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RESUMEN

En una gran cantidad de organismos, la hormona liberadora de gonadotropinas
juega un rol crucial en el establecimiento del eje hipotalamo-pituitaria-gbnadas
(HPG). En humanos, mutaciones en una variedad de genes resultan en una
enfermedad llamada sindrome de Kallmann (KS), la cual se caracteriza por
presentar individuos anosmicos (sin sensacion olfativa) y con hipogonadismo
(gonadas pequefias) hipogonadotropico (baja concentracidn de gonadotropinas en
el suero sanguineo). Este sindrome esta causado por la falta de las células
endocrinas de GnRH presentes en el hipotalamo. En estudios recientes se
encontré que los genes prokineticina 2 (prok2) y el receptor de prokineticina 2
(prokr2) estan involucrados en el desarrollo del bulbo olfatorio y del sistema
reproductor y que mutaciones en cualquiera de estos genes generan fallas
fenotipicamente similares a las observadas en los pacientes con KS. Usando como
modelo de estudio al pez cebra, nosotros investigamos el rol de los genes prok2 y
prokr2 en el desarrollo embrionario del hipotalamo, la glandula pituitaria y el
sistema olfatorio, ya que estos tejidos estan intimamente ligados durante el
desarrollo temprano del embridn. A partir de la secuencia de los genes prok2 y
prokr2 de ratén, nosotros identificamos genes en el genoma del pez cebra (Zv9)
que codifican para proteinas con un alto grado de identidad en relacion a las
proteinas PROK2 y PROKR2 de mamifero. En estos analisis encontramos dos
genes homologos a prokr2 de ratéon, llamados prokr2a y prokr2b, los cuales
presentan un 69% y un 62% de identidad a nivel proteico. Ademas encontramos un

gen homodlogo a prok2, el cual presenta un 65% de identidad aminoacidica.
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Mediante RT-PCR demostramos que estos genes se expresan en embriones y en
el cerebro adulto de pez cebra. Ademas, utilizando sondas especificas para
hibridacién in situ, observamos que el gen prok2 esta expresado en la region
hipotalamica del cerebro adulto. Para disminuir la funcion de los genes prokr2a,
prokr2b y prok2 utilizamos morfolinos especificos y examinamos el efecto de esta
pérdida de funcion en el desarrollo de tejido hipotalamico, olfatorio y de la pituitaria
anterior. La inyeccion de estos morfolinos causa una reduccién significativa en el
numero de células de GnRH endocrinas y en el numero de células similares a
oxitocina (ambas hipotadlamo especificas) en comparacion con el control. Ademas,
utilizando la linea transgénica POMC:GFP encontramos que la pituitaria anterior se
forma de manera anormal en los embrios inyectados con morfolinos. Por ultimo
encontramos que la pérdida de funcion de los genes prok2, prokr2a y prokr2b
altera el patrén esteriotipado de terminacion axoénica de las neuronas sensoriales
olfatorias en el bulbo olfatorio (OB) y que este ultimo ademas esta disminuido en
tamafo. Correlacionado con este defecto, encontramos que la expresion del factor
de transcripcidon emx1 esta ausente en el OB de los embriones tratados con
morfolinos. En conclusién, demostramos que el pez cebra posee genes homaologos
a prok2 y prokr2 de ratén y que la pérdida de funcién de estos genes resulta en un
desarrollo anormal del sistema olfatorio y el hipotdlamo, lo cual recapitula el

fenotipo y las caracteristicas clinicas del KS.

Palabras clave: Células GnRH endocrinas, hipogonadismo hipogonadotrépico,

sindrome de Kallmann, prokineticina 2, hipotalamo, sistema olfatorio.
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ABSTRACT

Endocrine gonadotrophin-releasing hormone (GnRH) cells play a crucial role in the
establishment of the hypothalamic-pituitary-gonad (HPG) axis. Mutations in a
variety of genes result in Kallmann Syndrome (KS) characterized by anosmia (loss
of sense of smell) and hypogonadotrophic hypogonadism (HH) which is caused by
the lack pulsatile release of endocrine GnRH from the hypothalamus. Recent
studies have found that the prokineticin2 (prok2) and prokineticin receptor2 (prokr2)
genes are involved in the development of olfactory bulb and hypothalamus, and
mutations in either of these genes result in a phenotype similar to KS. Using
zebrafish as a model system we have investigated the role of the prok2 and prokr2
genes in the development of hypothalamic, pituitary, and olfactory tissues. We
identified zebrafish homologues of the mouse prok2 and prokr2 genes. We found
that zebrafish have two homologues of the mouse prokr2 gene, prokr2a and
prokr2b, with 69% and 62% identity at the amino acid respectively. In contrast, we
found only one homologue of prok2 mouse gene with a 65% identity at the amino
acid level. Using RT-PCR analysis we showed that these genes are expressed in
zebrafish larvae and adult brain tissues. In addition, in situ hybridization showed
that the prok2 gene is expressed in a restricted group of cells in the adult
hypothalamus. To analyze prokr2a, prokr2b and prok2 function, we used
morpholinos (MO) to disrupt (“knockdown”) gene function by affecting translation.
The knockdown of prokr2a, prokr2b and prok2 genes resulted in a significant
reduction in the number of hypothalamic GnRH and oxytocin-like cells compared

with controls. In addition, the anterior pituitary lacked the stereotypical pattern of
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pro-opiomelanocortin expressing cells as assayed by POMC-GFP expression.
Finally, we found that in the prok2, prokr2a and prokr2b knockdown embryos the
axons of the olfactory sensory neurons did not form the stereotyped termination
pattern in the developing olfactory bulb. Correlated with this defect, emxl
expression was totally absent in the developing olfactory bulb. Here we show that
zebrafish have homologues of the mouse prok2 and prokr2 genes and that
knockdown of the prok2, prokr2za and prokr2b genes results in abnormal
development of the olfactory system and hypothalamic cell types, a phenotype

resembling the clinical manifestations of KS.

Key words: Endocrine GnRH cells, hypogonadotrophic hypogonadism, Kallmann

syndrome, prokineticin2, hypothalamus, olfactory system.
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1. INTRODUCTION.

1.1 GnRH functions and developmental origin.

Gonadotrophin-releasing hormone (GnRH) is a multifunctional decapeptide found in
all vertebrates that plays endocrine as well as neuromodulatory roles. The different
form of this peptide (endocrine and neuromodulatory) modulate reproductive
behaviors, affect reproductive tissue via the hypothalamus (Soga et al. 2005), and
have been proposed to regulate peripheral nervous systems (Stell et al., 1987,
Eisthen et al., 2000; Wirsing-Wiechmann et al., 2002; Kawai et al., 2009). In
mammals, endocrine GnRH-secreting cells comprise a small humber of neurons
that are found primarily in the preoptic area (POA) and the caudal hypothalamus.
The pulsatile release of the hypophysiotrophic (which means that act on or
stimulate the hypophysis) form of GnRH from the hypothalamus induces the
release of gonadotrophins from the adenohypophysis, which in turn promotes the
development of secondary sexual characteristics development in the gonads
making this peptide essential for vertebrate reproduction.

In fish, there are three isoforms of GhnRH (GnRH1, GnRH2, and GnRH3) but
because all forms are not present in all fishes they are also named according to
their location in the central nervous system (CNS). The form located in the
hypothalamus is H-GnRH (GnRH1 or GnRH3), the form found in the midbrain
tegmentum is midbrain-GnRH2 (always GnRH2), and the terminal nerve form is
TN-GnRH (GnRH1 or GnRH3) (Whitlock, 2005b) (Figure 1). GnRH1 is the primary

neuropeptide regulator of reproductive processes in vertebrates (Mason et al.,
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1986). The isoform found in the midbrain, GnRH2, has been linked to modulation of
reproductive behaviors and is characterized by its highly conserved amino acid

sequence across vertebrates, from jawed fish to mammals (Dubois et al., 2002).

terminal nerve midbrain

A

| A

56hpf

Figure 1. Summary showing distinct GnRH forms present in zebrafish
embryos. (A) In situ hybridization showing TN-GnRH (or GnRH3) expression in the
terminal nerve (black arrow). (B) In situ hybridization showing expression of GhnRH2
in the midbrain (black arrows) with two clusters of cells lying in on either side of the
midline (black arrowhead). The GnRH2 and TN-GnRH expressing cells arise from
cranial neural crest (Whitlock et al., 2003; Whitlock et al., 2005a). (C)
Immunohistochemistry showing GnRH expression in the ventral diencephalon of
the embryos (black arrows) and terminal nerve (arrowhead). (D) Diagram showing
the location of these three different forms of GnRH in a zebrafish embryo at 56hpf.
TN: terminal nerve, H: Hypothalamic, MB: Midbrain. Cells indicated in purple are
neuromodulatory in function and those in orange endocrine function. From
Whitlock et al., 2005a.

The TN cells expressing GnRH (TN-GnRH) are proposed to act as
modulator of olfactory behaviors (Wirsing-Wiechmann et al., 2002) and visual

acuity (Stell et al., 1987). Both GnRH2 and TN-GnRH isoforms are proposed to
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originate from cranial neural crest (CNC) (Whitlock et al., 2003, Whitlock et al.,
2005a).

Using immunocytochemistry and in situ hybridization, two separate
laboratories reported in 1989 that GnRH-positive cells in the ventral forebrain
apparently arose from the olfactory placode (OP) and then migrated from the nasal
septum into the forebrain via the terminal and vomeronasal nerves (Schwanzel-
Fukuda & Pfaff, 1989, Wray et al., 1989a, Wray et al., 1989b). This was the first
report of an endocrine cell type with a proposed embryonic origin in a sensory
system. More recently, studies in chick (el Amraoui & Dubois, 1993), medaka
(Parhar et al., 1998), zebrafish (Whitlock et al., 2003; Whitlock, 2005b), and
mouse embryos (Forni et al.,, 2011) have suggested that these cells do not
originate in the OP. In chick embryos, GnRH1 expressing cells are first apparent in
the anterior limits of the neural fold (Witkin et al., 2003), which is a region that give
rise to precursors of the anterior pituitary placode. In zebrafish embryos the regions
that will form the OPs are at the anterior limit of the neural plate and flank the
region that give rise to the anterior pituitary placode (Whitlock & Westerfield,
2000). The anterior pituitary precursors abutt the anterior border of the
hypothalamic precursors along the midline of the anterior neural plate (Karlstrom
et al. 1999). Thus the OP is closely associated with the region of the neural plate
that will form the adenohypophyseal (anterior pituitary) placode and anterior
hypothalamus (Whitlock & Westerfield, 2000) (Figure 2).

Using you-too (Kalstrom et al., 1999) and detour (Kalstrom et al., 1996)
zebrafish mutants (glil and gli2 gene mutations, respectively), which show among

other features total or partial loss of the anterior pituitary gland, Whitlock and
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colleagues showed that these animals lack GnRH cells in the hypothalamus
(Whitlock et al., 2003) and that this loss of hypothalamic GnRH cells is correlated
with the loss of the anterior pituitary gland but not the OPs. Specifically they
suggested that these cells emerge from precursors of the anterior pituitary placode
which is consistent with the types of cells generated by this tissue. glil and gli2
genes are downstream targets of sonic hedgehog (shh), which is a key gene in
early cellular patterning processes. At the 4 to 5 somites stage in zebrafish, shh is
expressed in the tip of the ventral neural keel, and its domain of expression is
mantained in the ventral diencephalon and rostral forebrain up to the end of
somitogenesis (24hpf), where the most rostral shh-expressing cells are confined to
the hypothalamus (Krauss et al., 1993). The fact that in the developing zebrafish
embryo the olfactory placodes are intimately associated with the anterior pituitary,
hypothalamus and CNC precursors in the anterior neural plate, strongly suggest
that any of those tissues could be a source of GnRH cells (Whitlock, 2004).
Additionally, a recent study of the development of the anterior pituitary gland using
a transgenic line expressing GFP under the control of proopiomelanocortin gene
(POMC) showed a transient association between GFP-expressing cells and
olfactory placodes in formation (Liu et al., 2003; reviewed in Whitlock, 2004).
These data suggest that the hypothalamic GnRH cells do not originate from the OP,
but rather in the anterior pituitary placode or other adjacent areas in the anterior

neural plate (presumptive anterior hypothalamus).
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Figure 2. Fate map proposed for the anterior end of the neural plate of
zebrafish at 4-6 somites stage (based on comparison with chick). Diagram of a
dorsal view of anterior neural plate of the zebrafish, anterior to the top of the page.
Regions are color coded to the fate map of chick (Le Douarin & Kalchein, 1999).
The OP precursors (red) flank the region that give rise to the anterior pituitary
placode (orange) (Whitlock & Westerfield, 2000). Posteriorly, the OP precursors
share a border with the CNC (purple). The hypothalamic precursors (magenta) lie
along the midline meeting the adenohypophyseal and OP precursors at the anterior
limit. From Whitlock, 2005b.

