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Distinct functional domains of
Dystroglycan regulate inhibitory synapse
formation and maintenance in cerebellar
Purkinje cells

Check for updates
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Dystroglycan is a cell adhesion molecule that localizes to synapses throughout the nervous system.
While Dystroglycan is required to maintain inhibitory synapses from cerebellar molecular layer
interneurons (MLIs) onto Purkinje cells (PCs) whether initial synaptogenesis during development is
dependent on Dystroglycan has not been examined. We show that mice with conditional deletion of
Dystroglycan from Purkinje cells prior to synaptogenesis results in impaired MLI:PC synapse
formation and function due to reduced presynaptic inputs and abnormal postsynaptic GABAA

receptor clustering. Using genetic manipulations that disrupt glycosylation of Dystroglycan or
truncate its cytoplasmic domain, we show that Dystroglycan’s role in synapse function requires both
extracellular and intracellular interactions, whereas synapse formation requires only extracellular
interactions. Together, these findings provide molecular insight into the mechanism of inhibitory
synapse formation and maintenance in cerebellar cortex.

Throughout nervous system development, synapses are formed, refined,
and eliminated. Synapse formation begins when a presynaptic axon
recognizes potential postsynaptic sites throughmolecular cues. After initial
contact between the pre- and postsynaptic neurons is established, trans-
membrane and secreted molecules are recruited to the nascent synapse to
regulate its maturation and refinement in response to activity1. The wide
diversity in cell adhesionmolecules (CAMs)present at synapses implies that
they can form a “code” for determining synapse type and specificity. While
several CAMs have been shown to be involved in the maturation and
maintenance of synapses, less is known about the molecular players
involved in initial synaptogenesis.

Dystroglycan is a CAM expressed throughout the nervous system in a
variety of cellular populations including neurons, astrocytes, oligoden-
drocytes, vascular endothelial cells, and neuroepithelial cells2–6. Dystrogly-
can is encoded by a single gene (Dag1) that undergoes post-translational
autoproteolytic cleavage to produce two subunits: α- and β-Dystroglycan7,8.
The extracellular alpha subunit is extensively glycosylated through a process
involving at least 19 different genes, and employs a specific glycan motif
referred to as “matriglycan” to bind several extracellular proteins that
containLaminin-G (LG)domains (reviewed in Jahncke andWright, 2023)9.

Mutations that disrupt α-Dystroglycan glycosylation lead to a form of
congenital muscular dystrophy referred to as dystroglycanopathy that is
frequently accompanied by a wide range of neurodevelopmental
abnormalities4. The transmembrane beta subunit of Dystroglycan non-
covalently binds the alpha subunit in the extracellular environment, and
contains a short C-terminal intracellular domain that binds multiple scaf-
folding and signaling proteins10. Dystroglycan is the transmembrane com-
ponent of the Dystrophin Glycoprotein Complex (DGC), which functions
to connect the actin cytoskeleton to the extracellular matrix. Dystroglycan
and Dystrophin, which interact through Dystroglycan’s intracellular
domain, are both central to the DGC, whereas other components of the
complex can vary depending on the cellular type.

Early in nervous system development, Dystroglycan plays important
roles in neuronal migration, axon targeting, andmaintenance of the blood-
brain barrier11–16. Later in development, as synapses begin to form, Dys-
troglycan expression increases in several neuronal populations throughout
the brain, where it localizes at inhibitory synapses17–21. Dystroglycan is
required for the formation and function of subsets of inhibitory synapses
onto hippocampal and cortical pyramidal neurons, where it appears to
function as a postsynaptic recognition cue for presynaptic CCK+/CB1R
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basket interneuron axons22–24. Dystroglycan expression continues past the
period of synapse formation in pyramidal neurons and is required to
maintain CCK+/CB1R

+ basket synapses22. However, whether Dystroglycan
plays these same roles at other synapses has not been explored in detail. In
the cerebellum, Dystroglycan is present at inhibitory somatic and dendritic
synapses onto Purkinje cells (PCs), and deletion of Dag1 from PCs after
synaptogenesis results in a gradual reduction of inhibitory synapse number
and impaired synaptic function17,18,21. Constitutive loss ofDystrophin results
in similar alterations in inhibitory inputs onto PCs, confirming an impor-
tant role for the DGC at these synapses25,26. However, the molecular
mechanisms by which Dystroglycan regulates inhibitory synapses are
unclear.

Until recently, tools for the conditional deletion of genes in cerebellar
PCs prior to the period of synaptogenesis have been lacking. We identified
Calb1Cre as a line that drives recombination in embryonicPCs, allowing us to
conditionally delete Dag1 from PCs prior to the onset of synapse
formation27,28. Using multiple genetic manipulations, we show that Dys-
troglycan is required for both inhibitory synapse formation and main-
tenance in Purkinje neurons. Furthermore, we provide in vivo mechanistic
insight by showing that extracellular glycosylation of α-Dystroglycan and
intracellular interactions through β-Dystroglycan play distinct roles in
synapse formation and function.

Results
Dystroglycan is exclusively localized to inhibitory synapses in the
cerebellar cortex
Dystroglycan is associated with populations of inhibitory synapses
throughout the brain17,18,22,23,29. To rigorously assess Dystroglycan’s synaptic

localization in cerebellar cortex, we conducted analysis of Dystroglycan
immunoreactivity colocalization with established markers of synaptic
populations. Inhibitory synapses in cerebellar cortex reflect synapses from
(1) molecular layer interneurons (MLIs) onto PCs, (2) MLIs onto other
MLIs, and (3) PC collaterals onto other PCs. While currently available
markers are unable to distinguish between these three populations of
synapses, Dystroglycan-positive synapses are presumed to be from MLIs
onto PCs18 and potentially reflect a population that is at least partially
distinct from the Gephyrin-containing population of synapses20,30. We
therefore used two presynaptic inhibitory synapse markers (VGAT and
GAD67) to analyze inhibitoryMLI:PC synapses. The IIH6 antibody, which
specifically recognizes matriglycan disaccharide repeats on α-Dystroglycan,
significantly colocalized with both VGAT and GAD67, with ~70% of IIH6
puncta positive for VGAT or GAD67 (Fig. 1A, C). There was a subset of
IIH6+puncta occurringwith low incidence thatwere not associatedwith the
counterstained inhibitory synapsemarker, perhaps representing synapses in
a dynamic state of formation or elimination. As a control, we flipped the
synaptic marker channel (VGAT or GAD67) along the vertical axis to
generate amirror imageof theoriginal channel and calculated colocalization
between the original IIH6 channel and the mirrored synaptic marker
channel. IIH6 colocalized with the original channel significantly more than
themirrored channel for both VGAT andGAD67 (Fig. 1A–D), confirming
that Dystroglycan is localized to inhibitory synapses in cerebellar cortex.
(See Supplementary Fig. 1 for an outline of the colocalization analysis
pipeline employed.)

