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SUMMARY
The loss of cerebellar Purkinje cells is a hallmark of neurodegenerative movement disorders, but the mech-
anisms remain enigmatic.We show that endocytic adaptor protein complex 2 (AP-2) is crucial for Purkinje cell
survival. Using mouse genetics, viral tracing, calcium imaging, and kinematic analysis, we demonstrate that
loss of the AP-2 m subunit in Purkinje cells leads to early-onset ataxia and progressive degeneration. Synaptic
dysfunction, marked by an overrepresentation of parallel fibers (PFs) over climbing fibers (CFs), precedes
Purkinje cell loss. Mechanistically, AP-2 interacts with the PF-enriched protein GRID2IP, and its loss triggers
GRID2IP degradation and glutamate d2 receptor (GLURd2) accumulation, leading to an excess of PFs while
CFs are reduced. The overrepresentation of PFs increases Purkinje cell network activity, which is mitigated
by enhancing glutamate clearance with ceftriaxone. These findings highlight the role of AP-2 in regulating
GRID2IP levels in Purkinje cells to maintain PF-CF synaptic balance and prevent motor dysfunction.
INTRODUCTION

Purkinje cells in the cerebellum play a vital role in motor learning

and adaptation,1–3 and their dysfunction or degeneration is a

hallmark of neurodegenerative movement disorders with ataxic

symptoms. Despite extensive research, the mechanisms

governing Purkinje cell survival remain elusive. Deterioration of

Purkinje cell function is often accompanied by changes in gluta-

matergic synapses. Alterations in glutamatergic transmission,

particularly at the two primary excitatory inputs to Purkinje

cells—climbing fiber (CF) synapses, originating from the inferior

olive, and parallel fiber (PF) synapses, composed of the axons of

the granule cells4—are common in spinocerebellar ataxia

(SCA).5–10 Loss of CFs often precedes Purkinje cell degenera-

tion10 and is accompanied by the strengthening of PF synapses,

a process known as heterosynaptic competition.11–13 Given that

CFs and PFs innervate distinct regions of the dendritic arbors,

with CFs targeting proximal and PFs distal dendrites of Purkinje

cells, the loss of one fiber type leads to an increase in the

other.14–16 Maintaining the delicate balance between CF and

PF synaptic inputs is crucial for synaptic plasticity and cerebellar
Cell Reports 44, 115256, Febr
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gain control.17 However, the precise mechanisms governing the

maintenance of this balance and its relationship to Purkinje cell

degeneration remain poorly understood. A particularly intriguing

question is whether the regulation of CF and PF synaptic balance

occurs in a Purkinje cell autonomous manner.

A variety of signaling cascades at the plasma membrane,

including receptor signaling,18,19 ion channels,15,20–23 and cell

adhesion molecules,24 are proposed to regulate heterosynaptic

competition between CF and PF synapses. Adaptor protein

complex 2 (AP-2) is a major orchestrator of clathrin-mediated

endocytosis (CME) at the plasma membrane.25–27 AP-2 is

comprised of four subunits: a, b, m, and s,28 and a mutation in

its core m subunit has recently been associated with develop-

mental encephalopathy with ataxia.29 Although the role of AP-2

in cortical and hippocampal neurons has been extensively stud-

ied,30–37 its function in the cerebellum, particularly in Purkinje

cells, remains unexplored.

We report that AP-2 regulates cerebellar function by controlling

PF and CF synaptic rewiring in a cell-autonomous manner. Mice

lacking the AP-2 m subunit in Purkinje cells exhibit early gait

disturbances along with progressive Purkinje cell degeneration.
uary 25, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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Figure 1. Loss of AP-2 in cerebellar Purkinje cells causes early ataxia in mice

(A) Schematic of AP-2 cKO mouse generation.

(B and C) Representative immunoblot (B) and analysis (C) of AP-2a levels in 2-month-old WT and AP-2 cKO cerebellar lysates. Each dot represents one mouse

(N = 3 for each genotype). Statistical significance was determined by one-tailed unpaired t test (p = 0.005).

(legend continued on next page)
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Increased numbers of dendritic spines and PF inputs precede

Purkinje cell loss, while CFs are significantly reduced. Mechanis-

tically, we demonstrate that AP-2 localizes to Purkinje cell den-

drites, where it interacts with the PF synapse-enriched protein

GRID2IP. Loss of AP-2 results in the proteasome-dependent

degradation of GRID2IP and glutamate d2 receptor (GLURd2)

accumulation, resulting in excess PF synapses. Our study sug-

gests that the overrepresentation of PF synapses may contribute

to increased Purkinje cell network activity, which is alleviated by

enhancing glutamate clearance with the antibiotic ceftriaxone.

While the causal link between synaptic rewiring and Purkinje cell

degeneration remains uncertain, we propose that the early

PF-CF imbalance underlies motor dysfunction in AP-2 conditional

knockout (cKO) mice. Our study identifies a role of AP-2 in main-

taining PF-CF synaptic balance and preventing gait dysfunction

by regulating GRID2IP in the cerebellum.

RESULTS

Mice lacking the endocytic adaptor AP-2 in Purkinje
cells exhibit severe and early ataxia
AP-2 is essential for CME, but its role in cerebellar Purkinje

cells remains unexplored. We hypothesized that AP-2 is critical

for motor coordination by regulating PF-CF synapse balance in

Purkinje cells. To test this, we generated Purkinje cell-specific

AP-2m knockout (KO) mice (henceforth defined as AP-2 cKO

mice) by crossing floxed Ap2m1 mice35 with L7/Pcp2-Cre

mice, where Cre recombinase activity is fully established

2 weeks post birth38 (Figure 1A). AP-2m loss destabilizes the

AP-2 complex, leading to subsequent degradation of its a

subunits.33 Successful recombination was confirmed by Ai9-

tdTomato reporter expression (Figure S1A) and marked reduc-

tion of AP-2 in cKO mice, detected via western blot (Figures 1B

and 1C) and immunohistochemistry (Figures S1B and S1C).

Although Ap2m1 is expressed in all cerebellar cell types, the

two AP-2a isogenes (Ap2a1 and Ap2a2) are highly enriched

in Purkinje cells39 (Figure S1D), enabling specific detection of

AP-2 in Purkinje cells by western blot using the AP-2a antibody.

Loss of AP-2 impaired CME functionality, evident from the

absence of clathrin foci in Purkinje cell dendrites (Figure S1E)

and reduced transferrin uptake in acute AP-2 cKO cerebellar

slices (Figures S1F and S1G).
(D) Rotarod performance of 2-month-old WT and AP-2 cKO mice. Each dot repre

determined by unpaired two-tailed Student’s t test (p < 0.0001).

(E and F) Ambulation of 2-month-old WT and AP-2 cKO mice on a translucent tr

(E) Schematic illustrating the DigiGait setup used to monitor mice locomotion wh

(F) The percentage of mice able to ambulate at the indicated speeds (8 cm/s: W

(G) Example images of WT and AP-2 cKO mice crossing beams of different width

(H) Quantification of slips in 2-month-old WT and AP-2 cKO mice crossing beams

Each dot represents one mouse (25 and 12 mm: N = 9 for WT, N = 6 for cKO; 5

(I and J) Stick diagrams representing hindlimb kinematics during a step cycle in

analysis in AP-2 cKO mice was limited to these beams due to frequent slips and

(K–N) Line graphs showing variations in the height (y coordinates) of the iliac crest,

(K and L) or 12-mm-wide (M and N) beams (25 and 12 mm: N = 9 for WT, N = 6

(O–R) Line graphs showing variations in hindpaw (O and Q) and ankle (P and R)

(Q and R) beams (N = 9 for WT, N = 6 for cKO).

Data are presented as mean ± SEM. Statistical significance in (H) and (O)–(R) was

(K)–(R) display mean values as dark lines and SEM as shaded areas. *p % 0.05,
AP-2 cKO mice were viable but had reduced body weight by

2 months (Figures S1H and S1I), primarily due to reduced fat

mass (Figure S1J). To test whether AP-2 is required in Purkinje

cells for motor coordination, we subjected the wild-type (WT)

(i.e., Ap2m1wt/wt; L7Cre) and AP-2 cKO (i.e., Ap2m1fl/fl; L7Cre)

mice to classic motor tasks, including the rotarod, treadmill,

and self-paced locomotion on narrow beams.40,41 By 2 months,

AP-2 cKOmice displayed severe motor deficits, including signif-

icantly reduced rotarod performance (Figure 1D) and impaired

treadmill locomotion (Figures 1E and 1F; Videos S1 and S2). Of

note, no gross locomotor problems were observed in mice

younger than 2 months (data not shown). On wide beams

(25 mm), AP-2 cKO mice slipped more frequently than WT con-

trols (Figures 1G and 1H; Videos S3 and S4) and struggled on

narrower beams (12 and 5 mm), rarely completing crossing of

the 5-mm beam (Figure 1H; Videos S5, S6, S7, and S8).

Kinematic analysis using AutoGaitA42 revealed altered limb ki-

nematics in AP-2 cKO mice (Figures 1I and 1J). On the 25-mm

beam, they exhibited reduced ankle and knee joint excursion

and a lower iliac crest position (Figures 1K, 1L, S2A, S2B, S2D,

S2F, S2H, and S2J), with these differences being more pro-

nounced on the narrower 12-mm beam (Figures 1M, 1N, S2C,

S2E, S2G, S2I, and S2K). Additionally, joint coordination was

impaired, particularly in knee and ankle angles (Figures S2L–

S2Q), while hip angles remained similar to those of controls

(Figures S2R and S2S). Swing-phase speeds of paw and ankle

movements were also significantly reduced on both beams

(Figures 1O–1R; Table S1). These findings indicate that AP-2 is

required in Purkinje cells for motor coordination, with AP-2

cKO mice showing lower limb incoordination akin to the ataxic

gait observed in cerebellar dysfunction.43,44

Loss of Purkinje cells in AP-2 cKO mice is preceded by
their increased spine density
Ataxic gait in patients is often linked to cerebellar atrophy,45

while Purkinje cell loss causes ataxia in mice.46 To explore the

mechanism of gait dysfunction in AP-2 cKO mice, we analyzed

cerebellar morphology and Purkinje cell numbers. Immunohisto-

chemical analysis of 2-month-old AP-2 cKO cerebella revealed

no gross cerebellar changes but a marked reduction in Purkinje

cell number (Figure 2A), confirmed by Nissl staining of cerebellar

slices (Figures 2B–2D and S3A–S3C). Purkinje cell loss was not
sents one mouse (N = 11 for WT; N = 13 for cKO). Statistical significance was

eadmill (DigiGait) at controlled speeds (from 8 to 30 cm/s).

ile running on a speed-controlled treadmill. Created in BioRender.

T N = 3, cKO N = 8; 14–30 cm/s: WT N = 6, cKO N = 10).

s (25, 12, and 5 mm). The white arrow indicates the slip of an AP-2 cKO mouse.

of different widths (25 mm: p < 0.0001; 12 mm: p < 0.0001; 5 mm: p < 0.0001).

mm: N = 9 for WT, N = 2 for cKO). cKO mice drop out on the 5-mm beam.

WT and AP-2 cKO mice crossing 25-mm (I) or 12-mm (J) beams. Kinematic

falls on the 5-mm beam.

hip, knee, ankle, and hindpaw during a normalized step cycle on a 25-mm-wide

for cKO).

velocities during a normalized step cycle on the 25-mm (O and P) and 12-mm

determined by two-way ANOVA followed by �Sidák multiple-comparisons test.

**p % 0.01, ***p % 0.001, ****p % 0.0001.
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due to developmental effects, as Purkinje cells were still present

in the 1-month-old AP-2 cKO cerebellum (Figure 2B), and was

progressive, with nearly all AP-2-deficient Purkinje cells being

lost by 3 months of age (Figures 2D and S3D).

To take a detailed look at Purkinje cell morphology at the

onset of degeneration, we stereotactically delivered an adeno-

associated virus (AAV) carrying EYFP flanked by double-inverted

orientation (DIO) sites (AAV1/2-Ef1a-DIO-EYFP), allowing Cre-

dependent expression, into the cerebellum of 4-week-old WT

(Ap2m1wt/wt;L7Cre) and AP-2 cKO (Ap2m1fl/fl;L7Cre) mice (Fig-

ure 2E). Analysis of 6-week-old EYFP-expressing Purkinje

cells in AP-2 cKO mice revealed only subtle changes in their

branching pattern (Figures 2F–2H). Surprisingly, however, these

Purkinje cells exhibited a significant increase in spine-like protru-

sions along both proximal and distal dendrites (Figures 2I and 2J;

see also Figure 2F). This increase in spine density was likely in-

dependent of the canonical role of AP-2 in CME, as it was not

observed in cultured Purkinje cells treated with the clathrin inhib-

itor PitStop2 (Figures S3E–S3I). These data provide the first line

of evidence that synaptic dysfunctions may precede cell death

and gait abnormalities in AP-2 cKO mice.

AP-2-deficient Purkinje cells reveal proteome
alterations at glutamatergic synapses
To further explore how precisely AP-2 functions in Purkinje cells

to support motor coordination, we conducted quantitative mass

spectrometry (MS) analysis of WT and AP-2 cKO cerebella

before (1 month old) and during (2 months old) the ‘‘cell death’’

window. At 1 month, only a few proteins were altered (Figure 3A),

whereas more pronounced changes were observed at 2 months

(Figure 3B; Table S2). Notably, half of the proteins altered at

1 month overlapped with those altered in 2-month-old AP-2

cKO cerebella (Figure S4A). Gene Ontology (GO) analysis of

upregulated proteins at 1 month highlighted ‘‘glutamatergic syn-

apse’’ as a key component (Figure 3C), suggesting that synaptic

changes precede Purkinje cell degeneration. At 2months, down-

regulated proteins were associated with ‘‘postsynapse’’ and

‘‘glutamatergic synapses’’ (Figure 3D), while upregulated pro-

teins were linked to ‘‘neuronal death’’ and ‘‘microglia activation’’

(Figure 3E), which aligns with the onset of Purkinje cell loss

observed at this age. Furthermore, the upregulation of apoptotic

caspase-3 and -6 in the 2-month-old AP-2 cKO proteome and in

AP-2 cKO Purkinje cells (Figures 3B, S4B, and S4C) suggests
Figure 2. Increased spine density precedes progressive loss of AP-2 c
(A) Representative confocal images of WT and AP-2 cKO cerebella immunostain

(B–D) Quantification of Purkinje cell number via Nissl staining (Figures S3A–S3C) in

(N = 3 per genotype and age). Statistical significance was determined by two-w

p < 0.0001; lobule VI p < 0.0001; lobule IX p = 0.041. 3 months: lobule III p < 0.000

p = 0.0011).

