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and previous work has suggested that dysregulated translation mediates certain
forms of autism spectrum disorder (ASD). Here, we investigated the role of Target
of Rapamycin Complex 1 (TORC1) in synaptic and dendritic development in vivo in
the retinotectal system of Xenopus laevis tadpoles. We found that TORCI1 signaling
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itory transmission, resulting in a significant imbalance in the excitatory-to-inhibitory
ratio. Rheb overexpression also enlarged excitatory visual input fields in tectal neu-
rons, consistent with dysregulation of retinotopic input refinement and integration of
the cell into the circuit. In contrast to other reports that mainly found impairments in
synaptic inhibition using broad systemic deletion or mutation of TORC1 regulatory
proteins, our findings from acute, local manipulation of TORCI reveal its critical
role in selectively regulating the number and maturity of excitatory, but not inhibi-

tory, synapses in the developing brain.
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1 | INTRODUCTION acid (AMPA) receptors to “silent” synapses that initially

contain only N-methyl-D-aspartate receptor (NMDA) re-

During early brain development, neurons in the central
nervous system undergo extensive growth and rearrange-
ment of their connections, which ultimately lead to the
formation and stabilization of functional synapses. This
mechanism has important implications for the proper wir-
ing of the brain. However, how neuronal processes are
actually assembled and stabilized into a fully functional
circuit is not yet completely understood. At the molecu-
lar level, stabilization and maturation of synapses have
been associated with changes in the composition of glu-
tamate receptors that are present on the postsynaptic side.
More specifically, synaptic maturation involves the addi-
tion of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic

ceptors, revealed as an increase in the ratio of AMPA-to-
NMDA receptor currents evoked by synaptic stimulation
(Haas et al., 2006; Liao et al., 1995; Rajan & Cline, 1998;
Wau et al., 1996).

In many systems, short-term plasticity relies on the
phosphorylation and trafficking of proteins that are al-
ready present at the synapse, while translation and addi-
tion of new proteins to the postsynaptic density are critical
to sustain long-term synaptic changes. The protein kinase
mechanistic target of rapamycin (mTOR) is a master reg-
ulator of protein synthesis that can form two distinct com-
plexes: TORC1, when it is associated with the adaptor
protein Raptor, and TORC2, when it is associated with
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Rictor. The TORC1 complex is sensitive to inhibition by
the macrolide rapamycin and can be activated upstream by
various kinases converging onto the small GTPase Rheb
(Saxton & Sabatini, 2017). Activation of TORCI, but not
TORC?2, leads to rapid phosphorylation of downstream
effectors such as the 4E-BPs and S6K and ultimately to
the initiation of translation and ribosome biogenesis (Hay
& Sonenberg, 2004; Switon et al., 2017). In the past de-
cade, a number of studies have suggested various roles for
mTOR in regulating the dendritic development. Indeed,
some groups have reported that interfering with com-
ponents of the mTOR pathway to decrease the TORCI
activity resulted in smaller and less complex dendritic
arbors (Chow et al., 2009; Jaworski et al., 2005; Kumar
et al., 2005; Skalecka et al., 2016). Furthermore, there is
also in vitro evidence that mMTOR can contribute to regulat-
ing dendritic spine shape and composition of glutamatergic
synapses (Bateup et al., 2011; Henry et al., 2017; Tavazoie
et al., 2005).

Neurodevelopmental disorders such as tuberous scle-
rosis and autism spectrum disorder have been associated
with imbalances of protein synthesis and more specifically
with dysregulation of components of the mTOR pathway
like Tscl and 4E-BP2 (Bateup et al., 2011, 2013; Gkogkas
et al., 2013; Huang & Manning, 2008). Such dysregula-
tion of protein synthesis leads to a specific increase in
the synthesis of neuroligins 1-4 and the AMPA receptor
GluAl and GluA2 subunits (Gkogkas et al., 2013; Ran
et al., 2013). These imbalances are thought to favor an in-
crease in the excitation-to-inhibition (E-I) ratio in neural
circuits and ultimately have severe consequences on syn-
aptic and behavioral function (Bateup et al., 2011, 2013;
Gkogkas et al., 2013; Ran et al., 2013).

In this study, we investigated the consequences of de-
creasing TORC1-dependent protein synthesis via rapamy-
cin treatment or knockdown of Raptor, and of increasing
TORCI1-dependent protein synthesis via Rheb overex-
pression. The use of single-cell electroporation of genetic
constructs in vivo has the advantage of tightly restricted
temporal and spatial control of expression, reducing the
opportunity for homeostatic compensation often observed
in mutant animal models. We took advantage of the de-
veloping albino Xenopus laevis tadpole retinotectal system,
which is amenable to both live imaging techniques and in
vivo electrophysiology, to gain insight into developmen-
tal plasticity mechanisms at both the morphological and
functional levels. We found that manipulating TORC1 rap-
idly affected the dendritic development in vivo and had
selective effects on synaptic transmission, only impacting
excitatory synapses. The selective increase of AMPA re-
ceptor-mediated transmission caused by the activation of
TORCI led to a pronounced imbalance in the E-I ratio
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and had lasting consequences on the sensory processing of
visual information.

2 | MATERIALS AND METHODS

2.1 | Animals

Albino Xenopus laevis tadpoles were bred in-house by human
chorionic gonadotropin (Sigma)-induced mating as previ-
ously described (Munz et al., 2014). Tadpoles were raised
on a normal 12 hr light/ 12 hr dark cycle at 21°C in standard
Modified Barth’s Saline-H (MBSH) unless otherwise speci-
fied. All experiments were approved by the MNI Animal
Care Committee, in accordance with Canadian Council on
Animal Care guidelines.

2.2 | Constructs and reagents
Xenopus laevis Rheb cDNA was obtained from Open
Biosystems (GE Healthcare). Lissamine-tagged antisense
standard control and Xenopus laevis Raptor MOs were ob-
tained from Gene Tools. The sequences were as follows:
control MO 5'-CCTCTTACCTCAGTTACAATTTATA-3,
Raptor MO 5'-GGCCGGTGTGTACAGCTCCATTCTT-3".

pEF-Rheb-myc-2A-EGFP (Rheb + EGFP) construct: a
double-stranded oligo was created coding for the following
2A peptide sequence: GSGATNFSLLKQAGDVEENPGP.
Restriction sites were added on both sides to facilitate di-
rectional cloning. In addition, several restriction sites were
inserted at the 5’ end to create a more versatile multiple
cloning site. The resulting oligo was inserted into the
EcoRI and Notl sites of pEF-EGFP (Addgene plasmid
#11154). Xenopus laevis Rheb sequence was amplified by
PCR, containing part of the 5’UTR and the complete cod-
ing sequence (nucleotide sequence nt —100 to nt 554, ac-
cession number NM_001087025) and inserted into the Clal
and Spel sites of pEF-2A-EGFP, resulting in pEF-Rheb-
2A-EGFP. Finally, a double-stranded oligo, coding for the
myc-sequence (EQKLISEEDL), was inserted into the Spel
and Nhel sites of pEF-Rheb-2A-EGFP.

