Inspection of the slope of the linear regression on UTH (Figure 4.5A;
1 = 0.022 cm/day T4 treatment) and the left line segment of the piecewise model fit to
LTH (Figure 4.5B; 1 = 0.012 cm/day of T4 treatment) suggest similar resorption rates
for the upper and lower tail fins. Thus, it is not surprising that the rate of reduction in
total tail height was also of a similar magnitude (Figure 4.5C; 1 = 0.030 cm/day of T4
treatment). The offset time corresponding to complete lower tail fin resorption was
estimated to occur following 19.73 days of T4 treatment; however, there is considerable
uncertainty associated with this estimate (lower 95% confidence interval (LCI) = 14.69
days, upper 95% confidence interval (UCI) = 24.76 days). As expected, following
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complete resorption, the slope of the right line segment for LTH was not statistically
different from zero (m = -0.002, LCI = -0.009, UCI = 0.006).
The pattern observed for gill resorption (Figure 4.5D) was markedly different than
the patterns observed for upper and lower tail fin resorption. The slope of the left line
segment of the piecewise model fit to GL was not statistically different from zero (1 =
-0.004, t = -0.596, P = 0.554) suggesting that gill resorption does not begin immediately.
The onset of gill resorption was estimated to occur following 18.82 days of T4 treatment
(LCI = 15.26 days, upper UCI = 22.39 days). Upon commencement, gill resorption was
rapid and occurred at a rate that was nearly an order of magnitude faster than lower tail
fin resorption (m = 0.110 cm/day of T4 treatment).
Analyses of the traits associated with body size (mass, TL, SVL) showed general
concordance. For example, piecewise regression models for all three traits had negative
1 estimates indicating that animals continued to grow in length and mass during the first
half of the induction interval (Figure 4.5E-G). Similarly, the breakpoints for mass
(Figure 4.5E;  = 17.14 days of T4 treatment, LCI = 11.87 days, UCI = 22.42 days), TL
(Figure 4.5F;  = 12.29 days of T4 treatment, LCI = 8.23 days, UCI = 16.34 days), and
SVL (Figure 4.5G;  = 16.24 days of T4 treatment, LCI = 11.29 days, UCI = 21.20
days) suggest that a reduction in growth rate occurred following  12-17 days of
exposure to 50 nM T4. The relationship between mass and days of T4 administration
deteriorated following metamorphic onset (Figure 4.5E). However, as expected, TL
(Figure 4.5F) and SVL (Figure 4.5G) showed similar patterns throughout metamorphosis.
Before metamorphic onset, the slope (1) for TL was estimated to be -0.124 cm/day of
T4 treatment whereas after metamorphic onset, the slope for TL (m) was reduced to 0.035 cm/day of T4 treatment. For SVL 1 = -0.065 cm/day of T4 treatment and m = 0.016 cm/day of T4 treatment. These results suggest that, after a relatively long latency
period, growth rates are reduced by 70-75% during T4 induced metamorphosis of A.
mexicanum. Figure 4.5I summarizes the equations that I estimated for each
morphometric trait using linear and piecewise regression.

74

Estimating transitions and rates of change in gene expression with intercept free
models
I recovered four basic temporal gene expression profiles. First, I observed piecewise
patterns in which m  zero (e.g., UMOD). Second, I observed piecewise patterns in
which m < 1 but m  zero (e.g., CALM2). Third, I observed piecewise patterns that are
consistent with the notion of a transient response to T4 that is followed by a return to
baseline expression levels (e.g., MMP1). Fourth, I observed linear expression profiles
(e.g., TR-). The shapes (piecewise/quadratic versus linear) of the intercept free models
(0 = 0) that were selected for each gene and their parameter estimates are shown in
Table 4.2. Attempts to fit intercept free piecewise models to TR- and GLUL were
thwarted by convergence issues that are due to the difficulties associated with estimating
 for these genes (i.e., several possible breakpoints are essentially equally satisfactory).
However, the intercept free quadratic models (0 = 0) fit to TR- and GLUL both had
larger AIC values than the linear models fit to these genes that were selected. These
results support the notion that linear models are sufficient to describe TR- and GLUL
expression.
Three down-regulated genes (UMOD, KRT6A, and CALM2) exhibited piecewise
relationships. UMOD was drastically down-regulated in response to T4 (Figure 4.6A).
Taking the absolute value of the log2(R) predicted for UMOD at time  (≈ 12.78) and
back transforming to the raw scale (212.78) results in an estimate of ≈ 7000 fold downregulation in UMOD transcripts prior to metamorphic offset ( = 14.340 days). This
suggests UMOD transcripts are down-regulated at an average rate of approximately
(7000/14 = 500) 500 fold per day of T4 treatment prior to metamorphic offset. Analogous
calculations for KRT6A (Figure 4.6B) suggest that KRT6A is down-regulated by ≈ 65 fold
by its time of metamorphic offset ( = 11.540 days). This gives an average rate of a
(65/11.540 = 5.6)  5.6 fold decrease in KRT6A transcript abundance per day of T4
treatment prior to metamorphic offset. The piecewise model fit to CALM2 (Figure 4.6C)
requires a different interpretation than the models fit to UMOD and KRT6A. The
breakpoint in the CALM2 model was estimated to occur following 4.68 days of T4
treatment and corresponds to a transition in the rate of CALM2 down-regulation. The
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estimate of β1 for CALM2 is over an order of magnitude larger than the estimate of m for
CALM2 (Table 4.2). By time , CALM2 was down-regulated by approximately 5 fold
and by the end of the experimental period (Day32) CALM2 was down-regulated by
approximately 15 fold.
I observed three up-regulated genes (KRT14, MMP1, and EMP1) that exhibited
piecewise profiles. KRT14, was strongly up-regulated in response to TH (Figure 4.6D).
Calculations analogous to those computed previously suggest that KRT14 is up-regulated
by ≈ 250 fold by time  resulting in an average rate of a (250/10.380 = 24.1) ≈ 24 fold
increase in transcript abundance per day of T4 treatment prior to . By the end of
morphological metamorphosis (Day 32) KRT14 transcripts were up-regulated by
approximately 650 fold relative to Day 0 expression levels. MMP1 expression was
variable throughout metamorphosis and the temporal expression data for MMP1 are
equivocal (Figure 4.6E). However, model selection (AIC) resulted in a model whose
general interpretation (transient expression) is consistent with the presumptive role of
MMP1 during amphibian metamorphosis (collagen remodeling). The estimate for 
suggests that MMP1 expression levels were maximal following roughly 21 days of T4
treatment. However, there is considerable uncertainty associated with the estimate of 
for MMP1 (Table 4.2). EMP1 was up-regulated (Figure 4.6F) by approximately 17 fold
by time  resulting in an average rate of a (17/16.330  1.0)  one fold increase in EMP1
transcript abundance per day of T4 treatment prior to . However, in the case of EMP1,
the interpretation of  is unclear. Because the estimate of m is negative for EMP1 (Table
4.2), it is not clear whether EMP1 levels remain elevated outside of the experimental
interval (i.e., in animals that have completed morphological metamorphosis).
Finally, I observed three genes (TR-β, TR-α, and GLUL) with linear expression
profiles. The linear model selected for TR-β (Figure 4.6G) suggests that TR-β is downregulated by approximately 3.4 fold by the end of morphological metamorphosis (Day
32). This implies that TR-β transcripts decrease in abundance at an average rate of
roughly (3.4/32 = 0.11) 0.11 fold per day of T4 treatment. Similarly, the linear model
selected for TR-α (Figure 4.6H) suggests that TR-α is down-regulated by approximately
5.1 fold by Day 32. Thus TR-α transcripts decreased in abundance at an average rate of
approximately (5.1/32 = 0.16) 0.16 fold per day of T4 treatment throughout the
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experimental period. GLUL expression was extremely variable and its magnitude of
change was modest (Figure 4.6I; back transformation of the predicted value at Day 32
suggests roughly a two fold decrease relative to Day 0). Overall, the Q-RT-PCR data
highlight the dramatic changes in gene expression that occur in the skin during THinduced metamorphosis of A. mexicanum. Figure 4.7 summarizes the intercept free
equations that I estimated via linear and piecewise regression and shows the timing of
these gene expression patterns relative to key morphological events.

Differential expression and hypothesis testing
Estimating 0 via least squares generally supported the notion that assuming 0 = 0 (i.e.,
fitting intercept free models) is valid (Figure 4.6; Table 4.3). Comparing AIC values
from linear models for which 0 was estimated with AIC values from piecewise or
quadratic models for which 0 was estimated did not result in the selection of models
with different shapes (linear versus piecewise/quadratic) from those presented in Table
4.2 for any of the genes investigated. The general correspondence between intercept free
models and models in which β0 was estimated from the data suggests that my results are
robust (Figure 4.6). I note that seven of the models (UMOD, KRT6A, CALM2, KRT14,
EMP1, TRβ, and TR-α) used to estimate β0 account for > 25% of the variation in the data
(i.e., R2 > 0.25) with six of these accounting for > 33%, four accounting for > 50%, and
two accounting for > 90% (Table 4.3; see below for KRT6A).
Inspection of Table 4.3 reveals that the estimates of β1 for UMOD, CALM2,
KRT14, EMP1, TR-β, and TR-α are clearly statistically different from zero. Attempts to
fit a piecewise model to KRT6A that estimated β0 failed to converge. However, the
quadratic model fit to KRT6A (Figure 4.6B) had a lower AIC than the analogous linear
model and was highly statistically significant (n = 50, df = 47, β0 = -1.11, t = -2.38, P =
0.022, γ1 = -0.485, t = -7.024, P = 7.52 x 10-9, γ2 = 0.012, t = 5.854, P = 4.47 x 10-7, R2 =
0.567). Although the estimate of β1 for GLUL is statistically different from zero at the
0.05 level (Table 4.3), expression was too variable to allow for inferences on GLUL’s
role during metamorphosis, and I do not attach biological significance to this result. The
estimate of β1 for MMP1 was not statistically different from zero (Table 4.3).
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Examination of the estimates for m and their 95% confidence intervals reveal that
m is not different from zero at the 0.05 level for UMOD and EMP1 (Table 4.3). My
interpretation of this with respect to EMP1 was discussed in the previous section.
However, for UMOD this result suggests that metamorph expression levels are reached at
time  (Figure 4.6A). Because the estimates of m for CALM2 and KRT14 statistically
differed from zero, it seems likely that expression levels for these genes decrease and
increase respectively in a more gradual fashion after their respective transition times
(Figure 4.6C; Figure 4.6D). MMP1 represents an interesting case in the sense that
piecewise models consistent with transient regulation were selected in favor of simpler
linear models irrespective of whether β0 was estimated (see above). When this result is
considered in combination with the observation that a value unique to piecewise models
(m) is statistically significant but a parameter with a clear analog in simpler linear models
(β1) is null, the idea that MMP1 is transiently up-regulated in response to TH is
supported. While acknowledging that MMP1 expression is clearly variable, I note that
the ISH data presented below are consistent with the view that MMP1 is up-regulated in
response to T4 (see below) as are results from previous expression screens (see Chapter 3
of this volume).

