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Fragile X Mental Retardation Protein Is Required to
Maintain Visual Conditioning-Induced Behavioral Plasticity
by Limiting Local Protein Synthesis

Han-Hsuan Liu and Hollis T. Cline
Dorris Neuroscience Center, Kellogg School of Science and Technology, The Scripps Research Institute, La Jolla, California 92037

Fragile X mental retardation protein (FMRP) is thought to regulate neuronal plasticity by limiting dendritic protein synthesis, but direct
demonstration of a requirement for FMRP control of local protein synthesis during behavioral plasticity is lacking. Here we tested
whether FMRP knockdown in Xenopus optic tectum affects local protein synthesis in vivo and whether FMRP knockdown affects protein
synthesis-dependent visual avoidance behavioral plasticity. We tagged newly synthesized proteins by incorporation of the noncanonical
amino acid azidohomoalanine and visualized them with fluorescent noncanonical amino acid tagging (FUNCAT). Visual conditioning
and FMRP knockdown produce similar increases in FUNCAT in tectal neuropil. Induction of visual conditioning-dependent behavioral
plasticity occurs normally in FMRP knockdown animals, but plasticity degrades over 24 h. These results indicate that FMRP affects visual
conditioning-induced local protein synthesis and is required to maintain the visual conditioning-induced behavioral plasticity.
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Introduction
Fragile X mental retardation protein (FMRP) is a highly con-
served mRNA binding protein expressed throughout the brain
(Santoro et al., 2012). Loss of FMRP, as occurs in fragile X syn-
drome (FXS), is thought to lead to deficits in nervous system
function underlying cognitive and behavioral deficits associated
with FXS (Liu-Yesucevitz et al., 2011; Darnell and Klann, 2013).

Studies in mouse models of FXS and in humans suggest that
FMRP regulates sensory system function and plasticity (Kwon et
al., 2001; Kogan et al., 2004; Harlow et al., 2010; Kéri and
Benedek, 2011; Till et al., 2012; Gandhi et al., 2014). For instance,
visual experience increases FMRP expression in visual cortical
neurons (Gabel et al., 2004), and loss of FMRP impairs critical
period plasticity in the visual, auditory, and somatosensory sys-
tems (Dölen et al., 2007; Harlow et al., 2010; Kim et al., 2013),
possibly by affecting long-term potentiation (Yang et al., 2014).
Loss of FMRP results in exaggerated protein synthesis (Lagger-
bauer et al., 2001; Li et al., 2001; Qin et al., 2005), which is thought
to underlie cognitive deficits seen in FXS. For instance, Fmr1
knock-out mice exhibit increased protein synthesis-dependent
mGluR-mediated hippocampal long-term depression (LTD),
suggesting that the increased proteins synthesized in the absence
of FMRP enhance this type of plasticity (Huber et al., 2000; Bear
et al., 2004; Sidorov et al., 2013). Whether such a model general-
izes to sensory system plasticity is not yet clear.
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Significance Statement

Fragile X syndrome (FXS) is the most common form of inherited intellectual disability. Exaggerated dendritic protein synthesis
resulting from loss of fragile X mental retardation protein (FMRP) is thought to underlie cognitive deficits in FXS, but no direct
evidence has demonstrated that FMRP-regulated dendritic protein synthesis affects behavioral plasticity in intact animals. Xeno-
pus tadpoles exhibit a visual avoidance behavior that improves with visual conditioning in a protein synthesis-dependent manner.
We showed that FMRP knockdown and visual conditioning dramatically increase protein synthesis in neuronal processes. Fur-
thermore, induction of visual conditioning-dependent behavioral plasticity occurs normally after FMRP knockdown, but perfor-
mance rapidly deteriorated in the absence of FMRP. These studies show that FMRP negatively regulates local protein synthesis and
is required to maintain visual conditioning-induced behavioral plasticity in vivo.
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FMRP and its mRNA targets are packaged in ribonucleopro-
tein (RNP) granules, which are distributed in neuronal somata,
dendrites, and axons and are associated with polyribosomes
(Feng et al., 1997; Ling et al., 2004; Weiler et al., 2004; Wang et al.,
2014; Faulkner et al., 2015), suggesting that FMRP may regulate
neuronal plasticity by negatively regulating protein synthesis
downstream of synaptic activity (Feng et al., 1997; Martin et al.,
2000; Ling et al., 2004; Weiler et al., 2004; Antar et al., 2005;
Sidorov et al., 2013). FMRP-dependent control of protein
synthesis in neuronal processes could allow spatiotemporal
control over availability of proteins required for plasticity
(Liu-Yesucevitz et al., 2011; Darnell and Klann, 2013). Neverthe-
less, no direct evidence has distinguished FMRP-regulated so-
matic and local protein synthesis in vivo, and no study has
demonstrated a specific requirement for FMRP-regulated local
protein synthesis in behavioral plasticity in an intact animal.

Here we tested whether FMRP knockdown in Xenopus optic
tectal neurons affects protein synthesis in neural processes in the
tectal neuropil and whether FMRP knockdown affects protein
synthesis-dependent visual avoidance behavioral plasticity. Di-
rect investigation of the role of FMRP-regulated local protein
synthesis in behavioral plasticity in intact systems has been chal-
lenging because it requires methods that can detect low-
abundance newly synthesized proteins among the large pool of
preexisting proteins and that can minimize contamination of
locally synthesized proteins in neuronal processes with somat-
ically synthesized proteins. To address these problems, we op-
timized the temporal and spatial resolution of fluorescent
noncanonical amino acid tagging (FUNCAT; Dieterich et al.,
2010; Hinz et al., 2012) in Xenopus optic tectum to visualize pro-
teins that are newly synthesized within neural processes in a time-
frame consistent with induction and expression of behavioral
plasticity (Shen et al., 2014). Under these conditions, we show
that protein synthesis in the tectal neuropil increases in vivo in
response to visual conditioning and with FMRP knockdown.
Furthermore, we show that induction of visual avoidance behav-
ioral plasticity occurs normally with FMRP knockdown, but plas-
ticity degrades over 24 h in the absence of FMRP. These results
suggest that FMRP normally limits the synthesis of proteins that
degrade behavioral plasticity.

Materials and Methods
Animals and transfection. Stage 46 – 48 albino Xenopus laevis tadpoles of
either sex were bred in house or purchased (Nasco or Xenopus Express)
and used for all experiments. The neuronal-specific �-tubulin (N�T)–
GFP transgenic tadpoles, which express GFP from the tubulin � class IIb
(tubb2b) promoter, were purchased from the National Xenopus Re-
source at the Marine Biological Laboratory. All animal protocols were
approved by the Institutional Animal Use and Care Committee of the
Scripps Research Institute. Animals were anesthetized by 0.02% MS-222
before injections or electroporation or were terminally anesthetized in
0.2% MS-222. Plasmid constructs (1–2 �g/�l), antisense morpholino
oligonucleotides against fmr1a (FMOs; 0.1mM; GeneTools) and scram-
bled control morpholinos (CMOs; 0.1 mM; GeneTools), and cell trans-
fection with electroporation have been described previously (Faulkner et
al., 2015).

