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SUMMARY

Regulation of corticotropin-releasing hormone
(CRH) activity is critical for the animal’s adaptation
to stressful challenges, and its dysregulation is asso-
ciated with psychiatric disorders in humans. How-
ever, the molecular mechanism underlying this
transcriptional response to stress is not well under-
stood. Using various stress paradigms in mouse
and zebrafish, we show that the hypothalamic
transcription factor Orthopedia modulates the ex-
pression of CRH as well as the splicing factor Ataxin
2-Binding Protein-1 (A2BP1/Rbfox-1). We further
show that the G protein coupled receptor PAC1,
which is a known A2BP1/Rbfox-1 splicing target
and an important mediator of CRH activity, is
alternatively spliced in response to a stressful
challenge. The generation of PAC1-hop messenger
RNA isoform by alternative splicing is required for
termination of CRH transcription, normal activation
of the hypothalamic-pituitary-adrenal axis and
adaptive anxiety-like behavior. Our study identifies
an evolutionarily conserved biochemical pathway
that modulates the neuronal adaptation to stress
through transcriptional activation and alternative
splicing.

INTRODUCTION

Stress is defined as an animal’s state of threatened homeostasis,

which triggers the activation of the hypothalamic-pituitary-

adrenal (HPA) axis (Chrousos, 1998; Selye, 1936). The hypo-

thalamus regulates stress responses by affecting endocrine,

metabolic, and behavioral processes to restore homeostasis

(Chrousos, 2009). Prolonged and repeated exposure to physical

or psychological stressors can cause a chronic state of distress
that may lead to stress-associated pathologies such as anxiety

disorders and depression (Chrousos, 2009; de Kloet et al.,

2005; McEwen, 2003).

Stress is sensed by multiple neuronal circuits, whose major

outputs feed into corticotropin-releasing hormone (CRH)-con-

taining neurons located in the paraventricular nucleus (PVN) of

mammals or the preoptic area (PO) in fish. CRH (also known

as CRF) controls various responses to stress, including imme-

diate sympathetic and behavioral ‘‘fight-or-flight’’ responses fol-

lowed by a delayed adaptive response that is associated with

the activation of the HPA axis (de Kloet et al., 2005; Ulrich-Lai

and Herman, 2009). The activation of the HPA axis by the neuro-

peptide CRH is the major adaptive response to threats on

homeostasis (Chrousos, 1998). CRH is rapidly released in re-

sponse to real or perceived stress challenges; it is transported

to the anterior pituitary gland, where it activates CRH receptors

leading to increased production of adrenocorticotrophic hor-

mone (ACTH) (Vale et al., 1981). ACTH is then released from

the pituitary into the general circulation, where it promotes

synthesis and secretion of corticosteroids from the adrenal

cortex (de Kloet et al., 2005; Ulrich-Lai and Herman, 2009).

Secreted corticosteroids trigger a range of immune and cardio-

vascular responses, redirection of energy, and behavioral re-

sponses (Chrousos, 1998; de Kloet et al., 2005; Ulrich-Lai and

Herman, 2009).

Stressor-induced release of CRH is always followed by its de

novo synthesis during a period of recovery from stress. Expo-

sure to various physical, physiological, and psychological

stressors leads to rapid changes in crh transcription in the

PVN of the hypothalamus (Herman et al., 1989; Herman et al.,

1992; Ma et al., 1997). Similar stressor-induced changes in

crh transcription have been reported in frogs and fish, indi-

cating that stress-dependent crh gene activation is evolution-

arily conserved (Fuzzen et al., 2010; Yao and Denver, 2007).

Emotional and physiological stressors such as forced swim-

ming, foot shock, restraint, and increased blood osmolality

all lead to a rapid increase in the level of the crh messenger

RNA (mRNA), which decreases with time (Herman et al., 1989;

Herman et al., 1992; Ma et al., 1997; Yao and Denver, 2007).
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Figure 1. Otp Mediates Stress Response

(A) Coronal sections (6 mm) through the PO showing co-

localization of Otp and crh in a 6-day-old zebrafish larvae.

Larvae were subjected to whole-mount in situ hybridiza-

tion with a crh-directed probe followed by sectioning and

immunostaining with an anti-Otp antibody. High magnifi-

cation of the crh+;Otp+ area (black rectangle) is shown in

the inset.

(B) Histogram showing average cell counts in indi-

vidual CRH+ neuronal clusters of a null zebrafish mutant

allele, otpam866�/� (n = 20) compared to heterozygous

otpam866�/+ siblings (n = 19). ns, not significant.

(C–F) Projected confocal z stack images of CRH neurons

in otpam866�/� (D and F) and otpam866�/+ siblings (C and E),

acquired from lateral (C and D) and dorsal (E and F) angles.

Neurons were visualized by fluorescent in situ hybridiza-

tion of crh mRNA.

(G) Induction of crh mRNA by homeostatic challenge.

Physical stressor was applied to 6-day-old progenies of an

otpam866�/+ cross for a period of 4 min. The amount of crh

mRNA was measured in individual fish larvae at different

time points of recovery using quantitative PCR (qPCR).

Each tested larva was then genotyped by sequencing and

crh mRNA levels of mutant (�/�) and heterozygous (�/+)

animals were plotted accordingly. *p < 0.05; n = 8.

(H) Gain of function of Otpa in Otp-positive neurons.

Physical stress challenge was applied to either a trans-

genic otp:Gal4 embryos expressing Gal4 in Otp+ cells or

their siblings, which were injected with a transposon-

based plasmid vector containing the full-length cDNA

encoding the otpa gene under the control of ten UAS

elements (otp:Gal4 >> UAS:otpa). The amount of crh

mRNA was measured using qPCR. *p < 0.05, n = 8. The

following abbreviations are used: e, eye; HB, hindbrain;

PO, preoptic area; PT, posterior tuberculum; RQ, relative

quantity; Tel, telencephalon. Scale bar represents 50 mm

in (A) and 100 mm in (C)–(F).
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This transcriptional regulation of the crh gene is critical for

neuronal adaptation to stress. The activation and termination

of crh transcription are both critical for reestablishing the

homeostatic state. Failure to either activate or terminate the

CRH response may lead to a chronic hypo- or hyperactiva-

tion of the HPA axis, which is associated with pathological

conditions such as anxiety, depression, and affective spectrum

disorders (Chrousos, 2009; de Kloet et al., 2005; McEwen,

2003).

