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Zebrafish offer an opportunity to study conserved mechanisms underlying the ontogeny and physi-
ology of the hypothalamic-pituitary-adrenal/interrenal axis. As the final effector of the hypothalamic-
pituitary-adrenal/interrenal axis, glucocorticoids exert both rapid and long-term regulatory functions.
To elucidate their specific effects in zebrafish, transgenic approaches are necessary to complement
pharmacological studies. Here, we report a robust approach to specifically manipulate endogenous
concentrations of cortisol by targeting heterologous proteins to interrenal cells using a promoter
element of the steroidogenic acute regulatory protein. To test this approach, we first used this requ-
latory region to generate a transgenic line expressing the bacterial nitroreductase protein, which
allows conditional targeted ablation of interrenal cells. We demonstrate that this line can be used to
specifically ablate interrenal cells, drastically reducing both basal and stress-induced cortisol concentrations.
Next, we coupled this regulatory region to an optogenetic actuator, Beggiatoa photoactivated adenylyl
cyclase, to increase endogenous cortisol concentrations in a blue light-dependent manner. Thus, our ap-
proach allows specific manipulations of steroidogenicinterrenal cell activity for studying the effects of both

hypo- and hypercortisolemia in zebrafish. (Endocrinology 156: 3394-3401, 2015)

he interrenal organ of teleost fishes, which is equiva-

lent to the adrenal gland in tetrapods, is composed of
2 cell types from different embryological origins: aminer-
gic chromaffin cells and steroidogenic interrenal cells (1,
2). Glucocorticoids (GCs) are produced in the steroido-
genic interrenal cells. As final effectors of the stress axis,
GCs help to reestablish and maintain normal bodily func-
tions (3, 4). Furthermore, GCs elicit ontogenic transitions
during development (5, 6).

To date, studies of GC effects on zebrafish development
and physiology have mostly used pharmacological and
conventional genetic approaches. Cortisol analogues,
such as dexamethasone, GC receptor antagonists, such as
mifepristone, and GC receptor-mutant fish have been used
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to study effects of altered cortisol concentrations on ze-
brafish development and behavior (7-9). Also, optogenet-
ics has been used to enhance the activity of the pituitary-
adrenal axis, thereby causing transient and chronic
hypercortisolemia (10). However, transgenic approaches
directly targeting interrenal cells have been lacking.

In this study, we report a robust approach for manipu-
lating endogenous concentrations of cortisol in developing
zebrafish by means of interrenal-specific transgenic lines.
These lines use a promoter element of the steroidogenic acute
regulatory (StAR) protein, a cholesterol transporter and a
rate-limiting mediator in steroidogenesis (11). Our results
show that this regulatory element can drive expression of
heterologous proteins exclusively in larval steroidogenic in-
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terrenal cells and that transgenic lines expressing the bacte-
rial nitroreductase (NTR) enzyme or the Beggiatoa photo-
activated adenylyl cyclase (bPAC) (12, 13) under the control
of this StAR promoter can be used to reduce or enhance
endogenous cortisol concentrations, respectively.

Materials and Methods

Fish maintenance

Zebrafish were bred and maintained according to standard
methods on a 12-hour light, 12-hour dark cycle (14). For all
experiments, the AB/TL zebrafish strain was used. To avoid un-
specific activation of bPAC before the experiments were per-
formed, Tg(StAR:bPAC-2A-tdTomato) embryos were raised in
custom-made reflective containers covered by 550-nm long-pass
filters (Thorlabs). All experimental procedures were performed
according to the guidelines of the German animal welfare law
and approved by the local government.