Spatial changes in gene expression during skin remodeling
In order to verify the temporal patterns described above and associate candidate
biomarkers with specific cell populations, I conducted ISH. The spatial expression data
obtained via ISH confirm that UMOD (Figure 4.8A-C), KRT6A (Figure 4.8D-F), and
CALM2 (Figure 4.8G-I) are larval-specific. UMOD and KRT6A were expressed
exclusively in the apical cell layer that is present only in the larval epidermis where as
CALM2 was expressed by basal Leydig cells and dermal fibroblasts (Figure 4.8G-I).
MMP1 was not detectable in larval skin (Figure 4.8J). However, at Day 12 and Day 28,
MMP1 was expressed in dermal glands (Figure 4.8K; Figure 4.8M). ISH confirmed that
KRT14 is metamorph specific (Figure 4.8N-P) and revealed that KRT14 is strongly and
exclusively expressed in the granular layer of the metamorph epidermis (Figure 4.8O).
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Discussion

Synopsis of developmental sequence
To facilitate further study of metamorphosis in the axolotl, I conducted a detailed timecourse study in which I used 50 nM T4 to induce metamorphosis in Mexican axolotls
while tracking changes in morphological and transcriptional events. As Figure 4.7 makes
clear, the earliest events occur at the transcriptional level. In particular, CALM2, KRT6A,
KRT14, and UMOD are all substantially differentially regulated between the onset of T4
administration and approximately 14 days of T4 administration. Around the same time
that the last of these genes (UMOD) undergoes metamorphic offset, there is a reduction
in growth rate, as estimated from SVL and mass that is accompanied by maximal EMP1
expression levels. This reduction in growth rate is followed by advanced lower tail fin
and dorsal ridge resorption, the former of which is completely resorbed following
roughly 20 days of T4 treatment. At approximately the same time that the lower tail fin is
completely resorbed, MMP1 expression levels are maximal and the gills begin to undergo
rapid resorption. Between Day 28 and Day 32, the gills and upper tail fin are completely
resorbed, resulting in what has traditionally been considered the end of metamorphosis
(Prahlad and DeLanney, 1965; Voss and Smith, 2005). Collectively, these results
demonstrate the necessity of transcriptional biomarkers for indexing early metamorphic
events and highlight the dynamic changes that occur during induced metamorphosis of
the axolotl. Below, I summarize how my gene expression data will enable future studies
to index metamorphic progress in the axolotl prior to morphological changes. I then
compare and contrast natural and induced metamorphosis in urodeles and discuss the
remodeling patterns observed in the epidermis and dermis. Finally, I briefly highlight
what appear to be conserved features of urodele and anuran metamorphosis.

Gene expression changes in the skin: identification of transcriptional indices
Of the genes that I investigated, UMOD, KRT6A, and CALM2 are larval specific. Thus,
the responses of these genes to TH are useful for indexing loss of the larval gene
expression program in the skin. UMOD and KRT6A are exclusively expressed in the
apical cell layer, a larval specific structure that is completely removed during

79

metamorphosis. Hence, UMOD and KRT6A specifically mark the loss of apical cells
from the skin during metamorphosis. In addition to these larval specific genes, I have
also demonstrated that KRT14 is metamorph specific and expressed exclusively in the
granular layer of the metamorph epidermis. For these reasons, KRT14 has considerable
utility as a biomarker of differentiation and proliferation of the metamorph epidermis. Of
the remaining genes investigated (TR-α, TR-β, EMP1, MMP1, and GLUL), the TRs and
EMP1 showed the most potential as transcriptional indices of metamorphosis. Because
TH sensitivity is dependent on the presence of TRs (Yoshizato and Frieden, 1975), TR-α
and TR-β are useful biomarkers of TH sensitivity. Thus the linear down-regulation that I
observed for TR- and TR- probably reflects a decrease in TH sensitivity in the skin
between metamorphic climax and the end of morphological metamorphosis (see below).
With respect to EMP1, in mammals this gene is associated with cell proliferation (BenPorath and Benvenisty, 1996) and epithelial differentiation (Marvin et al., 1995). The
expression pattern that I recovered for EMP1 is consistent with the axolotl ortholog
playing similar roles during TH-induced metamorphosis. Finally, MMP1 and GLUL
showed the least potential as metamorphic indices. As mentioned above, MMP1 and
GLUL expression were variable; however, MMP1 may have utility as a marker of extra
cellular matrix (ECM) remodeling in the dermis (see above; see below). Overall, the
genes investigated in this study increase the size of the molecular toolkit for studying THinduced metamorphosis in the axolotl. These markers identify larval cells (CALM2,
KRT6A, UMOD), adult cells (KRT14), factors that influence TH sensitivity (TR-α and
TR-β), and putatively, epidermal proliferation and differentiation (EMP1).

Comparison between natural and induced metamorphosis
In naturally metamorphosing amphibians, serum T3 and T4 gradually rise prior to
metamorphic climax (originally proposed by Etkin, 1968 and best documented in
anurans; see Shi, 2000 and Denver et al., 2002 for reviews), and the TH competence of
cells and tissues increases during the course of larval development (e.g., Rose, 1995b).
In contrast, an induced metamorphosis is typically achieved by suddenly exposing larvae
to a high dose of one form of TH (T3 or T4); a practice whose effect on serum T3 and T4
levels is not fully understood. Galton (1992) found that juvenile axolotls injected with
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radiolabeled T4 had undetectable serum T3 at 20 hours post-injection suggesting that T4 is
not immediately converted to T3 in large quantities. In agreement with Galton (1992),
Alberch et al. (1985) were unable to detect T3 in Eurycea bislineata larvae immersed in
50 nM T4 at 24 hours post-immersion. Moreover, Alberch et al., (1985) observed serum
T4 levels as high as 41 nM during the first 48 hours of immersion followed by a leveling
off to physiologically relevant T4 concentrations ( 1-11 nM; see Alberch et al., 1986).
Thus, in addition to discrepancies that may arise between natural and induced
metamorphosis due to gradual versus sudden TH exposure, available studies suggest that
the serum TH profiles of induced and naturally climaxing urodeles may be quite
different, especially early during their respective TH surges.
The dose of T4 that I used to induce metamorphosis is roughly twice the
maximum serum T4 level observed in a naturally metamorphosing tiger salamander (28
nM; Larras-Regard et al., 1981). In a previous study (Chapter 3 of this volume), I found
that this relatively high dose of T4 (50 nM) reduces the latency period associated with
induced metamorphosis in the axolotl, but does not induce morphological and
transcriptional changes that differ from the patterns observed when metamorphosis is
induced with a physiologically relevant concentration of T4 (5 nM). Studies conducted
by Dr. Voss and colleagues on eastern tiger salamanders (A. t. tigrinum) and tiger
salamander-axolotl hybrids show that 120 days post-fertilization is within the range of
ages that metamorphic onset occurs spontaneously under laboratory conditions (Voss and
Smith, 2005; unpublished data; also see Ducibella, 1974). Thus, the current study
presumably reflects a level of TH competence in tissues and cells that is similar to those
of naturally metamorphosing members of the tiger salamander complex. While my
experimental paradigm is clearly contrived, I have attempted to minimize the disparities
between my approach and natural metamorphosis. Despite imperfections, I think that the
ability to uniformly administer T4 to animals that are phylogentically close to naturally
metamorphosing taxa, but not developing toward metamorphic endpoints, represents a
powerful model system that provides information relevant to natural metamorphosis.
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Metamorphic remodeling pattern in the skin: differences between the epidermis and
dermis
The remodeling patterns that I observed show that axolotls rapidly remove the larval
epidermis while simultaneously constructing the metamorph epidermis. Thus, while
gross morphological changes, such as tissue resorption and weight loss are delayed, gene
expression changes for some genes in the epidermis are substantial quite early in the
induction period. The fact that UMOD, KRT6A, and KRT14 were drastically down,
down, and up-regulated respectively shows that axolotls rapidly down-regulate genes that
function as larval barriers while rapidly up-regulating genes with protective function in
the metamorph epidermis. The mixture of larval and metamorph cell types that I
observed at Day 12 corroborates this account of simultaneous removal of the larval
epidermis and construction of the metamorph epidermis. In contrast, the remodeling
observed in the dermis was far less dramatic, and a well-formed glandular dermis was
present in Day 0 axolotls prior to T4 treatment. Holder and Glade (1984) showed that
axolotls naturally develop a well-formed glandular dermis during larval development and
that dermal glands form as clusters of basal epidermal cells that pass beneath the
basement membrane. Ohmura and Wakahara (1998) observed similar patterns for dermis
and gland development, but found that these events were associated with epidermal
remodeling in Hynobius retardatus. Interestingly, when Ohmura and Wakahara (1998)
inhibited thyroid function in H. retardatus via hyphophysectomy, thyroidectomy, or
treatment with sodium perchlorate, they found that dermal thickening and gland
formation occurred in the absence of epidermal transformation. Thus, either dermis
formation is independent of TH in at least some urodeles, or very low concentrations of
TH are required for dermis development. While studying the metamorphic cranial and
hyobranchial remodeling that occur in E. bislineata, Rose (1995c) found substantial
variation in the TH sensitivities of the tissues that comprise these structures. By
immersing Eurycea larvae in a series of T4 concentrations ranging from 0.05 nM to 50
nM, Rose (1995c) was able to show that doses as low as 0.05 nM T4 (well below the
sensitivity of RIAs used in studies of urodele metamorphosis) are capable of stimulating
metamorphic remodeling in some tissues. Thus, it is possible that, as previously
suggested by Ducibella (1974), Rosenkilde and Ussing (1996) and Brown (1997), TH
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plays important roles in the natural development of axolotls despite the low serum T4
estimates from RIAs (Darras and Kuhn, 1983, 1984; Galton, 1992). Irrespective of
whether dermis development is TH dependent in the axolotl, the current ISH results for
MMP1 suggest that T4 induces remodeling in the ECM of the dermis. In addition, the
current ISH results suggest that dermal fibroblasts down-regulate CALM2 expression
following exposure to T4. Thus, cells within the dermis did undergo some differential
transcription and/or mRNA metabolism in response to 50 nM T4 despite modest
histological remodeling.

Comparison to gene expression changes during anuran metamorphosis
Most of the genes that I have investigated in this study are not known TH response genes
in other amphibian taxa. However, TR-α, TR-β, UMOD, and MMP1 expression have
been examined in anurans. In X. laevis, TR-α is expressed early in larval development
whereas TR-β abundance increases with TH levels (Yaoita and Brown, 1990; Kawahara
et al., 1991). Thus, in Xenopus, TR-α is thought to be a repressor of metamorphic gene
expression in the absence of TH (i.e., during pre-metamorphosis) whereas TR-β
expression is associated with activation of the metamorphic gene expression program
(reviewed by Buchholz et al., 2006). In X. laevis, it is known that TR-β is directly
targeted by TH (i.e., contains a thyroid hormone response element; Ranjan et al., 1994;
Wong and Shi, 1995) and that exogenous TH can induce Xenopus TR-β expression
precocially (e.g., Yaoita and Brown, 1990; Kanamori and Brown, 1992). While axolotl
TRs have been shown to function in mammalian cells (Safi et al., 2004), very little is
known about their expression patterns during natural development. Galton (1992) found
that putative T3 receptors were more abundant in juvenile axolotls than in paedomorphic
adults suggesting that beyond a certain age TH sensitivity may decrease in the axolotl
naturally. Because frogs and salamanders are separated by over 200 million years of
independent evolution (Kardong, 1998; Anderson et al., 2008), and the axolotl (Shaffer,
1993) and Xenopus (Bolker, 1995) represent derived modes of development within their
respective orders, it is not clear how to interpret my results on TR expression within the
broader context of amphibian metamorphosis. While I did not observe any evidence of
an increase in the abundance of TR-β, this could be explained by a number of possible
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scenarios. For example, TR-β may have been up-regulated in response to low
concentrations of endogenous TH, or by a TH independent mechanism, during the larval
period prior to the beginning of my experiment. If this is the case, TR-β may have
already been at maximal levels by 120 days post-fertilization. Irrespective of these
considerations, my results from axolotl are consistent with the observation from Xenopus
that TRs decrease in abundance subsequent to metamorphic climax (Yaoita and Brown,
1990; Kawahara et al., 1991).
Despite the evolutionary considerations cited above, the expression of UMODlike genes is strikingly similar between A. mexicanum and X. laevis. In X. laevis, two
genes with clear homology to human UMOD are expressed exclusively in apical cells and
are dramatically down-regulated in response to TH (Furlow et al., 1997). Furlow et al.
(1997) hypothesized that Xenopus UMOD genes are part of a larval-specific complex that
has "protective" and "secretory" functions and is homologous to the mammalian
periderm. The current results are extraordinarily similar to those described for X. laevis
demonstrating that the expression of UMOD-like genes is strongly conserved between
Xenopus and axolotl with respect to spatial location and TH responsiveness.
Similarly, there appear to be parallels between axolotl MMP1 expression and
MMP1 expression in R. catesbeiana (bullfrog). Using immunohistochemistry, Oofusa
and Yoshizato (1991) found that bullfrog MMP1 protein increased in back skin in
response to T3 treatment. These results are interesting because skin from the tadpole
trunk undergoes remodeling that is histologically similar to the remodeling observed in
the current study (reviewed by Yoshizato, 2007). Of particular interest is that Oofusa
and Yoshizato (1991) reported that bullfrog MMP1 is found in collagen fibers and
fibroblasts located in the dermis. Thus, it seems that MMP1 is expressed in the dermis of
metamorphosing axolotls and bullfrogs. Collectively, these findings suggest that several
aspects of amphibian metamorphosis appear to be conserved between urodeles and
anurans at the level of gene expression.