1.2 Hypothalamic GnRH deficiency.

In mammals, the release of hypothalamic GnRH into the median eminence is
essential for functioning of the hypothalamic-pituitary-gonad (HPG) axis. This
peptide activates the GnRH receptor 1 (GnRHR1) on the anterior pituitary,
stimulating expression, synthesis and secretion of luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) (Sisk & Foster, 2004; de Roux, 2005). In turn,
both LH and FSH stimulate gametogenesis and steroid production in the gonads
(from Cadman et al. 2007) (Figure 3). In humans, the lack of normal GnRH

pulsatile pattern of secretion from the hypothalamus results in patients with gonad
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failure who do not enter puberty (Ebling, 2005). Kallmann syndrome (KS) is a
heterogeneous developmental inherited disorder affecting 1:8,000 males and
1:40,000 females (Hu et al. 2003) characterized by hypogonadotrophic
hypogonadism (HH) associated with anosmia (Kallmann et al., 1944). These
shared characteristics, anosmia and lack of pulsatile GnRH (MacColl et al., 2002),
suggest a developmental link between reproductive axis and the olfactory system.
Phenotypes of KS patients vary in severity and defects can be observed in nervous
system, midline structures (such as cleft palate), and organogenesis (from Cariboni
and Maggi, 2006). Thus in addition to GnRH deficiency and anosmia, there is a
spectrum of phenotypic defects observed in KS patients.

KS is characterized by three modes of familial inheritance, namely X
chromosome linked (KAL1), autosomal dominant (KAL2) and autosomal recessive.
The KAL1 defects account for approximately 15-20% of total KS (Quinton et. al.,
2001), and the gene that underlies this form of KS encodes a secreted glycosylated
protein called anosmin 1. The protein has an approximate molecular mass of
100kiloDalton (kDa) that it is processed on the cell membrane to yield a 45kDa
component of extracellular matrices that binds tightly to cell surfaces (Rugarli et

al.,1996).
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Figure 3. Release of hypophysiotropic GnRH to the anterior pituitary is
essential for functioning of the hypothalamic-pituitary-gonad axis. (A) Picture
of a 33 years old male patient with Kallmann Syndrome. Little body hair, small
testes, micropenis, gynecomastia, eunuchoidism and mirror movements are some
characterists of the disease (Meza-Vazquez et al., 2011). (B) Overview of the
hypothalamic-pituitary-gonad (HPG) axis, showing hypothalamic GnRH neurons
projecting to the pituitary gland. LH and FSH released from the pituitary gland
stimulate gametogenesis and steroid production essential for puberty development
in the gonads. LH: Luteinizing hormone, FSH: Follicle-stimulating hormone.

Mutations in the KAL2 gene account for 10% of KS phenotypes (Dodé et al.,

2003) and this gene encodes fibroblast growth factor receptor 1 (fgfrl) (Coumoul &
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Deng, 2003). Nearly 80% of the KS patients, however, do not carry a mutation in
KAL1 or KAL2 genes (Tsai & Gill, 2006) suggesting that there are other genes
underlying KS. A third category of KS arising from mutations in the prokineticin
receptor-2 (prokr2) and prokineticin-2 (prok2) genes cause an autosomal recessive
form of KS (Dodé et al., 2006; Pitteloud et al., 2007; Abreu et al., 2008, Leroy et
al., 2008), referred to as KAL3 (Dodé & Hardelin, 2010).

Two homologues of the anosmin 1 gene have been identified in zebrafish:
kallmann l1la (kalla) and kallmann 1b (kallb) (Ardouin et al., 2000), as well as the
fgfrl gene (Scholpp et al., 2004). These genes have a dynamic pattern of
expression during early development that includes the olfactory system and
hypothalamus among other tissues. A recent study showed that knockdown of
kalla and fgfrl gene function resulted in the loss of endocrine GnRH cells in
addition to disruptions in the olfactory system and presumptive hypothalamic tissue
(Whitlock et al., 2005a; Kim et al. 2006; Kim et al. unpublished results). These
results suggest that depletion of kalla and fgfrl proteins affects normal pattern
formation in the anterior neural plate, thus influencing the correct development of
the hypothalamus as well as anterior pituitary and the olfactory system (Whitlock et
al. 2006). In contrast to KAL1 and KALZ2, the genes underlying KAL3 (prokr2 and

prok2) have not been isolated in zebrafish.

1.3 Prokineticins and GnRH deficiency.

Prokineticins (PROK1-2), are secreted bioactive proteins that possess 10

conserved cysteines, which form 5 disulfide bonds that make this peptide highly
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compact (Li et al., 2001). In mouse, the mature forms of PROK1 and PROK2
consist of 86 and 81 amino acids respectively having ~40% identity in their primary
structure (Matsumoto et al., 2006). The N-terminal domain of these proteins
contains the hexapeptide AVITGA which is a sequence essential for the biological
activity and is highly conserved from fish to humans (Kaser et al., 2003). The
functions of PROK2 include intestinal contraction, ingestive behavior, hyperalgesia,
neuronal survival, angiogenesis, spermatogenesis, hematopoiesis and circadian
rhythms (for review see Zhou, 2006, Negri et al., 2007). The prokineticin
receptors, 1 and 2 (PROKR1 and PROKR2) are G protein-coupled receptors, which
show a strong similarity (87% homology, Matsumoto et al., 2006) and mediate
signal transduction of prokineticins (Lin et al., 2002; Masuda et. al., 2002; Soga
et al., 2002). In humans, PROKR1 is found in peripheral tissues, whereas PROKR2
is mainly located in the central nervous system (Kaser et al., 2003). Analysis has
shown that PROK2 binds to both PROKRs with higher affinity than does PROK1,
suggesting that PROK2 is the stronger agonist for PROKRs (Lin et al., 2002;
Masuda et al., 2002; Soga et al., 2002). PROKRs can couple to Gq, Gqgi and Gs
proteins activating multiple intracellular transduction pathways that finally promote
intracellular calcium mobilization (Lin et al., 2002, Chen et al., 2005).

In contrast to what is observed in PROKR1 knock-out (KO) mice, loss of
receptor function in PROKR2 KO mice results in olfactory bulb (OB) hypoplasia and
abnormal layering of the OB as well as severe gonadal atrophy and lack of
hypothalamic GnRH cells (Matsumoto et al.,, 2006, Prosser et al., 2007).
Furthermore, mRNA levels of FSH and LH were significantly lower in KO animals

than wild type controls. Thus, it appears that activation of PROKR2 but not
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PROKRH1 is critical for morphogenesis of the OB and the correct development of
GnRH neurons. Loss of function of the PROK2 ligand resulted in a similar
phenotype of reduction in the OB size and abnormal OB cytoarchitecture,
suggesting that, like PROKR2, PROK2 plays an important role in OB formation (Ng
et al., 2005). The PROK2 KO mice have phenotypes that are similar to phenotypic
patients with HH; they do not pass through puberty and are infertile, have low
serum LH and FSH and have fewer GnRH-expressing cells in the hypothalamus
(Pitteloud et al., 2007). Unlike the GnRH phenotype, OB malformation was
reported in only 50% of the PROK2-/- animals (Ng et al., 2005). Thus prokineticin2
mutations lead to defects in GnRH cell development that is not necessary
correlated with OB disfunction (Pitteloud et. al, 2007).

These phenotypes are similar to those observed in human patients, where
hypogonadism and anosmia can exist separately or together in the same lineage,
suggesting that olfactory development may not always be related to the
development of GnRH cells (Carboni & Maggi, 2006). Furthermore, mutations in
prok2 and prokr2 genes were found in patients with normosmic idiopathic HH (IHH)
suggesting that both prok2 and prokr2 play a role in GhnRH neuron development in
addition to OB formation (Cole et al., 2008).

As mouse prok2 genes are expressed in the olfactory bulb and in the
hypothalamus (suprachiasmatic nucleus, medial preoptic area, and nucleus
arcuate) and are involved in the development of those KS affected structures, we
propose that zebrafish has homologues of mouse prok2 genes and that these
genes are expressed in telencephalic and ventral diencephalic domains of the

embryos and the adult brain, as seen in mammals. According with this idea, we
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also propose that knockdown of prok2 genes affect the correct development of the
olfactory system and the hypothalamus in zebrafish embryos (Figure 4).

Here we report the identification of the prok2 and prokr2 genes in the
zebrafish. Through gene knockdown techniques we show that disruption of prok2,
prokr2a and prokr2b gene function results in abnormal development of the olfactory
system and hypothalamic cell types, a phenotype related to the defining clinical

anomalies of patients with KS.

i Telencephalon i

W

Ventral
diencephalon

poc

[1 prok2 and prokr2 genes expression

Figure 4. Proposed domains of expression of prokineticin2 signaling pathway
genes. We propose that zebrafish has homologues of mouse prok2 and prokr2
genes and that these genes are expressed at least in the telencephalic and ventral
diencephalic regions of the embryos (orange). As a result of the proposed domains
of expression, knockdown of prok2 genes should affect the olfactory system
(telencephalon) and hypothalamus (ventral diencephalon) development. e: eye, op:
olfactory placode, ac: anterior commissure, poc: posterior optic commissure.
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2. MATERIALS AND METHODS.

2.1 Animals.

Zebrafish (Danio rerio) wild type embryos from “new wild-type” (NWT) and “Cornell”
strains (both developed in the Whitlock Laboratory) were reared in a recirculating
system (Aquatic Habitats Inc, Apopka, FL) in a 14h light/10h dark photoperiodic
cycle at 28.5°C. Embryos were collected on the morning of the day of the
experiments and staged according to morphological criteria and hours post
fertilization (Kimmel et al., 1995). Collected embryos were maintained in embryo
media (Westerfield, 1993) at 28.5°C. Animal procedures were approved by the
University of Valparaiso and NIH animal use and care committees. The olfactory
marker protein (OMP:YFP) transgenic line (Miyasaka et. al., 2005) was obtained
from the Yoshihara Lab and the proopiomelanocortin (POMC:GFP) line (Liu et al.,

2003) from the Melmed Lab and maintained in our fish facility.

2.2 Cloning of zebrafish prok2 and prokr2s genes.

On column (RNase-Free DNase Set, Qiagen) DNase-treated total RNA was
isolated (RNAeasy Kit, Qiagen) from several development stages (Ohpf to 5dpf) and
adult wild type brain (NWT and Cornell strains) and used as the substrate for
reverse transcriptase reaction (Superscript I, Invitrogen) following manufacturer’'s
instructions. prok2 (GB #FJ641205), prokr2a (GB #FJ648452) and prokr2b (GB
#FJ648453) genes were amplified by polymerase chain reaction (PCR) using the

primers listed in Table 1. These primers were designed with Primer3 online
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software (Rozen & Skaletsky, 2000) using Mus musculus sequences for prok2
(NM_001037539) and prokr2 (NM_144944.2) genes as templates for basic local

alignment sequence tool (BLAST) (http://www.ensembl.org/Multi/blastview) in the

ninth released version of the zebrafish genome (Zv9). cDNA sequence of each pair
of primers for each gene (Table 1) was cloned into pGEM-T Easy Vector System |
(Promega) and confirmed by automated sequencing (Macrogen, Inc.). Sequences
of prok2, prokr2a and prokr2b genes were submmited to Gene Bank and an
accesion number for each gene was given (#FJ641205 for prok2 , #FJ648452 for
prokr2a and #FJ648453 for prokr2b). Online multiple sequence alignment was done
using BOXSHADE 3.21 from the European Molecular Biology Network

(http://www.ch.embnet.org/software/BOX form.html). Multiple sequence

alignment was generated using ClustalW online software and the resulting
MSF/GCG format file was used as input in the BOXSHADE platform. The
phylogenetic tree was generated using the free online platform

http://www.phylogeny.fr/ (Dereeper et al., 2008). The “one click” phylogeny

analysis algorithm allows us to reconstruct and analyze the relationship between

molecular sequences optimizing each step for our data.

