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A B S T R A C T

Stress hormones, also known as glucocorticoids, are critical for survival at birth in mammals due at least in part
to their importance in lung maturation. However, because air breathing is not always required for amphibian
survival and because stress hormones have no known developmental impact except to modulate the develop-
mental actions of thyroid hormone (TH), the requirement for stress hormone signaling during metamorphosis is
not well understoodi. Here, we produced a glucocorticoid receptor knockout (GRKO) Xenopus line with a fra-
meshift mutation in the first exon of the glucocorticoid receptor. Induction by exogenous corticosterone (CORT,
the frog stress hormone) of the CORT response genes, klf9 (Krüppel-like factor 9, also regulated by TH) and ush1g
(Usher's syndrome 1G), was completely abrogated in GRKO tadpoles. Surprisingly, GRKO tadpoles developed
faster than wild-type tadpoles until forelimb emergence and then developed more slowly until their death at the
climax of metamorphosis. Growth rate was not affected in GRKO tadpoles, but they achieved a smaller maximum
size. Gene expression analysis of the TH response genes, thrb (TH receptor beta) and klf9 showed reduced ex-
pression in the tail at metamorphic climax consistent with the reduced development rate. These results indicate
that glucocorticoid receptor is required for survival through metamorphosis and support dual roles for GR
signaling in control of developmental rate.

1. Introduction

Glucocorticoids, or stress hormones, are a class of steroid hormones
vital for the developmental maturation of organs in preparation for
birth, principally the lungs, but also brain, liver, and kidney (Bolt et al.,
2001; de Kloet et al., 2008; Fowden and Forhead, 2015; Liggins, 1994;
Wada, 2008). Importantly, infants born prematurely experience in-
sufficient glucocorticoid signaling resulting in inadequate gas exchange
in immature lungs, and death occurs in extreme hormone deficiency
(Davis and Sandman, 2010). While glucocorticoid treatment saves lives
through maturational effects of the neonate lungs, overexposure to
glucocorticoids can lead to negative consequences later in life, such as
an increased risk of heart disease, neurological disorders, type 2 dia-
betes, and obesity, via incompletely known mechanisms (Harris and
Seckl, 2011; Liu et al., 1997; Miguel et al., 2019).

Glucocorticoid levels in the blood are regulated centrally by the
hypothalamic–pituitary adrenal axis during development and during
stressful situations (Aguilera, 2011; Davis and Sandman, 2010; Jaudet
and Hatey, 1984; Tsigos and Chrousos, 2002). Specifically, the central

nervous system signals the hypothalamus to release corticotropin re-
leasing hormone, which stimulates the pituitary to release adreno-
corticotropic hormone, which then activates the adrenal glands to
produce glucocorticoids. Glucocorticoids exert negative feedback at the
level of the pituitary and the hypothalamus, allowing for homeostatic
control of plasma levels of glucocorticoids (Makino et al., 2002). The
developmental and metabolic actions of glucocorticoids are potentially
mediated through two nuclear receptors: the type I corticosteroid re-
ceptor, also known as the mineralocorticoid receptor (MR), and the
type II corticosteroid receptor, also known as the glucocorticoid re-
ceptor (GR) (Arriza et al., 1987; Kulkarni and Buchholz, 2014;
Thompson, 1987). These nuclear receptors act as ligand-activated
transcription factors to regulate gene expression (Beato and Klug, 2000;
Funder, 1997).

In this report, we focus on GR signaling because its tissue dis-
tribution is more widespread than the MR and thus is likely to play a
greater role in developmental regulation across tissues. Mice and zeb-
rafish knockout models lacking GR have provided significant insights
into the developmental role(s) of glucocorticoid signaling (Sakamoto
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and Sakamoto, 2019; Whirledge and DeFranco, 2018). GR knockout
(GRKO) mice demonstrate a lethal phenotype shortly after birth be-
cause of impaired lung development, implicating the necessity of glu-
cocorticoids in fetal lung maturation (Cole et al., 1995). In contrast,
GRKO zebrafish are viable through adulthood (Facchinello et al., 2017).
Like fish and unlike mammals, tadpoles of the biomedical model frog
Xenopus laevis can survive metamorphosis and become fertile adults
when completely denied access to air throughout life, though rearing in
highly oxygenated water is required (Rose and James, 2013). Thus,
glucocorticoid signaling for lung maturation, whether or not it occurs in
frogs, may not be required for survival through metamorphosis. Simi-
larly, glucocorticoid-dependent actions in other organs, as is known for
mammals, are likely important in frogs, but such roles and require-
ments for glucocorticoids during metamorphosis are not well under-
stood (Sachs and Buchholz, 2019). Also, because mammalian devel-
opment occurs in a uterine environment in the presence of maternal
hormones (Fowden and Forhead, 2015), developmental mechanisms of
glucocorticoid action are challenging to isolate and analyze in mam-
mals.

