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Abstract
The Mexican axolotl (Ambystoma mexicanum) presents an excellent model to investigate
mechanisms of brain development that are conserved among vertebrates. In particular,
metamorphic changes of the brain can be induced in free-living aquatic juveniles and adults by
simply adding thyroid hormone (T4) to rearing water. Whole brains were sampled from juvenile
A. mexicanum that were exposed to 0, 8, and 18 days of 50 nM T4, and these were used to isolate
RNA and make normalized cDNA libraries for 454 DNA sequencing. A total of 1,875,732 high
quality cDNA reads were assembled with existing ESTs to obtain 5,884 new contigs for human
RefSeq protein models, and to develop a custom Affymetrix gene expression array (Amby_002)
with approximately 20,000 probe sets. The Amby_002 array was used to identify 303 transcripts
that differed statistically (p < 0.05, fold change > 1.5) as a function of days of T4 treatment.
Further statistical analyses showed that Amby_002 performed concordantly in comparison to an
existing, small format expression array. This study introduces a new A. mexicanum microarray
resource for the community and the first lists of T4-responsive genes from the brain of a
salamander amphibian.

1. Introduction
Thyroid hormone (TH) is essential for normal development of the mammalian brain.
Maternal, fetal, and neonatal TH levels are closely regulated in temporal and spatial contexts
to affect proper cell migration, proliferation, and differentiation, and to orchestrate
synaptogenesis and myelination of neurons (Anderson et al., 2003; Koibuchi, 2008; Patel et
al., 2011). Later in life, thyroid hormone affects the activity of neuroendocrine axes that
regulate reproduction, appetite, behavior, stress response, and longevity (Ooka and Shinkai,
1986; Shi et al., 1994; Gussekloo et al., 2004; Kong et al., 2004; Brambilla et al., 2006;
Leggio et al., 2008; Duval et al., 2010; Krassas et al., 2010). That so many fundamental
biological processes are associated with the action of a single molecule reflects in part the
molecular mechanisms through which TH operates. It has been known for some time that
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TH interacts with nuclear receptors (TRα or TRβ) and cofactors to regulate transcription
directly (Openheimer et al., 1974; Samuels et al., 1974; Sap et al., 1986; Weinberger et al.,
1986), and recent studies are beginning to use unbiased approaches to identify TH-regulated
genes in the brain (e.g. Royland et al., 2008; Das et al., 2009). Much less is known about the
way TH signals via “non-genomic” mechanisms, including membrane receptors, transporter
molecules, and cytoplasmic receptors that elicit changes in cells through signaling pathways
(Caria et al., 2009; reviewed by Davis et al., 2008; Furuya et al., 2009; Cheng et al., 2010).
Identification of additional TH-regulated genes and molecular mechanisms will require
continued studies of traditional models and development of new models.

Many mechanisms that are associated with TH synthesis, activation, and transcriptional
regulation are evolutionarily conserved among vertebrates, and these presumably function
during homologous stages of development (Tata, 1993; 2006). Thus, it is possible to
investigate mechanisms of mammalian brain development in more experimentally tractable
organisms with free-living embryonic and juvenile phases. Anuran amphibians in particular
have been extensively studied because it is straightforward to induce metamorphosis in
tadpoles with TH and investigate how TH affects developmental changes in vivo through
interactions with TRs, accessory co-factors, and changes in chromatin state (e.g. Shi, 2000;
Das et al., 2010; Bilesimo et al., 2011). TH levels increase precipitously during anuran
metamorphosis to regulate the development of adult tissue and organ systems from pre-
existing larval structures and progenitor cell populations. In humans, TH levels similarly
increase as the brain matures during the perinatal stage of early development (Brown et al.,
2005). Thus, the study of anuran metamorphosis may identify TH-dependent mechanisms
that are critical for normal human brain development. However, there are limitations in
using anuran models to study the actions of TH. Although it is straightforward to administer
TH, dosing regimes are generally administered at developmental stages when TH levels are
relatively low in tadpoles. Because genes maybe differentially responsive to TH as a
function of age, precocious administration of TH may activate or repress genes that are not
typical of normal development and metamorphosis. Also, when tadpoles of spontaneously
metamorphosing anurans are exposed to TH, they are already developing toward a
metamorphic endpoint; thus anurans do not provide a true negative control for evaluating
TH signaling.