Plasmid construction

A 2-kb DNA region upstream of the start codon of the ze-
brafish star gene (accession number NM_131663) was PCR
amplified wusing the primers S5'-TGTATTGGAGGAAC-
GAGTCTAAAAC-3' and 5'-ATGTGAGCACACTGAGTA-
AAGTTGAATC-3'. The PCR product was cloned into a mod-
ified version of the zebrafish enhancer detection plasmid (pZED)
vector (15, 16). The resulting plasmid (pT2-2kbStAR:GFP) is a
Tol2-based vector consisting of the 2-kb regulatory region driv-
ing green fluorescent protein (GFP), flanked by hypersensitivity
site 4 (HS4) insulators to reduce ectopic expression (15). As a
transgenic marker, the plasmid contains a cassette expressing red
fluorescent protein under the control of the c¢mlc2 promoter. To
create the pT2-2kbStAR:nfsB-GFP plasmid, we cloned the Esch-
erichia coli NTR gene (nfsB) N-terminally fused to GFP. To
create the plasmid p2kbStAR:bPAC-2A-tdTomato, we replaced
the proopiomelanocortin (POMC) promoter of the pPOMC:
bPAC-2A-tdTomato plasmid as reported (10) with the 2-kb
StAR promoter fragment. The integrity of all of the cloned frag-
ments was confirmed by sequencing.

Generation of transgenic lines

Recombinant plasmids were injected into 1-cell stage wild-
type embryos at 10 ng/uL in the presence of 10-ng/ul Tol2
transposase mRNA and 0.05% phenol red. The progenies of
injected fish were maintained in E2 medium + 0.2mM N-phe-
nylthiourea (PTU) (P7629; Sigma-Aldrich) to prevent pigmen-
tation and screened for heart red fluorescent protein expression
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and general GFP expression at 2 days postfertilization (dpf) using
a Leica MZ6 fluorescence microscope. At least 3 founders were
obtained per construct. The following stable transgenic lines
were established: Tg(2kbStAR:GFP)hd17, Tg(2kbStAR:nfsB-
GFP)hd18, and Tg(2kbStAR:bPAC-2A-tdTomato)hd19.

Immunohistochemistry (IHC) and fluorescent in
situ hybridization (ISH)

THC was performed as described (17) using the following
antibodies: chicken anti-GFP (1:500; Abcam), rabbit antity-
rosine hydroxylase (TH) (1:250) (18), goat antichicken Alexa
Fluor 488, and goat antirabbit Alexa Fluor 647 (1:1000; Invit-
rogen) (see Table 1). Fluorescent ISH was performed as described
(17), using a star in situ probe (19). Larvae were imaged in 80%
glycerol in PBS using a Nikon 20X objective on a Leica SP35
confocal microscope as described (17). Subsequent image pro-
cessing and evaluation were performed as described (17).

Conditional targeted cell ablation

Conditional targeted cell ablation was performed as reported
(20) using a solution of 10mM metronidazole (MTZ) (M1547;
Sigma-Aldrich) in E2 medium + PTU. GFP-positive embryos
were selected at 2 or 3 dpf and subsequently transferred to either
E2 + PTU media or E2 + PTU + MTZ in 35-mm petri dishes.
Embryos were maintained in the dark at 28°C for 48 hours,
exchanging media after 24 hours. At 4 or 5 dpf, embryos were
transferred to E2 + PTU media for 24 hours under 12-hour light,
12-hour dark conditions and fixed in 4% paraformaldehyde for
ISH/THC. To examine the stress response, we used a pool of 30
embryos as an experimental unit. MTZ treatment was per-
formed as above but without PTU.

Light stimulation

A custom-made LED ring was placed at a fixed distance above
a single petri dish, allowing homogeneous illumination of the
samples. LEDs were controlled using custom-made drivers, pulse
generators and a transistor-transistor logic control box (USB-10
box; Noldus). Four-day postfertilization larvae were exposed for
180 seconds to blue light (2V). The light pulse consisted of 100-
millisecond flashes delivered at 5 Hz. Light power was measured
using a hand-held light power meter (Newport). Samples were
collected 2 minutes after the offset of light stimulation. After the
larvae were immobilized in ice water, the media were removed,
and the samples were frozen in an ethanol/dry ice bath; samples
were stored at —20°C until cortisol extraction was performed.
The cortisol ELISA assay was performed as reported (21).