2.3 Morpholinos.

Morpholinos (MOs) were designed and manufactured by Gene Tools Inc. (see

www.gene-tools.com for selecting MO antisense oligos details), and then checked

for homology with non-target mRNAs in Zv9. MOs were delivered prequantitated,

freeze-dried, sterile, salt free and lyophilized solid in an amber glass vial. Each
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oligo was solubilized in double distilled water at a final concentration of 1mM (stock
solution) for injection into the cytoplasm of one or two cell stage zebrafish embryos
(Nasevicius & Ekker, 2000). In the solution, solid aggregates were dissociated by
heating for 5-10 minutes at 65°C and briefly vortexed. MOs stock solutions were
maintained sterile, tightly capped and in the dark at room temperature. For each
gene, two different MOs directed against the start site were used. We used
mismatch MOs with 5 mis-pairs appropriately distributed along the length of the
oligo, to control for gene specificity effects of the MOs. Sequences were as follows:
prok2 MO#1, 5-TCATGGTCTTCAATGGCTGGTGTC-3"; prok2 mm#1, 5'-
TCATcGTgTTgAATGGCTcGTcTC-3; prok2 MO#2, 5'-
GAAATGTTGGATGTCATGGTCTTCA-3'; prok?2 mm#2, 5-

GAAATCTTcGATGTgATGCcTgTTCA -3° (GenBank #FJ641205); prokr2a MO#1, 5°-

GCTGTTTCTGTGAGATGCAAAGTAA-3; prokr2a mm#1 5'-
GCTcTTTgTGTGACATGCtAACTAA-3; prokr2a MO#2, 5'-
ATATTGGCGTCCTGCATGGCTGTTT-3"; prokr2a mm#2 5'-

ATAaTcGCcTCCTcCATcGCTGTTT-3" (GenBank #FJ648452); prokr2b MO#1, 5'-

GTGTTGTTTTCAGTCATCTTGTGTG-3"; prokr2b mm#1, 5-
GTcTTcTTTTCAGTgATCTaGTcTG-3'; prokr2b MO#2, 5'-
CTGTGCTTGTGTTGTTTTCAGTCAT.-3; prokr2b mm#2, 5-

CTcTcCTTcTGTTCcTTTTCACTCAT-3" (GenBank #FJ648453). All of the MOs used
were synthesized with 3’-end modifications for visualization in the embryos post
injection. The prok2 MO#1, prok2 MO#2 and prokr2a MO#2 MOs were tagged with
lissamine (red fluorescence) and the prokr2a MO#1, prokr2b MO#1 and prokr2b

MO#2 MOs were tagged with fluorescein (green fluorescence). Control mismatch
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(mm) were co-injected with rhodamine dextran dye (Invitrogen), at a final
concentration of 0.02%. For each MO and mm oligonucleotides, a calibration curve
with 1 to 10nl of 1.0, 0.5 and 0.2mM concentration of MO were tested to determine
the most effective concentration. For prok2 MO 1-2nL (0.33mM), prokr2a MO 5nL
(1.0mM) and prokr2b MO 1-2nL (0.2mM) were used for injections. For all control
mm MOs we injected 1-2nL, which produced no observable phenotype. For
coinjections of prokr2a and prokr2b MOs equal amounts of the concentrations
used above were pre-mixed. Injection pipettes were pulled using thin walled low
melting point borosilicate glass tubing with microfilament (OD=1.2 mm, 1D=0.94
mm) on a laser-based micropipette puller (P-2000, Sutter Instruments). Parameters
used were as follows: heat=350, filament=4, velocity=60, delay=225, pull=150
(Program #32). Further specifications on the use of the puller can be viewed at

Sutter web site (www.sutter.com).

For analysis of otp (Eaton and Glasgow, 2007), otx2 (Li et al., 1994),
oxytocin-like (Unger & Glasgow et. al., 2003), emx1 (Kawahara & Dawid, 2002)
expression in the prok2, prokr2a and prokr2b MO-injected animals, embryos were
fixed at 56x1hpf. For shh (Krauss et al., 1993) expression injected embryos were

fixed at 26x1hpf.

2.4 Real-time PCR.

Relative levels of prok2, prokr2a and prokr2b mRNAs were determined by
quantitative real-time PCR (gPCR). On column (RNase-Free DNase Set, Qiagen)

and on tube (Dnase |, Invitrogen) DNase-treated total RNA was isolated using a
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mono-phasic solution of phenol and guanidine isothiocyanate (TRIzol® reagent,
Invitrogen) from several development stages (Ohpf to 5dpf) and adult wild type brain
(NWT and Cornell strains). Total RNA was quantified using both a NanoDrop 3300
spectrophotometer (Thermo Scientific, Inc.) and the Quant-iT RNA Assay Kit
(Invitrogen) with a fluorescence microplate reader (Stratagene Mx3000P). Total
RNA (1ug) was used as the substrate for reverse transcriptase reaction
(Superscript® Il, Invitrogen) following manufacturer’s instructions and using Oligo dT
(Invitrogen) as primers for mRNA isolation. All primer sets used (designed with
Primer3 online software and synthesized by Integrated DNA technologies, Inc.),
were validated to confirm amplification of a single PCR fragment with a 100%
efficiency approximately. qPCR experiments was performed on a Stratagene
Mx3000P machine using the double strand DNA dye SYBR Green/ROX gqPCR
Master Mix (Fermentas) and the conditions were as follows: 10 minutes at 95°C,
followed by 40 cycles of 95°C for 15 sec, 57°C for 15 sec and 72°C for 15 sec.
Fluorescence intensity was measured during every PCR cycle at selected
temperatures. Forward 5-GTGTTGTGCAGTCAGTCTGTGGAT-3" and reverse 5'-
ACCTTGTGGCTCATTGGATGACAG-3" primers were used to amplify a 93bp
product of prok2 cDNA. Forward 5-AATCCACCTACACCTCCAGGAAGA-3" and
reverse 5'-AGTGACGTGACAGACGCTGATTTC-3" primers were used to amplify a
104bp product of prokr2a cDNA. Forward 5'-
TTTCAGCCAACAGTGGTGTTGTGG-3° and reverse 5-
TGCTGAAACACAGAGAGAAATTTGTGG-3" primers were used to amplify a 84bp

product of prokr2b cDNA. Quantities of transcripts were normalized according to
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levels of f-actin transcript using the forward 5- CGAGCAGGAGATGGGAACC-3’
and reverse 5-CAACGGAAACGCTCATTGC-3" oligonucleotides (McCurley &
Callard, 2008). Relative amount of each sample was determined with a standard
curve obtained by amplifying a dilution series of pGEM-T plasmid containing the
target fragment sequence. Levels of mRNA accumulation were quantified in two
independent experiments and each data point represented the average of triple
replicates. For each experiment total RNA was extracted from 100 embryos (for

each stage) and 3 adult brains.

2.5 In situ hybridization.

Whole-mount in situ hybridization was performed as described in Thisse et al.
(Thisse et al., 1993), using single-stranded RNA probes labeled with digoxigenin-
UTP (Roche) and followed with a coloration reaction using NBT/BCIP (Boehringer
Mannheim). Agar-embedded (3% in PBS) whole brain were used to obtain sections
(70um) using a vibrating microtome (Pelco vibratome 102). The probes were
generated after cloning these cDNAs from zebrafish in pGEM-T easy plasmid.
Briefly, the prok2, prokr2a and prokr2b genes were initially cloned using: forward
primer, 5-CTCTGCCTGCTGCTTGTGT-3"; reverse 5-
TGATCTACAGGCACAGAAATGC-3" (antisense probe was synthesized with SP6
RNA polymerase using Ncol and sense with T7 polymerase using Spel); forward
primer, 5- ATCACAGGAGTGTGGGTCGT-3"; reverse 5-
TGACGAAGCAGAAGGTGTTG-3" (antisense probe was synthesized with SP6

RNA polymerase using Sphl and sense with T7 polymerase using Spel); forward
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primer, 5-CTCGCTGGCACGTTACAAG-3"; reverse 5-
GCCGGGTAAAAATCTCGTAG-3" (antisense probe was synthesized with SP6
RNA polymerase using Ncol and sense with T7 polymerase using Ndel);
respectively. Sense RNAs were synthesized and used as negative controls. cDNA
was amplified by RT-PCR, the products were cloned into pGEM-T Easy Vector
System | (Promega) and the identity of the resulting clones confirmed by
sequencing (Macrogen, Inc.).

To make RNA probes for ISH, products cloned into pGEM-T Easy Vector
were used for DH5a cells transformation following manufacturer's protocol
(Invitrogen). 50uL of transformed bacteria was plated on LB plates with appropriate
antibiotic and incubated overnight (O/N) in 37°C incubator. Transformant colonies
were streaked onto new LB plate and incubated O/N in 37°C incubator. 5mL LB
broth in culture tube (with antibiotic) was inoculated with transformant colonies and
incubated at 37°C in shaker O/N. Miniprep was performed following Quiagen
miniprep kit protocol. The plasmid was linearized using appropriate enzymes for to
2 hours in a water bath. Gel extraction of the linearized plasmid was performed
using Quiagen gel extraction kit protocol. Gel extracted plasmid concentration was
estimated by comparing with standard ladder. Sense and antisense digoxigenin
(DIG) labeled RNA probe was synthesized using Roche DNA/RNA labeling kit.

The method used for brain or embryo cryostat sections was the following:
samples were fixed in 4% paraformaldehyde (PFA; Electron microscopy Sciences)
O/N (brains were dissected in 4% PFA with clean forceps) and washed in fix buffer

(8 grams sucrose, 150uL 0,2M CaCl2, 0.2M PO4 to 100mL, pH 7.3) 3 times for 5
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minutes each. Samples were then tranferred to flexible cryomold (Tissue-Tek) and
a drop of clean agar-sucrose solution (1.5% agar, 5% sucrose) at 45°C was added
to cover the sample. Clean forceps were used to move the brain or embryos around
for proper orientation of the samples. Once solid, the block was removed from the
mold and trimmed with a clean razor blade on a hard surface to the desired plane
of sectioning. The block was then placed into 30% sucrose O/N for cryoprotection.
A drop of OCT compound (Tissue Tek) was added to the cryostat chuck to position
the sample and the whole unit was submerged into a container with liquid nitrogen
(gradual freezing was necessary to avoid cracking of the block). The block was
equilibrated to the cryostat temperature (-25°C) and slices (10 to 40um thick) were
obtained and placed in Poly-L-Lysine coated slides (Electron Microscopy
Sciences). Slices were washed in clean 1X PBS to continue with the protocol.
Slides were kept in metal humidity chambers and covered for incubations (50mL
basal prehybridization solution without tRNA or heparin was added to soak paper
towels in the bottom of the humidity chamber). Samples were Prehybridized with
hybridization solution (25mL formamide, 12.5mL 20X SSC, 50uL Tween 20, 460uL
citric acid pH 6.0, 50uL heparin 50mg/mL, 500uL tRNA 50mg/mL and up to 50mL of
DEPC water) at 65°C for 30 minutes and in situ probes were preincubated for 10
minutes at 65°C in a waterbath. Hybriwell plastic coverslip (HBW75, Grace Bio-
Labs) were used following manufacturer instructions to hybridize O/N at 65°C in
steel humidity chambers. Unbound probe were removed by several washes at
65°C.(10 minutes in 66% hybridization solution 33% 2X SSC, 10 minutes in 33%

hybridization solution 66% 2X SSC, 10 minutes in 100% 2X SSC, 10 minutes in
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100% 0.2X SSC and 10 minunes in 100% 0.2X SSC). Sections were equilibrated at
RT for incubation with antibody with the following 5 minutes washes: 66% 0.2X
SSC 33% PBST, 33% 0.2X SSC 66% PBST, 100% PBST. Slices were
preincubated in 500uL of blocking solution (2mg/mL BSA, 2% sheep serum, 0.1%
tween 20) for 30 minutes at RT and then incubated O/N at 4°C with alkaline
phosphatase-conjugated antidigoxygenin antibody (Roche; 1:5000). After several
washes, 500uL of coloration reaction (1M Tris HCI pH 9.5, 1M MgCl,, 5M NaCl,
0.1% tween 20) buffer was added in the dark until reaction was complete.

The protocol used for whole mount in situ of zebrafish adult brain was similar
to the whole mount zebrafish embryos ISH (Thisse et al., 1993) with the following
modifications: brains were incubated in proteinase K (20ug/mL) for 45 minutes at
and then fixed in clean 4% PFA for 20 minutes. After hybridization brains were
placed in 3% agar 1X PBS solution at 45°C, oriented as desired and cooled to RT.
The block was then placed in the vibratome chamber with a drop of cyanoacrylate
glue and covered with 1X PBS. The same protocol used for ISH vibratome floating
sections was carried out in the next steps, with the difference that RNAse free
system was not requiered.

For brain vibratome (Pelco 102 vibratome sectioning system) floating
sections the protocol used was as follows: O/N fixed heads in 4% PFA were
dissected to remove the brain. After several washes in 1X PBS, samples were
placed in methanol for long term storage. Samples were then washed, transferred
to a flexible mold (Tissue-Tek) and covered with 1X PBS 3% agar solution. 2-3mm

of agar around the tissue and 3-4mm of agar below the tissue where leaved to
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mount the block in the vibratome chamber. The block was placed in the chamber
with a drop of cyanoacrylate glue below the tissue and covered with clean 1X PBS.
Slices (70um thick) were cut and placed in a sterile 24 well plate (with 6 or 7 slices
per well) in 1X PBS. Floating sections were incubated in proteinase K (10ug/mL) for
10 minutes at RT, washed with PBST and fixed with 4% PFA for 15 minutes.
Samples were prehybridized with hybridization solution at 65°C for 1 hour and
incubated with appropriate dilution of probe O/N at 65°C in humidity chamber.
Washes, antibody incubation and coloration reaction was performed as described
above for cryostat sections.