FUNCAT. L-Azidohomoalaine (AHA) at 500 mM, pH 7.4 (Click
Chemistry Tools) colored with �0.01% fast green was pressure injected
into the midbrain ventricle of anesthetized tadpoles. We also mixed AHA
with anisomycin (25 �M; Sigma), cycloheximide (50 �M; Sigma), or col-
chicine (Acros Organics) as stated. Brains were dissected and fixed with
4% paraformaldehyde (PFA) in PBS (pH 7.4), 0.5, 2, 3, or 24 h later, as
specified. Samples were processed for click chemistry according to the
following protocol, modified from previous studies (Dieterich et al.,
2010; Hinz et al., 2012). Permeabilized whole-mount brains or vi-

bratome sections were transferred to Eppendorf tubes or six-well plates
with reaction mixture composed of 100 �M Tris [(1-benzyl-1H-1,2,3-
triazol-4-yl)methyl]amine (TBTA, Sigma) dissolved in 4:1 tBuOH/
DMSO (Sigma), 100 �M CuSO4 (Sigma), 1.25 �M Alexa Fluor 488 alkyne
(Invitrogen), and 250 �M Tris(2-carboxyethyl)phosphine (TCEP,
Sigma). The reaction proceeded overnight at room temperature. Samples
were washed several times and then either cleared and mounted in 50%
glycerol/6 M urea and imaged with an Olympus FluoView500 confocal
microscope with a 20� [0.8 numerical aperture (NA)], 40� (1.0 NA), or
60� (1.4 NA) oil-immersion lens or processed for immunohistochem-
istry as described below.

Immunohistochemistry and quantification. Tadpoles were anesthetized
in 0.02% MS-222 solution and fixed with 4% PFA in PBS, pH 7.4, over-
night at 4°C for immunolabeling with anti-Sox2 antibodies or anti-N�T
antibodies. To immunolabel with anti-vimentin antibodies, animals
were fixed with 100% methanol overnight at �20°C or 2% PFA for 1 h at
room temperature, followed by 100% methanol overnight at �20°C. To
immunolabel with anti-GABA antibodies, we fixed animals with 4% PFA
and 1% glutaraldehyde overnight at 4°C. Brains were dissected and either
processed as whole brains or sectioned at 40 �m on a vibratome. Samples
were permeabilized and blocked in 4% BSA and 1% normal goat serum
in 0.5% Triton X-100 for 1 h at room temperature and then incubated in
1:200 mouse anti-�-tubulin I�II (T8535; Sigma; Moody et al., 1996),
1:200 rabbit anti-Sox2 [2748S (recognizes Xenopus Sox2 and Sox3); Cell
Signaling Technology; Gaete et al., 2012)], 1:1000 rabbit anti-GABA
(A2052; Sigma; Li and Cline, 2010), or 1:50 mouse anti-vimentin (14h-7;
Developmental Studies Hybridoma Bank; Dent et al., 1989) overnight at
4°C, followed by 2 h in 1:200 anti-mouse Alexa Fluor 647 or anti-rabbit
Alexa Fluor 647 (Life Technologies) at room temperature. Samples were
cleared and mounted in 50% glycerol/6 M urea and imaged with an
Olympus FluoView500 confocal microscope with a 20� (0.8 NA) or 60�
(1.4 NA) oil-immersion lens or on a Nikon A1 confocal microscope with
a 60� (1.4 NA) oil-immersion lens.

Fluorescence intensity of AHA labeling in the cell body layer or in the
neuropil was quantified in single optical sections from confocal z series
through the brain using custom applications created in MATLAB 2009b
(MathWorks, Psychophysics Toolbox extensions). We selected the most
dorsal optical section through the optic tectum ventral to the anterior
commissure from the confocal z stacks and oriented the brain image
along the rostrocaudal axis. Only samples in which the ventricle is closed
at the dorsal midline were included in the analysis. We manually drew a
dorsoventral line 40 – 60 pixels long (24.8 –37.2 �m) along the midline,
extending caudally from the anterior commissure, and randomly plotted
10 mediolateral lines perpendicular to the midline. We calculated the
average fluorescence intensity along the 10 mediolateral lines from the
midline through the cell body layer to the neuropil in both the left and
right tectal lobes. The ventricular cell body layer is enriched for neural
progenitor cells (NPCs), identified by Sox2 immunolabeling, and neu-
rons, identified by N�T labeling, are lateral to the NPCs. Samples with
�10% difference in total fluorescence intensity between the left and right
hemispheres were excluded from the analysis. Fluorescence intensity in
the cell body layer was measured in the 50 pixels (31 �m) to the left and
right of the midline, and the neuropil was measured between 80 and 100
pixels (49.6 – 68.2 �m) to the left and right of the midline.

To test whether AHA-labeled proteins are enriched in cell types or
cellular compartments labeled by the different markers, we created
masks of regions of interest (ROIs) based on immunolabeling with Sox2,
GABA, and N�T in the cell body layer or neuropil. The average AHA
labeling intensities per unit area within or outside of the masks were
normalized to average AHA intensity within ROIs without masking.

For quantification of N�T-immunolabeled neuronal processes in Fig-
ure 3, we used the 2D Sholl analysis plugin in Fiji (Ferreira et al., 2014).
We determined the numbers of intersections of N�T-immunolabeled
neuronal processes with rings of increasing radius extending from the
neuropil in the left top corner through the cell body layer in the right
bottom corner in the z projections of images of N�T immunolabeling in
the optic tectum 0.5 and 2 h after PBS or colchicine injection. Mean
intersections (see Fig. 3e) are the average of intersections at all rings.
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To quantify the effect of FMRP knockdown on translation, we electro-
porated tadpole midbrains with CMOs or FMOs and, 2 d later, injected
the midbrain ventricle with AHA, as described above. Animals were ter-
minally anesthetized and fixed 1 or 3 h later and processed for click
chemistry, as described above. A single experiment included animals
from a single clutch of embryos processed together, blind to treatment.
Fluorescence intensity in the NPC layer was measured in the 20 pixels
(12.4 �m) to the left and right of the midline, and the neuronal cell layer
measurement was made from the 30 pixels (18.6 �m) just lateral to the
NPC layer. The average fluorescence intensities of animals with 3 h AHA
labeling were then normalized to the average intensities of animals with
1 h AHA labeling from the same experiment. The AHA intensity ratio 3
h/1 h of CMO- or FMO-treated animals from each independent experi-
ment was paired for statistic analysis.

For quantification of AHA-labeled proteins in neuronal processes
within the optic tectal neuropil, we developed and performed custom-
ized image analysis macros in NIH ImageJ. We used N�T immunolabel-
ing as a mask to identify neuronal processes and measured AHA
fluorescence intensity only in the N�T mask within a fixed ROI of
1762.66 �m 2 in the tectal neuropil (see Fig. 5), propagated through the z
series of the tectal neuropil. The final fluorescence intensity value for
each animal was an average from image stacks of two or more represen-
tative 40-�m-thick sections. The AHA fluorescence intensity of the ex-
perimental group was normalized to the control group within each
independent experiment and then pooled for statistic analysis.

All samples were prepared, imaged, and analyzed in parallel, blind to
treatment, using the same image acquisition and analysis settings. Fig-
ures were compiled using Adobe Illustrator (Adobe Systems).

In vivo time-lapse imaging and analysis of N�T–GFP transgenic tad-
poles. N�T–GFP transgenic tadpoles were imaged on a custom-built two-
photon microscope with a 20� water-immersion lens (0.95 NA). To
reduce interference from pigment cells in the skin, we raised tadpoles in
0.001% phenylthiourea (Sigma) starting 2–3 d after fertilization until
stage 47/48 when they were used for experiments. We collected time-
lapse images of optic tecta before, 0.5 h, and 2 h after injecting the mid-
brain ventricle with �10 nl of PBS or 5 or 10 mg/ml colchicine. All
images were collected using the same image acquisition settings.

To compare the change in cell morphology of N�T–GFP-expressing
neurons in Figure 3b, we measured the complexity of the GFP-labeled
neuronal processes using Fuji 3D Sholl analysis. We counted the num-
bers of intersections of N�T–GFP neuronal processes with rings of in-
creasing radius at 100, 150, 200, 250, and 300 �m extending from the
neuropil in the left top corner through the cell body layer in the right
bottom corner in the z projections of images of N�T–GFP. The mean
intersections are the average of intersections at all radii (see Fig. 3a). The
values for each time point for each animal were normalized to the value
before PBS or colchicine injection. The normalized value for each time
point from individual animals was paired for statistic analysis.

