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ABSTRACT 38 

 39 

Fragile X Syndrome (FXS) is the leading known monogenic form of autism and the most 40 

common form of inherited intellectual disability. FXS results from silencing the FMR1 gene 41 

during embryonic development, leading to loss of Fragile X Mental Retardation Protein (FMRP), 42 

an RNA-binding protein that regulates mRNA transport, stability, and translation. FXS is 43 

commonly thought of as a disease of synaptic dysfunction, however, FMRP expression is lost 44 

early in embryonic development, well before most synaptogenesis occurs. Recent studies 45 

suggest that loss of FMRP results in aberrant neurogenesis, but neurogenic defects have been 46 

variable. We investigated whether FMRP affects neurogenesis in Xenopus laevis tadpoles 47 

which express a homolog of FMR1. We used in vivo time-lapse imaging of neural progenitor 48 

cells and their neuronal progeny to evaluate the effect of acute loss or over-expression of FMRP 49 

on neurogenesis in the developing optic tectum. We complimented the time-lapse studies with 50 

SYTOX labeling to quantify apoptosis and CldU labeling to measure cell proliferation. Animals 51 

with increased or decreased levels of FMRP have significantly decreased neuronal proliferation 52 

and survival. They also have increased neuronal differentiation, but deficient dendritic arbor 53 

elaboration. The presence and severity of these defects was highly sensitive to FMRP levels. 54 

These data demonstrate that FMRP plays an important role in neurogenesis and suggest that 55 

endogenous FMRP levels are carefully regulated. These studies show promise in using 56 

Xenopus as an experimental system to study fundamental deficits in brain development with 57 

loss of FMRP and give new insight into the pathophysiology of FXS. 58 

  59 
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SIGNIFICANCE STATEMENT 60 

 61 

Fragile X Syndrome (FXS) is commonly thought to arise from dysfunction of the synapse, the 62 

site of communication between neurons. However, loss of the protein which results in FXS 63 

occurs early in embryonic development, while synapses are formed relatively late. This 64 

suggests that deficits may occur earlier in neuronal development. We show that changes in 65 

FMRP expression in the brains of intact Xenopus laevis tadpoles have profound effects on 66 

neurogenesis, the generation of neurons. Therefore, neuronal function in FXS may be affected 67 

by events that have gone awry during embryonic development. These studies show promise in 68 

using Xenopus as a model of FXS and give new insight into the pathophysiology of FXS. 69 

 70 

INTRODUCTION 71 

 72 

The developmental neurological disease, Fragile X Syndrome (FXS), is the most common form 73 

of inherited intellectual disability and the leading monogenic cause of autism (Bhakar et al., 74 

2012; Santoro et al., 2012; Wijetunge et al., 2013). FXS is typically caused by expansion of a 75 

trinucleotide (CGG) repeat in the 5’ untranslated region of the Fragile X Mental Retardation 1 76 

(FMR1) gene (Fu et al., 1991; Verkerk et al., 1991). The full mutation contains CGG repeats in 77 

excess of 200 leading to hypermethylation and transcriptional silencing of FMR1, preventing 78 

expression of Fragile X Mental Retardation Protein (FMRP) (Oberle et al., 1991; Verheij et al., 79 

1993). FMRP is an RNA-binding protein that interacts with messenger RNAs (mRNAs) and 80 

regulates mRNA transport, stability, and translation (Santoro et al., 2012). FMRP inhibits protein 81 

synthesis downstream of group 1 metabotropic glutamate receptor (mGluR) activation (Waung 82 

and Huber, 2009). Unchecked protein synthesis at the synapse is thought to play an important 83 

role in the disease mechanism. The morphological hallmark of the FXS brain is the prevalence 84 
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of immature dendritic spines, the predominant site of excitatory synapse formation (Irwin et al., 85 

2000; He and Portera-Cailliau, 2013). Together, these findings have led to the theory that 86 

synaptic dysfunction is largely responsible for the clinical phenotypes of FXS (Zoghbi and Bear, 87 

2012). 88 

 89 

FMR1 and FMRP are ubiquitously expressed in the developing central nervous system (CNS) of 90 

many animals, including humans. Expression begins during early embryogenesis and continues 91 

into adulthood. FMR1 and FMRP are expressed within proliferating cells in the embryonic brain 92 

and later expression is more restricted to neurons (Abitbol et al., 1993; Devys et al., 1993; Hinds 93 

et al., 1993; Castren et al., 2005; Pacey and Doering, 2007; Saffary and Xie, 2011). The 94 

expression of FMRP in proliferating cells suggests that loss of FMRP in FXS may affect 95 

neurogenesis, which includes cell proliferation, survival, migration, and differentiation of 96 

neurons. Brain development requires strict spatial and temporal regulation of these processes, 97 

so errors in the regulation of neurogenesis are expected to have profound effects on brain 98 

development and function. Recent studies in rodents, Drosophila, and stem cell preparations 99 

support a role for FMRP in neurogenesis (Li and Zhao, 2014), but the specific effects of FMRP 100 

knockdown have varied with model system and developmental stage.  101 

 102 

FMR1 is highly conserved between fruit flies, fish, frogs, rodents, and humans (Verkerk et al., 103 

1991; Ashley et al., 1993; Wan et al., 2000; Lim et al., 2005; van 't Padje et al., 2005), 104 

suggesting that FMRP may play similar roles in brain development and circuit function in diverse 105 

experimental systems. Indeed, many studies have demonstrated that the basic cellular 106 

processes underlying deficits in neural function in FXS are highly conserved from fruit flies to 107 

humans (Bolduc et al., 2008; Doll and Broadie, 2014). Xenopus laevis provides several 108 

advantages for studying vertebrate brain development. Notably, tadpoles’ external development 109 
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facilitates observation of neurogenesis in early developmental stages, in contrast to mammalian 110 

species in which comparable stages of development occur in utero. Additionally, Xenopus 111 

tadpoles are transparent which allows direct visualization of the developing brain. The tadpole 112 

visual system has been extensively studied to elucidate mechanisms underlying neurogenesis 113 

and circuit development (Sin et al., 2002; Ruthazer et al., 2006; Manitt et al., 2009; Sharma and 114 

Cline, 2010; Bestman et al., 2012; Ghiretti et al., 2014). Fmr1 mRNA is expressed throughout 115 

development of Xenopus laevis embryos and tadpoles and increases in expression with brain 116 

development (Lim et al., 2005; Gessert et al., 2010), suggesting that FMRP may play a role in 117 

aspects of visual system development including neurogenesis and neuronal maturation. 118 

 119 

Here we investigate the role of FMRP in neural progenitor cell (NPC) proliferation, survival, and 120 

differentiation in the optic tectum of intact Xenopus laevis tadpoles. We use translation-blocking 121 

antisense morpholino oligonucleotides to decrease FMRP expression and electroporation of an 122 

FMRP expression construct to rescue or over-express FMRP in stage 46-47 tadpoles. We 123 

observe neurogenesis over time by collecting in vivo time-lapse confocal and 2-photon images 124 

of GFP-expressing NPCs and their neuronal progeny. This highly sensitive time-lapse approach 125 

reveals the cumulative effects of cell proliferation and survival over the course of several days. 126 

We find that NPC proliferation, survival, differentiation, and neuronal dendritic arbor 127 

development are regulated by FMRP and are highly sensitive to the level of FMRP expression.  128 

 129 

MATERIALS AND METHODS 130 

 131 

Animals 132 

 133 
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Albino Xenopus laevis tadpoles of either sex were obtained by in-house breeding or purchased 134 

from Xenopus Express (Brooksville, FL). Tadpoles were reared in 0.1X Steinberg’s solution in a 135 

12 hr light/12 hr dark cycle at 22-23°C and used for experiments beginning at stage 46 136 

(Nieuwkoop and Faber, 1956). During time-lapse imaging experiments, animals were housed 137 

individually in the wells of a 6-well tissue culture plate containing 0.1X Steinberg’s. Animals 138 

were anesthetized in 0.02% MS222 prior to electroporation and imaging. All animal procedures 139 

were performed in accordance with the Author University animal care committee’s regulations. 140 

 141 

Plasmids and Morpholinos 142 

 143 

A Xenopus laevis homolog of FMR1, fmr1a, was knocked down using a 3’ lissamine-tagged 144 

translation-blocking antisense morpholino oligonucleotide (GeneTools) with the sequence 5’-145 

AGCTCCTCCATGTTGCGTCCGCACA-3’ (start codon underlined), referred to as fmr1a MO. 146 

Control lissamine-tagged oligonucleotides had the sequences 5’-147 

TAACTCGCATCGTAGATTGACTAAA-3’ or 5’-CCTCTTACCTCAGTTACAATTTATA-3’, referred 148 

to as CMO. Morpholinos were dissolved in water. 149 

 150 

To visualize neural progenitors and their progeny, we used a Sox2-driven expression construct 151 

to express fluorescent proteins and proteins of interest. This construct contains the Sox2 and 152 

Oct3/4-binding domain of the FGF minipromoter (Sox2bd) and requires the binding of 153 

endogenous Sox2 to drive expression. This restricts expression to neural progenitor cells and 154 

their neuronal progeny which retain the expressed protein but do not have any new protein 155 

expression from the plasmid. Expression was amplified using the gal4/UAS system. Using this 156 

construct we expressed eGFP alone (Sox2bd::gal4-UAS::eGFP, referred to as Sox2bd::eGFP) 157 

or with Xenopus fmr1b (Open Biosystems, Clone ID# 4755584). In order to assay the 158 
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effectiveness of the fmr1a MO (Fig. 2) we generated a chimeric reporter construct in which 14 159 

nucleotides from the 5’ UTR of fmr1a (5’-TGTGCGGACGCAAC-3’) were added upstream of the 160 

fmr1b sequence to render it sensitive to knockdown by fmr1a MO. In addition, we added an 161 

eGFP to the 3’ end of fmr1b separated by a t2A sequence producing two discrete proteins from 162 

a single transcript (Sox2bd::gal4-UAS::fmr1-t2A-eGFP, referred to as fmr1-t2A-eGFP). For 163 

rescue experiments, we made silent mutations in the morpholino-binding region of fmr1-t2A-164 

eGFP making it MO insensitive (TGTGCGGACGCAACATGGAGGAGCT to 165 

TGTGtGGcCGgAAtATGGAaGAGCT) generating the construct Sox2bd::gal4-UAS::fmr1-t2A-166 

eGFP, referred to as fmr1-t2A-eGFP. This construct was also used for over-expression 167 

experiments. In some experiments, we used plasmids with UAS-driven turbo RFP tagged with a 168 

nuclear localization sequence (UAS::tRFPnls) or UAS-driven eGFP (UAS::eGFP). Plasmids and 169 

morpholinos were injected into the brain ventricle, then platinum electrodes were placed on 170 

each side of the midbrain and voltage pulses were applied across the midbrain to electroporate 171 

optic tectal cells in stage 46 tadpoles. 172 

 173 

FMRP Western Blot and Immunohistochemistry 174 

 175 

For western blots of endogenous FMRP, stage 47-48 tadpole midbrains and adult rat brain were 176 

dissected and homogenized in RIPA buffer or 0.2% SDS in PBS and boiled for 5-10 minutes 177 

before brief sonication. Small aliquots were taken to measure protein concentration using the 178 

BCA Protein Assay Kit (Thermo Scientific, 23227). Then, 1X sample buffer was added to the 179 

remaining sample and boiled for 10-15 min. 15ug of each lysate was separated on an SDS-180 

polyacrylamide gel and proteins were transferred to a nitrocellulose membrane. The membrane 181 

was incubated in 1:500 mouse anti-FMRP (Millipore, MAB2160) or 1:500 rabbit anti-FMRP 182 

(AbCam, ab69815) primary antibody overnight at 4°C, followed by goat anti-mouse or goat anti-183 
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rabbit HRP-conjugated secondary (BioRad) at room temperature. For quantification of FMRP 184 

over-expression, optic tecta of stage 46 tadpoles were electroporated with 1ug/ul Sox2bd::eGFP 185 

or 1ug/ul fmr1-t2A-eGFP (HIGH FMRP OE). Two days later, midbrains were dissected and 186 

western blots were performed as described above on samples from two independent 187 

experiments. Different exposure periods were used for the same blots to avoid saturation. The 188 

blots were scanned and band intensities were measured from non-saturating exposures with 189 