Despite the wealth of information regarding the physiological

role of CRH in mediating stress response, the molecular mecha-

nism(s) by which the expression of CRH is regulated during

stress adaptation has remained largely elusive. Here, we

have identified an intracellular signaling pathway that controls

stress-induced crh mRNA induction and its subsequent

downregulation.
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RESULTS

Orthopedia Is Required for Stress
Adaptation
The homeodomain-containing protein Orthope-

dia (Otp) is involved in the embryonic develop-

ment of a distinct subset of hypothalamic
neurons (Acampora et al., 1999; Blechman et al., 2007; Ryu

et al., 2007; Wang and Lufkin, 2000). However, Otp expression

is maintained in the mature hypothalamus of mouse (Bardet

et al., 2008) and zebrafish (Blechman et al., 2007; Ryu et al.,

2007). A prominent area expressing Otp in CRH-containing

neurons is the PVN in mouse as well as the equivalent PO in

fish (Figure 1A; see also Figures S1, S2A, and S2B available

online). Given the importance of the CRH-positive PVN/PO as

a major hypothalamic region, which allows all vertebrates to

adapt to challenges and restore homeostasis, we hypothesized

that Otp might be involved in the stressor-mediated response of

CRH neurons. To explore this possibility, we set out to analyze

the induction of crh transcription by stressors in Otp mutant

animals. Otp-deficient mice die shortly after birth (Acampora

et al., 1999; Wang and Lufkin, 2000), precluding such analysis.

The zebrafish genome contains two otp orthologs, otpa and



Figure 2. Otp Is Necessary for Novelty Stress

Response

(A) The ‘‘novel tank’’ test measures the vertical place

preference of adult zebrafish following exposure to a novel

environment. Four-month-old otpam866�/� and their WT

siblings were moved from their home tank into a new tank

with dissimilar dimensions, and their behavior was moni-

tored for a period of 6 min using an automated video

tracking system.

(B and C) Quantified behavioral parameters showing

locomotor activity (B) and the time spent in the top and

bottom thirds of the test tank (C) within consecutive time

intervals (2 min, each). *p < 0.05; n = 11.
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otpb, which display functional redundancy during hypothalamic

development (Blechman et al., 2007; Ryu et al., 2007). Zebrafish

homozygous for the otpa null mutant allele otpam866 are viable

through adulthood (Ryu et al., 2007), and importantly, CRH-

expressing neurons develop normally in otpam866�/� fish larvae,

allowing functional analysis of these neurons in the mature brain

(Figures 1B–1F). otpam866�/� fish mutants also display normal

development of hypothalamic neurons producing the neuropep-

tides somatostatin, hypocretin, oxytocin, vasopressin, and proo-

piomelanocortin (POMC) as well as pituitary secretory cells

expressing POMC, prolactin, and growth hormone (data not

shown).

The involvement of Otp in CRH-mediated stress adaptation

was studied by analyzing stressor-induced crh transcription in

6-day-old otpam866 mutant larvae compared to their heterozy-

gous siblings. At this age, the larvae already exhibit complex

behaviors providing an opportunity to understand genetically

specified behaviors (Wolman and Granato, 2011). We employed

two independent, acute, and robust homeostatic challenges,

which we term as ‘‘physical’’ and ‘‘osmotic’’ stress. These para-

digms were previously employed in larval fish and elicited rapid

increase in cortisol levels in response to the stress challenge

(Barry et al., 1995; Stouthart et al., 1998). Physical stress was

induced by netting the larvae, and osmotic stress was elicited

by transferring the animals to 50% artificial seawater. Both

stressors were acutely induced for a period of 4 min, and the

levels of crh mRNA were measured during the initiation and the

recovery phases of the stress response. We found that 6-day-

old zebrafish larvae display a robust change in crh levels during

the recovery phase, which follows the exposure to stressor.

otpam866 heterozygous larvae follow a typical adaptive stress

response found in other animal models: a rapid increase in crh

mRNA level, which decreases with time (Figure 1G). In contrast,

no stress-induced increase was observed in crh levels in the

otpam866 mutants (Figure 1G; Figure S2C). To further support
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this finding, we undertook a genetic approach

for tissue-specific gain of function of Otpa using

a transgenic zebrafish line (otp:Gal4) expressing

the Gal4 protein in Otp-positive neurons (Fuji-

moto et al., 2011). We used the Tol2 trans-

poson-based vectors (Kawakami et al., 2004)

that efficiently integrate into the genome en-

suring stable expression in 6-day-old larvae

(Figure S2E). Injection of otp:Gal4 transgenic
driver line with a plasmid harboring the otpa complementary

DNA (cDNA) under the control of multiple Gal4 upstream activa-

tion sequence (UAS) significantly increases both basal and

stress-induced crhmRNA levels, suggesting that Otpa regulates

crh transcription in vivo (Figure 1H).

The effect of Otp on stress-related behavioral activity was

tested in adult (4-month-old) otpam866 mutant animals. We per-

formed a ‘‘novel tank-diving test,’’ which is the most extensively

studied model measuring novelty stress in adult zebrafish (Ben-

can and Levin, 2008; Bencan et al., 2009; Egan et al., 2009; Levin

et al., 2007; Wong et al., 2010). Following exposure of zebrafish

to a novel tank environment, they have a clear preference toward

the bottom third of the tank in the first 1–2 min, a tendency that is

reduced to approximately chance levels by the end of a 6 min

test (Figure 2A). We first showed that adult otpam866 mutants

display normal locomotor activity, as judged by measuring their

average velocity and distance traveled over the course of the test

(Figure 2B, n = 11). We next measured the time spent in the top,

middle, and bottom tank zones. No difference in the place pref-

erence to the middle zone was observed (data not shown).

However, analysis of the top and bottom zones clearly showed

that within the first 2 min following exposure to a novel environ-

ment, otpam866�/� animals spend significantly less time in the

bottom tank zone andmore time in the top zone when compared

to their wild-type (WT) siblings, indicating that Otpa is necessary

for normal behavioral response to novelty stress (Figure 2C).

Taken together, these results show that the adaptive response

to stress is impaired in the absence of otpa gene activity.

