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SUMMARY
The complex morphology of neurons poses a challenge for proteostasis because the majority of lysosomal
degradation machinery is present in the cell soma. In recent years, however, mature lysosomes were identi-
fied in dendrites, and a fraction of those appear to fuse with the plasma membrane and release their content
to the extracellular space. Here, we report that dendritic lysosomes are heterogeneous in their composition
and that only those containing lysosome-associated membrane protein (LAMP) 2A and 2B fuse with the
membrane and exhibit activity-dependent motility. Exocytotic lysosomes dock in close proximity to
GluN2B-containing N-methyl-D-aspartate-receptors (NMDAR) via an association of LAMP2B to the mem-
brane-associated guanylate kinase family member SAP102/Dlg3. NMDAR-activation decreases lysosome
motility and promotes membrane fusion. We find that chaperone-mediated autophagy is a supplier of
content that is released to the extracellular space via lysosome exocytosis. This mechanism enables local
disposal of aggregation-prone proteins like TDP-43 and huntingtin.
INTRODUCTION

The extreme length of cellular processes constitutes a major

challenge for neuronal proteostasis.1,2 As yet, little is known on

how neurons accomplish local protein degradation. Lysosomes

are heterogeneous acidic organelles that serve as a degradative

endpoint for late endosomes and autophagosomes.3–6 Conflict-

ing reports suggest that distal dendrites are either devoid of

mature lysosomes7,8 or that catabolically active lysosomes are

present,9–11 indirectly suggesting that cargo might be degraded

locally. Interestingly, trafficking and motility of these lysosomes

appears to be regulated by activation of glutamate receptors9

and reportedly they exhibit activity-regulated fusion with the

plasma membrane.10 The functional implications of this activ-

ity-dependent regulation are currently to a large extent elusive,

and the knowledge about dendritic lysosomal exocytosis as

such is scarce. It reportedly depends upon the release of Ca2+

stored in the lysosomal lumen, which results in steep Ca2+ in-
This is an open access article under the CC BY-N
crease and precedes SNARE-dependent fusion with the plasma

membrane.10 In functional terms, released cathepsin B might

then activate matrix metalloprotease 9, which in turn can lead

to remodeling of the extracellular matrix (ECM) and subsequent

dendritic spine growth.10

However, if dendritic lysosomal exocytosis indeed exists it is

still unclear how lysosomal fusion sites are defined, whether all

lysosomes in dendrites can be primed for fusion, and whether

release-competent lysosomes serve a specific need. Lysosomal

biogenesis depends upon a gradual delivery of lysosomal com-

ponents to endosomes and autophagosomes,3–5 a process that

will result in heterogeneous populations of vesicles with different

stages of maturation. A systematic analysis of lysosomal sub-

populations in dendrites is currently lacking, but ultimately

necessary since in axons such an analysis has revealed the

absence of mature lysosomes despite the presence of LAMP

proteins.12,13 Moreover, lysosomes are not only a catabolic

endpoint of endosomal and autophagy pathways they play a
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well-documented role in chaperone-mediated autophagy

(CMA).14–17 About 30% of soluble proteins contain a CMA

motif14,18 that is recognized by the chaperone Hsc70.19,20

Hsc70 delivers the cargo to the organelle surface for subsequent

translocation to the lysosomal lumen via the CMA receptor lyso-

some-associated membrane protein (LAMP) 2A.16,20–22 In neu-

rons, CMA is involved in axonal proteostasis16,23,24 but it has

not been investigated yet in dendrites.

Using an array of imaging and biochemical techniques, we

identified in this study different dendritic lysosomal subpopula-

tions, characterized the molecular composition of exocytic

lysosomes and the mechanisms for their docking and fusion,

and addressed their role in local N-methyl-D-aspartate-

receptor (NMDAR)-regulated protein disposal. Most important

we show that lysosomal exocytosis results in release of CMA

clients to the extracellular space.

RESULTS

LAMP1 and LAMP2 do not label the same dendritic
lysosome pool
Lysosomes exhibit a highly dynamic exchange ofmembrane and

a heterogeneous molecular composition that might be over-

looked with immunocytochemical staining using only one lyso-

somal marker.2 The most frequently used lysosomal markers

for immunocytochemistry and cellular imaging are LAMP1 and

LAMP2.2 When we performed confocal imaging of segments

from proximal and distal dendrites of hippocampal primary

neurons and labeled lysosomes with corresponding antibodies

we observed that, on average, less than 40% of both proteins

indeed colocalized (Figures 1A and 1B). shRNA protein knock-

down or CRISPR-Cas9 gene deletion documented the speci-

ficity of both antibodies for immunocytochemical applications

in primary neurons (Figures S1A–S1D). Further evidence that

lysosomes of different composition might exist in dendrites

came from live imaging experiments where we expressed both

proteins with an mKate fluorescent tag in hippocampal neurons

(Figures 1C and 1D). Three isoforms of LAMP2 exist, termed

2A-C, which differ mainly in their cytoplasmic tail25,26 and from

which LAMP2C is expressed at low levels in neurons.26,27 We

found that 80% of LAMP2B-mKate vesicles associate with

LAMP2A and vice versa 60% of LAMP2A with LAMP2B

(Figures S1E–S1G), indicating that in dendrites a larger fraction

of lysosomes will express both proteins.

Interestingly, when we next looked at organelle motility, we

observed that LAMP1-mKate vesicles in dendrites are clearly

less mobile than those expressing LAMP2B-mKate irrespective

of their distance to the soma (Figures 1C and 1D), suggesting

that lysosomal trafficking might be differentially regulated.

We next used BODIPY-pepstatin A, a cell-permeable cathepsin

D-binding fluorescent compound to specifically label the

active protease in the lumen ofmature lysosomes.28 Live imaging

revealed that approximately 70% of either LAMP1- or LAMP2B-

positive vesicles contain active proteases (Figures 1E, 1F, and

S1H–S1J). Collectively, these data point to differences in

trafficking and molecular composition of dendritic lysosomes

and this indirectly suggests that they might execute different

functions.
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LAMP2-positive lysosomes dock in proximity to GluN2B-
containing NMDAR
It was reported previously that lysosome trafficking and exocy-

tosis might be regulated by neuronal activity,9,10 but it is unclear

whether specific signaling events are involved. NMDAR, espe-

cially those containing theGluN2B subunit, are present at synap-

tic (spine and shaft synapses) but also at extrasynaptic sites.29,30

Immunocytochemical analysis with antibodies directed against

the postsynaptic scaffold protein Shank3, the presynaptic

marker protein Bassoon, and theGluN2B subunit of NMDARs re-

vealed that in hippocampal primary neurons at DIV16 roughly

65%of GluN2B immunofluorescence puncta localize to synaptic

sites, out of which around 30% were associated with shaft syn-

apses and 70% with spine synapses (Figure S2A–S2C). Thus,

around 35% of surface-expressed GluN2B localized to extrasy-

naptic sites present in the dendritic shaft (Figure S2B).

We next addressed whether NMDAR activity regulates motility

and positioning of LAMP2-positive lysosomes. To this end, we

performed live imaging using total internal reflection fluores-

cence microscopy (TIRFM) to exclusively image lysosomes

directly below the plasma membrane. Mature hippocampal

neurons (DIV16) were transfected with LAMP2B-mKate and the

GluN2B NMDAR subunit fused to superecliptic pHluorin (SEP),

a pH-dependent tag exclusively labeling receptors inserted in

the plasma membrane31 (Figures 2A–2E, S2D, and S2E). We

observed that 34% of SEP-GluN2B transiently associates with

LAMP2B-mKate (Figures 2A–2C). The average duration of

each event lasted around 1 min (Figure 2E). Furthermore,

approximately 40% of SEP-GluN2B was observed in proximity

to LAMP2B-mKate and vice versa (Figures 2C and 2D).

To further corroborate these findings, we performed live imag-

ing of neurons transfected with SEP-GluN2B and incubated with

Magic Red, a fluorescent dye labeling catabolically active

cathepsin B in mature lysosomes32 (Figures 2F–2J). The fraction

of Magic Red-positive puncta found in proximity to SEP-GluN2B

(around 40%) (Figures 2H–2J) was comparable with those of

LAMP2B-mKate (Figures 2C–2E).

NMDAR activation stalls LAMP2B-positive lysosomes
and induces their fusion with the plasma membrane
When we next stimulated neurons with 20 mM NMDA we

observed that LAMP2B-mKate motility was reduced within

6 min (Figures 2K–2M; Video S1). A similar effect was observed

forMagic Red-positive vesicles (Figures 2N–2P), which suggests

that NMDAR activity influences motility of mature lysosomes

close to the plasma membrane. No stalling was observed for

peroxisomes (Figure S2F–H) or for LAMP1-positive vesicles

(Figures 2Q–2S), which further suggests that a distinct dendritic

LAMP2B-positive lysosome pool exists whose motility is regu-

lated by NMDAR activity.

We next investigated whether neuronal activity induced by

field stimulation results in membrane fusion of the LAMP2-posi-

tive lysosome pool and whether this fusion occurs in a GluN2B-

dependent manner. To this end, we used TIRFM to show regions

of the cell membrane and a LAMP2B construct with a SEP tag

in the luminal domain (Figures 3, S3A, and S3B). We indeed

observed a gradual increase in SEP-associated fluorescence

intensity following field stimulation compared with baseline
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Figure 1. LAMP1 and LAMP2 are found in different dendritic lysosomal pools

(A) Representative confocal images of proximal and distal dendrites from DIV16 cultured hippocampal neurons immunostained against LAMP1 (magenta), pan

LAMP2 (green), and MAP2 (blue). Scale bar, 5 mm. White arrows indicate overlapping and orange arrows indicate non-overlapping signal.

(B) Quantification of colocalization between LAMP1 and LAMP2 in proximal and distal dendrites. Around 40% of LAMP1 and LAMP2 colocalize in both distal and

proximal segments. n = 15–23 cells from 4 independent cultures.

(C and D) Motility of LAMP1-mKate- and LAMP2B-mKate-positive organelles respective to the distance to the soma. (C) Kymographs show stationary traces

(magenta) and mobile vesicles (cyan). (D) LAMP2B-mKate has higher mobility as compared with LAMP1-mKate. n = 31–43 dendritic segments, 14–27 cells from

5 independent cultures. Ns; p > 0.999 for distance factor and ****p < 0.0001 for LAMP factor by two-way ANOVA with post hoc Tukey test.

(E) A major fraction of LAMP1-mKate or LAMP2B-mKate overlap with BODIPY-pepstatin A. Sketched overlay depicts vesicles positive (green) and negative

(magenta) for BODIPY-pepstatin A, labeling the active lysosomal enzyme CatD.

(F) Quantification of LAMP1-mKate and LAMP2B-mKate trajectories positive and negative for BODIPY-pepstatin A. n = 17–19 cells from 3 independent cultures.

(B, D, and F) Data are plotted as average ± SEM.
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conditions (Figures 3A–3D). Both the increase in fluorescence as

well as the fusion density were decreased upon pre-incubation

with the GluN2B antagonist ifenprodil (Figures 3A–3D). Most

importantly, we did not observe fusion of SEP-tagged LAMP1

(Figures S3C–S3F), further indicating that LAMP2- and LAMP1-

positive lysosomes are functionally distinct.