(E and F) AAV1/2-Ef1a-DIO-EYFP injection timeline (E) and representative confoc

20 mm; right inset, 5 mm; left inset, 2 mm.

(G) Sholl analysis of EYFP-transduced WT and AP-2 cKO Purkinje cells (N = 5 mic

way ANOVA followed by Tukey’s multiple comparisons (p values can be found in

(H) Total intersections in EYFP-transducedWT and AP-2 cKO Purkinje cells. Each

N = 3 mice). Statistical significance was determined by unpaired two-tailed Stud

(I and J) Spine density in proximal (I) and distal (J) dendrites of EYFP-transducedW

mice per genotype). Statistical significance was determined by unpaired two-taile

Data are presented as mean ± SEM. *p % 0.05, **p % 0.01, ***p % 0.001, ****p %
that these cells undergo cell death by apoptosis. Consistent

with our behavioral data (Figure 1), we observed that many

downregulated proteins in the cerebellum of 2-month-old AP-2

cKO mice were associated with SCA (Figure 3F).

To investigate proteome alterations specifically in Purkinje

cells, we employed proximity labeling with dimerized ascorbate

peroxidase (dAPEX2). We stereotactically delivered an AAV car-

rying a cytosolic version of dAPEX2 flanked by DIO (ssAAV-1/

2-hEF1a-DIO-dAPEX2) into the 6-week-old cerebellum of WT

(i.e., Ap2m1wt/wt;L7Cre) and AP-2 cKO (i.e., Ap2m1fl/fl; L7Cre)

mice to enable Purkinje cell-dependent expression of APEX2

(Figure 3G). In the presence of hydrogen peroxide, APEX bio-

tinylates nearby proteins, which are then enriched using strepta-

vidin beads and identified by MS. Three weeks after injection,

significant enrichment of streptavidin-labeled proteins was

observed in acute cerebellar slices (Figure S4D). Proteomic anal-

ysis revealed that many proteins were downregulated in Purkinje

cells lacking AP-2 compared to theWT (Figure 3H; Table S3), pri-

marily involved in ‘‘actin filament organization’’ and ‘‘synapse or-

ganization’’ (Figure 3I). Additionally, key players of CME, such as

DMN3, CLTC, SH3GL2, and DNAJC6, were significantly

decreased (Figure 3J), confirming the validity of our approach.

In agreement with this, deletion of AP-2 led to increased surface

levels of the vesicular gamma-aminobutyric acid (GABA) trans-

porter and decreased synaptotagmin 1 uptake (Figures S4E–

S4I), both of which require AP-2 for proper recycling from the

plasma membrane.33,47 FM1-43 dye uptake was also slowed

in Purkinje cells lacking AP-2 (Figures S4J–S4M), further sup-

porting the notion of impaired endocytosis in these cells.26

When comparing downregulated proteins in the whole cere-

bellum to the Purkinje cell-enriched proteome, we found that

about a quarter of cerebellar proteins were specifically reduced

in Purkinje cells (Figures 3K and 3L). Many of these proteins were

associated with SCA and glutamatergic synapses (Figure 3L).

These comprehensive proteomic analyses show that AP-2 dele-

tion in Purkinje cells not only impairs endocytosis but also dis-

rupts glutamatergic synaptic pathways.

AP-2 regulates the stability of the PF synapse-enriched
protein GRID2IP
Given the alterations in glutamatergic synaptic pathways, we

next investigated the interactome of AP-2 in Purkinje cells

through MS-based analysis using the AP-2a antibody as bait
KO Purkinje cells
ed for calbindin. Scale bars: 500 mm.

1-month-old (B), 2-month-old (C), and 3-month-old (D)WT and AP-2 cKOmice

ay ANOVA followed by Tukey’s multiple comparisons (2 months: lobule IV/V

1; lobule IV/V p < 0.0001; lobule VI p < 0.0001; lobule VIII p < 0.0001; lobule IX

al images (F) of EYFP-transduced WT and AP-2 cKO Purkinje cells. Scale bars:

e for WT, N = 3 mice for cKO). Statistical significance was determined by two-

the source data).

dot represents one cell (WT: n = 27 cells fromN = 5mice; cKO: n = 27 cells from

ent’s t test (p = 0.006).

T and AP-2 cKO Purkinje cells. Each dot represents one cell (n = 18 cells,N = 3

d Student’s t test (proximal dendrites: p < 0.0001; distal dendrites: p < 0.0001)

0.0001. n.s., non-significant.
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(Figure 4A; Table S4). Next to pulling down components of the

AP-2 complex and known AP-2 binding partners (i.e., STON2,

CLTB, and PICALM), we identified GRID2IP (also known as Del-

philin). GRID2IP was one of the 15 proteins that interacted with

AP-2a in our MS pull-down experiments andwas downregulated

in AP-2 cKO Purkinje cells (Figure 4B). GRID2IP is a PDZ and

formin homology (FH) domain-containing protein selectively

expressed in Purkinje cells.48 The FH domains are known to

promote filamentous actin nucleation, while PDZ domains are

typically found in scaffold proteins at postsynaptic membranes.

Biochemical and immunohistochemical experiments confirmed

that AP-2 and GRID2IP interact and colocalize in Purkinje

cell dendrites (Figures 4C–4E). In AP-2 cKOmice, GRID2IP levels

were significantly reduced both in cerebellar lysates (Figures 4F

and 4G) and Purkinje cells (Figure 4H). To map the distribution of

GRID2IP on Purkinje cells in 3D,we reconstructed dendritic trees

of 6-week-old WT and AP-2 cKO Purkinje cells transduced with

AAV-EYFP-DIO (Figure 2E). The density of GRID2IP distribution

was significantly reduced in AP-2 cKO Purkinje cells compared

to controls (Figures 4I and 4J). This reduction was not due to a

decrease in its mRNA expression (Figures 4K and 4L), suggest-

ing that AP-2 regulates GRID2IP protein stability. The ubiquitin-

proteasome system is a central player in regulating turnover of

cytoplasmic proteins, including the degradation of a homolo-

gous formin protein, mDia2.49 To test whether GRID2IP is

more susceptible to proteasomal degradation in the absence

of AP-2, we incubated WT and AP-2 cKO acute cerebellar slices

with the proteasome inhibitor MG132. Indeed, a 6.5-h treatment

with MG132 was sufficient to increase GRID2IP levels in WT Pur-

kinje cells and restore its normal expression in Purkinje cells

lacking AP-2 (Figures 4M and 4N), suggesting that the binding

of AP-2 to GRID2IP might be required to protect GRID2IP from

proteasome degradation.

AP-2 loss causes GLURd2 accumulation and PF-CF
synapse imbalance
Our identified interaction between AP-2 and the postsynaptic

scaffolding protein GRID2IP (Figure 5A) prompted us to investi-

gate its potential impact on cerebellar synaptic organization.

Since GRID2IP interacts with the glutamate d2 receptor (GLURd2,

also known as GluD2, encoded by the GRID2 gene),48 an orphan

glutamate receptor expressed at PF-Purkinje cell synapses,50,51

we first analyzed GLURd2 levels at WT and AP-2 cKO PF synap-

ses identified by their VGLUT1 expression.52 GLURd2 levels were
Figure 3. Proteomics reveals glutamatergic synapse alterations in AP-

(A and B) Volcano plots showing differentially expressed proteins in cerebellar lys

green circles mark significantly upregulated and downregulated proteins, respec

(C and D) GO analysis of ‘‘cellular component’’-enriched terms in the cerebella o

(E) GO analysis of ‘‘biological process’’-enriched terms in the cerebella of 2-mon

(F) GO analysis of ‘‘Kyoto Encyclopedia of Genes and Genomes (KEGG)’’-enrich

(G) ssAAV-1/2-hEF1a-DIO-dAPEX2 injection timeline.

(H) Volcano plot of differentially expressed proteins in dAPEX2-transduced WT an

and downregulation, respectively. N = 2 per genotype.

(I) ShinyGo v.0.80-based GO analysis of downregulated biological process-enric

(J) GO analysis of KEGG-enriched terms in AP-2 cKO Purkinje cells. Bottom:

partners are indicated in red.

(K) Venn diagram illustrating commonly downregulated proteins in the total cere

(L) GO analysis of commonly downregulated KEGG-enriched terms in the cereb
upregulated in 1-month-old AP-2 cKO Purkinje cells (before Pur-

kinje cell loss) (Figures 5B–5D) and remained elevated at 6 weeks

(Figure S5A). Although GLURd2 lacks channel activity, it has a

synaptogenic role at PFs, binding cerebellin-1 secretedbygranule

cells,53,54 which, in turn, interacts with presynaptic neurexin55

(Figure 5A). GLURd2 KO mice exhibit motor learning deficits56,57

and reduced PF synapses,20,58 while its overexpression causes

PF overgrowth and spine-like protrusions.59 Given the accumula-

tion of GLURd2 at AP-2 cKOPF synapses, we speculated that this

drives increasedPF formation. 3Danalysis of VGLUT1-positive PF

synapses revealed a significant increase in PF synapse density in

6-week-old AP-2 cKOmice (Figures 5E, 5F, and 5I), detectable as

early as 1 month (Figures S5B and S5C). This aligns with the

early dysfunction at glutamatergic synapses described above

(Figure 3C). This increase in PF synapses coincided with a near-

complete loss of CF synapses (Figures 5G, 5H, and 5J) and

perisomatic CF accumulation (Figures 5K and 5L). Since AP-2 is

deleted specifically in Purkinje cells (Figures S1B, S1C, and

S3D) and not in inferior olive neurons forming CFs (Figures S5D–

S5G), these finding indicate a cell-autonomous role of AP-2 in

refining PF/CF synaptic inputs.

AP-2 balances PF and CF synapses during development
but not in the adult brain
To determine when AP-2 activity is crucial for controlling the

balance between PF and CF synaptic inputs, we considered

the developmental timeline of CF innervation in Purkinje cells.

At birth, Purkinje cell somata are innervated by multiple CFs,12

but during early postnatal development, supernumerary CFs

regress and translocate from the somata to dendrites, a process

completed by post-natal day 21.60–63 Our data suggest that AP-2

regulates PF formation and that its loss disrupts CF transloca-

tion, leading to an overabundance of PF synapses (Figure 6A).

If AP-2 is required only during early development for CF translo-

cation, then its deletion after post-natal day 21 should not affect

CF translocation, as the CF territory is already established. To

test this, we first analyzed CF density in 1-month-old AP-2

cKO mice. We found that AP-2 deletion during early postnatal

development (as L7-Cre recombinase is fully active by 2 weeks

after birth) resulted in a large increase in the number of periso-

matic CFs, a phenotype consistent with their failure to translo-

cate to the Purkinje cell dendrites (Figures 6B and 6C). Next,

we tested whether acute deletion of AP-2 in mature Purkinje

cells affects CF density by stereotactically injecting an AAV
2 cKO cerebellum

ates of WT and AP-2 cKOmice at 1 month (A) and 2 months (B) of age. Red and

tively. N = 5 per genotype.

f 1-month-old (C) and 2-month-old AP-2 cKO mice (D).

th-old AP-2 cKO mice.

ed terms in the cerebella of 2-month-old AP-2 cKO mice.

d AP-2 cKO Purkinje cells. Red and green circles mark significant upregulation

hed terms in AP-2 cKO Purkinje cells.

downregulated proteins within the term ‘‘endocytosis.’’ Known AP-2 binding

bellar proteome and APEX2-transduced AP-2 cKO Purkinje cells.

ellar proteome and APEX2-transduced AP-2 cKO Purkinje cells.
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expressing L7-driven EYFP and Cre-recombinase into 6-week-

old Ap2m1 flox/flox mice (Figure 6D). At 10 weeks, AP-2-defi-

cient Purkinje cells (Figures S5H and S5I) showed no changes

in morphology (Figure 6E), spine density (Figure 6F), PF/CF terri-

tory (Figures 6G–6J), or GLURd2 levels (Figures 6K and 6L).

Although only a limited number of Purkinje cells were targeted

using this approach, these results suggest that AP-2 is essential

for balancing PF-CF synapses during early postnatal cerebellar

development but that is not required for maintaining this balance

in mature Purkinje cells.

Activity-dependent potentiation of Purkinje cell network
activity without AP-2
Finally, we examined whether the PF/CF input imbalance im-

pacts Purkinje cell network activity in AP-2 mice. First, we eval-

uated the intrinsic electrophysiological properties of Purkinje

cells in acute cerebellar slices. At 1 month, AP-2-deficient Pur-

kinje cells showed unaltered baseline electrophysiological prop-

erties (Figures 7A, 7B, and S6A–S6C) but required higher cur-

rent injection to elicit action potentials (Figure 7C; Table S5).

Next, we assessed the network output of WT and AP-2 cKO

Purkinje cells during 100 Hz stimulation, a physiologically rele-

vant frequency for motor learning.64 Using GCaMP7f-based

live imaging in organotypic cerebellar slices prepared on post-

natal day 8 and imaged on day in vitro 21 (prior to Purkinje

cell degeneration), we recorded their synaptic responses

(Figures 7D and 7E). Both the average response to stimulation

and the peak amplitude of responses were significantly elevated

in AP-2 cKO Purkinje cells compared to the WT (Figures 7F, 7G,

and S6D). Moreover, Ca2+ transients in AP-2 cKO Purkinje cells

were markedly increased within 1–10 s post stimulation (Fig-

ure 7H) and remained elevated up to 20 s after stimulation (Fig-

ure 7I). This was accompanied by a delayed average time to

reach the maximal peak response (Figures 7J and S6E), likely

attributed to the presence of a second, lower-amplitude

peak of Ca2+ transients (Figure 7G). These findings suggest

heightened recurrent activity in AP-2 cKO Purkinje cells despite

reduced stereotypy of neuronal responses (Figures 7K and 7L).
Figure 4. GRID2IP is a binding partner of AP-2 in the cerebellum

(A) Volcano plot showing AP-2a pull-down interactors from 2-month-old WT cereb

over the immunoglobulin G (IgG) control; red highlights known CME binding part

(B) Venn diagram of significantly downregulated proteins in AP-2 cKO Purkinje c

(C) Representative confocal image of Purkinje cells immunostained for AP-2a, G

(D) Pearson’s coefficient analysis of AP-2a and GRID2IP colocalization in dendri

(E) Co-immunoprecipitation of AP-2a with GRID2IP in 2-month-old WT cerebella

(F and G) Immunoblot (F) and quantitative analysis (G) of GRID2IP levels in 2-m

genotype). Statistical significance was determined by one-tailed unpaired Stude

(H) Representative confocal images of WT and AP-2 cKO Purkinje cells immuno

(I) 3D analysis of GRID2IP distribution in 6-week-old AAV1/2-Ef1a-DIO-EYFP-tra

(J) Quantification of GRID2IP voxels in Purkinje cell WT and AP-2 cKO dendrites.

from N = 3 mice). Statistical significance was determined by unpaired two-tailed

(K and L) Multiplex fluorescence in situ hybridization for Grid2ip mRNA in 6-wee

quantitative analysis ofGrid2ipmRNA puncta (L). Scale bars: 50 mm; inset, 20 mm.

was determined by unpaired two-tailed Student’s t test (p = 0.514).

