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SUMMARY 19 

The boundaries of brain regions are associated with the tissue-specific secretion of ligands from 20 

different signalling pathways. The dynamics of these ligands in vivo and the impact of its 21 

disruption remain largely unknown. We used light and fluorescence microscopy for the overall 22 

imaging of the specimen and fluorescence correlation spectroscopy (FCS) to determine Wnt3 23 

dynamics and demonstrated that Wnt3 regulates cerebellum development during embryogenesis 24 

using zebrafish Wnt3 transgenics with either tissue-specific expression of an EGFP reporter or a 25 

functionally active fusion protein, Wnt3EGFP. The results suggest a state of dynamic 26 

equilibrium of Wnt3EGFP mobility in polarized neuroepithelial-like progenitors in the dorsal 27 

midline and cerebellar progenitors on the lateral side. Wnt3EGFP secretes from the cerebellum 28 

as shown by measurements of its mobility in the ventricular cavity.  The importance of Wnt 29 

secretion in brain patterning was validated with the Porc inhibitor Wnt-C59 (C59), which applied 30 

early reduced membrane-bound and secreted fractions of Wnt3EGFP and led to a malformed 31 

brain characterized by the absence of epithalamus, optic tectum and cerebellum.  Likewise, 32 

interference with Wnt secretion later on during cerebellar development negatively impacted 33 

cerebellar growth and patterning. Our work supported by quantitative analysis of protein 34 

dynamics in vivo, highlights the importance of membrane localized and secreted Wnt3 during 35 

cerebellum development.  36 

 37 

  38 
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INTRODUCTION 39 

As the brain develops, cell proliferation becomes restricted to a vicinity of several signaling 40 

centers. Their signaling function and brain development henceforth are mediated by secreted 41 

ligands of several signaling pathways (Ye et al., 1998; Ye et al., 2001). The brain midline is one 42 

of the signaling centers represented dorsally by the roof plate and ventrally by the floor plate. 43 

These cells, along with those of the mid-diencephalic and mid-hindbrain boundaries, represent 44 

the signaling glia, which is a source of secreted factors, including Wnts involved in the dorso-45 

ventral (D-V) and antero-posterior (A-P) specification of the brain (Jessell, 2000; Korzh et al., 46 

2007). The signaling glia having extended soma and/or filopodia, functions as a conduit of 47 

distant delivery of hydrophobic Wnts (Kondrychyn et al., 2013; Korzh, 2014; Stanganello et al., 48 

2015). 49 

Several zebrafish Wnt genes are expressed at the midbrain-hindbrain boundary (MHB) and roof 50 

plate (Molven et al., 1991; Krauss et al., 1992; Blader et al., 1996). Mutations affecting Wnt 51 

signaling in zebrafish illustrated an important role of canonical Wnt/β-catenin signaling during 52 

neural development (Dorsky et al., 2002; Bonner et al., 2008). Wnt signaling is required for 53 

normal brain development (Clevers and Nusse, 2012), including that of the cerebellum 54 

(Selvadurai and Mason, 2011). Cerebellar vermis hypoplasia in Joubert syndrome for example is 55 

linked to defective canonical Wnt signaling (Lancaster et al., 2011). Wnt3 is expressed in the 56 

developing cerebellum and the dorsal spinal cord of all vertebrates (Roelink and Nusse, 1991; 57 

Bulfone et al., 1993; Garriock et al., 2007; Clements et al., 2009; Anne et al., 2013). In mice 58 

Wnt3 is expressed prior to gastrulation and its targeted deletion causes an early developmental 59 

arrest (Liu et al., 1999). In human, homozygous nonsense mutation within the WNT3 coding 60 

region (Q83X) resulted in the loss of all limbs with concomitant CNS, craniofacial and 61 
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urogenital defects in affected fetuses (Niemann et al., 2004). WNT3 was identified as an 62 

extracellular regulator of granule cell progenitor proliferation and differentiation during mouse 63 

cerebellar development (Anne et al., 2013). Depending on cellular context Wnt3 either acts via 64 

the canonical Wnt pathway by activating the nuclear translocation of β-catenin (Kim et al., 2008) 65 

or via the RhoA pathway (Kobune et al., 2007).  66 

Secretion of Wnts is of particular interest due to a role of excessive production of Wnts in 67 

oncogenesis (Nusse and Varmus, 1982; Nusse and Varmus, 2012). Assessing the level of Wnt 68 

activity and modulating these activities in vivo can be achieved using a combination of 69 

fluorescent transgenic reporters and inhibitors of Wnt signaling (Yin et al., 2012; Anastas and 70 

Moon, 2013; Proffitt et al., 2013). To study a role of Wnt3 in development, the zebrafish wnt3 71 

transgenics expressing the Wnt3-EGFP fusion protein or EGFP reporter under control of 4 kb 72 

wnt3 promoter were generated, which express either transgenes in the developing cerebellum. 73 

This opened a possibility to investigate Wnt3 mobility in vivo using fluorescence correlation 74 

spectroscopy (FCS) as shown for teleost embryos (Pan et al., 2007b; Ries et al., 2009) and the 75 

Drosophila wing (Zhou et al., 2012). Results obtained from FCS analysis include determination 76 

of diffusion coefficients in cytosolic as well as membrane-associated fractions of EGFP-labeled 77 

proteins (Shi et al., 2009; Yu et al., 2009; Muller et al., 2013). Same approach was used here to 78 

define the intracellular and extracellular populations of Wnt3 and effects of two different Wnt 79 

inhibitors [C59 - (Proffitt et al., 2013; Stewart et al., 2014)] and [IWR-1 - (Lu et al., 2009; Yin et 80 

al., 2012)] on Wnt3 populations distribution and function. The aim of this research is to study 81 

protein dynamics in vivo (Pan et al., 2007a; Mütze et al., 2011; Foo et al., 2012; Machan and 82 

Wohland, 2014) and associate it with cerebellum development/growth. Our results demonstrate 83 
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the importance of membrane-localized and secreted Wnt3 in regulation of cerebellar 84 

development. 85 

RESULTS 86 

Tg(wnt3:EGFP) is a faithful reporter of Wnt3 expression 87 

The expression pattern of zebrafish wnt3 has been described (Clements et al., 2009). To begin 88 

deciphering the role of Wnt3 in neural development, two DNA regulatory fragments, 2kb and 89 

