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CHAPTER I 

 

INTRODUCTION 

 

The Human Brain is Highly Lateralized 

 At first glance, the vertebrate body plan appears symmetric. However, 

anatomical asymmetries are pervasive within the vertebrate lineage. A well-

known example of these asymmetries is the lateralized placement of the visceral 

organs.  For example, the heart and pancreas are typically located of the left side 

of the body while the liver usually resides on the right (Levin, 2005). The 

presence of brain asymmetries is widespread, although less studied, among 

vertebrates. 

 The human brain, for example, exhibits profound anatomical and functional 

asymmetry. Early attempts to understand the function of left-right (L-R) 

differences in the cerebral cortex by Sperry and Gazziniga (Sperry, 1961), 

through examination of “split brain” patients who had undergone transection of 

the corpus collosum, the chief connection between the two hemispheres of the 

brain,  suggested that the left and right hemispheres of the human brain are 

specialized in different tasks. It is broadly thought that the left hemisphere is 

more attuned to processing of higher cognitive functions, such as language 

(Geschwind and Levitsky, 1968), while the right hemisphere is more efficient at 

processing visuospatial information (Heilman and Van Den Abell, 1980). These 

functional lateralities are likely promoted by anatomical asymmetries in brain 
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structure. It has been hypothesized that the right hemisphere, through locally 

increased axonal size or density, is capable of higher transmission speeds 

compared to the left (Miller, 1996). This would lend the right hemisphere the 

enhanced transmission speed needed for the processing of visual information 

while allowing expansion of language and thought related areas of the left 

hemisphere that do not require high speed transmission. Support for this has 

recently been uncovered in the region of the cortex called the superior 

longitudinal retroflexus (SLF), a series of axon tracts, which are strongly right 

lateralized in most individuals (Thiebaut de Schotten et al., 2011). Those with the 

most right lateralized SLF were better at performing certain visuospatial tasks 

(Thiebaut de Schotten et al., 2011). The left hemisphere on the other hand 

seems to be specialized to deal with language. Two of the language processing 

regions of the brain, Broca’s area and Wernicke’s area, are typically larger on the 

left than on the right in most individuals. Unilateral damage to either area can 

impair the ability to use and understand language (Sun and Walsh, 2006). In 

addition, disruptions of cortical asymmetries not only lead to difficulties in 

processing language but also have been linked to schizophrenia and autism 

(Hasan et al., 2011; Lo et al., 2011). Thus, as with asymmetries in the chicken 

visual pathway and the mouse hippocampus, human brain asymmetries serve to 

influence brain function. While new forms of imaging have enabled the analysis 

of subtle, structural asymmetries in human subjects, direct experimental evidence 

for the origin and function of most anatomical brain lateralities remains scarce. As 

a result, many scientists have turned to vertebrate model systems to better 
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understand the formation and function of anatomical left-right asymmetries. 

 

Brain Asymmetry in Vertebrates Model Systems: Form and Function 

 Lateralites the in projections of the avian visual pathway are well 

documented (Concha et al., 2012).  For example, in the domestic chicken (Gallus 

gallus), there are Left-Right (L-R) differences in the thalamofugal visual pathway. 

Normally, the lateral geniculate nucleus in the left side of the thalamus sends 

more axonal projections to the hyperpallium than the right side of the thalamus 

(Koshiba, 2003 and Rogers 1999). Typically, chickens use their right eye to 

distinguish between food and other objects, like pebbles, during feeding while the 

left eye is used for analyzing unfamiliar objects and potential predators (Rogers, 

2008). Chickens with normal L-R lateralization in the thalamofugal pathway can 

feed (discriminate between food and non-food) and detect predators 

simultaneously (Dharmaretnam and Rogers, 2005). Chickens with disturbed 

thalamofugal laterality struggle to feed and respond to predators suggesting that 

this asymmetry improves the efficiency in processing visual information 

(Dharmaretnam and Rogers, 2005) and perhaps improves their chances of 

survival. 

 In mouse (Mus musculus), the hippocampus is emerging as a model to 

study how molecular and anatomical asymmetries influence normal brain function. 

In the mouse brain, populations of CA1 pyramidal neurons are located on both 

the left and right side of the hippocampus. These CA1 neurons receive synaptic 

inputs originating from CA3 pyramidal neurons on both the ipsilateral and 
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contralateral sides (Wu et al., 2005). However, the axons extending from CA3 

neurons exhibit structural and molecular differences between the left and right 

sides. Synapses from right-sided CA3 neurons express a higher level of 

Glutamate receptor subunit R1 (GluR1) than left-sided neurons, which 

predominantly express NMDA receptor type 2B (NR2B) (Kawakami et al., 2003; 

Shinohara et al., 2008). These lateralities appear to be genetically determined as 

iv mutant mice, which contain a mutation in left-right dynein, lack asymmetric 

expression of NR2B (Goto et al., 2010). Additionally, right-originating axons have 

a greater post-synaptic density and larger spine head volume on average as 

compared to the left-derived axons (Shinohara et al., 2008). Larger spine head 

volumes have been linked to long-term potentiation (LTP), a crucial memory 

forming process that allows a synapse to increase its response to electrical 

stimuli over time (Park et al., 2004; Park et al., 2006; Bruel-Jungerman et al., 

2007; Kopec et al., 2007). Interestingly, although spine head volumes and post-

synaptic densities are greater in right-originating CA3 neurons, it has been shown 

that the right hippocampus, which receives less robust synapses from the left 

sided CA3 neurons, is more efficient than the left in governing spatial memory 

(Goto et al., 2010). Additionally, stimulation of left sided CA3 neurons produced 

more robust LTP than the right-sided stimulation suggesting a right bias in certain 

kinds of memory (Kohl et al., 2011). Finally, iv mutants display delays in 

acquisition of spatial memory and deficits in maintaining working memory (Goto 

et al., 2010) suggesting these asymmetries are genetically encoded.  
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The Zebrafish Epithalamus as A Model for Vertebrate Brain Asymmetries 

 Despite their pervasiveness among vertebrates, little is currently known 

about the molecular mechanisms that govern the formation of lateralized brain 

structures. Due to its external development, tractable genetics, and 

comparatively simple brain, the zebrafish (Danio rerio) has been an ideal model 

system to study nervous system development. Recently, the zebrafish 

epithalamus, a forebrain region that exhibits robust molecular and anatomical 

asymmetries, is becoming the focus of increased study because it is strongly 

lateralized and is the nexus of control for diverse functions such as secretion of 

the sleep-promoting hormone melatonin as well as stress based fear responses 

(Agetsuma et al., 2010; Falcon et al., 2010; Lee et al., 2010). The epithalamus 

consists of a medially located pineal complex and two pairs of habenular nuclei 

(dorsal and ventral) flanking either side of the midline (Borg et al., 1983; Butler 

and Hodos, 1996; Amo et al., 2010).  The pineal complex can be further 

subdivided into a pineal organ, which secretes melatonin in response to circadian 

stimuli, and an accessory structure called the parapineal organ that is usually 

located on the left side of the brain (Borg et al., 1983). The pineal organ, being 

directly photoreceptive in zebrafish, is comprised of rod and cone photoreceptors 

as well as associated projection neurons (Cau et al., 2008; Quillien et al., 2011). 

The parapineal organ is a cluster of 10-12 neurons that migrate leftward from the 

anterior midline of the pineal anlage to abut the developing left, dorsal habenula 

(Gamse et al., 2003; Snelson et al., 2008c). The emergence of the parapineal 

strongly correlates with the induction of other epithalamic asymmetries. The 
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zebrafish dorsal habenular nuclei are notable for exhibiting robust anatomical and 

molecular asymmetries between the left and right sides (Concha et al., 2000; 

Gamse et al., 2003; Gamse et al., 2005). The left lateral dorsal habenular 

nucleus is larger and contains a denser field of neuropil as compared to the right 

lateral habenular nuclei. This full elaboration of these asymmetries among the 

habenular nuclei depends on the parapineal, which resides next to and 

innervates the left lateral habenular nucleus (Concha et al., 2000; Concha et al., 

2003; Gamse et al., 2003). In mutants where the parapineal does not form, the 

habenular nuclei develop more symmetrically with the left lateral habenular   

nucleus more closely resembling the right in gene expression and neuropil 

density (Snelson et al., 2008c). The disruption in asymmetry between the left and 

right alters the efferent projections from the habenular nuclei to the 

interpeduncular nucleus (IPN) in the midbrain. Normally, the left dorsal habenula 

sends the majority of its axons to the dorsal subnucleus of the IPN while the right 

dorsal habenula projects chiefly to the ventral subnucleus of the IPN (Gamse et 

al., 2005). In larvae that lack a parapineal organ both left and right dorsal 

habenula project mainly to the ventral IPN (Snelson et al., 2008c). The behavioral 

implications of disrupted L-R asymmetries in the habenula and the subsequent 

erroneous targeting of the IPN have not been described. However, it has been 

shown that zebrafish with reversed habenular laterality (right lateral habenula 

larger than the left) exhibit decreased exploratory behaviors (Barth et al., 2005; 

Facchin et al., 2009) and, perhaps, reversed eye use preferences (Barth et al., 

2005). Thus, the formation of the parapineal organ is a decisive event in the     
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Figure 1. The zebrafish epithalamus exhibits robust Left-Right (L-R) 
asymmetry. The medially located pineal complex is composed of the pineal 
organ (po) and the parapineal organ (pp). The parapineal organ is almost always 
found on the left side of the brain. The pineal complex is flanked by the habenular 
nuclei. L-R asymmetry is present among the lateral and medial subunits of the 
habenular nuclei. The left lateral habenula (LLHb) is larger than the right lateral 
habenula (RLHb). Conversely, the right medial habenula (RMHb) is larger than 
the left medial habenula (LMHb) 
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creation of an L-R asymmetric epithalamus, which is likely instrumental in 

governing aspects of normal zebrafish behavior. The zebrafish epithalamus 

offers, perhaps, the best opportunity to study how these anatomical and 

molecular asymmetries could form within the vertebrate brain. Understanding the 

formation of these asymmetries and their roles in governing normal behavior 

might be broadly applicable to other vertebrates.  

 

Formation of the Zebrafish Pineal Complex 

  The zebrafish pineal complex arises during development from a region of 

the neural plate fated to become diencephalon, which is a subdivision of the 

embryonic forebrain just posterior to the future telencephalon and just anterior to 

the developing midbrain (Woo and Fraser, 1995; Staudt and Houart, 2007) (Fig. 

2). Fate mapping of late gastrulation embryos by approximately 10 hours post 

fertilization (hpf) and transplantation assays have revealed that diencephalic 

progenitors are already regionally patterned within the neural plate prior to neural 

keel formation (Staudt and Houart, 2007). At this stage, the epithalamic 

progenitors that will become the pineal complex are located in two, bilateral 

domains on the lateral margins of the neural plate just posterior to the preoptic 

area and anterior to the future tegmentum (Masai et al., 1997; Staudt and Houart, 

2007). The earliest indication of pineal complex progenitors is the expression of 

floating head (flh), a homeodomain transcription factor (Masai et al., 1997; 

Snelson et al., 2008a). flh expression is first detectable in the forebrain at 80-90% 

epiboly (approximately 9 hpf) in bilateral domains on the neural plate in a region 
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consistent with the location of the pineal complex progenitors in diencephalic fate 

maps. The anterior limit of the pineal complex anlage is governed by Wnt/β-

catenin signaling. In strong mutants for Axin1, a key component of the β-catenin 

destruction complex, ectopic flh expression extends anteriorly into the forebrain 

(Masai et al., 1997). The dorsal-ventral (D-V) limits of the pineal complex depend 

on precise levels of Bone Morphogenic Protein (Bmp). Moderate loss of Bmp2b 

activity expands the flh expression domain ventrally while a more complete loss 

of Bmp activity strongly reduces flh expression (Barth et al., 1999). As the neural 

plate folds to form the neural rod by approximately 12-somite stage 

(approximately 14 hpf), the two lateral flh expressing domains fuse to form a 

medial pineal complex anlage (Snelson et al., 2008a).  Previous data suggests 

that parapineal precursor cells are likely specified prior to the 15-somite stage 

from a common group of progenitors called the pineal complex anlage (Masai et 

al., 1997; Snelson et al., 2008a). Parapineal precursor cells are likely specified 

bilaterally of the pineal complex anlage as a small parapineal organ still forms on 

both the left and right side of the brain when neural tube closure does not occur 

(Lu et al., 2013). In addition to the parapineal, the pineal complex anlage gives 

rise to the projection neurons, rod photoreceptors, and cone photoreceptors of 

the pineal organ (Masai et al., 1997; Cau and Blader, 2009; Quillien et al., 2011). 

All pineal complex cell types undergo their final mitotic division in a similar time 

span between 15 and 24 hpf (Cau et al., 2008; Snelson et al., 2008c). The 

generation of the proper numbers of the four different cell types (parapineal, 

pineal rod photoreceptor, pineal cone photoreceptor, and pineal projection  
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Figure 2. Pineal complex development.  i) Pineal complex progenitors arise 
from a flh expressing domain on the lateral edges of the neural plate at 
approximately 90% epiboly (9 hpf). The flh positive domain is positioned 
mediolateraly by Bmp activity and anteriorly by Wnt activity. Some parapineal 
precursors might be specified by this time due to initiation of tbx2b expression in 
the anterior pineal complex anlage.  ii) As neural keel formation progresses, the 
“two halves” that will become the pineal complex anlage are brought closer 
together. tbx2b is maintained in the pineal complex suggesting some parapineal 
precursors have been formed.  iii) By approximately 22 hpf, the pineal complex 
anlage has fused. Left sided Nodal signaling is also occurring in the epithalamus. 
fgf8a expression is evident in the anterior epithalamus. Parapineal precursors are 
post mitotic suggesting specification has occurred. iv) Continued expression of 
fgf8a in the epithalamus encourages migration of differentiated parapineal cells.  
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neuron) from the pineal complex anlage depends on the activity of two different 

transcription factors, T-box containing transcription factor 2b (Tbx2b) and 

Floating head (Flh), as well as input from the Notch and Bmp pathways (Masai et 

al., 1997; Cau et al., 2008; Snelson et al., 2008a; Snelson et al., 2008c; Quillien 

et al., 2011). In flh mutants, neurogenesis in the pineal organ is dramatically 

reduced, resulting in a small pineal organ with less than half the number of 

projection neurons and photoreceptors of wild-type (WT) individuals (Masai et al., 

1997; Cau and Wilson, 2003; Carl et al., 2007; Snelson et al., 2008a).  However, 

flh mutants develop a parapineal organ with an appropriate number of cells 

(Snelson et al., 2008a). The Bmp and Notch pathways coordinately regulate the 

decision between photoreceptor and projection neuron cell fates (Cau et al., 

2008; Quillien et al., 2011). Parapineal cell fate depends on Tbx2b. In 

homozygous tbx2bc144 mutants, parapineal formation is disrupted but pineal 

neurogenesis appears mostly intact with the number of photoreceptors and 

projection neurons in the pineal organ similar to WT (Snelson et al., 2008a; 

Snelson et al., 2008c). Tbx2b mutants seem to specify fewer parapineal 

precursors; additionally, the few remaining parapineal neurons fail to migrate 

away from the midline (Snelson et al., 2008c).  The directionality of the migration 

of parapineal cells seems to be largely governed by Nodal and Fibroblast growth 

factor (Fgf) signaling. The Nodal pathway is well known for L-R patterning of the 

vertebrate mesoderm leading to asymmetric placement of internal organs. In 

zebrafish, the expression of nodal-related 2 (ndr2), also known as cyclops (cyc), 

is initiated on the left side of the epithalamus during late somitogenesis 
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(approximately 20-24 hpf) (Rebagliati et al., 1998; Concha et al., 2000; Liang et 

al., 2000). This left-sided Nodal expression effectively biases parapineal cell 

migration to the left in better than ninety percent of wild-type larvae (Concha et al., 

2003; Gamse et al., 2003) but has no apparent impact on parapineal cell number 

(Concha et al., 2003). One putative model suggests that left sided Nodal activity 

leads to precocious neurogenesis in the left habenular precursors relative to the 

right, which somehow attracts the migrating parapineal cells (Roussigne et al., 

2009). Disruptions in left sided Nodal signaling leads to randomization of the 

parapineal organ, which will emerge on the left or right side of the brain with 

equal frequency (Concha et al., 2003). It is possible that parapineal 

randomization could be driven by early habenular neurogenesis that occurs 

earlier in one habenula (either left of right) stochastically. This process also 

seems to involve Fgf8a, which in the absence of Nodal signaling, can lead the 

parapineal away from the midline (Regan et al., 2009).  

 tbx2b and flh are both expressed around 10 hpf which is quite early in 

pineal complex. Also, pineal organ neurogenesis fails by approximately 17 hpf in 

flh mutants resulting in fewer pineal cells (Masai et al., 1997; Snelson et al., 

2008a). Additionally, most parapineal precursors appear to be born by 15 hpf 

suggesting they have already been specified by this point (Snelson et al., 2008a).  

