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Astrocytes have complex structural, molecular, and physiological properties and form specialized microenvironments that
support circuit-specific functions in the CNS. To better understand how astrocytes acquire their unique features, we trans-
planted immature mouse cortical astrocytes into the developing cortex of male and female mice and assessed their integra-
tion, maturation, and survival. Within days, transplanted astrocytes developed morphologies and acquired territories and
tiling behavior typical of cortical astrocytes. At 35–47 d post-transplantation, astrocytes appeared morphologically mature and
expressed levels of EAAT2/GLT1 similar to nontransplanted astrocytes. Transplanted astrocytes also supported excitatory/in-
hibitory (E/I) presynaptic terminals within their territories, and displayed normal Ca21 events. Transplanted astrocytes
showed initially reduced expression of aquaporin 4 (AQP4) at endfeet and elevated expression of EAAT1/GLAST, with both
proteins showing normalized expression by 110 d and one year post-transplantation, respectively. To understand how specific
brain regions support astrocytic integration and maturation, we transplanted cortical astrocytes into the developing cerebel-
lum. Cortical astrocytes interlaced with Bergmann glia (BG) in the cerebellar molecular layer to establish discrete territories.
However, transplanted astrocytes retained many cortical astrocytic features including higher levels of EAAT2/GLT1, lower lev-
els of EAAT1/GLAST, and the absence of expression of the AMPAR subunit GluA1. Collectively, our findings demonstrate
that immature cortical astrocytes integrate, mature, and survive (more than one year) following transplantation and retain
cortical astrocytic properties. Astrocytic transplantation can be useful for investigating cell-autonomous (intrinsic) and non-
cell-autonomous (environmental) mechanisms contributing to astrocytic development/diversity, and for determining the opti-
mal timing for transplanting astrocytes for cellular delivery or replacement in regenerative medicine.
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Significance Statement

The mechanisms that enable astrocytes to acquire diverse molecular and structural properties remain to be better understood.
In this study, we systematically analyzed the properties of cortical astrocytes following their transplantation to the early post-
natal brain. We found that immature cortical astrocytes transplanted into cerebral cortex during early postnatal mouse devel-
opment integrate and establish normal astrocytic properties, and show long-term survival in vivo (more than one year). In
contrast, transplanted cortical astrocytes display reduced or altered ability to integrate into the more mature cerebral cortex
or developing cerebellum, respectively. This study demonstrates the developmental potential of transplanted cortical astro-
cytes and provides an approach to tease apart cell-autonomous (intrinsic) and non-cell-autonomous (environmental) mecha-
nisms that determine the structural, molecular, and physiological phenotype of astrocytes.
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Introduction
Astrocytes are non-neuronal cells of the CNS that have complex
structural, molecular, and physiological properties enabling
them to regulate ion homeostasis, neurotransmitter levels, synap-
tic function/plasticity, and brain energetics. They participate in
key processes including breathing, feeding behavior, vision,
olfaction, and sleep (Petzold et al., 2008; Schummers et al., 2008;
Gourine et al., 2010; Kim et al., 2014; Clasadonte et al., 2017).
Structurally, astrocytes in the gray matter occupy nonoverlap-
ping territories and have complex morphologies comprised of
myriad microscopic branches that interact with neurons, synap-
ses, and other glial cell types (Salmon et al., 2021). Astrocytes
also have specialized subcompartments including endfeet that
contribute to neurovascular coupling and blood-brain-barrier
maintenance (Chow and Gu, 2015). Probing the transcriptome
of astrocytes demonstrates their unique molecular profile with
channels, transporters, and other receptors/signaling molecules
needed to regulate brain physiology and homeostasis (Cahoy et
al., 2008; Y. Zhang et al., 2016). This transcriptome is altered in
aging and CNS injury/disease, where some astrocytes acquire a re-
active state that can be reparative or further damaging (Boisvert
et al., 2018; Escartin et al., 2021).

How do astrocytes perform such complex and specific roles
in the brain? An emerging concept is that diverse populations of
astrocytes establish unique microenvironments around neurons
to support brain circuit-specific functions (Khakh and Deneen,
2019). It is now understood that a combination of intrinsic and
extrinsic factors contributes to astrocyte diversity. Transcription
factor coding during astrocytic development contributes to the
early establishment of region-specific astrocytic subtypes in the
CNS, such as those in the spinal cord and cortex (Hochstim et
al., 2008; Tsai et al., 2012). Studies have shown that astrocytes
in distinct brain regions display differences in gene expression
and functional properties. Single-cell mRNA profiling and
transcriptomic mapping has differentiated astrocytic molec-
ular profiles in the rodent cortex, indicating variability in
astrocytic gene expression even within a specific brain region
(Batiuk et al., 2020; Bayraktar et al., 2020). This is consistent
with layer-specific structural/molecular adaptations of astro-
cytes (Lanjakornsiripan et al., 2018). Despite the growing
knowledge of astrocytic diversity in the CNS, the cell-
autonomous and non-cell-autonomous mechanisms that
stratify their properties remain to be better understood (Ben
Haim and Rowitch, 2017). Understanding these processes is
important in revealing how astrocytes contribute to brain
microenvironments and circuit function, and how they
respond to CNS injury/disease (Sofroniew and Vinters, 2010;
Escartin et al., 2021).

In this study, we use an astrocyte transplantation approach to
understand how immature cortical astrocytes integrate, mature,
and survive in the brain. Previous studies have demonstrated the
utility of cell transplantation to investigate the ability of neural or
glial-restricted precursor cells to produce astrocytes and func-
tionally integrate into the adult brain (Emmett et al., 1991; Ben
Menachem-Zidon et al., 2011; K. Zhang et al., 2016) and to inves-
tigate the role of astrocytes in promoting brain plasticity and
regeneration following injury (Smith and Miller, 1991; Müller and
Best, 1989; Filous et al., 2010). Cellular grafting to the immature
brain has also been used to study migration patterns of astrocytes
(Zhou and Lund, 1992; Hatton et al., 1993). However, there
remains a significant gap in our understanding of the structural,
molecular, and physiological properties of astrocytes following
their transplantation. Here, we provide a detailed characterization

of astrocytes following their transplantation into the cortex of early
postnatal mice. We found that these cells successfully establish
structural, molecular, and physiological features of protoplasmic
astrocytes. In contrast, immature astrocytes transplanted into
more mature cortex can survive, but mostly stay close to the
transplantation site and have heterogenous properties with some
astrocytes appearing reactive. Interestingly, immature cortical
astrocytes transplanted into the developing cerebellar cortex can
mature and establish unique spatial territories, but retain struc-
tural/molecular features of cortical astrocytes. Our findings dem-
onstrate that astrocytes transplanted to the immature brain
mimic astrocytes in recipient mice, and indicate that astrocytic
transplantation can be useful for investigating cell-intrinsic and
environmental mechanisms contributing to astrocytic develop-
ment and function.

Materials and Methods
Animals
Experiments were done according to policies set forth by the Canadian
Council on Animal Care and the Montreal General Hospital Facility
Animal Care Committee. Mice were maintained in standard housing
conditions and with continuous access to food and water. Both male and
female mice were used for experiments. Astrocytic cultures were pre-
pared from Aldh1l1-Tom mice, which contain an inducible Cre allele
driven by the astrocyte-specific aldehyde dehydrogenase family 1, mem-
ber L1 (Aldh1l1) promoter (Aldh1l1-CreERT2; The Jackson Laboratory;
Srinivasan et al., 2016) and the floxed-stop Tomato allele (Madisen et al.,
2010; Ai9; The Jackson Laboratory). C57BL/6 mice or Aldh1l1-eGFP-
Stop-DTA BAC (Aldh1l1-eGFP) mice were used as transplant recipients
(Tsai et al., 2012; The Jackson Laboratory). In some experiments, recom-
bination of the floxed-stop Tomato allele was induced before culture
preparation by injecting Aldh1l1-Tom pups with tamoxifen (Sigma). We
used either of the following tamoxifen administration regimens: (1)
25mg/kg tamoxifen for two consecutive days starting at P0–P1 or (2)
75mg/kg tamoxifen for two to three consecutive days starting at P3
(Ishii et al., 2021).

