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SUMMARY
The complex cytoarchitecture of neurons poses significant challenges for the maturation of synaptic
membrane proteins. It is currently unclear whether locally secreted synaptic proteins bypass the Golgi
or whether they traffic through Golgi satellites (GSs). Here, we create a transgenic GS reporter mouse
line and show that GSs are widely distributed along dendrites and are capable of mature glycosylation,
in particular sialylation. We find that polysialylation of locally secreted NCAM takes place at GSs. Accord-
ingly, in mice lacking a component of trans-Golgi network-to-plasma membrane trafficking, we find fewer
GSs and significantly reduced PSA-NCAM levels in distal dendrites of CA1 neurons that receive input
from the temporoammonic pathway. Induction of long-term potentiation at those, but not more proximal,
synapses is severely impaired. We conclude that GSs serve the need for local mature glycosylation of
synaptic membrane proteins in distal dendrites and thereby contribute to rapid changes in synaptic
strength.
INTRODUCTION

The morphological complexity of principal neurons poses a

fundamental challenge for trafficking and proteostasis of synap-

tic membrane proteins.1–3 In recent years, a satellite microsecre-

tory systemwas identified in neuronal processes that even allows

for local synthesis and processing of transmembrane proteins.

The endoplasmic reticulum (ER) in pyramidal neurons of the hip-

pocampus is continuous between dendrites, a subset of spines,

and the outer nuclear membrane, and dendrites contain the ER-

Golgi intermediate compartment (ERGIC), retromer, dendritic

mRNA, polyribosomes, and various other organelles and compo-

nents for secretory trafficking.1,2,4–6 It is thus likely that these mi-

crosecretory systems have acquired features to serve the

specific requirements of synaptic communication, and it is there-

fore unfortunate that we still know very little about them.
This is an open access article und
One central and yet unanswered question is whether post-ER

carriers require a Golgi-related compartment for glycosylation.

Published evidence of highly abundant immature glycosylated

profiles at the neuronal plasma membrane suggests that many

proteins might bypass the Golgi.7,8 Along these lines, in den-

drites of mammalian neurons, only very few discontinuous struc-

tures resembling Golgi cisternae are present, and these are

known as Golgi outposts.5,9 In hippocampal pyramidal neurons,

they either represent extended Golgi in the apical proximal

dendrite of only a subset of cells or at branch points of the pri-

mary apical dendrite during dendritogenesis.4,9 The low abun-

dance of Golgi outposts in mammalian neurons4,9 suggests

that locally synthesized proteins in most distal dendrites might

not undergo all processing steps of the canonical secretory

pathway, and in consequence, those proteins could be function-

ally different from somatically synthesized proteins. Thus, faster
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er the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:maria.andres-alonso@zmnh.uni-hamburg.de
mailto:michael.kreutz@zmnh.uni-hamburg.de
https://doi.org/10.1016/j.celrep.2023.112692
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.112692&domain=pdf
http://creativecommons.org/licenses/by/4.0/


SLMSRD

SRP

Orie
ns

E

Syn

pGolt
mCherry TMD intron /

PolyA
mGolt

mGolt - CA1
pG

ol
t  / 

M
AP

2

pG
ol

t

Dendr.

0

2

pGolt pGolt MAP2/

SR
P

SR
D

SL
M

O
rie

ns

mGolt - CA1

pG
ol

t 
/ M

AP
2

 / 
D

AP
I

CA1

i iv

i

ii

0

20

40

60

80

100

A B

0

20

40

60

80

100

CDMRP-GFP
Surface CDMPRC

D
M

PR
-p

os
iti

ve
 G

S 
or

 P
EX

 
 (%

 to
ta

l)

GS PEX

C
D

M
P

R
-G

FP
pG

ol
t

su
rfa

ce
C

D
M

P
R

m
er

ge
C

***

GS
PEX3

D

pG
ol

t
C

IM
PR

P
E

X
3

m
er

ge

M O

C
la

th
rin

-a
ss

oc
ia

te
d 

G
S 

(%
)

F G

pG
ol

t
cl

at
hr

in
m

er
ge

m
er

ge

ii iii

4

G
S 

/ 1
0 

m

ROI 1

ROI 2
ROI 1

ROI 2

0.0 0.5 1.0

50

100

150

200

250

Distance
(μm)

In
te

ns
ity

(A
.U

.)

0.0 0.5 1.0

50

100

150

200

250

Distance (μm)In
te

ns
ity

(A
.U

.)
m

er
ge

0

20

40

60

80

100

C
IM

PR
-p

os
iti

ve
 (%

 to
ta

l)
0 1 2 3

4

0

500

1000

1500

2000

2500

Distance 
(μm)

Fl
uo

re
sc

en
ce

(a
.u

.)

ROI1

ROI2

pG
ol

t
R

et
ro

m
er

 / 
VP

S3
5

pG
ol

t /
 V

PS
35

 /
M

AP
2

/D
AP

I
0 1 2 30

500

1000

1500

2000

Distance
(μm)

Fl
uo

re
sc

en
ce

(a
.u

.)
R

O
I1

R
O

I2

ROI1 ROI2

pGolt  VPS35
Merge /
MAP2

I

pG
ol

t

ER
G

IC
53

pG
ol

t /
 E

R
G

IC
 /

M
AP

2

ROI1
ROI2

0 1 2 3 40

500

1000

1500

2000

Distance
(μm)

Fl
uo

re
sc

en
ce

(a
.u

.)

0 1 20

500

1000

1500

Distance
(μm)

Fl
uo

re
sc

en
ce

( a
. u

.)

R
O

I1
R

O
I2

pGolt ERGIC53
Merge

 / MAP2
ROI1 ROI2

K

Syn

H

J

L

N

CA1
oriens

SRP

SRD

SLM

mGolt - CA1

mGolt - CA1

(legend on next page)

2 Cell Reports 42, 112692, July 25, 2023

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
and spatially restricted delivery might come at the expense of

functional maturity and protein stability.3,5,7–9

However, it is also becoming increasingly clear that different

secretory routes exist that involve trafficking through different

organelle networks.7,8,10–13 Contrary to the view outlined above,

we have provided evidence for the presence of a Golgi-related

satellite microcompartment that is located at the interface of

the ERGIC and retromer and that exhibits a widespread distribu-

tion in basal and apical dendrites.13 Golgi satellites (GSs) lack

Golgi matrix components and a stack structure typical of so-

matic Golgi, but they contain glycosylation machinery and syn-

aptic transmembrane proteins that pass through and recycle

back to GSs.13 Evidence is currently sparse, however, on

whether GSs indeed serve as local glycosylation platforms

where synaptic membrane proteins could undergo maturation

at distal dendrites. Moreover, to what extent glycosylation of

synaptic membrane proteins at GSs contributes to molecular

changes at synapses undergoing plasticity is currently unclear.

Given this paucity of data, the relevance and even the mere ex-

istence of Golgi-related microcompartments in dendrites of

mammalian neurons have been questioned.5,7

RESULTS

Dendritic GSs exhibit Golgi characteristics
We therefore first sought to resolve existing ambiguities about

the existence of GSs by assessing their membrane characteris-

tics. Here, we took advantage of two cargoes that reside in the

trans-Golgi network (TGN), from where they continuously cycle

to endosomes and the plasma membrane to eventually return

to the TGN. The cation-dependent and cation-independent

mannose-6 phosphate receptors (CD- and CIMPRs) mediate

the segregation of newly synthesized lysosomal hydrolases
Figure 1. Dendritic GSs exhibit characteristics of TGN membrane and

(A) Representative images showing GSs labeled by pGolt-mCherry positive for

neurons. Scale bar is 5 mm.

(B) Percentage of GSs and peroxisomes (PEXs) positive for CDMPR-GFP and sur

PEX14/CDMPR-GFP n = 5; PEX14/surface CDMPR: n = 5; two independent cult

(C) Representative images showing GS labeled by pGolt-mCherry or PEXs (PEX3

bar is 5 mm.

(D) Percentage of GSs or PEXs positive for CIMPR from (C) (GS/CIMPR n = 16 fro

unpaired t test, ***p < 0.0001).

(E) Representative images of primary hippocampal neurons expressing pGolt-

amplified on the right together with the corresponding line profile. Scale bars are

(F) Percentage of GSs associated with clathrin (n = 17 from 2 independent cultu

(G) Scheme depicting the construct used to create themGolt mouse line by random

mGolt mouse. Scale bar is 200 mm. See also Figures S1A–S1I.

(H) Representative images of cryosections frommGolt mice stained against the co

mCherry was used to boost the fluorescence signal from pGolt-mCherry. Scale

(I) ROIs depicted in (H) and their corresponding fluorescence intensity line profile

(J) Representative images of cryosections from mGolt mice stained against ERG

(K) Images from the ROIs depicted in (J) and their corresponding fluorescence in

(L) Left, cartoon depicting the different strata found in CA1. Right, representative

SRD, stratum radiatum distal; SLM, stratum lacunosum moleculare. Scale bar is

(M) Quantification of dendritic GS/10 mm in each strata from the experiment in (H

(N) Images from a CLEM experiment. (i) confocal overview of the CA1 region in mG

image on the electron micrograph from the boxed area in (i) (scale bar is 2 mm); (iii

ultrastructure and immunogold labeling of the GS in (iii) (scale bar is 100 nm).

(O) Electronmicrographs of a dendrite in the CA1 region of a mGolt mouse (i). (ii) s

respectively. See also Figures S1K and S1L.
from the secretory pathway and their delivery to endosomes,

from which they return to the TGN for subsequent rounds of re-

cycling.14 Most important, the lower pH found in endosomal

compartments triggers the dissociation of both receptors

from their ligands, and the absence of MPRs clearly distin-

guishes lysosomal from Golgi-related membranes.15 Expres-

sion of CDMPR-GFP (Figures 1A and 1B) as well as immunolab-

eling of endogenous CIMPRs (Figures 1C and 1D) in primary

neurons resulted in a punctate distribution. We next assessed

the localization of CDMPR-GFP and CIMPRs in GSs detected

with the Golgi tracker pGolt,13 which is tagged with the fluores-

cent protein mCherry and efficiently labels GSs.13 We found

that CD- and CIMPRs highly localize at GSs and that �80% of

GSs contained either CD- (Figures 1A and 1B) or CIMPRs

(Figures 1C and 1D). Importantly, CIMPRs did not localize at

peroxisomesidentified by expression of PEX3-Emerald and

used as negative control for pGolt localization (Figures 1C and

1D). Finally, surface labeling of CDMPR-GFP located at the

plasma membrane using an antibody against GFP in living neu-

rons revealed that >75% of GSs contain internalized CDMPR-

GFP (Figures 1A and 1B). This indicates that GSs also receive

retrograde cargo from the plasma membrane that is known to

fuse with TGN membranes.15

A distinctive feature of the trans-most TGN is the presence

of clathrin, which can coat long areas of the cisternal part in

the somatic TGN and also associates with TGN tubules, where

it participates in the generation of post-Golgi carriers.16 Immu-

nocytochemical labeling of endogenous clathrin revealed that

GSs labeled by pGolt are almost invariably associated with

clathrin (Figures 1E and 1F). Taken together, the presence of

clathrin as well as the directed trafficking of MPRs provide

compelling evidence that GSs share characteristics of TGN

membranes.
show a widespread distribution in the brain

CDMPR-GPF as well as surface-labeled CDMPRs from primary hippocampal

face CDMPRs from (A) (GS/CDMPR-GPF: n = 16; GS/surface CDMPR, n = 16;

ures).