The Mexican axolotl (Ambystoma mexicanum) provides an alternative amphibian model to
investigate TH signaling (Page et al., 2007; 2008; 2009). While many amphibians undergo
an obligate metamorphosis, A. mexicanum juveniles fail to produce enough TH to induce
metamorphosis (Kuhn, 1989; Galton 1991). As a result, A. mexicanum retain juvenile traits
into the adult stage of life, an adaptation that has been termed paedomorphosis. Importantly,
metamorphosis can be induced in A. mexicanum by simply adding the thyroxine form of TH
(T4) to the water (Page and Voss, 2009). Thus, developmental events can be induced within
the context of a natural, hypothyroid condition at juvenile or adult stages of life. In A.
mexicanum, paedomorphosis is associated with an unidentified genetic factor that affects
developmental timing, response to T4, and hypothalamic-pituitary-thyroid function (Voss
and Smith 2005; Galton 1991; Rosenkilde, 1996; Kuhn 2005).

In previous studies, we used microarray analysis to show that metamorphosis is precisely
and reliably induced in A. mexicanum using 5 or 50 nM T4 (Page et al., 2007; Page et al.,
2008). We also reported an integrative model of epidermal gene expression and whole-
animal anatomical metamorphosis (Page et al., 2009). Here, we report on a study that used
highly parallel 454 DNA sequencing to discover genes from the A. mexicanum brain. The
resulting sequence reads were assembled with pre-existing ESTs from Sal-Site
(www.ambystoma.org) to design a 2nd generation custom Affymetrix expression array
(Amby_002). This new microarray platform was then used to identify genes that are
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differentially expressed in the A. mexicanum brain after treatment with T4. Our study
enhances the A. mexicanum model by providing a new microarray resource and new EST
contigs that increase the total number of Ambystoma-human non-redundant orthologous
sequences to >15,000. Also, our study provides the first lists of T4 -responsive genes from a
salamander amphibian, including genes that are predicted to function in neural
developmental and physiological processes within the brain.

2. Materials and methods
2.1 Animals and Tissue Sampling

Nine A. mexicanum juvenile siblings were obtained from the Ambystoma Genetic Stock
Center at the University of Kentucky and reared under the same laboratory conditions to
approximately 130 days post hatching. At this age, individuals are immature with respect to
gonad maturation and have surpassed the time that metamorphosis typically occurs in
related species. Three individuals were anesthetized in 0.02% benzocaine and the brains and
pituitaries of each were removed, flash frozen in ethanol and liquid nitrogen, and stored
separately at -80 C until the time of RNA isolation. The other 6 individuals were reared
individually in a 50 nM T4 (Sigma, St. Louis, MO; T2376) prepared according to the
method of Page and Voss (2009). When juveniles are reared in 50 nM T4, morphological
metamorphosis initiates approximately 8 days after treatment, morphology rapidly changes
between days 15-20, and metamorphosis is completed after approximately 28-32 days (Page
et al., 2009). We observed early signs of anatomical metamorphosis at Day 8 and changes
indicative of metamorphic climax at D18. After 8 and 18 days of treatment, 3 individuals
were sacrificed and brain/pituitary tissue was removed and stored as described above. This
sampling design yielded three replicates of brain tissue for three groups: no T4 (D0), early
metamorphosis (D8), and metamorphic climax (D18). Animal care and use was carried out
under University of Kentucky IACUC protocols #01087L2006 and #00907L2005.