Astrocytic cultures
Astrocytic cultures were prepared from P4–P8 mice following a method
adapted from Chouchane and Costa (Chouchane and Costa, 2018). Cerebral
cortices or cerebella were dissected in cold HBSS and meninges removed.
Brain tissue was triturated using a 1000-ml pipette into 1- to 2-mm tissue
fragments in an Eppendorf tube containing HBSS with Ca21 and Mg21.
HBSS was decanted leaving behind tissue fragments that were then trans-
ferred to T75 flasks (Sarstedt) containing culture medium [F12-DMEM
(Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen), 5%
horse serum (Invitrogen), 1% penicillin/streptomycin (Invitrogen), 20ng/ml
EGF (Genscript, Invitrogen), 20ng/ml FGF2 (Invitrogen)] and placed at
37°C, 5% CO2. After tissue fragments adhered to the bottom of the flask
(now referred to as explants), the explants were thoroughly washed with PBS
to remove cellular debris and concentrate the number of astrocytes by reduc-
ing microglia, oligodendrocytes, and neurons before incubation in culture
medium. Astrocytic cultures were maintained at 37°C, 5% CO2 for 14–34d
before collection for transplantation. This allowed sufficient time for astro-
cytes to migrate away from the explants. For one experiment we used a batch
of astrocytes that had been frozen and thawed but did not show any differen-
ces in properties from other batches of astrocytes. Cultures were passaged on
reaching cell confluency. (z)�4-hydroxytamoxifen (tamoxifen, 2mg/ml,
Millipore Sigma, Tocris) was added to the culture medium at least 2 d before
transplantation to induce Aldh1l1-driven Tomato expression. Before
transplantation, astrocytes were dissociated with trypsin/EDTA
(Invitrogen), washed twice in HBSS with Ca21 andMg21 and re-suspended
in HBSS at a density of 40,000–100,000 cells/ml.

Immunofluorescence of cultured cells
Trypsin-dissociated cells from tamoxifen-treated astrocyte cultures were
seeded on poly-D-lysine-coated coverslips (0.1mg/ml), maintained in
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supplemented culture medium (see above, Astrocytic Cultures) and fixed
in 4% paraformaldehyde/0.1 M phosphate buffer (PFA) a few days later.
After being rinsed in PBS (Invitrogen), and kept in blocking solution [5%
normal donkey serum (NDS; Jackson ImmunoResearch), 0.2% Triton
X-100 (Sigma) in PBS] for 20–30min, cells were incubated with primary
antibodies for 1 h at room temperature (RT). The following antibodies were
used: anti-Sox9, 1:300 (rabbit polyclonal; Millipore); anti-Sox9, 1:300 (goat
polyclonal; Novus); anti-NG2, 1:300 (rabbit polyclonal; Millipore); anti-
Olig2, 1:250 (rabbit polyclonal; EMD Millipore); anti-GFAP, 1:500 (rabbit
polyclonal; EMD Millipore); anti-GFAP, 1:300 (mouse monoclonal;
Invitrogen); and anti-Kir4.1, 1:500 (guinea pig polyclonal; Alomone Labs).
After washing in PBS, cells were incubated with secondary antibodies con-
jugated with Alexa or DyLight fluorophores (1:500, Invitrogen, Jackson
ImmunoResearch) for 30min to 1 h at RT. DAPI was also applied to visu-
alize cells nuclei. Coverlisps were mounted on slides with SlowFade Gold
(Life Technologies) before imaging.

Cell transplantation
Cells were transplanted to cerebral or cerebellar cortices between post-
natal P3 and P8 (P3–P8). Pups were anesthetized using hypothermia by
placing them on crushed ice until cessation of movements and reflexes,
and kept on a cold gel pack for the duration of the procedure. A cellular
suspension (1ml) containing astrocytes was injected unilaterally into the
cortex at a speed of 0.5–1ml/min using a pulled glass pipette (Warner
Instruments, 100-mm internal diameter) attached to a Hamilton syringe.
Injections were performed directly through the skin and soft skull at a
depth of 0.7–1.2 mm from the skin with an injection controller (Harvard
Apparatus). For injections into the cerebellum, anesthetized pups were
placed on cold gel packs with their head slightly tilted forward to make the
cerebellum more accessible to the glass needle. After cell transplantation,
mice were warmed on a heating pad or under an infrared lamp. Pups
were then gently rubbed with cage bedding to mask procedure-related
scents that may prevent maternal care before being returned to the dam.

For cell transplantation procedures between postnatal days 34 and
43, mice were anesthetized with isoflurane and mounted onto a stereo-
taxic frame. A longitudinal incision through the skin (1 cm) was per-
formed to expose the skull, and a small hole (diameter roughly 1 mm) was
drilled through the bone with a microsurgerical drill (Ideal Micro Drill,
Harvard Apparatus). The dural membrane was pierced with sharp forceps
or insulin syringe needle, and the cell suspension was injected into the cor-
tex as described above at a depth ranging from 0.3 to 0.7 mm from the
brain surface. The skin near the injection site was sutured closed and mice
were returned to their cages following their recovery from anesthesia.
Analgesia was provided according to standard operating procedures at
the Animal Resources Division of the Research Institute of the McGill
University Health Center.

Immunofluorescence of brain sections
Mice were transcardially perfused with 4% paraformaldehyde/0.1 M phos-
phate buffer (PFA) at different time points following transplantation (1d,
3 d, 7 d, 35–47d, 110–130d, and 368-570 d). Brains were postfixed for
12–24 h in PFA, equilibrated in 30% sucrose-PBS, and frozen in optimal
cutting temperature (OCT) compound (Sakura); 40-mm sections were
produced by a cryostat and immunolabeling was performed using a free-
floating approach. After a 40min to 2-h incubation in blocking solution
[5% normal donkey serum (NDS; Jackson ImmunoResearch), 1% Triton
X-100 (Sigma) in PBS], sections were incubated with primary antibodies.
All antibody incubations were performed in 1% NDS, 0.2% Triton X-100
PBS. Washes were performed in blocking solution or in PBS. Most pri-
mary antibodies were applied for 3–5 h at room temperature or for 15–24 h
at 4°C. Antibodies to excitatory amino acid transporters, vesicular glutamate
transporters and vesicular GABA transporters were incubated for 48–72 h
at 4°C to allow better antibody penetration and more uniform labeling
throughout the tissue section. After washing, secondary antibodies conju-
gated with Alexa or DyLight fluorophores (1:500, Invitrogen, Jackson
ImmunoResearch) were applied for 1–2 h at RT. The following primary
antibodies were used: anti-green fluorescent protein (GFP), 1:500
(chicken polyclonal; Abcam); anti-glutamine synthetase (GS), 1:300
(mouse monoclonal; Millipore); anti-Sox9, 1:300 (rabbit polyclonal;

Millipore); anti-Sox9, 1:300 (goat polyclonal; Novus); anti-NG2,
1:300 (rabbit polyclonal; Millipore); anti-excitatory amino acid trans-
porter 1 (EAAT1/GLAST), 1:500 (rabbit polyclonal; Abcam, Synaptic
Systems); anti-excitatory amino acid transporter 2 (EAAT2/GLT1), 1:500
(guinea pig polyclonal; Millipore); anti-aquaporin 4 (AQP4), 1:500 (rabbit
polyclonal; Alomone Labs); anti-glial fibrillary acidic protein (GFAP),
1:500 (guinea pig polyclonal; Synaptic Systems); anti-GFAP, 1:500 (rabbit
polyclonal; Millipore); anti-vesicular glutamate transporter 1 (vGLUT1),
1:300 (guinea pig polyclonal; Millipore); anti-vesicular glutamate trans-
porter 2 (vGLUT2), 1:300 (guinea pig polyclonal; Millipore); anti-vesicular
GABA transporter (VGAT), 1:500 (rabbit polyclonal; Synaptic Systems);
anti GluA1, 1:500 (rabbit polyclonal; Millipore); anti-Calbindin,
1:500 (rabbit polyclonal; Synaptic Systems); anti-Calbindin, 1:500
(guinea pig polyclonal; Synaptic Systems); anti-Connexin 30, 1:200 (rabbit
polyclonal; Invitrogen); anti-Connexin 43, 1:300 (mouse monoclonal; BD
Biosciences); anti-Type IV Collagen, 1:250 (goat polyclonal; Southern
Biotech); anti-Olig2, 1:250 (rabbit polyclonal; EMD Millipore); anti-Ki67,
1:300 (rabbit polyclonal; Abcam); anti Necab1, 1:200 (rabbit polyclonal;
Atlas Antibodies); anti-Kir4.1, 1:500 (guinea pig polyclonal; Alomone
Labs); anti-active caspase 3, 1:250 (rabbit polyclonal; Cell Signaling).
Tissue sections were mounted onto slides and coverslipped using
SlowFade Gold (Life Technologies) before imaging.