There are two populations of excitatory synapses onto PCs: (1)
VGluT1+ parallel fiber inputs from granule cells within the cerebellar cortex
and (2) VGluT2+ climbing fiber inputs originating from neurons of the

Fig. 1 | Dystroglycan co-localizes with markers of inhibitory synapses. Cerebellar
cortex of lobules V–VI was immunostained with Parvalbumin to show Purkinje cell
and MLI morphology and counterstained with IIH6 (glycosylated Dystroglycan)
and GAD67 (A) or VGAT (C). Both the merged channels (IIH6, green; GAD67/
VGAT,magenta) and colocalized pixels are shown for the original image and for the

original IIH6 with the mirrored GAD67/VGAT channel. Images are maximum
projections. B, D Quantification of the percent of IIH6 puncta that are colocalized
withGAD67/VGAT puncta. Scale bar for (A,C) is 50 μm; scale bar for insets (A’,C’)
is 25 μm. GAD67 N = 3 animals, p = 8.87E-04. VGAT N = 4 animals, p = 9.98E-05.
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inferior olivary nucleus. Despite the high density of VGluT1+ parallelfibers,
Dystroglycan andVGluT1 immunoreactivity weremutually exclusive, such
that mirroring the VGluT1 channel increased the incidence of Dystrogly-
can:VGluT1 overlap (Supplementary Fig. 2A, B). Colocalization between
IIH6 and VGluT2 was negligible and was not affected by mirroring the
VGluT2 channel, indicating that Dystroglycan does not localize to climbing
fiber synapses (Supplementary Fig. 2C, D). Together, this illustrates that
Dystroglycan localization is restricted to inhibitory synapses in the cere-
bellar cortex.

Dystroglycan is required for the formation and function of inhi-
bitory synapses onto Purkinje cells
While recentworkhas shown thatDystroglycan is required atCCK+/CB1R

+

basket interneuron synapses onto pyramidal neurons in the hippocampus
and cortex, our understanding ofDystroglycan’s role at inhibitory cerebellar
synapses remains incomplete due to the limited genetic tools available to
manipulate cell populations prior to synapse formation in the
cerebellum17,22,23. Within the cerebellum, Calbindin (Calb1) expression is
restricted to PCs and is expressed in developing PCs as early as E14.531. We
usedCalb1Cre as a tool for conditional deletion ofDag1 fromembryonic PCs,
allowing us to investigate Dystroglycan’s role in the initial formation of
inhibitory synapses onto PCs27,28. To reduce the amount of Dystroglycan
protein that must be turned over, we generated compound mutants with
one copy ofDag1 constitutively deleted and the other copy flanked by LoxP
sites for conditional deletion byCre.We crossedCalb1Cre;Dag1+/−micewith
a Dystroglycan conditional line (Dag1flox/flox) to generate Calb1Cre;Dag1flox/−

conditional knockouts (Calb1Cre;Dag1cKO) and littermate Calb1Cre;Dag1flox/+

controls (Calb1Cre;Dag1Ctrl). Due to the restricted expression ofCre to PCs in
the cerebellum, this approach allowed us to investigate the role of post-
synaptic Dystroglycan at MLI:PC synapses in a cell-autonomous manner.
We previously reported that Calb1Cre;Dag1cKO cerebella show complete loss
of synaptic Dystroglycan at the earliest time point examined (P14), though
the expression of Cre was confirmed at P0, suggesting that Dag1 is deleted
well before synaptogenesis begins28.

In order to assess inhibitory synapse function in Calb1Cre;Dag1Ctrl and
Calb1Cre;Dag1cKO cerebella, we recorded mini inhibitory postsynaptic cur-
rents (mIPSCs) from PCs at P25–P35. On average, Calb1Cre;Dag1cKO PCs
exhibited reduced mIPSC amplitude and frequency compared to littermate

controls (Fig. 2A–F). ReducedmIPSC frequency is generally an indicator of
a reduction in the number of synapses, whereas reduced amplitude could
reflect either (1) changes to postsynaptic receptor clustering resulting in
disrupted subsynaptic domains or (2) altered subcellular distribution of
synapses driven by a reduction in the number of postsynaptic GABAA

receptors. There was no difference in either mIPSC rise or decay time
between control and conditional knockout PCs (Table 1), suggesting no
substantial changes in the subunit composition of synaptic GABAA recep-
tors betweengenotypes, though additional analyses arenecessary to confirm
this hypothesis.

To determinewhether the synaptic deficits could be explained by fewer
MLIs, we immunostained lobules V/VI of cerebellar vermis for Calbindin
(PCs) and Parvalbumin (PCs and MLIs) and quantified Purkinje and MLI
cell densities. Therewasno significant difference inPCdensity,MLIdensity,
or the ratio of MLIs to PCs (Supplementary Fig. 2A, B), suggesting that the
changes in synapse function were not due to defects in cellular proliferation
or survival.

To evaluate potential structural correlates of the observed reduction
in mIPSC frequency and amplitude, we immunostained for the pre-
synaptic inhibitory synapse marker VGAT along with the inhibitory
postsynaptic GABAA receptor subunit GABAAα1. Analysis of synaptic
puncta in Calb1Cre;Dag1cKO mice using confocal microscopy with linear
Wiener filter deconvolution revealed a reduction in both VGAT and
GABAAα1 puncta density compared to littermate controls (Fig. 3A–C),
supporting a reduction in synapse number in the absence of Dystro-
glycan and providing a possible explanation for the reduction in mIPSC
frequency. While synapse density was reduced in both the dendritic
and somatic compartments, the reduction was most striking in the soma
(Fig. 3A–C). The near absence of somatic synapses could cause the
observed reduction in mIPSC amplitude, as perisomatic events are
generally larger in amplitude than events originating further away from
the recording pipette as a result of dendritic filtering32,33. We also
quantified synaptic puncta size and observed no change in VGAT or
GABAAα1 puncta size (Fig. 3D), indicating that changes in the number
of postsynaptic receptors are unlikely to explain the observed changes in
mIPSC amplitude.

While the synaptic deficits observed after early developmental deletion
of Dag1 suggest that Dystroglycan is required for synapse formation, this

Fig. 2 | Impaired inhibitory synapse function in Calb1Cre;Dag1cKO Purkinje cells.
A Average mIPSC event. B Representative 15 s trace of mIPSCs. mIPSC amplitude
(C) and frequency (D); error bars are presented as mean+ SEM. Cumulative

frequency histogram for individual mIPSC amplitudes (E) and inter-event intervals
(IEI) (F). Calb1Cre;Dag1Ctrl N = 16 cells, 6 animals; Calb1Cre;Dag1cKO N = 16 cells, 6
animals; pAmp = 0.017, pFreq = 0.018.
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finding is inconsistent with earlier work in cultured hippocampal neurons
that found Dystroglycan to be dispensable for synapse formation in vitro20.
It remains possible that synapses form successfully but disassemble before
the P25–P35 experimental time point. To exclude this possibility, we ana-
lyzed VGAT and GABAAα1 in Calb1Cre;Dag1cKO mice at P12, a peak
synaptogenic time point in MLI:PC development34. We observed a loss of
VGAT and GABAAα1 synaptic puncta on the PC soma and a reduction of
GABAAα1, but not VGAT, puncta density in the molecular layer
(Fig. 4A–C).While therewas no change inVGATpuncta volume, therewas
a reduction inGABAAα1puncta volume (Fig. 4D).The severity of loss of the
postsynaptic element GABAAα1 compared to presynaptic VGAT at this
early synaptogenic time point is consistent with Dystroglycan coordinating
synapse formation from the postsynaptic side.

Dystroglycan is required for the long-term maintenance of inhi-
bitory MLI:PC synapses
The synaptic phenotypes observed following early deletion of Dag1 from
PCs using Calb1Cre suggest that Dystroglycan is required for initial MLI
axonal recognition of postsynaptic sites and subsequent synapse formation,
similar to what we have reported for CCK+/CB1R

+ basket synapses in the
hippocampus23. Testing whether Dystroglycan is involved in the main-
tenance of synapses requires deletingDag1 after synapse formation.MLI:PC
synapses begin forming around P7 and are largely formed by P14, with
additional synaptogenesis extending past P2131,35,36. Recent work using L7Cre

to deleteDag1 found that Dystroglycan was gradually eliminated from PCs
andwasn’t fully absent fromall PCsuntil P90.This prolonged localizationof
Dystroglycan at synapses in these mice likely reflects its slow rate of protein
turnover, as Dystroglycan has a half-life of ~25 days in skeletal muscle37.
L7Cre;Dag1cKOs did exhibit impaired MLI:PC synapse function and a reduc-
tion in pre- and postsynapticmarkers at P180, suggesting thatDystroglycan
does indeed play a role in synapsemaintenance17. To confirm this result, we
used Pcp2Cremice, in which PCs begin to expressCre gradually between P7-
P14, to deleteDag1 after synapse formation has initiated28. Pcp2Cre;Dag1flox/−

conditional knockouts (Pcp2Cre;Dag1cKO) showed Cre-mediated recombi-
nation in all PCs at P14 and loss of Dystroglycan protein by P30. (See
Jahncke and Wright, 202428 for a validation of this genetic manipulation.)

