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Environmental perturbations during the first years of life are a major factor in psychiat-
ric diseases. Phencyclidine (PCP), a drug of abuse, has psychomimetic effects, and neo-
natal subchronic administration of PCP in rodents leads to long-term behavioral
changes relevant for schizophrenia. The cerebellum is increasingly recognized for its
role in diverse cognitive functions. However, little is known about potential cerebellar
changes in models of schizophrenia. Here, we analyzed the characteristics of the cerebel-
lum in the neonatal subchronic PCP model. We found that, while the global cerebellar
cytoarchitecture and Purkinje cell spontaneous spiking properties are unchanged,
climbing fiber/Purkinje cell synaptic connectivity is increased in juvenile mice. Neonatal
subchronic administration of PCP is accompanied by increased cFos expression, a
marker of neuronal activity, and transient modification of the neuronal surfaceome in
the cerebellum. The largest change observed is the overexpression of Ctgf, a gene previ-
ously suggested as a biomarker for schizophrenia. This neonatal increase in Ctgf can be
reproduced by increasing neuronal activity in the cerebellum during the second postna-
tal week using chemogenetics. However, it does not lead to increased climbing fiber/
Purkinje cell connectivity in juvenile mice, showing the complexity of PCP action.
Overall, our study shows that administration of the drug of abuse PCP during the
developmental period of intense cerebellar synaptogenesis and circuit remodeling has
long-term and specific effects on Purkinje cell connectivity and warrants the search for
this type of synaptic changes in psychiatric diseases.
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Phencyclidine (PCP), a noncompetitive N-methyl-D-aspartate (NMDA) receptor antag-
onist initially developed for its properties as an anesthetic, became a popular drug of
abuse in the 1960s (1, 2). Nowadays, PCP is often mixed with other drugs, in particular
marijuana, and a US 2013 report estimated that PCP-related emergency department vis-
its increased more than 400% between 2005 and 2011 (https://www.samhsa.gov/data/
sites/default/files/DAWN143/DAWN143/sr143-emergency-phencyclidine-2013.htm).
PCP has important psychotomimetic effects, such as alterations of body image, feelings
of estrangement and loneliness, and disorganization of thought. Repeated use of PCP
induces persistent symptoms found in schizophrenia, including both positive (hallucina-
tions, psychosis… ), cognitive and negative (social withdrawal) effects. PCP also produ-
ces regressive symptoms in schizophrenic patients. These observations led to the NMDA
hypothesis of schizophrenia and the development of animal models using both acute and
chronic PCP administration to study the pathophysiology of this disease (3). Because
schizophrenia is now considered a developmental disorder, neonatal administration of
PCP in rodents has been tested and shown to produce a wide range of behavioral altera-
tions in the adult, including spatial memory deficits (4, 5) and a deficit in social novelty
discrimination (6–8). Some studies found defects in prepulse inhibition (PPI) of the star-
tle response, a sensorimotor gating task used both in animal models and in humans as a
behavioral marker of psychiatric disorders (4, 9, 10). Interestingly, these PPI deficits last
even after withdrawal, which is not the case when PCP is administered in adulthood,
suggesting that this aspect of the disease is better modeled by neonatal administration of
PCP. Finally, PCP abuse during pregnancy has been associated with neurobehavioral
defects (11) and with long-term consequences on social behavior and motor control in
children (12), further highlighting the need to understand the consequences of PCP
exposure on the development of neuronal networks.
In the subchronic neonatal PCP model, the drug is administered three times during

the second postnatal week in rodents (Fig. 1A), a period of intense neuronal growth
and synaptogenesis. This developmental stage is particularly sensitive to early
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environmental stressors associated with increased risk of devel-
oping schizophrenia in humans (13). Histopathological and
genetic studies have revealed that schizophrenia is a synaptop-
athy. Mutations and expression changes have been found in
genes coding for synaptic proteins (14–19) (a meta-analysis is
in ref. 20). Postmortem studies of the cortex of patients with
schizophrenia have revealed deficits in dendritic arborization,
spine densities, and the number of parvalbumin interneurons
(21–25). Similar spine and cellular deficits have been reported
in the PCP neonatal model (5, 26, 27), as well as impaired
function of both excitatory and inhibitory synapses (28–30). It

is, however, still unclear whether these common alterations in
schizophrenia and the neonatal PCP model are due to the
direct inhibition of NMDA function or a complex interaction
between perturbations of neuronal activity and genetic factors.

While initially thought to be a motor-related structure, it is
now well established that the cerebellum also plays a role in cogni-
tive processes (31, 32), such as spatial navigation (33), language
(34), reward (35), and social cognition (36). In addition, while
schizophrenia has been primarily thought of as a disease of the
prefrontal cortex or hippocampus, the cerebellum has emerged as
a potential actor in this pathology. Schizophrenic patients often
present a decreased cerebellar volume (37–39) as well as neurologi-
cal soft signs, a type of sensorimotor impairment that implicates
the cerebellum (40). Interestingly, neurological soft signs have
been correlated with a poor outcome and greater negative and
cognitive symptoms (41–43). A significant correlation between
negative symptoms in schizophrenia and diminished connectivity
between the dorsolateral prefrontal cortex and vermal posterior
cerebellum was found in a study of whole-brain connectivity using
resting-state functional magnetic resonance imaging in schizo-
phrenic patients (44). It is, however, still unknown whether synap-
tic deficits are present in the cerebellum of schizophrenic patients.