ImageJ. For comparisons, the intensity of each FMRP band was first normalized to its -tubulin 190 

loading control band (which was obtained after stripping the same membrane) and then that 191 

value was normalized to the control value in each experiment. 192 

 193 

For immunohistochemistry, stage 47 tadpoles were anesthetized with 0.02% MS222, immersed 194 

in 4% paraformaldehyde, and fixed using two bouts of microwave fixation at 150W for 1 min 195 

followed by overnight fixation at 4°C. Brains were dissected and sectioned at 40um on a 196 

vibratome. Sections were blocked and permeabilized in 5% normal donkey serum and 1% triton 197 

X-100 for 1 hour at room temperature. Then, sections were incubated in 1:200 mouse anti-198 

FMRP (Millipore, MAB2160) overnight at 4°C, followed by 2 hours in 1:200 anti-mouse Alexa 199 

Fluor 488 (Life Technologies) at room temperature. Sections were mounted in Gel mount 200 

(Accurate) and imaged with an Olympus FluoView500 confocal microscope with a 20X (0.8 NA), 201 

40X (1.0 NA), or 60X (1.4 NA) oil immersion lens. To quantify MO-mediated knockdown of 202 

endogenous FMRP, stage 46 animals were electroporated with CMO, 0.05mM (LOW) fmr1a 203 

MO, or 0.1mM (HIGH) fmr1a MO. Two days later, animals were fixed and brains were 204 

processed for FMRP immunohistochemistry as described above. Brain sections of comparable 205 

depths from animals in each of the three groups were imaged at 40X using identical imaging 206 

parameters. Image stacks were Z-projected and the average FMRP fluorescence intensity of 207 

the entire optic tectum was measured and then normalized to the average FMRP fluorescence 208 
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intensity of CMO animals for each batch of animals that were electroporated and imaged 209 

together. 210 

 211 

In Vivo Knockdown Assay Imaging and Quantification 212 

 213 

The optic tecta of stage 46-47 tadpoles were electroporated with 2ug/ul fmr1-t2A-eGFP, 1ug/ul 214 

UAS::tRFPnls, and either CMO, 0.05mM (LOW) fmr1a MO, or 0.1mM (HIGH) fmr1a MO. Two 215 

days later, we performed in vivo imaging of labeled cells using a Perkin-Elmer Ultraview Vox 216 

spinning-disk confocal microscope with a 25X Nikon water immersion objective lens (1.1 NA). 217 

Volocity 3D image analysis software (Perkin Elmer) was used to automatically detect and 218 

outline tRFP-labeled cells, followed by manual confirmation and removal of incorrectly detected 219 

objects. Then, tRFP and eGFP fluorescence intensities throughout each outlined volume were 220 

determined and summed for each cell.  To identify cells as tRFP-only, a cut off fluorescence 221 

intensity for eGFP was determined: we measured the minimum eGFP fluorescence intensity 222 

within the outlined volume for each cell and found the average minimum eGFP fluorescence for 223 

control cells in each experiment. We set a cut off at the average minimum eGFP fluorescence – 224 

0.5 SD. We required that the eGFP fluorescence intensity within the outlined volume of each 225 

cell be above that value to call the cell eGFP+. Then, the percentage of cells that were tRFP-226 

only (eGFP-) for each animal was calculated. Next, for cells that were eGFP+, we calculated the 227 

eGFP/tRFP ratio for each cell and then normalized it to the average eGFP/tRFP ratio for the 228 

control cells for each batch of animals that were electroporated and imaged together.  229 

 230 

In Vivo Quantification of FMRP Over-Expression 231 

 232 
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The optic tecta of stage 46 tadpoles were electroporated with 0.5ug/ul fmr1-t2A-eGFP (LOW 233 

FMRP OE) or 1ug/ul fmr1-t2A-eGFP (HIGH FMRP OE). Two days later, animals were imaged 234 

on a custom-built 2-photon microscope with a 25X water immersion lens (1.05 NA). Images 235 

were Z-projected and the eGFP fluorescence intensity of each eGFP-labeled cell soma was 236 

measured. The average fluorescence intensity of all labeled cells was calculated and 237 

normalized to LOW FMRP OE. 238 

 239 

In Vivo Time-Lapse Imaging of Proliferation and Differentiation 240 

 241 

Stage 46 tadpole optic tecta were electroporated with plasmids and MOs as follows: 242 

Control/CMO: 1ug/ul UAS::tRFPnls with either 1ug/ul Sox2bd::eGFP or 0.5ug/ul Sox2bd::eGFP 243 

supplemented with 0.7ug/ul UAS::eGFP, and CMO. FMRP knockdown: 1ug/ul Sox2bd::eGFP 244 

with 1ug/ul UAS::tRFPnls and either 0.05mM (LOW) fmr1a MO, or 0.1mM (HIGH) fmr1a MO. 245 

FMRP over-expression: 1ug/ul UAS::tRFPnls with either 1ug/ul fmr1-t2A-eGFP (HIGH FMRP 246 

OE) or 0.5ug/ul fmr1-t2A-eGFP supplemented with 0.7ug/ul UAS::eGFP (LOW FMRP OE). 247 

Rescue: 1ug/ul fmr1-t2A-eGFP with 1ug/ul UAS::tRFPnls and either 0.05mM fmr1a MO (LOW 248 

MO HIGH fmr1 Rescue) or 0.1mM fmr1a MO (HIGH MO HIGH fmr1 Rescue). Animals were 249 

imaged on a Perkin-Elmer Ultraview Vox spinning disk confocal microscope with a 25X water 250 

immersion lens (1.1 NA) or a custom-built 2-photon microscope with a 25X water immersion 251 

lens (1.05 NA) at 1, 2, and 3 days following electroporation. Image analysis was performed 252 

using either Volocity 3D image analysis software using the measurement function or the ImageJ 253 

Cell Counter plugin. Analysis consisted of counting the total number of labeled cells per brain 254 

hemisphere in every tadpole and characterizing counted cells as either mature neurons or 255 

neural progenitor cells based on established morphological features. Neurons possess a pear-256 

shaped or round soma with elaborated dendritic arbors and an axon, whereas, neural progenitor 257 
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cells are characterized by a triangular cell body and a long radial process extending from the 258 

ventricular zone to the pial surface, ending in an elaborated endfoot. Cells without processes 259 

that were not obviously undergoing cell death were counted as unidentifiable. Only animals with 260 

more than 10 labeled cells on the first day of imaging were included in the analysis. To examine 261 

cell proliferation and survival, we calculated the total number of cells present on each day of 262 

imaging and the percent change in cell number from days 1 to 3 [(day 3 – day1) / day 1]. To 263 

examine cell differentiation, we calculated the total number of each cell type that was present on 264 

each day of imaging and what percentage of each cell type comprised the total cell population 265 

on each day of imaging.  266 

 267 

CldU Cell Proliferation Analysis 268 

 269 

Stage 46 tadpole optic tecta were electroporated with CMO or fmr1a MO. One, two, or three 270 

days later, animals were incubated in 3.8mM CldU (MP Biomedicals, 0210547880) in 271 

Steinberg’s solution for 2 hours. Immediately thereafter, animals were anesthetized in 0.02% 272 

MS222 and fixed using either two bouts of microwave fixation at 150W for 1 min followed by 2 273 

hour fixation at room temperature, or overnight fixation at 4°C. Brains were dissected and 274 

incubated in 2N HCl at 37°C for 1 hour, then blocked and permeabilized in 2.5% normal goat 275 

serum and 0.1% triton-X 100. Brains were incubated in 1:500 rat anti-CldU (Accurate, 276 

OBT0030G) overnight at 4°C, followed by 2 hours in 1:400 anti-rat Alexa Fluor 488 (Life 277 

Technologies) at room temperature. Brains were mounted in Gel mount (Accurate) and the 278 

dorsal 30um of the whole-mount brain was imaged with an Olympus FluoView500 confocal 279 

microscope with a 20X oil immersion lens (0.8 NA). CldU+ cells located along the ventricular 280 

wall between the anterior commissure and the rostral portion of the third ventricle were counted 281 

manually using the ImageJ Cell Counter plugin. The volume of the ventricular region did not 282 
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differ between groups and we reported the average total number of CldU+ cells within the 283 

ventricular region for each group.  284 

 285 

Cell Death Analysis 286 

 287 

For SYTOX staining of electroporated brains, the optic tecta of stage 46 animals were 288 

electroporated with CMO or fmr1a MO. One day following electroporation, animals were 289 

anesthetized in 0.02% MS222 and fixed by immersion in 4% paraformaldehyde overnight at 290 

4°C. Brains were dissected and immersed in 1:1,000 SYTOX Green Nucleic Acid Stain (Life 291 

Technologies, S7020) in PBS for 20min. For SYTOX staining combined with caspase-3 292 

immunohistochemistry, stage 47 tadpoles were anesthetized in 0.02% MS222 and then injected 293 

with PBS or 50mM Staurosporine (Tocris Biosciences) to induce apoptosis. Twenty four hours 294 

later, tadpoles were anesthetized in 0.02% MS222 and fixed by immersion in 4% 295 

paraformaldehyde overnight at 4°C.  Brains were dissected, permeabilized in 2% Triton-X 100, 296 

and then blocked in 2.5% normal goat serum and 0.1% triton-X 100. Then, brains were 297 

incubated in 1:200 rabbit anti-caspase3 (AbCam, ab13847) overnight at 4°C, followed by 3 298 

hours in 1:400 anti-rabbit Alexa Fluor 488 (Life Technologies, A11008) at room temperature. 299 

Next, brains were incubated in 1:1,000 SYTOX Orange Nucleic Acid Stain (Life Technologies, 300 

S11368) in PBS for 15min. Brains were imaged whole-mount on an Olympus FluoView500 301 

confocal microscope with a 20X (0.8 NA) or 60X (1.4 NA) oil immersion lens. Analysis was 302 

performed on the first 30 optical sections using the ImageJ Cell Counter plugin. SYTOX+ cells 303 

undergoing apoptosis have small, brightly stained nuclei. The total number of brightly SYTOX 304 

stained, apoptotic nuclei was counted. For SYTOX/caspase-3 analysis, the number of cells that 305 

were caspase-3 immunolabeled was also counted. Then, colocalization between the two 306 

channels was quantified. Given that fluorescently-labeled objects decrease in brightness in the 307 
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deeper optical sections in a confocal stack, we analyzed the intensity of the bright apoptotic 308 

SYTOX+ cells relative to their presumably healthy, dimmer nearest neighbors in the same 309 

optical section. We found that even though the absolute fluorescence intensity of a dying 310 

SYTOX+ cell was lower in deeper optical sections, the intensity of dying SYTOX+ cells was 311 

approximately double the intensity of their healthy neighbors. Regression analysis of depth 312 

within the tissue compared to the ratio of the intensity of SYTOX+ cells relative to their neighbors 313 

showed no correlation (R2 = 0.022).  314 

 315 

In Vivo Time-Lapse Imaging of Dendritic Morphology 316 

 317 

The optic tecta of stage 46 animals were electroporated with plasmids and MOs as follows: 318 

CMO/Control: 1ug/ul Sox2bd::eGFP or 0.5ug/ul Sox2bd::eGFP supplemented with 0.7ug/ul 319 

UAS::eGFP, and CMO. FMRP knockdown: 1ug/ul Sox2bd::eGFP with 0.05mM (LOW) fmr1a 320 

MO or 0.1mM (HIGH) fmr1a MO.  FMRP over-expression: 1ug/ul fmr1-t2A-eGFP (HIGH FMRP 321 

OE) or 0.5ug/ul fmr1-t2A-eGFP supplemented with 0.7ug/ul UAS::eGFP (LOW FMRP OE). 322 

Rescue: 0.5ug/ul fmr1-t2A-eGFP supplemented with 0.7ug/ul UAS::eGFP and 0.1mM fmr1a 323 