The observed Pcp2Cre recombination timeline is closely aligned with the
synaptogenic period in PCs and, given the time course of protein turnover, is
likely deleting Dag1 soon after synapse formation. When we recorded
mIPSCs from Pcp2Cre;Dag1cKOs aged P25–P35, they showed no significant
difference from littermate controls (Fig. 5A–F), suggesting that synapses
remain functional without Dystroglycan in the short term. However, when
we recorded mIPSCs from animals aged P55–P65, we observed a reduction
inmIPSC amplitude and frequency (Fig. 5G–L). Together with the data from
Calb1Cre;Dag1cKOs (Figs. 2–4), these results show that Dystroglycan is required
for both the formation and the long-term maintenance of MLI:PC synapses.

Extracellular glycosylation of α-Dystroglycan is required for
inhibitory synapse formation and function
The observed synaptic phenotypes in the absence of Dystroglycan are likely
driven by a combination of (1) extracellular glycan-protein interactions
mediated by the matriglycan chains on α-Dystroglycan interacting with
binding partners in cis or trans and (2) intracellular protein-protein

interactions or signaling cascades through the intracellular C-terminus of β-
Dystroglycan. To define which aspects of Dystroglycan’s synaptic function
are mediated by these distinct molecular mechanisms, we generated mice
with Dystroglycan lacking either (1) extracellular glycosylation or (2) the
intracellular domain.

The extracellular alpha subunit ofDystroglycan containsO-mannosyl-
linked glycan chains with terminal -3Xylα1-3GlcAβ1-disaccharide repeats
termed “matriglycan”, which interacts with LG domain-containing extra-
cellular binding partners38,39. The glycosyltransferase Pomt2 (Protein
O-mannosyltransferase 2), in a heterocomplex with Pomt1, is responsible
for adding the initialO-mannose to Dystroglycan, and its deletion results in
a complete loss of matriglycan chains40. We used Calb1Cre to conditionally
delete Pomt2 from PCs, generating Calb1Cre;Pomt2flox/flox conditional
knockouts (Calb1Cre;Pomt2cKO) and Calb1Cre;Pomt2flox/+ littermate controls
(Calb1Cre;Pomt2Ctrl). Loss of Dag1 glycosylation was confirmed by immu-
nostaining with the IIH6 antibody, which recognizes matriglycan. In con-
trast to the punctate synaptic staining pattern seen inCalb1Cre;Pomt2CtrlPCs,
Calb1Cre;Pomt2cKO PCs did not show any synaptic IIH6 immunoreactivity
(Supplementary Fig. 5A). We tested several potential antibodies against
Dystroglycan core protein epitopes and β-Dystroglycan to determine
whether loss of the glycan chains affected Dystroglycan’s synaptic locali-
zation, but we were unable to find immunostaining conditions in which
there was specific labeling in control tissue.While it is feasible that Pomt2 is
required forO-mannosylationof synaptic proteins other thanDystroglycan,
this is unlikely41,42. Furthermore, we did not observe any phenotypes in
Pomt2 conditional knockouts that we also did not observe in Dag1 condi-
tional knockout models.

To assess MLI:PC synapse function in the absence of matriglycan, we
conducted mIPSC recordings in P25–P35 Calb1Cre;Pomt2cKOs PCs and lit-
termate controls (Fig. 6A–F). Similar to Dag1 conditional knockouts,
Calb1Cre;Pomt2cKOs exhibited a reduced mIPSC frequency compared to
controls (Fig. 6A, B, D, F). However, mIPSC amplitude was normal
(Fig. 6C, E). Based on the reduced mIPSC frequency, we hypothesized that
we would observe a reduction in inhibitory synapse density in
Calb1Cre;Pomt2cKOs similar to that observed inCalb1Cre;Dag1cKOs. Indeed, both
VGAT and GABAAα1 puncta densities were reduced in both the dendritic
and somatic compartments in Calb1Cre;Pomt2cKOs compared to littermate
controls (Fig. 7A–C) while there was no change in puncta size for either
marker (Fig. 7D). From these data, it is clear that extracellular glycan-
protein interactions are involved in regulating the organization of the
inhibitory postsynapse.

The intracellular domain of β-Dystroglycan is required for inhi-
bitory synapse function but not formation
The intracellular domain of Dystroglycan interacts directly with Dystro-
phin, which mediates interactions with the actin cytoskeleton and other
scaffolding/signalingmolecules. Inamousemodel lacking the relevant brain
isoforms of Dystrophin (mdx), PCs show reduced mIPSC frequency and
amplitude, reduced GABAAα1 receptor puncta density, and fewer MLI:PC
contacts, showing that Dystrophin is required for inhibitory PC synapses in
a manner similar to Dystroglycan25,26,43–46. Mice lacking the cytoplasmic
portion of Dystroglycan that interacts with Dystrophin develop muscular
dystrophy but exhibit largely normal brain development47. However,

Table 1 | mIPSC rise and decay kinetics

Experiment RiseCtrl (ms) RisecKO (ms) Risep-val DecayCtrl (ms) DecaycKO (ms) Decayp-val

Calb1Cre;Dag1 0.73 ± 0.05 0.79 ± 0.05 0.38 7.87 ± 0.39 8.77 ± 0.62 0.36

Pcp2Cre;Dag1 (P30) 0.93 ± 0.09 0.79 ± 0.08 0.39 7.74 ± 0.57 7.99 ± 0.75 0.95

Pcp2Cre;Dag1 (P60) 0.85 ± 0.08 0.92 ± 0.06 0.37 7.41 ± 0.53 7.44 ± 0.49 0.94

Calb1Cre;Pomt2 0.71 ± 0.05 0.72 ± 0.05 0.81 7.61 ± 0.58 7.47 ± 0.53 0.65

Calb1Cre;Dag1ΔICD 0.66 ± 0.06 0.87 ± 0.16 0.1 7.12 ± 0.43 7.55 ± 0.84 0.79

Average mIPSC rise and decay times in milliseconds, expressed as mean ± SEM. Ns are indicated in the corresponding figure legends.
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cytoplasmic deletion mutants exhibit synaptic deficits at CCK+/CB1R
+

basket synapses in the hippocampus23. We therefore hypothesized that, in
addition to extracellular Dystroglycan glycosylation, the intracellular
domain of Dystroglycan may also be required for MLI:PC synapse
function. To investigate the role of the intracellular domain of Dystro-
glycan specifically at MLI:PC synapses, we generated conditional cyto-
plasmic domain mutants by crossing Calb1Cre;Dag1flox/+ mice with mice
constitutively expressing one copy of truncated Dystroglycan lacking
the intracellular domain (Dag1ΔICD/+), generating Calb1Cre;Dag1flox/ΔICD

mutants (Calb1Cre;Dag1cΔICD) and Calb1Cre;Dag1+/+ littermate controls
(Calb1Cre;Dag1WT). Immunohistochemistry with IIH6 showed that
Calb1Cre;Dag1cΔICD mutants maintained synaptic localization of glycosy-
lated PC Dystroglycan in the absence of the intracellular domain (Sup-
plementary Fig. 5B).

