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Figure 1. Optogenetic phosphorylation of Nlgn1 at residue Y782. (A) Schematic diagram of optogenetically-driven

Nlgn1 tyrosine phosphorylation using optoFGFR1. Phosphorylated Nlgn1 is expected to recruit PSD-95 that serves

as a platform for trapping AMPARs. (B) Scheme representing the 470 LED array that is placed in the incubator and

used to illuminate COS-7 cells or organotypic slices contained in a six-well plate. (C) pTyr and Nlgn1 immunoblots

of proteins extracted from COS-7 cells and immunoprecipitated with anti-Nlgn1 antibodies. Cells expressed either

no Nlgn1, Nlgn1 alone, Nlgn1 + constitutively active (CA) FGFR1, Nlgn1 + optoFGFR1, and Nlgn1-Y782F +

optoFGFR1. In the first lane, the starting material (SM) from non-transfected cells reveals numerous tyrosine

phosphorylated proteins, whereas a single band is present in the Nlgn1 IP samples (black arrowhead). Cells were

either kept in the dark (- light), or exposed to alternative 470 nm light and pulses (1 s light pulse every 1 s) for 15

min (+ light). (D) Corresponding starting material immunoblotted with HA and FGFR1 antibodies, respectively. The

arrowheads represent HA-tagged Nlgn1, HA-tagged optoFGFR1, or constitutively active FGFR1.

Letellier et al. eLife 2020;9:e52027. DOI: https://doi.org/10.7554/eLife.52027 2 of 11

Research article Neuroscience

https://doi.org/10.7554/eLife.52027


td
T
o

m
a
to

A
n

ti
-H

A
M

e
rg

e

5 µm

40 µm

Single-cell

electroporation

48 h

Light illumination

Confocal

stack 1

Confocal

stack 2

24 h

Electrophysiology

A B

Nlgn1-WT / DARK Nlgn1-WT / LIGHT Nlgn1-KO / LIGHT

0
 h

2
4

 h

C D

-40

-20

0

20

40

60

80

S
p
in

e
 d

e
n

s
it
y
 c

h
a
n
g
e
 (

%
)

N
lg
n1

-W
T / 

D
A
R
K

N
lg
n1

-W
T / 

LI
G
H
T

N
lg
n1

-K
O
 / 

LI
G
H
T

***ns *
*** **

10 µm

tdTomato

Figure 2. Optogenetic stimulation of optoFGFR1 increases dendritic spine density in a Nlgn1-dependent manner. (A) Experimental procedure to

investigate the effect of the optogenetic stimulation of optoFGFR1 on spine density and synaptic transmission. CA1 neurons in organotypic slices from

WT or Nlgn1 KO mice were electroporated at DIV 3–5 with tdTomato and HA-tagged optoFGFR1. Two days later, they were either stimulated with

alternating blue light for 24 hr or kept in the dark, and processed for imaging or electrophysiology. (B) Confocal images of CA1 neurons and dendritic

segments showing tdTomato (red) and anti-HA immunostaining (green). (C) Confocal images of apical dendrites from electroporated neurons before (0

hr) and 24 hr after light activation of optoFGFR1. Control slices did not receive light, or received light but were from the Nlgn1 KO background. Solid

arrowheads point to spines which have appeared, and empty arrowheads to spines which have disappeared in the time interval. (D) Normalized spine

density for each condition (n = 19–28 dendrites from N = 5–7 cells). Change in spine density was assessed for each condition using paired t-test

(***p<0.001, *p<0.05, ns: not significant). Spine density change was compared across conditions using a one-way ANOVA followed by Tukey’s multiple

comparison test (***p<0.001, **p<0.01).
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Figure 3. Light activation of optoFGFR1 in CA1 neurons selectively increases AMPA receptor-mediated EPSCs in a Nlgn1-dependent manner. (A) Dual

patch-clamp recordings of AMPAR- and NMDAR-mediated currents upon stimulation of Schaffer’s collaterals were made at holding potentials of �70

and +40 mV (respectively) in electroporated neurons and non-electroporated counterparts. The image shows two patched neurons in the CA1 area, the

brighter one expressing optoFGFR1 + tdTomato. (B) Representative electrophysiological recordings of spontaneous AMPAR-mediated EPSCs (sEPSCs)

in a control non-electroporated neuron (black trace), and a paired neuron expressing optoFGFR1 and pre-exposed to light for 24 hr (blue trace). (C)