Otp Is Recruited to Stress Promoters
We next explored the mechanism underlying the effect of Otp on

stress adaptation. In order to identify the prime targets of Otp

regulation in response to homeostatic challenge, we performed

chromatin immunoprecipitation (ChIP) assay using an anti-Otp

antibody, followed by either promoter-specific quantitative
9–291, January 26, 2012 ª2012 Elsevier Inc. 281



Figure 3. ChIP Assay Reveals Otp Association with Stress Promoters

(A) Schematic representation of the experimental setup used for the ChIP-seq screen. A pool of fish (600 larvae per lane) were subjected to stress challenges in

bulk or left unchallenged followed by anti-Otp ChIP. Putative Otp targets induced by stress were identified either by high-throughput sequencing or by qPCRwith

promoter-specific primers.

(B and D) Histograms showing quantitative ChIP analyses of the recruitment Otp to crh (*p < 0.05, n = 3) and a2bp1 (*p % 0.1, n = 3) promoters. Chromatin was

extracted from a pool of 50 larvae per treatment 30 min after physical or osmotic challenges, followed by anti-Otp ChIP. Recruitment of Otp to the respective

promoter was calculated relative to the amount of input chromatin.

(C) Stressor-induced Otp binding peaks (arrowheads), which were mapped at the vicinities of a2bp1 gene loci. Bar histograms represent the abundances of

high-throughput sequencing reads in relation to their chromosomal location.
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PCR or high-throughput sequencing (ChIP-seq) (Figure 3A). We

looked for genomic promoter regions that showed enrichment

of Otp binding following either physical or osmotic stress. A

complete analysis of the ChIP-seq experiment will be published

elsewhere (L.A.-Z. and G.L. in preparation). Our ChIP analyses

showed that the Otp protein is recruited to the fish crh promoter

following exposure to physical and osmotic stressors (Fig-

ure 3B; Figure S3A). Otp was also found to form a complex

with the crh promoter in the hypothalamic paraventricular nuclei

dissected from mice that were subjected to a psychological

stressor (Figure S4A). In agreement with the impaired stress

response we observed in the otpam866 mutant (Figure 1G), the

association of Otp with the crh promoter was significantly

diminished in these animals (Figure S3B). Low-level enrichment

of Otp binding to crh promoter in the otpam866 mutants is

likely due to Otpa’s paralog Otpb, which is recognized by our

polyclonal antibody. These experiments demonstrate that

recruitment of Otp to the crh promoter is triggered by stress

challenges and that this process is conserved in fish and

mammals.

Another Otp target revealed by the ChIP-seq screen is the

promoter of the a2bp1 gene (also known as rbfox1), which
282 Neuron 73, 279–291, January 26, 2012 ª2012 Elsevier Inc.
encodes a splicing factor known to regulate the alternative

splicing of several neuronal transcripts linked to neuronal plas-

ticity (Lee et al., 2009). As with crh, Otp forms a complex with

the a2bp1 promoter following physical and osmotic stress in

fish and in response to psychological stress in mice (Figures

3C and 3D; Figures S3C and S4B).

In agreement with this finding, an acute foot shock stressor in

mice, which induced a stereotypical crh transcription, led to

a rapid increase in the levels of a2bp1 mRNA (Figures 4A

and 4B). Similar induction of a2bp1 mRNA expression was

induced following exposure to stressors in the fish (Figure 4C;

Figure S2D). In contrast, the stressor-induced increase in

a2bp1 mRNA was significantly reduced in zebrafish larvae

homozygous for the otpam866 mutant allele (Figure 4C; Fig-

ure S2D). As was the case with the crh promoter, ChIP analysis

of otpam866�/� fish showed only residual binding of Otp to the

a2bp1 promoter (Figure S3D). These results suggest that the

splicing factor Ataxin 2-Binding Protein-1 (A2BP1) is involved

in neuronal adaptation to stress, downstream of Otp. It remains

to be determined whether the neurons in which Otp forms

a complex with a2bp1 promoter are the same as the ones in

which the protein binds to the crh promoter.



Figure 4. Splicing Factor A2BP1/Fox-1 Is Induced by Stressors

(A and B) Acute stress paradigm performed on mice. A computer-controlled system was used to deliver a foot shock stress challenge to mice placed in

a chamber.Mice were taken out of the chamber, PVN punches were dissected frommice at different time points following stress initiation, and crh (A) or a2bp1 (B)

mRNA levels were analyzed by qPCR. *p < 0.05, n = 5. RQ, relative quantity.

(C) Physical stress challenges were applied, in bulk, to 6-day-old zebrafish larvae derived from an otpam866�/+ cross. The amount of a2bp1mRNAwas measured

in individual fish larva at different time points of recovery using qPCR. Each tested larva was then genotyped by sequencing and a2bp1 mRNA levels of mutant

(�/�) and heterozygous (�/+) animals were plotted accordingly. *p < 0.05; n = 4.
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Otp Is Associated with the Stress Coactivator CREB
An important question is how, in response to stress, Otp protein

is recruited to the crh and a2bp1 promoters. It has been shown

that the phosphorylated form of the cyclic AMP (cAMP) response

element-binding protein (CREB) is essential for activation of crh

transcription (Brunson et al., 2001; Liu et al., 2008; Wölfl et al.,

1999). We have therefore tested whether Otp is complexed

with phospho-CREB (pCREB) in response to a stressful stimulus.

Immunoprecipitation (IP) of larval protein extracts with an anti-

Otp antibody followed by immunoblotting with a pCREB-specific

antibody showed that Otp forms a complexwith pCREB, and this

protein-protein interaction is enhanced by approximately 2-fold

in response to stress (2.2 ± 0.34, n = 3; Figure 5A). We then per-

formed sequential ChIP-reChIP assay, in which Otp-DNA

complexes were isolated and then subjected to a second ChIP

to detect the presence of the pCREB protein (Figure 5B). In

agreement with the observed protein-protein association

between Otp and pCREB, our ChIP-reChIP analysis demon-

strated stress-induced co-occupancy of Otp and pCREB on

the crh and a2bp1 promoters (Figures 5B and 5C). Taken

together, these findings suggest that an association between

Otp and pCREB proteins promotes the binding of this complex

to crh and a2bp1 promoters.