Image acquisition and analysis
Microscopy
Images were acquired using a laser scanning confocal microscope and
Fluoview image-acquisition software (Olympus). The following objec-
tives were used: 20� [numerical aperture (NA)= 0.85], 40� (NA=1.3),
60� (NA=1.4).

Characterization of cultured cells
To understand the cellular identity of Tomato1 cells before transplanta-
tion, we performed immunolabeling for Sox9 and NG2 to detect astro-
cytes and oligodendrocyte precursors, respectively. Single plane images
of fixed cells were acquired for the Tomato, Sox9, and NG2 signals.
Tomato1 cells were classified as either astrocytes (Sox91), astrocyte
intermediates (Sox91/NG21), oligodendrocyte precursors (NG21), or
“other” (negative for either marker). We counted a total of 233–367 cells
from each of three different batches of cultured cells (number of cells per
batch: 233, 242, 367) and estimated their distribution into the classes
mentioned above. In a parallel analysis, we labeled fixed cells for Sox9
and for the glial progenitor marker Olig2 (Marshall et al., 2005;
Clavreul et al., 2019), and classified Tomato1 cells in four classes,
namely, “Sox91,” “Sox91/Olig21,” “Olig21,” and “Sox9�/Olig2�”
(also rereferred to as “Other”), according to the expression of ei-
ther marker. We counted a total of 170–529 cells from each of four
different batches of cells (number of cells per batch: 295, 529,
302, 170).

To assess astrocyte heterogeneity in our cultures, we immunola-
beled four different astrocyte batches for GFAP and the potassium
channel Kir4.1 and measured signal intensities for both markers
using CellProfiler 4.2.1 (Stirling et al., 2021). The cytoplasmic
Tomato signal was used as a mask to identify individual cells and
their respective morphologies. The intensities of GFAP and Kir4.1
were measured for every identified cell that was not touching the
boundaries of the image. Cells containing a Sox91 nucleus within
their borders were classified as astrocytes. The measured mean
intensities of GFAP and Kir4.1 of individual astrocytes (number of
astrocytes per batch: 383, 608, 402, 286) were correlated using the
cor function in R. The complete details of the Cell Profiler pipeline
and the R code used to parse the resulting data can be found at
https://github.com/murailab.

Characterization of transplanted cells during development
Image stacks were acquired (z step = 3 mm) from sections of trans-
planted brains immunolabeled for Sox9 and NG2. For each mouse,
we counted a total of 33–272 Tomato1 cells and classified them as ei-
ther astrocytes, oligodendrocyte precursors, or “other” (see above,
Characterization of cultured cells). The following numbers of mice
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and cells were included in each experimental group: 7 d post-trans-
plantation (DPT), four mice, 474 cells; 35–47 DPT, three mice, 407
cells; 110–130 DPT, five mice, 880 cells; 368 DPT, three mice, 272
cells. To estimate the amount of glial progenitors among transplanted
astrocytes, we performed immunolabeling for Sox9 and for the glial
progenitor marker Olig2 on brain sections collected at 1 DPT and 3
DPT. We counted the number of Olig21 nuclei and Sox91 nuclei
among Tomato1 cells on single-plane images, and calculated the av-
erage fraction of Olig21/Sox91 cells in transplanted astrocytes per
mouse and per experimental group. A total of 731 cells (three mice)
and 646 cells (three mice) were counted in this quantification for the
1 DPT and 3 DPT group, respectively. Similarly, to quantify the frac-
tion of transplanted astrocytes undergoing cell-proliferation at differ-
ent times after transplantation, we performed immunolabeling for the
cell-proliferation marker Ki67 and calculated the fraction of Ki67+/Sox9
+ nuclei in transplanted astrocytes. The following numbers of mice and
cells were included in each experimental group: 1 DPT, four mice, 1078
cells; 3 DPT, four mice, 730 cells; 7 DPT, three mice, 471 cells; 35–47
DPT, three mice, 471 cells.

Quantification of the number of transplanted astrocytes
To assess the survival of transplanted astrocytes at different times after
transplantation, we quantified the average number of Tomato1 astro-
cytes per section at 7 DPT and 368–570 (3681) DPT. We acquired
12-mm-deep image-stacks from brain sections labeled for Sox9, and
counted the total number Sox91/Tomato1 cells per section, keeping cells
aligned along the pial membrane (pial astrocytes) and parenchymal astro-
cytes in two distinct groups. We analyzed three sections from each of three
mice at 7 DPT and three to four sections from each of three mice at 368+
DPT. We then calculated the average number of transplanted astrocytes
per mouse (astrocytes/section/mouse), and the average number of trans-
planted astrocytes/section for each experimental group across mice. We
also used this cell counting analysis to estimate the average fraction of
transplanted astrocytes that localize along the pial membrane at 7 DPT
and 368+ DPT (excluding cells located along the track of the injection
site).

Astrocyte migration analysis
To estimate the migration of transplanted astrocytes from the injection
site we acquired low-resolution images (10� or 20�) from sections of
transplanted brains collected at 7 and 110–130 DPT and quantified the
lateral spread of parenchymal Tomato-positive astrocytes. We measured
the maximum distance between transplanted astrocytes in the direction
perpendicular to the injection track (in images containing the injection
track) or along the medio-lateral axis (in images with no injection track)
and defined this measurement as lateral migration distance (LMD). We
estimated LMD values in mice transplanted at P3–P7 (developmental
transplantation) across different times after transplantation, namely, 7
DPT, 35–47 DPT, and 110–130 DPT. Since mice in the 7 DPT group are
P10–P14, an age at which the mouse brain is still increasing in size, it
may be possible to detect lower distance between transplanted astrocytes
in this group just because of lower cell displacement. To adjust for brain
size differences between time points which could affect lateral migration
distance calculation, we multiplied LMD values measured at 7 DPT by
1.07, that represents the linear scale factor between brains at 7 DPT and
later time points. We then calculated the mean LMD value per mouse
and the mean LMD value for each experimental group. The following
numbers of mice and sections were used for each experimental group: 7
DPT, five mice, 30 sections; 35–47 DPT, five mice, 17 sections; 110–130
DPT, nine mice, 45 sections. In some cases, it was difficult to clearly
observe the injection site based on Tomato signal only.

To evaluate whether the age of the mice receiving astrocyte trans-
plantation affects the migration of transplanted astrocytes from the
injection site, we compared LMD values at 35–47 DPT between mice
transplanted at P3–P7 (P7) and mice transplanted at P34–43 (P34),
using the same method described above. Since the brain size was equiva-
lent in the two experimental groups, we did not apply any scale factor.
The numbers of mice/sections used for this analysis were five mice, 17

sections for the transplantation at P7, and five mice and 20 sections for
the transplantation at P34.

Analysis of astrocyte distribution across layers
To quantify the distribution of astrocytes across cortical layers at 35–47
DPT, we identified cortical layering using anatomic measures (i.e., rela-
tively cell-free composition of layer 1) and immunolabeling for Necab1,
a neuronal marker diffusely expressed by layer 4 neurons. The faint and
nonspecific labeling of neurons with the Sox9 antibody also allowed us
to identify neurons in layers 2–6. We assessed the distribution of trans-
planted astrocytes (Sox91/Tomato1 cells) in these regions for five mice
and calculated the average distribution across mice. We used 104–374
cells for each of the five different mice (282, 269, 374, 360, 104), exclud-
ing from the analysis astrocytes aligned along the pial surface which
could not be individually identified.