Conclusion
Studying metamorphic remodeling in urodeles at multiple levels of biological
organization provides comparative perspective and insights into amphibian
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metamorphosis. In the axolotl, additional temporal and spatial profiling of THresponsive genes from the skin and other tissues is needed to identify additional
biomarkers. Within the skin, transcriptional markers of Leydig cells, basal cells, and
various adult cell types are needed so that the fate of different epidermal components at
metamorphosis can be better understood. In addition, it will be important to characterize
TR expression early during axolotl development, so that the roles of these transcription
factors during natural development and induced metamorphosis can be better understood.
In the current study, I have identified a sequence of transcriptional and morphological
events that will provide a useful benchmark for future studies of induced metamorphosis
in the Mexican axolotl. In addition, I have identified biomarkers of larval skin loss and
adult skin development. This information will enable future studies to assess
metamorphic changes in the skin well before any signs of morphological metamorphosis
are evident.

This chapter was previously published under the same title by RB Page, JR Monaghan,
JA Walker, and SR Voss in General and Comparative Endocrinology, Volume 162:219232.
Copyright © Robert Bryce Page 2009
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Gene
EMP1
EMP1
GLUL
GLUL
KRT14
KRT14
KRT14
KRT14
KRT6A
KRT6A
KRT6A
KRT6A
MMP1
MMP1
MMP1
MMP1
TR-
TR-
TR-
TR-
UMOD
UMOD
UMOD
UMOD
CALM2
CALM2
CALM2
CALM2

Contig ID
TC00532
TC00532
TC00765
TC00765
MC00279
MC00279
MC00279
MC00279
MC02467
MC02467
MC02467
MC02467
MC01311
MC01311
MC01311
MC01311
N/A
N/A
N/A
N/A
MC01737
MC01737
MC01737
MC01737
MC10283
MC10283
MC10283
MC10283

+/F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R

Sequence
CTTGGCCATCATCTTTGG
AAGAAGCGGCATCCTTTC
ACTTTGGCGTTGTGGCTA
TGGCTTCCGTGCTGTAGT
GCAGCTGACCGATTTGAG
CCAGCCGTGACTTGATGT
AATTAACCCTCACTAAAGGGAGATGCAGTCCCAACTGTCAATG
ATTTAGGTGACACTATAGAAGAGATCCAGCCAGGTGTTGGTAG
CCCTGCAGAAAGCCAAG
TGTCTAGGGCCAGCTTGA
AATTAACCCTCACTAAAGGGAGACGTTTGGATGGTGATCTGAG
ATTTAGGTGACACTATAGAAGAGTCCTGGTAGTCACGCAGTTG
CACCCGAAATCTGTGACAA
CGGCGCCAGAAGAATC
AATTAACCCTCACTAAAGGGAGACAGGAGCTCAGGGAAGAATG
ATTTAGGTGACACTATAGAAGAGAAGTGGACGTCTCCACCAAC
GTCGGATGCCATCTTTGA
CAGCACCGCCTGAAGTAG
AACGCTGAATGGGGAAAT
CGACATCCCAAGGTCAAA
GCGGATTCATTGACCATTC
TCGGAGTTGGTGATCTTGA
AATTAACCCTCACTAAAGGGAGATCCTGCTCCTACCCTCTCAA
ATTTAGGTGACACTATAGAAGAGGGTCACGGTGGACATTCTCT
CCCGTATCTGCGTTTATCC
CTTAACGGAAGGTGGTTGG
AATTAACCCTCACTAAAGGGAGAAAGGACTGGCTTGCAGTAGG
ATTTAGGTGACACTATAGAAGAGAGGCATAACGCCAGCTAAGA

Table 4.1: Primer sequences used for Q-RT-PCR and ISH.
Method
PCR
PCR
PCR
PCR
PCR
PCR
ISH
ISH
PCR
PCR
ISH
ISH
PCR
PCR
ISH
ISH
PCR
PCR
PCR
PCR
PCR
PCR
ISH
ISH
PCR
PCR
ISH
ISH
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MC00782
MC00782

F
R

Table 4.1 (Continued)
CCTCTGGTCTCGGATCG
TCCTGCGGAGGCTCTT
PCR
PCR

PCR refers to Q-RT-PCR. Contig ID is the Sal-Site (www. ambystoma.org) identifier associated with each gene. +/- = the strand to
which primer design was targeted. F = forward strand primer and R = reverse strand primer. Primers for TR- and TR- were
designed from sequences obtained from the National Center for Biotechnology Information. For the “Contig ID” column, N/A
implies that a gene does not have a Sal-Site contig ID.

TIF1
TIF1
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n
50
50
50
50
50
50
50
50
50
50
48
48
50
50
50
50

df
49
47
49
47
49
47
49
47
49
47
47
45
49
47
49
49

1  SE (log2R/day)
-0.556  0.025
-0.891  0.041
-0.235  0.017
-0.527  0.050
-0.157  0.009
-0.554  0.075
0.391  0.018
0.770  0.042
0.004  0.011
0.044  0.020
0.147  0.012
0.254  0.024
-0.055  0.005
-0.054  0.006
-0.074  0.007
-0.036  0.009
  SE (days)
N/A
14.340  1.039
N/A
11.540  1.218
N/A
4.676  0.787
N/A
10.380  0.826
N/A
20.890  3.227
N/A
16.330  1.878
N/A
29.05  10.85
N/A
N/A

m  SE (log2R/day)
N/A
-0.006  0.066
N/A
0.071  0.037
N/A
-0.048  0.012
N/A
0.063  0.031
N/A
-0.196  0.098
N/A
-0.093  0.055
N/A
-0.117  0.325
N/A
N/A
AIC
119.5
55.6
82.6
28.6
11.5
-50.8
88.3
9.4
36.7
31.6
45.0
18.3
-34.9
-31.0
-11.7
13.3

Model
Linear
Piecewise
Linear
Piecewise
Linear
Piecewise
Linear
Piecewise
Linear
Piecewise
Linear
Piecewise
Linear
Piecewise
Linear
Linear

Piecewise models are not listed for TR- and GLUL because attempts to fit such models failed to converge. * indicates models that
were selected using Akaike’s information criterion (AIC). N/A indicates that a value ( or m) is not obtained via linear regression. df
is the sample size (n) minus the number of parameters estimated for a given model (for piecewise models 1, 2, and  = three
parameters and for linear models 1 = one parameter).

Gene
UMOD
UMOD*
KRT6A
KRT6A*
CALM2
CALM2*
KRT14
KRT14*
MMP1
MMP1*
EMP1
EMP1*
TR-*
TR-
TR-*
GLUL*

Table 4.2: Results from linear and piecewise model selection when 0 = 0.
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n
50
50
50
50
48
50
50
50

df
46
46
46
46
44
48
48
48

0
1.189
-0.058
-0.956
-0.111
0.376
-0.237
-0.060
0.005
P(0 = 0)
0.065
0.853
0.043 
0.800
0.429
0.213
0.803
0.987

1
-0.967
-0.537
0.907
0.052
0.221
-0.044
-0.071
-0.037
P(1 = 0)
1.309 x 10-14 *
5.382 x 10-5 *
1.158 x 10-12 *
0.165
3.186 x 10-5 *
7.650 x 10-5 *
1.830 x 10-6 *
0.034 *

m
0.031
-0.048 +
0.063 +
-0.196 +
-0.093
N/A
N/A
N/A

LCI
-0.073
-0.071
0.012
-0.391
-0.202
N/A
N/A
N/A

UCI
0.135
-0.025
0.113
-0.001
0.016
N/A
N/A
N/A

R2
0.909
0.742
0.908
0.153
0.441
0.281
0.381
0.090
Model
PWL
PWL
PWL
PWL
PWL
L
L
L

df is the sample size (n) minus the number of parameters estimated for a given model (for piecewise models 0, 1, , and 2 = four
parameters and for linear models 0 and 1 = two parameters). P(0 = 0) is the probability that 0 = 0 and P(1 = 0) is the probability
that 1 = 0. LCI is the lower 95% confidence interval for m and UCI is the upper 95% confidence interval for m. Lower and upper
95% confidence intervals for m that do not overlap zero are deemed statistically different from zero (denoted by +). PWL = piecewise
linear and L = linear.  indicates 0 terms that statistically differ from zero at the 0.05 level. * indicates 1 terms that statistically
differ from zero at the 0.05 level. R2 is the proportion of variation in the data explained by the model. N/A = values that are not
obtained via linear models. Results for KRT6A are not shown because attempts to fit a piecewise model that estimated 0 failed. Units
for 0 are log2(R). Units for 1 and m are log2(R)/day of T4 treatment.

Gene
UMOD
CALM2
KRT14
MMP1
EMP1
TR-
TR-
GLUL

Table 4.3: Results from the models selected for hypothesis testing in which 0 was estimated from the data.

Figure 4.1: The morphometric traits measured throughout the experiment. Dorsal
ridge length (DRL) was measured from the most cranial portion of the dorsal ridge to the
tip of the tail. Once the dorsal ridge had receded to where it was no longer distinct from
the upper tail fin, DRL was scored as zero. Upper tailfin height (UTH) was measured
from the most dorsal portion of the tail trunk to the tip of the upper tailfin. Tail height
(TH) was measured from the tip of the lower tail fin to the tip of the upper tail fin. Lower
tailfin height (LTH) was measured from the ventral tip of the tail trunk to the tip of the
lower tailfin. All tail measurements (UTH, TH, and LTH) were taken  5% of the
animal’s total length (TL) posterior to the cloaca. TL was measured from the tip of the
nose to the tip of the tail. Snout-vent-length (SVL) was measured from the tip of the nose
to the posterior end of the cloaca. Gill length (GL) was measured from where the gills
protrude from the cranium to the tip of the epithelium of the gills. Gill filaments were
excluded from this measurement. Mass (not shown) was also recorded.
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Figure 4.2: A graphical schematic of a four parameter (0, 1, 2, and ) piecewise
linear model for a hypothetical morphometric trait that is resorbed during
metamorphosis. Following time  (the breakpoint; vertical dashed line), the slope (m) is
zero indicating that the trait is no longer changing due to complete resorption. See the
text for further descriptions of the model.
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Figure 4.3: A sunflower plot of the metamorphic stage of each of 60 individuals just
prior to being sacrificed for skin tissue.
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Figure 4.4: Histological staining of metamorphosing head skin following 0 days of T4
treatment (A-C), 12 days of T4 treatment (D-F), and 28 days of T4 treatment (G-I). E
= epidermis, D = dermis, H = hypodermis, SM = skeletal muscle, S = serous gland, M =
mucous gland, L = Leydig cell, A = apical cell, CE = common epithelial cell, and KE =
keratinized stratified squamous epithelium. The scale bar is 200 µm in A, D, and G. The
scale bar is 50 µm in B, E, and H and 10 µm in C, F, and I.
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Figure 4.5: Scatter plots and prediction lines for the models fit to the morphometric
data. (A) UTH, (B) LTH, (C) TH, (D) GL, (E) Mass, (F) TL, (G) SVL, (H)
DRL, and (I) a summary of the equations estimated for all the morphometric traits
except mass. Note that no model has been fit to DRL because as measured it is not a
continuous trait.
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Figure 4.6: Scatter plots and prediction lines for the intercept free models (0 = 0;
solid lines) and the models for which 0 was estimated from the Q-RT-PCR data
(dashed lines). (A) UMOD, (B) KRT6A, (C) CALM2, (D) KRT14, (E) MMP1, (F)
EMP1, (G) TR-, (H) TR-, and (I) GLUL.
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Figure 4.7: The intercept free (0 = 0) equations estimated from the Q-RT-PCR
data. Major morphological events are shown as dashed vertical lines.
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Figure 4.8: In situ hybridizations of metamorphosing head skin. Control-sense probes
were run on slides collected from the same animal as the positive signal. Black deposits
in panels B, E, H, K, L, O, and M, and P are melanin deposits and not positive signal.
Anti-sense Day 0 samples can be found in panels A, D, G, J, and N. An Anti-sense Day
12 sample can be found in panel K. Anti-sense Day 28 samples can be found in panels B,
E, H, M and O. Control-sense Day 0 samples can be found in panels C, F, and I.
Control-sense Day 12 and Day 28 samples can be found in panels L and P, respectively.
UMOD (A-C) and KRT6A (D-F) are exclusively expressed in the apical cells of larval
skin (A and D arrows). CALM2 (G-I), is expressed in basal Leydig cells and highly
expressed in dermal fibroblasts (panel G, arrows). MMP1 (J-M) is highly expressed in
dermal glands on Day 12 (K, arrow) and Day 28 (M, arrow). KRT14 (N-P) is highly
expressed in the granular layer of Day 28 epidermis (O, arrow). The scale bar is 50 m.
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CHAPTER 5: Hybrid Salamanders Segregating Variation in Metamorphic Timing
Differentially Respond to Exogenous Thyroxine During Early Larval Development