MO (HIGH MO LOW fmr1 Rescue). Animals were imaged on a custom-built 2-photon 324 

microscope with a 20X (0.95 NA) or 25X (1.05 NA) water immersion lens at 2 and/or 3 days 325 

following electroporation. The dendrites of well-isolated single neurons were traced and 326 

reconstructed using Imaris software (Bitplane, Zurich, Switzerland). Total dendritic length and 327 

total dendritic branch tip number were quantified. 328 

 329 

Statistical Analysis 330 

 331 
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 All experiments were conducted with a randomized experimental design. Statistical tests are 332 

listed in Table 1. 333 

 334 

RESULTS 335 

 336 

FMRP is highly expressed in progenitor cells and neurons 337 

 338 

While it is known that fmr1 mRNA is expressed throughout Xenopus laevis embryonic 339 

development (Lim et al., 2005; Gessert et al., 2010), the expression pattern of FMRP in the 340 

optic tectum during visual system development is unknown. To examine expression of FMRP, 341 

we first performed western blot of stage 47-48 tadpole midbrain labeled with FMRP antibody 342 

which revealed a band at approximately 72 kD (data not shown and Fig. 3E). We found that rat 343 

brain lysate labeled with FMRP antibody had a similar band (data not shown). To elucidate a 344 

more detailed expression pattern in the optic tectum, we performed immunohistochemistry for 345 

FMRP in stage 47 tadpoles. FMRP immunolabeling was detected in neural progenitor cells 346 

(NPCs) that line the brain ventricle and neurons that are located lateral to progenitors (Fig. 1A-347 

C). Furthermore, FMRP was expressed as punctate labeling throughout the tectal neuropil. This 348 

expression profile suggests that FMRP may regulate cell proliferation and/or differentiation of 349 

NPCs into neurons as well as aspects of neuronal development. 350 

 351 

Validation of morpholino-mediated FMRP knockdown 352 

 353 

To test the requirement of FMRP in neurogenesis and neuronal development, we knocked down 354 

FMRP in the optic tectum of stage 46 tadpoles by electroporating a morpholino (MO) against 355 

Xenopus fmr1a. MOs bind their complementary sequence on mRNA and prevent translation of 356 
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proteins of interest. We used two independent assays to validate MO-mediated knockdown of 357 

FMRP. First, we electroporated animals with control MO (CMO), 0.05mM (LOW) fmr1a MO, or 358 

0.1mM (HIGH) fmr1a MO and performed FMRP immunohistochemistry to assay knockdown of 359 

endogenous FMRP (Fig. 2A). Two days following electroporation (dfe), HIGH fmr1a MO 360 

resulted in a 60% decrease in the fluorescence intensity of endogenous FMRP (Fig. 2B; CMO: 361 

N = 6 animals; LOW fmr1a MO: N = 6 animals, P = 0.96a compared to CMO; HIGH fmr1a MO: 362 

N = 6 animals, P < 0.0001a compared to CMO). With FMRP immunohistochemistry, detection of 363 

knockdown by LOW fmr1a MO was variable across experiments suggesting that this degree of 364 

knockdown is near the detection threshold using this assay. 365 

 366 

Next, we developed a sensitive in vivo assay to assess the ability of MOs to block translation in 367 

Xenopus that does not require antibody detection. For this assay, we electroporated a reporter 368 

construct into the Xenopus optic tectum which generates two discrete proteins from a single 369 

transcript: the protein of interest and a fluorescent protein reporter (FP) linked by a t2A 370 

sequence. When MO and the reporter construct are co-electroporated, the MO prevents 371 

translation of the transcript, decreasing expression of both the protein of interest and the FP. 372 

Measurements of FP intensity can be used as a proxy for knockdown of the protein of interest, 373 

in this case, FMRP. Here, we used a plasmid which contains a promoter with the Sox2 and 374 

Oct3/4-binding domain of the FGF minipromoter that requires binding of endogenous Sox2 to 375 

express eGFP and FMRP in Sox2-expressing NPCs and their neuronal progeny.  FMRP and 376 

eGFP are separated by a t2A sequence, producing two discrete proteins from a single 377 

transcript. Expression from this plasmid is amplified using the gal4/UAS system. This plasmid is 378 

called Sox2bd::gal4-UAS::fmr1-t2A-eGFP and will be referred to as fmr1-t2A-eGFP (Fig. 2C). In 379 

addition, we co-expressed a UAS-driven turboRFP tagged with a nuclear localization sequence 380 

(UAS::tRFPnls) to visualize labeled cells. We anticipate that when CMO is co-electroporated 381 
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with fmr1-t2A-eGFP and UAS::tRFPnls, CMO will not affect translation and FMRP, eGFP, and 382 

tRFPnls will all be expressed. In contrast, when fmr1a MO is co-electroporated, translation of 383 

FMRP and eGFP will be inhibited, but expression of tRFPnls will be unaffected. We 384 

electroporated stage 46-47 animals with fmr1-t2A-eGFP, UAS::tRFPnls, and either CMO, LOW 385 

fmr1a MO, or HIGH fmr1aMO and then imaged labeled cells in vivo using a spinning-disk 386 

confocal microscope (Fig. 2D). When we imaged control cells 1dfe, we found that cells 387 

expressed tRFPnls but very little eGFP (data not shown). This is most likely explained by 388 

differences in the timing of expression of tRFP and eGFP, because tRFP matures more rapidly 389 

than eGFP. When we imaged control cells at 2dfe, we found that eGFP and tRFPnls were both 390 

highly expressed in electroporated cells (Fig. 2D). Therefore, we imaged animals at 2dfe to test 391 

the effectiveness of the two concentrations of fmr1a MO (Fig. 2D-F). We quantified the 392 

percentage of cells which lacked detectable eGFP expression, an indicator of strong 393 

knockdown. Both concentrations of fmr1a MO yielded a higher percentage of cells that lacked 394 

detectable eGFP expression compared to CMO (Fig. 2E; CMO: N = 27 animals; LOW fmr1a 395 

MO: N = 30 animals, P < 0.0001b compared to CMO; HIGH fmr1a MO: N = 20 animals, P = 396 

0.0016b compared to CMO). We did not detect any significant differences between LOW and 397 

HIGH fmr1a MO on the percentage of tRFP-only cells (P = 0.31b). However, animals 398 

electroporated with HIGH fmr1a MO tended to have fewer labeled cells and more debris from 399 

what we suspect are dying cells. Therefore, it is likely that cells with the most severe knockdown 400 

in the presence of HIGH fmr1a MO did not survive. We address the potential effect of FMRP 401 

knockdown on cell survival in Fig. 5. In cells where eGFP was visible, the ratio of eGFP/tRFP 402 

was significantly reduced with fmr1a MO compared to CMO, and HIGH fmr1a MO had a greater 403 

reduction than LOW fmr1a MO (Fig. 2F; CMO: N = 253 cells; LOW fmr1a MO: N = 275 cells, P 404 

< 0.0001c compared to CMO; HIGH fmr1a MO: N = 172 cells, P < 0.0001c compared to CMO, P 405 

= 0.020c compared to LOW fmr1a MO). Electroporation of a lower concentration of fmr1a MO 406 
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(0.01mM) resulted in no significant knockdown (data not shown). Together, these two assays 407 

demonstrate that fmr1a MO is effective at knocking down FMRP expression and that LOW and 408 

HIGH fmr1a MO reflect different levels of knockdown. We used both concentrations of fmr1a 409 

MO in our experiments to test how sensitive tectal cells are to the reduction in FMRP. 410 

 411 

Validation of FMRP Rescue and Over-Expression 412 

 413 

In order to test the specificity of knockdown by fmr1a MO, we generated a rescue construct with 414 

silent mutations in the MO-binding region to render it MO-insensitive (Sox2bd::gal4-UAS::fmr1-415 

t2A-eGFP, referred to as fmr1-t2A-eGFP) and used the in vivo knockdown assay to confirm 416 

that it is MO-insensitive (Fig. 3A,B). As expected, we found no change in the percentage of 417 

fmr1-t2A-eGFP-electroporated cells that expressed only tRFPnls in the presence of LOW 418 

fmr1a MO (Fig. 3C; CMO: N = 24 animals; LOW fmr1a MO: N = 20 animals, P = 0.65d). In 419 

addition, electroporation of LOW fmr1A MO did not reduce the eGFP/tRFP ratio (Fig. 3D; CMO: 420 

N = 310 cells; LOW fmr1a MO: N = 264 cells, P = 0.10e). Together, these results demonstrate 421 

that fmr1-t2A-eGFP is MO-insensitive and can be used for testing the specificity of fmr1a MO 422 

in rescue experiments. 423 

 424 

We also used fmr1-t2A-eGFP to test the effect of FMRP over-expression on neurogenesis in 425 

vivo. We assayed FMRP over-expression using two independent methods. First, we 426 

electroporated the optic tectum with 1ug/ul Sox2bd::eGFP (control) or 1ug/ul fmr1-t2A-eGFP 427 

(HIGH FMRP OE) and performed western blot analysis of FMRP expression in the midbrain 428 

(Fig. 3E). Two days following electroporation, HIGH FMRP OE resulted in a 1.6 fold increase in 429 

FMRP expression in the midbrain compared to control (Fig. 3F). Since electroporation of HIGH 430 

FMRP OE will label a subset of cells within the optic tectum and this assay reports the increase 431 
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in FMRP expression throughout the entire midbrain, it will under-estimate the extent of FMRP 432 

over-expression in electroporated cells. Next, we assayed FMRP over-expression specifically in 433 

cells which over-express fmr1. We electroporated animals with 0.5ug/ul fmr1-t2A-eGFP 434 

(LOW FMRP OE) or HIGH FMRP OE and performed in vivo 2-photon imaging of eGFP-labeled 435 

cells (Fig. 3G). HIGH FMRP OE resulted in brightly labeled eGFP+ cells, while cells expressing 436 

LOW FMRP OE were much dimmer. On average, eGFP fluorescence intensities were more 437 

than 3 times higher for cells expressing HIGH FMRP OE compared to cells expressing LOW 438 

FMRP OE (Fig. 3H; LOW FMRP OE: N = 4 cells; HIGH FMRP OE: N = 28 cells, P = 0.017f). 439 

These differences in eGFP expression correlate with differences in FMRP expression since the 440 

two proteins are produced from a single transcript, therefore, these two concentrations of fmr1-441 

t2A-eGFP produce a 3-fold difference in FMRP expression. Together, these results demonstrate 442 

that fmr1-t2A-eGFP can be used to over-express FMRP and that LOW and HIGH FMRP OE 443 

result in different degrees of over-expression. Therefore, we used LOW and HIGH FMRP OE to 444 

test the sensitivity of neurogenesis to over-expression of FMRP. In subsequent experiments, 445 

eGFP expression with LOW FMRP OE was enhanced by co-electroporation of 0.7ug/ul 446 

UAS::eGFP to facilitate imaging of labeled cells. 447 

 448 

FMRP knockdown and over-expression reduce cell proliferation 449 

 450 

Evidence from humans suggests that the gene dosage of FMR1 is tightly regulated and that 451 

both decreases and increases in FMRP can cause disease. Individuals with decreases in FMRP 452 

with Fragile X Syndrome and individuals with gene duplications of FMR1 both present with 453 

intellectual disability (Rio et al., 2010; Nagamani et al., 2012; Vengoechea et al., 2012; Hickey 454 

et al., 2013). To test whether FMRP regulates cell proliferation and/or survival in the optic 455 

tectum, we manipulated FMRP expression levels using knockdown and over-expression. We 456 
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electroporated animals with Sox2bd::eGFP and UAS::tRFPnls to label tectal progenitors and 457 

their progeny, and either CMO, LOW fmr1a MO, or HIGH fmr1a MO. Then, we performed in 458 

vivo time-lapse imaging of eGFP+ cells at 1, 2, and 3dfe (Fig. 4A). We quantified the percent 459 

change in cell number between 1 and 3dfe. CMO animals increased eGFP+ cell number from 1-460 

3dfe as NPCs proliferated. LOW fmr1a MO significantly reduced the normal increase in cell 461 

numbers seen in controls (Fig. 4B; CMO: N = 20 animals; LOW fmr1a MO: N = 17 animals, P = 462 

