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SUMMARY

The mechanisms controlling the post-natal maturation of astrocytes play a crucial role in ensuring cor-
rect synaptogenesis. We show that mitochondrial biogenesis in developing astrocytes is necessary for
coordinating post-natal astrocyte maturation and synaptogenesis. The astrocytic mitochondrial biogen-
esis depends on the transient upregulation of metabolic regulator peroxisome proliferator-activated re-
ceptor gamma (PPARY) co-activator 1o (PGC-1a), which is controlled by metabotropic glutamate recep-
tor 5 (mGIuRb). At tissue level, the loss or downregulation of astrocytic PGC-1a sustains astrocyte
proliferation, dampens astrocyte morphogenesis, and impairs the formation and function of neighboring
synapses, whereas its genetic re-expression is sufficient to restore the mitochondria compartment
and correct astroglial and synaptic defects. Our findings show that the developmental enhancement
of mitochondrial biogenesis in astrocytes is a critical mechanism controlling astrocyte maturation and
supporting synaptogenesis, thus suggesting that astrocytic mitochondria may be a therapeutic
target in the case of neurodevelopmental and psychiatric disorders characterized by impaired
synaptogenesis.

INTRODUCTION

The main period of synaptogenesis in the developing rodent cor-
tex occurs during the second and third post-natal weeks, when
astrocytes stop replicating and enter a phase of post-natal matu-
ration in which they become capable of functionally interacting
with synapses (Freeman, 2010). The temporal relationship be-
tween synapse and astrocyte maturation suggests that bi-direc-
tional interactions orchestrate the post-natal maturation of both
in order to fine-tune the maturation of functional circuits (Allen
and Eroglu, 2017; Petrelli and Bezzi, 2018).

It has long been speculated that neuronal activity plays an
important role in regulating post-natal astrocyte maturation,
and recent studies have shown that it regulates the astrocytic
transcriptome and may therefore shape astrocyte/neuron
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metabolic cooperation (Hasel et al., 2017); in particular, gluta-
matergic neuronal activity can directly regulate post-natal
astrocyte arborization (Morel et al., 2014). The genes that are
developmentally regulated in immature astrocytes include
those controlling glutamatergic signaling: the GRM5 gene,
which encodes metabotropic glutamate receptor 5 (mGIuR5),
is highly expressed in developing astrocytes during the first
post-natal week, but its expression dramatically decreases by
the third week (Cahoy et al., 2008; Zhang et al., 2016), and
mGIuR5 calcium (Ca®*) signaling is particularly conspicuous
in the soma and main processes of developing astrocytes (Bus-
cemi et al., 2017; Sun et al., 2013). In line with its high level of
expression in immature astrocytes, mGIuR5 plays a crucial role
in regulating the post-natal astrocyte growth and arborization
(Morel et al., 2014), but the underlying cellular and molecular
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mechanisms controlling mGluR5-dependent astrocyte morpho-
genesis are unknown.

Post-natal astrocyte maturation involves a complex series of
events whose regulation is still not fully understood but occurs
during the first 3 post-natal weeks (Bandeira et al., 2009; Ge
et al., 2012), when astrocytes begin proliferating before under-
going the dramatic structural, molecular, and functional
changes that enable them to reach maturity (Cahoy et al.,
2008; Zhang et al., 2016; Stogsdill et al., 2017; Farhy-Tsel-
nicker et al., 2017; Boisvert et al., 2018). These extensive
changes in astrocyte proliferative activity and growth may
impose energy constraints and distinct metabolic demands,
as has recently been described in developing neurons (Beck-
ervordersandforth et al., 2017; Zheng et al., 2016; Knobloch
et al., 2013). The fact that mGIuR5 signaling triggers post-natal
astrocyte arborization (Morel et al.,, 2014) suggests that
mGluR5 signaling may also drive distinct metabolic demands
in order to accomplish the large number of fine processes
typically seen in adult mammalian astroglia. It is known that
energy metabolism requires rapid organization in order to
respond to the changing status of cellular activities, and that
any disturbance of this metabolic plasticity is related to
impaired cell proliferation, differentiation, and maturation.
However, whether and how a specific metabolic pathway is
necessary to coordinate the development of astrocytes has
never been investigated. A recent whole-cell transcriptome
analysis of astrocytes has revealed the transient upregulation
of many mitochondrial (mito) pathways during post-natal
development (Boisvert et al., 2018), and this is supported by
findings showing that the activation of mito biogenesis and
the consequent metabolic shift toward oxidative phosphoryla-
tion (OxPhos) are crucial for the differentiation of glioblastoma
cells into astrocytes (Xing et al., 2017). Activation of the mito
biogenesis program (i.e., the growth and division of pre-exist-
ing mito) and the consequent increase in mito mass and activ-
ity are crucial cellular mechanisms that orchestrate the differ-
entiation and maturation of many cell types, including neurons
(Vayssiere et al., 1992; Li et al., 2004; Cheng et al., 2012), and
it has been shown that peroxisome proliferator-activated re-
ceptor gamma co-activator 1a. (PGC-10) is a master regulator
of mito biogenesis (Wu et al., 1999).

Given the strategic peri-synaptic position of astrocytes, the
aim of this study was to evaluate the importance of PGC-1a.
and mito biogenesis in the post-natal maturation of astrocytes
and its impact on the formation and function of neighboring syn-
apses. We used the conditional deletion of PGC-1a in immature
astrocytes to establish the requirements for the PGC-1a regula-
tion of astrocyte replication, outgrowth, and arborization during
cortical development and the formation of synapses.

Our findings show that astrocytes mainly rely on a PGC-
1a-dependent network of mito to stop their post-natal replica-
tion and reach maturity, and that a dysfunctioning mito network
impairs correct post-natal astrocyte maturation and synapto-
genesis, thus affecting post-natal cortical development. They
also show that mGIuRS5 signaling regulates PGC-1a in devel-
oping astrocytes and therefore controls mito biogenesis and
the post-natal development of astrocytes and their associated
synapses.
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RESULTS

Mitochondria in developing astrocytes show high
OxPhos activity and ATP output

Increased levels of mMRNA for genes encoding the proteins
involved in the ETC (electron transport chain) and OxPhos are
considered genetic correlates of greater OxPhos activity (Zheng
etal., 2016; Agostini et al., 2016; Pooya et al., 2014; LeBleu et al.,
2014). In order to obtain information about mito and glycolytic
activities during astrocyte post-natal development in vivo, we
purified astrocytes during the first 3 post-natal weeks (on post-
natal day [P] 3, P14, and P20) and adulthood (on P50) (Figure 1A)
using hGFAP-ECFP mice in which astrocytes express enhanced
cyan fluorescent protein (ECFP) under the human glial fibrillary
acidic protein (hGFAP) promoter (Hirrlinger et al., 2005), and
analyzed the levels of MRNA encoding the key proteins regu-
lating mito biogenesis (PGC1«, PGC18, and Esrra) (Medeiros,
2008), OxPhos activity (Cox5b, Cox41l, Atpbal, and Cycs)
(Hackenbrock, 1968), and glycolysis (AldoA, LDHA) (Zheng
et al., 2016), and the proteins regulating proliferation Ki67
(MKI67) (Ge et al., 2012) or associated with astrocyte maturation
(Zhang et al., 2016; Boisvert et al., 2018), such as the glutamate
transporter GLT1 (SLC1A2), connexin 30 and 43 (Cx30 and
Cx43; GJB6 and GJAT), and the inwardly rectifying potassium
channel Kir4.1 (KCNJ10) (Figures 1B-1D, S1A, and S1B).

In line with the progressive maturation of astrocytes during the
first 3 post-natal weeks (Hasel et al., 2017; Ge et al., 2012), RT-
PCR analysis of the purified astrocytes (sorting yield >99% pure
positive cells) (Figure S1C) revealed a decrease in proliferation
(MKI67) (Figure S1A) and an increase in the levels of genes asso-
ciated with astrocyte maturation (Figure S1B). The mRNA levels
for genes encoding key proteins in mito biogenesis and OxPhos
and glycolysis also increased during post-natal development
and peaked during the third post-natal week (Figures 1B-1D),
thus suggesting that OxPhos and glycolysis might be responsible
for energy-providing metabolic circuits in developing astrocytes.
The importance of OxPhos in developing astrocytes became clear
when we analyzed astrocytes purified on P50 and found an unex-
pected decrease in the markers of OxPhos in comparison with as-
trocytes isolated during the second and third post-natal week. On
P50, the upregulation of astrocyte markers GLT1, Cx30/43, and
Kir4.1 and key proteins regulating glycolysis (Figures 1D and
S1B) was paralleled by the downregulation of a number of genes
regulating mito biogenesis and OxPhos activity (Scarpulla, 2011;
Lin et al., 2005; Lelliott et al., 2006; Figures 1B and 1C), such as
PGC1a(—86.49%), PGC13(—82.34%), and Esrra (—78.14%) (Fig-
ure 1B) and the ATP5a1 gene encoding for a crucial subunit of the
mito ATP synthase (—53.98%) (Figure 1C). Interestingly, the
decrease of PGC1« did not affect glycolysis, and the lactate levels
in adult astrocytes were higher than those in immature astrocytes
(Figures 1D and 1H). These findings suggested that a transient
transition toward mito oxidative metabolism occurs in astrocytes
during their post-natal maturation.

In order to explore the physiological relevance of the increased
OxPhos and mito content in developing astrocytes, we also
measured total cellular ATP levels and used a Seahorse XF
analyzer to measure real-time oxygen consumption (OCR) in
freshly isolated ECFP-positive astrocytes obtained on P14,
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Figure 1. Developing astrocytes show increased transcription of mitochondrial genes and OCR associated with PGC-1a expression
(A) lllustration of fluorescence-activated cell sorting (FACS) sorting procedure.
(B-D) mRNA levels of FACS-sorted, ECFP-positive astrocytes. *p < 0.05, **p < 0.01; **p < 0.001 (n = 6-10 mice in each group; one-way ANOVA followed by

Bonferroni’s post hoc correction).

(E) Real-time OCR of P14, P20, and P50 astrocytes as measured using a Seahorse XF analyzer.
(F) Indices of maximal mito respiratory as calculated from the OCR profiles. **p < 0.01, **p < 0.001.
(G) ATP content in FACS-sorted, ECFP-positive astrocytes. *p < 0.05, **p < 0.01; ***p < 0.001 (n = 3-5 mice each group; one-way ANOVA followed by Bonferroni’s

post hoc correction).