) and endogenous CIMPRs. PEXs (PEX3) were used as negative control. Scale

m four independent cultures; PEX3/CIMPR n = 9 from 3 independent cultures;

mCherry and stained against clathrin. Regions of interest (ROIs) are shown

5 and 1 mm (insets).

res).

integration. Below, an overview of theCA1 region of the hippocampus from an

re component of retromer VPS-35, MAP2, and DAPI. An antibody against RFP/

bar is 10 mm.

s below. Scale bar is 2 mm.

IC53 and MAP2. Scale bar is 10 mm.

tensity line profiles below. Scale bar is 2 mm.

images of GSs in dendrites labeled by MAP2. SRP, stratum radiatum proximal;

5 mm.

) (n R 37 dendrites from 2 animals per stratum). See also Figures S1E–S1G.

olt brain sections stained with MAP2 and DAPI; (ii) overlay of the fluorescence

) zoomed-in image from the box in (ii); and (iv) electron micrograph showing the

hows an amplified imaged from the region in (i). Scale bars are 500 and 200 nm,
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GSs appear as vesicular clusters and are widely
distributed in the mouse brain
We next aimed to characterize the structure and function of

GSs in vivo. To this end, we generated a transgenic mouse

line by random integration of a construct encoding pGolt, which

was tagged with the fluorescent protein mCherry.13 In this

mouse line that we named mGolt, the selective neuronal

expression of the Golgi reporter is controlled by a synapsin pro-

moter (Figures 1G, S1A, and S1B). Immunoblot analysis of

mGolt mouse brains revealed prominent expression in the cor-

tex and hippocampus (Figure S1C). Transgene expression had

no effect on the ultrastructure of the secretory system, in

particular not on the TGN, in the CA1 region of the hippo-

campus (Figure S1D). Analysis of mGolt fluorescence in hippo-

campal sections unveiled the presence of single, punctate

structures that homogeneously decorated dendrites in pyrami-

dal neurons of the CA1 region (Figure 1G) and that were found

in very close association to VPS35 (Figures 1H and 1I) and

ERGIC53 (Figures 1J and 1K), which are markers of the secre-

tory compartments retromer and ERGIC, respectively, as

described in primary neurons.13 The subsequent quantification

of GS distribution throughout the different CA1 strata in mGolt

mice revealed similar results like in primary neurons upon

expression of pGolt (Figures 1L and 1M).13 Accordingly, GSs

were uniformly distributed along dendrites with a density of

�2 GSs per 10 mm, and their localization was not restricted

to or more prominent in proximal dendrites (Figures 1L and

1M). Thus, GSs were found in distal dendrites of the stratum la-

cunosum moleculare (SLM) with the same abundance as in

more proximal dendritic segments (Figures 1L and 1M). pGolt

fluorescence in mGolt animals is not restricted to pyramidal

neurons, and expression of the Golgi tracker was detected in

other brain areas such as the hippocampal dentate gyrus

(Figures S1E and S1F). Analysis of GS distribution in dendrites

of granule cells revealed that, similarly to what is found in CA1

pyramidal neurons, GSs are present at a frequency of �2 GS/

10 mm in granule cells (Figures S1F and S1G), suggesting that

the number of GSs in a given dendrite does not correlate with

dendritic arborization patterns but with dendritic length. As ex-

pected, pGolt fluorescence in pyramidal neurons was also pre-

sent in the perinuclear region in close proximity to the cis-Golgi

marker GM130 (Figure S1H), and the expression overlapped

with the TGN marker Syntaxin 6 in the soma (Figure S1I).

In previous work, super-resolution scanning transmission

electron microscopy (STED) microscopy revealed that GSs in

dendrites of primary neurons are of diverse sizes and shapes

that often show an irregular and extended morphology.13 We

next analyzed the ultrastructural characteristics of GSs in

the brain by performing correlative light-electron microscopy

(CLEM) in the stratum radiatum of CA1 hippocampal sections

from the mGolt line (Figure 1Ni–1Niii), which we incubated with

an antibody against RFP/mCherry coupled to colloidal gold to

confirm the fluorescence data by immuno-EM (Figure 1Niv).

pGolt-positive spots in distal MAP2-labeled dendrites were first

detected with confocal microscopy (Figures 1Ni–1Niii), and the

ultrastructure of the corresponding region was further assessed

by EM (Figure 1Niv). Fluorescence structures were analyzed

from >3 independent experiments, and only fluorescent spots
4 Cell Reports 42, 112692, July 25, 2023
with a well-defined underlying ultrastructure that correlated

with the presence of colloidal gold particle clusters were

considered. Overall, �10% of all pGolt-mCherry-positive spots

analyzed were considered positive, a fact that we believe is

due to the technical challenges of the methodology and the se-

lection criteria used. In line with previous work, ultrastructural

analysis of these fluorescent- and gold-positive GSs revealed

the absence of Golgi cisternae characteristic of Golgi stacks

(Figures 1Niv–1O and S1J).13 Instead, the fluorescent signal

associated with GSs originally identified by confocal microscopy

correlated with the presence of irregular clusters of pleomorphic

vesicle-like structures that lack any sign of electron-densemate-

rial (Figures 1N, 1O, and S1J). These heterogeneous structures

show a non-spherical shape and vary in size, altogether having

a dimension of several hundred nanometers, and may result

from the cross-section of clathrin-positive branched tubules

characteristic of TGNmembranes (Figures 1E and 1F).16 Expect-

edly, we found prominent immunogold labeling at the somatic

TGN as a result of the efficient targeting of pGolt to TGN mem-

branes (Figure S1K).13 Taken together, these results indicate

that TGN-related dendritic membrane structures are labeled in

brains of mGolt mice. Moreover, GSs are widely distributed

along dendrites and appear as heterogeneous pleiomorphic

clusters.

GSs bear de novo N- and O-glycosylated proteins
Golgi-resident enzymes include transmembrane proteins that

catalyze the formation of long sugar chains attached to their sub-

strate. This typically requires their organized localization along

the Golgi stacks, which reflects the sequential order of the

sugar-adding reactions they execute, although this position is

not static, as it is influenced by the flux of traffic.17,18 In light of

this, we next asked whether glycosylation can occur at GSs

and, if so, which type of glycosylation is carried out at these mi-

crocompartments. To investigate this question, we first em-

ployed biotin-coupled lectins in rat primary cultures expressing

pGolt-mCherry. Lectins are specific sugar-binding proteins

involved in recognition of different types of glycans (Figures 2A

and 2B).19 Concanavalin A (ConA) was used to detect core-gly-

cosylated—often called immature-glycosylated—proteins. The-

se proteins carry a mannose-rich residue added in the ER lumen

that typically undergoes further processing in subsequent steps

at the Golgi.8,19 Wheat germ agglutinin (WGA) labels complex

N-glycosylated proteins and sialic acid residues,8,20 whereas

Helix pomatia (HPL) detects proteins carrying O-linked gly-

cans.21 Quantification of the percentage of positive GSs re-

vealed that the greatmajority of GSs (�88%) contained core-gly-

cosylated proteins (Figures 2A and 2B), in agreement with the

presence of immature-glycosylated secretory cargoes that enter

GSs for further processing. Similarly, the vast majority (�79%) of

GSs found in dendrites of the stratum radiatum in the CA1 region

of mGolt mice are also enriched in glycosylated proteins labeled

by ConA (Figures 2C and 2D). In addition to core-glycosylated

proteins, �81% of GSs in primary neurons were found to be en-

riched in complex N-glycosylated proteins including those con-

taining sialic acid, and O-glycosylated proteins labeled by HPL

were also found to be abundant in �60% of the analyzed GSs

(Figures 2A and 2B). Moreover, treatment with tunicamycin, an
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antibiotic that prevents the transfer of the N-glycan precursor in

the early glycosylation steps at the ER, diminished ConA fluores-

cence intensity in dendrites (Figures 2E and 2F), indicating spec-

ificity of labeling. Collectively, these results support a function of

GSs in complex glycosylation of proteins.

In order to obtain direct evidence for the involvement of GSs

in glycosylation of locally secreted proteins in dendrites, we

performed metabolic labeling using azido-modified monosac-

charides that are incorporated into the target glycan and are

visualized in a second step by a covalent reaction with an im-

aging probe (Figure 2G).23–25 Neurons expressing pGolt were

incubated for 24 h with different azide sugars. We employed

tetraacetylated N-azidoacetyl-glucosamine (Ac4GlcNAz) and

N-azidoacetyl-galactosamine (Ac4GalNAz) to label most prom-

inently N- and O-linked glycans, respectively. Additionally,

N-azidoacetyl-mannosamine (Ac4ManNAz) was employed to

specifically label sialic acids, which are a family of nine-carbon

monosaccharides that decorate N- and O-linked glycans to

produce complex glycans.23,24 The addition of dibenzocy-

clooctyne (DBCO) coupled to Alexa Fluor 488 allowed the

visualization of the incorporated modified sugars by means

of Cu(I)-free ‘‘click chemistry.’’24 Visualization of the samples

by means of confocal imaging revealed the presence of newly

modified sugars in dendrites that often showed a punctate

distribution resembling that of GSs (Figure 2H). Accordingly,

colocalization analysis confirmed that newly glycosylated pro-

teins are enriched in GSs and, in fact, that �50% of GSs are

positive for each modified sugar (Figure 2I). Thus, de novo

glycosylation is taking place at GSs, and GSs carry out com-

plex glycosylation, as shown by the enrichment in Ac4ManNAz

that gets incorporated in sialic acid moieties (Figures 2H and

2I). Moreover, the distribution of the different sugars among

GSs suggests that their glycosylation capabilities might be

segregated and that, in this sense, functionally distinct GS

might exist.
Figure 2. De novo complex glycosylation takes place at GSs in dendrit

(A) Representative images of primary neurons expressing pGolt-mCherry treate

proteins,wheat germ agglutinin (WGA) binds to N-glycosylated proteins, andO-gly

lectins is achieved by incubation with Streptavidin-647. Scale bar is 5 mm.