D-AP5 and picrotoxin (PTX) were obtained from Tocris
Bioscience and tetrodotoxin (TTX) was obtained from
Alomone labs. All other drugs were from Sigma-Aldrich.

2.3 | Electroporation

Tectal neurons were bulk electroporated as previously de-
scribed (Ruthazer et al., 2005). Briefly, stage 42—43 tad-
poles were anesthetized in MBSH supplemented with 0.02%



GOBERT ET AL.

* | wiLEY

MS-222 (Sigma) before being transferred to the electropora-
tion stage. Plasmid DNA (1-3 pg/ ul in ddH20) colored with
Fast Green was pressure injected into the ventricle using a
glass micropipette. Two platinum electrodes were then posi-
tioned on each side of the brain and current pulses with the
following parameters were delivered using a Grass SD9 stim-
ulator (Grass Instruments): 36 V, 1.6 ms, 3 pulses for each
polarity. A 3 uF capacitor was connected in parallel to gener-
ate an exponential decay current pulse. Positive fluorescently
labeled neurons were used for subsequent electrophysiology
experiments 48—72 hr after transfection.

For single-cell labeling, individual tectal neurons were
transfected by single-cell electroporation, for which a borosili-
cate glass micropipette (Sutter Instruments) containing plasmid
DNA (1 pg/ul) was gently introduced into the brain of anesthe-
tized stage 4445 tadpoles to deliver brief trains of current pulses
with the following parameters: 30-50 V, two 200 Hz trains of
0.5 s duration each. For some experiments, lissamine-tagged
MO (1 pg/ul) was mixed with the plasmid DNA and the po-
larity of the pulses was alternated. Labeled neurons were first
imaged on the day following single-cell electroporation.

2.4 | Electrophysiology

Stage 4647 tadpoles were anesthetized in MBSH supple-
mented with 0.02% MS-222 and the brain and overlying skin
were filleted along the midline to expose the ventricular sur-
face in an external solution that contained (in mM): 115 NaCl,
4 KCl, 5 HEPES, 10 glucose, 3 CaCl, and 3 MgCl,, pH 7.3,
250 mOsm. Brains were then laid flat on a Sylgard insert in
a submerged recording chamber and maintained at room tem-
perature. Cells were visualized with an Olympus 60X 0.8NA
water-immersion objective mounted on an Olympus BX61W
upright microscope with a CCD camera (Thorlabs). Miniature
excitatory and inhibitory postsynaptic currents (mEPSCs and
mIPSCs) were recorded from fluorescent tectal neurons using
8—12 MQ borosilicate patch pipettes (Sutter Instruments) filled
with an internal solution that contained (in mM): 90 CsMeSO,,
5 MgCl,, 20 TEA-CI, 10 EGTA, 20 HEPES, 2 ATP, 0.3 GTP,
and pH 7.3, 250 mOsm. For some experiments external solu-
tion was supplemented with 1 uM TTX and 100 uM PTX or 50
UM D-APS. Cells were voltage-clamped at —60 mV and 0 mV
to record mEPSCs and mIPSCs, respectively. Series resistance
(20-60 MQ), input resistance (>1 G), and holding current (<
20 pA) were monitored throughout the experiment and if pa-
rameters changed by more than 20%, cells were excluded from
analysis.

To record evoked postsynaptic currents, a tungsten bipolar
stimulating electrode (FHC) was carefully positioned on the
optic chiasm to deliver 0.1 ms constant current pulses every
20 s using a stimulus isolation unit (WPI). Evoked postsynap-
tic currents were recorded using 8—12 MQ borosilicate patch

pipettes (Sutter Instruments) filled with an internal solution
that contained (in mM): 100 K-gluconate, 8 KCI, 5 NaCl, 1.5
MgCl2, 20 HEPES, 10 EGTA, 2 ATP, 0.3 GTP, pH 7.3, Osm
250, and supplemented with 100 uM PTX. Cells were volt-
age-clamped at —60 mV or +55 mV to record AMPA and
NMDA currents, respectively.

Recordings were obtained using a MultiClamp 700B am-
plifier (Molecular Devices). Signals were digitized at 10 kHz
and filtered at 2 kHz (Digidata 1440A; Molecular Devices)
for offline analysis using MiniAnalysis (Synaptosoft) or
Axograph X (John Clements).

2.5 | Receptive field mapping
Selected stage 4647 tadpoles were first immobilized by intra-
peritoneal injection of D-tubocurarine (2.5 mM). Tadpoles were
then transferred to the recording chamber and held in place in a
custom-shaped Sylgard submerged chamber using insect pins.
The brain and overlying skin were then filleted along the mid-
line and a broken patch pipette was used to carefully expose
fluorescently labeled tectal neurons. To ensure that all EGFP-
positive cells also expressed Rheb protein, we transfected a
single Rheb-2A-EGFP plasmid, from which both proteins are
translated sequentially from a single message. Expression of this
construct gave increases in mEPSC amplitude and frequency,
compared to an EGFP control plasmid, that were similar to
those seen using co-electroporation of independent EGFP and
Rheb constructs (data not shown). A multicore optical image
fiber (FIGH-30 — 650S, Myriad Fiber) coupled to a projector
(Optoma) was placed in front of the contralateral eye for pre-
senting visual stimuli generated using custom Image] macros.
White squares on a black background arranged on a 7 X 7 grid
were presented in a random fashion for 1 s every 5 s, until the
entire receptive field was mapped. All stimuli were presented
twice to reduce possible contamination by spontaneous activity.
Light-evoked compound synaptic currents (CSCs) were
recorded using 8—12 MQ borosilicate patch pipettes (Sutter
Instruments) filled with an internal solution that contained
(in mM): 100 K-gluconate, 8 KCI, 5 NaCl, 1.5 MgCl,, 20
HEPES, 10 EGTA, 2 ATP, 0.3 GTP, pH 7.3, and 250 mOsm.
Cells were voltage-clamped at —60 mV and 0 mV to record
excitatory and inhibitory CSCs, respectively. Only neurons
for which both the light-evoked eCSCs and iCSCs were suc-
cessfully recorded were included in the analysis.