Similar to field stimulation, bath application of NMDA in hippo-

campal primary neurons enhanced fusion of SEP-LAMP2B ves-
icles (Figures 3E–3H) with a steep increase in SEP-LAMP2B fluo-

rescence intensity in response to stimulation (Figures 3E–3G).

Ifenprodil decreased the number of fusion events and fusion

fluorescence intensity (Figures 3E–3H). We next addressed

whether fusion occurs in proximity to GluN2B-containing

NMDAR. To measure the distance between the fusion region

and SEP-GluN2B, we used LAMP2B tagged with pHuji, a red-

shifted, pH-sensitive dye (Figure S3G).33 We found a median
Cell Reports 42, 112998, August 29, 2023 3
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distance between fusion spots to GluN2B of 0.17 mm, indicating

a tight spatial association (Figures S3G–S3H).

To finally prove a causal relationship between GluN2B acti-

vation and lysosome fusion we used a genetic approach utiliz-

ing primary neurons from a CRISPR-Cas9 knockin mouse,

which overexpress Cas9 protein and GFP reporter protein.

Expression of a plasmid encoding a gRNA directed against

GluN2B resulted in a significant reduction of surface ex-

pressed GluN2B (Figures S3I and S3J). Most important, in

neurons transfected with gRNA targeting GluN2B we observed

clearly decreased fusion density as well as fluorescence inten-

sity compared with control neurons (Figures S3K–S3N).

LAMP2-positive lysosomes associate with SAP102/Dlg3
in close proximity to GluN2B-containing NMDAR
What might be the underlying mechanism for docking and fusion

of LAMP2B-positive lysosomes in proximity to GluN2B-contain-

ing NMDAR? In heterologous co-immunoprecipitation experi-

ments we found no evidence for a direct association of LAMP2B

with the cytoplasmic tail of GluN2B, while a positive control, the

synapto-nuclear-protein messenger Jacob, showed binding to

this region as shown previously (Figures S4A and S4B).34,35 Pub-

lished evidence suggests a functional and physical interaction

of GluN2B with the scaffolding protein SAP102/Dlg3 not only in

spine synapses but also in the dendritic shaft.36–39 SAP102/Dlg3

is a member of the membrane-associated guanylate kinases

(MAGUK) family and the N terminus of SAP102/Dlg3 contains

PDZdomains that associateprominentlywith aPDZ-bindingmotif

at the C terminus of GluN2B.37,39 Members of the MAGUK family

in general play a role in the subunit-specific regulation of NMDAR

trafficking and localization; and, in particular, surface expression

depends on the binding of the PDZ ligand to PDZdomains ofMA-

GUKs.40 In line with published work we found extensive colocali-

zation of surface-expressed GluN2B and SAP102/Dlg3 in

dendrites of hippocampal primary neurons (Figures S4C and

S4E). Moreover, we observed that more than 30% of LAMP2B-

mKate associateswith SAP102/Dlg3 in dendrites of hippocampal

neurons (Figures 4A and4B) andbath application of NMDAsignif-

icantly increased the association of SAP102/Dlg3 with LAMP2B-

mKate even further (Figures 4A and 4B).
Figure 2. LAMP2B-positive lysosomes stall after NMDA stimulation

(A) Representative images of hippocampal neurons (DIV14–17) transfected with

(B) Kymographs of LAMP2B-mKate and SEP-GluN2B. Blue-shaded sketched traj

SEP-GluN2B (green).

(C) Quantification of the percentage of SEP-GluN2B visited by LAMP2B-mKate.

(D) Visit time of LAMP2B-mKate at SEP-GluN2B normalized to the total acquisiti

(E) Percentage of LAMP2B-mKate that associates with SEP-GluN2B. n = 8–12 c

(F) SEP-GluN2B-transfected neurons were incubated with Magic Red to label lys

(G) Kymographs of Magic Red and SEP-GluN2B. Blue-shaded sketched traject

GluN2B (green).

(H and I) (H) Fraction of SEP-GluN2B associating with Magic Red or (I) Magic Re

(J) Visit times of Magic Red-positive vesicles at SEP-GluN2B. n = 7–12 dendritic

(K–S) Velocity of LAMP2B-mKate-positive vesicles in dendrites of DIV14–16 neur

positive vesicles in dendrites of DIV14–16 neurons decreases upon application of

DIV14–16 neurons does not change upon application of 20 mM NMDA. (K and N)

LAMP2B-mKate or (N) incubated with Magic Red. (Q) LAMP1-mKate was co-tra

Representative kymographs. Arrow indicates the time point of bath application of N

the end of the stream. ****p < 0.0001 by two-tailed Mann-Whitney U test. n = 4–14

intensities from 0 to 255. (C–E, H–J, M, P, and S) Data are plotted as average ±S
We next asked whether the SEP-LAMP2B fusion sites are

characterized by the presence of SAP102/Dlg3. In live imaging

experiments, the identification of fusion sites relies on the

changes of the fluorescence of the pH-sensitive SEP tag, which

is quenched in fixed cells.41 Therefore, we performed live stain-

ing on SEP-LAMP2B-expressing neurons with an SEP-detecting

nanobody labeled with AF647N, which allows for labeling

of recently exocytosed SEP molecules.41 Subsequently the

samples were processed with antibodies detecting SAP102/

Dlg3 (Figures 4C–4E). We could observe a significant increase

in the nanobody fluorescent signal upon NMDA stimulation

(Figures 4C and 4D). Furthermore, 80% of the fusion signal

was associated with SAP102/Dlg3 (Figures 5C and 5E). Taken

together, these data suggest that lysosomal fusion predomi-

nantly occurs in close proximity of SAP102/Dlg3-positive puncta

along the dendritic plasma membrane.

SAP102/Dlg3 directly interacts with LAMP2B, and this
interaction is crucial for stalling and fusion of lysosomes
We therefore next wonderedwhether stalling of LAMP2B in close

proximity to GluN2Bmight be mediated by a physical interaction

with SAP102/Dlg3. Pull-down experiments with the bacterially

produced cytoplasmic tail of LAMP2B fused to a His-SUMO

tag provided proof for a direct interaction with the GFP-tagged

SH3-GK domain of SAP102/Dlg3, but not the N-terminal PDZ

domains containing part (Figures 4F–4H and S4F) or His-

SUMO coupled to the resin (Figure 4G). Pull-down experiments

with LAMP2A cytoplasmic tail showed no binding between

LAMP2A and the SH3-GK domain of SAP102/Dlg3 (Figures 4I

and S4G). Furthermore, in HEK293T cells the SH3-GK domain-

containing part of SAP102/Dlg3 is recruited to the cytosolic

part of LAMP2B when this short stretch of amino acids is tar-

geted to Golgi membranes (Figure S4H) in a Golgi-tracker

assay.42 No recruitment was seen for the PDZ domain-contain-

ing part of SAP102/Dlg3, although recruitment was observed

when the C terminus of GluN2B containing the PDZ ligand was

targeted to the Golgi as positive control (Figure S4H).

To study the functional relevance of the interaction of SAP102/

Dlg3 and LAMP2B we designed a dominant-negative TAT pep-

tide carrying the sequence of the LAMP2B cytoplasmic tail.25
SEP-GluN2B (green) and LAMP2B-mKate (magenta). Scale bar, 5 mm.

ectories represent transient association between LAMP2B-mKate (magenta) at

on time.

ells from 2 to 7 independent cultures.

osomes with active CatB. Scale bar, 5 mm.

ories represent transient association between Magic Red (magenta) at SEP-

d associating with SEP-GluN2B.

segments from 5 independent cultures.

ons decreases upon application of 20 mMNMDA. (N–P) Velocity of Magic Red-

20 mMNMDA. (Q–S) Velocity of LAMP1-mKate-positive vesicles in dendrites of

Representative images of SEP-GluN2B-transfected neurons together with (K)

nsfected with BFP to visualize the cell outline. Scale bar, 5 mm. (L, O, and R)

MDA. (M, P, and S) Scatter bar plots representing velocity at the beginning and

cells from 5 independent cultures. (L, O, and R) Lookup table indicates the pixel

EM.
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Figure 3. NMDARs control LAMP2B fusion with the plasma membrane

(A) TIRFM images of hippocampal neurons (DIV16) transfected with SEP-LAMP2B (depicted as DF/F; before, averaged baseline frames: after, averaged last 20

frames of the stream) andmKate as volume fill. Field stimulation results in an increase of the SEP fluorescence, which is significantly decreased in the presence of

ifenprodil. Scale bar, 10 mm.

(B) Top: averaged change in fluorescence over time post stimulation normalized to baseline. Shading indicates ± SEM. Below: scheme of SEP-LAMP2B—

fluorescence is quenched in acidic pH and increased upon fusion with the plasma membrane.

(C and D) Ifenprodil reduces both (C) the averaged SEP-LAMP2B fluorescence intensity from last 30 s and (D) the fusion density. n = 8–9 cells from 5 independent

experiments. *p < 0.05 by two-tailed unpaired Student’s t test.

(E) TIRFM images of hippocampal neurons (DIV16) transfected with mKate as volume fill and SEP-LAMP2B (depicted asDF/F; before, averaged baseline frames;

after, averaged last 20 frames of the stream). Bath application of NMDA induces SEP-LAMP2B fusion. Scale bar, 10 mm.

(F) Averaged change in fluorescence over time post stimulation normalized to baseline. Shading indicates ±SEM.

(G and H) Treatment with ifenprodil decreases (G) averaged fusion intensity (last 3.5 min) and (H) fusion density. n = 8–9 cells from 6 independent cell cultures.

*p < 0.05 by (G) two-tailed unpaired Student’s t test or (H) **p < 0.01 by two-tailedMann-Whitney U test. (A and E) Lookup table indicates the pixel intensities from

0 to 255. (B–D and F–H) Data are plotted as average ±SEM.
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This TAT peptide disrupted binding to SAP102/Dlg3 in pull-down

assays (Figure 4J). We therefore next administered this peptide

or the corresponding scrambled control to hippocampal cultures

and assessed the motility of LAMP2B-mKate upon stimulation

with NMDA (Figures 2, 4K, and 4L). In contrast to the scrambled

peptide (Figures 4K and 4L) or non-treated cells (Figure 2K–2M)

we did not observe stalling of LAMP2B-mKate in neurons treated

with the TAT-LAMP2B-404–415 peptide (Figures 4K and 4L). In

addition, blockage of the interaction between the SH3-GK

domain of SAP102/Dlg3 and the LAMP2B cytoplasmic tail
6 Cell Reports 42, 112998, August 29, 2023
strongly reduced fusion of pHuji-LAMP2Bwith the plasmamem-

brane (Figures 4M–4P).