In vivo time-lapse imaging and analysis of cytoplasmic polyadenylation
element binding protein–CFP RNPs and mitochondria. We determined the
effect of colchicine on the distribution of cytoplasmic polyadenylation
element binding protein (CPEB)-CFP-labeled RNP granules (see Fig. 4)
as follows: Optic tecta were sparsely transfected with cytosolic yellow
fluorescent protein (YFP) and CPEB-CFP and, after 3 d, were imaged on
a PerkinElmer Ultraview Vox spinning disk confocal microscope with a
25� water-immersion lens (1.1 NA) at stated times after ventricular
injection with colchicine or PBS. To image YFP and CFP, we sequentially
excited YFP and CFP with 488 or 405 nm laser lines, respectively, and
imaged with UltraVIEW emission filters “527(W55)” or “485(W60)” ac-
cordingly. To quantify CPEB–CFP RNP granules, we used the 3D object
counter plugin in NIH ImageJ (Bolte and Cordelieres, 2006). We set the
threshold intensity to 150 and counted objects larger than 0.25 �m 3

within YFP � areas. Then we assigned each object to an individual cell in
the original images.

To determine the effect of colchicine on the distribution of mitochon-
dria (see Fig. 3d–g), stage 47/48 tadpoles received ventricular injections
of 50 �M MitoTracker DeepRed FM (Invitrogen) diluted in PBS from 1
mM stock solution in DMSO mixed with PBS or colchicine. Time-lapse
confocal z series through the optic tectum were collected at the stated

times on a PerkinElmer Ultraview Vox spinning disk confocal micro-
scope with a 25� water-immersion lens (1.1 NA). The fluorescence in-
tensity of MitoTracker labeling was measured in an ROI of the cell body
layers and an ROI of the neuropil along the mediolateral extent of the
tectum in three individual optical sections per brain at each time point.
The ROIs were 150 � 100 pixels (43.86 � 29.24 �m) positioned at the
ventricular and pial edges of the tectal lobe (see Fig. 3b). Each fluores-
cence intensity value is the average from three sections per tectal lobe.
The average fluorescence intensities from the 0.5 and 2 h time points
were normalized to the intensities at the 0 h time point for each animal.
The normalized MitoTracker labeling intensity from each time point
from individual animals was paired for statistic analysis.

Visual conditioning and visual avoidance assay. Visual conditioning
was provided to animals as described previously (Shen et al., 2014). An-
imals were exposed to moving bars (1 cm width; 0.3 Hz; luminance, 25
cd/m 2) continuously for 1.5 h. The visual avoidance assay was conducted
as reported previously (Dong et al., 2009; Shen et al., 2014). Briefly, four
to six tadpoles were placed in a 8 � 3 cm tank filled with �25 ml of
Steinberg’s rearing solution. The bottom of the chamber was mounted
with a backprojection screen. Visual stimuli were projected on the screen
using a microprojector (MPro110; 3M). Videos of tadpoles illuminated
by infrared LEDs were recorded with a Hamamatsu ORCA-ER digital
camera. Visual stimuli were generated and presented by MATLAB 2009b.
Randomly positioned moving spots of 0.4 cm diameter were presented in
pseudorandom order for 60 s. Visual avoidance behavior was scored as a
change in swim trajectory or speed and plotted as an avoidance index
(AI), the ratio of avoidance responses to the first 10 encounters with an
approaching visual stimulus. Animals in which �50% of turning events
were independent of an encounter with visual stimuli were not included
for additional analysis. Outliers, defined as those with AI greater that two
SDs from the mean, were excluded from the analysis.

Statistical tests. All data are presented as mean � SEM based on at least
three independent experiments unless otherwise noted. Data are consid-
ered significantly different when p values are �0.05. The nonparametric
Mann–Whitney U or Wilcoxon’s signed-rank tests were used to compare
between two independent groups or matched pairs as stated. The Steel–
Dwass test was used for nonparametric multiple comparisons between all
pairs. The Wilcoxon’s test was used for nonparametric multiple compar-
isons for each pair. Experiments and analysis were performed blind to the
experimental conditions. JMP 11 statistics software (SAS Institute) was
used for all statistics analysis.

Results
FUNCAT detects rapid changes in translation in
intact animals
FUNCAT allows visualization of newly synthesized proteins after
incorporation of a noncanonical amino acid, such as AHA, a
methionine analog, in place of endogenous methionine. Click
chemistry is then used to tag a bio-orthogonal group with a flu-
orescent reporter. Previous studies applied FUNCAT to intact
zebrafish and showed that exposing animals to AHA in rearing
solution over a period of several days labeled proteins throughout
the animal without toxicity or behavioral impairment (Hinz et
al., 2012). We have shown that AHA injection into the brain
ventricle allows rapid labeling of newly synthesized proteins over
the time course of hours using biotin-based bio-orthogonal non-
canonical amino acid tagging (BONCAT) on dot blots (Shen et
al., 2014). Here we tested whether ventricular injection of AHA
improves the temporal resolution of FUNCAT in Xenopus optic
tectum in vivo. AHA was injected into the midbrain ventricle, and
brains were dissected and processed for click chemistry to tag
AHA with fluorophore for visualization of AHA-labeled pro-
teins. Figure 1a shows an example of AHA labeling detected 3 h
after ventricular injection next to a sketch of the tadpole mid-
brain with the tectal cell body layer and neuropil shaded in green
and gray, respectively. AHA labeling was detected 2 h after injec-
tion of AHA compared with minimal background labeling after
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Figure 1. FUNCAT reveals rapid changes in protein synthesis in intact animals. a, Left, Schematic of tadpole optic tectum showing the location of cell body layer (green), which includes NPCs
(black) and neurons (gray) extending processes into the neuropil (gray). Right, Image of whole-mount brain processed for click chemistry with Alexa Fluor 488 –alkyne to visualize newly synthesized
proteins 3 h after ventricular injection of AHA. b, d, f, Images of fluorescent AHA labeling in single confocal optical sections from comparable depths across groups or z projections through optic
tectum. b, In vivo AHA labeling detected after 2 h ventricular AHA injection is blocked by anisomycin (ANI, 25 �M) and cycloheximide (CHX, 50 �M). c, Normalized AHA labeling in the cell body layer
and neuropil in animals treated with PBS, AHA, AHA plus ANI, or AHA plus CHX. AHA: 1�0.02 in cell body layer and 1�0.07 in neuropil, n	10 brains; ANI: 0.2�0.004 in cell body layer and 0.18�
0.01 in neuropil, n	4 brains; CHX: 0.21�0.03 in cell body layer and 0.23�0.05 in neuropil, n	5 brains; PBS: 0.05�0.01 in cell body layer and 0.04�0.01 in neuropil, n	5 brains. d, Tadpoles
exposed to PTZ (15 mM) in rearing solution for 2 h after AHA injection have more intense AHA labeling. e, Normalized AHA labeling in the cell body layer and neuropil in animals exposed to PTZ
compared with controls. 2 h AHA: 1 � 0.05 in cell body layer and 1 � 0.04 in neuropil, n 	 3 brains; 2 h AHA � PTZ: 1.54 � 0.05 in cell body layer and 1.48 � 0.04 in neuropil, n 	 3 brains.
f, In vivo AHA labeling detected 0.5, 3, or 24 h after AHA injection. Bottom row shows enlargements of yellow boxed areas in the middle row. (g) Normalized (Figure legend continues.)
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PBS injection (Fig. 1b,c). Coinjection of AHA with the transla-
tional inhibitors anisomycin (25 �M) or cycloheximide (50 �M)
significantly decreased AHA labeling seen over 2 h (Fig. 1b,c).
When animals were treated with 2 h bath application of 15 mM

pentylenetetrazol (PTZ), a GABA receptor antagonist that in-
creases brain activity, AHA labeling was significantly greater in
both the tectal cell body layer and neuropil, indicating a similar
proportional increase in activity-induced protein synthesis in the
cell bodies and processes (Fig. 1d,e). We compared the intensity
of AHA labeling in the neuropil to the cell body layer and found
that the neuropil has 18.8 � 0.35% of AHA labeling intensity in
the cell body layer under control conditions and 18.1 � 0.98%
after PTZ treatment, indicating that PTZ increased protein syn-
thesis to a comparable extent in the cell body layer and neuropil.
These data show that FUNCAT has sufficient sensitivity to detect
changes in protein synthesis in the cell body layer and neuropil
within a 2 h window when animals are exposed to drugs that
either block translation or indirectly increase protein synthesis
downstream of increased neuronal activity.