After coloration reaction, samples from all the methods used were washed
for 5 minutes in distilled water, two times for 5 minutes in hiTE buffer (10mM Tris,
2mM EDTA pH 8.0, 0.1% Tween 20), 5 minutes in water and 1X PBST for 15
minutes (or O/N). Slices were then post fixed in 4% PFA 1X PBS for 30 minutes,
dehydrated in glycerol series and mounted.

For dehydration and mounting, samples were dehydrated by rinsing for 5
minutes each in the following ethanol series: 50% - 75% - 85% - 95% ethanol and
two times in 100% ethanol. The tissue was then washed two times for 2 minutes in
xylene, mounted in distyrene plasticizer xylene medium (DPX, Electron Microscopy
Science) and a coverslip was added on a flat surface. For mounting in glycerol,
samples were rinsed in a glycerol series (25% - 50% - 70% - 90% in distilled water)
for 5 minutes each and a drop of 100% glycerol in the slide was added to mount the

sample.
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For sequences larger than 300bp, we hydrolyzed the probe to a size of 150-
200bp. To hydrolyze probes, we incubated the probe at 60-65°C for a time
calculated using the following base hydrolysis formula (Cox et al., 1984): time in
minutes= (LI-LF)/0.11(LI)(LF), where LI=length of insert in kb and LF=desired final
length. The hydrolysis reaction was stopped by adding 10ul of 10% glacial acetic
acid, 6ul 3M NaOAc, 2ul glycogen (20 ug/ul) and 440ul 100% ethanol to precipitate

RNA at -20°C.

2.6 Inmunohistochemistry.

GnRH immunohistochemistry was performed as reported (Whitlock et al., 2005a)
using the LRH13 monoclonal antibody that recognizes forms of GnRH containing
serine at position 4 and tyrosine at position 5 of the GnRH decapeptide (Park and
Wakabayashi, 1986). This antibody recognizes both the terminal nerve GnRH (TN-
GnRH) and H-GnRH cell populations. Antibody labeling was visualized with goat
anti-mouse secondary (1:200; Covance) followed by mouse peroxidase anti-
peroxidase (1:500; Covance) and DAB (diaminobenzidine, Sigma; 0.05%) coloration
reaction. We used a rabbit polyclonal PROK2 antibody (1:200 to 1:2000) raised
against aminoacids 35-85 mapping within an internal region of human PROK2 (H-51
sc67176, Santa Cruz Biotechnology, Inc), to determine zebrafish PROK2 protein
expression in embryos and adult brain, but we were unable to see any expression

with this antibody using a variety of protocols.
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2.7 Olfactory bulb and epithelium size measurements.

Dechorionated embryos at 36x1hpf were anesthetized with tricaine (Westerfield,
1993) and mounted ventral side up in 3% methylcellulose. Photos were taken and
the area covered by the olfactory bulb and olfactory organ was measured using
ImageJ (Rasband, 1997-2009). Each olfactory organ was analyzed independently
(two per embryo). The data collected was normalized by the distance between the
centers of the lens of the eyes for each embryo to standardize the measurements
by the head size. Unpaired t test was performed using GraphPad Prism version
5.00 for Windows, GraphPad Software, San Diego California USA,

www.graphpad.com.

2.8 Statistical analysis.

Quantitative results were analyzed using GraphPad Prism 5 software. Student t test
was used for OB and olfactory organ measurements and Wilcoxon matched-pairs
rank sum test was used for cell counts. p<0.001 was considered statistically

significant.
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3. RESULTS.

3.1 Sequence analysis.
To identify zebrafish genes homologous to mouse prokineticin receptor2 (prokr2)
and prokineticin2 (prok2) genes, we BLASTed (using BLASTN in Ensembl Genome

Browser, http://www.ensembl.org/index.html) the nucleotide sequence of prokr2

(NM_144944.2, GI:31542916) and prok2 (NM_001037539, GI:82830394) mRNAs
against the zebrafish genome (Zv9 version). We found two homologoues of the
mouse prokr2 gene with 69% (prokr2a), and 62% (prokr2b) at the aminoacid level
(Figure 5A, B) and one homologue of the prok2 gene with 65% (prok2) identity in
the amino acid sequence (Figure 5C). Transcripts homologous to the prokineticin2
receptor named prokr2a (XM_001338648.2, GIl:189526591) and prokr2b
(XM_001338502.2, Gl:189515973), are located on disctinct chromosomes (13 and
1, respectively). Both genes are comprised of 2 exons and 1 intron as in mammals.
Amino acid sequence analysis of these proteins suggests that both are seven
transmembrane G protein-coupled receptors (GPCR), similar to what has been
reported for mouse PROKR2. When searching with both amino acid sequences for

similar receptors in the GPCR database (hitp://mrs.cmbi.ru.nl/mrs-3/blast.do),

we found a high degree of identity with prokineticin receptors of various different
mammals (not shown). This in silico analysis strongly suggests that these genes
are GPCRs and further confirms their identity as the homologues of PROKR2 in
mammals. Protein sequences of the zebrafish prokr2 receptors is remarkably

conserved between the two receptors, displaying approximately 76% identity at the
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aminoacid level. The major sequence differences between zebrafish and mouse
PROKR2 receptors are in the first extracellular domain and in the fourth
cytoplasmic domain (Figure 5A, B; ED1, ID4), while the seven transmembrane
domains displayed higher degree of identity (Figure 5A, B; TM1-7).

The analysis of the mRNA homologous to the mouse prokineticin2
(XM_001342467.2, GI1:189520392) revealed that this gene is located in
chromosome 6 of the zebrafish genome and has 3 exons and 2 introns as in
mouse. The amino acid structure shows two important features found in mouse
PROK2: (1) the N-terminal AVITGA domain (Figure 5C, red box) essential for the
activity of the peptide (Kaser et. al., 2003) and (2) the presence of 10 conserved
cysteines (Figure 5C, red arrowheads) with identical spacing important for the
folding of this highly compact secreted molecule (Li et. al., 2001). Additionally, our
analysis revealed that zebrafish prok2 gene is syntenic with the mouse prok2 gene
showing common neighbors within the region flanking the prok2 genes (Figure 6A,
B, red arrowheads). Both mouse and zebrafish prok2 genes are located in
chromosome 6. Taken together, this results strongly suggest that this gene is the
homologue of the mouse prokineticin2.

The complete cDNA sequences for zebrafish prok2, prokr2a and prokr2b
have been submitted to GenBank (accession numbers FJ641205, FJ648452 and
FJ648453, respectively). Primers used to clone zebrafish prok2, prokr2a and
prokr2b genes are listed in Table 1. All of the products amplified were automatically
sequenced (Macrogen, Inc.). A phylogenetic tree constructed from the available
sequences for PROK2, PROKR1 and PROKR2 from a wide range of species is

shown in Figure 7.
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Figure 5. Comparison between amino acid sequences of PROK2 and PROKR2
from different species. Boxshade alignment between amino acid sequences of
PROK2 (A) PROKR2A (B) and PROKR2B (C) from zebrafish (Danio) with human

-42 -



(Homo) and mouse (Mus) proteins. (A, B) Extracellular domains (ED) are
highlighted in red, intracellular domains (ID) in blue and transmembrane segments
(TM) in black. (C) The AVITGA sequence essential for prok2 activity is highlighted
with a red box, and the ten conserved cysteines are marked with red arrowheads.
Black and grey boxes indicate perfect matches and conservative or
semiconservative substitutions, respectively. Homo: homo sapiens, Mus: Mus
musculus, Danio: Danio rerio.
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Figure 6. Zebrafish prok2 gene is syntenic with the mouse prok2 gene.
Bioinformatic analysis show that zebrafish (A, black arrow) and mouse (B, black
arrow) prok2 genes share common neighbor genes whithin their flanking regions
(A, B, red arrowheads). Both genes are located in cromosome 6. In silico analysis
were performed using Ensembl database online software (www.ensembl.org). 1 to
5in A, B: examples of syntenic genes between zebrafish and mouse.
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PRIMERS USED FOR EXPRESSION CLONING
Gene Sequence (57-37) Name

prok2 (cromosome 6) gctgettectettecacgettt prok2cF
cttctococctectgacceatt prok2cR
ctcetgeoectgetgettgtgt prok2dF
tgatctacaggcacagaaatgc prok2dR
gaggtcatatgatgctaatttatgg prok2eF
cgcaaaaaggaatggcatc prok2eR
aatgggtcaggagggagaag prok2fF
agccgtacacacacatcttca prok2fR

prokr2a (cromosome 13) caacaccttetgettegtea prokr2aF
gcagccocgaagtctttaatcg prokr2aR
gcatctgccaccaaagtcc prokrZbF
acggttttcctecgacate prokr2bR
atcacaggagtgtgggtcgt prokr2gF
tgacgaagcagaaggtgttg prokr2gR
caacaccttetgcttegtca prokrz2hF
tgctattggetgtttttcaa prokr2hR
tgatctgtcatcgcacaaga prokr2iF
ctgatattggcgtectgeat prokr2iR
gctaaaagtgctaaaccaactgaa prokr2iF
ccagagtggcgataaacaca prokr2jR
gtggccaccatcgtcate prokr2kF
ctggtccaccgtccagat prokr2kR
accgtgatggtgettattgg prokr2lF
tcagtaatatgagtgacgtgaca prokr2lR

prokr2b (cromosome 1) gcaacttcggaagcgtctac prokr2cF
cctaacgctcacaaagcaca prokr2cR
ctggataatcceggttctea prokr2dF
ccgggaacattcttaaaceca prokr2dR
cggcttaaaaggcagtgtgt prokrZmF
ggagacacaaagcacaatcc prokr2mR
ctecgectggcacgttacaag prokr2nF
gccgggtaaaaatctegtag prokrZnk

Table 1. Sequences of primers used in amplification and sequencing of
zebrafish prokineticin 2 ligand and receptors. All of the primers shown above
were generated using the Primer3 free online software
(http://frodo.wi.mit.edu/primer3/). cDNA sequence of each gene was verified by
sequencing (Macrogen, Inc.). The products amplified cover the entire coding
sequence of each gene and have a certain degree of overlap between them. All this
information was uploaded to GeneBank.
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A. prokineticin 2
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Figure 7. Zebrafish PROK2 ligand and receptors cluster with other fishes.
Phylogenetic tree for PROK2 ligand (A) and PROK2a and PROK2b receptors (B).
Zebrafish PROK2 ligand is indicated with a black arrowhead in A, and both
receptors with gray arroheads in B. Note that the phylogenetic distances (support
values) between each branch are not shown.
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3.2 Isolation and Temporal expression of homologous sequences

to prok2 and prokr2 genes.

3.2.1 Embryo and adult brain expression by RT-PCR.

In order to examine the temporal expression of prokr2a, prokr2b and prok2 genes
by RT-PCR we performed DNAse-treated total RNA extraction from several stages
(Ohpf to 5dpf) for use as substrate for reverse transcriptase reaction. The
expression of these cDNAs was examined by PCR using specific set of primers
(see methods). We found that the prok2 gene is first detected at 24hpf, maintaining
its level of expression until 5dpf (Figure 8A) and that the prokr2a and prokr2b
genes start their expression at least at 24hpf and 12hpf, respectively (Figure 8A).
To perform region specific microdissections, we used a proopiomelanocortin driven
GFP line (POMC:GFP, Figure 8C), which is expressed in the anterior pituitary as a
marker for the ventral diencephalic region and an olfactory marker protein driven
venus (OMP:venus, Figure 8C) which is expressed in olfactory sensory neurons as
a marker for the anterior telencephalon region. We used the microdissections to
determine whether the prok2, prokr2a and prokr2b genes are expressed in specific
regions of the brain at 72x1hpf. prok2, prokr2a and prokr2b genes are expressed in
the anterior telencephalon (Figure 8B, at) and ventral diencephalon (Figure 8B,
vd) at 72+1hpf and the expression of these genes is reduced or absent in the trunk
and tail of the embryos (Figure 8B, tt). The prok2 ligand is expressed in the adult
brain telencephalon and diencephalon, but at lower levels in the telencephalon

(Figure 9A). prokr2a and prokr2b genes are expressed at similar levels in both
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brain tissues (Figure 9A). Semiquantitative PCR analysis from dissections of adult
zebrafish brain shows that prok2 transcript is more highly represented in the

hypothalamus (Figure 9B, hy) than in other brain structures (Figure 9B; wh, tl, tc).

A
Ohpf 12h 24h 48h 56h 72h 5dpf
prok2 b
prokr2a —— - .-
prokr2b -l )
f-actin -
B

at vd hd tt
prok2 r-q e

prokr2a ~ oy

Prokr2b sy v g !