(M and N) Representative confocal images of DMSO- and/or MG132-treated (

immunostained for calbindin and GRID2IP (M), and quantification of GRID2IP prot

mice;WTMG132: n = 253 cells fromN = 4mice; cKODMSO: n = 233 cells fromN =

determined by two-way ANOVA followed by Tukey’s multiple-comparison test (a

Data are presented as mean ± SEM. *p % 0.05, **p % 0.01, ***p % 0.001, ****p %
Importantly, the density of Bergmann glia, which can modulate

Purkinje cell activity by regulating extracellular glutamate spill-

over,65 was not significantly altered in AP-2 cKO cerebella

(Figures S6F–S6H). Collectively, these data demonstrate that

AP-2 deletion causes asynchronous firing and increased

network output of Purkinje cells.

To determinewhether the heightened Purkinje cell network ac-

tivity in AP-2 cKOmice is driven by increased synaptic input from

excessive PF synapses, we treated organotypic slices with cef-

triaxone, a b-lactam antibiotic known to enhance synaptic gluta-

mate reuptake by upregulating the glial glutamate transporter

GLT-166 (Figures 7M–7O). GLT-1, expressed in Bergmann

glia,67 is neuroprotective in various excitotoxicity models.66,68,69

After 7 days of ceftriaxone treatment, GLT-1 levels were elevated

in the cerebellum (Figures S6I and S6J), and Purkinje cell

network activity in AP-2 cKO slices was markedly reduced

(Figures 7P, 7Q, and S6K). However, peak response in AP-2

cKO cells persisted (Figure 7S), likely due to the excess periso-

matic CF synapses (Figure 6L). Furthermore, ceftriaxone treat-

ment reduced the stereotypicity of stimulus-evoked responses

in AP-2 cKO cells, resulting in an almost 3-fold decrease

compared to WT cells (Figures 7T and 7U). Of note, GLT1 levels

were unaltered in cerebellar lysates from AP-2 cKO mice

(Figures S6L and S6M). The limited effect of ceftriaxone on WT

Ca2⁺ activity at 1–10 s post stimulation (Figure 7Q) likely reflects

the predominant role of GLAST over GLT-1 in glutamate clear-

ance under physiological conditions.70

Finally, to assess whether increased network output drives

Purkinje cell loss in AP-2 cKO mice, we treated 1-month-old or-

ganotypic slices with ceftriaxone for 2 weeks and then analyzed

Purkinje cell numbers. Ceftriaxone treatment restored the num-

ber of Purkinje cells in AP-2 cKO slices (Figures S6N and S6O).

These findings suggest that early PF/CF input rewiring in AP-2

cKO Purkinje cells is associated with heightened network output

and that enhancing synaptic glutamate reuptake normalizes

network excitation. The exacerbation of asynchronous firing of

AP-2 cKO Purkinje cells after ceftriaxone treatment (Figure7U)

is likely due to the loss of dendritic CFs in these mice, consistent
ellum (N = 5) identified byMS. Gray circles mark proteins significantly enriched

ners.

ells and enriched in AP-2a pull-down from WT cerebellum.

RID2IP, and calbindin. Scale bars: 20 mm; inset, 5 mm.

tes of 2-month-old WT Purkinje cells (N = 3).

r lysates (N = 3). Input: 1.5% of the lysate.

onth-old WT and cKO cerebella. Each dot represents one mouse (N = 3 per

nt’s t test (p = 0.0011).

stained for calbindin and GRID2IP. Scale bar: 20 mm.

nsduced WT and AP-2 cKO Purkinje cells. Scale bars: 50 mm; inset, 10 mm.

Each dot represents one cell (WT: n = 17 cells from N = 3 mice; cKO: n = 9 cells

Student’s t test (p = 0.0043).

k-old AAV1/2-Ef1a-DIO-EYFP-transduced WT and cKO Purkinje cells (K) and

Each dot represents onemousewithN = 3 per genotype. Statistical significance

100 mM) acute cerebellar slices from 2-month-old WT and AP-2 cKO mice,

ein levels (N). Each dot represents one cell (WT DMSO: n = 233 cells from N = 4

4mice; cKOMG132: n= 249 cells fromN = 4mice). Statistical significancewas

ll p < 0.0001). Scale bars: 50 mm; insets, 10 mm.

0.0001.
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with the role of CF synapses in inhibiting neighboring Purkinje

cells via ephaptic coupling.71

DISCUSSION

Using a Purkinje cell-specific AP-2 cKO mouse model, we

demonstrate that AP-2 maintains the balance between PF and

CF synapses. AP-2 loss results in Purkinje cell degeneration

and severemotor deficits, driven partly by disrupted network ac-

tivity due to unbalanced PF-CF input. Known for its role in

CME,72 AP-2 regulates synaptic vesicle recycling and neuro-

transmitter receptor trafficking.26,27 While previous studies

have examined its function in dendritogenesis and cargo sort-

ing,35,73–75 its role in neuronal circuitry formation has remained

largely unexplored. Our study represents the first elucidation of

AP-2 importance in orchestrating synaptic connectivity, sug-

gesting its previously unrecognized role in shaping neuronal

circuits.

While reduced dendritic complexity aligns with previous find-

ings in cortical and hippocampal neurons,35,74 the mature den-

dritic trees and increased spinogenesis of AP-2 cKO Purkinje

cells imply that AP-2 does not directly control cerebellar dendrite

morphology. Instead, AP-2 likely regulates synapse formation

during early Purkinje cell maturation. This role may be specific

to the cerebellum, where synaptic connectivity is refined postna-

tally.76 Mechanistically, AP-2 interacts with GRID2IP, a postsyn-

aptic scaffold enriched at PF synapses, where it links GLURd2, a

key regulator of PF synaptogenesis,20,53,54,58 to the actin cyto-

skeleton. Mutations in GLURd2 are associated with cerebellar

ataxia in humans57,77 and mice,78,79 and GLURd2 KO mice

exhibit CF and PF misrouting.20,56,58 Our data indicate that

AP-2 prevents GRID2IP proteasomal degradation, with its loss

leading to GLURd2 accumulation at PF synapses, promoting

their synaptogenesis. While many ionotropic glutamate recep-

tors are found mainly intracellularly,80 GLURd2 predominantly

resides on the plasmamembrane,81 suggesting that AP-2-medi-
Figure 5. Reorganization of PF and CF inputs in AP-2 cKO cerebellum

(A) Schematic of GLURd2, GRID2IP, and AP-2 interaction at Purkinje cell-PF syn

(B) Representative confocal images of WT and AP-2 cKO cerebella immunostain

(bottom).

(C) GLURd2 protein levels in distal Purkinje cell dendrites (p = 0.0002). Each dot r

from N = 3 mice).

(D) Pearson’s correlation analysis of GLURd2 and VGLUT1 colocalization at PF syn

image (WT: n = 22 images from N = 3 mice, cKO: n = 20 images from N = 3 mic

(E) Representative confocal images of AAV1/2-Ef1a-DIO-EYFP-transduced 6-wee

50 mm; insets, 10 mm.

(F) 3D analysis of VGLUT1 distribution in 6-week-old AAV1/2-Ef1a-DIO-EYFP-tra

(G) Representative confocal images of AAV1/2-Ef1a-DIO-EYFP-transduced 6-w

bars: 50 mm; insets, 10 mm.

(H) 3D analysis of VGLUT2 distribution in 6-week-old AAV1/2-Ef1a-DIO-EYFP-tr

(I) Quantification of VGLUT1 punctum density in WT and AP-2 cKO Purkinje cells (

n = 9 cells from N = 3 mice).

(J) Quantification of VGLUT2 punctum density inWT and AP-2 cKOPurkinje cells (p

n = 10 cells from N = 3 mice).

(K) Magnified view of WT and AP-2 cKO Purkinje cell bodies from (G). Scale bar:

(L) Quantification of perisomatic VGLUT2 puncta in 6-week-old inWT and AP-2 cK

N = 3 mice; cKO: n = 30 cells from N = 3 mice).

Data are presented as mean ± SEM. Statistical significance in (C), (D), (I) , (J), and

0.01, ***p % 0.001, ****p % 0.0001.
ated GRID2IP localization might be crucial for GLURd2

endocytosis. GRID2IP-anchored actin filaments may facilitate

dynamin-mediated membrane fission for GLURd2 internaliza-

tion, consistent with the role of other FH-domain proteins like

mDia1 in regulating actin dynamics during endocytosis.82

A key finding of this study is the early onset of ataxia in AP-2

cKO mice, correlating with Purkinje cell degeneration by

2 months. This coincides with aberrant synaptic rewiring,

including increased PF synapses and decreasedCF inputs, which

emerge as early as 4 weeks. The causal relationship between

these events remains unclear. One hypothesis is that elevated

PF synaptogenesis contributes to Purkinje cell degeneration

through glutamate excitotoxicity, as observed in SCAmodels.83,84

However, this hypothesis is speculative, as synaptic alterations

and elevated Purkinje cell output appear at 4 weeks, while gait

dysfunction and cell loss manifest 4 weeks later. Since granule

cells proliferate exponentially in the first three postnatal weeks,76

a fully developed PF network may be necessary for excitotoxicity

to occur, possibly explaining the delay in Purkinje cell loss. None-

theless, while increased Purkinje cell output and synaptic rewiring

likely contribute to neurodegeneration, they are only part of a

broader set of mechanisms driving this pathology.

Our data support the hypothesis that AP-2 balances cerebellar

PF and CF synapses. First, AP-2 cKO cerebella show increased

PF innervation and GLURd2 enrichment at PF synapses by

4 weeks, followed by increased spinogenesis in Purkinje cells by

6 weeks. Second, somatic CF synapses are abundant in

4-week-old AP-2 cKO Purkinje cells but fail to translocate along

Purkinje cell dendrites thereafter, indicating that the loss of CF

innervation stems from Purkinje cell dysfunction, as AP-2 deletion

is restricted to Purkinje cells. Third, increased Purkinje cell output,

observed in 8-day-old Purkinje cells cultured ex vivo for 3 weeks,

is rescued by ceftriaxone. Given that Bergmann glia density is un-

altered in the AP-2 cKO cerebellum, the network effects are likely

glia independent. Despite increased network output, Purkinje cell-

intrinsic excitability is reduced, possibly due to downregulation of
apses.

ed for VGLUT1 and GLURd2. Scale bars: 50 mm; insets, 10 mm (top) and 2 mm

epresents one image (WT: n = 23 images from N = 3 mice, cKO n = 22 images

apses inWT and AP-2 cKOPurkinje cells (p = 0.0003). Each dot represents one

e).

k-oldWT and AP-2 cKO Purkinje cells, immunostained for VGLUT1. Scale bar:

nsduced WT and AP-2 cKO Purkinje cells. Scale bar: 50 mm.

eek-old WT and AP-2 cKO Purkinje cells, immunostained for VGLUT2. Scale

ansduced WT and AP-2 cKO Purkinje cells. Scale bar: 50 mm.

p = 0.017). Each dot represents one cell (WT: n = 11 cells from N = 4mice; cKO:

< 0.0001). Each dot represents one cell (WT: n = 11 cells fromN = 3mice; cKO:

5 mm.

OPurkinje cells (p = 0.0012). Each dot represents one cell (WT: n = 17 cells from

(L) was determined by unpaired two-tailed Student’s t test. *p % 0.05, **p %
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Ca2+/calmodulin-dependent protein kinase II (CaMKII) subunits

(Figure 3K and Tables S2 and S3), which modulate voltage-gated

sodium channels,85–87 and inhibition of CaMKII reduces Purkinje

cell excitability.88

Our data align with the hypothesis that the increased network

output due to an excess of PF synapses contributes to decreased

CF innervation in mature Purkinje cells. Perturbed activity in Pur-

kinje cells can affect CF translocation,89 as observed inweaver,90

staggerer,91 and reeler92 mice, where granule cells (the source of

PFs) degenerate or are absent. Our data further indicate that de-

letingAP-2 after post-natal day 21,when theCF territory is already

fully established, does not impact CF translocation. Given the

essential role of CFs in cerebellar learning and motor function3

and the severemotor deficits caused by genetic silencing of olivo-

cerebellar synapses,93 we propose that impaired CF innervation

drives motor deficits in AP-2 cKO mice, although further experi-

ments are needed to confirm this.

Our findings suggest that increased PF synaptogenesis en-

hances Purkinje cell network output, blocking CF translocation in

AP-2 cKOmice. However, excess PF inputs can also provide tro-

phic support and inhibit CF translocation. Alterations in brain-

derived neurotrophic factor (BDNF) and its receptor, TrkB, have

been implicated in SCA6,23,94 with TrkB inactivation shown to

slow CF elimination.95 Overactivation of a-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA)-mediated synaptic

transmission at PF-Purkinje cell synapses may also impair mito-

chondrion function and induce reactive oxygen species (ROS) for-

mation, negatively affecting synapse density.96 AP-2 may also

regulate synaptic plasticity by controlling AMPA receptor traf-

ficking. Components of CME are known to regulate cerebellar

long-term depression (LTD),97 and AP-2a is crucial for LTD-driven

AMPA receptor endocytosis.98 While LTD is essential for synaptic

plasticity, its slow timescale does not fully account for the rapid

changes in Purkinje cell output captured by the Ca2⁺ imaging

approach in the current study.64 Last, despite the association be-

tween GRIDIP levels and PF/CF imbalance reported here,

GRID2IP KO mice show no phenotype.99 We hypothesize that

this discrepancy is due to the differential timing of GRID2IP dele-

tion so that compensatory mechanisms may localize GLURd2 in

the absence of GRID2IP in the embryonic deletion model (e.g.,

through upregulation of PSD-93100).
Figure 6. Acute AP-2m deletion in the adult cerebellum does not induc

(A) Schematic of PF-CF synapse reorganization in AP-2 cKO cerebellum. Create

(B and C) Representative confocal images ofWT and AP-2 cKO cerebella, immuno

VGLUT2 puncta (C). Scale bars: 50 mm; insets, 10 mm. Each dot represents one

(p < 0.0001).

