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Developmental synapse elimination is crucial for shaping mature neural circuits. In the neonatal mouse
cerebellum, Purkinje cells (PCs) receive excitatory synaptic inputs from multiple climbing fibers (CFs)
and synapses from all but one CF are eliminated by around postnatal day 20. Heterosynaptic
interaction between CFs and parallel fibers (PFs), the axons of cerebellar granule cells (GCs) forming
excitatory synapses onto PCs and molecular layer interneurons (MLIs), is crucial for CF synapse
elimination. However, mechanisms for this heterosynaptic interaction are largely unknown. Here we
show that deletion of AMPA-type glutamate receptor functions in GCs impairs CF synapse elimination
mediated by metabotropic glutamate receptor 1 (mGlu1) signaling in PCs. Furthermore, CF synapse
elimination is impaired by deleting NMDA-type glutamate receptors from MLIs. We propose that PF
activity is crucial for CF synapse elimination by directly activating mGlu1 in PCs and indirectly
enhancing the inhibition of PCs through activating NMDA receptors in MLIs.

Precise formation of neural circuits during development is a prerequisite for
proper brain functions'”. In many animal species, diverse and redundant
synaptic connections are formed initially, and they are refined subsequently,
by strengthening some connections and eliminating others. This process is
known as synapse elimination and is widely thought to be crucial for
shaping mature neural circuits depending on neural activity **. Postnatal
development of climbing fiber (CF) to Purkinje cell (PC) synapses in the
rodent cerebellum has been a representative model of synapse pruning”~’. In
neonatal mice, each PC receives excitatory synaptic inputs on the soma from
more than five CFs originating from neurons in the contralateral inferior
olive of the medulla oblongata. The strengths of the multiple CF inputs are
similar around birth but during the first postnatal week, inputs from a single
CF selectively become stronger than those from the other CFs (functional
differentiation)*". Then, from around postnatal day 9 (P9), only the

strongest CF extends its innervation along growing dendrites of PCs (CF
translocation)®'". In parallel, inputs from the weaker CFs on the PC soma are
eliminated through two distinct processes from around P7 to around P11
(early phase of CF elimination) and from around P12 to around P17 (late
phase of CF elimination)®'. The late phase but not the early phase is known
to be dependent on the formation of excitatory synapses on PC distal
dendrites from parallel fibers (PFs)' that are bifurcated axons of granule
cells (GCs) in the cerebellar cortex"*™". Through these four developmental
processes, most PCs become innervated by single strong CFs on their
proximal dendrites by the end of the third postnatal week®.

Previous studies indicate that neural activity is crucial for CF synapse
elimination®. Activation of P/Q-type voltage-dependent calcium channel
(P/Q-VDCC) in PCs and the resultant calcium signaling is crucial for the
selection of a single winner CF, the dendritic translocation of the winner CF,
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and both the early and the late phase of CF elimination*'**’. The P/Q-
VDCC is the major high-threshold VDCC in PCs”' and is shown to be
activated by CF synaptic inputs'® that induce large excitatory postsynaptic
potentials with multiple spikes'**. In contrast, the metabotropic glutamate
receptor 1 (mGlul) is required for the late phase of CF elimination*”*".
Immunoelectron microscopic studies show that mGlul is expressed at the
perisynaptic annuli of postsynaptic densities of both PF and CF
synapses™**. A previous study suggests that mGlul can be activated at CF
synapses particularly when glutamate uptake is inhibited”. However,
mGlul is thought to be functional predominantly at PF synapses’** and
trigger signaling cascades involving Gaq, PLCB3/4, and PKCy in PCs to fuel
CF synapse elimination™ . This argument that mGlul is activated at PF-
PC synapses is based on the results that NMDA-type glutamate receptors
(NMDARSs) within the cerebellum are required for CF synapse elimination™
during the third postnatal week” although functional NMDARs are lacking
in PCs during this developmental stage*"**. Because NMDARSs are rich in
granule cells (GCs)***, NMDARs are thought to be activated by mossy fiber
(MF) excitatory inputs to GCs and mediate neural activity along PFs to PCs
to heterosynaptically induce CF elimination. However, there has been no
direct experimental evidence for this notion.

The present study aimed to elucidate whether and how MF inputs to
the cerebellum refine CF to PC synapses through heterosynaptic interaction
in PCs during postnatal cerebellar development. We show that MF to GC
synaptic transmission mediated by AMPA-type glutamate receptors
(AMPARSs), not by NMDARSs, and resultant PF activity are crucial for the
late phase of CF elimination. Our data suggest that this heterosynaptic
interaction between PFs and CFs is mediated by two distinct pathways
triggered by PF activity, namely direct activation of mGlul in PCs and
indirect enhancement of GABAergic inhibition of PCs through activating
NMDARs in molecular layer interneurons (MLIs).

Results
Generation of a mouse model lacking AMPAR-mediated excita-
tory transmission specifically at MF to GC synapses during
postnatal development
To examine whether neural activity along PFs is required for CF synapse
elimination, we established a mouse model in which MF to GC excitatory
transmission is abolished. For this purpose, we deleted the AMPAR aux-
iliary subunit TARPy2***® specifically from GCs during postnatal devel-
opment. To delete target molecules from cerebellar GCs, we used GluN2C-
Cre mice" in which the Cre recombinase is expressed in GCs under the
control of the promoter of a GC-specific molecule, GluN2C***, We crossed
the TARPy2-floxed mice" with the GluN2C"*“ mice to obtain GC-specific
TARPy2 knockout mice (TARPy2-GC-KO mice). As reported previously”,
the immunoreactivity of TARPY2 protein was seen widely throughout the
brain in 8-week-old wild-type mice with the most robust expression in the
granule cell layer and the molecular layer of the cerebellum (Supplementary
Fig. 1a—c). We found that the TARPY?2 protein was specifically deleted in the
granule cell layer of the cerebellum while the expression in other brain
regions was not affected in 8-week-old mature TARPy2-GC-KO mice
(Supplementary Fig. 1d-f). We then scrutinized when TARPY2 was deleted
from GCs during postnatal development. A recent study shows that in the
cerebellar vermis of GluN2C-Cre mouse, Cre-induced recombination was
observed only in lobules 8 and 9 at P7 but spread to the other lobules at P15
and persisted at P21". This expression pattern is consistent with GluN2C
mRNA in the cerebellum during postnatal development™. Reflecting this
posterior to the anterior progression of Cre recombinase expression in the
developing cerebellum of GluN2C-Cre mouse, TARPy2 was almost deleted
from the granule cell layer of lobules 9 but it was still present in lobules 4/5 at
P14 of TARPY2-GC-KO mice (Supplementary Fig. 1g-j). As expected, the
AMPA receptor subunit GluA2 exhibited the same temporal and spatial
expression patterns (Fig. la—d).

We examined whether and how AMPAR-mediated membrane cur-
rents in GCs were affected in TARPy2-GC-KO mice. We made whole-cell
recordings from GCs in lobules 1-4/5 and in lobules 8-9 of cerebellar slices

from control and TARPy2-GC-KO mice and recorded AMPAR-mediated
membrane currents. We adopted leak-subtracted voltage ramps (from a
holding potential of +40 mV to — 100 mV at a rate of 70 mV/s) to con-
struct instantaneous I-V relationships of the current induced by bath-
applied (RS)-AMPA (10 uM). At P17-P19, the amplitudes of AMPAR-
mediated currents in TARPy2-GC-KO GCs tended to be smaller than those
in control mice in lobules 8-9 (Fig. le, df = 1, F=3.762, P=0.079, n =7 for
control and n = 6 for TARPy2-GC KO mice, Two-way Repeated-Measures
ANOVA), whereas they were similar between the two mouse strains in
lobules 1-4/5 (Fig. 1f, df =1, F=0.143, P=0.713, n = 6 for both strains of
mice, Two-way Repeated-Measures ANOVA). In contrast, when we
examined AMPAR-mediated currents in GCs from P60 to P80, they were
almost undetectable in TARPy2-GC-KO mice and were much smaller than
in control mice both in lobules 8/9 (Supplementary Fig. 2a, df=1,
F=24427,P <0.001, n =7 for control and n = 8 for TARPy2-GC-KO mice,
Two-way Repeated-Measures ANOVA) and in lobules 1-4/5 (Supple-
mentary Fig. 2b, df = 1, F=17.280, P < 0.001, n = 7 for control and n = 8 for
TARPy2-GC-KO mice, Two-way Repeated-Measures ANOVA). These
results suggest that AMPAR-mediated excitatory inputs to GCs from MFs
tended to be attenuated in lobules 8-9 but they were intact in lobules 1-4/5 in
TARPy2-GC-KO mice at around P17 and that they were almost eliminated
in the entire cerebellum of adult TARPy2-GC-KO mice.

To estimate how the deletion of TARPy2 from GCs affected
their activities in the intact cerebellum of TARPy2-GC-KO mice, we con-
ducted in vivo whole-cell patch-clamp recordings from GCs in lobules 8-9
during P17-P19 under isoflurane anesthesia. We found that most GCs in
control mice exhibited putative spontaneous EPSCs under voltage
clamp mode (Fig. 1g, i), and more than 60% of GCs generated spontaneous
action potentials under current clamp mode (Fig. 1g, j, k). In contrast,
GCs in TARPy2-GC-KO mice rarely showed putative spontaneous
EPSCs (Fig. 1h, i. Control: 4.62+1.40Hz, n=22; TARPy2-GC-KO:
0.05 +0.04 Hz, n = 15; P < 0.001, Mann-Whitney U test) and nearly 70% of
GCs did not generate sAPs (Fig. 1h, k). The mean sAP frequency in GCs of
TARPy2-GC-KO mice was lower than control mice (Fig. 1j. Control:
0.87 £0.42 Hz, n = 22; TARPy2-GC-KO: 0.53 £ 0.52 Hz, n = 13; P =0.037,
Mann-Whitney U test). Taken together with the data from cerebellar slices
(Fig. le, f) and from intact cerebella in vivo (Fig. 1g-k), MF to GC excitatory
synaptic transmission was almost abolished in lobules 8-9 of TARPy2-GC-
KO mice during P17-P19.