NMDA receptors are present in many neurons of the olivo-
cerebellar circuit, such as molecular layer interneurons (45),
granule cells (GCs) (46, 47), inferior olivary neurons (IONs)
(48), and Purkinje cells (PCs) themselves (49). In the cerebel-
lum, NMDA receptors participate in the control of neuronal
survival (50), circuit maturation, and function (51–53),
suggesting that neonatal administration of PCP, an NMDA
antagonist, could directly impact the development of the olivo-
cerebellar circuit. In this study, we combined morphological,
electrophysiological, and molecular approaches to study the oli-
vocerebellar network in the PCP neonatal model. Lasting syn-
aptic changes were detected in juvenile mice, in particular at
the climbing fiber (CF)/PC excitatory synapses, which are key
for cerebellar computation. PCP was also found to induce a
transient misregulation of the expression pattern of genes cod-
ing for membrane and secreted proteins in the cerebellum. The
largest misregulation was found for connective tissue growth fac-
tor (Ctgf ), a gene previously documented as a biomarker in
schizophrenic patients. Reproducing the transient misregulation
of Ctgf during the second postnatal week using chemogenetics
was not sufficient to recapitulate the long-term synaptic
changes induced by PCP in the olivocerebellar network. Alto-
gether, neonatal subchronic administration of PCP leads to
acute changes in gene expression and long-term synaptic con-
nectivity modifications in the olivocerebellar circuit.

Results

Global Cerebellar Cytoarchitecture and Spontaneous Spiking
Properties of PCs Are Normal in Juvenile Mice Treated Neonatally
with PCP. A decreased cerebellar volume is often found in
schizophrenic patients (for review, see ref. 54). Morphological
analysis of the global cytoarchitecture of the cerebellum in mice
treated subchronically during the second postnatal week with
PCP did not reveal any change compared with the one of
vehicle-treated mice at a stage when the development of the
cerebellum is completed (postnatal day 30 [P30]) (Fig. 1B).
Calbindin immunostaining of cerebellar parasagittal sections,
staining the whole dendritic arborization, soma, and axon of
PCs, revealed the stereotypical organization of the cerebellar
cortex in layers: the white matter, the internal granular layer,
the monolayer of PC somata, and the molecular layer (Fig. 1B).
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Fig. 1. Neonatal PCP administration does not modify the cytoarchitecture
of the cerebellum and the spontaneous activity of PCs. (A) Experimental
design. PCP (10 mg/kg) or vehicle is injected subcutaneously in mouse
pups at P7, P9, and P11. Morphological and electrophysiological analyses
are performed at P30. (B) Parasagittal cerebellar sections from the vermis
of P30 mice were immunolabeled with an anti-calbindin antibody to stain
PCs in their entirety and reveal cerebellar cytoarchitecture. Quantification
of the mean area of cerebellar slices showed no significant differences
between the two conditions (mean ± SEM; vehicle: n = 12 animals; PCP:
n = 12; P = 0.0962, Student’s t test). Representative images from PCs and
their dendritic tree in lobule VI reveal similar morphology in sections from
P30 vehicle- and PCP-treated animals. Quantification of the thickness of
the molecular layer (ML) in the lobule VI, measured as the length from the
beginning of the primary dendrite of PCs in the Purkinje cell layer (PCL) to
the upper extremity of the ML, reveals no significant difference between
vehicle- and PCP-treated animals (lobule VI is shown here; mean ± SEM;
vehicle: n = 14 animals; PCP: n = 16 animals; P = 0.964, unpaired Student’s
t test). (Scale bars: Upper, 1,000 μm; Lower, 50 μm.) (C) High-density MEAs
were used to record PC spontaneous spiking in acute cerebellar slices from
P30 mice. An example of the recorded electrical activity in a cerebellar slice
from a vehicle-treated mouse is shown with each pixel representing one
channel and units showing high activity in red and low activity in blue.
A representative trace of recordings from one channel is shown for each
condition. Spike sorting using the SpyKING CIRCUS software allowed for
estimation of the mean firing rate and mean interspike interval (ISI) CV and
CV2. No significant difference was detected in any of these parameters
(mean ± SEM; vehicle: n = 7 animals; PCP, n = 9 animals; unpaired
Student’s t test).
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The molecular layer contains the dendritic tree of PCs, which
receives all the excitatory inputs, from parallel fibers (PFs) and
CFs, and the inhibitory inputs from stellate cells, also located
in the molecular layer. Quantification showed no change in the
surface of parasagittal vermal sections of the cerebellum or in
the mean thickness of the molecular layer (Fig. 1B). While a
previous study reported a deficit in parvalbumin cells in the
brain of PCP-treated rodents (5), our quantification did not
reveal any change in parvalbumin expression and density of
inhibitory interneurons in the cerebellum of PCP-treated mice
(SI Appendix, Fig. S1). Altogether, these quantifications support
the absence of major deficits in interneurons, GC and PC gene-
sis, and differentiation after neonatal subchronic PCP treat-
ment. The firing pattern of PCs is characterized by simple
spikes and complex spikes. GC inputs modulate the frequency
of simple spikes and control the acquisition of a mature firing
pattern during postnatal development (55). Spontaneous PC
spiking activity was recorded in acute cerebellar slices from
PCP mice and compared with controls using high-resolution
microelectrode arrays (MEAs) (Fig. 1C). Spike sorting using
SpyKING CIRCUS allowed for estimations of the mean firing
rate (representing the mean activity of each recorded neuron),
the coefficient of variation (CV; measuring the mean variance
of interspike intervals during the whole recording), and CV2
(measuring the variability of spiking between two adjacent
interspike intervals) (56). None of these parameters showed any
statistically significant difference between PCP-treated and con-
trol mice (Fig. 1C). Altogether, these results show that neonatal
PCP treatment does not affect the development of the
cytoarchitecture of the cerebellar cortex and the differentiation
of cerebellar PCs in a major and long-lasting manner.

