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ABSTRACT

BACKGROUND: Patients with autism spectrum disorder often show altered responses to sensory stimuli as well as
motor deficits, including an impairment of delay eyeblink conditioning, which involves integration of sensory signals in
the cerebellum. Here, we identify abnormalities in parallel fiber (PF) and climbing fiber (CF) signaling in the mouse
cerebellar cortex that may contribute to these pathologies.

METHODS: We used a mouse model for the human 15g11-13 duplication (patDp/+) and studied responses to
sensory stimuli in Purkinje cells from awake mice using two-photon imaging of GCaMP6f signals. Moreover, we
examined synaptic transmission and plasticity using in vitro electrophysiological, immunohistochemical, and
confocal microscopic techniques.

RESULTS: We found that spontaneous and sensory-evoked CF-calcium transients are enhanced in patDp/+ Purkinje
cells, and aversive movements are more severe across sensory modalities. We observed increased expression of the
synaptic organizer NRXN1 at CF synapses and ectopic spread of these synapses to fine dendrites. CF-excitatory
postsynaptic currents recorded from Purkinje cells are enlarged in patDp/+ mice, while responses to PF
stimulation are reduced. Confocal measurements show reduced PF+CF-evoked spine calcium transients, a key
trigger for PF long-term depression, one of several plasticity types required for eyeblink conditioning learning.
Long-term depression is impaired in patDp/+ mice but is rescued on pharmacological enhancement of calcium
signaling.

CONCLUSIONS: Our findings suggest that this genetic abnormality causes a pathological inflation of CF signaling,
possibly resulting from enhanced NRXN1 expression, with consequences for the representation of sensory stimuli by
the CF input and for PF synaptic organization and plasticity.

https://doi.org/10.1016/j.bpsgos.2021.09.004

Synaptopathies play a dominant role in autism (1-3). However,
it is difficult to directly relate synaptic to social abnormalities
(4). A promising complementary approach is to study simple
motor behaviors—more easily linked to their underlying
circuits—in the cerebellum (5,6). Impaired motor coordination
is a common feature of autism spectrum disorder (ASD); a
majority of children with ASD show motor problems (7,8),
including difficulties with eye movement control (9,10) and
impaired delay eyeblink conditioning (EBC) (11,12), a form of
associative learning that requires the cerebellum (13). These
findings place the cerebellum aside other brain structures that
contribute to ASD-related behavioral abnormalities (14). The
advantages for circuit approaches are obvious: the cerebellum
and its circuit architecture are conserved throughout verte-
brate evolution, and results from EBC studies can be
compared between humans and mice (15).

In previous work, we have shown that EBC is impaired in a
mouse model for the human 15g11-13 duplication (5), a copy
number variation that is one of the most frequent and
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penetrant genetic ASD causes (16) and is associated with
motor problems (17). In this model, mice inheriting the dupli-
cation paternally (patDp/+) show ASD-resembling deficits in
social behaviors (18). In patDp/+ mice, we observed not only
impaired delay EBC but also impaired long-term depression
(LTD) at parallel fiber (PF)-Purkinje cell (PC) synapses (5,19).
LTD is one of several plasticity mechanisms that contribute to
this type of associative learning (20,21). In addition, blockade
of long-term potentiation (LTP) at PF synapses (22), plasticity
of inhibitory synapses (23), and intrinsic plasticity in PCs (24)
have been found to reduce delay EBC performance. LTD is
triggered by repetitive coactivation of PF and climbing fiber
(CF) inputs (25,26) and is controlled by spine calcium signaling,
because LTD has a higher calcium threshold than LTP (27-29).
The olivocerebellar system plays a key role in this type of
plasticity; the CF input conveys an error signal, for example in
response to an airpuff directed to the eye in EBC (uncondi-
tioned stimulus). The contribution of CF signaling to LTD in-
duction consists of an enhancement of the calcium signal in
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PF-contacted spines. Here, we focus on the characterization
of physiological abnormalities that cause the deregulation of
LTD, with a particular focus on aberrant CF signaling.

We found that the two types of excitatory input to PCs are
altered in patDp/+ mice: PF synapses are weakened, whereas
CF synapses are strengthened. Two-photon recordings reveal
that CF-evoked calcium transients in response to sensory
input are enhanced in awake patDp/+ mice, which also show
stronger aversive motor responses, including faster eyelid
closure when corneal airpuffs are applied. We found ectopic
CF synapses on fine dendritic branches, together with
increased expression of NRXN1. PF-evoked spine calcium
transients are reduced. LTD is blocked in patDp/+ mice but is
rescued on pharmacological enhancement of calcium
signaling with the ampakine CX546 (30). Thus, the 15911-13
duplication results in pathologically enhanced CF signaling
with consequences for PF input organization and plasticity and
for the representation of sensory stimuli.