We then examined the spontaneous activities of PCs in lobules 8-9 of
the intact cerebellum by in vivo whole-cell recordings under current clamp
mode (Supplementary Fig. 3). PCs exhibit two types of spontaneous APs,
namely simple spikes and complex spikes. While PCs generate simple spikes
depending on the membrane potential, GC activity influences PC’s simple
spike activity through excitatory synaptic transmission from parallel fibers
(PFs), the axons of GCs, onto PCs. In contrast, CF inputs induce very large
EPSPs in PC’s proximal dendrites and generate characteristic complex
spikes'*'*%. We found that the simple spike frequency tended to be lower in
TARPy2-GC-KO mice although the difference did not reach the statistically
significant level (Supplementary Fig. 3a-c. Control: 35.8 + 5.6 Hz, n = 10;
TARPY2-KO: 20.3 £ 5.2 Hz, n = 12; df = 20, t =2.006, P =0.059, ¢ test). In
contrast, the complex spike frequency was higher in TARPy2-GC-KO mice
than in control mice (Supplementary Fig. 3a, b, d. Control: 0.69 + 0.09 Hz,
n=10; TARPy2-KO: 1.02 + 0.11 Hz, n=12; df =20, t=-2.257, P=0.035,
t test). The increase in the complex spike frequency might reflect persistent
multiple CF innervation of PCs in lobules 8-9 of the adult cerebellum of
TARPy2-GC-KO mice as shown below.

Impaired CF synapse elimination in cerebellar lobules 8-9 of
TARPy2-GC-KO mice

We then examined whether greatly attenuated MF to GC excitatory
transmission and reduced GC activity affected developmental CF synapse
elimination in PCs. We made whole-cell recordings from PCs and recorded
CF-mediated EPSCs (CF-EPSCs) in lobules 8-9 and 1-4/5 of cerebellar slices
from control and TARPy2-GC-KO mice. To stimulate CFs innervating the
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Fig. 1 | Deficient AMPAR-mediated EPSCs in GCs
in lobules 8-9 but not in lobules 1-4/5 of TARPy2-
GC KO mice during the late phase of CF elim-
ination. a-d Immunohistochemistry for the AMPA
receptor subunit GluA2 in lobule 9 (a and b) and
lobule 4/5 (c and d) of the cerebellum from a control
(aand ¢) and a TARPy2-GC-KO (b and d) mouse at
P14. Scale bar, 20 um. e, f Instantaneous I-V rela-
tionships of the AMPA (10 uM)-induced current
evoked in GCs in lobules 8-9 (e) and lobules 1-4/5 (f)
of the cerebellum from control (white symbols with
bold black line, n = 7 for e and n = 6 for f) and
TARPY2-GC KO (red symbols with red bold line,
n =6 for both e and f) mice at P17-P19. Data from
individual cells are shown with faint lines. Data are
mean + SEM. g, h Sample traces of in vivo whole-cell
recordings from GCs in lobules 8/9 of a control
mouse at P13 (g) and a TARPy2-GC KO mouse at
P12 (h). Membrane potentials (upper traces) were
recorded under the current clamp mode at a resting
membrane potential of — 50 mV. Membrane cur-
rents (lower traces) were recorded under voltage-
clamp mode at a holding potential of — 60 mV. The
Inset trace in (g) represents an average of sponta-
neous EPSCs. Scale bars, 40 mV and 5 s (upper
traces), 5 pA and 100 ms (lower traces), 2 pA and
10 ms (inset). i-k Total absence of spontaneous
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PC under recording, a patch pipette filled with the external solution was
placed in the granule cell layer underneath the recorded PC. Under phy-
siological recording conditions, CF stimulation is known to induce EPSCs
that show a clear depression to the 2™ of the stimulus pair (paired-pulse
depression)"*’, whereas the stimulation of ascending axons of GCs is
reported to induce a clear facilitation (paired-pulse facilitation)'. Therefore,
we discarded EPSCs that did not exhibit clear paired-pulse depression to
avoid possible contamination of EPSCs elicited by unintentionally stimu-
lating GC ascending axons in the GC layer. To search all CFs innervating the
recorded PC, we moved the stimulation pipette systematically around the
PC soma and increased the stimulus intensity gradually at each stimulation
site from 0 to 100 pA'*'**. We estimated the number of CFs innervating the
recorded PC from the number of discrete CF-EPSC steps'*'**. During
P21-P40 (Adolescent), more than 80% of PCs in control mice were
innervated by single CFs in both lobules 8-9 and 1-4/5 (Fig. 2a-d). In
contrast, about 60% of PCs were innervated by two or more CFs in lobules
8-9 of TARPy2-GC-KO mice during P21-P40 (Fig. 2a, b. Control: n = 49;
TARPy2-GC-KO, n=58; P<0.0001, Mann-Whitney U test), indicating
that CF synapse elimination was impaired during postnatal development
until P21. However, the extent of multiple CF innervation was not sig-
nificantly different between the two mouse strains in lobules 1-4/5 during
P21-P40 (Fig. 2¢, d. Control: n = 38; TARPy2-GC-KO, n =53; P=0.097,
Mann-Whitney U test), suggesting that CF synapse elimination occurred
almost normally during postnatal development until P21.

To examine CF innervation patterns morphologically, we labeled
subsets of CFs by injecting the anterograde tracer dextran Alexa488
(DA488) into the inferior olive and performed triple labeling for calbindin
(aPCmarker), VGIuT2 (a CF terminal marker), and DA488. As exemplified
in Fig. 2e,f1, 2, DA488-labeled CFs followed proximal dendrites of PCs, and
their axon terminals were completely overlapped with VGluT2 immunor-
eactivity, indicating that such PCs were innervated by single CFs. By con-
trast, PCs of TARPy2-GC-KO mice were often associated with DA488/
VGluT2-double positive CF terminals together with DA488-negative/
VGluT2-positive CF terminals on their somata and the bottom of proximal
dendrites (Fig. 2g, h1, h2), indicating that such PCs were innervated by at
least two CFs with different cellular origins in the inferior olive. In lobules
4/5, DA488-labeled CFs and their axon terminals were completely over-
lapped with VGIuT2 immunoreactivity in both controls (Fig. 2i, j1, j2) and
TARPy2-GC-KO (Fig. 2k, 11, 12) mice, showing typical mono CF innerva-
tion patterns.

We then examined the extent of CF translocation along PC dendrites
and the degree of persistent CF innervation on the PC soma. We found that
the relative height of VGIuT2-positive CF terminals in lobules 8-9 was
higher in 8-week-old adult TARPy2-GC-KO mice than in age-matched
control mice (Fig. 3al, a2, b1, b2, e. Control: 67.9 + 0.61%, n =282 (ie., the
number of distal tips of VGluT2-positive CF terminals); TARPy2-GC-KO:
70.9 + 0.62%, n =264; P <0.001, Mann-Whitney U test) but the height in
lobules 1-4/5 was similar between the two mouse strains (Fig. 3c1,¢2,d1, d2,
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Fig. 2 | Persistent multiple CF innervation of PCs

in lobules 8-9 but not in lobules 1-4/5 of adoles-
cent TARPy2-GC-KO mice. a-d Sample CF-EPSC
traces (a, ¢) and frequency distribution histograms
of PCs in terms of the number of discrete CF-EPSC
steps (b, d) for control (open columns) and
TARPy2-GC-KO (filled columns) mice aged
P21-P40. Holding potentials for (a, ¢), — 10 mV.
Scale bars for (a, ¢), 10 ms, and 0.5 nA. ***P < 0.001,
Mann-Whitney U test. e—1 Triple immuno-
fluorescence labeling for the PC marker calbindin
(blue or gray), anterogradely-labeled (DA488-posi-
tive) CFs (red), and the CF terminal marker VGluT2
(green) in lobule 8 (e—h) and lobule 4/5 (i—1) of a
control (e, f1, £2, i, j1, j2) and a TARPy2-GC-KO
(g, h1, h2, k, 11, 12) mouse at 3 weeks of age. Boxed
regions in e, g, i, and k are enlarged in f1 and £2, hl
and h2,j1 and j2, and 11 and 12, respectively. Arrows
in h1 and h2 indicate anterogradely unlabeled
(DA488-negative) VGluT2-positive CF terminals.
Scale bars: e, 20 pm; f1, 5 pm.

1Y
(=2

Control

TARPy2-GC-KO

% number of PCs

Control

TARPy2-GC-KO

100+

80

60

Adolescent (P21-40)
c d

Control

L8-9 L1-4/5

10017

O Control :l .

O Control
B KO ns

80 B KO

60

TARPy2-GC-KO 2 407

—

% number of PCs

20+

Adolescent (P30)
L8 L4/5

1 2 3< 1 2 3<
Number of steps Number of steps

Adolescent (P30)

e. Control: 75.3 £ 0.39%, n = 333; TARPy2-GC-KO: 76.3 £ 0.39%, n = 348;
P=0.069, Mann-Whitney U test). The density of VGluT2-positive CF
terminals on the PC soma was higher in 8-week-old adult TARPy2-GC-KO
mice than in age-matched control mice in both lobules 8-9 (Fig. 3al, b1, f.
Control: 0.30+0.02, n=120; TARPy2-GC-KO: 0.51+0.04, n=126;
P <0.001, Mann-Whitney U test) and lobules 1-4/5 (Fig. 3c1, d1, f. Control:
0.13+0.01, n=132; TARPy2-GC-KO: 0.18+£0.02, n=137; P=0.013,
Mann-Whitney U test), but the difference was much more prominent in
lobules 8-9. These morphological observations indicate that in TARPy2-
GC-KO mice, the translocation of CFs to PC dendrites was enhanced and
the elimination of CF synapses from the PC soma was impaired in lobules
8-9. Besides, the elimination of CF synapses from the PC soma was impaired
in lobules 1-4/5, although less prominently than in lobules 8-9, suggesting
that CF synapse elimination was slightly impaired in the anterior lobules of
TARPy2-GC-KO mice.