2.6 | Two-photon imaging

Daily images of single tectal neurons were acquired on a
custom-built Olympus FV300 microscope equipped with an
Olympus LUMPFL 60x water immersion objective (1.1 NA).
Excitation light was provided by a MaiTai-BB Ti:Sapphire
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femtosecond pulsed IR laser (Spectra Physics). Optical z-
series were collected at 1 um intervals using Fluoview soft-
ware. All image z-stacks were denoised using the CANDLE
software implemented in MATLAB (Coupé et al., 2012). 3D
reconstruction of single neurons was performed using Imaris
(Bitplane).

2.7 | Western blotting
Samples for Western blotting experiments were obtained as
follows:

Samples were extracted in 10 mM HEPES pH 7.4, 120
mM NaCl, 1% NP40, and supplemented with phospha-
tase inhibitors (Halt Protease and Phosphatase, Thermo
Scientific). Samples were then separated by SDS-PAGE
on a 10% acrylamide gel and transferred onto a PVDF
membrane. Depending on the experiment the mem-
brane was stained with the following antibodies: rabbit
anti-phospho-p70S6K (Cell Signaling, 9205S, RRID:
AB_330944), rabbit anti-p70S6K (Cell Signaling, 92028,
RRID: AB_331676), rabbit anti-GluA1 (Abcam ab109450,
RRID:AB_10860361), rabbit anti-GluA2 (Abcam
ab133477; RRID: AB_2620181) 1:5,000 dilution each, rab-
bit anti-Btubulin (Santa Cruz, sc-9104, RRID:AB_2241191)
1:20,000, rabbit anti-histone H3 (Cell Signaling 9,715,
RRID:AB_331563) 1:50,000, secondary antibodies: Goat
anti-Rabbit HRP (Jackson Immunoresearch, 111-035-
144, RRID: AB_2307391). Blots were developed using
Immobilon Western Chemiluminescent HRP substrate,
Millipore Sigma, WBKLS0100.

Rapamycin experiment:

Animals were raised in 0.1x MBSH supplemented with
10 uM rapamycin from stage 30 to stage 47. Animals were
then anesthetized in MBSH with 0.02% MS-222 and brains
were dissected and processed for sample extraction.

Raptor MO experiment:

Embryos were injected in each blastomere at the two-cell
stage with 18—40 ng of either lissamine-tagged control MO or
Raptor MO. Protein was then extracted from lissamine-posi-
tive animals at stage 33/34.

Rheb overexpression:

Stage 43 tadpole brains were bulk electroporated with two
plasmids encoding Xenopus Rheb and EGFP at a concentra-
tion of 2 pg/ul and 1 pg/ul, respectively. At stage 47, brains of
EGFP positive animals were dissected.

2.8 | Experimental design and
statistical analyses

Data are presented as mean + SEM. Statistical analysis was
performed using GraphPad Prism 6.0 (GraphPad Software).

WiILEY-L*

Data were tested for normality using a K-S test and Welch’s
correction for heteroscedasticity was used where required.
Two-tailed tests were used for all analyses except that one-
tailed, one-sample tests were used to verify that glutamate
receptor expression was decreased in rapamycin-treated an-
imals. The statistical tests used are described in the figure
legends.

For miniature postsynaptic current recordings, 100 ran-
domly selected events were analyzed per cell. Threshold am-
plitude was set at 4 pA. To measure AMPA/NMDA ratios, we
used the peak amplitude at —60 mV to calculate the AMPAR
component and the amplitude between 15 and 25 ms after the
onset of the response at +55 mV to calculate the NMDAR
component. For receptive field mapping experiments, we
measured the total synaptic charge transfer for 500 ms after
the onset of each visual stimulus. All CSCs were normalized
to the maximum response for that cell to generate gray scale
receptive field maps. For measuring receptive field size, all
responses that were at least three times the standard deviation
of spontaneous activity were counted as a visually responsive
location.

3 | RESULTS
3.1 | Specific TORCI1 inhibition impairs
dendritic arbor formation

To investigate the consequences of blocking TORCI-
dependent protein synthesis on dendritic morphogenesis,
we first assessed whether raising tadpoles in rapamycin,
a specific mTOR inhibitor, could reduce the phosphoryla-
tion of S6K, one of TORC1’s main downstream effectors
(Figure 1a). Western blot analysis demonstrated that ex-
posing tadpoles to rapamycin (10 uM) for 48 h reduced
the phosphorylation of S6K in the brain (Figure 1b), con-
firming that in our system, rapamycin treatment decreases
TORCI activity (p-S6K/ total S6K: 53 + 6.1% compared
to paired controls, n = 3 experiments). We then evaluated
whether blocking TORC1 signaling could impact dendritic
arborization of tectal neurons in vivo. We monitored the
morphology of individual tectal neurons that had been
electroporated to express EGFP over four consecutive
days. Individual cells were imaged daily in vivo by two-
photon laser-scanning microscopy (Figure 1c,d) and after
the first imaging session (day 1), tadpoles were either re-
turned to a normal rearing solution or raised in a solution
supplemented with rapamycin (10 pM). In tadpoles that
were raised in rapamycin, dendritic growth was dramati-
cally decelerated, resulting in significantly smaller den-
dritic arbors (Figure le, day 4:1643.80 + 244.66 ym, n =7
for control cells versus 1,085.57 + 84.26 um, n = 7 for
rapamycin-treated cells) with fewer dendritic branch tips
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FIGURE 1 Rapamycin treatment impairs dendritic arbor growth and decreases dendritic complexity of tectal neurons. (a) Schematic
representation of the TORC1 pathway. (b) Western blot showing rapamycin-treated stage 47 tadpole brains (10 um for 48 h) have lower levels

of S6K phosphorylation compared to paired controls (one-sample 7-test, p = .0165, n = 3 experiments). (c) Schematic representation of the
experimental imaging protocol. (d) Representative images of EGFP-expressing neurons from both control- and rapamycin-treated tadpoles imaged
over four consecutive days (scale bar = 10 um). White arrows indicate axonal projection. (e-f) Summary bar graphs show that TORC1 inhibition
results in smaller total arbor size (main effect by two-way ANOVA *p = .0104) (e) and reduced branch tip number (main effect by two-way
ANOVA **p = .0058) (f), suggesting that TORCI inhibition can significantly stunt dendritic arbor formation and decrease dendritic complexity
[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Single-cell knockdown of Raptor impairs dendritic arbor formation and decreases dendritic complexity of tectal neurons.