B-actin e - -

Figure 8. prok2, prokr2a and prokr2b genes are expressed in zebrafish
embryos. (A) RT-PCR analysis shows that prok2, prokr2a and prokr2b genes are
expressed in zebrafish embryos at different developmental stages. (B) prok2,
prokr2a and prokr2b genes are expressed in the anterior telencephalon (at) and
ventral diencephalon (vd) in 72hpf zebrafish embryos. at: anterior telencephalon,
vd: ventral diencephalon, hd: head, tt: trunk and tail. (C) OMP:YFP (lateral view,
anterior to the left) and POMC:GFP (ventral view, anterior to the left) transgenic
lines were used as markers of olfactory system and ventral diencephalon,
respectively. n: nose, e: eye, p: anterior pituitary. All experiments were carried out
at least 3 times with 100 embryos for each developmental stage in (A) and 50
embryos in (B).
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Figure 9. prok2, prokr2a and prokr2b genes are expressed in specific regions
of the zebrafish adult brain. (A) prok2, prokr2a and prokr2b genes are expressed
in the telencephalon and ventral diencephalon from adult brain. (B)
Semiquantitative PCR analysis from microdissections of adult zebrafish brain
shows that prokineticin 2 gene is more highly expressed in the ventral diencephalon
than in other brain structures. wh: Whole brain, tl: Telencephalon, hy:
Hypothalamus, tc: Tectum/cerebellum. (C) Diagram modified from Wullimann et
al., 1996 depicting different regions of the brain used in (B). 40 PCR cycles in (A)
and 27 cycles in (B) were used for the analysis. All experiments were carried out at
least 3 times with 5 brains for (A) and (B).

3.2.2 in situ hybridization expression.

We performed RNA in situ hybridization (ISH) using digoxigenin labeled antisense
zebrafish prok2, prokr2a and prokr2b as probes. We were unable to observe any
signal for the three genes from 24hpf to 5dpf (not shown) embryos using several

approaches: 1. we performed wholemount and cryostate sections ISH; 2. at least

two probes of different length were used; 3. probes were hydrolized; 4. we changed
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the stringency of the protocols (by changing hybridization temperature and
formamide percentage/SSC concentration in the post hybridization washes) and 5.
we titrate proteinase K, probes and antibody incubation times. In adult brain
sections, ISH revealed that the prok2 gene is expressed in the adult hypothalamic
tissue (Figure 10). These prokineticin2-expressing cells were found specifically in
the ventral zone of the periventricular hypothalamus (Hv, Figure 10E, H) along the
diencephalic ventricle (Figure 10D-I) (Wullimann et al., 1996). All cells expressing
prok2 were localized only in two 70um serial sections (140um in total). We also
used another pair of primers (Ayari et al., 2010, see methods) to synthesize a
different probe for the same gene in order to contrast our results with the
expression profile observed in another investigation (Ayari et al., 2010), but the
results obtained with that probe were the same (not shown) to ours. Our ISH results
are consistent with semiquantitative RT-PCR analysis from dissections of zebrafish
adult brain, where the prok2 transcript is more highly represented in the
hypothalamus than in other brain structures (Figure 9B). We did not detect prok2
expression in the olfactory bulbs of the adult zebrafish as has been previously
reported in mouse (Cheng et al., 2006) and zebrafish (Ayari et el., 2010) (not
shown). As expected, we found no prokineticin2-expressing cells with the negative
control sense probe (Figure 10A, B). We were unable to observe any signal for
prokr2a and prokr2b genes in adult brain sections using several approaches (see
below).

Finally, to detect zebrafish PROK2 protein expression, we used a rabbit

polyclonal PROK2 antibody (Santa Cruz Biotechnology, Inc) with a concentration
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ranging from 1:200 to 1:2000 in embryos and adult brain, but we were unable to

see any expression with this antibody (data not shown).

Figure 10. prokineticin2 is expressed in the hypothalamus of the zebrafish
adult brain. Expression of prokineticin2 in the zebrafish adult hypothalamus was
assessed by ISH in brain dissections. Control sense (A,B) and antisense (D-l)
preparations were hybridized with specific DIG-labeled probes before sectioning in
a microvibratome. (D) picture of a 70um section with their 20X and 40X
magnification (E and F, respectively) showing prokineticin2-expressing cells in the
ventral zone of the periventricular hypothalamus (black arrows in D, E, and black
arrowheads in F). (G) Posterior adjacent 70um section of (D) with their 20X and
40X magnification (H and I, respectively) showing prokineticin2-expressing cells in
the Hv (black arrows in G, H, and black arrowheads in 1). (C) Diagram of a lateral
view of adult zebrafish brain illustrating the transverse section (red line) where
prok2 is expressed (modified from Wullimann et al., 1996). All pictures were taken
with dorsal side to the top. Hv: ventral zone of the periventricular hypothalamus.

Scale bar in A = 100um.
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3.2.3 gPCR analysis.
To further analyze the expression of prok2, prokr2a and prokr2b genes, we
performed gPCR experiments using whole zebrafish embryos and adult brain
microdissections. Using this approach, we found that prok2 (Figure 11A), prokr2a
(Figure 11C) and prokr2b (Figure 11E) genes have a very low level of expression
in early developmental stages (from 12hpf to 56hpf) compared to whole adult brain
expression (WAB). In addition, we found that in the adult brain prok2 transcript
(Figure 11B) is more highly expressed in the ventral diencephalon compared to
WAB. Consistent with this result, we were able to detect prok2 expression by ISH
only in the ventral diencephalon (Figure 10D-I). prokr2a has a level of expression
not different from WAB in the regions of the brain used (Figure 11D) and prokr2b
has a 2-fold increase in the ventral diencephalon compared to WAB (Figure 11F),
although we could not see any expression for these two genes in the adult brain
using digoxigenin-labeled antisense probes (not shown).

Taken together, these data demonstrate that homologues of the mouse
prokineticin2 signaling pathway genes (prok2, prokr2a and prokr2b) are present in
the zebrafish genome (Zv9) and that these genes are expressed in early

developmental stages and in adult brain tissue
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Figure 11. Gene expression assessed by qPCR.

Relative levels of prok2, prokr2a and prokr2b mRNA were determined by qPCR
using cDNA from 12, 24, 48 and 56hpf whole embryos (A, C, E) and adult brain
dissections (B, D, F) as substrate. Quantities of transcripts were normalized
according to levels of factin transcript. Levels of mRNA accumulation were
quantified in two independent experiments and each data point represented the
average of triple replicates. Zebrafish adult brain dissections isolated the regions
shown in Figure 9C. WAB: whole adult brain expression. hpf: hours post
fertilization.
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3.3 Knockdown of prok2, prokr2a and prokr2b zebrafish genes.

3.3.1 Morphant phenotypes.

We used specific MOs (designed and manufactured by Gene Tools Inc., and then
checked for homology with non-target mMRNAs) to knockdown the function of prok2,
prokr2a and prokr2b genes. Embryos injected with antisense MOs against prok2,
prokr2a and prokr2b genes were similar in appearance at 4812 hpf (Figure 12).
The resulting morphant embryos had small head and eyes and the tail was curled
ventrally (Figure 12B-D). prok2 morphants (Figure 12B) had a small body size and
the tail was flexed down (Figure 12B). prokr2a morphants had a ventrally curved
tail (Figure 12C), while prokr2b morphants had both a flexed trunk and tail (Figure
12D). All specificity control mm MOs produced no observable phenotype (Figure
12A). We used a different second non-overlapping AUG MO (see methods) against
the same mRNAs to block translation of prok2, prokr2a and prokr2b genes, and the

phenotypes produced were very similar to those observed in Figure 12B-D.
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Figure 12. Knockdown of prok2, prokr2a and prokr2b genes in zebrafish
embryos produces morphological phenotypes. Morphological defects in
embryos resulting from the knockdown of prok2 (B), prokr2a (C) and prokr2b (D)
genes with MOs at 48+2hpf. All of the resulting morphants were curled ventrally and
had small head and body size compared to the control (A). n/i: not injected
embryos.

3.3.2 Knockdown of prok2, prokr2a and prokr2b genes affects the olfactory
system.

Because previous studies using PROK2 KO mouse (Ng et al., 2005) have shown a
reduction in OB size and abnormal OB cytoarchitecture, we used MOs to determine
whether prok2, prokr2a and prokr2b genes have a role in the development of the
olfactory system. Thus we measured the size (using ImagedJ, see methods) of the
olfactory placode (Figure 13A, B; red outline) and the olfactory bulb (Figure 13A,

B; white outline) in uninjected, control mm, and MO-injected animals at 36+1hpf.

Our analysis showed that knockdown of prok2, prokr2a and prokr2b genes caused
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a significant reduction (p<0,0001) in OB size (Figure 13C), but not in olfactory
placode (OP) size (Figure 13D).

Using the OMP:YFP transgenic line that mark ciliated olfactory sensory
neurons (OSNs) and their projections to the OB, we found that the knockdown of
prokineticin2 signaling pathway genes (Figure 14B-E) results in abnormal axonal
projections of the OSNs to the OB (Figure 14B-D, white arrowheads) compared to
control mm injected embryos (Figure 14G-J) at 72t1hpf. Although OSNs axons
entered the OB, their axonal endings are irregular in shape and less defined than
those in mm control injected embryos. The axonal projections in the OB of wild type
embryos are very characteristic and form three main axon bundles: medial, center,
and lateral (Vitebsky et al., 2005). In the prok2, prokr2a and prokr2b single
morphants the three bundles are visible (L, C and M in Figure 14G), but when both
receptor MOs are coinjected, the pattern of bundles is affected resulting in nerve
morphologies that does not show the characteristic branches (Figure 14E, white
arrows) observed in the control embryos (Figure 14G-J).

The emx1 gene is expressed in the developing telencephalon (Morita et al.,
1995; Kawahara & Dawid, 2002) and also has been suggested to guide pioneer
axons from the OP to the OB in zebrafish (Whitlock and Westerfield, 1998). Thus
we used a DIG labelled RNA probe recognizing emx1l to determine whether
telencephalon patterning was disrupted in MO-injected embryos. Using this
approach, we found that emx1 expression is totally absent in the morphants OBs
(Figure 15A-C, black asterisks; G-I, white asterisks) compared with the mm
controls (Figure 15D-F and J-L, white arrowheads) at 36t1hpf (Figure 15A-F) and

72+1hpf (Figure 15G-L).
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Taken together, the data presented above suggest that the prokineticin2
signaling pathway is important for the normal development of the OB and that the
developing OSNs have abnormal axonal projections within the OB as a secondary

result of this deficiency.
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Figure 13. Disruption of prokineticin2 signaling pathway affects olfactory bulb
but not olfactory placode size. Representative ventral view from prokineticin2
MO-injected (A) and mismatch control embryos (B) at 36x1hpf, anterior to the top
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(OB: white dashed, OP: red dashed line). (C) Knockdown of prok2, prokr2a,
prokr2b zebrafish genes causes a significant reduction (p<0.0001, Student t test) in
OB size (white outline in A, B). (D) prok2, prokr2a, prokr2b morphants do not show
a reduction in OP size (red outline in A, B). (C, D) White, gray stiple, and gray line
bars represent uninjected control, mm control, and MO treated embryos,
respectively. Number of animals analyzed are in parenthesis for each treatment in
C, D. All experiments were performed at least 3 times for each MO. mm: mismatch
MO injected embryos, MO: morpholino oligo injected embryos. * p<0.0001. Scale
barin A =100um.
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Figure 14. Knockdown of prok2, prokr2a and prokr2b genes in zebrafish
embryos affect axonal projections in the OB. Disruption of prokineticin2
signaling pathway affects the olfactory system. (A-J) prok2, prokr2a, prokr2b
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knockdown disrupt OSNs axon terminals (white arrowheads in B-D) within the OB
(white asterisks in A) in OMP:YFP transgenic line at 72+1hpf. In addition, the main
axon bundles pattern (white arrows in E) is affected when both receptor MOs are
coinjected. (A) uninjected control, (B-E) MO injected embryos, (F) Frontal view of
an uninjected control embryo, dorsal to the top. (G-J) control mm MO-injected
embryos. All pictures shown are representative preparations and were taken from a
rostral view with a 40X objective in an spinning disc microscope (except for F),
dorsal to the top (A-J). All experiments were performed two times for each MO.
mm: mismatch control, MO: morpholino oligo, OMP: olfactory marker protein, n/i:
not injected, e: eye, m: mouth.

A 36hpt B ~. 36hpf c “=. 36hpf

i
< Ny
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Figure 15. emx1 expression is absent in prokineticin2 signaling pathway
morphants. emx1 transcription factor expression is absent in the OBs (black and
white asterisks in A-C and G-I, respectively) of prok2, prokr2a and prokr2b MO-
injected embryos at 36x1hpf (A-F) and 72+1hpf (G-L) compared to the mm control
(white arrowheads in D-E and J-L). (D-F, J-L) MO mm control. (A-C, G-lI) MO-
injected embryos. mm: mismatch control, MO: morpholino oligo, hpf: hours post
fertilization. All pictures were taken from a ventral view, anterior to the top.
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3.3.3 Disruption of prokineticin2 signaling pathway affect hypothalamus cell
types development.