Astrocytic tiling
To investigate whether transplanted astrocytes occupy discrete ter-
ritories in the cortex (“tiling”), we analyzed brain sections from
Aldh1l1-eGFP mice transplanted with Tomato1 astrocytes. Since
nontransplanted astrocytes in Aldh1l1-eGFP mice express GFP,
the extent of overlap between transplanted (Tomato1) and non-
transplanted (GFP1) astrocytes was measured by determining the
colocalization of Tomato and GFP signals. In single-plane confocal
images, rectangular ROIs were chosen from image fields that contained
territories from Tomato1 and GFP1 astrocytes taking up approxi-
mately the same area. The JACoP (Just Another Colocalization Plugin)
ImageJ plugin was used to assess colocalization in each ROI. This plugin
converts thresholded GFP and Tomato images into binary images, and
returns the Manders’ coefficients M1 and M2. M1 is defined as the ratio
of the colocalized GFP-Tomato pixel intensity to the total GFP pixel in-
tensity and indicates the fraction of GFP colocalizing with Tomato. M2
is defined as the ratio of the colocalized GFP-Tomato pixel intensity to
the total Tomato pixel intensity and indicates the fraction of Tomato
colocalized with GFP. Manders’ coefficients of 0 and 1 indicate zero and
full colocalization, respectively. To provide a positive control for colocal-
ization, we also calculated the Manders’ coefficients representing the
overlap between Tomato and the astrocyte marker glutamine synthetase
(GS). Both proteins are located in the astrocytic cytoplasm.

M1 and M2 Manders’ coefficients were calculated at 35–47 DPT. A
total of 42 fields (three mice) were used to assess colocalization between
Tomato and GFP signals, while 25 fields (three mice) were used for
colocalization between Tomato and GS signals. The coefficient value for
each field, the mean coefficient value for each mouse, as well as total
mean value across all mice were calculated.

To assess whether the exclusive cortical territories occupied by astro-
cytes in the transplanted cortex have similar or smaller size compared
with those occupied by astrocytes in the nontransplanted cortex, we
compared astrocyte density between the transplanted cortex and the
contralateral one. We performed Sox9 immunolabeling on sections col-
lected from transplanted mice at 35–47 DPT and estimated the density
of Sox91 cells from single-plane images. Since we observed that the ma-
jority of transplanted astrocytes were confined in layers 1–3 of the cor-
tex, we restricted our analysis to these layers. We analyzed three sections
from each of four mice and estimated the ratio of Sox9+ cell density
between transplanted and contralateral cortex for each section and the
average ratio per mouse across sections.

Astrocyte marker expression
The expression levels of the glutamate transporters EAAT2/GLT1,
EAAT1/GLAST, the cytoskeleton protein glial fibrillary acidic protein
(GFAP), and the water channel aquaporin 4 (AQP4) were compared
between transplanted astrocytes and nontransplanted astrocytes. Single-
plane images were acquired with the 60� objective from sections
labeled for the markers above. For transplantation experiments
performed in Aldh1l1-eGFP mice, nontransplanted astrocytes from
the recipient mouse were identified based on GFP expression and ab-
sence of Tomato. For experiments performed in C57BL/6 mice, non-
transplanted astrocytes were identified by their labeling for GS and
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absence of Tomato. In each image, ROIs were drawn to define territo-
ries covered by transplanted and nontransplanted astrocytes. ROIs
selected for nontransplanted astrocytes were chosen to closely match
the shape, size, and cortical depth of the ROI selected for transplanted
astrocytes. For EAAT1/GLAST and EAAT2/GLT1 quantifications,
only astrocytic processes were included in the ROIs and the cell
bodies were excluded. For GFAP quantifications, both cell bodies and
processes were included. Since AQP4 is highly concentrated at astro-
cytic endfeet, AQP4 expression was specifically quantified in this
compartment. Image fields were chosen where transplanted and non-
transplanted astrocytes contacted the same blood vessel. Mean inten-
sity values for each marker (average gray values) were quantified
within each ROI using ImageJ. A transplanted/nontransplanted ratio
for each marker was defined as the intensity measured for the trans-
planted astrocyte over the one measured for the nontransplanted
astrocyte.

The following number of fields and mice were included in each ex-
perimental group: GFAP-110 DPT, four mice, 96 fields; EAAT2/GLT1-
35 DPT, five mice, 61 fields; EAAT2/GLT1-110 DPT, nine mice, 93
fields; EAAT1/GLAST-35 DPT, five mice, 58 fields; EAAT1/GLAST-110
DPT, nine mice, 88 fields; EAAT1/GLAST-3681 DPT, seven mice, 66
fields; AQP4-35 DPT, five mice, 80 fields; AQP4-110 DPT, eight mice,
77 fields. Ratio values of marker intensity were calculated between trans-
planted and nontransplanted astrocytes for each image, for each mouse,
and across all mice in the same experimental group. In a parallel set of
experiments, we performed EAAT2/GLT1 and EAAT1/GLAST quantifi-
cation in mice transplanted at P34–P43 and collected at 110–130 DPT.
Eight to 10 image fields from each of four mice were used (number of
fields per mouse: 10, 9, 10, 8).

Density of presynaptic terminals in astrocytic territories
Single-plane images were acquired with a 60� objective from tissue sec-
tions labeled for the excitatory presynaptic proteins vesicular glutamate
transporter 1/2 (vGLUT1/2) or inhibitory presynaptic protein vesicular
GABA transporter (VGAT). ROIs representing territories covered by
transplanted and nontransplanted astrocytes were identified, according
to the criteria described above for the quantification of EAAT1/GLAST
and EAAT2/GLT1 expression. A custom-made ImageJ macro was used
to measure the cumulative surface covered by presynaptic terminals in
the selected ROIs. vGLUT1/2 and VGAT image channels were converted
into binary images, and the cumulative area of particles with a surface
larger than 0.05 mm2 was calculated in each ROI. Particle coverage,
defined as the particle cumulative area divided by the ROI area, was cal-
culated for both transplanted and nontransplanted astrocyte territories.
The ratio of particle coverage in transplanted astrocytes versus particle
coverage in nontransplanted astrocytes was computed for every image.
The following number of fields and mice were included in each experi-
mental group: vGLUT1/2-110 DPT, six mice, 59 fields; VGAT-110 DPT,
six mice, 76 fields.

Astrocyte heterogeneity analysis
In brain sections collected at 35–47 DPT, we used immunolabeling for
Sox9 and for the neuronal marker Necab1 to identify four layer regions
(layer 1, layers 2–3, layer 4, and layers 5–6; see above, Analysis of astro-
cyte distribution across layers). We also labeled these sections for either
GFAP or the potassium channel Kir4.1 and acquired single-plane 20�
images for all four signals (Sox9, Necab1, Tomato and GFAP/Kir4.1).
ROIs were identified in layer 1 and layers 2–3 for transplanted
(Sox91/Tomato1) and nontransplanted (Sox91/Tomato�) astrocytes,
and the mean intensity value for either Kir4.1 and GFAP was calculated
in each ROI. We avoided regions of layer 1 too close to the pial mem-
brane, as we often observed a sudden increase in the intensity of both
GFAP/Kir4.1 signals close to the brain surface, possibly reflective of
astrocyte reactivity. For each section we acquired ROIs related to four
different groups of astrocytes, namely, transplanted-layer 1 (T1), trans-
planted-layers 2–3 (T2), nontransplanted-layer 1 (NT1), and nontrans-
planted-layers 2–3 (NT2). In each section and for each of the four
astrocyte groups, we calculated the average value for either Kir4.1 or
GFAP intensity across all ROIs (Kir4.1/GFAP intensity per section). We

then calculated the average Kir4.1/GFAP intensity values per mouse
across all sections and compared average values per mouse
between the two layer regions. The following numbers of mice and
sections were used for this analysis: Kir4.1-T1, six mice, 15 sec-
tions; Kir4.1-T2, six mice, 16 sections; Kir4.1-NT1, six mice, 15 sec-
tions; Kir4.1-NT2, six mice, 16 sections; GFAP-T1, five mice, 15
sections; GFAP-T2, five mice, 14 sections; GFAP-NT1, five mice, 15
sections; GFAP-NT2, five mice, 14 sections.