Tadpoles of Xenopus are free-living and free from maternal hor-
mones, simplifying developmental analyses during the transition from
aquatic to terrestrial living represented by birth in mammals and

metamorphosis in amphibians (Buchholz, 2015). The current under-
standing for the role of corticosterone (CORT, the frog glucocorticoid)
in amphibian development is to modulate the effects of thyroid hor-
mone (TH), which is necessary and sufficient for initiating the changes
that occur during metamorphosis (Kikuyama et al., 1993; Denver et al.,
2002; Das et al., 2010; Kulkarni and Buchholz, 2014). In tadpoles,
CORT levels, as well as TH levels, are low during premetamorphosis,
slowly rise until they peak around metamorphic climax (NF 62,
Nieuwkoop and Faber stage 62) (Nieuwkoop and Faber, 1967), and
then decrease at the end of climax to the adult level (Leloup and
Buscaglia, 1977; Jaudet and Hatey, 1984). Exogenous CORT treatment
during early development inhibits growth and development
(Glennemeier and Denver, 2002; Hayes et al., 1993), but CORT treat-
ment in combination with TH accelerates developmental changes be-
yond those achieved by TH alone (Bonett et al., 2010). Similarly,
stressful tadpole living conditions, such as crowding and low water,
induce a stress response resulting in accelerated metamorphosis via
increased CORT and TH plasma levels (Denver, 1998; Gomez-Mestre
et al., 2013). Conversely, treatment with the GR antagonist, mifepris-
tone (RU486) in the rearing water throughout larval development
caused a 4-day delay to achieve tail resorption (Rollins-Smith et al.,
1997). Gene expression studies identified genes induced by CORT,

Fig. 1. Genomic analysis of GR targeting by CRISPR A) The CRISPR target site of GR is in the first exon of 8 exons. Black bars at the start and end of the transcript
represent 3′ and 5′ untranslated regions (UTRs). The region targeted has been expanded, showing the gRNA binding site (highlighted), the exact cut site (black
triangle), and the forward and reverse PCR primer binding sites (underlined) used to amplify the targeted region. Amino acids are listed below the mRNA sequence.
E = exon. DBD = DNA binding domain. LBD = ligand binding domain. B) Sequence analysis of GR mutation shows a 10-bp deletion. Computer generated
translation is shown below each sequence. The wild-type sequence is shown at the top of the panel with the highlighted portion representing the CRISPR target site,
while GRKO tadpoles demonstrate a 10-bp deletion within the target site. C) Computer translation of the wild-type and mutant GR sequences predicts a truncation
mutation eliminating half of the N-terminal region and all of the the DNA-binding and the ligand-binding domains. The first 168 amino acids are in common followed
by amino acids that were changed due to the frameshift mutation. NTD = N-terminal Domain. DBD = DNA-binding domain. H = Hinge Region. LBD = Ligand-
binding domain. GRKO = Glucocorticoid receptor knockout.
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including klf9 (Krüppel-like factor 9) (Bagamasbad et al., 2012) and
ush1g (Usher's syndrome 1G) (Schneider et al., 2018). With a single
known exception (Miyakawa et al., 1984), CORT has no direct effect by
itself to advance tadpole development except via modulation of TH
signaling (Sachs and Buchholz, 2019).

In this study, our goal was to use CRISPR to knockout the frog GR to
study the role of CORT/GR signaling in development. Whereas most
embryological studies use the allotetraploid frog species X. laevis, gene
knockout studies are greatly facilitated by use of the highly related X.
tropicalis with its diploid genome and faster generation time (Kakebeen
and Wills, 2019). Here, we characterized a GRKO line in X. tropicalis
using genomic sequencing and CORT response gene induction, and then
we used this line to examine the consequences for tadpole growth,
development, and gene expression during metamorphosis.