(B) Percentage of GSs positive for each lectin (ConA, WGA, HPL) from the experim

per lectin).

(C) Representative images from the CA1 somatic layer (top row) and stratum radiat

proteins. Scale bars are 10 and 2 mm (inset).

(D) Percentage of GSs positive for ConA from the experiment in (C). Bars repres

(E) Representative images of dendrites from neurons treated with 0.5 or 1.25 mM tu

is 5 mm.

(F) Quantification of ConA fluorescence intensity from (E) normalized to control

Bonferroni’s multiple comparison test, ***p < 0.001; ns p > 0.05).

(G) Cartoon depicting the principle of the protocol used to detect de novo glycos

(H) Representative images of primary hippocampal neurons expressing pGolt-mC

detecting N-glycans, sialic acid residues, and O-glycans, respectively. Scale bar

(I) Percentage of GSs positive for each modified sugar from (H) (GlcNAz n = 21;

(J) Representative images of a primary hippocampal neuron expressing St8SiaII-

(K) Percentage of GSs positive for St8SiaII-GFP from (J) (n = 11 cells from 3 inde

(L) Schematic illustration of the principle of the RUSH system22 used in (M) and (

(M) Representative images of primary neurons expressing pGolt-mCherry, Strep

60 min later. Scale bar is 10 mm. See also Figures S2A–S2C.

(N) Quantification the percentage of GSs enriched for GFP-SBP-NCAM from th

unpaired t test, ***p > 0.0001). See also Figures S2A–S2C.
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Polysialylation of NCAM essentially requires GSs in
distal dendrites
An open question in the field, driven in part by the lack of evi-

dence supporting the presence of functional Golgi membranes

in dendrites, is whether locally secreted proteins may traffic

through alternative routes to the plasma membrane.2 In fact,

core-glycosylated proteins have been shown to be unexpectedly

abundant at the neuronal surface, suggesting that they have

reached the plasma membrane without passing through Golgi.8

Since GSs in dendrites have Golgi characteristics (Figures 1A

and 1B) and carry out complex glycosylation (Figures 2H and

2I), we next asked whether complex glycosylation of synaptic

transmembrane proteins is indeed amajor function of this organ-

elle in dendrites.

We have shown previously that the neural cell adhesion

molecule NCAM is present at GSs.13 NCAM is a transmem-

brane adhesion molecule that plays an important role in

neuronal processes such as neurotransmission, synaptic plas-

ticity, and memory formation.26,27 This role is intimately linked

to addition of polysialic acid (PolySia), a process called poly-

sialylation.28,29 Based on the finding that sialylated glycans

are very prominent at GSs (Figures 2A, 2B, 2H, and 2I), and

since NCAM is by far the most abundant substrate for polysia-

lylation in neurons,30 we reasoned that locally secreted NCAM

will be glycosylated at GSs. In support of this hypothesis, we

found that dendritic expression of St8SiaII, one of the two pol-

ysialyltransferases acting on NCAM, fused to GFP is highly

enriched in GSs (Figures 2J and 2K). Of note, a catalytically

inactive version of the enzyme was used in this experiment

to maintain endogenous levels of PolySia while preserving

the correct targeting of the enzyme in the cell. To further

address whether NCAM may become polysialylated at GSs,

we first assessed whether locally secreted NCAM traffics

through GSs by taking advantage of the retention using selec-

tive hooks (RUSH) system that enables the controlled and
es

d with biotinylated lectins. Concanavalin A (ConA) binds to core-glycosylated

cosylated proteins are detected with helix pomatia lectin (HPL). Visualization of

ent in (A) (nR 18 dendrites fromR 6 cells from 2 independent primary cultures

um (bottom row) of mGolt brains treatedwith ConA to detect core-glycosylated

ent mean ± SEM (n = 16 from 2 littermate animals).

nicamycin or DMSO as control and subsequently labeled with ConA. Scale bar

(n = 29 dendrites from 2 independent primary cultures; one-way ANOVA with

ylated proteins.

herry and treated with GlcNAz, ManNAz, or GalNAz followed by DBCO-488 for

is 5 mm.

ManNAz n = 17; GalNAz n = 23; from three independent cultures).

GFP and pGolt-mCherry. Scale bar is 10 mm.

pendent cultures).

N). See Figures S2A–S2C.

tavidin-KDEL and GFP-SBP-NCAM at the time of biotin addition (0 min) and

e experiment in (M) (n = 16 cells per group, three independent experiments;
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synchronous release of tagged secretory cargo from the ER

upon addition of biotin (Figure 2L).22,31 Accordingly, we gener-

ated an expression vector containing NCAM fused to the

streptavidin-binding peptide, a hemagglutinin (HA) tag, and

GFP (GFP-SBP-NCAM, Figure 2L) and used the ER hook

fused to the core streptavidin to ensure the retention of

GFP-SBP-NCAM in the ER (Figure 2L). We tested its efficiency

first in HEK293T cells where we could confirm that upon biotin

addition, GFP-SBP-NCAM is released from the ER and

subsequently localizes in the Golgi apparatus labeled by

pGolt-mCherry (Figure S2A). The same approach in neurons

demonstrated that GFP-SBP-NCAM is able to reach the

plasma membrane, as evidenced by surface labeling

using an anti-HA antibody, and where we found steady-state

levels 2 h following biotin addition (Figures S2B and S2C).

Half-maximal surface expression was reached 60 min after

release (Figure S2C). In agreement with its retention in the

ER, expression of GFP-SBP-NCAM in primary neurons was

found to be homogeneously distributed along dendrites at

the time of biotin application (Figures 2M and 2N). This

distribution changed significantly 60 min after biotin applica-

tion, when GFP-SBP-NCAM exhibited a punctate distribution

(Figure 2M). Quantitative analysis revealed that >60% of

analyzed GSs were enriched for GFP-SBP-NCAM at this

time point (Figure 2N), which roughly matches with the number

of GSs that are capable of de novo polysialylation (Figures 2H

and 2I). Thus, NCAM that locally buds off from the dendritic ER

passes through GSs, where it likely acquires polysialylation,

and this appears to be a major function of a large number

of GSs.

Loss of Calneuron-1 expression reduces GS density in
distal dendrites
The study of cellular implications of local polysialylation of NCAM

at GSs would benefit from a loss-of-function approach.

Calneuron-1 and -2 are the twomembers of a subfamily of trans-

membrane CaM-like neuronal Ca2+-binding proteins.32 Calneur-

ons are prominently located at the TGN and negatively

control TGN-to-PM trafficking in a Ca2+-dependent manner

by inhibiting phosphatidylinositol 4-OH kinase III b (PI-4KIIIb)

and the production of PI-4 phosphate (PIP) (Figure S3A).32

In consequence, the budding of vesicles from the TGN is

attenuated, and calneurons thereby establish a Ca2+ threshold

for activation of the enzyme and to retain membrane at

the TGN (Figure S3A).33 Calneuron-1 is, in contrast to

Calneuron-2, abundantly expressed in pyramidal neurons of the

CA1 region of the hippocampus,34 and it is present at GSs.13

We therefore reasoned thatCalneuron-1might also regulate local

trafficking of secretory cargo through GSs in hippocampal

dendrites.

To follow up on this notion, we generated a Calneuron-1-defi-

cient transgenic mouse by removing the essential exon 2. This

induces a frameshift in the major transcript that results in the

elimination of caln1 gene expression (Figure S3B). Analysis of

Calneuron-1 levels by western blot analysis demonstrated that

the protein is indeed absent from hippocampal and cerebellar

samples of knockout (KO) animals (Figure S3B). Removal of

the caln1 gene did not result in gross alterations of structure of
the hippocampus and cerebellum, as visualized by Nissl stain-

ing, compared with wild-type (WT) animals (Figures S3C and

S3D). A more detailed analysis of the CA1 strata also revealed

no major differences in the thickness of different layers

(Figures S3E–S3H).

We then next assessed whether the absence of Calneuron-1

might result in an altered Golgi structure and neuronal

morphology of pyramidal cells of the CA1 region. Immuno-

staining of cryosections from WT and KO animals with an anti-

body directed against the Golgi marker Giantin did not reveal

major changes in the morphology of the somatic Golgi be-

tween genotypes (Figure 3A). A mild non-significant reduction

was found in the length of the Golgi in neurons lacking

Calneuron-1 (Figure 3B) that is largely due to the reduced

number of neurons endowed with an extended Golgi (Fig-

ure 3C). Similarly, a reduction in Golgi length was found in pri-

mary hippocampal neurons of caln1 KO mice that were

stained with antibodies directed against the cis- and medial-

Golgi marker GM130 and the trans-Golgi marker Syntaxin-6

(Figures 3D–3F).

In order to analyze whether the lack of Calneuron-1 might

have an impact on GSs, we next generated double transgenic

animals by crossing mice from the mGolt line with caln1 KO

mice, and we quantified the density of GSs in dendrites of

the stratum radiatum proximal (SRP) and distal (SRD) as well

as in the SLM, a stratum that contains the most distally located

dendrites of CA1 pyramidal neurons (see scheme in Figure 3G).