Since the elimination of redundant CF synapses and extension of CF
innervation along PC dendrites are greatly affected by PF-PC synapse
formation'>*****, we examined whether the morphology of PF-PC synapses
was altered in TARPy2-GC-KO mice. Immunohistochemistry targeting
VGIuT1, a marker for PF terminals, revealed punctate signals in the
molecular layer of lobules 9 and 4/5 in both mouse models (Supplementary
Fig. 4a, ¢, e, g). Electron microscopy analysis (Supplementary Fig. 4b, d, f, h)
showed that each PC spine (asterisks) made contact with a single PF
terminal in lobules 9 and 4/5 in both mice. Quantitative analysis demon-
strated that the density of PF synapses was similar between the two mouse
strains in both lobules 9 and 4/5 (Supplementary Fig. 4i. PF synapse density
per 100 pmz. Lobule 9, Control: 29.5 + 1.5, n =24 regions from 3 mice;
TARPy2-GC-KO: 29.9+0.9, n=24 regions from 3 mice; P=0.3279,
Mann-Whitney U'test. Lobule 4/5, Control: 24.2 + 1.2, n = 24 regions from 3
mice, TARPy2-GC-KO: 24.4 + 1.6, n = 24 regions from 3 mice, P = 0.8302,
Mann-Whitney U test). Moreover, the size of PF terminals was not different

between the two genotypes in lobules 9 and 4/5 (Supplementary Fig. 4j.
Lobule 9, Control: 0.21 +0.009, n = 108 terminals from 3 mice, TARPy2-
GC-KO: 0.21 £0.01, n=109 terminals from 3 mice, P =0.8737, Mann-
Whitney U test. Lobule 4/5, Control: 0.21 +0.01, n = 87 terminals from 3
mice, TARPy2-GC-KO: 0.24+0, 0.01, n=287 terminals from 3 mice,
P=0.1713, Mann-Whitney U test). We then examined whether PF-PC
synaptic transmission was altered in TARPy2-GC-KO mice. We recorded
EPSCs elicited by stimulating PFs in the middle of the molecular layer by
changing the stimulus intensity. The obtained stimulus-response relation-
ships were similar between the two mouse strains in both lobules 8-9
(Supplementary Fig. 4k, 4m. Control, n =13, TARPy2-GC-KO, n =14,
dF=1, F=0.362, P=0.553, Two-way Repeated-Measures ANOVA) and
4/5 (Supplementary Fig. 41, 4n. Control, n =15, TARPy2-GC-KO, n = 14,
dF=1, F=0.00354, P=0.953, Two-way Repeated-Measures ANOVA).
These results collectively indicate that PF-PC synapses in both the anterior
and posterior lobules are normal in TARPy2-GC-KO mice both morpho-
logically and electrophysiologically.

The late phase of CF elimination mediated by mGlu1 signaling in
PCs isimpaired in cerebellar lobules 8-9 of TARPy2-GC-KO mice
We then examined the developmental course of CF innervation of PCs from
P6 to P18 in lobules 8-9. The frequency distributions in terms of the number
of CFs innervating individual PCs decreased similarly in control and
TARPy2-GC-KO mice from P6 to P15 and there were no differences
between the genotypes during P6-P8 (Fig. 4a. Control, n = 25; TARPy2-
GC-KO, n=34; P=0.736, Mann-Whitney U test), P10-P12 (Fig. 4b.
Control, n=44; TARPy2-GC-KO, n=46; P=0.807, Mann-Whitney U
test) and P13-P15 (Fig. 4c. Control, n=44; TARPy2-GC-KO, n=29;
P =0.241, Mann-Whitney U test). However, during P16-P18, the percen-
tage of PCs innervated by multiple CFs was higher in TARPy2-GC-KO mice
than in control mice (Fig. 4d. Control, n = 70; TARPy2-GC-KO, n =63,
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Fig. 3 | Enhanced CF translocation and impaired elimination of somatic CF
synapses in lobules 8-9 but not in lobules 1-4/5 of adult TARPy2-GC-KO mice.
a-d Double immunostaining for VGIuT2 (red) and calbindin (green) (al, b1, c1,d1)
and single immunostaining of VGIuT2 (a2, b2, ¢2, d2) in lobule 9 (a, b) and lobule
4/5 (¢, d) from a control (a, ¢) and a TARPy2-GC-KO (b, d) mouse at 8 weeks of age.
Dotted lines indicate the pial surface. Boxed regions in (al, b1, c1,d1) are enlarged as
insets in individual figure panels. Scale bars in (c1) and (d1), 20 um for the lower
magnification images and 5 pum for the higher magnification images. e, f Summary
violin plots for the relative height of the tip of VGIuT2-positive CF terminals (e),
representing the shortest distance from the middle of the PC layer to the distal tip of
the VGluT2-positive puncta divided by the molecular layer thickness. n = 282 and
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333 in lobules 8-9 and1-4/5, respectively, from 3 control mice; n = 264 and 348 in
lobules 8-9 and1-4/5, respectively, from 3 TARPy2-GC-KO mice) and the number of
VGIuT2-positive CF terminals around the PC soma (f, representing the number of
VGluT2-positive CF terminals per 10 um length of the PC somatic membrane.

n =120 and 132 in lobules 8-9 and 1-4/5, respectively, from 3 control mice; n =126
and 137 in lobules 8-9 and1-4/5, respectively, from 3 TARPy2-GC-KO mice) in
lobules 8-9 and lobules 1-4/5 from control (open plots) and TARPy2-GC-KO (filled
plots) mice at 8 weeks of age. The dashed line within each violin plot represents the
median, while the solid lines at the top and bottom indicate the 75th and 25th
percentiles, respectively. *P < 0.05, ***P < 0.001, ¢ test.

P=0.015, Mann-Whitney U test). These results indicate that the initial
formation of CF-PC synapses and subsequent elimination of redundant CF
synapses until P13-P15 proceed normally, but the late phase of CF elim-
ination is specifically impaired in lobules 8-9 of TARPy2-GC-KO mice.

To check whether the effect of the impaired CF synapse elimination
persists into adulthood, we examined the CF innervation of PCs during P60
to P80. We found that the degrees of multiple CF innervation in lobules 8-9
were higher in TARPy2-GC-KO mice than in control mice (Fig. 4e. Control,
n =45; TARPy2-GC-KO, n = 31; P < 0.001, Mann-Whitney U test), which
is almost the same as the results for P21-P30 (Supplementary Fig. 5a.
Control, n = 33; TARPy2-GC-KO, n = 49; P < 0.001, Mann-Whitney U'test)
and for P31-P40 (Supplementary Fig. 5c. Control, n = 16; TARPy2-GC-
KO, n =19; P < 0.001, Mann-Whitney U'test). These results indicate that the
impaired CF synapse elimination during the third postnatal week was not
corrected subsequently, and the aberrant CF innervation persisted into
adulthood in TARPy2-GC-KO mice. In contrast, CF innervation of PCs was
normal in lobules 1-4/5 of TARPy2-GC-KO mice during P21-P30 (Sup-
plementary Fig. 5b. Control, n =19; TARPy2-GC-KO, n =23; P=0.443,
Mann-Whitney U test), P31-P40 (Supplementary Fig. 5d. Control, n = 19;
TARPy2-GC-KO, n =30; P=0.181, Mann-Whitney U test) and P60-P80
(Fig. 4f. Control, n=32; TARPy2-GC-KO, n=29; P=0.081, Mann-
Whitney U test) although AMPAR-mediated currents in GCs were almost
deleted in lobules 1-4/5 during P60-P80 (Supplementary Fig. 2b). These
results suggest that MF to GC excitatory transmission is crucial for CF
synapse elimination during the third postnatal week, but it is dispensable for
maintaining normal CF innervation thereafter. Thus, the third postnatal
week is thought to be the critical period for CF synapse elimination that
depends on MF to GC excitatory transmission.

Our previous studies show that mGlul is involved in the late phase of
CF elimination during the third postnatal week®*. We, therefore, examined
whether the impaired CF synapse elimination in TARPy2-GC-KO mice
involved mGlul signaling. We performed RNAi-mediated knockdown of

mGlul in PCs by injecting a lentivirus carrying microRNA against mGlul
and cDNA for EGFP under the control of the PC-specific L7 promoter into
lobules 8-9 of the cerebellum of control and TARPy2-GC-KO mice at PO-
P1. We then examined CF innervation in EGFP-positive mGlul-knock-
down PCs and EGFP-negative control PCs in the same cerebellar slices
during P21-P37. We found that mGlul knockdown in the control mouse
cerebellum increased the percentage of PCs with multiple CF innervation
(Fig. 4g, h. Control, n=32; mGlul-PC-KD, n=32; P<0.05, Mann-
Whitney U test). In contrast, the degree of multiple CF innervation was not
different between PCs with mGlul knockdown and those without knock-
down in TARPy2-GC-KO mice (Fig. 4i, j. TARPy2-GC-KO, n=32;
TARPy2-GC-KO + mGlul-PC-KD, n = 32; P=0.752, Mann-Whitney U
test), indicating that the effect of mGlul knockdown was occluded in PCs of
TARPy2-GC-KO mice. These results suggest that CF synapse elimination
that depends on MF to GC excitatory synaptic transmission requires
mGlul signaling in PCs during the third postnatal week.

NMDARs in GCs are dispensable for CF synapse elimination

Previous studies show that blockade of NMDARs within the cerebellum
during postnatal development from P4-P5” or P15* causes persistent
multiple CF innervation, indicating that NMDARs within the cerebellum
are required for the late phase of CF elimination. Since functional NMDARs
are absent in PCs during the third postnatal week**’, NMDARs in cell types
other than PCs in the cerebellum should be responsible. Since NMDARs are
rich at MF to GC synapses***, NMDARs in GCs were considered to be
involved in CF synapse elimination. To test this possibility, we generated
mice with GC-specific deletion of the core NMDAR subunit GluN1
(GluN1-GC-KO mouse) by crossing GluN1-floxed mice with GluN2C-Cre
mice. Our immunohistochemical data show that GluN1 was richly
expressed in the cerebral cortex and the hippocampus in control and
GluN1-GC-KO mice (Fig. 5a, d). In the cerebellum, GluN1 immuno-
positive puncta were found in the granule cell layer in control mice
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(Fig. 5b, c1, 2) but they were absent in GIuN1-GC-KO mice (Fig. 5e, {1, £2),
indicating that GluN1 was specifically deleted from GCs in GluN1-GC-KO
mice. We then performed whole-cell recordings from GCs in cerebellar
slices at P15-P17 and recorded EPSCs evoked by stimulating putative MFs
nearby at the holding potential of — 70 mV and + 40 mV. We found that
the NMDAR-mediated slow component of EPSC was almost absent in
GluN1-GC-KO mice (Fig. 5g, h. Control: 0.46 + 0.06, n = 22; GIuN1-GC-
KO: 0.08 +0.01, n =22; P <0.001, Mann-Whitney U test), indicating that
functional NMDA receptors were virtually absent at MF to GC synapses of
GIuN1-GC-KO mice at P15-P17.