2. Materials and methods

2.1. Animal husbandry

Wild-type outbred male and female adult Xenopus tropicalis from the
lab colony were mated by priming with 20U of ovine luteinizing hor-
mone (National Hormone and Peptide Program, http://www.humc.

edu/hormones) in the evening and boosting with 200U the following
morning. Tadpoles were reared at 26 °C and fed twice daily with
powdered food (Sera Micron), and water was changed daily. Animal use
in experiments was in accordance with the University of Cincinnati
Institutional Animal Care and Use Committee (IACUC protocol #
06–10-03–01).

2.2. CRISPR-Cas9 microinjections

Xenopus tropicalis eggs were fertilized, de-jellied, and then zygotes
or 2-cell stage embryos were injected with 500 pg Cas9 mRNA, 150 pg
sgRNA, and 400 pg mCherry in 2 nL using a Picospritzer III (Parker
Hanaffin Corp.) as previously described (Choi et al., 2015). Cas9 mRNA
was prepared from NotI-linearized pCS2-Cas9 (gift from A. Zorn) using
the MEGAscript SP6 in-vitro transcription kit (Ambion). The GR target
sequence (5′ GGCCTTCCATGCTAGGTCAG) was cloned into the plasmid
DR274 (gift from I. Blitz), and the sgRNA was prepared from DR274-GR
using MEGAscript T7 (Blitz et al., 2013). mCherry mRNA from KpnI-
linearized CS108-mCherry (gift from Dr. M. Khokha) was also prepared
using the MEGAscript T7 in-vitro transcription kit. Injected embryos
positive for mCherry expression were founders and reared to adulthood
and then crossed to obtain F1 and F2 generations.

2.3. Heteroduplex mobility assay and establishment of the GRKO line

The heteroduplex mobility assay (HMA) was utilized to genotype F1
and F2 tadpoles (Delwart et al., 1993; Ota et al., 2013). Genomic DNA
was prepared from tail tips by means of the HotSHOT protocol used in
mice (Truett et al., 2000). Briefly, tail tips were excised using a razor
blade and incubated in 50 uL of 25 mM NaOH/0.2 mM EDTA for 15 min
at 95C, and then 50 uL of 40 mM Tris-HCl was added to neutralize the
solution followed by vortexing. Next, PCR reactions on 1uL genomic
DNA were carried out using DreamTaq (Thermo) and the primers
5′-ACATTGCCCCCAGATAGAC and 5′-CCTGTAATAGGTCAAAGGTGC
to amplify the CRISPR target region. Reactions were performed at 94C
for 5 min, 32 cycles of (98C for 10 s, 52C for 15 s, and 72C for 30 s), and
72C for 5 min. DNA strands were then separated and allowed to re-
anneal (95C for 5 min, 16C for 10 min, and 25C for 5 min). These
reactions were loaded on 8% polyacrylamide gels and run at 150 V.
Gels stained with ethidium bromide were imaged using a UV tran-
silluminator (Fisher). Tadpoles were sorted into wild-type, hetero-
zygous, and homozygous based on HMA patterns. One HMA pattern
was kept from F1 individuals that had a single 10-bp frameshift mu-
tation identified by Sanger sequencing using F2 animals. Genotyped
animals from F2 individuals were used in experiments.

Fig. 2. Heteroduplex mobility assay (HMA). PCR amplification of wild-type
(lane 1), GRKO (lane 2), and heterozygous (lane 3) tadpole DNA followed by
boiling and reannealing of the PCR products results in diagnostic banding
patterns on an ethidium bromide-stained gel. The lower bands run at the pre-
dicted PCR product sizes, and heteroduplex bands running more slowly through
the gel were expected in the heterozygous sample. The identity of the upper
bands in the wild-type and GRKO lanes are unknown.

Fig. 3. GR expression during natural metamorphosis.
Tails were harvested from wild-type, heterozygous,
and GRKO individuals reared to NF 54, NF 58, and
NF 61 for gene expression analysis of GR. GR ex-
pression levels were normalized to rpl8 and analyzed
utilizing ANOVA. Letters above each bar represent
significance groups based on Tukey’s honest sig-
nificant difference test (p < 0.05). n = 5 per gen-
otype. Error bars represent standard error.
WT = Wild-type. Het = Heterozygous.
GRKO = Glucocorticoid receptor knockout.
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2.4. Growth and development

When F2 tadpoles reached NF 50-53 (foot paddle stage)
(Nieuwkoop and Faber, 1967), they were sorted into genotypes (wild-
type, heterozygous, GRKO) and individually reared in 2 L buckets. Ad
libitum feeding occurred once daily with water changes occurring every
3 days. To reduce the chances of temperature bias, all tadpoles were
reared on the same shelf level and were haphazardly shifted positions
each water change. NF stage and snout-vent length (from anterior-most
point of head not including tentacles to posterior part of cloacal
opening) were measured every 5 days until each individual died or
reached the completion of metamorphosis at NF 66 (tail resorption).
Also, the number of days to NF 58 (forelimb emergence) and NF 61
(beginning of gill resorption) was recorded for each individual.

