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Abstract 1 

Wnt3 proteins are lipidated and glycosylated, secreted signaling molecules that play an important 2 

role in zebrafish neural patterning and brain development. However, the transport mechanism of 3 

lipid-modified Wnts through the hydrophilic extracellular environment for long-range action re-4 

mains unresolved. Here, we determine how Wnt3 accomplishes long-range distribution in the 5 

zebrafish brain. First, we characterize the Wnt3-producing source and Wnt3-receiving target re-6 

gions. Subsequently, we analyze Wnt3 mobility at different length scales by fluorescence correla-7 

tion spectroscopy and fluorescence recovery after photo-bleaching. We demonstrate that Wnt3 8 

spreads extracellularly and interacts with heparan sulfate proteoglycans (HSPG). We then deter-9 

mine the binding affinity of Wnt3 to its receptor, Frizzled1 (Fzd1), using fluorescence cross-cor-10 

relation spectroscopy, and show that the co-receptor, low-density lipoprotein receptor-related pro-11 

tein 5 (Lrp5), is required for Wnt3-Fzd1 interaction. Our results are consistent with the extracel-12 

lular distribution of Wnt3 by a diffusive mechanism that is modified by tissue morphology, inter-13 

actions with HSPG and Lrp5-mediated receptor binding, to regulate zebrafish brain development. 14 
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Introduction 26 

Wnt proteins represent a family of secreted signaling glycoproteins having multiple functions in 27 

embryonic development such as specification of the vertebrate axis, embryonic induction, mainte-28 

nance of cell potency, cell fate determination, cell migration, cell division, and apoptosis, to name 29 

a few (Clevers & Nusse, 2012; Hikasa & Sokol, 2013; Logan & Nusse, 2004; Moon et al., 2002). 30 

So far, 13 wnt gene subfamilies have been identified, although the number of wnt genes differs 31 

between species (Schubert & Holland, 2013). Wnts are generally 350 − 400 amino acids in length 32 

(molecular weight of ∼ 40 kDa), with highly conserved cysteine residues. Wnts are hydrophobic 33 

and water-insoluble due to their post-translational lipidation in the endoplasmic reticulum (ER) 34 

(Mikels & Nusse, 2006). Porcupine (Porc), an O-acyltransferase localized on the membrane of the 35 

ER, catalyzes the acylation of Wnts and provides Wnts hydrophobic characteristics (Herr & Basler, 36 

2012). The acylation facilitates the interaction of Wnts with Wntless, a transmembrane protein that 37 

shuttles Wnts to the plasma membrane (Galli et al., 2007). From the plasma membrane, they are 38 

secreted and transported to Wnt-receiving cells. Hence, the acylation of Wnts is a critical step for 39 

their trafficking, secretion and activity (Coudreuse & Korswagen, 2007).   40 

The addition of lipid moieties makes the long-range free diffusion of Wnts in the aqueous extra-41 

cellular matrix problematic. Several transport mechanisms were proposed to explain how Wnts 42 

navigate the aqueous environment to achieve long-range action (Routledge & Scholpp, 2019). Fa-43 

cilitated shuttling of Wnts by chaperone proteins is a commonly reported mode of distribution. 44 

Here, Wnt-binding proteins such as secreted Frizzled-related proteins (sFRPs) (Esteve et al., 2011; 45 

Mii & Taira, 2009), Secreted Wg-interacting Molecule (Swim) (Mulligan et al., 2012) or afamin 46 

(Mihara et al., 2016) shield the hydrophobic regions of Wnts and provide stability in the aqueous 47 

environment. Similarly, hydrophobic Wnt molecules could be packaged inside exosomes and lip-48 

oprotein particles, which enables their extracellular movement (Greco et al., 2001; Neumann et 49 

al., 2009; Panáková et al., 2005). Additionally, heparan sulfate proteoglycans (HSPG) present in 50 

the extracellular matrix serve as binding sites for several signaling molecules, including Wnts 51 

(Kirkpatrick & Selleck, 2007). HSPG maintains the solubility of Wnt ligands, and prevents their 52 

aggregation in the aqueous extracellular matrix, thereby enhancing their range and function (Fuerer 53 

et al., 2010; Mii et al., 2017). Further evidence suggests that HSPG in coordination with Wnts are 54 

pivotal in regulating gastrulation, neurulation and axis formation during embryonic development 55 
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(Ohkawara et al., 2003; Saied-Santiago et al., 2017; Tao et al., 2005; Topczewski et al., 2001). On 56 

the other hand, it was also recently noticed that certain Wnts could be deacylated by Notum, a 57 

secreted deacylase, but retain their signaling activity (Speer et al., 2019). Besides the extracellular 58 

transport mechanism, certain Wnt proteins may also reach their target tissues through filopodial 59 

extensions called cytonemes, as seen for Wnt2b in Xenopus (Holzer et al., 2012), Wg in Drosoph-60 

ila (Huang & Kornberg, 2015) and Wnt8a in zebrafish embryos (Mattes et al., 2018; Stanganello 61 

et al., 2015).  62 

Finally, when Wnts reach their target tissues, they bind to their target receptors and elicit a signal-63 

ing cascade. To date, Wnts are known to interact with more than 15 receptor and co-receptor pro-64 

tein families (Niehrs, 2012), of which the Frizzled (Fzd) receptor super-family is the most com-65 

monly investigated. Fzd proteins are categorized under the Class-F super-family of G-protein cou-66 

pled receptors. The super-family comprises 10 Fzd receptors (Fzd1-Fzd10) and Smoothened 67 

(SMO) (Schulte & Wright, 2018), all with a seven-pass transmembrane domain and a highly con-68 

served cysteine-rich domain (CRD) (Hsieh et al., 1999; Wu & Nusse, 2002). Structural studies 69 

revealed that the low-density lipoprotein receptor-related protein (Lrp-5/6) acts as a co-receptor 70 

and is involved with the Wnt-Fzd complex (Chu et al., 2013; Hirai et al., 2019; Janda et al., 2012). 71 

The Wnt-Fzd-Lrp complex inhibits the negative regulator destruction complex and stabilizes the 72 

Wnt signaling transducer β-catenin, which allows the transcription of genes regulating embryonic 73 

development and patterning (Bilić et al., 2007).   74 

Wnt3 proteins, a subset of the Wnt family, are instrumental in the development of the nervous 75 

system, vascular system, limb formation and vertebrate axis formation (Anne et al., 2013; Bulfone 76 

et al., 1993; Clements et al., 2009; Garriock et al., 2007; Liu et al., 1999). In zebrafish, Wnt3 77 

directs neural stem cell proliferation and differentiation, making it indispensable for brain devel-78 

opment (Clements et al., 2009). Our group showed that in zebrafish embryos, Wnt3 associates 79 

with domains on the membrane (Azbazdar et al., 2019; Ng et al., 2016; Sezgin et al., 2017). Block-80 

ing the activity of Porc and thus reducing Wnt acylation by the drug C59, resulted in reduced 81 

domain confinement and defective brain development in zebrafish embryos (Ng et al., 2016; Teh 82 

et al., 2015). The understanding of the Wnt3 action mechanism in zebrafish brain development, 83 

therefore, requires identifying its source regions, determining its mode of transport, demarcating 84 

receiving target tissues and measuring Wnt3-receptor interactions. 85 
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In this study, we first mapped the source and target regions of Wnt3 in the zebrafish brain by 86 

comparing the expression of a transgenic line expressing functional Wnt3EGFP, with a reporter 87 

line expressing an inner plasma membrane targeting sequence tagged with mApple (PMTmApple). 88 

The expression in both lines are regulated by a 4 kb wnt3 promoter that contains most of the reg-89 

ulatory elements and reports the spatiotemporal expression of wnt3 (Teh et al., 2015). Wnt3EGFP 90 

spreads from where it is produced, while PMTmApple remains attached to the inner membrane 91 

leaflet of the producing cells. Hence, by analyzing the expression patterns of Wnt3EGFP and 92 

PMTmApple, we were able to identify the midbrain-hindbrain boundary (MHB), the brain midline 93 

(roof plate and floor plate) and the epithalamus as source regions of Wnt3, and the optic tectum 94 

(OT) and ventral regions of the cerebellum as distal target regions. Subsequently, we probed how 95 