2.2 RNA isolation and 454 DNA sequencing
Total RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA) and RNA samples were
further purified using Qiagen RNeasy mini-columns. RNA samples were quantified using a
NanoDrop ND-1000 and Agilent BioAnalyzer. RNA from one replicate of each treatment
was used to make cDNA libraries for 454 DNA sequencing. We refer to these as 454_D0,
454_D8, and 454_D18. cDNA libraries were generated using standard methods of MINT
cDNA synthesis and TRIMMER cDNA normalization kits from EVROGEN, Inc; sequences
were size-selected according to manufacturer's instructions. cDNAs were sequenced by the
University of Iowa Biology Department Sequencing Core using the Genome Sequencer FLX
System with Titanium Chemistry (Roche Applied Science, Indianapolis, IN). SeqClean
(http://www.tigr.org/tdb/tgi/software) was used for vector/poor quality trimming, bacterial
contaminant screening, and identification of A. mexicanum mitochondrial DNA and rDNA
sequences. Retained sequences were assembled using Newbler (Version 2.0.01.14) from 454
Life Sciences. Contigs (including singletons) were searched using BLAST algorithms
against the Ambystoma ESTdb at Sal-Site (Smith et al., 2005), and NCBI protein and
nucleotide databases. Queries that returned significant BLAST hits were assigned the gene
identifier of the best-matching subject sequence. 454 DNA sequence reads were assembled
with previous EST data and the overall assembly is available at Sal-Site. Assembled contigs
were submitted to Affymetrix to design approximately 20,000 perfect-match probe sets for a
custom gene expression array: Amby_002 (Part Number 520748).

2.3 Microarray Analysis
Genome-level expression profiling was conducted using Amby_002 and Amby_001, a small
format array (∼4500 probe sets) that was designed in 2005 from approximately 60,000 ESTs
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(Smith et al., 2005). Amby_001 has been used to quantify gene expression in several
experiments (Page et al., 2007, 2008; Monaghan et al., 2007, 2009; Cotter et al 2008),
including an experiment that examined brain tissues from A. mexicanum and A. t. tigrinum
(Page et al., 2010). RNA from all 9 of the brain samples was labeled, hybridized to separate
Amby_002 arrays, and scanned by the University of Kentucky Microarray Core Facility
according to standard Affymetrix protocols. We also hybridized the three D0 and D18
replicates to six Amby_001 arrays to investigate concordance and discordance between the
Affy platforms. Background correction, normalization, and expression summaries were
obtained using the robust multi-array average (RMA) algorithm (Irizarry et al. 2003).

2.4 Identification of differentially expressed genes (DEGs) using microarrays
The expression data from Amby_002 were examined using standard F-tests to identify
genes that were differentially expressed as a function of T4 treatment. Then t-tests were
applied to this list of DEGs to identify the direction of gene expression change between the
D0, D8, and D18 time points. For example, between D0 and D8 an expression change can
be described as up, down, or unchanged. See Supplementary File 1 for details on how F-
tests and t-tests were performed. All statistical analyses were performed using SAS 9.2 (SAS
Institute Inc, Cary, NC, USA) and R 2.11.0 (www.r-project.org).

2.5 Statistical comparison of microarray platforms
We applied several statistical techniques to compare expression values between Amby_001
and Amby_002 for the D0 and D18 groups. We restricted attention to 2601 comparable
probe set pairs, i.e. pairs of probe sets that were designed to target the same gene.
Probability values (p-values) for differential expression between groups D0 and D18 were
computed for each microarray platform, using t-tests applied to RMA normalized expression
values. We computed the Spearman correlation among p-values for Amby_001 and
Amby_002, as well as correlation among log fold change expression values.

We then estimated the percentage of discordant comparable probe set pairs; i.e. comparable
probe set pairs that exhibited detectable measurement differences between groups D0 and
D18. To do this we computed p-values for the treatment × platform interaction in a linear
model for gene expression. In order to avoid underestimating discordant probe set pairs, we
used a highly sensitive counting approach that analyzed the interaction terms' overall p-
value histogram, rather than testing individual p-values. A more in depth treatment of these
statistical methods is provided in Supplemental File 1.