We then examined CF innervation of PCs in lobules 8-9 and in lobules
1-4/5 during P29-P46 but found no significant difference between control
and GluN1-GC-KO mice in CF innervation patterns of PCs either in lobules
8-9 (Fig. 5i, j. Control: n=25; GluN1-GC-KO: n =23; P=0.951, Mann-
Whitney U test) or in lobules 1-4/5 (Fig. 5k. Control: n = 26; GluN1-GC-
KO: n=22; P=0.939, Mann-Whitney U test). We also examined CF
innervation during P17-P19 but also found no significant difference
between the two mouse strains either in lobules 8-9 (Fig. 51, m. Control:

n=29; GluN1-GC-KO: n=25; P=0.282, Mann-Whitney U test) or in
lobules1-4/5 (Fig. 5n. Control: n = 26; GluN1-GC-KO: n =23; P=0.687,
Mann-Whitney U test). These results suggest that NMDARs in GCs are
dispensable for CF synapse elimination. Thus, NMDA receptors in cell types
other than GCs should be responsible for CF synapse elimination in the
developing cerebellum.

NMDARSs in MLIs are involved in the late phase of CF elimination
Basket cells and stellate cells, collectively called molecular layer interneurons
(MLIs), receive excitatory inputs from PFs and exert GABAergic inhibition
to PCs and other MLIs". Stellate cells are shown to express NMDARs in
their dendrites such that they surround the postsynaptic density . These
extrasynaptic NMDARs in stellate cell dendrites can be activated by high-
frequency PF stimulation through glutamate spillover’*™ and enhance
GABAergic inhibition to PCs”. We have previously shown that GABAergic
inhibition from MLIs to PCs during P10-P16 is required for CF synapse
elimination®. These results raise a possibility that NMDARs on MLIs are
responsible for CF synapse elimination. To address this issue, we generated a
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Fig. 5| NMDARs in GCs are dispensable for CF synapse elimination.
a-fImmunohistochemistry for the NMDAR subunit GluN1 and Neuro Trace Green
(NTG) in a control (a, b, c1, ¢2) and a GluN1-GC-KO (d, e, f1, £2) mouse at P40.
Boxed regions in (a) and (d) are enlarged in (b) and (e), respectively. Scale bar:
1000 pm for (a) and (d), 500 pm for (b) and (e), 20 pm for (c1) and (f1). g, h Sample
traces (g) and a summary bar graph showing the ratio of the NMDAR component
over the AMPAR component (h) of EPSCs recorded from GCs by stimulating MFs at
a holding potential of — 70 mV and 4 40 mV in cerebellar lobules 8-9 of control and
GluN1-GC-KO mice. The amplitude of the AMPAR component and that of the
NMDAR component were measured at the peak of EPSC with a holding potential of
— 70 mV and at 20 ms after the stimulus with a holding potential of 4 40 mV,
respectively. ***P < 0.001, Mann-Whitney U test. Data in (h) are mean + SEM.
i-n Normal CF synapse elimination in GluN1-GC-KO mice. Sample CF-EPSC
traces from PCs in lobules 8-9 (i,1) and frequency distribution histograms in terms of
the number of discrete CE-EPSC steps in lobules 8-9 (j, m) and lobules 1-4/5 (k, n) of
control (white columns) and GluN1-GC-KO (dark blue columns) mice aged P29 to
P46 (i-k) and P17 to P18 (I-n).

conditional KO mouse, NR1-MLI/PC-KO mice, in which NMDA receptors
in GluD2-expressing cells are deleted by crossing GluN1-floxed mice and
GluD2-Cre mice”. Since GluD2 and Cre are expressed in both MLIs and
PCs but not in the other neurons in the cerebellum of the GluD2-Cre mice”,
GluN1 was expected to be deleted from MLIs and PCs. By conducting SDS-
digested freeze-fracture replica labeling of immunogold particles for GluN1
and PSD95, we found that GluN1 particles were found beside PSD95 par-
ticles in dendrites of MLIs in control mice (Supplementary Fig. 6a, c). In
contrast, GluN1-particles were absent in MLI dendrites of GluN1-MLI/PC-
KO mice (Supplementary Fig. 6b, c. Control: 76.1 + 9.1, n = 79 sections from
3 mice; GluN1-MLI/PC-KO: 4.7 +1.6, n=39 sections from 3 mice;
P <0.0001, Mann-Whitney U test) while PSD95-particles were found
similarly to control mice (Supplementary Fig. 6b). We then performed
whole-cell recordings from MLIs in cerebellar slices at P15-P17 and applied
burst stimulation to PFs (5 pulses at 100 Hz) at holding potential of —70 mV
in 0mM Mg**- and 10mM glycine-containing bath solution (Supple-
mentary Fig. 6d, €)” . In MLIs of control mice, fast components of PF-
mediated EPSCs were blocked by 10 uM NBQX (Supplementary Fig. 6d left
middle panel), and the remaining slow components were abolished by
further addition of the NMDAR antagonist R-CPP (5 uM) (Supplementary
Fig. 6d, left bottom panel), indicating that the fast and slow components
were mediated by AMPARs and NMDARs, respectively. These results
confirm that extrasynaptic functional NMDARs are present in MLI den-
drites and they can be activated by PF synaptic activity in control mice.

In MLIs of GluN1-MLI/PC-KO mice at P15-P17, NBQX abolished the
fast components (Supplementary Fig. 6d right middle panel) and the further
addition of R-CPP abolished the remaining slow components (Supple-
mentary Fig. 6d right bottom panel) of PF burst-induced EPSCs similarly to
control mice. However, NMDAR-mediated EPSCs tended to be smaller,
while AMPAR-mediated EPSCs were similar in peak amplitude and charge
transfer to those of control mice (Supplementary Fig. 6f. Peak amplitude of
the 1" AMPAR component. Control: 111 + 19.0 pA, n = 13; GluN1-MLI/
PC-KO: 140 + 17.8 pA, n=8; P=0.111, Mann-Whitney U test. Supple-
mentary Fig. 6g. Peak amplitude of NMDAR component. Control:
535+132 pA, n=13; GluNI-MLI/PC-KO: 244+7.07 pA, n=§
P =0.060, Mann-Whitney U test. Supplementary Fig. 6i. Charge transfer of
the 1" AMPAR component. Control: 0.27 + 0.07 pAs, n = 13, GluN1-MLI/
PC-KO: 0.30 £ 0.04 pAs, n =8, P=0.277, Mann-Whitney U test. Supple-
mentary Fig. 6j. Charge transfer of the NMDAR component. Control:
153+4.79 pAs, n=13, GluN1-MLI/PC-KO, 6.16+1.88 pAs, n=38,
P =0.128, Mann-Whitney U test). However, the ratio of the amplitude or
the charge transfer of the NMDAR-EPSC to that of the 1* AMPAR-EPSC
was significantly smaller in GluN1-MLI/PC-KO mice than in control mice
(Supplementary Fig. 6h. Amplitude. Control: 0.57 +0.12, n = 13; GluN1-
MLI/PC-KO: 0.19 £ 0.05, n = 8; P=0.011, Mann-Whitney U test. Supple-
mentary Fig. 6k. Charge transfer. 67.9 + 15.6, n = 13, GluN1-MLI/PC-KO,
23.7+7.15, n=8, P=0.036, Mann-Whitney U test). These results suggest
that the degree of PF-induced activation of NMDARs in MLIs was reduced
in GluN1-MLI/PC-KO mice.

In the PCs of control mice, we confirmed that functional NMDA
receptors were absent at both CF-PC and PF-PC synapses during the third
postnatal week'*>, CF-EPSCs and PF-EPSCs in PCs of control mice at P17
were abolished by 10 uM NBQX and further addition of the NMDAR
antagonist R-CPP (5 uM) had no effect (Supplementary Fig. 7al-3, bl1-3,
e, f). However, in PCs of 7-week-old control mice, both CF-EPSCs and
tetanus-induced PF-EPSCs were partially sensitive to R-CPP (Supplemen-
tary Fig. 7c1—3,d1-3, e, f). These results confirm previous reports that CF-
EPSC:s partially contain an NMDAR-mediated component after 5 weeks of
age()l,ﬁz.

We then examined whether CF synapse elimination was altered in
GluN1-MLI/PC-KO mice. We found a modest but significant increase of
PCs innervated by two or three CFs in GluN1-MLI/PC KO mice at P30-P50
(Fig. 6a, b. Control: n = 66; GluN1-MLI/PC-KO: n = 68; P = 0.022, Mann-
Whitney U test). During postnatal development, there was no significant
difference between control and GluN1-MLI/PC KO mice in the frequency
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Fig. 6 | NMDA receptors in MLIs are involved in
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distribution of PCs in terms of the number of CF-EPSC steps during
P11—-P13 (Fig. 6¢. Control: n = 40; GluN1-MLI/PC KO: n = 30; P = 0.883,
Mann-Whitney U test) but the difference between the genotypes was sig-
nificant during P15—P18 (Fig. 6d. Control: # = 64; GluN1-MLI/PC KO:
n=60; P=0.022, Mann-Whitney U test). These results suggest that CF
synapse elimination during the third postnatal week was specifically
impaired in GluN1-MLI/PC KO mice. To examine CF innervation patterns
morphologically, we labeled subsets of CFs by injecting the anterograde
tracer DA488 into the inferior olive and performed triple labeling for cal-
bindin, VGIuT?2, and DA488. We found that DA488-labeled CFs were
associated with PC proximal dendrites and their axon terminals were
overlapped with VGIuT?2 immunoreactivity in control mice (Fig. 6e, f1, £2).
By contrast, PCs of GluN1-MLI/PC KO mice were often associated with
DA488/VGluT2-double positive CF terminals together with DA488-
negative/VGIuT2-positive CF terminals on their somata and proximal
dendrites (Fig. 6g, h1, h2,1,jl, j2), indicating that such PCs were innervated
by at least two CFs with different cellular origins in the inferior olive. Taken
together, these results suggest that NMDARs in MLIs are involved in the late
phase of CF synapse elimination.