Neonatal PCP Treatment Induces Afferent-Specific Synaptic
Deficits in Cerebellar PCs. PCs receive two excitatory inputs, the
CFs coming from IONs in the brainstem and the PFs coming
from the GCs in the granular layer of the cerebellar cortex, and
two inhibitory inputs coming from stellate and basket cells in the
molecular layer. To analyze potential long-term synaptic deficits
induced by neonatal PCP administration, we performed immu-
nolabeling followed by high-resolution confocal microscopy and
quantitative analysis for markers specific to the presynaptic termi-
nal of each of these afferents on cerebellar sections from P30
animals. Because of the functional topography found in the cere-
bellum (57), we focused our quantitative morphological analysis
on lobules engaged in various functions relevant for schizophre-
nia: lobule VI (language tasks, working memory paradigms, and
spatial navigation) and lobule VIII (sensorimotor tasks) (32).
During the second postnatal week, the CF translocates along

the dendritic tree of its target PC to form a few hundred synap-
ses (presynaptic boutons labeled using the specific vesicular glu-
tamate transporter 2 [VGLUT2] marker) (Fig. 2A) along the
proximal dendrites. Its final territory extends up to ∼80% of
the height of the molecular layer. In lobule VI, the extension of
the CF synaptic territory was unchanged in PCP- vs. vehicle-
treated mice, while in lobule VIII, a small (7%) but statistically
significant increase in the extension of CF synaptic territory
was detected (ratios relative to PC height are presented as mean
± SEM; lobule VIII: vehicle: mean ± SEM = 0.725 ± 0.012,
n = 14; PCP: 0.781 ± 0.006, n = 16; P = 0.0006, Welch’s
t test) (Fig. 2A). The density of the VGLUT2 puncta was sig-
nificantly increased by 33% in lobule VI (mean number per
cubic micrometer ± SEM; vehicle: 0.003 ± 0.0001, n = 14;
PCP: 0.004 ± 0.0002, n = 15; P = 0.0039, Welch’s t test)
(Fig. 2A), while it remained unchanged in lobule VIII. Our

three-dimensional (3D) quantitative analysis of VGLUT2
puncta also revealed a general 20% decrease in the mean vol-
ume in PCP-treated mice compared with vehicle in both
lobules (for lobule VI, vehicle: mean volume in micrometer
cubed ± SEM = 1.796 ± 0.124, n = 14; PCP: 1.395 ± 0.078,
n = 14; P = 0.0114, unpaired Student’s t test; for lobule VIII:
vehicle: 1.429 ± 0.097, n = 13; PCP: 1.171 ± 0.059, n = 15;
P = 0.0283, unpaired Student’s t test) (Fig. 2A). Altogether,
these results demonstrate an overall decrease in the volume of
VGLUT2-labeled presynaptic boutons and an increase in their
total number. The magnitude of the increase in the number of
VGLUT2 presynaptic boutons is higher in lobule VI, where it
is the consequence of increased density, while the small increase
in lobule VIII is due to increased synaptic territory. This shows
a lobule-specific effect on CF/PC synaptic connectivity. The
other excitatory afferent, the PFs, forms densely packed synap-
ses with PC spines via small VGLUT1-positive presynaptic
boutons (SI Appendix, Fig. S2A). As a proxy for synapse den-
sity, we measured the mean intensity of VGLUT1 labeling in
the molecular layer (58) and found no difference between
PCP- and vehicle-treated mice (SI Appendix, Fig. S2A). While
alterations of glutamatergic synapses are one of the most widely
highlighted physiopathological deficits in schizophrenia, there
is also evidence for inhibitory deficits (59, 60). We also ana-
lyzed inhibitory synapses using GAD65 immunostaining of cer-
ebellar sections. A similar pattern of inhibitory innervation was
found in PCP-treated mice and in control animals; big boutons
were observed around the soma and axon initial segment of
PCs, corresponding to the basket cell innervation, and small
GAD65-positive boutons were found in the molecular layer on
the dendrite of PCs, corresponding to synapses from stellate
cells. The 3D quantification did not show any change in the
density or volume of inhibitory boutons in the molecular layer
(SI Appendix, Fig. S2B). Altogether, these results point to a
long-term effect of the PCP neonatal treatment on one particu-
lar synapse type made on cerebellar PCs, the CF/PC synapses,
with an increased total number accompanied by a decrease in
the volume of the CF presynaptic boutons.