2.6 Identification of statistically enriched biological processes
To identify biological processes that were statistically enriched in lists of DEGs, we
conducted enrichment analyses using PANTHER (Thomas et al., 2003). For all analyses, the
probe sets on Amby_001 and Amby_002 that showed significant sequence identity to
vertebrate NCBI RefSeq proteins were used to generate expected values (i.e., the
background). Only gene ontology terms with two or more supporting genes were reported
and the significance threshold was set to 0.05. The lists of significant GO terms were
manually inspected to remove redundant terms.

3. Results
3.1 Identification of genes from A. mexicanum brain using 454 DNA sequencing

To generate new ESTs from A. mexcianum brain, cDNAs were synthesized for three brain
samples: a brain isolated from a 133 day old individual (D0_454), and brains isolated from
141 and 151 day old individuals that had been reared for 8 and 18 days in 50 nM T4,
respectively (D8_454; D18_454). Overall 2.06 × 106 reads were generated and this yielded
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approximately 584,000-699,000 high-quality sequence reads for each sample, with an
average of 374 base pairs in length (Table 1). Typically, 30-50% of transcripts correspond to
mitochondrial and ribosomal sequences when non-normalized cDNA libraries are sequenced
(Putta et al. 2004; Monaghan et al., 2009). Here, application of a cDNA normalization
procedure before sequencing efficiently reduced mitochondrial and ribosomal sequence
reads to < 3%. Assembly of all high-quality cDNA reads yielded 915,442 unique sequences.
These sequences were assembled with previous EST contigs from Monaghan et al. (2009) to
produce 127,484 contigs each containing at least two overlapping sequences. All contigs and
singletons were searched against NCBI databases to identify significant similarity matches
that would suggest presumptive gene identities. A. mexicanum contigs and singletons
yielded 62,100 significant hits to sequences in the human RefSeq database (BLASTx, e < 1
× 10-7), including 15,384 unique human genes. Assembly of the new brain-derived
sequence reads with existing EST contigs from the Ambystoma EST database increased the
number of non-redundant human-A. mexicanum orthologous sequences by 5,884, and these
annotated to 129 and 127 different biological process and PANTHER pathway annotations,
respectively. The highest numbers of genes annotated to general cellular (N=2110) and
metabolic processes (N=2457) including cell communication (N=1607), signal transduction
(N=1520), nucleobase, nucleoside, nucleotide and nucleic acid metabolic process (N=1174),
and transport (N=1016) (Table 1). The annotations for Panther biological pathways show
that the 454 DNA sequencing approach was highly successful in discovering new genes
associated with neural developmental and physiological processes (Table 2). Genes for
developmental signaling pathways were identified, including Wnt (N=119), Cadherin
(N=59), PDGF (N=53), EGF (N=49), TGF-B (N=42), Endothelin (N=41), FGF (N=40), p53
(N=33), VEGF (N=32), PI3 kinase (N=31), IGF (N=30), Notch (N=15), and Hedgehog
(N=10). Also, genes for a diverse group of neural receptor signaling pathways were
identified, including those involving metabotrophic glutamate receptors (N=91), serotonin
(5HT1-4) receptors (N=77), muscarinic acetylcholine receptors 1-4 (N=61), nicotinic
acetylcholine receptors (N=39), GABA-B receptor 2 (N=17), and ionotropic glutamate
receptors (N=38). Finally, genes were identified for thyrotrophin (N=33) and corticotrophin
releasing factor signaling pathways (N=12), the later of which functions in amphibians to
regulate the release of thyroid hormone and glucocorticoids during metamorphosis.