Importantly, we found a gradual decrease in GS abundance to-

ward more distal dendrites, with respect to the cell soma of

neurons from caln1 KO brains, that is statistically significant

in the SLM (Figures 3G–3I).

caln1KOmice exhibit deficits in polysialylation of NCAM
in distal dendrites
We next hypothesized that if GSs are implicated in the polysia-

lylation of locally secreted NCAM, PSA-NCAM levels should be

reduced in dendrites where GSs are significantly less abun-

dant. To address this question, we labeled endogenous PSA-

NCAM in dendrites of the SLM in WT and caln1 KO brains using

an antibody specifically directed against PolySia moieties made

up of >10 sialic acid residues. In accordance with published

work, sections from WT animals exhibited a steady increase

of PSA-NCAM fluorescence intensity in dendrites from the

SRP toward the SLM that correlated with an increase in

NCAM immunofluorescence (Figures 4A and 4B).35 A similar

distribution of NCAM levels was seen in brain sections from

caln1 KO mice (Figures 4B and 4E). However, unlike in WT

brains, PSA-NCAM levels were significantly decreased in den-

drites of the SRD and SLM in CA1 pyramidal neurons lacking

Calneuron-1 (Figures 4A and 4C–4E). This reduction was corre-

lated with the reduction of the number of GSs (Figures 3G and

3H). Since quantification of hippocampal mRNA levels by qPCR

demonstrated that levels of NCAM as well as the polysialyl-

transferases involved in NCAM polysialylation St8SiaII and

St8SiaIV are not affected in KO animals compared WT (Fig-

ure 4F), these data strongly suggest that reduced PSA-NCAM

levels found in distal dendrites of the SLM are likely due to

the decreased number of GSs.
Cell Reports 42, 112692, July 25, 2023 7
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Figure 3. Loss of Calneuron-1 expression reduces GS density in distal dendrites
(A) Representative images of the CA1 stratumpyramidale from cryosections of caln1KOandWTmice stained against theGolgi marker Giantin andMAP2. Arrows

point to extended Golgi. Scale bar is 10 mm. See also Figures S3A–S3D.

(B) Quantification of Golgi length from (A) (n = 4 slices from 2 litter pairs; Mann-Whitney U test; ns p > 0.05). See also Figures S3A–S3D.

(C) Percentage of cells with extended Golgi from (A) (n = 4 slices from 2 litter pairs; Mann-Whitney U test; *p < 0.05). See also Figures S3A–S3D.

(D) Hippocampal primary neurons from caln1 KO and WT mice stained with antibodies against GM130, Syntaxin 6, and MAP2. Arrows indicate extended Golgi.

Scale bar is 10 mm.

(E) Quantification of the Golgi length from (D) (n = 36 cells from 3 independent cultures; Mann-Whitney U test; ***p < 0.001).

(F) Percentage of neurons with extended Golgi from (D) (n = 4 coverslips from 3 independent cultures; Mann-Whitney U test; **p < 0.01)

(G) Left, scheme depicting the different strata in which CA1 pyramidal neurons are organized. Right, representative images from the SRP, SRD, and SLM in the

CA1 region of double transgenic animals expressing pGolt under caln1 KO and WT backgrounds. Scale bar is 5 mm. See also Figures S3F–S3H.

(H) Quantification of the density of GSs per strata from the experiment in (H) (circles represent images acquired from 4 littermates per genotype; two-way ANOVA;

ns p > 0.05, ***p < 0.001). See also Figures S3F–S3H.

(I) Bar graph showing GS density in each strata of mGolt 3 caln1�/� animals normalized to GS density in the corresponding strata of mGolt 3 caln1+/+ animals

(one-way ANOVA with Tukey’s multiple comparison test; **p < 0.01; ***p < 0.0001). See also Figures S3F–S3H.
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Synapse density is reduced in distal dendrites following
Calneuron-1 protein knockdown or gene KO
PSA-NCAM has a documented role in synaptic plasticity as

well as synapse formation and stability.30,36,37 We next as-

sessed whether the reduced number of GS in caln1 KO mice

has an impact on neuronal morphology and synapse density

in the SLM. To this end, we took advantage of the Cre-LoxP

system to sparsely express GFP in pyramidal cells of the

CA1 region of the hippocampus. Accordingly, we delivered

two viruses (AAV9-EF1a-LoxP-EGFP-LoxP and AAV9-

CaMKII-Cre) to the CA1 hippocampal region of WT and KO lit-

termates by means of a transcranial injection (Figure 5A).

High-resolution scanning confocal microscopy revealed

sparse labeling of pyramidal neurons with EGFP and that the

overall neuronal morphology did not appear to be affected

by the absence of Calneuron-1 (Figure 5B). Quantification of
8 Cell Reports 42, 112692, July 25, 2023
spine density, however, performed from different dendritic

segments acquired in the SRD and the SLM regions

(Figures 5B and 5C) revealed a reduction in spine density to-

ward distal dendrites in the KO mice that becomes statistically

significant in dendritic segments of the SLM but not in other

strata (Figure 5D).

To exclude the effects of gene KO on early neuronal develop-

ment and to corroborate these findings, we tested the effect of

a short hairpin RNA-mediated pan Calneuron protein knock-

down (KD) on neuronal morphology in hippocampal primary

neurons.33 Like in KO mice, reduced Calneuron levels did not

result in major changes in the length of the somatic Golgi

(Figures S4A and S4B) or the percentage of cells endowed

with extended Golgi (Figure S4C). However, these neurons

showed a significant reduction in branching of distal dendrites

as revealed by Sholl analysis (Figures 5E and 5F) and a
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Figure 4. Polysialylation of NCAM essentially requires GSs in distal dendrites

(A) Representative images from the different strata in the CA1 region of caln1 KO and WT brains stained with PSA-NCAM and MAP2. Scale bar is 10 mm.

(B) Representative images from the different strata in the CA1 region of caln1 KO and WT brains stained with NCAM and MAP2. Scale bar is 10 mm.

(C) Quantification PSA-NCAM intensity in MAP2-positive regions from the experiment in (A) normalized toWT SRP (n = 7 animals per genotype; two-way ANOVA

repeated measures with Sidak’s multiple comparison test, ns p > 0.05; *p < 0.05; **p < 0.01).

(D) PSA-NCAM fluorescence intensity from the KO animals relative to WT and normalized to data from SRP (n = 7 animals per genotype; Kruskal-Wallis test,

*p < 0.05; ns p > 0.05).

(E) NCAM fluorescence intensity from KO animals relative to WT and normalized to data from SRP (n = 7 animals per genotype; Kruskal-Wallis test, ns p > 0.05).

(F) qPCR performed from hippocampi. The expression of Calneuron-1, Calneuron-2, NCAM, and its main polysialyltransferases, ST8SiaII and ST8SiaIV, were

measured (n = 5 animals per genotype; Mann-Whitney test, ns p > 0.05; **p < 0.01).
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significant decrease in the number of excitatory synapses that

was most prominent in tertiary dendrites (Figures 5G and 5H).

Impaired long-term synaptic plasticity in distal
dendrites of temporoammonic connections to CA1-SLM
in caln1 KO mice
PSA-NCAM is known to regulate long-term synaptic plas-

ticity.37,38 In order to study the implications of reduced GS and

PSA-NCAM levels in distal dendrites of the SLM for neurotrans-

mission and synaptic plasticity, we performed electrophysiolog-

ical recordings. To specifically asses distal synaptic contacts of

the SLM, we stimulated the temporoammonic (TA) pathway to

CA1-SLM39,40 and compared the properties of evoked re-

sponses with those obtained upon stimulation of the Schaffer

collateral pathway (SC-CA1), which also contacts CA1 pyramidal

neurons but at dendrites located at the stratum radiatum (Fig-
ure 6A). Initial analysis of the amplitude of field excitatory post-

synaptic potentials (fEPSPs) and paired-pulse facilitation re-

vealed a significant impairment of the fEPSP amplitude in

caln1 KO mice compared with the WT animals, while paired-

pulse facilitation remained unaffected (Figures S5A–S5D).

Accordingly, similar reductions in the fEPSP amplitude by 40%

were obtained for both types of responses recorded in the

SC-CA1 to proximal dendrites in the stratum radiatum

(Figures S5A and S5B) as well as the TA-CA1 pathway to distal

dendrites in the SLM (Figures S5C and S5D). Considering no

changes in presynaptic paired-pulse facilitation, impaired basal

synaptic transmission is likely to reflect a loss of the number of

spines and excitatory synapses rather than a reduction in the

efficacy of presynaptic glutamate release.

Next, we induced long-term potentiation (LTP) in acute slices

from WT and KO animals using a high-frequency stimulation
Cell Reports 42, 112692, July 25, 2023 9
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Figure 5. Synapse density is reduced in dendrites of the SLM in caln1 KO mice
(A) GFP fluorescence in a coronal section obtained from amouse that underwent intracranial virus delivery. Boxes indicate analyzed regions. Scale bar is 500 mm.

(B) Representative images of pyramidal neurons of the CA1 expressing GFP and example analyzed areas of the SRD and SLM. Scale bars are 50 and 5 mm

(zoomed-in regions).

(C) Representative dendritic segments obtained from the SRD and SLM of 14-week-old caln1WT and KO animals injected with AAV-Cre and AAV-GFPlx/lx. Scale

bar is 5 mm.

(D) Quantification of spine density from (A)–(C) (WTSRD n = 10; KOSRD n = 18;WTSLM n = 11; KOSLM n = 17; N = 3 animals per genotype; unpaired t test, ns p > 0.05;

*p < 0.05).

(E) Representative images of days in vitro (DIV) 8 primary neurons transfectedwith the panCalnKD or a scrambled control plasmid at DIV3. Scale bar is 10 mm. See

also Figures S4A–S4C.

(F) Sholl analysis of neurons from the experiment in (E) (scrambled n = 32; KD n = 27 from 3 independent cultures; Student’s t test for each time point; ns p > 0.05;

*p < 0.05; **p < 0.01; ***p < 0.001). See also Figures S4A–S4C.

(G) Representative images of tertiary dendrites from hippocampal primary neurons expressing pan CalnKD or a scrambled control construct at DIV 9 and fixed at

DIV 14. Cells were stained with an antibody against the synaptic marker Shank3. Scale bar is 10 mm. See also Figures S4A–S4C.

(H) Synapse quantification from (G). The number of synapseswas counted in primary, secondary, and tertiary dendrites (n = 3 experiments; scrambled [Scr] n = 24

KD n = 19; Kolmogorov-Smirnov test for primary and secondary dendrite groups; unpaired t test for the tertiary dendrite group). See also Figures S4A–S4C.
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Figure 6. Long-term potentiation is impaired in dendrites of the SLM in caln1 KO mice

(A) Cartoon depicting the different pathway used to differentially stimulate distal dendrites of the SLM and more proximal dendrites of the SRD of pyramidal

neurons in the CA1 for the experiment in (B)–(E). See also Figures S5A–S5E.

(B) Average fEPSP amplitudes upon long-term potentiation (LTP) induction in the Schaffer collateral-CA1 pathway (WT n = 8; KO n = 6). See also Figures S5A and

S5B.