Caspase 3 activation analysis
The amount of caspase 3 activation among transplanted astrocytes was
compared at 1 DPT between two experimental groups, namely, mice
transplanted at P3–P7 and mice transplanted at P34–P43. Brain sections
were immunolabeled for active caspase 3 (Cas3) and single-plane images
were acquired for Cas3 and Tomato signals. A custom-made ImageJ
macro was used to measure the overlap between Cas3-positive particles
and transplanted cells. For each image field, Cas3 and Tomato image
channels were converted into binary images, and the cumulative area of
Cas3 particles with a surface larger than 0.64 mm2 and overlapping
with Tomato signal was calculated. Cas3 coverage on Tomato1 cells
was calculated by dividing the cumulative Cas3-Tomato overlap area
by the total area covered by Tomato signal, and expressed as percent-
age. Average values of Cas3 coverage were calculated for each mouse
across image fields, and for each experimental group across mice. The
following number of mice/image fields were used: P3–P7, five mice,
48 image fields; P34–P43, three mice, 30 image fields.

Ca21 imaging
Forty-sevendays post-transplantation, mice were deeply anaesthetized
with isoflurane and perfused through the right ventricle with 10 ml
ice cold cutting solution (87 mM NaCl, 25 mM NaHCO3, 2.5 mM KCl,
1.25 mM NaH2PO4, 25 mM D-glucose, 75 mM sucrose, 7 mM MgCl2,
and 0.5 mM CaCl2 saturated with 95% O2 and 5% CO2). Brains were
then quickly dissected and coronal cortical slices (300 mm) were cut
on a Leica VT1200S vibratome in ice cold cutting solution. Slices
were incubated for at least 1 h in artificial CSF (aCSF; 126 mM NaCl,
2.5 mM KCl, 1.3 mM MgCl2, 10 mM D-glucose, 2.4 mM CaCl2, 1.24 mM

NaH2PO4, and 26 mM NaHCO3 saturated with 95% O2 and 5% CO2)
initially heated to 34–36°C and then allowed to equilibrate to room
temperature. Slices were subsequently transferred in aCSF containing
5 �10 mM Fluo-4AM (Thermo Fisher Scientific) and 2.5 mg/ml plur-
onic acid. After 1-h incubation with Fluo-4AM, slices were transferred to
dye-free aCSF for at least 30min before imaging. For imaging, slices were
transferred into a chamber mounted on the stage of a laser scanning
microscope and continuously perfused with room temperature artificial
CSF. Fluo-4AM and Tomato signals were imaged using 488nm and
543nm lines respectively at a frame rate of 1Hz. To correct for image
drift, we computed the relative frame by frame shift using the fftshift func-
tion in MATLAB, based on the red channel. We then applied the opposite
series of shifts to each frame and cropped the image to only include pixels
that were in frame for the entire duration of imaging. Identical shifts were
applied to both channels. To reduce noise, we applied the medfilt3 func-
tion to the time series stack, with the default 3-by-3-by-3 filter. To correct
for uneven illumination in the slices we applied a Gaussian blur filter
(s =20 pixels) to each frame and divided the frame by the filtered image.
For analysis, we used AQuA (Wang et al., 2019) with empirically deter-
mined parameters to identify individual Ca21 events. Territories of non-
transplanted astrocytes were estimated based on their Fluo-4AM loading
and Ca21 activity in areas that displayed no Tomato signal (n=4 trans-
planted astrocytes, and n=6 nontransplanted astrocytes).

Statistical analysis
The data for each experimental group were displayed as means with
SEM. For statistical analysis of marker expression levels and presyn-
aptic particle coverage in each experimental group, we looked at the
mean values of transplanted/nontransplanted ratios for each mouse
and compared this population to an equivalent population of trans-
planted/nontransplanted ratios equal to 1. We used a nonparametric
Wilcoxon rank-sum test to check whether the two populations were
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significantly different. We used the same test to estimate differences
in astrocyte density between transplanted and contralateral cortex, by
comparing the mean values of transplanted/controlateral ratios per
mouse to an equivalent population of transplanted/controlateral ratios
equal to 1. One-way ANOVA was used for measurements performed at
more than two time points after transplantation, i.e., quantification of
astrocyte lateral migration and quantification of astrocyte proliferation
(Ki67 expression). We used an unpaired Student’s t test to compare two
experimental groups in the following analyses: quantification of glial
precursors among transplanted astrocytes (1 DPT vs 3 DPT), number
of transplanted astrocytes per section (7 DPT vs 3681 DPT), fraction
of transplanted astrocytes associated to the pial membrane (7 DPT vs
3681 DPT), caspase 3 activation among transplanted astrocytes (de-
velopmental vs adult transplantation), astrocyte lateral migration (de-
velopmental vs adult transplantation), AQuA-based analyses of Ca21

events (transplanted vs nontransplanted astrocytes). We compared
mean values per mouse for all the measurements mentioned above
except those included in the AQuA-based analysis of calcium dynam-
ics. For this analysis, we calculated the average value of calcium-dy-
namics measurements per cell across calcium events and compared
the average values per cell between transplanted and nontransplanted
cells. We used a paired Student’s t test to compare Kir4.1 and GFAP
intensity levels between layer 1 and layers 2–3. Mean Kir4.1/GFAP in-
tensity values per mouse were used for this comparison.

The number of mice, cells, and image fields analyzed can be found
in the individual Materials and Methods sections. p-values can be found
in the figure legends.

Results
Transplanted immature cortical astrocytes integrate into the
developing cortex, display complex morphologies, and
survive for greater than one year in vivo
To investigate how cortical astrocytes integrate, mature, and sur-
vive in the developing and mature brain, we developed a trans-
plantation approach allowing us to transplant astrocytes from
genetically modified donor mice to recipient mice (Fig. 1A). We
prepared immature cortical astrocytes from postnatal day 4 to 8
(P4–P8) mice containing a tamoxifen-inducible CreERT2 allele
driven by the astrocyte-specific aldehyde dehydrogenase family
1, member L1 (Aldh1l1) promoter (Srinivasan et al., 2016) and a
floxed-stop tandem-dimer Tomato allele (Madisen et al., 2010; Ai9,
now referred to as Tomato; Fig. 1B). Before transplantation, astro-
cytes were cultured, passaged, and treated with tamoxifen to induce
Tomato expression (Fig. 1C) and analyzed by immunolabeling and
confocal microscopy (Fig. 1D,E). Since Aldh1l1-CreERT2 drives
Cre-mediated recombination specifically in astrocytes (Srinivasan
et al., 2016), we expected that the majority of Tomato-positive
(Tom1) cells would express the astrocytic marker Sox9 following
tamoxifen induction. Consistent with this, 97.66 1.5% of Tomato1
cells were positive for the astrocytic protein Sox9 (Fig. 1E), indicat-
ing a high degree of specificity of Cre recombination in astrocytes.
Importantly, however, 83.71 0.7% of Sox91 astrocytes expressed
Tomato, indicating that Cre-mediated recombination in astrocytes
was high, but not complete. Given the lineage relationships between
astrocytes and oligodendrocyte precursors (OPCs) (Kirdajova et al.,
2021), we also labeled for the proteoglycan NG2 to test for the pres-
ence of Sox91/NG21 intermediate astrocytes (Zhu et al., 2012;
Zuo et al., 2018), and Sox9�/NG21 OPCs. We found that a frac-
tion of Tom1/Sox91 cells were also NG21 (11.166 3.23%);
however, only 16 0.5% Tom1/Sox9� cells expressed NG2. The
remaining fraction of Tom1 cells (1.56 1%) were SOX9� and
NG2� and presumably precursors that have not differentiated
into Sox9-positive astrocytes. These findings indicated that the ma-
jority of cells in our cultures were astrocytes and expressed Tomato
following Cre-mediated recombination.