3.2 Identification of differentially expressed genes using the Amby_002 GeneChip
The contigs that were assembled using brain 454 DNA reads and existing Sal-Site
(www.ambystoma.org) ESTs were used to develop a custom Affymetrix expression array
(Amby_002) with approximately 20,000 perfect-match probe sets. The Amby_002
microarray was used to estimate brain mRNA abundances from A. mexicanum juveniles that
received 0, 8, and 18 days of 50 nM thyroid hormone (T4) treatment. Using statistical and
fold change thresholds (p < 0.05 and fold change > 1.5 for at least one contrast), a total of
303 probe sets yielded significantly different hybridization intensities (transcript
abundances) among the three time points that were compared (Supplemental File 2). The list
of 303 DEGs included 16 redundant probe set pairs and 1 probe set trio that were designed
to target the same reference gene. In all 17 of these cases, redundant probe sets registered
similar estimates of transcript abundance and the same directional change among the time
points. After accounting for probe set redundancy, the list of differentially expressed genes
(DEGs) includes 218 with predicted gene names and 67 that correspond to unknown
transcripts.

PANTHER databases and tools were used to annotate gene ontologies to the 218 DEGs and
identify enriched biological processes and pathways. First, the frequency of ontology terms
for the 218 DEGs was compared to a reference list (N=11353) compiled for all annotatable
probe sets on Amby_002. This yielded 11 enriched biological process ontologies (Table 4)
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and 7 PANTHER pathways at P < 0.05: cholesterol biosynthesis (N=4), glycolysis/fructose
galactose metabolism (N=3), GABA-B receptor II signaling (N=4), Notch signaling
pathway (N=4); formyltetrahydroformate biosynthesis (N=2), heterotrimeric G-protein
signaling pathway-Gi alpha and Gs alpha (N=6), and DNA replication (N=2). The overall
DEG list was then partitioned to associate biological process ontologies with groups of
genes that showed similar temporal changes in transcript abundance. For example,
transcripts for 71 DEGs increased significantly between D0 and D8, while 40 DEGs
decreased significantly during this time interval (Table 4). The DEGs that increased in
abundance between D0 and D8 annotated to processes suggesting a role in cell cycle
regulation. Several of these genes function to promote a cell's progression or arrest through
the cell cycle (ccna2, cdk7, ccnc, ccncb3, tbrg4, cdnk1c, revl3). In comparison to the genes
that increased during D0-D8, only 1 significant biological process (anion transport: chrne,
chrng) was identified for genes that decreased in abundance between D0-D8. The majority
of these genes mapped to different biological processes, although two genes (hes5, hes6)
mapped to the Notch signaling pathway.

More biological process terms were identified for DEGs identified for the D8-D18 time
period (Table 4). Eight of 11 biological process ontology terms that were identified using all
genes were also identified for the group of genes that decreased in abundance between D8
and D18, and many of these were associated with metabolic process terms. Also, genes that
encode hemoglobin subunits (hbe, hba2) expressed during fetal stages of development in
mammals were observed to decrease in abundance, as did growth hormone (gh1) and dnmt1,
a methyltransferase that establishes and maintains tissue specific patterns of DNA
methylation. Sixteen genes that are predicted to function in neurological system processes
increased in abundance (Table 5), as did genes associated with lipid (N=11) and vitamin
(N=5) metabolic processes. The neurological system process genes encode proteins that
function in multiple processes, including steroid and peptide hormone binding (nr3c2,
hcrtr2, nrip1), synaptogenesis (nlgn4x), synaptic transmission (ehd3, rasl11a, gda), and
neural development and patterning (tulp3).