(C) Averaged fEPSP amplitudes obtained during the last 10 min of (B) (WT n = 8; KO n = 6; Mann-Whitey test; ns p > 0.05). See also Figures S5A and S5B.

(D) Average fEPSP amplitudes upon LTP induction in the temporammonic-CA1 path (WT n = ; KO n = 8; KO+PolySia = 6). See also Figures S5C–S5E.

(E) Averaged fEPSP amplitudes obtained during the last 10 min of (D) (WT n = ; KO n = 8; KO+PolySia = 6; Kruskal-Wallis test with Dunn’s correction; *p < 0.05).

See also Figures S5C–S5E.

(F) Summary cartoon. In distal dendrites of the SLM receiving input from the temporoammonica pathway, GSs play a fundamental role in the polysialylation of

locally secreted NCAM, which is required for induction and maintenance of LTP exclusively in distal synapses. The glycosylation function of GSs at distal regions

might not be restricted to NCAM and to forward trafficking, and GSs may as well receive cargo from the plasma membrane via retromer. The need for glyco-

sylation of proximal dendrites of the stratum radiatum that receive input from the Schaffer collateral pathway are also more likely to be fulfilled by the somatic

Golgi, which is localized in a closer proximity.
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protocol. Recordings from the SC-CA1 pathway revealed no

deficits in the maintenance of LTP in KO neurons when

compared with WT (Figures 6B and 6C). However, LTP induction

in the TA-CA1 pathway to dendrites in the SLM was significantly

impaired in KO animals (Figures 6D and 6E). Importantly, this

deficiency is not due to a differential expression of NMDA recep-

tors since the relative contribution of NMDAR to TA-CA1 fEPSP

in the SLM is similar between WT and KO animals (Figure S5E),

indicating that PolySia reduction does not affect NMDAR

expression, in line with results obtained upon enzymatic

PolySia removal.41 Collectively, these data indicate that loss of

Calneuron-1 causes a selective deficit in the expression of LTP

at distal dendrites of the SLM in CA1 neurons, which is very likely

due to a deficiency in PSA-NCAM and that, in turn, might be

caused by a reduced number of GSs in these dendrites.

DISCUSSION

In light of the remoteness of synaptic contact sites relative to

protein synthesis machinery in the cell body, local secretory or-

ganelles have the significant advantage of timely and possibly

on-demand supply of membrane proteins.2 At present, however,

it is still unclear how local secretory organelles are involved in the

processing of synaptic membrane proteins in dendrites and, in

particular, whether and how maturation of locally secreted syn-

aptic transmembrane proteins affects neurotransmission and

plasticity.2 Here, we provide compelling evidence that dendritic

GS membranes resemble features of the TGN and that they pro-

vide local mature glycosylation in those dendritic segments

where demands for protein maturation are difficult to be fulfilled

by the function of the somatic Golgi. Accordingly, ultrastructural,

biochemical, and functional data indicate that GSs represent a

widespread structurally and functionally simplified form of Golgi

that serve as glycosylation platforms for synaptic membrane

proteins.

Different types of glycosylation take place at GSs
Collectively, our data suggest the existence of functionally

different GS populations capable of carrying out different types

of glycosylation. This assumption is based on metabolic labeling

experiments where we never found more than 50% of GSs pos-

itive for each of the analyzed sugars (Figures 2H and 2I). Since

protein glycosylation requires the activity of several enzymes

acting in a sequential manner,17,18 different GS populations

would represent a functional advantage in order to achieve fast

and efficient glycosylation. Taking into consideration the simpli-

fied structure of GSs lacking cisternae, it is likely that glycosyla-

tion enzymes involved in the same glycosylation routes are pre-

sent within the same GS microcompartment, whereas unrelated

enzymes might be absent. The presence of different GS popula-

tions would also necessitate distinct microsecretory routes that

each post-ER carrier would have to take based on the molecular

identity of cargo.10 How this is organized locally and how synap-

tic activity may regulate these processes need to be studied in

future work. Of note in this regard, data from a recent study indi-

cate that proteins that are locally processed in dendritic ER net-

works are widely dispersed before surface insertion.10 It will be

interesting to investigate whether this dispersion might also
12 Cell Reports 42, 112692, July 25, 2023
imply trafficking through GSs or whether cargo leaving GSs

gets inserted in nearby synapses.

GSs are essential for maintenance of PSA-NCAM levels
in distal dendrites
An intriguing question that comes along with these findings is

which factors might determine the choice of microsecretory

route for trafficking of a given cargo to the plasma membrane.

Previous work has shown that distinct secretory routes for

different proteins exist that include trafficking through Golgi as

well as Golgi bypass.7,8,10,12,13 Sorting of newly synthesized pro-

teins to the plasma membrane that bypasses the Golgi is not un-

common, and Golgi-independent trafficking routes that are

sorted non-polarly to the plasma membrane usually serve

housekeeping cell functions. Current evidence suggests that,

predominantly under basal conditions, proteins lacking mature

glycosylation, including those with a direct impact on synaptic

transmission like synaptic adhesion molecules and neurotrans-

mitter receptors, get inserted to the surface of dendritic mem-

branes, suggesting a bypass of Golgi.8

The present study demonstrates that polysialylation of NCAM

at GSs determines PSA-NCAM levels and is essential for the

expression of LTP in remote synapses of the SLM in CA1 neu-

rons. PSA is a linear homopolymer of sialic acid whose length

varies between a few and more than a hundred monomers.42

NCAM is the main carrier of PSA in the brain, and St8SiaII, one

of the two main responsible enzymes for NCAM polysialylation,

localizes at GSs (Figures 2J and 2K).27 Considering the relative

simplicity of GSs, one has to assume that their capacity for local

glycosylation is limited, and it is thus likely that only a subset of

proteins will be glycosylated in GSs. Here, NCAM appears to

be one, if not the most prominent, example. Thus, GSs could

serve as glycosylation sites for immature proteins inserted at

the neuronal surfacewhose function under certain activity condi-

tions might require their full maturation. This would rapidly

contribute to changes in the functional properties as well as

the lifetime of proteins and support relatively fast changes in syn-

aptic transmission.

Along these lines, neuronal activity increases synaptic PSA-

NCAM levels that are required for the induction of long-term

plasticity in synapses of CA1 neurons.30,43–45 Moreover, a recent

study reported changes in the glycosylation pattern of surface

proteins that were linked to the biogenesis of Golgi fragments

in response to nicotine stimulation for 17 h.46 Interestingly,

mature sialylated residues were most prominently regulated un-

der these conditions.46 It will be therefore interesting to address

in future work whether induction of LTP will result in an increased

number of GSs and thereby increased PSA-NCAM levels. In ex-

periments performed with primary neurons, however, a general

enhancement of neuronal activity as such did not cause an

instantaneous effect on the number of GSs (data not shown).

Cellular implications of GSs in dendrites
We were able to address the functional significance and cellular

implications of GS glycosylation in distal dendrites based on a

loss-of-function approach provided by the fact that neurons

lacking Calneuron-1 have a significant decrease in GS abun-

dance that is most prominent in distal dendrites (Figures 3G
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and 3H). This is correlated with impaired LTP of synapses of the

TA pathway located at distal dendritic branches of the SLMand a

reduced synapse number. Since PSA-NCAM has an important

role in neuronal development and synaptic plasticity,47 the mild

decrease in spine density in SLM dendrites (Figure 5D) might

be caused by reduced PSA-NCAM levels found in KO neurons,

and this, in turn, might cause the defects in LTP found in caln1

KO neurons. Thus, we hypothesize that interference with poly-

sialylation of NCAM could rescue the observed KO phenotype.

Limitations of the study
An important aspect, which we could not take into consideration

in our study, is the potential diversity of GSs in terms ofmolecular

composition and function. Knowledge about the molecular

composition of GSs is still very limited, and this hampers the

identification of endogenousmarker proteins that would be help-

ful to study GSs and to define potential GS subpopulations in

future work.
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Mouse anti-MAP2 Sigma Cat#M4403; RRID: AB_477193 IHC 1:500

Guinea pig anti-MAP2 Synaptic Systems Cat# 188004; RRID: AB_2138181

ICC 1:500

Guinea pig anti-Giantin Synaptic Systems Cat#263004; RRID: AB_2619983

ICC 1:500; IHC 1:300

Mouse anti-VPS35 Santacruz Cat#sc-374372; RRID: AB_10988942

IHC 1:300

Rabbit anti-ERGIC53 Sigma Cat#E�1031; RRID: AB_532237;

IHC: 1:300

Mouse anti-GM130 Abcam Cat#ab52649; RRID: AB_880266

ICC 1:1000; IHC 1:500

Rabbit anti-GFP Abcam Cat#ab6556; RRID: AB_305564

ICC 1:1000

Rabbit anti-RFP Rockland Cat#600-401-379; RRID:2209751

ICC 1:1000; IHC 1:500

Rabbit anti-M6PR Abcam Cat# ab124767 ICC 1:500

Rabbit anti-Syntaxin 6 Synaptic Systems Cat#110 062; RRID: AB_887854

ICC 1:500

Mouse anti-Syntaxin 6 BD Biosciences Cat#610635; RRID: AB_397965

ICC 1:500; IHC 1:500

Mouse anti-NCAM Abcam Cat#ab9018; RRID: AB_306945

IHC 1:500

Mouse anti-Polysialic Acid-NCAM

(PSA-NCAM)

Millipore Cat#MAB5324; RRID: AB_95211

IHC 1:500

Rat monoclonal anti-HA (3F10) Fischer Scientific Cat#50-100-3325; RRID:

ICC:1:1000

Anti-mouse-AlexaFluor 405 ThermoFisher Scientific Cat#A-31553; RRID: AB_221604; IF-1:300

Anti-rabbit Alexa Fluor 488 ThermoFisher

Scientific

Cat#A-11001;

RRID: AB_2534069 ICC 1:500

Anti-mouse-AlexaFluor 568 ThermoFisher

Scientific

Cat#A-11004;

RRID: AB_2534072 ICC- 1:500

Anti-guinea pig-AlexaFluor 647 ThermoFisher

Scientific

Cat#A-21235;

RRID: AB_2535804 IF- 1:500

Anti-rabbit-IgG-HRP Dianova Cat#111-035-114 1:20000

Anti-mouse-IgG-HRP Dianova Cat#115-035-146 1:20000

RFP-Booster Atto580 Nanotag Cat#N0401-Ab580-L 1:250

Streptavidin conjugated with Alexa Fluor� 647 ThermoFisher

Scientific

Cat#S21374

ICC: 1:1000

40,6-diamidino-2-phenylindole (DAPI) Biozol Cat#BCL-BCFA-211; IHC:1:1000

Bacterial and virus strains

pAAV9-Syn-pGolt-mCherry This study N/A

pAAV9-CaMKII-Cre James M. Wilson

(unpublished)