Taken together, this suggests that pineal and parapineal fate has somewhat 

diverged by about 17 hpf. However, the earliest indicator of parapineal formation 

is the migration of the parapineal cells away from the midline and out of the 

pineal organ anlage (Gamse et al., 2003; Snelson et al., 2008c). As a result, we 
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sought to identify factors involved during later stages of parapineal development. 

One candidate(s) for involvement in parapineal cell formation is the Fgf pathway. 

Fgf ligands and receptors are expressed in the epithalamus of zebrafish and 

other vertebrates (Crossley and Martin, 1995; Crossley et al., 1996; Reifers et al., 

1998; Reifers et al., 2000; Echevarria et al., 2003). Previous work has shown that 

Fgf8a can promote migration of the parapineal away from the dorsal midline 

(Regan et al., 2009). However, a role for Fgf signaling in controlling cell fates 

within the pineal complex anlage was not examined.  

 Fgfs have well documented roles in the regional pattering, cell division and 

survival, and migration during vertebrate neurogenesis (Guillemot and Zimmer, 

2011). In both the hindbrain and the telencephalon, certain Fgf ligands are 

thought to act as a morphogens, acting at a distance from the site of expression 

and generating a signaling gradient that specifies different neuronal fates based 

on the levels of Fgf signaling (Sansom and Livesey, 2009); (Nakamura et al., 

2008). Reducing Fgf signaling in the mid-hindbrain boundary leads to progressive 

loss of the cerebellum. Likewise, ectopic Fgf signaling in the midbrain causes 

expansion of the anterior hindbrain at the expense of midbrain structures.  

 Recently, evidence for a role for Fgf signaling in the epithalamus has 

emerged. In mice, knocking out Fgf8 results in near complete loss of the dorsal 

habenular nuclei, as well as most of the pineal organ (Martinez-Ferre and 

Martinez, 2009). Similarly, fgf8ati282a, a strong hypomorphic fgf8a mutant, exhibits 

deficits in differentiated habenular neurons and neuropil (Regan et al., 2009). 

Fgf8 knockout mice exhibit deficits in many epithalamic cell types including the 
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pineal organ and the habenular nuclei (Martinez-Ferre and Martinez, 2009). If Fgf 

signaling could specify different cell types based on level of activity, then a more 

complete loss of Fgf8a might reveal additional roles for Fgf signaling in governing 

cell fate in the pineal complex.  

 In addition to Fgf signaling, Bmp activity also works to specify pineal 

photoreceptors while inhibiting the formation of projection neurons. Bmp and Fgf 

are often involved in pattering the same tissues. Therefore, these two signaling 

pathways may act to regulate the formation of the parapineal organ. To test if Fgf 

signaling had a role, in addition to influencing migration, in governing parapineal 

fate we analyzed the effects of loss and gain of Fgf function on parapineal cells.  

We found that Fgf signaling influences the cell fate choice among specified 

parapineal precursors.  If Fgf activity is reduced, either through mutation of small 

molecule inhibition of Fgf receptors, cells that have been specified by Tbx2b to 

give rise to the parapineal organ become pineal cone photoreceptors instead. 

This binary cell fate decision occurs does not involve Bmp activity. Reducing 

Bmp activity in fgf8ax15 mutants cannot suppress the loss of differentiated 

parapineal cells or the ectopic increase in cone cell number. Preliminary data 

suggests that LIM-homeobox (Lhx) transcription factors 2b and 9 are responsive 

to Fgf signaling. Also, over-expressing Lhx9 can partially rescue parapineal cell 

number in fgf8a mutants. In total, our total suggests that Fgf signaling governs 

parapineal differentiation by inducing the expression of lhx2b and lhx9.  
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CHAPTER II 

 

FGF SIGNALING GOVERNS DIFFERENTIATION OF PARAPINEAL CELLS IN 

ZEBRAFISH 

 

Preface 

 Portions of this chapter were accepted for publication in the Journal of 

Visualized Experiments under the name “Lineage labeling of zebrafish cells with 

laser uncagable fluorescein dextran” by Clanton et al. 2011 (vol. 50, doi: 

10.3791/2672) and in the journal Development under the name “Fgf signaling 

governs cell fate in the zebrafish pineal complex” by Clanton et al. 2012 (vol.140, 

pg. 323-32). 

  

Introduction 

 In most vertebrates analyzed, Fgf8 and Fgf17 are expressed in both the 

rostral and the mid-hind brain organizing centers, which are brain regions crucial 

for neural patterning during brain development (Sansom and Livesey, 2009). 

Similarly, Fgf8 is required for the proper development of the epithalamus in the 

mouse. Fgf8 knock out mice exhibit the loss of most cells of the habenula and 

much of the pineal organ (Martinez-Ferre and Martinez, 2009).  Contrary to the 

epithalamic phenotype seen when Fgf8 is lost in the mouse, the pineal complex 

is largely intact in fgf8a mutant zebrafish suggesting the role of Fgf signaling may 

only be evolutionarily conserved with regards to habenular development 
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(Martinez-Ferre and Martinez, 2009; Regan et al., 2009). To further investigate 

the role for Fgf in the pineal complex, we performed gain-and loss-of-function 

experiments in zebrafish. We found that Fgf signaling is required between 18 and 

30 hpf to ensure parapineal cell formation. However, excess Fgf signaling was 

insufficient to produce supernumerary parapineal cells. When Fgf signaling was 

reduced, there was an increase in the number of pineal cone photoreceptors at 

the expense of parapineal cells. Data obtained from the combined loss of Flh and 

Fgf8a, as well as cell fate analysis, revealed that the cells of the anterior pineal 

complex anlage, which give rise to the parapineal organ in wild-type larvae, 

instead produced cone photoreceptors in fgf8a mutants. Epistasis analysis with 

Tbx2b revealed that both genes are required for parapineal cells to differentiate 

but only fgf8a is required to prevent their differentiation as cone photoreceptors. 

We conclude that, unlike its typical morphogenic role in brain patterning, Fgf 

signaling acts permissively on bipotential parapineal precursors to resolve a cell 

fate decision between parapineal and cone cell fate. 

 

Methods  

Zebrafish 

Zebrafish were raised at 28.5°C on a 14/10 hour light/dark cycle and staged 

according to hpf.  The following wild-type, mutant, and transgenic fish lines were 

used: AB* (Walker, 1999),  fgf8ax15 (Kwon and Riley, 2009), tbx2bc144 (Snelson et 

al., 2008c), Tg[foxd3:GFP]zf104 (Gilmour et al., 2002), Tg[hsp70:fgf8a]b1193 (Hans 

et al., 2007), and Tg [flhBAC:kaede]vu376 (Clanton et al., 2013). For 18 hpf 



	  17 

SU5402 treatments, embryos were raised for approximately 10-12 hours at 25°C. 

in situ hybridization 

Whole-mount RNA in situ hybridization was performed as described previously 

(Gamse et al., 2003), using reagents from Roche Applied Bioscience. RNA 

probes were labeled using fluorescein-UTP or digoxingenin-UTP. To synthesize 

antisense RNA probes, pBS-otx5 (games 2002) and pBS-gfi1.2 (Dufourcq et al., 

2004) were linearized with SacII and transcribed with T3 RNA polymerase; pBSII 

SK-fgfr4 with EcoRI and T7 polymerase; pCRII-fgfr3 with SpeI and T3 

polymerase; pCRII-fgfr2 with EcoRV and SP6 polymerase; pCRII-fgfr1 with 

HindIII and T7 polymerase; pBSII SK-erm with NotI and T7 polymerase; pENTR-

D-Topo-sox1a with NotI and T7 polymerase.  Anti-sense probe for fgf17 was 

transcribed from pME18S-fgf17 (Open Biosystems) by amplifying the open 

reading frame of fgf17 from the plasmid with primers (5’-

TCCTCAGTGGATGTTC-3’) and (5’-TAATACGACTCACTATAGGG-3’). The 

reverse primer contains a T7 binding sequence that facilitates antisense probe 

transcription from the PCR product (Thisse and Thisse, 2008). Embryos were 

incubated at 70°C with probe and hybridization solution containing 50% 

formamide. Hybridized probes were detected using alkaline phosphatase-

conjugated antibodies (Roche) and visualized by 4-nitro blue tetrazolium (NBT) 

(Roche) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) (Roche) staining for 

single labeling, or NBT/BCIP followed by iodonitrotetrazolium (INT) and BCIP 

staining for double labeling. In fluorescent in situ hybridization, staining was 

developed in a 1:1 ratio of fast red tablet (Sigma) to fast red buffer (0.1M Tris 
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pH8.2, 0.4M NaCl2) at 37°C. Antibody labeling of fluorescent in situ was carried 

out using 1:500 of rabbit anti-GFP (Torrey Pines) or 1:500 of rabbit anti-Kaede 

(MBL). Secondary labeling was done with 1:300 anti rabbit Alexa 488 (Invitrogen).  

Cloning 

Full-length sox1a transcript was cloned from total RNA from 24 hpf AB* embryos 

dissolved in Trizol (Invitrogen). Total cDNA was made from phenol-chloroform 

purified total RNA with random hexamer (Applied Biosystems) priming and 

Superscript III reverse transcriptase (Invitrogen). sox1a transcript was amplified 

using the following primers: Fw-CACCACTGGCTACAGGAGCGAAAA with the 5’ 

CACC sequence to facilitate entry into pENTR-D-Topo vector (Invitrogen); Rv-

CAGAAACGCTGTCAGGATCA. Amplified product was agarose gel purified with 

Wizard SV Gel and PCR clean up system (Promega). Purified sox1a transcript 

was inserted into pENTR-D-Topo vector via Topo-TA cloning reaction and 

transformed into One Shot Top10 cells (Invitrogen) on ampicillin containing agar 

plates overnight at 37°C. Bacterial containing colonies containing construct were 

expanded and the plasmid was harvested using Pure Yield Plasmid Midi Prep 

System (Promega).  

Cryosectioning 

After whole mount in situ hybridization, embryos were embedded in 1.5% 

agarose, 5% sucrose media. Blocks containing embedded embryos were excised, 

equilibrated overnight at 4°C in 30% sucrose, and frozen using 2-methylbutane 

chilled with liquid nitrogen. Frozen blocks were sectioned with a Leica CM1850 

cryostat at a thickness of approximately 10-12µM. 
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Whole mount antibody labeling 

Embryos and larvae were fixed in AB fixative (4% paraformaldehyde, 0.3mM 

CaCl2, 4% sucrose, 1X PBS) for either 4 hours at room temperature (25°C) or 

overnight at 4°C with rocking. Samples were rehydrated with three successive 5-

minute washes with 1XPBSTx (1X PBS, 0.01% Triton X100) and four 20-minute 

washes with deionized water. Samples were blocked one hour at room 

temperature in 10% AB block (10% sheep serum, 1mg/mL Bovine Serum 

Albumin in 1X PBSTw). Samples were incubated with primary and secondary 

antibodies in 2% AB block overnight with rocking at 4°C. Excess antibody was 

washed off with 1XPBSTx. Primary antibodies used: 1:1000 rabbit anti-GFP 

(Torrey Pines), 1:1000 rabbit anti-Kaede (MBL), 1:500 mouse anti-

ZPR1(Arrestin3a) (Developmental Studies Hybridoma Bank), 1:500 mouse anti-

Opsin1 (Developmental Studies Hybridoma Bank), 1:200 mouse anti-HuC/D 

(Invitrogen). Secondary antibodies used: 1:300 Alexa 488 goat anti-rabbit 

(Invitrogen), 1:300 Alexa 568 goat anti-mouse (Invitrogen). Embryo nuclei were 

counterstained with TOPRO-3 (Invitrogen). All confocal images were taken with 

Zeiss LSM 510 microscope and processed using Improvision Velocity software. 

Heat Shock Conditions 

Embryo clutches containing both heterozygous Tg[hsp70I:fgf8a]b1943 transgenic 

embryos and their non-transgenic siblings (still in their chorions) were placed in a 

2mL microcentrifuge tube (35-40 embryos/tube). Approximately 2mL of pre-

warmed egg water containing 0.3% PTU was added per tube. Tubes were 

incubated in a 37°C water bath then removed and emptied into a dish in a 28.5°C 
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incubator. fgf8a was induced by single heat shock treatment at different intervals 

from approximately 12-somites stage to 30 hpf, or by multiple short heat shocks 

at 37°C between 18-somites stage and 30 hpf. In addition, continuous low-

temperature heat shock for six hours or 15 hours was performed as above, but at 

lower temperatures (30°C or 32°C). 

Caged fluorescein injection, uncaging, and detection 

One-cell stage Tg[foxd3:GFP]zf104; Tg[flhBAC:Kaede]vu376 double transgenic 

embryos were injected with 0.5nL of a 1% DMNB-caged fluorescein-dextran 

solution. Caged fluorescein dextran was synthesized as previously described 

(Clanton et al., 2011). Injected embryos were kept in the dark until laser uncaging 

was performed. Embryos were anesthetized with 4% tricaine and mounted in 

0.8% agarose in egg water containing 1XPTU. Fluorescein was uncaged using 

10-20 pulses of a 365 nm laser (Spectra Physics) on a Leica 6000M compound 

microscope fitted with a 40x water immersion objective. Embryos were fixed 

overnight at 4°C in AB fix and dehydrated with 100% MeOH overnight at -20°C. 

Embryos were re-hydrated in successive, five-minute washes of decreasing 

MeOH/increasing 1XPBT concentration. Samples were permeabilized with 

10µg/µl of Proteinase K (Roche Applied Biosciences) and re-fixed for 20 minutes 

in AB fix. Embryos were blocked in 1XPBTxS (1XPBS, 10% Sheep serum and 

BSA, 0.01% DMSO) for one hour at room temperature. Embryos were incubated 

primary and secondary antibodies in 1XPBTxS overnight at 4°C. Excess 

antibodies were removed with washes in 1XPBTX. Primary antibodies used: 

1:500 rabbit anti-GFP (Torrey Pines), 1:250 mouse anti-ZPR1 (Developmental 
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Studies Hybridoma Bank), 1:500 goat anti-fluorescein (Invitrogen). Secondary 

antibodies used: 1:300 Alexa 488 donkey anti-rabbit (Invitrogen), 1:300 Alexa 

568 donkey anti-mouse (Invitrogen), and 1:300 Alexa 633 donkey anti-goat 

(Invitrogen). 

Morpholino Injection 

Embryos were injected at the one cell stage. The following morpholinos were 

used in this study: tbx2b splice blocking morpholino (5’-

AAAATATGGGTACATACCTTGTCGT-3’) (Snelson et al., 2008c); flh MO (5’-

AATCTGCATGGCGTCTGTTTAGTCC-3’). 

Inhibitor Treatments 

For in situ hybridizations and whole mount antibody labeling, we incubated 

embryos in their chorions in 12µM SU5402 (Calbiochem and Tocris) dissolved in 

0.3% DMSO in egg water in 1XPTU in the dark. Control embryos were treated 

with 0.3% Dimethyl sulfoxide (DMSO) in parallel with their SU5402 treated 

siblings. 6µM SU5402 (Calbiochem and Tocris) dissolved in 0.3% DMSO in egg 

water in 1XPTU in the dark. Control embryos were treated with 0.15% Dimethyl 

sulfoxide (DMSO) in parallel with their SU5402 treated siblings. For lineage 

labeling, dechorionated embryos were treated with 8µM SU5402 (we found that 

dechorionated embryos were more sensitive to the drug treatment). For these 

experiments, control embryos were treated with 0.2% DMSO.  

  

Results 

 



	  22 

Fgf Ligands, Receptor, and a Target Gene are Expressed in the 

PinealComplex Anlage 

 Previous work showed that fgf8a and fgf17, two ligands in the Fgf family, 

are expressed in the epithalamus (Reifers et al., 1998; Reifers et al., 2000; Itoh, 

2007; Jovelin et al., 2007; Regan et al., 2009).  However, the expression of these 

ligands has not been analyzed relative to molecular markers of the pineal 

complex anlage at stages beyond 24 hpf. To accurately detect the expression of 

Fgf pathway components within the epithalamus at a high resolution by confocal 

microscopy, we used fluorescent in situ hybridization (FISH) in combination with 

immunofluorescence. The transgenes, Tg[foxd3:GFP]zf104 (Gilmour et al., 2002) 

and Tg[flhBAC:Kaede]vu376 (Clanton et al., 2013) together label all cells of the 

pineal complex anlage and its derivatives, the pineal organ and parapineal organ. 