0.0012g compared to CMO). This LOW fmr1a MO-mediated decrease in cell number was 463 

rescued by co-expression of 1ug/ul fmr1-t2A-eGFP (Fig. 4B; LOW MO HIGH fmr1 Rescue: N 464 

= 10 animals, P = 0.035g compared to LOW fmr1a MO, P = 0.79g compared to CMO).  When we 465 

knocked down FMRP using HIGH fmr1a MO, we found an even greater reduction in cell 466 

numbers, with a net loss of cells between 1-3dfe (Fig. 4C,D; CMO: N = 24 animals; HIGH fmr1a 467 

MO: N = 24 animals, P < 0.0001h). This result suggests that FMRP knockdown with HIGH fmr1a 468 

MO increases cell death, consistent with our observation from the in vivo knockdown assay. The 469 

HIGH fmr1a MO-mediated decrease in cell number was rescued by co-expression of 1ug/ul 470 

fmr1-t2A-eGFP (Fig. 4C,D; HIGH MO HIGH fmr1 Rescue: N = 17 animals, P = 0.0041h 471 

compared to HIGH fmr1a MO, P = 0.50h compared to CMO). These results demonstrate that 472 

fmr1a MO specifically knocks down FMRP since co-expression of MO-insensitive fmr1 was able 473 

to rescue the decrease in cell number. 474 

 475 

The experiments described above indicate that FMRP knockdown decreases cell proliferation, 476 

however, our in vivo time-lapse imaging assay reports changes in both cell proliferation and 477 

survival. We therefore used acute incorporation of the thymidine analog CldU to test directly 478 

whether cell proliferation is affected with knockdown of FMRP. Animals were electroporated with 479 

MOs and incubated in CldU by bath application for 2 hours at 1, 2, or 3dfe. We did not detect 480 

changes in CldU incorporation at 1 or 2dfe (data not shown). At 3dfe, HIGH fmr1a MO 481 



 

 
20 

 

significantly decreased the number of CldU+ proliferating cells in the optic tectum compared to 482 

CMO, but LOW fmr1a MO did not affect proliferation using this measure (Fig. 4E; CMO: N = 10 483 

animals; LOW fmr1a MO: N = 11 animals, P = 0.38i compared to CMO; HIGH fmr1a MO: N = 13 484 

animals, P = 0.025i compared to CMO). These results suggest that proliferation is differentially 485 

affected by different levels of fmr1a MO, with only a high concentration of MO being sufficient to 486 

decrease cell proliferation. In addition, the relatively modest decrease in proliferation detected 487 

with CldU incorporation demonstrates the utility of time-lapse imaging as a method to study cell 488 

proliferation. We found much more dramatic defects when we tracked a population of labeled 489 

cells over the course of 3 days with time-lapse imaging since effects are cumulative over time. 490 

While a decrease in CldU incorporation was not apparent until 3dfe, we found a decrease in the 491 

total number of GFP-labeled cells between 1-3dfe with HIGH fmr1aMO using in vivo time-lapse 492 

imaging. This suggests that decreased proliferation with HIGH fmr1a MO is due to gradual 493 

depletion of the progenitor pool rather than an immediate quiescence of NPCs. This gradual 494 

decrease in the number of proliferating cells may be a result of increased NPC death or 495 

increased neuronal differentiation. These possibilities are explored in Figures 5 and 6. 496 

 497 

To test the effect of FMRP over-expression on cell proliferation and survival in the tadpole brain, 498 

we electroporated animals with either Sox2bd::eGFP (control) or fmr1-t2A-eGFP (FMRP OE) 499 

to label tectal progenitors and their progeny and performed in vivo time-lapse imaging of eGFP+ 500 

cells between 1-3dfe (Fig. 4F). Control animals tended to increase the number of eGFP+ cells 501 

from 1-3dfe as labeled NPCs proliferated in the tectum (Fig. 4G). Animals with LOW FMRP OE 502 

had a similar increase in cell number from 1-3dfe compared to control (Control: 58.5% + 8.5%, 503 

N = 22 animals; LOW FMRP OE: 42.3% + 9.9%, N = 20 animals, P = 0.22j). In contrast, HIGH 504 

FMRP OE tended to decrease the number of eGFP+ cells from 1-3dfe (Fig. 4G). On average, 505 

HIGH FMRP OE significantly reduced the number of eGFP+ cells generated from 1-3dfe 506 
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compared to controls (Fig. 4H; CMO: N = 37 animals; HIGH FMRP OE: N = 25 animals, P < 507 

0.0001k). This experiment indicates that over-expression of FMRP in the optic tectum can affect 508 

cell proliferation and/or cell survival. Combined with the results from our knockdown 509 

experiments, these results demonstrate that tectal cell proliferation and/or survival are sensitive 510 

to both increases and decreases in the level of FMRP.  511 

 512 

FMRP knockdown increases cell death 513 

 514 

We found that LOW fmr1a MO reduced the change in cell number from 1-3dfe with in vivo time-515 

lapse imaging without affecting cell proliferation as measured by CldU incorporation. While time-516 

lapse imaging is a more sensitive assay and may be picking up proliferation defects not 517 

detected by CldU incorporation, this result suggests that decreased cell survival may be the 518 

primary defect with LOW fmr1a MO. Furthermore, the net loss of cells from 1-3dfe with HIGH 519 

fmr1a MO suggests that loss of FMRP leads to cell death. Therefore, we tested the role of 520 

FMRP in cell survival. To test measures of cell death, we incubated tadpoles in staurosporine 521 

(STS) for 24 hours to induce apoptosis. Then we performed immunohistochemistry for caspase-522 

3 (Casp3) and stained with SYTOX. Casp3 is an executioner caspase which is activated during 523 

the late phase of apoptosis (Kumar, 2007). SYTOX is a nucleic acid stain that brightly labels 524 

cells undergoing chromatin condensation at the end of apoptosis. STS dramatically increased 525 

the number of Casp3+ and SYTOX+ cells undergoing apoptosis (Fig. 5A-C). About 50% of the 526 

labeled apoptotic cells were positive for both Casp3 and SYTOX demonstrating that they label 527 

cells during a similar phase of cell death (Fig. 5C). Of the remaining apoptotic cells we detected, 528 

a larger fraction were positive for SYTOX alone than for Casp3 alone. In addition, cells that 529 

were Casp3-SYTOX+ appeared to have even smaller pyknotic nuclei than those which were 530 

Casp3+SYTOX+. This suggests that SYTOX stains a larger proportion of the apoptotic cells than 531 
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Casp3 and that it stains cells within and further along the cell death cascade compared to 532 

Casp3. Therefore, we used SYTOX staining to assess the role of FMRP in cell death. 533 

 534 

We electroporated animals with MOs, then fixed and stained for SYTOX at 1, 2, or 3dfe. At 1dfe, 535 

the number of apoptotic SYTOX+ cells was significantly increased with fmr1a MO (Fig. 5D,E; 536 

CMO: N = 39 animals; LOW fmr1a MO: N = 43 animals, P = 0.0046l compared to CMO; HIGH 537 

fmr1a MO: N = 41 animals, P < 0.0001l compared to CMO). There was a trend toward HIGH 538 

fmr1a MO increasing the number of apoptotic SYTOX+ cells to a greater extent than LOW fmr1a 539 

MO (P = 0.078l). The large loss in cell number with HIGH fmr1a MO over 3 days of live imaging 540 

lends more support to HIGH fmr1a MO increasing cell death to a larger extent than LOW fmr1a 541 

MO. This increase in cell death was transient, as the number of SYTOX+ cells was similar 542 

between CMO and fmr1a MO at 2 and 3dfe (data not shown). Taken together with the time-543 

lapse imaging and CldU results, our experiments demonstrate that both cell proliferation and 544 

cell survival are regulated by FMRP. Furthermore, cell survival appears to be more sensitive to 545 

the level of FMRP since lower concentrations of MO were able to increase cell death without 546 

affecting proliferation. When FMRP was knocked down with a higher MO concentration, our 547 

data suggest that cell death increased further and a decrease in proliferation became apparent. 548 

 549 

FMRP regulates neuronal differentiation 550 

 551 

The experiments described above show that fmr1a MO decreases cell proliferation and survival, 552 

however, it is not clear whether one cell type, NPCs or neurons, is more sensitive to FMRP 553 

knockdown than another. We therefore investigated whether FMRP knockdown has different 554 

effects on the NPCs and neurons within our labeled population. We categorized the labeled 555 

cells from the in vivo time-lapse imaging as either NPCs or neurons based on morphology. 556 
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NPCs are characterized by a triangular cell body and a long radial process extending from the 557 

ventricular zone to the pial surface, ending in an elaborated endfoot. Neurons possess a pear-558 

shaped or round soma with elaborated dendritic arbors and an axon. Any cell that lacked a 559 

process was categorized as unidentifiable. We quantified the number of NPCs, neurons, and 560 

unidentifiable cells to analyze the effect of knockdown on each cell type (Fig. 6A-C). LOW and 561 

HIGH fmr1a MO significantly reduced the number of NPCs on all three days of imaging 562 

compared to CMO (Fig. 6B; 1dfe NPCs: CMO N = 27 animals; LOW fmr1a MO N = 17 animals, 563 

P = 0.027m; HIGH fmr1a MO N = 8 animals, P = 0.011m; 2dfe NPCs: CMO N = 27 animals; LOW 564 

fmr1a MO N = 17 animals, P = 0.030n; HIGH fmr1a MO N = 8 animals, P = 0.0006n; 3dfe NPCs: 565 

CMO N = 27 animals; LOW fmr1a MO N = 17 animals, P = 0.041o; HIGH fmr1a MO N = 8 566 

animals, P = 0.0007o). The reduction of NPC number at 3dfe was significantly larger for HIGH 567 

fmr1a MO compared to LOW fmr1a MO (P = 0.032o). There was a trend toward reduced neuron 568 

number with LOW fmr1a MO at 2 and 3dfe (Fig. 6C; 2dfe neurons: CMO N = 27 animals; LOW 569 

fmr1a MO N = 17 animals, P = 0.080p; 3dfe neurons: CMO N = 27 animals; LOW fmr1a MO N = 570 

17 animals, P = 0.088q). Combined with the significant decrease in NPCs with LOW fmr1a MO, 571 

these results suggest that the increase in cell death detected at 1dfe in the presence of LOW 572 

fmr1a MO may preferentially affect NPCs and non-significant reductions in neuron number 573 

which appear later are due to depletion of the progenitor pool. HIGH fmr1a MO produced a 574 

trend toward reducing neuron number at 2dfe and significantly reduced the number of neurons 575 

at 3dfe (Fig. 6C; 2dfe neurons: CMO N = 27 animals; HIGH fmr1a MO N = 8 animals, P = 0.11p; 576 

3dfe neurons: CMO N = 27 animals; HIGH fmr1a MO N = 8 animals, P =0.0031q).  The 577 

decrease in neuron number may be due in part to death of neurons with a higher degree of 578 

knockdown, and a decrease in NPC proliferation (Fig. 4C-E) and increased death of NPCs (Fig. 579 

5D,E) likely also contribute to the decreased number of neurons though depletion of the 580 

progenitor pool with HIGH fmr1a MO.. 581 
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 582 

We quantified the proportion of NPCs and neurons present within the labeled cell population to 583 

determine whether loss of FMRP affects differentiation of progenitors into neurons. The 584 

proportions of labeled NPCs and neurons were unchanged with LOW fmr1a MO compared to 585 

CMO for all 3 days of imaging (Fig. 6D). By contrast, HIGH fmr1a MO decreased the percent of 586 

NPCs on all 3 days of imaging (Fig. 6D; 1dfe %NPCs: CMO N = 27 animals; HIGH fmr1a MO N 587 

= 8 animals, P = 0.050r; 2dfe %NPCs: CMO N = 27 animals; HIGH fmr1a MO N = 8 animals, P 588 

= 0.033s; 3dfe %NPCs: CMO N = 27 animals; HIGH fmr1a MO N = 8 animals, P = 0.024t). In 589 

addition, HIGH fmr1a MO increased the proportion of neurons at 2dfe (2dfe %neurons: CMO N 590 

