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Figure 1. Nanoscale localization of PTPd and assessment of synapse density in LAR-RPTP conditional triple-knockout neurons. (A) Diagram for

simultaneous conditional knockout of PTPd, PTPs and LAR. (B) Example western blot of cultured neurons from PTPd, PTPs, and LAR triple floxed mice

Figure 1 continued on next page
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Figure 1 continued

expressing Cre recombinase (to generate cTKORPTP neurons) or truncated Cre (to generate controlRPTP neurons). The bands detected in the cultured

neurons correspond to the lower bands detected in brain homogenate shown in Figure 1—figure supplement 1C. (C) Diagram showing the general

structure of LAR-RPTPs and the antibody recognition site for PTPd (antibodies were generated using a peptide containing fibronectin domains 2, 3 and

8 Shishikura et al., 2016). (D–F) STED images (D), quantification of the peak intensity of PTPd (E, STED) and average intensity profiles for PTPd (STED)

and PSD-95 (F, STED) at excitatory synapses. Side-view synapses were identified by the presence of bar-like PSD-95 signals (STED) at the edge of the

vesicle cloud marked by Synaptophysin (confocal). Intensity profiles of shaded areas in the overlap images were used to determine the peak intensity of

the protein of interest, and are shown on the right of the corresponding image. N (controlRPTP) = 50 synapses/3 cultures, N (cTKORPTP) = 54/3. (G–I)

Same as D-F, but for inhibitory synapses identified by Gephyrin. N (controlRPTP) = 58/3 cultures, N (cTKORPTP) = 59/3. (J–M) Confocal images of cultured

neurons stained with anti-Synaptophysin antibodies (J) and quantification of Synaptophysin puncta density (K), intensity (L) and size (M) detected using

automatic two-dimensional segmentation. N (controlRPTP) = 20 images/3 independent cultures; N (cTKORPTP) = 21/3. The Synaptophysin confocal data

are from the experiments shown in D-I. Data are plotted as mean ± SEM and were analyzed using two-way ANOVA tests (F, I, genotype *** for PTPd), t-

tests (E, L, M) or Mann-Whitney rank sum tests (H, K). **p<0.01, ***p<0.001.

Emperador-Melero et al. eLife 2021;10:e66638. DOI: https://doi.org/10.7554/eLife.66638 3 of 10

Research advance Cell Biology Neuroscience

https://doi.org/10.7554/eLife.66638


25

50

0

o
ff
s
p
ri
n
g
 r

a
ti
o
 (

%
)

o
ff
s
p
ri
n
g
 r

a
ti
o
 (

%
)

o
ff
s
p
ri
n
g
 r

a
ti
o
 (

%
)

B C

Syp

Syp

100 KDa

75 KDa

37 KDa

+/
f

+/
+

f/f

Syp

100 KDa

37 KDa

150 KDa
LAR

A

wild type

knock-in

floxed (f)

knockout

exon 3exon 2 exon 5 exon 6exon 4

LAR (Ptprf)

Ptprd) 

Ptprs)

knockout

wild type

knock-in

floxed (f)

exon 7 exon 8 - 10 exon 11

knockout

wild type

knock-in

floxed (f)

exon 22 exon 23
loxp frt1000 bp

frt recombination

cre recombination

frt recombination

cre recombination

frt recombination

cre recombination

100 KDa

75 KDa

37 KDa

25

50

0

25

50

0

P
TP

+/
f

P
TP

+/
+

P
TP

f/f

LA
R
+/

f

LA
R
+/

+

LA
R
f/f

LA
R
+/

f

LA
R
+/

+

LA
R
f/f

P
TP

+/
f

P
TP

+/
+

P
TP

f/f

+/
f

+/
+ f/f

lacZ neo

lacZ neo

lacZ neo

Figure 1—figure supplement 1. LAR-RPTP conditional knockout mice. (A) Gene targeting strategies for LAR-RPTP conditional knockout mice. PTPd

and PTPs alleles contain loxP sites flanking exons 23 and 4, respectively. They were imported for cryo-recovery at the ‘knock-in’ stage from the

Welcome Trust Sanger Institute (Ptprdtm2a(KOMP)Wtsi) and the Canadian Mouse Mutant Repository at the Hospital for Sick Children (C57BL/6N-Ptprstm1a

