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Camk2a-Cre mice have been widely used to study the postnatal function of several
genes in forebrain projection neurons, including cortical projection neurons (CPNs)
and striatal medium-sized spiny neurons (MSNs). We linked heterozygous deletion
of TSHZ3/Tshz3 gene to autism spectrum disorder (ASD) and used Camk2a-Cre
mice to investigate the postnatal function of Tshz3, which is expressed by CPNs but
not MSNs. Recently, single-cell transcriptomics of the adult mouse striatum revealed
the expression of Camk2a in interneurons and showed Tshz3 expression in striatal
cholinergic interneurons (SCINs), which are attracting increasing interest in the field
of ASD. These data and the phenotypic similarity between the mice with Tshz3
haploinsufficiency and Camk2a-Cre-dependent conditional deletion of Tshz3 (Camk2a-
cKO) prompted us to better characterize the expression of Tshz3 and the activity of
Camk2a-Cre transgene in the striatum. Here, we show that the great majority of Tshz3-
expressing cells are SCINs and that all SCINs express Tshz3. Using lineage tracing, we
demonstrate that the Camk2a-Cre transgene is expressed in the SCIN lineage where it
can efficiently elicit the deletion of the Tshz3-floxed allele. Moreover, transcriptomic and
bioinformatic analysis in Camk2a-cKO mice showed dysregulated striatal expression
of a number of genes, including genes whose human orthologues are associated with
ASD and synaptic signaling. These findings identifying the expression of the Camk2a-
Cre transgene in SCINs lineage lead to a reappraisal of the interpretation of experiments
using Camk2a-Cre-dependent gene manipulations. They are also useful to decipher the
cellular and molecular substrates of the ASD-related behavioral abnormalities observed
in Tshz3 mouse models.

Keywords: Camk2a-Cre, TSHZ3, striatal cholinergic interneurons, autism spectrum disorder, Mus musculus

INTRODUCTION

The corticostriatal (CStr) circuitry is critically involved in functions ranging from motor control
and habit formation to cognition. Defective development and dysfunction of CStr circuits have been
linked to several brain disorders, including Huntington’s disease, Parkinson’s disease, and autism
spectrum disorder (ASD) (Shepherd, 2013; Li and Pozzo-Miller, 2020). The striatum receives
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its main excitatory input from two types of cortical projection
neurons (CPNs): intratelencephalic (IT) neurons and pyramidal-
tract (PT) neurons. IT and PT neurons that project to the
striatum reside mostly in the deep cortical layer (L) 5 (Reiner
et al., 2010; Shepherd, 2013). Their primary striatal targets are
the medium-sized spiny projection neurons (MSNs) (Sohur et al.,
2012), which represent 90–95% of the neurons in the striatum
(Gerfen and Surmeier, 2011). The remaining 5–10% of striatal
neurons are aspiny interneurons, initially categorized into three
main subpopulations, among which one population of striatal
cholinergic interneurons (SCINs) (Kawaguchi, 1997). There is
growing evidence for a higher diversity of striatal interneurons,
based on studies on their developmental origin, gene expression
profile, and electrophysiological properties and connectivity.
These data define at least 6–7 classes of GABAergic interneurons
(Munoz-Manchado et al., 2018; Tepper et al., 2018) and reveal
that also SCINs are a heterogeneous population (Ahmed et al.,
2019). Though few in number, striatal interneurons, and SCINs
in particular, play a key functional role by modulating striatal
activity through distinct connections with MSNs and/or other
interneurons (Tepper et al., 2018; Abudukeyoumu et al., 2019).