Table 1. Antibody Table

Manufacturer, Catalog Number,

and/or Name of

Species Raised in;

Peptide/Protein Individual Providing Monoclonal or Dilution
Target Name of Antibody the Antibody Polyclonal Used
GFP Anti-GFP Abcam, ab13970 Chicken, polyclonal 1:500
TH Anti-TH Soojin Ryu Rabbit, polyclonal 1:250
Chicken Ig-Fc Alexa Fluor 488 Invitrogen, A11039 Goat, polyclonal 1:1000
Rabbit Ig-Fc Alexa Fluor 647 Invitrogen, A21245 Goat, polyclonal 1:1000
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Stressor treatment and cortisol assay

We developed a mechanosensory stress protocol that used a
magnetic stirrer in a dish placed on a magnetic plate, thereby
generating unpredictable perturbation of the medium. Petri
dishes (inner diameter: 3.5 cm) containing 30 larvae and a plas-
tic-covered stirrer (magnetic stir bar micro-polytetrafluoroeth-
ylene 6 X 3 mm; Fisher Scientific) were placed on a magnetic stir
plate (Variomag Poly 15 stirrer plate; Thermo Scientific). The
mechanosensory stress protocol was performed for 3 minutes at
330 rpm. Samples were collected 10 minutes after the onset of
stimulation. Larvae were immobilized using ice-cold water, fro-
zen in an ethanol/dry ice bath and stored at —20°C. Stimulation
and sample collection were carried out between 11 AM and 2 pMm.
The cortisol ELISA assay was performed as reported (21).

Statistical analysis

All data are shown as bars or single measurement points,
mean and SEM. We used a random experimental design and
ANOVA for multiple group comparisons followed by Bonfer-
roni’s post hoc tests. Two- and one-sample Student’s ¢ tests
(against a value of 1) were used for volume and fold change
comparisons. Analyses were carried out using MS Excel (Mi-
crosoft) and Prism 5 (GraphPad Software, Inc).

Results

Identification of a cis-regulatory region of the star
gene with specific activity in steroidogenic
interrenal cells

To target heterologous proteins specifically to steroid-
ogenic interrenal cells, we focused on the gene coding for
the StAR protein, one of the earliest markers expressed in
the embryonic interrenal tissue in zebrafish (22) and gen-

A

StAR gene
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¥
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Figure 1. A cis-regulatory region of the star gene restricts the expression of a heterologous protein
to the interrenal region. A, Genomic structure of the star gene in zebrafish. Filled boxes indicate
exons. The 2-kb region tested is indicated. B, Live image of a larva showing GFP expression localized
in the dorsovisceral region (arrow) above the yolk sac (autofluorescence). Scale bar, 500 um.

Transgenic Interrenal Manipulation in Zebrafish

Endocrinology, September 2015, 156(9):3394-3401

erated a reporter construct carrying a 2-kb fragment of its
promoter (Figure 1). We identified a stable transgenic line
with robust and discrete GFP expression in a cluster of
cells dorsorostral to the yolk sac. To visualize steroido-
genic and chromaffin cells, we examined cell identity using
ISH for the star gene with IHC for TH and GFP. At 6-14
dpf, GFP-expressing cells colocalized with star expression
in Tg(2kbStAR:GFP) larvae but not with intermingled
TH-expressing cells (Figure 2 and Supplemental Figure 1).
GFP-positive cells were not detected in other tissues. From
these results, we concluded that the 2-kb promoter ele-
ment is sufficient to recapitulate endogenous expression of
the star gene in interrenal cells.