3.3 Statistical comparison of microarray platforms
The same D0 and D18 samples that were hybridized to Amby_002 arrays were also
hybridized to Amby_001, a first generation custom expression array with 3,729 gene-
annotated probe sets. Mean D0 and D18 RMA log expression values were calculated for
2601 probe set pairs that presumably targeted the same gene on each array, and then the
difference in mean expression (i.e. the log fold change) was compared between microarray
platforms. Amby_001 and Amby_002 exhibited a Spearman correlation of rs = 0.76 for the
complete list of probe sets. When measuring differentially expressed transcripts, the two
platforms exhibited very strong statistical agreement; the correlation of log fold change
increased to rs = 0.94 for 281 probe set pairs whose fold change was significant at p < 0.1 on
both Amby_001 and Amby_002 (Figure 1; Supplemental File 3). We note that the strong
correlation between microarray platforms is also robust to fold-change cutoff. For example,
the correlation between platforms was at least rs = 0.93 for fold changes as small as 1.2
(Figure 2). As a further indication of the strong agreement between platforms, the estimated
percentage of discordant probe set pairs between platforms was only 5.3%.

4. Discussion
Amphibians provide excellent models to investigate the effects of thyroid hormone on
development. An important advantage in using A. mexicanum over anuran models is the
ability to reliably stimulate the onset of metamorphosis in juveniles or adults. This study is
the first to use A. mexicanum to identify genes that are expressed differentially in the brain
after inducing metamorphosis with T4. Below, we discuss the approach taken to identify
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new brain transcripts and measure their abundance during metamorphosis, and then discuss
the gene expression results.

4.1. 454 DNA sequencing and gene discovery
Our study shows that 454 DNA sequencing can be used to efficiently discover genes from
specific tissues and design microarray resources to reliably and precisely quantify temporal
changes in gene expression. Over 5,800 new contigs that match human RefSeq proteins
were assembled from 454 DNA reads that were sampled from three normalized cDNA A.
mexicanum brain libraries. The normalization procedure greatly reduced the representation
of mitochondrial and ribosomal sequences that are synthesized when using an oligo-dT
priming approach to generate cDNA from RNA (Monaghan et al., 2009). This increased the
discovery process for brain-associated transcripts. It is also important to note that the 454
DNA sequence generated from this study provided additional sequencing depth and length
for existing EST contigs at Sal-Site. This allowed us to develop a new community resource
– the Amby_002 expression array. We showed statistically that the new Amby_002 array
provides estimates of gene expression that are concordant with the earlier Amby_001 array,
however Amby_002 has approximately 5× more probe sets than Amby_001 and thus allows
greater resolution of gene expression. Using Amby_002, we identified 303 differentially
expressed brain transcripts that correspond to 218 A. mexicanum-human orthologous
protein-coding sequences. Of the 218, 131 corresponded to probe sets that are unique to the
Amby_002 array and are not represented on Amby_001. Thus, 60% of the DEGs that were
identified in this study would not have been identified using the Amby_001 array.

4.2 TH-induced genes in the A. mexicanum brain
The DEGs identified in this study show that TH-induced brain metamorphosis in A.
mexicanum is associated with a diversity of biological processes. These include genes that
annotated to metabolic, cell cycle and signaling, and neurological systems ontologies.
Thyroid hormone has long been associated with cellular macromolecular biosynthesis in
both mammals and amphibians (Tata, 1993). As amphibian larvae mature, increasing levels
of TH alter cellular metabolic processes to meet the energetic demands of metamorphosis.
Three of the 7 significantly enriched PANTHER pathway terms identified from the
complete list of DEGs annotated to cellular metabolic ontologies: glycolysis/fructose
galactose metabolism (aldob, aldoc, hk2), formyltetrahydroformate biosynthesis (mthfd1,
tyms), and cholesterol biosynthesis (fdps, hmgcs1, lss, pmvk). Other presumably up-
regulated DEGs that were associated with metabolism but not identified by PANTHER
include pea15 (autophagy and glucose metabolism), cyp2a13 (cholesterol/lipid metabolism
in endoplasmic reticulum), cpt1a (fatty acid oxidation in mitochondria), pprc1 (activator of
mitochondrial biogenesis), and cycs (electron transport in mitochondria). We note that TH-
induced metabolic changes derive from changes in chromatin (dotl1, dnmt1), transcription
(gtf2ird2b, tcea2), translation (eif4e2, etf1, mars, nars2, trmt12), and transport (rhot1, tspo,
dirc2), and genes associated with these fundamental cellular processes were also identified.