Discussion

Previous studies indicate that PFs and CFs compete for postsynaptic sites on
PC dendrites during postnatal development and in adulthood. For example,
in GluD2 knockout mice, impairment of PF-PC synapse formation
appeared during the second postnatal week, the density of PF-PC synapses
was reduced to about half that of wild-type mice, and PC dendritic spines
without PF synaptic contacts (free spines) are frequently observed®**. In
parallel with the impaired PF-PC synapse formation, CFs form ectopic
synapses on distal dendrites of neighboring PCs by extending exuberant
collaterals, resulting in persistent multiple CF innervation®*". In contrast, in
cerebella with retracted CF innervation of PCs such as in rats or mice in
which neural activity was suppressed by tetrodotoxin application to the
cerebellum®* and in global or PC-selective P/Q-VDCC knockout mice'**,
PF synaptic territory expanded proximally along PC dendrites and
ectopic spines with PF terminals were often generated (hyper-spiny
transformation)®. Since PF synapse formation occurs massively during the
second and third postnatal weeks, its impairment greatly increases the
degree of multiple CF innervation with the same time course of the late
phase of CF elimination. The occupancy of postsynaptic spines at PC distal

dendrites by PFs restricts the CF innervation territory to PC proximal
dendrites and provides a basis for the late phase of CF elimination. However,
it was not known whether activity along PFs contributes to CF synapse
elimination. Our present results from TARPy2-GC-KO mice unequivocally
show that PF activity is indispensable for the late phase of CF elimination.
CF synapse elimination was impaired in cerebellar lobules 8-9 in which
TARPy2 was deleted from GCs and AMPAR-mediated currents in GCs
were greatly reduced during the third postnatal week. In contrast, CF
synapse elimination proceeded almost normally in cerebellar lobules 1-4/5
in which TARPy2 expression in GCs and AMPAR-mediated currents were
not reduced during the third postnatal week. Notably, normal CF mono-
innervation was observed in PCs in lobules 1-4/5 in the mature stage
when TARPy2 expression and AMPAR-mediated currents in GCs
were almost totally deleted. These results ssuggest that the third
postnatal week is the critical period for CF synapse elimination that requires
ME-GC-PF activity and that neural activity along this pathway does not
contribute to the maintenance of mono CF innervation in the mature
cerebellum.

We found that the extent of CF innervation along PC dendrites was
larger in lobules 8-9 of TARPy2-GC-KO mice than in control mice (Fig. 3e),
suggesting that CF translocation is enhanced in TARPy2-GC-KO mice. In
contrast, we observed no difference in the morphology and density of PF-PC
synapses, the size of PF terminals, or synaptic transmission elicited by PF
stimulation between the two mouse strains (Supplementary Fig. 4), sug-
gesting that PF-PC synapses are normal in TARPy2-GC-KO mice. Net
excitation of PCs by PF inputs should be reduced in TARPy2-GC-KO
mice because their GCs exhibited decreased spontaneous activities in vivo
(Fig. 1i, j). In contrast, the CF activity and net excitation by CF inputs were
elevated in TARPy2-GC-KO mice because the frequency of complex spikes
in vivo was significantly larger in TARPy2-GC-KO mice than in control
mice (Supplementary Fig. 3d). The dominance of CF inputs over PF inputs
to excite PCs is thought to underlie the enhanced CF translocation in
TARPy2-GC-KO mice. In contrast, the expansion of CF innervation may
reduce PF-PC synaptic territory over PC dendrites, but we found that PF-PC
synapses were normal. Since the inactivation of PC activity increases PF
innervation territories over PC dendrites™, the reducing effect of PF
innervation territories by CF activity might be counter-balanced by the
enhancing action of PF innervation due to the reduced PF-induced exci-
tation of PCs in TARPy2-GC-KO mice.
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Previous studies show that mGlul in PCs is required for the late phase
of CF elimination®****, but it was not clear whether mGlul is activated at
PF-PC synapses or at CF-PC synapses to trigger its downstream cascade for
CF synapse elimination. Repetitive PF stimulation readily activates post-
synaptic mGlul and induces slow EPSP/EPSCs™**** or IP3-mediated cal-
cium release in PC distal dendrites™ . In contrast, activation of mGlul at CF
synapses was shown to be restricted by strong glutamate uptake by gluta-
mate transporters”. It is assumed that mGlul is activated by PF inputs and
hererosynaptically facilitates the elimination of redundant CF synapses
mainly during the third postnatal week®*’. In the present study, we showed
that CF synapse elimination was impaired in mice with PC-specific mGlul
knockdown but this effect was occluded in TARPy2-GC-KO mice
(Fig. 4g-j). This result supports the notion that mGlul is activated at PE-PC
synapses to fuel CF synapse elimination during the third postnatal week.
However, mGlul signaling in PCs is not considered to be required for the
maintenance of CF mono-innervation in the mature cerebellum, since
conditional deletion of mGlul from PCs in adult mice caused no change in
CF innervation”, which is consistent with the present result of normal CF
innervation in lobules 1-4/5 of mature TARPy2-GC-KO mice (Fig. 2¢, d). It
is reported that spatially clustered PF burst inputs can cause the accumu-
lation of released glutamate and can activate mGlul at PE-PC synapses
nearby through the spread of released glutamate®®. Such a PF burst may
heterosynaptically activate mGlul at CF-PC synapses located near the
activated PF bundles, which may explain part of the heterosynaptic inter-
action between PF- and CF-PC synapses. However, the major event of the
mGlul-mediated late phase of CF elimination is the removal of redundant
CF synapses from PC somata'’. Since somatic CF synapses are spatially
distant from PF-PC synapses on PC dendrites, the major effect of PF-to-CF
heterosynaptic interaction should be transmitted intracellularly from PC
dendrites to somata.

Previous studies indicate that NMDARSs in the cerebellum are required
for CF synapse elimination™ particularly during the third postnatal week™.
Since functional NMDARSs are absent at either PF-PC or CF-PC synapses
during the second and third postnatal weeks**, NMDARs in other cell
types should be responsible for CF synapse elimination. Since NMDARs are
richly expressed in GCs during postnatal development™**, it has been
speculated that NMDARs contribute to MF to GC excitatory transmission.
In cerebellar slice preparations, NMDAR-mediated currents were reported
to amplify high-frequency MF inputs by prolonging the time courses of
synaptic inputs, but NMDARSs had no contribution to EPSPs/EPSCs in
response to single MF stimulation at 1 Hz"". Therefore, NMDARs may
contribute to CF synapse elimination by transmitting high-frequency MF
inputs to GCs and enhancing PF activity. However, we found normal CF
synapse elimination in mice with GC-specific deletion of GluN1 (Fig. 5i-n).
In awake mice with P60-P80 of age, GCs were shown to exhibit sparse high-
frequency bursts of action potentials during locomotion with high instan-
taneous firing frequencies of around 100 Hz’'. However, NMDAR-
mediated currents had negligible contributions, if any, to the GC burst
activities’' due to the voltage-dependent Mg’* block of NMDAR channels.
Together, these results suggest that NMDARs in GCs are dispensable for CF
synapse elimination.

We found that the late phase of CF elimination was impaired in NR1-
MLI/PC-KO mice (Fig. 6). Because functional NMDARSs are lacking in PCs
during the second and third postnatal weeks*’~*, the impaired CF synapse
elimination was considered to result from the deletion of NMDARs in MLIs.
Since PF burst stimuli can induce NMDAR-mediated currents in MLIs in
cerebellar slices”’, NMDARSs may contribute to the activity of MLIs in vivo
particularly when GCs exhibit high-frequency bursts of action potentials.

We found that the degree of impairment of CF synapse elimination in
NR1-MLI/PC-KO mice (Fig. 6b) was milder than in TARPy2-GC-KO mice
(Fig. 2b, P <0.01, Mann-Whitney U test). In contrast, the PC-specific
mGlul knockdown in control mice (Fig. 4h) caused a similar degree of
impairment in CF synapse elimination to that of TARPy2-GC-KO mice
(Fig. 4j, P = 0.916, Mann-Whitney U test). These results suggest that under
our experimental conditions, activation of NMDARs in MLIs by PF inputs

may play only a supplementary role in CF synapse elimination, whereas the
GC activity facilitates CF synapse elimination mainly through activating
mGlul at PF-PC synapses. The elevation of MLI activity by PF-induced
NMDAR activation may contribute only partially to the total spiking
activity of MLIs since MLIs exhibit spontaneous firing at 1-35 Hz in vivo™.
Therefore, the deletion of NMDARs from MLIs may have reduced
GABAergic inhibition onto PCs only partially. Moreover, NMDARs may
not have been completely deleted in MLIs of NR1-MLI/PC-KO mice, which
may have resulted in only a partial reduction of MLI-mediated GABAergic
inhibition onto PCs in response to high-frequency PF activity. Indeed, we
found a tendency of reduction but not complete elimination of the
NMDAR-mediated component of PF-EPSCs in MLIs of NR1-MLI/PC-KO
mice (Supplementary Fig. 6). We noticed that among 8 MLIs of NR1-MLI/
PC-KO mice, 3 cells had almost no NMDAR-mediated component,
whereas 5 cells exhibited clear NMDAR-components comparable to control
mice, suggesting that NMDAR-deficient and NMDAR-intact MLIs coex-
isted in the cerebellum of NR1-MLI/PC-KO mice. Whichever the reason is,
reduced GABAergic inhibition to PCs is considered to result in impairment
of CF synapse elimination, which is consistent with the previous reports that
reduced GABAergic inhibition from basket cells to PCs causes impairment
of CF synapse elimination from around P10 to P16™"".

Our results suggest that activation of mGlul in PCs and NMDARs in
MLIs, which resulted from the accumulation of released glutamate in a
spatially restricted manner®®, is required for the late phase of CF elim-
ination. Such a glutamate accumulation may be caused by clustered PF burst
inputs, but there has been no evidence for the presence of such PF bursts
in vivo during postnatal development. We observed a low frequency of GC
spontaneous firing at P11-18 (Fig. 1g, i) and no obvious mGlul-mediated
slow EPSPs in PCs in vivo at P13-17 (Supplementary Fig. 3). However, our
in vivo recordings from GCs and PCs were performed under anesthesia and
therefore it is possible that physiological activities of these neurons were
masked. Indeed, a previous study showed that GCs exhibited sparse high-
frequency burst firings during locomotion in awake mice with P60-P80 of
age’". If such a high-frequency burst activity is present in clusters of GCs
during the developmental stages for CF synapse elimination, mGlul in PCs
and NMDARs in MLIs can be activated by clustered PF burst inputs.
Moreover, patterned spontaneous activity is present in various regions of the
developing nervous system, including “retinal waves” that are crucial for
shaping mature neural circuits of the visual system™. In the developing
cerebellum, patterned “traveling waves” of spontaneous firings of PCs are
present”, and CF inputs are highly synchronized during the first postnatal
week’®. It is therefore possible that clusters of GCs may also exhibit patterned
synchronized firings and generate clustered PF burst inputs during early
postnatal development.