METHODS AND MATERIALS

Animals

We used both male and female mice aged ~1 to 5 months.
The patDp/+ mouse model for the human 15g11-13 duplica-
tion has been described elsewhere (18) (mice were obtained
from Dr. Toru Takumi). These mice carry a 6.3-Mb interstitial
duplication of the conserved linkage group on mouse chro-
mosome 7. The mice were backcrossed on a C57BL/6J
background for more than 10 generations and maintained on
this genetic background. Mice were kept in 12-hour light/dark
cycles and had access to food and water ad libitum. The ex-
periments were performed in accordance with National In-
stitutes of Health guidelines and were approved by the
Institutional Animal Care and Use Committee of the University
of Chicago.

Data Analysis and Statistics

Images obtained during two-photon recordings were pro-
cessed and motion corrected using custom MATLAB scripts
(version 2017b; The MathWorks, Inc.), and cellular regions of
interest were drawn manually in ImageJ based on volumetric
cell reconstructions. Calcium signal was extracted for each
region of interest and compiled for analysis using custom
MATLAB (version 2020a) and R scripts. For statistical analysis,
paired t test was used to compare within groups. Mann-Whitney
U test was used for between-group comparisons. Immunohis-
tochemistry and multisensory two-photon data were analyzed
with a one-way analysis of variance and post hoc Tukey tests.

RESULTS

To assess whether olivocerebellar signaling is altered in
patDp/+ mice, we performed two-photon imaging from crus |
in awake mice that express the genetically encoded calcium
indicator GCaMP6f under control of the PC-specific promoter
L7-cre (dual viral injection of GCaMP6f and L7-Cre AAV). PCs
located in crus | are responsive to a wide range of sensory
modalities (31). In these recordings, dendritic arbors of 15 to 25
PCs viewed from the top appear as thin stripes (Figure 1A).
Calcium transients were calculated as AF/F values. Under
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spontaneous firing conditions, the calcium event rate was not
significantly different between PCs from wild-type (WT) and
patDp/+ mice (WT: 1.17 = 0.03 Hz, n = 55 cells, 3 mice;
patDp/+: 1.24 = 0.02 Hz, n = 87 cells, 3 mice; p = .068)
(Figure 1B, C). However, both the calcium transient amplitude
and its variability (standard error of event amplitudes for each
cell) were significantly enhanced in patDp/+ mice (amplitude:
WT: 0.22 = 0.006 AF/F, patDp/+: 0.28 = 0.005 AF/F, p =
3.387 X 10~ ' variability: WT: 0.0331 + 0.0013 SEM, patDp/+:
0.0467 = 0.0011 SEM, p = 3.054 x 107'®) (Figure 1B, C).

The amplitudes of calcium transients evoked by application
of sensory stimuli were also significantly larger in PCs from
patDp/+ mice than WT mice (stimuli were applied in random
order using interstimulus intervals =30 s). This holds true when
light pulses (488-nm light-emitting diode, 30 ms) were directed
to the ipsilateral eye (WT: 0.56 = 0.03 AF/F; patDp/+: 0.96 =
0.05 AF/F; p = 1.36 X 1073, airpuffs (10 psi, 30 ms) were
directed to the ipsilateral whisker field (WT: 0.35 = 0.04 AF/F;
patDp/+: 0.56 *= 0.03 AF/F; p = .005), auditory stimuli (12 kHz
pure tone, 70-80 dB; 30 ms) were presented (WT: 0.22 =+ 0.01
AF/F; patDp/+: 0.54 + 0.03 AF/F; p = 2.86 X 1078), or all three
stimuli were applied together (WT: 0.49 = 0.03 AF/F; patDp/+:
0.99 + 0.03 AF/F; p =1 X 10~ '%; for all stimulus conditions:
WT: n = 55 cells, 3 mice; patDp/+: n = 87 cells, 3 mice)
(Figure 1D, E). Under control conditions (no stimulus), the
largest calcium events within the same time window were 0.15
+ 0.01 AF/F (WT) and 0.22 = 0.01 AF/F (patDp/+). Finally, as a
reference measure, we applied airpuffs (10 psi, 30 ms) to the
ipsilateral eye. This stimulus is used as the unconditioned
stimulus in EBC and is known to evoke complex spikes. The
resulting response amplitude in WT mice was 0.28 + 0.02
AF/F, while in patDp/+ mice, it was 0.54 = 0.03 AF/F (p =
.001). These findings confirm previous observations that
evoked calcium events are larger than spontaneous ones
(32,33) and show that the amplitudes of spontaneous and
evoked calcium events are significantly larger in PCs from
patDp/+ than WT mice. While it is known that evoked calcium
events can result from a mixture of both CF and PF signals
(32,33), the enhanced amplitude of sensory-evoked calcium
transients observed in patDp/+ mice at least partially reflects a
change in CF signal. This is concluded because the amplitude
of spontaneous calcium events—which occur at a frequency
around 1 Hz that is characteristic of spontaneous CF firing
(34)—is similarly enhanced.