4kb in length, 5’ upstream from the translational start site of wnt3 were PCR amplified using the 90 

zebrafish BAC (CR450820.4) as a template. The PCR product was sub-cloned into a 91 

promoterless EGFP vector (pEGFP-1). Transient transgenesis carried out by panembryonic 92 

injection of either plasmid into 1-2 cell stage zebrafish embryos detected promoter activity from 93 

the 4kb fragment. The transgenic lines were generated using the modified Tol2 transposon 94 

system. The 4kb-EGFP fragment was sub-cloned into the miniTol2 vector (Balciunas et al., 2006) 95 

and injected into embryos. Several independent transgenic lines differing in the intensity of 96 

EGFP expression with expression pattern similar to that of wnt3 were generated. Here we used 97 

Tg(-4.0wnt3:EGFP)F1 transgenics.  98 

To determine whether Tg(-4.0wnt3:EGFP)F1 faithfully reports wnt3 transcription at different 99 

developmental stages, we compared in vivo images of EGFP expression with that of wnt3 100 

between  24 to 72 hpf (Figure 1A).  The spatial-temporal profile of EGFP expression in the 101 

ventral epithalamus, roof plate, optic tectum, floor plate, MHB, cerebellum (ce) and hindbrain 102 

closely mimics that of wnt3 (24-72 hpf; Figure 1A-J). The co-immunohistochemical detection of 103 

EGFP and the neuronal marker HuC/D on cross sections of 48 hpf embryos (Figure 1G-J) 104 

indicated that EGFP(+) domains in the roof plate, tegmental floor plate and cerebellum are 105 
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flanked by HuC/D-positive neurons and do not express this differentiation marker. This suggests 106 

that EGFP-expressing cells are committed to a non-neuronal fate. Hence the 4 kb wnt3-promoter 107 

contains most if not all regulatory elements and allows in vivo detection of Wnt3 expression. 108 

Wnt3EGFP is expressed in domains of endogenous wnt3  109 

To facilitate the analysis of Wnt3 function in vivo the same promoter was used to generate 110 

transgenics expressing the functionally active Wnt3 fusion protein (Wnt3EGFP).  The functional 111 

activity of the fusion protein was first verified in zebrafish embryos.  The wnt3:egfp fusion 112 

cassette was cloned downstream of the constitutively active cytomegalovirus (CMV) promoter. 113 

The panembryonic overexpression of this construct led to malformed eyes and posteriorized 114 

CNS, i.e. the phenotype associated with ectopic Wnt signalling (van de Water et al., 2001). This 115 

indicated that the recombinant Wnt3EGFP retains Wnt3 activity (Figure S1A).  116 

The CMV promoter was replaced with the 4kb wnt3 promoter and the resulting construct (-117 

4.0wnt3:Wnt3EGFP) was used to generate zebrafish transgenics [eg. Tg(-4.0wnt3:Wnt3EGFP)F1 118 

and Tg(-4.0wnt3:Wnt3EGFP)F2] with spatial temporal expression of EGFP identical to that in the 119 

reporter line Tg(-4.0wnt3:EGFP)F1 (Figure 2A-O). This expression is temporally regulated. Both 120 

EGFP and Wnt3EGFP were first detected in polarized neuroepithelial cells of the dorsal midline 121 

in the optic tectum, cerebellum and the cerebellar rhombic lip, one of the germinal zones in the 122 

cerebellum (Hashimoto and Hibi, 2012); Figure 2A; F; K). Both expression are enhanced by 36 123 

hpf and reduces by 4 days post fertilization (dpf; Figure 2P-V). The only exception is Tg(-124 

4.0wnt3: Wnt3EGFP)F3 where expression started relatively late (36 hpf) and remains high in the 125 

developing cerebellum (Figure 2W). The four different transgenic lines of zebrafish expressing 126 

EGFP or Wnt3EGFP fusion protein in the cerebellum are referred to as Tg(wnt3:EGFP)F1; 127 
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Tg(wnt3:Wnt3EGFP)F1; Tg(wnt3:Wnt3EGFP)F2; Tg(wnt3:Wnt3EGFP)F3 in the rest of this 128 

manuscript.  129 

Functional Wnt3EGFP positively regulates flanking tissues growth in the MHB and the 130 

cerebellum 131 

The impact of spatiotemporal control of Wnt3 dosage on flanking tissues growth was assessed in 132 

living zebrafish using Tg(memKR15-16), expressing the membrane-tethered fluorescent protein 133 

KillerRed (KR). This transgenic line trapped the expression of the zebrafish eng1b (Kondrychyn 134 

et al., 2011), an orthologue of the mouse En-1. Both Wnt-3 and En-1 transcripts are detected in 135 

the embryonic mouse MHB and the cerebellum (Millen et al., 1995). Similarly in the eng1b 136 

trapped transgenic zebrafish, KillerRed expression in the MHB and the cerebellum overlaps with 137 

and flanks Wnt3EGFP expression in Tg(wnt3:Wnt3EGFP) families. Histological 138 

characterization of Tg(wnt3:Wnt3EGFP)F2 in the background of Tg(memKR15-16) confirmed 139 

Wnt3EGFP expression in the cerebellum, where Wnt3EGFP cells are predominantly localized to 140 

the upper rhombic lip (Figure S2D-G), a proliferative niche containing progenitor cells even in 141 

adult fish (Kaslin et al., 2013). Most of Wnt3EGFP detected by immuno-histochemistry 142 

accumulates in the plasma membrane of expressing cells, mimicking that detected in transgenics 143 

in vivo. All of Wnt3EGFP-positive cells of cerebellum are negative for the neuronal marker 144 

HuC/D at 3dpf (Figure S2D-E). All Wnt3EGFP-expressing cells in the ventral MHB adopt the 145 

distinct radial glia-like morphology with cell bodies located within the luminal aspect of the 146 

ventricular wall and a primary process extending into the subventricular zone (Figure S2B-C; F-147 

G). The glial identity of these cells is confirmed by immunodetection of glial fibrillary acidic 148 

protein (GFAP). Co-localization of some Wnt3EGFP cells with BrdU-positive replicating cells 149 

(Figure S2F-G) in the cerebellum confirms their localization to a proliferation niche.  150 