Wnt3 is distributed from the source to the target regions of the zebrafish brain by measuring its in 96 

vivo dynamics using fluorescence correlation spectroscopy (FCS) and fluorescence recovery after 97 

photo-bleaching (FRAP). FCS is a single molecule sensitive technique that statistically analyzes 98 

the intensity fluctuations in a small observation volume (~ femtoliter scale) to generate an auto-99 

correlation function, from which the diffusion coefficient and the concentration of the fluorescent 100 

molecules in the observation volume are accurately evaluated (Enderlein et al., 2005; Kim et al., 101 

2007; Krichevsky & Bonnet, 2002; Magde et al., 1974). FRAP, on the contrary, is an ensemble 102 

technique that measures the dynamics of the fluorescent molecules in a large region of interest (~ 103 

micrometer scale) based on the recovery of the fluorescence intensity in an irreversibly photo-104 

bleached region (Klonis et al., 2002; Koppel et al., 1976). FCS and FRAP both measure molecular 105 

mobilities and have been shown to provide consistent results (Macháň et al., 2016). However, as 106 

they access very different length scales, they can provide complementary information on local and 107 

global diffusion (Müller et al., 2012, 2013; Veerapathiran & Wohland, 2018). 108 

Lastly, we monitored the in vivo interaction of Wnt3 with Fzd1, a potential target receptor, using 109 

fluorescence cross-correlation spectroscopy (FCCS) and calculated their binding affinity. In 110 

FCCS, the intensity fluctuations of two interacting molecules tagged with spectrally different 111 

fluorophores in an observation volume are cross-correlated, and their binding affinity in vivo is 112 

measured (Ries et al., 2009; Schwille et al., 1997; Shi et al., 2009). We observed that the co-113 

receptor Lrp5 is essential for the interaction of Wnt3 with Fzd1. Our findings show that Wnt3 114 

spreads from its source to target regions by extracellular diffusion governed by interactions with 115 

HSPG and its receptors. 116 
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 117 

Results 118 

Identifying the Source and Target Regions for Wnt3 119 

In order to identify the source and target regions of Wnt3, we used two transgenic lines: Tg(-120 

4.0wnt3:Wnt3EGFP) and Tg(-4.0wnt3:PMTmApple). Tg(-4.0wnt3:Wnt3EGFP) is a functionally 121 

active Wnt3EGFP-expressing line, where Wnt3EGFP expression driven by 4 kb wnt3 promoter 122 

(Teh et al., 2015). Tg(-4.0wnt3:PMTmApple) is a reporter line driven by the same 4 kb wnt3 pro-123 

moter, expressing PMTmApple. Since the 4 kb wnt3 promoter contains most of the regulatory 124 

elements, Tg(-4.0wnt3:PMTmApple) is a faithful reporter of Wnt3 expression, which marks the 125 

plasma membrane of the Wnt3-producing cells. However, the localization of PMTmApple is re-126 

stricted to its source cells, as it remains tethered to the inner leaflet of the plasma membrane. In 127 

contrast, the distribution pattern of Wnt3EGFP in Tg(-4.0wnt3:Wnt3EGFP) spans a broader range 128 

compared to PMTmApple in Tg(-4.0wnt3:PMTmApple), implying that Wnt3EGFP is transported 129 

from the source regions where it is produced to its distal target regions (Figure 1). The overlap in 130 

the expression of the two lines, therefore, identifies the source regions, and the difference demar-131 

cates the distal target regions.  132 

The two transgenic lines were crossed [Tg(-4.0wnt3:Wnt3EGFP) × Tg(-4.0wnt3:PMTmApple)] 133 

and the expression of Wnt3EGFP and PMTmApple were sequentially recorded using a confocal 134 

microscope in their respective wavelength channels. Firstly, the obtained image stacks were seg-135 

mented using an automatic threshold algorithm (Zhu et al., 2016), and the colocalization of each 136 

pixel was evaluated  based on the intensity correlation analysis (ICA), the distance weight and 137 

intensity weight (Li et al., 2004; Zhu et al., 2016) to generate a pair of masks for the colocalized 138 

and non-colocalized pixels. Subsequently, color-coded heat maps were generated, indicating the 139 

contribution of each pixel to the overall colocalization at 24 and 48 hpf (Video 1A and 1B). Fi-140 

nally, using the colocalized and non-colocalized masks, volumetric images were constructed to 141 

distinguish the source and target regions of Wnt3 respectively. At 24 hpf, the source regions were 142 

midbrain-hindbrain boundary (MHB), dorsal cerebellum (dCe), and epithalamus (Epi); whereas 143 

the distal target regions were ventral cerebellum (vCB) and optic tectum (OT) (Figure 2 and 144 
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Figure 1: Spatiotemporal expression of wnt3 promoter driven Wnt3EGFP and PMTmApple.                   
(A) Schematic illustration of the brain of a zebrafish embryo (Dorsal view and Lateral view). Expression profile
of Wnt3EGFP in Tg(-4.0wnt3:Wnt3EGFP) line at (B) 24 hpf and (C) 48hpf. Expression profile of PMTmApple 
in Tg(-4.0wnt3:PMTmApple) line at (D) 24 hpf and (E) 48hpf. BV, brain ventricle; Ce, cerebellum; 
CP, choroid plexus; E, epiphysis; FP, floor plate; HB, hindbrain; MHB, mid-brain-hindbrain boundary; 
mRP, midbrain roof plate; OT, optic tectum; r, rhombomere RP, roof plate (spinal cord); 
SCO, sub-commissural organ. Scale bar 30 µm.   
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Figure 2: Identifying Wnt3 source and target regions at 24 hpf. 
3D dorsal projection of Wnt3 (A) source regions at 24 hpf and (B) target regions at 24 hpf (Top view). 3D ventral 
projection of Wnt3 (C) source regions from at 24 hpf and (D) target regions at 24 hpf (Bottom view). 
(E) 3D projection of Wnt3 source and target regions from at 24 hpf (Lateral view). See Video 2 for a detailed view.
 dCe, dorsal regions of cerebellum; Epi, epithalamus;  MHB, midbrain-hindbrain boundary; OT, optic tectum; 
vCe, ventral regions of cerebellum. Scale bar 30 µm.  

8

8

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 30, 2020. ; https://doi.org/10.1101/2020.05.29.124560doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.29.124560


Video 2). The source regions at 48 hpf were the midbrain roof plate (mRP), floor plate (FP), mid-145 

brain-hindbrain boundary (MHB), dorsal cerebellum (dCe), epithalamus (Epi), and some parts of 146 

the dorso-lateral optic tectum (dOT); while the distal target regions were ventral cerebellum (vCe), 147 

and ventral optic tectum (vOT) (Figure 3 and Video 3).  The mapped source regions agreed with 148 

the in vivo expression pattern of the wnt3 gene as shown at mRNA level by whole mount in situ 149 

hybridization (Supplementary Figure 1). With the source and target regions defined, we next 150 

quantified the dynamics of Wnt3, and examined the mode of dispersal of Wnt3 from the source to 151 

the distal target regions. 152 

Characterizing the in vivo dynamics of Wnt3EGFP 153 

At 24 and 48 hpf the cells are densely packed in the cerebellum, and optic tectum and there is no 154 

apparent extracellular space resolved within the limits of our microscopes (~200 nm). It is thus not 155 

possible to determine from imaging alone whether Wnt3 is present in the interstitial spaces. We 156 

therefore use an indirect approach and measure the molecular mobility of Wnt3 at the borders 157 

between neighboring cells (Figure 4 A, B). As diffusion coefficients on membranes and in aque-158 

ous solution differ by at least one order of magnitude if not more, they can be easily distinguished, 159 

and the presence of a freely diffusible species can be identified. For FCS measurements along the 160 

cell borders, we used a 2D-2particle-1triplet model (See Materials and Methods equation 7) as the 161 

fit model, as determined by the Bayes inference-based model selection (Sun et al., 2015; Teh et 162 

al., 2015). The fact that data can be fit with a 2D model most likely indicates that Wnt3 either 163 

diffuses on the membrane or in the narrow interstitial spaces that have a very small extent (< 200 164 

nm) compared to the axial extent of the confocal volume (~1 µm). We detected two diffusive 165 

components from these measurements: a slow component with a diffusion coefficient (Dslow) of 166 