Addgene #105558

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pAAV9-Ef1a-loxP-EGFP-loxP This study N/A

Chemicals, Peptides, and Recombinant Proteins

Tunycamicin Tocris Bioscience Cat#3516

Lipofectamin 2000 Invitrogen Cat#11668027

ConA-biotin (Concanavalin A biotinylated,

from Canavalia ensiformis (Jack bean)

Sigma-Aldrich Cat#C2272

ICC: 0.33 mg/ml

WGA-biotin (Lectin from Triticum vulgaris) Sigma-Aldrich Cat#L5142 ICC: 0.40 mg/ml

HPL-biotin (Lectin from Helix pomatia) Sigma-Aldrich Cat#L6512

ICC: 0.35 mg/ml

Ac4GlcNAz Jena Biosciences Cat#CLK-1085

Ac4ManNAz Jena Biosciences Cat#CLK-1084

Ac4GalNAz Jena Biosciences Cat#CLK-1086

DBCO-AF488 Jena Biosciences Cat#CLK-1278

Experimental Models: Cell Lines

HEK293T ATCC CRL-3216

Experimental Models: Organisms/Strains

Mouse: Caln-1�/� This paper N/A

Mouse: mGolt This paper N/A

Winstar Rats Janvier RjHan:WI

Oligonucleotides

Primer for cloning CDMPR_fow: AATAGAA

TTCGCCACCATGAAGACGATC

This paper N/A

Primer for cloning CDMPR/CIMPR_rev:

TAGCGGCCGCTCCGGATCCGTTAATTAATTATCA

This paper N/A

Primer for cloning CIMPR_fow:

AATAGAATTCACCATGCTGGTGCAAGGCAG

This paper N/A

Primer for cloning NCAM (The RUSH system)

NCAM fwd ATGC TGC GAA CTA AGG ATC TC

This paper N/A

Primer for cloning NCAM (The RUSH system)

NCAM rev TGC TTT GCT CTC ATT CTC TTT C

This paper N/A

Primer for cloning St8SiaII-GFP

St8SiaII-fwd ATGCAGCTGCAGTTCC

This paper N/A

Primer for cloning St8SiaII-GFP

ST8SiaII-rev GGT ACC CTA TTT ATT ACA ACT

This paper N/A

Primer for qPCR Caln1_81_for:CAACCG

ATCTCTGTCTGCA

This paper N/A

Primer for qPCR Caln1_81_rev: GCTTCT

CGGATTTCATCCAG

This paper N/A

Primer for qPCR Actin_for: CACTGTCGA

GTCGCGTCC

This paper N/A

Primer for qPCR Actin_rev: TCATCCATG

GCGAACTGGTG

This paper N/A

Primer for qPCR Caln2_86_rev: CTTCAT

GGACAAGTGCTCG

This paper N/A

Primer for qPCR Caln2_86_for:TCTGGAA

GTGTGACATGCA

This paper N/A

Primer for genotyping:

Calneuron_fwd: CCCTAAAATCAATTAGG

AGTTATTCAAGTGATGG

This paper N/A

Primer for genotyping:

Calneuron_rev: CACACCTAGTCCTAGCT

AATCAACGCTC

This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primer for genotyping: mGolt_fwd: GGCGAG

TTCATCTACAAGGTGAAGCTG

This paper N/A

Primer for genotyping: mGolt_rev: GACACTG

ATGATGAAGGCGATGGCGA

This paper N/A

Sg-Caln1-Nterm-1: GAAATTAATACGACTCA

CTATAGGGAGAGTACAACATGTATGCATGTGCGT

TTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

This paper N/A

Sg-Caln1-Nterm-2: GAAATTAATACGACTCACTATA

GGGAGAGTTACCACCCTATGAATCCCAGTTTTA

GAGCTAGAAATAGCAAGTTAAAATAAGGC

This paper N/A

Sg-Caln1-Cterm-1: GAAATTAATACGACTCACTATA

GGGAGAGTTGGCAGTTAGGGCTAAGTAGTTTTAG

AGCTAGAAATAGCAAGTTAAAATAAGGC

This paper N/A

Sg-Caln1-Cterm-2: GAAATTAATACGACTCACTATA

GGGAGAGGTTGCCTTGGATACTGATTGTTTTAG

AGCTAGAAATAGCAAGTTAAAATAAGGC

This paper N/A

Recombinant DNA

EGFP N1 Clontech Cat#6085-1

PSI-HIV-H1 – panCalneuron KD and scrambled 33 N/A

pCMV-pGolt-mCherry 13 N/A

pSyn-pGolt-mCherry 13 N/A

pCMV-Str-KDEL(The RUSH System – Hook) 22,31 Addgene #65306

pCMV-NCAM180-GFP-RUSH This study N/A

pCMV-CDMPR-GFP This study N/A

pCMV-CIMPR-GFP This study N/A

pSyn-St8SiaII-GFP This study N/A

Software and algorithms

Fiji 48 http://fiji.sc/; RRID: SCR_002285

GraphPad Prism v8 GraphPad http://www.graphpad.com/

scientific-software/prism/

Imaris 9.2 Bitplane http://www.bitplane.com/imaris/imaris

RRID: SCR_007370
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Dr. Michael

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

Materials availability
All constructs and material are available upon request to the lead contact.

Data and code availability
d All data reported in this paper is available upon request to the lead contact.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available upon request to the lead contact.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals were maintained in the animal facility of the Leibniz Institute for Neurobiology, Magdeburg (Germany) or ZMNH, Hamburg

(Germany) under controlled environmental conditions. All animal experimentation was performed in accordance with the ARRIVE

guidelines for animal experimentation, EU regulations and approved by the local ethical committee. C57BL/6J mice were housed
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in C1ZMNHC1 or in the animal facility of the Leibniz Institute for Neurobiology, Magdeburg (Germany). Wistar rats were housed in the

FTH of the UKE. 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.

Rat primary hippocampal culture
Primary rat hippocampal cultures were prepared fromWistar rat embryos of both sexes (E18). The rats were decapitated and hippo-

campi dissected. After treatment with trypsin at 37�C for 15min and subsequentmechanical dissociation, cells were plated on 18mm

glass coverslips coated with poly-D-lysine at a density of 20.000–60.000 cells per well in DMEMmedium (Gibco) supplemented with

10% fetal bovine serum (FBS), 0.5mMGlutamax (Gibco). After 1hmediawas exchanged to BrainPhysTMneuronal medium (Stemcell

Technologies) supplemented with 1X SM1 (Stemcell Technologies), 0.5 mM glutamine (Gibco). Cells were kept at 37�C, 5%CO2 and

95% humidity until use.

Mouse hippocampal primary cultures
Tissue and cell preparation were carried out under the license number Org886. Hippocampal mouse cultures were prepared from

mice of both sexes at postnatal day 0 or 1 as previously described.49 Briefly, mice were decapitated and dissected hippocampi

were collected in 450 mL HBSS. 50 mL Trypsin (0.25%Trypsin-EDTA) was added and the solution was kept at 37�C for 15 min. After

two washes with HBSS, hippocampi were mechanically triturated in DMEM containing 10% FBS and 0.5mM glutamine. Cells were

plated onto 18mmglass coverslips coated with poly-L-lysine at a density of 80000 cell per well in a 12-well plate and cells were left at

37�C 5%CO2. Medium was exchanged after 1h for Neurobasal A (ThermoFisher) supplemented with B27 (Gibco) and Glutamax

(ThermoFisher). Cells were fed once a week by removing 100 mL of medium and adding 200 mL of freshly prepared supplemented

Neurobasal A.

Cell lines
Human embryonic kidney 293T cells (HEK293T) were cultured in DMEM supplemented with 10% FCS and 1% ml PenStrep.

METHOD DETAILS

Generation of transgenic mice
The reporter line mGolt was generated via pronucleus injection and random integration of the pGolt probe under control of the Syn-

apsin promoter into the genome. In brief, C57BxCBA (= F1) or B6, 3–4 weeks old were superovulated by hormone injection. Embryos

were isolated from the ampulla of the oviduct in drops of KSOM/HEPES containing 0.3 mg/mL hyaluronidase and cumulus cells were

removed. Injections were performed using 2 ng/mL of isolated fragment diluted in 10 mM Tris, pH 7.4, 0.1 mMEDTA with the help of a

Femtojet and micromanipulators (Eppendorf) using DIC optics of an Olympus microscope. Modified embryos were implanted into

pseudo-pregnant foster mothers. Animals were sedated with 4% isoflurane and kept at 2% isoflurane throughout the surgery. Anal-

gesia was carried out with Burprenorphin (0.05 mg/kg BW) before, and with Carprofen (5 mg/kg BW) after surgery. The bursa was

opened above the infundibulum. The embryos were injected into the infundibulum and the wound was closed.

The caln1 knockout mouse line was generated using the CRISPR-Cas9 system delivered by single-cell embryo electroporation.

Single guide RNAs (sgRNAs) were designed using the CRISPOR program,50 to bind upstream and downstream of the second

exon, resulting in a full KO. The zygotes with clearly visible pronuclei were selected and they were taken up in KSOM. The selected

zygotes were washed in OptiMEM at 4�C. sgRNAs (600 ng/mL) and Cas9 protein (IDT) were diluted in OptiMEM. 5mL of the solution

was pipetted in the electroporation chamber. The electroporation was carried out with an NEPA21-electroporator (Nepagene).

For the mGolt mouse line 4 founders were tested for sufficient expression of the probe and 1 founder was used for the establish-

ment of the line. For the caln1 KO line, founders were backcrossed to C57BL6/J/UKE to avoidmosaicism and offspring exhibiting the

correct genotype were then used to establish the KO line. The mGolt and caln1 KO line were crossbred to generate caln1-GS line.

Transfection
Transfection of primary neurons was carried out at DIV14-16 as described previously49,51 using Lipofectamine 2000 (Invitrogen)

following manufacturer instructions. Experiments were performed the day after transfection, typically after �16h. For experiments

using the panCalneuron KD, neurons were transfected at DIV3 for Sholl analysis, and at DIV9 experiments in which the Golgi

morphology and the spine density were analyzed. In all cases, cells were fixed 4–5 days after transfection.