(H) Lactate content in FACS-sorted, ECFP-positive astrocytes. ***p < 0.001 (n = 3-4 mice each group; one-way ANOVA followed by Bonferroni’s post hoc

correction).

All error bars represent mean values + SEM of the three replicates at each time point.

P20, and P50. As expected, in comparison with the cells isolated
on P50, those isolated on P20 had significantly more ATP con-
tent, higher basal and maximal OCR values (Figures 1E-1G),
and less lactate content (Figure 1H).

Interestingly, these metabolic phenotypes were also observed
in cultured astrocytes from day 5 in vitro (DIV5) to DIV20 (Figures
S1F-S1K), when the cytoplasmic accumulation of elongated and
hyperfused mito was particularly evident (Figures 2H and 2I). A
series of biochemical analyses confirmed that mito biogenesis
and OxPhos transcripts were all significantly upregulated (Fig-
ures S1D and S1E), and accordingly, OCR (but not ATP produc-
tion) was significantly higher (Figures S1F and S1H), whereas
that of ECAR and lactate were much lower (Figures S1G and
S1l) on DIV5 than on DIV20.

Developing astrocytes show significantly greater
cytosolic occupancy by the mito network than
replicating and mature astrocytes

To determine whether increased expression of genes associated
with mito biogenesis and OxPhos in developing astrocytes corre-
lates with increased mito occupancy, we visualized the organelles
in astrocytes in vivo with in utero electroporation (IUE) and perma-

nently labeled single-cortical astrocytes with a plasmid express-
ing two transposable transgenes capable of genomic integration
under the action of the piggyBac (PB) transposase, a cytoplasmic
fluorescent protein (INTAGBFP2, pseudo-colored in gray), and a
mito matrix-targeted fluorescent protein (mt-YFP, pseudo-
colored in cyan) (Lewis et al., 2018). When electroporated on em-
bryonic day (E) 15.5, this construct allowed us to analyze mito at
high resolution in optically isolated, developing, or mature astro-
cytes on P10, P17, and P50 (Figures 2A-2C and S2B). We recog-
nized the astrocytic identity of the electroporated cells by the
expression of S100 calcium-binding protein B (S1008) (Buscemi
et al., 2017; Richetin et al., 2020; Raponi et al., 2007; Figure S2A).

Morphometric analysis of mito occupancy in astrocytes re-
vealed striking quantitative differences among P10, P17, and
P50 (Figures 2D and S2B-S2D): at P17, mito formed a long,
tubular, and interconnected network that occupied the majority
of the soma (about 95%) and the proximal-to-distal portions of
the main processes (about 90%) (on average 93.21%) (Figures
2E and 2F), whereas on P10 and P50, they formed a heteroge-
neous network of filamentous and fragmented mito that occu-
pied only an average of 33.41% and 51.29%, respectively, of
the soma and main processes (Figures 2E, 2F, and S2B-S2D).
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Figure 2. Cytosolic occupancy and distribution of mitochondria during post-natal development
(A and B) Confocal sections of mito visualized with IUE of mitoYFP and mTAGBFP2 cytoplasmic filler. Scale bars: 10 pm.
(C) Single confocal planes of the images in (A) and (B). Arrowheads indicate the mito network in the main processes of astrocytes on P17 and P50. Scale bars:

5 pum.

(D) Rendering of the two reconstructed astrocytes and mito network shown in (A) and (B). Arrowheads indicate some of the fragmented mito (0.3-3 pm?®)

highlighted in (F).

(E) Quantification of the percentage of P10, P17, and P50 astrocytes occupied by mito. ***p < 0.001 (n = 4-5 mice each group; unpaired Student’s t test).

(F) Pseudocolor-coded representation of volume/sphericity of the two reconstructed mito networks shown in (A) and (B).

(G) Quantification of the distribution of mito morphology (n = 5-6 mice each group; one-way ANOVA followed by Bonferroni’s post hoc correction; ****p < 0.0001).
(H) Confocal sections of mito in cultured astrocytes on DIV10 and DIV > 20 visualized with MitoTracker (cyan). The dotted lines show the astrocyte boundaries.

Scale bars: 20 um and 5 um for high magnifications.

(l) Quantification of the volume of cultured astrocytes occupied by mito on DIV10 and DIV > 20 (n = 3 mice, 7-10 cells in each group; unpaired Student’s t test, *p <

0.05).
All error bars represent mean values + SEM.

The increase in mito occupancy between P10 and P17 was
mainly due to an increase in mito volume (643.72 + 32.48 and
1,871.21 + 128.75 um3 at P10 and P17, respectively), whereas
the decrease in mito occupancy between P17 and P50 was
mainly due to an increase in astrocyte volume (2,003.65 +
130.88 and 3,573.54 + 255.09 um?® at P17 and P50, respectively)
rather than a decrease in mito volume (1,871.21 + 128.75 and
1,926.25 + 235.65 um® at P17 and P50, respectively). The differ-
ences in mito occupancy among P10, P17, and P50 became
apparent when sub-dividing mito on the basis of their volume:
the contribution of highly interconnected mito (i.e., those with a
volume > 340 um?®) to total volume was significantly smaller on
P10 and P50 than on P17, whereas the contribution of frag-
mented mito (i.e., those with a volume of 0.3-13 pm®) was signif-
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icantly greater on P10 and P50 than on P17 (Figures 2F, 2G, and
S2B).

To confirm the validity of this observation in vitro, we isolated
and cultured pure astrocytes from post-natal mouse pups and
visualized their mito using a MitoTracker at DIV10 and DIV25
while examining mRNA levels for genes regulating astrocytic
proliferation and maturation (Figures S1J and S1K). In line with
the progressive maturation of astrocytes, the downregulation
of the MKI67 and TOP2A genes regulating proliferation was par-
alleled by the upregulation of genes encoding GLT1, CX30/43,
and Kird.1 (Figures S1J and S1K). Interestingly, quantitative
measurement of mito occupancy in developing and mature as-
trocytes showed that they were highly conserved in vitro (Figures
2H and 2l): mito in developing astrocytes occupied 79.2% of cell
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volume, whereas the mito in mature cells occupied 48.4% (Fig-
ure 21). We therefore concluded that mito occupancy is different
in developing and mature cortical astrocytes in vivo and in vitro.

PGC-1a controls mito content in developing astrocytes
Because PGC-1a is a master regulator of mito biogenesis and
function, its deletion induces a significant decrease in mito
mass and consequently a significant decrease in OxPhos ma-
chinery and mito activity (Li et al., 2004; Cheng et al.,2012;
LeBleu et al., 2014; Jiang et al., 2016; Leone et al., 2005; Tran
et al, 2016). We therefore used the conditional PGC-1a
knockout mice as a model to determine the role of mito biogen-
esis in developing astrocytes in vitro and in vivo (Figure S4A). For
the in vitro experiments, astrocytes isolated from the newborn
pups of hGFAPCre R T2PGC10/>P/oxP:R26-tdTomato' ™/
and control hGFAP:Cre""2R26-tdTomato'”*"°*® mice were
treated with tamoxifen (TAM) for DIV7. The immunostaining of
cultured cells revealed a specific recombination in cultured as-
trocytes (48%; Figures S3E and S3F), and the RT-PCR analysis
a significant downregulation of the genes associated with mito
biogenesis (Figure 3H) and OxPhos activity (Figure S3G).

For experiments in vivo, the conditional knockout mice were
created by treating mice with TAM for 8 days starting on
P5 (respectively referred to as aPGC1acKO-tdTomato and
hGFAP-tdTomato mice). Confocal analysis of cortical tissue re-
vealed specific recombination in astrocytes (>95% of tdTomato
expressed glutamine synthase; recombination of 52.25% [L1],
59% [L2/3], 58.7% [L5]; Figures S3A, S3C, S4A, and S4E), with
no recombination in cortical neurons (0% of tdTomato ex-
pressed NeuN; Figure S3B), and RT-PCR analysis confirmed a
significant reduction of PGC-1az mRNA levels (—44%)
(Figure S3D).

Morphological analysis of the mito in the recombined cells car-
rying the deletion of PGC-1a. revealed a significant change in
mito morphology (i.e., many more punctated mito) and a signifi-
cant reduction in cytosolic occupancy (—61.56% and —48.53%
in vitro and in vivo, respectively) in comparison with the controls
(Figures 3A-3E and 3G). The effect of PGC-1a. deletion on mito
was accompanied by a significant decrease in basal and
maximal OCR (Figure S3l) or ATP content (Figure S3J), and
with a significant increase in basal glycolysis (Figure 3K) and
lactate content (Figure 3L). Interestingly, such metabolic
changes were not significant after normalization to mito volume
(Figures 3l and 3J), thus supporting the hypothesis that the dele-
tion of PGC-1a. in developing astrocytes decreases mito content
without affecting mito function. Finally, mito occupancy and
metabolic changes were all rescued when PGC-1a was re-ex-
pressed on DIV3 by means of an astrocyte-specific lentiviral vec-
tor (LentiPGC1a) (Petrelli et al., 2020; Colin et al., 2009; Pan-
nasch et al., 2014; Figures 3F, 3G, 3M-3Q, and S3H), thus
suggesting that PGC-1a promotes mito biogenesis and a coor-
dinated shift toward mito activity in developing astrocytes.

Conditional deletion of PGC-1« from developing
astrocytes compromises post-natal proliferation and
maturation of astrocytes

A number of studies have shown that mito plays a critical role in
the regulation of proliferation, differentiation, and maturation
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processes (Diebold et al., 2019; Yao et al., 2019; Zheng et al.,
2018; Khacho et al., 2019; Gotoh et al., 2018). We therefore
checked the effects of decreased mito occupancy in the cortical
development of aPGC1acKO-tdTomato mice (Figure S4A). The
overall brain morphology of aPGC1acKO mice did not show
any gross anatomical differences, overt alterations in laminar or-
ganization (Figures 4A, S4B, and S4C), or any sign of apoptosis
(Figure S4D), but DAPI staining revealed a significant increase in
cell frequency (+9.01% for L2,3 and +9.2% for L5, correspond-
ing to +338.69 + 98.5 DAPI and +345.49 + 130.5 DAPI for L2,3
and L5, respectively) (Figure 4B). We further evaluated the
change in tdTomato astroglial and neuronal density and in line
with the DAPI staining, there was an increase in the frequency
of tdTomato astrocytes (+118.11% and +97.6% for L2,3 and
L5, corresponding to +176.74 + 40.3 and +186.3 + 44.5in L2,3
and L5, respectively), but not in the frequency of CTIP2-labeled
neurons (Figures 4C and S4B). The number of DAPI nuclei
was about three times higher than the number of recombined
tdTomato astrocytes; thus, in order to check which cell type(s)
could account for the increased number of DAPI nuclei, we
started by analyzing non-recombined astrocytes (i.e., GS* and
tdTomato™ cells) and found a significant increase in both L2,3
and L5 (+11.839% and +12.923% for L2,3 and L5; Figure S4E),
respectively, corresponding to +82.5 + 30.6 and +110.34 +
22.5 GS* cells. Subsequently, we also investigated whether
neuron-glia antigen 2 (NG2) glia could account for the increased
number of DAPI-stained cells. Indeed, among other glial cells,
the NG2 progenitors of oligodendrocytes (Levine et al., 2001)
represent the fourth major glial population in the cortex (Dawson
et al., 2000, 2003; Nishiyama et al., 2002; Peters, 2004) and may
be affected by the hGFAP promoter (Weng et al., 2019). Immuno-
staining of NG2 showed no co-localization with tdTomato™ cells
(Figures S4F-S4l) but a significant increase in the number of
NG2™ cells (+30.04% in L2,3 and +35.66% in L5) corresponding
to +77.15 £ 12.5 and +81.34 + 9.6 (Figure S4J). These findings
indicated that the deletion of PGC-1a. in a subset of astrocytes
affects the proliferation of neighboring glial cells.