Efficient conditional steroidogenic interrenal cell
ablation

To ablate steroidogenic interrenal cells, we used the
NTR-MTZ method, which is suitable for noninvasively
ablating targeted cells (20). First, we generated stable
transgenic lines expressing the E. coli nfsB gene, which
encodes the NTR protein, and fused it to GFP under the
control of the 2-kb regulatory region of the star promoter.
We then incubated transgenic Tg(2kbStAR:nfsB-GFP)
larvae in E2 medium with or without 10mM MTZ. 12
hours of MTZ treatment did notlead to ablation (n = 100)
and 24 hours of MTZ treatment only induced ablation in
14/92 of the animals (data not shown). In contrast, after
48 hours of MTZ incubation, we observed a dramatic
decrease in GFP expression in many larvae preincubated
with MTZ; all GFP-expressing cells were ablated in most
larvae (49/93 animals) (data not
shown). These cells did not recover
up to 14 dpf (Supplemental Figure
2). Several studies have shown a
functional interdependence of adre-
nocortical steroidogenic cells and
adrenomedullary chromaffin cells
(23,24). To evaluate the effect of ste-
roidogenic interrenal cell ablation on
chromaffin cells, we performed ISH
for the star gene combined with IHC
for TH and GFP. At 4 and 5 dpf, we
observed ablation of star-expressing
cells but not of TH-expressing cells
(Figure 3).

Conditional steroidogenic
interrenal cell ablation causes
hypocortisolemia
Next, we asked
Tg(2kbStAR:nfsB-GFP)
show any decrease in whole-body

whether
larvae
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Figure 2. Expression of GFP in Tg(2kbStARp.GFP) is specific to star-positive interrenal cells.
Single planes of confocal stacks show GFP (IHC staining) colocalizing with star (ISH staining), but
not with TH (IHC staining), in 6-dpf (A-A"""", n = 6), 7-dpf (B-B"""", n = 11), 8-dpf (C-C"""", n =

10), and 14-dpf (D-D"""", n = 9) larvae. Scale bars, 25 um.

cortisol concentrations after interrenal cell ablation. We
compared cortisol values from 6-dpf Tg(2kbStAR:nfsB-
GFP) and Tg(2kbStAR:GFP) larvae preincubated in E2
medium with or without 10mM MTZ (Figure 4) and
found that the values from the 2 groups differed in terms
of both basal and stress-induced concentrations (one-way
ANOVA, Fy 1,4 = 129.3, P <.0001, followed by Bon-
ferroni’s post hoc tests) (Figure 4B). Tg(2kbStAR:GFP)
larvae had basal concentrations similar to those of un-
treated wild-type larvae, irrespective of MTZ treat-
ment. The same occurred with Tg(2kbStAR:nfsB-GFP)
larvae that had not been preincubated in MTZ (Bon-
ferroni’s post hoc tests, P < .001). In contrast, basal
cortisol was reduced in Tg(2kbStAR:nfsB-GFP) larvae
preincubated in MTZ (Bonferroni’s post hoc tests, P <
.001). Upon exposure to a mechanosensory stressor, un-
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treated wild-type, Tg(2kbStAR:GFP),
and Tg(2kbStAR:nfsB-GFP) larvae
had similar cortisol concentrations.
However, MTZ incubation com-
pletely abolished the stressor-medi-
ated rise in cortisol in Tg(2kbStAR:
nfsB-GFP) larvae (Bonferroni’s post
hoc tests, P < .001). MTZ-incubated
Tg(2kbStAR:GFP) larvae exhibited
a stressor-mediated rise in cortisol,
but to a lesser degree than without
MTZ, revealing MTZ effects that
are independent of NTR expres-
sion. Therefore, we examined the

AIII

effect of MTZ alone on interrenal
cells in larvae that do not express
NTR. In such larvae, interrenal
cells were present (Supplemental
Figure 3), but MTZ treatment al-
tered the overall volumes of inter-
renal star clusters as well as that of
the rostral pituitary pomic (Supple-
mental Figure 4). Nevertheless, de-
spite this effect of MTZ alone, a
complete hypocortisolic state is
only achieved in Tg(2kbStAR:
nfsB-GFP) larvae, which exhibited
only 0.38 + 0.06 and 0.27 * 0.03
of the basal and stressor-mediated
cortisol concentrations found in
Tg(2kbStAR:GFP) larvae, respec-
tively (1-sample ¢ tests against 1,
nonstressed: t;4) = 10.3, P <.0001
and stressed: t = 27.0, P <
.0001) (Figure 4C).