(D) AAV2/rh10-L7-6-EGFP-P2A-Cre-WPRE (L7-EGFP-Cre) injection timeline. L7-

(E) Representative confocal images of 10-week-old Purkinje cells transduced wi

(F) Spine count in Purkinje cells with acute AP-2m deletion. Each dot represents o

n = 21 cells from N = 3 mice. Distal dendrites: L7-EGFP: 26 cells from N = 3 mic

(G and H) Representative confocal images of 10-week-old Purkinje cells transduce

VLGUT1 (H). Scale bars: 50 mm; insets in (H), 10 mm.

(I and J) VGLUT2 (I) and VGLUT1 (J) punctum density in Purkinje cells with AP-2m

Cre-injected mice (each with >5 cells); N = 3 mice for each condition.

(K and L) Representative confocal images of 10-week-old Purkinje cells transduc

quantitative analysis (L). Scale bar: 5 mm. Each dot represents one image (with >

Data are presented asmean ±SEM. Statistical significance in (C), (F), (I), (J), and (L

***p % 0.001, ****p % 0.0001.
In summary, our study reveals the critical role of AP-2 in cere-

bellar synaptogenesis and motor coordination with implications

for ataxia and cerebellar disorders. Our observations are relevant

to a recently describedmutation inAP2M1 associatedwith devel-

opmental encephalopathy accompanied by ataxia.29We propose

that ataxic symptoms in these patients may result from disrupted

cerebellar synaptogenesis due to AP-2 loss of function.

Limitations of the study
Our findingshave several limitations.Themolecular interactionbe-

tween AP-2 and GRID2IP at PF synapses remains incompletely

resolved.Whilewepropose amodel involving AP-2-mediated sta-

bilization of GRID2IP to regulate GLURd2 endocytosis, direct evi-

dence of this pathway is lacking. The link between synaptic rewir-

ing, increased Purkinje cell activity, and degeneration remains

speculative and requires longitudinal in vivo imaging and behav-

ioral studies to further clarify this aspect. The role of compensatory

endocytic adaptors or changes in the plasma membrane prote-

ome also remains unexplored. Proteomic analyses of plasma

membrane proteins in AP-2-deficient Purkinje cells may reveal

additional pathways contributing to the observed phenotypes.

Future studies addressing these gaps will enhance our under-

standing of the role of AP-2 in cerebellar function and its therapeu-

tic potential.

RESOURCE AVAILABILITY

Lead contact

Requests for further information, resources, or reagents should be directed to

the lead contact, Natalia Kononenko (n.kononenko@uni-koeln.de).

Materials availability

AAV2/rh10-L7-6-EGFP-WPRE and AAV2/rh10-L7-6-EGFP-P2A-Cre-WPRE

will be deposited in Addgene upon publication (https://www.addgene.org/

G€unter_Schwarz/).

Data and code availability

d The proteomics data have been deposited at ProteomeXchange via the

PRIDE partner repository and are publicly available as of the date of

publication. Accession numbers are listed in the key resources table.

Microscopy data reported in this paper will be shared by the lead con-

tact upon request.

d This paper does not report original code.
e CF rewiring

d in BioRender.

stained for VGLUT2 and Calbindin (B), and quantitative analysis of perisomatic

cell (WT: n = 92 cells from N = 3 mice; cKO: n = 104 cells from N = 3 mice)

EGFP was used as a control.

th either L7-EGFP-Cre or L7-EGFP. Scale bars: 50 mm; insets, 10 and 2 mm.

ne cell (proximal dendrites: L7-EGFP: 24 cells from N = 3 mice; L7-EGFP-Cre:

e; L7-EGFP-Cre: n = 21 cells from N = 3 mice).

d with either L7-EGFP-Cre or L7-EGFP, immunostained for VGLUT2 (G) and/or

acute deletion. N = 9 images from L7-EGFP and n = 10 images from L7-EGFP-

ed with either L7-EGFP-Cre or L7-EGFP, immunostained for GLURd2 (K), and

5 cells) with n = 9 images from N = 3 mice for each condition.

) was determined by unpaired two-tailed Student’s t test. *p% 0.05, **p% 0.01,

Cell Reports 44, 115256, February 25, 2025 13

mailto:n.kononenko@uni-koeln.de
https://www.addgene.org/G&uuml;nter_Schwarz/
https://www.addgene.org/G&uuml;nter_Schwarz/
https://www.addgene.org/G&uuml;nter_Schwarz/


A

D E

F G

I J

K L

H

M

O P

Q R

N

C

S

T U

B

(legend on next page)

14 Cell Reports 44, 115256, February 25, 2025

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
d Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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llar organotypic slices treated with 100 mM ceftriaxone (Q: p = 0.001, R: p =

spectively.

e to reach maximal Ca2+ response following 100 Hz stimulation in WT an

bGHp(A) and treated with 100 mM ceftriaxone (p < 0.0001). Data are from

) Correlation matrix (T) and quantification (U) of stimulus-evoked response

e from N = 4 WT and N = 2 cKO mice with 277 and 164 Purkinje cells, re

e presented as mean ± SEM. Statistical significance in (H)–(J), (L), (Q)–(S),

0.0001.
B Mass spectrometry (MS) analysis of AP-2a binding partners in the

cerebellum

B Proteomics

B APEX proteomics

B Adeno-associated viruses’ generation

B Stereotactic viral vector injection

B Multiplex fluorescent in situ hybridization

B Behavioral analysis

B Echo-MRI body composition analysis

B In vitro whole cell recordings

B Cerebellar acute slices

B MG132 experiments

B Transferrin uptake assay in cerebellar acute slices

B Antibody uptake assay in cerebellar acute slices with luminal

domain antibody

B FM1-43FX dye assay in cerebellar acute slices

B Primary cerebellar culture

B PitStop2-mediated CME inhibition

B Transferrin uptake assay

B Immunocytochemistry

B Cerebellar organotypic cultures (OTCs) from p8 pups

B Ceftriaxone treatment

B Calcium imaging experiments

B Calcium imaging analysis

B OTCs from 1-month-old animals

B Image acquisition

B VGAT surface levels analysis on perfused brain sections

B Analysis of fluorescently stained brain slices

B Analysis of in situ hybridized sections

B Cell number quantification

B Analysis of perisomatic puncta

B Colocalization analysis

B Analysis of number of spines

B AMIRA-based 3D reconstruction and analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

celrep.2025.115256.
rk excitability

old acute cerebellar slices in response to 150 pA intracellular current injection.

ls fromN = 3mice, cKO n = 8 cells fromN = 2mice). Statistical significance was

P-2 cKO (E) Purkinje cells transduced with ssAAV-9/2-mCaMKIIa-jGCaMP7f-

10 s (H) or 11–20 s (I) post stimulation in WT or AP-2 cKO Purkinje cells (H:

and 255 Purkinje cells, respectively.

d AP-2 cKO Purkinje cells transduced with ssAAV-9/2-mCaMKIIa-jGCaMP7f-

445 and 251 Purkinje cells, respectively.

es across all WT (left) and AP-2 cKO Purkinje cells (right) (p < 0.0001). Data are

.

O (N) Purkinje cells transduced with AAV-CamKIIa-GCaMP7f and treated with

.

aximum response to stimulation.

0 s (Q) or 11–20 s (R) post stimulation in Purkinje cells from WT or AP-2 cKO

0.002). Data are from N = 4WT and N = 2 cKOmice with 277 and 164 Purkinje

d AP-2 cKO Purkinje cells transduced with ssAAV-9/2-mCaMKIIa-jGCaMP7f-

N = 4 WT and N = 2 cKO mice with 262 and 155 Purkinje cells, respectively.

s in WT (left) and AP-2 cKO cells (right) after ceftriaxone treatment (p < 0.0001).

spectively.

and (U) was determined by Welch’s t test. *p% 0.05, **p% 0.01, ***p% 0.001,
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47. López-Hernández, T., Takenaka, K.-i., Mori, Y., Kongpracha, P., Naga-

mori, S., Haucke, V., and Takamori, S. (2022). Clathrin-independent en-

docytic retrieval of SV proteins mediated by the clathrin adaptor AP-2

at mammalian central synapses. Elife 11, e71198. https://doi.org/10.

7554/eLife.71198.

48. Miyagi, Y., Yamashita, T., Fukaya, M., Sonoda, T., Okuno, T., Yamada,

K., Watanabe, M., Nagashima, Y., Aoki, I., Okuda, K., et al. (2002). Del-

philin: a Novel PDZ and Formin Homology Domain-Containing Protein

that Synaptically Colocalizes and Interacts with Glutamate Receptor d2

Subunit. J. Neurosci. 22, 803–814. https://doi.org/10.1523/JNEURO-

SCI.22-03-00803.2002.

49. DeWard, A.D., and Alberts, A.S. (2009). Ubiquitin-mediated degradation

of the formin mDia2 upon completion of cell division. J. Biol. Chem. 284,

20061–20069. https://doi.org/10.1074/jbc.M109.000885.

50. Lomeli, H., Sprengel, R., Laurie, D.J., Köhr, G., Herb, A., Seeburg, P.H.,
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goat anti-mouse Alexa 647 Thermo Fisher Scientific Cat# A21236; RRID: AB_2535805

goat anti-rabbit Alexa 488 Thermo Fisher Scientific Cat# A11034; RRID: AB_2576217

goat anti-rabbit Alexa 568 Thermo Fisher Scientific Cat# A11011; RRID: AB_143157

goat anti-rabbit Alexa 647 Thermo Fisher Scientific Cat# A21245; RRID: AB_2535813

goat anti-Rabbit IgG (H + L) peroxidase-

conjugated

Sigma-Aldrich Cat# A0545; RRID: AB_257896

rabbit anti-Chicken IgG (H + L) peroxidase-

conjugated

Merk Millipore Cat# AP162P; RRID: AB_91653

rabbit anti-Mouse IgG (H + L) peroxidase-

conjugated

Sigma-Aldrich Cat# A9044; RRID: AB_258431

normal rabbit IgG Cell Signaling Cat#2729S; RRID: AB_1031062

Viruses

AAV1/2-Ef1a-DIO EYFP Karl Deisseroth (unpublished) Addgene viral prep #27056-AAV1, RRID:

Addgene_27056

(Continued on next page)
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AAV2/rh10-L7-6-EGFP-WPRE custom-produced, this paper To be deposited on Addgene upon

publication: https://www.addgene.org/

G€unter_Schwarz/

AAV2/rh10-L7-6-EGFP-P2A-Cre-WPRE custom-produced, this paper To be deposited on Addgene upon

publication: https://www.addgene.org/

G€unter_Schwarz/

ssAAV-9/2-mCaMKIIa-jGCaMP7f-WPRE-

bGHp(A)

Viral Vector Facility Z€urich jGCaMP7f: Addgene #104483

ssAAV-1/2-hEF1a-dlox-dAPEX2(rev)-dlox-

WPRE-hGHp(A)

Viral Vector Facility Z€urich pAAV-DIO-dAPEX2: Addgene #117174

Chemicals, peptides, and recombinant proteins

Ascorbic acid Carl Roth 3525.1

b-mercaptoethanol Carl Roth 4227.1

bis-tris propane Sigma Aldrich B6755

Bovine serum albumin (BSA) Sigma Aldrich A7906

Bromophenol (0.03%) Sigma Aldrich B5525

BSA (fatty acid free) Sigma Aldrich A6003

Calcium chloride (CaCl2) Carl Roth 5239.2

Ceftriaxone disodium salt

hemi(heptahydrate)

Sigma Aldrich C5793

D-Glucose Sigma Aldrich G5767

Dimethyl sulfoxide (DMSO) Carl Roth A994.2

DMEM Thermo Fisher Scientific A14430

dPBS Gibco 14190250

DNAse Sigma Aldrich 150000U

EBSS Thermo Fisher Scientific 14155–048

Fetal bovine serum (FBS) Merck Millipore S0115

FMTM1-43FX InvitrogenTM F35355

Gelatin from porcine skin Sigma Aldrich G2500

GlutaMAXTM Thermo Fisher Scientific 35050–061

Glycerol Carl Roth 7530.1

HBSS Gibco 14175–053

Heparin Sigma Aldrich H4784

HEPES Thermo Fisher Scientific 15630–080

Horse serum (heat-inactivated) Gibco 26050088

IGEPAL CA-630 Sigma Aldrich I8896

Insulin Life Technologies 12585–014

Ketamin hydrochloride Sigma Aldrich K2753

Kynurenic acid Tocris 3694

Magnesium-ATP (Mg-ATP) Sigma Aldrich 20–113

Magnesium chloride (MgCl2) Carl Roth 2189.1

Magnesium sulfate (MgSO4) Carl Roth T888.1

MEM Sigma Aldrich 7278

Penicillin/Streptomycin (P/S) Thermo Fisher Scientific 15140–122

Phosphocreatine Tocris 4325

Pitstop Abcam ab120687

Potassium chloride (KCl) Karl Roth 6781.1

Potassium gluconate Merk Millipore 299-27-4

(Continued on next page)
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Protease and phosphatase inhibitor

mini tablets

Thermo Fisher Scientific A32959

Rompun 2% (Xylazin) Bayer KP0BZPE

Saponin Sigma aldrich 47036

SDS Carl Roth 2326.2

Sodium bicarbonate (NaHCO3) Carl Roth 8551.1

Sodium chloride (NaCl) Carl Roth 3957.1

Sodium deoxycholate Thermo Fisher Scientific 89904

Sodium-GTP (Na-GTP) Merk Millipore G3776

Sodium hydrogen phosphate (NaH2HPO4) Carl Roth 3904.1

Sodium pyruvate Thermo Fisher Scientific 11360–039

Soybean trypsin inhibitor Merck Millipore 10109886001

Transferrin, Alexa Fluor 488 conjugated Thermo Fisher Scientific T13342

Tris VWR 28.808.294

Tris-HCl Sigma Aldrich T3253

Triton X-100 Sigma Aldrich 9036-19-5

Tween 20 VWR 663684B

Trypsin Sigma Aldrich T1005

Critical commercial assays

RNAScope� Fluorescent Multiplex

Detection Reagents

Advanced Cell Diagnostic 323110

Mm-Grid2ip-C1 RNA probe Advanced Cell Diagnostic Cat# 1253061-C1

NEBuilder HiFi DNA Assembly New England Biolabs Cat# E2621S

Deposited data

Proteomics data ProteomeXchange PRIDE: PXD050090 and PXD050031

Experimental models: Organisms/strains

Ap2m1flox Prof. Dr. Volker Haucke, FMP, Berlin Kononenko et al., 2014

L7Cre (provided by Prof. Rugarli, Cologne) The Jackson Laboratory RRID: MGI: J:66884