We previously reported in mouse that heterozygous deletion
of Tshz3, the gene encoding the transcription factor TSHZ3
(teashirt zinc-finger homeobox family member 3, also known as
ZFP537), drives ASD-relevant behavioral abnormalities (Caubit
et al., 2016), paralleled by altered transmission and plasticity at
CStr synapses. Having shown that Tshz3 is expressed within the
CStr circuit in both L5 CPNs and a few striatal cells that are
not MSNs (Caubit et al., 2016), we performed conditional Tshz3
deletion using the Camk2a-Cre transgene, which is known to be
active in CPNs from postnatal day 2–3 onward (Casanova et al.,
2001; Li et al., 2017). We found that it results in a behavioral
phenotype similar to Tshz3 heterozygous mice, also associated
with altered CStr function (Chabbert et al., 2019). These findings
pointed to the CStr pathway as a main player in the ASD
syndrome linked to TSHZ3 deficiency. Recently, single-cell RNA
sequencing (scRNA-seq) profiling showed that the striatal cells
with the highest expression of Tshz3 are SCINs: the levels of
Tshz3 transcripts in these cells are comparable to those found
in CPNs, whereas they are very low in parvalbumin/tyrosine
hydroxylase interneurons and almost null in the other striatal
cell populations (Munoz-Manchado et al., 2018; Saunders et al.,
2018). scRNA-seq data also revealed that the Camk2a, considered
as being expressed in MSNs (von Schimmelmann et al., 2016;
Andrade et al., 2017), is also expressed in subpopulations of
striatal interneurons (Saunders et al., 2018). Given the phenotypic
similarity between the heterozygous and conditional Tshz3 mouse
models, and the literature linking dysfunction of striatal circuits
(Li and Pozzo-Miller, 2020) and altered cholinergic function
to ASD (Karvat and Kimchi, 2014; Rapanelli et al., 2017),
here we characterized in SCINs the expression of Tshz3 and
the activity of the CamK2a-Cre transgene using genetic lineage
tracing (Heffner et al., 2012). Based on our results showing
that the majority of SCINs express Tshz3 and the Camk2a-
Cre transgene, we characterized the molecular changes in the
striatum resulting from Tshz3 deletion using the Camk2a-
Cre mice.

RESULTS

The Tshz3 Gene and the Camk2a-Cre
Transgene Are Expressed in SCINs
In the adult striatum, there are few TSHZ3-positive cells that
are not MSNs (Caubit et al., 2016) and recent transcriptomic
analysis of mouse striatum suggested Tshz3 expression in SCINs
(Munoz-Manchado et al., 2018; Saunders et al., 2018). To test
this hypothesis, we performed double choline acetyltransferase
(CHAT) and TSHZ3 immunohistochemistry in wild-type mice,
confirming the expression of TSHZ3 in SCINs (Figure 1A). We
also confirmed that, as reported in other tissues (Caubit et al.,
2008), the expression of the Tshz3lacZ allele in the striatum,
revealed by beta-galactosidase (ß-Gal) staining, recapitulates
the expression pattern of endogenous TSHZ3: accordingly,
the density of TSHZ3-postive neurons in control mice is on
the same range of the density of ß-Gal-positive neurons in
Tshz3+/lacZ mice (Figures 1B–D). Moreover, these densities are
in agreement with those reported in the literature (Matamales
et al., 2016). Finally, double CHAT and ß-Gal staining in the
striatum (Figures 1D,E) revealed that, in average, 90.4% of
TSHZ3-expressing cells are SCINs and, conversely, 98.9% of
SCINs co-express TSHZ3.

To further characterize the expression of the Camk2a-Cre
transgene in the striatum, we performed a lineage tracing
experiment by crossing Camk2a-Cre mice (Casanova et al.,
2001) with Rosa26-STOP-lacZ mice (Mao et al., 1999). In these
Camk2a-Cre;Rosa26-STOP-lacZ mice, the Cre activity resulted in
the deletion of the STOP signal enabling lacZ expression in Cre-
expressing cells and all their progeny. Accordingly, numerous ß-
Gal-immunoreactive cells could be detected in the cerebral cortex
and the striatum, consistent with Camk2a expression in CPNs
and MSNs (Figure 2A). In addition, CHAT immunostaining
showed that the majority (∼80%) of SCINs are also ß-Gal-
positive (Figures 2A,B). Therefore, in the CStr circuit, Tshz3 and
CamK2a are co-expressed in CPNs and SCINs.