Transfection of HEK293T cells was performed with MaxPEI (25000, Polysciences) according to manufacturer’s instructions at

about 60% confluency.

NCAM release with the RUSH system
The ER-retention using selective hooks (RUSH) systemwasused to visualizeNCAMtrafficking following its exit from theER.22,31 AnER-

hook (Addgene #65306) consisting of the coding region of Streptavidin fused to a signal sequence and to a KDEL motif was co-ex-

pressed together with an expression vector containing a streptavidin binding peptide (SBP; Addgene 65304) fused to the target protein
Cell Reports 42, 112692, July 25, 2023 19



Article
ll

OPEN ACCESS
NCAM180 and to a GFP and an HA tag for detection (SBP-GFP-HA-NCAM). The interaction between streptavidin and the SBP was in-

terrupted by addition of 40 mMBiotin to the culture medium at 37�C. To control for the surface expression of the protein after release, a

surface stainingusing anantibodyagainst theHA-tag (Roche11867423001, 1:500)wasperformed in culturemedium for 10min at 37�C.
Imaging of fixed neuronswas performed on a Leica SP8Xmicroscope controlled by the Leica LASX software and equippedwith aWLL

470–670 laser.Stack imageswereacquiredwithan80380nmpixel size, a512x512 resolution, andaZ-stepof0.30mm.The live-imaging

experiment of NCAM release in HEK cells was performed in a VisiScope TIRF/FRAP imaging system from Visitron Systems based on

Nikon Ti-E. The system is equippedwith the Perfect Focus System (Nikon), NikonCFI Apo TIRF 100X, 1.49NA oil objective, a back focal

TIRF scanner for suppression of interference fringes (iLas2, Roper Scientific), and controlled with VisiView software (Visitron Systems).

Laser lines of 488 and 561 nmwere used and fluorescence was collected through ET 488/561 Laser Quad Band filters to a The ORCA-

Flash4.0LTsCMOScamera. Time-lapse imageswereacquiredwitha frequencyof an imageevery 2min inneuronal conditionedmedia.

Live-labeling, immunostaining, and imaging
Antibodies

Information regarding the antibodies used in this study is available in the key resources table.

Immunocytochemistry

Following fixation with 4% paraformaldehyde (PFA) and 4% sucrose for 15 min, cells were washed thoroughly three times with PBS

and permeabilized with 0.2% Triton X-100 in PBS for 10 min. Cells were then incubated with blocking buffer (2% Glycine, 2% BSA,

0.2% gelatine and 50 mM NH4Cl). An alternative blocking buffer (10% HS and 0.1% Triton in PBS) was used for immunostaining of

Golgi. Incubation with primary antibodies diluted in the corresponding blocking buffer was done overnight at 4�C. After three washes

with PBS, secondary antibodies were applied diluted in blocking buffer and incubated for 1h at room temperature. Following three

washes with PBS, coverslips were mounted onto glass slides using Mowiol (Carl Roth). For surface labeling the cells were incubated

with the primary antibody in culture medium at 37�C for 10 min before fixation in PFA.

Immunohistochemistry (IHC)

IHC was carried out as previously described.51 In brief; mice were perfused with 4%PFA in PBS and brains were subsequently post-

fixed for 12h in 4%PFA. Cryoprotection was carried out in 15% sucrose followed by 30% sucrose. Brains were flash-frozen in�50�C
2-Methylbutane for 30 s and stored at �80�C. Cryosections of 20–40 mm thickness were prepared in a cryostat (HYRAX C 60) with

MX35Ultra microtome blades. They were incubated in solution containing primary antibody in blocking buffer (10% NGS, 0.3%

TX-100 in PBS) for 48 h at 4�C. Sections were then washed in PBS for 1h and incubated with 0.2% BSA/PBS for 1h. Incubation

with secondary antibodies was performed for 2h at RT in blocking buffer. Sections were then washed 3 times and mounted in glass

slides using Mowiol (Carl Roth).

Nissl staining

Cryosections were acidified in 0.05 M sodium acetate buffer (pH 4,0–4,2; adjusted with acetic acid) and subsequently stained in Cre-

sylviolet (0,5v/v%) for 5–10 min. Dehydration was achieved by incubating the cryosections first in a 0.05M sodium acetate buffer for

3 minutes, followed by subsequent incubations in 50% ethanol, 70% ethanol and 96% ethanol for 2 minutes each. To clear the sec-

tions, they were twice incubated with 2/3 ethanol and 1/3 isopropanol for 5 minutes before they were subjected to 3 washes of 5 min

each in Xylol before being mounted in glass slides using Mowiol.

Lectin staining

Primary cultures were treated with 0.6 ml AraC at DIV 3 to reduce glia content and fixed in 4% PFA between DIV 9 and 16. Cells were

permeabilized using 0.2% Triton X-100 for 10 min at room temperature and endogenous biotin was chelated by using the Endoge-

nous Biotin-Blocking Kit (ThermoFisher Scientific, #E21390) following manufacturer’s instructions. After that, cells were incubated in

blocking buffer 1 and the lectin labelling was carried out in parallel with antibody staining.

Click chemistry for glycosylation

Primary neurons were transduced with an AAV-Syn-pGolt-mCherry virus at DIV8 to efficiently label GS and cells were kept in at 37�C
5% CO2 until the experiment was done. At DIV 14, azide-functionalized monosaccharides (Ac4ManNAz, Ac4GlcNAz and

Ac4GalNAz, Jena Biosciences) were added to the growing cells at a concentration of 1mM and neurons were returned to the incu-

bator. Cells treated with DMSO were used as a negative control. After 24h, cells were incubated with 1mM DBCO-AF488 (Jena Bio-

sciences) in growing medium for 40 min at 37�C. Cells were washed three times with pre-warmed PBS before fixation with 4% PFA.

Images were acquired in a Leica TCS SP5 scanning microscope controlled by Leica LAS AF software using HCX PL APO63x1.40.

Stack images of secondary dendrites were acquired using the 488, 568 and 635 nm laser lines (12-bits, 80 3 80nm pixel size,

1000 Hz, Z-step 0.29 mm). Fluorescence was collected using three HyD detectors.

Image acquisition

Unless otherwise indicated, imaging of cryosections was performed with an Olympus Fluoview FV1000 microscope using an oil im-

mersion objective (603/1.40). Stack of images were acquired at 640x640 resolution, at a zoom 4, 803 80 nm pixel size and a Z-step

of 0.30mm. Images were acquired using the 405, 488 and 568 nm laser lines.

Regions of interest were acquired in the central region of the CA1 and CA1 strata were categorized as following: SRP was defined

as the area directly adjacent to the visible somas of the stratum pyramidale; SRD was defined as the area below the SLM charac-

terized bymorphologically straight dendrites running in parallel; the SLMwas defined as themore distal part of the pyramidal neurons

in which dendrites branch to run typically perpendicular to the main apical dendrites.
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Unless otherwise indicated, imaging of fixed primary neurons was performed on a Leica SP8 Xmicroscope controlled by the Leica

LAS X software and equipped with a WLL 470-670 laser. Stack images were acquired with an 80x80nm pixel size, a 512x512 res-

olution, and a Z-step of 0.30mm.

In all experiments, image acquisition settingswere optimized and kept constant for all images and experimental groupswithin each

data set. Raw images were used for quantification. Representative images displayed in figures were treated with aGaussian blur with

a sigma radius of 0.6, cropped, and each color channel was adjusted linearly in Fiji.48

Image analysis

Unless otherwise stated, images were analyzed as following. First, image background was removed from raw images using the Sub-

tract function of the Fiji software.48 For colocalization analysis, images were binarized andmasks of labeled structures were obtained

from each fluorescent channel using Fiji.48 The masks were then compared and those structures whose masks were overlapping by

at least one pixel were considered. For quantification of GS along dendrites, the MAP2 fluorescence signal was masked to indicate

dendritic localization.

For assessing the colocalization between the lectin labeling and pGolt-mCherry (Figures 2A and 2B), raw images were analyzed

using the built-in spot detection algorithm available in Imaris 9.2. (RRID: SCR_007330). Spots were generated independently in

each channel and they were subsequently overlaid. Spots generated in the GS that were at least partially colocalizing with spots

generated in the lectin channel were considered as positive for the second marker.

Electron microscopy
Postembedding CLEM labeling

Mice were deeply anesthetized and transcardially perfused with a mixture of 4% PFA and 0.1% glutaraldehyde (GA) in 0.1 M phos-

phate buffer (PB) at pH 7.4. 100 mm thick sagittal vibratome sections of the brains were cut with a Vibratome VT 1000S (Leica Bio-

systems Nussloch, Germany). For postembedding CLEM labeling, small pieces of cryoprotected (2.3 M sucrose) hippocampal CA1

regions weremounted on specimen holders and immersed in liquid nitrogen. Ultrathin sections (60 nm) were cut and labeled accord-

ing to.52 Briefly, sections were collected on Carbon-Formvar-coated nickel grids (Science Services GmbH, Germany). Antibodies,

rabbit anti-RFP (1:100) and mouse anti MAP2 (1:500), were first recognized with Alexa 488 and Alexa 546 respectively and RFP

was further detected with Protein A coupled to 10- or 15 nm large colloidal gold particles (purchased from G. Posthuma, University

Medical Center Utrecht). Grids were embedded in 50% glycerol on an object slide with sections facing up and covered carefully with

a coverslip. Images of labeled dendrites andRFP-positive spots were taken at anOlympus Fluoview 1000 confocal microscope. Alto-

gether >3 independent experiments with 2 EMGrids eachwere performed. Section overviews of the CA1 region were taken and parts

of distal dendrites ranging from 10 to 15 mm length were imaged with a 5 time Zoom and 60x oil immersion objective. Thereafter the

grids were unmounted with distilled water stained with Uranylacetate for 5 minutes and dried by the looping out method. Ultrathin

sections (60 nm) were examined in a TEM 2100Plus (Jeol, Japan). Images were acquired with the XAROSA CMOS camera (Emsis,

Germany).

Biochemistry
Protein measurement

Protein concentrations were measured using amido black. A standard curve was established using defined concentrations of bovine

serum albumin (BSA). Amido black was added to the protein samples and the controls and incubated for 20 min at RT in a 96-well

plate. The wells were washed 3x in methanol-acetic acid solution. The wells were air dried and dissolved in 300 ml of methanol-acetic

acid solution by shaking for 30 min. The optic density was measured at 620 nm with Fluoro Star Optima Flurimeter (BMG Labtech-

nologies, Offenburg, Germany). The protein concentrations were calculated based on the BSA standard curve.