8 
 

Wnt3’s role in inhibiting proliferation of cultured cerebellar granule progenitors and regulating 151 

its neurogenesis was documented in mice (Anne et al., 2013). We asked whether a similar role 152 

exists for Wnt3 by assessing the impact on cerebellum neurogenesis in zebrafish. In the absence 153 

of a zebrafish wnt3 mutant, the functional analysis was conducted using the morpholino 154 

phosphodiamidate antisense oligonucleotides (MO)-mediated loss-of-function (LOF) approach. 155 

Knockdown of Wnt3 was achieved by interfering with pre-mRNA splicing at the exon1-intron1 156 

boundary (MO1) or inhibition of mRNA translation by targeting wnt3 5’-UTR (MO2, Figure 157 

S3A). RT-PCR with wnt3-specific primers showed that microinjection of MO1 successfully 158 

interfered with wnt3 splicing such that no wild type wnt3 transcripts could be detected in 30 hpf 159 

embryos after MO1 injection (Figure S3B).   MO2 anneals to the 25 bp sequence in the wnt3 5’-160 

UTR. This sequence is also present in the 4kb wnt3 upstream promoter that drives reporter 161 

expression in Wnt3 stable transgenics. The specificity of MO2 was verified by microinjecting 162 

into Tg(wnt3:EGFP)F1 where interference of EGFP translation upon binding of MO2 to wnt3 5’-163 

UTR upstream of the EGFP reporter was documented. EGFP intensity is similar in wild type 164 

(WT) controls and Tg(wnt3:EGFP)F1 MO1 morphants (Figure S3C-E), but reduced in MO2 165 

morphants (Figure S3F-G). To eliminate undesirable off-target effects (Robu et al., 2007) of 166 

wnt3 MOs, concurrent p53 and Wnt3 knockdown was performed. The effect of Wnt3 167 

knockdown on cerebellar neurogenesis was examined using the zebrafish HuC transgenics, 168 

Tg(elav3:GFP). GFP in these transgenics labels all neurons (Park et al., 2000). GFP expression 169 

in both WT and Wnt3 morphants at 3dpf (Figure S3H-L) were compared and microinjection of 170 

either MO1 or MO2-morphants, with or without p53 MO consistently reduces GFP-positive 171 

neurons in the cerebellum (enlarged white box) of Tg(elav3:GFP) morphants. This suggests that 172 

zebrafish wnt3 plays an essential role in cerebellar neurogenesis. 173 
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We further investigated the impact of Wnt3 dosage on cerebellum development. The cerebellum 174 

located at the dorsal-most part of the anterior hindbrain is posterior to MHB. Volumetric 175 

assessment of eng1b-trapped MHB and cerebellum in Tg(wnt3:EGFP) or Tg(wnt3:Wnt3EGFP) 176 

families was performed to determine an impact of Wnt3 dosage on growth of KR-marked 177 

domains in Tg(memKR15-16) transgenics (Figure 3A-C). The double transgenics of 178 

Tg(memKR15-16)/Tg(wnt3:EGFP)F1 was used as a control group expressing normal level of 179 

Wnt3. Double transgenic larvae of Tg(wnt3:Wnt3EGFP)F2 represent the group with 180 

intermediately elevated Wnt3 expression and Tg(wnt3:Wnt3EGFP)F3 represents the group with 181 

high Wnt3 expression. Volumetric analysis of the KR-positive brain segment (MHB and 182 

cerebellum) at 4 dpf demonstrated that Tg(wnt3:Wnt3EGFP)F3 has on average a 22% larger 183 

memKR-positive domain comparing to controls (Figure 3D; P=0.0022). The positive correlation 184 

between in vivo Wnt3EGFP dosage and brain volume suggests that Wnt3EGFP is functional and 185 

positively regulates growth of the MHB and cerebellum. 186 

The ability of bioactive Wnt3EGFP to compensate endogenous Wnt3 activity after MO1 187 

meditated knockdown was confirmed in double transgenics of Tg(memKR15-16) larvae 188 

expressing either EGFP or Wnt3EGFP (Figure 4).  Where Tg(wnt3: Wnt3EGFP)F3  expresses 189 

endogenous Wnt3 and Wnt3EGFP. The Wnt3 reporter Tg(wnt3:EGFP)F1 is the control group 190 

expressing only endogenous Wnt3. Since MO1 interferes with the formation of mature wnt3 191 

transcripts in all injected larvae, the cerebellum in Tg(wnt3:EGFP)F1 and Tg(wnt3:Wnt3EGFP)F3 192 

Wnt3 morphants are significantly smaller than  un-injected siblings [(P<0.0001) and (P=0.0034), 193 

correspondingly]. Nevertheless, Wnt3 morphants of Tg(wnt3:Wnt3EGFP)F3 have a significantly 194 

bigger cerebellum than Tg(wnt3:EGFP)F1 counterparts (Figure 4I, P= 0.0003) due to additional 195 

Wnt3EGFP expression in the cerebellum. We further assessed whether decreased brain volume 196 
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observed in Wnt3 morphants is attributed to a change in cell size or cell numbers. Same sample 197 

sets were concurrently analyzed for cell size (cell area), taking 10 random cells from a 198 

morphologically similar optical slice of the cerebellum. Cell area was measured using Image J 199 

software. No significant difference in cell size (Figure S4) was detected in Wnt3 morphants 200 

when compared to controls. Clear difference in area/cell numbers of the KR-labelled optical slice 201 

correlated with quantitated volume presented in Figure 4. Hence Wnt3 linked changes in 202 

cerebellum volume results in alteration of cell numbers rather than cell size.  203 

Characterization of Wnt3EGFP membrane dynamics in vivo  204 

Wnt3EGFP must be secreted in a manner comparable to endogenous Wnt3 to function properly. 205 

Confocal microscopy showed that Wnt3EGFP has been transported to the plasma membrane. 206 

FCS was instrumental to determine diffusion coefficients of cytosolic as well as membrane 207 

tethered EGFP-labeled proteins (Shi et al., 2009). The mobility of secreted ligands in the 208 

extracellular space could be involved in generating the morphogen gradient in developing 209 

zebrafish (Yu et al., 2009). Hence we decided to characterize the distribution of Wnt3EGFP at 210 

the plasma membrane using FCS. Tg(wnt3:Wnt3EGFP)F2 transgenic embryos were used to 211 

detect Wnt3EGFP by FCS in the cerebellum. Figure 5A shows a typical autocorrelation curve 212 

measured on the plasma membrane. The experimental data was fitted with a model, which was 213 

determined by Bayes inference-based model selection (Guo et al., 2012; Sun et al., 2015). The 214 

model accounts for two diffusive particles and also a possible triplet state of the fluorophore 215 