The Camk2a-Cre Efficiently Deletes the
Tshz3-Floxed Allele in SCINs
We then examined whether Camk2a-Cre expression by SCINs
can drive the deletion of Tshz3. To address this issue, Camk2a-
Cre mice were crossed with Tshz3flox/flox mice to obtain Tshz3
conditional knock-out (Camk2a-cKO) mice. In this model
we found that both the number of TSHZ3-positive cells
(Figures 3A,B) and the levels of Tshz3 mRNA (Figure 3C)
in the striatum are dramatically reduced, while the density
of CHAT-positive neurons is unchanged compared to control
(Figures 3D,E). The remaining TSHZ3-positive cells do not
exhibit a specific spatial distribution (data not shown).

Genes Differentially Expressed in the
Striatum of Camk2a-cKO Mice Are
Associated With ASD
Analysis of the RNA-seq data from the striatum of Camk2a-
cKO mice (Supplementary Table 1A) revealed 210 differentially
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FIGURE 1 | TSHZ3 is expressed in SCINs. (A) Immunostaining in a control
mouse showing the expression of TSHZ3 and CHAT that identifies SCINs.
Scale bar, 200 µm. (B) Immunostaining showing the expression of TSHZ3 in a
control mouse. Scale bar, 250 µm. (C) Density of TSHZ3-positive (1791 cells
in 56.0 mm2 from eight control mice) and ß-Gal-positive (954 cells in
28.1 mm2 from four Tshz3+/LacZ mice) striatal cells (P = 0.5225, Student’s
t-test; data are expressed as mean + SEM). (D) Immunostaining showing the
expression of ß-Gal (TSHZ3) and CHAT. Scale bar, 500 µm. Framed regions
are shown on the right; arrow shows a ß-Gal-positive/CHAT-negative cell;
arrowhead shows a CHAT-positive/ß-Gal-negative cell. (E) Percentage of
CHAT-positive cells among ß-Gal-positive (TSHZ3+) cells, and vice-versa (12
sections from four Tshz3+/LacZ mice; data are expressed as median with
interquartile range). cc, corpus callosum; cx, cerebral cortex; st, striatum.
Nuclei in A,B are counterstained with DAPI (blue).

expressed genes (DEGs) with increased expression and 515 DEGs
with decreased expression (false discovery rate cut-off = 0.075,
log2 fold change > |0.25|) (Supplementary Table 1B). Tshz3
itself is the most strongly downregulated gene. Comparison
of the DEGs with scRNA-seq analysis of striatal interneurons
(Munoz-Manchado et al., 2018) identified thirteen DEGs
(Bad, Dnpep, Fstl1, Galnt18, Hdac5, Id3, Mrpl54, Ncaph2,
Ntrk1, Osbpl6, Sez6l, Tnrc18, and Tshz3) expressed in SCINs.
To further characterize the DEGs, we performed functional
and enrichment analyses using EnrichR (Kuleshov et al.,

FIGURE 2 | Expression of Camk2a-Cre in SCINs. (A) Coronal brain section
from a Camk2a-Cre;Rosa26-stop-LacZ mouse stained for ß-Gal (TSHZ3) and
CHAT. Scale bar, 200 µm. The boxed region is magnified to show
ß-Gal/CHAT double positive SCINs (arrowheads). Scale bar, 100 µm.
(B) Distribution of ß-Gal-negative and ß-Gal-positive cells among
CHAT-positive cells (20 sections from three mice per genotype;
****P < 0.0001, Student’s t-test; data are expressed as means + SEM). cx,
cerebral cortex; st, striatum. Nuclei were counterstained with DAPI (blue).