To measure the contribution of the intracellular domain of Dystro-
glycan to MLI:PC synapse function we conducted mIPSC recordings from
P25–P35 Calb1Cre;Dag1cΔICD PCs and those of littermate controls and
observed a phenotype that resembled that ofCalb1Cre;Dag1cKOPCmIPSCs: a
reduction in both mIPSC amplitude and frequency (Fig. 6G–L). We
therefore conclude that the amplitude component of Dystroglycan-
containing MLI:PC synapses is governed by intracellular interactions
between Dystroglycan and other postsynaptic proteins (likely including

Dystrophin) and/or intracellular signaling initiated by the C-terminus of β-
Dystroglycan. The frequency component of this synaptic circuit, however,
appears to be influenced by factors dictated by both extracellular glycan-
protein interactions and intracellular protein-protein interactions or sig-
naling pathways.

Due to the reduction in mIPSC frequency observed in
Calb1Cre;Dag1cΔICD PCs (Fig. 6J, L), we hypothesized that we would see a
similar reduction in inhibitory synapse density in Calb1Cre;Dag1cΔICD as that
observed in Calb1Cre;Dag1cKO (Fig. 3C) and Calb1Cre;Pomt2cKO (Fig. 7C) PCs.
Whilewe still observed a reduction inVGATandGABAAα1 puncta density
on the PC soma, we found no change in the density or size of VGAT or
GABAAα1puncta in themolecular layer (Fig. 8A–D). This suggests that loss
of the intracellular domain of Dystroglycan does not affect the ability of
presynapticMLIs to recognize postsynaptic PCs and form synaptic contacts
within themolecular layer, but it is required for proper somatic innervation.

As the reduction in somatic synapse number is quite small in com-
parison to thenumber ofmolecular layer synapses, we are left to assume that
the reduced mIPSC frequency we observed in Calb1Cre;Dag1cΔICD PCs is due
to alterations to the synapse other than simply synapse number. Previous
work involvingpaired recordings betweenMLI andPCpairs inDystrophin-
deficientmdxmice identified a reduction in the size of the readily releasable
pool26. A similarmechanism could explain the reducedmIPSC frequency in

Fig. 3 | Inhibitory pre- and postsynaptic markers are altered in Calb1Cre;Dag1cKO

cerebellar cortex. Tissue sections from cerebellar vermis of Calb1Cre;Dag1cKOs (B)
and littermate controls (A) were immunostained for Calbindin to visualize Purkinje
cells along with the presynaptic marker VGAT (magenta) and postsynaptic GABAA

receptor subunit GABAAα1 (green). The first panel shows a low-magnification view
of the Calbindin channel. Subsequent panels are magnified views of the yellow
outlined region in thefirst panel. Images aremaximumprojections.CQuantification

of VGAT (left) and GABAAα1 (right) puncta density (per 100 μm
3) for dendritic

(“Molecular Layer”) and somatic compartments. Error bars are presented as
mean+ SEM. pVGAT_ML = 0.002, pVGAT_Soma = 2.48E-05, pGABAAα1_ML = 0.003,
pGABAAα1_Soma = 0.003. D Quantification of VGAT (left) and GABAAα1 (right)
puncta size (in μm3) for the dendritic compartment. pVGAT = 0.778,
pGABAAα1 = 0.969. Calb1Cre;Dag1Ctrl N = 5 animals. Calb1Cre;Dag1cKO N = 4 animals.
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Calb1Cre;Dag1cΔICDPCs (Fig. 6J, L). The intracellular domain ofDystroglycan
interacts directly with Dystrophin, so a common mechanism between the
mdx andCalb1Cre;Dag1cΔICDmodels is likely48.While additional work will be
necessary to determine the details underlying the observed phenotypes,
these data show that the intracellular domain ofDystroglycanplays a crucial
role in MLI:PC synapse function but is only required for the formation of
somatic, not dendritic, synapses.

Discussion
Despite years of study, the molecules required for MLI:PC synaptogenesis
remain enigmatic. Several postsynaptic transmembrane proteins, including
Neuroligins, Kit, andDystroglycan, are required for properMLI:PC synapse
maintenance and function17,49–51. However, these prior studies were unable
to address the role of these proteins in initial synaptogenesis due to the lack
of genetic tools that target Purkinje neurons early in development.With the
identification ofCalb1Cre as a tool for the deletion of genes fromPCs early in
development27,28, wewere able to show for the first time thatDystroglycan is
required for initial synapse formation at MLI:PC synapses (Figs. 2–4). Loss
of Dystroglycan was accompanied by reductions in bothmIPSC amplitude,
mIPSC frequency, and inhibitory pre- and postsynaptic marker density,
illustrating that synapses are not able to form normally in the absence of
Dystroglycan.

Previous work used the L7Cre line to delete Dag1 from PCs after
synaptogenesis, which did not achieve complete loss of Dystroglycan pro-
tein until P90, limiting the study to the role of Dystroglycan in long-term
synapsemaintenance17,28.Nevertheless, itwas determined thatDystroglycan
is indeed required for synapse maintenance, as the L7Cre;Dag1flox/flox PCs
showed a decreased inhibitory synapse density and decreased mIPSC fre-
quency and amplitude17. We confirmed these results using a Pcp2Cre mouse
line mated with mice in which only one copy ofDag1 needed to be excised
(Dag1flox/−), achieving complete loss of Dystroglycan by P3028.We observed
similarly impaired synapse function in Pcp2Cre;Dag1flox/− (Pcp2Cre;Dag1cKO)
PCs at P55–P65 (Fig. 5G–L), confirming Dystroglycan’s role in MLI:PC
synapse maintenance. Curiously, mIPSC recordings in Pcp2Cre;Dag1cKO PCs
at P25–P35, in which Dag1 is deleted from most cells and most protein
turned over, showed no significant impact onMLI:PC function (Fig. 5A–F).
There are two potential explanations for this result: (1) synapses remain
stable for some period of time (most likely on the order of days to weeks)
after Dystroglycan protein is eliminated, or (2) the amount of Dystroglycan
protein remaining at P25–P35 is below the detection threshold for immu-
nohistochemistry, but sufficient to maintain synapse function.

How does Dystroglycan regulate MLI:PC synapse formation and
function? The genetic manipulations we used in this study allowed us
to distinguish the extracellular (Calb1Cre;Pomt2cKO) and intracellular

Fig. 4 | Developmental disruption in inhibitory pre- and postsynapticmarkers in
P12 Calb1Cre;Dag1cKO cerebellar cortex. Tissue sections from cerebellar vermis of
P12 Calb1Cre;Dag1cKOs (B) and littermate controls (A) were immunostained for
Calbindin to visualize Purkinje cells along with the presynaptic marker VGAT
(magenta) and postsynaptic GABAA receptor subunit GABAAα1 (green). The first
panel shows a low-magnification view of the Calbindin channel. Subsequent panels
are magnified views of the yellow outlined region in the first panel. Images are

maximum projections. C Quantification of VGAT (left) and GABAAα1 (right)
puncta density (per 100 μm3) for dendritic (“Molecular Layer”) and somatic com-
partments. Error bars are presented as mean+ SEM. pVGAT_ML = 0.062,
pVGAT_Soma = 0.010, pGABAAα1_ML = 0.009, pGABAAα1_Soma = 0.006.DQuantification
of VGAT (left) and GABAAα1 (right) puncta size (in μm3) for the dendritic com-
partment. pVGAT = 0.495, pGABAAα1 = 0.029. Calb1Cre;Dag1Ctrl N = 4 animals.
Calb1Cre;Dag1cKO N = 4 animals.
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(Calb1Cre;Dag1cΔICD) functions of Dystroglycan at these synapses. Our
experiments using Calb1Cre;Pomt2cKO mice show that extracellular glycosy-
lation of α-Dystroglycan is required for Dystroglycan’s role in both
synaptogenesis and synapse function (Figs. 6 and 7), in agreement with our
previous work showing that forebrain deletion of Dag1 or Pomt2 results in
identical deficits in hippocampal CCK+/CB1R