In contrast to fgf8a and the fgf receptors, transcripts for fgf17 and erm (ets 

related molecule), which is a downstream transcriptional target of Fgf signaling 

(Roehl and Nusslein-Volhard, 2001), are not abundant enough to permit 

traditional FISH methods (Clay and Ramakrishnan, 2005). Thus, the expression 

of these genes was detected with two-color chromogenic in situ hybridization.  

 At 24hpf, fgf8a expression encompasses the anterior pineal complex with 

slight enrichment at the midline (Fig.3A). An optical cross section reveals that 

fgf8a expression extends 2-3 cell diameters inside the anterior pineal complex 

(Fig.3A’). At 30 hpf, fgf8a continues to be expressed in the anterior pineal 

complex, including the parapineal cells that are beginning to separate from the 

pineal complex anlage (Fig 3B and 3B’). At this time significant expression of  



	  23 

 

 
Figure 3. Fgf components are expressed in the epithalamus during 
parapineal formation. (A-C) fgf8a (red) is expressed in the anterior pineal 
complex (white arrows) of foxd3:GFP/flhBAC:Kaede (green) expressing embryos 
during parapineal development. Dashed line indicates the plane of section. (A’-
C’) Optical cross sections. fgf8a is expressed in the ventral region of the anterior 
pineal complex anlage (white arrows). (D-F) Dorsal views of in situ hybridizations 
of fgf17 (blue) relative to the pineal complex (otx5, red). fgf17 is expressed in the 
anterior pineal complex (black arrows) at 24 hpf, but is almost gone by 30 and 36 
hpf. Dashed line indicates plane of sectioning.  (D’-F’) Cryosections show that 
fgf17 expression is evident in the region ventral to the anterior pineal complex 
anlage (black arrows) at 24 hpf. (G-I) Dorsal views of in situ hybridization of erm 
(blue) relative to the pineal complex anlage (otx5; red). erm expression shows 
that Fgf signaling activity is high in the anterior pineal complex (white arrows). 
White dashed lines indicate the plane of sectioning.  (white arrows). (G’-I’) 
Cryosections of in situ hybridizations of erm. erm is detected in the anterior pineal 
complex anlage at all stages (black arrows). Scale bar in A: 25 micrometers. 
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fgf8a is also present in cells found directly to the left and right sides of the 

anterior pineal complex, which are probably habenular precursor cells (Concha et 

al., 2003) (Fig. 3B).  By 36hpf, fgf8a is mostly excluded from the migrating 

parapineal, and is expressed primarily in cells anterior and lateral to the pineal 

complex, likely the habenular precursor cells (Fig.3C and3C’).  

 Like fgf8a, fgf17 is expressed in the anterior one-third of the pineal complex  

indicated by otx5 expression (Gamse et al., 2002) (Fig.3D,D’). A longitudinal 

cryosection shows that fgf17 transcripts are present within the anteriormost 

several cell diameters of the pineal complex anlage (Fig.3D’).  However, at 30 hpf 

and 36 hpf, fgf17 expression is almost undetectable in the epithalamus, with only 

a low level of transcript visible in a few cells near the pineal complex 

(Fig.3E,E’,F,F’). In summary, fgf17 and fgf8a are both expressed in anterior 

pineal complex anlage where parapineal cells are present at 24 hpf (Concha et 

al., 2003), but only fgf8a persists in parapineal precursors at 30 hpf. Fgf signaling 

is necessary and sufficient to induce expression of the gene erm, making it a 

convenient readout of Fgf signaling (Roehl and Nusslein-Volhard, 2001). The 

expression of erm in the pineal complex anlage is very robust at the anterior-

most aspect, where parapineal precursors are located, indicating that these cells 

are responding to high levels of Fgf signaling at 24, 30, and 36hpf (Fig. 

3G,G’,H,H’,I,I’).  

 Once secreted, Fgf ligands can bind to and activate any of four Fgf 

receptors (Bottcher and Niehrs, 2005). To identify which receptors could 

transduce Fgf8a and Fgf17 signals in the epithalamus, we examined the  
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Figure 4. fgfr4 is the only fgf receptor expressed in the epithalamus during 
parapineal formation. (A-C) Dorsal views of the embryos expressing both 
foxd3:GFP and flhBAC:Kaede at 24 hpf, 30 hpf, and 36 hpf. The white dashed 
line indicates approximate plane of section with approximate position of 
parapineal precursors labeled (white arrows). (A’-C’) Confocal sections through 
the pineal complex of foxd3:GFP/flhBAC:Kaede expressing embryos at 24 hpf, 
30 hpf, and 36 hpf. (D-F) Dorsal views of the embryos expressing both 
foxd3:GFP and flhBAC:Kaede at 24 hpf, 30 hpf, and 36 hpf. The white dashed 
line indicates approximate plane of section. (D’-F’) Confocal sections through the 
pineal complex of foxd3:GFP/flhBAC:Kaede expressing embryos at 24 hpf, 30 
hpf, and 36 hpf. (G-I) Dorsal views of the embryos expressing both foxd3:GFP 
and flhBAC:Kaede at 24 hpf, 30 hpf, and 36 hpf. The white dashed line indicates 
approximate plane of section. (G’-I’) Confocal sections through the pineal 
complex of foxd3:GFP/flhBAC:Kaede expressing embryos at 24 hpf, 30 hpf, and 
36 hpf. (J-L). Confocal projections show fgfr4 (red), a likely receptor for Fgf 
ligands in the epithalamus, is expressed within the pineal complex anlage 
(foxd3:GFP/flhBAC:Kaede) including the anterior portion (white arrows). (J’-L’) 
Optical cross sections of the pineal complex show fgfr4 expression in the pineal 
complex anlage even near parapineal precursors (white arrows).  Scale bar in A: 
25 micrometers 
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expression of all four fgf receptor (fgfr) genes. fgfr1, fgfr2, and fgfr3 were not  

highly expressed in the vicinity of the pineal complex between 24 and 36 hpf (Fig. 

4A-4I, Fig. 4A’-1I’). However, non-fluorescent in situ hybridizations showed that 

fgfr1 transcripts are expressed diffusely throughout the brain (data not shown). In 

addition, fgfr3 is expressed more posteriorly and ventrally in the diencephalon, 

but not in the pineal complex anlage between 24 and 36 hpf (Fig. 4G-4I, 4G’-4I’). 

We did detect fgfr4 expression in the pineal complex between 24 and 36 hpf.  

Therefore, fgfr4 is the likely receptor for Fgf8a and Fgf17 during parapineal 

development.  

 

Attenuating Fgf Signaling Disrupts Parapineal Formation 

 To quantify the effect of Fgf8a loss on parapineal development, we 

examined the expression of sex determining Y-box 1a (sox1a) and growth factor 

inhibited 1.2 (gfi-1.2) expression in fgf8ax15, a null allele of fgf8a (Kwon and Riley, 

2009). Since sox1a expression in the epithalamus had not previously been 

examined in detail, we characterized its expression during time points relevant to 

parapineal development. In WT, sox1a expression can first be reliably detected 

at approximately 26 hpf in a few cell in the anterior pineal complex anlage (Fig. 

5A). By 28 hpf, sox1a is expressed in a cluster of cells spanning the midline of 

the anterior pineal complex (Fig.5B), similar to the placement of parapineal cell 

precursors at 24 hpf (Concha et al., 2003; Clanton et al., 2013). The sox1a 

expressing cells are found clearly to the left of the midline at 36 hpf; by 48 hpf, 

sox1a is co-expressed with Tg[foxd3:GFP]zf104  in a  group of cells to the left of  
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Figure 5. sox1a is expressed in parapineal cells near their time of 
differentiation. All images are from dorsal view. (A) sox1a expression (black 
arrow) in WT pineal complex anlage (dotted circle). (B) A cluster of sox1a 
expressing cells are in anterior pineal complex anlage at 28 hpf WT embryos. (C) 
By 36 hpf, sox1a expression is present to the left of the pineal anlage suggesting 
it is indeed expressed in parapineal cells. (D) Confocal slice of 48 hpf WT larvae 
showing co-localization of sox1a (white arrow) and Tg[foxd3:GFP] confirming 
sox1a is expressed in parapineal cells. (Scale bar in A: 20 micrometers. Scale 
bar B: 25 micrometers. Scale bar in C: 20 micrometers.  
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Figure 6. fgf8ax15 mutants have fewer newly differentiated parapineal cells. 
(A,B) sox1a expression (black arrows) in WT and fgf8ax15 mutants at 32 hpf. (C) 
Graph quantifying the number of sox1a expressing cells in WT and fgf8ax15 
mutants at 32 hpf. and fgf8ax15 mutants have significantly reduced numbers of 
sox1a expressing cells (***p<0.0005 by t-test). Error bars represent S.E.M. Scale 
bar in A: 20 micrometers.  
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Figure 7. Loss of Fgf signaling results in fewer mature parapineal cells. 
(A,B) Dorsal views of 52 hpf wild-type and fgf8ax15 mutant embryos labeled with 
gfi-1.2, which is expressed in parapineal cells (black arrows). (C) The number of 
gfi-1.2 expressing cells was quantified in wild-type and fgf8ax15 mutant larvae at 
52 and 96 hpf. fgf8ax15 mutants displayed a significant reduction in parapineal 
cell number compared to WT. (***p=<0.0005 by t-test). Scale bar in A= 25 
micrometers 
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the pineal complex, similar to gfi-1.2 (Fig.5C,D). Thus, we conclude that sox1a is 

expressed specifically in parapineal cells just prior to migration and may be 

indicative of parapineal differentiation. Like sox1a, gfi-1.2 expression in the 

epithalamus is restricted to the parapineal and is not present in other pineal 

complex cells (Dufourcq et al., 2004). However, gfi-1.2 is not expressed in the 

parapineal until approximately 45 hpf (unpublished observations N.H de Borsetti), 

well after the parapineal cells have migrated away from the pineal complex 

anlage suggesting that it is expressed only in mature parapineal cells. At 32 hpf, 

fgf8ax15 mutants have fewer than half the number of sox1a-positive as WT   

embryos (3.0±0.5;n=17 and 7.5±0.3;n=16 respectively) (Fig.6A,B,C). Reduced 

expression of the early parapineal marker sox1a in fgf8ax15 mutants supports the 

idea that Fgf signaling is required for specification or differentiation of parapineal 

fate.  

 In wild-type embryos at 52 hpf, the parapineal is a distinct cluster of 9-12 

cells (average 9.3±0.3, n=23) that is located to the left side of the pineal organ 

(Fig.7 A,C). fgf8ax15 mutants, by contrast, exhibit an almost sixty percent 

reduction in the number of gfi-1.2 expressing cells (4.0±0.4;  n=27) (Fig.7B,C). In 

addition, the remaining gfi-1.2 expressing cells are located within the pineal 

organ and do not form a distinct parapineal organ, indicating that Fgf signaling is 

also required for parapineal cell migration to the left side of the brain, as 

previously reported (Regan et al., 2009). To eliminate the possibility that the 

reduction in the number of gfi-1.2 expressing cells in fgf8ax15 mutants is simply a 

delay in parapineal formation, we also examined parapineal formation at 96 hpf. 
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The reduction of parapineal cells persists in fgf8ax15 mutants compared to wild-

type siblings with an average of 3.7±0.4 (n=18) and 10.8±0.4 (n=18) cells 

respectively (Fig.7C) indicating that the mutants never develop the proper 

number of parapineal cells.  

 Expression of fgf8a is found in the epithalamus from approximately 20 hpf 

through 72 hpf (Fig.3 and data not shown). Previous work had shown that Fgf 

signaling is needed between 24 and 44 hpf for parapineal migration (Regan et al., 

2009). To establish a temporal requirement for Fgf signaling in production of 

parapineal cells, we used SU5402, a small molecule that blocks Ras/MAPK 

activation by Fgf receptors (Mohammadi et al., 1997), to abrogate Fgf signaling 

at different intervals between 18 and 36 hpf. While all treatment regimens 

reduced the number of parapineal cells, blocking Fgf activity between 18 and 

30hpf proved the most effective in reducing parapineal cell number (Fig.8E). 

Embryos treated with SU5402 between 18 to 24 hpf had an average of 1.8±0.6 

(n=16) gfi-1.2-expressing cells compared to 10.3±0.4 (n=14) in control embryos. 

Likewise, blocking Fgf signaling between 24-30hpf resulted in an average of 

1.8±.5 (n=18) for SU5402 treated embryos compared to 9.9±0.5 (n=16) 

parapineal cells in control embryos (Fig.8A,B,E). However, blocking Fgf signaling 

later, between 30 to 36 hpf results in a more modest reduction in parapineal cell 

number with inhibitor treated embryos having 6.2±0.6 (n=18) parapineal cells 

compared to 10.3±0.5 (n=16) for control embryos (Fig.8E). Although the average 

number of gfi-1.2 expressing cells in this treatment approached WT, most 

remaining parapineal cells failed to migrate very far form the midline similar to  
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Figure 8. Conditional loss of Fgf signaling results in fewer parapineal cells. 
(A,B) Dorsal views showing expression of gfi-1.2 (black arrows) in wild-type 
larvae at 52 hpf that were treated between 24-30 hpf with either DMSO or 
SU5402, a small molecule inhibitor of Fgf signaling. (C-D) Dorsal views of gfi-1.2 
expression (black arrows) 52 hpf wild-type larvae treated with SU5402 and 
DMSO from 24-26 hpf. (E) The number of gfi-1.2 expressing cells was quantified 
at 52 hpf for the following SU5402 and DMSO treatments: 18-24 hpf; 24-30 hpf; 
30-36 hpf. Severe reductions in parapineal cell numbers were observed in 18-24 
hpf and 24-30 hpf treatments, but milder reductions for 30-36 hpf treatments. 
(***p=<0.0005 by t-test). (F) The number of gfi-1.2 expressing cells was 
quantified at 52 hpf for the following DMSO and SU5402 treatments: 18-20 hpf; 
20-22 hpf; 22-24 hpf; 24-26 hpf; 26-28 hpf; 28-30 hpf.(***p<0.0005, *p<0.05 by t-
test). Scale bar in A= 25 micrometers 
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earlier treatments. To further hone the time point when Fgf is required during 

parapineal development, we performed an array of two-hour treatments between 

18 and 30 hpf. Inhibiting Fgf signaling even in shorter intervals resulted in 

significantly reduced parapineal cell numbers at every case (Fig.8,B,C,F): 18-20 

hpf (DMSO 9.2±0.5, n=13; SU5402 4.6±1.0, n=13); 20-22 hpf (DMSO 9.5±0.8, 

n=8; SU5402 4.8±1.3, n=10); 22-24 hpf (DMSO 10.2±0.4, n=17; SU5402 6.9±0.6, 

n=20); 24-26 hpf (DMSO 9.8±0.4, n=20; SU5402 5.2±0.7, n=15); 26-28 hpf 

(DMSO 10.1±0.3, n=27; SU5402 5.6±0.6, n=23); 28-30 hpf (DMSO 10.5±0.5, 

n=13; SU5402 5.6±0.7, n=14).  However, the reduction is less severe in these 

treatments than the six-hour treatments (Fig.8E). All together, these data 

suggests that Fgf signaling is required over a broad time frame from 18 to 30 hpf 

to ensure formation of the correct number of parapineal cells. This encompasses 

the period following parapineal specification but before parapineal migration. 

 

Parapineal Differentiation Does Not Depend on Parapineal Cell Migration 

 It is possible that the paucity in parapineal cell number is secondary to 

parapineal migration. By migrating away from the pineal complex, it is possible 

that specified parapineal precursors escape an “anti-parapineal” signal near the 

midline. To address this possibility, we moderated the dose of SU5402 used to 

inhibit Fgf signaling and assayed for parapineal position using sox1a expression 

which is efficiently labeled using FISH, relative to the medially positioned pineal 

complex indicated by Tg[foxd3:GFP]zf104 expression. Treating embryos with 6µM 

SU5402 (one half of the dose used above), resulted in reduced migration of  
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Figure 9. Parapineal differentiation is not dependent on migration.(A,B) 3D 
reconstructions of the pineal complex of a DMSO and 6µM SU5402 treated 
larvae at 52 hpf. The parapineal (white arrows) fails to migrate away from the 
midline (dotted line) in SU5402 treated larvae. (C) Graph quantifying the number 
of sox1a- expressing cells. The number of sox1a-expressing cells is unchanged 
between DMSO and SU5402 treated embryos (D) Graph quantifying the distance 
of parapineal cell migration. Parapineal cell migration is greatly attenuated in 
SU5402 treated larvae (***p<0.0005 by t-test). Error bars represent S.E.M. n.s. 
indicates not significant. Scale bar in A: 25 micrometers.  
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parapineal cells, but did not significantly alter parapineal cell number. Embryos 

treated with 6µM SU5402 had an average of 9.9±0.8 (n=12) parapineal cells as 

compared to 10.3±0.6 (n=7) for control embryos (Fig.9C). However, 6µM SU5402 

treatment greatly affected the migration of parapineal cells which only moved an 

average of 10.6±0.6 µm (n=116 sox1a positive cells) from the midline as 

indicated by the center of Tg[foxd3:GFP]zf104 expression (Fig.9B,D). The 

parapineal cells in DMSO treated embryos moved leftward more than three times 

as far with average of 38.2±1.1µm (n=73 cells) (Fig.9A,D). These data suggest  

that parapineal differentiation is not dependent on migration. 