(equation 13 in M&M). A significant fraction of the protein detected (60%, fraction F2) was 216 

represented by a membrane-tethered component with a diffusion coefficient (D2) ~ 1 μm2/s. This 217 

fraction could be present either in cells secreting Wnt3 and/or in cells receiving Wnt3. The rest 218 

of the signal (40%) was represented by a fast moving component with diffusion coefficient D1 ~ 219 
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30 μm2/s. This fast moving component is similar to the cytosolic EGFP in Tg(-4.0wnt3:EGFP)F2 220 

(abbreviated EGFPF2, see Table S1). A lower diffusion coefficient is expected because of the 221 

difference in molecular mass of Wnt3EGFP and cytosolic EGFP. In addition, considering the 222 

possibility of posttranslational modification of Wnts by lipids, the fast component could be in a 223 

soluble complex with other partner(s) (Willert et al., 2003) further lowering the diffusion 224 

coefficient. 225 

We tested whether the protein dynamics varies in different parts of the cerebellum such as 226 

between polarized neuroepithelial-like progenitors in the dorsal midline (DM) and cerebellar 227 

progenitors on the lateral side (LS) during development. Measurements were performed in these 228 

two regions (DM and LS) at 28, 34 and 48 hpf (Figure S5A). The results showed that 229 

Wnt3EGFP mobility and its membrane distribution (F2) in Tg(wnt3:Wnt3EGFP)F2 remains 230 

relatively constant in both regions of the cerebellum throughout this period (Figure S4C-E). The 231 

data were also analyzed for cells with different expression levels selected based on fluorescence 232 

intensity, but no significant difference in Wnt3EGFP membrane distribution (F2) was detected 233 

(Figure S5F). These data suggest that Wnt3 fractions are in a stable dynamic equilibrium during 234 

cerebellum development. 235 

As a negative control, we also assayed the distribution of LynEGFP, a tracer membrane-tethered 236 

protein, which being non-secreted remains in the cell. Compared to Wnt3EGFP, the mobility of 237 

both the fast- and slow-moving components of LynEGFP are on the same order of magnitude 238 

although slightly higher (Figure 5B and 5C).  This suggested that the fast Wnt3 component 239 

represents intracellular Wnt3EGFP. Since during this period of development the nucleus 240 

occupies most of the cell volume both components are detected near the plasma membrane 241 

(Figure S5B). The expression level does not influence LynEGFP dynamics similar to that of 242 
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Wnt3EGFP (Figure S5F). However, the membrane fraction (F2) of Wnt3EGFP is approximately 243 

5% less than that in LynEGFP (Figure 5D and Figure S5F) suggesting that this amount probably 244 

represents secreted Wnt3EGFP. To analyze this fraction we measured Wnt3EGFP in the brain 245 

ventricle adjacent to Wnt3-expressing cells.  246 

Characterization of Wnt3EGFP dynamics in the brain ventricle 247 

The small extracellular space in the tissue makes it difficult to further characterize the 248 

extracellular fraction of Wnt3EGFP. Fortunately, the 4th brain ventricle is directly adjacent to 249 

Wnt3-expressing cells in the cerebellar rhombic lip. Hence we analyzed changes in fluorescence 250 

intensity at an axis perpendicular to the border of the cerebellum into the fourth ventricle in 251 

animals expressing the Wnt3EGFP, LynEGFP or secreted version of EGFP (secEGFP; Figure 252 

6A and Figure S6). Measurements along this axis from the cerebellum boundary into the brain 253 

ventricle were performed along the white arrow (Figure 6B). The intensity was normalized to the 254 

highest point, which for Wnt3EGFP- and LynEGFP-expressing cells corresponds to the plasma 255 

membrane. To show a distribution of secreted proteins, the secEGFP was used as a marker in 256 

combination with KillerRed (see Materials and Methods) where membrane-tethered KillerRed 257 

expression in the cerebellum of Tg(memKR15-16) demarcates the cerebellum boundary 258 

(Kondrychyn et al., 2011) flanking the brain ventricle. The profile of secEGFP distribution was 259 

normalized to the average intensity in the brain ventricle (see details in M&M). In parallel it was 260 

also found that the Wnt3EGFP is secreted and released into the brain ventricle unlike LynEGFP 261 

(Figure 6C).  Consistent with previously estimated low level secretion inferred from the 262 

membrane distribution in Tg(wnt3:Wnt3EGFP)F2, a moderate but significant increase of 263 

Wnt3EGFP fluorescence was observed in the brain ventricle unlike LynEGFP. Furthermore, 264 

FCS was applied to determine the extracellular mobility of Wnt3EGFP by measurements in the 265 
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brain ventricle at a distance of 100 μm from the cerebellum edge. The autocorrelation curves 266 

show that the Wnt3EGFP diffuses freely, i.e. similar to that of the secEGFP, whereas no 267 

fluorescence in this area was detected in the LynEGFP or negative control embryos (Figure 6D). 268 

These results confirm secretion of the Wnt3EGFP into the brain ventricle and support the 269 

existence of the extracellular fraction of Wnt3EGFP. 270 

FCS was used to measure the protein mobility in different regions of the brain (Figure 6E and 271 

Table S2). The mobility of secEGFP measured in the cerebellum largely represents that of 272 

extracellular protein, which is on average 50% lower compared to the mobility of Wnt3EGFP 273 

secreted into the brain ventricle. The values defining the mobility of cytosolic EGFP and that of 274 

the fast-moving component of LynEGFP represent the mobility of intracellular protein, which is 275 

slightly lower than that of extracellular protein. In addition, an extra slow component of 276 

Wnt3EGFP with diffusion coefficients 0.5 – 15 μm2/s was detected in the brain ventricle (Figure 277 

S6B). This component represented 3 – 30% of all Wnt3EGFP (Figure S7C). This is in contrast to 278 

secEGFP, which exhibited only a single component in the brain ventricle (Guo et al., 2012; Sun 279 

et al., 2015). Measurements of Wnt3EGFP mobility in the ventricular cavity not only supported 280 

the idea of a secreted fraction, but also demonstrated its release from the plasma membrane of 281 