2.5. Hormone treatment and gene expression

To measure hormone response gene induction by exogenous CORT,
F2 tadpoles genotyped at NF50-53 were treated at NF54 (just at be-
ginning of metamorphosis) for 24 h. with vehicle (ethanol), 100 nM

CORT, or 500 nM CORT. After 24 h of treatment, tails from MS222-
anesthetized tadpoles were harvested and snap frozen on dry ice (n = 5
per genotype per treatment). For hormone response gene expression
during natural metamorphosis, tails from tadpoles of each genotype
were harvested at NF 54, NF 58, and NF 61 (n = 10). RNA extraction
was performed using TRI REAGENT RT following the manufacturer's
instructions (Molecular Research Center, Inc.). Complementary DNA
synthesis from 1ug RNA for each sample was obtained using the High-
Capacity cDNA reverse transcription kit (Applied Biosystems). QPCR
with 1uL cDNA was carried out using Luminaris Color Probe qPCR
Master Mix High ROX (Thermo Scientific) and the TaqMan primer/
probe sets (Applied Biosystems) on a 7300 Real Time PCR System
(Applied Biosystems) for klf9, ush1g, thrb, and rpl8 (Dhorne-Pollet et al.,
2013). TaqMan primer probe sequences were the following: ribosomal
protein L8 (rpl8) (forward: 5′-AGAAGGTCATCTCATCTGCAAACAG, re-
verse: 5′-CTTCAGGATGGGTTTGTCAATACG A, probe: 5′ CAACCCCAA
CAATAGCT), Usher syndrome 1G (ush1g) (forward: 5′- GCGCTGCGGG
TCATTG, reverse: 5′-GCGGCCACGTGCAG, probe: 5′-TCACCCCCCC
GGCTGA), Krüppel-like factor 9 (klf9) (forward: 5′- CCTTAAAGCCCA
TTACAGAGTCCAT, reverse: 5′-GCAGTCAGGCCACGTACA, probe:
5′-ACAGGTGAACGCCCTTTT), and thyroid hormone receptor β (thrb)
(forward: 5′-CAAGAGTTGTTGATTTTGCCAAAAA, reverse: 5′-ACATGA
TCTCCATACAACAGCCTTT, probe: 5′-CTGCCATGTGAAGACC).

2.6. Statistical analysis

One-way analysis of variance (ANOVA) with genotypes, treatments,
or stages as factors was performed with base R (R Core Team, 2018) and
Tukey’s honest significant difference test (α = 0.05) as part of the
agricolae package in R v3.4.4 (Mendiburu, 2017).

3. Results

3.1. CRISPR design and breeding to obtain GRKO tadpoles

To create glucocorticoid receptor knockout frogs, the CRISPR-Cas9
system was utilized to target the first exon of the GR gene of X. tropicalis
to disrupt the DNA-binding domain (DBD) and the ligand binding do-
main (LBD) (Fig. 1A). To create null mutations in both alleles, founder
X. tropicalis were first bred to wild-type X. tropicalis to produce F1 an-
imals which were screened with HMA to identify GR heterozygous in-
dividuals. A single HMA pattern was kept and is represented in Fig. 2.
Heterozygous individuals all harboring the same 10-base pair

Fig. 4. Impaired CORT-response gene induction by exogenous CORT. Wild-type, heterozygous, and GRKO individuals at NF 54 were treated with vehicle, 100 nM
CORT, or 500 nM CORT for 24 h, and tails were harvested for RNA extraction and quantitative PCR. mRNA expression levels relative to the normalizing gene rpl8 of
the CORT-response genes (A) klf9 and (B) ush1g show lack of induction for both genes in both heterozygotes and GRKO animals. n = 5 per genotype per treatment.
Expression levels were analyzed across genotypes and treatment groups. Letters above bars represent significance groups based on Tukey’s honest significant
difference test (p < 0.05). Error bars represent standard error. WT = Wild-type. Het = Heterozygous. GRKO = Glucocorticoid receptor knockout.