To further analyze the long-term effect of PCP neonatal
treatment on CF/PC connectivity, we performed patch-clamp
recordings of PC responses to CF stimulation using acute cere-
bellar slices from P24 to P28 animals. We focused on lobule VI
to determine whether the morphological changes identified at
the CF/PC synapses were associated with changes in synaptic
transmission. The responses to CF stimulation are characterized
by a strong, all-or-none excitatory postsynaptic current (EPSC)
that is depressed by paired-pulse stimulation (61). CF responses
with the characteristic paired-pulse depression were detected in
PCs of both PCP- and vehicle-treated animals. Paired-pulse
depression was of similar magnitude across the interstimulus
intervals tested (Fig. 2B), showing that short-term plasticity of
the CF/PC synapse is not affected by PCP neonatal treatment.
Interestingly, the mean values for the charge transfer, ampli-
tude, and kinetics of the CF/PC EPSCs were not statistically
different between PCP- and vehicle-treated animals (Fig. 2B
and SI Appendix, Fig. S3), but a different distribution of the
mean charge was evident. In the PCP-treated condition, the
distribution spanned a larger range, with a subpopulation of
PCs responding with a much higher charge transfer to CF stim-
ulation. This result, together with our morphological analysis
of CF synaptic boutons, indicates that PCP exposure during
the second postnatal week increases CF connectivity and trans-
mission in a subgroup of PCs, in particular in lobule VI, in
juvenile animals. Thus, exposure to NMDA antagonists like
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PCP during the synaptogenic period of olivocerebellar network
development could have a long-term effect on cerebellar com-
putation in certain lobules that are relevant for psychiatric
disorders.

Neonatal PCP Induces Transient Misregulation of the Neuronal
Surfaceome. Neuronal activity is well known to modulate gene
expression (62). An NMDA antagonist like PCP could thus
induce changes in the expression of genes that are key for circuit
development. The formation of neuronal networks relies on the
proper expression of secreted and membrane proteins, constitut-
ing the neuronal surfaceome, that are cues for many develop-
mental steps from cell migration and differentiation to synapse
formation. In the olivocerebellar system, several examples of
secreted and transmembrane proteins, such as the complement
component 1q-related protein family or immunoglobulin super-
family cell-adhesion molecules, have been demonstrated to par-
tially control synapse specificity and territory through specific
expression in each PC afferent (63–65). Because of the long-
term effect of neonatal PCP administration on the CF/PC syn-
apse, we first aimed to identify the gene expression profile of
IONs using the bacterial artificial chromosome – translating
ribosome affinity purification (bacTRAP) strategy (66). We
used two mouse lines expressing the EGFP (enhanced green
fluorescent protein)-L10a transgene under the control of two

different drivers: the S100a10 and Cdk6 bacterial artificial chro-
mosomes (BACs) (Fig. 3A and SI Appendix, Fig. S4). The
S100a10 mouse line, previously described (67), drove EGFP-
L10a expression in the entire inferior olive (IO) as well as in
other brainstem neurons including in the hypoglossal nucleus
and dorsal motor nucleus of the vagus nerve. In contrast,
EGFP-L10a expression using the Cdk6 BAC driver was
restricted to IONs but only in specific subnuclei, namely the
medial accessory olive, the dorsal accessory olive, and the dorsal
part of the principal accessory olive (Fig. 3A). This expression
pattern was consistent with data for the Cdk6 line from the
GENSAT database (Gene Expression Nervous System Atlas,
www.gensat.org). We performed immunoprecipitation of GFP
(green fluorescence protein)-tagged polysomes using both mouse
lines independently to identify the genes highly expressed in
IONs. In both cases, genes known to be expressed in IONs
were identified, such as the transcription factor FoxP2 (68) and
the serotonin receptor Htr5b (https://mouse.brain-map.org/
experiment/show/71247644 and www.gensat.org/). We defined
the ION dataset as the ensemble of genes found using both bac-
TRAP lines. We then compared the ION dataset with the
previously published GC dataset (66) to identify genes that
would constitute the specific “surfaceome” for each of these two
glutamatergic afferents of PCs. A comparison using a fivefold
change as a threshold was performed to identify genes clearly
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Fig. 2. Neonatal PCP administration leads to long-lasting changes in CF/PC connectivity. (A) CF presynaptic boutons were immunostained with an anti-
VGLUT2 antibody (green) and PCs and their dendritic tree were stained with an anti-calbindin antibody (magenta) in parasagittal cerebellar sections from
P30 vehicle- and PCP-treated mice. High-magnification images of VGLUT2 clusters are shown for both conditions. Quantifications of the extension of the
CF synaptic territory, mean volume of the VGLUT2 puncta, and their mean density were performed in lobules VI and VIII (mean ± SEM is represented, with
P values when they are significant; unpaired Student’s t test for the volume, Welch’s t test for the extension and density; vehicle: n = 13 to 14 animals; PCP:
n = 15 to 16 animals). (Scale bars: 50 μm; high-magnification images, 20 μm.) (B) PC responses after CF stimulation were recorded using patch clamp. Repre-
sentative traces of responses obtained in PCs from lobule VI after paired-pulse stimulation (50-ms interval) are shown for both conditions. No difference in
the paired-pulse ratio (ratio between the amplitude of the second response and the first response A2/A1) was detected regardless of the stimuli interval
between PCP mice and vehicle mice (Kolmogorov–Smirnov test). The mean synaptic charge after CF stimulation is not significantly different between the
PCP and vehicle conditions (vehicle: n = 19 cells/9 mice and PCP: n = 23 cells/9 mice; unpaired Student’s t test), but a change in the distribution is visible
with a shift toward higher charges in the PCP condition.
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differentially expressed (differentially expressed genes [DEGs])
(Fig. 3B), yielding 598 DEGs for IONs and 401 DEGs for
GCs. Classification using the DAVID functional annotation
clustering tool identified DEGs coding for membrane and
secreted proteins in both datasets, constituting the specific surfa-
ceome for each of the PC excitatory afferents. Of note, the
IONs were more complex in the diversity of genes coding for
membrane and secreted proteins than GCs (250 genes, 42% vs.
74 genes, 18%, respectively) (Fig. 3B and Dataset S1). This
might be related to their more complex morphology and the
need for molecular cues to control the topographical organiza-
tion of olivocerebellar connectivity.
Having identified the specific surfaceome of IONs and GCs,