Alternative Splicing of PAC1 Is Induced by Stress
A2BP1 is a sequence-specific RNA-binding protein that regu-

lates alternative splicing of specific genes by either promoting

or repressing the inclusion of alternatively spliced target exons

(Lee et al., 2009; Zhang et al., 2008). A2BP1 and its targets are

known to be expressed throughout the nervous system and in
muscle tissues (Zhang et al., 2008). We searched for specific

candidate A2BP1 targets that might be involved in the stress

response. A recent study reported that several A2BP1 target

exons are regulated by chronic neuronal depolarization (Lee

et al., 2009). Notably, the alternative splicing of pac1 (also known

as adcyap1r1), which encodes the receptor for the pituitary

adenylate cyclase-activating peptide (PACAP) (Vaudry et al.,

2009) has been shown to be regulated by A2BP1 in neurons

(Lee et al., 2009; Zhang et al., 2008). Activation of PAC1 by

PACAP, which leads to increased cAMP levels and recruitment

of the phosphorylated CREB protein to crh promoter, is required

for stress-induced crh transcription in vivo and in vitro (Agarwal

et al., 2005; Kageyama et al., 2007; Stroth and Eiden, 2010).

Moreover, the splice variants of PAC1 display differential intra-

cellular signal transduction (Lyu et al., 2000; Mustafa et al.,

2007; Mustafa et al., 2010; Pisegna and Wank, 1996; Spengler

et al., 1993).

Because of the known involvement of PACAP and PAC1 in the

stress response, we hypothesized that activity-dependent alter-

native splicing of PAC1, which alters its intracellular signaling

mode, may be a unique mechanism for neuronal adaptation to

stress. A2BP1 regulates the alternative splicing of pac1’s exon

14 (dubbed the ‘‘hop cassette’’), which encodes 28 amino acids

of the third intracellular loop of the mouse PAC1 protein (Lee

et al., 2009; Vaudry et al., 2009; Zhang et al., 2008). We tested

whether alternative splicing of the pac1 hop cassette is regulated

by homeostatic challenge. Given that PAC1 is broadly expressed

in the zebrafish brain (data not shown), it was difficult to analyze

its alternative splicing in the PO of fish. We therefore analyzed

whether a stressful challenge induces alternative splicing of
Neuron 73, 279–291, January 26, 2012 ª2012 Elsevier Inc. 283



Figure 5. pCREB-Otp Protein Complex Is Re-

cruited to crh and a2bp1 Promoters

(A) A pool of 100 larvae per lane were subjected to stress

challenges in bulk or left unchallenged. Larvae were lysed

and subjected to IP with a resin-coupled anti-Otp antibody

(Ab) followed by gel electrophoresis and protein elec-

trotransfer to a membrane. Nitrocellulose filters were

immunoblotted with an antibody directed to pCREB,

stripped, and reblotted with an anti-Otp antibody.

(B) Schematic representation of the sequential ChIP-

reChIP procedure in which larvae lysates were first

subjected to anti-Otp ChIP and the resulting Otp-DNA

complex were eluted and subjected to a second ChIP with

a pCREB antibody.

(C) A pool of fish (300 larvae per lane) were subjected to

stress challenges in bulk or left unchallenged followed by

the ChIP-reChIP procedure using control IgG, anti-Otp,

and anti-pCREB antibodies. The histograms show pro-

moter co-occupancy analysis of Otp and pCREB (n = 2).
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PAC1 in the PVN, the major CRH-expressing hypothalamic

component of the HPA axis, which can be surgically isolated

from the mouse brain. The expression of both isoforms

increased during the early stress recovery phase. At the late

recovery phase of the stress response, the short pac1 isoform

returned to its basal level, whereas long splice isoform, pac1-

hop, was retained at a significantly higher expression level

(Figure 6A). Examining the ratio between the two splice iso-

forms throughout the recovery period revealed a consistent

stress-induced increase in the long/short ratio, indicating a clear

shift in the balance between these isoforms (Figure 6B). These

results suggest that alternative splicing of the hop cassette, an

A2BP1 target exon, may be involved in the adaptive response

to stress.

Alternative Splicing of PAC1 Terminates Stress
Response
In view of the above, we examined whether formation of the

PAC1-hop mRNA isoform might modulate the animal’s tran-

scriptional response to stressors. To test this hypothesis, we

designed two types of antisense morpholino (MO) knockdown

reagents (Figure 6C): the first (pac1a-ATG MO) was designed

to block expression of all PAC1 isoforms by directing it to

PAC1’s translation start site. The second (pac1a-hop MO) was

directed to the exon-intron boundary of the hop encoding exon

of the zebrafish pac1a gene. This reagent caused exon skipping

of the hop cassette in pac1a, preventing the formation of the long

PAC1 isoform without affecting the short variant (Figure 6C;

Figure S5).

Complete knockdown of all pac1 isoforms, using pac1a-ATG

MO antisense oligonucleotide, led to a marked reduction in the

stressor-induced activation of crh transcription (Figure 6D).

This result is in agreement with the importance of PAC1/PACAP
284 Neuron 73, 279–291, January 26, 2012 ª2012 Elsevier Inc.
pathway for stress-induced crh transcription

in vivo and in vitro (Agarwal et al., 2005; Ka-

geyama et al., 2007; Stroth and Eiden, 2010).

Reexpressing PAC1-short, but not PAC1-long,

overrides the deficits in crh transcription that
were caused by complete knockdown (pac1a-ATG MO) of all

PAC1 isoforms, suggesting that the two isoforms mediate differ-

ential effect on crh transcription (Figure 6D).

We next examined whether blocking the alternative splicing of

pac1a will affect crh transcription, by analyzing crhmRNA levels

during the recovery phase of the stress response. We observed

that whereas the amount of crh mRNA in mock-treated fish

larvae had decreased to a low basal level by 120–180 min after

stress initiation, pac1a-hopMO-injected larvae displayed signif-

icantly higher levels of crh mRNA at this late stress adaptation

phase (Figure 6E; Figure S6A). Injection of an unrelated control

MO did not affect the stress-induced crh response when com-

pared to uninjected larvae (Figure S6B). The effect of pac1a-

hop MO was rescued by reexpressing the long (hop) isoform in

Otp+ neurons (Figure 6E; pac1a-hop MO+PAC1-long). This

was achieved by using the otp:Gal4 transgenic zebrafish line to

drive the expression of pac1-hop, which was placed under the

control of Gal4-responsive UAS elements.