Given the well-established role of PGC-1a in cell proliferation,
we investigated whether this cortical abnormality was due to
changes in post-natal cell proliferation. The long-term BrdU
pulse-chase experiments revealed that BrdU staining was
significantly increased in both recombined (tdTomato* astro-
cytes; +40.58% for L2,3 and +102.95% for L5) and non-recom-
bined astrocytes (GS*/tdTomato ™ astrocytes; +39.13% for L2,3
and +62.69% for L5) (Figures 4D, 4E, S4K, and S4L), as well as
in NG2* cells (+36.31% for L2,3 and +31.25% for L5) (Figures
S4M and S4N), thus confirming the increased proliferation of as-
trocytes and NG2 cells in the cortical tissue of aPGC1acKO
mice.

Because the complex functions of mature astrocytes depend on
their elaborate structure (Stogsdill et al., 2017; Sakers and Eroglu,
2019), we investigated the effects of PGC1« deletion on morpho-
genesis of astrocytes. Morphometric analysis of their elaborate
structure revealed a dramatic morphological phenotype: the
PGC1a-deleted tdTomato astrocytes had smaller domains
(—=19% in diameter in L2/3 and —21.9% in L5) (Figures 4F-4H),
fewer branches (—34.3%, 20 pm from the soma; Figures 4K-
4M), and clearly less distance between somas (—53%; Figures
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Figure 3. PGC-1a controls mitochondrial biogenesis in developing astrocytes

(A) Confocal sections of mito in L5 cortical astrocytes on P17 visualized with IUE of mitoYFP and mTAGBFP2 cytoplasmic filler. Scale bar: 10 um.

(B) Rendering of the two reconstructed astrocytes and mito networks shown in Figure 3A. Scale bar: 7 pm.

(C) Quantification of the percentage of astrocytes volume occupied by mito. ***p < 0.001 (n = 3 mice each group; unpaired Student’s t test).

(D-F) Confocal sections of mito in cultured astrocytes as visualized with MitoTracker (mitochondria = cyan, tdTomato* astrocytes = magenta). Dotted lines show
astrocyte boundaries. Scale bars: 20 um and 5 um for high-magnification images.

(G) Quantification of volume occupied by mito in cultured astrocytes. ***p < 0.001 (n = 3 mice in each group; one-way ANOVA followed by Bonferroni’s post hoc

correction).

(H) mRNA levels of PGC1a and PGC18 in cultured astrocytes. *p < 0.05; ***p < 0.001 (n = 4-6 biologically independent samples; unpaired Student’s t test).
(I) Indices of mito respiratory function calculated from the OCR profile of cultured astrocytes measured on DIV10 (n = 5 biologically independent samples; un-

paired Student’s t test).

(J) ATP content in cultured astrocytes measured on DIV10 (n = 5 biologically independent samples; unpaired Student’s t test).

(K) Indices of glycolytic pathway activation in cultured astrocytes on DIV10. **p < 0.01 (n = 5 biologically independent samples; unpaired Student’s t test).

(L) Lactate content in cultured astrocytes on DIV10. **p < 0.01 (n = 5 biologically independent samples; unpaired Student’s t test).

(M) mRNA levels of PGC1a. and PGC18 in cultured astrocytes. ***p < 0.001 (n = 3 biologically independent samples; unpaired Student’s t test).

(N) Indices of mito respiratory function as calculated from the OCR profile of cultured astrocytes measured on DIV10. *p < 0.05 (n = 5 biologically independent

samples; unpaired Student’s t test).

(O) ATP content in cultured astrocytes measured on DIV10 (n = 5 biologically independent samples; unpaired Student’s t test).

(P) Indices of glycolytic pathway activation calculated in cultured astrocytes. **p < 0.01 (n = 5 biologically independent samples; unpaired Student’s t test).
(Q) Lactate content in cultured astrocytes on DIV10. *p < 0.05 (n = 3 biologically independent samples; unpaired Student’s t test).

All error bars represent the mean values + SEM of three replicates at each time point.

41 and 4J), thus suggesting a possible overlapping domain that is
typical of immature astrocytes on P7-P10 (Stogsdill et al., 2017).
Similar results were found in non-recombined astrocytes
(=18.7% in the diameter, —29.5% in the number of branches
20 um from the soma, n = 3 mice, p < 0.05, unpaired Student’s t
test). Overall, these observations indicated that PGC1a regulates
post-natal proliferation and maturation of astrocytes.
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mGIuR5 controls PGC-1a levels and mito biogenesis in
developing astrocytes

Mito content and function are finely tuned to satisfy cell-specific
metabolic and signaling demands (Hock and Kralli, 2009) and
are controlled by a highly interconnected network of transcription
factors, such as mammalian target of rapamycin (mTOR) (Morita
et al., 2013), a master regulator of a broad set of nuclear genes,
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Figure 4. Selective and inducible deletion of astrocyte PGC-1« impairs the maturation of cortical astrocytes

A) Confocal sections of tdTomato astrocytes (gray) and DAPI staining (blue) in prefrontal cortex (PFC) on P40. Scale bar: 100 um.

B) Quantification of DAPI-stained cells per mm? in PFC on P40. *p < 0.05 (n = 3 mice in each group; unpaired Student’s t test).

C) Quantification of td-Tomato* astrocytes in PFC on P40. **p < 0.01, ***p < 0.001 (n = 4 mice each group; unpaired Student’s t test).

D) Confocal sections of tdTomato™ astrocytes (red), and immunostaining for BrdU (green) and DAPI (blue) in PFC on P14. Scale bar: 50 um.

F-H) Quantification of astrocyte complexity in PFC on P40.

F) Confocal sections of tdTomato* astrocytes (magenta) and immunostaining for GS (green) in PFC on P40. Scale bar: 50 pm.
G) Diameter of tdTomato*/GS™ astrocytes in PFC on P40. **p < 0.01 (n = 4 mice in each group; unpaired Student’s t test).
H) Representative 3D surface rendering of tdTomato™* astrocytes on P40. Scale bar: 10 um.

¢
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(

(E) Quantification of BrdU and tdTomato™* cells in PFC on P14. *p < 0.05, ***p < 0.001 (unpaired Student’s t test).
(

(

(

(

(

1) Confocal sections show tdTomato* astrocytes in PFC sections on P40. Scale bar: 50 um.
(J) Distance between cell bodies of tdTomato™ astrocytes on P40. **p < 0.01 (n = 4 mice each group; unpaired Student’s t test).

K) High magnification of individual astrocytes. Scale bar: 20 pm.

(
(L and M) Sholl analysis of tdTomato™ astrocytes in PFC on P40. Scale bar: 10 um. *p < 0.05, **p < 0.01 (n = 3 mice in each group; unpaired Student’s t test).

All error bars represent mean values + SEM (4-6 brain slices in each mouse).

including PGC-1a. Developing astrocytes transiently express high
levels of mGIuR5 (Buscemi et al., 2017; Sun et al., 2013), and it is
known that mGIuR5 signaling induces mTOR activation (Hou and
Klann, 2004; Volk et al., 2007). To determine whether mGIuR5
signaling regulates mTOR and PGC-1a. in developing astrocytes,
we performed western blot analyses of cultured astrocytes
(DIV15) coupled with pharmacological or genetic manipulations
(Figure S5A). Our results confirmed that both the phospho-
mTOR/MTOR ratio and PGC-1a were regulated in a calcium-
dependent manner by mGIuR5 signaling (Figures S5A-S5C).
Genetic ablation of mGIuRS5 in astrocytes allowed us to analyze
the role of mGIuRS5 signaling in controlling the astrocytic mito con-
tent in vitro and in vivo. We cross-bred mGIuR5'®1*P (Barnes

et al., 2015) mice with hGFAP:CreERT2 (Petrelli et al., 2020; Hirrlin-
ger etal., 2006) and R26-tdTomato'™P*P (Viorel et al., 2014) fluo-
rescent reporter mice and induced the recombination in vitro and
in vivo by treating the cells or the progeny inheriting both alleles
with TAM for 8 days (from DIV3 or from P5, respectively).
The TAM-treated mice with the mGIuR5 deletion will hereinafter
be referred to as amGIluR5¢cKO-tdTomato mice. TAM-treated
hGFAP:CreFRT2R26-tdTomato' ™' cultured cells or mice
were used as controls (i.e., hGFAP-tdTomato). We first checked
the effect of astrocyte-specific mGIluR5 conditional deletion on
mito morphology by visualizing mito in vivo with IUE and in vitro
with MitoTracker on P17 and DIV15, when TAM treatment led a
significant reduction in the mRNA levels of mGIluR5 and
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Figure 5. Mitochondrial content and distribution are disrupted in mGluR5-deficient astrocytes

(A and B) Confocal sections show mito in L5 cortical astrocytes on P17 visualized with IUE of mitoYFP and mTAGBFP2 cytoplasmic filler. Scale bar: 10 pm.
(C) Rendering of the two reconstructed astrocytes and mito networks shown in (A) and (B). Red boxed regions highlight the significant depletion of mito in small
processes of amGIuR5¢cKO astrocytes in comparison with control hGFAP-tdTomato astrocytes.

(D and E) Single confocal planes of the images shown in (A) and (B). Arrowheads indicate the network of mito in the main processes. Scale bar: 5 um.