Corresponding sEPSC frequency for control neurons and neurons expressing optoFGFR1. Data were compared using the Wilcoxon matched-pairs

signed rank test (*p<0.05). (D, E) Scatter plots of AMPAR- and NMDAR-mediated EPSCs, respectively, in neurons expressing optoFGFR1 compared to

paired unelectroporated neurons (control cell), in the indicated conditions. Representative traces (color) normalized to control (grey) are shown as

insets. (F, G) Average of AMPAR- and NMDAR-mediated EPSCs in the three conditions, normalized to the control (100%). Data were compared to the

control condition by the Wilcoxon matched-pairs signed rank test, and between themselves using one-way ANOVA followed by Tukey’s multiple

comparison (**p<0.01, *p<0.05, ns: not significant).
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Figure 3—figure supplement 1. Stimulation of optoFGFR1 does not affect spontaneous AMPAR-mediated EPSC

amplitude or kinetics, paired pulse ratio (PPR), or inhibitory currents in CA1 neurons. (A–C) Quantification of

AMPAR-mediated sEPSC amplitude, rise time, and decay time, respectively, for control neurons (grey boxes) and

neurons expressing optoFGFR1 (blue boxes). Data were compared using the paired t-test (A,B) or the Wilcoxon

matched-pairs signed rank test (C) (ns: not significant). (D) Average EPSC traces in response to paired stimuli (50

ms interstimulus interval) recorded from an unelectroporated WT neuron (in black), WT neurons expressing

optoFGFR1 kept in the dark (in grey) or exposed to light (in blue) and a Nlgn1-KO neuron expressing optoFGFR1

and exposed to light (in violet). (E) Average PPR for the same conditions as in (A) (Wilcoxon matched-pairs signed

rank test, ns: not significant). Data represent mean ± SE. (F) Scatter plots of IPSCs in optoFGFR1-expressing

neurons versus paired unelectroporated neurons (control cell), in the dark (black) and light (blue) and conditions,

respectively. Representative IPSCs traces (black or blue) were recorded at a holding potential of +10 mV,

normalized to control (grey), and are shown as insets. (G) Average amplitude of IPSCs in the two conditions,

normalized to the control (100%). Data were compared to the control condition by the Wilcoxon matched-pairs

signed rank test (ns, not significant).
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Figure 4. The light-induced increase in AMPA receptor-mediated EPSCs is specific to Y782 phosphorylation in Nlgn1. CA1 Neurons were co-

electroporated with plasmids encoding tdTomato, shRNA against endogenous Nlgn1 containing a GFP reporter, shRNA resistant AP-tagged Nlgn1-WT

or -Y782F, biotin ligase (BirAER), and HA-tagged optoFgfr1. (A, B) Confocal images showing tdTomato (red) and GFP (green). Biotinylated Nlgn1 and

optoFGFR1 were stained in different slices using streptavidin-Atto647 and anti-HA antibody, respectively (magenta). (C, D) Scatter plots of AMPAR- and

NMDAR-mediated EPSCs, respectively, for electroporated versus paired non-electroporated neurons (control cell) in the indicated conditions.

Representative traces (black, blue or violet) normalized to control (grey) are shown as insets. (E, F) Average of AMPAR-and NMDAR-mediated EPSCs,

respectively, normalized to the control (100%) in the different conditions. Data were compared to the control condition by the Wilcoxon matched-pairs

signed rank test and between themselves using one-way ANOVA followed by Tukey’s multiple comparison (**p<0.01, ns: not significant).
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Figure 4—figure supplement 1. The light-induced increase in spine density is specific to Y782 phosphorylation in Nlgn1. (A) Confocal images of

tdTomato in apical dendrites from CA1 neurons before (0 hr) and after (24 hr) light activation. Control neurons either did not receive light, or did not

contain optoFGFR1, or were expressing the Nlgn1-Y782F mutant. Solid arrowheads point to spines which have appeared, and empty arrowheads to

spines which have disappeared in the time period. (B) Normalized spine density for each condition (n = 13–33 dendrites from N = 4–10 cells). Change

in spine density was assessed for each condition using the paired t-test (****p<0.0001, ns: not significant). Spine density change was compared across

conditions using the Kruskal-Wallis test followed by Dunn’s multiple comparison test, paired t-test (**p<0.001).
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Figure 5. Light activation of Nlgn1 phosphorylation by optoFGFR1 reduces LTP. (A) Average AMPAR-mediated