Fig. 5. Lethality of GR mutation. Twenty GRKO individuals were genotyped at
NF 50-53 and individually reared through larval development. The histogram of
NF stage at death of GRKO individuals reveals that mutant tadpoles all died,
predominantly at metamorphic climax (NF 62-63) when TH and CORT levels
are highest in wild-type individuals and gill resorption is occurring.
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frameshift mutation (Fig. 1B, C) were crossed with each other to pro-
duce F2 offspring where approximately 25% were wild-type, 50% were
heterozygous, and 25% were GRKO based on HMA screening.

3.2. Gene expression analysis of GR during natural metamorphosis

To determine if there was any evidence of nonsense-mediated
decay, GR expression was analyzed via gene expression analysis in the
tails of wild-type, heterozygous, and GRKO animals across natural
metamorphosis (Fig. 3). At NF 54 and NF 58, there were no significant
differences between the three genotypes. At NF 61, there was a sig-
nificant decrease in GR expression in GRKO tadpoles compared to wild-
type and heterozygous, suggesting nonsense-mediated decay.

3.3. Impaired CORT response-gene induction in GRKO tadpoles

To confirm the sequencing results predicting a non-functional re-
ceptor in GRKO tadpoles, CORT response gene induction was measured
in wild-type, heterozygous, and GRKO tadpoles after 24 hrs of treat-
ment with exogenous CORT at 0, 100, and 500 nM. We measured the
induction of the CORT response gene klf9 (Bagamasbad et al., 2012;
Shewade et al., 2017) and the CORT-only response gene ush1g
(Schneider et al., 2018) relative to the housekeeping gene rpl8 (Dhorne-
Pollet et al., 2013). As expected, GRKO tadpoles demonstrated no up-
regulation in either klf9 or ush1g in response to CORT treatment, while
both genes were induced by CORT in wild-type siblings (Fig. 4). As
commonly observed in endocrine experiments, the upregulation of klf9
in wild-type tadpoles showed an inverted U induction profile (Shewade
et al., 2017; Vandenberg et al., 2012). Surprisingly, in GR heterozygous
individuals, we found no significant upregulation in GR heterozygous
individuals in either gene in response to CORT treatment at 100 nM or

500 nM.

3.4. Growth, Development, and Lethality

To examine the developmental consequences of impaired GR sig-
naling, we attempted to rear GRKO tadpoles through metamorphosis
and found that all perished between the start of gill resorption and mid-
tail resorption (NF 61–64) (Fig. 5). Heterozygous individuals are viable
and fertile as adults. To quantify the effects on growth and development
prior to death, we individually raised 10 tadpoles of each genotype
starting at NF 54. GRKO tadpoles developed at a faster rate compared to
wild-type and heterozygous animals until NF 58, after which the de-
velopmental rate of the GRKO tadpoles dramatically decreased until
death around NF 62–63 (Fig. 6A, C, D). Specifically, GRKO tadpoles
reached forelimb emergence (NF 58) 7 days earlier than wild type but
then reached beginning of gill resorption 4 days later then wild type, a
difference of> 1 week in the ~4 week assay period (Fig. 6C, D).
Tadpole size over time showed a different pattern among genotypes
compared to development (Fig. 6.B). All genotypes grew similarly until
Day 10, after which time the GRKO tadpoles reached their maximum
size earlier than wild-type and heterozygous tadpoles.

3.5. Gene expression analysis across natural metamorphosis

Because of the developmental phenotypes observed in the GRKO
tadpoles, we analyzed thyroid hormone (TH) and CORT response gene
expression from tails of NF 54, NF 58, and NF 61 tadpoles from each
genotype (Fig. 7). As development proceeded for each genotype, thrb
and klf9 increased, but ush1g increased only in wild type. At NF 61,
GRKO tadpoles demonstrated significantly lower expression of thrb and
klf9 compared to wild-type individuals, consistent with the reduction in

Fig. 6. Growth and development anomalies in GRKO tadpoles. Sibling tadpoles of each genotype, (wild-type, heterozygotes, GRKO) were reared individually starting
at NF 54 (just before metamorphosis begins), and (A) developmental stage and (B) tadpole snout-vent length (SVL) were recorded every 5 days. Also, (C) day of
forelimb emergence (NF 58) and (D) start of gill resorption (NF 61) was recorded for each tadpole. (A, B) Circled shapes represent significance groups based on
Tukey’s honest significant difference test (p < 0.05) assessed for each Day. (C, D) Letters above bars represent significance groups based on Tukey’s honest
significant difference test (p < 0.05). n = 10 per genotype. Error bars represent standard error. WT = Wild-type. Het = Heterozygous. GRKO = Glucocorticoid
receptor knockout.
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developmental rate at this stage. The converse was not seen, namely
despite the increased developmental rate to achieve NF58 in GRKO
animals, no difference in hormone response genes were seen at this
stage.