(a) Western blot showing that animals injected at the two-cell stage with Raptor MO and extracted at stage 33—34 present lower levels of
phosphorylated S6K than animals injected with control MO (one-sample t-test, p = .0245, n = 4 experiments) (b) Representative images of neurons
co-electroporated with EGFP plasmid (green) and either lissamine-tagged (red) antisense control MO or Raptor MO imaged over three consecutive
days (scale bar = 10 pm). White arrows indicate axonal projection. (c-d) Summary bar graphs show that specific TORC1 inhibition by Raptor MO
electroporation significantly reduces both total arbor size (main effect by two-way ANOVA *p = .0412) (c) and branch tip number (main effect

by two-way ANOVA *p = .0375) (d) demonstrating that specific TORCI inhibition can significantly stunt dendritic arbor formation and decrease
dendritic complexity. *p < .05

than cells in control tadpoles (Figure 1f, day 4:125 + 16 It has previously been reported in the literature that pro-
branches, n = 7 for control cells versus. 79 + 8 branches, longed exposure to high doses of rapamycin not only inter-
n =7 for rapamycin-treated cells). feres with TORCI function but could also affect TORC2
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(Sarbassov et al., 2006). Therefore, to confirm that the ob-
served effects were principally mediated by TORCI1 inhibi-
tion, we created a red fluorescent lissamine-tagged antisense
morpholino oligonucleotide (MO) against the TORCI1 com-
ponent protein Raptor. Western blot analysis revealed that
tadpoles injected at the two-cell stage with Raptor MO had
significantly reduced levels of phosphorylated S6K compared
to tadpoles injected with standard control MO (Figure 2a,
p-S6K/ total S6K: 44 + 13% compared to paired controls,
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n = 4 experiments). We then co-electroporated single tectal
neurons to express EGFP along with either control MO or
Raptor MO and followed their morphology for three consec-
utive days (Figure 2b). Similarly to neurons treated with rapa-
mycin, Raptor knockdown neurons had significantly smaller
dendritic arbors (Figure 2c, on day 3:1,012.48 + 143.79 um,
n = 6 for control MO versus 771.73 + 52.56 um, n = 5 for
Raptor MO) and significantly fewer dendritic branch tips
(Figure 2d) than cells with control MO (on day 3:88 + 12
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FIGURE 3 Rapamycin treatment impairs synaptic maturation of tectal neurons. (a) Representative whole-cell traces of AMPA mEPSC

recordings from control- and rapamycin-treated tadpoles (10 pM for 48 h). Miniature postsynaptic currents were recorded at —60 mV. Cumulative

probability plot (b) and summary bar graph (c) of AMPA mEPSC amplitude (100 events per cell) show that TORC1 inhibition by rapamycin
significantly reduces AMPA mEPSC amplitudes (K-S test, ***p < .001; two-tailed #-test with Welch’s correction, *p = .0167), suggesting that
TORC1-dependent protein synthesis is necessary for normal developmental synaptic maturation. D,E Cumulative probability plot (d) showing

rapamycin treatment increases AMPA mEPSC inter-event intervals (K-S test, ***p < .001) and summary bar graph of AMPA mEPSC frequency

(e) (two-tailed 7-test with Welch’s correction p = .2734). (f) Representative whole-cell traces (red: average of 20 consecutive evoked EPSCs)
of evoked NMDAR and AMPAR-mediated EPSCs (recorded at +55 mV and —60 mV, respectively), from both control- and rapamycin-treated
tadpoles. (g) Summary bar graph shows that rapamycin treatment significantly reduces AMPA/NMDA ratios, suggesting that TORC1 activity

normally promotes the maturation of retinotectal synapses (Mann-Whitney test, *p < .0297). (h) Western blots of GluA1 and GluA2 for control-

and rapamycin-treated animals. Histone 3 was used in place of tubulin as a loading control to avoid artifacts from differential dendritogenesis. (i)

Quantification of GluA1 and GluA2 expression from paired control- and rapamycin-treated brains. (one-sample #-tests, GluA1l: *p = .05, GluA2:

**p = .0083, n = 3 experiments) [Color figure can be viewed at wileyonlinelibrary.com]

branches, n = 6 for control MO versus. 68 + 4 branches,
n =5 for Raptor MO).

Taken together, these results demonstrate that inhibiting
TORCI in tectal neurons, either by rapamycin treatment or
knockdown of Raptor, impairs dendritic arbor formation and
significantly reduces dendritic complexity.

3.2 | Specific TORC1 inhibition impairs
synapse maturation

During the development of the visual system, nascent “si-
lent” glutamatergic synapses undergo maturation by the in-
corporation of AMPA receptors at NMDAR-only synapses
(Wu et al., 1996). We next evaluated whether interfer-
ing with TORCI signaling by rapamycin treatment could
impact synaptic development, by recording whole-cell
AMPAR-mediated miniature excitatory postsynaptic cur-
rents (mEPSCs) in tectal neurons. AMPA mEPSCs were
measured by voltage clamping tectal cells at —60 mV in
lum TTX (Figure 3a). We found that raising tadpoles in ra-
pamycin for 48 hr resulted in significantly smaller mEPSC
amplitudes compared to control tadpoles (Figure 3b,c,
10.95 + 0.82 pA, n = 8 for control cells vs. 8.36 + 0.35
pA, n = 7 for rapamycin-treated cells) suggesting that
TORCI inhibition prevents normal developmental synapse
maturation. Moreover, rapamycin-treated tadpoles had in-
creased inter-event intervals (Figure 3d) and appeared to
have slightly decreased mEPSC frequencies (Figure 3e,
2.00 + 0.54 Hz, n = 8 for control cells vs. 1.34 + 0.15 Hz,
n =7 for rapamycin-treated cells), consistent with TORC1
inhibition affecting the number of mature synapses. To
assess if the changes in mEPSC frequency, which typi-
cally reflect alterations in the number of mature synapses
on the postsynaptic side, might instead reflect presynap-
tic changes, we also measured paired-pulse ratios. We ob-
served no difference in paired-pulse facilitation at all three
inter-event intervals tested between control-and rapamy-
cin-treated tadpoles (Supporting Figure S1), indicating that

changes in presynaptic release probability are unlikely to
account for the observed effects on mEPSC frequency.

In addition to the quantification of mEPSC proper-
ties, we also evaluated the effect of rapamycin on AMPA/
NMDA ratios evoked by optic nerve stimulation at the chi-
asm to specifically measure retinotectal synapse maturation
(Figure 3f,g). We observed that tadpoles raised in rapamy-
cin presented significantly smaller AMPA/NMDA ratios
than the control tadpoles (1.69 + 0.19, n = 15 for control
cells vs. 1.08 + 0.09, n = 9 for rapamycin-treated cells),
indicating that retinotectal synapses in rapamycin-treated
tadpoles have fewer AMPA receptors and are, therefore,
less mature, in agreement with the observed reduction of
mEPSC amplitude in the same group of animals. Further
support for this conclusion came from western blot analysis
showing significantly reduced levels of GluA1 and GluA2
subunits of the AMPA receptor in brain homogenates from
rapamycin-reared animals normalized to paired controls
(Figure 3h,i, GluA1l: 50.0 £ 12.5%, GluA2: 71.2 + 12.5%,
n = 3 experiments).