(F) Rendering of two reconstructed astrocytes and mito networks shown in (A) and (B). Arrowheads indicate some of the fragmented mito (0.3-3 pm?) highlighted
in (H).

(G) Quantification of mito occupancy of P17 and P50 tdTomato* astrocytes. *p < 0.05, **p < 0.01 (n = 3-4 mice in each group; unpaired Student’s t test).

(H) Pseudocolor-coded representation of volume/sphericity of the two reconstructed mito networks shown in (A) and (B).

(I) Quantification of the distribution of mito morphology. *p < 0.05, **p < 0.01, ***p < 0.001 (n = 3-4 mice in each group; one-way ANOVA followed by Bonferroni’s
post hoc correction).

(J) Confocal sections of mito in cultured astrocytes as visualized with MitoTracker (mito = cyan, tdTomato* astrocytes = magenta). The dotted lines show

astrocyte boundaries. Scale bar: 20 um and 5 um.

(K) Quantification of the volume of astrocytes occupied by mito on DIV10. **p < 0.001 (n = 3 mice in each group; unpaired Student’s t test).

All error bars represent mean values + SEM.

PGC-1«a (Figures SS5E-S5G). Morphometric analysis revealed that
mito morphology and occupancy were both dramatically different
from those observed in controls in vivo (Figures 5A-5F) and in vitro
(Figures 5J and 5K). Mito in mGluR5-deficient astrocytes were
short (0.1-4.5 um) and occupied only an average of about 45%
of the soma and main processes (Figures 5G). The elongated in-
terconnected network present in control developing astrocytes at
P17 (Figures 5A and 5C-5E) was replaced by a significantly
smaller and more heterogeneous mito network in mGIluR5-defi-
cient astrocytes (Figures 5B-5E), where the contribution of frag-
mented mito (.., those with 0.3-13 um?® of volume) over the total
volume of the mito network was significantly increased compared
with control (~2-fold; Figures 5H and 5l). Interestingly, the anal-
ysis of mito distribution and morphology on P50 showed a signif-
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icant increase in mito occupancy and a morphology similar to that
of the control astrocytes on P17 with an elongated interconnected
network of mito (Figures 5G, 51, and S5H), thus suggesting a slow-
ing in the process of mito biogenesis in the absence of mGIuR5.

We complemented these morphological observations by
determining the extent to which mito activity was impaired in
the absence of mGIuR5. Metabolic measurements identified an
approximately 50% reduction in basal and maximal OCR, a
30% reduction in ATP content, and a concomitant increase in
the basal level of ECAR (25%) (Figure S5J). Interestingly, as pre-
viously shown in the absence of PGC-1a, when normalized to
mito volume, there was no difference in OCR or ATP content be-
tween the amGIluR5¢cKO and control mice (Figures S51 and S5K),
thus supporting the hypothesis that the deletion of mGIuRS5 in
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Figure 6. Astrocytic mGIuR5 controls the number and function of excitatory synapses

(A and C) Confocal sections of intra-cortical (VGLUT1, green; PSD95, red) and thalamo-cortical excitatory synapses (VGLUT2, green; PSD95, red) inside the
tdTomato astrocyte territory. Scale bar: 2 um. Dotted lines show astrocyte boundaries, and arrowheads mark co-localized puncta.

(B and D) Quantification of intra-cortical (B) and thalamo-cortical (D) co-localized puncta in the tdTomato astrocyte territories in L5 of PFC on P40. **p < 0.01, **p <

0.001 (n = 3-4 mice in each group; unpaired Student’s t test).

(E) Patch-clamp recording from the soma of a biocytin-labeled L5 pyramidal cell and tdTomato* astrocytes in the medial prefrontal cortex (MPFC) on P40.
(F) Representative traces of whole-cell MEPSC recordings. Average mEPSCs are shown below the traces.
(G) Cumulative frequency plots of inter-event intervals (IEls) from the traces in (F) and comparison of average mEPSC IEls in control mice (266.8 + 31.6 ms, n = 8)

and amGluR5cKO-tdTomato mice (468.6 + 68.5 ms, n = 13).

(H) Cumulative frequency plot of mMEPSC amplitude from the traces in (F) and comparison of average mEPSC amplitudes in control mice (13.3 + 0.8 pA) and
amGluR5cKO-tdTomato mice (15 + 0.7 pA). The data points represent individual cells. *p < 0.05 (unpaired Student’s t test).

All error bars represent mean values + SEM.

developing astrocytes decreases the content of mito without
affecting mito functions.

Analysis of the proliferation and morphology of re-
combined and non-recombined astrocytes (i.e., tdTomato*
and tdTomato/GS* cells, respectively) carrying the mGIuR5
deletion showed increased proliferative activity on P14 (Figures
S5L and S5M) and, consistently, an increased number of astro-
cytes on P40 (Figures S50, S5P, and S5W) without any further
changes in the thickness of the cortical layers (Figures S5X
and S5Y). Similar as for the deletion of PGC-1a, we also found
a significant increase in the proliferative activity (Figure S5N)
and the number of NG2* cells (Figure S5Q). Furthermore, sin-
gle-cell analyses of astrocyte morphology showed that the diam-
eter of the individual astrocytic territories, the distance between
cell bodies, and the number of branching points were signifi-
cantly decreased compared with control astrocytes (Figures
S5R-85V), thus confirming a recently reported delay in astro-
cytic arborization in the absence of mGIuR5 (Morel et al,
2014). Our results demonstrated that mGIuR5 signaling regu-
lates PGC-1a and mito biogenesis and plays a critical role in
the post-natal maturation of astrocytes.

Aberrant astrocyte maturation affects the number

and function of excitatory synapses

Because astrocytes are key controllers of excitatory synaptogen-
esis (Allen and Eroglu, 2017), we investigated whether the dysfunc-

tion in post-natal astrocyte maturation induced by PGC-71a or
mGluR5 deletion impedes synaptogenesis. The synapses were
labeled by means of apposition of the presynaptic markers vesic-
ular glutamate transporters 1 and 2 (VGLUT1 and VGLUT2) and
postsynaptic density protein 95 (PSD95) (Stogsdill et al., 2017).
Strikingly, we found that synapse density within the territory of
PGC1a- or mGluR5-deficient td-Tomato™* astrocytes was signifi-
cantly reduced compared with control hGFAP-tdTomato astro-
cytes (—25.5% for VGLUT1 and —29.6% for VGLUT2 in aPG-
ClacKO-tdTomato; —20.3% for VGLUT1 and —20.5% for
VGLUT2 in amGIluR5cKO-tdTomato; Figures 6A-6D and S6A-
S6D), thus confirming that impaired astrocyte morphogenesis af-
fects the formation of excitatory synapses (Petrelli and Bezzi,
2018).

In order to evaluate the functional significance of these changes,
we performed whole-cell patch-clamp recordings of miniature
excitatory post-synaptic currents (MEPSCs) in L5 pyramidal neu-
rons from the PFC of P40 amGIluR5cKO-tdTomato and control
mice (Figures 6E and 6F). This analysis confirmed a significant
reduction in the number of detected synaptic events (inter-event
interval, 266.8 + 31.6 ms in the controls and 468.6 + 68.5 ms in
the amGIluR5¢cKO mice) (Figures 6F and 6G) and a slowing in their
kinetics (rise time: 2.1 + 0.1 ms in the controls and 2.4 + 0.1 msiin
amGIluR5cKO mice; decay time: 4.9 + 0.3 versus 6.2 + 0.3 ms) (Fig-
ures S6E and S6F), without any significant effect on their amplitude
(Figures 6F and 6H). In the voltage-clamp recordings, we found no
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significant difference in the capacitance, access resistance, and
input resistance of neurons for both genotypes (capacitance: con-
trol 139.5 + 28 pF, n =8 cells, amGlu5cKO 139 + 24 pF, n = 13 cells;
access resistance: control 10.9 + 3.2 MQ, n = 8 cells, amGlu5cKO
12.5+1.5MQ, n= 13 cells; input resistance: 87.4 + 19.4MQ,n=8
cells), amGlu5cKO (89.6 + 33 MQ, n =13 cells, p > 0.05). These re-
sults also suggest that mGIuR5 deletion in astrocytes may regulate
synaptic maturation. Hence, in other areas of the CNS, more
immature synapses have been shown to exhibit lower probability
of release and slower synaptic events (Wall et al., 2002; Taschen-
berger and von Gersdorff, 2000; Cathala et al., 2005) in analogy
with those detected in the mPFC of mice carrying astrocyte-spe-
cific mGIuRS5 deletion. Yet, we cannot exclude that other mecha-
nisms may also be responsible for these alterations.

Re-expression of PGC-1a in mGluR5-deficient
astrocytes restores astrocyte morphogenesis and
synaptogenesis
The prominent role of astrocytic PGC-1a. in regulating post-
natal astrocyte development and synapse formation was
confirmed in vivo by re-expressing PGC-1a in developing astro-
cytes on P5. The amGIuR5cKO and control tdTomato mice
were injected with an astrocyte-specific Lentivirus expressing
PGC-1o. or GFP or DsRed (Figures S7A and S7B; Petrelli
et al., 2020; Humbel et al., 2021). RT-PCR analysis showed
that the injection of Lenti:PGC-1a into the PFC of am-
GluR5cKO-tdTomato mice significantly increased PGC1«
mRNA levels (Figure S7C). The morphometric analysis of mito
showed that the decrease in mito occupancy and distribution
in the absence of mGIuR5 was rescued by LentiPGC-1q. (Fig-
ures 7A-7G), thus demonstrating that the effect of mGIuR5
deletion on mito maturation in astrocytes requires PGC-1a.
Consistent with the effects on the mito network in astrocytes,
subsequent analysis showed that LentiPGC-1a restored the
proliferative capacity and the number of recombined and
non-recombined astrocytes (Figures S7F and S7G). Astrocyte
morphology showed that recombined td-Tomato™ astrocytes
in the mice injected with LentiPGC1a had a radius, volume,
and distance between soma comparable with control astro-
cytes (Figures 7H-7L), thus indicating that the re-expression
of PGC-1a restored the correct morphogenesis of astrocytes.
Finally, and in line with the rescue obtained in developing astro-
cytes, confocal analysis showed significantly more excitatory
synapses in the domains of mGluR5-deficient astrocytes of
the infected mice (Figures 7M, 7N, S7H, and S7I), thus confirm-
ing that the correct expression of PGC-1« in developing astro-
cytes is crucial for post-natal synaptogenesis.