+ basket synapse formation
and function23. Removal of Pomt2 results in loss of all O-mannosyl-linked

glycosylation on Dystroglycan (Supplementary Fig. 5)40, including the
−3Xylα1-3GlcAβ1- disaccharide repeats referred to as matriglycan elon-
gated by the glycosyltransferase LARGE152,53. The length of the matriglycan
repeat can serve as a “tunable matrix” capable of binding multiple LG
domain-containing proteins simultaneously, allowing large macro-
molecular complexes to form38,54. PCmatriglycanmigrates at a significantly
higher molecular weight than matriglycan in other neuronal and non-

Fig. 5 | Impaired inhibitory synapse function in Pcp2Cre;Dag1cKO Purkinje cells at
P60 but not P30. A–F mIPSC analysis in Pcp2Cre;Dag1cKO and littermate control
Purkinje cells at P25–P35. A Average mIPSC event. B Representative 15 s trace of
mIPSCs. mIPSC amplitude (C) and frequency (D); error bars are presented as
mean+ SEM. Cumulative frequency histogram for individual mIPSC amplitudes
(E) and inter-event intervals (IEI) (F). G–L mIPSC analysis in Pcp2Cre;Dag1cKO and
littermate control Purkinje cells at P55–P65. G Average mIPSC event.

HRepresentative 15 s trace ofmIPSCs.mIPSC amplitude (I) and frequency (J); error
bars are presented as mean+ SEM. Cumulative frequency histogram for individual
mIPSC amplitudes (K) and inter-event intervals (IEI) (L). P25–P35 Pcp2Cre;Dag1Ctrl

N = 13 cells, 5 animals; P25–P35 Pcp2Cre;Dag1cKO N = 9 cells, 5 animals; pAmp = 0.794,
pFreq = 0.431. P55–P65 Pcp2Cre;Dag1Ctrl N = 12 cells, 5 animals; P55–P65
Pcp2Cre;Dag1cKO N = 14 cells, 4 animals; pAmp = 0.040, pFreq = 1.26E-04.
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neuronal populations, suggesting PCs may contain longer matriglycan
chains with increased binding capacity47.

The intracellular domain of Dystroglycan was long thought to be
dispensable for neuronal function, as mice lacking the intracellular domain
of Dystroglycan exhibit normal neuronal migration and axon
targeting13,23,47.However,we recently found thathippocampalCCK+/CB1R

+

basket cells exhibit slightly altered perisomatic axon targeting and impaired
synapse function despite normal synapse formation when the intracellular
domain is deleted23. In the present study we similarly found impaired
synapse function in Calb1Cre;Dag1cΔICD mice (Fig. 6G–L) and reduced

somatic innervation despite relatively normal MLI:PC synapse formation
(Fig. 8). Not only do these findings confirm the role of the cytoplasmic
domain in synapse function, but they also illustrate the cell-autonomous
nature of themechanism as theCalb1Cremutation is restricted to PCswithin
the cerebellum. Taken together, the results obtained in Calb1Cre;Pomt2cKO

and Calb1Cre;Dag1cΔICD mutants show that both extracellular glycosylation
and intracellular scaffolding/signaling by Dystroglycan is required for
properMLI:PC synapse function, while the intracellular domain is required
for somatic innervation and is dispensable for the formation of presynaptic
contacts onto PC dendrites.

Fig. 6 | Impaired inhibitory synapse function in Calb1Cre;Pomt2cKO and
Calb1Cre;Dag1cΔICD Purkinje cells. A–F mIPSC analysis in Calb1Cre;Pomt2cKO and
littermate control Purkinje cells at P25–P35. A Average mIPSC event.
B Representative 15 s trace of mIPSCs. mIPSC amplitude (C) and frequency (D);
error bars are presented as mean+ SEM. Cumulative frequency histogram for
individual mIPSC amplitudes (E) and inter-event intervals (IEI) (F). G–L mIPSC
analysis in Calb1Cre;Dag1cΔICD and littermate control Purkinje cells at P25–P35.

G Average mIPSC event.H Representative 15 s trace of mIPSCs. mIPSC amplitude
(I) and frequency (J); error bars are presented as mean+ SEM. Cumulative fre-
quency histogram for individual mIPSC amplitudes (K) and inter-event intervals
(IEI) (L). Calb1Cre;Pomt2Ctrl N = 11 cells, 3 animals; Calb1Cre;Pomt2cKO N = 10 cells, 4
animals; pAmp = 0.426, pFreq = 0.011. Calb1Cre;Dag1WT N = 13 cells, 4 animals;
Calb1Cre;Dag1cΔICD N = 14 cells, 4 animals; pAmp = 5.19E-04, pFreq = 7.28E-04.
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The identity of Dystroglycan’s presynaptic partner(s) at MLI:PC
synapses remains unknown.Matriglycan binds specifically to proteins with
LG domains, and there are upwards of 20 LG domain-containing proteins
expressed in cerebellar cellular populations that are candidate extracellular
binding partners of Dystroglycan. Biochemical isolation of Dystroglycan-
containing complexes to identify potential synaptic binding partners is
complicated by its expression inmany cell types in the brain, with neuronal
Dystroglycan representing aminority proportion. Possible binding partners
for Dystroglycan at MLI:PC synapses include members of the Neurexin
family of presynaptic adhesion molecules. Biochemical studies show that
Dystroglycan binds to two of the LG domains present in Neurexins in a
glycosylation-dependent manner, and Dystroglycan:Neurexin-3 interac-
tions regulate inhibitory synapse function in the olfactory bulb and medial
prefrontal cortex29,55,56. However, whether this interaction occurs atMLI:PC
synapses has not yet been examined. All three Neurexins are expressed by
MLIs, and these neurons have been difficult to selectively target for condi-
tional deletions57,58.

Neurexins also interact with postsynaptic Neuroligins, and all three
Neuroligin isoforms are expressed in PCs. Triple conditional deletion of
Neuroligin1/2/3 from PCs causes synaptic alterations similar to those
observed when Dystroglycan is conditionally deleted from PCs
(Figs. 2 and 3)51. This effect was not observed in conditional Nlgn1/Nlgn3

double knockouts but was seen inNgln2/Nlgn3 double knockouts. ANlgn2
constitutive knockout only partially recapitulated these results, suggesting
that while Nlgn2 is the primary driver of this phenotype, some degree of
molecular compensation can occur in its absence51. Neuroligins are thought
to be linked to the intracellular domain of β-Dystroglycan through
S-SCAM/MAGI-259, and Nlgn2 puncta density is reduced at somatic
MLI:PC synapses in PC Dag1 conditional knockouts17,60. Thus, Dystrogly-
can can interact directly and indirectly with Neurexins andNeuroligins in a
network of pre- and postsynaptic cell adhesion complexes.

Synapse formation occurs inmultiple phases: a presynaptic axonmust
first recognize its postsynaptic target through some sort of recognition cue,
after which pre- and postsynaptic molecules are recruited to the nascent
synapse. Constitutive or developmentally early deletions of Neurexins or
Neuroligins typically result in impaired synapse function; however, whether
synapse number is affected by genetic manipulation varies, suggesting that
initial postsynaptic partner recognition and synaptogenesis is mediated by
other molecules29,51,61–63. Dystroglycan, on the other hand, is required for
both the initial formation of a synapse and its maintenance; devel-
opmentally early deletion of Dag1 results in a loss of synapses and reduced
synaptic function (Figs. 2–4)22,23. Similarly, later deletion of Dag1 also
impacts synapse function, showing it is also required for subsequent synapse
maintenance (Fig. 5)17.