we analyzed the expression changes induced by PCP treatment
using high-throughput qRT-PCR assessment of these genes in
cerebellar and brainstem extracts from P11 animals, right after
the last PCP injection, or from P30 animals to detect acute
effects and long-lasting changes, respectively (Fig. 3C and
Dataset S1). After multiple t test comparison with a
Benjamini–Hochberg false discovery rate (FDR) correction
(69), genes that changed significantly by at least 10% were only
found in the cerebellum at P11 (Fig. 3C), indicating a direct
effect of PCP treatment on gene expression patterns in this
structure. With an FDR threshold set to 10%, six genes were

significantly misregulated: Ctgf, Gal, Ier3, and Ly6h were
up-regulated, while Rab7l1 and Cdon were down-regulated
(Fig. 3C and SI Appendix, Fig. S5A). Interestingly, all four
up-regulated genes were originally enriched in the ION dataset
compared with GCs, suggesting that PCP decreases transiently
the specification of gene expression in these two PC inputs at a
stage when heterosynaptic competition between the two inputs
is important for proper development of PC connectivity (70).
We then analyzed potential functional links in genes misregu-
lated by PCP in the cerebellum using the string database
(https://string-db.org/) that predicts protein–protein interac-
tions, including direct (physical) and indirect (functional) asso-
ciation (71). For this analysis, we included 30 genes with a fold
change of at least 10% in the cerebellum that reached signifi-
cance in multiple t tests without correction for FDR, thus
accepting a higher rate of false positive (SI Appendix, Fig. S5B).
Predicted interaction was found between seven genes (Cxcl12,
Cnr1, Gal, Oprl1, Ctgf, Rock2, and Igfbp5) (SI Appendix, Fig.
S5B). Interestingly, Ctgf codes for CTGF (also known as
CCN2), a secreted protein implicated in extracellular matrix
remodeling, cell adhesion, dendritogenesis, and the formation
of the neuromuscular junction (72–75). Ctgf is expressed in the
cerebellum and the brainstem in a pattern that follows synaptic
formation and refinement in the olivocerebellar network
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Fig. 3. Neonatal PCP administration induces transient translatome changes in the cerebellum. (A) Translational profiling of IONS. The Cdk6 BAC driver was
used to drive specifically EGFPL10A expression in IONS of the brainstem in adult mice (CDK6-EGFPL10A). Immunostaining with an antibody against Foxp2,
an ION-specific transcription factor, confirmed the identity of EGFPL10A-expressing neurons. Bs, brainstem; Cb, cerebellum. (Scale bars: CDK6-EGFPL10A, 1
mm; FOXP2 and EGFP, 100 μm.) (B) ION-enriched mRNAs were identified by comparing the immunoprecipitated fraction with the unbound fraction. Known
markers of IONs, FoxP2, Htr5b, and S100A10, were identified in the immunoprecipitated fraction. The ION dataset was compared with the GC dataset previ-
ously identified (66) to identify input-specific genes (with a threshold of five). DAVID bioinformatics was then used to classify these specific genes according
to their cellular localization and to identify the genes coding for the surfaceome (membrane and secreted proteins). (C) Experimental design. PCP or vehicle
is injected subcutaneously in neonatal mice at P7, P9, and P11. Gene expression changes were analyzed from both cerebellum and brainstem mRNA
extracts at either P11, to detect immediate changes after PCP treatment, or at P30, to detect long-lasting changes. Volcano plots are used to represent the
changes in gene expression detected in the four groups. Each dot represents the fold change for a gene and the corresponding corrected P value [using the
Benjamini–Hochberg correction for multiple t test comparison (69)]. y axis: �log10 of corrected P values. x axis: log2 of gene fold change. The top black hori-
zontal lines correspond to an FDR threshold set to 5%, the bottom dotted lines correspond to an FDR set to 10%, and the vertical blue bars correspond to a
fold change in gene expression level of 10%. Genes with an FDR < 5% are represented with empty circles.
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(increase in expression from P7 to P21 in the cerebellum and
a twofold increase from birth to P14 in the brainstem
[SI Appendix, Fig. S5C]). The increase in Ctgf induced by PCP
in the cerebellum results in a level of expression equivalent to
the one found in the brainstem, potentially impairing the spe-
cificity of signaling in the olivocerebellar system. Thus, the mis-
regulation of the surfaceome by PCP in the cerebellum could
interfere with normal synapse formation and maturation.