In agreement with our observations
cin-treated tadpoles, mEPSC amplitudes in tectal neu-
rons co-electroporated with EGFP and Raptor MO were
also significantly smaller than those of either control un-
treated EGFP neurons or EGFP neurons with control MO
(Figure 4a-c) (11.31 + 1.01 pA, n = 9 for untransfected
cells and 11.82 + 1.18 pA, n = 7 for control MO versus.
8.00 + 0.53 pA, n = 7 for Raptor MO), lending further
support to the idea that TORC1 inhibition impairs synapse
maturation. Moreover, Raptor MO expression significantly
increased inter-event intervals (Figure 4d) and decreased
mEPSC frequency (Figure 4e, 1.21 + 0.10 Hz, n = 9 for
untransfected cells and 1.21 + 0.21 Hz, n = 7 for control
MO versus. 0.66 + 0.10 Hz, n = 7 for Raptor MO), indicat-
ing that specific suppression of TORCI function results in
fewer mature functional synapses.

Taken together, these data show that TORCI inhibition
by either rapamycin treatment or knockdown of Raptor has
profound effects on AMPAR-mediated synaptic transmission

in rapamy-
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recordings from control MO and Raptor MO-positive cells. Cells were held at =60 mV. (b,c) Cumulative probability plot (b) and summary bar
graph (c) of AMPA mEPSC amplitudes (100 events per cell) show that specific TORCI inhibition by introducing Raptor MO significantly reduces
AMPA mEPSC amplitudes (K-S test, ***p < .001; one-way ANOVA p = .0285 with Bonferroni’s multiple comparisons test *p < .05), suggesting
that TORC1-dependent protein synthesis is necessary for normal developmental synaptic maturation. (d,e) Cumulative probability plot of AMPA

mEPSC inter-event intervals (d) and summary bar graph of AMPA mEPSC frequency (e) show that TORC1 inhibition also significantly increases
AMPA mEPSC inter-event intervals (K-S test, ***p < .001) and decreases mEPSC frequencies (one-way ANOVA p = .0168 with Bonferroni’s
multiple comparisons test *p < .05), suggesting that specific TORCI inhibition results in fewer functional synapses [Color figure can be viewed at

wileyonlinelibrary.com]

and can significantly impair retinotectal synapse maturation
and decrease functional synapse number.

3.3 | TORCI1 activation increases dendritic
arbor size and complexity

Decreasing TORCI activity had important effects on both
dendritic morphology and synapse maturation. However,
it is unclear whether the observed effects were due to a
general decrease of protein synthesis leading to scarce cel-
lular resources or reflected a specific regulation of pro-
teins necessary to build and stabilize nascent synapses. To
begin addressing this question, we performed a series of
experiments in which TORC1 activity was upregulated by

overexpression of Rheb, a selective upstream activator of
TORCI1 (Figure 1la).

We first tested whether overexpressing Rheb would
result in increased S6K phosphorylation, indicative of
TORCI1 activation. To this end, we performed Western
blot analysis and demonstrated that expression of a plas-
mid encoding Xenopus laevis Rheb in tectal neurons in-
creased the phosphorylation of S6K in the brain (Figure 5a,
57.0 + 7.5% increase, n = 3 experiments). We next elec-
troporated single tectal neurons to express either EGFP or
EGFP plus Rheb and followed their morphology over three
consecutive days (Figure 5b). Neurons overexpressing Rheb
presented significantly bigger dendritic arbors (Figure 5Sc,
on day 3:1,080.91 + 130.50 um, n = 8 for EGFP cells vs.
2,174.56 + 295.78 um, n = 7 for Rheb + EGFP cells) and
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FIGURE 5 Rheb activation promotes dendritic arbor formation and increases dendritic complexity of tectal neurons. (a) Western blot showing
that tadpole brains overexpressing Xenopus laevis Rheb, in contrast to rapamycin-treated animals, present higher levels of phosphorylated S6K than
control brains (one-sample r-test, *p = .0168, n = 3 experiments). (b) Representative images of EGFP or Xenopus laevis Rheb + EGFP-expressing
neurons imaged over three consecutive days (scale bar = 10 um). White arrows indicate axonal projection. (c,d) Summary bar graphs show that
TORCT activation significantly increases both total arbor size (main effect by two-way ANOVA, ***p < .0001) (c) and branch tip number (main
effect by two-way ANOVA, ***p = .0010) (d), suggesting that TORC1 activation is sufficient to promote dendritic arbor formation and increase
dendritic complexity [Color figure can be viewed at wileyonlinelibrary.com]

had more dendritic branch tips (Figure 5d) than the con- These results suggest that TORC1 activation by Rheb over-
trol neurons (on day 3:76 + 14 branches, n = 8 for EGFP expression can promote the dendritic arbor growth and in-
cells vs. 130 + 22 branches, n = 7 for Rheb + EGFP cells). crease the dendritic complexity.
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3.4 | TORCI activation selectively
upregulates excitatory transmission leading to
an imbalance in the E-I ratio

We next investigated whether increasing TORCI activity
by overexpressing Rheb could also affect synapse matura-
tion and whether this might differentially impact excitatory
and inhibitory synapses. Previous work on mouse models
of tuberous sclerosis (Bateup et al., 2011, 2013) or ASDs
(Gkogkas et al., 2013) reported that dysregulated mTOR
signaling can lead to an imbalance in the E-I ratio. However,
it is not clear whether this results primarily from an increase
in excitatory function or a reduction of inhibition, as the
E-I ratio is subject to homeostatic compensation over time
in transgenic models (Antoine et al., 2019). In contrast, the
extremely precise spatiotemporal control of gene expression
afforded by our in vivo single-cell electroporation approach
can reveal effects that, at least initially, are less impacted by
compensation.