Fig. 7 | Inhibitory pre- and postsynaptic markers are altered inCalb1Cre;Pomt2cKO

cerebellar cortex. Tissue sections from cerebellar vermis of Calb1Cre;Pomt2cKOs (B)
and littermate controls (A) were immunostained for Calbindin to visualize Purkinje
cells along with the presynaptic marker VGAT (magenta) and postsynaptic GABAA

receptor subunit GABAAα1 (green). The first panel shows a low-magnification view
of the Calbindin channel. Subsequent panels are magnified views of the yellow
outlined region in thefirst panel. Images aremaximumprojections.CQuantification

of VGAT (left) and GABAAα1 (right) puncta density (per 100 μm
3) for dendritic

(“Molecular Layer”) and somatic compartments. Error bars are presented as
mean+ SEM. pVGAT_ML = 0.006, pVGAT_Soma = 0.026, pGABAAα1_ML = 0.013,
pGABAAα1_Soma = 0.028. D Quantification of VGAT (left) and GABAAα1 (right)
puncta size (in μm3) for the dendritic compartment. pVGAT = 0.764,
pGABAAα1 = 0.219.Calb1Cre;Pomt2Ctrl N = 3 animals.Calb1Cre;Pomt2cKON = 3 animals.
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Together with evidence from other Dystroglycan-expressing synapses
in the brain22–24,29, our data suggest that Dystroglycan acts as a recognition
molecule for presynaptic axon targeting of the postsynaptic compartment,
after which its role switches to one of postsynaptic molecule recruitment
and synapse stabilization. While the glycan-protein interaction between
Dystroglycan and Neurexin may be required for the maturation and
stabilization of a synapse, the presynaptic binding partner(s) of Dystro-
glycan during axon targeting may be mediated by other LG domain-
containing proteins.

In both the hippocampus23 and the cerebellum (Figs. 6 and 8), the
intracellular domain of Dystroglycan is required for inhibitory synapse
function, while presynaptic targeting is largely normal. While intracellular
interactions with Dystroglycan in the brain remain poorly described, the
prevailing interaction contributing to MLI:PC synapse function is likely
between Dystroglycan and Dystrophin (Dmd), which interact directly
through the intracellular domain of Dystroglycan64,65. There is extensive
literature supporting a role forDystrophin atMLI:PC synapses17,25,26,43,45,46,66.
Similar to our data in Calb1Cre;Dag1cΔICD PCs (Fig. 6G–L), Dystrophin-
deficient mdx mice exhibit impaired mIPSC frequency and
amplitude25,26,43,46. Sincemdxmice have a constitutive mutation in Dystro-
phin, it is not clear if it functions in PCs, MLIs, or both. Dystrophin is
predominantly localized to the postsynaptic compartment at MLI:PC

synapses67, and its loss results in abnormal GABA receptor clustering in
PCs45, suggesting a postsynaptic role. However, loss of Dystrophin also
affects presynapticMLI function. Paired recordings betweenMLIs and PCs
inmdxmice revealed an increase in the failure rate, but no change in paired
pulse ratio, suggesting that release probability does not explain the increased
failure rate26. Rather, the size of the readily releasable pool and the quantal
content were both reduced in mdx MLIs26. One possibility is that Dystro-
glycan acts as the link between postsynaptic Dystrophin and presynaptic
defects in MLI function, possibly through transsynaptic interactions with
Neurexins. Studies using MLI:PC paired recordings in Calb1Cre;Dag1cΔICD

mice or PC specific deletion of Dystrophin could inform whether this pro-
posed mechanism is at play.

Historically, MLIs have been classified based on their morphological
features, with basket cells in the lower third of the molecular layer targeting
their axons to PC somata and proximal dendrites, while stellate cells located
in the upper third of the molecular layer target their axons to PC distal
dendrites. However, recent studies have blurred these distinctions. While
transcriptomic classification identified two distinct MLI populations, both
types were present throughout the entire molecular layer and did not pre-
cisely correspond to the classical morphological distinction of basket and
stellate cells57,68. Subsequent functional comparisons showed that the MLI1
transcriptional subtype primarily forms inhibitory inputs onto PCs, while

Fig. 8 | Inhibitory pre- and postsynaptic markers are relatively normal in
Calb1Cre;Dag1cΔICD cerebellar cortex. Tissue sections from cerebellar vermis of
Calb1Cre;Dag1cΔICDs (B) and littermate controls (A) were immunostained for Cal-
bindin to visualize Purkinje cells along with the presynaptic marker VGAT
(magenta) and postsynaptic GABAA receptor subunit GABAAα1 (green). The first
panel shows a low-magnification view of the Calbindin channel. Subsequent panels
are magnified views of the yellow outlined region in the first panel. Images are

maximum projections. C Quantification of VGAT (left) and GABAAα1 (right)
puncta density (per 100 μm3) for dendritic (“Molecular Layer”) and somatic com-
partments. Error bars are presented as mean+ SEM. pVGAT_ML = 0.575,
pVGAT_Soma = 0.018, pGABAAα1_ML = 0.372, pGABAAα1_Soma = 0.044.DQuantification
of VGAT (left) and GABAAα1 (right) puncta size (in μm3) for the dendritic com-
partment. pVGAT = 0.424, pGABAAα1 = 0.719. Calb1Cre;Dag1WT N = 3 animals.
Calb1Cre;Dag1cKO N = 3 animals.
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the MLI2 transcriptional subtype primarily forms inhibitory inputs onto
MLI1 cells69.

IIH6 immunoreactivity shows Dystroglycan localized at synaptic
puncta on PC somata and dendrites throughout the entirety of the mole-
cular layer (Fig. 1). Deletion of Dystroglycan28 or Pomt2 (Supplementary
Fig. 5A) from PCs with Calb1Cre results in a complete loss of punctate
IIH6 staining in the molecular layer, suggesting Dystroglycan is pre-
dominantly localized at MLI1:PC synapses. While loss of Dystroglycan
caused a reduction inbothVGATandGABAAα1puncta throughout thePC
layer and molecular layer, the reduction on the surface of the PC soma was
particularly striking, especially so for the postsynaptic GABAAα1 receptor
subunit (Figs. 3A, B and 4A, B). One unique molecular feature of somatic
MLI:PC synapses is that they lack the inhibitory postsynaptic scaffolding
molecule Gephyrin, whereas dendritic MLI:PC synapses do contain
Gephyrin35.WhileGABAA receptors are typically thought to be anchored to
the postsynapse through Gephyrin, Dystroglycan may play a more pro-
nounced role in scaffolding postsynaptic receptors at Gephyrin-lacking
somatic MLI:PC synapses. A complete accounting of the molecular com-
position of Dystroglycan-containing postsynaptic inhibitory complexes,
and how this may be different in distinct subcellular compartments in PCs
remains an open question.

Materials and methods
Animal husbandry
All animals were housed and cared for by the Department of Comparative
Medicine at OregonHealth and Science University (OHSU), an AAALAC-
accredited institution. We have complied with all relevant ethical regula-
tions for animal use. Animal procedures were approved by OHSU Insti-
tutionalAnimalCare andUseCommittee (Protocol # IS00000539), adhered
to the NIH Guide for the care and use of laboratory animals, and were
provided with 24-h veterinary care. Animal facilities are regulated for
temperature and humidity and maintained on a 12-h light-dark cycle and
were provided food and water ad libitum. Mice were used between the ages
of P12 and P65 (as indicated in the text or figure legend). Mice were
euthanized by administration of CO2 followed by exsanguination or
decapitation.