In order to determine whether loss of function of prokineticin2 gene affects
endocrine GnRH cells from the hypothalamus (H-GnRH), we used the LRH13
antibody (Park and Wakabayashi, 1986). We found that prok2 (Figure 16B),
prokr2a (Figure 16C) and prokr2b (Figure 16D) morphants showed a significant
reduction in the number of H-GnRH positive cells at 56+1hpf relative to the normal
number of cells observed in mismatch MO-injected controls (Figure 16F-H). The
prok2 morphants had an average of 1.1 cells expressing H-GnRH compared with
12.1 cells in the control mismatch (mm) controls (Figure 18A, C; Table 2). prokr2a
and prokr2b morphants also showed a reduction in cell number, with an average of
3.0 and 1.7 H-GnRH cells compared with 13.6 and 14.0 in the mm controls,
respectively (Figure 18A, C; Table 2). In all cases, TN-GnRH cells were not
affected by the injection of the MO (Figure 16B-D, black arrowheads). The number
of H-GnRH and TN-GnRH-expressing cells in mm controls were similar to our
previously published results for uninjected wild-type animals (Kim et al.,,
unpublished results; Gopinath et al., 2004; Whitlock et al., 2005a).

To further assess the potential role of the prok2 signaling pathway in
hypothalamic development we used a probe recognizing oxytocin-like (OT-like)
gene which is an ortholog to the mammalian peptide gene oxytocin-neurophysin
and detects bilateral clusters of cells located in the anterior hypothalamus (Unger &
Glasgow et. al., 2003); (Figure 17A). Using this marker, we found that
hypothalamic OT-like-expressing cells are reduced in number in prok2, prokr2a and

prokr2b morphants (Figure 17B-D) compared to the control mm MO (Figure 17F-
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H). The prok2 morphants had an average of 2.4 cells expressing OT-like compared
with 19.1 cells in the control mismatch (mm) controls. prokr2a and prokr2b
morphants also showed a reduction in cell number, with an average of 6.5 and 1.8
OT-like-expressing cells compared with 25.6 and 24.6 in the mm controls,
respectively (Figure 18B, D; Table 2). The numbers of OT-like-expressing cells in
mm controls were similar as we had previously reported for uninjected wild-type
animals (Kim et al., unpublished results). Using a second AUG MO to disrupt
prok2, prokr2a and prokr2b gene expression, we performed the same sets of
experiments for recognition of H-GnRH and OT-like cell types (Figure 16 and 17).
We found that the effect of the second MOs were very similar to that observed with
the first MOs described above (Figure 18C, D).

To determine if the loss of both hypothalamic cells (H-GnRH and OT-like)
caused by prok2, prokr2a and prokr2b MOs were the result of non-specific effects
of the oligonucleotides, we examined the expression of the orthodenticle 2 (otx2)
gene in the treated and control embryos at 48t1hpf (Figure 19). We found no
alterations in the pattern of otx2 expression at the midbrain hindbrain boundary
(MHB) in the morphants (Figure 19A-C) when compared with the control mm MO

(Figure 19D-F, white arrowheads in Figure 19D).
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Figure 16. Knockdown of prok2, prokr2a and prokr2b genes cause a
reduction in the number of hypothalamic H-GnRH cells in the zebrafish
hypothalamus. (A) An uninjected embryo showing the location of H-GnRH cells
(white arrowheads) and TN-GnRH cells (black arrowheads). (B-D) MO injected
embryos lack H-GnRH cells compared to embryos injected with mismatch control
MOs (F-H), but not TN-GnRH cells (black arrowheads). (E) Diagram of the location
of H-GnRH (black arrows) and TN-GnRH (black arrowheads) cells in a 56hpf
zebrafish embryo. op: olfactory placode, e: eye. (B-D) Morphants lack H-GnRH
cells but TN-GnRH cells are not affected. Ventral views, anterior to the top. mm:
mismatch control, MO: morpholino oligo. n/i: not injected.
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Oxytocin-like "

Figure 17. Knockdown of prok2, prokr2a and prokr2b genes cause a
reduction in the number of oxytocin-like cells in the zebrafish hypothalamus.
(A) An uninjected embryo showing OT-like expressing cells (white arrowheads).
MO-injected embryos lack OT-like cells (B-D) compared to embryos injected with
mismatch control MOs (F-H). (E) Diagram of the location of OT-like cells in a
zebrafish embryo (black arrows). All pictures were taken from a ventral view,
anterior to the top. mm: mismatch control, MO: morpholino oligo. op: olfactory
placode, e: eye. n/i: not injected.
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Target gene n min. median max. P-value

Hypothalamic GnRH cells

prok2mm 57 2 12 32

prok2 MO 70 0 0 7 < 0.0001
prokr2amm 43 5 13 23
prokr2aMO 67 0 2 12 < 0.0001
prokr2b mm 52 7 14 22
prokr2b MO 88 0 0 11 < 0.0001
not injected 82 3 13 29

Oxytocin-like cells

prok2mm 40 11 19 28

prok2 MO 49 0 1 9 < 0.0001
prokr2amm 46 15 26 35
prokr2a MO 49 0 4 20 < 0.0001
prokr2b mm 34 17 25 31
prokr2b MO 38 0 1 6 < 0.0001
not injected 51 19 26 33

Table 2. Numbers of cells expressing H-GnRH and OT-like in the
hypothalamus of MO and mm control injected embryos. Total numbers of cells
expressing H-GnRH and oxytocin-like in the hypothalamus in MO and mismatch
control (mm) injected embryos. All embryos were fixed at 54+1hpf. p-values were
obtained comparing MO versus mm controls using the Wilcoxon Rank Sum test.
The count of total number of cells was obtained from both sides of embryo. All
experiments were carried out at least 3 times for each MO. Min.: minimum number
of cells per animal, max.: maximum number of cells per animal, n: number of
animals analyzed, mm: control mismatch MO, MO: morpholino oligo.
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Figure 18. Two distinct hypothalamic cell types are reduced in number in MO
injected embryos. Disruption of the prokineticin2 signaling pathway causes a
reduction in zebrafish hypothalamic cell types. Box and whisker plots summarizing
counts of H-GnRH cells (A) and oxytocin-like cells (B). Loss-of-function of prok2,
prokr2a and prokr2b genes with a second start site MO (Morpholino type #2) results
in a similar phenotype to that observed with the first MOs in H-GnRH (C) and
oxytocin-like cells (D). We tested the differences in cell counts between mismatch
control embryos and MOs injected embryos using Wilcoxon Rank Sum test. We
found a significant decrease in cell counts in prok2, prokr2a and prokr2b
knockdown embryos (p<0.0001). n represents the number of animals analyzed (in
parentheses). White, gray stiple, and gray line bars represent uninjected control,
mm control, and MO treated embryos, respectively. mm: control mismatch MO. MO:
morpholino injected animals.
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prok

Figure 19. otx2 gene is expressed in a normal spatio-temporal pattern in
prok2, prokr2a and prokr2b morphants. Lateral views from 48+1hpf MO (A-C) or
mismatch-injected (D-F) zebrafish embryos showing the expression of otx2 in the
midbrain hindbrain boundary (white arrowheads in D). We found no detectable
alterations in the pattern of expression for otx2 in the MO-injected embryos
compared to the mm control animals. The posterior limit of expression (MHB) was
not disrupted for this gene in both groups. Anterior to the left. mm: control mismatch
morpholino, MO: morpholino oligo.

Finally, to assess early development of the midline signaling pathway in the
prok2, prokr2a and prokr2b morphants, we used sonic hedgehog (shh) and
orthopedia (otp) expression as landmarks to visualize the development of the
midline tissue. shh plays an important role in the induction and early patterning of

the hypothalamus (Mathieu et al., 2002) and otp is a key determinant of

hypothalamic neural differentiation (Wang & Lufkin, 2000). We found that in the
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MO treated embryos at 26x1hpf (Figure 20A-C) there is a disruption on the shh
expression in the ventral diencephalon (white arrowheads in Figure 20C)
compared to the control mm injected embryos (Figure 20D-F). In control animals
the anterior domain of shh expression (corresponding to the developing
hypothalamus) is observed as a solid and inverted U shape (black arrows in Figure
20F). In contrast, in the MO-injected embryos shh showed a decrease in
expression along the ventral midline and a less defined posterior border of
expression (white arrows in Figure 20C). otp, an hypothalamic marker, is normally
expressed in the ventral hypothalamus and in the dorsal preoptic area (POA).
prok2, prokr2a and prokr2b morphants (Figure 20G-1) showed a disrupted pattern
of otp expression in the ventral hypothalamic expression domain (black arrowheads
in Figure 201) compared to the mm controls (Figure 20J-L) at 56t1hpf. Fewer otp
expressing cells in the ventral hypothalamus are observed in the MO treated
embryos compared to control mm MOs (white arrows in Figure 20L).

The data presented in this above suggest that prokineticin2 signaling
pathway genes play a role in the proper development and differentiation of the
hypothalamus, and that a failure in the correct expression of this group of genes

causes a loss of hypothalamic specific cell types.
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Figure 20. Loss-of-function of prokineticin2 signaling pathway causes a
disruption in the expression of hypothalamic markers. Expression of shh and
otp genes is disrupted in prok2, prokr2a and prokr2b morphants. sonic hedgehog
(A-F) at 26x1hpf and orthopedia (G-L) expression at 56t£1hpf is disrupted in prok2,
prokr2a and prokr2b MO injected embryos (A-C, white arrowheads for shh in C) (G-
I, white and black arrowheads for otp in H and |, respectively) compared to the mm
MO controls (D-F, black arrows in F) (J-L, white arrows in L). All pictures were
taken from a ventral view with a 20X (A-F) or 40X (G-L) objective, anterior to the

top. mm: control mismatch MO, MO: morpholino oligo.
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3.3.4 Knockdown of prok2, prokr2a and prokr2b genes disturb anterior
pituitary development

To determine whether the disruption in the development of the hypothalamus also
affects adjacent anterior pituitary precursors, we used the POMC:GFP transgenic
line to determine the effect of the knockdown of prok2, prokr2a and prokr2b genes
on the development of the adenohypophysis. In this transgenic line, GFP-positive
cells form a single cluster of cells in the anterior midline at 24hpf. Between 48 and
64hpf this cluster segregates into an anterior (rostral pars distalis) and a posterior
(pars intermedia) group of cells (Liu et al., 2003). Knockdown of prok2, prokr2a
and prokr2b genes caused a disruption in the normal pattern of GFP-expressing
cells distribution (Figure 21B-E) between the anterior and posterior clusters
compared to the control mm MOs (Figure 21G-J). The segregation between these
two domains of cells observed in control embryos is lost in the MO treated animals
(Figure 21B-E, white arrows). We found that the cells expressing POMC between
these two clusters increase significantly in number (p<0.0001) in prok2, prokr2a,
prokr2b morphants and when both receptor morpholinos are conijected compared
to the mm control animals (Figure 21K).

Together, the data presented here demonstrate that the disruption of
prokineticin2 signaling pathway genes in zebrafish result in defects of
hypothalamic, pituitary and olfactory tissues, suggesting that these genes are
important for the correct patterning and/or differentiation of the developing

telencephalon and diencephalon.
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Figure 21. Knockdown of prok2, prokr2a and prokr2b proteins cause an
abnormal pattern of GFP expressed in the pituitary at 72+1hpf in the
POMC:GFP transgenic line. (A) Uninjected control (B-E) MO injected embryos,
(F) representative ventral view of the anterior pituitary (p) (modified from Liu et. al,
2003) anterior to the left, (G-J) MO mismatch control animals. All pictures were
taken from a ventral view with a 40X objective using an spinning disc microscope,
anterior to the top. (K) Box and whisker plot summarizing count of POMC:GFP cells
between the rostral pars distalis (top) and pars intermedia (bottom)
adenohypophysis clusters of GPF-positive cells (white arrows in B-E). We found a
significant increase in cell counts between these two clusters in prok2, prokr2a,
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prokr2b and prokr2a+prokr2b knockdown embryos compared to the mm control
(*p<0.0001, Wilcoxon matched-pairs signed rank test). Number of analyzed animals
is in parenthesis in K. White, gray stiple, and gray line bars represent uninjected
control, mm control, and MO treated embryos, respectively. All experiments were
performed at least two times for each treatment. POMC: proopiomelanocortin.
Scale bar in A= 10um. n/i: not injected, e: eye, p: anterior pituitary, rpd: rostral pars
distalis, pi: pars intermedia.
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4. DISCUSSION.

We have shown that the prok2-signaling pathway genes are conserved between
mouse and zebrafish, and that, as has been reported in humans, decrement in
function of these genes affects the development of the olfactory and hypothalamic

tissues, both affected in KS patients.

4.1 prokineticin2 signaling pathway gene expression.