0.6 ± 0.3 µm2/s and a fast component with a diffusion coefficient (Dfast) of 27.6 ± 3.9 µm2/s (Figure 167 

4E). The slow diffusive component was the dominant fraction (Fslow ~ 0.6 ± 0.05) and represents 168 

the fraction of Wnt3 on the membrane. Note, however, that we cannot unambiguously assign the 169 

fast diffusion coefficient to Wnt3 in the interstitial spaces. The confocal volume for FCS measure-170 

ments on the membrane also spans a portion of the intracellular cytosol. Hence, a fraction of Wnt3 171 

within the cytosol could have contributed to the fast diffusion. Therefore, we tested whether the 172 

fast diffusion coefficient is susceptible to changes in the interstitial spaces, as discussed in the 173 

following section. 174 
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Figure 3: Identifying Wnt3 source and target regions at 48 hpf. 
3D dorsal projection of Wnt3 (A) source regions at 48 hpf and (B) target regions at 48 hpf (Top view). 3D ventral 
projection of Wnt3 (C) source regions from at 48 hpf and (D) target regions at 48 hpf (Bottom view). (E) 3D projection
of Wnt3 source and target regions from at 48 hpf (Lateral view). See Video 3 for detailed view.
 dCe, dorsal regions of cerebellum; Epi, epithalamus; FP, floor plate;  MHB, midbrain-hindbrain boundary;
 mRP, midbrain roof plate; OT, optic tectum; vCe, ventral regions of cerebellum. Scale bar 40 µm.  
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Figure 4: Determination of diffusion coefficients of Wnt3EGFP and secreted EGFP by FCS.
(A) Expression of Wnt3EGFP in transgenic Tg(-4.0wnt3:Wnt3EGFP) line. (B) Representative autocorrelation 
function (dots) and fitting (line) of Wnt3EGFP measurement at cell boundary. (C) Expression of secEGFP in 
zebrafish brain. (D) Representative autocorrelation function (dots) and fitting (line) of secEGFP measurement
 at a cell boundary. (E) Table showing diffusion coefficients of the fast component (Dfast), slow component (Dslow) 
and the fraction of slow component (Fslow) for Wnt3EGFP and secEGFP. Data are Mean ± SD; N = No of measurements. 
BV, brain ventricle; Ce, cerebellum; MHB, midbrain-hindbrain boundary; OT, optic tectum. Scale bar 30 µm. 
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 175 

Wnt3 spreads extracellularly in the interstitial spaces 176 

As Wnts are highly hydrophobic molecules, they tend to aggregate after being secreted into the 177 

extracellular milieu, which would limit them to autocrine and juxtacrine signaling (Fuerer et al., 178 

2010). However, the expression of Wnt3EGFP in Tg(-4.0wnt3:Wnt3EGFP) was detected at a dis-179 

tance (~ 50 – 150 µm) from the recognized source regions, implying long-range travel. Hence, we 180 

examined how Wnt3 spreads across the zebrafish brain, and whether it chooses the extracellular 181 

route. Since the cells are tightly packed at late stages (after 24 hpf) of the zebrafish embryo, we 182 

first verified the existence of the interstitial spaces at these late stages. We injected secreted EGFP 183 

(secEGFP), the secretory peptide of Fibroblast growth factor 8a (Fgf8a) tagged with EGFP, at the 184 

one-cell stage and imaged the zebrafish brain at 48 hpf. The secEGFP is targeted for extracellular 185 

secretion after their translation in the cytoplasm and a marker of the interstitial spaces. We ob-186 

served the expression of secEGFP along the cell boundaries of the zebrafish brain and in the brain 187 

ventricles (Figure 4C). When the dynamics for secEGFP was measured using FCS, we obtained 188 

a D of 57.9 ± 14.4 µm2/s along the cell boundaries (Figure 4 D, E). As secEGFP does not bind to 189 

the cell membrane, this indicates its diffusion in the extracellular spaces, consistent with the fast 190 

diffusion coefficient measured (Müller et al., 2012, 2013). 191 

As mentioned above, we were unable to unambiguously assign Wnt3 diffusion to its presence in 192 

interstitial spaces. Thus, we evaluated the effects of HSPG, a cell surface and extracellular matrix 193 

protein which should influence only molecules in interstitial spaces, on the dynamics of Wnt3. 194 

Since the interactions of Wnts with HSPG and the significance of HSPG in the activity of Wnts is 195 

well established (Fuerer et al., 2010; Kirkpatrick & Selleck, 2007; Mii et al., 2017), we treated the 196 

Tg(-4.0wnt3:Wnt3EGFP) embryos with heparinase to disrupt the HSPG and measured the dynam-197 

ics of Wnt3EGFP. Injecting heparinase at the one-cell stage showed impaired gastrulation, so hep-198 

arinase along with a high molecular weight fluorescent dextran (70,000 MW Dextran-TRITC) was 199 

co-injected in the brain ventricle of 48 hpf Wnt3EGFP expressing embryos. Since the presence of 200 

fluorescent dextran was detected along cell boundaries of the cerebellum and optic tectum, we 201 

inferred that heparinase (∼ 42 kDa) also diffused into the interstitial spaces from the brain ventricle 202 

(Supplementary Figure 2). Confocal FCS measurements revealed that while the Dslow of Wnt3 203 

for heparinase treated and untreated embryos remained the same, the Dfast for heparinase treated 204 
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embryos was almost two-fold higher (Dfast = 43.4 ± 7.6 µm2/s) in comparison to the untreated 205 

embryos (Dfast = 24.7 ± 4.8 µm2/s) (Table 1).  206 

Table 1: Influence of Heparan Sulfate Proteoglycans on the dynamics of Wnt3EGFP, LynEGFP and 207 
secretedEGFP 208 

Sample Dfast  [µm2/s] Dslow [µm2/s] Fslow No. of  

measurements 

Wnt3EGFP 24.7 ± 4.8 0.6 ± 0.3 0.6 ± 0.02 47 

Wnt3EGFP + 

Heparinase 

43.4 ± 7.6 0.4 ± 0.2 0.6 ± 0.04 63 

LynEGFP 39.1 ± 11.2 2.2 ± 0.6 0.7 ± 0.04 29 

LynEGFP +  

Heparinase 

40.1 ± 9.5 2.7 ± 0.7 0.6 ± 0.04 35 

SecEGFP 59.4 ± 9.4 - - 30 

SecEGFP +  

Heparinase 

56.9 ± 9.7 - - 30 

Data are Mean ± S.D. Unpaired two-tail t-test were performed between untreated and the corresponding 209 
heparinase treated embryos. For Dfast, p-value was < 0.0001 for Wnt3EGFP and the difference was non-210 
significant for LynEGFP and SecEGFP. The difference was non-significant for other parameters in all sam-211 
ples. 212 

As controls, we measured the effects of heparinase treatment on the diffusion of secEGFP and 213 

LynEGFP (a non-functional membrane tethered tyrosine kinase). When secEGFP embryos were 214 

treated with heparinase, we observed no change in D compared to the untreated embryos (Table 215 

1). For LynEGFP in Tg(-8.0cldnB:LynEGFP), we obtained a slow component with a Dslow of 2.2 216 

± 0.6 µm2/s and a fast component with a Dfast of 39.1 ± 11.2 µm2/s. Dslow corresponds to the mem-217 

brane diffusing component while Dfast represents a putative cytosolic fraction. When LynEGFP 218 

embryos were treated with heparinase, we did not observe any changes in Dfast or Dslow, confirming 219 

that neither membrane nor cytosolic diffusion are influenced by HSPG disruption (Table 1). This 220 
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Figure 5: Representative fluorescence recovery of Wnt3EGFP after photobleaching. 
(A) Expression of Wnt3EGFP in Tg(-4.0wnt3:Wnt3EGFP) before photobleaching. (B) Photobleached region 
of Wnt3EGFP. (C) Recovery of fluorescence intensity in the bleached region due to diffusion of molecules 
from the neighboring unbleached regions. (D) Fluorescence recovery curve for Wnt3EGFP with a 
recovery time (τfast) of ~ 5 minutes and a mobile component fraction (Fm) of ~ 0.35. The average global
diffusion coefficient (Deff) measured for Wnt3EGFP was 0.5 ± 0.2 µm2/s (N=11). Scale bar 30 µm.
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supports the hypothesis that Wnt3 is diffusing in the extracellular space and is regulated by inter-221 

actions with HSPG.  222 

To substantiate our results, we determined the global diffusion of Wnt3 using FRAP. As FRAP 223 

measures mobility over a range of several cell diameters, it is an ideal tool to investigate whether 224 