SDS-PAGE
SDS-PAGE and western blot were conducted according to.53 SDS-PAGE was performed on 5% to 20% gradient gels. The probes

were dissolved in SDS sample buffer. The gel run was run at 12 mA per gel at 4�C.

Immunoblotting
Immunoblotting was at 200 mA for 2 h (minimum of 60 V), on nitrocellulose or PVDF membranes. The efficiency of the transfer was

controlled by staining the membrane with Ponceau solution for 5 min. The membranes were blocked with 5% (m/v) milk powder or

BSA in TBS-T. The blocking buffer was adjusted to each individual primary antibody for minimal unspecific binding. The membranes

were incubated with the primary antibody in TBS-A overnight at 4�C under light shaking. They were washed 10 min in TBS, 10 min in

TBS-T, 5 min TBS-T and 5min TBS followed by incubation with the HRP-coupled secondary antibody in the blocking buffer. Washes

were performed for 10 min in TBS and in TBS-T, and for 5 min TBS-T and 5 min TBS. To develop the signal, ECL solution (Pierce,

Rockford, USA) was used and the image was acquired with Intas ECL chemocam imager (Licor, Cambridge, UK).

Southern blot
Southern blotting was performed with the alkaline methods published in,54 using Hybond-N membranes. The membrane was

exposed on a phospho imager plate overnight which was scanned in the BAS-reader using the TINA0209 program.
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qPCR
RNA extraction was performed using a GenUP Total RNA kit from a half hippocampus (left) of 5 12-weeks old KOmice and their cor-

responding WT littermate controls. The samples were homogenized by vigorous shearing of the tissue in 700 ml lysis buffer with 10

strokes of a 1ml syringe equipped with a 20 and 23 gauche canula. Column- based purification was performed according to the in-

structions given for the kit. Total RNA was eluted in nuclease-free buffer and photometrically quantified using a NanoDrop 2000

(Thermo Fisher Scientific). RNA integrity was assessed by inspection of 18S and 28S ribosomal RNA bands using agarose gel-elec-

trophoresis. For expression analysis residual genomic DNA was removed using ezDNase (VILO Mastermix with ezDNase kit, Invitro-

gen, Thermo Fisher Scientific). The same kit was used for reverse transcription using oligo dT primers as well as hexamer primers with

500 ng total RNA for each reaction, respectively, and according to the manufacturer’s instructions.

RT-PCR reactions were performed with the PowerUp SYBRGreenMastermix (Life Technologies) according to the manufacturer’s

instructions using the following primers derived from GETPrime Database (GETPrime: 2439323; and GETPrime: 2495140)55:

Caln1_81_for: CAACCGATCTCTGTCTGCA; Caln1_81_rev: GCTTCTCGGATTTCATCCAG; Caln2_86_for: TCTGGAAGTGT

GACATGCA; Caln2_86_rev: CTTCATGGACAAGTGCTCG. Primer sequences for NCAM, St8SiaII and St8siaIV were the same as in.56

Normalization of qPCR-based mRNA expression analyses was performed by using Actin (GenBank: NM_007393.5, base 29 to

base 117) using the following validated primers: Actin_for: CACTGTCGAGTCGCGTCC; Actin_rev: TCATCCATGGCGAACTGGTG.

Differential gene expression was calculated with the Relative Quantification app (Relative Quantification, version 3.8, Thermo Fisher),

using the individually determined efficiencies of the respective targets for theDD-Ct determinations and the REST software was used

for the evaluation of the significance of the difference.57

Electrophysiology
Preparation of hippocampal slices

Hippocampal slices were prepared from 5- to 6-month-old Caln-1 ko and age-matched wt male mice as previously described.58

Briefly, animals were deeply anesthetized with isoflurane and then immediately decapitated. The brain was removed and cut in

two hemispheres. 350 mm-thick slices weroe cut horizontally by a Vibroslicer (Leica, Nussloch, Germany) in ice-cold sucrose-based

solution containing (in mM): 250 sucrose, 25 NaHCO3, 25 glucose, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2 (pH 7.3, adjusted with

NaOH). Slices were transferred and kept at room temperature in a large chamber (500 ml) filled with carbogen-bubbled artificial ce-

rebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 25 NaHCO3, 25 glucose, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2 (pH 7.3,

adjusted with NaOH) for at least two hours before recording. Slices were transferred into a submerged-type recording chamber for

recordings of field excitatory post-synaptic potentials (fEPSPs) in ACSF.

Analysis of basal transmission and plasticity
Glass electrodes filled with ACSF were used for stimulation and recording of fEPSPs. Stimulation current pulses of 0.2 ms were

applied via monopolar stimulating glass electrodes with a broken tip and resistance of < 1 MU.

Stimulus–response curve has been obtained by applying current pulses of increasing amplitude and measuring the amplitude of

evoked responses. The stimulation intensity was determined based on the stimulus-response curve to elicit fEPSPs with an ampli-

tude of�30% and�50% of the supramaximal fEPSP for recordings of the paired-pulse facilitation (PPF) and long-term potentiation

(LTP), respectively.

PPFwas induced by paired-pulse stimulation and defined as the ratio between the amplitudes of the fEPSPs evoked by the second

and first pulses delivered with 10, 20, 50, 100 and 200 ms intervals. LTP was induced by two trains of high-frequency stimulation

(HFS). Each train included 100 pulses delivered at 100 Hz. Inter-train interval was 20 s and duration of pulses was 0.2 ms.59 The

LTP value was calculated as the mean amplitude of fEPSPs recorded 50-60 min after HFS relative to the mean amplitude of fEPSPs

recorded during 10 min preceding HFS.

For analysis of synaptic transmission and plasticity at CA3-CA1 synapses, the stimulating and recording electrodes were placed in

the stratum radiatum of the CA1 region (Figures 4G–4I, S4D, and S4E).

For recording of fEPSP elicited by stimulation of temporoammonic (TA) projections from the entorhinal cortex in the CA1, stimu-

lating and recording electrodes were placed in the stratum lacunosum–moleculare of the CA1 (Figures 4G, 4J, 4K, S4F, and S4G).

LTP was induced with the stimulus intensities eliciting fEPSPs with the amplitudes of 50% and 100% of the supramaximal fEPSP in

CA3-CA1 and TA-CA1 connections, respectively. In the latter case, 100 mM picrotoxin was applied to the slices 10 min before and

during HFS to disinhibit slices and facilitate induction of this form of LTPs as previously described.58 To avoid the effects of polysyn-

aptic activation, the CA3 region was cut off.40

To measure the magnitudes of fast AMPAR- and slow NMDAR-mediated components in the composite fEPSPs at the TA-CA1

synapses, first, the composite fEPSPs were recorded for 10 min every 20 s in the ACSF containing 0.5 mMMg2+ and in the presence

of antagonists for GABAA (picrotoxin, 100 mM) and GABAB (CGP55845, 2 mM). The stimulation intensity was adjusted to elicit fEPSPs

with an amplitude of 50%of the supramaximal fEPSPs. Thereafter, slices were incubated with NMDAR blockerAPV (50 mM) to assess

the contribution of AMPARs. The mean NMDAR-mediated fEPSP was then obtained by subtraction of mean AMPAR-mediated

fEPSP from the mean composite fEPSP. The areas of fEPSPs corresponding to fixed 5 ms and 10 ms time-windows around peaks

of NMDAR and AMPAR components were used to calculate the ratio between components.
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All recordings were obtained at room temperature using an EPC-10 amplifier (HEKA Elektronik, Germany). The recordings were

filtered at 1 kHz and digitized at 10–20 kHz.

Spine count in CA1 pyramidal neurons
The following virus were produced in the UKE Vector Facility: AAV9-Ef1a-loxP-EGFP-loxP and AAV9-CaMKII-Cre, which was a gift

from James M. Wilson (Addgene plasmid #105558, http://n2t.net/addgene:105558; RRID:Addgene_105558). For injection, a virus-

containing solution was prepared using a 1:1 ratio of the AAV9-Ef1a-loxP-EGFP-loxP and AAV9-CaMKII-Cre, the latter being diluted

1:50.0000 in PBS. 12-14 week-old animals were anesthetized with 2.2–2.5% isoflurane and transferred to a stereotaxic apparatus

(Stoelting), where they were maintained under isoflurane anesthesia (1–2%) with a single injection of Meloxicam (2mg/kg bw, s.c)

for analgesia. After hair removal and disinfection of the scalp with ethanol, a midline incision was made into the skin. Bregma and

Lambda coordinates were determined, and adjustments in head position weremade tomatch the DV coordinates. Virus was injected

into the dorsal hippocampal CA1 at AP�2.7, ML�2.75 or +2.75, and DV�1.25. A small burr hole was drilled into the skull (HM1 009,

Meisinger) and 1 ml of virus-containing solution was injected into each hemisphere using the blunt needle of a Nanofil syringe and the

UMP3T-2 (WPI) injection systemwith an injection rate of 75 nl/minute. Afterwards, the skin was sutured and themousewas put under

a heat lamp to allow for undisturbed recovery, before being returned to its home cage. Post-surgical analgesia was insured for three

days with Meloxicam (2mg/kg bw; s.c.; 12h post surgery) and Carprofen (5mg/kg bw; p.o.; b.i.d.), respectively. Animals were group

housed for 2 weeks after surgery to allow for viral-mediated gene expression. Afterwards, mice were transcardially perfused with

0.9% sodium cloride followed by 4% PFA, brains were extracted and fixed overnight in 4% PFA, before being transferred to 1%

PFA for storage on the next day. Coronal sections of 300 mm were cut in a vibrotome and they were mounted onto glass coverslips

usingMowiol. Stack images were acquired in a Leica TCS SP5 scanningmicroscope controlled by Leica LAS AF software using HCX

PL APO63x1.40 using the 488 nm laser line (1024x1024 resolution, zoom 6, 40 x 40 nm pixel size, 1400 Hz, Z-step 0.29 mm). Fluo-

rescence was collected using a HyD detector. CA1 strata were identified as explained above. Image analysis was performed using

the IMARIS software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphs and statistical analysis were made using the GraphPad Prism (GraphPad Software). Statistical tests used for each experi-

ment are described within figure legends. The number of subjects considered for statistical comparison is described in graphs

and/or figure legends associated with each experiment. P values >0.05 were considered as non-significant; p values <0.05 were

considered significant (*); p<0.01 (**); p< 0.001 (***).
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