Following in vitro analysis, astrocytes were then harvested
and transplanted into the cortex of P3–P7 mice, a time point
when astrocytes are actively proliferating and developing in
cortex (Ge et al., 2012; Clavreul et al., 2019). The brains of
recipient mice were subsequently recovered at different time
points after transplantation and analyzed for their expression of
known astrocytic proteins (Fig. 1F). Analysis of recipient
brains at 7 d post-transplantation (DPT) revealed the presence
of Tom1/Sox91 astrocytes in the cortex (Fig. 1G). Transplanted
astrocytes were found in multiple cortical layers and showed
elaborated processes typical of developing astrocytes in the
brain (Bushong et al., 2004). In addition, we encountered many
Tom1/Sox91 cells adjacent to the pial surface, likely repre-
senting transplanted astrocytes that escaped the injection site
and attached to the pial surface (Figs. 1G, 2A). These repre-
sented 59.86 4.41% (7 DPT) and 61.056 3.39% [368–570 (3681)
DPT] of transplanted astrocytes, excluding the astrocytes trapped at
the injection site. Quantifying the distribution of parenchymal
Sox91 astrocytes in brains collected at 35–47 DPT, we found that
most transplanted astrocytes (77.76%) were localized in layer 1. A
smaller fraction of transplanted astrocytes was observed in deeper
layers (;22%): layers 2–3 (10.04%), layer 4 (4.42%), and layers 5–
6 (7.78%; Fig. 2B). At 35–47 DPT and 110–130 DPT, transplanted
astrocytes were retained in the cortex, developed morphologic
features characteristic of mature protoplasmic astrocytes, includ-
ing formation of large, complex arbors (Fig. 1G) and specialized
endfeet surrounding blood vessels (Fig. 1G, arrows), and found to
have similar lateral migration distances as those found at 7 DPT
(Fig. 2C,D) indicating that transplanted astrocytes mostly reach
their final position in the cortex by 7 DPT. At 368 DPT, Tomato1
astrocytes were present and continued to maintain their complex
morphologies and association with cerebrovasculature (Fig. 1G).

The majority of parenchymal Tomato1 cells encountered
showed morphologic properties typical of protoplasmic astrocytes
(Fig. 3A,B). However, on occasion, we detected cells that did not
have astrocytic morphology, but instead resembled other types of
glia including OPCs (Fig. 3C,D). To account for these cells, we
quantified the percentage of Tomato1 cells that were either
Sox91 (astrocytes), NG21 (OPCs), or Sox9�/NG2� (nei-
ther astrocytes or OPCs), across all times points (7, 35–47,
110–130, and 368 DPT). Cells found along the pial surface
were excluded from this analysis as it was difficult to resolve
individual cells. At all time points, Sox91 astrocytes with
highly ramified morphologies were the most abundant trans-
planted cell type detected (90.5 6 4.9% at 7DPT; 90.8 6 8.4%
at 35–47 DPT; 79.5 6 11.9% at 110–130 DPT; 77.4 6 9.8% at
368 DPT) with OPCs comprising between 5.6% and 16.1% of
transplanted cells (5.6 6 3.2% at 7 DPT; 8.5 6 7.7% at 35–47
DPT, 16.1 6 9% at 110–130 DPT; 8.7 6 3.8% at 3681 DPT;
Fig. 3E). A small group of cells were neither Sox91 nor NG21
and often displayed a small round cell body and few thin proc-
esses, potentially representing more mature oligodendrocytes
(Fig. 3D). These data showed that the vast majority of parenchy-
mal Tomato1 transplanted cells were protoplasmic astrocytes.

Given our previous result showing a large proportion of
immature astrocytes and a small proportion of OPCs in pre-
transplantation cultures (Fig. 1D,E), we further investigated
the fate of transplanted cells following their transplantation.
We first examined in vitro the degree of co-expression of Sox9
with Olig2, a marker of glial progenitors (Marshall et al., 2005;
Clavreul et al., 2019) in pretransplantation cultures. We found
that the majority of Tom1 cells (78.776 2.21%) were positive
for Sox9 and Olig2 (Fig. 3F,G), while only a small proportion
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of cells were Olig21 and Sox9� (6.916 0.86%), indicating
that most pretransplantation cells in culture are Olig21
immature astrocytes. Interestingly, analysis in vivo found that
only 22.736 1.37% of transplanted astrocytes were Sox91/Olig21
at 1 DPT and that this proportion decreased to 5.66 0.7% by
3 DPT (Fig. 3H,I), suggesting progressive astrocytic matura-
tion during the first few days in vivo following transplanta-
tion. This maturation was consistent with the finding that
transplanted cells at 1 DPT showed a fusiform, elongated
morphology typical of migrating cells. However, by three
DPT, most of transplanted cells showed a complex and rami-
fied morphology, typical of more mature astrocytes (Fig. 3J).

We also immunolabeled for the cell proliferation marker
Ki67 to estimate the fraction of proliferating Tomato1 astrocytes
that may give rise to daughter cells through cell division
events. This showed that Ki671 proliferating astrocytes
accounted for ,10% of transplanted astrocytes at all time
points examined (1, 3, 7, and 35–47 DPT; Fig. 3K). We also
compared the number of Tomato1 astrocytes per section
between brains collected at 7 DPT and 3681 DPT. Importantly,
we found no significant difference in the density of transplanted
cells/section between these two time points, indicating that
there is no significant loss of transplanted astrocytes by 368 DPT
(Fig. 3L).

Figure 1. Cortical astrocytes transplanted into the immature cortex display protoplasmic astrocyte morphology starting within a few days after transplantation. A,
Overview of the experimental design for transplantation of cortical astrocytes into the cerebral cortex of mouse pups. Tam = 4-hydroxytamoxifen. Figure created with
BioRender. B, Schematic showing the genetic background of the mice used as transplant donors. Tamoxifen = 4-hydroxytamoxifen. C, Timeline of culture preparation. D,
Cultured astrocytes expressing Tomato following tamoxifen administration. Tom = Tomato. E, Percentage of Tomato1 cells in vitro expressing Sox9 (astrocytes), Sox9 and
NG2 (intermediate astrocytes), NG2 (OPCs), or neither marker (“Other”). F, Timeline of astrocyte transplantation. G, Transplanted astrocytes at different days post-transplan-
tation (DPT). Transplanted cells are labeled with Tomato (TOM) and astrocytes are detected by SOX9 immunolabeling (green). Arrows indicate astrocyte endfeet. 35
DPT = 35–47 DPT, 110 DPT = 110–130 DPT. Scale bar: 20 mm (D) and 50 and 10 mm (G, top panels, and G, middle and bottom panels, respectively).
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Transplanted astrocytes develop unique morphologic
territories and have normal levels of GFAP
Recent studies have shown that astrocytes can display scavenging
activity toward damaged cells, opening the possibility that as-
trocytes phagocytize cellular material from adjacent astrocytes
(Wakida et al., 2018). In light of these findings, it was important
to determine whether some Tomato1 cells in recipient brains
had acquired Tomato labeling by engulfing fragments of injected
cells. At the same time, it was important to establish whether
transplanted astrocytes could form mutually exclusive territories
or “tile” the brain neuropil like astrocytes in normal brain (Ogata
and Kosaka, 2002; Bushong et al., 2004). To answer these ques-
tions, we transplanted Tomato1 astrocytes into Aldh1l1-eGFP
mice which express GFP specifically in astrocytes (Fig. 4A–C).
To quantify the overlap between the territories of Tomato1 and
GFP1 astrocytes, we acquired images containing both trans-
planted and nontransplanted astrocytes and calculated the degree
of colocalization using Manders’ coefficients (M1 and M2). M1
and M2 represent the fraction of GFP signal colocalized with
Tomato and the fraction of Tomato signal colocalized with GFP,
respectively. The mean values of these coefficients across all
mice (0.0376 0.009 for M1 and 0.0656 0.014 for M2) indi-
cated that the overlap between transplanted and resident

astrocytes constituted ,10% of the total area covered by
Tomato1 and GFP1 astrocytes (Fig. 4D). This small amount
of overlap is in line with that described for adjacent astrocytes
in the brain of adult mice (Ogata and Kosaka, 2002). To further
validate these results, we calculated the Manders’ coefficients
values for astrocytic signals that are expected to display a high
degree of overlap. For this, we chose Tomato and the astrocyte
marker glutamine synthetase (GS), because both proteins are
expressed in the astrocytic cytoplasm. In these measurements,
M1 represents the fraction of GS signal colocalized with Tomato,
while M2 represents the fraction of Tomato signal colocalized
with GS. The mean values obtained for the two coefficients
(0.3166 0.019 for M1 and 0.9566 0.013 for M2; Fig. 4E) were
larger than those describing the overlap between Tomato1 trans-
planted and GFP1 nontransplanted astrocytes. A value lower
than 1 for M1 is in line with the fact that in each field used for the
coefficient calculation, only transplanted astrocytes expressed both
Tomato and GS, and they occupied only a fraction (50% or
less) of the field. The M2 value was very close to 1 indicat-
ing that Tomato and GS signals overlap almost completely
in Tomato1 cells. These results showed that transplanted
astrocytes acquired cortical space and formed complemen-
tary territories with GFP1 astrocytes. Furthermore, these
data confirmed that Tomato1 cells were truly transplanted
astrocytes, ruling out the possibility that nontransplanted
astrocytes uptake Tomato, which would complicate inter-
pretation of the findings (Coyne et al., 2006).