Wnt3 can diffuse extracellularly or by other much slower cellular mechanisms. We irreversibly 225 

photobleached a region of the zebrafish brain in Tg(-4.0wnt3:Wnt3EGFP) embryos, and observed 226 

the rate of recovery in the photobleached region. On analyzing the FRAP curve for Wnt3EGFP, 227 

two components with different recovery rates were obtained: a fast component with a recovery 228 

rate (τfast) of 5-8 minutes and a slow component with a recovery rate τslow > 40 minutes. The mobile 229 

fraction (Fm) of Wnt3EGFP evaluated from the FRAP curve was 0.3-0.4 with an effective diffusion 230 

coefficient (Deff) of 0.5 ± 0.2 µm2/s (Figure 5). When FRAP was performed for secEGFP and 231 

PMTmApple expressing embryos in the same region of the zebrafish brain, secEGFP showed rapid 232 

recovery of 13 - 30 s (with Fm of 0.7 – 0.9 and Deff of 13 ± 4 µm2/s) (Supplementary Figure 3), 233 

while PMTmApple showed no recovery within the same measurement time (Supplementary Fig-234 

ure 4). Although the source regions continuously produce PMTmApple, the generation of novel 235 

PMTmApple involves transcription, translation, and post-translational chromophore maturation 236 

(maturation time for mApple is ~ 30 minutes). Since PMTmApple is tethered to the cell membrane, 237 

no recovery is observed after photobleaching of PMTmApple before 30 minutes. Hence, the re-238 

covery within 5-8 minutes for Wnt3EGFP points towards an extracellular distribution of 239 

Wnt3EGFP in the interstitial spaces of the developing zebrafish brain but with almost twenty-five-240 

fold reduced D compared to secEGFP. 241 

 242 

The in vivo interactions of Wnt3 with Fzd1 receptor depends on the expression of lrp5 co-243 

receptor. 244 

Apart from the interactions of signaling molecules with the extracellular matrix proteins, the tran-245 

sient trapping of ligands by their receptors also shapes their distribution profile (Müller et al., 246 

2013). For instance, the transient binding of Nodals to their receptor Acvr2b and co-receptor Oep 247 

(Lord et al., 2019; Wang et al., 2016), Hedgehog to the 12-transmembrane protein Dispatched 248 

(Callejo et al., 2011) and Wingless to the Fzd receptor (Baeg et al., 2004) influence their respective 249 

distributions and gradient kinetics. Hence, it is critical to evaluate the binding affinity of Wnt3 250 
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with its target receptors to understand its signaling range and action. Although the binding affini-251 

ties for different Wnt ligands and Fzd receptors were quantified, they were limited to biochemical 252 

analysis on mammalian cell lines (Dijksterhuis et al., 2015). The dynamics and conformation of 253 

proteins might differ significantly in vivo (Lipinski & Hopkins, 2004), and quantitative analysis of 254 

Wnt-Fzd interactions in live organisms is still lacking. Since in vitro genetic and biochemical as-255 

says reported that Wnt3 interacts strongly with Fzd1 (Dijksterhuis et al., 2015), we investigated 256 

the in vivo Wnt3-Fzd1 interaction and measured its binding affinity. For this purpose, we generated 257 

a transgenic line Tg(-4.0wnt3:Fzd1mApple) expressing Fzd1mApple, crossed it with the 258 

Wnt3EGFP expressing line, and studied in vivo interactions using quasi-PIE FCCS (Figure 6 259 

A,B). Quasi-PIE FCCS is an extension of FCCS, where the sample is simultaneously illuminated 260 

by a pulsed laser line and a continuous wave laser line of different wavelengths (Padilla-Parra et 261 

al., 2011; Yavas et al., 2016). This approach allows us to filter the background, spectral cross-talk, 262 

and detector after pulsing while computing the auto- and cross-correlation functions (Kapusta et 263 

al., 2012). When quasi-PIE FCCS measurements were performed in embryos expressing 264 

Wnt3EGFP and Fzd1mApple, we obtained cross-correlation between the two channels, indicating 265 

the in vivo interaction of Wnt3 with Fzd1 (Figure 6C). As a positive control, we used embryos 266 

expressing PMT-mApple-mEGFP, and as negative control, we used embryos expressing 267 

Wnt3EGFP and PMTmApple by crossing their respective transgenic lines (Supplementary Fig-268 

ure 5). The auto- and cross-correlations were then fitted with equation (7), and the binding affinity 269 

was measured according to equation (12) (See Materials &Methods). We obtained an apparent 270 

dissociation constant (Kd) of 112 ± 15 nM indicating that Wnt3 binds strongly with Fzd1 in vivo 271 

(Figure 6D). The measured in vivo Kd for Wnt3-Fzd1 is comparable with the in vitro Kd values 272 

reported for Wnts with Fzd1, which were in the range of 15 – 90 nM (Dijksterhuis et al., 2015). 273 

Interestingly, Wnt3-Fzd1 interactions were only detected in the MHB and the dorsal cerebellum 274 

of the zebrafish brain at 48 hpf. No interactions were detected in the ventral cerebellum or optic 275 

tectum despite detecting Wnt3 and Fzd1 in these regions. Since the expression of the co-receptor 276 

lrp5 corresponds to the specific regions where we detected interactions (Willems et al., 2015), we 277 

hypothesized that Lrp5 is necessary for the in vivo binding of Wnt3 to Fzd1. To test this, we 278 

knocked down the expression of lrp5 using morpholinos (Mo) and checked for Wnt3-Fzd1 inter-279 

actions in the MHB and dorsal cerebellum. We did not detect any cross-correlations after Mo 280 

treatment in these regions, whereas cross-correlations were obtained in the corresponding regions 281 
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Figure 6: Determination of in vivo Wnt3-Fzd1 binding affinity by FCCS. 
Expression of (A) Wnt3EGFP and (B) Fzd1mApple in the double transgenic [Tg(-4.0wnt3:Wnt3EGFP) × Tg
(-4.0wnt3:Fzd1mApple)]. (C) Representative auto- and cross-correlation functions (dots) and fittings (lines) 
of a Wnt3EGFP-Fzd1mApple measurement at the indicated region. The cross-correlation function indicates 
Wnt3 interacts with Fzd1 in vivo. (D) Determination of apparent dissociation constant (Kd) for Wnt3EGFP-Fzd1mApple 
interaction in vivo. Cg, Cr, and Cgr represent the concentration of unbound Wnt3EGFP, unbound Fzd1mApple
 and bound Wnt3-Fzd1 molecules respectively. The estimated apparent Kd [Kd = (Cg * Cr) / Cgr] for Wnt3-Fzd1 
in vivo is 112 ± 15 nM (N=23, R2 = 0.85). (E) Representative auto- and cross-correlation functions (dots) and fittings
 (lines) of a Wnt3EGFP-Fzd1mApple measurement after knocking down of the expression of lrp5. No cross-correlation
 indicates Wnt3-Fzd1 interaction is abolished after knockdown of lrp5. Scale bars 30 µm. 
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for untreated embryos (Figure 6E). When we performed FRAP experiments for the Mo-injected 282 

embryos, we obtained a faster recovery of ~ 2 minutes for Wnt3EGFP in the photobleached regions 283 

with a Deff of 3 ± 0.8 µm2/s (Supplementary Figure 6). These results suggest that the co-receptor 284 

Lrp5 is essential for in vivo interaction of Wnt3 with Fzd1 and that this interaction influences Wnt3 285 

diffusion. 286 

 287 

Discussion 288 

Symmetry breaking and the development of an embryo into an organism requires a finely balanced 289 

but robust position-sensitive control of cell behavior and differentiation. This is achieved by sig-290 

naling molecules that are expressed in well-defined source regions and distribute to target tissues 291 

where they are recognized by their cognate receptors. Wnts are a class of molecules that fulfil this 292 

function and are involved in cell division, cell migration, apoptosis, embryonic axis induction, cell 293 

fate determination, and maintenance of stem cell pluripotency (Clevers & Nusse, 2012; Logan & 294 