Mouse strains and genotyping
The day of birth was designated postnatal day 0 (P0). The ages of mice used
for each analysis are indicated in thefigure andfigure legends.Mouse strains
used in this study have been previously described and were obtained from
Jackson Labs, unless otherwise indicated (Table 2). Breeding schemas are as
described in Table 3. Where possible, mice were maintained on a C57BL/6
background. We previously validated the specificity and timing of Calb1Cre

andPcp2Cre for the conditional knockout ofDag1 fromPCs (see Jahncke and
Wright, 2024)28. TheDag1ΔICD linewas outcrossed to aCD-1background for
one generation to increase the viability of mutant pups. The Dag1ΔICD line
was then backcrossed to C57BL/6 breeders for 3 generations before per-
forming experiments.Dag1+/−micewere generated by crossing theDag1flox/
flox line to a Sox2Cre line to generate germlineDag1Δ/+mice, hereafter referred
to as Dag1+/− as the resultant transcript is nonfunctional. These mice were
thereafter maintained as heterozygotes. Genomic DNA extracted from toe
or tail samples using theHotSHOTmethod70 was used to genotype animals.
Primers for genotyping can be found on the JAX webpage or originating
article. Dag1+/− mice were genotyped with the following primers: CGAA-
CACTGAGTTCATCC (forward) and CAACTGCTGCATCTCTAC
(reverse). For each mouse strain, littermate controls were used for com-
parisonwithmutantmice. For all experiments,mice of both sexeswere used
indiscriminately.

Tissue fixation and processing
Mice older than P21were perfusedwith either 4%Paraformaldehyde (PFA)
in PBS, pH 7 (Fig. 1, Supplementary Figs. 2, 3 and 5) or 9% Glyoxal/8%
Acetic acid (GAA) in PBS, pH 4-5 (modified fromKonno et al.71) (Figs. 3, 4,
7 and 8). PFA was prepared from powder (Thermo Scientific Chemicals,

Cat. No. A1131336). Glyoxal was purchased as a 40% stock solution
(ThermoScientificChemicals,Cat.No. 156225000), andGlacialAceticAcid
was purchased fromFisher (Cat. No. A38-500). PFA perfusionwas used for
all immunohistochemical experiments except for those involving anti-
GABAAα1, which was only compatible with GAA-fixed tissue. P30 mice
were deeply anesthetized using CO2 and transcardially perfused with ice-
cold 0.1MPBS for 2min toclear blood fromthebrain, followedby either (1)
15mL of ice-cold 4% PFA in PBS or (2) 20mL of ice-cold 9%/8% GAA in
PBS, as indicated. After perfusion, brains were dissected and post-fixed in
either (1) 4% PFA for 30min at room temperature or (2) 9%/8% GAA
overnight at 4 °C. P12 mice were anesthetized with CO2, followed by swift
decapitation; the cerebellum was rapidly excised and immersed in 9%/8%
GAA overnight at 4 °C. Brains were rinsedwith PBS, embedded in 4% low-
melt agarose (Fisher, Cat. No. 16520100), and sectioned at 70 μm using a
vibratome (VT1200S, Leica Microsystems Inc., Buffalo Grove, IL) into 24-
well plates containing 1mL of 0.1M PBS with 0.02% Sodium Azide.

Immunohistochemistry
Immunofluorescence detection of antigens was performed as follows: free-
floating vibratome sections (70 μm) were briefly rinsed with PBS, then
blocked for 1 h in PBS containing 0.2% Triton-X (PBST) plus 2% normal
goat serum. For staining of Dystroglycan synaptic puncta, an antigen
retrieval step was performed prior to the blocking step: sections were
incubated in sodiumcitrate solution (10mMSodiumCitrate, 0.05%Tween-
20, pH 6.0) for 12min at 95 °C in a water bath, followed by 12min at room
temperature. Sections were incubated with primary antibodies (Table 4)
diluted in blocking solution at 4 °C for 48–72 h. Following incubation with
the primary antibody, sectionswerewashedwithPBS three times for 20min
each. Sections were then incubated with a cocktail of secondary antibodies
(1:500, Alexa Fluor 488, 546, 647) in blocking solution containing Hoechst
33342 (1:10,000, Life Technologies, Cat. No. H3570) overnight at room
temperature. Finally, sections were mounted on slides using Fluoromount-
G (SouthernBiotech) and sealed using nail polish.

Microscopy
Imaging was performed on either a Zeiss Axio Imager M2 fluorescence
upright microscope equipped with an Apotome.2 module or a Zeiss LSM
980 laser scanning confocal built around a motorized Zeiss Axio Observer
Z1 inverted microscope with a Piezo stage. As indicated below (Table 5),
some experiments utilizing the LSM 980 confocal, a linear Wiener filter

Table 2 | Mouse strains

Common name Strain name Reference Stock #

Calb1-
IRES2-Cre

B6;129S-Calb1tm2.1(cre)
Hze/J

Daigle et al.27 028532

Pcp2-IRES-Cre B6.Cg-Tg(Pcp2-cre)
3555Jdhu/J

Zhang et al.73 010536

Dag1flox B6.129(Cg)-Dag1tm2.1Kcam/J Cohn et al.74 009652

Pomt2flox POMT2tm1.1Hhu/J Hu et al.75 017880

Dag1ΔICD N/A Satz et al.76 N/A

Sox2Cre B6N.Cg-Edil3Tg(Sox2-cre)1Amc/J Hayashi et al.77 014094

Table 3 | Breeding schemes

Breeding scheme Control genotype Mutant genotype

Calb1Cre/+;Dag1+/− x Dag1flox/flox Calb1Cre/+;Dag1flox/+ Calb1Cre/+;Dag1flox/−

Pcp2Cre/+;Dag1+/− x Dag1flox/flox Pcp2Cre/+;Dag1flox/+ Pcp2Cre/+;Dag1flox/−

Calb1Cre/+;Pomt2flox/+ x
Pomt2flox/flox

Calb1Cre/+;Pomt2flox/+ Calb1Cre/+;Pomt2flox/flox

Dag1 ΔICD/+ x Calb1Cre/+;Dag1flox/+ Calb1Cre/+;Dag1+/+ Calb1Cre/+;Dag1 ΔICD/flox
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deconvolution step (Zeiss LSM Plus) was used at the end of image acqui-
sition with 1.2XNyquist sampling. TheAxio ImagerM2 uses ametal halide
light source (HXP200C), anAxiocam506mono camera, and a 20X/0.8NA
Plan-Apochromat objective. The LSM 980 confocal light path has two
multi-alkali PMTs and two GaAsP PMTs for four-track imaging. Confocal
images were acquired using a 63X/1.4 NA Plan-Apochromat Oil DICM27
objective. Z-stack images were acquired and analyzed offline in ImageJ/
FIJI72 or Imaris 10.2 (Oxford Instruments). Images used for quantification
between genotypes were acquired using the same exposure times or laser
power. Brightness andcontrastwere adjusted inFIJI to improve the visibility
of images for publication. Figures were composed in Adobe Illustrator 2024
(Adobe Systems).

Image quantification
For imaging experiments, 4–8 images were acquired from 2 to 4 sagittal
sections per animal, and at least three animals per genotype were used for
analysis. Sections were chosen from the cerebellar vermis, and images were
acquired within the cerebellar cortex of lobules V–VI.