The central role of SAP102/Dlg3 in stopping and fusion of lyso-

somes was additionally confirmed by experiments in Cas9-ex-

pressing neurons transfected with a construct encoding gRNA

targeting SAP102/Dlg3 that showed reduced SAP102/Dlg3

expression (Figures S4I and S4J). In these neurons, the motility

of catabolically active lysosomes was assessed with the use of

the pepstatin A-based SiR-lysosome dye, which binds to active

cathepsin D.43 In support of the important role of SAP102/Dlg3
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for docking of LAMP2B-containing vesicles, we observed no

stopping of catabolically active lysosomes upon bath application

of NMDA in these experiments (Figures S4K and S4L).

Exocytotic lysosomes in dendrites incorporate
chaperone-mediated autophagy clients
Collectively the experiments outlined above suggest that

LAMP2-positive lysosomes dock to SAP102/Dlg3 and thereby

associate with GluN2B-containing NMDAR complexes and

that this docking is regulated by GluN2B activity and essential

for lysosomal fusion. Exocytosis of lysosomes is reportedly

accompanied by release of cathepsins and potentially a diges-

tion of the ECM that results in spine growth.10 When we deter-

mined changes in spine morphology 30–45 min following bath

application of picrotoxin in organotypic hippocampal slices we

indeed observed an increase of dendritic spine size for spines

located within 5 mm of the center of lysosome fusion (Fig-

ure S5A–S5C). This increase could not be observed for slices

perfused with vehicle (Figure S5A–S5C), where no fusion was

observed (Figure S5C).

However, it is unclear whether spine growth is merely an inev-

itable consequence and side effect of lysosomal release of

cathepsins or whether this is the major function of lysosome

exocytosis. We, therefore, addressed in the final set of experi-

ments the question how this fusion relates to protein degrada-

tion. Lysosomes are reportedly involved in CMA, a Hsc70

chaperone-dependent process where a specific CMA-targeting

motif (KFERQ) of the substrate is recognized by the chap-

erone.14,16,19,20,22 The subsequent delivery to the lysosomal sur-

face, unfolding, and translocation into the lumen is mediated by

the association of Hsc70 with multimerized LAMP2A.22,44,45

Interestingly, stimulated emission depletion (STED) super-reso-

lution microscopy revealed that Hsc70 localizes in the lumen
Figure 4. Stalling and fusion of LAMP2B-positive lysosomes depends

(A) Representative confocal images of dendrites from hippocampal neurons ex

indicate colocalization. Scale bar, 5 mm.

(B) Scatter bar plots representing percentage of LAMP2B-mKate-positive lysos

treated neurons. n = 22–24 neurons from 3 independent cultures. ****p < 0.0001

(C–E) LAMP2B fusion spots labeled with a-SEP-AF647 significantly associate

transfected with BFP and SEP-LAMP2B, co-stained with SAP102//Dlg3 antibod

LAMP2B and SAP102. Scale bar, 5 mm. (D) Averaged fluorescence intensity o

tures. ***p < 0.01 by two-tailed unpaired Student’s t test. (E) Percentage of LAM

independent cell cultures.

(F) Scheme representing the different domains of SAP102 and LAMP2B/A.

(G–I) The cytoplasmic tail of (G) LAMP2B but not (I) LAMP2A binds directly to the

His-SUMO-LAMP2B-404-415 or His-SUMO and lysate from COS-7 cells overex

LAMP2A/B (AA 404-415) fused to His-SUMO is used for the pull-down assay tog

(I) No interaction was detected in pull-down experiments between His-SUMO-LA

(J) TAT-LAMP2B-404-415 disrupts binding between LAMP2B (AA 404-415) and t

404-415 and GFP-SAP102-SH3-GK is blocked by incubation of TAT-LAMP2B-4

(K and L) TAT-LAMP2B-404-415 peptide impairs NMDA-dependent lysosomal s

stretches of hippocampal neurons transfected with LAMP2B-mKate. Arrow indic

(L) The presence of TAT-LAMP2B-404-415 abolishes the decrease of LAMP2B

Kruskal-Wallis multiple comparisons test.

(M) Representative dendrites of pHuji-LAMP2B-transfected neurons before and

Scale bar, 10 mm.

(N) Averaged pHuji-LAMP2B intensity normalized to baseline over time ± SEM.

(O and P) Scatter bar plots representing the difference in (O) averaged fluorescen

and TAT-Scr-treated neurons. n = 8 cells from 6 independent cultures **p < 0.01 tw

intensities from 0 to 255. (B, D, E, L, and N–P) Data are plotted as average ±SEM
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and on the membrane of LAMP2B-GFP-positive lysosomes

(Figures 5A–5D).

A widely used tool to monitor cellular CMA activity is a CMA

sensor where the KFERQ motif is fused to a fluorescent pro-

tein.17,19,46 In the next set of experiments, we transfected hippo-

campal neurons with tRFP-KFERQ and LAMP2B-GFP and

stained with an antibody recognizing LAMP2A. We compared

baseline conditions with cells treated with 20 mM NMDA or

20 mM CA77.1, a potent CMA activator, as positive control.17,47

Expectedly, we found a significantly increased number of

tRFP-KFERQ dendritic puncta (Figure S6A) and increased asso-

ciation with LAMP2A/B-positive lysosomes following treatment

with CA77.1 (Figures 5E and 5F). Interestingly, this increase

and the rapid association with lysosomal membranes was also

seen upon 15 min of treatment with 20 mM NMDA (Figures 5E,

5F, and S6A).

Disposal of CMA clients to the extracellular space
occurs via lysosomal exocytosis
Taken together, these data raise the possibility that exocytosis of

dendritic LAMP2A/B-containing lysosomes contributes to an ac-

tivity-dependent removal of aggregation-prone proteins. To test

this hypothesis, we used TAR DNA-binding protein 43 (TDP-43),

a well-established CMA substrate.48 We expressed TDP-43

tagged with HA-tdTomato49 together with LAMP2B-GFP in pri-

mary neurons and, with STED super-resolution microscopy,

we observed that TDP-43-tdTomato is indeed prominently tar-

geted to the LAMP2B-positive lysosomal lumen in dendrites

(Figures 6A–6C). Moreover, endogenous TDP-43 was present

in LAMP2-positive lysosomes, as evidenced by antibody-based

immunocytochemical staining and subsequent STED imaging

and by the Pearson’s colocalization coefficient (Figures 6D–

6G). Moreover, we could also observe some overlap of TDP-43
on direct interaction of LAMP2B and the SH3-GK domain of SAP102

pressing LAMP2B-mKate and stained for endogenous SAP102. Arrowheads

omes associated with SAP102 revealed increased colocalization in NMDA-

by two-tailed unpaired Student’s t test.

with SAP102. (C) Representative confocal images of hippocampal neurons

y and a-SEP-AF647. White arrowheads indicate colocalization between SEP-

f SEP-detecting nanobody. n = 18–21 neurons from 3 independent cell cul-

P2B fusion spots associating with SAP102. n = 11 dendritic stretches from 3

SH3-GK domain of SAP102. (G) Pull-down assay performed with immobilized

pressing the respective GFP-SAP102 constructs. (H) The cytoplasmic tail of

ether with GFP-tagged SAP102 constructs.

MP2A-404-415 and the SH3-GK domain of the scaffold protein SAP102.

he SH3-GK domain of SAP102. The interaction between His-SUMO-LAMP2B-

04-415 but not TAT scrambled (TAT-Scr).

talling and fusion. (K) Kymographs and representative images from dendritic

ates NMDA bath application. Scale bar, 5 mm.

-mKate velocity. n = 9–10 cells from 5 independent cultures. ****p < 0.0001

after NMDA stimulation in the presence of TAT-Scr or TAT-LAMP2B-404-415.

ce intensity (last 3 min) and (P) fusion density between TAT-LAMP2B-404-415-

o-tailed unpaired Student’s t test. (C, K, andM) Lookup table indicates the pixel

.
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Figure 5. Dendritic LAMP2B and LAMP2A are localized on CMA-competent lysosomes

(A and B) (A) Deconvolved STED images from hippocampal neurons transfected with LAMP2B-GFP and stained against endogenous Hsc70. Scale bar, 500 nm.

The dashed square indicates a ROI shown in (B).

(C) Line profiles representing the normalized fluorescence intensity generated from the dashed line depicted in (B). Scale bar, 500 nm.

(D) LAMP2B-GFP signal overlaps with endogenous Hsc70 significantly higher than expected due to chance (overlap with Hsc70 channel rotated by 180�). n = 21

cells from 2 independent cell cultures. **p < 0.01 by one-sample t test. Dotted line indicates overlap expected due to chance.

(E and F) Application of NMDA or CMA activator, CA77.1, induces association of tRFP-KFERQ CMA sensor with LAMP2A/B-positive vesicles. (E) Confocal

images of dendritic segments of hippocampal neurons (DIV16) transfected with LAMP2B-GFP, tRFP-KFERQ and stained with antibody against LAMP2A. Ar-

rowheads indicate triple colocalization. Scale bar, 5 mm. (F) Quantification of colocalization of LAMP2B-GFP with tRFP-KFERQ and LAMP2A. ****p < 0.0001,

**p < 0.01 by Kruskal-Wallis multiple comparisons test. n = 18–25 cells from at least 3 independent cell cultures. (D) Lookup table indicates the pixel intensities

from 0 to 255. (D and F) Data are plotted as average ±SEM.
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and Hsc70 immunosignals (Figures 6H–6J). In subsequent

live-cell imaging we observed that, in neurons expressing

LAMP2B-BFP and TDP-43-tdTomato, more than half of TDP-

43 co-trafficked in mature LAMP2B-BFP-positive lysosomes

that were visualized by incubation with BODIPY-pepstatin A (Fig-

ure 6K–6M; Video S2).

Given that an endogenous CMA client is present in LAMP2B-

positive lysosomes we next addressed whether lysosomal

release of TDP-43 will occur. We indeed found that TDP-43 is

exocytosed from neuronal cells in an activity-dependent

manner. When we infected cortical cultures with an AVV9 virus

expressing GFP or TDP-43-GFP (Figures S6B and S6C) and
stimulated neurons for 15 min with 20 mM NMDA we observed

clearly increased TDP-43-GFP content in the supernatant, as

measured by GFP-ELISA (Figure 7A). No NMDA-dependent

release of overexpressed GFP was detected (Figure 7A).

To corroborate these findings, we next performed dot blot as-

says following NMDA stimulation (Figures 7B–7F) and tested for

the presence of endogenous TDP-43 (Figures 7B and 7C) as well

as the classical CMA target GAPDH in the medium (Figures 7B

and 7D).14,45 We could indeed detect an increased release of

these proteins to the extracellular space following acute stimula-

tion with 20 mMNMDA for 15min of cortical cultures (Figures 7B–

7D). Of note, this effect is stunning because the levels of proteins
Cell Reports 42, 112998, August 29, 2023 9
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Figure 6. LAMP2B-positive lysosomes are CMA competent and associate with the CMA client TDP-43

(A) STED microscopy images showing a dendritic segment of neurons transfected with TDP-43-tdTomato and LAMP2B-GFP. Scale bar, 500 nm.

(B) Line profiles indicating the intensity of the signal, revealing an overlap of signal between TDP-43-tdTomato and LAMP2B-GFP.