Next, we tested whether shorter AHA labeling times could be
used to visualize newly synthesized proteins with FUNCAT and
how long AHA-labeled proteins can be detected to identify the
temporal resolution of FUNCAT in vivo. We detected AHA-
labeled proteins as soon as 0.5 h after AHA injection into the
midbrain ventricle, and AHA labeling increased over 3 h after
injection in both the cell body layer and neuropil. When the
animals were fixed 24 h after AHA injection, AHA-labeled pro-
teins could still be detected (Fig. 1f,g). These data indicate that
newly synthesized proteins can be detected in live animals as soon
as 0.5 h after AHA injection and that they persist for at least 1 d.

We combined FUNCAT with immunohistochemistry for cell-
type-specific markers to determine whether AHA labeling dif-
fered in different cell types. We observed higher-intensity AHA
labeling in the ventricular layer cells that are labeled by Sox2
antibodies, a marker of NPCs, indicating more active protein
translation in NPCs than in neurons. We quantified the intensity
of AHA labeling in Sox2� cells compared with Sox2� cells using
a mask based on the Sox2 immunolabeling, as described in Ma-
terials and Methods. This analysis indicated that AHA labeling is
significantly enriched in Sox2� cells (Fig. 2a; Table 1). Note that
the Sox2 mask only measures AHA in the NPC nuclei, whereas
AHA labeling is both nuclear and cytosolic, so the AHA enrich-
ment in NPCs is an underestimate. AHA labeling is comparable
in GABA-immunopositive and GABA-immunonegative neurons
and processes in both the cell body layer and the neuropil (Fig. 2b;
Table 1). AHA-labeled proteins were detected not only in the
cytosol, where translation occurs, but also in the nuclei, consis-
tent with translocation of newly synthesized proteins from the
cytosol to the nuclei (Fig. 2a,b). We also observed AHA labeling
along the processes of NPCs and neurons, marked by antibodies
against vimentin and N�T (Moody et al., 1996), respectively. The
vimentin labeled radial glial NPC processes were too fine to
quantify AHA labeling reliably (Fig. 2c). By analyzing the inten-
sity of AHA labeling per unit area in a mask of N�T� labeling
compared with N�T� labeling, we found that AHA labeling is

significantly enriched in N�T� processes in the cell body layer
compared with the N�T� area (Fig. 2d; Table 1). It is unclear
whether the AHA-labeled proteins localized in processes were
synthesized locally or were synthesized in the somata and then
transported to the processes.

Visualization of locally synthesized protein in neural
processes in vivo
The goal of our study is to test whether FMRP regulates local
protein synthesis in neuronal processes in vivo and whether
FMRP-regulated protein synthesis is required for behavioral
plasticity. Specific visualization of locally synthesized proteins
within neural processes has been a challenge in intact animals
because it has been difficult to segregate locally synthesized pro-
teins from proteins that are synthesized in the cell body and trans-
ported to the processes. One way to tackle this problem is to block
the cellular machinery required to transport newly synthesized
proteins from the somata to the processes. Previous studies used
colchicine, which inhibits microtubule polymerization, to block
microtubule-dependent transport from the somata to the pro-
cesses (Fischer and Schmatolla, 1972; Shan et al., 2003; Antar et
al., 2005). For our purposes, we wanted to disrupt microtubules
to interfere with protein transport from the somata but preserve
the presence of RNP granules in neural processes, thereby main-
taining the cellular machinery required for protein synthesis in
processes. In preliminary experiments, we imaged transgenic
Xenopus tadpoles expressing GFP driven by the neuron-specific
�-tubulin class IIb (N�T or tubb2b) promoter in all neurons
before and after ventricular injection of �10 nl of 5 or 10 mg/ml
colchicine or PBS. These experiments suggested that treatment
with 5 mg/ml colchicine might affect microtubule stability (data
not shown). Furthermore, ventricular injections of dilute fast
green dye show that small molecules are rapidly cleared from
the brain ventricle, suggesting that ventricular colchicine may
have a transient effect on microtubule structure. To address this
directly, we tested whether microtubule structure could be dis-
rupted by ventricular injection of colchicine, using immunola-
beling with antibodies against N�T (Moody et al., 1996). Animals
received ventricular injections of PBS or 5 mg/ml colchicine and
were fixed 0.5 or 2 h later. As also seen in Figure 2, N�T immu-
nolabeling identifies bundles of microtubules in neuronal
processes extending from cell bodies into the neuropil in PBS-
injected control animals (Fig. 3a,b). Microtubule bundles were
disorganized 0.5 h after colchicine treatment, and this effect was
reversed after 2 h (Fig. 3a,b), likely because the colchicine was
cleared from the ventricle. Sholl analysis indicated that the integ-
rity of N�T-labeled processes extending from the cell body layer
to the neuropil decreased 0.5 h after colchicine and recovered to
control values at 2 h (Fig. 3c).

Next, we examined whether microtubule-dependent trans-
port from neuronal cell bodies into processes was affected by
ventricular colchicine injection by tracking the distribution of
mitochondria in the tectum (Plucińska et al., 2012). We labeled
mitochondria by coinjecting MitoTracker with either PBS or
5 mg/ml colchicine into the midbrain ventricle and collected in
vivo time-lapse confocal images of the optic tecta immediately
after (0 h) and 0.5 and 2 h after injection. Figure 3d shows the
location of the imaged portion of the tectum. Images in Figure 3,
e and f, are inverted such that fluorescently labeled mitochondria
appear black. We measured the fluorescence intensity across the
tectum from the pial layer through the neuropil to the cell body
layer, abutting the ventricle (Fig. 3e, bottom). MitoTracker
quickly labels mitochondria in the cell body layer, and analysis of

4

(Figure legend continued.) AHA labeling in the cell body layer and neuropil in animals injected
with AHA and fixed at different time points as stated. 0.5 h: 1 � 0.03 in cell body layer and 1 �
0.07 in neuropil, n 	 4 brains; 3 h AHA: 1.33 � 0.07 in cell body layer and 1.47 � 0.07 in
neuropil, n 	 9 brains; 24 h AHA: 1 � 0.04 in cell body layer and 1.18 � 0.09 in neuropil, n 	
9 brains. *p � 0.05, **p � 0.01, Steel–Dwass test for all pairs or Mann–Whitney U test for two
groups. Error bars represent � SEM. Scale bar, 100 �m.
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in vivo time-lapse images from control tecta indicates that the
density of mitochondria in the cell body layer and neuropil in-
creases over 2 h after PBS injection (Fig. 3f,g). In contrast, in vivo
images collected 0, 0.5, and 2 h after 5 mg/ml colchicine treat-
ment indicate that the density of mitochondria increases in the
cell body layer but not in the neuropil (Fig. 3f,g). MitoTracker
labeling intensity in the cell body layer and neuropil was compa-
rable immediately after PBS and colchicine treatment [cell body
layer: PBS, 4005 � 607 arbitrary units (AU); colchicine, 4920 �
369 AU; neuropil: PBS, 1452 � 141 AU; colchicine, 1360 � 101
AU; n 	 9 brains for PBS and colchicine]. After 2 h, MitoTracker
labeling intensity in the neuropil of PBS-treated animals was