Optogenetic manipulation of steroidogenic
interrenal cell function causes hypercortisolemia
After binding to its receptor on adrenocortical cells,
ACTH elicits cAMP production and Ca®* influx, which
stimulates the synthesis and release of GC (25). We rea-
soned thata transient stimulation of cAAMP concentrations
in steroidogenic interrenal cells may produce hypercorti-
solemia. We have previously shown that a sudden change
in illumination can be a stressful event for zebrafish larvae
and that placing an optogenetic actuator in the pituitary
corticotroph cells enhances this stress response (10). Using
a similar approach targeted to interrenal cells, we gener-
ated a transgenic line expressing bPAC, shown to increase
cAMP production upon blue light, under the control of the
2-kb region of the

regulatory StAR  promoter.
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Figure 3. Ablation using MTZ eliminates star-positive interrenal cells in Tg(2kbStARp:nfsb-GFP) larvae. Maximum intensity projections of confocal
stacks show GFP (IHC staining) colocalizing with star (ISH staining), but not with TH (IHC staining), in 4-dpf (A-A"""", n = 25) and 5-dpf (C-C""",
n = 36) larvae. These cells are eliminated after treatment with MTZ between 2 and 4 dpf (B-B'""’, 12/26 animals) or between 3 and 5 dpf (D-D""",

14/21 animals). Scale bars, 50 um.

Tg(2kbStAR:bPAC-2 A-tdTomato) larvae showed restricted
tdTomato expression in the interrenal gland, similar to
Tg(2kbStAR:GFP) and Tg(2kbStAR:nfsB-GFP) animals
(Figure 4E). The progenies of Tg(2kbStAR:bPAC-2A-tdTo-
mato) larvae were then sorted into those expressing the trans-
gene (bPAC+) or not (bPAC—) under a dissecting micro-
scope, based on the signal of fused tdTomato fluorescence.
Upon blue light illumination, bPAC+ and bPAC— 4-dpf
larvae had different cortisol profiles (one-way ANOVA,
Fs 39 = 63.0, P <.0001, followed by Bonferroni’s post hoc
tests) (Figure 4F). Wild-type and bPAC— larvae had similar
basal and light-stimulated cortisol concentrations, whereas
bPAC+ larvae had similar basal but much higher light-stim-

ulated cortisol than both such groups (Bonferroni’s post hoc
tests, P < .001). As a result, bPAC+ larvae had the same
basal concentration of cortisol (fold change, 1.0 £ 0.1) but
significantly higher cortisol concentration upon stress (fold
change, 1.8 * 0.05) as compared with their negative siblings
(1-sample # tests against 1, nonstimulated: t5) = 0.02, P =
.98 and stimulated: t 5, = 17.5, P <.0001; 2-tailed £ test, £
= 7.6, P <.0001) (Figure 4G).

Discussion

We present a transgenic approach for manipulating ste-
roidogenic interrenal cells in larval zebrafish. Using this
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Figure 4. Cortisol concentrations are altered after manipulation of interrenal-specific transgenic lines. A, Schematic illustration of interrenal
ablation in MTZ-treated Tg(2kbStARp:nfsb-GFP) larvae. The hypothalamo-pituitary complex (green) triggers the release of ACTH (curved arrow),
which acts on interrenal cells (blue) to induce the release of cortisol (purple arrows). Ablation eliminates the steroidogenic interrenal cells, thereby
reducing cortisol output. B, Basal (green) and stress-induced (purple) cortisol concentrations in wild-type, Tg(2kbStARp:GFP), and Tg(2kbStARp:
nfsb-GFP) larvae, either untreated (—) or treated (+) with MTZ. Note that basal cortisol concentrations are reduced and upon stress induction,
cortisol concentrations fail to increase in MTZ-treated Tg(2kbStARp:nfsb-GFP) larvae. C, Fold change of basal (green) and stress-induced (purple)
cortisol concentrations in MTZ-treated Tg(2kbStARp:nfsb-GFP) larvae relative to those of Tg(2kbStARp:GFP) larvae. D, Schematic illustration of
optogenetic interrenal activation in Tg(2kbStARp:bPAC-2A-tdTomato) larvae. lllumination with blue light activates the interrenal cells, thereby
increasing cortisol output. E, Specificity of the Tg(2kbStARp:bPAC-2A-tdTomato) line shown by colocalization of GFP and tdTomato in a double-
transgenic 4-dpf larva expressing GFP and bPAC-2A-tdTomato under the control of the 2-kb star promoter. F, Nonstimulated (green) and light-
stimulated (purple) cortisol concentrations in wild-type, bPAC-negative (—), and bPAC-positive (+) 4-dpf progenies of the Tg(2kbStARp:bPAC-2A-
tdTomato) line. Note that cortisol concentrations are increased in bPAC-positive light-stimulated animals. G, Fold change of nonstimulated (green)