= 27 animals; HIGH fmr1a MO N = 8 animals, P = 0.041u). At 1 and 3dfe, the decrease in 591 

percent NPCs was accompanied by non-significant increases in percents of both unidentifiable 592 

cells and neurons. We suspect that unidentifiable cells are immature neurons which lack 593 

processes, although we cannot rule out the possibility that they are dying cells which still have 594 

normal cell body morphology.  595 

 596 

Next, we assessed the effect of FMRP over-expression on the numbers of NPCs and neurons 597 

and whether expression of MO-insensitive FMRP might rescue the decreases in NPC and 598 

neuron number with HIGH fmr1a MO. LOW FMRP OE had no effect on NPC or neuron number 599 

(1dfe NPC: Control 12.9 + 1.0, N = 22 animals; LOW FMRP OE 12.5 + 1.2, N = 20 animals, P = 600 

0.69v; 2dfe NPC: Control 13.1 + 1.1, N = 22 animals; LOW FMRP OE 12.1 + 1.3, N = 20 601 

animals, P = 0.56w; 3dfe NPC: Control 11.2 + 1.3, N = 22 animals; LOW FMRP OE 9.6 + 1.0, N 602 

= 20 animals, P = 0.43x; 1dfe neurons: Control 16.4 + 1.5, N = 22 animals; LOW FMRP OE 14.5 603 

+ 2.0, N = 20 animals, P =0.44y; 2dfe neurons: Control 28.9 + 2.2, N = 22 animals; LOW FMRP 604 

OE 24.2 + 2.1, N = 20 animals, P = 0.073z; 3dfe neurons: Control 36.1 + 2.5, N = 22 animals; 605 

LOW FMRP OE 30.8 + 2.4, N = 20 animals, P = 0.21aa). HIGH FMRP OE decreased the 606 
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number of NPCs at 2 and 3dfe, without affecting neuron number (Fig. 6E-G; 2dfe NPCs: CMO N 607 

= 17 animals; HIGH FMRP OE N = 15 animals, P = 0.0002bb; 3dfe NPCs: CMO N = 17 animals; 608 

FMRP OE N = 15 animals, P < 0.0001cc). This suggests that asymmetric, self-renewing 609 

divisions are decreased and the loss of NPCs is due in large part to direct differentiation of 610 

NPCs into neurons when FMRP is over-expressed. We found that co-expression of HIGH fmr1a 611 

MO and 1ug/ul fmr1-t2A-eGFP increased the number of NPCs at 3dfe compared to HIGH 612 

FMRP OE alone, but was unable to rescue decreases in NPC number seen with HIGH FMRP 613 

OE or HIGH fmr1a MO alone back to control levels (Fig. 6F; 2dfe NPCs: HIGH fmr1a MO N = 614 

16 animals, P = 0.0004bb compared to CMO; HIGH MO HIGH fmr1 Rescue N = 17 animals, P 615 

= 0.0058bb compared to CMO; 3dfe NPCs: HIGH fmr1a MO N = 16 animals, P = 0.0080cc 616 

compared to CMO; HIGH MO HIGH fmr1 Rescue N = 17 animals, P = 0.020cc compared to 617 

HIGH FMRP OE, P = 0.0049cc compared to CMO). Co-expression of HIGH fmr1a MO and 618 

1ug/ul fmr1-t2A-eGFP rescued the decrease in neuron number seen with HIGH fmr1a MO 619 

alone (Fig. 6G; 3dfe neurons: CMO N = 17 animals; HIGH fmr1a MO N = 16 animals, P = 620 

0.037dd compared to CMO; HIGH MO HIGH fmr1 Rescue N = 17 animals, P = 0.72dd 621 

compared to CMO). 622 

 623 

When we quantified the proportion of cell types present within the labeled population to assess 624 

the effect of FMRP over-expression on differentiation, we found no change with LOW FMRP OE 625 

(1dfe %NPCs: Control 38.8% + 1.9%, N = 18 animals; LOW FMRP OE 40.8% + 4.5%, N = 20 626 

animals, P = 0.53ee; 2dfe %NPCs: Control 28.9% + 1.9%, N = 22 animals; LOW FMRP OE 627 

31.9% + 3.9%, N = 20 animals, P = 0.48ff; 3dfe %NPCs: Control 21.5% + 1.6%, N = 22 animals; 628 

LOW FMRP OE 23.2% + 2.4%, N = 20 animals, P = 0.56gg; 1dfe %neurons: Control 47.1% + 629 

2.0%, N = 22 animals; LOW FMRP OE 40.1% + 3.0%, N = 20 animals, P = 0.06hh; 2dfe 630 

%neurons: Control 60.1% + 1.7%, N = 22 animals; LOW FMRP OE 57.4% + 3.2%, N = 20 631 
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animals, P = 0.45ii; 3dfe %neurons: Control 69.8% + 1.7%, N = 22 animals; LOW FMRP OE 632 

68.7% + 2.1%, N = 20 animals, P = 0.68jj)). HIGH FMRP OE significantly decreased the 633 

proportion of NPCs at 2 and 3dfe accompanied by a significant increase in unidentifiable cells at 634 

3dfe (Fig. 6H; 2dfe %NPCs: CMO N = 17 animals; HIGH FMRP OE N = 15 animals, P = 635 

0.0001kk; 3dfe %NPCs: CMO N = 17 animals; HIGH FMRP OE N = 15 animals, P < 0.0001ll; 636 

3dfe %unidentifiable: CMO N = 17 animals; HIGH FMRP OE N = 15 animals, P = 0.0048mm). In 637 

addition, HIGH FMRP OE increased the proportion of neurons at 1dfe (Fig. 6H; CMO N = 17 638 

animals; HIGH FMRP OE N = 15 animals, P = 0.043nn). Co-expression of HIGH fmr1a MO and 639 

1ug/ul fmr1-t2A-eGFP partially rescued the decrease in NPC proportion at 3dfe by HIGH 640 

FMRP OE alone, but failed to rescue the remaining defects from HIGH fmr1a MO or HIGH 641 

FMRP OE alone (Fig. 6H; 2dfe %NPCs: HIGH fmr1a MO N = 16 animals, P = 0.0048kk 642 

compared to CMO; HIGH MO HIGH fmr1 Rescue P = 0.0006kk compared to CMO; 3dfe 643 

%NPCs: HIGH MO HIGH fmr1 Rescue N = 16 animals, P = 0.018ll compared to HIGH FMRP 644 

OE, P = 0.0084ll compared to CMO; 1dfe %neurons: HIGH MO HIGH fmr1 Rescue N = 17 645 

animals, P = 0.026nn compared to CMO; 3dfe %unidentifiable: HIGH MO HIGH fmr1 Rescue P 646 

= 0.026mm compared to CMO). 647 

 648 

FMRP regulates dendritic morphology 649 

 650 

The in vivo imaging experiments above suggested that neuronal dendrite arbor development 651 

might be abnormal with knockdown or over-expression of FMRP. Defects in spine morphology 652 

have been widely reported in Fragile X patients and animal models (Hinton et al., 1991; Comery 653 

et al., 1997; Irwin et al., 2001; Nimchinsky et al., 2001; Cruz-Martin et al., 2010), but reports of 654 

defects in dendritic morphology have been mixed (Irwin et al., 2002; Galvez et al., 2003; Lee et 655 

al., 2003; Castren et al., 2005; Koekkoek et al., 2005; Thomas et al., 2008; Guo et al., 2011; 656 
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Scotto-Lomassese et al., 2011; Sheridan et al., 2011; Guo et al., 2012; Till et al., 2012; Telias et 657 

al., 2013; Doers et al., 2014). While Xenopus tectal neurons lack dendritic spines, we analyzed 658 

dendritic arbor morphology to assess whether FMRP plays a role in dendritic development. We 659 

imaged tectal neurons in vivo in animals sparsely electroporated with Sox2bd::eGFP and either 660 

CMO, LOW fmr1a MO, or HIGH fmr1a MO at 2 and 3dfe using a 2-photon microscope (Fig. 7A). 661 

We reconstructed the dendritic arbors of imaged neurons and quantified total dendritic branch 662 

length and total dendritic branch tip number (Fig. 7A-C). At 2dfe, HIGH fmr1a MO decreased 663 

total dendritic branch tip number (Fig. 7C; 2dfe Branch tip number: CMO N = 66 cells; HIGH 664 

fmr1a MO N = 46 cells, P = 0.018oo). At 2dfe there were also noticeable decreases in total 665 

dendritic branch length with both MO concentrations and in total dendritic branch tip number 666 

with LOW fmr1a MO, but these did not reach significance (Fig. 7B,C; 2dfe Length: CMO N = 66 667 

cells; LOW fmr1a MO N = 60 cells, P = 0.34pp compared to CMO; HIGH fmr1a MO N = 46 cells, 668 

P = 0.20pp compared to CMO; 2dfe Branch tip number: LOW fmr1a MO N = 60 cells, P = 0.12oo 669 

compared to CMO). At 3dfe, HIGH fmr1a MO decreased total dendritic branch length and total 670 

dendritic branch tip number (Fig. 7B,C; 3dfe Length: CMO N = 68 cells; HIGH fmr1a MO N = 49 671 

cells, P = 0.0097qq; 3dfe Branch tip number: CMO N = 68 cells; HIGH fmr1a MO N = 49 cells, P 672 

= 0.0014rr). We calculated branch density as the ratio of total dendritic branch tip number/total 673 

dendritic branch length and found no change in branch density with FMRP knockdown (Fig. 7D). 674 

This suggests that neurons lacking FMRP follow the same branching rule as control cells, they 675 

are just smaller overall. 676 

 677 

Next, we electroporated animals with Δfmr1-t2A-eGFP alone or with HIGH fmr1a MO to over-678 

express or rescue FMRP expression and performed in vivo 2-photon imaging at 3dfe (Fig. 7E-679 

J). HIGH FMRP OE decreased total dendritic length and total dendritic branch tip number 680 

compared to control (Fig. 7E-G; Length: Control N = 45 cells; HIGH FMRP OE N = 44 cells, P < 681 
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0.0001ss; Branch number: Control N = 45 cells; HIGH FMRP OE N = 44 cells, P < 0.0001tt). 682 

LOW FMRP OE resulted in a trend toward decreased total dendritic branch length and no 683 

change in total dendritic branch tip number (Fig. 7H-J; Length: CMO N = 38 cells; LOW FMRP 684 

OE N = 32 cells, P = 0.10uu; Branch tip number: CMO N = 38 cells; LOW FMRP OE N = 32 685 

cells, P = 0.28vv). Co-expression of HIGH fmr1a MO and 0.5ug/ul fmr1-t2A-eGFP rescued 686 

defects in total dendritic branch length and total dendritic branch tip number caused by HIGH 687 

fmr1a MO alone (Fig. 7H-J; Length: HIGH fmr1a MO N = 20 cells, P = 0.011uu compared to 688 

CMO; HIGH MO LOW fmr1 Rescue N = 31 cells, P = 0.027uu compared to HIGH fmr1a MO, P 689 

= 0.75uu compared to CMO; Branch tip number: HIGH fmr1a MO N = 20 cells, P = 0.0087vv 690 

compared to CMO; HIGH MO LOW fmr1 Rescue N = 31 cells, P = 0.024vv compared to HIGH 691 

fmr1a MO, P = 0.68vv compared to CMO). These results demonstrate that both increases and 692 

decreases in FMRP interfere with normal dendritic arbor development. 693 

 694 

DISCUSSION 695 

 696 

We used in vivo time-lapse imaging to investigate the functions of FMRP in NPC proliferation, 697 

survival, and differentiation in Xenopus tadpole optic tectum. This highly sensitive experimental 698 

strategy tracks a labeled cell population over time, thereby revealing cumulative effects of 699 

manipulating FMRP on neurogenesis. Increasing or decreasing FMRP decreased proliferation 700 

and/or increased apoptosis of NPCs and their progeny. FMRP knockdown also decreases cell 701 

proliferation and survival detected with CldU incorporation and SYTOX staining. These 702 

experimental strategies which assess outcomes at single time points, helped elucidate the 703 

timing and roles of FMRP knockdown on proliferation and apoptosis. In addition, increasing or 704 

decreasing FMRP expression increases NPC differentiation into neurons and the resulting 705 
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neurons have simpler dendritic arbors. These findings suggest that dysregulation of 706 

neurogenesis during embryonic development contributes to the pathogenesis of FXS. 707 