The recordings described earlier were performed from PC
dendrites, roughly at equal distance from the soma and the pial
surface. This measure includes dendritic compartments of
various calibers. When analysis was restricted to calcium
transients from fine dendrites [the PF input territory; see below
(35)], we still observed larger calcium transients in patDp/+
PCs (0.83 = 0.04 AF/F; n = 19; 2 mice; analyzed for the light
stimulus) than in WT PCs (0.63 = 0.06 AF/F; n=19; 2 mice; p =
.008) (Figure 1F). These findings show that the CF-evoked
calcium transients within the PF input zone are significantly
enhanced in the ASD mouse model. The number of PCs
showing an above-threshold calcium response was also
enhanced in patDp/+ mice. Of the 15 to 25 PCs that we
recorded from in each experiment, in WT mice, 75.2 = 3.3%
responded, while in patDp/+ mice, 85.5 = 2.6% responded
within a time window of 240 ms after stimulus onset
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Figure 1. Spontaneous and sensory-evoked
climbing fiber-mediated calcium events in PC den-
drites are enhanced in awake patDp/+ mice. (A1)
Dual viral injection of 2% AAV1-L7-Cre and 10%
AAV1-CAG-Flex-GCaMP6f produces strong
expression in sparse PC populations in cerebellar
crus 1. (A2) Schematic of the in vivo recording
condition with light, airpuff, and sound stimuli
administered while a mouse is head-fixed over a
treadmill. (A3) Two-photon scanning of intermediate
dendrites yielded clear, cell-wide dendritic calcium
influx events. (A4) Sample imaging field of view with
the dendrites of 19 healthy, active PCs. Scale bar =
50 um. (B) Sample fluorescence traces extracted
from individual cell regions of interest during a 20-
second recording session with a light stimulus after
10 seconds. Spontaneous events were measured
during the 0-9 seconds time frame before stimulus
in each trial while evoked responses were measured
during the 240-ms poststimulus window (red). (C)
Quantification of spontaneous event rates, ampli-
tudes, and amplitude variability for each cell by ge-
i notype (WT, n = 55; patDp/+, n = 87). (D) Example
i traces from 1 WT and 1 patDp/+ cell highlighting
f trial-averaged evoked responses to sensory stimuli
; and control conditions (30-ms stimuli, 10 trials each).
1 Light and airpuff stimuli were targeted to the ipsi-
° lateral eye or whisker pad. Tone stimuli were deliv-
ered through bilateral speakers. (E) Quantification of
evoked response amplitudes for all cells in all ani-
mals by genotype (WT, n = 55; patDp/+, n = 87). (F)
Quantification of evoked responses to light stimulus
exclusively in fine dendrites in a subset of cells
where large-caliber and fine dendrites were easily
distinguished (WT, n = 19; patDp/+, n = 19). (G)
Percentage of cells in a field of view producing an
evoked response in the 240-ms window during each
trial (three trials of eight stimulus types each for 3
animals per genotype; WT, n = 72; patDp/+, n = 72).
* The dashed line indicates the prediction that 25% of
independently active cells with an average event rate
of ~1 Hz are expected to be active at baseline
during a 240-ms time window. (H) Genotype
average z score traces of the pixel intensity change
in a region of interest encompassing the ipsilateral
eye. Traces normalized to the mean z score value
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(o = .000248; analyzed for all stimulus types combined; 3 trials
per each of 8 stimulus types; 3 mice per genotype) (Figure 1G;
Figure S1).

Sensory stimulation also caused enhanced motor re-
sponses in patDp/+ mice. For example, corneal airpuff stim-
ulation initiated eyelid closure that occurred with shorter delays
in patDp/+ mice (WT: 121.86 = 14.5 ms; patDp/+: 78.85 *+
12.74 ms; both genotypes: n = 9; p = .0408) (Figure 1H, |) and
longer persisting closure (Figure S2). Similarly, we observed
enhanced movement of the front ipsilateral paw, facial struc-
tures (nose and ear), and chest in patDp/+ mice
(Figures S3-S5). Together, these findings point toward an
increased sensitivity to sensory stimuli.
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Differences in the amplitude of CF-evoked calcium tran-
sients may arise from changes in postsynaptic responsiveness
but can also result from changes in presynaptic CF activity
(36,37). To obtain an independent confirmation that CF
signaling is enhanced in patDp/+ mice and that this effect can
be a consequence of postsynaptic alterations, we applied
single CF stimuli in vitro and examined CF-excitatory post-
synaptic currents (EPSCs) in patch-clamp recordings from
PCs. In WT mice, the amplitude of CF-EPSCs recorded at
a —30 mV holding potential was 1.36 = 0.12 nA (n = 16). CF-
EPSC amplitudes recorded in patDp/+ mice were significantly
higher (3.19 = 0.41 nA; n = 10; p = .0005; Mann-Whitney U
test) (Figure 2A, B). At —70 mV holding potential, the CF-EPSC
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amplitudes recorded in WT PCs amounted to 3.09 + 0.31 nA
(n = 7), while those recorded from patDp/+ PCs reached 6.27
+ 0.78 nA (n = 6; p = .008) (Figure 2C, D). The paired-pulse
depression ratio (EPSC2/EPSC1) did not differ between the
genotypes at either holding potential (—30 mV: WT: 0.79 *
0.02, n = 16; patDp/+: 0.75 = 0.02, n = 10; p = .1615; —70 mV:
WT: 0.72 + 0.05; n = 7; patDp/+: 0.66 = 0.04, n = 6; p = .432)
(Figure 2B, D). These observations suggest that CF signaling is
postsynaptically enhanced in patDp/+ mice, but they do not
exclude the possibility of an additional change in CF burst
firing.