Introduction
Complex life cycles (CLCs; sensu Wilbur, 1980) are marked by abrupt ontogenetic
transitions (e.g., metamorphosis) that result in pronounced changes in an organism’s
ecology and physiology. The dramatic metamorphosis from aquatic larva to more
terrestrial adult that occurs in many anuran (frog) and urodele (salamander) amphibians is
unparalleled among vertebrates and has arguably become the best studied example of a
CLC transition. Decades of investigation have confirmed that thyroid hormones (3,5,3’triiodothyronine, T3 and L-thyroxine, T4; TH) are the master regulators of amphibian
metamorphosis (reviewed by Denver et al. 2002; Duellman and Trueb 1994; Shi 2000),
and the molecular basis of TH control of metamorphosis is becoming increasingly well
understood (reviewed by Buchholz et al. 2006; Brown and Cai 2007; Shi 2000; Yoshizato
2007). However, a gap remains in our understanding of how molecular processes, which
are usually described in terms of central tendency, give rise to variation in metamorphic
timing (see Rose 2005). Nevertheless, metamorphic timing can vary considerably among
individuals from the same population (Petranka 1998; Wilbur and Collins 1973), and
such variation is thought to be significant as metamorphic timing is generally viewed as a
central life history parameter that profoundly affects fitness (Semlitsch et al. 1988;
Wilbur and Collins 1973). A fundamental question about the underlying nature of
variation in metamorphic timing that remains largely unaddressed is: when and how do
closely related individuals that exhibit different metamorphic timetables begin to diverge
in developmental trajectory? There are two general possibilities. First, such differences
may build gradually, initially beginning with subtle changes in one or a few aspects of an
organism’s physiology. Alternatively, these differences may arise abruptly at
metamorphic onset in a switch-like fashion.
The hybrids that can be generated by crossing metamorphic and non-metamorphic
(i.e., paedomorphic) members of the tiger salamander species complex (Ambystoma sp;
sensu Shaffer 1984; Shaffer and McKnight 1996; Shaffer and Voss 1996; Voss and
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Shaffer 1996) provide a unique and powerful system for testing the alternative
hypotheses posed above. Through an inter-specific backcrossing design involving the
Mexican axolotl (Ambystoma mexicanum) and eastern tiger salamander (Ambystoma
tigrinum tigrinum), it is possible to obtain second generation offspring that segregate
substantial discrete (metamorphic versus paedomorphic) and quantitative (time required
to complete metamorphosis) variation in metamorphic timing (Figure 5.1; Tompkins
1978; Voss, 1995; Voss and Shaffer 1997; Voss and Smith 2005). Furthermore, it has
recently been demonstrated that a single major effect quantitative trait locus (QTL; met)
strongly associates with both discrete variation in life history (metamorphosis versus
paedomorphosis) and quantitative variation in metamorphic timing (Voss and Smith
2005). Although the causal genetic factor(s) underlying met is/are unknown, met is
tightly linked to nerve growth factor receptor (NGFR), a highly predictive genetic marker
(Voss and Smith 2005). Thus, it is possible to set up experiments during larval
development where the presumptive metamorphic timetables of full siblings (i.e., early
versus late metamorphs) are known to a high degree of certainty. Such an experimental
system can then be used to address whether obvious outward differences in metamorphic
timing observed later in life are preceded by subtler differences earlier in life.
During natural amphibian development, TH is initially absent or present at very
low levels (premetamorphosis) before gradually rising throughout much of the larval
period (prometamorphosis) and spiking sharply at metamorphic climax (Etkin 1968;
Larras-Regard et al. 1981; LeLoup and Buscaglia 1977). Therefore, the overall
physiologies of presumptive early metamorphs (PEMs) and presumptive late metamorphs
(PLMs) are expected to be divergent by the time PEMs enter into prometamorphosis.
However, directly determining whether PEMs and PLMs diverge in their physiologies
prior to this point (i.e., during premetamorphosis) is a non-trivial task because incredibly
low but biologically meaningful concentrations of TH are very difficult to rule out (see
Ducibella 1974; Rose 1995c; Chapter 4 this volume) and numerous factors influence how
an individual will respond to TH (reviewed by Denver et al. 2002). These problems
aside, it is generally known that the ability of larval amphibians to respond to TH is
limited by developmental stage (Heady and Kollros 1964; Kaltenbach 1968; Norris and
Gern 1976; Prahlad and DeLanney 1965; Rose 1995b; see Chapter 4). In particular,
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individuals closer to the onset of metamorphosis show increased competence to respond
to exogenous TH and thus exhibit more advanced signs of metamorphosis in comparison
to individuals from less advanced stages following a given TH treatment regimen.
Because of this, I reasoned that exposing PEMs and PLMs to several concentrations of
TH at a premetamorphic stage and temporally monitoring a number of known
metamorphic traits would provide insight into whether variation in metamorphic timing
arises gradually throughout larval development or abruptly at the onset of
prometamorphosis. This logic predicts that if premetamorphic PLMs and PEMs are
equivalent, one will not be able to distinguish between them using metamorphic traits and
they will show similar metamorphic progress following TH treatment. However, if
premetamorphic PEMs and PLMs already differ in some relevant way, one would expect
to be able to reliably distinguish between them using metamorphic traits, observe more
advanced signs of metamorphosis in PEMs than PLMs following TH treatment, or both.
Below, I present an experiment that tests these predictions and discuss what my findings
suggest about the underlying nature of variation in metamorphic timing.

Methods and Materials

Study animals
Animals were F2 hybrids that were generated by backcrossing an A. t. tigrinum-A.
mexicanum F1 hybrid to an A. mexicanum via in vitro fertilization (Armstrong and Duhon
1989; Voss 1995; Voss and Smith 2005). Ovulation was induced in a female A.
mexicanum from a laboratory strain (i.e., obtained from the Ambystoma Genetic Stock
Center) via injection with 1000 IU of human chorionic gonadotropin. Vasa differentia
were removed from a male F1 hybrid and placed on ice cold 50% Leibovitz solution.
Eggs were collected from the ovulating female at 10-minute intervals and blotted on
paper towels after which eggs were placed in Petri dishes and immediately exposed to
small aliquots of freshly macerated vasa differentia. Eggs were then left undisturbed for
five to 10 minutes after which they were covered with artificial pond water.
Eggs/embryos were then checked periodically for cell division and normal development
in conjunction with the removal of damaged eggs/embryos from Petri dishes. Once
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damaged eggs/embryos were removed, developing embryos were transferred to large
containers of artificial pond water and aerated. Hatching was synchronized manually and
from hatching onward, larvae were reared individually. From hatching until
approximately 21 days post-hatching (DPH), larvae were fed brine shrimp napuli
(Artemia) daily. After this, larvae were fed California blackworms (Lumbriculus) every
third day. At 26 DPH, tail clippings were collected for genomic DNA isolation.
Phenol/chloroform extractions were conducted to isolate genomic DNA (Voss 1993), and
each individual was genotyped at NGFR. NGFR fragments containing single nucleotide
polymorphisms (SNPs) that are fixed between A. mexicanum and A. t. tigrinum were
amplified via PCR and polymorphisms were assessed using AcycloPrime-FP chemistry
and a Wallac Victor3 plate reader (Waltham, MA) as described in Smith et al. (2005a).
Individuals heterozygous for a tiger salamander allele at NGFR were designated PEMs
while individuals homozygous for axolotl alleles at NGFR were designated PLMs. The
forward primer sequence was GTGAAGTCAGTGATGAAAGTCCATGT, the reverse
primer sequence was CTAGGATACCAGTGGGAGAGTGTAAT, and the extension
probe sequence was ATGGCGCAACAGGGTCA.
At 52 DPH (68 days post-fertiliztion (DPF); Day 0 with respect to T4 treatment
(WRT)), T4 administration was initiated and equal numbers of PEMs and PLMs were
immersed in 0 nM (controls), 2.5 nM, 5 nM, or 50 nM T4 solutions that were made by
diluting 100 M stocks as described in Chapter 2. The 0 and 50 nM concentrations are
essentially negative (0 nM) and positive controls (50 nM; i.e., individuals exposed to this
dose were expected reach metamorphic climax within the timeframe of the study; see
Chapters 2 through 4). Whereas, the 2.5 and 5 nM concentrations were selected because
they are within the range of serum T4 levels found in naturally developing tiger
salamander larvae during the earliest phases of metamorphosis (Larras-Regard et al.
1981). At Day 0 WRT, three individuals of each genotype were measured for the
morphometric traits described below, and skin tissue from the top of the head was
removed for transcriptomic analyses as described in Chapters 2 through 4. At Days 14,
28, and 42 WRT, three individuals from each of the eight genotype by T4 concentration
combinations were measured for morphometric traits and sacrificed for skin tissue.
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Remaining animals from the cross were assessed for metamorphic timing as described in
Voss and Smith (2005).

Metamorphic traits
In order to assess metamorphic progress in PEMs and PLMs, I measured seven
morphometric and seven transriptomic traits that are known to change during induced
metamorphosis of A. mexicanum (see Chapters 3 and 4). The morphometric traits
describe body size (snout-vent-length (SVL) and body mass) and tissue resorption (gill
length (GL), dorsal ridge length (DRL), lower tailfin height (LTH), upper tailfin height
(UTH), and total tail height) while the transcriptomic traits define metamorphic skin
remodeling (see Chapter 4). Metamorphic skin remodeling was selected to index
metamorphic progress at the molecular level because the skin is presumptively
representative of the periphery and is the best studied organ in terms of gene expression
changes that occur at metamorphosis in ambystomatid salamanders (see Chapters 2
through 4). The transcriptomic markers used index several aspects of metamorphic skin
remodeling including: removal of the apical cell layer from the larval epidermis
(uromodulin, UMOD), epidermal proliferation (epithelial membrane protein 1, EMP1),
differentiation of the granular cell layer found in the metamorph epidermis (keratin 14,
KRT14), and dermal extra-cellular matrix (ECM) remodeling (matrix metalloproteinase 1
(MMP1) and matrix metalloproteinase 13 (MMP13); see Chapters 3 and 4). In addition, I
also examined the abundance of thyroid hormone receptors α and β (TR-α and TR-β) in
the skin as these nuclear transcription factors are thought to mediate the biological action
of TH (see and Buchholz et al. 2006; Safi et al. 2004). Collectively, the selected
metamorphic traits provide indices of several different aspects of the gross morphological
changes and skin remodeling that occur at metamorphosis.

RNA extraction
Total RNA was isolated from head skin samples using TRIzol (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Samples were purified using Qiagen
RNeasy mini columns (Qiagen, Valencia, CA) according to the manufacturer’s
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instructions. All RNA isolations were qualified and quantified via UV
spectrophotometry and gel electrophoresis.