B6.Cg-Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze (Ai9-tdTomato (provided by

Prof. Bergami, Cologne)

The Jackson Laboratory RRID: MGI: J:155793

Oligonucleotides

Primers for Ai9, see Table S3 The Jackson Laboratory N/A

Primers for Ap2m1flox, see Table S3 Kononenko et al., 2014 N/A

Primers for L7Cre, see Table S3 The Jackson Laboratory N/A

Recombinant DNA

Plasmid: pAAV/L7-6-GFP-WPRE Addgene Addgene plasmid # 126462, RRID:

Addgene_126462

Plasmid: pAAV-hSyn-mScarlet Addgene Addgene plasmid #131001,

RRID:Addgene_131001

Plasmid: pAAV.CMV.HI.eGFP-

Cre.WPRE.SV40

Addgene Addgene plasmid # 105545, RRID:

Addgene_105545

Plasmid: pAdDeltaF6 Addgene Addgene plasmid #112867, RRID:

Addgene_112867

pAAV2/rh10 Addgene Addgene plasmid # 112866, RRID:

Addgene_112866

Software and algorithms

Amira Software 2020.2 Thermo Fisher

Scientific

Thermo Fisher Scientific http://www.fei.com/software/amira-3d-for-

life-sciences/RRID: SCR_007353

(Continued on next page)
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Aperio ImageScope version 12.4.3.5008 Leica Microsystems https://www.leicabiosystems.com/aperio-

imagescope/RRID: SCR_020993

pClamp Molecular Devices http://www.moleculardevices.com/

products/software/pclamp.html

RRID: SCR_11323

Excel – Office 2021 Microsoft https://www.microsoft.com/RRID:

SCR_016137

Fiji version 1.53 Wayne Rasband, National Institute of

Health, Bethesda, USA

https://imagej.net/RRID: SCR_002285

GraphPad Prism version 9.5.1 GraphPad http://www.graphpad.com/RRID:

SCR_002798

Inkscape 1.3.2 Inkscape https://inkscape.org/RRID: SCR_014479

LAS X Life Science Microscope Software Leica Microsystems https://www.leica-microsystems.com/

products/microscope-software/p/leica-

las-x-ls/RRID: SCR_013673

R The R Foundation of Statistical

Computing, Vienna, AT

https://www.r-project.org/foundation

RRID: SCR_000432

AutoGaitA Hosseini team https://github.com/mahan-hosseini/

AutoGaitA
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice were kept on amixed C57BL6/NRj:C57BL6/6J background. Mice were analyzed between 1 and 3months of age (the exact age

is indicated in Results and Figure legends). Micewere group-housed in polycarbonate cageswith 12hr day/light cycles andwater and

foodwere available ad libitum. All experiments were performed in accordancewith the regulations issued by the Federal Government

of Germany, European Union legislation and the regulations of the University of Cologne. The experimental procedures were

approved by the Landesamt f€ur Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen (AZ 81-02.04.2020.A418, AZ 81-

02.04.2021.A067, AZ 81-02.04.2021.A132 and AZ 81-02.04.2022.A116). Ap2m1flox mice have been previously described (Kono-

nenko et al., 2014) and were crossed in this study with L7Cre mice (Barski et al., 2000) to generate AP-2 cKO mice (Genotype:

L7Cre/+;Ap2m1flox/flox). Mice with genotypes Ap2m1wt/wt; L7Cre (i.e., WT) and Ap2m1fl/fl; L7Cre (i.e., AP-2 cKO) were used in the current

study. In a subset of AP-2 cKO mice, the tdTomato expression was driven by crossing L7Cre/+;Ap2m1flox/flox mice with the reporter

mouse line Ai9 (Madisen et al., 2010). For comparison of AP-2 cKO and control mice, littermates from several litters were used.

Both female and male mice were used for primary neurons culture, cerebellar acute slices, cerebellar organotypic slices, immuno-

staining, immunoblotting, multiplex RNA in situ analysis, behavioral experiments, proteomics, electrophysiology and stereotactic

viral vector injections. No influence of sex on the phenotype of the mice was detected. Only male mice were used for MRI body

composition measurements. C57BL6/NRj WT mice were used for MS and Co-IPs WT experiments. Primary cerebellar neuron

were prepared from P8WT and AP-2 cKOmice. OTCs were prepared from P8 and/or 1-month-old WT and AP-2 cKOmice. Recom-

binant AAV particles were prepared in HEK293T cells (DSMZ no. ACC 635). HEK cells were regularly tested for mycoplasma

contamination.

METHOD DETAILS

Tissue processing and immunohistochemical analysis
Adult mice were anesthetized with an intraperitoneal injection of Ketamin/Rompun and transcardially perfused with Ringer solution

(0.85%NaCl, 0.025% KCl, 0.02% NaHCO3, 0.01% heparin, pH 6.9) followed by 4% PFA in PBS (pH 7.4). Brains were dissected and

post-fixed in 4% PFA overnight at 4�C and subsequently placed in a mixture of 20% (vol/vol) glycerol and 2% (vol/vol) dimethyl sulf-

oxide (VWR international) in 0.4M PBS for cryoprotection. 40 mm sagittal cryosections were obtained and free-floating sections were

collected in the same cryoprotective solution mentioned above and stored at �80�C until further use. For immunofluorescent stain-

ing, brain sections were washed once in PBS for 10min and incubated in blocking solution containing 10% normal goat serum (NGS)

in PBS plus 0.5% Triton X-100 (0.5% PBT) for 1h at room temperature (RT). Sections were incubated with primary antibodies for 48 h

at 4�C in 0.3% PBT plus 3% NGS and afterward washed 3 times for 5–10 min each in 0.3% PBT. Sections were then incubated with

secondary antibodies for 2hr in the dark at RT in 0.3% PBT plus 3% NGS and washed 3 times for 5–10 min each in 0.3% PBT. Sec-

tions were finally mounted on gelatin-coated glass slides with Immu-Mount (Epredia). A list of primary and secondary antibodies is

provided in the Key Resource Table. The following primary antibodies dilutions were used: 1:1000 for chicken anti-Calbindin, 1:500
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for mouse anti-calbindin, 1:1000 for chicken anti-GFP, 1:300 for rabbit anti- Cleaved Caspase3, 1:200 for mouse anti-AP-2a, 1:200

for rabbit anti-GRID2IP, 1:200 for rabbit anti-GLURd2, 1:1000 for guinea pig anti-Vglut2, 1:500 for guinea pig anti-Vglut1, 1:300 for

mouse anti-AP-2m and 1:500 for rabbit anti-FOXP2. All Alexa fluorophore-conjugated secondary antibodies were used at a 1:500

dilution.

For immunofluorescence of cerebellar acute slices or organotypic slice cultures, sections were permeabilized in 0.5%Triton X-100

(0.5% PBT) for 30 min at RT and then processed as described above. The following primary antibodies dilutions were used: 1:300 for

chicken anti-calbindin, 1:300 for mouse anti-calbindin and 1:300 for mouse anti-synaptotagmin1. All Alexa fluorophore-conjugated

secondary antibodies were used at a 1:500 dilution.

Nissl staining
For Cresyl-violet staining 40 mm sagittal sections from 1-, 2- and 3-month-old AP-2 cKO mice and control littermates were mounted

on SuperFrost Ultra plus microscope slides (Thermo Scientific) and dried overnight. Sections were stained following previously

described protocol (Kononenko et al., 2017).

Immunoblotting analysis
2-month-old mice were sacrificed via cervical dislocation. Brains were isolated and the cerebellum was dissected, shock-frozen in

liquid nitrogen and stored at �80�C until tissue lysis. For immunoblot analysis of cerebellar organotypic cultures, slices were

collected at DIV21, shock-frozen in liquid nitrogen and stored at �80�C until tissue lysis. Samples were homogenized in RIPA buffer

(50 mM Tris pH 8.0, 150 mM NaCl, 1.0% IGEPAL CA-630, 0.5% Sodium deoxycholate, 0.1% SDS) containing phosphatase inhibitor

(Thermo Scientific) and protease inhibitor (Roche) using a Wheaton Potter-Evehjem Tissue Grinder. Subsequently, samples were

sonicated, incubated on ice for 45 min and centrifuged at 13000 rpm for 15 min at 4�C. Supernatant concentration was assessed

using Bradford assay (Sigma) and samples were mixed with 4x SDS buffer (250 mM Tris-HCL, 1% (w/v) SDS, 40% (v/v) Glycerol,

4% (v/v) b-mercaptoethanol, 0.03% Bromophenol) and boiled for 5 min at 95�C. 10–20 mg of protein per sample were loaded

onto SDS-page gels for protein separation and afterward transferred onto nitrocellulose membrane via full-wet transfer assay (Bio-

rad). Membranes were blocked in 5%milk or bovine serum albumin (BSA) in TBS (20 mM Tris pH = 7.6, 150mMNaCl) containing 1%

Tween (TBS-T) at RT for 1h before incubation with primary antibodies in TBS overnight at 4�C. Afterward, membraneswere washed 3

times with TBS-T for 10 min at RT before incubation with HRP-tagged secondary antibodies for 1h at RT. Membranes were finally

washed 3 timeswith TBS-T for 10min at RT. A list of primary and secondary antibodies is provided in the Key Resource Table. Protein

levels were visualized using ECL-based autoradiography film system (Super RX-N, Fujifilm) or ChemiDocTM Imaging system

(BioRad) and analyzed using Gel Analyzer plugin from ImageJ (Fiji). Protein levels were first normalized to loading control and

then to the appropriate control. The following primary antibody dilutions were used: 1:1000 for mouse anti- AP-2a, 1:1000 for mouse

anti-AP-2m, 1:1000 for chicken anti-calbindin, 1:1000 for rabbit anti-GRID2IP, 1:1000 for rabbit anti-GLT-1, 1:2500 for mouse anti-

b-actin and 1: 5000 for Streptavidin-HRP. All HRP-conjugated secondary antibodies were used at a 1:10 000 dilution.

Co-immunoprecipitation
For immunoprecipitation experiments, 20 mL Dynabeads Protein G (Thermo Fischer Scientific) were coated with 2mg antibody target-

ing the protein of interest and corresponding IgG as a negative control (see Key Resource Table). Dynabeads storing solution was

replaced with 100 mL PBS and 2mg of antibody was added. The beads were incubated with the antibody for 2-3h at 4�C on a shaker

and then washed with 200mL PBS to remove excessive antibody. 8-week-oldWTmice were sacrificed via cervical dislocation, brains

were isolated and the cerebellum was dissected and homogenized in co-IP buffer (50 mM Tris-HCl pH=7.4, 1% NP-40/Igepal,

100 mM NaCl, 2 mM MgCl2) supplemented with Proteinase Inhibitor (Roche) und Phosphatase Inhibitor (ThermoScientific) using a

Wheaton Potter-Elvehjem Tissue Grinder. Samples were sonicated and incubated on ice for 45 min before being centrifuged at

13000 rpm for 20 min at 4�C. Protein concentration was assessed using Bradford assay (Sigma). An equal amount of protein was

added to the antibody-coupled Dynabeads and control IgG for overnight incubation at 4�C on a shaker. Afterward, the lysates

were removed and Dynabeads were washed 3 times with co-IP buffer before being dissolved in a mixture of 20 mL co-IP buffer

and 20 mL 4x SDS buffer and boiled at 95�C for 5 min. Precipitation of proteins was detected via SDS-page gel.

Mass spectrometry (MS) analysis of AP-2a binding partners in the cerebellum
8-week-oldWTmice were sacrificed via cervical dislocation. Brains were isolated and the cerebellumwas dissected for MS analysis.

Cerebellar tissue was homogenized in co-IP buffer, as described in the previous section. Samples were boiled at 95�C for 5 min and

then loaded onto SDS-PAGE gels, reduced (DTT), and alkylated (CAA). Digestion was performed using trypsin at 37�C overnight.

Peptides were extracted and purified using Stagetips. Eluted peptides were dried in vacuo, resuspended in 1% formic acid/4%

acetonitrile and stored at�20�CbeforeMSmeasurement. All samples were analyzed by the CECAD proteomics facility as previously

described.37

Proteomics
For total proteome analysis 2.month-old mice were sacrificed via cervical dislocation. Brains were extracted and the cerebellumwas

dissected, shock frozen in liquid nitrogen and stored at�80�Cuntil further use. Cerebellar tissuewas lysed in Urea lysis buffer (50mM
24 Cell Reports 44, 115256, February 25, 2025
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TEAB, 8M Urea, 50x Protease inhibitor), sonicated and centrifuged at 20000g for 15 min. Protein concentration was assessed using

Bradford assay (Sigma). Samples were processed with in-solution digestion. All solutions were provided by the CECAD proteomics

facility. For each sample, 50 mg of protein were transferred into fresh tubes, reduced with 5 mMDTT for 1h at 25�C and subsequently

alkylated with 40 mM CAA for 30 min in the dark. Protein digestion was performed by incubating samples in LysC at an enzyme:sub-

strate ratio of 1:75 for 4h at 25�C. Samples were afterward diluted with 50 mM TEAB to achieve a final concentration of 2 M Urea and

then incubated overnight at 25�C in 1:75 ratio Trypsin. The following day, samples were acidified with formic acid (final concentration

1%). Peptides were extracted and purified using Stagetips. First, StageTips were equilibrated with washes in methanol, buffer B

(80%acetonitril; 0.1% (v/v) formic acid) and twice buffer A (dH2O; 0.1% (v/v) formic acid). Each wash was followed by centrifugations

at 2600 rpm for 1–2 min. For peptide purification, samples were centrifuged at 13000 rpm for 5 min and the loaded onto StageTips.