The observed differences in CF response amplitudes may
be associated with altered CF innervation. Developmental
elimination of surplus CFs is delayed but reaches completion
in patDp/+ mice (5). In the adult cerebellum, CF synapses
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Figure 2. CF-PC synaptic transmission is

ns enhanced in patDp/+ mice. (A) Typical CF-EPSCs
1.4 recorded in WT and patDp/+ PCs at a holding po-
tential of —30 mV. (B) Paired CF stimulations with a
1.2 100-ms interval show enhanced CF-EPSC ampli-
o 1.0 tudes but equivalent paired-pulse depression in
'<:“- patDp/+ PCs compared with WT PCs (patDp/+, n =
T 08 é ? 10; WT, n = 16). (C) Typical GF-EPSCs recorded at a
E 06 - ° holding potential of =70 mV. (D) Again, paired CF
a stimulations show enhanced CF-EPSC amplitudes
0.4 and equivalent paired-pulse depression in patDp/+
PCs compared with WT PCs (patDp/+, n = 6; WT,
0.2 n =7, respectively). (E-G) Dual label immunohisto-
0.0 chemistry stains for calbindin (PCs) and VGlut2 (CF
WT patDp/+ presynaptic terminals) in WT and patDp/+ cerebellar
tissue reveals CF terminal arrangement on PC den-
drites. Quantifying the number of VGIut2 puncta per
100-um lengths of dendrite shows increased density
1.4 ns of CF inputs to both (F) large-caliber (>2 pum) pri-
mary dendrites (patDp/+, n = 49; WT, n = 45) and (G)
1.2 fine dendritic branches (patDp/+, n = 28; WT, n = 34).
010 Scale bar = 2 um. *p < .05, *p < .01, **p < .005.
= Boxplots show mean line with interquartile range.
E 0.8 $ ° Boxplot error bars show the least extreme of either
o the highest and lowest values or mean = (1.5 X
e 0.6 + interquartile range). All data are shown as median =
0.4 SEM. CF, climbing fiber; EPSC, excitatory post-
synaptic current; ns, not significant; PC, Purkinje
0.2 cell; PPD, paired-pulse depression; WT, wild-type.
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contact spines on the primary dendrite and first-degree
branches, while PF synapses contact spines on higher-
order branches (we use here the terms “large-caliber den-
drites” and “fine dendrites”) (35). We used co-immunolabeling
of cerebellar sections for the PC-specific marker calbindin
and the CF terminal marker VGIuT2 and segregated dendrites
in the molecular layer into large-caliber (>2-um diameter) and
fine dendrites to assess the distribution and density of CF
terminals. We observed that the density of VGIuT2-stained
terminals on proximal, large-caliber dendrites was enhanced
in patDp/+ mice (24.18 * 1.17 VGIUT2 spots/100 um; n = 49
sections, 6 mice) as compared with WT mice (19.23 + 0.9
VGIUT2 spots/100 pm; n = 45 sections, 7 mice; p = .0014)
(Figure 2E, F). Similarly, we observed a higher density of
VGIUT2 terminals on fine dendrites of patDp/+ mice (7.52 =
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0.68 VGIUT2 spots/100 um; n = 28 sections, 6 mice) than WT
mice (4.59 = 0.5 VGIUT2 spots/100 pum; n = 34 sections, 7
mice; p = .0019) (Figure 2E, G). These findings show that in
patDp/+ mice, the CF input forms ectopic synapses on fine
dendrites.