Taken together, our data show that mGIuR5 signaling is required
for the correct formation and function of cortical excitatory synap-
ses through regulation of PGC-1¢ in developing astrocytes.

DISCUSSION

The findings of this study reveal a mechanism linking mito
biogenesis in developing astrocytes to cortical synaptogenesis.
Our results unravel the crucial role of astrocytic mito in regulating
post-natal astrocyte proliferation and maturation, and support
the formation and function of the associated synapses.

10 Cell Reports 35, 108952, April 13, 2021
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The cellular and molecular mechanisms regulating cell meta-
bolism in mature astrocytes have been extensively investigated
over the years (Magistretti and Allaman, 2018; Bouzier-Sore
and Pellerin, 2013; Cali et al.,, 2019), and there is a general
consensus that, although neurons are highly oxidative, astro-
cytes are predominantly glycolytic, which means that they
extract energy from glucose by producing lactate and pyruvate
(Weber and Barros, 2015; Magistretti et al., 2015; Azzalin et al.,
2020). Furthermore, and in line with the glycolytic nature of astro-
cytes, the presence of modest mito respiration in mature astro-
cytes has recently been confirmed in vivo (Supplie et al., 2017).

The importance of mito activity in astrocytes is still largely un-
known, but the findings of recent studies indicate that mitos in
mature astrocytes are crucially important for the maintenance
of homeostatic functions and the associated synapses (Motori
etal., 2013; Ignatenko et al., 2018; Gobel et al., 2020). Our results
provide the evidence that mito occupancy varies widely during
post-natal astrocyte development. As in cells with a high oxida-
tive capacity (Puigserver and Spiegelman, 2003; Kamei et al.,
2003), PGC-1a. and PGC-18 are highly enriched in developing
astrocytes (but not replicating astrocytes) in vitro and in vivo. In
line with the identification of PGC-1a as a master regulator of
mito biogenesis and respiratory function (Wu et al., 1999), the
deletion of PGC1« in astrocytes leads to a significant decrease
in mito content, the genes encoding for ETC components under-
lying OxPhos, and, consequently, mito respiration. Our study
therefore provides evidence of a transient requirement of mito
biogenesis and very probably OxPhos in developing astrocytes
at a time associated with the termination of proliferation and
the initiation of functional and morphological maturation (i.e.,
during the second and third post-natal weeks, and from DIV7
to DIV20), as previously shown in neuronal (Zheng et al., 2016;
Agostini et al., 2016; Agathocleous et al., 2012; Homem et al.,
2014; Khacho et al., 2016) and glioblastoma cells (Xing et al.,
2017).

The genetic ablation of mito biogenesis by means of the dele-
tion of PGC1« in astrocytes induces prolonged proliferation and
inhibition of developmental morphogenesis of astrocytes. PGC-
1a may play a general role in regulating circuit connectivity in the
developing brain because low levels of PGC-1a. inhibit not only
the developmental growth of the astroglial domain (i.e., arboriza-
tion and the branching of processes), but also neurite outgrowth
and the dendritic arbors of developing neurons (Cheng et al.,
2012; Lin et al., 2004).

PGC-1a and mito biogenesis are regulated by a number of
signaling pathways and transcription factors (Finck and Kelly,
2006), including CREB (Herzig et al., 2001), cyclic AMP-depen-
dent protein kinase (Zong et al., 2002), calcium/calmodulin-
dependent kinase (Czubryt et al., 2003), and mTOR (Cunning-
ham et al., 2007), a kinase that regulates cell growth, size, and
survival (Kozorovitskiy et al., 2015). It is therefore likely that the
signals that increase cyclic AMP and cytosolic calcium levels
and the mTOR signaling cascade also increase PGC-1a expres-
sion and mito biogenesis. Interestingly, proliferating astrocytes
express high levels of mGIuR5 during the first 2 weeks of post-
natal development (Buscemi et al., 2017; Sun et al., 2013; Cai
et al., 2000), a time preceding peak PGC1« levels and OxPhos
activity, and a number of studies have shown that the activation
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Figure 7. Re-expression of PGC-1a in mGluR5-deficient astrocytes restores the dysmorphogenesis of the mitochondrial network and as-
trocytes, and has positive effects on synapse formation

(A) Confocal sections of mitochondria in L5 tdTomato astrocytes visualized with IUE of mitoYFP and mTAGBFP2. Scale bar: 10 um.

(B) Rendering of the three reconstructed astrocytes and mito networks shown in (A). Arrowheads indicate some of the fragmented mito (0.3-3 mm?®) highlighted in
(E). Scale bar: 10 um.

(C and D) Single confocal planes from the images shown in (A). Scale bar: 10 um.

(E) Rendering of the three reconstructed mito networks shown in (A) showing pseudocolor-coded representation of volume/sphericity. Scale bar: 10 pm.

(F) Quantification of mito occupation in astrocytes on P40. ***p < 0.001 (n = 3—4 mice in each group; one-way ANOVA followed by Bonferroni’s post hoc
correction).

(G) Quantification of the distribution of mito morphology. **p < 0.01, ***p < 0.0001 (n = 2-3 mice in each group; one-way ANOVA followed by Bonferroni’s post hoc
correction).

(H) Confocal sections of tdTomato* astrocytes on P40. Scale bar: 50 pm.

(I) Representative 3D surface rendering showing the volume reconstruction of cortical L5 astrocytes. Scale bar: 10 um.

(J) Distance between cell bodies of tdTomato* astrocytes. ***p < 0.001 (n = 4 mice in each group; one-way ANOVA followed by Bonferroni’s post hoc correction).
(K'and L) Sholl analysis of tdTomato™ astrocyte. Scale bar: 10 um. *p < 0.05, **p < 0.01 (n = 4 mice in each group; one-way ANOVA followed by Bonferroni’s post
hoc correction).

(M) Confocal sections of intra-cortical excitatory synapses (VGLUT1, green; PSD95, red) inside the tdTomato astrocyte territory in L5 PFC on P40. Scale bar:
2 um. Dotted lines show astrocyte boundaries, and arrowheads mark co-localized synaptic puncta.

(N) Quantification of co-localized intra-cortical puncta in the tdTomato astrocyte territories in L5 of the PFC on P40. *p < 0.05, ***p < 0.001 (n = 3-4 mice each
group; one-way ANOVA followed by Bonferroni’s post hoc correction).

All error bars represent mean values + SEM.

of mGIuRS5 regulates intracellular Ca®* dynamics (Buscemi et al., Our model strongly suggests that mGIuR5 signaling in devel-
2017) and signaling to mTOR (Hou and Klann, 2004; Ronesi and  oping astrocytes modifies the rate of mito biogenesis, and there-
Huber, 2008; Huber et al., 2015). We found that the efficiency of  fore that mGIuR5 in astrocytes monitors glutamatergic synaptic
mito biogenesis in developing astrocytes is modulated by activity and adapts astrocytic energy demands during the first 2
mGIuR5 signaling via the modulation of PGC-1a levels and  post-natal weeks to support excitatory synaptogenesis. The
global changes in mito structure. events coupling the monitoring of synaptic activity by mGIuR5
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and increasing mito biogenesis seem to be temporally correlated
in developing astrocytes, in which the levels of mGIuRS5 abruptly
decrease when those of PGC-1a are reaching their peak during
the third post-natal week. Consistently, we found that the activa-
tion of mGIuR5 increases PGC-1a levels by activating mTOR
signaling, as previously suggested in neuronal cells (Ronesi
and Huber, 2008). The involvement of mGIuR5 signaling in astro-
cytes also suggests that its ability to modulate mito occupancy
must begin early in post-natal development, before the transition
from proliferation to morphological and functional maturation oc-
curs because the loss of mGIuR5 prolongs the proliferation and
delays the maturation of astrocytes. By showing that PGC-1a
levels are controlled by mGIuR5, and that the re-expression of
PGC-1a in newly formed astrocytes carrying the mGIluR5 dele-
tion significantly improves the astrocytic maturation, our data
suggest that mGIuR5 signaling acts as critical modulator of
mito biogenesis and integrates synaptic signals coming from
glutamatergic activity in order to stop proliferation and to pro-
mote astrocyte maturation. The metabolic capacity and morpho-
genesis of astrocytes may therefore be induced in a coordinated
manner by neurons, as recently proposed by others (Morel et al.,
2014; Ge et al., 2012).

Another implication of this study is that mito biogenesis in as-
trocytes is required for the correct post-natal formation and
maturation of synapses. Our in vivo analyses demonstrate that
PGC-1a deficiency in astrocytes directly affects the formation
and function of cortical excitatory synapses, and suggest that
defective mito content in developing astrocytes affects synaptic
development in neurons. The cell dysfunctions in developing as-
trocytes that underlie defects in synaptic development are still
unknown but may include dysregulation of the normal functions
of astrocytes in the developing cortex, such as the regulation of
lactate and ATP or of ionic and/or neurotransmitters homeosta-
sis, synaptic pruning, or the provision of metabolites and synap-
togenic factors (Petrelli and Bezzi, 2016, 2020; Liddelow and
Barres, 2015). Our findings emphasize the importance of astro-
cyte dysfunction during post-natal development and offer an
alternative mechanistic explanation for the synaptic defects
characterizing neurodevelopmental disorders, such as autism
spectrum disorders, and neuropsychiatric disorders, such as
schizophrenia (Karayiorgou et al., 2010; Bariselli et al., 2016; Vi-
cidomini et al., 2017). Furthermore, they support the hypothesis
that the pathways governed by PGC-1a and astrocytic mito
biogenesis may represent new targets for interventions aimed
at improving defective synaptogenesis in these disorders.
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Abcam
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Synaptic System

Synaptic System
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Cell signaling

Cell signaling
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Invitrogen
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Invitrogen

Invitrogen

Invitrogen
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Jackson Immuno Research Lab
Jackson Immuno Research Lab
Jackson Immuno Research Lab
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RRID:AB_2338713
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RRID:AB_621842
RRID:AB_621840

Bacterial and virus strains

LentiGFP virus VSVG pseudotype

Laboratory of Nicole Deglon
at CHUV Lausanne

Petrelli et al., 2020

LentiPGC1a virus VSVG pseudotype Laboratory of Nicole Deglon N/A

at CHUV Lausanne
LentiDsRed virus VSVG pseudotype Laboratory of Nicole Deglon N/A

at CHUV Lausanne
Biological samples
No biological samples used N/A N/A
Chemicals, peptides, and recombinant proteins
MitoTracker® Green FM Invitrogen Cat# M7514
mPEP hydrochloride R&D Systems Cat# 1212
(2)-4-Hydroxytamoxifen Sigma-Aldrich Cat# H7904
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5-bromo-2’'-deoxyuridine (BrdU) Sigma-Aldrich Cat# HY-15910
N-[2-[[[3-(4-Chlorophenyl)-2- Sigma-Aldrich Cati# 422711
propenyl]methylamino]methyl]phenyl]-N-(2-hydroxyethyl)-