(C) LAMP2B-GFP is positive for TDP-43-tdTomato significantly higher than expected due to chance (overlap with TDP-43-tdTomato channel rotated by 180�).
Dashed line indicates overlap expected due to chance. n = 18 cells from 2 independent cell cultures. **p < 0.01 by one-sample t test.

(D andE) STED imagesof dendritic segments immunostainedwith TDP-43- andpan LAMP2-detecting antibodies. Thedashed square indicates aROI shown in (E).

Scale bar, 500 nm.

(legend continued on next page)
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in the medium at baseline are already high since cultures were

kept for over 2 weeks in this medium. TDP-43 is an aggrega-

tion-prone protein and its neuronal aggregation is associated

with amyotrophic lateral sclerosis (ALS) and frontotemporal de-

mentia (FTD).50,51 We therefore then used this assay to test

whether also other dendritic proteins implied in neurodegenera-

tive diseases are released to the extracellular space upon activa-

tion of NMDAR. To this end we chose huntingtin (Htt) and we

indeed found that Htt exhibited activity-dependent release

from neurons stimulated with NMDA similar to TDP-43

(Figures 7B and 7E). Interestingly, this release was not evident

for a-synuclein, a causative agent involved in Parkinson’s dis-

ease that is mainly present in axons (Figures 7B and 7F), indi-

cating that NMDAR-dependent lysosomal exocytosis of CMA

clients occurs primarily in dendrites.

In the final set of experiments, we bath applied the dominant-

negative TAT peptide, which disrupts binding of LAMP2B to

SAP102/Dlg3 and then stimulated neurons with NMDA

(Figures 7G–7J). We found that the TAT peptide blocked the

accumulation of TDP43, Htt, and GAPDH in the medium, a

finding in support of the proposed mechanism of lysosomal

stalling and exocytosis (Figures 7G–7J). Interestingly, the acute

pre-treatment of cultures with 17-dimethylaminoethylamino-

17-demethoxygeldanamycin, which decreases levels of lyso-

somal chaperons thereby acting as a CMA inhibitor,22 abolished

recruitment of tRFP-KFERQ to LAMP2B-GFP- and LAMP2A-

positive membranes (Figures S7A and S7B). However, although

the acute CMA impairment did not impair lysosomal exocytosis

(Figures S7C–S7F), it significantly decreased the release of Htt

and TDP-43 to the extracellular space upon NMDA treatment

(Figures S7G–S7I).

DISCUSSION

A large number of studies have addressed local degradation by

the ubiquitin proteasome system in dendrites52; however, much

less is known about a local degradative role of lysosomes.53,54

Here, we identify a sub-population of LAMP2A/B-positive lyso-

somes in dendrites that are capable to locally secrete CMA cli-

ents. We found that a direct association of LAMP2B, but not

LAMP2A, with the SH3-GK domain of SAP102/Dlg3 docks

exocytotic lysosomes to GluN2B-containing NMDAR, whereas

LAMP2A serves as CMA receptor that enables loading of CMA

clients. Upon NMDAR activation, this subpopulation of lyso-

somes fuse with the plasma membrane and release CMA clients

to the extracellular space (Figure 7K). CMA has not been

described in dendrites yet and the unexpected link between
(F) The line profiles indicate relative intensities for deconvolved STED channels.

(G) Pearson’s correlation coefficient (colocalization, PCC) for endogenous LAMP

from the representative image. n = 9 cells from 2 independent cultures.

(H–J) Deconvolved STED images of hippocampal neurons stained against endog

ROI and the line from which (J) line profile was generated. Scale bar, 500 nm.

(K–M) TDP-43-tdTomato co-traffics with LAMP2B-positive lysosomes. (K) TIRF

neurons transfected with TDP-43-tdTomato and LAMP2B-BFP incubated with B

Representative kymographs generated from dendritic segments of hippocampa

BODIPY-pepstatin A. White arrows indicate stationary as well as mobile trajecto

(M) Fractions of TDP-43-tdTomato co-trafficking with LAMP2B-BFP and LAMP2

tures. (L) Lookup table indicates the pixel intensities from 0 to 255. (C, G and M)
lysosome exocytosis and CMA indicates that local dendritic

catabolic processes are regulated by neuronal activity and

potentially serve a second function in structural plasticity that

might be an inevitable consequence of the necessity for local

protein disposal. Several interesting questions arise from these

findings that we would like to discuss in more detail.

LAMP1 and LAMP2 label different populations of
dendritic lysosomes thatmight serve different functions
In most previous studies the characterization of lysosomes in

dendrites was based on the identification of LAMP1 or LAMP2,

both of which have been frequently used interchangeably as

lysosomal markers.53,54 We observed that, in the majority of

cases, LAMP1 and LAMP2 do not reside in the same vesicular

membranes and that they label vesicles of distinct motility that

are differentially regulated by NMDAR activation. While NMDA

stimulation induced stalling of LAMP2B-positive vesicles, we

could not see any change in motility of LAMP1 vesicles. Further-

more, we did not observe an activity-dependent plasma mem-

brane fusion of SEP-tagged LAMP1. Collectively, these results

indicate that dendritic subpopulations of lysosomes exist that

likely have different functions.

Interestingly, both populations appear to be to a large extent

catabolically active. While LAMP1 might be present on some

exocytic lysosomes, the data suggest that the presence of

LAMP2A/B is a prerequisite for lysosomal fusion to the plasma

membrane and that the LAMP2-positive lysosome pool appears

to have acquired a specific role for the disposal of CMA clients.

Lysosomes are heterogeneous single-membrane organelles

defined by a highly acidic lumen (pH < 5), the presence of hydro-

lases, and a lack of mannose-6-phosphate receptors.3,6 Inter-

estingly, these criteria are not fulfilled by the majority of

LAMP1-positive axonal vesicles, which are rather mildly acidic

transport carriers (TCs) or early and late endosomes devoid of

degradative capabilities rather than fully acidified mature lyso-

somes.6,13,55 It is highly probable that, likewise, LAMP1-positive

TCs constitute a portion of dendritic vesicles labeled by this

marker.

The ability to degrade CMA clients may further contribute to

the functional heterogeneity of LAMP1- and LAMP2-positive or-

ganelles in neurons, especially since it was previously shown

that not all lysosomes are CMA competent.14,22,56 While

LAMP2A is the rate-limiting factor for the uptake of CMA clients,

the CMA-competent lysosomes require also the presence of in-

traluminal chaperones.14,22,57 Currently it is unclear how the

presence of chaperones might contribute to lysosomal hetero-

geneity in dendrites.
2 and TDP-43. The magenta colored data point indicates the calculated PCC

enous TDP-43 and Hsc70. Scale bar, 500 nm. The dashed square indicates (I)

M images of first frame from live-cell imaging experiments with hippocampal

ODIPY-pepstatin A . White arrows indicate colocalization. Scale bar, 5 mm. (L)

l neurons transfected with TDP-43-tdTomato and LAMP2-BFP incubated with

ries of LAMP2B-positive lysosomes co-trafficking with TDP-43-tdTomato.

B-BFP positive for BODIPY-pepstatin A. n = 24 cells from 7 independent cul-

Data are plotted as average ±SEM.
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Figure 7. CMA clients are released from neurons upon stimulation with NMDA

(A) Cortical neurons were infected with AAV_GFP or AAV_TDP-43-GFP and the medium was collected after stimulation with 20 mM NMDA. The amount of GFP-

tagged proteins was quantified with ELISA. n = 6 replicates from 5 independent cultures. ****p < 0.0001 and *p < 0.05 by two-way ANOVA with post hoc Tukey

test.

(B) Dot blots revealed increase of extracellular TDP-43, GAPDH, Htt, and a-synuclein levels in medium collected from cortical neuronal culture (DIV16–21) after

stimulation with NMDA compared with non-treated cells (control). Each dot represents independent replicates.

(C–F) Quantification of (C) TDP-43, (D) GAPDH, (E) Htt, and (F) a-synuclein dot blot immunoreactivity normalized to control. n = 11–12 replicates from at least 2

independent cultures. *p < 0.05, ***p < 0.001 by two-tailed unpaired Student’s t test for TDP-43, GAPDH, and a-synuclein, **p < 0.01 by two-tailedMann-Whitney

U test for Htt.

(G) Dot blots revealed decreased NMDA-induced release of TDP-43, GAPDH, and Htt in neuronal cultures pre-treated with TAT-LAMP2B-405-415 peptide but

not scrambled control (TAT-Scr).

(H–J) Quantification of (H) TDP-43, (I) GAPDH, and (J) Htt dot blot immunoreactivity normalized to TAT-Scr-treated NMDA-stimulated group. n = 12–21 replicates

from at least 2 independent cultures. **p < 0.01 by two-tailed unpaired Student’s t test for TDP-43, GAPDH. **p < 0.01 by two-tailed Mann-Whitney U test for Htt.

(K) Summary cartoon. CMA clients are targeted to the CMA-competent, LAMP2A/B-positive lysosomes. NMDA receptor activation induces direct binding of the

LAMP2A/B-positive lysosomes to the SH3-GK domain of SAP102 (NMDA receptor scaffold belonging to the MAGUK family). The binding to SAP102 precedes

activity-dependent fusion and release of CMA clients to the extracellular space. In addition, the release of lysosomal proteases could result in the extracellular

matrix (ECM) digestion and dendritic spine remodeling. (A, C–F, and H–J) Data are plotted as average ± SEM.
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LAMP2B directly binds to the GluN2B scaffold SAP102/
Dlg3
The second important finding of this study concerns the stalling of

LAMP2B-positive lysosomes in proximity to GluN2B-containing

NMDAR,anassociation that ismodulatedbyNMDARactivity (Fig-

ure 7K). This association essentially requires a direct interaction of

the cytoplasmic tail of LAMP2B with the SH3-GK domain of
12 Cell Reports 42, 112998, August 29, 2023
SAP102/Dlg3, a MAGUK that will then likely interconnect lyso-

somes with NMDAR via an association of the PDZ domain of

SAP102/Dlg3 to thePDZ-bindingmotif ofGluN2B (Figure 7K).37,39

What couldbe the reason thatNMDARactivation andpresumably

Ca2+ influx regulates association with lysosomes? At present we

can only speculate about a mechanism, but it is tempting to as-

sume that folding back of the GK to the SH3 domain might be
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involved. It has been so far only described for the MAGUK family

member SAP97,58,59 whereas for SAP102/Dlg3 only indirect

evidence for such a mechanism has been published.60 The intra-

molecular interaction results in a closed conformation and might

prevent docking of lysosomes. Upon Ca2+ influx through

NMDAR, subsequent Ca2+/calmodulin binding was shown to

interrupt the intramolecular interaction and could thereby render

the binding interface accessible for docking of lysosomes.