In conclusion, our present results strongly suggest that PF inputs
heterosynaptically influence CF synapse elimination in the developing
cerebellum. The heterosynaptic interaction in PCs derived from direct
activation of mGlul at PF-PC synapses and indirect enhancement of
GABAergic inhibition onto PCs involving NMDA receptors in MLIs. While
mGlul has been shown to trigger signaling cascades in PCs involving Gaq”,
PLCPB3 and PLC[343 638 PKC\(3 % Semaphorin 7 A”, and BDNF”, it is not
well understood how GABAergic inhibition regulates CF synapse elim-
ination. Whether these two pathways converge or act independently in PCs
to eliminate redundant CF synapses to establish mature synaptic wiring in
the cerebellum remains to be investigated.

Methods

Animals

All experiments were approved by the experimental animal ethics com-
mittees and the biosafety committee for living modified organisms of The
University of Tokyo, Tokyo Women’s Medical University, Hiroshima
University, Niigata University, and Hokkaido University. We used male and
female TARPy2(flox/flox):GluN2C(cre/wt) mice, GluNI(flox/flox):-
GluN2C(cre/cre) mice, and GluN1(flox/flox):GluD2(cre/wt) mice aged
from P6 to P80 for the present experiments. They are referred to as
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TARPy2-GC-KO mice, GluN1-GC-KO mice, and GluN1-MLI/PC-KO
mice, respectively. Age-matched littermates without cre were used for
control experiments. We maintained all mice in conditions on a reversed 12-
hour light/dark cycle with free access to food and water.

Lentiviral injection

As described previously’””, we designed VSV-G pseudotyped lentiviral
vectors (pCL20c) (Hanawa et al., 2002) for PC-specific expression under the
control of a truncated L7 promoter (pCL20c-L7)”°. We designed the fol-
lowing engineered miRNAs for mGlul knockdown by using a BLOCK-iT
Pol II miR RNAi expression vector kit (K4935-00, Invitrogen, CA, USA): 5-
TGCTGAAATCAGGGAGTCTCTGATGAGTTTTGGCCACTGACTG
ACTCATCAGACTCCCTGATTT-3 and 5-CCTGA AATCAGGGAGT
CTGATGAGTCAGTCAGTGGCCAAAACTCATCAGAGACTCCCTG
ATTTC-3". For virus injection into the cerebellum, a 33-gauge Hamilton
syringe filled with a viral solution was attached to a micropump
(UltramicroPump II, World Precision Instruments (WPI)). Under anes-
thesia by inhalation of isoflurane (1-2%), 4-5 pl (4-5 x 10° TU) of the viral
solution was injected at a rate of 200 nl/min using a microprocessor-based
controller (Micro4, WPI) into the cerebellar lobules 8-9 of C57BL/6 N mice
at PO-1. The syringe was left for an additional 2 min before it was with-
drawn. The scalp was then sutured, and the mice were returned to their
home cages.

77,78

In vitro whole-cell patch-clamp recordings

Mice were deeply anesthetized by CO, or isoflurane inhalation and
decapitated. The brains were quickly removed and parasagittal slices with a
thickness of 250 um were prepared from the cerebellar vermis with a
vibratome slicer (VT1200S, Leica) in a chilled artificial cerebrospinal fluid
(ACSF) containing 125mM NaCl, 25 mM KCl, 2mM CaCl,, 1 mM
MgSO,, 1.25 mM NaH,PO,, 26 mM NaHCO;, and 20 mM glucose, bub-
bled with 95% O, and 5% CO,. Cerebellar slices were kept at 25 °C in the
normal ACSF. When we recorded from GCs or MLIs, cerebellar slices were
initially incubated in the normal ACSF at 35 °C for 30 min before keeping
them at 25 °C. Whole-cell recordings were made from visually identified
PCs, GCs, or MLIs using an upright microscope (BX50WI, Olympus, or
Axio Examiner, Zeiss). The normal ASCF was used as a bath solution during
recordings. Patch pipettes were filled with an intracellular solution com-
posed of 60 mM CsCl, 10 mM CsD-gluconate, 20 mM TEA-Cl, 20 mM
BAPTA, 4 mM MgCl,, 4 mM ATP, 0.4 mM GTP, and 30 mM HEPES (pH
7.3, adjusted with CsOH). Bicuculline (10 uM, Tocris) or picrotoxin
(100 uM, Tocris) was added to the bath solution to block inhibitory synaptic
transmission for recording EPSCs. CFs were stimulated by using a patch
pipette filled with the normal ACSF that was placed in the internal granule
cell layer around the recorded PC soma. Square electrical pulses with 100 ps
duration for CF stimulation were applied at 0.2 Hz. The stimulation pipette
was systematically moved around the PC soma. The number of CFs
innervating the recorded PC was estimated as the number of discrete EPSC
steps during gradually increasing the stimulus intensity at each stimulus
location. AMPAR-mediated membrane currents were measured from GCs
during voltage ramp from 4 40 mV to — 100 mV at a rate of 70 mV/s by
subtracting the currents in the control bathing solution from those in the
presence of (RS)-AMPA (10 uM). In this experiment, the bathing solution
contained bicuculline (10 uM, Tocris), strychnine (10 uM, Sigma), cyclo-
thiazide (100 uM, Tocris), and TTX (1 uM, Nacalai). To evoke PF-mediated
EPSCs in MLIs, a stimulation pipette was placed in the molecular layer and
five square pulses were applied at 100 Hz. In this experiment, Mg’* ions
were omitted and glycine (10 uM), picrotoxin (100 uM), and strychnine
(10 uM) were added to the bathing solution. All experiments were
performed and the data were analyzed under conditions that the experi-
menters were blind to mouse genotypes or experimental operations. All data
were recorded at 32°C with an EPC10 patch clamp amplifier with
Patch Master software (HEKA Elektronik). Online data acquisition and
offline data analysis were performed using Fit Master software (HEKA
Elektronik).

In vivo whole-cell patch-clamp recordings

Animals were anesthetized with isoflurane (2-4%). The depth of anesthesia
was monitored by vibrissae movements and withdrawal reflex to hindlimb
pinch. Body temperature was maintained at 37 + 1 °C using a heating pad.
The animal’s head was fixed on a stereotaxic apparatus (Narishige) and the
surface of the cerebellar vermis was exposed as described previously"”.
Whole-cell patch-clamp recordings from GCs and PCs were made with a
Multiclamp 700B amplifier (Molecular Devices) by in vivo blind patch-
clamp techniques". Patch pipettes were filled with the intracellular solution
with the following compositions (in mM): 133 KMeSOs, 7.4 KC, 10 HEPES,
3 Na,ATP, 0.3 Na,GTP, 0.3 MgCl,, 0.05-0.1 EGTA, pH 7.3. Liquid-
junction potentials were not compensated. Electrophysiological data were
filtered at 3 or 10 kHz and digitized at 20 kHz with an ITC-16 interface
(Instrutech) and acquired with Axograph X software (Axograph Scientific).
Data were analyzed with Axograph X, Excel (Microsoft), and OriginPro
(OriginLab). The frequencies of spontaneous action potentials (APs) and
EPSCs in PCs and GCs were calculated as the number of events divided by
the recording time of 30 seconds when the baseline of membrane current or
potential became stable enough after establishing whole-cell recordings.

Light and electron microscopic analyses

Mice were deeply anesthetized with pentobarbital and perfused transcar-
dially with 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) for
light microscopic analysis or 2% paraformaldehyde and 2% glutaraldehyde
in 0.1 M PB for electron microscopic analysis. For immunohistochemistry,
brains were cut in half at the midline, dehydrated, and embedded in paraffin,
or processed into 50 pm cerebellar sections using a vibratome (Leica). The
paraffin sections containing age-matched control and TARPy2-GC-KO
mice were immunostained with antibodies against GluA2 (rabbit, 847-
863aa; RRID, AB_2571754)* and TARPy2 (rabbit, 302-318aa; RRID,
AB_2571844)" followed by amplification with Tyramide Signal Amplifi-
cation (TSA, Perkin Elmer). The vibratome sections were immunostained
with goat anti-calbindin (RRID, AB_2532104)", guinea pig anti-VGIuT2
(RRID, AB_2341096)"", and guinea pig anti-VGuT1 (RRID,
AB_2571618)" antibodies. For anterograde labeling of CFs with dextran
Alexa488 (DA488, Invitrogen), mice were deeply anesthetized with iso-
flurane, secured in the stereotaxic frame, and injected with DA488 into the
right inferior olive. A needle was inserted into the medulla, and injections
were done unilaterally at 1.0 mm rostral to the rostral tip of the occipital
bone, 1.5 mm right to the midline, and 1.8 mm ventral to the pial surface,
with tilting the manipulator by 47 degrees. The tracer was enhanced
immunohistochemically. For electron microscopy, 50 pm cerebellar sec-
tions were incubated with 1% OsO, for 20 min and 2% uranyl acetate for
20 min and dehydrated in graded alcohol and embedded in Epon 812. The
ultrathin sections were processed with an ultramicrotome (Leica EM UC?7,
Leica). The electron micrographs were taken with electron microscopy
(JEM1400, JEOL) and analyzed with the Metamorph software (Molecular
devices).

SDS-digested freeze-fracture replica labeling

SDS-digested freeze-fracture replica labeling (SDS-FRL) was performed as
described previously”. Mice were perfused with 2% PFA in 0.1 M PB (pH
7.2) for 10 min and processed into 140 um vibratome cerebellar sections.
Small regions containing the molecular layer were rapidly frozen by a high-
pressure freezing machine (HPMO010, Leica Microsystems) and their
replicas were processed by a freeze-fracture replica machine (JFD V, JEOL).
The replicas were incubated with rabbit anti-GluN1 antibody (RRID,
AB_2571604) (1 pg/ml)*, followed by incubation with species-specific gold
particle-conjugated secondary antibody (5 nm in diameter, British Biocell
International), guinea-pig anti-PSD95 antibody (RRID, AB_2571612)
(1 pg/ml)** and species-specific gold particle-conjugated secondary anti-
body (10 nm in diameter, British Biocell International). Each incubation
was done overnight at 15°C. After intensive washing, the replicas were
placed onto grids coated with formvar. Images were taken with an electron
microscope (JEM 1400, JEOL). Image analysis was conducted using the
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MetaMorph software (Molecular Devices). We defined straight, long-
itudinally fractured regions (less than 1 um in diameter) containing clus-
tered intramembranous particles as protoplasmic faces (P-face) of MLI
dendrites. Within these regions, we defined the area labeled for PSD95, an
excitatory postsynaptic marker, and facing the extraplasmic face (E-face) of
nerve terminals as the PF-MI postsynaptic region, because PFs are sole
excitatory inputs to MLIs.