 

Conditional Expression of Fgf8a is Not Sufficient to Induce Parapineal 

Cells or Rescue Parapineal Defects in fgf8ax15 Mutants 

 Since Fgf8a is necessary for parapineal cell generation, we next tested if 

Fgf8a is sufficient to produce additional parapineal cells. We conditionally over-

expressed Fgf8a using the Tg[hsp70l:fgf8a]b1193  transgenic line, in which fgf8a 

transcription is induced by elevated temperature (Hans et al., 2007). Based on 

the temporal requirement for Fgf signaling as determined by our SU5402 

treatments, we induced fgf8a expression at 24 hpf for thirty minutes and 

examined gfi1.2 expression at 52 hpf. If Fgf8a were sufficient to specify 

parapineal cells, we would predict an increase in the number of gfi-1.2 positive 

cells in fgf8a over-expressing embryos as compared to non-transgenic siblings. 

However, we detected no significant difference in parapineal cell number in 

hsp70l:fgf8a transgenic embryos relative to their non-transgenic siblings  
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Figure 10. Fgf8a overexpression is not sufficient to induce supernumerary 
parapineal cells. (A,B) Dorsal view of non-transgenic and Tg[hps70I:fgf8a]b193 
larvae at 52hpf  that were heat shocked for 30 minutes at 24 hpf and labeled with 
gfi-1.2 (black arrows). (C) Graph quantifying the number of gfi-1.2 expressing 
cells. Scale bar in A: 25 micrometers. 
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Figure 11. Fgf8a over-expression cannot rescue parapineal cell number 
defects in fgf8ax15 mutants. (A,B) Dorsal views sox1a expression (black 
arrowheads) in fgf8ax15 mutants with and without the Tg[hsp70l:fgf8a]b1198 
transgene at 36 hpf (C,D) Dorsal views gfi-1.2 expression (black arrowheads)  in 
fgf8ax15 mutants with and without the Tg[hsp70l:fgf8a]b1198 transgene 52 hpf. 
Dashed line encircles the pineal complex anlage in A-D. (E) Graph quantifying 
the number of sox1a and gfi-1.2 expressing cells in fgf8ax15 mutants with and 
without the Tg[hsp70l:fgf8a]b1198 transgene. (F) Graph quantifying the number of 
Tg[foxd3:GFP] and Arr3a positive cells in fgf8ax15 mutants with and without the 
Tg[hsp70l:fgf8a]b1198 transgene.  Error bars represent S.E.M. n.s. indicates not 
significant. Scale bar in A: 20 micrometers. 
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(hsp70l:fgf8a  transgenic larvae: average of 11.5±1.0.3 (n=17) gfi-1.2 expressing 

cells; non-transgenic controls: 12±0.4 (n=12) cells) (Fig.10A,B,C). Similar results 

were obtained when fgf8a was induced by single heat shock at other points in 

development, by multiple heat shocks, or by continuous lower-temperature heat 

shock (see Materials and Methods). From these results, we conclude that excess 

Fgf signaling is insufficient to induce additional pineal complex precursor cells to 

become parapineal cells.  

 In addition to attempting to induce parapineal cells, we also tried to rescue 

the parapineal cell deficit in fgf8ax15 mutants by over-expression of fgf8a. As with 

the above over-expression experiments in wild-type embryos, we induced fgf8a  

expression at 24 hpf with a thirty minute heat shock.  To assess the rescue of an 

early maker of parapineal differentiation, we analyzed sox1a expression at 36 hpf 

in non-transgenic and fgf8a over-expressing mutants. We found that non-

transgenic fgf8ax15 mutants had an average of 2.3±0.3 (n=12) sox1a positive 

cells while fgf8a over-expressing mutants had 1.5±0.2 (n=10) cells. This 

suggests that we cannot rescue early parapineal differentiation by fgf8a over-

expression (Fig.11A,B, E). Not surprisingly, we were also unable to rescue gfi-1.2 

expression with the additional of fgf8a. Non-transgenic fgf8ax15 mutants averaged 

5.0±0.5 (n=24) gfi-1.2 expressing cells and fgf8a over-expressing fgf8ax15 

mutants with 5.8±0.5 (n=22) gfi-1.2 positive cells (Fig.11C,D,E). All together, 

these data suggests that we cannot rescue either the early parapineal 

differentiation defects or later parapineal maturation problems in fgf8ax15 mutants 

by the addition of Fgf8a. We noted that the hsp70l:fgf8a transgenic line was 



	  39 

capable of both inducing the near-ubiquitous expression of fgf8a, as well as erm, 

a transcriptional target of Fgf signaling, suggesting that we were activating 

Fgf/MAPK pathway via Fgf8a overexpression (data not shown). However, the 

induction of erm expression seems to occur outside of the known sites of fgf 

receptor expression which lie in distinct regions of the brain at this stage (Fig.4 

and (Ota et al., 2010). This indicates that our method of Fgf8a overexpression 

might not fulfill a precise physiological mechanism required for parapineal cell 

formation.  

 

Reduced Fgf Activity Leads to a Selective Increase in Cone Cell Number 

 During embryogenesis, Fgf signaling can change cell fate, promote cell 

division, and increase cell survival (Bottcher and Niehrs, 2005; Thisse and Thisse, 

2005).  Therefore, the deficit of parapineal cells seen in fgf8ax15 mutants and 

SU5402-treated embryos could result from alterations of cell fate or reductions in 

the total number of pineal complex cells. To distinguish between these 

possibilities, we counted the total number of pineal complex cells, as well as the 

number of each cell type. The pineal complex is composed of rod photoreceptors, 

cone photoreceptors, projection neurons, and parapineal cells (Fig.12A) (Butler 

and Hodos, 1996; Masai et al., 1997; Concha et al., 2000; Cau et al., 2008; 

Snelson et al., 2008c). With the exception of rod cells, all pineal complex cells 

express Tg[foxd3:GFP]zf104 at 52 hpf. Thus, by counting cells that express either 

Tg[foxd3:GFP]zf104 or Opsin-1 (which labels only rod photoreceptors), we can 

quantify the total number of pineal complex cells. The morphology of the pineal 
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organ is largely unaltered in fgf8ax15 mutants as compared to wild-type siblings 

(Fig.12B-E), although it was slightly wider in some mutants.  However, fgf8ax15 

mutant larvae do not have a distinct parapineal organ (Fig.12C,E), consistent 

with data that the remaining gfi-1.2 expressing cells in fgf8ax15 mutants remain 

within the pineal anlage. Despite having fewer gfi-1.2 expressing cells, the total 

number of Tg[foxd3:GFP]zf104 positive cells in fgf8ax15 mutants is not significantly 

different from wild-type larvae (average of 57.8±1.2; n=12 and 55.4±1.3; n=10 

cells respectively) at 52 hpf (Fig.13A,B,C) or 96 hpf (average of 57.3±1.0; n=14 

and 56.9±1.2; n=14) (Fig.13D,E,F)   

 To look for changes in cell fate, we analyzed three other pineal complex 

cells subtypes. Rod photoreceptors are characterized by the expression of 

Rhodospin (Opsin-1) in their outer segment, which projects into the lumen of the 

pineal organ (Concha et al., 2000). At 96 hpf, there is no significant difference in 

the number of rod photoreceptors between fgf8ax15 mutants and wild-type 

siblings (average of 21.4±1.4, n=19 and 20.0±1.4, n=19 cells respectively) 

(Fig.12B,C). The number of projection neurons, which express HuC/D at 52 hpf 

(Cau et al., 2008), is unchanged in fgf8ax15 mutants with an average of 26.8±0.7 

(n=11) cells compared to 25.4±0.8 (n=12) cells for wild-type larvae  (Fig.12D,E).  

Unlike rods and projection neurons, the number of cone photoreceptors, labeled 

by Arrestin 3a (Arr3a) (also known as Zpr1 and Fret43) (Larison and Bremiller, 

1990; Masai et al., 1997; Ile et al., 2010) is significantly different between fgf8ax15 

mutants and WT. At 52 hpf, wild-type larvae had an average of 23.2±0.8 (n=10) 

cells expressing Arr3a (Fig.13D,C). Arr3a expression was only observed in the  
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Figure 12. fgf8a mutants show no change in the number of rod cells or 
projection neurons.  All images are dorsal views of confocal 3D reconstructions. 
WT larvae were co-labeled with foxd3:GFP and either Opsin-1 (rod 
photoreceptors outer segment) at 96 hpf or HuC/D (projection neurons) at 52 hpf. 
(A) Schematic of WT pineal complex at 52 hpf. (B) WT larvae exhibiting a 
parapineal (white arrow) and rod photoreceptors (blue arrow). (C) fgf8ax15 
mutants have no parapineal organ but still form rod photoreceptors (blue arrow). 
(D) WT embryos with visible parapineal (white arrow) and projection neurons 
(blue arrows). (E) fgf8ax15 mutants still develop projection neurons (blue arrows). 
(F) Graph quantifying rod cells and projection neurons. n.s. indicates not 
significant. Error bars indicate S.E.M. Scale bar in A: 25 micrometers.  
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Figure 13. fgf8ax15 mutants have a selective increase in pineal cone cells. 
All images are dorsal 3D confocal projections larvae labeled with Tg[foxd3:GFP] 
and Arr3a. (A,B) Compared to WT, fgf8ax15 mutants do not have an obvious 
parapineal (white arrow) at 52 hpf. (C) Graph quantifying the number of 
Tg[foxd3:GFP] and Arr3a expressing cells. (D,E) Dorsal views of WT and fgf8ax15 

mutants labeled with Tg[foxd3:GFP] and Arr3a. (F) Graph quantifying the number 
of Tg[foxd3:GFP] and Arr3a expressing cells. Error bars indicate S.E.M. n.s. 
indicates not significant. (***p<0.0005; **p<0.005 by T-test). Scale bar=25µM. 
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pineal organ and was never seen in the parapineal of WT (Fig.13A). fgf8ax15 

mutants have an average of 30.1±1.7 (n=12) cone cells (Fig.13B,C). The 

average increase of approximately 7 cone cells in fgf8ax15 mutants relative to WT 

is comparable to the decrease in gfi-1.2-expressing cells (Fig.7C). Similar to the 

reduction in gfi-1.2 expressing cells, this concomitant increase in cone cells is not 

resolved over time. At 96 hpf, fgf8ax15 mutant larvae have an average 30.4±1.1 

(n=14) compared to 21.0±1.0 (n=14) for WT (Fig.13D,E,F). Taken together, these 

data show that the total number of pineal complex cells is unchanged in fgf8ax15 

mutants compared with their wild-type siblings, arguing against a role for Fgf8a in 

governing cell proliferation or cell survival in the pineal complex. However, 

fgf8ax15 mutants do exhibit an increase specifically in cone photoreceptor number 

that mirrors the decrease in the number of parapineal cells.  

 Given that blocking Fgf activity with a high concentration of SU5402, a small 

molecule of inhibitor of Fgf receptor activity, could lead to a similar reduction in 

the number of parapineal cells, we decided to see if blocking Fgf activity in this 

way could also yield an increase in Arr3a positive cells. After inhibiting Fgf 

signaling between 24 and 30 hpf, we counted the number of Tg[foxd3:GFP] and 

Arr3a positive cells. At 52 hpf, SU5402 treated larvae and DSMO treated controls 

had similar number of Tg[foxd3:GFP] expressing cells (58.3±0.8; n=8 and 

57.6±1.8; n=7 respectively) at 52 hpf (Fig.14A,B,C). Similar to fgf8ax15 mutants, 

SU5402 treated larvae showed a significant increase in the number of Arr3a 

positive cells compared with control larvae (17.9±1.1; n=7 and 27.0±2.5; n=6 

cells respectively) (Fig.14A,B,C).  
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Figure 14. Ectopic increase in cone cells persist in SU5402 treated larvae. 
(A,B) Dorsal views of DMSO and SU5402 treated embryos at 52 hpf labeled with 
Tg[foxd3:GFP] and Arr3a. SU5402 treated embryos lack obvious parapineal 
(white arrow). (C) Graph quantifying the number of Tg[foxd3:GFP] and Arr3a 
cells in 52 hpf larvae treated with DMSO or 12µM SU5402 from 24-30hpf. Scale. 
(**p<0.005 by t-test). Error bars represent S.E.M. n.s. indicates not significant. 
Scale bar in B: 25 micrometers. 
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Parapineal Precursors Give Rise to Cone Cells in fgf8ax15 Mutants 

 Because the number of cone cells is increased and the number of 

parapineal cells is decreased in fgf8ax15 in similar numbers, we hypothesized that 

parapineal precursors were differentiating instead as cone photoreceptors. To 

test this hypothesis, we analyzed the effect of the loss of Flh in fgf8a mutant 

embryos as well as performing cell fate analysis in the pineal complex.  

 One possible explanation for the fgf8ax15 mutant phenotype in the pineal 

complex (decreased number of parapineal neurons but increased pineal cone 

cells) is that there is a simply an expansion of cone photoreceptors masking the 

loss of parapineal cells. To delineate the source of the supernumerary cone cells 

(pineal precursors versus parapineal precursors), we knocked down Flh in fgf8a 

mutants. The transcription factor Flh is required for neurogenesis in the 

developing pineal organ. In flh-depleted embryos, there is a drastic reduction in 

the number of all pineal organ cell types, including cone photoreceptors (Masai et 

al., 1997; Cau and Wilson, 2003; Snelson et al., 2008a). However, the number of 

cells in the parapineal organ in unchanged relative to WT (Snelson et al., 2008a). 

If the extra cone cells in fgf8ax15 mutants derive from pineal organ precursors, 

then depletion of flh in fgf8ax15 mutants would result in a smaller increase in the 

number of cone cells compare to non-injected controls.  

 As expected, loss of Flh dramatically reduced the number of pineal complex 

cells in both fgf8ax15 mutants and wild-type siblings compared to non-injected 

larvae. In WT;flhMO and fgf8ax15;flhMO embryos at 96 hpf we detected 33±2.0 

(n=10) and 34.9±2.2 (n=7) Tg[foxd3:GFP]zf104 expressing cells respectively  
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Figure 15. Ectopic cone photoreceptors persist in flh depleted fgf8ax15 
mutants. (A,B) Dorsal views of 96 hpf wild-type and fgf8ax15 mutant embryos 
injected with flh morpholino (flhMO) labeled with foxd3:GFP (pineal complex) and 
Arr3a (cone photoreceptors). In WT injected with flhMO (WT; flhMO), a full-sized 
parapineal organ (dotted line) is evident, while pineal cells are reduced in number. 
In flhMO injected fgf8ax15 mutants (fgf8ax15; flhMO), no parapineal organ is visible. 
(C) Graph quantifying the total number of pineal complex cells and of cone 
photoreceptors in WT; flhMO and fgf8ax15; flhMO. The number of foxd3:GFP 
expressing cells is unchanged between fgf8ax15;flhMO and WT;flhMO. However, 
the number of cone photoreceptors in increased fgf8ax15;flhMO relative to 
WT;flhMO larvae. (**p<0.005 by t-test). Scale bar in A: 25micrometers. 
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(Fig.15A,B,C). WT;flhMO larvae have a relatively normal parapineal organ, while 

fgf8ax15;flhMO larvae lacked an obvious parapineal organ (Fig.6 A,B). We found 

an elevated number of cone photoreceptors in fgf8ax15;flhMO embryos compared 

to WT;flhMO embryos with 19.3±1.8 (n=10) and 7.6±1.3 (n=7) respectively 

(Fig.15C). There is an average increase of 11.7 cone cells in fgf8ax15;flhMO 

compared with WT;flhMO siblings. Taken together, the data indicate that depletion 

of flh did reduce the number of ectopic cone cells in fgf8a mutants, suggesting 

that the additional cone cells in fgf8ax15 mutants are from specified parapineal 

precursor cells. Additionally, it suggests that these ectopic cone cells do not 

result from an increase in Flh activity that could, in theory, re-specify the fate of 

parapineal precursors. The above experiments suggest that parapineal 

precursors are changing fate to become pineal cone photoreceptors fgf8ax15 

mutants. However, we decided to directly label likely parapineal precursor cells in 

fgf8ax15 mutants to determine their cell fate. Fate mapping of the pineal complex 

indicates that, by 24 hpf, parapineal cells reside in the anterior one third of the 