The mouse model for the human 15q11-13 duplication is
based on an interstitial duplication of the conserved linkage
group on mouse chromosome 7, which is composed of about 23
genes (18). This group includes the ubiquitin protein ligase gene
Ube3a, which is upregulated in patDp/+ mice (5). To assess
transcription profiles, we performed laser capture microdis-
section of PCs and quantified messenger RNA (mRNA) content
by quantitative reverse transcriptase polymerase chain reaction
for selected candidate genes. The laser microdissection led to
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the collection of PC somata (Figure 3A), likely including proximal
dendritic stumps, axon initial segments, and attached (mostly
CF) synaptic terminals. In our selection of candidate mRNAs to
be tested, we focused (Figure 3B) on the synaptic organizer
molecules neuroligin 1-3 (Nign1, Nign2, Nign3), cerebellin
1 (CbInt), and neurexin 1 (Nrxn1); Ube3a; the translation control
factors CYFIP1 (Cyfip1), elF4E (Eif4e), and elF4G (Eif4g); mGlu1
receptors (Grm1); and SK2-type K™ channels (Kcnn2). (For in-
formation on these genes, see Mouse Genome Database; http://
www.informatics.jax.org.) Several of these mRNAs showed
significant changes in expression levels (Figure 3B), but we
focused on Nrxn1 because its change in mRNA levels was the
most pronounced (increase over WT: 1487.3 * 46.0%;
p=3.7822 x 10~ ")
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Figure 3. Altered expression and localization of the presynaptic organizer NRXN1. (A) Sample cerebellar cortical tissue before and after laser capture
microdissection of Purkinje cell somatic regions for mRNA isolation and quantitative reverse transcriptase—polymerase chain reaction quantification. Scale
bars = 50 um. (B) Relative mRNA expression of genes of interest (n = 6, 6). (C) Triple label immunohistochemistry stains for calbindin (Purkinje cells), NRXN1,
and VGlut2 (hidden for clarity) in WT and patDp/+ cerebellar tissue reveals NRXN1 localization patterns across the broad molecular layer and within sections of
primary dendritic branches. Scale bars = 10 pm. NRXN1 channel thresholding highlights signal and objects detected in dendritic regions. Scale bars = 5 um.
(D) Quantifying the number of NRXN1 puncta across broad sections of the molecular layer does not reveal altered NRXN1 expression (WT, n = 24 sections;
patDp/+, n = 25 sections). (E) Examining NRXN1 expression specifically in primary dendritic sections reveals enhanced NRXN1 puncta in patDp/+ tissue
(n = 12) compared with WT (n = 12). (F) Manually counting and labeling VGIut2 puncta as NRXN1* or NRXN1~ further defines the role of NRXN1 in enhanced
CF-Purkinje cell transmission. Scale bars = 10 um. (G) Colocalization analysis shows increased NRXN1 expression on climbing fiber terminals in patDp/+
tissue (n = 14) compared with WT (n = 16). *p < .05, **p < .01, ***p < .005. Boxplots show mean line with interquartile range. Boxplot error bars show the least
extreme of either the highest and lowest values or mean * (1.5 X interquartile range). All data are shown as median = SEM. mRNA, messenger RNA; ns, not
significant; WT, wild-type.
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NRXN1 acts as a presynaptic organizer at both PF [with
cerebellin 1 as binding partner (38,39)] and CF synapses [with
neuroligins 1 and 3 as binding partners (40,41)]. We per-
formed immunohistochemical analysis using antibodies
against calbindin and NRXN1 to assess whether NRXN1
levels are enhanced at these synapses. We did not find a
difference in expression levels between WT and patDp/+
mice in either distal or proximal molecular layer compart-
ments (Figure 3C, D). We did note, however, a large range in
NRXN1 counts, even in WT mice, which suggests that this
measure may be affected by unspecific background stains
and/or fluorescence from different focus planes. To overcome
this problem, we next restricted analysis to fluorescent
punctae that are colocalized with large-caliber, proximal
dendritic compartments (calbindin staining), a measure that
biases the count toward NRXN1 molecules located at CF
terminals (CF input zone) (35). In this measure, we observed
an increase in the NRXN1 count in patDp/+ mice (0.54 = 0.11
punctae/um?; n = 12 sections; 6 mice) as compared with WT
littermates (0.39 = 0.07 punctae/um? n = 12 sections;
6 mice; p = .0035) (Figure 3C, E). To examine whether NRXN1
is expressed at enhanced rates specifically at CF terminals,
we analyzed the percentage of VGIuT2-labeled CF terminals
that showed costaining with NRXN1. Indeed, we found that a
higher proportion of CF terminals across the molecular layer
showed NRXN1 costaining in patDp/+ mice (68.1 = 13.5%;
n = 14 sections; 4 mice) compared with WT mice (52.4 =
10.7%; n = 16 sections; 4 mice; p = .0022) (Figure 3F, G).
Together with the Nrxn1 mRNA increase that we observed
after laser capture microdissection of PC somata (including
CF terminals located on the soma and proximal dendrite),
these findings suggest that the observed strengthening of CF
input at least partially results from enhanced NRXN1
expression.