 708 

We knocked down FMRP using translation-blocking MOs in tadpole brain to recapitulate loss of 709 

FMRP during human fetal development. FMRP is expressed in full mutation carrier FXS human 710 

fetuses until about 12.5 weeks of gestation (Willemsen et al., 2002) and in embryonic stem cells 711 

derived from full mutation human embryos prior to differentiation (Eiges et al., 2007; Urbach et 712 

al., 2010). These findings suggest that models of FXS in which FMRP is expressed early in 713 

embryonic development and then eliminated through conditional knockout or knockdown 714 

methods will most closely mirror loss of FMRP expression in the disease state.  715 

 716 

Neurogenesis is sensitive to FMRP levels 717 

 718 

Our in vivo time-lapse imaging approach followed a GFP-labeled population of Sox2-expressing 719 

NPCs and their progeny over 3 days to evaluate several distinct cellular events contributing to 720 

neurogenesis, including NPC proliferation and survival, the rate of differentiation of progenitors 721 

into neurons, and dendritic arbor elaboration in neurons. Over 3 days, the number of GFP-722 

labeled cells in control animals increases as labeled NPCs proliferate. In addition, the proportion 723 

of NPCs decrease and the proportion of neurons increase within the labeled population as 724 

neurons differentiate. Finally, as neurons mature, their dendritic arbors become more elaborate. 725 

The level of FMRP is critical to each of these processes during neurogenesis and the degree to 726 

which FMRP is knocked down or over-expressed changes the phenotypic outcome (Fig. 8). For 727 

example, with respect to FMRP knockdown, LOW fmr1a MO does not affect NPC proliferation, 728 

but increases NPC cell death compared to CMO. The proportions of NPCs and neurons within 729 

the labeled population does not change, suggesting that differentiation is normal, however, the 730 
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neurons tend to have deficient dendritic arbor development. A greater degree of FMRP 731 

knockdown with HIGH fmr1a MO produces a trend toward more cell death than seen with LOW 732 

fmr1a MO. In addition, NPC proliferation decreases and neuronal differentiation increases. 733 

Together, this results in a smaller cell population but a higher proportion of neurons. 734 

Furthermore, the resulting neurons have a more severe and lasting deficit in dendritic arbor 735 

growth and branching than seen with lower FMRP knockdown. These data indicate that higher 736 

levels of FMRP knockdown affect some of the cellular events contributing to neurogenesis, such 737 

as NPC proliferation and neuronal differentiation, whereas lower levels of knockdown affect 738 

other cellular events, such as NPC apoptosis, suggesting that these processes are differentially 739 

sensitive to different levels of FMRP. 740 

 741 

A low level of FMRP over-expression does not produce any defects in cell proliferation, 742 

differentiation, or dendritic morphology. In contrast, a high level of FMRP over-expression 743 

reduces the normal increase in cell number over 3 days, suggesting that NPC proliferation and 744 

cell survival are decreased. This effect on NPCs is accompanied by a greater increase in 745 

differentiation into neurons than with HIGH fmr1 MO and leads to a near total loss of the labeled 746 

NPC pool. The resulting neurons also have simpler dendritic arbors. Consistent with the results 747 

above about fmr1a knockdown, these results demonstrate that different levels of FMRP regulate 748 

different processes contributing to neurogenesis.  749 

 750 

Co-electroporating LOW or HIGH fmr1a MO and HIGH fmr1 rescued defects in cell 751 

proliferation and survival. In addition, co-electroporating HIGH fmr1a MO and LOW fmr1 752 

rescued dendritic arbor development. MO electroporation results in a widespread MO 753 

distribution and likely decreases FMRP throughout the tectum, whereas plasmid electroporation 754 

results in more sparsely distributed fmr1 expression. The rescue seen under these conditions 755 
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suggests that FMRP functions cell-autonomously to regulate cell proliferation, survival, and 756 

dendritic arbor morphology. In contrast, co-electroporating HIGH fmr1a MO and HIGH fmr1 757 

only partially rescued defects in neuronal differentiation, possibly because of non-cell-758 

autonomous circuit-wide effects of FMRP knockdown on differentiation. Alternately, the level of 759 

FMRP expressed under the rescue condition may not be within the physiological range. In 760 

support of this, the differentiation phenotype in the rescue condition closely mirrored that of 761 

HIGH FMRP OE. Therefore, the data suggest that a combination of HIGH fmr1a MO and HIGH 762 

fmr1 results in a higher than normal FMRP expression. Interestingly, this experimental 763 

condition did rescue the change in cell number between 1-3dfe, suggesting that proliferation 764 

and survival may be less sensitive to FMRP levels than neuronal differentiation. 765 

 766 

Our studies show that increasing or decreasing FMRP levels can have similar outcomes with 767 

respect to cell proliferation and neuronal differentiation (Fig. 8). FMRP functions as a 768 

translational repressor (Waung and Huber, 2009) and, as such, increasing or decreasing FMRP 769 

levels would be expected to decrease or increase protein levels of its target mRNAs, 770 

respectively. Hundreds of FMRP target mRNAs have been identified (Darnell et al., 2011) and 771 

these targets may include both enhancers and repressors of neuronal development. The 772 

combined effect of protein dysregulation of these various targets may ultimately lead to strikingly 773 

similar phenotypes when FMRP is increased and decreased.  774 

 775 

FMRP regulates cell proliferation 776 

 777 

Along with dendritic spine abnormalities, post-mortem FXS brains commonly display 778 

macrocephaly, dilation of the ventricles, and cortical atrophy (Sabaratnam, 2000). Imaging 779 

studies show both increases and decreases in the size of brain regions (Lightbody and Reiss, 780 
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2009). These findings suggest that cell numbers may be affected in FXS which could arise from 781 

defects in neurogenesis, including cell survival, proliferation, and differentiation which can 782 

expand or deplete the progenitor pool. Recent studies have implicated FMRP in the control of 783 

neurogenesis both in vivo and in vitro, but the effect of loss of FMRP varies with experimental 784 

conditions. Cell proliferation in adult Fmr1 knockout (KO) mouse hippocampus in vivo and in 785 

vitro has been reported to increase (Luo et al., 2010; Guo et al., 2011) or remain unchanged 786 

(Eadie et al., 2009; Guo et al., 2012) in 2-3 month old animals, and to decrease in 9-12 month 787 

old animals (Lazarov et al., 2012). Similarly, Drosophila dFmr1 mutant neuroblast cultures and 788 

embryonic Fmr1 KO mouse cortex have increased cell proliferation (Castren et al., 2005; Callan 789 

et al., 2010). In FXS human embryonic stem cells (ESCs) and embryonic and early postnatal 790 

mouse cortex, loss of functional FMRP does not appear to alter cell proliferation (Castren et al., 791 

2005; Bhattacharyya et al., 2008; Tervonen et al., 2009). 792 

 793 

Our experiments show that loss or over-expression of FMRP in the Xenopus tadpole optic 794 

tectum decreases cell proliferation. Knockdown and over-expression of FMRP both prevent the 795 

normal increase in cell number detected over 3 days of imaging. We used CldU incorporation to 796 

test proliferation at discrete time points between 1-3dfe, and detected a decrease in CldU 797 

incorporation at 3dfe. This suggests that during our 3 day imaging window, increases in 798 

apoptosis and differentiation early on led to a gradual depletion of the progenitor pool resulting 799 

in a decrease in proliferating cells by 3dfe. The decrease in accumulation of cells over 3 days of 800 

live imaging was quite large with perturbation of FMRP levels, but the decrease in CldU 801 

incorporation with fmr1a MO was much more modest. This suggests that small decreases in cell 802 

proliferation as detected by CldU incorporation can have profound impacts on the numbers of 803 

NPCs and neurons that are generated over time. Many of the previous experiments 804 

investigating the role of FMRP in cell proliferation used incorporation of the thymidine analog 805 
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BrdU, which may not have the sensitivity to reveal small changes that are present. In addition, 806 

experiments in embryonic or early postnatal mouse that failed to detect changes in cell 807 

proliferation were conducted in KO animals.  KO animals may have compensatory changes 808 

which mask alterations in cell proliferation but are apparent with acute knockdown of FMRP as 809 

in our experiments. In fact, Saffary and Xie (2011) found that depletion of the neural progenitor 810 

pool induced by the loss of FMRP is much more substantial with shRNA-mediated knockdown 811 

of FMRP than in KO animals.  812 

 813 

FMRP regulates cell survival 814 

 815 

Loss of FMRP has variable effects on cell survival during development of different organisms. 816 

Cell survival was unaffected in Drosophila dFmr1 mutant neuroblast cultures and following 817 

acute FMRP knockdown in vivo in embryonic mouse cortex (Callan et al., 2010; Saffary and Xie, 818 

2011). However, the normal cell death of peptidergic neurons during Drosophila development 819 

decreased in dFmr1 mutants (Gatto and Broadie, 2011). A similar decrease in cell death was 820 

observed in early postnatal cortex and hippocampus of Fmr1 KO mice (Cheng et al., 2013). 821 

FMRP over-expression in Drosophila increases cell death (Wan et al., 2000). However in 822 

cultured ESCs and embryonic hippocampal neurons from Fmr1 KO mouse, as well as in rat 823 

embryonic cortical neuron cultures and in vivo in juvenile rat striatum with acute FMRP 824 

knockdown, loss of FMRP during development increased apoptosis (Castren et al., 2005; 825 

Jacobs and Doering, 2010; Jeon et al., 2012). While FMRP reportedly has both pro- and anti-826 

apoptotic roles in the developing brain, studies have consistently shown increased apoptosis in 827 

the hippocampus of adult Fmr1 KO mice (Eadie et al., 2009; Luo et al., 2010; Guo et al., 2011; 828 

Lazarov et al., 2012). Furthermore, healthy cells upregulate FMRP in response to apoptosis-829 
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inducing stimuli and the loss of FMRP renders cells more vulnerable to death (Jeon et al., 2011; 830 

Jeon et al., 2012; Liu et al., 2012; Zhang et al., 2014). 831 

 832 

We evaluated apoptosis in NPCs and neurons with knockdown and over-expression of FMRP. 833 

Acute FMRP knockdown increases apoptosis and NPC survival is preferentially sensitive to 834 

FMRP knockdown. LOW fmr1a MO increased apoptosis, measured by SYTOX staining, and 835 

imaging showed that NPCs were the only cell type that is significantly decreased in number. 836 

Furthermore, SYTOX+ labeling shows that most dying cells are within or close to the 837 

proliferative zone. Together the data indicate that NPCs are the primary apoptotic cell type with 838 

LOW fmr1a MO, consistent with previous studies suggesting the role of FMRP in apoptosis may 839 

be cell-type specific (Castren et al., 2005; Lazarov et al., 2012). With HIGH fmr1a MO apoptosis 840 

was increased compared to LOW fmr1a MO and SYTOX staining showed that apoptosis 841 

included both NPCs and neurons. Thus, HIGH fmr1a MO decreases the number of neurons 842 

generated during the 3 day imaging window indirectly by depleting the progenitor pool through 843 

NPC apoptosis and directly through neuronal apoptosis. Many animals with HIGH FMRP OE 844 

had a small loss of labeled tectal cells between 1-3dfe, suggesting that FMRP over-expression 845 

leads to apoptosis. The total number of neurons is normal while NPC numbers are decreased 846 

with FMRP over-expression, suggesting that NPCs are preferentially lost to apoptosis. However, 847 

NPC differentiation into neurons is also increased under these conditions. Therefore, neuronal 848 

apoptosis that is offset by increased neuronal differentiation is also consistent with our data. We 849 

could not directly test the cell-type specificity of apoptosis with FMRP OE because it would 850 

require assessing apoptosis in response to FMRP OE in a cell-autonomous manner. In contrast, 851 

MO electroporation is more widespread and apoptosis can be assessed using a global measure 852 

like SYTOX staining. Together, these results demonstrate that both increasing and decreasing 853 
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FMRP expression increase apoptosis and that, under some conditions, NPCs are preferentially 854 

sensitive to apoptosis. 855 

 856 

FMRP regulates differentiation 857 

 858 

Loss of FMRP decreased neuronal differentiation in adult hippocampus in some experiments 859 