Wnt3EGFP (+) cerebellar progenitors into the flanking 4th brain ventricle. In addition, these 282 

results support the presence of a very slow-migrating secreted fraction. Thus, these 283 

measurements demonstrate the presence of three fractions of Wnt3EGFP, a fast-migrating 284 

intracellular fraction, a slow-migrating membrane fraction and a secreted fraction, which itself 285 

consists of a fast- and a slow-migrating components.  286 

Block of Porcupine affects Wnt3EGFP secretion 287 
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It has been reported that Porcupine (Porc), a membrane-bound O-acyl transferase, is necessary 288 

for Wnts anchoring to the cell membrane in Wnt-producing cells (Tanaka et al., 2000). In 289 

absence of Porc activity, Wnts are less hydrophobic and accumulate in the endoplasmic 290 

reticulum (ER). We used the Porc inhibitor Wnt-C59 (C59) to reveal the role of Wnt secretion in 291 

formation of distinct intra- and extracellular fractions of Wnt3EGFP. In parallel, IWR-1, another 292 

inhibitor of Wnt signaling acting at the level of activity of β-catenin in target cells, and thus not 293 

influencing secretion was used for in vivo comparison of inhibitor action (Chen et al., 2009; Lu 294 

et al., 2009).  295 

First, Tg(wnt3:Wnt3EGFP)F2 embryos were soaked in 20 μM of C59. This blocked formation of 296 

cerebellum and strongly reduced Wnt3EGFP (unpublished observations). This is in line with 297 

characteristics of C59 as an inhibitor of Wnt secretion (Proffitt et al., 2013). To perform FCS, a 298 

minimal level of Wnt3EGFP expression is required. Hence for FCS experiments the 299 

concentration of C59 was reduced to 5 μM. The number of Wnt3EGFP expressing cells and the 300 

level of Wnt3EGFP expression were significantly reduced (Figure 7A), while retaining sufficient 301 

Wnt3EGFP for FCS. As a control, the LynEGFP transgenics with expression in the cerebellum; 302 

Tg(-8.0cldnB:lynEGFP),  were used (Figure 7B) along with the control (untreated) and 1% 303 

DMSO-treated Tg(wnt3:Wnt3EGFP)F2 embryos. C59 has no effect on distribution of LynEGFP. 304 

In particular, the mobility of both fast- and slow-migrating components (D1 and D2) as well as 305 

the membrane distribution (F2) of LynEGFP were not affected by this treatment (Figure 7C-E), 306 

indicating that properties of plasma membrane are not affected. In contrast, Wnt3EGFP mobility 307 

on the membrane (D2) and its membrane distribution (F2) varied significantly; D2 increased two-308 

fold and F2 was reduced approximately 15% compared to controls (Figure 7D-E) and 309 

Wnt3EGFP is almost absent in the brain ventricle (Figure S8). In contrast, Wnt3EGFP 310 
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expression and/or its secretion were not affected even at high concentration of IWR-1 inhibitor 311 

(50 μM, Table S3, Figure S8). The impact of C59-mediated Wnt inhibition on brain patterning is 312 

confirmed using double transgenic Tg(wnt3:Wnt3EGFP)F2/Tg (memKR15-8) larvae where 313 

membrane tethered KillerRed demarcates specific segments of the brain (epithalamus, optic 314 

tectum, cerebellum and hindbrain). Successful interference with Wnt secretion by C59 during 315 

primary neurulation, first detected by FCS at 28hpf, correlated with a drastic reduction of 316 

Wnt3EGFP and a malformed brain characterized by the absence of epithalamus, optic tectum 317 

and cerebellum at 48 hpf (Figure S9D). Therefore, FCS data support the hypothesis that the ratio 318 

of various fractions of Wnt3EGFP depends on efficiency of its secretion. Inhibition of Wnt 319 

secretion causes an increase of the intracellular fraction of Wnt3EGFP and a reduction of its 320 

membrane-bound fraction. The latter consequently led to defective morphological patterning of 321 

the brain confirmed 1 day after the initial FCS analysis. 322 

Inhibition of cerebellar Wnt3EGFP secretion reduces its segmental volume  323 

We wanted to validate whether interference with Wnt secretion during cerebellar development 324 

negatively impacts cerebellar growth and patterning. Tg(wnt3:Wnt3EGFP)F3/Tg(memKR15-16) 325 

double transgenic larvae are selected as they have the highest Wnt3EGFP expression resulting in 326 

the largest brain increase (Figure 3C). Embryos were exposed to Wnt inhibitors at 36 hpf, after 327 

the onset of Wnt3EGFP expression in Tg(wnt3:Wnt3EGFP)F3 and treatment stopped at 72hpf. 328 

The EGFP reporter represents embryos with endogenous level of Wnt3, i.e. negative control 329 

(Figure 8A). Tg(wnt3:Wnt3EGFP)F3 embryos treated by 1%DMSO represent a positive control 330 

(Figure 8B).  Embryos were treated with Wnt inhibitors (C59 or IWR1) by whole embryo 331 

soaking (Figure 8C-D). Wnt3 activity is required after 36 hpf for cerebellar development since 332 

exposure to either C59 (Figure 8C) or IWR-1 (Figure 8D) resulted in brain reduction. The 333 
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decrease caused by IWR is small (~9%) unlike that caused by C59, where the cerebellum size 334 

was reduced by almost half (P=0.0001) when compared to the positive control (Figure 8E). This 335 

decrease in brain segmental volume is accompanied by accumulation of Wnt3EGFP in cells 336 

(Figure 8C).   337 

DISCUSSION 338 

Wnt3 is one of about 20 ligands acting in the Wnt signaling pathway implicated in cell 339 

proliferation, differentiation and disease. It is expressed by several signaling centers of the neural 340 

tube, including, but not limited to the roof plate, floor plate, MHB and mid-diencephalic 341 

boundary (Clements et al., 2009). In the brain these domains encircle a large block of tissue 342 

encompassing the posterior diencephalon, midbrain and cerebellum. But could an influence of 343 

this secreted factor be experienced beyond this area? The brain ventricles adjacent to the 344 

domains of Wnt3 secretion present a possibility to spread this secreted ligand in the 345 

cerebrospinal fluid (CSF) over all ventricular and central canal surfaces. The zebrafish 346 

transgenics expressing the marker EGFP in agreement with expression pattern of wnt3 validated 347 

tissue-specific activity of the wnt3 promoter (Figure 1). The same promoter was used to generate 348 

three stable transgenic zebrafish lines expressing the functionally active fusion Wnt3EGFP 349 

protein in a tissue-specific manner (Figure 2). The viable EGFP and the Wnt3EGFP transgenic 350 

lines permit faithful tracking of Wnt3 expression and in vivo characterization of its function. 351 