Table 1. AHA labeling intensity in NPCs, neurons, and processes

Mean � SEM
Mann–Whitney U test
( p value)

Cell bodies Neuropil Cell bodies Neuropil

Sox2 � 1.63 � 0.04 p � 0.01
Sox2 � 0.84 � 0.01
GABA � 1.08 � 0.02 1.04 � 0.02 p � 0.01 p � 0.01
GABA � 0.98 � 0.01 0.98 � 0.01
N�T � 1.23 � 0.03 1.00 � 0.06 p � 0.01 p 	 0.81
N�T � 0.94 � 0.09 0.99 � 0.03

AHA labeling (intensity/pixel) in masks created from Sox2, GABA, or N�T immunolabeling positive and negative
regions was normalized to total AHA labeling. The nonparametric Mann–Whitney U test was used to compare
normalized average AHA labeling between groups. n 	 6 for all comparisons.

Figure 2. Cellular distribution of newly synthesized proteins in the tadpole tectum. a– d, Single optical sections of AHA labeling (green) and immunolabeling (magenta) targeting Sox2 (a), GABA
(b), vimentin (c), or N�T (d). Brains were fixed and processed to visualize AHA labeling 3 h after injecting AHA into the brain ventricle. Sox2 and vimentin immunolabeling were performed on whole
brains after FUNCAT (a, c). GABA and N�T immunolabeling was done in 40 �m sections (b, d). Yellow arrowheads mark the colocalization of AHA labeling with different markers. Images in the left
columns are from different animals than the higher-magnification series to the right. AHA labeling intensity was measured in the yellow boxed areas (see Table 1). C, Cell body layer; N, neuropil. Scale
bars: left column, 100 �m; right three columns, 50 �m.
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significantly greater than in colchicine-treated animals (Fig.
3f,g). Labeling in the cell body layer was comparable in PBS-
and colchicine-treated animals, indicating that MitoTracker
uptake into the cells was not affected (Fig. 3f,g). These results
indicate that microtubule-dependent transport from neural
cell bodies into processes is decreased by ventricular colchi-
cine injection.

To examine whether the cellular machinery required for pro-
tein synthesis is retained in processes after colchicine treatment,
we labeled RNP granules and visualized cells by coexpressing
CPEB–CFP fusion protein and cytosolic YFP (Bestman and
Cline, 2009). We did not label RNP granules with FMRP fusion
proteins because overexpressing FMRP causes apoptosis in NPCs
and decreases dendritic arbor elaboration in neurons (Faulkner

Figure 3. Colchicine affects microtubule structure and microtubule-dependent mitochondria transport. a, Top, Schematic of the optic tectum with a yellow box marking the location of images
shown in b. Bottom, Schematic of Sholl analysis used to analyze N�T immunolabeling in b. b, Representative z projections of N�T immunolabeling in the optic tectum 0.5 and 2 h after injection of
PBS or colchicine into the midbrain ventricle. Colchicine decreases the integrity of microtubule bundles labeled with N�T antibodies at 0.5 h, but this appears to be reversed at 2 h. c, Sholl analysis
quantifying the mean intersections of N�T labeling with arcs of increasing radium 0.5 and 2 h after PBS or colchicine injection. PBS: 14.80 � 1.24 at 0.5 h, n 	 5 brains and 16.11 � 0.89 at 2 h, n 	
9 brains; colchicine: 11.17 � 0.48 at 0.5 h, n 	 6 brains and 16.67 � 1.61 at 2 h, n 	 6 brains. d, Schematic of the optic tectum with a yellow box marking the location of images shown in e and
f. e, Top, Inverted z projection of an in vivo image of MitoTracker labeling in the optic tectum. The ventricle is to the right, and pia is to the left. Boxed regions show ROIs of the portion of the neuropil
and cell body layer in which MitoTracker labeling intensity was measured. Bottom, Fluorescence intensity measured in the image shown and in the ROIs corresponding to neuropil and cell body ROIs.
f, Representative inverted z projections of mitochondria labeled by MitoTracker 0, 0.5, and 2 h after coinjection with PBS or colchicine. g, Colchicine decreases the MitoTracker labeling intensity in
the neuropil ROI compared with PBS. PBS: 2.49 � 0.22 in cell body layer and 2.21 � 0.20 in neuropil, n 	 9 brains; colchicine: 2.43 � 0.20 in cell body layer and 1.61 � 0.12 in neuropil, n 	 9
brains. *p � 0.05, **p � 0.01, Mann–Whitney U test. Error bars represent � SEM. Scale bar, 50 �m.
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et al., 2015). Three days later, we injected PBS or 5 mg/ml colchi-
cine into the midbrain ventricle and collected in vivo confocal
images of labeled optic tectal cells before and 0.5 and 2 h after
colchicine or PBS injection (Fig. 4a). We identified CPEB–CFP
puncta in YFP-expressing cells based on orthogonal views of x, y,
z confocal images (Fig. 4b). All of the cells with CPEB–CFP-
labeled RNP granules at the first time point retained them in both
colchicine- and PBS-injected animals (Table 2). We next tested
whether ventricular injection of colchicine affects AHA labeling
and found that the intensity of AHA labeling in the tectal cell
body layer and neuropil was comparable in animals 0.5 h after
ventricular injection with PBS or colchicine (Fig. 4c,d), indi-
cating that colchicine treatment does not interfere with pro-
tein synthesis. Together, these data indicate that ventricular
injection of 5 mg/ml colchicine transiently disrupts microtu-
bule structure and microtubule-dependent transport from the
somata into neural processes without eliminating RNP gran-
ules in neural processes or decreasing AHA labeling. These
data also suggest that these conditions allow local protein syn-

thesis but minimize transport of somatically synthesized pro-
teins into neural processes.

Visual conditioning increases local protein synthesis in the
tectal neuropil
Using the conditions established above, we tested whether a
visual conditioning protocol, known to induce protein synthesis-
dependent behavioral plasticity in vivo (Shen et al., 2014),
changes protein synthesis in the tectal neuropil, using the proto-
col in Figure 5a. The visual stimulus used for conditioning con-
sisted of 1-cm-wide white bars on a dark background moving at
0.3 Hz in each of the four cardinal directions in pseudorandom
order (Fig. 5b). We injected 5 mg/ml colchicine into the tectal
ventricle 0.5 h before exposing animals to visual conditioning or
ambient light (control) and then injected AHA, mixed with col-
chicine, immediately before visual conditioning to label proteins
that were synthesized in response to visual conditioning. AHA
was mixed with colchicine to avoid diluting colchicine with the
AHA injection. Based on our observation that colchicine disrupted
microtubules for up to 2 h after injection, animals were exposed to
visual conditioning for a total of 1.5 h, starting 0.5 h after the first
colchicine injection. This time window was intended to limit the
contribution of somatic protein synthesis to the AHA fluorescence
signal in the neuropil. To quantify newly synthesized proteins in
neuronal processes in the tectal neuropil, we created a mask of the
ROI based on N�T immunolabeling (Fig. 5c). We then determined
the AHA fluorescence intensity in the N�T� ROI to capture only the
AHA labeling within neuronal processes. Animals exposed to visual
conditioning had 23 � 8% greater AHA labeling in N�T� neuronal

