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Figure 7. ZI™ and ZI°N neurons contribute to social novelty. (A) Experimental design in mutant mice using DREADD. AAV1-Cre-EGFP
was injected into bilateral IN and DN of mutant mice at P21-25. Dio-hM4Di-EGFP was injected to the ZI of same mice four weeks
later. Following a 2-weeks break, these mice were intraperitoneally injected with vehicle or CNO. (B) The expression of EGFP and
Dio-hM4Di-EGFP. (B1) Bilateral IN and DN neurons (bregma —6.1) were infected by AAVI-Cre-EGFP. Scale bar, 200 um. (B2) tdTomato*
neurons in bilateral ZI (bregma - 6.1). Scale bar, 200 pm. (B3) EGFP* neurons in bilateral ZI (bregma -6.1), indicating that these
neurons express hM4Di. Scale bar, 200 um. (B4) The merge of (B2) and (B3). Boxed region is enlarged in (B5), and (B6) shows the
injection site of hM4Di-EGFP in the ZI. (C) Social ability was examined in mutant mice treated with either vehicle or CNO. There was
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hM4Di did not affect mouse behavior in that test (Fig.
S26B and Table S14). We investigated the consumption of
sweet and regular foods as well as body weight in mutant
mice with hM4Di expression and vehicle injection, com-
pared to mutant mice with hM4Di expression and CNO
injection. The results revealed no significant difference
between the two groups (Fig. S3).

To further demonstrate the role of the IN/DN—ZI
pathway in social behavior, we chemogenetically acti-
vated ZI™ and ZIPN neurons in control mice using DIO-
hM3Dqg-EGFP. As predicted, our results showed that
chemogenetic activation of ZI'™ and ZIP neurons by CNO
injection affected mouse behavior in the social novelty
and resident-intruder tests. In the social approach test,
control mice with activated ZI™ and ZI™™ neurons had
normal preference to S1 (Fig. S27A-C and Table S15). In
the social novelty test, however, these mice demonstrated
impaired social novelty, as shown by a lower preference
to S2 (Fig. S27D-F and Table S15). In the resident-intruder
test, we found a significant difference in the explora-
tion time for the familiar mouse in control mice with
CNO injection in trial 2, compared to vehicle injection
mice (Fig. S28A and Table S15), whereas the same mice
showed no difference in exploration time for the novel
mouse (Fig. S28B and Table S15). Meanwhile, control
mice with activated ZI™ and ZI™™ neurons behaved nor-
mal in grooming test (Fig. S28C and Table S15).

To verify the functionality of the IN/DN—ZI pathway,
we performed simultaneous optical fiber stimulation
and microelectrode array recording at its axonal ter-
minals (Fig. S29A). We injected anterograde and non-
transsynaptic AAV2/9-hSyn-oChlIEF-tdTomato into the
IN/DN, and performed in vivo recordings three weeks
later (Fig. S29B). By recording the local field potential
(LFP), we found that light stimulation caused a robust
activation of the ZI (Fig. S29C). Consistent with behav-
ioral observations, in vivo recordings demonstrated that
the LFP amplitude was increased in mutant mice com-
pared to control mice (Fig. S29D). CNO, but not vehicle,
significantly reduced the LFP amplitude of mutant mice
expressing hM4Di (Fig. S29D).

Finally, to map axonal targets of ZI™ and ZI™ neurons,
we expressed anterograde transsynaptic tracer AAV1-
hSyn-Cre-EGFP in the IN and DN and another antero-
grade nontranssynaptic tracer (AAV9-DIO-EGFP) in the
posterodorsal ZI of control mice (Fig. S30). We observed
that ZI™ and ZIPM neurons projected to several corti-
cal and striatal regions (caudate putamen, secondary
somatosensory cortex, and ectorhinal cortex), thalamus
(parafascicular thalamic nucleus, posterior thalamic

nuclei and superior colliculus), PAG, and pontine retic-
ular nucleus (Fig. S30). Notably, some regions receiving
projections from ZI™ and ZIPN neurons are implicated
in social functions, including the caudate putamen
(Adorjan et al, 2017), ectorhinal cortex (Leung et al,
2018), and PAG (Chen et al,, 2021; Tschida et al., 2019),
which may explain why ZI™ and ZI®™ neurons impact
social novelty.

Discussion

Many forms of autism have been associated with genetic
mutations and/or deficits in cerebellar development, yet
it remains to be elucidated whether and how autism
genes can change the structural connectivity between
brain regions, including that between the cerebellum
and the cerebral cortex. In fact, “to what extent and how
does the cerebellum play a role in nonmotor functions?”
becomes a central question in the field of cerebellar
research. Using large-scale transsynaptic tracing, we
uncover that the pathways from the CN to the thalamus,
midbrain and brainstem can be prominently affected
by Nign3®1¢ mutation. Moreover, the manipulation of
CN—ZI pathway that aims at restoring the balance of
neuronal activity improves the social deficit in mutant
mice. These findings may have wide-spread implications
for our insights on pathogenesis of both syndromic and
nonsyndromic forms of autism.