Statistical analysis

No data were excluded from the analysis. Throughout the text and figures, n
represents the number of cells analyzed unless otherwise stated in the figure
legends. Averaged values were represented as mean + SEM. Statistical sig-
nificance was assessed by two-sided t-test or Mann-Whitney U test,
depending on whether the data sets passed the normality test and equal
variance test, unless otherwise stated in the text. Statistical analyses were
conducted with SigmaPlot 12.1 or 12.5 (Systat Software) and p values
smaller than 0.001 were described as p < 0.001, otherwise actual p values
were described in the text. Differences between the two samples were
considered statistically significant if the p-value was less than 0.05.

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

Data availability

The datasets generated during and/or analyzed during the current study are
available from the corresponding author upon reasonable request. The
numerical source data for the figures were provided as Supplemen-
tary Data 1.

Code availability
The analysis code used in the current study is available from the corre-
sponding author upon reasonable request.

Received: 29 September 2023; Accepted: 12 June 2024;
Published online: 03 July 2024

References

1. Hensch, T. K. Critical period regulation. Annu Rev Neurosci 27,
549-579 (2004).

2. Katz, L. C. & Shatz, C. J. Synaptic activity and the construction of
cortical circuits. Science 274, 1133-1138 (1996).

3. Lichtman, J. W. & Colman, H. Synapse elimination and indelible
memory. Neuron 25, 269-278 (2000).

4. Kano, M. & Hashimoto, K. Synapse elimination in the central nervous
system. Curr Opin Neurobiol 19, 154-161 (2009).

5. Crepel, F. Regression of functional synapses in the immature
mammalian cerebellum. Trends Neurosci 5, 266-269 (1982).

6. Faust, T. E., Gunner, G. & Schafer, D. P. Mechanisms governing
activity-dependent synaptic pruning in the developing mammalian
CNS. Nat Rev Neurosci 22, 657-673 (2021).

7. Kano, M. & Watanabe, T. Developmental synapse remodeling in the
cerebellum and visual thalamus. F7000Res 8, F1000 (2019).

8. Kano, M., Watanabe, T., Uesaka, N. & Watanabe, M. Multiple phases
of climbing fiber synapse elimination in the developing cerebellum.
Cerebellum 17, 722-734 (2018).

9. Lohof, A. M., Delhaye-Bouchaud, N. & Mariani, J. Synapse elimination
in the central nervous system: functional significance and cellular
mechanisms. Rev Neurosci 7, 85-101 (1996).

10. Hashimoto, K. & Kano, M. Functional differentiation of multiple
climbing fiber inputs during synapse elimination in the developing
cerebellum. Neuron 38, 785-796 (2003).

11. Hashimoto, K., Ichikawa, R., Kitamura, K., Watanabe, M. & Kano, M.
Translocation of a “winner” climbing fiber to the Purkinje cell dendrite

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

and subsequent elimination of “losers” from the soma in developing
cerebellum. Neuron 63, 106-118 (2009).

Hashimoto, K. et al. Influence of parallel fiber-Purkinje cell synapse
formation on postnatal development of climbing fiber-Purkinje cell
synapses in the cerebellum. Neuroscience 162, 601-611 (2009).
Eccles, J. C., Ito, M. & Szentagothai, J. The Cerebellum as a Neuronal
Machine. Ch. lll, pp43-57 (Springer-Verlag, 1967).

Ito, M. The CEREBELLUM and NEURAL CONTROL. Ch. 6, pp74-85
(Raven Press, 1984).

Palay, S. L. & Chan-Palay, V. Cerebellar Cortex. Ch. Ill. pp63-99
(Springer-Verlag, 1974).

Hashimoto, K. et al. Postsynaptic P/Q-type Ca?* channel in Purkinje
cell mediates synaptic competition and elimination in developing
cerebellum. Proc Nat/ Acad Sci USA 108, 9987-9992 (2011).
Kawamura, Y. et al. Spike timing-dependent selective strengthening
of single climbing fibre inputs to Purkinje cells during cerebellar
development. Nat Commun 4, 2732 (2013).

Kawata, S. et al. Global scaling down of excitatory postsynaptic
responses in cerebellar Purkinje cells impairs developmental synapse
elimination. Cell Rep 8, 1119-1129 (2014).

Mikuni, T. et al. Arc/Arg3.1 is a postsynaptic mediator of activity-
dependent synapse elimination in the developing cerebellum. Neuron
78, 1024-1035 (2013).

Miyazaki, T., Hashimoto, K., Shin, H. S., Kano, M. & Watanabe, M. P/
Q-type Ca** channel a1A regulates synaptic competition on
developing cerebellar Purkinje cells. J Neurosci 24, 1734-1743 (2004).
Usowicz, M. M., Sugimori, M., Cherksey, B. & Llinas, R. P-type
calcium channels in the somata and dendrites of adult cerebellar
Purkinje cells. Neuron 9, 1185-1199 (1992).

Eccles, J. C., Llinas, R. & Sasaki, K. The excitatory synaptic action of
climbing fibres on the Purkinje cells of the cerebellum. J Physiol 182,
268-296 (1966).

Ichise, T. et al. mGIuR1 in cerebellar Purkinje cells essential for long-
term depression, synapse elimination, and motor coordination.
Science 288, 1832-1835 (2000).

Kano, M. et al. Persistent multiple climbing fiber innervation of
cerebellar Purkinje cells in mice lacking mGluR1. Neuron 18,

71-79 (1997).

Levenes, C., Daniel, H., Jaillard, D., Conquet, F. & Crepel, F.
Incomplete regression of multiple climbing fibre innervation of
cerebellar Purkinje cells in mGIuR1 mutant mice. Neuroreport 8,
571-574 (1997).

Nusser, Z., Mulvihill, E., Streit, P. & Somogyi, P. Subsynaptic
segregation of metabotropic and ionotropic glutamate receptors as
revealed by immunogold localization. Neuroscience 61, 421-427
(1994).

Petralia, R. S., Zhao, H. M., Wang, Y. X. & Wenthold, R. J. Variations in
the tangential distribution of postsynaptic glutamate receptors in
Purkinje cell parallel and climbing fiber synapses during development.
Neuropharmacology 37, 1321-1334 (1998).

Yamasaki, M., Aiba, A., Kano, M. & Watanabe, M. mGIuR1 signaling in
cerebellar Purkinje cells: Subcellular organization and involvement in
cerebellar function and disease. Neuropharmacology 194, 108629 (2021).
Dzubay, J. A. & Otis, T. S. Climbing fiber activation of metabotropic
glutamate receptors on cerebellar Purkinje neurons. Neuron 36,
1159-1167 (2002).

Batchelor, A. M. & Garthwaite, J. Frequency detection and temporally
dispersed synaptic signal association through a metabotropic
glutamate receptor pathway. Nature 385, 74-77 (1997).

Finch, E. A. & Augustine, G. J. Local calcium signalling by inositol-
1,4,5-trisphosphate in Purkinje cell dendrites. Nature 396,

753-756 (1998).

Hartmann, J. et al. TRPCS3 channels are required for synaptic
transmission and motor coordination. Neuron 59, 392-398 (2008).

Communications Biology | (2024)7:806

11



https://doi.org/10.1038/s42003-024-06447-4

Article

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Takechi, H., Eilers, J. & Konnerth, A. A new class of synaptic response
involving calcium release in dendritic spines. Nature 396, 757-760
(1998).

Tempia, F., Miniaci, M. C., Anchisi, D. & Strata, P. Postsynaptic current
mediated by metabotropic glutamate receptors in cerebellar Purkinje
cells. J Neurophysiol 80, 520-528 (1998).

Kano, M. et al. Impaired synapse elimination during cerebellar
development in PKCy mutant mice. Cell 83, 1223-1231 (1995).
Kano, M. et al. Phospholipase CB4 is specifically involved in climbing
fiber synapse elimination in the developing cerebellum. Proc Natl
Acad Sci USA 95, 15724-15729 (1998).

Offermanns, S. et al. Impaired motor coordination and persistent
multiple climbing fiber innervation of cerebellar Purkinje cells in mice
lacking Gaqg. Proc Natl Acad Sci USA 94, 14089-14094 (1997).

Rai, Y. et al. Phospholipase C 83 is required for climbing fiber synapse
elimination in aldolase C-positive compartments of the developing
mouse cerebellum. Neuroscience 462, 36-43 (2021).

Rabacchi, S., Bailly, Y., Delhaye-Bouchaud, N. & Mariani, J.
Involvement of the N-methyl D-aspartate (NMDA) receptor in synapse
elimination during cerebellar development. Science 256, 1823-1825
(1992).

Kakizawa, S., Yamasaki, M., Watanabe, M. & Kano, M. Critical period
for activity-dependent synapse elimination in developing cerebellum.
J Neurosci 20, 4954-4961 (2000).

Konnerth, A., Llano, |. & Armstrong, C. M. Synaptic currents in
cerebellar Purkinje cells. Proc Natl Acad Sci USA 87, 2662-2665
(1990).

Llano, I., Marty, A., Armstrong, C. M. & Konnerth, A. Synaptic- and
agonist-induced excitatory currents of Purkinje cells in rat cerebellar
slices. J Physiol 434, 183-213 (1991).

Farrant, M., Feldmeyer, D., Takahashi, T. & Cull-Candy, S. G. NMDA-
receptor channel diversity in the developing cerebellum. Nature 368,
335-339 (1994).

Takahashi, T. et al. Functional correlation of NMDA receptor epsilon
subunits expression with the properties of single-channel and
synaptic currents in the developing cerebellum. J Neurosci 16,
4376-4382 (1996).

Hashimoto, K. et al. Impairment of AMPA receptor function in
cerebellar granule cells of ataxic mutant mouse stargazer. J Neurosci
19, 6027-6036 (1999).