(KOMP)Mbp/Tcp) and are identical to the alleles described before (Bunin et al., 2015; Farhy-Tselnicker et al., 2017; Sclip and Südhof, 2020). The LAR

allele contains loxp sites flanking exons 8, 9, and 10 and was obtained at the embryonic stem cell stage from the Helmholtz Zentrum München

(Ptprftm1a(EUCOMM)Wtsi). Each of the three lines was crossed to flp-transgenic mice (Dymecki, 1996) to generate individual ‘floxed’ conditional knockout

alleles. (B) Survival analyses were performed on the offspring of heterozygote matings for each individual floxed allele. Offspring ratios were assessed at

>P14. Bars show the percentage of offspring for each genotype, and dotted lines represent the expected Mendelian ratio. N (PTPd)=28 mice/4 litters;

N (PTPs)=31/4; N (LAR) = 22/3. Chi-square tests were used to compare expected Mendelian ratios with obtained offspring ratios, and no statistical

difference was detected. (C) Western blots of whole brain homogenates of wild-type, heterozygous and homozygous littermate mice for the PTPd,

PTPs, and LAR floxed alleles. For PTPd, ~80 kDa and ~120 kDa bands were detected, matching the cleaved extracellular domains of the two main

isoforms expressed in the brain containing three immunoglobulin and either four or eight fibronectin domains (Shishikura et al., 2016). For PTPs, a

single band at ~90 KDa was detected, matching the size of the catalytically cleaved extracellular domain of the short isoform containing four fibronectin

domains and three immunoglobulin domains (Aicher et al., 1997). For LAR, ~110 kDA and ~150 KDa bands were detected as previously described in

the hippocampus (Yang et al., 2003). The bigger band matches the cleaved extracellular domains of the longest isoform containing

three immunoglobulin and eight fibronectin domains (Aicher et al., 1997), while the smaller band likely corresponds to a shorter isoform. In cultured

hippocampal neurons, only the higher intensity bands at the lower molecular weight were detected, and these bands were effectively removed after

cre-recombination of the floxed alleles (Figure 1B).
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Figure 1—figure supplement 2. STED analysis workflow. (A–D) Workflow for STED analyses, showing an example

of a side-view synapse immunostained for PSD-95 and RIM (both in STED mode) and Synaptophysin (in confocal

mode). Side-view synapses are included when a PSD-95 bar is present at the edge of a Synaptophysin-labeled

vesicle cloud (A). The synapse selection process is conducted by an experimenter blind for the protein of interest

(RIM in the example shown). Next, a line profile is generated perpendicular to PSD-95 (B). The area for generating

the line profile is shaded. The protein of interest channel is then activated (C), and the line profiles are generated

(D). (E–G) Outline of the quantitative analyses across synapses. The peak intensity of the protein of interest within

100 nm of PSD-95 towards the presynaptic side (Wong et al., 2018) is used to estimate protein levels in the

synaptic cleft or at the active zone (E). The distance between RIM and PSD-95 peaks is used to estimate protein

localization (F). The average of the line profiles of all synapses within an experiment is used to illustrate protein

distribution (G). Data to illustrate STED workflow are from wild-type hippocampal cultures, N = 42 synapses/2

independent cultures. Data are plotted as mean ± SEM.
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Figure 1—figure supplement 3. Confocal analyses of PTPd. (A–C) Sample confocal images (A), sample intensity

profiles (B), and quantification (C) of PTPd at synapses identified by Synaptophysin (Syp) staining. Intensity profiles

of PTPd and Synaptophysin (C) along the shaded lines highlighted in (A) show good correlation between the

signals. In (C), PTPd fluorescence intensities were quantified in Synaptophysin regions of interest (ROIs). The

confocal images analyzed here were acquired in the same imaging session and for the same image frames as the

STED analyses shown in Figure 1. Confocal images were always acquired prior to STED acquisition, N

(controlRPTP) = 9 images/3 independent cultures; N (cTKORPTP) = 10/3. (D–F) Same as (A–C), but for PSD-95 ROIs.

To avoid potential confounds of mildly increased Synaptophysin areas (Figure 1M), we repeated the confocal

analyses generating PSD-95 instead of Synaptophysin ROIs. In diffraction-limited microscopy, the resolution is

insufficient to distinguish pre- and postsynaptic markers, and either marker can be used to generate synapse ROIs.