Figure 4. Colchicine does not affect distribution of RNP puncta or FUNCAT. a, Protocol to image RNP granules in colchicine-treated tadpoles. Tadpoles were electroporated with a bidirectional
plasmid expressing cytosolic YFP and CBEP–CFP to visualize RNP granules in tectal cells. After 3 d, animals were injected in the midbrain ventricle with colchicine and imaged on a confocal microscope
before injection and 0.5 or 2 h later. b, Representative z projections of in vivo time-lapse confocal images of tectal cells labeled by expression of cytosolic YFP and CPEB–CFP collected before colchicine
injection and 0.5 and 2 h later. CPEB–CFP-labeled RNP granules are present in the neural process throughout the colchicine treatment. Rights columns are single optical sections of the boxed areas
in the left column including orthogonal views. c, Ventricular colchicine injection does not affect AHA labeling. Images of a single representative optical section of the whole-mount brain from
tadpoles injected with AHA in 5 mg/ml colchicine or PBS. After 1.5 h, brains were processed for click chemistry and AHA labeling to visualize newly synthesized proteins. d, Normalized AHA labeling
in cell body layer and neuropil in animals injected with AHA or AHA plus colchicine. PBS: 1 � 0.13 in cell body layer and 1 � 0.07, n 	 5 brains; 5 mg/ml colchicine: 1.08 � 0.08 in cell body layer
and 1.16 � 0.09, n 	 4 brains. *p � 0.05, Mann–Whitney U test. Error bars represent � SEM. Scales bars: b left column, 50 �m; b right column, 10 �m; c, 100 �m.

Table 2. Change in number of CPEB–CFP granules with colchicine treatment

Before After

Mean � SEM Range Mean � SEM Range

0.5 h 2.33 � 0.33 2–3 1.67 � 0.33 1– 6
2 h 3.33 � 0.71 1–2 5.83 � 2.24 1–16

Change in number of CPEB–CFP granules with colchicine treatment. CPEB–CFP granules larger than 0.25 �m3

within YFP � cells were quantified using 3D object counter. The mean � SEM and ranges of CPEB–CFP granules
before and after 0.5 h (n 	 3 cells) and 2 h (n 	 6 cells) colchicine treatment are shown.
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processes compared with animals exposed to ambient light (Fig. 5d).
In contrast, AHA labeling intensity measured in the same region of
neuropil without the N�T mask was comparable in animals exposed
to ambient light or conditioning (Fig. 5d). Our data indicate that
visual conditioning increases protein synthesis in neuronal processes
in the tectal neuropil.

FMRP knockdown increases protein synthesis in NPCs
and neurons
We showed that visual conditioning increases protein synthesis
in the tectal neuropil (Fig. 5), but the underlying mechanisms

remain unclear. We are interested in test-
ing whether the increase in local protein
synthesis in response to visual condition-
ing is regulated by FMRP. First, we tested
whether FMRP knockdown increases
protein synthesis in the optic tectum by
comparing the difference in AHA labeling
over 1 and 3 h of AHA exposure. We
knocked down FMRP by electroporating
tectal cells with antisense FMOs, which re-
duce FMRP expression in Xenopus tectum
(Faulkner et al., 2015). Control animals
were electroporated with CMOs. After 2 d
to allow knockdown, AHA was injected
into the midbrain ventricle of tadpoles,
they were fixed after 1 or 3 h, and their
brains were processed for AHA labeling.
We measured the fluorescence intensity of
AHA labeling in the ventricular layer,
which is populated by NPCs, in the neu-
ronal cell body layer and in the neuropil in
paired groups of animals that were treated
with CMOs or FMOs from six clutches of
tadpoles (Fig. 6a,b). The average fluo-
rescence intensities of animals after 3 h
AHA labeling were normalized to the av-
erage intensities of animals after 1 h AHA
labeling from the same clutch. FMRP
knockdown increased AHA labeling in
NPCs, neuronal cell bodies, and neuropil
compared with animals treated with
CMOs (Fig. 6c; Table 3). These data indi-
cate that FMRP knockdown increases
newly synthesized proteins in somata and
processes detected over 2 h exposure to
AHA.

FMRP knockdown and visual
conditioning increase local protein
synthesis in the tectal neuropil
Next, we tested whether FMRP knock-
down regulates protein synthesis in the
tectal neuropil and whether the visual
conditioning-dependent increase in newly
synthesized proteins in the tectal neuropil
is regulated by FMRP, using the proto-
col in Figure 7a. Animals were electro-
porated with either CMOs or FMOs.
Two days later, we injected the midbrain
ventricle with 5 mg/ml colchicine 0.5 h
before visual conditioning and then
AHA with colchicine immediately be-
fore visual conditioning, as described

above. To determine whether visual conditioning affects pro-
tein synthesis in the tectal neuropil in the FMRP knockdown
animals, we compared the AHA labeling in animals exposed to
visual conditioning or ambient light (control) for 2 h (Fig. 7a).
Visual conditioning significantly increased AHA labeling in
the tectal neuropil of animals treated with CMOs. FMRP
knockdown alone increased AHA labeling in the tectal neuro-
pil compared with CMOs (Fig. 7b), but we did not see an
additional increase in AHA labeling when we exposed FMRP
knockdown tadpoles to visual conditioning (Fig. 7b). These

Figure 5. Visual conditioning increases local protein synthesis in the tectal neuropil. a, Protocol to evaluate AHA labeling in the
optic tectal neuropil of tadpoles presented with visual conditioning or ambient light. Tadpoles were injected in the midbrain
ventricle with colchicine and then AHA in colchicine solution. Immediately after the AHA injection, animals were exposed to 1.5 h
visual conditioning or ambient light. Animals were then fixed and their brains were processed for FUNCAT. b, Schematic of tadpoles
exposed to visual conditioning with moving bars. c, Images of a single representative optical section of the left lobe of the tectum
showing AHA labeling (left), a mask of N�T immunolabeling (middle), and AHA labeling within the N�T mask. The red box marks
the area within the tectal neuropil where we measured AHA fluorescence intensity. d, Normalized fluorescence intensity within the
tectal neuropil of animals exposed to visual conditioning or ambient light (control). Visual conditioning increased AHA labeling in
the tectal neuropil compared with control but did not result in detectable changes in global AHA labeling. Control: 1 � 0.07, n 	
24 animals; visual conditioning: 1.23 � 0.08, n 	 26 animals. *p � 0.05, **p � 0.01, Mann–Whitney U test. Error bars
represent � SEM. Scale bar, 100 �m.
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results indicate that both FMRP knockdown and visual con-
ditioning increase protein synthesis in the neuropil. Together
with previous work describing protein synthesis-dependent
visual system plasticity (Shen et al., 2014), the data suggest
that FMRP knockdown might affect visual system plasticity.

FMRP knockdown blocks maintenance of visual
conditioning-induced behavioral plasticity
To determine the functional consequences of FMRP knockdown
on protein synthesis-dependent visual system plasticity, we ex-
amined visual avoidance behavioral plasticity in FMRP knock-
down animals. Tadpoles exhibit visual avoidance behavior in

response to an approaching object (Dong et al., 2009; McKeown
et al., 2013), and their rate of successful avoidance responses
increases after animals receive conditioning visual stimulation
(Shen et al., 2014). The behavior is quantified as an AI, the ratio of
avoidance responses to encounters with an approaching visual
stimulus (Shen et al., 2014).