pineal complex anlage, seemingly intermingled with precursors of the pineal 

organ (Concha et al., 2003). To perform cell fate analysis in the pineal complex 

we optimized existing methods using caged fluorescein dextran, a 

photoactivatable fluorophore that has been used for lineage labeling in zebrafish 

embryos (Kozlowski et al., 1997; Concha et al., 2003). Previous efforts focused 

on using caged fluorescein to determine the developmental origin of small 

populations of cells or tissues. We combined the ability to selectively label small 

groups of cells with caged-fluorescein dextran with cell type specific antibody 
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Figure 16. Cell fate analysis of the pineal complex. (i.) Caged fluorescein is 
injected into 1-cell stage embryos. (ii.) Fluorescein is photoactivated in likely 
specified parapineal precursors in the anterior pineal complex anlage at 24 hfp. 
(iii.) At 48 hpf, fluorescein is detected in either WT or fgf8ax15 mutants and DMSO 
or SU5402 treated embryo. The percentage of fluorescein positive Arr3a positive 
pineal cone cells is calculated.  
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labeling to determine cell fate among specified parapineal precursors. To mark all 

pineal complex cells from 24 hpf and later, we used the Tg[foxd3:GFP]zf104 and 

Tg[flhBAC:Kaede]vu376
 transgenes. After injecting caged-fluorescein into one cell 

stage embryos, we photoactivated fluorescein in 10 to 15 cells of the anterior 

pineal anlage at 24 hpf in fgf8ax15 mutants or wild-type siblings and allowed them 

to develop until 52 hpf (Fig.16). In wild-type embryos, fluorescein labeled 

parapineal cells were clearly detectable at 52 hpf (Fig.17A,A”). Since the anterior 

pineal complex anlage does not give rise exclusively to parapineal cells, some 

cells of the pineal organ (including cone photoreceptors of the pineal) were also 

labeled (Fig.17A,A”). In WT embryos, only 27%±5.4 (n=14) of fluorescein labeled 

cells became cone photoreceptors (Fig.17C). However, in fgf8ax15 mutants, cone 

photoreceptors made up almost twice as many of the fluorescein labeled cells 

(48%±4.7, n=14) than in wild-type siblings (Fig.17B,B”,C). One explanation for 

the increase in labeled cone photoreceptors in our lineage labeling experiments 

is that in fgf8ax15 mutants, parapineal precursor cells may not reside in the 

anterior pineal anlage (e.g. if Fgf8a was required for the precursors to migrate to 

an anterior position following specification somewhere else in the anlage). To 

exclude this possibility, we performed cell fate analysis of the anterior pineal 

complex anlage using embryos treated with SU5402 between 24 and 30 hpf. 

Because Fgf signaling is normal in these embryos up until the time of fluorescein 

labeling at 24 hpf, the location of the parapineal precursors in these embryos is 

the same as untreated wild-type. Thus, any difference in cell fate in the anterior  
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Figure 17. Cell fate analysis of anterior pineal complex indicates that 
parapineal precursors adopt a cone photoreceptor fate in fgf8ax15 mutants.  
(A,A’) Dorsal views of serial confocal sections in the pineal complex of wild-type 
embryos at 52 hpf, following lineage labeling of the anterior pineal complex 
anlage at 24 hpf. Clusters of parapineal cells labeled with fluorescein are evident 
(blue arrows). (B,B’) Serial confocal sections in fgf8ax15 mutants at 52 hpf 
following lineage labeling at 24 hpf. Many of the cells that were labeled in the 
anterior pineal complex anlage at 24 hpf become cone photoreceptors (blue 
arrows). (C) Graph quantifying the number of fluorescein labeled cone 
photoreceptors in wild-type embryos compared to fgf8ax15 mutants (left bars), 
and in DMSO-treated controls compared to SU5402 treated embryos (right bars). 
When Fgf signaling is reduced, a significantly higher percentage of fluorescein 
labeled cells become cone photoreceptors as compared to controls. (**p<0.005 
by t-test). Scale bar in B: 30 micrometers. 
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pineal complex anlage between SU5402-treated and control embryos is the 

result of changes in the fate of parapineal precursors, not differences in their 

location (Fig.17C).  In SU5402 treated embryos 67%±4.5 (n=9) of fluorescein 

labeled cells became cone cells. However, only 38%±7.4 (n=7) of labeled cells in 

control embryos gave rise to cone cells. These data are very similar to our results 

using fgf8ax15 mutants, indicating that the parapineal precursors in mutants likely 

reside in a similar anterior location in the pineal complex anlage as wild-type 

embryos. Based on these data, as well as our Flh knock down experiments, we 

conclude that the additional cone cells in fgf8ax15 mutants are derived from 

specified parapineal precursor cells that have incorrectly adopted a cone 

photoreceptor fate. 

 

Fgf8a and Tbx2b Act During Different Steps of Parapineal Development 

 As with other cell types in the developing brain, the formation of parapineal 

neurons likely involves the input of multiple genes to specify the correct number 

of precursor cells and to maintain the specified state until differentiation. 

Disruption of either of these steps would result in fewer parapineal cells.  

Previously, the transcription factor Tbx2b was implicated in parapineal 

specification (Snelson et al., 2008c). Indeed, tbx2bc144 mutants and fgf8ax15 

mutants exhibit a strikingly similar phenotype with a reduction in the number of 

gfi-1.2 expressing cells and the failure of the remaining cells to migrate toward 

the left side of the brain.     
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Figure 18. Tbx2b and Fgf8a have no cross-regulatory relationship. (A, B) 
Dorsal views of DMSO or SU5402 treated embryos labeled with tbx2b at 30 hpf. 
Embryos were treated from 24-30 hpf. (C,D) Dorsal view of erm expression in the 
pineal complex of WT and tbx2bc144 mutant at 30 hpf. The position of the pineal is 
indicated by the dashed circle. Scale bar in A and C: 25 micrometers. 
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Previous work has shown that Fgf8 could activate the expression of tbx2, an 

ortholog to tbx2b, in chick nasal mesenchyme (Firnberg and Neubuser, 2002). 

Therefore, we tested whether a similar regulatory relationship exists between Fgf  

signaling and Tbx2b in parapineal formation. We blocked Fgf signaling by 

SU5402 treatment from 24-30 hpf and examined tbx2b expression at 30 hpf. We 

see no change in tbx2b transcript level in the epithalamus of SU5402-treated 

embryos compared to controls (Fig.18A,B). Likewise, we looked at the 

expression of erm, a target gene of Fgf signaling in tbx2bc144 mutants. At 30 hpf, 

erm expression is similar in tbx2bc144 mutants and wild-type controls as 

compared to fgf8ax15 mutants which exhibits a drastic reduction in erm 

expression in the epithalamus (Fig.18C,D,E). These data indicates that, in the 

epithalamus, Fgf8a does not induce tbx2b expression nor is Tbx2b required for 

Fgf activity.   

 If two genes have a similar mutant phenotype, and the double mutant has 

an additive phenotype, then the two genes act in independent pathways. To 

determine whether loss of both fgf8a and tbx2b have additive effects with respect 

to parapineal cell number, we analyzed gfi-1.2 expression in larvae lacking the 

function of both Fgf8a and Tbx2b at 96 hpf. To knock down Tbx2b, we injected 

tbx2bMO
 into WT and fgf8ax15 mutants. As expected, wild-type embryos injected 

with tbx2bMO (WT;tbx2bMO) had a drastic reduction in parapineal cells with 

3.3±0.7 (n=8) gfi-1.2 expressing cells compared to non-injected WT siblings 

(WT;NI) with 10.8±0.4 (n=5) cells (Fig.19A,C,E). Similar to WT;tbx2bMO embryos 

and consistent with our previous results, non-injected fgf8ax15 mutants  
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Figure 19. Fgf8a and Tbx2b act additively in the formation of parapineal 
cells. (A,B) Dorsal views of uninjected wild-type and fgf8ax15 mutant larvae 
(WT;NI and fgf8ax15;NI respectively) at 96 hpf, labeled for gfi-1.2 to mark 
parapineal cells (black arrows). (C,D) Dorsal views of wild-type and fgf8ax15 
mutant embryos injected with tbx2bMO (WT; tbx2bMO and fgf8ax15; tbx2bMO) at 96 
hpf labeled for gfi-1.2 (black arrows). (E) Graph quantifying the number of gfi-1.2 
expressing cells. Error bars indicate S.E.M. (**p<0.005, ***p<0.0005). Many 
fewer parapineal cells are detected when tbx2b and fgf8a are simultaneously 
reduced than when either is singly depleted. Scale bars in A is 25µM.  
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Figure 20. Tbx2b is required to produce the extra cone cells in fgf8ax15 
mutants. (A,B) Dorsal views of confocal slices of WT;NI and fgf8ax15;NI larvae 
labeled with foxd3:GFP to mark the entire pineal complex and Arr3a to mark 
cone photoreceptors. (C,D) Dorsal views of confocal slices of WT;tbx2bMO and 
fgf8ax15 ;tbx2bMO larvae labeled with foxd3:GFP and Arr3a at 96 hpf. (E) Graph 
quantifying the number of cone photoreceptors. Tbx2b depletion reduces the 
number of cone photoreceptors to a level indistinguishable from non-injected WT 
and tbx2b morphants. (***p<0.0005). Scale bars in A and F: 25 micrometers. 
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(fgf8ax15;NI) had an average of 3.7±0.5 (n=7) gfi-1.2 positive cells (Fig.19B,E). 

However, fgf8ax15 injected with tbx2bMO (fgf8ax15;tbx2bMO) larvae had significantly 

fewer gfi-1.2 expressing cells (0.5±0.3; n=8) than either WT;tbx2bMO or 

NI;fgf8ax15 embryos (Fig.19D,E) suggesting that the loss of both Fgf8a and Tbx2b 

creates an additive defect with respect to parapineal cell number indicating that 

these two genes act to generate parapineal cell via separate pathways.   

 We also examined the phenotype of simultaneously depleting Tbx2b and 

Fgf8a with respect to cone photoreceptor number. Previous work suggested that, 

although tbx2b mutants had a deficit in gfi-1.2 positive cells, they lacked the 

additional cone photoreceptors seen in fgf8ax15 mutants at 96 hpf (Snelson et al., 

2008c). Since tbx2b and fgf8a mutants had different phenotypes with respect to 

cone photoreceptor number, we performed epistasis analysis. As before, we 

used a tbx2b morpholino (tbx2bMO) to knock down Tbx2b. As expected, Tbx2b 

depletion did not alter the number of cone cells (Snelson et al., 2008a). The 

average number of cone cells in WT;NI and WT;tbx2bMO were not statistically 

different with 22.4±1.1 (n=11) and 21.8±1.1 (n=6) cone cells respectively 

(Fig.20A,C,E).As previously observed, fgf8ax15;NI larvae exhibited significantly 

elevated cone cell number with an average of 31.8±1.3 (n=12) (Fig.20B,E). 

However, fgf8ax15;tbx2bMO larvae had 21.2±1.0 (n=12) cone cells which was 

significantly fewer than fgf8ax15;NI  larvae and were indistinguishable from WT;NI 

larvae (Fig.20D,E). These data indicate that regarding cone cell number, the 

depletion of tbx2b is epistatic to mutation of fgf8a (Fig.21). 
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Figure 21. Model: Fgf8a acts on bi-potential parapineal/cone cells to 
promote parapineal fate and/or inhibit cone photoreceptor fate. The 
transcription factor Tbx2b specifies cells in the anterior region of the pineal 
complex anlage (grey) as bi-potential parapineal/cone precursors (red-dotted 
orange cells). Fgf8a acts on the bipotential cells (orange arrow) 1. in parallel with 
Tbx2b, to determine them as unipotential parapineal cells (solid orange cells), 
and 2. by itself (red arrow) to suppress the cone photoreceptor (red cell) 
differentiation program. In fgf8a mutants, a limited number of bipotential 
parapineal/cone precursor cells are specified as in WT. However, these mutants 
lack Fgf8a that can either suppress cone cell fate or promote parapineal 
differentiation. As a result, many of the cone/parapineal precursor cells adopt a 
cone cell fate.  
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Discussion 

 We have shown that Fgf signaling is required during a fate decision by 

specified parapineal precursors in order for them to form a left-sided parapineal 

organ. In fgf8ax15 mutants, there is a significant decrease in the number of 

parapineal neurons. This deficit in parapineal neurons is accompanied by an 

increase in the number of pineal cone photoreceptors. By cell fate and mutant 

analysis we gather that in the absence of Fgf8a, specified parapineal precursor 

cells adopt a cone photoreceptor fate. However, overexpression of Fgf8a is not 

sufficient to recruit more pineal complex anlage cells to become parapineal cells. 

Finally, we find that Fgf8a acts in parallel to the transcription factor Tbx2b to 

determine parapineal cell number, but downstream of Tbx2b to prevent 

differentiation of parapineal precursors as cone photoreceptors. Therefore, we 

propose that cells in the epithalamus are specified by Tbx2b as bipotential 

precursors that can go on to form parapineal cells or cone photoreceptors. They 

require Fgf signaling and Tbx2b to differentiate as parapineal cells, and might 

also require Fgf signaling to prevent differentiation as cone cells (Fig.21).  

  Perhaps the most confounding of the above results is the lack of rescue of 

parapineal cell fate by overexpression of Fgf8a. In theory, our model predicts that 

once specified, parapineal precursor cells respond to Fgf activity by correctly 

differentiating as parapineal cells and then migrating away from the pineal organ 

anlage. Providing fgf8ax15 mutants with exogenous Fgf8a should restore this 

missing signal and promote correct differentiation of parapineal cells. One 
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possibility is that Fgf receptor localization might be slightly different in fgf8ax15 

mutants compared to WT. Recent evidence suggests that modulation of Fgf 

activity could alter the expression of Fgf receptors (Ota et al., 2010).In addition, 

we noted that heat shock of approximately 30 minutes at 37°C was able to 

activate near ubiquitous expression of erm, a target gene of Fgf signaling, 

although the expression of fgf receptors are not ubiquitous at this stage (data not 

shown). To us, this suggests that overexpression of Fgf8a causes effects beyond 

the normal range of physiological levels of Fgf activity. Additionally, 

overexpression of Fgf8a in wild-type embryos did not alter the migration 

parapineal cells although Fgf8a is thought to influence the directionality of 

parapineal cell migration (Regan et al., 2009). Thus, this method of Fgf8a 

overexpression may not provide the correct level or type of activity to rescue 

parapineal differentiation or migration in fgf8ax15 mutants.  

 If our overexpression experiments are valid, Fgf signaling plays an 

incredibly permissive role in parapineal differentiation. The inability of Fgf to 

produce more parapineal cells when overexpressed suggests that parapineal cell 

production requires multiple steps. According to our data, Fgf signaling is acting 

primarily on specified parapineal cells in that knocking down tbx2b in fgf8ax15 

mutants ablates the ectopic generation of cone cell while further reducing the 

number of differentiated parapineal cells. This suggests that at least two different 

pathways are governing parapineal development. One possibility is that the 

prolonged expression of Tbx2b and the exclusion of Flh in the anterior pineal 

complex anlage generates a small number of parapineal precursors prior to the 
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15-somite stage. These precursor cells are then competent to respond to Fgf 

signaling by differentiating as parapineal neurons, which express sox1a and gfi-

1.2. While this succinct model explains the reduction in parapineal neurons, it 

fails to fully account for the cell fate switch from specified parapineal precursor to 

pineal cone cell that occurs when Fgf activity is abrogated. This suggests that the 

mechanism by which Fgf signaling ensures parapineal differentiation is more 

complex than presented. Therefore, we sought to uncover why parapineal cells 

are switching fate. As a result, we examined a possible role for Bmp signaling 

and Lhx2b and 9, two LIM homeodomain transcription factors, during parapineal 

development. 
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Chapter III 
 

FGF SIGNALING DOES NOT REGULATE BMP ACTIVITY DURING 

PARAPINEAL FORMATION 

 

Introduction      

 We have shown that Fgf acts during parapineal formation to promote their 

correct differentiation. In the absence of Fgf signaling, the majority of specified 

parapineal precursors change their fate to become pineal cone cells. It is 

possible that these bipotential precursor cells enter a default pathway toward 

photoreceptor differentiation in the absence of Fgf signaling. Recently published 

work has shown that Bmp signaling, as well as the Notch pathway, govern cell 

fate within the pineal organ (Cau et al., 2008; Quillien et al., 2011). The zebrafish 

pineal organ contains rod and cone photoreceptors in addition to glial-like 

projection neurons. In Quillien et al. 2011, Bmp signaling, partially though 

potentiation of Notch activity, is necessary and sufficient to drive pineal cell 

precursors toward a photoreceptor fate and away from a projection neuron fate. 