As an alternative manner to examine the role of PAC1 splice

variants in the stress response, we overexpressed either the

short or the long PAC1 isoforms in the fish hypothalamus,

thereby shifting the balance between the two proteins. As shown

above, we injected either UAS:PAC1-short or UAS:PAC1-long

constructs into the otp:Gal4 transgenic zebrafish line, express-

ing the Gal4 protein in the PO, which is the fish equivalent of

the mammalian PVN (Fujimoto et al., 2011). Gain of function of

PAC1-short resulted in a constitutive increase in crh levels,

whereas overexpressing the long isoform prevented the stress-

induced activation of crh transcription (Figure 6F).

These results suggest that the short PAC1 variant positively

affects crh transcription, whereas stressor-induced formation

of the PAC1-hop mRNA specie leads to an intracellular signaling

switch that mitigates crh synthesis during the recovery phase of
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the stress response, thereby terminating the ongoing stress

reaction.

PACAP signaling controls corticosterone secretion in re-

sponse to a psychological stressor in the mouse (Stroth and

Eiden, 2010). We examined whether perturbation of PAC1

splicing might influence the physiological stress response by

measuring cortisol levels, the main biomarker for the activation

of the HPA axis in mammals and fish. Similar to its effect on

crh mRNA levels, injection of pac1a-hop MO led to significant

changes in whole larva cortisol content including an increased

basal level and a heightened kinetic response (Figure 6G).

Inhibition of PAC1 Splicing Causes Delayed Adaptation
to Anxiogenic Stress
Similar to other animals, zebrafish larvae exhibit a stress-related

anxiety-like behavior that can be measured using a light-dark

preference test (Steenbergen et al., 2011). We placed 6-day-

old larvae in a two-compartment light-dark measuring arena

and recorded the amount of time spent on the dark side

(Figure 7A). In agreement with Steenbergen et al. (2011), larvae

showed a strong aversion to the dark side of the arena, spending

95.5%of time onwhite and only 4.5%of time on dark (Figure 7B).

Six-day-old pac1a-hop MO-injected larvae, in which the forma-

tion of the long PAC1 isoform is blocked, initially showed a

less-pronounced phenotype and spent longer (8.4% of their

time) on the dark side of the box. Larvae injected with an unre-

lated MO did not behave differently than uninjected controls,

ruling out an effect of injection per se (data not shown).

In order to confirm that place preference in this setup

measures an aspect of stress-related anxiety-like behavior, we

treated both WT and pac1a-hop MO-injected larvae with 5 mM

Diazepam and remeasured the amount of time spent in the

dark (Figure 7B). Diazepam treatment increased the amount of

time spent in the dark side of the arena for both treatment groups

(Figure 7B; n = 24, p < 0.0001) and normalized the behavior of

morphants, confirming a link to anxiety-like behavior.

pac1a-hop MO-injected larvae show an abnormal termination

of the response to stress, as revealed by measuring crh mRNA

and cortisol levels (Figure 6). To test for any possible behavioral

phenotype correlated to this, we next analyzed the behavioral

response to osmotic stress in both control WT and pac1a-hop

morphant larvae. Larvae from both groups were given an

osmotic stress, and their dark avoidance was measured during

recovery from stress at 0, 5, 60, and 120min time points. We first

showed that inhibition of PAC1 splicing does not affect larval

locomotion by demonstrating that there is no significant differ-

ence in the total distance swum for either control or morphant

group at each of the measurement periods (Figure 7C). We

next found that the early response of both WT and morphant

larvae to osmotic stress was indistinguishable, with a trend

reduction of dark avoidance (and thus only a mild increase in

anxiety-like behavior) in both treatment groups (p < 0.12, Fig-

ure 7D). However, the recovery of WT larvae was rapid, and

they quickly became less anxious over time, decreasing their

dark avoidance at both 1 and 2 hr time points (Figure 7D).

Conversely, in keeping with the altered recovery of crh mRNA

and cortisol levels, pac1a-hop-injected larvae showed an

abnormal recovery from osmotic shock: at both 1 and 2 hr
time points, their avoidance of the dark side of the arena was

not significantly different than the initial measures and showed

a trend increase compared to their uninjected siblings.

Although we cannot as yet directly connect this behavior to

our crh and cortisol measurements, the delayed behavioral

response of pac1a-hop morphant larvae at the recovery phase

correlates with their respective failure to terminate crh levels

following stressors (Figure 6).

Taken together, these findings indicate that the formation

of the PAC1-hop splice variant is necessary for termination of

stress-induced CRH synthesis, normal activation of the HPA

axis, and adaptive anxiety-like behavioral response. The under-

lying mechanism, by which the two PAC1 splice isoforms affect

CRH synthesis and anxiety-like behavior during stress adapta-

tion, remains to be determined.

In summary, we have identified a regulatory network linking

stress stimuli with CRH transcription. As depicted in Figure 7E,

our model suggests that in response to various stressors, Otp

and the short PAC1 splice variant modulate transcriptional acti-

vation of CRH to adapt to the changes in homeostasis. Otp may

contribute to the termination of CRH transcription by regulating

the splicing factor A2BP1, which in turn promotes the formation

of the long PAC1-hop splice variant. Generation of the long

PAC1-hop splice variant terminates both stress-induced CRH

transcription and HPA activation by means yet to be uncovered.

DISCUSSION

Stress occurs when an animal’s state of homeostasis is threat-

ened or perceived to be so (Chrousos, 1998, 2009; Engelmann

et al., 2004; Selye, 1936). The adaptive response to most

stressors involves the release of CRH followed by rapid changes

in its transcription (Aguilera, 1998; Vale et al., 1981; Yao and

Denver, 2007). However, the exact intracellular signaling path-

ways that modulate CRH synthesis during stress adaptation

remain unclear. To date, regulation of CRH transcription has

only been addressed using either in vitro cell transfection assays

or application of pharmacological agents in animal models. Our

study provides pioneering in vivo evidence for a new molecular

mechanism of stress adaptation. We show that stress-induced

CRH levels are regulated by the transcription factor Otp and

the transmembrane neuropeptide receptor PAC1. We have

also demonstrated that the generation of a PAC1 splice variant

by means of alternative splicing causes a signaling switch that

terminates CRH transcription in response to stress and leads

to dysregulated HPA axis response.