To assess whether PF synaptic transmission was similarly
strengthened, we recorded responses to PF stimulation in
PCs in vitro. In a previous study (5), we have shown that
isolated, single PF-EPSCs are unaffected in patDp/+ mice.
We now looked at more dynamic response properties and
applied a train of 5 PF stimuli at 10 Hz. In WT mice, we
observed a buildup of response amplitudes over the course of
the stimulus train (Figure 4A), which was not seen in re-
cordings from patDp/+ mice. Because there is no difference
in the paired-pulse facilitation ratio at PF synapses between
the two genotypes (5), this buildup seems to be of largely
postsynaptic origin. While no significant difference was
observed with regard to excitatory postsynaptic potentials
1-4, significance emerged when comparing the amplitude of
excitatory postsynaptic potential 5 (WT: 17.4 = 3.9 mV; n =
12; patDp/+: 8.3 = 1.7 mV; n = 8; p = .03) (Figure 4B).
Moreover, the number of evoked spikes (excitatory post-
synaptic potential 5) was significantly lower than in WT mice
(WT: 1.02 *= 0.23; patDp/+: 0.18 = 0.10; p = .0093)
(Figure 4C). A particular signaling pathway that is required at
PF synapses for the induction of LTD (42,43) but not LTP (44)
is the activation of mGluR1s. However, we did not find al-
terations in mGIuR1 expression levels using western blotting
analysis, nor did we find differences in an electrophysiological
correlate of mGIuR1 activation at PF to PC synapses—slow
mGIuR1-EPSCs (45) (Figure S6).
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Figure 4. PF-Purkinje cell synaptic transmission is weakened in patDp/+
mice. (A) Typical PF-EPSPs recorded in WT and patDp/+ Purkinje cells. PF
stimulation at 10 Hz for 5 pulses reveals weakened PF-EPSP synaptic
transmission in patDp/+ Purkinje cells, indicated by panel (B) a reduced
EPSP amplitude and (C) failure to reach a potential threshold necessary to
evoke spikes (WT, n = 12; patDp/+, n = 8). *p < .05, *p < .01, **p < .005.
Plots show mean = SEM. All data are noted in the text and legends as mean
+ SEM. EPSP, excitatory postsynaptic potential; PF, parallel fiber; WT, wild
type.

Does the altered synaptic connectivity observed result in
abnormal spine calcium transients? We performed confocal
recordings of calcium transients in spines on fine dendritic
branches to assess whether these signals are changed in
patDp/+ PCs. We began with measures of resting calcium
levels using the high-affinity (Kg = 485 nM) calcium indicator
Oregon Green BAPTA-2 (200 uM) that was added to the patch
pipette saline together with the calcium-insensitive fluorescent
dye Alexa 633 (30 pM). Calcium levels were calculated based
on the measurements of G/R ratios, where G is the calcium-
sensitive fluorescence of Oregon Green BAPTA-2 and R is
the calcium-insensitive fluorescence of Alexa 633 (28). Resting
calcium levels [Ca®"]; were not significantly different between
PCs from WT (132.1 £ 17.6 nM; n = 21) and patDp/+ mice
(104.8 = 24.9 nM; n = 11; p = .1527) (Figure 5A, B). For the
measurement of synaptically evoked spine calcium transients,
we changed our approach slightly. First, expecting larger cal-
cium transients than at resting state, we replaced the high-
affinity calcium indicator Oregon Green BAPTA-2 with the
low-affinity (Kg4 = 1.8 M) indicator Fluo-5F (300 uM). Second,
we switched from the calculation of absolute calcium levels
[Ca®*];, to normalized calcium transients AG/R, which are more
accurate and still allow for quantitative comparisons of calcium
signals. The calcium affinity of Fluo-5F is low, and CF-evoked
calcium transients in the proximal dendrite, which have low
amplitudes (Figure S7), may not reliably measure amplitude
differences. We therefore only provide genotype comparisons
between calcium transients evoked by PF bursts (8 PF stimuli
at 100 Hz) paired or not paired with a single CF stimulus (LTD
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stimulus, 120 ms after PF stimulus onset). We observed that
application of PF bursts alone caused reduced calcium tran-
sients in spines from patDp/+ PCs (WT: 0.43 + 0.07 AG/R; n =
14; patDp/+: 0.14 = 0.04 AG/R; n = 14; p = .0024). PF bursts
followed by a CF stimulus also caused lower calcium tran-
sients in spines from patDp/+ PCs (0.29 = 0.06 AG/R; n = 14)
compared with WT PCs (0.65 = 0.1 AG/R; n = 14; p = .0127)
(Figure 5D-G).