In addition, increased activation of the Bmp pathway can increase the number of 

photoreceptors, including Arr3a positive cone cells. We have shown that, similar 

to most pineal precursor cells, specified parapineal precursors are at least 

bipotential, able to differentiate into parapineal neurons or pineal cone cells 

depending on Fgf activity. We posited that Bmp, in fgf8a mutants, acts on 

parapineal precursors in fgf8a mutants to induce their differentiation as cone 
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photoreceptors instead. To block Bmp signaling, Fgf could directly repress the 

expression of Bmp ligand (Furthauer et al., 2004), inhibit Smad activation by 

phosphorylation of the linker domain (Pera et al., 2003), and/or upregulate the 

expression of Bmp inhibitors such as Chordin (Branney et al., 2009). We found 

that the chordin, a secreted Bmp inhibitor, is expressed in the anterior 

epithalamus near parapineal precursor cells. Thus, if inhibition of Bmp activity 

would be expected to suppress the parapineal defects in fgf8ax15 mutants. In 

addition, if chordin is link between Fgf8a activity and Bmp inhibition in the anterior 

pineal complex, then chordin mutants should display similar parapineal defects 

as fgf8ax15 mutants. Finally, if Fgf signaling negatively regulates Bmp activity in 

the pineal complex anlage, we would expect ectopic phosphorylated Smad, an 

indicator of Bmp activity, when Fgf signaling is attenuated. To test these 

hypotheses, we analyzed parapineal differentiation in chordin mutants, inhibited 

Bmp activity in fgfax15 mutants, and examined Bmp activity in the pineal complex 

when Fgf signaling is attenuated.  

 

Methods 

Zebrafish 

Zebrafish were raised at 28.5°C on a 14/10 hour light/dark cycle and staged 

according to hpf.  The following wild-type, mutant, and transgenic fish lines were 

used: AB* (Walker, 1999), chdtt250 (Hammerschmidt et al., 1996), fgf8ax15 (Kwon 

and Riley, 2009), Tg[foxd3:GFP]zf104 (Gilmour et al., 2002), 

Tg[hsp70l:dnXla.Bmpr1a-GFP]w30  (Pyati et al., 2005). 
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In situ hybridization 

Whole-mount RNA in situ hybridization was performed as described previously 

(Gamse et al., 2003), using reagents from Roche Applied Bioscience. RNA 

probes were labeled using fluorescein-UTP or digoxygenin-UTP. To synthesize 

antisense RNA probes, pBS-otx5 (Gamse et al., 2002); and pBS-gfi1.2 (Dufourcq 

et al., 2004) were linearized with SacII and transcribed with T3 RNA polymerase; 

pENTR-D-Topo-sox1a with NotI and T7 polymerase; pBSK-chordin (Miller-

Bertoglio et al., 1997) with SpeI and T7 polymerase. Embryos were incubated at 

70°C with probe and hybridization solution containing 50% formamide. 

Hybridized probes were detected using alkaline phosphatase-conjugated 

antibodies (Roche) and visualized by 4-nitro blue tetrazolium (NBT) (Roche) and 

5-bromo-4-chloro-3-indolyl-phosphate (BCIP) (Roche) staining for single labeling, 

or NBT/BCIP followed by iodonitrotetrazolium (INT) and BCIP staining for double 

labeling. 

Whole mount antibody labeling 

Embryos and larvae were fixed in AB fixative (4% paraformaldehyde, 0.3mM 

CaCl2, 4% sucrose, 1X PBS) for either 4 hours at room temperature (25°C) or 

overnight at 4°C with rocking. Samples were rehydrated with three successive 5-

minute washes with 1XPBSTx (1X PBS, 0.01% Triton X100) and four 20-minute 

washes with deionized water. Samples were blocked one hour at room 

temperature in 10% AB block (10% sheep serum, 1mg/mL Bovine Serum 

Albumin in 1X PBSTw). Samples were incubated with primary and secondary 

antibodies in 2% AB block overnight with rocking at 4°C. Excess antibody was 
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washed off with 1XPBSTx. Primary antibodies used: 1:1000 rabbit anti-GFP 

(Torrey Pines), 1:500 mouse anti-ZPR1(Arrestin3a) (Developmental Studies 

Hybridoma Bank), 1:100 rabbit anti-phosphorylated Smad1 (gift from C.V. Wright 

Lab). Secondary antibodies used: 1:300 Alexa 568 goat anti-rabbit (Invitrogen), 

1:300 Alexa 488 goat anti-mouse (Invitrogen). Embryo nuclei were 

counterstained with TOPRO-3 (Invitrogen). All confocal images were taken with 

Zeiss LSM 510 microscope or Leica TSC-200 and processed using Improvision 

Velocity software. 

Heat Shock Conditions 

Embryo clutches containing both heterozygous transgenic 

Tg[hsp70l:dnXla.Bmpr1a-GFP]w30 embryos and their non-transgenic siblings (still 

in their chorions) were placed in a 2mL microcentrifuge tube (35-40 

embryos/tube). Approximately 2mL of pre-warmed egg water containing 0.3% 

PTU was added per tube. Tubes were incubated in a 37°C water bath then I 

removed and emptied into a dish in a 28.5°C incubator. DN-Bmpr1a expression 

was induced by single heat shock treatment at 24 hpf for 30 minutes at 37°C.  

 

Results 

Fgf Signaling Does Not Regulate Bmp Activity Via Chordin 

 Chordin, as well as other members of the Chordin family of molecules, are  

mportant in the negative regulation of Bmp activity (Zakin and De Robertis, 2010). 

Once secreted, Chrodin binds to extracellular Bmp ligands preventing them from 

binding to Bmp receptors and activating downstream pathway components  
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Figure 22. chordin is expressed in or near the epithalamus during 
parapineal organ development and exhibits reduced chordin expression in 
fgf8a mutants. (A) In 20 hpf WT embryos, chordin (blue) is expressed near the 
anterior pineal complex anlage indicated by otx5 expression (red). (B,C) chordin 
continues to be expressed in two domains near the pineal complex at 24 and 30 
hpf. (D,E) As compared to WT siblings, chordin expression is reduced in fgf8ax15 
mutants at 24 hpf. Scale bar in A= 25 micrometers. 
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(Zakin and De Robertis, 2010). As such, Chordin can act at a distance from the 

initial source of expression. We found chordin to be expressed just anterior to the  

pineal complex anlage at 20, 24, and 30 hpf (Fig.22A,B,C) in WT embryos. The 

expression of chordin in or near the epithalamus during parapineal development 

suggests that it could be involved in the negative regulation of Bmp activity in the 

pineal complex. Additionally, chordin expression appears to be moderately 

decreased in fgf8ax15 mutants at 30 hpf (Fig.22D,E). Also, the reduction of 

chordin in fgf8ax15 mutants suggests that excessive Bmp activity could be 

responsible for the parapineal defects.  

 If Fgf signaling governs parapineal cell differentiation through regulation of 

chordin, then the loss of Chordin should produce similar parapineal defects seen  

in fgf8ax15 mutants. Thus, we analyzed parapineal cell number, as well as cone 

cell number, in chordintt250 (chdtt250) mutants. At 52 hpf, the number of gfi-1.2 

expressing cells in chdtt250 mutant is reduced by approximately 60% compared to 

WT (4.3±1.0;n=18 and 9.5±0.6;n=8 respectively) (Fig.23A,B,C). This reduction in 

parapineal cells closely resembles the phenotype seen when Fgf signaling is 

attenuated. To further explore the possible connection between Fgf signaling and 

Chordin, we examined Tg[foxd3:GFP]zf104 and Arr3a expression in chdtt250 

mutants. Like fgf8ax15 mutants, chdtt250 mutants exhibit a lack of an obvious 

external parapineal with a few GFP expressing cells near the pineal organ in 

several mutants (Fig.24A,B). chdtt250 mutants have 44.4±2.9 (n=7) compared to 

WT with 56.1±2.2 (n=8) (Fig.24C) suggesting the chdtt250 mutation leads to fewer 

total pineal complex cells. Similarly, the number of cone cells is also significantly 
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reduced in chdtt250 mutants compared to WT (14.4±1.3; n=7 and 18.9±2.2; n=8 

respectively). These data suggest that reduction in parapineal cells in chdtt250 

mutants is likely the product of an overall reduction in pineal complex cell number 

and does not result from reduced Fgf/increased Bmp actvity. Indeed, the severity 

in the reduction of parapineal cells was variable with some chdtt250 mutants 

having no parapineal cells and others closely resembling WT. We attribute this 

variability to variation in penetrance in certain aspects of the chdtt250 mutant 

phenotype. Chordin is key in the patterning of the anterior axis early in embryonic 

development (Hammerschmidt et al., 1996). chdtt250 mutants show different 

degrees of ventralization, the loss of head structures and the expansion of 

ventrally derived tissues, in our hands. Thus, many chdtt250 mutants seem to 

exhibit a smaller head with as reduced pineal complex, which confounds easy 

analysis of potential cell fate changes. 

 

Inhibition of Fgf Signaling Does Not Expand Bmp Activity 

 If Fgf signaling is directly governing Bmp activity during parapineal 

formation, then there should be higher levels of activated Smad1 in the anterior 

pineal complex when Fgf activity is attenuated. The binding of extracellular Bmp 

ligands to membrane bound Bmp receptors culminates in the phosphorylation 

and activation of Smad1/5/8 that can translocate to the nucleus and regulate 

transcription of target genes (Ramel and Hill, 2012). As such, analyzing the levels  

of phosphorylated Smad (pSmad) is a valid method for accessing Bmp activity. 

We examined pSmad1 in the pineal complex in embryos treated with SU5402 at  
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Figure 23. chordintt250 mutants display a reduced number of differentiated 
parapineal cells. (A,B) As compared to WT siblings, chordin mutants show 
significant reductions in parapineal cells as indicated by gfi-1.2 expression (black 
arrows) at 96 hpf. The approximate location of the pineal complex is indicated by 
black dashed circle. (C) Graph quantifying the number of parapineal cells in WT 
and chordintt250 mutants. Error bars indicate S.E.M. (**p<0.005 by t-test). Scale 
bar in A =25 micrometers.  
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Figure 24. chordintt250 (chdtt250)mutants show deficits in pineal complex 
cells. All images are dorsal 3D confocal reconstructions of the pineal complex 
labeled with Tg[foxd3:GFP] and Arr3a at 52 hpf. (A,B) In WT larvae, the 
parapineal is clearly visible on the left side (white arrow) while many chdtt250 
mutants show only a putative parapineal cells near the anterior pineal anlage 
(white arrow). (C) Graph quantifying the number of Tg[foxd3:GFP] and Arr3a 
expressing cells. Error bars indicate S.E.M. (*p<0.05; **p<0.005 by t-test). Scale 
bar in A= 25 micrometers.  
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Figure 25. Inhibition of Fgf signaling does not increase Bmp activity in the 
pineal complex. All images are dorsal views of confocal slices of larvae labeled 
for Tg[foxd3:GFP] and phosphorylated Smad (pSmad) at 27 hpf. The 
approximately location of the pineal complex is indicated with a dashed circle. (A) 
In WT embryos treated with DMSO from 24-27 hpf, there are several cell with 
detectable levels of pSmad in the anterior pineal complex (white arrow). (B) 
Larvae treated 12µM SU5402 from 24-27 hpf show several pSmad positive cells 
in the anterior pineal complex (white arrow). (B,D) Expression of a dominant 
negative Bmp receptor effectively ablates pSmad labeling in DMSO and SU5042 
treated larvae confirming the validity of pSmad labeling. Scale bar in A= 25 
micrometers.  
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approximately 24 hpf for 3 hours. There was no obvious difference in pSmad1 

labeling in SU5402 and control treated embryos (Fig.25 A,C). As a control, we 

suppressed Bmp activity by expressing by a dominant negative Bmp receptor 

(DN-Bmpr1) via the Tg[hsp70l:dnXla.Bmpr1a-GFP]w30 transgenic line. We 

induced expression of the DN-Bmpr1 by a heat shock of 30 minutes starting  

approximately at 23.5 hpf. At 27 hpf, there was no detectable pSmad1 in either 

SU5402 or DMSO treated embryos in DN-Bmpr1 expressing larvae (Fig.25B,D) 

confirming that the DNBmpr1 worked as expected.. These data suggest that Fgf 

signaling does not regulate Bmp signaling in the pineal complex. 

 

Inhibition of Bmp Activity Cannot Suppress Parapineal Defects in fgf8a 

Mutants 

 If excessive Bmp signaling is changing the fate of parapineal precursors in 

fgf8ax15 mutants then inhibiting Bmp signaling in these mutants should restore 

parapineal differentiation. Based on the SU5402 treatment regimens, we induced 

the expression of a DN-Bmpr1 at 24 hpf in fgf8ax15 mutants and analyzed 

parapineal cell number at 52 hpf. Suppression of Bmp signaling in fgf8ax15 

mutants failed to increase the number of gfi-1.2 expressing cells with DN-Bmpr1 

positive mutants having 3.5±1.0 (n=6) cells and non transgenic fgf8ax15 mutants 

having 3.9±0.7 (n=8) cells (Fig.26A,B,C.). Likewise, suppression of Bmp 

signaling in mutants failed to increase the number of sox1a positive cells at 36 

hpf with DN-Bmpr1 expressing mutants having 2.7±0.7 (n=7) and non transgenic 

mutants having 2.0±0.9 (n=6) (Fig.26D).  
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Figure 26. Bmp inhibition cannot rescue parapineal deficits in fgf8ax15 
mutants. (A) Dorsal view of 52 hpf non-transgenic fgf8ax15 mutant labeled with 
gfi-1.2 (black arrow). (B) Dorsal view of 52 hpf fgf8ax15 mutant expressing a 
dominant negative Bmp receptor (DN-Bmpr1) labeled with gfi-1.2 (black arrow). 
(C) Graph quantifying the number of mature parapineal cells expressing gfi-1.2. 
(D) Graph quantifying the number of cells expressing sox1a, a marker likely 
expressed in newly differentiated parapineal cells. Error bars indicate S.E.M. n.s. 
indicates not significant. Scale bar in A= 25 micrometers. 
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Figure 27. Inhibition of Bmp signaling cannot suppress ectopic cone cells 
in fgf8ax15 mutants. (A) Dorsal view of 3D confocal projection of non transgenic 
fgf8ax15 mutant labeled with Tg[foxd3:GFP] and Arr3a at 52 hpf. (B) Dorsal view 
of 3D confocal projection of fgf8ax15 mutant expressing a dominant negative Bmp 
receptor (DN-Bmpr1) labeled with Tg[foxd3:GFP] and Arr3a at 52 hpf. (C) Graph 
quantifying the number of Tg[foxd3:GFP] and Arr3a expressing cells. Error bars 
indicate S.E.M. n.s. indicates not significant. Scale bar in A= 25micrometers.  
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Similarly, there is no change in the number of Tg[foxd3:GFP]zf104 and Arr3a 

expressing cells when Bmp signaling is inhibited in fgf8ax15 mutants. Mutants 

expressing the DN-Bmpr1 transgene had 53.0±3.1 (n=8) Tg[foxd3:GFP]zf104 

expressing cells compared to 55.0±2.5 (n=8) for non transgenic mutants 

(Fig.27A,B,C). Likewise, the number of cone cells is not different between non-

transgenic mutants and mutants expressing the DN-Bmpr1 transgene (26.9±1.9; 

n=8 and 26.9±1.1; n=8 respectively) (Fig.27C).  

 

Discussion 

 Published data suggests that Bmp2a is a key factor in specifying 

photoreceptors in the pineal organ (Quillien et al., 2011). We hypothesized that 

Bmp might also cause the cell fate change from parapineal to cone photoreceptor 

that is seen in fgf8ax15 mutants. However, we now think this is not the case for a 

several reasons. First, our hypothesis predicts that Bmp activity should be 

elevated in the anterior pineal complex when Fgf signaling is attenuated. 

However, after treatment with SU5402, a powerful inhibitor of Fgf activity, 

pSmad1 levels seem unchanged compared to control embryos. Second, reducing 

Bmp activity would be expected to suppress some of the cell fate defects seen in 

fgf8ax15 mutants. However, expression of a dominant negative Bmp receptor was 

unable to prevent the formation of ectopic cone cells in these mutants, much less 

restore parapineal cell number. Finally, the expression of chordin, a secreted 

Bmp antagonist, seems to be responsive to Fgf signaling providing a possible 

mechanism for the regulation of Bmp activity in the epithalamus. However, 
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although the phenotype of chordintt250 mutants is superficially similar to fgf8ax15 

mutants, closer investigation reveals significant differences. While the number of 

differentiated parapineal cells is drastically reduced in chordin mutants (Fig.23), 

this phenotype was extremely variable in penetrance. Additionally, the overall 

number of pineal complex cells, including Arr3a positive cone cells, is reduced in 

chordin mutants, which is not seen in fgf8ax15 mutants.  We postulate that the 

parapineal cell deficits in chordin mutants are driven by earlier axial patterning 

defects which reduces the overall numbers of pineal complex progenitor cells and 

not the result of increased Bmp activity brought on by reduced Fgf signaling. 