Nusse, 2004). Misregulation of this process leads to developmental defects and diseases, including 295 

cancer. In this work, we investigated the in vivo action mechanism of Wnt3, a member of this 296 

family that is involved in the proliferation and differentiation of neural cells, with particular atten-297 

tion to the differentiation of source and target regions, the mode of transport and the recognition 298 

of Wnt3 at the target site.  299 

First, we analyzed the colocalization of Wnt3EGFP and PMTmApple expression in the double 300 

transgenic [Tg(-4.0wnt3:Wnt3EGFP) × Tg(-4.0wnt3:PMTmApple)] to map Wnt3 source and dis-301 

tal target regions at 24 hpf and 48 hpf. We categorized the MHB, midbrain roof plate, floor plate, 302 

epithalamus, and dorsal regions of the cerebellum as the source regions for Wnt3. Interestingly, 303 

earlier studies had documented these regions as the primary signaling centers that control the de-304 

velopment of the central nervous system (CNS). The brain midline, comprising of the roof plate 305 

and floor plate, represent the signaling glia that acts as the source of several secreted signals in-306 

volved in the neuronal specification (Chizhikov et al., 2006; Jessell TM, 2000; Kondrychyn et al., 307 

2013). Chizhikov and Millen provided a comprehensive overview on how the roof plate governs 308 

the specification of the hindbrain, diencephalon, telencephalon and spinal cord by producing BMP 309 

and Wnt proteins (Chizhikov & Millen, 2005). Similarly, the importance of the MHB (also known 310 
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as the isthmic organizer) in the morphogenesis of the zebrafish brain is also well studied (Gibbs et 311 

al., 2017; Raible & Brand, 2004; Wurst & Bally-Cuif, 2001). Our results, at a molecular level, 312 

corroborate these functional studies, which examine the role of these signaling centers in coordi-313 

nating brain development by producing critical signaling molecules.  314 

While whole-mount in situ hybridization (WISH) is useful for visualizing the spatial gene expres-315 

sion patterns on fixed embryos at the level of mRNA, it does not provide information regarding 316 

the distribution of signaling proteins in live samples. Our approach based on the analysis of the 317 

distribution of proteins in vivo enabled us to validate not only the source regions, but also identify 318 

the ventral regions of the cerebellum and optic tectum as the target regions to where Wnt3 is trans-319 

ported. However, the whole list of Wnt3 target sites could be longer. Recently, it was shown that 320 

Wnt5A transported in the cerebrospinal fluid regulates the development of the hindbrain (Kaiser 321 

et al., 2019). Since previously we also detected Wnt3 diffusing in the brain ventricles (Teh et al., 322 

2015), further detailed investigation is required to detect additional less obvious target sites. Nev-323 

ertheless, the characterization of Wnt3 source and target regions of this work clearly indicates the 324 

presence of discrete Wnt3 producing- and receiving-cells in the developing brain of zebrafish em-325 

bryos.     326 

Second, we investigated the transport mechanism of Wnt3 in the zebrafish brain.  The transport 327 

mechanism not only influences signaling and function, but is of particular interest for Wnts as it is 328 

not clear how they can distribute over long distances despite their hydrophobic nature. Using FCS, 329 

we first quantified the in vivo dynamics of Wnt3EGFP along the cell boundaries and in the brain 330 

ventricle. In the brain ventricle we found two different diffusing components of 54.6 ± 11.3 µm2/s 331 

and a slow component with Dslow of 4.8 ± 3.4 µm2/s (Figure 4E). The first component is similar 332 

to secEGFP and is consistent with freely diffusing Wnt3EGFP, or at best Wnt3EGFP in a very 333 

small complex, e.g. with a shuttling protein that hides the hydrophobic Wnt3 moiety and prevents 334 

Wnt3 aggregation. The second component is much slower and hints at Wnt3EGFP associated with 335 

larger protein or lipid complexes and would be consistent with either exosomes or protein transport 336 

complexes. It will be interesting to address the exact nature of the aggregation and/or complexation 337 

state of Wnt3 in future studies. At the cell boundaries, we found two diffusive components for all 338 

Wnt3EGFP measurements, one that is consistent with membrane diffusion (Dslow = 0.6 ± 0.3 339 

µm2/s) and another component (Dfast = 27.6 ± 3.9 µm2/s) too fast to be attributed to diffusion within 340 
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a lipid bilayer and much closer to the diffusion coefficient seen for secEGFP (D = 57.9 ± 14.4 341 

µm2/s). Due to resolution limitations of FCS, we could not unambiguously attribute this compo-342 

nent to secreted Wnt3EGFP, as cytosolic Wnt3EGFP could also contribute to the fast diffusing 343 

component. Since Wnt3 has been shown to interact with HSPG (Fuerer et al., 2010; Kirkpatrick 344 

& Selleck, 2007; Mii et al., 2017), we disrupted HSPG by heparinase injection, which should 345 

influence only extracellular Wnt3 but not a putative cytosolic component. In subsequent measure-346 

ments, Dfast for Wnt3EGFP increased to 43.4 ± 7.6 µm2/s upon heparinase treatment indicating 347 

that Wnt3 spreads by extracellular diffusion.  348 

FRAP experiments conducted at 48 hpf as target region and multiple cell diameters removed from 349 

the source region corroborate these results. Fluorescence recovery took place within 7 minutes 350 

indicating transport over long distances. However, the estimated effective diffusion coefficient of 351 

Wnt3EGFP was only 0.5 ± 0.2 µm2/s, a factor ~50-100 lower than the diffusion coefficient in the 352 

interstitial spaces measured by FCS (27.6 ± 3.9 µm2/s). This is in stark contrast to the secEGFP 353 

global diffusion coefficient which was estimated to be 13 ± 4 µm2/s, and was reduced by only 354 

about a factor 3-5 compared to FCS measurements of the same molecule (57.9 ± 14.4 µm2/s). This 355 

smaller reduction in the global versus the local diffusion coefficient for secEGFP, as measured by 356 

FCS and FRAP respectively, could be an effect of tortuosity (Müller et al., 2013). However, the 357 

much larger reduction of the global diffusion coefficient for Wnt3EGFP calls for a different ex-358 

planation, possibly including transient binding to its receptors and HSPG (Müller et al., 2013). 359 

Subsequent experiments showed that HSPG disruption by heparinase increased Wnt3EGFP diffu-360 

sion by a factor ~2 (FCS), and lrp5 knockdown increased the Wnt3EGFP global diffusion coeffi-361 

cient by a factor ~5-6. Overall this accounts for a reduction of global Wnt3EGFP diffusion by at 362 

least a factor 30-60, consistent with the 50-100 fold reduction seen by the comparison of short-363 

range (FCS) and long-range (FRAP) diffusion of Wnt3 in native conditions. Hence, our FCS and 364 

FRAP results collectively implicate the extracellular diffusion of Wnt3 mediated by HSPG and 365 

receptor binding to accomplish long-range dispersal in the developing zebrafish brain.  366 

However, it must be noted that Wnt3 might additionally assume other modes of spreading. It is 367 

possible that carrier proteins or exosomes also shuttle Wnt3 in the zebrafish brain as would be 368 

consistent with the second slow component of Wnt3EGFP diffusion found in the brain ventricle. 369 

Moreover, HSPG may also assist in the transfer of Wnt bearing exosomes or lipoproteins by acting 370 
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as their binding sites. A study demonstrated how HSPG guides the clearance of very low-density 371 

lipoprotein (VLDL) by forming a complex with Lrp (Wilsie & Orlando, 2003). Correspondingly, 372 

Eugster et al., explained how the interaction of the Drosophila lipoprotein with HSPG might in-373 

fluence the long-range signaling of Hedgehog in Drosophila (Eugster et al., 2007). On the same 374 

note, it was also determined how the functional activity of exosomes and vesicles is dependent on 375 

HSPG (Christianson & Belting, 2014). Thus, a detailed investigation is required to confirm if 376 

HSPG aids the transport of Wnt3 packaged in exosomes or lipoproteins in the zebrafish brain. 377 