Conserved spatiotemporal dynamics of Wnt3EGFP fusion protein in Tg(wnt3:Wnt3EGFP)F2 352 

shared with characterized EGFP reporter line Tg(wnt3:EGFP)F1 allow FCS studies of Wnt3EGFP 353 

mobility and distribution to be carried out in a manner similar to that of endogenous Wnt3.   354 
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The FCS measurements in Wnt3EGFP transgenics demonstrated the presence of several 355 

fractions of Wnt3EGFP (Figure 9A), including two intracellular fractions - i) fast-migrating 356 

intracellular fraction, ii) slow-migrating membrane fraction, and two secreted fractions: iii) fast-357 

migrating diffusing fraction and, iv) very slow-migrating one. The bulk of Wnt3EGFP is 358 

represented by intracellular fractions, which are difficult to resolve in space due to a relatively 359 

thin layer of cytoplasm in developing cells. In contrast, FCS provides a possibility to resolve 360 

fractions of different molecular mass by measuring mobility of proteins and their complexes. 361 

This led to characterization of the fast-migrating and slow-migrating fractions of Wnt3EGFP. 362 

The former probably represents the cytosolic fraction, and possibly some Wnt3 secreted into the 363 

extracellular space. This assumption is based on the fact that the fraction of fast-migrating 364 

proteins is larger for Wnt3 compared to the similar fraction of LynEGFP, which represents the 365 

membrane-associated fraction. The experiments raise the question whether the fast-migrating 366 

fraction is due to EGFP cleavage after Wnt3EGFP secretion. Although we cannot completely 367 

exclude some cleavage of EGFP from Wnt3, the fast diffusion coefficient in the brain ventricle 368 

(53.62 ± 13.69 μm2s-1) is still significantly slower than that of secEGFP in the same location 369 

(125.82 ± 8.85 μm2s-1), and thus represents at least partly intact Wnt3EGFP, possibly as small 370 

oligomers or a mixture of monomers and oligomers. These results are in line with different 371 

migration of cytosolic and membrane-bound versions of FPs detected previously (Shi et al., 372 

2009).  373 

Of particular interest are the elusive secreted fractions of Wnt, including the very slow-migrating 374 

fraction of Wnt3EGFP detected in the brain ventricle.  The existence of such a fraction and its 375 

high heterogeneity suggest either an aggregation of the lipid-modified Wnt3EGFP (Vyas et al., 376 

2008) or formation of complexes between Wnt3 and some extracellular matrix components, such 377 
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as heparan sulphate proteoglycan [HSPG (Kleinschmit et al., 2010)], lipoprotein (Neumann et al., 378 

2009; Mulligan et al., 2012), exosomes (Gross et al., 2012) or secreted frizzled-related proteins 379 

(Mii and Taira, 2009). A similar “very slow” fraction of another ligand - FGF8 was previously 380 

detected by FCS (Yu et al., 2009). This is not very surprising since the activity of FGFs and 381 

Wnts both depends on evolutionarily conserved interactions with HSPG (Superina et al., 2014).  382 

The existence of secreted fractions has been supported by experiments with an inhibitor of Wnt 383 

secretion – C59 that changed Wnt3EGFP mobility at the membrane. It is known that the 384 

hydrophobicity of Wnt is reduced in the absence of Porc due to a block of Wnt palmitoylation 385 

(Zhai et al., 2004; Takada et al., 2006). In this situation proteins loose membrane affinity, which 386 

could cause increased mobility of Wnt3EGFP. Post-translational palmitoylation is necessary for 387 

Wnts to be recognized and transported by Wntless (Wls) from the Golgi to the plasma membrane 388 

(Coombs et al., 2010; Herr and Basler, 2012). Therefore, Porc inhibition causes intracellular 389 

accumulation of Wnt3EGFP and a reduction of the membrane-bound fraction. Consequently, the 390 

secreted Wnt3EGFP was barely detected in the brain ventricle. The faster diffusion of 391 

Wnt3EGFP on the membrane, after partial Porc inhibition, could be a result of a mixture of 392 

palmitoylated and non-palmitoylated Wnt3EGFP reaching the plasma membrane. In addition, 393 

literature has shown for some Wnt molecules that palmitoylation is necessary for raft localization 394 

(Zhai et al., 2004). The non-palmitoylated Wnt3EGFP could then reside in the more fluid 395 

disordered liquid phase leading to an increase in diffusion coefficient. The exact mechanism of 396 

the faster diffusion of membrane bound non-palmitoylated Wnt3EGFP will be the topic of a 397 

future study. The reduction of the membrane-bound Wnt fraction correlated with malformed 398 

brain patterning whose severity is proportional to the temporal onset of C59-mediated inhibition 399 

of Wnt secretion. Exposure during neural plate formation led to the loss of forebrain and 400 
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midbrain (Figure S9D) in C59-treated embryos.  Later drug exposure resulted in decreased 401 

cerebellum (Figure 8C). These results support the hypothesis that Porc is a crucial component in 402 

Wnt3 secretion. Significant variation of both mobility (D2) and distribution (F2, Figure 5F) is 403 

consistent with the differential inhibitor intake by individual cells resulting in a variation of 404 

Wnt3 blocking between individual cells. However, the mobility of the fast-migrating component 405 

was not affected. This is probably because the transportation of Wnt3EGFP from ER to 406 

membrane is not blocked completely by the sub-threshold concentration of C59 used in FCS 407 

measurements.  408 

On the other hand, the inability of IWR-1 to affect Wnt3EGFP expression and secretion was 409 

expected. Unlike C59 acting at the level of Wnt secretion this inhibitor affects Wnt signaling in 410 

target cells at the level of downstream events of Wnt signaling mediated by β-catenin (Chen et 411 

al., 2009; Lu et al., 2009). Hence Wnt3EGFP transgenics may not be ideal to assess efficacy of 412 

IWR-1 inhibitor. In this respect these transgenics complement those developed to analyze 413 

downstream effects of the Wnt signaling (Moro et al., 2012). Nevertheless, the results of IWR-1 414 

treatment emphasize the specificity of C59 action and support the existence of a secreted Wnt3 415 

fraction.    416 

In conclusion, several zebrafish transgenics expressing different versions of fluorescent proteins, 417 

including those of Wnt3 were developed. These tools were used for in vivo FCS analysis of 418 