Overexpression of CTGF during the Second Postnatal Week Is
Insufficient to Induce Long-Term Changes in CF/PC Connectivity.
PCP administration leads to acute behavioral effects that peak
during the first 2 h, following its pharmacokinetics (76, 77). In
the neonatal subchronic PCP model, we also observed acute
behavioral effects during the first 2 h following administration
of PCP, with pups displaying increased locomotion and motor
effects (SI Appendix, Fig. S6A). These effects disappeared 4
h postinjection (SI Appendix, Fig. S6A). PCP administration
has been reported to change circuit function in several brain
areas and is accompanied by the increased activity of various
neuronal populations, in particular in the prefrontal cortex and
thalamus, shown both by electrophysiological recordings and
by increased cFos expression, a marker of increased neuronal
activity (76, 78, 79). In the olivocerebellar network, acute
administration of PCP in the adult rat leads to increased cFos
expression in the IO, in cerebellar GCs, and in PCs (80). Our
analysis using droplet digital PCR showed that cFos mRNA
expression increases both in the cerebellum and brainstem at
P11 after the last PCP injection in the subchronic neonatal
PCP model (SI Appendix, Fig. S6B). This increase disappeared
4 h postinjection, in correlation with the disappearance of acute
behavioral effects and the previously published pharmacokinet-
ics of PCP (77). These results suggest that PCP administration
in pups transiently increases neuronal activity in the olivocere-
bellar system and that increased activity in the cerebellum could
at least in part lead to the large misregulation of gene expres-
sion observed at P11 in PCP pups. To test this, we generated a
mouse model enabling chemogenetic control of activity in cere-
bellar GCs by crossing the floxed hM3Dq (human Gq-coupled
M3 muscarinic receptor) knock-in mouse model (81) with the
NeuroD1Cre (ND1Cre) mouse line expressing the Cre recom-
binase in cerebellar GCs (Fig. 4A). To mimic the cFos increase
induced in the PCP model, clozapine N-oxide (CNO; 3 mg/
kg), the synthetic ligand of hM3Dq, was injected at P7, P9,
and P11. This protocol induced, as expected, a strong increase
in cFos mRNA expression in the cerebellum of P11 double-
transgenic animals (Fig. 4B). This increase was specific and the
result of the combination of both the expression of hM3Dq
and CNO administration, as it was absent in control mice not
expressing the Cre recombinase or treated with vehicle instead
of CNO (Fig. 4B). Of the three genes with the biggest misregu-
lation in the PCP subchronic neonatal model (Fig. 3C), only
the increase of Ctgf expression was recapitulated by increasing
neuronal activity in the cerebellum using chemogenetics (mean
expression relative to Rpl13a ± SEM; ND1Cre/WT (ND1Cre/
wild-type) controls + CNO: 0.0092 ± 0.0004, n = 6;
ND1Cre/hM3Dq double heterozygotes + CNO: 0.0283 ± 0.
0021, n = 4; P = 0.0095; Mann–Whitney test) (Fig. 4B).
Given the reported role of Ctgf in the development of the neu-
romuscular junction (74), we wondered whether its activity-
dependent increase is sufficient to induce long-term synaptic
defects in cerebellar PCs similar to those induced in the neona-
tal subchronic PCP model. We thus analyzed the morphology
of CF/PC synapses using VGLUT2 immunolabeling, high-

resolution confocal imaging, and 3D quantitative analysis in
the cerebellum of juvenile ND1Cre/hM3Dq. None of the
parameters analyzed, density or volume of VGLUT2 clusters,
were changed in the cerebellum of P30 CNO-treated animals
compared with controls, regardless of the lobule analyzed (Fig.
4C). Thus, activity-dependent Ctgf overexpression in the cere-
bellum during the second postnatal week is not sufficient to
recapitulate the long-term changes in CF/PC synapses induced
by neonatal PCP administration. Single-molecule fluorescence
in situ hybridization experiments on sections from PCP-treated
mice at P11 showed that Ctgf expression tended to increase in
the internal and external granular layers of the cerebellum but
that the biggest increase in expression was detected at the surface
where meninges are located (SI Appendix, Fig. S7). Altogether,
our results suggest that while PCP induces an increase in Ctgf
expression both in the cerebellum and in the meninges, in agree-
ment with its identification as a biomarker in some studies of
schizophrenic patients (82, 83), Ctgf overexpression in the cere-
bellum cannot by itself recapitulate the long-term synaptic defects
found in PCs in the PCP model, further highlighting the com-
plexity of PCP actions.

Discussion

The last trimester of pregnancy and the first 2 postnatal years of
human development constitute a period of intense synapse for-
mation and network remodeling whose perturbations have been
associated with diseases like schizophrenia. In the cerebellum, this
period corresponds to the growth and maturation of the PC den-
dritic tree and its connectivity and is equivalent to the second
and third postnatal weeks of rodent development (84). Our study
shows that neonatal administration of PCP during this sensitive
period correlates with transient molecular changes in genes cod-
ing for the neuronal surfaceome in the cerebellum and leads to
lasting deficits at the CF/PC synapse in juvenile mice.