With respect to cell cycle and signaling ontology terms, several genes were identified that
encode proteins for regulation of cell cycle progression (ccna2, cdk7, ccnc, ccncb3, tbrg4,
revl3) and arrest (cdnk1c). Although usp16 was not associated with the cell cycle ontology
by PANTHER, this gene is thyroid hormone responsive in mammalian liver and associated
with histone H2A deubiquitination and cell cycle progression (Pihlajamäki et al., 2009).
Because the protein products of cell cycle genes are generally regulated post
transcriptionally, their functional significance is unclear. However, it is well established that
TH regulates neuronal and glial cell proliferation, migration, and maturation during early
mammalian development (Anderson et al., 2003; Koibuchi, 2008; Patel et al., 2011). Genes
that function to regulate such processes likely are members of major signaling pathways and
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this study identified DEGs belonging to MAPK (mapkapk3), Hedgehog (tulp3), Wnt (dkk3),
FGF (fgfbp1), integrin (arf6, crk, col6a3), endothelin (adcy2, adcy8, and prkx), Notch
(Hes5, Hes6, lfng, Notch1), and heterotrimeric G-protein signaling pathways (adcy2, adcy8,
adora1, kcnj3, htr5a1, prkx). Both adcy2 and adcy8 increased in abundance in response to
TH; in mammals, the expression of adenylyl cyclases is developmentally regulated and
associated with synaptic plasticity, behavior, and learning (Sanabra and Mengod, 2011). The
Notch signaling pathway functions to regulate neural development by specifying cell
proliferation and differentiation. All 4 Notch-pathway genes showed decreasing transcript
abundances, a pattern suggestive of cell differentiation (Gaiano and Fishell, 2002). Future
studies that localize mRNAs to specific cell types by in situ hybridization are needed to
determine how these signaling pathways function to remodel existing neural networks and
stimulate neurogenesis from progenitor cell populations.

The overall list of 218 DEGs contained 30 genes that annotated to the neural systems
ontology. Sixteen of these genes were up regulated between D8-D18, and 4 of these are
highlighted here: (1) hcrtr2, a cell surface receptor that binds hypothalamic peptides (orexin
A and B) that regulate appetite and other behaviors (Wong et al., 2011); (2) nr3c2, a
transcription factor that binds glucocorticoids and whose functions are associated with stress
and aging (De Kloet et al., 1998); (3) tulp3, a heterotrimeric-G-protein-responsive
intracellular signaling factor that functions in neural development and patterning (Cameron
et al., 2003); and (4) nlgn4x which functions in synaptogenesis and is associated with autism
(Bolliger et al., 2001).