Another intriguing question concerns the localization of

GluN2B-SAP102/Dlg3-dependent lysosomal fusion sites. Both,

GluN2B and SAP102/Dlg3 localize to synaptic and extrasynaptic

sites.61,62 It was previously demonstrated that excitatory spine

synapses are transiently positive for lysosomes.9 Our data, how-

ever, indicate that lysosomal stalling and fusion also occur in the

dendritic shaft, possibly at excitatory shaft synapses63,64 as well

as extrasynaptic sites. The stimulation protocols used in the

present study as well as in previous work (i.e., NMDA bath appli-

cation, field stimulation, K+-driven depolarization, back-propa-

gating action potential)10 directly or indirectly induce glutamate

spill over resulting in activation of extrasynaptic NMDAR.65,66

Secretory lysosomes are linked to CMA, and lysosomal
fusion leads to the release of CMA clients
Of particular interest in this scenario was the observation that

LAMP2-positive lysosomes release CMA clients such as TDP-

43 and Htt to the extracellular space (Figure 7). Such proteins

are translocated through multimerized LAMP2A, which is the re-

ceptor and rate-limiting factor for CMA, whose upregulation

significantly increases CMA rate.17,20,22,47 CMA clients include

numerous aggregation-prone proteins contributing to the onset

and progression of neurodegenerative disorders, such as Htt

in Huntington’s disease, as well as TDP-43 in FTD and

ALS.14,15,17 Our data indicate that the release of these proteins

requires both LAMP2A (CMA receptor) and LAMP2B, which en-

ables docking to SAP102/Dlg3. This mechanism may serve to

locally dispose aggregation-prone proteins and protect against

proteostatic stress in neurons, which are highly polarized cells

with a complex dendritic tree and thin processes. Many of these

proteins belong to the so-calledmetastable subproteome, which

is characterized by high protein concentrations relative to the

solubility limit, and their supersaturation is linked to increased

aggregation during stress and aging.67 Since protein supersatu-

ration is a function of volume,67 it is plausible that LAMP2A/B-

positive exocytic lysosomes contribute to the regulation of this

metastable proteome during enhanced dendritic activity. Along

these lines, the minute volume of such processes makes them

vulnerable to cytoplasmic protein aggregates and lysosomal

release of CMA clients could be an effective means to prevent

aggregation that will likely interfere with synaptic function.

Several lines of indirect evidence suggest that disruption of lyso-

somal function is indeed intimately linked to impairment of syn-

aptic function in disease states associated with CMA clients

such as TDP-43 and Htt.14,15,17 Moreover, exocytosis of these

proteins might also explain why they can be prominently de-

tected in cerebrospinal fluid and the correlation of increased pro-

tein levels correlating with disease progression might be due to

enhanced secretion from affected neurons subsequently cleared

by the glymphatic system.
Moreover, if one assumes that a major function of LAMP2A

and -2B-bearing lysosomes is dendritic release of CMA clients,

an interesting question concerns how their formation is regu-

lated. Since the presence of both LAMPs on the same vesicle

is necessary for lysosomal secretion, only a subset of dendritic

lysosomes is release competent. An intriguing possibility is that

their biogenesis might occur on demand and that cellular stress

is linked to upregulation of protein levels and increased fusion of

LAMP2A and -2B-bearing vesicles.

The necessity for local disposal of CMA clients might
result in local structural re-modeling of the ECM
Finally, we found that motility of LAMP2B-positive lysosomes is

modulated by NMDAR activity, which induces their stalling and

fusion. We could confirm previous results showing an enlarge-

ment of spine synapses in close proximity to the release site (Fig-

ure S5).10 Taken together, both studies suggest that active ca-

thepsins will enter the interstitial space and that cleavage of

ECM components by cathepsins or matrix metalloproteases

will allow for local re-modelling of the matrix and that this might

in turn facilitate spine growth. It is tempting to speculate that

ECM cleavage by released lysosomal proteases may also

enhance lateral diffusion of receptors. This may be of particular

importance, especially in case of key receptors for synaptic plas-

ticity such as AMPAR or NMDAR.68–70 Lysosomal fusion and

subsequent ECM cleavage could mobilize the extrasynaptic

AMPAR and NMDAR pool for lateral movement to synaptic

sites.68–70 What is currently lacking, however, is direct evidence

that local lysosomal exocytosis is essential for synaptic function

or is indeed involved in synaptic plasticity. A final intriguing ques-

tion is to what extent CMA clients in exocytotic lysosomes will be

degraded. These lysosomes are catabolically active but the

results of the ELISA and dot blot experiments suggest that the

degradation is not complete.

In summary, we propose that fusion of dendritic LAMP2A/B-

positive lysosomes serves both protein removal and modulation

of synaptic processes. The latter might be an inevitable conse-

quence of the necessity for local disposal of CMA clients in den-

drites. Thus, we hypothesize that the co-release of cathepsins

and subsequent local proteolysis of the ECM is driven by the

needs of local proteostasis.

Limitations of the study
The present study identified mature lysosomes by the use of

dyes that label active lysosomal proteases. It is important to

note, however, that while cathepsins display the highest activity

at acidic pH some remain partially active in a broader pH range.

Therefore, based on these readouts that do not determine the

actual pH in the vesicles, it is not possible to exclude further het-

erogeneity in the population of active lysosomes.
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Antibodies

Mouse anti-LAMP1 (LY1C6) Thermo Fisher Scientific Cat.: #MA1-164; RRID: AB_2536869

Rat anti-LAMP2 (GL2A7) Thermo Fisher Scientific Cat.: #MA1-165; RRID: AB_2609332

Mouse anti-LAMP2 (H4B4) Santa Cruz Biotechnology Cat.: #sc-18822; RRID: AB_626858

Rabbit anti-GluN2B Alomone Labs Cat.: #AGC-003; RRID: AB_2040028

Guinea pig anti-Shank3 Synaptic Systems Cat.: #162.304; RRID: AB_2619863

Mouse anti-Bassoon (SAP7F407) Enzo Cat.: #ADI-VAM-PS003;

RRID: AB_10618753

Guinea pig anti-SAP102 Synaptic Systems Cat.: #124.214; RRID: AB_2619803

Rabbit anti-SAP102 Synaptic Systems Cat.: #124.202; RRID: AB_887711

Guinea pig anti-MAP2 Synaptic Systems Cat.: #188.004; RRID: AB_2138181

Guinea pig anti-LAMP2A Synaptic Systems Cat.: #437.005; RRID: AB_2814937

Mouse anti-Hsc70 Synaptic Systems Cat.: #149.011; RRID: AB_887904

Rabbit anti-tRFP Evrogen Cat.: #AB233; RRID: AB_2571743

Mouse anti-GFP (B34) BioLegend Cat.: #902601; RRID: AB_2565021

Rabbit anti-TDP-43 Proteintech Cat.: #10782-2-AP; RRID: AB_615042

Rabbit anti-RFP Rockland Cat.: #600-401-379; RRID: AB_2209751

Rabbit anti-Huntingtin (Htt) Cell Signaling Technology Cat.: #5656; RRID: AB_10827977

Mouse anti-GAPDH Thermo Fisher Scientific Cat.: #MA-15738; RRID: AB_10977387

Rabbit anti-a-synuclein (D37A6) Cell Signaling Technology Cat.: #4179; RRID: AB_1904156

Mouse anti-synaptotagmin1 Oyster650 Synaptic Systems Cat.: #105 311C5; RRID: AB_2619761

Anti-mouse Alexa Fluor 568 Thermo Fisher Scientific Cat.: #A-11004; RRID: AB_2534072

Anti-mouse Alexa Fluor 647 Thermo Fisher Scientific Cat.: #A-21235; RRID: AB_2535804

Anti-rabbit Alexa Fluor 488 Thermo Fisher Scientific Cat.: #A-11034; RRID: AB_2576217

Anti-rabbit Alexa Fluor 568 Thermo Fisher Scientific Cat.: #A-11036; RRID: AB_10563566

Anti-rabbit Alexa Fluor 647 Thermo Fisher Scientific Cat.: #A-21236; RRID: AB_2535805

Anti-guinea pig Alexa Fluor 405 Abcam Cat.: #ab175678; RRID: AB_2827755

Anti-guinea pig Alexa Fluor 488 Thermo Fisher Scientific Cat.: #A-11073; RRID: AB_2534117

Anti-guinea pig Alexa Fluor 568 Thermo Fisher Scientific Cat.: #A-11075; RRID: AB_2534119

Anti-guinea pig Alexa Fluor 647 Thermo Fisher Scientific Cat.: #A-21450; RRID: AB_2535867

Anti-mouse-Abberior STAR 635P Abberior Cat.: #2-0002-007-5; RRID: AB_2893232

Anti-rabbit-IgG-HRP Dianova Cat.: #111-035-114; RRID: AB_2337938

Anti-mouse-IgG-HRP Dianova Cat.: #115-035-146; RRID: AB_2307392

Anti-rat abberior STAR RED Abberior Cat.: #STRED-1007-500UG; RRID: AB_2910106

Anti-rabbit aberrior STAR RED Abberior Cat.: #STRED-1002-500UG; RRID: AB_2833015

Anti-mouse Alexa Fluor 594 antibodies online Cat.: #ABIN2667003;

Anti-rabbit Alexa Fluor 594 antibodies online Cat.: #ABIN266002;

Anti-guinea pig Alexa Fluor 594 antibodies online Cat.: #ABIN5660354;

Anti-GFP FluoTag-X4 Nanotag Biotechnologies Cat.: #N0304-Af-647-L; RRID: AB_2905517

Anti-GFP FluoTag-Q Nanotag Biotechnologies Cat.: #N0301-AF-647-L; RRID: AB_2905515

Bacterial and virus strains

E.coli XL10Gold Agilent Cat.: #200314

+E.coli Bl21DE3 Invitrogen Cat.: #C6000-03
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Chemicals, peptides, and recombinant proteins

Lipofectamine 2000 ThermoFisher Scientific Cat.: #11668019

MaxPEI Polysciences Cat.: #23966

HisPurTM Ni-NTA resin Thermo Fisher Scientific Cat.: #88221

protease inhibitors, Complete Roche Cat.: # 04693159001

phosphatase inhibitors, PhosSTOP Roche Cat.: #04906837001

mMACS Anti-GFP MicroBeads Miltenyi Biotec Cat.: #130-091-125

TAT-LAMP2B-404-415

YGRKKRRQRRRGRRKTYAGYQTL

Genosphere biotechnologies This study

TAT-Scrambled (Scr)

YGRKKRRQRRRYKTAQYRLTGRG

Genosphere biotechnologies This study

Bafilomycin A1 Sigma Aldrich Cat.: #196000

NMDA Sigma Aldrich Cat.: #M3262

SiR-Lysosome Spirochrome Cat.: #SC012

BODIPY FL pepstatin A Thermo Fischer Scientific Cat.: #P12271

Magic RedTM Cathepsin B Kit Bio-Rad Cat.: #ICT937

17-Dimethylaminoethylamino-17-

demethoxygeldanamycin (17-DMAG)

Merck Cat.: #D5193

CA77.1 MedChemExpress Cat.: #HY-134923

Critical commercial assays

GFP ELISA Kit Abcam Cat.: #ab171581

Experimental models: Cell lines

Human: HEK293T cells ATCC Cat.: #CRL-3216

African Green Monkey SV40-transformed

kidney fibroblast (COS-7)