Thus, Fgf signaling operates through a distinct mechanism that does not involve 

Bmp signaling.  
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CHAPTER IV 

 

FGF SIGNALING MIGHT GOVERN PARAPINEAL DIFFERENTIATION 

THROUGH REGULATION OF LHX2B AND LHX9 

 

Introduction 

 In Chapters II and III, we have shown that Fgf signaling regulates 

parapineal cell differentiation and that the cell fate defects resulting from reduced 

Fgf activity are likely independent of Bmp signaling. In the absence of Bmp 

involvement, we were without a suitable mechanism to explain the cell fate 

changes seen in Fgf deficient larvae. Therefore we investigated two good 

candidates for governing parapineal cell fate, are the LIM homeobox transcription 

factors 2b (Lhx2b) and Lhx9. In Xenopus laevis, the expression of Xlhx2 and 

Xlhx9, orthologs to zebrafish Lhx2b and Lhx9, are expressed in the diencephalon 

(Atkinson-Leadbeater et al., 2009). Furthermore, Xlhx9 is regulated by Fgf 

signaling (Atkinson-Leadbeater et al., 2009). In the zebrafish, Lhx2b was found to 

be downstream of Fgf signaling during guidance of the optic nerve across the 

midline (Seth A and Culverwell J, 2006). In addition, both lhx2b and lhx9 are 

expressed in the pineal complex (Ando et al., 2005). Orthologs of Lhx2b and 

Lhx9 in other vertebrates have been implicated in various developmental 

processes such as axon guidance (Marcos-Mondejar et al., 2012), cell 

differentiation (Kolterud et al., 2004; Peukert et al., 2011) and specification 

(Berghard et al., 2012). We hypothesize that Lhx2b and Lhx9 could be acting 
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redundantly downstream of Fgf signaling during parapineal formation. To explore 

the involvement of Lhx2b and Lhx9 in parapineal formation we need to assess 

parapineal and cone cell number in Lhx2b and Lhx9 deficient larvae. In addition, 

if Lhx2b and Lhx9 are key effectors of Fgf mediated parapineal cell differentiation, 

then we would expect that loss of lhx2b and/or lhx9 function would result in loss 

of parapineal cells and that overexpression of these transcription factors to 

rescue parapineal defects in fgf8ax15 mutants.  

 

Methods 

Zebrafish 

Zebrafish were raised at 28.5°C on a 14/10 hour light/dark cycle and staged 

according to hpf.  The following wild-type, mutant, and transgenic fish lines were 

used: AB* (Walker, 1999),  fgf8ax15 (Kwon and Riley, 2009), Tg[foxd3:GFP]zf104 

(Gilmour et al., 2002), Tg[flhBAC:Kaede]vu376 (Clanton et al., 2013), lhx2bb700 

(Seth A and Culverwell J, 2006). 

in situ hybridization 

Whole-mount RNA in situ hybridization was performed as described previously 

(Gamse et al., 2003), using reagents from Roche Applied Bioscience. RNA 

probes were labeled using fluorescein-UTP or digoxygenin-UTP. To synthesize 

antisense RNA probes: pENTR-D-Topo-lhx2b (Seth A and Culverwell J, 2006) 

with Not1 with T7; pCRII-Topo-lhx9 (Ando et al., 2005) with HindIII and T7; pBS-

gfi1.2 (Dufourcq et al., 2004) were linearized with SacII and transcribed with T3 

RNA polymerase. Embryos were incubated at 70°C with probe and hybridization 
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solution containing 50% formamide. Hybridized probes were detected using 

alkaline phosphatase-conjugated antibodies (Roche) and visualized by 4-nitro 

blue tetrazolium (NBT) (Roche) and 5-bromo-4-chloro-3-indolyl-phosphate 

(BCIP) (Roche) staining for single labeling, or NBT/BCIP followed by 

iodonitrotetrazolium (INT) and BCIP staining for double labeling. In fluorescent in 

situ hybridization, staining was developed in a 1:1 ratio of fast red tablet to fast 

red buffer (0.1M Tris pH8.2, 0.4M NaCl2) at 37°C. Antibody labeling of 

fluorescent in situ was carried out using 1:500 of rabbit anti-GFP (Torrey Pines) 

or 1:500 of rabbit anti-Kaede (MBL). Secondary labeling was done with 1:300 anti 

rabbit Alexa 488 (Invitrogen).  

Inhibitor Treatments 

For in situ hybridizations and whole mount antibody labeling, we incubated 

embryos in their chorions in 12µM SU5402 (Calbiochem and Tocris) dissolved in 

0.3% DMSO in egg water in 1XPTU in the dark. Control embryos were treated 

with 0.3% Dimethyl sulfoxide (DMSO) in parallel with their SU5402 treated 

siblings.  

Cloning 

Full-length contructs for in situ hybridization probes for lhx2b and lhx9 transcripts 

were cloned from total RNA from 28 hpf AB* embryos dissolved in Trizol 

(Invitrogen). Total cDNA was made from phenol-chloroform purified total RNA 

with random hexamer (Applied Biosystems) priming and Superscript III reverse 

transcriptase (Invitrogen). lhx2b transcript was amplified using the following 

primers: Fw-CACCTCAGACCGATCAGACACTGC with the 5’ CACC sequence to 
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facilitate entry into pENTR-D-Topo vector (Invitrogen); Rv-

TGCAGTGGGCTAAAATGATG. lhx9 transcript was using the following primers: 

Fw-GAACGGACGGGAGACAACTA and Rv-TCCAGGCCACTTGACACTCC. 

lhx2b PCR product was amplified with Phusion polymerase (NEB). lhx9 PCR 

product was treated for 10 minutes at 72°C with Go Taq polymerase (Promega) 

to add TA overhangs. lhx2b and lhx9 products were agarose gel purified with 

Wizard SV Gel and PCR clean up system (Promega). Purified lhx2b transcript 

was inserted into pENTR-D-Topo vector via Topo cloning reaction. lhx9 transcript 

was inserted into pCRII-Topo vector via Topo TA cloning. Purified lhx2b and lhx9 

products were transformed into One Shot Top10 cells (Invitrogen) on ampicillin 

containing agar plates overnight at 37°C. Bacterial containing colonies containing 

construct were expanded and the plasmid was harvested using Pure Yield 

Plasmid Midi Prep System (Promega). To make mRNA expression constructs, 

we cloned lhx2b and lhx9 into pCS2+ Gateway plasmid (pCS2+ backbone with 

att1 and att2 sites just inside the multiple cloning site to facilitate Gateway cloning 

reactions). lhx9 we amplified using the following primers: Fw-

CACCAATTCCACCGGCTTAATATGG with a CACC overhang to allow entry into 

pENTR-D-Topo and Rv-TCCAGGCCACTTGACACTCC. lhx9 PCR product was 

purified and cloned into pENTR-D-Topo as described above. lhx2b and lhx9 were 

flipped from pENTR-D-Topo into pCS2+Gateway via a gateway cloning reaction 

catalyzed by LR Clonase II Plus (Invitrogen) overnight at room temperature. 

lhx2b-pCS2+Gateway and lhx9-pCS2+Gateway were transformed into Top10 

cells and harvested as described above. For mRNA transcription lhx2b-
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pCS2+Gateway was linearized with NotI and lhx9-pCS2+Gateway was linearized 

with KpnI. The linearized fragments were purified with phenol chloroform and 

precipitated with 100% EtOH. Sense mRNA was transcribed with Sp6 mMessage 

mMachine Kit (Ambion).  

mRNA injection 

lhx9 mRNA diluted to the desired concentration with nuclease-free water and 

phenol red. Approximately 1nL was injected into zebrafish embryos between 1 

and 4 cell stage. Injected embryos were raised at 28.5°C.  

 

Results 

lhx2b and lhx9 are Expressed in the Pineal Complex During Parapineal 

Formation 

 While both lhx2b and lhx9 are known to be expressed in the zebrafish 

epithalamus (Ando et al., 2005), their expression was not described in detail in 

the pineal complex. We performed fluorescent in situ hybridization for lhx2b and 

lhx9 in embryos carrying both the Tg[foxd3:GFP]zf104 and Tg[flhBAC:Kaede]vu376 

transgenes to highlight the pineal complex anlage. At 24 hpf, expression of both 

lhx2b and lhx9 is enriched in the anterior and midline of the pineal complex 

(Fig.28A,B). Importantly, parapineal precursors are located in the anterior one-

third of the pineal complex at 24 hpf within the domain of strong lhx2b and lhx9 

expression. By 30 hpf, lhx2b and lhx9 remain enriched in the anterior pineal 

complex including the emerging parapineal cells (Fig.28C,D). The expression of 

these two transcription factors make them ideal candidates for being involved in  
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Figure 28. lhx2b and lhx9 are expressed in the anterior pineal complex 
during parapineal formation. All images are dorsal view of confocal slices of 
embryos labeled with Tg[foxd3:GFP] and Tg[flh:Kaede] to indicate the pineal 
complex. (A,C) lhx2b is expressed in the anterior pineal complex at 24 and 30 hpf 
in what is migrating parapineal cells (white arrow in C). (B,D) lhx9 is expressed in 
the anterior pineal complex at 24 and 30 hpf in what is appears to be parapineal 
precursor cells (white arrow in D). Scale bar in A=25 micrometers.  
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Figure 29. lhx2b and lhx9 expression is reduced in fgf8ax15 mutants. All 
images are dorsal views of 30 hpf larvae. (A) In 30 hpf, lhx2b expression is 
strong in the anterior pineal complex (black arrow). (B) lhx2b expression is 
reduced in the anterior pineal complex anlage (black arrow) in fgf8ax15 mutants. 
(C) In 30 hpf, lhx9 expression is strong in the anterior pineal complex (black 
arrow). (D) lhx9 expression is relegated to a few cells in the anterior pineal 
complex (black arrows). Scale bar in A= 25 micrometers.  
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parapineal formation.  

 

The Expression of lhx2b and lhx9 is Regulated by Fgf Signaling 

 Previous data suggested that the expression of lhx2b (in zebrafish) and lhx9 

(in Xenopus) is responsive to Fgf signaling (Seth A and Culverwell J, 2006; 

Atkinson-Leadbeater et al., 2009). To confirm that Fgf activity can govern the 

expression of lhx2b and lhx9 in the zebrafish pineal complex, we examined the 

expression of the these two transcription factors when Fgf signaling is attenuated. 

At 30 hpf, fgf8ax15 mutants exhibit reduced expression of lhx2b as compared to 

WT (Fig.29A,B). This loss of expression is especially acute in the anterior pineal 

complex in the region of the parapineal precursors (black arrow Fig.29B). 

Similarly, lhx9 is reduced in fgf8ax15 mutants (Fig.29C,D). As further conformation 

that Fgf signaling could control the expression of lhx2b and lhx9 at relevant time 

points during parapineal formation, we analyzed expression in embryos treated 

with 12µM SU5402 between 24 and 30 hpf. At 30 hpf, lhx2b expression was 

drastically reduced in SU5402 treated embryos as compared with controls 

(Fig.30A,B). Likewise, the expression of lhx9 was reduced to only a few cells at 

the midline and the anterior pineal complex (Fig.30C,D). Taken together, these 

data strongly suggests that Fgf signaling governs the expression of both lhx2b 

and lhx9 in the pineal complex.  

 

Lhx2b and Lhx9 Might Play a Role in Parapineal Formation 

 To explore the potential role of Lhx2b during parapineal formation, we  
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Figure 30. lhx2b and lhx9 expression is responsive to Fgf signaling. All 
images are dorsal views at 30 hpf. Embryos were treated with DMSO and 12µM 
SU5402 from 24-30 hpf. (A) lhx2b expression is robust in the anterior pineal 
complex anlage (black arrow). (B) lhx2b is drastically reduced in SU5402 treated 
embryos. C) lhx9 expression is robust in the anterior pineal complex anlage 
(black arrow). D) lhx9 is drastically reduced in SU5402 treated embryos. Scale 
bar in A= 25 micrometers. 
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Figure 31. Lhx2b mutants might have fewer parapineal cells. A,B) Dorsal 
views of 96 hpf WT and lhx2bb700 mutants labeled with gfi-1.2 to indicate the 
parapineal cells (black arrows). (C) Graph quantifying the number of parapineal 
cells in WT and lhx2bb700 mutants. Error bars indicate S.E.M. Scale bar in A= 25 
micrometers.  
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Figure 32. lhx9 overexpression can partially rescue parapineal deficits in 
fgf8ax15 mutants. All images are dorsal views labeled with gfi-1.2 to indicate 
parapineal cells. (A,C) Relative to non-injected (NIC) WT siblings, injection of 
100pg of lhx9 mRNA caused no change in the number of parapineal cells. (B,D) 
Compared to non-injected fgf8ax15 mutants, injection of 100pg lhx9 mRNA 
increases the number of parapineal cells. (E) Graph quantifying the number of 
parapineal cells. Error bars indicate S.E.M. (*p<0.05; ***p<0.0005 by T-test). 
Scale bar in A= 25 micrometers.  
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examined gfi-1.2 expression in lhx2bb700 mutants, a putative null for lhx2b 

function (Seth A and Culverwell J, 2006). At 96 hpf, the number of parapineal 

cells in lhx2bb700 mutants is lower than WT siblings (8.4±0.7; n=5  

and 10.3±05; n=4 respectively) although not significantly different (Fig.31A,B,C).   

We also wanted to know if providing either lhx2b or lhx9 mRNA could rescue 

parapineal cell number in fgf8ax15 mutants. Injection of 100pg of lhx9 mRNA in to 

fgf8ax15 heterozygous crosses resulted in a small, but significant increase in 

parapineal cell number in lhx9 mRNA injected fgf8ax15 mutants (5.9±0.5; n=8) 

compared with non-injected fgf8ax15 mutants (3.3±0.6; n=11) (Fig.32D,B,E). In 

contrast, injection of 100pg lhx9 mRNA into their wild-type siblings had no effect 

on parapineal cell number. Non-injected and lhx9 mRNA injected WT had an 

equivalent number of parapineal cells (8.3±0.4; n=11 and 8.3±0.6; n=12 

respectively) (Fig.32A,B,E). The above data, provide tantalizing evidence that 

Lhx2b and Lhx9 could be crucial effectors of Fgf mediated parapineal cell 

differentiation.  

 

Discussion 

 We have found that two transcription factors, lhx2b and lhx9, are expressed  

robustly in the anterior pineal complex anlage and seem to be regulated by Fgf 

signaling. Unlike other epithalamic genes regulated by Fgf signaling, such as erm 

and sprouty4 (Furthauer et al., 2002), lhx2b and lhx9 seem to exhibit tissue 

specific expression in the pineal complex anlage. Loss of Fgf8a, results in the 

reduction of differentiated habenular neurons, as well as fewer parapineal cells 
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(Regan et al., 2009). We suspect that Lhx2b and Lhx9 might be specific 

mediators of cell fate in the anterior pineal complex. 

Although many questions remain, these two transcription factors fulfill some of 

the requirements for factors involved in parapineal cell fate decisions. For one, a 

mutation in lhx2b does result in a reduced number of parapineal cells in the 

relative few lhx2bb700 mutants examined. Also, injection of lhx9 mRNA can 

partially restore the number of differentiated parapineal cells in fgf8ax15 mutants 

while leaving WT parapineal number unchanged. In the future, we need to 

characterize the combined loss of Lhx2b and Lhx9 during parapineal 

differentiation. The loss of Lhx2b alone resulted in a modest though non-

significant reduction in the number of parapineal cells. We suspect that Lhx9 

could be partially compensating for the loss of Lhx2b in lhx2bb700 mutants as 

these two proteins function redundantly during ventral thalamus development 

(Peukert et al., 2011). Also, the ability of lhx9 mRNA to rescue parapineal 

number suggests that Lhx9 has some role in parapineal differentiation. Perhaps 

the simultaneous loss of both genes will more fully recapitulate the phenotypes 

seen in fgf8ax15 mutants (increase in cone cells at the expense of parapineal 

cells). These experiments would provide us with a much more detailed 

understanding of parapineal differentiation and a framework for future research.   
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CHAPTER V 
 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 The formation of the parapineal organ is one of the first, and perhaps most 

critical, steps in the generation of an asymmetric epithalamus in zebrafish. We 

have shown that differentiation of specified parapineal precursors into parapineal 

neurons requires Fgf signaling. Curiously, elevating Fgf activity in wild-type 

larvae does not increase the number of parapineal neurons suggesting Fgf8a is 

required permissively to ensure that parapineal differentiation occurs. Through an 

improved cell fate analysis procedure, we have established that precursor cells 

that would normally contribute to the parapineal adopt a pineal cone 

photoreceptor fate. This reassignment of cell fate is not driven by changes in 

Bmp signaling, which promotes the specification of pineal photoreceptors. Thus, 

it appears that a transcriptional network driven by the Fgf signaling pathway acts 

upon parapineal precursors to ensure their correct differentiation. Two LIM 

homeobox transcription factors, Lhx2b and Lhx9, could be important in ensuring 

this process as their expression in the pineal complex is responsive to Fgf 

signaling. Together, these transcription factors show strong localization to the 

anterior pineal complex compared to other Fgf responsive genes. 