Baseline avoidance behavior was tested 2 d after animals were
electroporated with either CMOs or FMOs, and then animals
were subjected to 1.5 h visual conditioning followed by avoidance
behavior tests 2, 2.5, and 24 h after the onset of visual condition-
ing (Fig. 8a). We found no significant difference in baseline
avoidance behavior before animals were exposed to visual condi-

Figure 6. FMRP regulates protein synthesis in NPCs, neurons, and neuropil. a, Quantification of AHA labeling in optic tectal cells. Top, Fluorescence intensity of AHA labeling was measured along
horizontal (mediolateral) lines through the NPCs, neuronal cell body layer, and neuropil of the tectum. Positions of representative lines for analysis of AHA labeling intensity are shown superimposed
on an image of a single optical section of the tectum from a tadpole labeled with AHA for 3 h. The vertical yellow line marks the tectal midline, the green and blue lines mark the NPC and neuronal
cell body regions, respectively, and the red line marks neuropil regions. Bottom, Fluorescence intensity measurements of AHA labeling along a horizontal line from the lateral edges of the image
through the cellular ROIs, as labeled in the image above. b, Single optical sections of AHA labeling in FMO- or CMO-treated animals labeled with AHA for 1 or 3 h. c, The change in AHA labeling intensity
over 2 h in the NPCs (green), neuronal cell bodies (blue), and neuropil (red). Each line shows data from one experiment in which fluorescence intensity measurements were collected from two groups
of tadpoles from the same clutch treated with CMOs or FMOs 2 d before labeling with AHA for 1 or 3 h. The AHA intensity ratios (3 h/1 h) from CMO- or FMO-treated animals from each independent
experiment were paired for statistical analysis. FMRP knockdown increases protein translation in the NPCs, neuronal cell body layer, and neuropil. n 	 6 independent experiments in total. *p �
0.05, Wilcoxon’s signed-rank test. Scale bar, 100 �m.
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tioning (AI: CMOs, 0.36 � 0.02; FMOs, 0.39 � 0.03). Control
and FMRP knockdown animals showed comparable plasticity of
the visual avoidance behavior immediately after visual condition-
ing (AI: CMOs, 0.49 � 0.03; FMOs, 0.54 � 0.03). CMO-treated
animals maintained the plasticity for up to 24 h after visual con-
ditioning (Fig. 8b,c), but the visual conditioning-induced behav-
ioral plasticity was not maintained at the 24 h time point in FMRP
knockdown animals (Fig. 8d,e). These data indicate that behav-
ioral plasticity can be induced in FMRP knockdown animals, but
the plasticity degrades in the absence of FMRP.

Discussion
Considerable evidence has shown the importance of newly syn-
thesized mRNA and proteins in long-term synaptic plasticity and
memory formation (Agranoff and Klinger, 1964; Agranoff et al.,
1965; Lamprecht and LeDoux, 2004; Cajigas et al., 2010; West
and Greenberg, 2011). Nevertheless, the underlying mechanisms
of activity-induced protein synthesis-dependent synaptic
plasticity are unclear. In this study, we optimized the spatial and
temporal resolution of FUNCAT to allow systematic analysis of
the role of FMRP in the regulation of local protein synthesis and

experience-dependent behavioral plasticity in intact Xenopus
tadpoles. We demonstrated that protein synthesis in the tectal
neuropil increases in response to visual conditioning in the de-
veloping visual system and that both visual conditioning and
FMRP regulate protein synthesis in tectal neuronal processes.
Finally, using an assay of visual avoidance behavioral plastic-
ity, we showed that FMRP knockdown does not interfere with
induction of behavioral plasticity, but it blocks maintenance
of plasticity. Together, we conclude that FMRP is important
for visual conditioning-induced local protein synthesis and is
required to maintain visual conditioning-dependent behavior
plasticity.

Changes in local protein synthesis has been reported in re-
sponse to different treatments, for example, BDNF and (RS)-3,5-
dihydroxyphenylglycine (DHPG) in vitro (Huber et al., 2000;
Aakalu et al., 2001; Dieterich et al., 2010), but, as a result of
limited tools available for in vivo studies, few studies have inves-
tigated whether sensory input, such as visual experience, affects
local protein synthesis in intact animals. Recently, several meth-
ods have been developed to visualize protein synthesis (Schmidt

Table 3. Change in AHA labeling over 2 h for FMO- and CMO-treated animals by clutch

NPCs Neurons Neuropil

Treatment Mean � SEM Range Mean � SEM Range Mean � SEM Range n

1
CMO 1.48 � 0.14 1.22–1.68 1.28 � 0.07 1.17–1.40 1.02 � 0.12 0.79 –1.20 3
FMO 1.69 � 0.02 1.68 –1.71 1.55 � 0.07 1.48 –1.62 1.70 � 0.06 1.64 –1.76 2

2
CMO 1.14 � 0.12 1.03–1.26 0.86 � 0.09 0.78 – 0.95 0.80 � 0.06 0.74 – 0.86 2
FMO 1.00 � 0.05 0.87–1.19 0.86 � 0.03 0.75– 0.96 0.60 � 0.07 0.38 – 0.79 5

3
CMO 0.75 � 0.19 0.55– 0.94 0.72 � 0.14 0.58 – 0.87 0.62 � 0.04 0.58 – 0.66 2
FMO 1.16 � 0.27 0.89 –1.42 1.00 � 0.17 0.83–1.17 1.08 � 0.39 0.69 –1.47 2

4
CMO 0.98 � 0.23 0.53–1.27 0.82 � 0.16 0.53–1.09 0.80 � 0.13 0.57–1.02 3
FMO 1.23 � 0.12 1.11–1.35 1.10 � 0.10 1.00 –1.20 0.95 � 0.22 0.73–1.17 2

5
CMO 1.00 � 0.04 0.92–1.07 0.90 � 0.04 0.86 – 0.99 1.02 � 0.16 0.78 –1.33 3
FMO 1.33 � 0.02 1.31–1.34 1.26 � 0.09 1.17–1.35 1.81 � 0.08 1.73–1.88 2

6
CMO 1.09 1.09 0.89 0.89 0.9 0.9 1
FMO 1.55 � 0.05 1.45–1.57 1.63 � 0.11 1.46 –1.84 1.53 � 0.12 1.39 –1.77 3

Change in AHA labeling over 2 h for FMO- and CMO-treated animals by clutch. Data for Figure 6c are shown.

Figure 7. FMRP knockdown and visual conditioning (VC) increase local protein synthesis in the tectal neuropil. a, Protocol to evaluate effects of FMRP knockdown and VC on AHA labeling in the
optic tectal neuropil. Tadpoles were electroporated with CMOs or FMOs and 2 d later received ventricular injections of colchicine and AHA. Tadpoles were exposed to VC or ambient light (control) for
1.5 h and fixed, and their brains were processed for FUNCAT. AHA labeling was measured using a N�T mask. b, Normalized AHA labeling measured in neuronal processes in tecta of FMO- or
CMO-treated animals exposed to VC or ambient light (control). VC and FMRP knockdown each increase local protein synthesis. CMO control: 1 � 0.03, n 	 14 animals; CMO VC: 1.28 � 0.1, n 	 14
animals; FMO control: 1.58 � 0.16, n 	 13 animals; FMO VC: 1.44 � 0.18, n 	 15 animals. *p � 0.05, **p � 0.01, Steel–Dwass test. Error bars represent � SEM.
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et al., 2009; Dieterich et al., 2010; Ngo and Tirrell, 2011; Good-
man et al., 2012; Hinz et al., 2012; Elliott et al., 2014). We im-
proved the temporal resolution for detection of newly
synthesized proteins in X. laevis in vivo to correspond to the time
course of induction of protein synthesis-dependent visual avoid-
ance plasticity. By treating animals with translational inhibitors

or increasing translation with PTZ or FMRP knockdown, we
showed that FUNCAT has sufficient sensitivity and dynamic
range to detect increases and decreases in translation. Combining
FUNCAT with immunolabeling different cell types enabled us to
increase the cellular resolution of FUNCAT and demonstrate that
NPCs are more active in protein synthesis than neurons.