To better understand whether transplanted astrocytes replace
astrocytes from recipient mice or simply interlace among these
cells, we compared the density of astrocytes for cortical regions
which received astrocyte transplantation versus the contralateral
cortex as a control. Interestingly, we found that astrocytic density
was significantly higher in the transplanted cortex compared
with the contralateral cortex (ratio of astrocyte density in trans-
planted/contralateral cortex = 1.66 6 0.14, p = 0.021, Wilcoxon
rank-sum test; data not shown), indicating that astrocytes were
more densely packed in the transplanted cortex. Thus, while trans-
planted astrocytes do establish cortical territories that “tile” with
adjacent astrocytes (transplanted or nontransplanted), they do so
by adding to the complement of astrocytes in the recipient cortex.

In response to challenges to the CNS, astrocytes undergo sev-
eral morphologic, molecular, and functional changes and adopt a
reactive phenotype (Escartin et al., 2021). One hallmark of astro-
cyte reactivity is the up-regulation of glial fibrillary acidic protein
(GFAP). In normal conditions, this intermediate filament com-
ponent is expressed sporadically in subsets of cortical astrocytes,
including those located at the glial limitans in the outermost
layer of the cortex, and those contacting brain vasculature at
their endfeet (Lewis and Cowan, 1985; Kacem et al., 1998). In the
presence of brain injury or disease, reactive astrocytes increase
GFAP expression, particularly at the injury site or at the core of
inflammation/cellular degeneration areas.

We were interested in determining whether transplanted astro-
cytes displayed aspects of a reactive phenotype. We found that
transplanted astrocytes showed generally low levels of GFAP. To
quantitatively assess this, we compared GFAP intensity between
transplanted and nontransplanted astrocytes at 110–130 DPT. We
identified regions of interest occupied by transplanted and non-
transplanted astrocytes in confocal microscopy images (Fig. 4F)
and calculated the transplanted/nontransplanted ratio for GFAP
immunofluorescence. Since basal levels of GFAP in the cortex
vary depending on the distance of astrocytes from the pia membrane
(Fig. 4H), we selected a region of interest for a nontransplanted

Figure 2. Distribution of transplanted Tomato+ astrocytes in cortex. A, Image montage
representing the injection track (arrow) in a transplanted cortex at 35–47 DPT. B,
Distribution of transplanted astrocytes across cortical layers at 35–47 DPT. Circles represent
mean astrocyte number values per mouse for each layer region. L1 = layer 1, L2/3 = layers
2 and 3, L4 = layer 4, L5/6 = layers 5 and 6. C, The lateral migration distance (LMD; yellow
dashed line) was defined as the maximum distance between transplanted astrocytes meas-
ured along the medio-lateral axis in sections without an injection track. In sections with
injection track, the lateral migration distance was measured on the direction perpendicular
to the injection track (data not shown). D, Lateral migration distance of transplanted astro-
cytes at different times post-transplantation. 35 DPT= 35–47 DPT, 110 DPT= 110–130 DPT.
Gray circles represent mean LMD values per mouse. The mean LMD for each experimental
group (magenta lines) are 0.8166 0.075 mm at 7 DPT, 0.6766 0.101 mm at 35–47 DPT,
and 0.689 6 0.087 mm at 110–130 DPT. No significant differences were detected between
LMD values across post-transplantation times (p= 0.562, one-way ANOVA). Scale bar:
50mm (A) and 100mm (C). Data are mean6 SEM.
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astrocyte that closely associated with that of the transplanted
astrocyte. We also ensured that the two regions of interest
were at a similar distance from the site where transplanted
cells had been injected, as this region may be populated by
clusters of reactive astrocytes displaying very high levels of
GFAP (Fig. 4I). The mean transplanted/nontransplanted ra-
tio for GFAP across all mice was not significantly different

from 1 (1.0076 0.018; Fig. 4G), indicating that transplanted
astrocytes displayed similar levels of GFAP to nontrans-
planted astrocytes. This low level of GFAP expression in
transplanted astrocytes, combined with their typical protoplas-
mic morphology and with absence of morphologic hypertrophy
(Fig. 1G), suggested that transplanted astrocytes were not consti-
tutively in a reactive state.