For analysis of synaptic colocalization, puncta density, and puncta
volume: 0.2 μm z-stacks covering 5μmwere acquired using a 63× objective
on a Zeiss LSM 980 (as described above) such that the PC layer
and molecular layer were captured in the image. The entirety of the
imaged region was analyzed, and individual data points represent
individual images. Analysis of image stacks was performed in Imaris 10.2
(Oxford Instruments). The Surfaces function was used to reconstruct the
PCs using either the Parvalbumin (Fig. 1, Supplementary Fig. 2) or Cal-
bindin (Figs. 3, 4, 7 and 8) channel as illustrated in Supplementary
Figs. 1A and 4A. To select for PC signal, the synaptic marker channels were
masked to only include information at the surface or inside of the PC
surface.

For colocalization analyses, the Surfaces function was used to recon-
struct the synaptic puncta volumes of the masked synaptic channels (Sup-
plementary Fig. 1C, D). Surfaces in the IIH6 channel and Surfaces in the
marker channel (VGAT, GAD67, VGluT1, or VGluT2) were deemed
colocalized if the distance between the two synaptic Surfaces was ≤0 µm
(SupplementaryFig. 1E).As a control for randomcolocalization, themarker
channelwasmirrored,masked, and reconstructedwith the sameparameters
as the original channel and colocalizationwith theoriginal IIH6channelwas
calculated.

To identify puncta for synaptic density analysis, the Spots functionwas
used to determine the location of synaptic puncta in 3-dimensional space
using local contrast. To exclude nonspecific Spots, Spots with a fluorescence
standard deviation in the bottom 10th percentile (uniform signal) and a
volume less than 0.1 μm3 (noise) were excluded. (Supplementary Fig. 4C).
Puncta density was calculated as the total number of Spots in a given
compartment, divided by the volume of that compartment as measured by

the PC surface reconstruction. Surface reconstruction of synaptic fluores-
cence was used to measure puncta volume. Surfaces further than 0.7 µm
from an identified spot were excluded from analysis (Supplemen-
tary Fig. 4D).

For analysis of PC and MLI cell densities: 0.5 μm z-stacks covering
20 μm were acquired using a 20× objective on a Zeiss Axio Imager M2.
Maximum projections were used for analysis in FIJI72. Cells were counted
using the Multi-Point Tool. The length of the region of cerebellar cortex
analyzed wasmeasured using the Freehand Line tool; this value was used to
normalize the cell counts to unit length.

Electrophysiology
For acute slice preparation, mice were deeply anesthetized in 4% isoflurane
and subsequently injected with a lethal dose of 2% 2, 2, 2-Tribromoethanol
in sterile water followed by transcardial perfusion with 10mL ice-cold
cutting solution containing the following (in mM): 100 Choline Chloride,
2.5 KCl, 1.2 NaH2PO4, 25 NaHCO3, 3 3-myo-inositol, 25 glucose, 5 Na
Ascorbate, 2 Na Pyruvate, 7 MgSO4, 0.5 CaCl2; pH 7.3, 300–340mmol/kg.
After rapid decapitation, the brain was briefly submerged in ice-cold cut
solution bubbled with carbogen (95% oxygen, 5% CO2) and then sectioned
into 300 μmsagittal sections (LeicaVT1200Svibratome) inbubbled ice-cold
cut solution. Slices were recovered in 37 °C recording ACSF, bubbled, for
15min followed by 1 h in room temperature recording ACSF (in mM: 125
NaCl, 25NaHCO3, 1.25NaH2PO4, 3 KCl, 25D-Glucose, 2 CaCl2, 1MgCl2)
with an osmolarity of 310–325mmol/kg and supplemented with 1.5mM
Na Ascorbate, bubbled.

PCs were patched in whole cell configuration using 1.2–2MΩ bor-
osilicate glass pipettes filled with high chloride internal solution containing the
following (in mM): 125 CsCl, 2.5 MgCl2, 0.5 EGTA, 10 HEPES, 2 Mg-ATP,
0.3 Na-GTP, 5 QX-314; pH 7.2, 300mmol/kg. Pipettes were wrapped in
parafilm to reduce capacitive currents. Cells were voltage clamped at−70mV
and continuously superfused with 2–3mL/min bubbled recording ACSF
(310–325mmol/kg) containing 10 μMNBQX to block excitatory transmission
and 500 nM TTX to block action potentials. An inline heater was used to
maintain the bath temperature at 34 °C. After reaching a stable baseline, 5min
of mIPSCs were recorded. Signals were amplified with an AxoPatch 200B
amplifier (Molecular Devices), low-pass filtered at 5 kHz, and digitized and
sampled at 10 kHz with a NIDAQ analog-to-digital board (National Instru-
ments). Data were acquired and analyzed using a custom script in Igor Pro 8
(Wavemetrics). A hyperpolarizing step of −10mV was applied before each
sweep to monitor input resistance, series resistance, and measure cell capaci-
tance. Series resistance was not compensated and was maintained below
20MΩ. Cells were excluded if series resistance changed by more than 25%.

Rise and decay kinetics were calculated on each detected event for a
given cell and averaged to a single value for that cell. Rise timewas defined as
the amount of time between 10% and 90% of the maximum amplitude of a

Table 4 | Primary antibodies used for immunohistochemistry

Target Host species Dilution Source Catalog # RRID

α-Dystroglycan (IIH6C4) Mouse 1:250 MilliporeSigma 05-593 AB_309828

α-Dystroglycan (IIH6C4) Mouse 1:250 MilliporeSigma 05-593-I AB_3083460

VGAT Rabbit 1:500 Synaptic Systems 131-003 AB_887869

VGAT Guinea Pig 1:500 Synaptic Systems 131-005 AB_1106810

GAD67 Mouse 1:500 MilliporeSigma MAB5406 AB_2278725

VGLUT1 Guinea Pig 1:500 MilliporeSigma AB5905 AB_2301751

VGLUT2 Guinea Pig 1:250 Synaptic Systems 135-404 AB_887884

GABAA α1 Mouse 1:500 NeuroMab N95/35 AB_2108811

Parvalbumin Rabbit 1:1000 Swant PV27 AB_2631173

Parvalbumin Goat 1:1000 Swant PVG213 AB_2650496

Calbindin Rabbit 1:1000 Swant CB38 AB_10000340

Calbindin Chicken 1:2000 Boster Bio M03047-2 AB_2936235
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given event.Decaywas calculated as the time constantwhen the decay phase
of the event was fit to an exponential curve.

Statistics and reproducibility
Phenotypic analyses were conducted using tissue collected from at least three
mice per genotype from at least two independent litters. For microscopy data,
multiple samples from the samemouse were averaged into one value used for
analysis. For electrophysiology data, cells were used as replicates. The number
of mice/cells used for each analysis (“N”) is indicated in the text or figure
legends. Two or more technical replicates with unique biological replicates
were performed for each experiment. Power analysis was used to determine
sample sizes with α= 0.05 and β= 0.80, and the effect size was determined
using pilot data. Phenotypes were indistinguishable between male and female
mice andwere analyzed together. Analyses were performed blind to genotype.
For comparisons between two groups, normality was first assessed using a
Shapiro–Wilk test. If data points were normally distributed, significance was
determined using a two-tailed Student’s t-test. If non-normally distributed,
significance was determined using the nonparametric Mann–WhitneyU test.
Statistical significance was set at α= 0.05 (p< 0.05). Statistical analyses and
data visualization were performed in R (version 4.4.2).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Individual data points for all analyses can be found in Supplementary
Data 1, and all statistical tests are included in Supplementary Data 2.
Electrophysiology data is deposited at https://doi.org/10.6084/m9.figshare.
29083331. Microscopy data is deposited at https://doi.org/10.6019/S-
BIAD1945.

Code availability
A custom Igor Pro script was used to analyze electrophysiology data. The
script can be found at https://github.com/jnjahncke/mini_analysis.
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