Figure 8. FMRP knockdown blocks maintenance of visual conditioning (VC)-dependent behavioral plasticity. a, Protocol to evaluate the effect of FMRP knockdown on visual avoidance behavior.
Animals were electroporated with CMOs or FMOs and 2 d later were assayed for baseline visual avoidance behavior at �1 h, exposed to VC for 1.5 h, and assayed for visual avoidance behavior 2, 2.5,
and 24 h after VC started. Yellow star marks the time corresponding to AHA labeling shown in Figure 7a. b, c, VC-induced visual avoidance behavioral plasticity in CMO-treated animals was
maintained for 24 h. d, e, VC-induced visual avoidance behavioral plasticity in FMO-treated animals, but the plasticity degraded over 24 h. AI values from each animal were either normalized to
baseline at �1 h (b, d) or normalized to the response 2 h after VC (c, e). b, d, CMO: normalized AI, 1�0.06, 1.34�0.07, 1.34�0.10, and 1.27�0.06; n	17, 25, 22, or 33 animals for tests at�1, 2, 2.5,
or 24; FMO: normalized AI, 1�0.07, 1.4�0.08, 1.2�0.08, or 1.15�0.07; n	18, 18, 22, or 33 animals for tests at�1, 2, 2.5, or 24 h. c, e, CMO: normalized AI, 1�0.05, 0.99�0.08, or 0.95�0.05; FMO:
normalized AI, 1 � 0.06, 0.84 � 0.06, or 0.81 � 0.05. *p � 0.05, **p � 0.01, nonparametric comparisons for each pair using Wilcoxon’s test. Error bars represent � SEM.
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Significant spatial and temporal resolution of FUNCAT within
neural processes in vivo is critical to examine the functions of
FMRP and visual conditioning in protein synthesis-dependent
behavioral plasticity. Previous studies distinguished local protein
synthesis in neuronal processes from somatic protein synthesis
by growing cells in microfluidic cell culture devices or by sparsely
culturing neurons to segregate the processes from somata (Diet-
erich et al., 2010; Swanger et al., 2013; Taylor et al., 2013) and
physically cutting them from the somata (Huber et al., 2000;
Aakalu et al., 2001) or microperfusing drugs locally to minimize
the contribution from the somata (Dieterich et al., 2010). These
methods required sparse or guided growth of neurons, which
limit applications in vivo. Others have used photoconvertible
fluorescent proteins to examine axonal protein synthesis (Leung
and Holt, 2008). Here, we minimized the contribution of somat-
ically synthesized proteins in neuronal processes by interfering
with microtubule-based transport using colchicine, which has
been shown to block somatic transport of newly synthesized pro-
teins (Fischer and Schmatolla, 1972). Although colchicine can
block transport of RNP granules (Shan et al., 2003; Antar et al.,
2005), we identified conditions in which microtubule structure is
transiently and reversibly disrupted without affecting RNP local-
ization in neural processes or protein synthesis in intact animals.
With brief colchicine treatments, FUNCAT can be used to visu-
alize locally synthesized proteins in neural processes in vivo. The
tectal neuropil includes tectal cell dendrites and local axons, af-
ferent inputs, and radial NPC processes extending to the pia. All
of these processes include RNPs (Leung and Holt, 2008; Bestman
and Cline, 2009). We measured AHA-labeling intensity within an
ROI defined by an N�T mask to capture signals only in neuronal
processes in the tectal neuropil and exclude signal from NPCs. By
combining these strategies with a visual conditioning protocol
shown previously to induce protein synthesis-dependent behav-
ioral plasticity, we documented a visual conditioning-dependent
increase in neuronal local protein synthesis in intact animals.

FMRP is thought to regulate synaptic plasticity by suppressing
local translation of its target mRNAs (Weiler et al., 2004; Darnell

and Klann, 2013; Sidorov et al., 2013). Previous studies have
shown that both FMRP knockdown and knock-out increase
newly synthesized proteins by �20% (Qin et al., 2005; Dölen et
al., 2007; Osterweil et al., 2010). We found 15–20% increase in
newly synthesized protein in cell body layers of neurons and
NPCs with FMRP knockdown and �60% increase in local pro-
tein synthesis in the neuropil, indicating that FMRP regulates
protein synthesis in both somata and processes in neurons and
NPCs. The increase in local translation we observe is larger than
reported in the knock-out mouse, possibly because our knock-
down is acute. Visual conditioning and FMRP knockdown pro-
duced similar increases in local protein synthesis, and exposing
FMRP knockdown animals to visual conditioning did not fur-
ther increase local protein synthesis. We examined visual
conditioning-induced behavioral plasticity in FMRP knockdown
animals to see whether FMRP knockdown animals can still re-
spond to visual conditioning with induced behavioral plasticity.
The ability to track changes in avoidance behavior over time
enabled us to investigate the dynamics in behavior plasticity. We
found that FMRP knockdown animals are able to induce behav-
ioral plasticity in response to visual conditioning, but the plastic-
ity degrades over the following 24 h. These data indicate that
FMRP knockdown does not impair protein synthesis necessary
for induction of visual condition induced plasticity (Shen et al.,
2014), for instance by saturating local protein synthesis machin-
ery. They further indicate that FMRP is required for maintenance
of the visually induced behavioral plasticity. Our data support a
model in which visual conditioning-induced protein synthesis is
required for conditioning-induced behavior plasticity and suggest that
FMRP normally limits the synthesis of a Degrader protein, so that
plasticity is maintained in the presence of FMRP. In the absence
of FMRP, visual conditioning induces behavioral plasticity, com-
parable with conditioned control animals, but synthesis of De-
grader protein, which is no longer suppressed by FMRP, then
prevents the maintenance of plasticity (Fig. 9). This idea is dis-
tinct from the model of how FMRP is thought to affect mGluR-
mediated LTD, in which mGluR activity induces the synthesis of

Figure 9. Model for changes in protein synthesis regulated by FMRP underlying visual conditioning-induced behavioral plasticity. Before visual conditioning, basal levels of protein synthesis
(yellow stars) occurs in the presence of FMRP (red circle). Under control conditions, visual conditioning induces local protein synthesis and FMRP limits the synthesis of a Degrader protein (yellow
skull), so behavioral plasticity is maintained in the presence of FMRP. With FMRP knockdown, visual conditioning induces both local protein synthesis and behavioral plasticity, comparable with
conditioned control animals, but synthesis of Degrader, which is no longer suppressed by FMRP, disrupts maintenance of plasticity.
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proteins required to maintain LTD, and FMRP limits their syn-
thesis to cap the magnitude of LTD. In the absence of FMRP,
synthesis of LTD proteins is not limited, and, consequently, the
magnitude of mGluR-mediated LTD is greater than in controls
(Huber et al., 2002; Bear et al., 2004). Application of this model to
our system would result in greater magnitude behavioral plastic-
ity than seen in CMO-treated animals. The common element of
both models is that FMRP modulates the magnitude of long-
lasting plasticity by limiting the synthesis of proteins that regulate
the maintenance of plasticity (Fig. 9).

In summary, with improved spatiotemporal resolution of
FUNCAT in intact animals, we showed that local protein syn-
thesis increases in response to a behavioral plasticity-inducing
visual conditioning protocol and demonstrate directly that
FMRP knockdown increases protein synthesis in neuronal pro-
cesses in vivo. Furthermore, using a visual avoidance assay, we
demonstrate that FMRP is required to maintain long-term visuo-
motor behavioral plasticity. Our findings provide strong support
for a role for FMRP in local protein synthesis-dependent behav-
ioral plasticity and shed light on how behavioral plasticity mech-
anisms are regulated by FMRP through local protein synthesis.
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