Nevertheless, our findings illustrate how HSPG moderates the long-range extracellular spreading, 378 

and by extension the function, of Wnt3 in the zebrafish brain.  379 

Once Wnt ligands reach the target cells, the next question is how they interact with their target 380 

receptors. As we had established that it is highly unlikely for Wnts to diffuse in the interstitial 381 

spaces freely, they must be released from their chaperones or HSPG in order to interact with their 382 

receptors. One possible hand-off mechanism is the competitive binding of Wnts to their target 383 

receptors with a higher binding affinity (Naschberger et al., 2017; Wilson, 2017). Furthermore, the 384 

binding affinity of the Wnt-receptor complex also modulates their range and magnitude in vivo. 385 

Hence, we measured the in vivo binding affinity for Wnt3 with a potential target receptor, Fzd1 386 

using quasi-PIE FCCS. We obtained an apparent Kd of 112 ± 15 nM in vivo, implying a strong 387 

interaction. However, the actual Kd might be even lower as the concentration of the endogenous 388 

proteins, and the photophysics of the fluorophore affects the estimated Kd (Foo et al., 2012). None-389 

theless, it is an estimate of the native in vivo Wnt3-Fzd1 binding in their physiological condition, 390 

which is consistent with results of in vitro experiments (Dijksterhuis et al., 2015). Interestingly, 391 

we also noticed that the interaction of Wnt3 with Fzd1 was dependent on the expression of the co-392 

receptor Lrp5. We did not detect any cross-correlations when the expression of lrp5 was knocked 393 

down and the Deff for Wnt3EGFP increased by a factor ~ 3-5. From this result, it appears that LRP5 394 

is an essential component in facilitating the interaction of Wnt3 with Fzd1 with a significant influ-395 

ence on the diffusion coefficient and the long-range spreading of Wnt3. Hence, it is of interest to 396 

measure the Kd for Wnt3-LRP5 in the future and verify if the co-receptor is involved in the hand-397 

off of Wnt from the carrier proteins and HSPG to its receptor. Note that Fzd1mApple expression 398 

in our transgenic line was driven by a 4 kb Wnt3 promoter that mimicked the regular expression 399 

of Wnt3. While useful methodologically to measure auto- and juxtacrine interactions of Wnt3-400 
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Fzd1, additional work is needed in measuring the in vivo binding affinities for Wnt3 with Fzd 401 

receptors expressed under the control of their native promoters. 402 

In conclusion, our results show the presence of distinct Wnt3 source and target regions in the 403 

developing zebrafish brain, and that Wnt3 is distributed from its source to target by extracellular 404 

diffusion. We observed that the diffusion of Wnt3 is retarded by a factor 3-5 due to tortuosity, a 405 

factor 5-6 due to receptor binding and a factor ~2 due to HSPG, thus leading to a total reduction 406 

of a factor 30-60 when comparing Wnt3EGFP short-range (~ 28 µm2/s as measured by FCS) to 407 

long-range diffusion (~ 0.5 µm2/s. as measured by FRAP). This indicates that the major part if not 408 

all the reduction seen for long-range compared to short-range diffusion of Wnt3 is explainable by 409 

tortuosity, receptor binding and interactions with HSPG present in the interstitial spaces.  410 

Finally, we demonstrated that the co-receptor Lrp5 drives the in vivo interaction of Wnt3 with 411 

Fzd1, and quantitatively determined their affinity. This demonstrates that the presence of proteins 412 

alone, be it signaling molecules or receptors, as determined by fluorescence microscopy does not 413 

report on the actual signaling but it is necessary to measure interactions or downstream signaling 414 

to differentiate the concentration from the functional distribution of signaling molecules. Overall, 415 

our findings provide a general outline of Wnt3 signaling in the zebrafish brain from expression 416 

and transport to target binding, which set a starting point for the quantitative investigation of the 417 

Wnt3 interaction network during zebrafish brain development. 418 

 419 
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 434 

Materials and Methods 435 

Fluorescence correlation spectroscopy  436 

The molecular movement of fluorescently labeled molecules will cause fluorescence fluctuations 437 

during their entry and exit in a small open observation volume.  These fluctuations contain the 438 

information about the dynamics of these molecules. In confocal FCS the confocal volume of the 439 

microscope setup defines the observation volume. The measured intensity trace is autocorrelated 440 

to extract the average concentrations and diffusion coefficients of the molecule in the sample. The 441 

autocorrelation function (ACF), G (τ), is given by 442 

𝐺𝐺(𝜏𝜏) =
〈𝐹𝐹(𝑡𝑡) ∙ 𝐹𝐹(𝑡𝑡 + 𝜏𝜏)〉
〈𝐹𝐹(𝑡𝑡)〉 ∙ 〈𝐹𝐹(𝑡𝑡 + 𝜏𝜏)〉

(1) 443 

Where F(t) is the fluorescence intensity at time t, τ is the lag time and 〈…〉 represents time average. 444 

For a Gaussian illumination profile, G(τ) for a three dimensional free diffusion process with a 445 

single component and triplet state can be written as 446 

𝐺𝐺(𝜏𝜏)3𝐷𝐷,1𝑝𝑝,1𝑡𝑡 =
1
𝑁𝑁 ∙ �1 +

𝜏𝜏
𝜏𝜏𝑑𝑑
�
−1
∙ �1 +

1
𝐾𝐾2 �

𝜏𝜏
𝜏𝜏𝑑𝑑
��
−1

2
∙ 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝(𝜏𝜏) + 𝐺𝐺∞(2) 447 

Here, N is the mean number of molecules in the observation volume and is inversely proportional 448 

to the amplitude of the ACF G(0) ; τd is the diffusion time of the molecule; G∞ is the convergence 449 

at long lag times; K is the structure factor which denotes the shape of the confocal volume  450 

𝐾𝐾 =
𝜔𝜔𝑧𝑧
𝜔𝜔𝑥𝑥𝑥𝑥

𝑎𝑎𝑎𝑎𝑑𝑑𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜋𝜋3 2⁄ 𝜔𝜔𝑥𝑥𝑥𝑥2𝜔𝜔𝑧𝑧(3) 451 
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where ωz and ωxy are the 1/e2 radii of the PSF in the axial and radial direction; and ftrip (τ) is the 452 

triplet function which accounts for the fraction of particles in the triplet state (Ftrip) with a triplet 453 

relaxation time of τtrip, and it is represented as  454 

𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝(𝜏𝜏) = 1 +
𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝

1−𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝
𝑒𝑒
− 𝜏𝜏
𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝(4) 455 

If two diffusing components are present, then the correlation function for two component 3D dif-456 

fusion process G (τ)3D,2p,1t is 457 

𝐺𝐺(𝜏𝜏)3𝐷𝐷,2𝑝𝑝,1𝑡𝑡 =
1

𝑁𝑁
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1
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𝜏𝜏

𝜏𝜏𝑑𝑑1
��

−
1
2

+ 𝐹𝐹2 �1 +
𝜏𝜏

𝜏𝜏𝑑𝑑2
�
−1

�1 +
1

𝐾𝐾2 �
𝜏𝜏

𝜏𝜏𝑑𝑑2
��

−
1
2
� 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝(𝜏𝜏) + 𝐺𝐺∞(5) 458 

Where F2 is the fraction of the second component. For a 2D diffusion process such as on a mem-459 

brane, the fitting equations (2) and (5) become 460 

𝐺𝐺(𝜏𝜏)2𝐷𝐷,1𝑝𝑝,1𝑡𝑡 =
1
𝑁𝑁 ∙ �1 +

𝜏𝜏
𝜏𝜏𝑑𝑑
�
−1
∙ 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝(𝜏𝜏) + 𝐺𝐺∞(6) 461 

𝐺𝐺(𝜏𝜏)2𝐷𝐷,2𝑝𝑝,1𝑡𝑡 =
1
𝑁𝑁�(1− 𝐹𝐹2) �1 +

𝜏𝜏
𝜏𝜏𝑑𝑑1

�
−1

+ 𝐹𝐹2 �1 +
𝜏𝜏
𝜏𝜏𝑑𝑑2

�
−1
�𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝(𝜏𝜏) + 𝐺𝐺∞(7) 462 

For FCS measurements, the system was first calibrated with Atto 488 dye for 488 nm and 485 nm 463 

laser lines and Atto 565 for 543 nm laser line. The known diffusion coefficient for the dye was 464 