2016) and g:Profiler (Raudvere et al., 2019). These analyses
confirmed enrichment for genes expressed in the striatum
(Supplementary Tables 1C–E) and revealed KEGG pathways
mainly involved in mitochondrial function and neurological
disorders (Figure 4A and Supplementary Tables 1F–H).
We quantified the representation of 36 mitochondrial
processes within the DEGs, using the MitoXplorer pipeline
(Yim et al., 2020). This analysis revealed that DEGs are
distributed in 31 mitochondrial processes, especially within
oxidative phosphorylation, translation as well as replication
and transcription (Supplementary Figure 1). The KEGG
pathway enrichment analysis also identified the association of
DEGs in three pathways (glutamatergic synapse, Wnt signaling,
and mTOR signaling) associated with ASD (BRITE H02111)
(Supplementary Tables 1F,G). We also performed enrichment
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FIGURE 3 | Loss of Tshz3 in SCINs in Camk2a-cKO mice. (A) Coronal brain sections from control and Camk2a-cKO mice stained for TSHZ3. Scale bar, 500 µm.
(B) Densities of TSHZ3-positive cells in the striatum of control and Camk2a-cKO mice (898 cells in 28.1 mm2 and 95 cells in 26.3 mm2 for control and
Camk2a-cKO, respectively, from three mice per genotype; ****P < 0.0001, Mann–Whitney test). (C) Tshz3 mRNA levels analyzed by RNA-seq in control and
Camk2a-cKO striata (****Padj < 1.00E-14, Log2FC = –2.26; data expressed as mean + SEM). (D) Coronal brain sections from control and Camk2a-cKO mice
stained for CHAT. Scale bar, 300 µm (E) Densities of CHAT-positive SCINs in control and Camk2a-cKO mice (758 cells in 23.6 mm2 and 629 cells in 17.1 mm2 for
control and Camk2a-cKO, respectively, from three mice per genotype; P = 0.1014, Mann–Whitney test). Cell counts in B,E were performed on the whole striatal
surface. Data in B,E are expressed as median with interquartile range. cc, corpus callosum; cx, cerebral cortex; st, striatum.

analysis on phenotypes predefined by MGI (Mouse Genome
Informatics mammalian phenotypes) and found that DEGs are
significantly enriched with phenotypes of impaired coordination
and hyperactivity (adjusted P-value < 0.05) (Supplementary
Table 1I). Comparing the 718 human orthologs (Supplementary
Table 1J) of the 725 DEGs with the SFARI autism gene list
(Abrahams et al., 2013) identified 54 genes (Supplementary
Table 1K). Almost half of these genes (25/54 = 46%) belong to
the high confidence ASD candidates (SFARI categories 1 and
2). Amongst the ASD candidate gene set, the most significant
KEGG pathways and biological processes are related to synaptic
signaling (Figure 4B and Supplementary Table 2). We then
proceeded to identify the DEGs present in both the striatum (725
DEGs; this study) and the cerebral cortex (1025 DEGs) (Chabbert
et al., 2019) of Camk2a-cKO mice. This analysis identified 235
genes regulated in these two brain regions (Supplementary
Table 3A), showing that most of the genes regulated by Tshz3
are unique to the striatum or the cerebral cortex, suggesting cell-
context specificity. Indeed, 196 genes regulated in both these

brain structures are differentially responsive (activated in one
brain part and repressed in the other, or vice versa), showing
that even genes regulated by TSHZ3 both in the striatum and
the cerebral cortex can be controlled by distinct mechanisms
(Supplementary Table 3B). Comparing the 233 human orthologs
(Supplementary Table 3C) of the 235 DEGs with SFARI
identifies 15 genes including TSHZ3 (Supplementary Table 3D).
Last, functional and enrichment analysis using EnrichR reveals
pathways involved in mitochondrial function and neurological
disorders (Supplementary Tables 3E–H).