EPSCs in CA1 neurons expressing optoFGFR1 (blue circles) or in non-electroporated neighbors (grey circles), all

pre-exposed to light for 24 hr, upon LTP induction at time 0 using a pairing protocol. Sample traces are shown at

time 0 and 30 min after LTP induction. The solid lines show averages from 10 computer simulations for each

condition with parameters kon = 1 s�1 (black) or 3 s�1 (blue), and koff drops from 0.04 to 0.004 s�1. (B) Individual

values of the long-term plateau of AMPAR-mediated EPSC in the two conditions (6–10 min after LTP induction),

expressed as a percentage of the baseline level. Data were compared to the control condition (unelectroporated

neuron also exposed to light) by Wilcoxon matched-pairs signed rank test (***p<0.001). (C, D) Similar LTP

recordings and quantification in CA1 neurons from Nlgn1 KO slices, with corresponding simulations (red line,

kon = 1 s�1 and koff drops from 0.04 to 0.008 s�1). Data were compared to the control condition (unelectroporated

neuron also exposed to light) by Wilcoxon matched-pairs signed rank test (ns: non-significant).
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Figure 5—figure supplement 1. LTP dependence on NMDARs and effect of Nlgn1 expression level on the

NMDA/AMPA ratio. (A) Evoked AMPAR-mediated EPSCs upon induction of LTP at time zero, normalized to

baseline, in control ACSF or in the presence of 50 mM D-AP5. Note the abolishment of LTP in the AP5 condition.

(B) Quantification of the ratio between NMDAR-mediated and AMPAR-mediated EPSCs calculated in the same

CA1 neurons, for different conditions: control unelectroporated neurons from either wild type (Nlgn1-WT, light

grey) or Nlgn1-KO (red) slices, neurons from WT slices electroporated with shRNA to Nlgn1 (Nlgn1-KD, pink), and

neurons co-electroporated with shRNA to Nlgn1 and AP-tagged Nlgn1 rescue construct (dark grey).
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Figure 6. Modeling LTP experiments. (A) Schematic diagram of the AMPAR diffusion/trap process, with model parameters being indicated in italic. (B)

Heat maps representing simulations of AMPAR accumulation at a single synapse over time. LTP is mimicked by decreasing the AMPAR/scaffold off-

rate, causing a diffusional trapping of AMPARs from extra-synaptic pools. Nlgn1 phosphorylation is mimicked by increasing the initial AMPAR/scaffold

on-rate, resulting in higher basal AMPAR level and lower LTP (relatively to baseline). (C) Graph showing the relative change in synaptic AMPAR content

(in % of baseline) over time, when LTP is simulated by a drop in koff from 0.04 to 0.004 s�1 at time zero. Curves correspond to different values of the

parameter kon ranging from 0.05 to 8 s�1. (D) Relationship between basal synaptic AMPAR content and LTP plateau level (% of baseline). Experimental

points (circles) were obtained from non-electroporated neurons (grey), neurons expressing opoFGFR1 and stimulated with light (blue), or neurons co-

expressing shRNA to Nlgn1 and either Nlgn1-WT (light blue) or Nlgn1-Y782A (dark blue) data taken from Letellier et al. (2018). Basal AMPAR-

mediated EPSCs were normalized to match a synaptic level of 33 AMPARs in the control condition (Levet et al., 2015). The solid line represents

simulated data generated by varying the AMPAR/scaffold binding rate from 0.1 to 10 s�1.
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Figure 6—figure supplement 1. Computer simulations of AMPAR diffusion/trapping in LTP. (A) Representative example of a single simulated AMPAR

trajectory (time step Dt = 0.1 s, total duration 200 s). Note the fast AMPAR extra-synaptic diffusion and the slow diffusion when the AMPAR is trapped

within the synapse (red squares). (B) Still image illustrating the steady-state distribution of AMPARs in the simulated neurite geometry. Individual

AMPARs are represented by a Gaussian intensity profile of FWHM of 25 nm. Note AMPAR accumulation at synapses. (C) Graph showing the steady-

state synaptic AMPAR number versus the AMPAR/scaffold binding rate (kon ranging from 0.05 s�1 to 10 s�1), for different values of the unbinding rate

(koff ranging from 0.002 s�1 to 0.08 s�1). The synaptic AMPAR level saturates at high kon and/or low koff values due to the depletion of the finite AMPAR

extra-synaptic pool. (D) Predicted relationship between the basal synaptic AMPAR content and the LTP response, expressed as a percentage of the

AMPAR baseline (dashed line). The four curves represent different initial koff values (the final value is 0.004 s�1 for all conditions), for a constant kon = 1

s�1.
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