Our results show the presence of two genes homologous to mouse prokr2 and one
for the prok2 gene on the Zv9 version of the genome of Danio rerio. We found a
high degree of synteny for prok2 genes from mouse and zebrafish, both located in
chromosome 6. Also the characteristics observed in zebrafish prok2 (N-terminal
AVITGA domain and ten cysteines residues), strongly suggest that this gene is
highly conserved in vertebrate evolution. The divergence found between zebrafish
PROKR2A and PROKRZ2B proteins in the N-terminal domain suggest that one of
these GPCR could correspond to an homologous to mouse PROKR1, as this
difference is conserved in mammal PROKRs (Lin et al., 2002), but thus far no
PROKR1 has been documented in zebrafish. It is possible that PROKR2 gene may
have duplicated over the course of evolution consistent with the whole genome
duplication in the teleost fishes (Amores et al., 1998). According with this idea, the
C-terminal portion of the second intracellular loop (IL2) of PROKRZ2 from human,
which is essential for the interaction with cytoplasmatic G-proteins (Peng et al.,

2011) and differs with PROKR1, is very similar for both zebrafish receptors (not
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shown). Another possibility is that prok2 reacts with both receptors to trigger
different intracellular signaling pathways as seen in other species. prok2 has higher
affinity for both receptors in mammals (Lin et al., 2002; Masuda et. al., 2002;
Soga et al., 2002). This non-selectivity implies that the availability of PROK1/2 and
PROKR1/2 determine which signaling cascade is triggered in a physiological or
tissue specific fashion (Negri et. al., 2007). In addition, PROKR1 and PROKR2 can
form heterodimers (Marsango et al., 2010) which could explain the similar
phenotypes observed in the prokr2a and prokr2b gene knockdown experiments,
suggesting that each receptor is necessary for prok2 gene function and that
prokr2a and prokr2b genes are not functionally redundant. In contrast, we observed
that coinjection of prokr2a and prokr2b MOs in zebrafish embryos act
synergistically to affect the formation of OSNs bundles in the OB. This phenotype
suggest that both receptors are needed to establish the correct pattern of bundles
in the OB, which suggests that prokr2a and prokr2b act together in a tissue specific
manner to form medial, central and lateral bundles in the OB; but further analysis
are needed to confirm this hypothesis. For additional exploration of the role of both
receptors in zebrafish development, disruption of the in silico predicted zebrafish
prokl gene is necessary.

In contrast to previously published reports in mouse, we could not detect
expression of prok2 and prokr2 by in situ hybridization in the developing embryo,
although we detected expression of these genes by RT-PCR. This method is
comparatively much more sensitive than ISH suggesting that the mRNAs for these
genes are found in low abundance in the zebrafish embryos. If the prok2 gene is

highly expressed in a few cells, then we should be able to detect them by ISH as
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we have previously done for GnRH2 and TN-GnRH (or GnRH3) (Gopinath et al.,
2004; Whitlock et al., 2005a) which are low abundance mRNAs, but highly
expressed in a small number of cells. In contrast to the ligand, receptors are
notoriously difficult to detect using DIG labeled probes (as opposed to radio-labeled
probes) thus we were not surprised that we were unable to detect prokr2a and
prokr2b by ISH in the adult brain and embryos. As a result, at this time we do not
know the precise expression domains of the prok2, prokr2a and prokr2b genes in
the embryo, but our RT-PCR microdissection analysis show that these genes are
expressed in the olfactory and ventral diencephalic regions of the embryo. In
agreement with these findings, the results of our gene knock-down experiments
show that these genes play a role in the formation of the developing OB and
hypothalamus.

Using ISH and PCR we were able to detect prok2 in adult hypothalamus a
region previously described to contain prok2-expressing cells in mammals (Cheng
et al., 2006). In contrast to mouse (Ng et al., 2005, Cheng et al., 2006, Puverel et
al., 2009) we found no evidence for prok2 expression in sections of the adult OB,
but by RT-PCR and gqPCR analysis, we did detect expression in the telencephalic
region but with a lower relative abundance than in the ventral diencephalon. ESTs
profiles (Unigene database) show that zebrafish prok2, prokr2a and prokr2b genes
are expressed only in reproductive adult tissue (not shown) as seen in rodents and
humans (for review see Martin et al., 2011). Concurrently with our study, Ayari and
colleagues have cloned zebrafish prok2 and shown by in situ hybridization that it is
expressed throughout the adult brain: ventral and dorsal telencephalon, midbrain—

forebrain boundary, rostral and rostro-ventral midbrain, diencephalon,
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mesencephalon, optic tectum, cerebellum, dorso-caudal hindbrain, and in the
ventral part of the pons (Ayari et al., 2010). The discrepancies of prokineticin2
expression pattern in the zebrafish adult brain described need to be resolved, but
as the experimental procedures used were similar in both cases (Soussi-
Yanicostas N, personal communication), further analysis, like the generation of a
specific antibody for zebrafish PROK2, must be accomplished. Nevertheless taking
into account that we replicated our expression pattern of prok2 with the probe used
by Ayari and collagues and that our real time and semiquantitative PCR analysis
are in accordance with our prok2 ISH pattern of expression, we presume that the
expression of prok2 observed in Ayari paper is because of an experimental
error/counter staining of the samples. Considering that in this study the majority of
neurons in the brain express prok2, a pattern dissimilar to the precise and restricted
domains of expression observed in mammals, we are confident in the validity of our

results.

4.2 Knockdown effects of prokineticin2 signaling pathway.

4.2.1 Olfactory system.

Knockdown of prok2, prokr2a and prokr2b genes causes a reduction in olfactory
bulb size, affects axon terminations in the OB and totally abolishes the expression
of emx1. The abnormal shape of the OSN axonal projections to the developing OB
in the morphant embryos may affect synaptic connections in the olfactory system

between OSNs axons and dendrites of OB neurons as has been suggested for the
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knockdown of other KS related genes in zebrafish (Yanicostas et al., 2009).
Although in our knockdown experiments the OSNs exit the OE, grow toward CNS in
fascicles and desfasciculate tangentially on the surface of the OB to form the three
main axon bundles (medial, center and lateral) (Miyasaka et al., 2005; Vitebsky
et al., 2005), our results suggest that the axonal connections in target glomeruli are
perturbed. Further analysis that reveal the integrity of the proto-glomerular
condensations organization and postsinaptic densities are needed. Coinjection of
both receptor MOs disrupted the stereotyped pattern of axonal endings in the
developing OB which suggests that both receptors are needed for the correct
formation of the three bundles of axonal projections in the OB. It is possible that the
abnormalities seen in our knockdown experiments are due to a failure in the proper
segregation of axon termination within the OB, but problems with the OSNs itself
can not be discarded. Analysis of the number of OSNs and the integrity of pioneer
OSNs axons (Whitlock & Westerfield, 1998; Vitebsky et al., 2005) must be
assessed to confirm this hypothesis. The phenotype we observed in the OMP:YFP
transgenic line may result from the fact that the target tissue of the OSNs axons is
disrupted and making this failure secondary to OB disgenesis. Furthermore emx1, a
transcription factor involved in the development of the anterior telencephalon in
vertebrates (Morita et al., 1995, Kawahara & Dawid 2002), required for the
formation of olfactory circuitry in Drosophila melanogaster (its expression is
necessary for precise targeting of projection neurons dendrites to appropriate
glomeruli) (Lichtneckert et al., 2008), and suggested to guide pioneer axons from
the OP to the OB in zebrafish (Whitlock and Westerfield, 1998), is not expressed

in the OB of prok2, prokr2a and prokr2b morphants.
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emx1 is a downstream target of the gli3 gene (Theil et al., 1999, Tole et al.,
2000), which is part of the sonic hedgehog-patched-gli signalling pathway. In
mouse, shh is expressed in the early appearing protoglomeruli during development,
and is involved in the entry, growth, and branching of OSN axons into OB glomeruli
(Gong, et al., 2009). As the expression of shh in the developing forebrain (which
originates from the anterior neural plate) is sligthly affected in our knockdown
studies, the emx1 lack of expression observed in prok2, prokr2a and prokr2b
morphants could be a result of this mild failure or the effect on emx1 may be
independent of shh signaling. Thus far, no information about a relation between
emx and prok2/prokr2 genes have been described.

The vaxl gene, which is a homeobox gene closely related to emx, is
required downstream of shh in the differentiation of the basal forebrain in mice and
Xenopus (Hallonet et al., 1999). In addition, mutations of vaxl cause
holoprosencephaly and craniofacial defects (Hallonet et al., 1999) as seen in shh
mutants (Belloni et al. 1996; Chiang et al. 1996). Therefore, both mutated genes
result in abnormal development of the basal forebrain. Although in mouse and
Xenopus, vaxl is detected after anterior neural plate specification/determination, it
could function later in the specification or maintenance of ventral anterior domains
in the forebrain (Hallonet et al., 1999). These results from mouse and Xenopus

suggest that emx1 may act as vax1 to control anterior telencephalon development.

4.2.2 Hypothalamus.
In addition to the olfactory system phenotype, depletion of the zebrafish

prokineticin2 signaling pathway results in a significant reduction in the number of H-
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GnRH and OT-like-expressing cells in the hypothalamus and a disruption on the
expression of shh and otp genes on hypothalamic domains. shh signaling pathway
plays an essential role in the patterning of the ventral CNS and disruption of this
cascade have been suggested to downregulate (Sarnat & Flores-Sarnat, 2001)
and/or modulate (Del Giacco et al., 2006) otp expression in the hypothalamus.
Also, shh promote hypothalamic fates and cooperates with nodal to mantain
hypothalamic domains (Mathieu, et al., 2002), making this early signal essential for
the induction and establishment of the hypothalamus in zebrafish. In our
knockdown studies, hypothalamic H-GnRH and oxytocin-like cells are missing. This
result suggests that the prok2 signaling pathway may be involved in the proper
development of the hypothalamus, possibly acting early in the
induction/establishment of the ventral diencephalon in concert with the shh pathway
as seen in the development of the enteric nervous system (see below). Another
possibility is that prok2 signaling may function later in specification/maintenance of
ventral diencephalon domains in the forebrain. Although so far there is no evidence
of an interaction between shh and prokineticin to control the development of CNS
structures, both genes are proposed to act together in the development of enteric
nervous system. shh controls the proliferation and differentiation of neural crest
cells (NCCs) and modulates the effect of glial cell-line derived neurotrophic factor
(GDNF) over NCCs in mouse (Fu et al, 2004) and zebrafish (Reichenbach et al.,
2008). Also, prokl modulates proliferation and differentiation of enteric NCCs
(Ngan et al., 2007). In addition, prokineticins work coordinately and can
compensate the loss of GDNF/Ret signaling (which are essential for enteric NCCs

development) in Hirschsprung disease modulating differentiation and proliferation of
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NCCs (Ngan et al., 2008). In mouse, prokineticins and their cognate receptors
have been detected as early as stage E7 in mouse embryos (Ngan et al., 2007),
which suggest that prokineticin signaling is involved in early developmental
processes, though their roles during embryonic development are yet to be
elucidated. This is not a surprise as new functions of the prokineticin pathway are
emerging fast (see Ngan & Tam, 2008 for review). Furthermore the role of
prokineticin2 in GnRH cell and olfactory system development is not well understood
as mutations are also seen in normosmic GnRH deficiency. This suggests a role of
prokineticin2 beyond neuronal migration as GnRH neurons do not express
PROKR2 (Martin et al., 2011).

Analysis of other hypothalamic cell subtypes (dopaminergic and vasopressin
expressing cells for example) in our knockdown experiments is needed to confirm
the role of the prokineticin2 pathway in the hypothalamic neurosecretory system

development.

4.2.3 Pituitary.

We showed that the loss of function of prok2, prokr2a and prokr2b genes affect the
correct formation of the pituitary gland, which show a scattered rather than a strict
and stereotyped domain of expression in the POMC:GFP transgenic line at 3dpf.
This results are in accordance with recent reports of partial defects at the level of
the adenohypophysis for KS and IHH patients (Sykiotis et al., 2010; Correa et al.,
2011). Coinjection of both receptor MOs causes no additional phenotypes

compared with the single morphants, which suggest that in zebrafish both
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prokineticin2 receptors are redundant in their role in adenohypophysis
development.

BMPs, FGFs and SHH are signal molecules required to organ commitment,
early patterning, and positional determination in pituitary early development through
the induction of downstream transcription factor expression. (Burgess et al., 2002,
Dasen & Rosenfeld, 1999). Studies using the overexpression of hedgehog
inhibitor HIP (hedgehog interacting protein), revealed that hedgehog signaling is
necessary for proliferation and specification of the pituitary ventral domain (Treier
et al., 2001). In zebrafish, shh from the ventral diencephalon plays a crucial role in
the induction, patterning and growth of the zebrafish adenohypophysis and
hypothalamus (Herzog et al., 2003). In addition, the you-too zebrafish mutant,
which is defective in the gli2 gene (downstream effector of hedgehog signaling),
cause defects in pituitary and hypothalamus development (Kalstrom et al., 1999).
In our knockdown studies, the effect observed in pituitary development was mild, a
result consistent with the subtle disruption of shh in the anterior midline at 26t1hpf
observed in the morphants. Despite this result, we can not discard a direct effect of
prok2 signaling over pituitary development. Further analyses are required to dissect

the effect of prok2 signaling over anterior pituitary formation.