and light-stimulated (purple) cortisol concentrations in bPAC-positive larvae relative to their negative siblings.

approach, we could either reduce or increase endogenous
concentrations of cortisol. To achieve this, we first iden-
tified and characterized a cis-regulatory region of the star
gene with specific activity in steroidogenic interrenal cells.
The StAR protein is expressed in steroidogenic tissues,
such as the gonads, the brain (neurosteroids), and the in-
terrenal organ (26). We did not observe expression outside
the interrenal tissue in any of the transgenic lines until 14
dpf, but we cannot exclude promoter activity in other tis-
sues in adult animals. This regulatory element thus offers
an excellent tool to express heterologous proteins specif-
ically in larval steroidogenic interrenal cells, allowing
careful manipulations of steroidogenic cell function.
Optogenetic tools provide hitherto unparalleled means
for noninvasive manipulations of cellular activity. Ze-
brafish larvae are highly suitable for noninvasive optoge-
netics due to their genetic amenability and transparent
body (27). Notably, they are highly sensitive to photic

stimuli and react to sudden illumination changes with hu-
moral and behavioral stress reactions (10). By targeting
bPAC specifically to pituitary corticotroph cells, we have
previously reported stressor-mediated hypercortisolemia
presumably caused by enhanced ACTH release. Exposing
larvae expressing bPAC specifically in steroidogenic in-
terrenal cells to blue light also caused stressor-mediated
hypercortisolemia. When combined, both approaches
provide an opportunity for dissecting fast and long-
term effects of the pituitary-adrenal system during
development.

The NTR-MTZ system has successfully been applied in
zebrafish to ablate different cell types, particularly in re-
generation studies (28). Upon MTZ treatment, as ex-
pected, the number of steroidogenic interrenal cells ap-
peared significantly reduced in Tg(2kbStAR:nfsB-GFP)
larvae; these cells did not recover up to 14 dpf. The NTR-
MTZ system therefore will be useful in examining the
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effect of interrenal ablation on larval development and
physiology, although regeneration of interrenal tissue at
later stages has yet to be determined.

Interrenal ablation is expected to reduce endogenous
cortisol concentrations. MTZ treatment confirmed this
prediction, causing dramatically reduced basal and stres-
sor-induced cortisol concentrations. However, we ob-
served that MTZ treatment alone can also decrease stres-
sor-induced cortisol concentrations, irrespective of NTR.
Therefore, to further examine MTZ effects on cells within
the hypothalamic-pituitary-interrenal axis, we measured
preoptic corticotropin-releasing hormone (crh), pituitary
pomc, and interrenal star expression in MTZ-treated lar-
vae. MTZ increased the volume of the rostral pomc clus-
ter, as compared with the caudal cluster, a phenomenon
that is consistent with recent findings (29). MTZ also de-
creased the volume of the interrenal StAR cluster, whereas
the number of StAR cells appeared unaffected. These ef-
fects may account for the reduced cortisol concentrations
observed in NTR-negative larvae. Altogether, the results
indicate that MTZ effects should be tested independently
when employing the NTR-MTZ system.

The small size and complex organization of the adrenal
homolog in teleosts impedes surgical manipulations. The
possibility to noninvasively manipulate interrenal cell
function using specific modulators of cell activity and vi-
ability provides an interesting opportunity for studying
the roles of steroidogenic interrenal cells and GCs during
early vertebrate development.