Wnt3 migration and distribution. The measurements are consistent with the existence of four 419 

fractions of Wnt3EGFP in the developing brain of zebrafish, which represent the bulk of this 420 

protein – the fast-migrating intracellular fraction (representing transport of expressed Wnt3 to 421 

and from the membrane) and slow-migrating membrane fraction as well as two relatively minor 422 

secreted fractions – the fast-migrating fraction, which may represent free Wnt3, and the very 423 
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slow-migrating fraction, which may represent Wnt3 complexes with various components of the 424 

extracellular matrix. Given a significant elongation of signaling glia during late neurulation 425 

(Korzh, 2014), which probably correlates with a change in the nucleo-cytoplasm ratio, it might 426 

be of interest to compare in future studies changes in developmental dynamics and distribution of 427 

these fractions of Wnt3EGFP prior to and immediately after this dramatic morphogenetic 428 

rearrangement. The different wnt3 transgenics will also be a useful resource for further target 429 

gene profiles analysis, a topic not addressed in this publication. 430 

 431 

MATERIALS AND METHODS 432 

Detailed Materials and Methods are provided in the supplement to this article.  433 
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Figure Legends 661 

Figure 1 – EGFP and Wnt3 expression in transgenics under control of the wnt3 promoter. 662 

A stable zebrafish transgenic line containing the 4 kb wnt3 promoter drives EGFP expression in 663 

a wnt3-like manner with spatio-temporal correlation with endogenous transcripts. (A) egfp 664 

transcripts expression (magenta) in 4kb wnt3 promoter transgenic line Tg(-4.0wnt3:EGFP)F1 665 

colocalized with ptc1 (pink) at the zli at 24 hpf. (B) An in vivo image of 24 hpf Tg(-666 

4.0wnt3:EGFP)F1 showing EGFP (+) domains highlighted by the transgenic line. (C,E) wnt3 667 

transcripts are detected in the cerebellum (ce), epithalamus (ep), floor plate (fp), optic tectum (ot), 668 

roof plate (rp), midbrain hindbrain boundary (mhb) and hindbrain (hb) of 48hpf (C) and 72hpf (E) 669 

larvae. (D,F) in vivo images of Tg(-4.0wnt3:EGFP)F1 at 48hpf (E) and 72hpf (G) showing similar 670 

EGFP(+) domains. (G-J) Comparison of midbrain (G-H) and cerebellum (I-J) cross sections of 671 

wnt3 expression in a 48hpf zebrafish brain with corresponding cross sections of Tg(-672 

4.0wnt3:EGFP)F1 that detected EGFP expression in similar regions. wnt3-positive domains 673 

include the  (ot), (fp), and (ce). (H’, H’’and J) Co-immunohistochemical detection of EGFP and 674 

Hu-positive neurons showed that EGFP (+) domains in the (rp), (fp) and (ce) are flanked by 675 

neurons. A 100 mm scale bar is shown in each image.  676 

Abbreviations: ce - cerebellum, ep - epithalamus, fp - floor plate, ot - optic tectum, rp - roof plate, 677 

mhb - midbrain hindbrain boundary and hb – hindbrain. 678 

 679 

Figure 2 – Spatio-temporal expression of wnt3 promoter-driven EGFP/Wnt3EGFP. Spatio-680 

temporal expression of 4kb wnt3 promoter-driven EGFP/Wnt3EGFP influenced by genomic 681 

insertion of a transgene vary in strength . Tg(-4.0wnt3: EGFP)F1, Tg(-4.0wnt3:Wnt3EGFP)F1, 682 
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Tg(-4.0wnt3:Wnt3EGFP)F2 and Tg(-4.0wnt3:Wnt3EGFP)F3 are abbreviated in the figure as 683 

Tg(wnt3:EGFP)F1, Tg(wnt3:Wnt3EGFP)F1, Tg(wnt3:Wnt3EGFP)F2 and Tg(wnt3:Wnt3EGFP)F3, 684 

respectively. (A-O) Initial spatio-temporal similarity of expression of EGFP and Wnt3EGFP is 685 

maintained in three independent transgenic lines. (P-W) Tg(-4.0wnt3:Wnt3EGFP)F3 maintains 686 

strong Wnt3EGFP expression in the cerebellum beyond 48 hpf. Transgene expression in the 687 

optic tectum and cerebellum decreases from 48 hpf in all other Wnt3 transgenics. Abbreviations: 688 

ce – cerebellum, ot - optic tectum. 689 

 690 

Figure 3 – The size of MHB and cerebellum segmental volume correlates with the level of 691 

Wnt3EGFP expression. (A-C) In vivo comparison of segmental volume in Tg(memKR15-16) at 692 

the EGFP or different Wnt3EGFP transgenics background at 4 dpf. Tg(memKR15-16)/EGFP (A), 693 

Tg(memKR15-16)/Wnt3EGFP [Tg(wnt3:Wnt3EGFP)F2] (B) and Tg(memKR15-16)/ Wnt3EGFP 694 

in Tg(wnt3:Wnt3EGFP)F3 (C). (D) The increase in segmental volume in Tg(memKR15-16) is 695 

significant according to unpaired t-test comparing Tg(wnt3:EGFP)F1 vs Tg(wnt3:wnt3EGFP)F3 696 

(P=0.0022). 697 

 698 

Figure 4 –Expression of Wnt3EGFP in the cerebellum of Tg(wnt3:Wnt3EGFP)F3 partially 699 

compensates cerebellum growth in MO1 injected Wnt3 morphants. (A-D) Dorsal view of 700 

double transgenic larvae Tg(memKR15-16) co-expressing KillerRed with EGFP from 701 

Tg(wnt3:EGFP)F1 (A-B) or Wnt3EGFP from Tg(wnt3:Wnt3EGFP)F3(C-D). KillerRed is 702 

expressed in the MHB and cerebellum. Reduction in KR-positive cerebellum is partially 703 

compensated in 3dpf Tg(wnt3:Wnt3EGFP)F3 MO1-morphants (D).  (E-H) 3D lateral view of 704 