4. Discussion

Here, we produced and characterized the growth and development
of GR knockout X. tropicalis. We used CRISPR-Cas9 to target the first
exon of GR and isolated a 10-bp mutant predicted to produce a trun-
cated protein lacking the DNA- and ligand-binding domains and about
half of the activation function domain 1 in the N-terminus, which in-
teracts with coregulatory proteins (Bamberger et al., 1996; Kumar and
Thompson, 2005). Loss of ligand-dependent gene induction was con-
firmed by showing that GRKO tadpoles failed to induce the CORT re-
sponse genes, klf9 and ush1g, in response to exogenous CORT in pre-
metamorphic tadpoles. Surprisingly, we observed that gene expression
of heterozygous individuals showed no significant differences from
GRKO tadpoles, even at high doses of CORT (500 nM). It is possible that
the expression level of GR in premetamorphosis is very low, potentially
below a threshold in heterozygotes required to observe gene induction.
We also observed significant evidence of nonsense-mediated decay
(NMD) (Brogna and Wen, 2009) at late but not early stage tadpoles,
suggesting that at least some mutant GR mRNA is being removed by this
mechanism. It is possible that NMD occurs at earlier stages, but GR
expression is lower at those stages such that any difference may be
undetectable.

The most striking observation in GRKO tadpoles is that they do not
survive through metamorphosis. GRKO tadpoles progress through most
of the metamorphic changes but then die between metamorphic climax
and nearly complete tail resorption. Thus, signaling through GR is re-
quired for metamorphic completion. This result contrasts with the ex-
pectation from prior studies that CORT signaling has no known effect

on metamorphosis except to modify the rate of development controlled
by TH (Kikuyama et al., 1993; Denver, 2009). On the other hand, death
at metamorphosis is comparable to death at birth in GR knockout mice,
both occurring at the aquatic to terrestrial developmental transition
(Buchholz, 2015). The cause of death in GRKO mice is from lung at-
electasis, but the cause of death in tadpoles is not yet known. Most
GRKO tadpoles die around the time of gill resorption (NF 62 and NF
63), correlating with switching from using gills to lungs. Thus, tadpole
suffocation is a possible cause of death, because under normal rearing
conditions access to air is required for survival in tadpoles and adults
(Rose and James, 2013). However, the GRKO tadpole lungs appeared
normal at the gross morphology level (not shown), but neither histology
nor gas exchange function was examined. Alternatively, tissue-specific
GR knockout mice have shown that death within two days of birth
occurs in 50% of mice lacking liver GR expression, presumably due to
impaired regulation of glucose metabolism (Opherk et al., 2004). Fur-
ther studies are required to identify the cause of death in GRKO tad-
poles.

GRKO phenotypes were also observed prior to the death that occurs
at the end of metamorphosis. In two independent growth and devel-
opment experiments, GRKO tadpoles developed significantly faster to
achieve forelimb emergence but from then took significantly longer to
achieve metamorphic climax. As for growth, tadpole size was similar
among genotypes until Day 15 when GRKO tadpoles achieved the stage
at which maximum tadpole size occurs (forelimb emergence, NF 58).
Because GRKO tadpoles achieved NF 58 earlier, they had less overall
time to grow to that stage and thus achieved a smaller size compared to
wild-type and heterozygotes that had longer time to grow until NF 58.
These results complement previous studies showing that GR signaling
induced early by exogenous CORT treatment inhibits development
(Lorenz, Opitz, Lutz, & Kloas, 2009; Kobayashi, 1958), and later in
metamorphosis GR signaling with exogenous CORT or stressful rearing
conditions can accelerate metamorphic events (Bonett et al., 2010;

Fig. 7. Impaired TH-response gene expression during natural metamorphosis. Sibling wild-type, heterozygous, and GFKO tadpoles were reared to NF 54, NF 58, or
NF 61, and their tails were harvested for RNA extraction and quantitative PCR. mRNA expression levels relative to the normalizing gene rpl8 of (A) thrb, a TH-
response gene (B) klf9, a gene induced by TH and/or CORT, and (C) ush1g, a CORT-response gene shows reduced TH-response gene expression at NF 61. For NF 54,
n = 5 per genotype. For NF 58 and NF 61, n = 10 per genotype. Letters above each bar represent significance groups based on Tukey’s honest significant difference
test (p < 0.05). Error bars represent standard error. WT = Wild-type. Het = Heterozygous. GRKO = Glucocorticoid receptor knockout.