Samples were centrifuged at 2600 rpm for 5 min, StageTips were washed with buffer A and centrifuged at 2 600 for 3 min. Finally,

StageTips were washed twice with buffer B and each time centrifuged at 2 600 for 3 min and stored at 4�C untill submission to the

CECAD proteomics facility for further processing.

Samples were analyzed by the CECAD Proteomics Facility on an Orbitrap Exploris 480 (Thermo Scientific, granted by the German

Research Foundation under INST 1856/71-1 FUGG) mass spectrometer equipped with a FAIMSpro differential ion mobility device

that was coupled to an UltiMate 3000 (Thermo Scientific). Samples were loaded onto a precolumn (Acclaim 5mm PepMap 300 mm

Cartridge) for 2 min at 15 ml flow before being reverse flushed onto an in-house packed analytical column (30 cm length, 75 mm inner

diameter, filled with 2.7 mm Poroshell EC120 C18, Agilent). Peptides were chromatographically separated at a constant flow rate of

300 nL/min and the following gradient: initial 6% B (0.1% formic acid in 80% acetonitrile), up to 32% B in 72 min, up to 55% B within

7.0 min and up to 95% solvent B within 2.0 min, followed by column wash with 95% solvent B and re-equilibration to initial condition.

The FAIMS pro was operated at �50V compensation voltage and electrode temperatures of 99.5�C for the inner and 85�C for the

outer electrode. For the Gas-phase fractionated library, a pool generated from all samples was analyzed in six individual runs

covering the range from 400 m/z to 1000 m/z in 100 m/z increments. For each run, MS1 was acquired at 60k resolution with a

maximum injection time of 98 msec and an AGC target of 100%. MS2 spectra were acquired at 30k resolution with a maximum in-

jection time of 60 msec. Spectra were acquired in staggered 4 m/z windows, resulting in nominal 2 m/z windows after deconvolution

using ProteoWizard (Chambers, 2012). For the samples, MS1 scans were acquired from 399 m/z to 1001 m/z at 15k resolution.

Maximum injection time was set to 22 msec and the AGC target to 100%. MS2 scans ranged from 400 m/z to 1000 m/z and

were acquired at 15 k resolution with a maximum injection time of 22 ms and an AGC target of 100%. DIA scans covering the pre-

cursor range from 400 to 1000 m/z and were acquired in 60 x 10 m/z windows with an overlap of 1 m/z. All scans were stored as

centroid.

The gas-phase fractionated library was built in DIA-NN 1.8.1 (Demichev 2020) using A Swissprot mouse canonical database

(UP589, downloaded 04/01/22) with settingsmatching acquisition parameters. Samples were analyzed in DIA-NN 1.8.1 as well using

the previously generated library and identical database. DIA-NN was run with the additional command line prompts ‘‘—report-lib-

info’’ and ‘‘—relaxed-prot-inf’’. Further output settings were: filtered at 0.01 FDR, N-terminal methionine excision enabled, maximum

number of missed cleavages set to 1, min peptide length set to 7, max peptide length set to 30, min precursor m/z set to 400, max

precursor m/z set to 1000, cysteine carbamidomethylation enabled as a fixed modification. Afterward, DIA-NN output was further

filtered on library q-value and global q-value% 0.01 and at least two unique peptides per protein using R (4.1.3). Finally, LFQ values

calculated using the DIA-NN R-package. Afterward, analysis of results was performed in Perseus 1.6.15.101 GO analysis of up and

downregulated pathways in the cerebellum of 1- and 2-month-old mice was performed using ShinyGO v0.80 (South Dakota State

University; Ge, Jung and Yao, 2020). Venn diagram analysis was performed using Venny2.1 (Oliveros, J.C. (2007–2015) Venny).

An interactive tool for comparing lists with Venn’s diagrams. https://bioinfogp.cnb.csic.es/tools/venny/index.html).

APEX proteomics
In order to study Purkinje cell-specific proteome in themouse cerebellum, we used an enzyme-catalyzed proximity labeling approach

combined with mass spectrometry-based proteomics. For proximity labeling within genetically targeted neurons, a Cre-dependent

AAV expressing the engineered ascorbate peroxidase APEX2 (ssAAV-1/2-hEF1a-DIO-dAPEX2) was intracranially injected into the

cerebellum of 6-week-old AP-2 cKO and control mice. For stereotactic surgery procedure see Stereotactic viral injection below.

Three weeks after stereotactic surgery, injected mice were anesthetized with an intraperitoneal injection of Ketamin/Rompun and

transcardially perfused with ice-cold cutting solution (92 mM N-Methyl-D-glucamine, 2.5 mM KCl, 30 mM NaHCO3, 20 mM

HEPES, 1.25 mM NaH2PO4, 2mM thiourea, 5 mM sodium ascorbate, 3 mM sodium pyruvate, 10 mM MgSO4, 0.5 mM CaCl2,

25 mM D-glucose, pH 7.4 and saturated with 95% O2/5%CO2). Afterward, the brain was rapidly extracted, the cerebellum isolated

and chopped into 300 mm pieces with a tissue chopper (Cavey Laboratory Engineering Co. LTD). Chopped cerebellar tissue was

incubated in ACSF (125.2 mM NaCl, 2.5 mM KCl, 26 mM NaHCO3, 1.3 mM MgCl2 6 H2O, 2.4 mM CaCl2, 0.3 mM NaHPO4,

0.3mMKH2PO4 and 10mMD-glucose) supplementedwith 0.5mMbiotinphenol (BP) at 37�C for 30min (95%O2/5%CO2). Afterward,

APEX labeling was intiated by the addition of 1 mM H2O2 to ACSF at room temperature. After 1 min, ACSF was discarded and

exchanged with cold quenching buffer (ACSF supplemented with 10mM Trolox, 20 mM sodium ascorbate and 10 mM NaN3) on

ice. The tissue was washed twice with cold quenching buffer (in-between incubation times of 2 min) and twice more with cold

PBS. Finally, samples were resuspended in 8M urea buffer supplemented with protease inhibitor and centrifuged for 15 min at

20000 g at room temperature. The supernatant was collected and transferred into fresh 1.5 mL Eppendorf tubes. The protein
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concentration was measured and all samples were adjusted to reach the same concentration with 8M urea. Finally, an acetone pre-

cipitation protocol was applied. Briefly, samples were mixed with 4 times the volume of cold (�20�C) acetone, vortexed and incu-

bated at�20�C for 3 h. Afterward, samples were centrifuged for 10min at 15000 g at 4�C and the supernatant discarded. The protein

pellet was washed twice with 80%–90% acetone (�20�C) and centrifuged for 10 min at 15000 g at 4�C. The supernatant was dec-

anted and the acetone was allowed to evaporate at room temperature for approximatively 10 min. The pellet was resuspended in

5 mL/10mg protein of 6M urea in ABC solution and afterward sonicated. Samples were stored at �80�C until enrichment on SAV-

beads and MS experiments. Biotinylated proteins were captured using Pierce High Capacity Streptavidin Agarose (Thermo Scien-

tific, #20359). Briefly, the streptavidin bead slurry was washed three times with 1x PBS. The washed beads were then incubated with

the protein sample overnight at 4�C with gentle tumbling. After incubation, the beads were washed extensively with 1x PBS (five

washes). Finally, the beads were resuspended in a sufficient volume of 8M Urea solution to completely cover the beads, maximizing

the yield of enriched proteins. Following protein capture, samples were processed according to the established proteomics protocol

provided by the CECAD proteomics facility (mentioned above).

Adeno-associated viruses’ generation
DNA constructs

pAAV/L7-6-EGFP-WPRE was generated from pAAV/L7-6-GFP-WPRE (a gift from Hirokazu Hirai, Addgene plasmid # 126462; http://

n2t.net/addgene:126462; RRID:Addgene_126462) and the pAAV backbone from pAAV-hSyn-mScarlet (a gift from Karl Deisseroth,

Addgene plasmid #131001; http://n2t.net/addgene:131001; RRID:Addgene_131001) using NEBuilder HiFi DNA Assembly (NEB). A

P2A-Cre construct was generated from pAAV.CMV.HI.eGFP-Cre.WPRE.SV40 (a gift from James M. Wilson, Addgene plasmid #

105545; http://n2t.net/addgene:105545; RRID:Addgene_105545) by site directed mutagenesis using forward (GGCGACG

TGGAGGAGAACCCCGGCCCCGCCGGCAGCATGTCCGGAGAGCAAAAGCTG) and reverse (TCTCCTCCACGTCGCCGGCCT

GCTTCAGCAGGCTGAAGTTGGTGGCGCCGCTGCCCTTGTACAGCTCGTCCATGC) primers. Subsequently, pAAV/L7-6-EGFP-

P2A-Cre-WPRE was generated using NEBuilder HiFi DNA Assembly. The plasmids pAdDeltaF6 (Addgene plasmid #112867;

http://n2t.net/addgene:112867; RRID:Addgene_112867) and pAAV2/rh10 (Addgene plasmid # 112866; http://n2t.net/addgene:

112866; RRID:Addgene_112866) were a gift from James M. Wilson. All DNA constructs were confirmed by Sanger sequencing

(Eurofins).

rAAV2/rh10 preparation

Recombinant AAV2/rh10 particles were prepared in HEK293T cells (DSMZ no. ACC 635) by transfecting either pAAV/L7-6-EGFP-

WPRE or pAAV/L7-6-EGFP-P2A-Cre-WPRE together with pAdDeltaF6 and pAAV2/rh10. Viral particles were precipitated with

PEG/NaCl and cleared with chloroform extraction (Kimura et al., 2019). AAVs were purified by adapting scalable anion-exchange

chromatography strategies (Dickerson, Argento, Pieracci, & Bakhshayeshi, 2021; Wang et al., 2019). Cleared AAVs were concen-

trated roughly 20-fold with pre-washed (PBS +0.001% (v/v) Poloxamer 188, Sigma Aldrich) 100 kDa Amicon filters (Merck/

Millipore) and diluted 10-fold in buffer A (10 mM bis-tris-propane pH 9.0, 1 mM MgCl2). AAVs were applied at a flow-rate of

3 mL/min to a self-packed 1 mL column (POROSTM HQ 50 mm strong anion exchange resin, Thermo Fisher Scientific), which

was equilibrated in buffer A. After injection, the column was rinsed with 20 column volumes buffer A, washed with 20 column volumes

4% buffer B (10 mM bis-tris-propane pH 9.0, 1 mM MgCl2, 1 M NaCl). AAVs were eluted with 35% buffer B. Eluted fractions were

concentrated and buffer exchanged to PBS +0.001% (v/v) Poloxamer 188 using 100 kDa Amicon filters. Purity of viral preparations

were assessed with SDS-PAGE/Colloidal Commassie staining and AAV titers determined using Gel green (Biotium) (Xu, DeVries, &

Zhu, 2020).

Stereotactic viral vector injection
Stereotactic injections of AAV1/2-Ef1a-DIO-EYFP (Addgene viral prep # 27056-AAV1, titer R 1x1013 vg/mL) were performed on

4-week-old AP-2 cKO mice and control littermates to label Purkinje cells with EYFP in a Cre-dependent manner. For AP-2m acute

deletion in the cerebellum, stereotactic injections of AAV2/rh10-L7-6-EFGP-WPRE control virus (titer 5.05 *1013 GC/mL) or AAV2/

rh10-L7-6-EFGP-P2A-Cre-WPRE (titer 5.04 *1013 GC/mL) were performed on 6-week-old Ap2m1flox/flox mice. Injections with

ssAAV-1/2-hEF1a-dlox-dAPEX2(rev)-dlox-WPRE-hGHp(A) were performed on 6-week-old AP-2 cKO and WT animals. Mice were

weighed and anesthetized with an intraperitoneal injection of Ketamine (100 mg/kg)/Xylazine (20 mg/kg)/Acepromazine/Azaperon

(3 mg/kg) and placed into a stereotaxic apparatus (David Kopf Instruments) in absence of pedal reflexes. An eye ointment was

applied on the eyes to avoid drying of the corneas and a local painkiller was subcutaneously injected before opening the skin and

cleaning the skull using NaCl. The stereotactic landmark bregma was identified with the help of a DINO Lit D-sub VGA microscope

(VWR) and used to calculate the final stereotactic coordinates to target lobes IV/V of the cerebellum (AP: �5.63 mm, ML: 0 mm and

DV:�1 and – 0.75mm). A small hole was drilled using a micro drill (WPI) and 300 nL of AAV was injected using a 34 g beveled NanoFil

needle (WPI), a 10 mL NanoFil syringe (WPI) and a microinjection pump (WPI) to control the injection speed (100 nL/min). After the

injection at each depth, the syringe was kept in place for 3 min and then slowly retracted. Afterward, the skull was re-hydrated

with NaCl, the woundwas closed, andmicewere given a dose of carprofene intraperitoneally (100 mL/10gBW) to reduce postsurgical

pain. Mice were given a subcutaneous injection of 5%glucose solution (100 mL/10g BW) and placed on a hot plate (Labotect) at 37�C
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to enhance postoperative recovery. 2 weeks (for AAV1/2-Ef1a-DIO EYFP injections) or 3-4 weeks (for AAV2/rh10-L7-6-EFGP-WPRE,

AAV2/rh10-L7-6-EFGPP2A-Cre-WPRE or ssAAV-1/2-hEF1a-dlox-dAPEX2(rev)-dlox-WPRE-hGHp(A) injections) post-injection mice

were transcardially perfused.

Multiplex fluorescent in situ hybridization
Transcardial perfusion and tissue processing was performed as described above (‘‘Tissue processing and immunohistochemical

analysis’’). 40 mm sagittal cerebellar sections from 6-week-old mice previously injected with AAV1/2-Ef1a-DIO-EYFP were mounted

on SuperFrost Ultra plus microscope slides (Thermo Scientific) and dried overnight at RT. Multiplex fluorescent RNA in situ hybrid-

izationwas performed using RNAscope Fluorescent Multiplex Detection Reagents (323110, ACDBio, Newark, CA, USA) according to

the instructions provided by themanufacturer for frozen tissue. The probe forGrid2ip (Mm-Grid2ip-C1) was designed by ACDBio (Cat

No. 1253061-C1). Hybridized probe was detected with Opal 650 (PerkinElmer). Sections weremounted using ProLong Gold Antifade

Mounting Medium with NucBlue Staining (Invitrogen), sealed with nail polish and imaged 24h later at a confocal microscope Stellaris

(Leica) equipped with a 633 objective (HC PL APO 63x/1.30 GLYC CORR CS2, Stellaris).