The activation of CRH transcription following stressful stimuli

is a biological response shared by all vertebrate species (Bernier

et al., 2009; Burbach, 2002; Yao and Denver, 2007). This speaks

to the importance of this pathway and implies that an evolution-

arily conserved biochemical cascade controls the synthesis of

CRH. In this respect, the hypothalamic neuroendocrine-specific

factor Otp was an obvious candidate mediator of stress. Otp is

expressed in the mature CRH neurons of fish and mouse. Otp

deficient mice display impaired development of all hypothalamic

neuroendocrine cell types (Acampora et al., 1999;Wang and Luf-

kin, 2000). In contrast, we found that the zebrafish otpam866

mutant fish, which carries the partially redundant otpb
Neuron 73, 279–291, January 26, 2012 ª2012 Elsevier Inc. 285



Figure 6. Modulation of Stress Response by Alternative Splicing of PAC1

(A) Quantitative PCR analysis of the two pac1 splice isoforms inmice that were subjected to a foot shock challenge. PVN punches were harvested at different time

points following stress initiation. The analyzed pac1 cDNA fragments corresponding to the short and long (hop) splice isoform are schematically shown. The hop

cassette is encoded by exon 14 (E14). *p < 0.05, n = 11.

(B) Calculated ratio between the amounts of the long and short pac1 isoforms shown in (A) as a function of time after the initiation of the foot shock stressor

showing a positive linear correlation. R2 = 0.9, n = 11.

(C) The top part shows a scheme depicting pac1a gene structure including the respective binding sites for two antisense MO oligonucleotides designed either to

block expression of both PAC1 isoforms (pac1a-ATG MO) or prevent the inclusion of the hop exon by alternative splicing (pac1a-hop MO). The bottom part

shows a RT analysis of 6-day-old larvae showing the effect of the pac1a-hop MO. The long (hop) and short splice variants (arrows) are visualized in the control

larvae, whereas only the short isoform is present in pac1a-hop MO-injected animals. Inclusion of adjacent constitutive exons is not affected by the

pac1a-hop MO.

(D–F) Quantitative PCR analyses of crhmRNA following a physical stress challenge of 6-day-old larva. The amount of crhmRNA was measured in individual fish

larvae at different time points of recovery.
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duplicated paralog, displays normal development of CRH-con-

taining neurons. This has allowed us to examine the role of Otp

in mediation of stress response and to demonstrate that it regu-

lates CRH synthesis during stress adaptation.

A major finding of this study is that stress response is modu-

lated by a mechanism that involves activity-dependent alterna-

tive splicing. Specifically, we found that the splicing factor

A2BP1/Rbfox-1, the mammalian homolog of the Caenorhabditis

elegans Feminizing gene 1 on X (Jin et al., 2003; Nakahata and

Kawamoto, 2005; Underwood et al., 2005), is induced by stress

in an Otp-dependent manner. A2BP1 is known to regulate

the alternative splicing of several genes involved in neuronal

and synaptic plasticity, including the hop cassette of the trans-

membrane receptor PAC1/Adcyap1r1 (Lee et al., 2009). Notably,

dysregulated splicing of A2BP1-dependent alternative exons

was observed in the Autism spectrum disorder (ASD) brain (Voi-

neagu et al., 2011). In the present study, we focused on PAC1,

whose high-affinity ligand, PACAP/Adcyap, is an important

mediator of CRH synthesis in the hypothalamus (Agarwal et al.,

2005; Kageyama et al., 2007; Stroth and Eiden, 2010). We now

show that the alternative splicing of PAC1 receptor is induced

by stress and that the termination of stress-induced CRH

synthesis, as well as normal stress-induced cortisol levels and

adaptation to an anxiogenic stimulus, require the generation of

the PAC1-hop splice variant. Previous studies performed in

cell culture systems have revealed that inclusion of the hop

cassette alters PAC1’s intracellular mode of signaling, including

diverse coupling to G proteins (Pisegna and Wank, 1996; Spen-

gler et al., 1993), changes in Ca2+ mobilization and neurosecre-

tion (Mustafa et al., 2007; Mustafa et al., 2010), and/or different

rate of endocytosis (Lyu et al., 2000). Our study now links the

alternative splicing of PAC1 with animal physiology. It remains

to be determined which of the above biochemical mechanisms

is relevant to the regulation of CRH synthesis and adaptive

anxiety-like behavior in an in vivo setting.

As discussed above, we have implicated Otp in both stress-

induced crh mRNA induction and its subsequent downregula-

tion. It should be noted that there are other known mechanisms

involved in termination of ongoing stress response. For example,

corticosteroids can repress stress-induced CRH transcription

through the action of the glucocorticoid and mineralocorticoid

receptors (de Kloet et al., 2005; Joëls and Baram, 2009; Ulrich-

Lai and Herman, 2009). Further analysis is necessary to examine

the possible interactions between corticosteroids, PAC1-hop,

and/or the homeodomain protein Otp.
(D) Stress challenge was applied to either mock-treated 6-day-old larvae (contr

(n = 12), which prevents the formation of both PAC1 isoforms. Alternatively, tran

pac1a-ATG MO together with transposon-based vector constructs harboring

MO+PAC1-long, n = 4) isoforms under the control of ten UAS elements (UAS:PA

(E) Stress challenge was applied to either mock-treated 6-day-old transgenic otp

hop MO (n = 12) or pac1a-ATG MO together with UAS:PAC1-long construct (pa

(F) Stress challenge was applied to either a otp:Gal4 transgenic line larvae (contr

short (n = 7) or long (n = 6) PAC1 isoform under the control of ten UAS elements (o

amount of crh mRNA was measured as described above. *p < 0.05.

(G) Analysis of cortisol content following a physical stress challenge applied to eith

with pac1a-hop MO. Whole-body cortisol levels were measured at different time

n = 3.