Q-RT-PCR
cDNA was synthesized from 1 g total RNA using a BioRad iScript Select cDNA
Synthesis Kit (Hercules, CA) according to the manufacture’s protocol. PCR reactions
were 25 L in volume and contained: cDNA corresponding to 10 ng total RNA, 41 ng
forward and reverse primers, and Roche FastStart Universal SYBR Master (Rox) mix
(Indianapolis, IN). Reactions were performed using an Applied Biosystems StepOnePlus
Real-Time PCR System (Foster City, CA). Melting curve analyses were conducted to
ensure amplification of a single product. Reaction parameters were as follows: 10
minutes at 95 C, 40 cycles of 15 seconds at 95 C followed by 1 minute at 55 C, 15
seconds at 95 C, and 1 minute at 55 C. Primer efficiencies were estimated via linear
regression on a dilution series and relative expression ratios (R) were calculated
according to Pfaffl (2001). Expression ratios are relative to the average of Day 0 PLMs
and normalized to the expression of transcriptional intermediary factor 1 (TIF1; see
Chapters 3 and 4). Primers for TIF1, TR, TR-, KRT14, UMOD, MMP1, and, EMP1
are described in Chapter 4 while the primers for MMP13 are described in Chapter 3.

Data reduction and verification
In order to demonstrate that the hormone manipulations and metamorphic traits were
capable of generating and distinguishing between alternate developmental trajectories
(i.e., metamorphic versus larval), I conducted principal component analysis (PCA) on the
centered and scaled data for all 14 metamorphic traits. PCA was conducted on data from
control (0 nM) and T4 treated (2.5, 5, or 50 nM) individuals (see below) that were
sampled following 0, 14, 28 and 42 days of T4 treatment. This analysis was implemented
using the “prcomp” function that is freely available with the base distribution of the R
statistical programming environment.
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Trait-by-trait analyses of morphometric and transcriptomic traits
An important component to testing the hypothesis that PEMs and PLMs begin to diverge
early in development is assessing whether PEMs exhibit more advanced signs of
metamorphosis than PLMs following TH treatment. However, because of the multifactor (i.e.,several independent variables) and multivariate (i.e., several dependent
variables) nature of my design, it is not appropriate to examine all combinations of
predictor and response variables using standard statistical tests (e.g.,t-tests or one-way
ANOVA), as this would not accurately reflect the structure of the experiment and result
in a prohibitive number of tests. To circumvent this problem, I analyzed the raw data for
each morphometric trait and the log2(R) values for each gene in an analysis of covariance
(ANCOVA) framework that enabled me to roll up a large number of statistical tests into a
single model for each of the 14 response variables (i.e., 14 models). By using a backward
selection procedure (see below) I was then able to remove extraneous independent
variables from each model in a way that enabled me to understand which predictor
variables provided explanatory power for each of the metamorphic traits. Model selection
began by fitting the full model depicted graphically in Figure 5.2. This model essentially
fits eight quadratic equations (a quadratic curve for each genotype by T4 concentration
combination) that originate from separate intercepts for the two NGFR genotypes. This
model can be summarized by the following formula: yijk = 0 + Gt + Ti + (GT)ti + (TC)ij +
(GTC)tij + Ti2 + (GT2)ti + (T2C)ij + (GT2C)tij + ijk where 0 = the intercept term for
PLMs, Gt = the intercept term for PEMs, Ti and Ti2are the linear and quadratic regression
coefficients for time in untreated PLMs, (GT)ti and (GT2)ti represent separate linear and
quadratic terms for untreated PEMs, (TC)ij and (T2C)ij represent additional linear and
quadratic terms for PLMs exposed to the three T4 concentrations (2.5, 5, and 50 nM),
(GTC)tij and (GT2C)tij represent separate linear and quadratic terms that describe the PEM
response to each of the three T4 concentrations, and ijk is the error term associated with
the kth individual sampled at time i from concentration j. Quadratic responses were used
as a starting point because prior analyses of the traits investigated in this study suggest
that none of these traits are likely to exhibit more complex temporal patterns (see
Chapters 3 and 4). Sequentially reduced models were compared using the “anova”
function that is available in the base distribution of R (see Crawley, 2007). When
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deletion tests associated with a given term resulted in a P-value of  0.10, the term was
put back into the model while terms with deletion test P-values of > 0.10 were left out of
the model. I assessed terms at the 0.10 level in order to increase the explanatory power
of my models and reduce the likelihood of Type II statistical errors. I note that my apriori hypothesis (see introduction) states that models should always be consistent with
PEMs showing more advanced signs of metamorphosis than PLMs. This is akin to a onetailed hypothesis, as statistically significant results in the opposite direction (i.e., more
advanced PLMs than PEMs) are not interpreted as supporting this hypothesis. Of
particular importance to this study are the magnitude and direction (see above) of the
(G)t, (GT)ti, (GT2)ti, (GTC)tij, and (GT2C)tij terms, as retention of these terms in a given
model is indicative of initial and/or temporal differences between PEMs and PLMs for a
given metamorphic trait.

Linear discriminant analyses
By analyzing the metamorphic traits via the stepwise ANCOVA approach described
above, I obtained temporal profiles for each of the traits investigated as well as trait-bytrait comparisons of how PEMs and PLMs respond to several doses of TH. While this
information is important to understanding how and why a particular group of
metamorphic traits might enable one to distinguish between PEMs an PLMs, it does not
provide perspective on which group of traits allows one to best distinguish between these
classes, or the degree of reliability in classification that results from using a given set of
traits. In order to investigate whether/which groups of metamorphic traits would enable
me to distinguish between PEMs and PLMs, I conducted linear discriminant analyses
(LDAs) using JMP, Version 5 software (SAS Institute, Cary, NC). LDA attempts to find
measured continuous variables (in this case morphometric and transcriptomic traits) that
enable the prediction of classification variables such as PEM and PLM. I applied LDA to
the entire T4 induction dataset and to less complex subsets of the data (i.e., each non-zero
WRT time point and each T4 concentration; day zero WRT was not investigated because
only six animals were sampled at this time point) in order to assess whether I could
reliably distinguish between PEMs and PLMs. I used a backward selection approach to
identify metamorphic traits to include in the linear discriminant models. Starting with all
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14 morphometric and transcriptomic traits, I sequentially dropped the trait with the
largest P-value in a given model until the smallest remaining P-value was ≤ 0.25. The
0.25 retention criterion was chosen as a compromise that aims to include traits that aid in
classification while excluding superfluous traits.

Results

Crossing results
The in vitro fertilization efforts resulted in a total of 120 backcrossed animals. Of these,
five died early during larval development (prior to 25 DPH) and were consequently not
genotyped or used for T4 inductions. Of the 115 genotyped animals, 51 were scored as
PLMs (i.e., homozygous at NGFR) and 64 were scored as PEMs (i.e., heterozygous at
NGFR; χ2 = 1.4696, df = 1, P = 0.2254; based on the expectation of equal proportions).
Of these animals, 78 (39 PEM and 39 PLM) were assigned to T4 treatment groups as
described in the methods. However, one of these animals (Day 42, 5 nM, PLM) died
during the experiment due to desiccation associated with escaping from its container.
The remaining 37 (12 PLM and 25 PEM) animals that were not exposed to T4 were raised
individually for one year and the date at which morphological metamorphosis was
completed (complete gill resorption) was recorded. One of these animals (PEM) also
escaped from its container and died from desiccation leaving a total of 36 animals for
assessing metamorphic timing.

Demonstration of a predictable dichotomy in metamorphic timing
Of the 36 animals used to assess metamorphic timing, 12 were PLMs and 24 were PEMs.
Only two animals failed to undergo metamorphosis within 365 days of hatching and both
of these animals were PLMs. The median time to complete metamorphosis in PLMs was
281 DPH whereas the median time for PEMs was 152 DPH (W = 210.5, P = 0.0003; onesided Mann-Whitney Test; Figure 5.3). These results demonstrate the predictability of the
clear dichotomy in metamorphic timing that has been described for similar crosses
previously (e.g., Voss and Smith, 2005).
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Validation of hormonal manipulations and selection of metamorphic traits
The PCA revealed several features of the T4 induction dataset. First, PCA suggests that
the dataset is complex, as the first six principal components (PCs) are needed to explain ≥
90% of the variation in the data. Second, the PCA suggests that the first two PCs capture
biologically relevant features of the dataset. In particular, PC1 appears to capture the
extent to which individuals are undergoing larval versus metamorphic developmental
trajectories, and PC2 appears to capture development away from the 52 DPH, zero nM T4
starting point irrespective of whether the developmental trajectory is larval or
metamorphic (Figure 5.4A). Examination of the biplot shown in Figure 5.4B
demonstrates that LTH, UTH, UMOD, MMP1, MMP13, TR-β, KRT14, and EMP1 load
along the metamorphic trajectory whereas GL, total tail height, DRL, body mass, and
SVL load along the larval trajectory. Collectively, these results demonstrate that the
various T4 concentrations resulted in metamorphic and non-metamorphic trajectories and
that the traits measured enabled me to distinguish between these trajectories.

Trait-by-trait comparisons, T4 concentration, and temporal trajectories
Across the 14 metamorphic traits examined, there was considerable variability in
temporal trajectory and the extent to which PEMs and PLMs differed in response to T4
(Figure 5.5; Figure 5.6). Thus, while genotypic terms of interest (i.e., (G)t, (GT)ti,
(GT2)ti, (GTC)tij, and (GT2C)tij; see methods) were retained in the selected models for
several traits (e.g., mass, LTH, UTH, total tail height, DRL, UMOD, and TR-α), other
traits (e.g., SVL, GL, KRT14, EMP1, MMP1, MMP13, and TR-β) did not exhibit
detectable differences as a function of NGFR genotype and thus, genotypic terms were
not retained. A prominent feature of most metamorphic traits was strong T4 dose
dependency (Figure 5.5; Figure 5.6). For example, several traits only exhibited
pronounced responses to 50 nM T4. In addition, for most traits it was parsimonious to
estimate common parameters for various groupings of the T4 treatments (e.g., pooling 2.5
and 5 nM treated individuals), as their responses did not statistically differ across all of
the hormone manipulations (see Figure 5.5 and Figure 5.6). Table 5.1 summarizes the
results of the model selection procedure for the morphometric traits, and Table 5.2
summarizes the results of the model selection procedure for the transcriptomic traits.