Acknowledgments

We thank Patrick Lichtner for the experimental assistance pro-
vided. We also thank Regina Singer, Gabi Shoeman, Angelika
Schoell, and Christiane Brandel for technical assistance and ex-
pert fish care. The pZED vector was kindly provided by Dr. Jose
Luis Gomez-Skarmetta.

Address all correspondence and requests for reprints to:
Soojin Ryu, Developmental Genetics of the Nervous System, Max
Planck Institute for Medical Research, Jahnstrasse 29, D-69120
Heidelberg, Germany. E-mail: soojin.ryu@mpimf-heidelberg.mpg.de.

Present address for A.J.G.-T.: Centre for Organismal Studies,
University of Heidelberg, Im Neuenheimer Feld 230, D-69120
Heidelberg, Germany.

Present address for M.L.: Institut fur Allgemeine Mikrobi-
ologie, University of Kiel, Am Botanischen Garten 1-9, D-24118
Kiel, Germany.

Present address for C.-M.Y.: Molecular Neurobiology Labora-
tory, The Salk Institute for Biological Studies, La Jolla, CA 92037.

This work was supported by the Max Planck Society and the
German Research Foundation Grant DFG-FOR1279.

Disclosure Summary: The authors have nothing to disclose.

Transgenic Interrenal Manipulation in Zebrafish

Endocrinology, September 2015, 156(9):3394-3401

References

1. Grassi Milano E, Basari F, Chimenti C. Adrenocortical and adre-
nomedullary homologs in eight species of adult and developing te-
leosts: morphology, histology, and immunohistochemistry. Gen
Comp Endocrinol. 1997;108(3):483-496.

2. Hanke W, Kloas W. Comparative aspects of regulation and function
of the adrenal complex in different groups of vertebrates. Horm
Metab Res. 1995527(9):389-397.

3. Wendelaar Bonga SE. The stress response in fish. Physiol Rev. 1997;
77(3):591-625.

4. Kadmiel M, Cidlowski JA. Glucocorticoid receptor signaling in
health and disease. Trends Pharmacol Sci. 2013;34(9):518-530.

5. Denver R]J. Stress hormones mediate environment-genotype inter-
actions during amphibian development. Gen Comp Endocrinol.
2009;164(1):20-31.

6. WadaH. Glucocorticoids: mediators of vertebrate ontogenetic tran-
sitions. Gen Comp Endocrinol. 2008;156(3):441-453.

7. Nesan D, Vijayan MM. Role of glucocorticoid in developmental
programming: evidence from zebrafish. Gen Comp Endocrinol.
2013;181:35-44.

8. Wilson KS, Matrone G, Livingstone DE, et al. Physiological roles of
glucocorticoids during early embryonic development of the ze-
brafish (Danio rerio). | Physiol. 2013;591(pt 24):6209-6220.

9. Ziv L, Muto A, Schoonheim PJ, et al. An affective disorder in ze-
brafish with mutation of the glucocorticoid receptor. Mol Psychia-
try. 2013;18(6):681-691.

10. De Marco R], Groneberg AH, Yeh CM, Castillo Ramirez LA, Ryu
S. Optogenetic elevation of endogenous glucocorticoid level in larval
zebrafish. Front Neural Circuits. 2013;7:82.

11. Stocco DM. The role of the StAR protein in steroidogenesis: chal-
lenges for the future. | Endocrinol. 2000;164(3):247-253.

12. Stierl M, Stumpf P, Udwari D, et al. Light modulation of cellular
cAMP by a small bacterial photoactivated adenylyl cyclase, bPAC,
of the soil bacterium Beggiatoa. | Biol Chem.2011;286:1181-1188.

13. Ryu MH, Moskvin OV, Siltberg-Liberles J, Gomelsky M. Natural
and engineered photoactivated nucleotidyl cyclases for optogenetic
applications. | Biol Chem. 2010;285:41501-41508.

14. Westerfield M. The Zebrafish Book. A Guide for the Laboratory
Use of Zbrafish (Danio rerio). 4th ed. Eugene, OR: University of
Oregon Press; 2000.