Aberrations in interregional connectivity as an
underlying mechanism of cerebellar cognitive
affective syndrome (CCAS)

Nign3®¢© mutation may alter synaptic connections,
including changed synaptic number or synaptic strength.
For example, neuroligin 3 deficiency increases the num-
ber of climbing fiber-PC synapses (Baudouin et al., 2012).
Furthermore, the changes in synaptic connections may
affect the extent of transsynaptic infection (Hoche et al.,
2018). Therefore, we are able to observe the alteration in
the number of target neurons.

For the pathogenesis of autism, most mechanistic
studies have been focusing on two respects: (i) how her-
itable or de novo mutations can affect synaptic develop-
ment and function; and (ii) which brain region and how
neuronal activity may be implicated in social disorders.
From another point of view, our data show that the
structural alteration of the cerebellar outputs may be
paramount and with widespread differences in Nlgn3r4>i¢
mice, and manipulating the activity in part of these
pathways turns out to affect social behavior.

no difference between vehicle and CNO groups in example movement traces, spent time with S1, sniffing time onto S1, and sniffing
preference (S1-empty). (D) Social novelty was examined in mutant mice treated with either vehicle or CNO. As shown by example
movement traces, spent time with S2, sniffing time onto S2, and sniffing preference (52-S1). Mutant mice treated with CNO exhibited
more interest to S2 compared to mutant mice treated with vehicle. For statistics, see Table S8. *P < 0.05.
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Given the protracted developmental timeline of the
cerebellum, Sathyanesan et al. (2019) have proposed that
abnormal cerebellar development may contribute to
neurodevelopmental disorders, including not only intel-
lectual disability, attention-deficit hyperactivity disorder
and Down syndrome but also autism. More specifically,
they advocate that over- or under-connectivity of the cer-
ebellum with efferent targets may lead to high- or low-
functioning forms of autism, respectively. The potential
clinical relevance of such bidirectional alterations in
structural connectivity are also supported by the studies
in patients suffering from CCAS (Hoche et al., 2018): struc-
tural MRI studies reveal that their cerebello-cerebral con-
nections can be either increased (Khan et al., 2015; Pierce
etal., 2004) or decreased (Jack and Morris, 2014; Mostofsky
et al., 2009).

Our work suggests that structural changes in the out-
put of the cerebellum have functional implications in
social behaviors. This notion is supported by studies using
optogenetic stimulation of the cerebellum in combina-
tion with field recording of cerebral cortex (Lindeman et
al., 2021; Witter et al., 2013), as well as by functional MRI
studies revealing a coupling between the cerebellum and
the cerebral cortex at rest and/or during sensorimotor or
cognitive control (Abdelgabar et al.,, 2019; Buckner, 2013;
Stoodley and Schmahmann, 2009). Hence, it appears pos-
sible that structural aberrations in the development of cer-
ebellar outputs will lead to functional deficits observed in
autism (Wang et al., 2014). On one hand, we observed that
ZIN neurons project to nuclei associated with social inter-
action, such as the striatum, entorhinal cortex, and PAG,
which may account for abnormal ZI™ neuronal activity
leading to abnormal social interaction. Therefore, future
research should examine the projections of ZI*N—Cpu/
Ect/PAG in Nlgn3*¢ mice. On the other hand, we also
found that Nlgn3*'¢ mutation altered CN—VTA projec-
tion, which has been linked to social behaviors (Carta et
al., 2019). All these pathways may be involved in the cir-
cuit mechanisms underlying how aberrant cerebellar out-
puts lead to social deficits.

It will be also interesting to find out whether the aber-
rations in cerebellar outputs are present in cerebellar
cell-specific mutations, such as that in Tsc1® mice (Tsai et
al., 2012). Recently, Gibson et al. (2023) demonstrate that
stimulating the right Crus1 of Fmr1 knockout mice, a model
of syndromic autism (Baudouin et al., 2012), is enough to
rescue social defects. This work indicates the potential
role of cerebellar outputs in syndromic autism with global
genetic mutation, and thereby supports the scientific impli-
cations of the present study using Nlgn3**°'¢ mice.