Finally, we tested whether LTD impairment resulted from
reduced calcium signaling. PF-EPSCs were recorded in the
test periods before and after application of the LTD protocol
(tetanization), which consisted of a train of eight stimuli (100
Hz), followed 120 ms after stimulus onset by a single CF
stimulus. This protocol was applied at 1 Hz for 5 minutes. In

Baseline [Ca?*] (nM)
3
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ﬂmwgml— TWL MM
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Figure 5. PF-evoked calcium transients are
ns decreased in patDp/+ Purkinje cell spines.
(A) Representative images of a patDp/+ Purkinje
cell filled with OGB-2 Ca?" indicator (green) and
Alexa 633 dye (red) and visualized spines from
that cell. Scale bars = left, 50 um; right, 2 um.
(B) No difference between resting concentra-
tions of Ca®* between WT and patDp/+ spines
(WT, n = 21; patDp/+, n = 11). (C) Representa-
tive images of WT (left) and patDp/+ (right)
Purkinje cells filled with Fluo-5F Ca?* indicator
and Alexa 633 dye. Red box indicates the
dendrite with the maximally responding spine.
Scale bars = 20 um (cell images) and 2 pum
(dendrite/spine images). (D) Electrophysiolog-
ical responses from somatic whole-cell patch
clamp to two stimulus types: 100-Hz PF burst of
8 pulses alone (PF burst), and a 100-Hz PF burst
of 8 pulses + 1 CF pulse (PF burst+CF).
(E) Typical traces of simultaneously recorded
spine Ca>" transients during each stimulus type.
(F) Mean * SEM traces of Ca®" transients for
each stimulus type between WT and patDp/+
spines (WT, n = 14; patDp/+, n = 14).
(G) Quantification of Ca®* signal peak ampli-
tudes during a 200-ms window after stimulus
onset reveals diminished PF signaling (PF burst
and PF burst + CF). *p < .05, *p < .01, *'p <
.005. Boxplots show mean line with interquartile
range. Boxplot error bars show the least extreme
of either the highest and lowest values or mean
+ (1.5 X interquartile range). Bar plots and
average traces show mean = SEM. All data are
shown as median = SEM. CF, climbing fiber; ns,
not significant. OGB, Oregon Green BAPTA; PF,
parallel fiber; WT, wild-type.
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WT mice, tetanization resulted in LTD (72.2 = 2.6%; t = 41—45
min; n = 5; p = .0004) (Figure 6). In contrast, EPSC potentiation
was seen in patDp/+ mice (149.7 = 10.5%; t = 41—-45 min; n =
7; p = .003; group comparison: p = .0058) (Figure 6). The
reduced calcium signal on PF+CF coactivation suggests that
in patDp/+ mice, the calcium signal did not reach LTD
threshold (27). If true, experimental manipulation of the calcium
signal amplitude should restore LTD. We bath-applied the
ampakine drug CX546 (300 pM), an allosteric modulator of
AMPA receptors that enhances synaptic transmission by
slowing receptor desensitization (46) and in PCs enlarges
dendritic calcium transients (30). In the presence of CX546,
LTD was restored in patDp/+ mice (73.7 = 5.7%,n =6; p =
.006) (Figure 6); the LTD amplitude was not different from that
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Figure 6. PF-Purkinje cell LTD is impaired in patDp/+ mice. (A) Typical
PF-induced EPSCs in wild-type and patDp/+ Purkinje cells recorded before
(black traces) and 30 minutes after (colored traces) tetanization using a LTD
protocol, a 1-Hz train of stimuli over 5 minutes where each stimulus consists
of a PF burst of 8 pulses at 100 Hz followed by 1 climbing fiber stimulation
120 ms after the first PF pulse. Scales = 100 pA, 20 ms. (B) Time graph
showing PF-EPSC mean + SEM amplitudes monitored during baseline (0-10
min) and post-tetanization (15-45 min) periods in wild-type (n = 5) and patDp/+
(n = 7) cells. Relative to wild-type, PF-LTD was impaired in patDp/+ cells,
which instead underwent long-term potentiation. In the presence of CX546,
an allosteric AMPA receptor modulator, patDp/+ cells show a rescued PF-
LTD (n = 6). *p < .05, *p < .01, **p < .005. Average traces show mean *+
SEM. All data are noted in the text and legends as mean = SEM. EPSC,
excitatory postsynaptic current; LTD, long-term depression; PF, parallel
fiber.

observed in WT mice (72.2 + 2.6%, n = 5; p = .0004; com-
parison: p = .65). This observation demonstrates that the
impairment of LTD in patDp/+ mice resulted from a reduction
in spine calcium transients (Figure 5).