Activity-Dependent and -Independent Consequences of Neonatal
PCP Administration. Cell adhesion molecules that are important
for the development of synapses are regulated by neuronal
activity (62, 85), and the development of neuronal circuits,
including in the cerebellum, implicates activity-dependent
mechanisms (86). PCP is a noncompetitive NMDA antagonist
and has been shown to affect neuronal activity in various brain
regions (76, 78). Both previous data obtained in adult rodents
(80) and our results on the neonatal subchronic PCP model
show that PCP administration increases neuronal activity in the
olivocerebellar network, as assessed by cFos mRNA expression.
A direct consequence is the transient misregulation of a subset
of genes coding for membrane or secreted proteins in the cere-
bellum. This misregulation occurs during the second postnatal
week at a critical period for the development of the synaptic
connectivity on cerebellar PCs (86). Our gene expression and
pathway analysis pointed to the misregulation of two genes,
Gal and Ctgf, with the most strongly misregulated gene coding
for CTGF, an extracellular secreted matrix protein known for
its implication in tissue repair, extracellular matrix remodeling,
cell survival, cell adhesion, dendritogenesis, and the formation
of the neuromuscular junction. CTGF is known to interact
with several proteins that are associated with synapse elimina-
tion, such as IGF1 (87–89), BMP4 (88, 90, 91), or TGF-β1
(92). Its pattern of expression during postnatal development
also suggested Ctgf as a candidate for the regulation of circuit
formation. Using chemogenetics, we showed that Ctgf increase
in the cerebellum, induced by increased neuronal activity, is
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not enough to lead to long-term CF/PC synaptic changes.
CTGF has been suggested as a plasmatic biomarker in schizo-
phrenia (82, 83); our study indicates that it should be consid-
ered more as a biomarker of changes in neuronal activity rather
than as a marker of the synaptopathy per se. Misregulation of
other surfaceome genes such as Gal, the gene coding for the
neuropeptide Galanin, is not recapitulated by increased neuro-
nal activity in the cerebellum using chemogenetics and could
be involved in the long-lasting PCP-induced changes in CF
connectivity. These additional gene expression misregulations
could thus be the result of other circuit effects of PCP, in neu-
ronal or cell types other than GCs, or the result of direct gene
modulation via mechanisms independent of the PCP blockade
of glutamatergic neurotransmission. Finally, the possibility
remains that PCP-induced changes in CF connectivity are inde-
pendent of gene expression modulation in the cerebellum but

rather, due to changes in IONs themselves, either directly
through modulation of their activity, which might also be
increased, as suggested by increased cFos expression in the
brainstem (SI Appendix, Fig. S6B) or through PCP-induced
changes in molecular signaling in these neurons.

Deficits in CF/PC Synapses as a Hallmark of Neurodevelopmental
Disorders. The cerebellar cortex, in particular via the integration
of multimodal information by PCs, controls the fineness of var-
ious cognitive and motor tasks. The synapse between IONs
and cerebellar PCs is key for cerebellar computation, as it pro-
vides error feedback to the cerebellar cortex and controls the
direction of plasticity at PF/PC synapses (93). As such, any
defect in this synapse would have profound implications for cir-
cuit function and adaptation. In the neonatal subchronic PCP
model, the mean volume of CF/PC presynaptic boutons labeled

Fig. 4. Increased neuronal activity in the cerebellum during postnatal development reproduces the transient increase in Ctgf expression but not the long-
lasting synaptic effects. (A) A chemogenetic strategy was used to test whether an increase in neuronal activity in the cerebellum during the second postnatal
week would reproduce the gene expression and synaptic changes seen in the neonatal subchronic PCP model. For this, knock-in mice allowing Cre-depend-
ent expression of the excitatory hM3Dq, along with mCitrine, were crossed with the NeuroD1CRE line that drives Cre recombinase expression in the cerebel-
lar GC lineage (ND1Cre/hM3Dq). CNO or vehicle was injected intraperitoneally at P7, P9, and P11 to reproduce the time course of neonatal PCP injections.
Control littermates lacking hM3Dq expression in cerebellar GCs were also analyzed (ND1Cre/WT). Expression of the hM3Dq was monitored using anti-GFP
immunostaining to detect mCitrine in slices from the cerebellum of ND1Cre/hM3Dq mice at P7. (B) Digital droplet PCR quantifications were used to monitor
the gene expression changes induced by increased activity in cerebellar extracts from P11 animals. Subchronic CNO administration leads to a significant
increase in cFos and Ctgf expression in extracts from ND1Cre/hM3Dq mice but not in ND1Cre/WT littermates. Gal and Rab7L1 expression levels remain
unchanged. Vehicle treatment does not modify gene expression in either genotype. Gene expression is normalized to Rpl13a. Data are presented as mean
± SEM. ND1Cre/WT + CNO: n = 6; ND1Cre/HM3Dq + CNO: n = 4; ND1Cre/WT + vehicle: n = 3; ND1Cre/HM3Dq + vehicle: n = 4. Mann–Whitney U test. (C,
Upper) CF presynaptic boutons were immunostained with an anti-VGLUT2 antibody (green) and PCs and their dendritic tree were immunostained with an
anti-calbindin antibody (magenta) in parasagittal cerebellar sections from ND1Cre/hM3Dq and ND1Cre/WT control mice. Insets represent high magnification
of VGLUT2 staining. All mice were injected with CNO at P7, P9, and P11. (Scale bars: 50 μm; Insets, 12.5 μm.) (C, Lower) Quantification of the mean density
and the mean volume of VGLUT2 puncta revealed no difference in lobules VI and VIII of ND1Cre/hM3Dq mice compared with control mice (mean ± SEM;
ND1Cre/WT: n = 4 animals; ND1Cre/hM3Dq: n = 4 to 5 animals; unpaired Student’s t test).
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using the VGLUT2 marker is reduced compared with control
conditions, with no change in paired-pulse depression indicat-
ing no modifications of the short-term plasticity properties.
Similar deficits have been described in models of early postnatal
alcohol exposure (94) or genetic models of neurodevelopmental
disorders (58, 65, 95). In particular, knockdown of Bai3, a
gene associated with psychiatric symptoms including in schizo-
phrenia (96–98), induces a reduction in the volume of
VGLUT2 boutons (65). CF synaptic defects could thus be a
feature of several pathological conditions. In the PCP model,
this volume reduction is not accompanied by a reduction in
synapse density. On the contrary, an increase in the density of
CF/PC boutons is found in juvenile mice treated neonatally
with PCP, with a bigger effect in lobule VI than in lobule VIII.
This lasting morphological change correlates with an increase
in the charge transfer at the CF/PC synapses in a subpopulation
of PCs, suggesting that the connectivity between a group of
CFs and their target PCs has been strengthened abnormally by
the neonatal administration of PCP. One possible explanation
would come from the fact that the cerebellum has an asynchro-
nous development; for example, dendritogenesis in lobules I
and X occurs earlier than in lobules VI, VII, and VIII (99). In
the neonatal PCP model, PCP is injected at P7, P9, and P11
and might perturb specific regions of the cerebellum because of
their asynchronous maturation. Given that the olivocerebellar
network is organized topographically, this lobule-specific effect
could have consequences on cerebellar computation in specific
behavioral tasks. This is particularly relevant for neurodevelop-
mental disorders like schizophrenia that are not associated with
a broad and homogeneous effect on behavior and cognition.
Furthermore, this type of selective deficits could render the sys-
tem much more susceptible to secondary insults during circuit
maturation, leading to specific behavioral symptoms, in line with
the multifactorial etiology of disorders such as schizophrenia.
Synaptic deficits in postmortem tissues and genetic association
with mutations in synaptic genes indicate that schizophrenia is a
synaptopathy. While it is considered that schizophrenia has a
developmental origin (100), little is known about the precise
developmental mechanisms leading to synaptic deficits in this dis-
ease. While initially thought to be essentially a motor task–related
structure, many studies highlight the role of the cerebellum in
cognition (35, 36, 101–104). The cerebellum emerges now as a
potential actor of psychiatric disorders, such as autism spectrum
disorders (105, 106) or schizophrenia (107). Together with our
demonstration of CF deficits in the neonatal PCP model, this
warrants the search for cerebellar synaptic deficits in postmortem
tissue from schizophrenic patients and further studies of cerebellar
involvement in the pathophysiology of this disease.