Role of CN projection to posterodorsal ZI in
social interaction

Using transsynaptic tracing, we demonstrate that
each of the CN projects with a particular density to a

specific subpopulation of neurons in the ZI. Interestingly,
Nlgn3®¢ mutation mainly affects a subpopulation
aggregated at the posterodorsal part of the ZI. Inhibiting
ZIN and ZIPN neurons turns out to be sufficient to rescue
impaired social novelty-seeking behavior in Nlgn3®4i¢
mice. Possibly, this subpopulation of cells partly coin-
cides with inhibitory tachykinin-expressing ZI neurons
that are recently found to instigate novelty-seeking
behavior (Ahmadlou et al., 2021). Our disynaptic tracing
shows that ZI"™ and ZI°M neurons project to the contralat-
eral striatum, somatosensory cortex, entorhinal cortex,
thalamic nuclei, superior colliculus, peri-aquaductal
gray and/or pontine reticular nucleus, several of which
may be involved in control of social behavior (Adorjan et
al., 2017; Chen et al., 2021; Chou et al,, 2018; Leung et al.,
2018; Tschida et al., 2019; Wang et al., 2019). To explore
potential new approach to treat the social aspects of
autism, future studies will have to identify which of
these downstream targets of ZI are critical for the patho-
genesis of these symptoms.

Differential effects of Nlgn3®*>1¢ mutation on CN
efferents

Nlgn3®i¢ mutation differentially affects the projections
from the FN, IN, and DN to thalamus, midbrain, and
brainstem in that the densities of the projections are dif-
ferent in 36 nuclei. Which mechanisms may contribute
to these differential effects? First, neuroligin 3 is a cell
adhesion molecule situated in the postsynaptic mem-
brane of both excitatory and inhibitory inputs (Tabuchi
et al., 2007). CN-targeted neurons in the thalamus, mid-
brain and brainstem may differentially express neuroli-
gin 3 in a brain region-dependent manner (Rothwell et
al., 2014; Uchigashima et al., 2021). Thus, neuroligin 3
may act both in an anterograde manner at the dendritic
sites of CN neurons and in a retrograde manner at the
terminal sites (Futai et al., 2013; Studhof, 2017). Second,
neuroligin 3 may be involved in translational processes.
On one hand, neuroligin 3 is subject to posttranslational
modifications, which in turn affect the specification of
synaptic contacts and thereby the organization of the
network (Uchigashima et al,, 2021). On the other hand,
neuroligin 3 itself may regulate the translation of protein
signaling (Hornberg et al., 2020). Finally, neuroligin 3 may
also remodel neuronal circuits by acting on the turnover
of spines. For example, Nign3®¢ mice show enhanced
dynamics of PSD95-positive spines in the somatosensory
cortex (Isshiki et al., 2014) and impaired elimination of
redundant climbing fiber-PC synapses (Lai et al., 2021).
However, our data show that the Nlgn3®*°© mutation does
not affect the morphology of PCs and CN neurons, imply-
ing differentiation in the possible roles of neuroligin 3
in the development of distinct brain regions. Therefore,
there are ample potential molecular and cellular mecha-
nisms that may contribute to the differential changes of
CN connectivity in Nlgn3*'¢ mouse model.
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Implications of the present study on ASD and
other neurodevelopmental disorders

In summary, we uncover structural aberrations in the
CN—thalamic,the CN—midbrain and the CN—brainstem
pathways in Nlgn3®*1¢ mice, which promote our under-
standing of circuitry mechanisms by which cerebellar
dysfunction leads to the defects in social interactions.
Understanding cerebello-cerebral topographies in the
context of neurodevelopmental disorders will enable
targeted applications through both pharmacological and
stimulation-based interventions. Future research should
proceed to investigate structural changes in cerebellar
outputs in other syndromic and nonsyndromic autism
mouse models.

The diverse neural circuit disorders in different
subtypes of autism must be acknowledged. Previous
research has demonstrated impaired CN—VM circuit
in Tsc1®® mice (Kelly et al., 2020), but this alteration is
not observed in Nilgn3*'¢ mice. Therefore, understand-
ing structural changes in the brains of individuals with
autism is crucial for developing effective treatment
strategies. The development of neural circuits involves
processes such as neuronal proliferation, differentia-
tion, and migration. It is evident that environmental and
genetic factors can disrupt normal development of neu-
ral circuits, leading to neurodevelopmental disorders.
For example, E12.5 marks the final stage of PC generation
(Inouye and Murakami, 1980). However, exposure to val-
proic acid (VPA) at this time point leads to the loss of PCs
(Al Sagheer et al,, 2018; Wang et al., 2018) and increases
the risk of autistic-like behaviors in mouse offspring
(Zarate-Lopez et al., 2024), underscoring the significance
of disruptions in cerebellar-related circuits in neurode-
velopmental disorders. In conclusion, large-scale circuit
tracing can be applied to neurodevelopmental disorders,
revealing at a cellular level the changes in circuits that
underlie these diseases and their heterogeneity.

Supplementary data

Supplementary data is available at Protein & Cell online at
https://doi.org/10.1093/procel/pwae040.
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