400 µm2/s at room temperature. The obtained correlation function was fit using equation (2) and 465 

the free fit parameters were N, τ, τtrip, Ftrip and G∞. The K value and Veff were calculated using 466 

equation (3). The samples were dechorionated, anesthetized by Tricaine and mounted in 1% low 467 

melt agarose in a No. 1.5 glass bottom MatTek petri dishes. The acquisition time for the measure-468 

ments was 60 s and all measurements were performed at room temperature. For FCS measurements 469 

along the cell borders in Wnt3EGFP, LynEGFP, PMTmApple and Fzd1mApple expressing em-470 

bryos, we used 2D-2particle-1triplet model (equation 7), and 2D-1particle-1triplet model (equation 471 

2) in secEGFP expressing embryos. The measurements for Wnt3EGFP in the brain ventricle were 472 

fit using 3D-2particle-1triplet model (equation 5) and for secEGFP using 3D-1particle-triplet 473 

model (equation 2). The fit models were determined the Bayes inference-based model selection 474 

(Sun et al., 2015). 475 

 476 
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Quasi PIE Fluorescence cross-correlation spectroscopy  477 

FCCS is a valuable tool to study biomolecular interactions in live samples. When two interacting 478 

molecules tagged with spectrally different fluorophores transit through the observation volume, 479 

the intensity fluctuations from the two channels can be cross-correlated to obtain the cross-corre-480 

lation function Gx (τ) given by: 481 

𝐺𝐺𝑥𝑥(𝜏𝜏) =
〈𝐹𝐹𝑔𝑔(𝑡𝑡) ∙ 𝐹𝐹𝑡𝑡(𝑡𝑡+ 𝜏𝜏)〉
〈𝐹𝐹𝑔𝑔(𝑡𝑡)〉 ∙ 〈𝐹𝐹𝑡𝑡(𝑡𝑡)〉

(8) 482 

Where Fg and Fr are the fluorescence intensity in the green and red channel respectively.  483 

For our FCCS measurements to detect Wnt3-Fzd1 interactions, we used an interleaved pulsed 485 484 

nm laser line and a continuous wave 543 nm laser line to obtain the auto- and cross-correlation 485 

functions. This allowed us to apply statistical filtering (Kapusta et al., 2012) which helped in elim-486 

inating spectral cross-talk, background signal and detector after-pulsing based on fluorescence 487 

lifetime correlation spectroscopy (FLCS) as detailed in Parra et al., 2011 (Padilla-Parra et al., 488 

2011). This is called quasi-PIE FCCS (Yavas et al., 2016).  489 

Taking into account the background and spectral cross-talk, the amplitude of the ACF in the green 490 

channel GG(0), red channel GR(0), and the amplitude of the CCF Gx(0) can be written as: 491 

𝐺𝐺𝐺𝐺(0) =
�𝜂𝜂𝑔𝑔,𝐺𝐺�

2
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2
𝐶𝐶𝑡𝑡 + �𝑞𝑞𝑔𝑔𝜂𝜂𝑔𝑔,𝐺𝐺 + 𝑞𝑞𝑡𝑡𝜂𝜂𝑡𝑡,𝐺𝐺�

2
𝐶𝐶𝑔𝑔𝑡𝑡

𝑁𝑁𝐴𝐴𝑉𝑉𝑒𝑒𝑓𝑓𝑓𝑓 �𝜂𝜂𝑔𝑔,𝐺𝐺𝐶𝐶𝑔𝑔 + 𝜂𝜂𝑡𝑡,𝐺𝐺𝐶𝐶𝑡𝑡 + �𝑞𝑞𝑔𝑔𝜂𝜂𝑔𝑔,𝐺𝐺 + 𝑞𝑞𝑡𝑡𝜂𝜂𝑡𝑡,𝐺𝐺�𝐶𝐶𝑔𝑔𝑡𝑡 +
𝛽𝛽𝐺𝐺

𝑁𝑁𝐴𝐴𝑉𝑉𝑒𝑒𝑓𝑓𝑓𝑓
�

2 (9) 493 
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𝐺𝐺𝑅𝑅(0) =
(𝜂𝜂𝑔𝑔,𝑅𝑅)2𝐶𝐶𝑔𝑔 + (𝜂𝜂𝑡𝑡,𝑅𝑅)2𝐶𝐶𝑡𝑡 + (𝑞𝑞𝑔𝑔𝜂𝜂𝑔𝑔,𝑅𝑅 + 𝑞𝑞𝑡𝑡𝜂𝜂𝑡𝑡,𝑅𝑅)2𝐶𝐶𝑔𝑔𝑡𝑡

𝑁𝑁𝐴𝐴𝑉𝑉𝑒𝑒𝑓𝑓𝑓𝑓 �𝜂𝜂𝑔𝑔,𝑅𝑅𝐶𝐶𝑔𝑔 + 𝜂𝜂𝑡𝑡,𝑅𝑅𝐶𝐶𝑡𝑡 + �𝑞𝑞𝑔𝑔𝜂𝜂𝑔𝑔,𝐺𝐺 + 𝑞𝑞𝑡𝑡𝜂𝜂𝑡𝑡,𝐺𝐺�𝐶𝐶𝑔𝑔𝑡𝑡 +
𝛽𝛽𝑅𝑅

𝑁𝑁𝐴𝐴𝑉𝑉𝑒𝑒𝑓𝑓𝑓𝑓
�

2 (10) 494 

𝐺𝐺𝑥𝑥(0) =
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 496 

Here 𝜂𝜂𝑔𝑔,𝐺𝐺 and 𝜂𝜂𝑡𝑡,𝑅𝑅 represent the mean counts per particle per second (cps) for EGFP in the green 497 

and mApple in the red channel respectively. For our samples we obtained a 𝜂𝜂𝑔𝑔,𝐺𝐺 of ~ 1900 Hz and 498 

𝜂𝜂𝑡𝑡,𝑅𝑅 of ~ 1400 Hz. 𝛽𝛽𝐺𝐺 and 𝛽𝛽𝑅𝑅represent the count rates of background collected in the green and 499 

red channel respectively. 𝛽𝛽𝑅𝑅measured from blank WT embryo was ~ 400 Hz while FLCS correc-500 

tion eliminated the background in the green channel (𝛽𝛽𝐺𝐺 = 0). NA is the Avogadro’s number and 501 

Veff represents the effective confocal volume from calibration.𝜂𝜂𝑡𝑡,𝐺𝐺 and 𝜂𝜂𝑔𝑔,𝑅𝑅denotes the cross-talk 502 

in the green and red channel respectively, which was efficiently eliminated by quasi PIE FCCS 503 

(𝜂𝜂𝑡𝑡,𝐺𝐺 and 𝜂𝜂𝑔𝑔,𝑅𝑅 = 0). 𝑞𝑞𝑔𝑔 and 𝑞𝑞𝑡𝑡 are the correction factors due to FRET and quenching. Since the 504 

cps for Wnt3EFP and Fzd1mApple in their respective transgenics were same as that in double 505 

transgenic line, 𝑞𝑞𝑔𝑔 and 𝑞𝑞𝑡𝑡were set to 1. Equations 9, 10 and 11 were solved for Cg, Cr and Cgr, which 506 

denote the concentration of the free green, free red and bound molecules in the observation volume 507 

respectively. Using Cg, Cr and Cgr the dissociation constant (Kd) for the interaction which  can be 508 

determined using equation 12: 509 

𝐾𝐾𝑑𝑑 =
𝐶𝐶𝑔𝑔 ∙ 𝐶𝐶𝑡𝑡
𝐶𝐶𝑔𝑔𝑡𝑡

(12) 510 

 511 

Confocal microscope setup 512 

An Olympus FV 1200 laser scanning confocal microscope (IX83; Olympus, Japan) integrated with 513 

a PicoQuant time resolved LSM upgrade kit (Microtime 200; GmbH, Germany) was used in this 514 

work.  The sample was illuminated using a 488 nm laser beam (for EGFP) and 543 nm laser beam 515 

(for mApple) which was reflected to the back focal plane of an Olympus UPLSAPO 60X/1.2 NA 516 

water immersion objective. For all the experiments, the intensity of the laser before the objective 517 

was 20 µW. The emitted signal passes through a 120 µm pinhole before being filtered by an Olym-518 

pus 510/23 emission filter (for EGFP) and Olympus 605/55 emission filter (for mApple) and even-519 

tually directed to a PMT detector for imaging. For FCS measurements, 510/23 emission filter 520 