DISCUSSION

As main findings, this study show that (i) all SCINs express
TSHZ3 and the main striatal population expressing TSHZ3 are
SCINs; (ii) the Camk2a-Cre transgene is expressed in the SCIN
lineage; (iii) conditional deletion of Tshz3 using the Camk2a-Cre
mediates efficient Tshz3 deletion in SCINs and drives changes in
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FIGURE 4 | Enrichment analysis using EnrichR of DEGs between Camk2a-cKO and control. The bar plots show the top 10 terms selected according to their
P-value. All enrichment results are also shown in Supplementary Tables 2, 3. (A) Analysis of all the DEGs. Highest-scoring is found for: nucleus accumbens, which
is part of the ventral striatum, in the mouse gene atlas; terms related to striatum in the Allen brain atlas UP category; impaired coordination, which is commonly
associated with ASD, in the MGI mammalian phenotype database; neurological disorders in the crowd-based DisGeNet. (B) Analysis of the 54 genes overlapping
between the SFARI gene list and human orthologs of our list of DEGs. Highest scoring is found: in DisGeNet for autistic disorder (to note the strong overlap between
these terms and those issued from the DisGeNet analysis of the overall set of DEGs); in Gene Ontology Biological Process for terms related to synaptic transmission
and membrane potential; in human WikiPathways, for terms related to synaptic signaling pathways, including pathways associated with ASD.
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the expression of 725 genes in the striatum, among which 196
are also differentially expressed in the cerebral cortex, suggesting
profound alteration of striatal function. These results call to more
caution in the interpretation of experiments using Camk2a-Cre-
dependent gene manipulations and point to SCINs as potential
players in the ASD-relevant behavioral abnormalities triggered
by Tshz3 loss in both the heterozygous deletion model (Caubit
et al., 2016) and the conditional model using the Camk2a-Cre
transgene (Chabbert et al., 2019).

Unreported recombinase activity using Cre driver lines can
be due to ectopic expression of the Cre transgene but also to
unappreciated expression of the driver gene itself (Heffner et al.,
2012). The Camk2a gene has been reported to be expressed
postnatally (Bayer et al., 1999) in specific brain regions, including
the cerebral cortex and the striatum (Casanova et al., 2001).
While the Camk2a-Cre transgene has been extensively used
to study the postnatal function of genes highly expressed in
projection neurons of these regions, as CPNs (Li et al., 2017)
and MSNs (von Schimmelmann et al., 2016; Andrade et al.,
2017), its expression and/or activity has not been specifically
examined in striatal interneurons. To date, expression profiles
available in gene expression atlas [i.e., Allen Brain Atlas (Lein
et al., 2007)] do not provide information on the striatal cells
expressing CamK2a and it is only recently that scRNA-seq
reported the expression of CamK2a not only in MSNs but also
in striatal interneurons (Saunders et al., 2018). In this context,
genetic lineage tracing represents an efficient way to determine
which cellular types express or have once expressed the CamK2a-
Cre transgene whatever its developmental/postnatal expression
profile. As MSNs represent 90% of all striatal neurons, expression
of the reporter gene in a specific interneuron class, such as
SCINs that constitute less than 2% of the total striatal population,
cannot be addressed unless a specific marker for the latter is used.
Here, we reveal the expression of the Camk2a-Cre transgene in
the SCIN lineage by co-immunostaining for the reporter ß-Gal
and for CHAT in the striatum of Camk2a-Cre;Rosa26-STOP-
lacZ mice. The ß-Gal reporter is not detected in the whole
SCIN population but in ∼80% of them. This could be due to
methodological limitations, such as inefficient excision of the
STOP cassette, and/or reflect the diversity of these interneurons
recently emphasized by studies of their developmental origin
and birthdate (Allaway and Machold, 2017), molecular and
electrophysiological profile, and connectivity (Ahmed et al.,
2019). In addition, our results call for a better characterization
of the expression pattern of the CamK2a-Cre transgene, critical
for the interpretation of the results generated using this Cre line.
In particular, they raise the question of the contribution of SCINs
to the phenotypes observed in mouse models of Tshz3-deficiency.
For instance, we show that the Tshz3 gene associated with autism
(Caubit et al., 2016; Chabbert et al., 2019), known to be expressed
in CPNs, is also expressed in SCINs. Moreover, expression of
Cre allows efficient recombination of the Tshz3-floxed allele in
SCINs without affecting their viability, as previously shown for
CPNs. Therefore, Tshz3 deletion in both CPNs and SCINs might
contribute to altered functioning of the CStr circuitry in the
heterozygous Tshz3 as well as in the conditional Camk2a-cKO
mouse models. It is worth noting that, although in low number,

SCINs are tonically active neurons that represent the main source
of striatal cholinergic tone, and act as key regulators of striatal
function in health and diseases. Despite evidence for the role
of the cholinergic system in the etiology of ASD (Karvat and
Kimchi, 2014), the specific involvement of SCINs remains poorly
investigated. The findings of this study raise the question of
the respective contribution of SCINs and CPNs to the TSHZ3-
related ASD phenotype.