Overexpression of lhx9 mRNA partially rescues the number of parapineal cells in 

fgf8ax15 mutants. This suggests that Lhx2b and Lhx9 might directly regulate 

parapineal cell differentiation downstream of Fgf signaling and not simply 
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regulate the competency of specified parapineal precursors to respond to 

additional signals.   

 

Fgf Signaling Has Multiple Roles During Parapineal Development 

 Previously, Fgf8a was shown to be required for the migration of parapineal 

cells (Regan et al., 2009). According to the model of Regan et al (2009), Fgf8a 

promotes migration of parapineal cells away from the midline and, in the absence 

of epithalamic Nodal signaling, can provide a directional cue for parapineal 

migration (Regan et al., 2009; Roussigne et al., 2011). However, the authors do 

not note any change in parapineal cell number in fgf8ati282 mutants. Therefore, 

one possibility is that the levels of Fgf signaling required for parapineal migration 

and differentiation may not be the same. In Regan et al. (2009), the authors used 

fgf8ati282, a hypomorphic allele that disrupts splicing of approximately 70% of 

fgf8a transcripts (Draper et al., 2001). The amount of wild-type Fgf8a in fgf8ati282 

in combination with Fgf17 could be sufficient to promote parapineal differentiation 

but inadequate to ensure migration. We have found some support for this 

hypothesis. Treating embryos with a low concentration of SU5402 results in an 

inhibition of migration without significant changes to parapineal cell number. In 

addition, embryos with overactive epithalamic Wnt signaling show a significant 

delay in parapineal cell migration of about 24 hours without apparent issues with 

cell number suggesting that differentiation of parapineal cells doesn’t depend on 

migration (Carl et al., 2007). The fgf8a mutant allele used in our studies, fgf8ax15, 

is a likely null resulting from a premature stop codon, which truncates much of 
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the protein (Kwon and Riley, 2009). According to our data, complete loss of 

Fgf8a results in severe reductions in mature parapineal cells which might exhibit 

a larger repertoire of epithalamic phenotypes.   

 Fgf acts during early to mid-somitogenesis to correctly establish the midline 

of the forebrain through a gene regulatory loop of the sine occulus homeobox 

homologs six3b and six7 (J. Neugebauer and J. Yost, personal communications). 

Neugebauer and Yost suggest that without careful “tuning” of the midline by Fgf 

signaling, epithalamic Nodal signaling cannot be properly established. 

Importantly, this early role of Fgf signaling in midline formation does not directly 

impact cell fate within parapineal precursors, as larvae deficient in both Six3b 

and Six7 still form a parapineal organ although its position is randomized (Inbal et 

al., 2007). Thus, Fgf signaling controls the establishment of left-sided Nodal 

signaling, is required for habenular neurogenesis (Regan et al., 2009), and 

governs differentiation and migration of parapineal neurons (Regan et al., 2009; 

Clanton et al., 2013). This clearly demonstrates the importance of Fgf signaling in 

many facets of epithalamic development.  

 

Fgf8a is Required for Parapineal and Habenular Development 

  We have noted that fgf8ax15 mutants, much like fgf8ati282 mutants, display 

deficits in differentiated habenular neurons as well as reduced neuropil volumes 

in both the left and right habenular nuclei (Regan et al., 2009) (J.A.C. and B. 

Dean, unpublished observation). It is emerging that Fgf8a is likely involved in the 

earliest stages of habenular patterning (B. Dean unpublished results). A leading 
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model describing parapineal formation suggests that early neurogenesis in the 

left habenula, in concert with a slight leftward bias in fgf8a expression, presages 

asymmetric migration of parapineal cells (Regan et al., 2009; Roussigne et al., 

2009). Indeed, the development of the habenulae and the parapineal organ 

appear to be intimately linked. Habenular precursors have been mapped to a 

position just ventral to parapineal precursors in the anterior epithalamus (Concha 

et al., 2003). Additionally, the emergence of post-mitotic neurons in the left 

habenula seems closely coordinated with the emergence of the parapineal from 

the pineal complex anlage (Roussigne et al., 2009). Finally, Fgf8a signaling 

seems to be robust in the developing habenulae. As a result, we suggest that the 

habenulae, via Fgf8a, could have an important role in patterning parapineal cells. 

Some evidence for this idea has recently emerged in mice. Mice with targeted 

mutations in fgf8, like fgf8a mutant zebrafish, have fewer cells in the habenular 

nuclei (Martinez-Ferre and Martinez, 2009; Regan et al., 2009). However, the 

deficits of epithalamic cell types seen in fgf8 mutant mice extend to the pineal 

organ (Martinez-Ferre and Martinez, 2009). We observe no change in total cell 

number in the pineal complex. This suggests that Fgf8 has a broad role in 

patterning the entire epithalamus in mice, but may play a subtler role in the 

zebrafish to pattern habenular and parapineal cells. 

So far, we cannot resolve with certitude whether the parapineal defects in fgf8a 

mutants are the result of direct Fgf activity within the cells of the pineal complex 

or a byproduct of habenular agenesis. To fully address this, we will need more 

sophisticated ways to attenuate Fgf signaling in a tissue specific manner thereby 
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isolating the loss of Fgf signaling to a particular region of the epithalamus. 

 

Fgf Signaling Governs a Binary Fate Decision in Pineal Complex 

Precursors 

 During embryogenesis, secreted ligands, such as Fgfs, often emanate from 

organizing centers in the brain that pattern surrounding tissues (Sansom and 

Livesey, 2009). The isthmic organizer and the anterior forebrain (rostral 

organizing center) use multiple Fgf ligands to control cell number and fate in the 

midbrain/hindbrain and the telencephalon respectively in a concentration 

dependent manner (Sato et al., 2004; Iwata and Hevner, 2009; Suzuki-Hirano 

and Shimogori, 2009). Epithalamic Fgf signaling (Fgf8a and Fgf17) could play a 

similar morphogenic role in specifying pineal complex cell types. As mentioned 

above, Fgf8 knockout mice exhibit severe deficits in all epithalamic cell types, 

including the pineal organ (Martinez-Ferre and Martinez, 2009), precluding the 

analysis of how different cell fates are specified within the pineal complex.  In the 

zebrafish, the pineal complex is largely intact, allowing us to examine the role of 

Fgf signaling in the generation of pineal complex subtypes.  However, our data 

suggest that Fgf signaling does not act as a morphogen in the pineal complex, i.e. 

intensity and duration of Fgf signaling does not specify different pineal complex 

cell types. In fgf8ax15mutants, the total cell number in the pineal complex number 

is the same as WT. Rather, when Fgf signaling is reduced, specified parapineal 

precursors undergo a cell fate switch to express Arrestin 3a, a marker for cone 

photoreceptors. Other pineal complex cell types are unaffected by the loss of 
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Fgf8a. This is a surprising result, as examples of Fgf signaling participating in 

binary cell fate decisions in the developing nervous system are not commonly 

reported with one example being in the neural tube of ascidian larvae (Minokawa 

et al., 2001). 

 Despite broad expression of the Fgf receptor fgfr4 and the Fgf target gene 

erm throughout the anterior pineal complex, parapineal precursors appear to be 

the only cells that change fate when Fgf signaling is abrogated. This indicates 

that the response of a subset of anterior pineal complex progenitors (likely 

parapineal precursors) to Fgf signaling is regulated by some other factor(s). One 

unanswered question in our studies is how, in the absence of Fgf signaling, most 

of the specified parapineal precursors instead give rise to pineal cones. It is 

emerging that the epithalamus is a rich signaling environment with Wnt, Bmp, 

Notch, as well as Fgf signaling, all being active during development. Wnt 

signaling only seems to govern the size of the future epithalamus during forebrain 

patterning, as well as the directionality of parapineal cell migration, but does not 

seem to regulate specific cell fates (Masai et al., 1997; Carl et al., 2007). Bmp 

signaling and Notch signaling combine to regulate cell fate in the pineal complex, 

but do not seem to have a direct effect on parapineal fate (C.Doll and J.Clanton 

unpublished observations). Indeed, the expression of bmp2a, the only Bmp 

ligand specific to the pineal complex, is very transient (data not shown). 

Additionally, pSmad, an indicator of Bmp activity, is not present in the likely 

parapineal precursors. Thus, the formation of parapineal neurons does not 

involve the interaction between the Fgf and Bmp signaling pathway. Rather 
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parapineal differentiation might require the expression of transcription factors 

downstream of Fgf signaling.  

 It has been theorized that the formation of a particular neuronal subtype 

depends on a “combinatorial code” of genes (Hobert et al., 2010).  Thus, the kind 

and relative levels of a suite of individual transcription factors define the terminal 

identity of a neuron. At this time, we are aware of only two transcription factors, 

Tbx2b and Flh, are required to form the pineal complex (pineal organ and 

parapineal organ). Previously, we found that a small number of cells at the 

anterior dorsal midline of the pineal complex anlage strongly express tbx2b but 

only transiently express flh, which is required for pineal neurogenesis, and 

proposed that parapineal precursors were specified by the combination of tbx2b 

expression and flh exclusion (Snelson et al., 2008a). We have speculated that 

having high tbx2b expression and low flh expression could bias pineal complex 

progenitors to become parapineal cells versus pineal cells (Snelson et al., 2008a; 

Clanton et al., 2013) (Fig.2). This limitation of parapineal competency to tbx2b+, 

flh- cells agrees with our data that overexpression of Fgf8a is unable to induce 

supernumerary parapineal cells. However, flh expression appears to be entirely 

dispensable for parapineal formation as flh mutants specify a normal number of 

parapineal cells. Also, since we do not have a Tbx2b antibody, it is impossible to 

quantify the level of Tbx2b expression in different regions of pineal complex. 

Additionally, a small number of differentiated parapineal cells form in tbx2b 

mutants indicates that Tbx2b might not be indispensable for parapineal formation.  

Likewise, preliminary Tbx2b overexpression experiments indicated that Tbx2b 
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might not be instructing parapineal fate (S. Khuansuwan unpublished results). 

Thus, the specification of parapineal cells is more complex than available models 

suggest.  

  In addition, our current models for the specification of parapineal precursors 

cannot explain how specified parapineal precursors adopt a pineal cone cell fate 

in the absence of Fgf signaling. Curiously, Tbx2b does not appear to have any 

direct role in the specification of pineal cone cells, although it is required to 

produce extra cone cells in the absence of Fgf signaling. Preliminary data 

suggests that Nuclear receptor subfamily 2 group E, member 3 (NR2E3), a 

transcription factor expressed in the pineal complex, might inhibit parapineal fate 

and promote the formation of pineal rod photoreceptors (S. Khuansuwan 

unpublished results). It is unclear if changes in Nr2e3 expression could contribute 

to the cell fate switch seen in fgf8ax15 mutants. Fgf8a;Nr2e3 double mutants could 

help resolve this question. Additionally, the enrichment of lhx2b and lhx9 in the 

anterior pineal complex, in concert with sustained expression of tbx2b, could be 

key events that help to resolve parapineal/cone fate. It has been theorized that 

the formation of a particular neuronal subtype depends on a “combinatorial code” 

of genes (Hobert et al., 2010).  Thus, the kind and relative levels of a suite of 

individual transcription factors define the terminal identity of a neuron. Future 

experiments analyzing the function of these genes should help uncover which 

other signals define parapineal cell fate. The acquisition of parapineal cell fate is 

the key step in changing a non-migratory neuronal cell type (pineal cell) into a 

cell that is capable of directed migration. How parapineal cells make this fate 
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decision could reveal novel mechanisms to explain how cells attain migratory 

capabilities. This might prove important beyond the formation of brain 

asymmetries and into more fundamental areas of cell biology.  

 

Fgf Signaling and Parapineal Cells: An Evolutionary Perspective 

 Although the pineal organ can be found in almost all vertebrate groups, the 

parapineal organ or a related structure called the parietal organ is only present in 

lampreys, teleosts, and lizards (Concha and Wilson, 2001; Ekstrom and Meissl, 

2003). In larval zebrafish, the parapineal is a small cluster of cells that lies ventral 

to pineal organ and abuts the left habenulae. This arrangement echoes the 

organization of the pineal complexes of other teleosts as well as lampreys 

(Ekstrom et al., 1983; Melendez-Ferro et al., 2002). The parapineal organs of 

lamprey and teleosts are composed of similar cell types. Ultrastructural and 

immunohistochemical analysis reveals that the parapineal organ is composed 

mainly of neurons, but teleosts (eel and trout) contain a varied and limited 

number of poorly developed and scattered photoreceptors, while in adult 

lampreys, opsin-containing photoreceptors in the parapineal organ are more 

numerous and cluster in the ventral portion of the organ (van Veen et al., 1980; 

van Veen, 1982; Vigh-Teichmann et al., 1983). Several key differences in 

parapineal formation between lamprey and teleosts have emerged. For one, in 

zebrafish, parapineal and pineal cells arise from a common anlage. Unlike 

zebrafish, the lamprey parapineal and pineal anlagen appear to emerge from 

separate primordia during the early stages of pineal complex development 
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(Ekstrom et al., 1983)In zebrafish, prior to the onset of migration, parapineal 

precursor cells are indistinguishable from the surrounding pineal cells (Snelson et 

al., 2008b). Therefore, a mechanism is needed to set aside a subset of pineal 

complex anlage cells to become the parapineal organ, prior to the onset of pineal 

cell differentiation. This mechanism could also serve to isolate putative 

parapineal precursors from pineal derived factors that could alter their fate. This 

divergence in parapineal and pineal cell fates appears to be driven by the 

sequential action of Tbx2b and Fgf8a. It is unclear if a similar mechanism may 

exist in lamprey. .  

 In addition to initially developing as separate anlagen, the differentiation of 

the lamprey parapineal organ lags behind that of the pineal organ (Melendez-

Ferro et al., 2002). During the larval stages, differentiated cell types, including 

photoreceptors and neurons, appear in the lamprey pineal organ (Melendez-

Ferro et al., 2002). However, at this time, the lamprey parapineal organ remains 

a cohesive, but undifferentiated group of cells anterior to the pineal organ 

(Melendez-Ferro et al., 2002).  Alterations in Fgf signaling could underlie the 

distinctions between parapineal formation of the teleost and lamprey. Lamprey 

fgf8/17, a putative ortholog to teleost fgf8a, is expressed in the forebrain during 

larval stages, including the putative epithalamus (Guerin et al., 2009). However, 

the expression of fgf8/17 in the lamprey brain is activated much later in forebrain 

development when compared to teleosts (zebrafish and stickleback) (Reifers et 

al., 1998; Jovelin et al., 2007; Guerin et al., 2009). Delaying the onset of 

epithalamic fgf8/17 expression may allow the parapineal anlage to “wait” for the 
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proper time to differentiate. It has been speculated that the temporal 

advancement of forebrain development in teleosts, as indicated by fgf8a and 

fgf17 expression, allows for expansion of the telencephalon relative to that of the 

lamprey. This accelerated development in teleosts may afford less time for pineal 

complex development and would force parapineal cells to differentiate over a 

similar time span to pineal cells and other regions of the forebrain. The delay of 

Fgf expression in the lamprey would allow the parapineal precursors to develop 

more slowly, perhaps remaining in a state that is sensitive to photoreceptor-

inducing signals in the pineal complex anlage and resulting in a greater number 

of photoreceptors in the lamprey parapineal organ. 

 Like the parapineal organ, the parietal organ is lies near the pineal organ 

and forms axonal connections to the left habenular nucleus (Concha and Wilson, 

2001). However, while the parapineal organ is a relatively simple cluster of two 

basic cell types (neurons and rudimentary photoreceptors), the parietal organ is a 

more complex, retina-like structure complete with rod cells, cone cells, and 

neurons (Ekstrom and Meissl, 2003). We have demonstrated that a mutation in 

one secreted factor, Fgf8a, can cause normally specified parapineal cells to 

adopt a fate as ectopic cone photoreceptors, which are never seen in the wild 

type parapineal organ of zebrafish. Fgf expression data from lizards are currently 

lacking. Nevertheless, it seems reasonable to speculate that modulation of the 

spatial and temporal expression of molecules such as Fgf ligand, led to 

elaboration of the simple parapineal into the parietal organ during evolution.    
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