(Luo et al., 2010; Guo et al., 2011; Guo et al., 2012), while it increased neuronal differentiation 860 

in other studies (Eadie et al., 2009; Lazarov et al., 2012). Likewise, mixed results were reported 861 

in human FXS ESCs (Castren et al., 2005; Bhattacharyya et al., 2008; Telias et al., 2013). Loss 862 

of FMRP consistently increases NPC differentiation into intermediate progenitor cells and/or 863 

neurons in embryonic and early postnatal mouse cortex both in vivo and in vitro (Castren et al., 864 

2005; Tervonen et al., 2009; Saffary and Xie, 2011) and in postmortem fetal human brain 865 

(Tervonen et al., 2009). 866 

 867 

In our experiments, loss or over-expression of FMRP increases NPC differentiation into 868 

neurons, resulting in an increased proportion of neurons and decreased proportion of NPCs 869 

within the labeled cell population. NPCs are also more susceptible to apoptosis with perturbed 870 

FMRP levels, which contributes to the decrease in NPCs. However, if neuronal differentiation is 871 

normal, a loss of NPCs due solely to apoptosis should reduce the progenitor pool and decrease 872 

the number of resulting neurons proportionally, as we found with LOW fmr1a MO. In contrast, 873 

HIGH fmr1a MO decreased the proportion of NPCs and increased the proportion of neurons 874 

within the labeled cell population indicating an increase in neuronal differentiation. Depletion of 875 

the progenitor pool due to the combination of apoptosis and increased differentiation with HIGH 876 

fmr1a MO decreased the number of neurons generated, but those neurons make up a higher 877 

percentage of the labeled cell population. Interestingly, over-expression with HIGH fmr1 878 
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completely depleted the progenitor pool, suggesting that all NPCs differentiated into neurons. 879 

Perturbations in FMRP levels that decreased NPCs often produced non-significant increases in 880 

unidentifiable cells, which are likely immature neurons which lack processes used to categorize 881 

them as neurons. In control animals, unidentifiable cell numbers were highest at 1dfe and 882 

decreased in subsequent days as distinctive neuronal morphology developed. Previous in vivo 883 

time-lapse imaging of tectal progenitors at intervals of 2-19 hours over several days 884 

demonstrated that ~ 50% of labeled NPCs differentiate directly into neurons without dividing, 885 

whereas other NPCs undergo classical symmetric or asymmetric divisions, after which one or 886 

both progeny rapidly adopts neuronal morphology (Bestman et al., 2012). Here, HIGH fmr1 MO 887 

and HIGH FMRP OE resulted in larger proportions of neurons and smaller proportions of NPCs 888 

compared to CMO, without increasing cell number over the 3 day imaging period. This suggests 889 

that the increased proportion of neurons did not result from NPC proliferation and differentiation, 890 

but may have occurred through direct differentiation of NPCs into neurons. Given our 24 hour 891 

time-lapse imaging interval, division followed by apoptosis is also supported by our data. 892 

 893 

FMRP regulates dendritic arbor development 894 

 895 

The role of FMRP in dendritic arbor development has been studied in human stem cell 896 

preparations and in various brain regions of Fmr1 KO mouse in vitro and in vivo. While defects 897 

in dendritic arbor morphology have not been observed in adult Fmr1 KO visual cortex, 898 

cerebellum, and olfactory bulb (Irwin et al., 2002; Koekkoek et al., 2005; Scotto-Lomassese et 899 

al., 2011), reduced dendritic length and/or complexity has been observed in developing brain 900 

regions. Newborn neurons in adult Fmr1 KO hippocampus have decreased dendritic length, 901 

complexity, and branch tip number in vivo and in vitro (Guo et al., 2011; Guo et al., 2012). 902 

Decreased dendrite number, length, and branching have been noted in vitro in differentiated 903 
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human FXS ESCs and iPSCs (Castren et al., 2005; Sheridan et al., 2011; Doers et al., 2014) 904 

with one exception (Telias et al., 2013). Cultured neurons from embryonic Fmr1 KO mouse 905 

cortex have decreased dendrite number and length, while those from hippocampus have 906 

decreased dendrite length and area (Castren et al., 2005; Jacobs and Doering, 2010).  In vivo, 907 

modest and/or transient defects in dendritic orientation in somatosensory cortex and decreased 908 

dendritic branch length in spinal cord of Fmr1 KO mice have also been observed (Galvez et al., 909 

2003; Thomas et al., 2008; Till et al., 2012). 910 

 911 

Here, FMRP loss or over-expression decreased total dendritic branch length and arbor 912 

complexity, again demonstrating the sensitivity of neuronal phenotypes to FMRP expression 913 

levels. The defects in dendritic arbor development may result from loss of FMRP specifically in 914 

the imaged neurons, or their defective history during proliferation and differentiation could 915 

contribute. HIGH fmr1 expression rescued the cell proliferation/survival phenotype, but failed 916 

to rescue the differentiation and dendritic arbor phenotypes. We systematically decreased the 917 

concentration of over-expressed fmr1 plasmid until it did not produce a dendritic arbor defect 918 

when expressed on its own. Only then were we able to rescue the defect in dendritic 919 

morphology resulting from HIGH fmr1a MO, again suggesting that neuronal phenotypes are 920 

exquisitely sensitive to FMRP levels.  921 

 922 

Summary 923 

 924 

In summary, we have shown that FMRP regulates neuronal proliferation, survival, 925 

differentiation, and dendritic arbor development in vivo in the Xenopus tadpole. These 926 

processes are highly sensitive to FMRP levels and both increases and decreases in FMRP 927 

affect neurogenesis. Our ability to uncover these phenotypes is based on our in vivo time-lapse 928 
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imaging strategy, which is optimized to detect cumulative effects of perturbing FMRP levels, 929 

compared to outcome measures based on single time points. Ambiguities in the literature with 930 

respect to FMRP’s role in neuronal proliferation and survival may be present, in part, because 931 

traditional assays lack the sensitivity to resolve these changes. The use of different aged 932 

animals and different means of knockdown may also account for this variability in neurogenesis 933 

phenotypes. We modeled the loss of FMRP in the human FXS fetus using acute FMRP 934 

knockdown at a developmental stage in Xenopus similar to mammalian fetal development. 935 

These studies demonstrate promise in using Xenopus to identify fundamental features of FXS. 936 

At present, clinical and preclinical research for FXS focuses on the development of drugs that 937 

modulate glutamatergic synaptic signaling, and therefore targets events that occur much later in 938 

brain development than neurogenesis. Yet, as suggested in this paper, disorders like FXS may 939 

result from developmental events that have gone awry prenatally when most cell proliferation 940 

occurs in mammals. Some of the neuronal phenotypes that current interventions are trying to 941 

ameliorate could result from a defective history during the genesis of those neurons. Therefore, 942 

the development of interventions which target early events in brain development such as cell 943 

proliferation, differentiation and survival may prove to be of great therapeutic benefit.  944 

 945 

  946 
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TABLE/FIGURE LEGENDS 1222 

 1223 

Table 1. Statistical Table. For each statistical test run in the study, the data structure, statistical 1224 

test, and power are listed. 1225 

 1226 

Figure 1. FMRP is expressed in Xenopus optic tectal progenitors and neurons. (A) 1227 

Schematic of the Xenopus tadpole optic tectum showing the location of neural progenitor cells 1228 

(purple) and neurons (green) extending processes into the neuropil. (B) A single optical confocal 1229 

section of stage 47 Xenopus optic tectum shows widespread FMRP immunoreactivity. Scale bar 1230 

= 100um. (C) A higher magnification view from a single optical section in a different animal 1231 

shows FMRP immunoreactivity across all cell layers and throughout the neuropil. Scale bar = 1232 

50um. 1233 
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 1234 

Figure 2. Validation of fmr1a morpholino-mediated knockdown. Antibody-dependent and -1235 

independent strategies to validate knockdown of FMRP by translation-blocking antisense 1236 

morpholinos. (A) Confocal Z-projections of FMRP immunoreactivity in 40um sections through 1237 

optic tectum. (B) HIGH (0.1mM) fmr1a MO results in a 60% decrease in FMRP immunoreactivity 1238 

(*** P < 0.001). (C) Antibody-independent strategy to validate in vivo knockdown by 1239 

morpholinos. Animals are co-electroporated with Sox2bd::gal4-UAS::fmr1-t2A-eGFP and 1240 

UAS::tRFPnls plasmids and either control morpholino (CMO) or fmr1a MO. In the presence of 1241 

CMO, the electroporated plasmids will all be translated resulting in expression of FMRP, eGFP, 1242 

and tRFPnls. In the presence of fmr1a MO, translation is inhibited resulting in a lack of FMRP 1243 

and eGFP, while tRFPnls is expressed. The fluorescence intensity of eGFP is correlated with 1244 

the expression of FMRP. (D) Confocal Z-projections of optic tecta electroporated with the 1245 

expression constructs and morpholinos in (C) and imaged in vivo show that LOW (0.05mM) 1246 

fmr1a MO and HIGH (0.1mM) fmr1a MO decrease the expression of eGFP. Dashed lines 1247 

outline the optic tectum and inset shows a schematic of the optic tectum. (E) Fmr1a MO 1248 

significantly increases the percentage of cells in which only tRFPnls is detected (** P < 0.01, *** 1249 

P < 0.001). (F) eGFP/tRFP ratios in cells which had detectable eGFP. Fmr1a MO significantly 1250 

reduced the eGFP/tRFP ratio compared to CMO and the decrease with HIGH fmr1a MO is 1251 

larger than that of LOW fmr1a MO (* P < 0.05, *** P < 0.001). Scale bars = 50um. 1252 

 1253 

Figure 3. Validation of FMRP rescue and over-expression. (A) Strategy for validating that 1254 

the fmr1 rescue construct is morpholino-insensitive. Point mutations in the fmr1 expression 1255 

construct prevent translational inhibition by fmr1a MO resulting in control levels of FMRP, eGFP, 1256 

and tRFPnls. (B) Confocal Z-projections of optic tecta electroporated with the 2ug/ul fmr1-t2A-1257 

eGFP, 1ug/ul UAS::tRFPnls and LOW (0.05mM) fmr1a MO as depicted in (A) and imaged in 1258 
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vivo. Dashed lines outline the optic tectum and inset shows a schematic of the optic tectum. 1259 

(C,D) Quantification of the percentage of cells expressing tRFP-only (C) and the eGFP/tRFP 1260 

ratio (D) were no different between CMO and LOW fmr1a MO. (E) Western blots of Xenopus 1261 

tadpole midbrain lysate labeled with anti-FMRP yields a band of approximately 72kD which is 1262 

higher in intensity when FMRP is over-expressed with 1ug/ul fmr1-t2A-eGFP (HIGH FMRP 1263 

OE) compared to 1ug/ul Sox2bd::eGFP (Ctrl) in two independent experiments. -tubulin was 1264 

used as a loading control. (F) HIGH FMRP OE increases the intensity of the FMRP band by 1.6 1265 

fold compared to control. (G) Z-projections from in vivo 2-photon imaging of cells expressing 0.5 1266 

ug/ul fmr1-t2A-eGFP (LOW FMRP OE) or HIGH FMRP OE. (H) eGFP fluorescence intensity is 1267 

more than three times greater for HIGH FMRP OE compared to LOW FMRP OE (* P < 0.05). 1268 

This reflects the difference in FMRP expression from these two construct concentrations since 1269 

FMRP and eGFP are made from a single transcript. Scale bars = 50um. 1270 

Figure 4. Knockdown and over-expression of FMRP decrease proliferation. (A) Z-1271 

projections from in vivo confocal time-lapse images of cells expressing Sox2bd::eGFP + CMO 1272 

(CMO) or 0.05mM fmr1a MO (LOW fmr1a MO), or 1ug/ul fmr1-t2A-eGFP + 0.05mM fmr1a MO 1273 