4.3 Relationship of TH-induced genes to genes expressed during natural metamorphosis
A previous microarray study using Amby_001 compared the brain gene expression
programs of chronologically matched larvae of A. mexicanum and A. tigrinum tigrinum,
before and during the process of metamorphosis in the latter species (Page et al., 2010). In
A. t. tigrinum, thyroid hormone increases during larval development (Norman et al., 1987)
and this is thought to initiate metamorphosis through thyroid hormone receptors, as has been
shown in anurans (Das et al., 2010). Hundreds of transcripts were observed to show the
same temporal patterns of change between A. t. tigrinum and A. mexicanum, including genes
associated with neural development and maturation. Thus, some aspects of brain
development and function are conserved regardless of whether a larva is developing toward
a metamorphic or paedomorphic outcome. However, many genes were expressed differently
between the species and more profoundly so at the time A. t. tigrinum larvae underwent
metamorphosis. These latter genes were interpreted as comprising a metamorphic
transcriptional program, presumably induced directly or indirectly by increasing TH levels
during development. A few of these presumptive metamorphic response genes were
observed to show the same pattern of increase (ccdc43, hmga1, glul, dnajb13, rpe65, gpx1,
cyp2a13, nr3c2, cartpt, dkk3) or decrease (tyms, dnmt1, ptx3, prim1, hbe1, hba2, smc4,
s100a2, kiff22, pbk) in transcript abundance that was observed in this study. This validates
these genes as TH-responsive and suggests that TH-response genes have been maintained in
the paedomorphic A. mexicanum lineage since divergence from a common metamorphic
ancestor (Shaffer and Voss, 1996). However, > 85% of the genes identified as uniquely
expressed in A. t. tigrinum were not identified as differentially expressed in this study. This
may reflect differences in experimental design and statistical approaches between the
studies, and the possibility that TH-response varies among related species and at different
times during ontogeny. Page et. al. (2010) characterized transcriptional responses when
metamorphosis normally occurs in A. t. tigrinum (∼50-90 days), while this study induced
metamorphosis in 139 day old A. mexicanum juveniles. It is possible that transcriptional
patterns change in response to TH as the brain matures; unfortunately, we did not evaluate
control samples (i.e. no thyroid hormone) from 147 (D8) and 157 (D18) day old A.
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mexicanum to test for this possibility. Another possibility is that transcription may be
phenomenological with regard to TH treatment, although A. mexicanum show reproducible
patterns of epidermal transcription across an order of magnitude range of TH treatment
(Page et. al., 2008; 5-50 nM). Further studies are needed to investigate the transcriptional
response to TH at different juvenile and adult stages of A. mexicanum development.

5. Conclusion
Amphibian metamorphosis provides an excellent model to study TH-responsive periods of
development that are homologous among vertebrates. This study introduces a new A.
mexicanum microarray resource for the community and the first lists of T4-responsive genes
from the brain of a salamander amphibian. The Mexican axolotl (A. mexicanum) is an
unusual, hypothyroidic salamander that is available from genetically homogenous laboratory
stocks maintained at University of Kentucky. It will be important in future studies to detail
transcriptional changes over narrower time intervals during metamorphosis, as this is a very
dynamic process. Also, it will be important to determine how TH-induced transcriptional
changes vary across species and ontogeny.
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Figure 1.
Plot showing the D0-D18 difference in mean expression calculated for 281 probe sets
identified at p < 0.1 from Amby_001 and Amby_002. The Spearman correlation is rs = 0.94
and the regression line is y = -0.014 + 1.062 ×.
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Figure 2.
Spearman correlation coefficients were calculated for groups of comparable probe sets
between Amby_001 and Amby_002. The groups were created from the complete list of
2601 comparable probe sets using fold change as a criterion.
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Table 1
454 DNA sequence reads that were generated for each cDNA brain library

454_D0 454_D8 454_D18 Totals

Total Reads 645415 651424 769018 2065857

Filtered 43664 51904 46150 141718

mtRNA/rRNA 6935 15288 23376 45599

Final Reads 594816 584232 696684 1875732
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Table 5

List of D0-D8 up-regulated genes that annotated to the neurological system process ontology term.

Gene Symbol Neurological Process

PRKX Serine/threonine-protein kinase PRKX

RASL11A Ras-like protein family member 11A

EHD3 EH domain-containing protein 3

RPE65 Retinal pigment epithelium-specific 65 kDa protein

HCRTR2 Orexin receptor type 2

MAPKAP3 MAP kinase-activated protein kinase 3

HTR5A 5-hydroxytryptamine receptor 5A

MARS Methionyl-tRNA synthetase, cytoplasmic

PTH2 Peptidyl-tRNA hydrolase 2, mitochondrial

ADORA1 Adenosine receptor A1

TULP3 Tubby-related protein 3

MARS Src-like-adapter 2

NR3C2 Mineralocorticoid receptor

KCNJ3 G protein-activated inward rectifier potassium channel

ILF2 Interleukin enhancer-binding factor 2

NLGN4X Neuroligin-4, X-linked
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