KR-positive MHB and cerebellum in  Tg(wnt3:EGFP)F1 (E), MO1-injected Tg(wnt3:EGFP)F1 (F), 705 
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Tg (wnt3:Wnt3EGFP)F3 (G) and MO1-injected Tg (wnt3:Wnt3EGFP)F3 at 3dpf (H). (I) Scatter 706 

plot of computed volume. The decrease in segmental volume in Tg(memKR15-16) is significant 707 

between MO1-morphants and un-injected siblings. Unpaired t-test comparing Tg(wnt3:EGFP)F1 708 

vs MO1-morphant Tg(wnt3:EGFP)F1 (P<0.0001);   Tg(wnt3:wnt3EGFP)F3 vs MO1-morphants 709 

Tg(wnt3:Wnt3EGFP)F3 (P=0.0034). Segmental volume in MO1-morphant 710 

Tg(wnt3:Wnt3EGFP)F3 remains significantly higher than in MO1-morphant Tg(wnt3:EGFP)F1 711 

(P=0.0003). 712 

 713 

Figure 5 – FCS analysis of Wnt3EGFP and LynEGFP membrane dynamics in the 714 

cerebellum. (A) Autocorrelation curve of Wnt3EGFP on the plasma membrane. The curve is 715 

fitted into a two-component model including a blinking process. Dotted line represents the 716 

experimental data. Solid line is the fit curve. (B, C) Diffusion coefficients (D1, D2) extracted 717 

from fit at different development stages. (D) Fraction of slow-migrating component (F2) 718 

extracted from fit at different developmental stages. The difference in membrane fraction of 719 

LynEGFP and Wnt3EGFP indicates the existence of a small amount of intercellular Wnt3EGFP. 720 

Data are mean ± SD. Red bar, Wnt3EGFP. Green bar, LynEGFP. Significance level, two-way t-721 

test, *P < 0.001. See also Figure S1 and Table S1.  722 

 723 

Figure 6 – Wnt3EGFP, LynEGFP and secEGFP in 4th brain ventricle. (A) Confocal image 724 

of zebrafish cerebellum expressing Wnt3EGFP at 34 hpf. Scale bar, 50 μm. (B) Three times 725 

zoom in of (A) with focus on the cerebellum boundary and flanking brain ventricle. Scale bar, 20 726 

μm. Images were taken in dorsal view. Ce: cerebellum; BV: brain ventricle. The images were 727 

modified using Imaris to increase the contrast. (C) Normalized intensity from the cerebellum 728 
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boundary cell to the brain ventricle along the white arrow in (B) of Wnt3EGFP (red), LynEGFP 729 

(green) and secEGFP (blue). Data are the average of three scannings of three embryos for each 730 

type. (D) Normalized ACF curves taken in position within a ventricle at 100 μm from the 731 

cerebellum boundary. Color-coding is the same as in B together with wild type (WT, dotted 732 

grey). The results show the free diffusion of Wnt3EGFP and secEGFP in the brain ventricle, 733 

whereas no fluorescence can be detected neither for LynEGFP nor for WT. (E) Diffusion 734 

coefficients extracted from fit for different types of EGFP-labeled proteins in both the 735 

cerebellum and the brain ventricle. secEGFP serves as an intercellular indicator of protein 736 

mobility in multicellular tissue and extracellular indicator in the brain ventricle. EGFP reporter 737 

Tg(-4.0wnt3:EGFP)F2 and LynEGFP transgenics Tg(-8.0cldnB:lynEGFP) serve as an indicator 738 

of intracellular protein mobility. Data are mean ± SD. Light grey bar, BV. Dark grey bar, ce. See 739 

also Figure S2 and Table S2, S3. 740 

Abbreviations - Ce: cerebellum; BV: brain ventricle. 741 

 742 

Figure 7 – Wnt3EGFP secretion is affected by the block of Porcupine. (A, B) Confocal 743 

images of zebrafish cerebellum expressing Wnt3EGFP and LynEGFP after C59 treatment. The 744 

embryos were treated with 5 μM C59 10 - 28 hpf (for details, see M&M). The samples were 745 

briefly soaked in 1x egg water before imaging in dorsal view and FCS measurement. Scale bar, 746 

50 μm. (C, D and E) Diffusion coefficients (D1, D2) and protein membrane distribution (F2) 747 

extracted from fit at different conditions for both Wnt3EGFP and LynEGFP. (F) The results 748 

show that FCS signatures remain unchanged for LynEGFP, indicating that properties of plasma 749 

membrane are not influenced by treatment or the drug function. Data are mean ± SD. Red bar, 750 



31 
 

Wnt3EGFP. Green bar, LynEGFP. Significance level, two-way t-test, *P < 0.001. See also Table 751 

S3.  752 

 753 

Figure 8 – Exposure of Tg(wnt3:Wnt3EGFP)F3 larvae to Wnt inhibitor C59 decreased the 754 

segmental volume of cerebellum in Tg(memKR15-16). (A-D) In vivo images of 3 dpf double 755 

transgenic larvae: control Tg(wnt3:EGFP)F1/Tg(memKR15-16) (A), 756 

Tg(wnt3:Wnt3EGFP)F3/Tg(memKR15-16) (B-D). All Tg(wnt3:wnt3EGFP)F3 double transgenic 757 

larvae were exposed to 1% DMSO (B), 5µm C59 (C) or 50 µM IWR-1 (D) at 36 hpf-stage for 36 758 

hours before assaying expression of fluorescent reporter at 72 hpf. High-magnification view of 759 

representative EGFP/Wnt3EGFP-expressing cells from different treatment groups (insets). (E) A 760 

bar chart comparing the resultant KillerRed-positive brain segment in Tg(memKR15-16). 761 

Significant decrease was observed where unpaired t-test compared segmental volumes in 762 

1%DMSO-treated Tg(wnt3:Wnt3EGFP)F3 vs  C59-treated Tg(wnt3:Wnt3EGFP)F3 (P=0.0001). 763 

 764 

Figure 9 – Four fractions of Wnt3EGFP in the cerebellum and brain ventricle. (A) 765 

Schematic of Wnt3EGFP fractions: two intracellular fractions: i) a fast-migrating intracellular 766 

fraction, ii) slow-migrating membrane fraction; and two secreted fractions: iii) a fast-migrating 767 

diffusing fraction and, iv) a very slow-migrating one.  (B) C59-treated Wnt3EGFP with reduced 768 

membrane-bound and secreted Wnt3EGFP. Ce: cerebellum; BV: brain ventricle.  769 

Abbreviations: Ce: cerebellum; BV: brain ventricle.  770 

 771 




