109

Below I briefly summarize what each of the 14 models suggests about differences (or
lack thereof) between PEMs and PLMs, the effect of T4 concentration, and the temporal
trajectory of each trait.
Numerous prior studies have shown that TH reduces growth (e.g., Chapter 4 of
this volume). For SVL, I was able to explain 86.3% of the variation in the data (i.e., R2
= 0.863) with a simple four parameter model (Figure 5.5A; Table 5.1). This model
suggests that growth in length was similarly depressed by all of the T4 concentrations and
that PEMs and PLMs were similarly affected. Although I was able to explain a similar
proportion of the variation in the mass data (R2 = 0.854), a more complicated 10
parameter model that pooled the 2.5 and 5 nM T4 treatments (i.e., treated them as
indistinct) was required (Figure 5.5B; Table 5.1). This model suggests that there was a
dose-dependent reduction in mass (0 nM > 2.5 and 5 nM > 50 nM) and that PEMs
exhibited a steeper decrease in mass in response to 50 nM T4 than PLMs.
The models selected to describe tailfin resorption (LTH, UTH, total tail height,
and DRL) are broadly consistent with one another and suggest that T4 concentration and
NGFR genotype both contribute to the temporal trajectories (Figure 5.5C-F) of these
traits. One of the earliest morphological changes to occur during TH-induced
metamorphosis of axolotls is lower tailfin resorption (see Chapter 4). I was able to
account for 75.8% of the variation in the LTH data with an eight parameter model that
treated 0 nM controls and 2.5 nM treated animals as indistinct (Figure 5.5C; Table 5.1).
Neither 2.5 nor 5 nM T4 was sufficient to induce pronounced LTH reductions in most
animals, while 50 nM T4 resulted in complete LTH resorption for all animals by Day 42
WRT irrespective of genotype (Figure 5.5C). The model fit to the LTH data suggests
that PEMs consistently exhibited more advanced signs of LTH resorption than PLMs
irrespective of T4 concentration (Figure 5.5C). Whereas complete lower tailfin resorption
is one of the early morphological hallmarks of metamorphic progress, upper tailfin
resorption occurs gradually, and is not completed until the end of morphological
metamorphosis (see Chapter 4). I was able to account for 67.2% of the variation in UTH
with a seven parameter linear model (Figure 5.5D; Table 5.1). This model suggests that
that the baseline trajectory (i.e., the trajectory of animals that were not exposed to T4) of
UTH for PEMs and PLMs differed and that this difference was maintained across all of
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the T4 concentrations. Similarly, I was able to account for 76.0% of the variation in the
total tail height data with a seven parameter linear model that treated 2.5 and 5 nM T4
treatments as indistinct (Figure 5.5E; Table 5.1). This model suggests that there was little
to no difference in the baseline trajectory of total tail height between PEMs and PLMs,
but that PEM tail height was depressed more sharply by T4 than PLM tail height,
particularly in response to 50 nM T4. Finally, I was able to account for 71.8% of the
variation in the DRL data with a seven parameter model (Figure 5.5F; Table 5.1). This
model pools the control and low (2.5 and 5 nM) T4 treatments (i.e., treats them as
indistinct), and suggests that there was no difference in the baseline trajectories of the
DRLs of PEMs and PLMs or their trajectories following exposure to low (2.5 or 5 nM)
T4. However, following exposure to 50 nM T4 the temporal trajectories of the DRLs of
PEMs and PLMs were statistically distinguishable.
In a previous study (see Chapter 4), I found that the pattern of gill resorption
qualitatively differed from that of tailfin resorption. Whereas the tailfins are gradually
resorbed in response to T4, there is a latency period with respect to gill resorption initially
following T4 treatment. Following this latency period, the gills are rapidly resorbed. I
was able to account for 52.0% of the variation in the GL data using a simple four
parameter linear model (Figure 5.5G; Table 5.1). This model suggests that repression of
gill growth was concentration dependent (0 > 2.5 and 5 nM > 50 nM) and that PEMs and
PLMs were not statistically distinguishable with respect to GL. However, the two
animals that exhibited advanced gill resorption (only one animal completely resorbed its
gills by the end of the study) were both PEMs (Figure 5.5G; one at Day 28 and one at
Day 42 WRT).
During TH-induced metamorphosis, axolotls completely remove the apical cell
layer that covers the larval epidermis (see Chapter 4). The model selected to describe my
transcriptomic index of apical cell loss (UMOD) treated control, 2.5 nM, and 5 nM T4
animals as indistinct and suggests that only 50 nM T4 was sufficient to reliably stimulate
pronounced larval apical cell removal. This model accounted for 69.1% of the variation
in the data with four parameters (Figure 5.6A; Table 5.2) and suggests that PEMs and
PLMs exhibited subtle differences in UMOD expression by the beginning of the
experiment (52 DPH). With respect to epidermal differentiation (KRT14), I was able to
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account for 85.8% of the variation in the data with a seven parameter model (Figure
5.6B; Table 5.2). This model treats control and 2.5 nM individuals as indistinct and
suggests that there was not an appreciable difference between PEMs and PLMs with
respect to KRT14 expression. In addition, this model suggests that while 5 nM T4 had a
discernible effect, only 50 nM T4 reliably induced terminal epidermal differentiation. The
results from my general index of epithelial (i.e., epidermal) proliferation (EMP1) are
consistent with the notion that TH can stimulate proliferation in the absence of terminal
differentiation. I was able to account for 46.3% of the variation in the EMP1 data with a
seven parameter model (Figure 5.6C; Table 5.2). This model suggests that epidermal
proliferation increased modestly during unperturbed development and that there was a
dose-dependent increase relative to baseline in response to T4 (50 nM > 2.5 and 5 nM > 0
nM). In addition, this model suggests that there was not a pronounced difference
between PEMs and PLMs in EMP1 expression.
The patterns recovered for my markers of ECM remodeling in the dermis (MMP1
and MMP13) are generally consistent and suggest that MMP expression is variable but
dose-dependent (Figure 5.6D,E; also see Chapters 3 and 4). I was able to account for
29.0% of the variation in the MMP1 data with a simple three parameter model (Fig. 5.6D;
Table 5.2). This model suggests that exposure to 50 nM T4 results in elevated MMP1
expression and that PEMs and PLMs were affected similarly. Likewise, I was able to
account for 24.8% of the variation in the MMP13 data with a four parameter model
(Figure 5.6E; Table 5.2). This model corroborates the 50 nM T4 result observed for
MMP1 and suggests that 2.5 and 5 nM T4 are capable of elevating MMP13 expression
relative to controls. As was the case for MMP1, PEM and PLM expression of MMP13
were not statistically distinct.
An interesting aspect of my data on the TRs is the amount of variation in
transcript abundance observed for these genes (Figure 5.6F,G; see discussion). In a
previous study, I found that TR- and TR- mRNA modestly decrease during the course
of TH-induced metamorphosis of the axolotl (see Chapter 4). In general, the current
results on TR expression are consistent with the results presented in Chapter 4 in terms of
variability, and in the sense that there was no clear sign of a temporal increase in TR-α or
TR-β in the current dataset. I was able to account for 15.1% of the variation in TR-α with
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a six parameter model (Figure 5.6F; Table 5.2). This model suggests that PEMs and
PLMs differed in initial TR-α transcript abundance as well as in how TR-α abundance
changed as a function of time. Finally, I was able to account for 12.9% of the variation in
the TR-β data with a simple four parameter model (Figure 5.6G; Table 5.2). This model
suggests that, on average, TR-β transcripts were elevated in animals treated with 50 nM
T4 relative to control, 2.5, and 5 nM T4 treated animals. In addition, this model suggests
that there was not a statistical difference between PEMs and PLMs in TR- expression.
Collectively my trait-by-trait analyses of 14 metamorphic traits support the view
that PEMs and PLMs are not equivalent in their responses to TH. While this trend was
not observed for all of the traits investigated, when genotypic terms were retained in the
selected models, they were always consistent with the prediction that PEMs would show
more advanced signs of metamorphosis than PLMs following a given dose and duration
of TH exposure. These trends were most evident in the body mass and tailfin (TH, UTH,
total tail height, and DRL) data. Because most of the morphometric models contained
common intercepts for PEMs and PLMs and no differences were detected between PEMs
and PLMs in SVL, it is highly unlikely that these results derive from sampling error in
body size.

Distinguishing between PEMs and PLMs using groups of metamorphic traits
In order to assess my ability to distinguish between PEMs and PLMs using groups of the
metamorphic traits described above, I performed LDAs. The first LDA was conducted to
examine whether I could discriminate between PEMs and PLMs when considering all of
the data from the induction experiment. Using a linear discriminant model consisting of
GL, UTH, UMOD, KRT14, TR-α, and MMP1 I was able to correctly classify 56 out of 77
animals (~ 73%; Figure 5.7). In total, 13 PLMs were predicted to be PEMs and 8 PEMs
were predicted to be PLMs.
The remaining sets of LDAs were conducted to assess whether I could correctly
classify PEMs and PLMs when considering less variable subsets of the T4 induction data
(i.e., when considering only one sampling time or T4 concentration at a time). At Day 14
WRT (66 DPH; Figure 5.8A), I was only able to correctly classify 17 out of 24
individuals (~ 71%) using a linear discriminant model consisting of SVL, UTH, EMP1,
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and TR-α. However, at Day 28 WRT (80 DPH Figure 5.8B), I was able to correctly
classify 22 out of 24 animals (~ 92%) using a linear discriminant model that consisted of
mass, GL, DRL, UTH, LTH, UMOD, and MMP1. Finally, at Day 42 WRT (94 DPH;
Figure 5.8C), I was able to correctly classify 23 out of 23 individuals (100%) using a
linear discriminant model consisting of mass, UTH, LTH, UMOD, TR-α, TR-β, and
MMP13. Collectively these results demonstrate that it became progressively easier to
correctly classify individuals as PEM or PLM as development and TH treatment
proceeded.
While reliability of classification of PEMs and PLMs was positively correlated
with experimental time, this was not the case with respect to T4 concentration. When
control animals were considered (Figure 5.9A), I was able to correctly classify 23 out of
24 animals (~ 96%) with a linear discriminant model consisting of GL, UTH, LTH,
UMOD, KRT14, MMP1, and MMP13. Similarly, examining 2.5 nM treated animals
(Figure 5.9B) revealed that I was able to correctly classify all 18 individuals using a
linear discriminant model consisting of mass, total tail height, KRT14, TR-α, TR-β, and
MMP13. Likewise, I was able to correctly classify 17 out of 17 of the 5 nM treated
animals ( Figure 5.9C) using a model that consisted of mass, SVL, GL, DRL, LTH, total
tail height, UMOD, EMP1, TR-α, TR-β, and MMP13. I note that despite achieving
perfect classification at 2.5 and 5 nM, I was able to achieve much better separation of
PEMs and PLMs in canonical space at 5 nM than at 2.5 nM (Figure 5.9B,C). Despite
observing differences between 50 nM treated PEMs and PLMs in several of the trait-bytrait analyses (e.g., mass, total tail height, and DRL; Figure 5.5), I was less able to
reliably classify individuals treated with 50 nM T4 (Figure 5.9D) than any of the other T4
treatments investigated. Using a linear discriminant model consisting of mass, DRL,
LTH, total tail height, KRT14, TR-α, and EMP1 I was able to correctly classify 15 out of
18 animals (~ 83%). These results are consistent with the idea that sub-metamorphic
doses of T4 exaggerate the multivariate differences between PEMs and PLMs while
metamorphic doses of T4 cause PEMs and PLMs to converge on a common metamorphic
phenotype. For convenience, the results of the LDAs are summarized in Table 5.3.
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Discussion

Synopsis of results
Overall, my results support the hypothesis that PEMs and PLMs gradually diverge in
metamorphic trajectory as development proceeds, and that differences in metamorphic
trajectory do not occur in a switch-like fashion at the onset of prometamorphosis. Thus,
while metamorphic differences become more and more pronounced as PEMs approach
metamorphosis, these differences appear to build gradually throughout much of larval
development. Four lines of evidence support this conclusion. First, genotypic terms
indicative of differences between the temporal responses of PEMs and PLMs were
retained in half of the models fit to each of the fourteen metamorphic traits (i.e., mass,
LTH, UTH, total tail height, DRL, UMOD, and TR-). Moreover, such models were
always consistent with the prediction that PEMs would show more advanced signs of
metamorphosis than PLMs. Second, physiologically relevant doses of T4 (2.5 and 5 nM)
enhanced my ability to distinguish between PEMs and PLMs using groups of
metamorphic traits. Third, I was able to correctly classify 96% of control PEMs and
PLMs, despite the fact that they were sampled in blocks of six (three PEMs and three
PLMs) at different times during development (52, 66, 80, and 94 DPH). This suggests
that reliable differences in metamorphic parameters arose early during larval
development and were maintained as larval development proceeded. Finally, the time
point by time point LDAs show that PEMs and PLMs became easier to distinguish
between as time proceeded. Below, I address a few caveats and discuss what my results
suggest about the underlying nature of variation in metamorphic parameters early during
larval development and how this may relate to variation in metamorphic timing.