The following abbreviations are used: AS, alternative spliced exon; MO, morpho
Stress is a major contributor to psychosocial pathologies in

humans (Joëls and Baram, 2009; Lupien et al., 2009; McEwen,

2003; Ulrich-Lai and Herman, 2009). The signaling pathway pre-

sented here may be relevant to neurodevelopmental and psychi-

atric disorders exhibiting dysregulated stress responses. A2BP1

is associatedwith disorders such asepilepsy,mental retardation,

bipolar disorder, and autism (Bhalla et al., 2004; Elia et al., 2009;

Hamshere et al., 2009; Le-Niculescu et al., 2009; Martin et al.,

2007). PACAP, the high-affinity ligand for PAC1, is associated

with schizophrenia and major depressive disorder, and PACAP-

deficient mice display psychobehavioral abnormalities (Hashi-

moto et al., 2007; Ishiguro et al., 2001; Ishihama et al., 2010;

Stroth and Eiden, 2010). PACAP-PAC1 pathway was recently

implicated in abnormal stress responses underlying post-trau-

matic stress disorder (Ressler et al., 2011). Otp, PAC1, and

CRH are not only expressed in the PVN but also in several nuclei

of the extended amygdala, which are associated with such

stress-related behaviors as anxiety, fear, and memory (Bardet

et al., 2008; Chrousos, 2009; Garcı́a-Moreno et al., 2010; Hashi-

moto et al., 1996; Regev et al., 2010). Finally, both CRH and

A2BP1 are repressed by the methyl-CpG binding protein 2

(MeCP2), which causes the neurodevelopmental disorder Rett

syndrome (Chahrour et al., 2008; McGill et al., 2006). Because

Rett syndromepatients oftendisplay abnormal stress responses,

manifested in episodes of heightened anxiety, it is worth ex-

ploring whether a biochemical mechanism of stress adaptation

similar to the one described here is shared by MeCP2 and Otp.

EXPERIMENTAL PROCEDURES

Antibodies Transgenes and Plasmid Constructs

The anti-Otp antibody was previously described (Blechman et al., 2007).

Rabbit polyclonal antibody directed to phospho-CREB(Ser133) (Cat. #9191)

was purchased from Cell Signaling Technology (Boston, MA). The otp:Gal4

transgenic line [Tg(otpb:Gal4, myl7:EGFP)zc57] was previously described

(Fujimoto et al., 2011). We used the Tol2kit transposon-based transgenic

vectors system (Kwan et al., 2007) for site-specific recombination-based

cloning of the otpa, pac1a-short, and pac1a-long cDNAs downstream of

103 UAS element and basal promoter for Gal4 response. This system effi-

ciently integrates into the genome, ensuring stable expression in 6-day-old

larvae (Kawakami et al., 2004).

Stress Paradigms

Experiments were performed in accordance with protocols approved by the

Weizmann Institute’s Institutional Animal Care and Use Committee.

Physical and Osmotic Stress in Fish

Stress challenges in fish were applied to either the zebrafish Tupfel long fin (TL)

line or the progenies of otpam866�/+ outbred to TL. In all experiments, zebrafish
ol, n = 14) or their siblings that were injected with antisense pac1a-ATG MO

sgenic otp:Gal4 embryos expressing Gal4 in Otp+ cells were coinjected with

PAC1’s short (pac1a-ATG MO+PAC1-short, n = 4) and long (pac1a-ATG

C1-short or UAS:PAC1-long, respectively). *p % 0.01.

:Gal4 larvae (control, n = 11) or their siblings, which were injected with a pac1a-

c1a-ATG MO+PAC1-long, n = 6). *p % 0.05.

ol, n = 10) or their siblings, which were injected with constructs containing the

tp:Gal4 >> UAS:PAC1-short or otp:Gal4 >> UAS:PAC1-long, respectively). The

er mock-treated 6-day-old larvae (control) or their siblings, which were injected

points of recovery in tissue extracts derived from pools of ten larvae. *p < 0.05,

lino; ns, not significant; RQ, relative quantity.
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Figure 7. Anxiety-like Behavior following

Inhibition of PAC1 Splicing

(A) Schematic representation of the two-compart-

ment arena used for the ‘‘light-dark preference’’

behavioral test of 6-day-old larvae (adopted from

[Steenbergen et al., 2011]). The assay measures

anxiety-like dark avoidance behavior.

(B) Histogram showing the percentage of time

spent on the black side of the two-compartment

light-dark measuring arena. Treatment of larvae

with 5 mm Diazepam decreases dark avoidance in

a light-dark box. *p < 0.05, n = 24.

(C and D) Control (n = 36) and pac1a-hop mor-

phant (n = 33) larvae were challenged with an

osmotic stressor for 4 min, and their total distance

swum in the test arena (C) and dark avoidance (D)

were measured for 5 min at 0, 5, 60, and 120 min

time points of recovery from osmotic shock.

**p < 0.01; ns, not significant.

(E) A model summarizing the roles of Otp and

alternative splicing in stress adaptation. The

stereotypic kinetics of stress-induced crh mRNA

levels is shown on the left, whereas the genetic

and biochemical interactions are illustrated on the

right. Otp and the short PAC1 isoform (a receptor

for the PACAP neuropeptide) promote crh tran-

scription, whereas the generation of the long PAC1

(hop) alternative (alter.) splice variant terminates

crh transcription at the late recovery phase

(see text).
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were allowed to acclimatize to the test vessel (90 3 15 mm MINIPLAST dish,

Ein-Shemer, Israel) overnight at 28.5�C (100 larvae/dish) in Danieau’s medium

[1.74 mM NaCl, 0.21 mM KCl, 0.12 mM MgSO4, 0.18 mMM Ca(NO3)2,

0.15 mM HEPES pH 7.4]. Exposure to stressor was performed on 6-day-old

larvae at 8:30 AM. Control unchallenged fish were kept in a separate dish

without further handling.

Exposure to osmotic stressor was done by transferring the fish to 50% arti-

ficial seawater (3.5 gr instant ocean salt in 200ml Danieau’s buffer) for a period

of 4 min and then washed and returned to Danieau’s medium at 28.5�C. Phys-
ical stress was induced by netting the larvae for a period of 4 min. In short,

larvae were transferred to a cell strainer (Falcon Blue 40 UM, BD Biosceinces,

NJ, USA) and excess water drops were absorbed. After a period of 4 min, the

embryos were washed back with Danieau’s medium at 28.5�C. Fish were

collected at different time points during a recovery period, which followed

the exposure to stressors, transferred to ice, collected in centrifuge tubes,

and immediately frozen at �80�C.
Novelty Stress in Adult Zebrafish

Adult zebrafish (4 months old) were habituated to the test room for 1 hr before

the test. For the assessment of anxiety-like behavior we used the ‘‘novel tank
288 Neuron 73, 279–291, January 26, 2012 ª2012 Elsevier Inc.
diving test’’ as previously described (Cachat et al.,

2010), with some modifications concerning the

tank dimensions. The parameters measured in

the test were quantified using an automated video

tracking system (EthoVision XT7; Noldus Informa-

tion Technology, The Netherlands).