Materials and Methods

Animals. All animal protocols were approved by the Comit�e R�egional d’Ethique
en Exp�erimentation Animale (no. 21815), and animals were housed in autho-
rized facilities of the Center for Interdisciplinary Research in Biology (C75 05 12).
PCP (Phencyclidine hydrochloride; no. P3029; Merck KGaA; 10 mg/kg diluted in
saline solution) or vehicle (saline solution) was injected subcutaneously at P7,
P9, and P11 in C57BL6/J mice.

Translational Profiling of IONS The RP23-454P8 BAC driver was modified
according to previously published protocols (108) to drive the expression of the
EGFPL10a transgene under the regulatory elements of the Cdk6 gene. The
mouse line Cdk6-EGFPL10A was then generated by random transgenesis via
injection of the modified BAC in FVB/N mouse oocytes (mouse oocyte injection
performed at the Service des Animaux Transg�eniques-UPS44, National Center
for Scientific Research [France]).

The gene expression profile of IONS was identified using bacTRAP purification
of EGFP-tagged polysomes from the Cdk6-EGFPL10A and S100A10-EGFPL10A
mouse lines according to previously published protocols (66). For each set, brain-
stems were dissected from 20 adult mice (both males and females). Four inde-
pendent sets of immunopurification were performed for the Cdk6-EGFPL10A
line, and three sets of immunopurification were performed for the S100A10-
EGFPL10A line. RNA quantity and quality were determined with a Nanodrop
spectrophotometer and Agilent 2100 Bioanalyzer. For each sample, total RNA
was amplified with the Affymetrix two-cycle amplification kit and hybridized to
Affymetrix 430 2.0 microarrays according to the manufacturer’s instructions (for
the Cdk6-EGFPL10A line at the Plateforme Biopuces et S�equençage, Institut de
G�en�etique et de Biologie Mol�eculaire et Cellulaire; for the S100A10-EGFPL10A
line at the Rockefeller University facility). Analysis was performed using the Gen-
eSpringGX software (version 11.5). First, mRNAs expressed and enriched in IONs
compared with the rest of the brainstem were identified by comparing immuno-
precipitated mRNAs with the unbound fraction as described in refs. 66 and 109
using a threshold of 1.5 to obtain a baseline level of expression. Second, the
immunoprecipitated fraction from IONs was compared with the immunoprecipi-
tated fraction from the NeuroD1-EGFPL10A line (66) corresponding to the GCs
using a high threshold (greater than or equal to five) to obtain a high level of
input cell specificity. Both lists were then compared to identify common genes
that constituted the final gene list for each cell type.

Statistical Analysis. Data were analyzed using GraphPad Prism for statistics.
Values are given as mean± SEM.

Normality was estimated using the d’Agostino Pearson or Shapiro–Wilk nor-
mality test. The means between two conditions were compared using the
unpaired Student’s t test when both datasets followed a normal law and when
the variances were not significantly different (F test to compare variance). When
data were normally distributed but their variances were different, Welch’s t test
was used. When the dataset did not follow a normal law, the means were com-
pared using a Mann–Whitney nonparametric test. In order to identify and
remove potential outliers in our data, we used the robust regression and outlier
removal test, with a Q fixed at 1%. One outlier was identified in the VGLUT2 vol-
ume quantification (indicated in the data file).

Detailed experimental methods are in SI Appendix.

Data Availability. All study data are included in the article and/or supporting
information.
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