Behavioral analysis
Rotarod

2-month-old AP-2 cKO mice and control littermates were acclimated to the rotarod apparatus (Ugo Basile) in a 5-min run on a rod

rotating at a constant speed of 8 rpm for 2 days in a row. On the third day, themicewent through 3 test runswhere they had to balance

on the rotating rod for 5 min while the speed increased from 4 to 40 rpm within 5 min. Between runs, a 30 min break was kept. The

duration that each mouse was able to stay on the rotating rod in each run was recorded as time to fall and used as parameter for the

analysis. The time to fall was then averaged across 3 runs.

DigiGait treadmill test

The Digigait motorized transparent treadmill (Mouse Specifics, Inc.) was used to assess locomotor performance. Recording of an-

imals from a ventral view was possible thanks to a high-speed video camera placed below the transparent belt of the motorized

treadmill. 2-month-old AP-2 cKO mice and control littermates were allowed to explore the treadmill compartment the day before

the actual experiment for 1 min at the speed of 8 cm/s. The day of the experiment, the speed of the belt was increased from

8 cm/s to 14, 18, 24 and 30 cm/s for video recording depending on the locomotor capability. The percentage of mice able to perform

the task at each speed for each genotype was calculated and shown in the analysis as DigiGait performance.

SIMI motion test

2-month-old AP-2 cKOmice and control littermates were tested to cross beams of 1.3m in length and 5, 12 or 25mmwide. Individual

trials were recorded through 8 high-speed cameras (mV Blue Cougar XD; 200 frames/second) strategically positioned in a circular

arrangement around the beam. The camera’s positioning allowed the performance capture from 8 different angles. For detailed anal-

ysis, the camera parallel to the beam was used for the 2D reconstruction of joint kinematics. Each mouse crossed every beam for a

minimum of 3 times. The number of slips per run was counted and averaged across all runs. The limb kinematics of individual step

cycleswere normalized to account for differences in the duration of stance and swing and averaged for eachmouse and then for each

genotype.

Manual annotation of the step cycle and tracking using DeepLabCut on markerless animals were utilized for kinematic analysis.

The manual annotation required the frame-by-frame examination of the videos to determine the beginning of the swing phase, the

end of the swing phase/start of the stance phase, and the end of the stance phase. Steps resulting in footslips were excluded

from the kinematic analysis, and individual steps were demarked from swing (forward propulsion of the limb) to stance (support

phase) phase. Only 2 AP-2 cKO mice were analyzed for the 5 mm beam since the remaining animals were not able to cross the

beam. We did not exclude any of the control mice for the narrower beam. DeepLabCut was used to track the 2D coordinates of

the mice and to track the position of the beam in the video and establish the baseline for the vertical axis. The coordinates extracted

by DeepLabCut were uploaded to AutoGaitA42 to calculate angles and velocities, to normalize the coordinate across step cycles, to

average trials per mouse and to average groups per genotype. The grouped values were analyzed using GraphPad Prism version

9.5.1 (GraphPad Software, Inc., USA).

Echo-MRI body composition analysis
The body composition of 2-month-old AP-2 cKO male mice and control littermates was measured using an EchoMRI-100H Body

Composition Analyzer (EchoMRI ). The whole-body masses of fat, lean, free water and total water were measured. Mice were placed

in an animal holder and measures were taken 3 times per mouse, for a duration of 0.5–3.2 min each. The measurements were then

averaged between the 3 runs and shown as percentage of body weight.

In vitro whole cell recordings
1-month-old AP-2 cKOmice and control littermates were used for recordings in acute brain slices. Animals were decapitated and the

brain was rapidly placed in ice-cold artificial cerebrospinal fluid (ACSF, in mM: 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3,

1 MgSO4, 2 CaCl2, 25 D-Glucose and 1mM kynurenic acid), bubbled with 95%/5% O2/CO2 (pH 7.4). Acute coronal 250 mm slices

containing the cerebellum were prepared with a vibratome (Campden Instruments 7000smz-2), placed in warm ACSF without
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kynurenic acid bubbled with 95%/5%O2/CO2 (pH 7.4), andmaintained at 32�C–34�C for�30min, then cooled to room temperature

(22�C–24�C) for at least 1 h before use. For experiments, slices were transferred to the recording chamber and superfused (2mL.min-

1) with ACSF without kynurenic acid at 32�C bubbled with 95%/5% O2/CO2 (pH 7.4). Purkinje neurons were identified with an

Olympus 403 water-immersion objective. Pipettes with resistance 5–6 MU made of borosilicate glass capillaries with O.D.

1.5 mm, I.D. 0.86 mm (Sutter, Item# BF-150-86-10) were prepared using P-97 micropipette puller (Sutter Instruments, Item#

P-97) and contained (in mM): 127 K-gluconate, 8 KCl, 10 phosphocreatine, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP (osmolality, 285

mOsm; pH 7.2 adjusted with KOH). Somatic whole-cell current-clamp recordings were made from cerebellar Purkinje neurons using

Multiclamp 700B amplifier and Digidata 1550B digitizer (Molecular Devices). Data were acquired with Clampex 11.2 (Molecular De-

vices), digitized at 10 kHz. Electrophysiology data analysis was performed using Clampfit 11.3 (Molecular Devices).

Cerebellar acute slices
1-month-old AP-2 cKO mice and control littermates were sacrificed via cervical dislocation. Brains were isolated and cerebellum

dissected. 200 mm horizontal acute slices were obtained from the cerebellum with a VT1200 Vibratome (Leica). While cutting, the

cerebellum was submerged in ice-cold, carbogen saturated (95% O2 and 5% CO2) low-Ca2+ artificial cerebrospinal fluid (ACSF:

125 mM NaCl, 2.5 mM KCl, 1.25 mM sodium phosphate buffer 0.4 M, 25 mM NaHCO3, 25 mM glucose, 0.5 mM CaCl2 and

3.5 mM MgCl2, osmolarity adjusted between 310 and 330 milliosmoles, pH = 7.4).

MG132 experiments
To test whether GRID2IP levels were changed after proteasome inhibition, cerebellar acute slices from 1-month-old AP-2 cKO and

control littermates were treated with the proteasome inhibitor MG132. Slices were incubated for 6.5 h at 37�C/5% CO2 with 100 mM

MG132 or 100 mMDMSO (control) diluted in culturing medium (MEM, 0.00125% ascorbic acid, 10 mM D-glucose, 1 mM GlutaMAX;

20% (v/v) horse serum, 0.01 mg/mL insulin, 14.4 mM NaCl; 1% P/S). Afterward, slices were fixed for 1h at RT with 4% PFA before

immunohistochemistry was performed.

Transferrin uptake assay in cerebellar acute slices
For transferrin (Tfn) uptake, 100 mm-thick horizontal cerebellar acute slices from 1-month-old WT and AP-2 cKOmice were obtained

as described above. Slices were incubated in ACSF for 2 h at 37�C/5% CO2 before incubation for 1 h with 25 mg/mL human Tfn con-

jugated to Alexa Fluor 488 (Invitrogen) in ACSF. Cell surface-bound Tfn was removed by an ice-cold acid wash (0.2 M acetic

acid +0.5 M NaCl, pH 2.8) for 5 min then rinsed with ice-cold PBS 3 times. Afterward, slices were fixed for 1h at RT with 4% PFA

before immunohistochemistry was performed for calbindin.

Antibody uptake assay in cerebellar acute slices with luminal domain antibody
For antibody uptake, 1-month-old AP-2 cKO mice and control littermates were sacrificed via cervical dislocation and 100 mm-thick

horizontal sections were obtained as described above. Slices were incubated in ACSF for 1 h at 37�C/5% CO2 before incubation for

1.5 h with 10 mg luminal synaptotagmin1-oyster 650 (Syt1-650; SySy) in ACSF. Cell surface-bound Syt1-650 was removed by an ice-

cold acid wash (0.2M acetic acid +0.5MNaCl, pH 2.8) for 5min then rinsedwith ice-cold PBS 3 times. Afterward, sliceswere fixed for

1h at RT with 4%PFA before immunohistochemistry was performed for calbindin as a Purkinje cell marker and total synaptotagmin1.

Fluorescent signal of luminal Syt1 and total Syt1 in Purkinje cells wasmeasured after background subtraction and the ratio of luminal/

total was used as a readout of antibody uptake.

FM1-43FX dye assay in cerebellar acute slices
For FM1-43FX dye, 100 mm-thick horizontal cerebellar acute slices from 1-month-old WT and AP-2 cKO mice were obtained as

described above. Slices were incubated in ACSF for 30 min at 37�C/5% CO2, then incubated in 10 mM FM1-43FX dye (in ACSF)

for 2 min at RT followed by an electrical stimulation with 100 APs at 100 Hz using an RC-47FSLP stimulation chamber (Warner In-

struments). To monitor activity-based endocytosis, slices were kept in ACSF containing 10 mm mM FM1-43FX dye for 10 more mi-

nutes and then washed 3 times in ACSF. Afterward, slices were fixed for 1h at RT with 4% PFA, washed 3 times in 1x PBS before

immunohistochemistry for Purkinje cell marker calbindin was performed. Mean gray value was used as a readout for fluorescence

level of FM1-43FX dye in Purkinje cells after background subtraction.

Primary cerebellar culture
Culture preparation

Postnatal day 8 (P8) AP-2 cKO pups and control littermates were decapitated and brains were collected in ice-cold solution B

(300 mg BSA (fatty acid free), 1.5mM MgSO4 and 13 mM glucose in 100 mL dPBS). The cerebellum was isolated and chopped

into 700 mm thick pieces with a tissue chopper (Cavey Laboratory Engineering Co. LTD). The chopped tissue was subsequently incu-

bated in solution T (solution B plus 1mg/4mL trypsin) at 37�C/5% CO2 for 15 min. In order to stop trypsinization, solution C (600U

DNase; 0.5 mg Soybean Trypsin Inhibitor (SBTI); 100 mL MgSO4 in 10 mL solution B) was added to the samples (twice the volume

as solution T), which were then centrifuged at 1000g for 1 min at 4�C. The supernatant was removed and cell suspension was dis-

solved in 1 mL growth medium (5 mL FBS in 50 mL stock medium: 500 mL DMEM; 2 mL B-27, 0.74 g KCl, 10 mM glucose, 1 mM
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sodium pyruvate, 5 mL P/S). Afterward, the cell suspension was mechanically dissociated with a fire-polished glass pipette. Disso-

ciated cells were layered on top of 5 mL EBSS (EBSS plus % (w/v) bovine serum albumin (BSA); 3 mM 3.82% MgSO4) and centri-

fuged at 1500 g for 5min at 4�C. Afterward, the supernatant was discarded and the pellet dissolved in growthmedium and cell density

determined using a Neubauer counting chamber. Finally, cells were plated at a density of 750000 cells per coverslip and fed after 1 h

with growth medium. After 24h, half of themediumwas replaced with fresh growth medium plus 4 mMAraC. Cerebellar neurons were

cultured for 19 days (DIV 19) under constant conditions at 37�C/5% CO2.

Primary cerebellar culture viral transduction

In order to identify Purkinje cells in primary cerebellar cultures, neurons were transduced on DIV3 with AAV2/rh10-L7-6-EFGP-WPRE

(titer 5.05 *1013 GC/mL).

PitStop2-mediated CME inhibition
On DIV18, primary cerebellar cultures fromWTmice were incubated with 30mMPitStop2 (Abcam) or DMSO (control) diluted into cer-

ebellum growth medium at 37�C/5%CO2 for 24h. Afterward, neurons were fixed at DIV19 with 4%PFA for 10 min at RT and used for

experiments.

Transferrin uptake assay
For transferrin uptake, cerebellar growthmediumwas removed fromDIV19 primary cerebellar cultures fromAP-2 cKOmice and con-

trol littermates (previously transduced with AAV2/rh10-L7-6-EFGP-WPRE) and replaced with pre-warmed Neurobasal-A Medium

(Thermo Fisher Scientific). Neurons were starved in this medium for 2h at 37�C/5% and then incubated for 30 min at 37�C/5%
with the same medium containing 15 mg/mL human Transferrin conjugated to Alexa Fluor 568 (BioTrend). Cell-surface bound Trans-

ferrin was removed by 3 PBS washes and immediately fixed with 4% PFA for 10 min at RT.

Transferrin uptake was also used to prove CME inhibition by Pitstop2 in WT primary cerebellar culture. For this purpose, DIV18

neurons were incubated with 30mM Pitstop2 (Abcam) or DMSO (control) diluted into cerebellum growth medium at 37�C/5% CO2

for 24h. On DIV19, neurons were starved for 2h at 37�C/5% in a pre-warmed Neurobasal-A medium containing 30mM Pitstop2. Af-

terward, 15 mg/mL human Transferrin conjugated to Alexa Fluor 488 were added to the medium for 30 min at 37�C/5%. Cell-surface

bound Transferrin was removed by 3 PBS washes and immediately fixed with 4% PFA for 10 min at RT.

Immunocytochemistry
Fixed primary cerebellar cultures were blocked for 1h at RT in 0.3% saponin (Sigma) in PBS plus 5% NGS. Afterward, cells were

incubated for 1h at RT with primary antibodies (see Key Resource Table) diluted in 0.3% saponin/PBS plus 5% NGS. Cells were

washed 3 times with PBS and then incubated for 30 min at RT with secondary antibodies (see Key Resource Table) diluted in

0.3% saponin/PBS plus 5% NGS. Finally, cells were washed 3 times with PBS and coverslips were mounted on glass slides with

Immu-Mount (Epredia).

Cerebellar organotypic cultures (OTCs) from p8 pups
OTCs preparation

P8 AP-2 cKO pups and control littermates were decapitated and brains were collected in ice-cold HBSS (Gibco). Cerebellum was

isolated and 300 mm sagittal slices were obtained with a tissue chopper (Cavey Laboratory Engineering Co. LTD). Sections were

collected and washed 3 times by being carefully transferred with a glass pipette in 3 separate dishes containing pre-warmed

HBSS. Afterward, slices were transferred onto Millicell Standing Cell Culture Inserts (Merk Millipore) and fed with culturing medium

(MEM, 0.00125% ascorbic acid, 10 mMD-glucose, 1 mMGlutaMAX, 20% (v/v) horse serum, 0.01 mg/mL insulin, 14.4 mMNaCl, 1%

P/S) from below the cell culture insert membrane. Every 2 days, themediumwas replaced and slices were cultured for 21 days under

constant conditions at 37�C/5% CO2.