4-methoxybenzenesulphonamide (KN93)

Rapamycin Sigma-Aldrich Cat# R0395
(RS)-3,5-Dihydroxyphenylglycine (DHPG) R&D Systems Cat# 0342
1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid Sigma-Aldrich Cat# 11696
(BAPTA-AM)

Critical commercial assays

ATP determination Kit ThermoFisher Cat# A22066
L-lactate assay kit Sigma Cat# MAKO065

Seahorse XFp Mito stress test kit

Seahorse XFp Fluxpak kit

Seahorse Bioscience, Bucher
Biotec AG
Seahorse Bioscience, Bucher
Biotec AG

Cat# 103010-100

Cat# 103022-100

Deposited data

No deposited data N/A N/A

Experimental models: Cell lines

No cell lines used N/A N/A

Experimental models: Organisms/strains

Mouse: B6N.129(FVB)-Ppargcia < tm2.1Brsp > /J Case: The Jackson Laboratory JAX stock #SN9666
PGC1alLox/Lox

Mouse: B6N.129(FVB)-Ppargcia < tm2.1Brsp > /J Case This paper N/A

x Tg(GFAP-cre/ERT2)1Fki x B6.Cg-Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze/J: aPGC1acKO-tdTomato

Mouse: Tg(GFAP-cre/ERT2)1Fki x B6.Cg- This paper N/A

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J X mGluR5lox:
amGluR5cKO-tdTomato

Mouse: mGluR5Lox/Lox

Mouse: Tg(GFAP-cre/ERT2)1Fki xB6.Cg-

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J: hGFAP-tdTomato

Mouse: TgN (hGFAP-ECFP)-GCED: GFAP-ECFP

Laboratory of Margarita Behrens

at Salk institute for Biological
Studies

This paper

Franck Kirchhoff Lab

Barnes et al., 2015

N/A

Hirrlinger et al., 2005

Mouse: Gt(ROSA)26Sor m14(CAG-tdTomato)Hze/J: tdTomato The Jackson Laboratory JAX Stock #007914
Oligonucleotides
Primers for genotyping: See Table S1 N/A
Primers for semiquantitative RT-PCR: See Table S2 N/A
Recombinant DNA
Plasmid: PiggyBac transposase Laboratory of Franck Polleux N/A
at Columbia University
Plasmid: PBmMTAGBFP2_P2a_mtYFP Laboratory of Franck Polleux N/A

at Columbia University

Software and algorithms

IMARIS

GraphPad Prism 8.0.2
Leica LAS X
Fiji/imageJ

Adobe Photoshop CS5

Bitplane AG

GraphPad Software LLC
Leica systems

NIH

Adobe System Incorporated

https://imaris.oxinst.com
https://www.graphpad.com
https://www.leica-microsystems.com
https://imagej.nih.gov

N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Prof. Paola
Bezzi, paola.bezzi@unil.ch

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal experiments were conducted in accordance with ethical guidelines of the Ethics Committee for Animal Experimentation of the
Swiss Academy of Medical Sciences (SAMS) and the Swiss Academy of Sciences (SCNAT) and approved by the cantonal animal
testing commission (“Service de la consommation et des affaires vétérinaries du Canton Vaud, Lausanne”). All mice were housed
with food and water available ad libitum in a 12 hour light/dark environment. All animals were sacrificed during the light cycle, and
none were involved in previous studies.

Experiments were performed using between 1 and 7 week old mice. hGFAPcre® "2 (B6.Tg(GFAP-cre/ERT2)1Fki), hGFAP-CFP
(TgN(hGFAP-ECFP)-GCED) have been obtained from Frank Kirchhoff (Molecular Physiology, University of Saarland, Germany),
mMGIUR5'>P1°xP (B6.129-Grm5 < tm1.1Jixu > /J) from Margarita Behrens (Salk institute for biological studies, La Jolla, California,
USA), PGC14'°®"°*P from Jackson Lab (B6N.129(FVB)-Ppargcia < tm2.1Brsp > /J) and td-Tomato'®"°*P from Jackson Lab
(Al14, B6.Cg-Gt(ROSA)26Sor m14(CAG-tdTomato)Hze/J). Mice used were C57BL/6J background. For astrocyte specific PGC-1a
and mGIuR5 deletion, hGFAPcre®RT were bred with td-Tomato'©"P  PGC1 o/*P19P or mGIUR5'“®/°*P with mice from an in-house
colony (Figure S4A). For FACS experiments hGFAP-CFP mice were used. All experiments except for the immunohistochemistry were
performed with male mice.

METHOD DETAILS

Maintenance, breeding and genotyping

All animal studies were approved by the « Service de la consommation et des affaires vétérinaries du Canton Vaud ». Mice were group
housed with littermates in standard housing on a 12:12 h light/dark cycle. hGFAPcre® T2(B6.Tg(GFAP-cre/ERT2)1Fki), hGFAP-ECFP
(TgN(hGFAP-ECFP)-GCED) have been obtained from Frank Kirchhoff (Molecular Physiology, University of Saarland, Germany),
MGIUR5'P1°%P (B6.129-Grm5 < tm1.1Jixu > /J) from Margarita Behrens (Salk institute for biological studies, La Jolla, California,
USA). PGC14/°®°*P from Jackson Lab (B6N.129(FVB)-Ppargcia < tm2.1Brsp > /J) and td-Tomato'™®"°*P from Jackson Lab
(Al14, B6.Cg-Gt(ROSA)26Sor m14(CAG-tdTomato)Hze/J). Mice used were C57BL/6 background. The hGFAPcretR" sequence
was identified from phalange biopsies using the following primers: 5'- CAGGTTGGAGAGGAGACGCATCA-3', 5'-CGTTGCATCGAC
CGGTAATGCAGGC- 3'. The PGCo/”®"**® were identified with the following primers: 5'- TCCAGTAGGCAGAGATTTATGAC —3', 5'-
TGTCTGGTTTGACAATCTGCTAGG TC-3 and mGIuR5'*°*P were identified with the following primers: 5'- TTGCTAGCTGAAAAG
GACGAAACA -3, 5'- TCGTTTTGAATCTTGGGGGACAGTTAC- 3'. PCR reaction product coupled with syber green migrates in a
1,5% agarose gel then bands are revealed by UV lights. Mice were C57BL/6 background.

FACS of astrocytes and semiquantitative PCR

hGFAP-CFP, hGFAP-tdTomato and amGIluR5¢cKO-tdTomato mice were used to purify CFP and tdTomato positive astrocytes. Fron-
tal cortex were dissected from P3, P14, P20 or P50 old mice and samples were prepared as previously described (Buscemi et al.,
2017; Boisvert et al., 2018). Briefly, CFP or tdTomato positive astrocytes were purified by fluorescence activated cell sorting
(FACS) using a MoFlo AstriosEQ High speed cell sorter. Astrocytes were identified based on GFAP, ALDH1L and GLAST content
(Figure S1C). Total RNA from sorted cells was isolated with RNeasy Mini Kit and the quantitative real-time PCR was done on
C1000T Thermal Cycler as already described (Wall et al., 2002) (see Supplemental information for primer sequences).

Semiquantitative RT-PCR

Total RNA from sorted or harvested cells and tissue was isolated with RNeasy Mini Kit or Micro Kit (QIAGEN, 74104 or 74004) and
RNA concentration was determined using a NanoDrop 1000 spectrophotometer (Witec AG, Switzerland). Reverse transcription was
performed with 400-1000ng of DNase-treated total RNA using M-MLV reverse transcriptase (Promega, M3683). The quantitative
real-time PCR was done on C1000T Thermal Cycler (CFX96 real-time PCR system, Bio-Rad) using SYBR Select Master Mix for
CFX (Applied Biosystems — Life Technologies). The mRNA levels were normalized to the levels of B-actin, GAPDH or H3. The primer
sequences used were the follows: PGC1a forward 5'-AGC CGT GAC CAC TGA CAA CGA G-3', PGC1a reverse 5'-GCT CAT GGT
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TCT GAG TGC TAA C-3/, PGC1p forward 5'-GGA CGC CAG TGA CTT TGA CT-3', PGC1pB reverse 5'-TTC ATC CAG TTC TGG GAA
GC-3', ESSRa forward 5'-AGG AAG CCC CGA TGG A-3’, ESSRa reverse 5'- GAG AGG CCT GGG ATG CTC TT-3, ATP5a1 forward
5-TCT CCATGC CTCTAACAC TCG-3', ATP5a1 reverse 5'- CCA GGT CAACAG ACG TGT CAG-3', Cox4iforward 5'- ATT GGC AAG
AGA GCC ATT TCT AC-3', Cox4ireverse 5'- CAA CAC TCG CAT GTG CTC GAA-3’, Cox5b forward 5'- GGA AGA CCC TAATCT AGT
CCC C-3/, Cox5b reverse 5'- CCA CTATTC TCT TGT TGC TGA-3', Cycs forward 5'- AAA GGG AGG CAA GCA TAA GAC-3, Cycs
reverse 5'- GAA CAG ACC GTG GAG ATT TGG-3', Ki67 forward 5'- AAT CCA ACT CAA GTA AAC GGG G-3/, Ki67 reverse 5'- TTG
GCT TGC TTC CAT CCT CA-3, GLT1 forward 5'- GGT CAT CTT GGA TGG AGG TC-3, GLT1 reverse 5'- ATA CTG GCT GCA CCA
ATG C-3', Cx30 forward 5- GGC CGA GTT GTG TTA CCT GCT-3, Cx30 reverse 5'- TCT CTT TCA GGG CAT GGT TGG-3/, Cx43
forward 5’- ACA GCG GTT GAG TCA GCT TG-3/, Cx43 reverse 5'- GAG AGA TGG GGA AGG ACT TGT-3, Kir4.1 forward 5'- ATC
AGA GCA GCC ACT TCA CC-3, Kir4.1 reverse 5- GGC TCT CTG TCT GAG TCG TC-3', AldoA forward 5'- TGT TCT GCC TTA
CAG ATC CTG G - 3/, AldoA reverse 5'- AAT GCG GTG AGC GAT GTC AG-3', LDHA forward 5'- GCG TCT CCC TGA AGT CTC
TT-3', LDHA reverse 5'- AGC TTG ATC ACC TCG TAG GC-3’, TOP2A forward 5'-CCT CGG GGC AAA AGA GTC AT-3, TOP2A
reverse 5'-CTA TTC GTT GCC GGA GGC TT-3"; mGIuR5 forward 5’- CTG CAC ACC TTG TAA GGA GAA TG-3', mGIuRS5 reverse
5’- CAA ATC ACA ACC TGT CAA GTC-3', H3 forward 5'- CTT CCA GCG TCG CCT CGG TC-3'’; H3 reverse 5-AGC GGT CTG
CTT GGT TCG GG-3'; GAPDH forward 5'- TGC ACC ACC AAC TGC TTA GC- 3, GAPDH reverse 5'- GGC ATG GAC TGT GGT
CAT GAG - 3'B-actin forward 5-GGCTGTATTCCCCTCCATCG-3' B-actin reverse 5-CCAGTTGGTAACAATGCCATGT-3. For
quantification AACT method was used.