In addition, we found 725 DEGs in the striatum of Camk2a-
cKO mice. These gene expression changes might occur in part in
SCINs, in particular for the DEGs reported as specific for these
interneurons (Munoz-Manchado et al., 2018) as well as in the
few Tshz3-positive/CHAT-negative striatal cells, in CPN axons
(Kim and Jung, 2020) and, in a non-cell autonomous way, in
other striatal components. Indeed, we previously reported that
Tshz3 deletion results in altered transmission and plasticity at
corticostriatal synapses (Chabbert et al., 2019), which could in
turn affect gene expression in their striatal targets (mainly MSNs).
Tshz3 loss in SCINs might also alter their morphofunctional
properties and thereby indirectly impact gene expression in
their striatal targets. Regarding the pathways dysregulated in the
striatum of Camk2a-cKO mice, enrichment analysis highlights
synaptic activity and mitochondrial function pathways, whose
alterations are suggested to contribute to ASD development
(Citrigno et al., 2020; Rojas-Charry et al., 2021). In the same
line, testing for enrichment of MGI mammalian phenotypes
associated with the DEGs identified impaired coordination and
hyperactivity, two behaviors that frequently accompany ASD.
Similarly, enrichment for Elsevier pathway collection identified
DEGs involved in epilepsy, which is found at higher rates in
children with ASD than the general population. In conclusion,
here we show that conditional Tshz3 deletion using the Camk2a-
Cre transgene targets not only CPNs (Casanova et al., 2001; Li
et al., 2017) but, unexpectedly, also SCINs, triggering dramatic
changes in striatal gene expression. These data call for possible
reconsideration of previous findings obtained using Camk2a-
Cre-dependent gene deletion, and for careful characterization of
transgenic Cre mouse lines.

MATERIALS AND METHODS

Mouse Strains and Genotyping
The Tshz3lacZ , Tshz3flox/flox, Camk2a-Cre [CaMK2a-iCre BAC
(CKC)] and Rosa26-STOP-lacZ mouse lines have been described
previously (Mao et al., 1999; Casanova et al., 2001; Caubit et al.,
2008; Chabbert et al., 2019). Male heterozygous Camk2a-Cre
mice were crossed with female Tshz3flox/flox to obtain Tshz3
conditional knock-out (cKO) mice (Camk2a-cKO) (Casanova
et al., 2001). Littermate Camk2a-Cre−/− mice were used as
control. Animals carrying the Tshz3flox allele and Tshz31 allele
were genotyped as described previously (Chabbert et al., 2019).