Analysis of Stress-Related Anxiety

in Zebrafish Larvae

Stress-related anxiety-like behavior was mea-

sured by recording the preference of 6-day-old

zebrafish larvae for either side of a custom-made

light-dark arena. Behavior was recorded by video

tracking larvae for a 5 min time period using

Videotrack software (Videotrack; ViewPoint Life

Sciences, Lyon, France). Injected larvae were
placed into separate light-dark arenas (modified from Rechteckdosen, Neo-

Lab) inside a Zebrabox (ViewPoint Life Sciences) and were allowed to habit-

uate for 5 min before recording. The arenas were divided into two equal

compartments by covering the sides with either white or black opaque tape.

The bottom of the dark was side was covered with a neutral gray ND8 photog-

raphy filter (Cokin, France), and the light side was covered with clear plexi-

glass. The arenas were illuminated from below with both infrared and white

light. The distance swum was calculated by tracking the larvae for 5 min using

a high-speed infrared camera with the Videotrack software set to a detection

threshold of 11, inactive-small threshold of 5, and small-large threshold of 10.

Preference for either side of the arena was measured by defining two separate

recording areas using the ViewPoint software. The total distance swum was

also calculated for each larva. Any animals that stopped swimming for periods

of 60 s or more, a behavior never observed in WT larvae, were removed from

the analysis. For the Diazepam experiment, larvae were incubated in 5 mm

Diazepam (Ratiopharm) for 1 hr before recording.

Foot Shock and Restrain Stress in Mice

PVN ‘‘punches’’ (see below) were taken from mice before (basal) and 30, 60,

120, and 240 min following stress initiation. Foot shock was delivered using
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a computer-controlled fear conditioning system (TSE Systems, Bad

Homburg, Germany). Mice were placed in the chamber, a clear Plexiglas

cage (21 cm 3 20 cm 3 height 36 cm) with a stainless steel floor grid. During

a 3 min session, two shocks (0.7 mA, 2 s, constant current) with an interval of

1 min were delivered to the mice through the metal grid floor. Mice were then

taken out of the chamber 1 min following the last shock. The restraint stress

was induced as described (Regev et al., 2010) by confining the mice to

a cut 50 ml plastic conical tube for a period of 30 min such that they were

held immobile. Care was taken to assure unobstructed breathing of the

animals.

Paraventricular Nucleus Punch Method

The PVN of the hypothalamus was microdissected using the Palkovits tech-

nique as described (Sztainberg et al., 2010). Immediately after the decapita-

tion, the brain was removed and placed into a 1 mm metal matrix (Stoelting

Co., Wood Dale, IL, USA, cat# 51386). The brain was sliced using standard

razor blades (GEM, Personna American Safety Razor Co., Cedar Knolls, NJ,

USA; cat# 62–0165) into 2 mm slices. PVN were either quickly frozen for

quantitative PCR or immediately fixed in 2.2% formaldehyde for the ChIP

analyses. The PVN was punched using a microdissecting needle of an appro-

priate size.

RNA Preparation and Gene Expression Analyses

In situ hybridization and immunostaining were performed as we previously

described (Blechman et al., 2007). Total RNA was prepared from fish larvae

and mouse PVN tissues using the TRI-REAGENT (Molecular Research Center,

Cincinnati, OH, USA) according to the manufacturer’s instructions. RNA prep-

arations were treated with DNase recombinant I, RNase free (Roche, Basel,

Switzerland) to avoid contamination of genomic DNA. First-strand cDNA

was synthesized from 0.5–1 mg of total RNA using an oligo(dT)15 primer and

SuperScript II reverse transcriptase (RT) (Invitrogen, Blackrock, Co. Dublin,

Ireland). The PCR was performed in 96 plates using a 7300 real time PCR

system (Applied Biosystem, Foster City, CA, USA). The total cDNAs were

amplified using a SYBR Green qPCR kit (Finnzymes, Espoo, Finland) ac-

cording to the manufacturer’s instructions. The relative quantity (RQ) was

calculated using the Relative Quantification program (Sequence Detection

System software version 1.2.2) according to the comparative method.

Samples were normalized according an endogenous gene (b-actin for zebra-

fish fish or hprt for mouse) and to a control time zero sample, which served as

a calibrator.

Chromatin Immunoprecipitation, Immunoprecipitation, and

Immunoblot Analyses

ChIP analysis was performed on 6-day-old larvae (pools of 50 larvae per

treatment) or adult mouse PVNs (pools of five punches per treatment) as

described in Blechman et al. (2011). For IP, we used 4 ml of affinity-purified

anti-Otp, 1 ml of anti-Pol II, or control Rabbit IgG. Sequential ChIP-reChIP anal-

ysis was performed using a previously described protocol (Furlan-Magaril

et al., 2009).

Proteins for IP were extracted from a pool of 100 fish larvae per treatment as

we previously described (Blechman et al., 2007). IP was performed using

affinity-purified anti-Otp antibody, which was covalently bound to an Affi-Gel

10 beads (Bio-Rad, Hercules, CA, USA) and incubated with the protein

extracts for 3 hr at 4�C. Thereafter, beads were extensively washed and

protein complexes were eluted (200 mM Glycine-HCl pH 2.7, 150 mM NaCl)

for 15 min at room temperature. The resulting protein complexes were sub-

jected to 12% SDS-PAGE under nonreducing conditions, followed by immu-

noblotting with an antibody directed to phospho-CREB(Ser133). Nitrocellulose

membranes were stripped and reblotted with an anti-Otp antibody.

Cortisol Measurements

Pools of 6-day-old zebrafish (ten larvae) were used for cortisol measurements.

Cortisol was extracted as previously described (Alsop and Vijayan, 2008), and

whole-larvae cortisol content was quantified using the cortisol enzyme immu-

noassay (EIA) kit (Cayman Chemical, Ann Arbor, MI, USA) according to the

manufacturer’s instructions.

Statistical Analysis

For the behavioral analyses, p values were calculated using a one-way anal-

ysis of variance followed by an unpaired t test if applicable. Elsewhere, statis-

tical significance was determined using unpaired t test. All error bars indicate

SEM. All data was analyzed using Microsoft Excel.
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