ATCC Cat.: #CRL-1651

Experimental models: Organisms/strains

Rat: Wistar Janvier RjHan:WI

Mouse: B6; 129-Gt(ROSA)

26Sortm1(CAG-cas9*,�EGFP)Fezh/J

Jackson laboratory #02485771

Mouse: CMV-Cre-deleter ZMNH cohort Schwenk et al.72

Oligonucleotides

GluN2B gRNA, mouse,

#1: 50-GTTGGCCGTCTTGGCCGTAT-30
This study, Dr. Dawid G1ów N/A

GluN2B gRNA, mouse,

#2: 50-GTGTTCGGACAGCATGTCCG-30
This study, Dr. Dawid G1ów N/A

SAP102 gRNA, mouse, 50- GGCCCTGTTT

GATTATGAT-30
This study, Dr. Dawid G1ów N/A

LAMP2 gRNA, mouse, 50- GCGAGCCCGTA

ACCGGAGAG-30
This study, Dr. Dawid G1ów N/A

Recombinant DNA

Syn-GFP in pAAV9 This paper N/A

tRFP-KFERQ in pAAV9 This paper N/A

Human TDP-43-GFP in pAAV This paper N/A

EBFP2-N1 Addgene (M. Davidson) Cat.: #54595

TREMARCKS-GFP-H1 Mikhaylova et al.76 N/A

pEGFP-C3 Clontech Cat.: #6082-1

Rat SAP102 in pEGFP-C3 This paper N/A

Rat SAP102-PDZ1-3 in pEGFP-C3 This paper N/A

Rat SAP102-SH3-GK in pEGFP-C3 This paper N/A

pEGFP-N1 Clontech Cat.: #6085-1

(Continued on next page)

18 Cell Reports 42, 112998, August 29, 2023

Article
ll

OPEN ACCESS



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Rat GluN2B-840–1482 in pEGFP-N1 This paper N/A

Rat LAMP1 in pEGFP-N1 This paper N/A

ptRFP-N1 Evrogen Cat.: #FP142

Rat GluN2B-840–1482 in ptRFP This paper N/A

Mouse LAMP2B in ptRFP This paper N/A

Human PEX3 in ptRFP This paper N/A

Champion pET-6xHis-SUMO Thermo Fisher Scientific Cat.: #K3001

Mouse/rat LAMP2B-404–415 in pET-6xHis-SUMO This paper N/A

Mouse/rat LAMP2A-404–415 in pET-6xHis-SUMO This paper N/A

pCl-synapsin-mKate2 Prof. T. Oertner N/A

Rat LAMP1 in pCl-synapsin-mKate2-N This paper N/A

Mouse LAMP2B in pCl-synapsin-mKate2-N This paper N/A

Mouse pCI-Syn-LAMP2B-EBFP2 This paper N/A

Mouse pCI-Syn-LAMP2B-EGFP This paper N/A

mCerulean Prof. T. Oertner78 N/A

pGolt-mCherry Bera et al.42 N/A

Mouse pGolt-mCherry-LAMP2B-404-415 This paper N/A

Rat pGolt-mCherry-GluN2B-840-11482 This paper N/A

pDisplay-pHuji Addgene, Shen et al.33 Cat.: #61556

Mouse pCI-Syn-pHuji-LAMP2B This paper N/A

Rat SEP-GluN2B Addgene, Kopec et al.31 Cat.: #23998

Rat pCI-Syn-SEP-LAMP1 This paper N/A

Mouse SEP-LAMP2B Prof. N.J. Emptage,

Padamsey et al.10
N/A

Mouse pCI-Syn-SEP-LAMP2B This paper N/A

Rat pmCherry-Jacob This paper N/A

Human wtTDP43tdTOMATO-HA Addgene, Yang et al.49 Cat.: #28205

pRNAT-U6.1 Gene script Discontinued

LAMP1 shRNA in p RNAT-U6.1: 50-CCAG
TGTGTCCAAGTACAA-30

This paper N/A

Scr shRNA in pRNAT-U6.1:50 GGATGAGT

CCTCCATGTTCT-30
Karpova et al.75 N/A

Software and algorithms

(Fiji is just) ImageJ Schindelin et al.77 https://fiji.sc/RRID:SCR_002285

Prism Version 9 GaphPad https://www.graphpad.com/

scientific-software/prism/

Imspector Version 16.3.13033-w2049 Aberrior instruments https://imspector.abberior-

instruments.com/

Python Version 3.8 Python https://www.python.org/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Michael R.

Kreutz (michael.kreutz@zmnh.uni-hamburg.de).

Materials availability
Plasmids generated in this study will be shared by the lead contact upon request upon completion of a Material Transfer Agreement.
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d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
All animals were obtained from colonies established at University Medical Center Hamburg-Eppendorf. All procedures were carried

out in accordance with AARIVE guidelines for animal experimentation, with approval of the ethics committees of the city-state of

Hamburg (Behörde f€ur Gesundheit und Verbraucherschutz, Fachbereich Veterinärwesen) and the animal care committee of the Uni-

versity Medical Center Hamburg-Eppendorf in compliance with German law (Tierschutzgesetz der Bundesrepublik Deutschland,

TierSchG) and according to the guidelines of Directive 2010/63/EU. To obtain LSL-Cas9-Cre mice, the B6; 129-Gt(ROSA)

26Sortm1(CAG-cas9*,�EGFP)Fezh/J (Jackson laboratory, Cat.: #024857)71 mice were crossed with CMV-Cre-deleter mice.72 The trans-

gene-positive animals (heterozygous and homozygous) were identified based on the green fluorescence of the tail biopsies.

C57BL/6J mice and LSL-Cas9-Cre were housed in C1ZMNHC1 Hamburg (Germany). Wistar rats were housed in the FTH of the

UKE. All animals were housed at 22�C on a 12 h light/12 h dark cycle with ad libitum access to food and water in the breeding barriers

of the Forschungstierhaltung of the University Medical Center Hamburg-Eppendorf. All experiments were approved by the local

authorities of the State of Hamburg (Org 886; Nr.125/17). C57BL6J/UKE mice were used for mating and backcrossing.

Primary rat hippocampal and cortical cultures
Primary rat hippocampal cultures were prepared fromWistar rat embryos (E18) of both sexes. Rat dissociated hippocampal neurons

were prepared like described in.73 Briefly, hippocampi were collected in HBSS (Gibco, Cat.: #H9269-500ML) and digested for 15min

at 37�C in 0.025% Trypsin-EDTA (Thermo Fisher Scientific, Cat.: #25200-056). After multiple washing steps with DMEM (Gibco,

Cat.: #H9269-500ML) supplemented with 10% FBS (Gibco, Cat.: # 10082147), 1% penicillin/streptomycin (Gibco, Cat.:

#15140122), and 2 mM L-glutamine (Gibco, Cat.: #25030-024), the hippocampi were physically dissociated with needles and the

density of neurons was determined by cell counting in a Neubauer chamber with Trypan Blue solution. Neurons were plated with

a density of 60000 cells/ml onto poly-L-lysine-coated glass coverslips in BrainPhys (Stemcell Technologies, Cat.: #05790) supple-

mented with 1x SM1 (Stemcell Technologies, Cat.: #05711), and 2 mM L-glutamine (Gibco, Cat.: # 25030-024). For cortical cultures,

cortex tissue was processed as described above, with the modified tissue dissociation step which was conducted with addition of

200 mg/mL of DNase I (Roche, Cat.: # 11284932001). The cortical neurons were plated with a density of 150000 cells/ml. Cells were

kept at 37�C, 5% CO2 and 95% humidity until use.

Primary mouse hippocampal cultures
Cultured mouse neurons were obtained from postnatal day 0 or 1 (P0-P1), transgene-positive LSL-Cas9-Cre mice of both sexes ac-

cording to the previously published protocol.73 Briefly, hippocampi were dissected from decapitated animals and collected in 450 mL

HBSS (Gibco, Cat.: #H9269-500ML). 50 mL of Trypsin (0.25%Trypsin-EDTA, Thermo Fisher Scientific, Cat.: #25200-056) was added.

Following the incubation at 37�C for 15 min, the tissue was washed with HBSS (Gibco, Cat.: #H9269-500ML), and the hippocampi

were mechanically triturated in DMEM (Gibco, Cat.: #H9269-500ML) containing 10% FBS (Gibco, Gibco, Cat.: #10082147) and

0.5 mM L-glutamine (Gibco, Cat.: # 25030-024). Cells were plated onto 18mmglass coverslips coated with poly-L-lysine at a density

of 85000 cells/ml and grown in Neurobasal A (Gibco, Cat.: #12349015) supplemented with 1x B27 (Gibco, Cat.: # 17504044), 4 mM

GlutaMax (Gibco, Cat.: # 35050087) and 1mMsodiumpyruvate (Gibco, Cat.: # 11360088). Cells were kept at 37�C, 5%CO2 and 95%

humidity until use.

Rat organotypic hippocampal cultures (OHSC)
The cultures were prepared from P5-P7 Wistar rats of both sexes. OHSC were prepared as described previously.74 400 mm thick

slices were kept on porous membranes (Milicell CM, Millipore) in an incubator at 37�C, 5% CO2, 95% humidity with the antibi-

otics-free medium based onMinimal Essential Medium (Sigma, Cat.: #M7278) containing 20% heat inactivated horse serum (Sigma,

Cat.: #H1138), 1 mM L-glutamine (Gibco, Cat.: # 25030-024), 0.01 mg mL�1 insulin (Sigma, Cat.: #I6634), 1.45 mL 5MNaCl (Sigma,

Cat.: #S5150), 2 mM MgSO4 (Fluka, Cat.: #63126), 1.44 mM CaCl2 (Fluka, Cat.: #21114), 0.00125% ascorbic acid (Fluka, Cat.:

#11140), 13 mM D-glucose (Fluka, Cat.: #49152). Every 3rd day the 700 mL of the medium was exchanged.