15. Bessa J, Tena JJ, de la Calle-Mustienes E, et al. Zebrafish enhancer
detection (ZED) vector: a new tool to facilitate transgenesis and the
functional analysis of cis-regulatory regions in zebrafish. Dev Dyn.
2009;238(9):2409-2417.

16. Gutierrez-Triana JA, Herget U, Lichtner P, Castillo-Ramirez LA,
Ryu S. A vertebrate-conserved cis-regulatory module for targeted
expression in the main hypothalamic regulatory region for the stress
response. BMC Dev Biol. 2014;14:41.

17. Herget U, Wolf A, Wullimann MF, Ryu S. Molecular neuroanatomy
and chemoarchitecture of the neurosecretory preoptic-hypotha-
lamic area in zebrafish larvae. | Comp Neurol. 2014;522:1542—
1564.

18. Ryu S, Mahler J, Acampora D, et al. Orthopedia homeodomain
protein is essential for diencephalic dopaminergic neuron develop-
ment. Curr Biol. 2007;17(10):873-880

19. To TT, Hahner S, Nica G, et al. Pituitary-interrenal interaction in
zebrafish interrenal organ development. Mol Endocrinol. 2007,
21(2):472-488.

20. Curado S, Anderson RM, Jungblut B, Mumm J, Schroeter E, Stainier
DY. Conditional targeted cell ablation in zebrafish: a new tool for
regeneration studies. Dev Dyn. 2007;236(4):1025-1035.

21. Yeh CM, Glock M, Ryu S. An optimized whole-body cortisol quan-
tification method for assessing stress levels in larval zebrafish. PLoS
Omne. 2013;8(11):79406.

22. Liu YW. Interrenal organogenesis in the zebrafish model. Organo-
genesis. 2007;3(1):44-48.

020z Ateniged /z uo 1senb Aq Gy LEZHZ/F6EE/6/96 | AOBISAE-O[OILE/OPUS/WIOY"ANO"OILISPEDE//:SAY WO PAPEOIUMOQ


mailto:soojin.ryu@mpimf-heidelberg.mpg.de

doi:

23.

24.

25.

26.

10.1210/EN.2015-1021

Bornstein SR, Tian H, Haidan A, et al. Deletion of tyrosine hydrox-
ylase gene reveals functional interdependence of adrenocortical and
chromaffin cell system in vivo. Proc Natl Acad Sci USA. 2000;
97(26):14742-14747.

Shepherd SP, Holzwarth MA. Chromaffin-adrenocortical cell inter-
actions: effects of chromaffin cell activation in adrenal cell cocul-
tures. Am ] Physiol Cell Physiol. 2001;280(1):C61-C71.
Gallo-Payet N, Payet MD. Mechanism of action of ACTH: beyond
cAMP. Microsc Res Tech. 2003;61:275-287.

Bauer MP, Bridgham JT, Langenau DM, Johnson AL, Goetz FW.
Conservation of steroidogenic acute regulatory (StAR) protein

27.

28.

29.

press.endocrine.org/journal/endo 3401

structure and expression in vertebrates. Mol Cell Endocrinol. 2000;
168(1-2):119-125.

Portugues R, Severi KE, Wyart C, Ahrens MB. Optogenetics in a
transparent animal: circuit function in the larval zebrafish. Curr
Opin Neurobiol. 2013;23:119-126.

White DT, Mumm JS. The nitroreductase system of inducible tar-
geted ablation facilitates cell-specific regenerative studies in ze-
brafish. Methods. 2013;62(3):232-240.

Cheng X, Chen X, LiD, Jin X, He J, Yin Z. Effects of metronidazole
on proopiomelanocortin a gene expression in zebrafish. Gen Comp
Endocrinol. 2015;214:87-94.

020z Ateniged /z uo 1senb Aq Gy LEZHZ/F6EE/6/96 | AOBISAE-O[OILE/OPUS/WIOY"ANO"OILISPEDE//:SAY WO PAPEOIUMOQ