N as in (C). Data are plotted as mean ± SEM and analyzed using Mann–Whitney rank sum tests, ***p<0.001.
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Figure 2. Synapse ultrastructure and active zone composition after LAR-RPTP triple knockout. (A–E) Electron micrographs (A) and quantification of the

total number of vesicles per profile (B), bouton area (C), number of docked vesicles (D), and synapse width (E) assessed in single sections of high-

Figure 2 continued on next page
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Figure 2 continued

pressure frozen neurons. N (controlRPTP) = 106 synapses/2 independent cultures, N (cTKORPTP) = 101/2. (F–H) STED example images of excitatory side-

view synapses (F) and quantification of the distance to PSD-95 (G) and of peak intensities (H) of RIM, Munc13-1, CaV2.1, and Liprin-a3. RIM: N

(controlRPTP) = 68 synapses/3 independent cultures, N (cTKORPTP) = 68/3; Munc13-1: N (controlRPTP) = 57/3, N (cTKORPTP) = 60/3; CaV2.1: N

(controlRPTP) = 64/3, N (cTKORPTP) = 58/3; Liprin-a3: N (controlRPTP) = 56/3, N (cTKORPTP) = 53/3. (I) Quantification of the peak intensity of PSD-95. N

(controlRPTP) = 295/3; N (cTKORPTP) = 293/3. (J–L) Same as (F–H), but for Gephyrin-containing inhibitory synapses. RIM: N (controlRPTP) = 75/3 cultures, N

(cTKORPTP) = 79/3; Munc13-1: N (controlRPTP) = 65/3, N (cTKORPTP) = 72/3; CaV2.1: N (controlRPTP) = 64/3, N (cTKORPTP) = 71/3; Liprin-a3: N

(controlRPTP) = 65/3, N (cTKORPTP) = 61/3. (M) Quantification of the peak intensity of Gephyrin. N (controlRPTP) = 327/3; N (cTKORPTP) = 342/3. Data are

plotted as mean ± SEM and were analyzed using Mann–Whitney rank sum tests. *p<0.05, **p<0.01, ***p<0.001.
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Figure 2—figure supplement 1. Confocal analyses of synaptic protein levels after ablation of LAR-RPTPs. (A, B) Example confocal images (A) and

quantification (B) of the intensities of RIM, Munc13-1, CaV2.1, and Liprin-a3 within Synaptophysin ROIs. The confocal images analyzed here were

acquired in the same imaging session and for the same image frames as the STED analyses shown in Figure 2. Confocal images were always acquired

prior to STED acquisition, RIM: N (controlRPTP) = 14 images/3 independent cultures, N (cTKORPTP) = 14/3; Munc13-1: N (controlRPTP) = 14/3, N

(cTKORPTP) = 14/3; CaV2.1: N (controlRPTP) = 14/3, N (cTKORPTP) = 14/3; Liprin-a3: N (controlRPTP) = 13/3, N (cTKORPTP) = 13/3. (C, D) Same as (A) and

(B), but for PSD-95 ROIs. To avoid potential confounds of mildly increased Synaptophysin areas (Figure 1M), we repeated the confocal analyses

generating PSD-95 instead of Synaptophysin ROIs. In diffraction-limited microscopy, the resolution is insufficient to distinguish pre- and postsynaptic

markers, and either marker can be used to generate synapse ROIs. N as in (B). Data are plotted as mean ± SEM and were analyzed using t-tests, except

for CaV2.1 in (B) for which a Mann–Whitney rank sum test was used. *p<0.05.
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Figure 3. Inhibitory synaptic transmission in LAR-RPTP triple-knockout neurons. (A, B) Example traces (A) and average amplitudes (B) of single action

potential evoked IPSCs. N (controlRPTP) = 19 cells/3 independent cultures, N (cTKORPTP) = 20/3. (C, D) Example zoomed-in traces of the IPSC rise (C)

and quantification of 20–80% rise times (D) of evoked IPSCs, N as in (A, B). (E, F) Example zoomed-in traces of the IPSC decay (E) and quantification of

100–33% decay times (F) of evoked IPSCs. N as in (A, B). (G, H) Example traces (G) and average IPSC paired pulse ratios (H) at various interstimulus

intervals. N (controlRPTP) = 18/3, N (cTKORPTP) = 19/3. Data are plotted as mean ± SEM and were analyzed using Mann–Whitney rank sum tests (B, D, F)

or a two-way ANOVA (H), no significant differences were detected.
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