(LOW MO HIGH fmr1 Rescue) taken at 1 and 3dfe. Dashed lines outline the optic tectum and 1274 

inset shows a schematic of the optic tectum. (B) The percent change in the number of eGFP+ 1275 

cells increases over 3 days in CMO animals. FMRP knockdown with LOW fmr1a MO blocks the 1276 

increase in cell number between 1-3dfe. Co-expression of LOW fmr1a MO and HIGH fmr1 1277 

(LOW MO HIGH fmr1 Rescue) rescues the normal increase in cell number from 1-3dfe (* P < 1278 

0.05, ** P < 0.01). (C) Z-projections from in vivo confocal time-lapse images of cells expressing 1279 

Sox2bd::eGFP + CMO (CMO) or 0.1mM fmr1a MO (HIGH fmr1a MO), and 1ug/ul fmr1-t2A-1280 

eGFP + 0.1mM fmr1a MO (HIGH MO HIGH fmr1 Rescue). Dashed lines outline the optic 1281 

tectum. (D) FMRP knockdown with HIGH fmr1a MO results in a negative percent change in cell 1282 
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number between 1-3dfe suggesting that proliferation and cell survival are affected with a higher 1283 

concentration of morpholino. This decrease was rescued by co-electroporation of HIGH fmr1 1284 

(** P < 0.01, *** P < 0.001). (E) A 2hr pulse of the thymidine analog CldU delivered at 3dfe 1285 

confirms that cell proliferation is decreased by HIGH fmr1a MO (* P < 0.05). (F) Z-projections 1286 

from in vivo confocal time-lapse images of Sox2bd::eGFP+ (Control) and 1ug/ul fmr1-t2A-1287 

eGFP+ (HIGH FMRP OE) cells collected at 1 and 3dfe. Dashed lines outline the optic tectum. 1288 

(G,H) The percent change in the number of eGFP+ cells increases over 3 days in control 1289 

animals. HIGH FMRP OE significantly reduced the percent change in cell number between 1-1290 

3dfe. Data from individual animals (G) and the mean + SEM (H; *** P < 0.001). Scale bar = 1291 

50um. 1292 

 1293 

Figure 5. Knockdown of FMRP increases cell death. (A) Confocal Z-projections through 5 1294 

optical sections of tectum with caspase-3 (Casp3) immunoreactivity and SYTOX Orange 1295 

staining. Twenty four hour incubation in staurosporine (STS) increases the number of apoptotic 1296 

cells that are immunoreactive for Casp3 and brightly stained for SYTOX Orange. Scale bar = 1297 

100um. (B) High magnification single optical sections from different animals demonstrate the 1298 

staining variations of apoptotic cells. The majority of positively labeled cells are stained for both 1299 

Casp3 and SYTOX Orange (white arrows). The remaining cells are positive for only SYTOX 1300 

(yellow arrow) or only Casp3 (blue arrow). Scale bar = 20um. (C) Quantification of total 1301 

apoptotic cells in the presence or absence of STS demonstrates that SYTOX Orange and 1302 

Casp3 detect the STS-induced increase in cell death. SYTOX stains a larger dying cell 1303 

population than Casp3. (D) SYTOX Green staining in whole-mount optic tecta was used to 1304 

identify cells undergoing apoptosis in the presence of fmr1a MO. Bright, apoptotic SYTOX 1305 

Green+ cells are marked by blue and yellow arrows in confocal Z-projections through the dorsal 1306 

30 optical sections of tectum. Cells marked by blue arrows are shown at higher magnification 1307 
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(right) in single optical sections of the areas highlighted to the left (yellow arrows in the Z-1308 

projection to the left are out of the plane of focus in the single optical section to the right). Scale 1309 

bars = 50um. (E) Quantification of the total number of apoptotic SYTOX Green+ cells at 1dfe 1310 

show that both concentrations of fmr1a MO increase cell death compared to CMO (** P < 0.01, 1311 

*** P < 0.001). 1312 

 1313 

Figure 6. FMRP regulates differentiation. In vivo confocal time-lapse images of cells 1314 

expressing Sox2bd::eGFP and CMO or fmr1a MO collected at 3dfe and quantification of the 1315 

changes in neural progenitor cells (NPCs) and neurons over time. (A) Confocal Z-projections 1316 

show the numbers of NPCs (purple arrows), neurons (green arrows), and unidentifiable cells 1317 

(yellow arrows) in optic tecta expressing CMO, LOW (0.05mM) fmr1a MO, and HIGH (0.1mM) 1318 

fmr1a MO. Dashed lines outline the optic tectum and inset shows a schematic of the optic 1319 

tectum. (B,C) Over 3 days of imaging there is a decrease in the number of NPCs (B) and an 1320 

increase in the number of neurons (C) in control animals. LOW and HIGH fmr1a MO decrease 1321 

the number of NPCs, and HIGH fmr1a MO also decreases the number of neurons (* P < 0.05, ** 1322 

P < 0.01, *** P < 0.001). (D) Knockdown of FMRP with HIGH fmr1a MO decreases the 1323 

proportion of NPCs and increases the proportion of neurons (* P < 0.05). (E) Z-projections from 1324 

in vivo confocal time-lapse images of cells expressing Sox2bd::eGFP + CMO (CMO) or 0.1mM 1325 

fmr1a MO (HIGH fmr1a MO), or 1ug/ul fmr1-t2A-eGFP alone (HIGH FMRP OE) or with 0.1mM 1326 

fmr1a MO (HIGH MO HIGH fmr1 Rescue) at 3dfe. Dashed lines outline the optic tectum. (F) 1327 

HIGH fmr1a MO and HIGH FMRP OE decrease the number of NPCs and co-electroporation of 1328 

1ug/ul fmr1-t2A-eGFP and HIGH fmr1a MO (HIGH MO HIGH fmr1 Rescue) partially rescues 1329 

the defect at 3dfe with HIGH FMRP OE alone, but does not rescue to control levels (* P < 0.05, 1330 

** P < 0.01, *** P < 0.001). (G) Neuron numbers decrease with HIGH fmr1a MO and this 1331 

decrease is rescued by co-electroporation of 1ug/ul fmr1-t2A-eGFP (HIGH MO HIGH fmr1 1332 



 

 
49 

 

Rescue; * P < 0.05). (H) HIGH fmr1a MO and HIGH FMRP OE both decrease the proportion of 1333 

NPCs, and HIGH FMRP OE also increases the proportion of neurons and unidentifiable cells. At 1334 

3dfe, co-expression of HIGH fmr1a MO and 1ug/ul fmr1 partially rescues the HIGH FMRP OE-1335 

mediated decrease in NPC proportion, but other defects are not rescued (* P < 0.05, ** P < 1336 

0.01, *** P < 0.001). Scale bars = 50um. 1337 

 1338 

Figure 7. FMRP regulates dendritic development. In vivo 2-photon time-lapse images of cells 1339 

expressing Sox2bd::eGFP and CMO or fmr1a MO collected a 2 and 3dfe. (A) 2-photon Z-1340 

projections of imaged cells and their reconstructed dendritic arbors at 2 and 3dfe for cells with 1341 

FMRP knockdown compared to control. (B) HIGH (0.1mM) fmr1a MO decreased total dendritic 1342 

length at 3dfe (** P < 0.01). (C) HIGH fmr1a MO decreased total dendritic branch tip number at 1343 

2 and 3dfe (* P < 0.05, ** P < 0.01). (D) Branch density was unchanged between the groups. (E) 1344 

2-photon Z-projection and reconstructed dendritic arbor of a cell expressing 1ug/ul fmr1-t2A-1345 

eGFP (HIGH FMRP OE) at 3dfe. (F,G) HIGH FMRP OE decreased total dendritic length (F) and 1346 

total dendritic branch tip number (G) compared to control (Sox2bd::eGFP; *** P < 0.001). (H) 2-1347 

photon Z-projections of imaged cells and their reconstructed dendritic arbors at 3dfe for cells 1348 

when FMRP is knocked down (HIGH fmr1a MO), over-expressed with 0.5ug/ul fmr1-t2A-eGFP 1349 

(LOW FMRP OE), and rescued (HIGH MO LOW fmr1 Rescue) compared to control (CMO). 1350 

(I,J) Co-electroporation of LOW fmr1-t2A-eGFP rescued HIGH fmr1a MO-mediated decreases 1351 

in total dendritic length (I) and dendritic branch tip number (J) (* P < 0.05, ** P <0.01). Scale 1352 

bars = 20um. 1353 

 1354 

Figure 8. Neurogenesis is sensitive to FMRP levels. Summary diagram showing the 1355 

consequences of perturbing FMRP levels on the labeled cell population. The numbers and 1356 

proportions of neural progenitor cells (purple) and neurons (green), as well as the dendritic 1357 
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arbor morphology of neurons are altered in the presence of fmr1a MO or over-expression of 1358 

FMRP. LOW fmr1a MO increases NPC apoptosis leading to a reduction in the progenitor pool 1359 

and a lower total number of cells present at 3dfe compared to control. The neurons generated 1360 

with LOW fmr1a MO have a trend toward deficient dendritic arbor development. HIGH fmr1a 1361 

MO increases apoptosis compared to LOW fmr1a MO. In addition, HIGH fmr1a MO decreases 1362 

proliferation and increases NPC differentiation into neurons. This leads to a greater reduction of 1363 

the progenitor pool, a lower total number of cells present at 3dfe, and a larger proportion of 1364 

neurons among the cell population at 3dfe. In addition, those neurons have a persistent defect 1365 

in dendrite arbor elaboration. LOW FMRP over-expression does not result in defects in cell 1366 

proliferation, cell death, differentiation, or dendritic morphology. HIGH FMRP over-expression 1367 

increases cell death, decreases proliferation, and increases differentiation leading to a complete 1368 

loss of the progenitor pool at 3dfe. Neuron numbers are at control levels at 3dfe because of the 1369 

dramatic increase in differentiation, but those neurons have a defect in dendritic arbor 1370 

development. 1371 

 1372 

TABLES 1373 

 1374 

Table 1. Statistical Table 1375 

  Data structure Type of test Power 

a Normally distributed ANOVA with post-hoc Tukey 1.00 

b Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 1.00 

c Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 1.00 

d Not normally distributed Mann-Whitney 0.15 

e Not normally distributed Mann-Whitney 0.56 
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f Not normally distributed Mann-Whitney 0.46 

g Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 1.00 

h Normally distributed ANOVA with post-hoc Tukey 1.00 

i Normally distributed ANOVA with post-hoc Tukey 0.66 

j Normally distributed T-test 0.23 

k Not normally distributed Mann-Whitney 0.88 

l Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 0.99 

m Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 0.85 

n Normally distributed ANOVA with post-hoc Tukey 0.97 

o Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 0.92 

p Normally distributed ANOVA with post-hoc Tukey 0.63 

q Normally distributed ANOVA with post-hoc Tukey 0.90 

r Normally distributed ANOVA with post-hoc Tukey 0.65 

s Normally distributed ANOVA with post-hoc Tukey 0.61 

t Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 0.60 

u Normally distributed ANOVA with post-hoc Tukey 0.58 

v Not normally distributed Mann-Whitney 0.06 

w Normally distributed T-test 0.09 

x Not normally distributed Mann-Whitney 0.17 

y Normally distributed T-test 0.12 

z Not normally distributed Mann-Whitney 0.33 
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aa Not normally distributed Mann-Whitney 0.32 

bb Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 0.99 

cc Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 1.00 

dd Normally distributed ANOVA with post-hoc Tukey 0.71 

ee Not normally distributed Mann-Whitney 0.07 

ff Normally distributed T-test 0.11 

gg Normally distributed T-test 0.09 

hh Normally distributed T-test 0.48 

ii Normally distributed T-test 0.12 

jj Normally distributed T-test 0.07 

kk Normally distributed ANOVA with post-hoc Tukey 0.99 

ll Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 0.99 

mm Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 0.74 

nn Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 0.68 

oo Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 0.86 

pp Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 0.70 

qq Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 0.84 

rr Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 0.95 

ss Not normally distributed Mann-Whitney 0.98 

tt Not normally distributed Mann-Whitney 1.00 

uu Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 0.66 
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vv Not normally distributed Kruskal-Wallis with post-hoc Mann-Whitney 0.60 

 1376 

FIGURES 1377 

 1378 


