4.2.4 Kallmann syndrome.

Knockdown of kalla in medaka (Orizyas latipes) resulted in a disruption of GnRH
neuronal migration (Okubo et al., 2006), and in zebrafish cause the loss of
endocrine GnRH cells of the hypothalamus, but not of neuromodulatory GnRH cells

of the midbrain and terminal nerve (Whitlock et al., 2005a). The similarities of the
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prok2/prokr2, kalla and fgfrl (Kim et al., unpublished results) knockdown
phenotypes suggest these genes may act in a common signaling pathway
controlling H-GnRH cell differentiation. Indeed, both fgfrl and anosminl (an
ortholog gene of zebrafish kalla) need heparan sulfate proteo-glycans (HSPGs), to
exert their normal biological function (Guimond & Turnbull, 1999; Soussi-
Yanicostas et al., 1996) and these three components physically interact to form a
protein complex (Gonzéalez-Martinez et al., 2004). HSPGs are essential
components of the extracellular matrix and the cell surface membrane (Zhang et
al., 2009) and interact with a variety of cellular proteins, including growth and
differentiation factors, morphogens, extracellular matrix components and regulating
ligand receptor interactions (see Bernfield et al. 1999 for review). For instance,
HSPGs modulate important regulatory proteins such as WNT, BMP, FGF, and
SHH, and modify the signal and/or regulate receptor activation (Fico et al., 2011).
HSPGs can affect the receptor activation by capturating secreted factors after their
withdrawal increasing their concentration/availability, regulating morphogen
movement, signaling and trafficking or might stabilize ligand—receptor interactions
(Yan & Lin, 2009; Fico et al., 2011). In the fruit fly D. melanogaster, HSPGs
modulates Hedgehog signaling during embryogenesis, and are required for its
movement in the developing wing imaginal disc (Han et al., 2004). Prokineticins
also binds to HSPGs (LeCouter et al., 2003) as other Kallmann related genes.
Also, the heparan sulfate 6-O-sulfotransferase 1 enzyme (which modifies HSPGs)
is mutated in patients with IHH (Tornberg et al., 2011). Finally, HSPGs are found in
the early developing nervous system in mouse (Luxardi et al., 2007) and

manipulations in vertebrate embryos have provided insight into their role in brain
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patterning (Galli et al., 2003). So, it is possible that kalla, fgfrl and prok2/prokr2
genes acts in concert to control the development of GnRH cells in the developing
hypothalamus.

Using yeast two-hybrid screens, Kim and collagues (Kim et al., 2010) found
that the emx1 gene (that is strongly affected in our knockdown experiments)
interacts with the WDR11 protein, which is a novel mutation found in KS patients
(Kim et al., 2010). wdrll is expressed in the entire developing central nervous
system of the mouse embryo and in the olfactory bulb, piriform cortex, cerebellum,
hypothalamus and hippocampal region of the mouse adult brain (Kim et al., 2010;
Kim & Layman, 2011). In zebrafish the expression of wdrll is broadly expressed
in the forebrain, midbrain and hindbrain at 24hpf partially overlapping with emx1
domains of expression (Kim et al., 2010; Kim & Layman, 2011). The role of
WDR11 in KS suggests a possible connection between this disease and the shh
pathway, as emx1 (which colocalizes with WDR11 in vivo and in vitro) is part of the

shh-patched-gli-emx signaling pathway (Kim et al., 2010).

4.2.5 Current model of forebrain specification.

In the development of the anterior nervous system, morphogen signals are
translated into transcription factor codes that allow induction of different forebrain
domains, which finally leads to the differentiation of distinct neurons in diverse
territories of the telencephalon (Takahashi & Lui, 2006). The mechanism
regulating the interaction between wnt/bmp, fgf and shh morphogens in the correct
development of the forebrain are still not elucidated in detail. However wnt, bmp,

fgf, and shh pathways show positive and negative feedback regulations in diverse
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structures and at different developmental stages (Bertrand & Dahmane, 2006).
shh is necessary and sufficient for induction of the ventral telencephalon, while loss
of shh function expand dorsal telencephalic markers as emx1 in mice (Chiang et
al., 1996; Ohkubo et al., 2002). A correct balance between fgf and bmp/wnt
pathways is required for induction of rostral and dorsal telencephalic domains,
respectively (Kuschel et al., 2003). In addition, fgf and shh pathways may act
together in the control of ventral telencephalon patterning as both factors act
coordinately to form the anterior forebrain in vertebrates (Shanmugalingam et al.,
2000; Crossley et al., 2001; Ohkubo et al., 2002). Furthermore, shh and fgf are
repressed by the bmp pathway in the dorsal forebrain (Ohkubo et al., 2002).
Mouse mutant in the zinc finger transcription factor gli3 shows a disrupted
formation of the pallium, olfactory bulbs, hippocampus and the dorsal boundary
between the diencephalon and telencephalon (Franz, 1994; Theil et al., 1999)
between other forebrain structures. In this mutant there is a loss of emx1 and emx2
genes in the dorsal forebrain and an expansion and reduction of fgf8 and bmp4
expression pattern, respectively (Theil et al., 1999; Kuschel et al., 2003). These
studies place gli3 upstream of emx genes in the genetic pathway controlling dorsal
telencephalic patterning. In addition, emx2 expression is regulated in the dorsal
telencephalon directly by wnt and bmp, and loss of the two latter genes coincides
with a severe reduction of emx2 expression in the dorsomedial telencephalon
(Theil et al., 1999; Tole et al., 2000; Theil et al., 2002). This finding places emx2
downstream of wnt and bmp in the control of telencephalic specification. The
results discussed above suggest that bmp, wnt, gli3 and emx2 genes may act

together in the same genetic pathway to control dorsal telencephalic development
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(Theil et al., 2002). Morphogen target genes like pax6 and ngn2 are reduced in the
dorsal telencephalon, and mashl and dIx2 ventral markers shows a ectopic
expression in the dorsal telencephalon, suggesting a ventralization of this structure
in the gli3 mutant (Kuschel et al., 2003). Thus, the gli3 gene is essential for the
establishment and maintenance of the dorsal signaling center (Kuschel et al.,
2003). Furthermore, gli3 and wnt genes are not affected in the emx2 mutant,
showing that these genes are not under the control of emx2 (Yoshida et al., 1997).

fgf8 is expressed in the rostromedial pole of the telencephalon, where it
controls the development of the forebrain in zebrafish (Shanmugalingam et al.,
2000) and mice (Meyers et al., 1998). Loss of function of fgf8 causes a reduction of
the forebrain and downregulate genes that are expressed in the subpallial region. In
zebrafish, loss of fgf signaling pathway lead to defects in telencephalic and
diencephalic ventral patterning. shh is dependent in fgf signalling in the
hypothalamus and the zona limitans intrathalamica (Walshe & Mason, 2003) and
the expression of fgf signaling is under the control of hh morphogen in the forebrain
(Miyake et al., 2005). These interactions are essential for proper forebrain
patterning and places fgf signaling downstream of shh for the induction of this
important region of the brain. Moreover, in explant cultures assay, fgf8 induced
mashl and dIx2 expression and suppressed emxl1 transcription (Kuschel et al.,
2003). In addition, there is an antagonism between fgf8 from the anterior
telencephalon and wnt/bmp from the dorsal telencephalon, suggesting that fgf8
plays an important role in the ventralization of the telencephalon phenotype
observed in the gli3 mutant (Kuschel et al., 2003). In gain and lost of function

experiments using mouse embryos, Okada and colleagues (Okada et al., 2008)
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found that overexpression of fgf8 up-regulated transcription factors vax1 and zic2 in
midline structures and inhibition of fgf signalling decrease the expression domain of
those genes. In shh null embryos (where fgf8 is expression is reduced), vax1l and
zic2 are downregulated and ectopic expression of fgf8 in this mutant, recovered
those midline transcription factors (Okada et al., 2008). In addition, gli3 mutant
mice showed high levels of vaxl and zic2 and blockage of fgf pathway decreased
their expression at the midline. Interestingly, ectopic shh expression in gli3 mutant
only upregulated some of the midline transcription factors, suggesting that fgf8
signaling may participate in midline structures development independently of shh
action (Okada et al., 2008).

Recently, the sp8 gene was found to be expressed along the medial lateral
axis of the forebrain, showing a gradient with higher expression at caudomedial
levels compared to rostrolateral regions. According with this, KO embryos for sp8
displayed olfactory bulbs and septum dysgenesis and complete absence of the
midline (Zembrzychi et al., 2007), suggesting that sp8 is required for early
patterning of the forebrain. In the sp8 deficient mice, expression of dorsally
expressed pax6 is disrupted and emx2 transcription is expanded compared to wild-
type embryos, causing a caudalization of the cortical areas (Zembrzychi et al.,
2007). In addition, fgf8 expression is affected in sp8 mutant embryos, consistent
with the depressing role of emx2 in fgf8 expression (Fukuchi-Shimogori & Grove
2003). shh and wnt expression remains unchanged in the absence of sp8, which
suggest the sp8 may be required for the fgf8 activity and that the forebrain
developmental failure observed in mutant embryos is independent of wnt and shh

signaling pathways (Zembrzychi et al., 2007). Furthermore, emx2 or pax6 function
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does not affect sp8 expression, suggesting that sp8 acts upstream of these genes
(Zembrzychi et al., 2007). emx2 and pax6 transcription factors are expressed in
opposed gradients trough the anterior posterior axis of the forebrain (high at
caudomedial and low at rostrolateral positions for emx2, and the opposite gradient
for pax6), with mice deficient in emx2 and pax6 showing disruption of dorsal
telencephalon structures where those genes are normally expressed (O'Leary &
Nakagawa, 2002). Furthermore, reduced levels of ventrally expressed transcription
factors like mashl, gsh2, nkx2.1, and dIx1 is observed in sp8 KO embryos
(Zembrzychi et al., 2007).

Mice defective in retinoic acid production (lacking a retinal dehydrogenase
enzyme) present strong defects in forebrain development by controlling fgf and shh
signaling and in turn reduce dorsal emx2 and ventral nkx2.1 telencephalic markers
(Ribes et al., 2006). In chick embryos with reduced retinoic acid signaling, shh and
fgf8 genes are highly reduced, suggesting that these two pathways mediate retinoic
acid action in forebrain development (Schneider et al., 2001).

Here we showed that the knockdown of prok2 signaling produces a mild
effect over shh expression in the anterior ventral midline and that emx1 expression
is totally abolished in the morphant embryos. This result suggest that the slight
disruption of shh expression caused by prok2 signaling knockdown (by an unknown
mechanism) affect directly emx1 or more likely prok2 signaling knockdown affect
emx1l (and probably also otp) by a mechanism independent of shh. This would
implicate that emx1 and otp genes may act in the specification or mantainance of
forebrain structures after anterior neural plate induction. Thus, knockdown of prok2

signaling may affect cells that express shh in the ventral diencephalon by a
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mechanism not related to shh signaling (maybe the cells that do not express shh in
the morphants are affected directly or indirectly by prok2 signaling, compromising
their fate as shh expressing cells in this particular region). Analisys of the
expression of other patterning genes in the morphants (such as fgf8 or gli3) is
required to dissect the precise role of prok2 signaling in the development of the
olfactory system and ventral midline structures in zebrafish embryos.

All the data presented above and the abnormal expression of shh, otp and
emx1 observed in our prok2, prokr2a, and prokr2b knockdown experiments suggest
that prokineticin2 signaling pathway genes may play a role in the correct patterning
and/or differentiation of the ventral and dorsal forebrain cellular domains where the
olfactory, hypothalamic and pituitary tissues come from (Whitlock & Westerfield,

2000) (Figure 22).

A Normal Neural Development B Prokineticin2 Knockdown

Dorsal FB
X

Dorsal FB

Fgfg Fgf8

Ventral FB

Ventral FB

Figure 22. prok2 signaling pathway affect generation of forebrain derivated
tissues.

Proposed model for the role of prok2 signaling pathway in controlling forebrain
tissue development. In wild type embryos (A), shh, emx1, and otp are expressed
normally to induct forebrain structures, but when prokineticin2 signaling pathway is
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disrupted (B), shh, emx1, and otp genes are downregulated by an unknown
mechanism (?) causing midline forebrain failures (in hypothalamic and pituitary
tissues) and rostral telencephalon development (olfactory system). The action of
prokineticin2 over genes essential for proper development of the nervous system
(fgf8, gli3, wnt/bmp) remains to be elucidated. Arrows represent positive influences,
T bars negative ones, and the dashed line a proposed interaction. FB: Forebrain,
TFs: Transcription factors.

5. CONCLUSION.

Taken together, our data suggest that the prok2/prokr2 zebrafish genes are
important for the normal development of the olfactory system, hypothalamus, and
the anterior pituitary. The specific role of this versatile pathway in the development

of the zebrafish forebrain remains to be elucidated.
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