Caveats
The principal logic of the current experiment is that small initial differences between
premetamorphic PEMs and PLMs will become exaggerated following exposure to TH
and that this exaggeration will result in PEMs and PLMs exhibiting metamorphic patterns
that differ in predictable ways. A potential problem with this approach is that precocial
induction of metamorphosis in amphibians can alter the metamorphic rate and pattern
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observed (Heady and Kollros 1964; Kaltenbach 1968; Norris and Gern 1976; Prahlad and
DeLanney 1965; Rose 1995b). For example, whereas the more mature animals used in
Chapters 2 through 4 completed metamorphosis following roughly 30 days of exposure to
50 nM T4, only one animal from the current study completed metamorphosis following
42 days of exposure to 50 nM T4. However, despite this difference in rate of response,
the pattern of morphological events observed for PEMs and PLMs treated with 50 nM T4
(i.e., animals that had clearly initiated metamorphosis) was not dramatically different
from spontaneously metamorphosing tiger salamanders (Norman 1985) or axolotls
exposed to 50 nM T4 at a more advanced stage of development (see Chapter 4).
Similarly, the pattern of transcriptional changes in the skin was generally consistent with
those presented in Chapters 3 and 4 and included: dramatic down and up-regulation of
UMOD and KRT14 respectively, variable TR expression, and elevated expression of
EMP1, MMP1, and MMP13. Thus, many of the salient features of metamorphosis were
recovered in the current study suggesting that pattern-based inferences on the
nonequivalence of PEMs and PLMs early during development are valid.
A second unavoidable caveat is that the genetic system used in the current study is
contrived. Unfortunately, the same feature of this genetic system that makes it useful for
addressing questions about variation (i.e., the unusually large effect of met on
metamorphic timing; see Voss and Shaffer 2000; Voss and Smith 2005) also raises
questions about the generality of the results. However, it is worth noting that genetic
differences are thought to play an important role in intraspecific variation in life cycle
mode (i.e., metamorphic versus paedomorphic) and metamorphic timing in natural
populations of ambystomatid salamanders (Harris et al. 1990; Semlitsch and Gibbons
1985; Semlitsch et al. 1990). Thus, while it is possible that the conclusions summarized
above are artifacts of the hybrid system under examination, there are concrete reasons to
think that the information obtained from my experiment may be relevant in a general
sense. Irrespective of these concerns, one must address questions with the tools and
model systems at one’s disposal. To the best of my knowledge, there is not another
amphibian system in which closely related individuals exhibit predictable variation in
metamorphic timing that would allow one to conduct an experiment such as the one
presented here.
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Variation in metamorphic timing and TH concentration and sensitivity
TH concentration directly correlates with decreased latency of metamorphic events (e.g.,
Etkin 1935; Chapter 3 of this volume), and thus affects metamorphic timing. Therefore,
a simple way to conceptualize variation in metamorphic timing at the molecular level is
via individuals differing temporally in their TH profiles. While this undoubtedly occurs,
the synthesis, secretion, and local regulation of TH availability and efficacy are complex
issues involving a multitude of biological processes (see Denver et al. 2002 and Fort et al.
2007 for reviews). Therefore, models based solely on TH titers are unlikely to provide
satisfactory accounts of the metamorphic patterns observed within individuals let alone
the differences in metamorphic timing that exist between individuals. A concept that has
repeatedly been discussed by researchers studying amphibian metamorphosis from a
variety of perspectives is that of a threshold. For example, the well known Wilbur and
Collins (1973) model assumes that there is a threshold body size that must be reached
before metamorphosis can be initiated. As another example, tissue-specific thresholds of
response to TH (i.e., differential TH sensitivities across tissues) have long been evoked to
explain spatiotemporal coordination of sequential organ transformations (e.g., the
discussion of epidermal and dermal TH sensitivity in Chapter 4).
One of the most consistent patterns observed across metamorphic traits in the
trait-by-trait analyses was T4 dose dependence, and out of the 14 metamorphic traits
investigated, all but TR-α showed some form of dose dependence (see Figures 5.5 and
5.6). However, the trait-by-trait analyses also clearly show that there is substantial
variation within each T4 treatment, and that only some of this variation is explained by
genotypic terms (see Tables 5.1 and 5.2). While strong dose dependence is easily
reconciled with the known biological effects of TH (i.e., increasing doses of TH decrease
the latency period prior to metamorphic change), the variation observed within TH
treatments is more difficult to explain and suggests the existence of individual-based
thresholds of response to T4 (i.e., different individuals have different sensitivities to T4).
This conclusion makes sense in light of the major finding of this study. Namely, that
PEMs and PLMs appear to diverge during premetamorphosis when TH titers are
presumably very low across all individuals. It has long been known from studies of
anurans that the thyroid becomes functionally mature by the end of premetamorphosis
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and begins to release low levels of TH at this time (see Etkin, 1968 and Denver et al.,
2002). This TH inturn stimulates the maturation of the median eminence, a necessary
structure for the hypothalamic-pituitary activity required to achieve the burst of TH
observed at climax (Etkin, 1968; Norris and Gern, 1976). Thus, it is possible that
premetamorphic variation in sensitivity to T4 directly relates to variation in metamorphic
timing by generating variation in the rate at which TH brings about the maturation of
structures required to attain climax. An important area of future research is to better
understand the genetic, physiological, and environmental factors that affect TH
sensitivity and its development, so that this potential source of variation in metamorphic
timing (i.e., individual variation in TH sensitivity) can be better understood. Such studies
might eventually enable researchers to decompose individual variation in TH sensitivity
into separate components such as TR abundance (Yoshizato and Friden 1975),
corticosteroid availability (Hayes 1997), and/or deiodinase activity (Brown 2005). Thus,
in the future, it might be possible to take a highly individualized approach to predicting
metamorphic timing that relies heavily on information about each individual’s genetic
and/or developmental state. Indeed, the discovery that met contributes to quantitative
variation in metamorphic timing (Voss and Smith 2005) represents an important first step
in this direction and additional studies on genetic factors that affect metamorphic timing
within species are sorely needed.
Although the results of the current study and the study presented in Chapter 4 are
suggestive of individual variation in TH sensitivity, they provide little in the way of
insights into the molecular basis of such variation. However, a particularly intriguing
result from the current study is that TR-α and TR-β transcripts in the skin both varied by >
eight fold across individuals by the beginning of the study (52 DPH; Figures 6.6F,G).
Furthermore, the TR-α profiles of PEMs and PLMs were statistically distinct suggesting
that differences in TR-α abundance may play a functional role in the differences observed
between PEMs and PLMs in T4 responsiveness. Allelic variation at TR-α has previously
been associated with variation in metamorphic timing in hybrid ambystomatids; however,
the effect was not observed for crosses involving A. mexicanum and was strongly
dependent on genetic background (Voss et al. 2003). In Xenopus laevis, TR-α is
expressed early during larval development and is thought to act primarily as a repressor

118

of metamorphic gene expression in the absence of TH (reviewed by Buchholz et al.
2006). Thus, it is possible that one reason PEMs showed more advanced signs of
metamorphosis than PLMs following T4 treatment is less pronounced repression of the
PEM metamorphic program (i.e., lower TR-α expression in PEMs than PLMs).

Conclusion
The proximate underpinnings of individual variation in metamorphic timing are an
important component to a better understanding of how CLCs are structured and thus,
likely to evolve. In the current study, I used hybrid salamanders that segregate profound
and predictable variation in metamorphic timing to show that closely related individuals
can diverge in developmental trajectory early during larval development when the
endocrine factors that control metamorphosis are presumptively at very low levels. I
suggest that one way in which such variation may build gradually throughout larval
development is via differences in factors that affect TH sensitivity such as TR abundance.
Additional studies are needed that directly examine whether premetamorphic variation in
factors that influence TH sensitivity ultimately associate with differences in metamorphic
timing.

Copyright © Robert Bryce Page 2009
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Model
Full
Selected
Full
Selected
Full
Selected
Full
Selected
Full
Selected
Full
Selected
Full
Selected

df
59
73
59
67
59
69
59
70
59
70
59
70
59
73

R2
0.881
0.863
0.860
0.854
0.789
0.758
0.707
0.672
0.781
0.760
0.734
0.718
0.564
0.520
AIC
-116.2
-133.2
123.6
111.3
-393.0
-402.5
-345.9
-359.2
-238.9
-254.0
35.9
18.4
-159.5
-180.3

G
0.048
N/A
0.16
N/A
0.003
N/A
0.054
0.054
0.053
N/A
0.160
N/A
0.002
N/A

T
75.188
75.230
1208.34
1208.48
0.105
0.106
0.051
0.051
3.319
3.305
125.298
125.122
2.179
2.177

T2
0.975
0.977
120.49
120.44
0.013
0.013
0.000
N/A
0.034
N/A
0.020
0.018
0.077
N/A
GxT
0.007
N/A
0.28
0.23
0.023
0.013
0.041
0.041
0.050
0.110
0.200
0.521
0.002
N/A

TxC
0.648
N/A
89.18
83.02
0.897
0.883
1.100
1.096
3.958
3.922
61.984
59.339
5.077
5.065

GxT2
0.056
N/A
0.20
N/A
0.000
N/A
0.007
N/A
0.021
N/A
0.450
N/A
0.008
N/A

T2xC
1.383
1.017
31.93
31.37
0.037
0.036
0.010
N/A
0.066
N/A
15.179
14.955
0.131
N/A
GxTxC
0.388
N/A
25.05
24.41
0.014
N/A
0.029
N/A
0.196
0.171
8.017
7.274
0.338
N/A

GxT2xC
0.174
N/A
4.10
N/A
0.002
N/A
0.018
N/A
0.015
N/A
0.530
N/A
0.030
N/A

Error
10.663
12.308
240.13
251.90
0.293
0.336
0.540
0.605
2.168
2.372
76.879
81.486
6.076
6.676

Abbreviations are as follows: df = the sample size (77) minus the number of parameters estimated for a given model, R2 = the
proportion of variation in the data explained by the model, AIC = Akaike’s information criterion (see Venables and Ripley, 2002);
lower AIC values are indicative of better model fit and are only comparable between models fit to the same response variable, G =
sum of squares (SS) for the Gt term, T = SS for the Ti term, T2 = SS for the T2i term, GxT = SS for the (GT)ti term, TxC = SS for the
(TC)ij terms, GxT2 = SS for the (GT2)ti term, T2xC = SS for the (T2C)ij terms, GxTxC = SS for the (GTC)tij terms, GxT2xC = SS for
the (GT2C)tij terms, and Error = SS for the error term. N/A implies that a term was not included in the selected model.

Trait
SVL
SVL
Mass
Mass
LTH
LTH
UTH
UTH
TTH
TTH
DRL
DRL
GL
GL

Table 5.1: Summarization of the ANCOVA model selection procedure for morphometric traits.
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Model
Full
Selected
Full
Selected
Full
Selected
Full
Selected
Full
Selected
Full
Selected
Full
Selected

df
59
73
59
70
59
70
59
74
59
73
59
71
59
73

R2
0.727
0.691
0.875
0.858
0.499
0.463
0.404
0.290
0.427
0.248
0.241
0.151
0.180
0.129
AIC
122.4
104.0
83.4
71.0
94.8
78.1
34.3
17.7
-42.3
-49.4
43.1
27.8
72.4
49.0

G
17.89
17.89
0.31
N/A
0.72
N/A
1.67
N/A
0.56
N/A
7.53
7.53
1.71
N/A

T
28.65
28.65
8.69
8.64
21.52
21.39
1.93
1.99
0.98
1.01
3.20
3.20
0.22
0.20

T2
0.20
N/A
9.61
9.65
40.66
40.78
0.25
N/A
0.00
N/A
0.39
0.39
6.43
6.36
GxT
4.32
N/A
2.22
N/A
0.00
N/A
0.15
N/A
0.15
N/A
0.58
0.58
1.31
N/A

TxC
553.38
552.22
931.53
932.41
62.39
61.19
35.97
34.67
11.75
11.02
3.93
N/A
12.84
12.94

GxT2
1.32
N/A
2.19
N/A
6.29
N/A
0.49
N/A
0.06
N/A
5.29
5.08
0.05
N/A

T2xC
9.01
N/A
29.37
27.68
29.77
29.42
3.46
N/A
2.17
N/A
3.08
N/A
2.02
N/A
GxTxC
5.43
N/A
2.83
N/A
2.74
N/A
4.40
N/A
2.39
N/A
1.54
N/A
1.24
N/A

GxT2xC
9.93
N/A
10.61
N/A
0.65
N/A
2.67
N/A
2.65
N/A
1.25
N/A
1.28
N/A

Error
236.64
268.01
142.47
161.44
165.15
177.12
75.30
89.62
27.85
36.53
84.49
94.50
123.58
131.17

Abbreviations are as follows: df = the sample size (77) minus the number of parameters estimated for a given model, R2 = the
proportion of variation in the data explained by the model, AIC = Akaike’s information criterion (see Venables and Ripley, 2002);
lower AIC values are indicative of better model fit and are only comparable between models fit to the same response variable, G =
sum of squares (SS) for the Gt term, T = SS for the Ti term, T2 = SS for the T2i term, GxT = SS for the (GT)ti term, TxC = SS for the
(TC)ij terms, GxT2 = SS for the (GT2)ti term, T2xC = SS for the (T2C)ij terms, GxTxC = SS for the (GTC)tij terms, GxT2xC = SS for
the (GT2C)tij terms, and Error = SS for the error term. N/A implies that a term was not included in the selected model.