(Semrock, USA) and 615DF45 filter (Semrock, USA) were used, and the filtered emissions were 521 
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recorded using a single photon sensitive avalanche photodiodes (SAPD) (SPCM-AQR- 14; Perki-522 

nElmer). The recorded signal then processed using SymPhoTime 64 (PicoQuant, Germany) to 523 

compute the autocorrelation function. For FCCS measurements, the sample was simultaneously 524 

illuminated with a pulsed 485 nm laser (LDH-D-C-488; PicoQuant) operated at 20 MHz repetition 525 

rate and a continuous 543 nm laser. The emission was separated using 560 DCLP dichroic mirror 526 

and directed to the 510/23 emission filter (Semrock, USA) and the 615DF45 filter (Semrock, 527 

USA). The signal recorded by SAPD was then analyzed by Synphotime to generate the auto- and 528 

cross-correlations. 529 

 530 

Colocalization analysis 531 

For the colocalization analysis of Wnt3EGFP and PMTmApple, confocal z-stacks of step size 0.5 532 

µm were obtained with identical acquisition settings. An automatic threshold algorithm detailed 533 

in Zhu et al., 2016 (Zhu et al., 2016)was implemented to segment the data. The algorithm uses the 534 

correlation quotient to select an optimal threshold for segmentation as described in (Li et al., 2004). 535 

Following the segmentation, the colocalization for each pixel was calculated based on intensity 536 

correlation analysis (ICA), the distance weight and intensity weight (Li et al., 2004; Zhu et al., 537 

2016). Finally, a pair of masks for the colocalized and non-colocalized pixels were generated. The 538 

colocalized pixels and non-colocalized pixels were used to construct 3D images of the source and 539 

target regions respectively. The 3D images were built using ‘3D View’ module Imaris 9.5.0. The 540 

display setting was set to white background color and the 3D reconstructed images were repre-541 

sented in ‘Normal Shading’ mode for improving contrast in Figures 2, 3 and Videos 2, 3.  542 

 543 

Fluorescence recovery after photo bleaching (FRAP) 544 

FRAP measurements were performed on an Olympus FV3000 laser scanning microscope. The 545 

mounted samples were imaged with a UPLSAPO 60X/1.2 NA water immersion objective using a 546 

488 nm diode laser (for Wnt3EGFP and secEGFP) or a 561 nm diode laser (for PMTmApple). A 547 

DM 405/488/561/640 dichroic mirror separated the excitation and emission beams. The signal 548 

from the sample, after passing through the dichroic mirror was filtered by a BP 510-550 emission 549 

band pass filter for the 488 nm laser beam, and by a BP 575-625 emission band pass filter for the 550 
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561 nm laser beam. The pinhole size was adjusted to 1 AU. For FRAP, 5 pre-bleach frames were 551 

obtained before irreversibly photo bleaching a circular region of interest (ROI) for 30 seconds. The 552 

fluorescence intensity recovery in the photobleached region was recorded for 30 minutes. The 553 

images were then analyzed using the FRAP module in the Olympus CellSens software. A reference 554 

region on the sample but outside the ROI was selected to correct for photo bleaching, and another 555 

reference region outside the sample was selected for background correction. The software then 556 

plotted a FRAP recovery curve for the ROI, fitted the FRAP curve with a double exponential fit 557 

to obtain the recovery time for the fast (τfast) and the slow (τslow) component. The diffusion coeffi-558 

cient (Deff) was calculated using the Soumpasis equation (eq 13) for 2D circular bleaching of radius 559 

r (Kang et al., 2015; Koppel et al., 1976). However, it must be noted that this is an apparent esti-560 

mate of Deff as the distribution of fluorophores is not homogeneous, and we assume there is no 561 

diffusion during photo bleaching process.  562 

                                                                       𝐷𝐷𝑒𝑒𝑓𝑓𝑓𝑓 = 𝑡𝑡2

4𝜏𝜏𝑓𝑓𝑎𝑎𝑓𝑓𝑡𝑡
(13)  563 

 564 

Generation of transgenic lines and zebrafish maintenance 565 

To generate Tg(-4.0wnt3:PMTmApple) transgenic zebrafish, the 45 bp plasma membrane target-566 

ing-sequence (PMT) (ATGGGCTGCTTCTTCAGCAAGCGGCGGAAGGCCGACAAGGA-567 

GAGC) was cloned upstream and in-frame with mApple to generate PMTmApple open reading 568 

frame (ORF). The DNA fragment was subcloned into the 4-kbWnt3EGFP-miniTol2 recombinant 569 

plasmid (Teh et al., 2015) using Gibson assembly by replacing the Wnt3EGFP ORF with 570 

PMTmApple to give 4-kbPMT-mApple-miniTol2 recombinant plasmid. 571 

To generate Tg(-4.0wnt3:Fzd1mApple), zebrafish fzd1 ORF (1617 bp ; ENSDARG00000106062) 572 

was amplified by RT-PCR and subcloned into pGemTeasy. The Fzd1mApple DNA fragment was 573 

constructed by removing the Fzd1 stop codon and inserting in-frame (GGGS)2 linker sequence 574 

(GGAGGAGGATCAGGAGGAGGATCA) tagged with mApple to Fzd1 C terminal by Gibson 575 

assembly. This DNA fragment was then subcloned into the 4-kbWnt3EGFP-miniTol2 recombi-576 

nant plasmid using Gibson assembly by replacing the Wnt3EGFP ORF with Fzd1mApple to give 577 

4-kbFzd1mApple-miniTol2 recombinant plasmid. 578 
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Stable wnt3 promoter-driven transgenic lines were generated as stated (Balciunas et al., 2006) by 579 

co-injection of transposase mRNA and 4-kbPMT-mApple-miniTol2 recombinant plasmid; co-in-580 

jection of transposase mRNA and 4-kbFzd1mApple-miniTol2 recombinant plasmid, to generate 581 

Tg(-4.0wnt3:PMTmApple) and Tg(-4.0wnt3:Fzd1mApple) transgenic lines respectively. 582 

Additional transgenic lines used are Tg(-8.0cldnB:lynEGFP) for in vivo imaging of membrane-583 

tethered EGFP expression in the cerebellum (Haas & Gilmour, 2006). Wnt3EGFP expression in 584 

the brain was imaged using Tg(-4.0wnt3:Wnt3EGFP)F2 (Teh et al., 2015). 585 

Transgenic adult zebrafish and embryos were obtained from zebrafish facilities in the Institute of 586 

Molecular and Cell Biology (Singapore) and National University of Singapore. The Institutional 587 

Animal Care and Use Committee (IACUC) in Biological Resource Center (BRC), A*STAR, Sin-588 

gapore (IACUC #161105) and the National University of Singapore (IACUC# BR18-1023) have 589 

approved the entire study. Spawned transgenic embryos were staged as described (Kimmel et al., 590 

1995). Embryos older than 30 hpf were treated with 1-phenyl-2-thiourea at 18 hpf to prevent for-591 

mation of melanin. 592 

 593 

Morpholino injection  594 

The injected dose of lrp5 splice-blocking Morpholinos (MOs; Gene Tools, Corvalis, USA) 595 

lrp5MoUp (AGCTGCTCTTACAGTTTGTAGAGAG) targeting the Exon2-Intron2 splice junc-596 

tion and lrp5MoDown (CCTCCTTCATAGCTGCAAAAACAAG) targeting the Intron2-Exon3 597 

splice junction were conducted in accordance to published research (Willems et al., 2015).  598 

 599 

Heparinase injection into the zebrafish brain ventricle 600 

Heparinase I from Flavobacterium heparinum (Merck) was dissolved in PBS to 1U/μl and stored 601 

as frozen aliquots. For microinjection into the brain ventricle, MS-222 (Merck) anesthetized 48hpf 602 

zebrafish embryos were laterally mounted in 1% low gelling agarose (Merck). Reaction mix con-603 

taining 0.1U/μL heparinase I and 70,000 MW Dextran-Tetramethylrhodamine (ThermoFisher Sci-604 

entific) was injected into the 4th ventricle of immobilized embryo. Injected embryos were freed 605 

from agarose and allowed to recover in glass bottomed dishes prior to imaging. 606 
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