We, therefore, measured both AMPA-mediated mEPSCs
and GABA-mediated miniature inhibitory postsynaptic cur-
rents (mIPSCs) in the same tectal neurons, by voltage clamp-
ing the cell at —60 mV and 0 mV, respectively, 2 to 3 days
after tectal electroporation to express either EGFP or Rheb
and EGFP in tectal neurons (Figure 6a). We first observed
that in neurons co-expressing Rheb and EGFP, both ampli-
tude (10.33 + 0.78 pA, n = 10 for untransfected cells and
10.25 + 0.93 pA, n = 6 for EGFP cells vs. 14.22 + 1.14 pA,
n =7 for Rheb + EGFP cells) and frequency (1.09 + 0.20 Hz,
n = 10 for untransfected cells and 1.18 + 0.29 Hz, n = 6 for
EGEFP cells vs. 2.92 + 0.93 Hz, n = 7 for Rheb + EGFP cells)
of mEPSCs were significantly increased as compared to un-
transfected or EGFP-only expressing neurons (Figure 6b).
However, mIPSC amplitude (10.47 + 0.85 pA, n = 10 for
untransfected cells and 10.56 + 1.10 pA, n = 6 for EGFP
cells vs. 11.22 + 0.84 pA, n = 7 for Rheb + EGFP cells) and
frequency (0.85 = 0.19 Hz, n = 10 for untransfected cells and
0.92 + 0.19 Hz, n = 6 for EGFP cells vs. 1.17 + 0.76 Hz,
n = 7 for Rheb + EGFP cells) in these same cells were not
statistically different from those measured in control neu-
rons (Figure 6b). As a consequence, the E-I ratios for both
amplitude (1.01 + 0.06, n = 10 for untransfected cells and
0.99 + 0.07, n = 6 for EGFP cells vs. 1.28 + 0.07, n = 7 for
Rheb + EGFP cells) and frequency (1.79 + 0.37, n = 10 for
untransfected cells and 1.38 + 0.31, n = 6 for EGFP cells ver-
sus. 5.52 + 1.26, n = 7 for Rheb + EGFP cells) were greatly
enhanced in tectal neurons overexpressing Rheb (Figure 6¢).
Interestingly, neurons overexpressing Rheb were also more
intrinsically excitable than untransfected or EGFP-only ex-
pressing neurons, as reflected by their increased spiking out-
put in response to step-current injection (Supporting Figure
S2).
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To verify that the changes in mEPSC frequency did not
result from presynaptic changes, we measured paired-pulse
ratios at retinotectal synapses. We observed no difference
in paired-pulse facilitation at all three inter-event intervals
tested between tectal neurons from untransfected, EGFP-only
or Rheb + EGFP tadpoles (Supporting Figure S3), suggesting
that changes in presynaptic release probability are unlikely to
account for the observed changes in mEPSC frequency.

We also assessed the effect of Rheb overexpression on
synapse maturation by measuring AMPA/NMDA ratios.
We observed that neurons expressing Rheb and EGFP had
significantly greater synaptic AMPA/NMDA ratios than un-
transfected and EGFP-only expressing neurons (Figure 6d,e,
1.17 + 0.18, n = 12 for untransfected + EGFP cells vs.
1.61 + 0.19, n = 8 for Rheb + EGFP cells). This suggests
that TORCI1 activation is sufficient to increase synapse mat-
uration and drive AMPA receptor addition at developing ret-
inotectal synapses.

Together, these results demonstrate that TORC1 activation
via Rheb overexpression selectively upregulates excitatory
function without interfering with inhibitory transmission,
leading to a significant imbalance of the E-I ratio in tectal
neurons.

3.5 | TORCI activation leads to a
mismatch of excitatory and inhibitory visual
input fields

The visual input receptive field of a tectal neuron represents
the parts of the visual field where sensory stimuli can evoke
synaptic responses in that neuron; it is the subthreshold re-
ceptive field. Visual input receptive fields have been shown
to refine progressively in development, and during this pro-
cess, excitatory and inhibitory input receptive fields adjust to
match one another’s retinal topography (Tao & Poo, 2005).
Although altering GABA receptor activity has been reported
to shape receptive field properties (Shen et al., 2011; Tao &
Poo, 2005), it is unclear whether more specifically altering
excitatory activity could lead to similar modifications. We,
therefore, investigated the functional consequences of en-
hancing TORCI activation on visually evoked responses in
tectal neurons.

To map visual input receptive fields, we used a projec-
tor coupled to an optic fiber cluster to present flash stimuli
at random over a 7 X 7 grid while performing whole-cell
patch-clamp recordings of individual tectal neurons in im-
mobilized tadpoles (Figure 7a). We sequentially measured
excitatory and inhibitory CSCs evoked in response to the
presentation of light-off stimuli in different regions of the
visual field by holding the cell at —60 and 0 mV, respec-
tively (Figure 7b).
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in gray scale, with white representing the strongest response. (d) Maps of eCSCs (=60 mV) and iCSCs (0 mV) from EGFP and Rheb + EGFP
expressing cells showing light-evoked responses to stimuli in each of the 49 grid locations. (e) Graphs of excitatory and inhibitory receptive field
(RF) sizes (percent of stimulation field) show that excitatory RF (top) are bigger in Rheb + EGFP expressing cells, as compared to untransfected
or EGFP expressing cells (one-way ANOVA p = .0001 with Bonferroni post-test, **p < .01, ***p < .001). This effect is specific to excitatory
RFs, as there is no difference in inhibitory RF (bottom) size (one-way ANOVA, p = .5848). (f) This leads to a significant imbalance in the ratio of
excitatory to inhibitory receptive field size (one-way ANOVA p = .0282 with Bonferroni post-test, *p < .05) and suggests that TORC1 activation
can lead to a mismatch of spatial receptive fields [Color figure can be viewed at wileyonlinelibrary.com]
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For both untransfected and EGFP-expressing tectal neu-
rons, excitatory and inhibitory receptive fields were well-
matched in size and location (Figure 7c,d). This was also
apparent when plotting the correlation coefficient of the
strengths of excitatory versus inhibitory CSCs evoked for
each individual stimulus location in the receptive field test
grid (Supporting Figure S4a,b). However, for Rheb + EGFP
expressing neurons, excitatory receptive fields were sig-
nificantly enlarged, as compared to untransfected or EGFP-
expressing neurons (Figure 7e) (47.70 + 6.77%, n = 8 for
untransfected cells and 46.12 + 6.88%, n = 5 for EGFP cells
versus. 80.50 + 2.02%, n = 9 for Rheb + EGFP cells). This
increase was restricted to excitatory receptive fields, as no
difference was observed in the sizes of inhibitory receptive
fields between the three groups (Figure 7e; 36.22 + 4.58%,
n = 8 for untransfected cells and 42.45 + 9.75%, n = 5 for
EGFP cells vs. 43.54 + 4.07%, n = 9 for Rheb + EGFP
cells). As a consequence, the correlation coefficient of the
strength of excitatory versus. inhibitory CSCs was decreased
(Supporting Figure S4, r* = 0.644, n = 8 for untransfected
cells and > = 0.584, n = 5 for EGFP cells versus. 7= 0.459,
n = 9 for Rheb + EGFP cells) and the E-I ratio for visual
receptive fields was specifically increased for Rheb + EGFP-
expressing neurons (Figure 7f, 1.38 + 0.16, n = 8 for un-
transfected cells and 1.26 + 0.21, n = 5 for EGFP cells vs.
1.98 + 0.19, n = 9 for Rheb + EGFP cells).