Jackson, A. C. & Nicoll, R. A. The expanding social network of
ionotropic glutamate receptors: TARPs and other transmembrane
auxiliary subunits. Neuron 70, 178-199 (2011).

Uemura, T. et al. Neurexins play a crucial role in cerebellar granule cell
survival by organizing autocrine machinery for neurotrophins. Cell
Rep 39, 110624 (2022).

Yamazaki, M. et al. TARPs y2 and y7 are essential for AMPA receptor
expression in the cerebellum. Eur J Neurosci 31, 2204-2220, (2010).
Fukaya, M., Yamazaki, M., Sakimura, K. & Watanabe, M. Spatial
diversity in gene expression for VDCCy subunit family in developing
and adult mouse brains. Neurosci Res 53, 376-383 (2005).
Watanabe, M., Mishina, M. & Inoue, Y. Distinct spatiotemporal
expressions of five NMDA receptor channel subunit mRNAs in the
cerebellum. J Comp Neurol 343, 513-519 (1994).

Sims, R. E. & Hartell, N. A. Differences in transmission properties and
susceptibility to long-term depression reveal functional specialization
of ascending axon and parallel fiber synapses to Purkinje cells. J
Neurosci 25, 3246-3257 (2005).

Nakayama, H. et al. GABAergic inhibition regulates developmental
synapse elimination in the cerebellum. Neuron 74, 384-396 (2012).
Hashimoto, K. et al. Roles of glutamate receptor 62 subunit (GIuR52)
and metabotropic glutamate receptor subtype 1 (mGIuR1) in climbing
fiber synapse elimination during postnatal cerebellar development. J
Neurosci 21, 9701-9712 (2001).

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Ichikawa, R. et al. Distal extension of climbing fiber territory and
multiple innervation caused by aberrant wiring to adjacent spiny
branchlets in cerebellar Purkinje cells lacking glutamate receptor 82. J
Neurosci 22, 8487-8503 (2002).

Clark, B. A. & Cull-Candy, S. G. Activity-dependent recruitment of
extrasynaptic NMDA receptor activation at an AMPA receptor-only
synapse. J Neurosci 22, 4428-4436 (2002).

Carter, A. G. & Regehr, W. G. Prolonged synaptic currents and
glutamate spillover at the parallel fiber to stellate cell synapse. J
Neurosci 20, 4423-4434 (2000).

Christie, J. M. & Jahr, C. E. Dendritic NMDA receptors activate axonal
calcium channels. Neuron 60, 298-307 (2008).

Nahir, B. & Jahr, C. E. Activation of extrasynaptic NMDARs at
individual parallel fiber-molecular layer interneuron synapses in
cerebellum. J Neurosci 33, 16323-16333 (2013).

Zhang, B. & Sudhof, T. C. Neuroligins are selectively essential for
NMDAR signaling in cerebellar stellate interneurons. J Neurosci 36,
9070-9083 (2016).

Yamasaki, M. et al. Glutamate receptor 82 is essential for input
pathway-dependent regulation of synaptic AMPAR contents in
cerebellar Purkinje cells. J Neurosci 31, 3362-3374 (2011).

Piochon, C. et al. NMDA receptor contribution to the climbing fiber
response in the adult mouse Purkinje cell. J Neurosci 27,
10797-10809 (2007).

Renzi, M., Farrant, M. & Cull-Candy, S. G. Climbing-fibre activation of
NMDA receptors in Purkinje cells of adult mice. J Physiol 585,
91-101 (2007).

Kashiwabuchi, N. et al. Impairment of motor coordination, Purkinje
cell synapse formation, and cerebellar long-term depression in
GluRd2 mutant mice. Cell 81, 245-252, (1995).

Kurihara, H. et al. Impaired parallel fiber—>Purkinje cell synapse
stabilization during cerebellar development of mutant mice lacking the
glutamate receptor 62 subunit. J Neurosci 17, 9613-9623 (1997).
Bravin, M., Morando, L., Vercelli, A., Rossi, F. & Strata, P. Control of
spine formation by electrical activity in the adult rat cerebellum. Proc
Natl Acad Sci USA 96, 1704-1709 (1999).

Kakizawa, S. et al. Maintenance of presynaptic function by AMPA
receptor-mediated excitatory postsynaptic activity in adult brain. Proc
Natl Acad Sci USA 102, 19180-19185 (2005).

Nakao, H. et al. mGluR1 in cerebellar Purkinje cells is essential for the
formation but not expression of associative eyeblink memory. Sci Rep
9, 7353 (2019).

Marcaggi, P. & Attwell, D. Endocannabinoid signaling depends on the
spatial pattern of synapse activation. Nat Neurosci 8, 776-781 (2005).
Marcaggi, P. & Attwell, D. Short- and long-term depression of rat
cerebellar parallel fibre synaptic transmission mediated by synaptic
crosstalk. J Physiol 578, 545-550 (2007).

Baade, C., Byczkowicz, N. & Hallermann, S. NMDA receptors amplify
mossy fiber synaptic inputs at frequencies up to at least 750 Hz in
cerebellar granule cells. Synapse 70, 269-276 (2016).

Powell, K., Mathy, A., Duguid, |. & Hausser, M. Synaptic representation
of locomotion in single cerebellar granule cells. Elife 4, e07290 (2015).
Kim, J. & Augustine, G. J. Molecular Layer Interneurons: Key Elements
of Cerebellar Network Computation and Behavior. Neuroscience 462,
22-35 (2021).

Nakayama, H. et al. Microglia permit climbing fiber elimination by
promoting GABAergic inhibition in the developing cerebellum. Nat
Commun 9, 2830 (2018).

Torborg, C. L. & Feller, M. B. Spontaneous patterned retinal activity
and the refinement of retinal projections. Prog Neurobiol 76,
213-235 (2005).

Watt, A. J. et al. Traveling waves in developing cerebellar cortex
mediated by asymmetrical Purkinje cell connectivity. Nat Neurosci 12,
463-473 (2009).

Communications Biology | (2024)7:806

12



https://doi.org/10.1038/s42003-024-06447-4

Article

76. Good, J. M. et al. Maturation of cerebellar Purkinje cell population
activity during postnatal refinement of climbing fiber network. Cell Rep
21, 2066-2073 (2017).

77. Uesaka, N. et al. Retrograde semaphorin signaling regulates synapse
elimination in the developing mouse brain. Science 344, 1020-1023
(2014).

78. Choo, M. et al. Retrograde BDNF to TrkB signaling promotes synapse
elimination in the developing cerebellum. Nat Commun 8, 195 (2017).

79. Sawada, Y.etal. High transgene expression by lentiviral vectors causes
maldevelopment of Purkinje cells in vivo. Cerebellum 9,291-302 (2010).

80. Miura, E. et al. Expression and distribution of JNK/SAPK-associated
scaffold protein JSAP1 in developing and adult mouse brain. J
Neurochem 97, 1431-1446 (2006).

81. Miyazaki, T., Fukaya, M., Shimizu, H. & Watanabe, M. Subtype
switching of vesicular glutamate transporters at parallel fibre-Purkinje
cell synapses in developing mouse cerebellum. Eur J Neurosci 17,
2563-2572 (2003).

82. Nakamoto, C. et al. Expression mapping, quantification, and complex
formation of GluD1 and GluD2 glutamate receptors in adult mouse
brain. J Comp Neurol 528, 1003-1027 (2020).

83. Yamada, K., Fukaya, M., Shimizu, H., Sakimura, K. & Watanabe, M.
NMDA receptor subunits GluRe1, GluRe3 and GIuR{1 are enriched at
the mossy fibre-granule cell synapse in the adult mouse cerebellum.
Eur J Neurosci 13, 2025-2036 (2001).

84. Fukaya, M. & Watanabe, M. Improved immunohistochemical
detection of postsynaptically located PSD-95/SAP90 protein family
by protease section pretreatment: a study in the adult mouse brain. J
Comp Neurol 426, 572-586 (2000).

Acknowledgements

We deeply thank Takaki Watanabe for helpful discussion and K. Matsuyama
and M. Karigane for excellent technical assistance. This work was supported
by Grants-in-Aid for Scientific Research (18H04012 and 21H04785 to M.K.,
and 20K06862 to H.N.) from the Japan Society for the Promotion of Science
(JSPS), Grants-in-Aid for Transformative Research Areas (A) (20H05914
and 20H05915 to M.K., and 20H05916 to M.M.) and AdAMS (16H06276 to
K.S.) from the Ministry of Education, Culture, Sports, Science and Tech-
nology (MEXT) of Japan.

Author contributions
H. Nakayama, N. Uesaka, K. Hashimoto, M. Watanabe, and M. Kano
designed the study. H Nakayama, T. Miyazaki, Y. Kawamura, M. Choo,

K. Konno, and S. Kawata performed the experiments and/or data analyses.
M. Abe, M. Yamazaki, and K. Sakimura generated and supplied mutant mice.
K. Hashimoto, M. Miyata, M. Watanabe, and M. Kano supervised the study.
H. Nakayama, T. Miyazaki, M. Watanabe, and M. Kano wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-024-06447-4.

Correspondence and requests for materials should be addressed to
Masanobu Kano.

Peer review information Communications Biology thanks Paikan
Marcaggi, Nobutake Hosoi, and Thomas Stidhof for their contribution to the
peer review of this work. Primary Handling Editors: Fereshteh Nugent and
Joao Valente. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Communications Biology | (2024)7:806

13


https://doi.org/10.1038/s42003-024-06447-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Direct and indirect pathways for heterosynaptic interaction underlying developmental synapse elimination in the mouse cerebellum
	Results
	Generation of a mouse model lacking AMPAR-mediated excitatory transmission specifically at MF to GC synapses during postnatal development
	Impaired CF synapse elimination in cerebellar lobules 8-9 of TARPγ2-GC-KO mice
	The late phase of CF elimination mediated by mGlu1 signaling in PCs is impaired in cerebellar lobules 8-9 of TARPγ2-GC-KO mice
	NMDARs in GCs are dispensable for CF synapse elimination
	NMDARs in MLIs are involved in the late phase of CF elimination

	Discussion
	Methods
	Animals
	Lentiviral injection
	In vitro whole-cell patch-clamp recordings
	In vivo whole-cell patch-clamp recordings
	Light and electron microscopic analyses
	SDS-digested freeze-fracture replica labeling
	Statistical analysis
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