Gene
UMOD
UMOD
KRT14
KRT14
EMP1
EMP1
MMP1
MMP1
MMP13
MMP13
TR-
TR-
TR-
TR-

Table 5.2: Summarization of the ANCOVA model selection procedure for mRNA abundance of metamorphic genes in the
skin.
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X
X

X
X
X

X
X

X
X
X

LTH

Mass

UTH
X
X
X
X
X
X
X
X

TTH

X
X

X

DRL

X

X

X

GL
X

UMOD KRT14 EMP1 MMP1 MMP13 TR- TR-
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

%
73
71
92
100
96
100
100
83

TTH = total tail height. % = the percentage of individuals correctly classified as PLM or PEM in a given analysis. X = traits that were
included in a given linear discriminant model.

Subset SVL
All
14WRT
X
28WRT
42WRT
0 nM
2.5 nM
5 nM
X
50 nM

Table 5.3: Summarization of the discriminant analyses conducted on various subsets of the induction dataset.

Figure 5.1: The backcross design that is used to study the genetic basis of alternative
life cycles and variation in metamorphic timing in ambystomatid salamanders.
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Figure 5.2: Graphical representation of the full ANCOVA model used as a starting
point for the model selection procedure described in the text. Solid lines represent
PLM trajectories while dashed lines represent PEM trajectories. Colors represent the
various T4 treatments: black = control, gray = 2.5 nM, green = 5 nM, and blue = 50 nM.
The trajectory of the curves is for illustrative purposes and is purely hypothetical.
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Figure 5.3: Boxplots of time to complete gill resorption in days post hatching for
PLMs (n = 10) and PEMs (n = 24).
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Figure 5.4: Results of the PCA. (A) A scatterplot of the scores for the first two principal
components (PCs). Relevant features of the plot are highlighted using text and lines.
PLMs are denoted by open circles while PEMs are denoted by open triangles. Colors
represent the T4 treatments as follows: black = control, gray = 2.5 nM, green = 5 nM, and
blue = 50 nM. Text within the plotting characters corresponds to the day each individual
was sampled with respect to treatment. (B) A biplot of the PCA. The numbers labeling
the individuals are arbitrary. TH = total tail height, THRA = TR-, and THRB = TR-.
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Figure 5.5: Scatter plots and predicted lines of the models selected for seven
morphometric traits. (A) SVL, (B) Mass, (C) LTH, (D) UTH, (E) total tail height, (F)
DRL, and (G) GL. Solid lines represent trends for PLMs (opened circle plotting
characters) while dashed lines represent trends for PEMs (opened triangle plotting
characters). In cases where only solid lines are shown, genotypic terms were not retained
in the selected model. Colors represent T4 concentrations (plotting characters and
predicted lines) or groupings of these concentrations (predicted lines only) as follows:
black = control, gray = 2.5 nM, green = 5 nM, blue = 50 nM, red = 2.5, 5, and 50 nM
pooled, deep pink = low T4 (2.5 and 5 nM pooled), dark orange = control and 2.5 nM
pooled, and aquamarine = control, 2.5, and 5 nM pooled.
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Figure 5.6: Scatter plots and predicted lines of the models selected for the seven
transcriptomic markers of skin remodeling. (A) UMOD, (B) KRT14, (C) EMP1, (D)
MMP1, (E) MMP13, (F)TR-α , and (G) TR-β. Solid lines represent PLMs (opened circle
plotting characters) while dashed lines represent PEMs (opened triangle plotting
characters). In cases where only solid lines are shown, genotypic terms were not retained
in the selected model. Colors represent T4 concentrations (plotting characters and
predicted lines) or groupings of these concentrations (predicted lines only) as follows:
black = control, gray = 2.5 nM, green = 5 nM, blue = 50 nM, deep pink = low T4 (2.5 and
5 nM pooled), dark orange = control and 2.5 nM pooled, aquamarine = control, 2.5, and 5
nM animals pooled, and orange = controls and all T4 treatments pooled.
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Figure 5.7: Results of the discriminant analysis on the full induction dataset. The
canonical axis is the axis that best separates PLMs (open circles) and PEMs (open
triangles). Individuals sampled at 0, 14, 28, and 42 days WRT are denoted by text in the
plotting characters. T4 treatments are denoted by colors as follows: 0 nM = black, 2.5 nM
= gray, 5 nM = green, and 50 nM = blue.
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Figure 5.8: Results of the discriminant analyses that attempt to distinguish between
PLMs (open circles) and PEMs (open triangles) at each of the non-zero sampling
times WRT. The canonical axes represent the axes that best separate PLMs and PEMs at:
(A) Day 14 WRT, (B) Day 28 WRT, and (C) Day 42 WRT. Text within the plotting
characters denotes sampling times WRT. Colors represent T4 concentrations as follows:
black = control, gray = 2.5 nM, green = 5 nM, and blue = 50 nM.
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Figure 5.9: Results of the discriminant analyses that attempt to distinguish between
PLMs (open circles) and PEMs (open triangles) that were exposed to the same T4
treatment. Cannonical axes represent the axes that best separate the two genotypes when
exposed to: (A) artificial pond water (controls), (B) 2.5 nM T4, (C) 5 nM T4, and (D) 50
nM T4. Text within the plotting characters represents the day that each individual was
sampled WRT.
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CHAPTER 6: Future Directions
The studies presented in this dissertation lay the groundwork for several research
programs that use molecular approaches to better understand metamorphosis in urodeles
in general and ambytomatids in particular. In Chapter 2, I demonstrated that axolotl
epidermis undergoes profound transcriptional changes in response to exogenous Lthyroxine (T4) and suggested that several keratin loci may be useful as biomarkers of
thyroid hormone (TH) disruption because they are differentially regulated by as much as
1000 fold. Despite a large number of studies on Xenopus (see Chapter 2), few, if any,
studies have investigated gene expression in endocrine disrupted salamanders. Hence, it
is worth reiterating a point made throughout this dissertation. Namely, despite numerous
similarities, salamander and anuran metamorphosis differ in a number of ways. In the
absence of sound knowledge of how urodele and anuran development are affected by
endocrine disrupting compounds (EDCs), it is not clear that studies on thyroid disruption
in Xenopus universally provide the most relevant perspective on issues related to human
health. Moreover, from a wildlife health perspective, it is even more unlikely that the
Xenopus model is universally most relevant. As pointed out in Chapter 2, little is known
about the natural history and ecology of Xenopus, a genus that is native to Africa,
whereas a wealth of knowledge is available on the natural history and ecology of
Ambystoma (summarized in Petranka, 1998), a genus that is broadly distributed across
North America (see Chapter 2 and Petranka, 1998). In situations where the goal is to
assess the effects of EDCs on North American ecosystem and wildlife health, an
understanding of the gene expression changes that occur in endocrine disrupted
ambystomatids could prove extraordinarily useful. The studies presented in Chapters 2
through 4, provide a wealth of information on what undisrupted gene expression looks
like in the skin of metamorphosing ambystomatids. The next step in developing
Ambystoma as a model for endocrine disruption is examining what gene expression looks
like in a variety of organs following exposure to model EDCs that disrupt the
hypothalamic-pituitary-thyroid (HPT) axis in known ways. For example, several
compounds, such as iopanoic acid, are known to inhibit deiodinase activity (Carr and
Norris, 2006). As another example, drugs such as propylthiouracil and methimazole are
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known to disrupt T4 synthesis by the thyroid (OECD, 2004). An area of applied research
that is likely to prove very fruitful is using functional genomic approaches to identify
transcriptional markers from a variety of tissues that are indicative of particular modes of
TH disruption in ambystomatids. The identification of such markers will inturn enable
researchers to assess chemicals that are suspected HPT disruptors in very specific ways.
Furthermore, the identification of biomarkers indicative of specific types of HPT
disruption could be extended to natural populations and used in conservation and
management efforts (see Storfer et al., 2009).
In addition to providing a starting point for developing Ambystoma as a
toxicogenomics model, this dissertation also provides an initial framework for
understanding the molecular and cellular bases of urodele skin development. The
differentially expressed genes identified in Chapters 2 and 3 provide a large list of
candidate biomarkers for specific cell populations. In Chapter 4, I initiated the process of
identifying such markers by showing that keratin 6A, uromodulin , and keratin 14 are
expressed in specific cell types of the epidermis. However, there is still much work to be
done. Markers of basal epidermal cells, Leydig cells, and the various layers of the adult
epidermis are needed to conduct the lineage tracing required for understanding how
different cell types arise during ontogeny. Conducting such work is of interest for two
reasons. First, a thorough understanding of the origins of epidermal cell types in
ambystomatids would enable a comprehensive comparison of urodele and anuran skin
development (reviewed by Yoshizato, 2007). Such a comparison would make for a
fascinating research program in evolutionary developmental biology. Second, a detailed
understanding of how urodele skin develops is likely to result in a mechanistic
understanding of how urodele skin is structured and thus, likely to function. Information
on the development, structure, and functioning of urodele skin is likely to eventually find
practical applications because infectious diseases of the skin are thought to be responsible
for increased mortality in a number of amphibian populations (Daszak et al., 1999).
Finally, the work I present on axolotl-tiger salamander hybrids represents one of
the first attempts to relate molecular processes to variation in metamorphic timing
between closely related individuals. In Chapter 5, I concluded that individuals
segregating substantial variation in metamorphic timing begin to diverge in their
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developmental trajectories during premetamorphosis when TH levels are presumptively
very low. This conclusion, coupled with the observation that individuals raised under
uniform conditions responded to identical doses of T4 differently (also observed in
Chapter 4 for laboratory axolotls), led me to suggest that variation in TH sensitivity arises
early during larval development and may be partially responsible for variation in
metamorphic timing. While this notion seems logical in light of the fact that low levels
of TH are known to stimulate the development of central nervous system structures
required to acheive the surge of TH observed at climax (e.g., the median eminence
responsible for delivering hypothalamic neurohormones to the pituitary; see Etkin 1968;
Norris and Gern, 1976), this idea is in need of additional empirical tests and further
refinement. In particular, “TH sensitivity” needs to be decomposed into specific
molecular parameters that can be understood in a precise and unambiguous manner.
Examples of such parameters include: deiodinase expression and activity in specific
tissues (reviewed by Brown, 2005), TH receptor (TR) abundance in specific tissues
(Buchholz et al., 2006; Yoshizato and Frieden, 1975), and the availability of accessory
proteins that influence TR activity (Paul et al., 2007). In order for this hypothesis to be
rigorously demonstrated, premetamorphic variation in molecular parameters that
influence TH sensitivity must ultimately be directly associated with variation in
metamorphic timing. This is no small task and will take considerable time and effort.
Collectively, the results of this dissertation show that urodele amphibians can be
used as model organisms for functional genomic and transcriptomic experiments (also
see Boley, 2009 and Monaghan, 2009). Furthermore, this dissertation demonstrates that
using transcriptomic techniques to understand the gene expression changes that occur
during induced metamorphosis of ambystomatids provides a fresh perspective on the
molecular basis of amphibian metamorphosis that complements what is known from
studies of Xenopus and Rana. As suggested above, the studies presented herein represent
initial contributions, and additional studies are sorely needed, so that anuran and urodele
metamorphosis can be rigorously and systematically compared at the molecular level.

Copyright © Robert Bryce Page 2009
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