Cell lines
Human embryonic kidney 293T (HEK293T) cells (ATCC, Cat.: #CRL-3216) and COS-7 cells (ATCC, Cat.: #CRL-1651) were main-

tained DMEM medium (Gibco, Thermo Fisher Scientific) supplemented with 10% FCS, 1x penicillin/streptomycin, and 2 mM

L-glutamine at the 37�C, 5% CO2, 95% humidity.
20 Cell Reports 42, 112998, August 29, 2023
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Antibodies
The following commercial primary antibodies were used in this study:mouse anti-LAMP1 (LY1C6, immunofluorescence, IF 1:500), rat

anti-LAMP2 (GL2A7; IF 1:200), mouse anti-GAPDH (dot blot 1:1000) from Thermo Fisher Scientific; mouse anti-LAMP2 (H4B4; WB

1:1000) from Santa Cruz biotechnology; rabbit anti-GluN2B (IF 1:200) from Alomone Labs; guinea pig anti-Shank3 (IF 1:500) guinea

pig anti-SAP102 (IF 1:500), rabbit anti-SAP102 (IF 1:500), guinea pig anti-MAP2 (IF 1:500), guinea pig anti-LAMP2A (IF 1:500), mouse

anti-Hsc70 (IF 1:500), mouse anti-synaptotagmin1 Oyster650 (IF 1:200) from Synaptic Systems; mouse anti-Bassoon (SAP7F407)

from Enzo; rabbit anti-tRFP (WB 1:1000) from Evrogen; mouse anti-GFP (B34, WB 1:1000) from BioLegend; rabbit anti-TDP-43

(IF 1:500) from Proteintech; rabbit anti-RFP (IF 1:500) from Rockland; rabbit anti-Huntingtin (Htt) (dot blot 1:1000), Rabbit anti-a-syn-

uclein (D37A6) (dot blot 1:1000) from Cell Signaling Technology; Anti-GFP FluoTag-X4 (1:300), anti-GFP FluoTag-Q (1:300) from

Nanotag Biotechnologies. Secondary antibodies used for IF (1:750): anti-mouse Alexa Fluor 568, anti-mouse Alexa Fluor 647,

anti-rabbit Alexa Fluor 488, anti-rabbit Alexa Fluor 568, anti-rabbit Alexa Fluor 647, anti-guinea pig Alexa Fluor 488, anti-guinea

pig Alexa Fluor 568, anti-guinea pig Alexa Fluor 647 from Thermo Fisher Scientific; anti-guinea pig Alexa Fluor 405 from Abcam;

anti-mouse abberior STAR 635P, anti-rat abberior STAR RED, anti-rabbit aberrior STAR RED from Aberrior; anti-mouse Alexa Fluor

594, anti-rabbit Alexa Fluor 594, anti-guinea pig Alexa Fluor 594 fromAntibodies online. Secondary antibodies used forWB (1:10000):

anti-rabbit-IgG-HRP, anti-mouse-IgG-HRP from Dianova.

Biochemistry
Recombinant protein production

His-SUMO and His-SUMO-LAMP2B-404–415 were expressed in E. coli BL21 (DE3), induced with 400 mM isopropyl-beta-D-thioga-

lactoside (IPTG) followed by incubation at 25�C for 4 h. After lysis with lysis buffer (50mMNaH2PO4, 300mMNaCl, 10mM imidazole,

pH 8.0, EDTA-free protease inhibitor and PhosSTOP), the lysate was centrifuged at 20000 x g for 15 min. Supernatant was loaded on

Ni-NTA resin and washed with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0). To check the purity and to

quantify of the protein amount immobilized on bead, His-SUMO, His-SUMO-LAMP2B-404–415 and His-SUMO-LAMP2A-404–415

were resolved using 15–18% SDS-PAGE gels stained with Coomassie blue staining.

Pull-down assay
GFP-SAP102-PDZ1-3 and GFP-SAP102 SH3-GK were expressed in COS-7 cells (ATCC, Cat.: #CRL-1651) and lysed in lysis buffer

(50 mM HEPES pH 7.0, 100 mM NaCl, 1% Triton X-100, EDTA-free protease inhibitor and PhosSTOP (Roche, Cat. #04906837001)).

The lysate was incubated at 4�C for 1 h rotating followed by a brief sonication and centrifugation for 10 min at 12000 x g and the

supernatant was collected.

Pull-down assays were used to assess the direct interaction between LAMP2B-404–415 or His-SUMO-LAMP2A-404–415 with

GFP-SAP102-PDZ1-3 and GFP-SAP102-SH3-GK. Briefly, 5 mg of His-SUMO-LAMP2B-404–415/-LAMP2A-404–415 along with

the equivalent amount of the control protein His-SUMO bound on the beads was incubated with COS-7 cell lysate overnight at

4�C on a rotary shaker. After three washing steps with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0,

1% Triton X-100, EDTA-free protease inhibitor and PhosSTOP) the complex was eluted in 2x SDS sample buffer and subjected to

Western blot. In a competitive pull-down, 10 mg of TAT-Scr or TAT-LAMP2B-404–415 peptide was incubated along with COS-7

cell lysate.

Heterologous co-immunoprecipitation (Co-IP)
The constructs pEGFP-N1 (Clontech, Cat.: #6085-1), pEGFP-GluN2B-840–1482, ptRFP-LAMP2B, and pmCherry-Jacob were het-

erologously expressed in HEK293T cells. The cells were transfected with PEI when the confluency reached 50–60%. The DNA was

mixed with MaxPEI (Polysciences, Cat.: #23966) in a ratio of 1:3 (DNA:PEI) in DMEMmediumwithout supplements and incubated for

20 min at RT. The DNA-PEI-mixture was added to the cells and the collected medium was replaced after 4 h of incubation. Trans-

fected HEK293T cells were lysed in RIPA buffer (50mMTris-HCl pH 8.0, 150mMNaCl, 1%Triton X-100, 0.5% sodium deoxycholate,

0.1% SDS, EDTA-free protease inhibitor and PhosSTOP) for 1.5 h rotating at 4�C. The lysate was centrifuged at 20000 x g for 20 min

at 4�C and supernatant was incubated with anti-GFP-coated magnetic beads (MultiMACS GFP Isolation Kit, Miltenyi Biotec, Cat.

#130-094-253). The co-immunoprecipitation was carried out according to the manufacturer’s protocol.

Dot blot
DIV16-21 cortical neurons were treated with 20 mM of NMDA (Sigma Aldrich, Cat.: #M3262) for 15 min. For some experiments, neu-

rons were pre-treated over night with 2.5 mM of TAT-Scr or TAT-LAMP2B-404–415 peptide. The culture medium was collected and

concentrated 20 x using Amicon Ultra-0.5 Centrifugal Filter Unit (3 kDa cut off). A nitrocellulose membrane was placed over the blot-

ting membrane onto a 96-well Bio-Dot SF Microfiltration Apparatus (Biorad) and pre-soaked in Tris-buffered saline (TBS buffer;

20 mM Tris, 150 mM NaCl, pH 7.4) under the vacuum manifold base. 5 mL media were blotted onto the membrane. The membrane
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was removed and the membrane was dried for 1 h. Blocking of the membrane was performed with 5% BSA in Tris-buffered saline/

Tween (TBS-T, 20 mM Tris, 150 mM NaCl, pH 7.4, 0.1% Tween 20) buffer for 1 h, followed by incubation of primary antibody

overnight.

Enzyme-linked immunosorbent assays (ELISA)
For viral infections of cortical cultures, adeno-associated virus of serotype 9 (AAV9) encoding.

GFP or TDP-43-GFP was produced by the Hamburg Center for Experimental Therapy Research (HEXT) Vector Core Unit, Univer-

sity Medical Center Hamburg-Eppendorf, Hamburg, Germany. 2*1010GC/well were added to the DIV7 cells. After 7 days, the cov-

erslips were flipped on Tyrode’s buffer (128 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 4.2 mM NaHCO3, 20 mM glucose,

and 15 mM HEPES; pH = 7.2–7.4) for stimulation. Then, the buffer was collected and centrifuged at 1500 rpm for 10 min at 4�C.
For detection, a GFP ELISA kit (Abcam, Cat. # ab171581) was used according to the manufacturer’s instructions.

Immunostaining and microscopy
Cell based co-recruitment assay

HEK293T cells were transfected with the following constructs: pEGFP-SAP102-SH3-GK or pEGFP-SAP102-PDZ1-3 with pGolt-

mCherry-LAMP2B-404–415, pGolt-mCherry-GluN2B-840–11482 or empty pGolt-mCherry. On the following day, cells were fixed

with 4% PFA, permeabilized with 0.1% TX-100 in 1xPBS for 10 min, stained with 40,6-diamidino-2-phenylindole (DAPI;

Vectashield/Biozol, Cat. #BCL-BCFA-211) and mounted in Mowiol 4–88 (Merck Chemicals; Cat. #4375904). The z stack images

were acquired with Leica TCS SP5 system controlled by Leica LAS AF software, with 300 nm with step size was taken with

512 3 512 pixels format. Maximal intensity images from three optical sections were generated for representative images.

OHSC stimulation and imaging
The DIV7-10 slices were electroporated with the SEP-LAMP2 and mCerulean and expressed for 5–8 days. For imaging, the slices

were placed into the chamber containing HEPES buffer (145 mM NaCl, 10 mM HEPES, 25 mM C5H12O6, 2.5 mM KCl, 1 mM

MgCl2, 2 mM CaCl2; pH 7.4, 318 mOsm) at 27�C–29�C. Imaging was performed in a custom-built two-photon laser scanning micro-

scope based on an Olympus BX51WI microscope. Images were acquired with WPlan-Apochromat 403/1.0 NA (Zeiss) objective and

controlled by ScanImage 2017b (Vidrio). A Ti:Sapphire laser (Chameleon Ultra, Coherent) controlled by an electro-optic modulator

(350-80, Conoptics) was used to image mCerulean volume fill at 820 nm and SEP at 980 nm. The images were acquired at

1.48 Hz. At the beginning, a z stack with 500 nm step size was acquired for the mCerulean channel. Subsequently one focal plane

was selected and following baseline acquisition 50 mM picrotoxin (PTX, Merck Milipore, Cat. #528105) or DMSO (vehicle control,

Sigma Aldrich) diluted in HEPES buffer was perfused. For GluN2B inhibition slices were pre-incubated with 5 mM ifenprodil hemitar-

trate (Tocris, Cat.#0545) for 60 min and throughout the recording. At the end, additional z stack with 500 nm step size was acquired

for the mCerulean channel 30–45 min post stimulation.

Primary cultures transfection and stimulation
Primary hippocampal neurons were transfected with Lipofectamine 2000 according to the protocol provided by the supplier

(Invitrogen/Thermo Fisher Scientific). For LAMP1 knockdown experiments, DIV7 neurons were transfected with LAMP1 shRNA

(50-CCAGTGTGTCCAAGTACAA-30) or scrambled control (50 GGATGAGTCCTCCATGTTCT-30)75 and kept for 5 days. For CRISPR/

Cas9-mediated gene downregulation experiments, DIV7 mouse hippocampal neurons were transfected with constructs encoding

GluN2B gRNA1 (50-GTTGGCCGTCTTGGCCGTAT-30) and gRNA2 (50-GTGTTCGGACAGCATGTCCG-30) or SAP102 gRNA

(50-GGCCCTGTTTGATTATGAT-30) for 5–7 days.

All experiments were conducted with mature neurons (DIV >15). The overexpression of LAMP1, LAMP2B, GluN2B, or KFERQ

fusion proteins or TREMARCKS-GFP-H176 was for 1 day. For stimulation 20 mMof NMDA (Sigma Aldrich, Cat.: #M3262) was applied

to the bath for 15 min. Neurons were incubated over night with 20 mM of the CMA activator CA77.1 (MedChemExpress, Cat. #HY-

134923) or for 20 min with 20 mM of CMA inhibitor 17-Dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG; Merck,

Cat.: #D5193). For GluN2B inhibition slices were pre-incubated with 5 mM ifenprodil hemitartrate (Tocris, Cat.#0545) for 60 min

and throughout the recording.