In vivo treatments

(2)-4-Hydroxytamoxifen (OH-TAM, Sigma-Aldrich, H7904) was used for the in vivo treatment from P5 to P12 (100mg/kg) daily, i.p.
OH-TAM was dissolved in absolute ethanol and sunflower oil. To assess the proliferation of astrocytes, 5-bromo-2’-deoxyuridine
(BrdU, Sigma-Aldrich) (50mg/kg) was administered i.p. daily during three days prior the brain collection.

Cell culture and treatment

Astrocyte cultures were prepared from cortices of 0- to 2- postnatal day (P0-P2) C57BL/6 (wild-type), hGFAPCreE"T?R26-tdTomato-
loxp/loxp - hGFAPCre® "2 PGC1 0/ **PR26-td Tomato'™®"'*®, hGFAPCreF "2 mGIuR5'>*"**PR26-td Tomato'”*'** pups, as previ-
ously described with some modifications (Marchaland et al., 2008; Prada et al., 2011; Bezzi et al., 1998). Briefly, dissociated cells
were plated into 24 or 96 wells or Seahorse plates (180’000, 60’000 and 30’000 cells/well respectively) or in 25mm? flasks and main-
tained in a minimum essential medium (MEM, GIBCO, 21090-022) supplemented with Fetal Bovine Serum (FBS), 10%, PAA cell cul-
ture company, A15-101), L-glutamine (2mM, GIBCO, 25030-024), D-glucose (8mM), penicillin/streptomycin (100U/mL, 100pg/ml,
GIBCO, 15140-22) and BHB (1mM, Sigma-Aldrich) during the first days. Cells were kept at 37°C in humidified 5%C0,/95% air. In
some experiments, cells were treated for 2 days since DIV5 with mPEP hydrochloride (1uM, R&D Systems), for 7 days since DIV3
with (2)-4-Hydroxytamoxifen (OH-TAM, Sigma-Aldrich, H7904) (1 uM) and overnight with 15 ng/p24 mL of LentiPGC1 .

Metabolic assays

ATP measurements in primary astrocytes were obtained using ATP determination kit (Life Technologies). Cells were homogenized in
lysis buffer (1% Triton X-100, 150mM NaCl, 10mM Tris-HCI, 5mM EDTA) supplemented with protease cocktail inhibitor, Complete
(Roche) and centrifuged at 10,000xg for 5 minutes (min). The supernatant was collected and measured using the fluorescence plate
reader GLOMAX (Promega). Lactate was measured using an L-Lactate assay kit (MAKO065, Sigma). The medium was replaced with
FBS-free medium, after 1h of incubation, the medium was collected and centrifuged at 10,000xg for 5 min. Cells were homogenized
in lysis buffer (1% Triton X-100, 150mM NaCl, 10mM Tris-HCI, 5mM EDTA) supplemented with protease cocktail inhibitor, Complete
(Roche) and centrifuged at 10,000xg for 5 min. The L-lactate from supernatant and from medium was colorimetrically determined by
an absorbance measurement at 570 nm. The samples were normalized to the protein content.

Real-time measurements of OCR and ECAR were performed using an XFp Extracellular Flux Analyzer (Seahorse Bioscience, North
Billerica, MA, USA). FACS-sorted astrocytes have been immobilised with CellTak (BD Biosciences) in the sensor cartridges (Sea-
horse Bioscience; 500,000 cells/well) immediately after the sorting procedure and then kept in non-buffered assay medium (KHB
with 25 mM glucose, 1 mM sodium pyruvate, 2 mM glutamine for the measurement of ECAR, or 2.5 mM glucose and 1.5 mM carnitine
for the measurement of OCR, pH 7) and incubated in a non-CO, incubator for 30 min at 37°C before analysis. Cells were plated in XF-
96 plates (Seahorse Bioscience) at the concentration of 30’000 cells per well and cultured in DMEM medium supplemented with 5%
FBS. OCR was measured in XF media (DMEM medium, containing 10 mM glucose, 2 mM L-glutamine and 1 mM sodium pyruvate),
under basal conditions and in response to 2.5 uM oligomycin, 1.5 uM of carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone
(FCCP) and 1 uM of Antimycin and Rotenone. Indices of mitochondrial respiratory function were calculated from OCR profile: basal
OCR (before addition of oligomycin), ATP-linked OCR (calculated as the difference between basal OCR rate and oligomycin-induced
OCR rate) and maximal OCR (calculated as the difference of FCCP rate and antimycin+rotenone rate). ECAR was measured in XF
media in basal condition and in response to 10 mM glucose, 2.5 uM oligomycin and 100 mM of 2-DG (all from Sigma-Aldrich). Indices
of glycolytic pathway activation were calculated from ECAR profile: basal ECAR (after the addition of glucose), maximal ECAR (after
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the addition of oligomycin) and glycolytic capacity (calculated as the difference of oligomycin-induced ECAR and 2-DG-induced
ECAR). Experiments with the Seahorse system were performed with the following assay conditions: 3-min mixture; 3-min wait;
and 3-min measurement.

Immunocytochemistry

Cultured astrocytes were briefly washed with phosphate buffered saline (PBS) 1X and fixed with PFA 4% at 4°C for 10 min. After three
washes with PBS1X cells were incubated for 1h at room temperature (RT) in PBS1X containing 4% of normal goat serum and Sap-
onine (0.5mg/mL, Sigma-Aldrich, 47036) and then immunolabeled 2h at RT in PBS containing 4% of normal goat serum using the
following primary antibodies: mouse-GS (Millipore, MAB302, 1:1000), mouse-GFAP (Millipore, MAB3402, 1:500) and rabbit- Ki67
(Abcam, ab15580, 1/500). After the incubation of primary antibodies, coverslips were washed three times with PBS1X and incubated
during 2h at RT with fluorescent secondary antibodies (AlexaFluor, Invitrogen, Jackson ImmunoResearch, goat anti-mouse 488 and
555; goat anti-rabbit 488 and cy3; 1:300) diluted in PBS1X. Finally, nuclei were counterstained with 4’, 6-diamidino-2-phenylindole
(DAPI) (Invitrogen, 1:10000) and then washed before mounting with the FluorSave™ reagent (Merck-Millipore).

Tissue preparation, immunohistochemistry and analysis

hGFAP-tdTomato, aPGC1acKO-tdTomato and amGIluR5¢cKO-tdTomato mice were deeply anesthetized with sodium pentobarbi-
tone (6mg/100 g body wt, i.p.) and immediately perfused intracardially with fresh 4% paraformaldehyde (pH 7.4) as already described
(Buscemi et al., 2017). Brains were postfixed overnight at 4°C. Coronal sections (60 um) were cut using a vibratome (VT1200S) and
stored at 4°C in PBS1X supplemented with 0.02% sodium azide. BrdU detection required a prior DNA denaturation for 45min in 2M
HCL at RT. For immunohistochemistry analysis sections were permeabilized for 45min in PBS1X containing 0.3% Triton X-100 and
15% normal goat or donkey serum and then immunolabeled overnight or 3 overnight at 4°C using the following primary antibodies:
mouse-GS (Millipore, MAB302, 1:1000), mouse-NeuN (Millipore, MAB377, 1:200), guinea pig-VGLUT1 (Synaptic System, 135304,
1:1000), rabbit-VGLUT2 (Synaptic System, 135403, 1:500), mouse-PSD95 (Millipore, MAB1596, 1:600), rat-BrdU (Abcam,
ab6326, 1:200), rabbit-cleaved Casp3 (BioConcept, 9664S, 1:400), rat-CTIP2 (Abcam, ab18465, 1:250), rabbit-NG2 (Abcam,
ab5320, 1:250) and mouse-s100p (Abcam, anS2532, 1:1000). After primary antibody incubation brain sections were washed
three times with PBS1X for 10min and incubated for 1.5h at RT with fluorescent secondary antibodies (AlexaFluor, Jackson
ImmunoResearch, Invitrogen, goat anti-mouse 488, cy5; goat anti-rabbit 488, donkey anti-rat 488 and goat anti-guinea pig 488
and goat anti-mouse cy3; 1:300) diluted in PBS1X. Finally, nuclei were counterstained with DAPI (Invitrogen, 1:10000) and then
washed before mounting with FluorSave™ reagent (Merck-Millipore).

Optical Sections were acquired every 0.4/0.6-pm, and confocal images were analyzed using Imaris (Bitplane AG, Zurich,
Switzerland), Adobe Photoshop CS5 (Adobe System Incorporeted, San José, California, USA) or Fiji/Imaged (NIH, USA) softwares.
Astrocytic domains from L2/3 and L5 of the mPFC were used for analysis. All confocal images for Imaris (Bitplane AG, Zurich,
Switzerland) analysis were taken with a high magnification, 63x-objective oil-immersion lens using Leica TCS SP5 or SP8 confocal
microscopes. The volume and the morphological analysis of astrocytes, were performed by using original confocal Z stack images in
Imaris Bitplane software. The individual analyzing the images was always blinded to the experimental conditions. Co-localization be-
tween PSD95 and VGLUT1 or VGLUT2 was calculated with the Leica software. Puncta were considered co-localized if the distance
between them was < 0.5 um. Number of co-localized puncta was obtained and compared between the experimental groups.