OTCs viral transduction

For calcium imaging, OTCs were transduced at DIV1 by applying 1 mL of ssAAV-9/2-mCaMKIIa-jGCaMP7f-WPRE-bGHp(A) (titer

1.1x1013, Viral vector facility Zurich) on top of each slice. Slices were cultured until DIV21 at 37�C/5% CO2 until they were used

for experiments.

Ceftriaxone treatment
OTCs from AP-2 cKO mice and control littermates previously transduced with ssAAV-9/2-mCaMKIIa-jGCaMP7f-WPRE-bGHp(A)

were cultured for 15 days in OTC culturing medium at 37�C/5% CO2. On DIV 15, slices were treated with 100 mM Ceftriaxone for

7 consecutive days until DIV21. On DIV21, OTCs were either used for calcium imaging experiments or shock-frozen in liquid nitrogen

and stored at �80�C until tissue lysis for immunoblotting analysis. Untreated OTCs were used as control.

Calcium imaging experiments
DIV 21 OTCs from AP-2 cKOmice and control littermates were used for GCaMP7f-based calcium imaging. Slices were cut out from

the cell culture inserts and placed into an RC-47FSLP stimulation chamber (Warner Instruments) filled with OTC imaging medium

(2 mM CaCl2, 10 mM D-glucose, 3 mM KCl, 1 mM MgCl2, 136 mM NaCl, 24 mM NaHCO3, 1.25 mM NaH2HPO4 in dH2O) bubbled
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with 95%/5% O2/CO2 and constantly perfused. A Multiphoton microscope SP8 (Leica) equipped with a 20x/0.75 multi-immersion

objective was used for confocal live imaging. 60s recordings (1–3 recording per slice) were acquired at 512x512 pixel resolution, bidi-

rectional at 1 frame per second. After 20s of baseline recording, slices were stimulated once with a 100 Hz pulse and recorded for 40

more seconds, for a total of 60s for each recording.

Calcium imaging analysis
Cell/dendritic patches detection and signal extraction

Signal extraction from calcium imaging recordings was done using ImageJ (Fiji). Region of interests (ROIs) were drawn around Pur-

kinje cell bodies or dendritic patches identified thanks to GFP expression driven by the ssAAV-9/2-mCaMKIIa-jGCaMP7f-WPRE-

bGHp(A) virus. The mean gray value from each ROI was extracted for every single frame (60 in total) and used for the analysis.

Automatic cell curation and filtering

Ca2+ signals were sampled at a rate of 1 Hz. Individual Ca2+transients were normalised to the 5 s-period preceding electrical stim-

ulation. To identify low quality components, we performed k-means clustering (k = 5, nsets = 20, kmeans function, stats package, R).

The number of clusters was optimised according to the total within-cluster sum of squared distances. We identified a distinct cluster

of low-quality components with continuous baseline shifts, indicative of motion artifacts or bleaching. Components in this cluster

were discarded from further analysis (11–19% of the total). All other components were used for further analysis.

Characterization of stimulus responses

Heatmaps. For visual inspection of Ca2+ transients in the form of activity maps, individual transients were smoothed (Tukey’s

smoothing with running median of 3, smooth function, stats package, R), sorted according to the median signal amplitude of the

10 s-period following stimulation.

Individual response parameters. The following parameters were used to assess stimulus responses of individual components.
Parameter Description

Average Ca2+ response Arithmetic mean of the Ca2+ signal within

the 10 s-period following electrical

stimulation

Peak Ca2+ response Highest Ca2+ signal within the 40 s-period

following electrical stimulation

Time to peak Time point of the maximum Ca2+ response

within the 40 s-period following electrical

stimulation
Synchronicity. To assess the degree of similarity in firing patterns of individual Ca2+ transients, we calculated the pairwise Pearson

correlation coefficient for each component with all other components within the 40 s-period following electrical stimulation per

genotype and condition. For visual inspection, the correlation matrix per genotype and condition was sorted according to

hierarchical cluster analysis (cor_sort function, correlation package, and hclust function, stats package, R).

OTCs from 1-month-old animals
1-month-old AP-2 cKOmice and control littermates were sacrificed and brains were collected in ice-cold HBSS (Gibco). Cerebellum

was isolated and 300 mm horizontal sections were obtained with a VT1200 Vibratome (Leica). Sections were collected and washed 3

times by being carefully transferred with a glass pipette in 3 separate dishes containing pre-warmed HBSS. Afterward, slices were

transferred onto Millicell Standig Cell Culture Inserts (Merk Millipore) and fed with culturing medium (MEM, 0.00125% ascorbic acid,

10 mM D-glucose, 1 mM GlutaMAX, 20% (v/v) horse serum, 0.01 mg/mL insulin, 14.4 mM NaCl, 1% P/S) from below the cell culture

insert membrane. Every 2 days, themediumwas replaced and sliceswere cultured for 14 days under constant conditions at 37�C/5%
CO2 in OTC culturing media either with vehicle or 100 mMceftriaxone. OTCs were then fixed in 4%PFA and stained for calbindin (see

IHC above). Purkinje cell density was determined based on calbindin signal.

Image acquisition
Images of fluorescently stained brain slices, primary cerebellar cultures and adult OTCswere acquired at a confocalmicroscope Stel-

laris (Leica) or at a confocal microscope SP8 (Leica). At 20x (HC PL APO 20x/0.75 CS2, Stellaris) magnification, single plane tile im-

ages were acquired for stained brain slices. At 40x (HC PL APO 40x/0.95 CORR, Stellaris; PL Apo 40x/0.85 CORR CS, SP8) and 63x

(HC PL APO 63x/1.30 GLYC CORR CS2, Stellaris; PL Apo 63x/1.40 Oil CS2, SP8) either single plane images or z-stacks were ac-

quired for both stained brain slices and primary neurons. Z-stacks are shown as maximum intensity projection images. Tile images

were merged with LAS X software (Leica).

In situ hybridized sections were imaged at a confocal microscope Stellaris (Leica) equipped with a 633 objective (HC PL APO 63x/

1.30 GLYC CORR CS2, Stellaris). Z-stacks were acquired and images are shown as maximum intensity projection of z stack.
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Brightfield images were acquired with a slide scanner microscope (S360 Hamamatsu) equipped with a 403 objective.

VGAT surface levels analysis on perfused brain sections
Brain sections were obtained from perfused mice as described above (Tissue processing and immunohistochemical analysis). For

immunofluorescent staining, brain sections were washed once in PBS for 10 min and incubated in blocking solution containing 10%

normal goat serum (NGS) in PBS followed by incubation in primary antibody for the luminal domain (anti-VGAT-Oyster 550) for 2h at

room temperature (RT). Afterward sections were postfixed in 2% PFA for 15 min and washed in 1x PBS 3 times. Sections were then

incubated in blocking solution containing 10% normal goat serum (NGS) in PBS plus 0.5% Triton X-100 (0.5% PBT) for 1h at room

temperature. Sections were incubated with primary antibodies for cytosolic domains for 48 h at 4�C in 0.3% PBT plus 3% NGS and

afterward washed 3 times for 5–10min each in 0.3% PBT. Sections were then incubated with secondary antibodies for 2h in the dark

at RT in 0.3%PBT plus 3%NGSandwashed 3 times for 5–10min each in 0.3%PBT. Sectionswere finallymounted on gelatin-coated

glass slides with Immu-Mount (Epredia). The following primary antibodies dilutions were used: 1:500 for mouse anti-Calbindin, 1:300

for guinea pig anti-VGAT and 1:200 for rabbit anti-VGAT-Oyster550. All Alexa fluorophore-conjugated secondary antibodies were

used at a 1:500 dilution. Fluorescent signal of luminal VGAT-Oyster550 and total VGAT in Purkinje cells was measured after back-

ground subtraction and the ratio of luminal/total was used as a readout of surface VGAT in Purkinje cells.

Analysis of fluorescently stained brain slices
The following analysis was used to quantify GRID2IP levels in 200 mm thick cerebellar sagittal acute slices treated with MG132 or

DMSO, GLURd2 levels in distal dendrites and AP-2a/m in Purkinje cell somata in 40 mm thick sagittal cerebellar slices as well as trans-

ferrin-uptake in 100 mm thick cerebellar sagittal acute slices. The mean gray value of the GRID2IP, or transferrin signal in Purkinje cell

somata or GLURd2 in distal dendrites was extracted with ImageJ (Fiji) and normalized for background fluorescence (area devoid of

GRID2IP, GLURd2, or transferrin-488 signal). In fluorescently stained brain slices, mean gray value for AP-2m staining was extracted

with ImageJ (Fiji) either in Purkinje cells or FoxP2-positive inferior olive nuclei and normalized for background fluorescence.

Analysis of in situ hybridized sections
For analysis of Grid2ipmRNA puncta, maximum intensity projections of acquired z stack were generated for both RNAscope probe

and GFP (AAV1/2-Ef1a-DIO EYFP) channels using ImageJ (Fiji). The GFP fluorescence mediated by the AAV transduction of Purkinje

cells was used to draw ROIs including both Purkinje cells somata and dendrites. These same ROIs were copied onto the Grid2ip

channel and allowed to mark the region where RNA puncta were quantified. For this purpose, a threshold was set on the channel

showing Grid2ip mRNA expression, allowing to label exclusively the signal coming from mRNA puncta. Puncta where finally quan-

tified using the particle analysis tool in Fiji and the total number of puncta was normalized by the ROI area for each single image.

Cell number quantification
Cresyl-violet stained sagittal cerebellar sections from 1-, 2- and 3-month-old mice were used to quantify the number of Purkinje cells

in AP-2 cKO mice and control littermates. Cerebellar lobes from lobe I to lobe X were identified in 3–5 sections from each mouse,

ranging from bregma 0.48 mm to bregma 1.2 mm according to the Allen Brain Atlas. Purkinje cell number was counted in each

lobe for each bregma coordinate and then averaged, in order to obtain the total number of neurons per lobe. Aperio Image Scope

image viewing software (Leica) was used to analyze acquired images.

Analysis of perisomatic puncta
Perisomatic quantification of vGLUT2 and vGLUT1 puncta was performed on fluorescently immunostained sagittal cerebellar sec-

tions from WT and AP-2 cKO 1- and 3-month-old animals. z stack confocal images were acquired at a 633 magnification and

maximum intensity projections extracted from these stacks were used for this analysis. Using ImageJ, the GFP fluorescence medi-

ated by the AAV transduction or the tdTomato fluorescence of Purkinje cells was used to draw ROIs around somata. The number of

puncta per cell was quantified and normalized to the area of the soma and used for further statistical analysis.

Colocalization analysis
Colocalization analysis between AP-2a and GRID2IP was performed on fluorescently immunostained sagittal cerebellar sections

from 2-month-old WTmice. Non-processed raw dual channel images were used for the analysis. ROIs were manually drawn in order

to outline somata, primary or secondary dendrites. Pearson’s correlation coefficient (Rp) was determined using the JACoP plug-in in

ImageJ. The same analysis was performed to investigate differences in colocalization between GLURd2 and VGLUT1 in distal Pur-

kinje cell dendrites of 1month-old AP-2 cko mice and control littermates.

Analysis of number of spines
The number of spines in proximal and distal dendrites was quantified in sagittal cerebellar sections from 6-week-old AP-2 cKOmice

and control littermates previously injected with AAV1/2-Ef1a-DIO EYFP. z stack confocal images were acquired at a 633 magnifi-

cation and single planes extracted from these stacks were used for this analysis. Using ImageJ, a 10 mm line was drawn and the num-

ber of spines was counted within this length. 4 to 7 Purkinje cells per mouse were analyzed. For each cell, 3 different measurements
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were obtained and then averaged for final analysis. The same quantification was performed to determine differences in number of

spines in Purkinje cells from 10-week-old AP-2m1flox/flox mice previously injected with AAV2/rh10-L7-6-EFGP-WPRE control virus

or AAV2/rh10-L7-6-EFGP-P2A-Cre-WPRE virus to obtain AP-2m acute deletion in the adult cerebellum.

AMIRA-based 3D reconstruction and analysis
40 mm sagittal cerebellar sections from 6-week-old AP-2 cKO mice and littermates previously injected with AAV1/2-Ef1a-DIO EYFP

or AAV2/rh10-L7-6-EFGP-WPRE/AAV2/rh10-L7-6-EFGPP2A-Cre-WPRE were stained for GFP and co-stained for GRID2IP/

VGLUT1/VGLUT2 and used for the analysis. Images were acquired using HC PL APO 63x/1.30 GLYC CORR CS2 objective at a res-

olution of 10243 1024 pixels in sequential scanning frame-by-frame mode. Stacks of 50–80 optical sections were acquired, with a

fixed stack size of 0.25 mm. 3D reconstructions were generated with Amira Software 2020.2 (Thermo Fisher Scientific). First, the sur-

face area of single GFP-positive Purkinje cell (soma and dendrites) was reconstructed using the Amira segmentation editor. GRID2IP/

VGLUT1/VGLUT2 signal was defined by generating the isosurface. Afterward, the surface of ‘300-nm-distant’ GRID2IP/VGLUT1/

VGLUT2-positive voxels was mapped onto GFP-positive reconstructed cell using the ‘‘surface distance’’ tool and extracted as a his-

togram. Values extracted from the histogram (number of voxels/mm2) were plotted and used for colocalization analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted on mice values or cell values (indicated by data points, "n") from at least a group of 3 mice per

genotype or at least 3 independent experiments (indicated by ‘‘N’’, biological replicates), if not stated otherwise in the figure legend.

MS Excel (Microsoft, USA) and GraphPad Prism version 9.5.1 (GraphPad Software, Inc., USA) were used for statistical analysis and

result illustration (unless otherwise stated). Unpaired t test orWelch’s unpaired t test were used to compare themeans of two groups.

Statistical analysis of normalized data between the two groups was performed using a one-tailed unpaired Student’s t test. Two-

tailed Mann-Whitney test was used for analysis between two groups for non-normally distributed non-normalized data (i.e., number

of spikes evoked by intracellular current injection). Statistical difference betweenmore than two groupswere comparedwith one-way

ANOVA (Tukey’s posthoc test for multiple comparison was used to determine the statistical significance between the groups). Sta-

tistical difference betweenmore than two groups and two conditions was evaluated using two-way ANOVAwith �Sidák post-hoc test.

Significant differences were accepted at p % 0.05 indicated by asterisks: *p % 0.05; **p % 0.01; ***p % 0.001 and ****p % 0.0001.
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