DISCUSSION

A key observation is that CF signals recorded from PCs are
stronger in patDp/+ mice than in WT mice. This increase is
seen in CF-EPSC amplitudes, spontaneous CF-evoked cal-
cium events, and responses of individual PCs and PC pop-
ulations to sensory stimuli. CF responses in PCs are
compartmentalized: the complex spike is generated in the
soma and is driven by the dendritic potential, but the latter is
independently regulated (47,48). We will therefore consider
enhanced CF signaling separately for 1) local dendritic phe-
notypes (LTD impairment) and 2) phenotypes that may result
from an altered spike firing (49).

What is the origin of enhanced CF signaling? Mutations in
genes encoding synaptic cell adhesion molecules, including
neurexins, have been implicated in nonsyndromic ASD (50).
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The finding that NRXN1 expression is altered in patDp/+
mice, a syndromic mouse model of ASD, therefore points
toward a convergence in synaptopathies that may lead to
ASD-related phenotypes. NRXN1 is a synaptic organizer at
CF synapses; thus, enhanced NRXN1 expression may lead to
an expansion of CF input territory and the increase in CF
response amplitudes (40). We did not observe an upregulation
of NRXN1 protein in the molecular layer at large, a measure
that would reflect changes in expression levels at PF synap-
ses. However, a weakening of the PF input was evident from
the reduction in synaptic weights and in calcium transients.
An explanation for this PF signaling reduction can be found in
the competitive relationship between CF and PF inputs. In the
developmental competition for dendritic territory, the winner
CF outcompetes weaker CF and PF inputs in a calcium-
dependent manner (51). In adult rodents, a similar phenom-
enon was observed after lesioning the inferior olive, which
causes PC denervation from the CF input and a spread of PF
synapses to former CF input sites. CFs surviving incomplete
lesions sprout and reinnervate PCs, pushing PF synapses out
from the proximal dendrite (52). An underlying mechanism
was identified in culture: 32 glutamate receptors, which sta-
bilize PF synapses, are internalized on calcium influx (53). It is
thus possible that the emergence of strong CF synapses di-
minishes the PF input territory by means of enhanced calcium
signaling (35).

In patDp+ mice, we do observe an impairment of LTD [but
not LTP (5)]. Our confocal calcium imaging experiments show
that the LTD deficit results from reduced calcium signaling at
PF synapses. Thus, LTD is not saturated, as we previously
concluded (5). CX546 acts as an allosteric AMPA receptor
modulator at CF and PF synapses, but here it is compen-
sating for the deficit in PF signaling. One of the motor prob-
lems observed in patDp/+ mice is impaired EBC, which may
be related to LTD deregulation. LTD is only one of several
plasticity types involved in the proper execution of EBC
(20,21). However, its deregulation alone removes one of the
mechanisms underlying proper EBC execution. While not
tested here, a prediction for future experiments is that phar-
macological rescue of LTD will restore EBC in patDp/+ mice.
This prediction is based on the observation that genetic
rescue of LTD in mGIuR1™~ mice results in normal EBC
(54,55). Are there nonmotor consequences of LTD deregula-
tion (56)? Previous mouse model work could not establish a
link between LTD deregulation and impaired performance in
nonmotor tasks (57). An alternative view was suggested by
Masao Ito in the early 1990s: cerebellar associative learning
may be equally important for the construction of social
behavior, thought, and language as it is for the construction of
movement (58,59).

The enhanced presentation of sensory information to PC
dendrites by CF synapses raises the question of whether this
effect could have behavioral consequences related to CF’s
error signal function. There is no change in the complex spike
waveform in patDp/+ mice (5), but the observed increase in
population response might well change the activation of target
neurons in the cerebellar nuclei (60). Note that in patDp/+
mice, there is no PC loss (5), which could outbalance or
hamper the enlarged population response. The suggestion of a
cerebellar contribution to nonmotor phenotypes in ASD is not
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new (14,61,62). Our findings allow us to specifically address
one phenotype, sensory defensiveness, which does not
constitute a diagnostic criterion but is frequently observed in
ASD. This phenomenon describes negative reactions to sen-
sory stimuli, including avoidance behaviors (63), and is also
observed in children diagnosed with Dup15q syndrome
(documented by the Dup15q Alliance: http://dup15q.org/care/
sensory/). The sensory over-responsivity that we observed in
CF signaling in patDp/+ mice may cause a faulty representa-
tion of error signals, e.g., in response to corneal airpuff stim-
ulation. Whether or not such change in cerebellar output
affects cognitive processes related to sensory defensiveness
we cannot conclude from our findings. However, there are
reasons that make this a plausible scenario. First, manipulation
of cerebellar output has been shown to impair cognitive and
social behaviors (64-66). Second, in our experiments, patDp/+
mice show enhanced aversive movements on sensory stimu-
lation, which places the observed sensory over-responsivity in
context of startle-resembling behaviors. Third, clinical obser-
vations show that cerebellar diseases can lead to tactile
defensiveness and sensory overload (67), establishing a link
between cerebellar dysfunction and abnormal sensory
processing.
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