Z.R. Sterner, et al. General and Comparative Endocrinology 291 (2020) 113419

6



Kulkarni et al., 2011). These data suggest that GR signaling impedes
development before forelimb emergence and then accelerates devel-
opment in subsequent developmental stages.

To gain insight into the mechanisms underlying these divergent
effects of GR signaling on developmental rate, we analyzed the ex-
pression of hormone response genes during natural metamorphosis,
namely a TH response gene (thrb), a TH and CORT response gene (klf9),
and a CORT response gene (ush1g) (Bagamasbad et al., 2012; Choi
et al., 2015; Schneider et al., 2018). In wild-type tadpoles, these genes
all reach a maximum expression level at climax of metamorphosis,
corresponding to peak hormone titers that occur at that stage compared
to minimal or non-detectable titers in premetamorphic tadpoles just
beginning tissue transformations (Buchholz, 2015; Jaudet and Hatey,
1984). As expected, the CORT-response gene klf9 was lower in GRKO
tadpoles at climax, consistent with the requirement of GR for klf9 in-
duction (Shewade et al., 2017). The other CORT response gene had
reduced expression at climax but was not significantly lower than in
wild-type tadpoles. Importantly, we observed a significant decreased
expression of thrb in the GRKO tadpoles compared to wild-type in-
dividuals. This decreased expression in thrb in GRKO tadpoles suggests
a reduction of TH signaling as a consequence of lack of CORT signaling.
This conclusion is consistent with the known synergistic effect CORT
has on TH signaling, which can accelerate TH-dependent metamorphic
events via co-regulation of response genes and alteration of in-
tracellular TH metabolism (Bonett et al., 2010). The reduced klf9 in-
duction may also be due in part to reduced TH and CORT synergy as
well as reduced direct CORT signaling. Because TH is necessary and
sufficient to initiate metamorphic changes (Kikuyama et al., 1993;
Denver and Glennemeier, 2009; Kulkarni and Buchholz, 2014), the
reduced TH response gene expression in GRKO tadpoles suggests a lack
of synergy with TH and may explain the impaired rate of development
between forelimb emergence and death just before tail resorption.

Interestingly, at a time (forelimb emergence) when GRKO tadpoles
were developing faster than WT individuals, there were no significant
differences between thrb expression levels of any of the three genotypes.
These findings demonstrate that CORT may have a developmental ac-
tion independent of modulating TH signaling or that the hormone in-
duced levels of thrb and klf9 are still too low to detect a difference.
Future hormone rescue studies with frogs lacking endogenous CORT
synthesis are required to address these questions. Also, we observed
normal growth and development and gene expression profiles in het-
erozygotes despite the lack of induction of CORT-response genes by
exogenous CORT. It is possible that the amount of GR is insufficient in
heterozygotes to enable a response to CORT treatment in pre-
metamorphic tadpoles, but GR expression levels in heterozygotes may
be sufficient for gene induction later in development when GR levels
are higher.

In summary, we have created the first glucocorticoid receptor
knockout organisms in Xenopus. In these GRKO tadpoles, we have de-
monstrated a lethal phenotype at metamorphosis, a phenotype seen in
GR knockout mice but not zebrafish. We also observed an accelerated
development to forelimb emergence followed by a delay in develop-
ment after that until death at metamorphic climax. Even though growth
rate was not impaired, overall size was reduced, apparently as a con-
sequence of accelerated development to forelimb emergence, the stage
at which maximum tadpole size is achieved. Reduced expression of TH
response genes at metamorphic climax in GRKO tadpoles correlates
with the delayed rate of development and implicates a role for GR in
regulatory interactions with TH signaling. Future studies are required
to examine mechanisms underlying how GR may affect rate of devel-
opment throughout the larval period and how some CORT signaling
may be independent of TH signaling.
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