These results reveal that TORC1 activation via Rheb over-
expression leads to a specific enlargement of excitatory vi-
sual input receptive fields and ultimately, to a mismatch of
excitatory and inhibitory visual receptive fields, consistent
with cells specifically failing to prune excitatory inputs that
would normally be eliminated.

4 | DISCUSSION

In this study, we presented morphological, synaptic, and circuit
level evidence that altering TORC1 signaling has a profound
impact on dendritic growth and branching, as well as impor-
tant effects on synaptic transmission and circuit refinement in
vivo. We acutely interfered with TORC1-dependent protein
synthesis by either applying rapamycin or by transfecting neu-
rons with an antisense MO against the TORC1-specific protein
Raptor and, conversely, we enhanced TORC1 activity by over-
expressing Rheb, the selective upstream activator of TORCI.
Activation of TORC1 by Rheb overexpression caused an in-
crease in the number and efficacy of excitatory, but not inhibi-
tory, synapses by favoring the delivery of AMPA receptors to
nascent excitatory synapses. This, in turn, resulted in a dramatic
imbalance in the E-I ratio. Furthermore, individual tectal neu-
rons were found to have greatly expanded excitatory visual
input fields, without comparable inhibitory modulation, which
would be expected to seriously impact sensory processing of
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visual information in the optic tectum. Although other groups
have taken an interest in studying the role of protein synthesis
in the development and establishment of dendritic morphology
and brain circuits (Bateup et al., 2011, 2013; Chow et al., 2009;
Gkogkas et al., 2013; Jaworski et al., 2005; Kumar et al., 2005;
Tavazoie et al., 2005), our study is one of the few to inves-
tigate the consequences of altering TORC1-dependent protein
synthesis in single neurons in an intact circuit in vivo, allow-
ing us to avoid many of the pitfalls of network-wide activity
dysregulation. Interestingly, our observation that upregulation
and downregulation of TORC1 activity had opposite effects
on excitatory synaptic maturation and dendritic arborization,
suggests that relative levels of mTOR-dependent translation
may regulate the total levels of excitatory input that a neuron
receives.

4.1 | Activity-dependent dendritic
growth and TORC1-dependent
synaptic maturation

The synaptotropic hypothesis, which was originally formu-
lated by Vaughn, states that as neuronal processes extend
toward regions where they are likely to find synaptic part-
ners, their growth and branching are most likely to occur in
those regions of the arbor where they have established a sta-
ble synapse (Vaughn, 1989). Moreover, previous work has
demonstrated that interfering with the trafficking of AMPA
receptors to nascent synapses can dramatically impair den-
dritic arborization (Haas et al., 2006). In other words, failure
to incorporate AMPA receptors at NMDAR-only containing
synapses prevents the synaptic maturation of developing syn-
apses, as well as the stabilization of dendritic arbors. These
studies, therefore, support the idea that dendritic arbor stabi-
lization and synaptic maturation are mechanistically related
events (Cline & Haas, 2008; Wu et al., 1999).

In line with those experiments, our work now reports that
the TORCI1-dependent addition of new AMPA receptors at
developing synapses correlated with significantly bigger and
more branched dendritic arbors, which lends additional sup-
port to the synaptotropic hypothesis. Activation of TORCI-
dependent protein synthesis might upregulate the levels of
proteins that are required to stabilize nascent synapses, and,
therefore, “prime” or “tag” those same synapses for long-
term changes, which would in turn support further growth
of the dendritic arbor. This is reminiscent of the phenomena
of synaptic tagging and late-phase long-term potentiation.
During plasticity paradigms in the adult brain, synapses that
have been tagged by previous synaptic activity are able to
capture plasticity-related proteins and convert short-term
synaptic modifications into long-term synaptic changes
(Frey & Morris, 1997). Moreover, recent evidence has raised
the intriguing possibility that ongoing TORCI-dependent



GOBERT ET AL.

* | wiLEY

protein translation might itself act as a synaptic tag per se
(Sosanya et al., 2015).

4.2 | TORCI1-dependent protein synthesis of
molecular components of excitatory synapses

Our study reports that activation of TORC1 favors the matu-
ration of retinotectal synapses, as reflected by the addition of
new AMPA receptors to synapses. Although our results point
to a TORC1-dependent upregulation of AMPA receptors, it
is unlikely that de novo synthesis of AMPA receptors is a
limiting factor for the initial stages of retinotectal synapse
maturation. Indeed, it has been shown that the conversion of
NMDAR-containing silent synapses into functional synapses
at normal resting potentials can occur within minutes (Liao
et al., 2001), probably through lateral diffusion and activity-
dependent synaptic trapping of existing AMPA receptors
(Groc et al., 2006; Opazo & Choquet, 2011). However, local
dendritic translation could well exert an influence on the rela-
tive stoichiometry of subunits that are available to compose
local AMPA receptors. It is interesting to note that exposure
to the pro-inflammatory cytokine Tumor Necrosis Factor «,
which mediates the phenomenon of homeostatic synaptic scal-
ing in which GluA2-lacking receptors are disproportionately
delivered to synapses, appears to have very similar effects to
those we report for TORC1 activation on neuronal morpho-
genesis and circuit function, consistent with synaptic AMPA
receptor subunit composition impacting long-term changes
in dendritic growth and wiring specificity (Lee et al., 2010;
Soares et al., 2013; Stellwagen & Malenka, 2006). Previous
work has shown that the trafficking of new AMPA receptors
is necessary to stabilize nascent synapses and promote den-
dritic branch elaboration, and that different cell types may
be differentially affected by specific AMPA subunits (Haas
et al., 2006; He et al., 2018). Enhancement of the TORC1
pathway via 4E-BP2 knock-out in hippocampal neurons has
previously been shown to upregulate the synthesis of GluA 1
and GluA2 subunits (Ran et al., 2013). We now demonstrate
in developing Xenopus tadpoles that both GluA1 and GluA2
expression levels are reduced when TORCI is inhibited by
rapamycin treatment.