Immunofluorescence (IF)
The cells were fixed in 4%PFAwith 4%sucrose for 15min at RT, washedwith PBS and permeabilized in 0.2%Triton X-100 in PBS for

10 min. After incubation in blocking solution (2% glycine, 2% BSA, 0.2% gelatine and 50 mMNH4Cl in PBS) for 1h at RT, the primary

antibody diluted in blocking solution was incubated over night at 4�C. The cells werewashed in PBS, incubated for 1 hwith secondary

antibody in blocking solution at RT and, after additional PBS washes, mounted in Mowiol 4–88 (Merck Chemicals; Cat. #4375904).

GluN2B surface staining was performed for 10 min at RT in Tyrode’s buffer (128 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2,

4.2mMNaHCO3, 20mMglucose, and 15mMHEPES; pH= 7.2–7.4) containing the rabbit anti-GluN2B antibody (Alomone Labs, Cat.:

#AGC-003), following a wash with Tyrode’s buffer and PFA fixation as described above.

For the surface staining with a-GFP-AF647 nanobody (Anti-GFP FluoTag-X4, Cat.: #N0304-Af-647-L) detecting different versions

of GFP, including SEP, transfected neurons were incubated with 20 mM NMDA for 10 min, and for the last 5 min with 20 mM NMDA
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(Sigma Aldrich, Cat.: #M3262) and nanobody dilution. Control group was incubated with nanobody only. All substances were diluted

in the culture media. The cells were washed, fixed with PFA, and stained with respective antibodies as described above.

Confocal and STED microscopy
Images were acquired in a Leica TCS SP5 system controlled by Leica LAS AF software using HCX PL APO 63 3/1.40 NA objective.

Areas of 823 82 mMwere scanned with 405, 488, 568 and 635 nm laser lanes (12-bits, 803 80 nm pixel size, 700 Hz, Z-step 0.3 mm).

Fluorescent signal was collected using three HyD detectors.

Stimulated emission depletion (STED) images were acquired with an Abberior microscope controlled by Imspector software

(Abberior Instruments). STED laser lines 561 and 640 nm were used for excitation while a 775 nm laser was used for depletion of

fluorescence. Cells were imaged with a 60x NA = 1.4 P-Apo Oil objective from Nikon.

Live imaging experiments
Live cell imaging was performed using a Nikon Eclipse Ti-E controlled by VisiView software (Visitron Systems). The built-in Nikon per-

fect focus system kept the region of interest in fixed focal plane. 405, 488, 561 and 640 nm excitation lasers were used. Cells were

imaged with a 1003 (Nikon, CFI Plan Apochromat Lambda 1003/1.45 NA) objective equipped with 2x Photometrics Prime 95B

camera. TIRFM images were obtained with an iLAS2 (Gattaca systems) spinning-TIRF system. The frequency of acquisition varied

depending on the experiments and is indicated below. All experiments were performed in Tyrode’s buffer at 37�C and 5%CO2, with

the exception of lysosomal de-acidification experiment where Tyrode’s buffer containing 50 mM NH4Cl was used. To label active

lysosomes the cells were pre-incubated with 0.5%Magic Red (Bio-Rad, Cat.: #ICT937) for 30–60 min, 10 nM BODIPY FL-pepstatin

A (Thermo Fischer Scientific, Cat.: #P12271) for 30–90 min or 0.5 mM SiR-lysosome (Spirochrome, Cat.: #SC012) for 60–120 min.

For lysosomal stalling assay, the images were acquired at 0.5 Hz frequency for 15–16 min 20 mM NMDA was applied after 20–40

frames of baseline acquisition. 2.5 mM of TAT-Scr or TAT-LAMP2B-404–415 peptide was applied overnight and present throughout

the time of imaging.

For lysosomal fusion experiments, neurons were electrically stimulated with 2 electrodes placed at the edges of coverslip with 900

pulses at 20 Hz (Warner Instruments),73 in the presence of 0.1 mMBafilomycin A1 to avoid signal re-acidification.10 The images were

acquired at 1 Hz. For NMDA-induced fusion, 20 mMNMDAwas added to the bath following the baseline acquisition (4–6 frames). The

images were acquired at 0.14 Hz or 0.25 Hz. For GluN2B inhibition, 5 mM ifenprodil was pre-incubated for 60–90 min 2.5 mM of

TAT-Scr or TAT-LAMP2B-404–415 was applied overnight.

QUANTIFICATION AND STATISTICAL ANALYSIS

Colocalization analysis
Fiji77 software was used for colocalization analysis. The regions of interest (ROIs) were created with the circular enlargement of local

fluorescence intensity maxima or lasso tool. The overlap and direct apposition of segmented ROIs was collectively defined as asso-

ciation. The overlap was defined as colocalization.

For STED images deconvolution using the Imspector (Aberrior instruments) software was used applying the Richardson-Lucy al-

gorithm with a number of iterations of 4. A 2D Gaussian function: f(x, y) = a exp (-x2/2sx
2 + y2/2sy

2). Full width half maximum set to

50 nm for s_x/y = 50 nm/2ln2 was used as theoretical estimate of the system point spread function (PSF). The line profiles were

created using the ’’Plot profile‘‘ tool of Fiji to measure the signal intensities along the defined line. The intensities were normalized

to the maximum intensity value for individual channels. For colocalization experiment with at least one overexpressed protein

(LAMP2B-GFP and Hsc70 or LAMP2B-GFP and TDP-43-tdTomato) the binary mask was applied on filtered LAMP2B-GFP channel

(median filter). The positive signal from the other channel was identified with find maxima function. To estimate the specificity of co-

localization over chance (i.e., random colocalization), the number of maxima within the LAMP2B-GFP mask normalized to total max-

imawas divided by the number ofmaxima rotated by 180� within the same LAMP2B-GFPmask. The Pearson’s correlation coefficient

was calculated on cropped deconvolved images with the Imaris (Bitplane) colocalization tool. To estimate chance colocalization, the

image of one channel was rotated by 180�.

Immunofluorescence intensity quantification
For analysis of the surface staining with a-SEP-AF647 nanobody, the mean fluorescence intensity was measured within each den-

dritic stretch and normalized to the averaged fluorescence intensity of the control group. For the association studies only dendritic

stretches with mean fluorescence intensity above the control group were analyzed.

For the evaluation of shRNA-mediated knockdown and CRISPR/Cas9-mediated gene downregulation, only transgene-positive

neurons characterized by pronounced green fluorescence were analyzed. The mean fluorescence intensity of the averaged projec-

tion of three focal planes was quantified in somatic and dendritic regions. The values were normalized to the mean fluorescence in-

tensity of the control group.
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Lysosomal fusion analysis
When necessary, image streams were stabilized using template matching plugin (Fiji). The fusion events were identified based on the

following equation: DF = ðF �FbaselineÞ
Fbaseline

� 100 where Fbaseline equals averaged fluorescence intensity of baseline, and F equals fluores-

cence intensity of the given frame. The fluorescence was measured within circular ROIs of 0.77 mM diameter. The fusion event

was defined as increase of fluorescence in the last 20 frames greater than 1.5 multiplication of baseline standard deviation. Only

the ROIs with stable baseline (i.e., R2 value of logarithmic fit below 0.3) were taken into account. For the fusion density calculation,

the number of identified fusion ROIs was divided by the length of the dendritic stretch. For the fusion intensity quantification, the

averaged fluorescence increase of the last 20 frames from ROIs identified within one dendritic stretch was calculated. The fusion

curves were generated by plotting averaged fluorescence intensity of dendritic stretch at the given time point, the shading

indicates ±SEM. The representative images were created by subtracting the averaged baseline image from each frame of the stream.

The noise (measured within ROI outside of the transfected cell) was subtracted with math function equally for each pixel from the

averaged baseline and last 20 frames, and the resulting image was filtered with median function.

Dendritic spine analysis
Dendritic spines were analyzed according to Wiegert et al.78 Briefly, maximum intensity projections of 3 focal planes before and

30–45 min after perfusion were created. For estimating the z position of 2D image time series with respect to a 3D reference stack

custom python code was used (python version 3.8). Individual images from the time series were placed in a dummy 3D stack and the

positional offset was calculated using phase cross correlation (scikit-image.org) after smoothing (Gaussian filter, sigma = 1.0) and

thresholding (Otsu method). The fluorescence intensity of every detected spine head was normalized to the averaged fluorescence

of the dendritic shaft (maximal fluorescence intensity). The change in the spine volume was calculated according to the equation

Dvolume = ðnormalized Fafter � normalized FbeforeÞ
normalized Fbefore

� 100 and the distance to the closest identified fusion spot was measured. To compare

the effect of fusion on structural plasticity, the change in dendritic spine volume within the 5 mm radius from the fusion event was

compared to randomly assigned ROIs in dendritic shaft of dendrites from slices stimulatedwith DMSOwhere no fusionwas detected.

Analysis of trafficking
When necessary, image streamswere stabilized using template matching plugin and bleach-correction was applied (Fiji). To quantify

vesicular kinetics, the kymographs were created with Multi Kymograph function (Fiji) and the velocity was measured using the Ve-

locity Measurement Tool. The beginning and the end velocity was measured within the first and last third of the stream respectively.

To analyze co-trafficking and directionality of movement, the kymographs were created using the KymographClear79 or the Multi

Kymograph plugin of Fiji. Dendritic stretches were traced using the segmented line tool. Line thickness was chosen between 3 and 5

pixels depending on the thickness of the dendrite. In experiments with two or more channels imaged simultaneously, overlapping

traces were counted as co-trafficking.

To quantify the relation between LAMP2B-mKate orMagic Red and SEP-GluN2B the colocalization between ROIs identified on the

first 5 frames was quantified as described above, with 0.77 mm ROIs diameter. The transient association was assumed for colocal-

ization duration of at last 5 s.

Figure preparation and statistical analysis
All image analysis was performed on the raw data. All analysis was performed by a researcher blind to experimental groups (treat-

ments, transfected constructs). The cells displaying abnormal morphology or protein localization (i.e., aggregates in the soma, lack of

initial mobility for vesicular proteins) were classified as overexpression artifacts and excluded from the study.

For some representative images, linear contrast adjustment (histogram normalization), background subtraction, median and

Gaussian filters were applied (equally to all representative images within experiment).

Data are shown in the manuscript as mean ± SEM and n-numbers used for statistics are indicated in each panel of the figure.

Statistical analysis was carried out using GraphPad Prism (GraphPad Software). Grubb’s outlier test a = 0.05 was applied. Next,

D’Agostino and Pearson normality test was performed to assess the data distribution. Significance was assessed by parametric

or non-parametric tests, accordingly. For parametric data, two-tailed unpaired Student’s t-test or one-way ANOVA with Tukey

posthoc test for multiple comparisons was used. For two-parameter analysis two-way ANOVA with Tukey posthoc test for multiple

comparisons was used. For not normally distributed data, Mann-Whitney U test was used to compare two groups or Kruskal-

Wallis test for multiple comparisons. P-values were considered as following: p > 0.05 = ns; %0.05 = *; %0.01 = **; %0.001 =

***; %0.0001 = ****. The type of statistical test used for each experiment, significance levels, the n number definition, and the

look-up table (LUT) are reported in the corresponding figure legends.
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