Western blot analysis

Cultured astrocytes were treated with buffer or mPEP (10 uM, 30 min), BAPTA-AM (50 puM, 30 min), KN93 (10 uM, 30 min) or Rapa-
mycin (100 nM, 30min). Following the treatments, DHPG (50 uM, 15min) was added. All the treatments were directly given in the cul-
ture medium. After treatments, cells were washed 2 times with ddH,O and then lysis buffer (containing 10mM TrisHCI, 150 mM NaCl,
5 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 1% phosphoSTOP™ (Roche), and a protease inhibitor cocktail (Sigma))
was added. Cells were detached with the help of a cell scraper, collected and sonicated. Cell lysates were centrifuged for 10 min,
12’000 rpm at 4°C. The supernatant containing the proteins was collected and quantified with the Bradford assay. Proteins were
boiled for 5 min and separated on a denaturating 8% acrylamide gel. The following primary antibodies were used: mTOR (Mouse,
Cell Signaling, 4517 1:2000), P-mTOR (Ser2448) (Rabbit, Cell Signaling, 2971, 1:2000), PGC1a (Mouse, Millipore, ST1202, 1:1000)
and «- Tubulin (Mouse, Santa Cruz, SC-8085, 1:2000). The following secondary were used: goat-anti-rabbit, goat-anti-mouse,
coupled with IRdye 800 or IRdye 680 (Li-Cor, Lincoln, 1:10.000). Protein bands were revealed by the Odyssey infrared image system
(Li-Cor). Proteins were normalized with B-Tubulin.

Mitochondria staining and analysis

Cultured astrocytes. In order to visualize mitochondrial morphology, MitoTracker™ (100nM, Thermo Fisher) was added in culture
media of cultured astrocytes and incubated for 15 min at 37°C. Astrocytes and mitochondria were visualized and images acquired
using a Leica TCS SP5 confocal microscope (objective 63X, NA1.4). In utero electroporation. A mix of endotoxin-free plasmid prep-
aration (PiggyBac transposase, 1pg/uL and PBmTAGBFP2_P2a_mtYFP, 1ug/ulL) and 0.4% Fast Green (Sigma) was injected into
lateral ventricle of one hemisphere of E15.5 embryos using Picospritzer® Ill (Parker Instrumentation. Electroporation (ECM830,
BTX, Harvard Apparatus) was performed with platinum disk electrodes (Sonidel Limited) to target cortical progenitors by placing
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the positively charged electrode on the side of DNA injection. Five pulses of 35V for 50ms with 500ms interval were used for elec-
troporation. At the right postnatal age, animals were sacrificed by terminal perfusion of 4% PFA and collected as described before
(“Tissue preparation”). Mitochondrion and astrocyte analysis. Mitotracker or mitoYFP (mitochondria) and BFP2 or tdTomato-ex-
pressing cells (astrocyte cytosol) were analyzed by acquiring serial z stacks (0.6/0.8 um steps) of individual astrocytes within PFC
tissue using an SP5 laser scanning confocal system (Leica) with a 63X objective (NA 1.4) for cultured cells and an SP8 laser scanning
confocal system (Leica) with a 63X objective (NA 1.4) for tissue. The acquired stacks were transformed to surfaces (3D reconstruc-
tion) using Imaris (9.1, Bitplane AG, Zurich, Switzerland) and the “new surface” option by selecting the region of interest around a
single astrocyte and adjusting the threshold (without background subtraction) in such a way as to avoid creating surfaces over noise
and ensures that everything considered real fluorescence was covered by a gray surface The information concerning mitochondrial
or astrocyte volume, and mitochondrial volume and sphericity was exported in Excel files. The volume and sphericity of all of the
quantified mitochondria (typically in the range of several hundreds) per astrocyte were plotted using Excel and OriginPro software
(OriginLab), and the resulting diagrams were used to quantify the percentage of fragmented versus tubular mitochondria per astro-
cyte, using a sphericity cut-off value of 0.3. At least 8-10 astrocytes per mouse were analyzed, and the percentage of all of the in-
dividual astrocytes from the same mouse were pooled. The images and the 3D reconstruction were exported and adjusted using
Adobe Photoshop CS5 (Adobe System Incorporated, San José, California, USA) or Fiji/imageJ (NIH, USA) software.

Lentiviral vector production

A pENTR222 plasmid containing fluorescent reporters GFP or DsRed or the mouse PGC1a with a FLAG epitope at the 5’ end was
generated (Geneart, Invitrogen, Life Technologies, Zug, Switzerland). The lentiviral vector SIN-cPPT-GfaABC1DB(3)-mouse FLAG-
PGC1-alpha-WPRE-miR124T(N) was obtained with a Gateway LR Clonase® reactions (Invitrogen, Life Technologies, Zug,
Switzerland; SIN-cPPT-GfaABC1DB(3)-Gateway-WPRE-miR124T(N) plasmid (Merienne et al., 2013). The VSV-G pseudotyped len-
tiviral vector was produced as previously described (Hottinger et al., 2000). The batch was aliquoted in PBS, 1% BSA and frozen at
80°C. The final viral concentration was calculated by the p24 ELISA assay (RETROtek, Kampenhout, Belgium; 388 ng p24 antigen/pl).

Stereotaxic intracranial delivery of viral vector

Mice (P5) were anesthetized using isoflurane at 5% (w/v), placed in a small animal stereotaxic frame (David Kopf Instruments) and
maintained at 0.5%-2.0% isoflurane (w/c) for the duration of surgery. Pinch reflexes were regularly tested to confirm anesthetic
depth. After exposing the skull, a small hole was drilled in the skull overlying the prefrontal cortex (AP + 1.2/1.3 mm, L + 0.2/
0.3 mm and DV —0.9/1.3mm). LentiPGC-1a was injected (0.5 uL total volume for site) bilaterally or unilaterally through Hamilton sy-
ringe at a rate of 100 nL min™' using CMA400 Pump (CMA System). Following IUE, LentiPGC1a was injected (0.5 pL total volume) in
the electroporated area. After surgical procedures, mice were returned to their home cage with the mother.

Acute brain slice preparation

Mice were briefly anesthetized with isoflurane and decapitated. The brain was quickly removed and transferred to ice-cold solution
containing (in mM) 65 NaCl, 2.5 KClI, 1.25 NaH,PO,4, 25 NaHCO3, 7 MgCl,, 0.5 CaCls,, 25 glucose, and 105 sucrose saturated with
95% 0O, and 5% CO,; 350-um-thick coronal slices containing the mPFC were cut from the tissue block with a vibratome (HM
650, Microm). Slices were then transferred to a recovery solution containing (in mM) 130 K-gluconate, 15 KCI, 0.2 EGTA, 20 HEPES,
25 glucose for 2 min before being kept in oxygenated artificial cerebrospinal fluid (ACSF, 315 mOsm) saturated with 95% O, and 5%
CO, and containing (in mM) 125 NaCl, 2.5 KCI, 1.25 NaH,PO,, 25 NaHCO3, 1 MgCl,, 2 CaCly,, and 25 glucose at 34°C for 25 min and
then at RT until use.

Recordings of miniature excitatory post-synaptic currents

Whole-cell patch-clamp recordings were performed in the soma of layer 5 pyramidal cells in the mPFC. Individual slices were putin a
recording chamber with oxygenated ACSF at a flow rate of 1 to 2 mL/min. All electrophysiology experiments were done at 32-34°C.
Images were acquired with Retiga R1 camera using Ocular software (Qimaging, Germany) with a 40x water immersion objective.
Recordings were performed using Multiclamp 700B amplifier and data were acquired with a Digidata 1550A 16-bit board (all from
Molecular Devices). For miniature EPSCs, Somata were patched with borosilicate glass pipettes (2.5-4 MQ) containing in mM:
130 gluconic acid, 130 CsOH, 5 CsCl, 10 HEPES, 1.1 EGTA, 10 Na-phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP. The pH was adjusted
to 7.3 with CsOH, and 1.5 mg.ml™" biocytin was added for the reconstruction of neurons. Cells were voltage clamped at —70 mV and
synaptic responses were recorded in the presence of picrotoxin (100 pM) and TTX (1 uM). Recordings with unstable baseline or
greater than —400 pA were rejected. Currents were filtered offline using a Butterworth low-pass filter (2 kHz) and analyzed in
1 min bins using the Mini-Analysis Program 6.0.7 (Synaptosoft Inc., USA). Recordings with leak increasing more than 100 pA and
access resistance (< 15 MQ) changing more than 30% between the beginning and the end of the recording were discarded. At least
100 events were analyzed for any condition. Events were identified as miniature excitatory post-synaptic currents (mEPSCs) by
setting the event detection threshold at least 2-fold the baseline noise level and by checking that events had (i) rise times faster
than the decay time, (ji) rise times greater than 0.5 ms, and (i) decay times greater than 1.5 ms. Events not fitting the above param-
eters were rejected. Event amplitudes, inter-event intervals, rise and decay times were first averaged within each experiment
and regrouped by condition. The resulting means were averaged between experiments. Single cell properties (access resistance,
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membrane capacitance, etc.) were analyzed with Clampfit 10.5 (Axon instruments, Union City, CA). Graphs were done using
Graphpad prism and lllustrator 15.1.0 (Adobe). Reagents for ACSF and internal solutions, biocytin and picrotoxin were obtained
from Sigma-Aldrich while TTX was obtained from Tocris. Picrotoxin was dissolved in EtOH and TTX was dissolved in ddH,O

Biocytin labeling

Internal solutions used for somatic L5 pyramidal cells patch-clamp experiments contained biocytin (1.5 mg.ml™") that diffused in the
cells for at least 10 minutes. Slices (350 um) containing the recorded cell were then immersion-fixed in 4% PFA at 4°C overnight. The
following day, slices were washed in PBS 274 mM NaCl before being transferred to blocking solution containing 10% NGS in 0.3%
Triton-PBS 274 mM NaCl for 1 hour. Afterward, for the immunochemical staining, slices were put in blocking solution containing
Alexa Fluor 488-conjugated streptavidin (1:700, Jackson ImmunoResearch Europe Ltd, code: 705-546-147) for 2 hours. Slices
were then washed three times for 10 minutes each in PBS containing 274 mM NaCl before being mounted on superfrost plus
microscope slides. Images were acquired on a Zeiss LSM710 Pascal confocal microscope through a 0.9 NA x 10 Plan-apochromat
objective and the ZEN2012 software (Carl Zeiss). Whenever applicable, contrast and illumination were adjusted in ImageJ. Presented
images are Z projections.

QUANTIFICATION AND STATISTICAL ANALYSIS
All analysis were performed using GraphPad Prism 8.0.2 software. One-way and Two-way ANOVA were performed followed by

Bonferroni’s multiple comparison test. For two simple comparisons, unpaired t test was used. All data are presented as
mean + SEM and replicate information is indicated in the figure legends.
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