Immunohistochemistry and Histology
All stains were performed on coronal 40 µm cryostat brain
sections of postnatal day (P) 28–34 mice, cut at the level of
the rostral striatum, from bregma 0 to +1.18 mm, AP (Paxinos
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and Franklin, 2001). For TSHZ3 immunostaining, brains were
immediately removed after euthanasia and frozen in dry ice until
use; before incubation with the antibodies, sections were fixed in
4% paraformaldehyde (PFA) for 15 min, then washed twice for
5 min in PBS. For TSHZ3 and CHAT double immunodetection,
mice were anesthetized (ketamine + xylazine, 100 + 10 mg/kg,
respectively, i.p.) and transcardially perfused with PBS. Brains
were immediately dissected out, post-fixed by immersion 2 h
in 4% paraformaldehyde in PBS, placed in 30% sucrose in PBS
overnight and frozen in dry ice until sectioning. For the other
stains, mice under anesthesia were transcardially perfused with
4% PFA in PBS. Brains were removed and post-fixed in 4%
PFA for at least 2 h before cryostat sectioning. For all stains,
brain sections were washed with PBS and blocked in PBST
(0.3% Triton X-100 in 1xPBS) with 5% BSA for 1 h at room
temperature. Sections were then incubated in primary antibody
diluted in blocking solution (PBST, 1% BSA) overnight at 4◦C
with the following primary antibodies: goat anti-CHAT (1:100,
Millipore, AB144P), rabbit anti-ß-Galactosidase (1:1,000, Cappel,
599762) and guinea-pig anti-TSHZ3 (1:2,000; ref. Caubit et al.,
2008). Sections were then washed with PBS three times and
incubated overnight at 4◦C in secondary antibodies diluted
1:1,000 in blocking solution: donkey anti-guinea pig Cy3 and
donkey anti-goat Cy3 (Jackson ImmunoResearch Laboratories);
donkey anti-goat Alexa Fluor 488, Donkey anti-Goat AlexaFluor
568 and donkey anti-rabbit Alexa Fluor 488 (Life Technologies).
Sections were stained using a 300 µM DAPI intermediate
solution (1:1,000, Molecular Probes, Cat# B34650). Sections were
then washed with PBS three times, mounted on Superfrost
Plus slides (Fischer Scientific) and coverslipped for imaging
on a laser scanning confocal microscope (Zeiss LSM780 with
Quasar detection module). Spectral detection bandwidths (nm)
were set at 411-473 for DAPI, 498-568 for GFP and 568-638
for Cy3; pinhole was set to 1 Airy unit. Unbiased counting
of CHAT-, TSHZ3-, and ß-Gal-positive neurons were done on
the whole surface the dorsal striatum (excluding the nucleus
accumbens) of confocal images using ImageJ software (see figure
legends for details). Images were assembled using Photoshop
21.2.3. Statistical analysis was performed using GraphPad Prism
7.05. Data were analyzed by unpaired Student’s t-test or by
Mann–Whitney test when they passed or not, respectively, the
D’Agostino–Pearson normality test. A P-value < 0.001 was
considered significant.

RNA Sequencing Analysis
Three independent replicates, each containing the dorsal striata
from 3 to 4 Camk2a-cKO mice and littermate controls (P34),
were prepared for analysis. RNA and cDNA preparation, as well
as cDNA sequencing, were performed as previously reported
(Chabbert et al., 2019). We used STAR (Dobin et al., 2013) with
standard parameters to align RNA-seq reads to the latest release
of the mouse genome (mm10) downloaded from UCSC (as of
March 2020). Read counting was performed using featureCounts
(Liao et al., 2014). One replicate of control and one of Camk2a-
cKO were discarded before further analysis due to inconsistent
clustering during principal component analysis. Differential
expression analysis was done using DESeq2 (Love et al., 2014).

DESeq2 results, as well as the list of DEGs used for enrichment
analysis and KEGG pathway mapping (representing genes with a
FDR≤ 0.075 and a fold change of 1.25 (log2FC: |0.25|), are shown
in Supplementary Table 1B. Enrichment analysis was done using
EnrichR (Chen et al., 2013; Kuleshov et al., 2016).

Quantitative RT-qPCR
Total RNA from control and Tshz3 mutant (P28) cerebral
cortex was prepared using Rneasy Plus Universal Mini Kit
gDNA eliminator (QiagenTM) and first strand cDNA was
synthesized using iScript Reverse Transcription Supermix
kit (Bio-RADTM). Real-time quantitative PCR (RT-qPCR)
was performed on a CFX96 qPCR detection system (Bio-
RADTM) using SYBR R© GreenERTM qPCR SuperMixes (Life
TechnologiesTM). RT-qPCR conditions: 40 cycles of 95◦C
for 15 s and 60◦C for 60 s. Analyses were performed
in triplicate. Transcript levels were first normalized to the
housekeeping gene Gapdh. Primer sequences used for RT-
qPCR: Gapdh Forward: 5′-GTCTCCTGCGACTTCAACAGCA-
3′; Gapdh Reverse: 5′-ACCACCCTGTTGCTGTAGCCGT-3′.
Tshz3 Forward: 5′-CACTCCTTCCAGCATCTCTGAG-3′; Tshz3
Reverse: 5′-TAGCAGGTGCTGAGGATTCCAG-3′. Statistical
analysis was performed by unpaired Student’s t-tests by using the
qbasePLUS software version 2 (Biogazelle). A P-value < 0.05 was
considered significant.

URLs

http://dropviz.org
https://www.genome.jp/kegg/brite.html
http://mitoxplorer.ibdm.univ-mrs.fr.
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