There is also evidence to suggest that GIuN2B-
containing NMDA receptors which are predominant during
early development, prevent the activation of mTOR-de-
pendent translation, the synthesis of the AMPA receptor
subunits GluA1 and GluA2, as well as the synaptic incor-
poration of AMPA receptors at nascent synapses (Ferreira
et al., 2015; Hall et al., 2007; Sutton et al., 2006; Wang
et al., 2011). The developmental switch from GluN2B- to
GluN2A-containing NMDA receptors would then alleviate
the brake on protein synthesis and favor the addition of
AMPA receptors to activated synapses (Gray et al., 2011;

Kim et al., 2005; Wang et al., 2011). It is, therefore, tempt-
ing to speculate that in our model, activation of TORC1 by
Rheb overexpression could bypass the constraint imposed
by NMDA receptors and constitutively turn on the synthe-
sis of synaptic proteins that are necessary to drive the matu-
ration of synapses. Although activity-dependent translation
of AMPA receptors has been reported (Ju et al., 2004) and
might be important to sustain synaptic changes at devel-
oping synapses, the activity-dependent incorporation or
synthesis of other postsynaptic density scaffolding pro-
teins such as neuroligins (Chubykin et al., 2007; Letellier
et al., 2018), PSD-MAGUKS (Elias et al., 2006), Shank3
(Roussignol et al., 2005) or auxiliary proteins such as
SynDIG1 (Chenaux et al., 2016; Kalashnikova et al., 2010;
Lovero et al., 2013), SynDIG4 (Matt et al., 2018), and
TARPs (Hall et al., 2007; Rouach et al., 2005) might also
be critical for synaptic maturation.

43 | TORCI1-dependent regulation of the
excitation-to-inhibition balance

Our experiments have demonstrated that activation of the
mTOR pathway has a very specific effect on excitatory
synapses with no apparent effects on inhibitory synapses,
as we could not detect any changes in the amplitude or
frequency of GABA-mediated mIPSCs. This, therefore,
suggests that TORC1 activation may have resulted in a
selective upregulation of proteins that are required to as-
semble excitatory synapses and cluster AMPA receptors
to developing synapses (Favuzzi & Rico, 2018; Thoreen
et al., 2012).

Among the candidate proteins listed above, neuroligins
are of particular interest. Indeed, neuroligin-1 is specifi-
cally enriched at excitatory synapses while neuroligin-2
is enriched at inhibitory synapses (Chih et al., 2005;
Chubykin et al., 2007; Graf et al., 2004) and it has been
suggested that their relative expression could control the
E-I balance (Levinson & El-Husseini, 2005). Moreover,
previous studies have reported that dysregulation of the
mTOR pathway could alter the protein levels of neuroligins
(Gkogkas et al., 2013). Alternatively, increased levels of
PSD-95 might favor the assembly of excitatory synapses by
clustering neuroligin-1 and PSD-95 at excitatory synapses
(Prange et al., 2004) or trigger the redistribution of neu-
roligin-2 from inhibitory to excitatory synapses (Levinson
et al., 2005).

It is noteworthy that other studies have described
that interfering with the mTOR pathway had diverse ef-
fects on inhibitory transmission (Bateup et al., 2013;
Gkogkas et al., 2013). Although the alterations of synap-
tic transmission reported by Gkokas and co-workers were
mostly attributed to changes in excitatory transmission, in
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keeping with our results, Bateup and colleagues reported
that knockdown of Tscl did not affect excitatory trans-
mission, which is in stark contrast with our findings. In
fact, they reported that knockdown of Tscl in postsynaptic
neurons dramatically reduced presynaptic inhibitory func-
tion, which suggests another potential role for TORCI in
regulating homeostatic feedback to presynaptic inhibitory
inputs and that the loss of inhibition was secondary to the
dysregulation of mTOR. It is also important to note that,
as opposed to previous studies, our work utilized a very
sparse and temporally restricted knockdown or activation
of TORCI1 in an in vivo model. Global activation of mTOR
for prolonged periods of time might lead to compensatory
changes in a network that is already in a hyperactivated
and unstable state, thereby yielding different outcomes
from what we report here. Previous work has indeed de-
scribed how TORCI activity in postsynaptic neurons can
drive homeostatic changes in neurotransmitter release from
the presynaptic side (Henry et al., 2012). Alternatively, it
has also been reported that global knockdown of synap-
tic proteins might have very different effects than sparse
knockdown, as illustrated by work on neuroligin-1. Effects
on synapse formation and synaptic maturation were only
observed when neuroligin-1 was differentially expressed
in neurons, underlining the importance of competitive pro-
cesses during synaptogenesis (Kwon et al., 2012).

Finally, although our results have clearly highlighted a
role for TORC1-dependent translation in the stabilization and
maturation of developing retinotectal synapses, it remains to
be determined whether the initiation of new protein synthesis
takes place in the cell body or whether it is more spatially
restricted to dendritic branches or activated synapses. Many
studies have indeed underlined the role of TORC1-dependent
local protein synthesis to support synaptic changes in the
adult brain (Aakalu et al., 2001; Cracco et al., 2005; Takei
et al.,, 2004) and it would be interesting to see if the same
rules govern the stabilization of nascent synapses during
early development in vivo. Alternatively, compelling exper-
imental evidence suggests that initiation of translation may
merely be permissive (and, therefore, rate-limiting) for pro-
tein synthesis-dependent plasticity, with local translation
and targeting of new proteins governed by the elongation of
nascent proteins at stalled polysomes transported to relevant
sites of synaptic plasticity (Graber et al., 2013).

It is also possible to conceive of a scenario in which non-
specific cellular changes could engage synaptic plasticity
mechanisms to produce the changes we observed. For exam-
ple, a cell-wide upregulation of voltage-gated ion channels,
enhancing intrinsic excitability, could extend Hebbian mech-
anisms, which normally promote the maturation of synapses
formed by convergent cooperative inputs, to a larger num-
ber of more diffuse inputs, now rendered capable of driving
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action potential firing in the postsynaptic neuron (Aizenman
et al., 2003; Munz et al., 2014; Spratt et al., 2019). Indeed,
we observed that Rheb overexpression did lead to enhanced
intrinsic excitability of tectal neurons.

Single-gene mutations of key components of the mTOR/
PI3K pathway such as Tscl/Tsc2 and PTEN, associated
translational repressors such as FMRP, as well as neuroli-
gins are thought to underlie several neurodevelopmental dis-
orders associated with autism including tuberous sclerosis
(Bateup et al., 2011, 2013; Kwiatkowski & Manning, 2005)
and Fragile X syndrome (Bagni & Greenough, 2005; Sharma
et al., 2010). In fact, one of the predominant hypotheses is
that the disruption of components of the mTOR/PI3K path-
way leads to dysregulation of protein synthesis that in turn
alters the number and the strength of excitatory connections
and ultimately the balance of excitation-to-inhibition in spe-
cific circuits (Bourgeron, 2009; Kelleher & Bear, 2008).
Furthering our understanding of the cellular and molecu-
lar mechanisms that participate in the proper wiring of the
brain and the refinement of specific synaptic connections
can hopefully shed light on the mechanistic underpinnings
of complex neurological disorders that result from neuronal
wiring abnormalities during early brain development, such as
ASDs, schizophrenia, and epilepsy.
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