Figure 3. Characterization of transplanted cells. A–D, While most transplanted Tomato1 cells display a protoplasmic astrocytic morphology (B), some display less ramified, longer processes typical
of oligodendrocyte precursor cells (C, OPCs; see also arrows in A) or immature oligodendrocytes (D). E, Cell-specific markers were used to identify the percentage of transplanted cells as Sox91 astro-
cytes (B), NG21 OPCs (C), or cells not expressing either Sox9 or NG2 referred to as “other” cells (D). F, Cultured cells expressing Sox9 and the glial precursor marker Olig2. Tom = Tomato. G,
Percentage of TOM1 cultured cells positive for Sox9 only, Sox9 and Olig2, or Olig2 only. Cells not expressing either Sox9 or Olig2 were referred as “other” cells. H, Sox9 expression in transplanted cells
at 1 DPT and 3 DPT. I, Left panels, Olig2 expression in transplanted cells at 1 DPT and 3 DPT. Right panel, Percentage of Olig21 cells among transplanted astrocytes at 1 DPT and 3 DPT. Circles and
bars represent mean values per mouse and mean values per group, respectively. The percentage of Olig21/Sox91 cells among transplanted astrocytes was significantly lower at 3 DPT compared
with 1 DPT (1 DPT, 22.736 1.37; 3 DPT 5.66 0.7; *p=0.0004 Student’s t test). J, Most transplanted astrocytes have a simple, fusiform shape at 1 DPT (arrowhead), and take on a ramified stellate
morphology at 3 DPT (arrow). K, Quantification of cell proliferation (Ki671 nuclei) among transplanted astrocytes at different times after transplantation. Circles represent mean values per mouse. The
mean values per experimental group (bars) are 7.216 2.38% at 1 DPT, 2.676 0.91% at 3 DPT, 2.116 1.26% at 7 DPT and 0 at 35–47 DPT. Significant differences were not detected between the
mean values per experimental group across times post-transplantation (p = 0.09, one-way ANOVA). L, Number of transplanted astrocytes per section at 7 DPT and 368–570 DPT (1 YPT). Circles and
bars represent mean values per mouse and mean values per group, respectively. Scale bar: 20mm (A, H–J), 10mm (B–D), and 50mm (F). Data are mean6 SEM.
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Figure 4. Transplanted astrocytes develop unique morphologic territories and have normal levels of GFAP. A, In the cortex of transplanted Aldh1L1-eGFP mice, the GFP1 and Tomato1
astrocytes show complementary organization. Tom = Tomato. B, C, Intensity values for GFP and Tomato signals were measured along a line drawn across adjacent transplanted and resident
astrocytes. GFP and Tomato intensity profiles showed little overlap between the two signals (C). D, E, Manders’ coefficients representing colocalization between GFP and Tomato (D) and coloc-
alization between glutamine synthetase (GS) and Tomato (E) calculated for three mice (Ms1–Ms3) at 35–47 DPT. Gray circles are Manders’ coefficient values calculated for single image fields,
whereas lines represent mean coefficient values computed for each transplanted mouse (magenta) and across all mice in the same experimental group (black). In D, M1 and M2 represent the
fraction of GFP signal colocalized with Tomato (GFP&TOM/GFP) and the fraction of Tomato signal colocalized with GFP (GFP&TOM/TOM), respectively. In E, M1 and M2 represent the fraction of
glutamine synthetase (GS) signal colocalized with Tomato (GS&TOM/GS) and the fraction of Tomato signal colocalized with GS (GS&TOM/TOM), respectively. F, GFAP expression levels were com-
pared between transplanted (magenta dashed line) and nontransplanted astrocytes (green dashed line) by measuring GFAP intensity in territories occupied by the two kinds of astrocytes.
Astrocytic processes that were potentially identified as endfeet (asterisk) were excluded from the quantification. G, Transplanted/nontransplanted ratio values for GFAP expression calculated for
single image fields (gray circles) in four mice (Ms1–Ms4) at 110–130 DPT. Magenta lines/circles represent mean values per mouse. The mean value across all mice (black line) was not signifi-
cantly different from 1 (1.0076 0.018; p= 1, Wilcoxon rank-sum test). H, GFAP immunolabeling at 35–47 DPT in the superficial layer of the cortex (mouse transplanted at P3–P7). Similar to
nontransplanted astrocytes, transplanted astrocytes displayed high GFAP levels close to the pial membrane (arrow) and lower GFAP levels deeper in cortex (arrowhead). I, GFAP immunolabeling
at 35–47 DPT at the injection site (mouse transplanted at P3–P7). Transplanted astrocytes express high levels of GFAP at the injection site (arrow). Scale bar: 20mm (A, H, I) and 10mm (B,
F). Data are mean6 SEM.
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Transplanted astrocytes express
similar levels of glutamate transporter
EAAT2/GLT1 but show elevated levels
of EAAT1/GLAST that resolve after
one year in vivo
Having observed that transplanted astro-
cytes develop morphologic properties
that match nontransplanted astrocytes
in the cortex of recipient mice, we next
investigated the molecular features of
transplanted astrocytes. Glutamate trans-
porters, also named excitatory amino acid
transporters (EAATs), are expressed by
astrocytes and neurons in the brain.
EAAT2/GLT1 and EAAT1/GLAST are
abundant transporters observed in astro-
cytes and play an important role in
removing extracellular glutamate (Sattler
and Rothstein, 2006; Rose et al., 2018).
To determine whether transplanted
astrocytes expressed levels of EAAT2/
GLT1 and EAAT1/GLAST similar to
nontransplanted astrocytes, we immu-
nolabeled for each glutamate trans-
porter and acquired images containing
both Tomato1 transplanted astrocytes
and neighboring nontransplanted astro-
cytes (Fig. 5A,B). For each image field we
calculated the ratio between the EAAT2/
GLT1 or EAAT1/GLAST intensity meas-
ured in the transplanted versus adjacent
nontransplanted astrocyte (Fig. 5C–E). For
EAAT2/GLT1, the mean transplanted/
nontransplanted ratio was not significantly
different from 1 at either 35–47 DPT
(0.9796 0.037; Fig. 5C) or 110–130 DPT
(16 0.020; Fig. 5C), indicating that this
glutamate transporter was expressed in
comparable amounts by transplanted and
nontransplanted astrocytes as early as 35–
47 DPT. For EAAT1/GLAST, the mean
transplanted/nontransplanted ratio across
all mice in the same experimental group
was significantly higher than 1 at 35–47
DPT (1.0736 0.011; Fig. 5D) and at 110–
130 DPT (1.0446 0.017; Fig. 5D). To
understand whether the increase was sus-
tained long-term, we analyzed the trans-
planted/nontransplanted ratio for EAAT1/
GLAST at 368–570 DPT. However, by this
time, the transplanted/nontransplanted ra-
tio normalized and was not different from
1 (1.0116 0.013; Fig. 5E). This indicated
that transplanted astrocytes expressed
higher levels of EAAT1/GLAST com-
pared with nontransplanted astrocytes
during the few months following trans-
plantation. However, this upregulation
resolved at later time points. EAAT2/
GLT1 expression levels, in contrast,
remained similar between transplanted
and nontransplanted astrocytes at all
time points analyzed. Overall, these

Figure 5. Expression of glutamate transporters EAAT2/GLT1 and EAAT1/GLAST in transplanted and nontransplanted astro-
cytes. A, B, Representative ROIs used to measure EAAT2/GLT1 (A) and EAAT1/GLAST (B) intensity in territories occupied by
transplanted (magenta dashed line) and nontransplanted (green dashed line) astrocytes. Tom = Tomato. C–E, Transplanted/
nontransplanted ratio values for GLT1 and GLAST at different times after transplantation. Ratio values for both glutamate trans-
porters were calculated at 35–47 DPT and at 110–130 DPT (C, D), and an additional time point for GLAST was added at 368–
570 (3681) DPT (E). Gray circles and magenta lines/circles represent ratio values per image field, and mean ratio values per
mouse (Ms), respectively. The mean ratio values for each experimental group (black lines) are 0.9796 0.037 for GLT1 at 35–
47 DPT (p= 0.656, Wilcoxon rank-sum test), 16 0.020 for GLT1 at 110–130 DPT (p= 0.22, Wilcoxon rank-sum test),
1.0736 0.011 for GLAST at 35–47 DPT (*p= 0.007, Wilcoxon rank-sum test), 1.0446 0.017 for GLAST at 110–130 DPT
(*p= 0.003, Wilcoxon rank-sum test), and 1.0116 0.013 for GLAST at 368–570 DPT (p= 0.68, Wilcoxon rank-sum test). Scale
bar: 10mm (A, B). Data are mean6 SEM.
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results showed that transplanted astrocytes acquired and
retained levels of EAAT expression similar to nontrans-
planted astrocytes.

Transplanted astrocytes acquire layer-specific expression of
GFAP and Kir4.1
Cortical astrocytes display heterogenous gene expression pat-
terns associated with cortical layering (Lanjakornsiripan et al.,
2018; Batiuk et al., 2020; Bayraktar et al., 2020). We were inter-
ested to know whether astrocytes acquire layer-specific molecu-
lar features following their transplantation. We first assessed
astrocyte heterogeneity in our cultures, by immunolabeling them
for GFAP and for the potassium channel Kir4.1(Fig. 6A), an
astrocytic marker that displays complementary expression pat-
tern to GFAP in vivo in mouse cortex. In the mouse cortex,
GFAP is predominantly expressed in layer 1, whereas Kir4.1 is
more abundantly expressed in lower layers. We found that
GFAP and Kir4.1 signal intensity for Tomato1 cells in our cul-
tures showed some variable expression across culture batches
(Fig. 6B,C), but did not show inversely correlated expression pat-
terns (Fig. 6D). We then quantified GFAP and Kir4.1 expression
levels in transplanted and nontransplanted astrocytes at 35–47
DPT (Fig. 6E–H) and observed that transplanted astrocytes, like
nontransplanted astrocytes, express higher levels of GFAP in
layer 1 of cortex compared with astrocytes positioned in layers
2–3 (Fig. 6E,F). Transplanted astrocytes also displayed expres-
sion of Kir4.1 similar to nontransplanted astrocytes, with higher
expression in layers 2–3 versus layer 1 (Fig. 6G,H). Thus, despite
the lack of inverse expression of GFAP and Kir4.1 in culture,
transplanted astrocytes acquire differential expression of GFAP
and Kir4.1 in vivo.

Transplanted and nontransplanted astrocytes associate with
similar numbers of excitatory and inhibitory presynaptic
terminals
In the first three postnatal weeks, astrocytes in the mouse cortex
undergo extensive growth and maturation. During this time,
they actively participate in the formation, maturation, and main-
tenance of synapses by signaling to neurons through the release
of diffusible factors (Allen and Eroglu, 2017; Tan et al., 2021)
and creating tight contacts with presynaptic and postsynaptic
sites. Thus, we were interested in determining whether trans-
planted astrocytes were associated with the same number of cort-
ical synapses as nontransplanted astrocytes. To study this, we
visualized presynaptic terminals by immunolabeling for the ve-
sicular glutamate transporters 1 and 2 (vGLUT1 and vGLUT2)
to label glutamatergic terminals, and vesicular GABA transporter
(vGAT) to label GABAergic terminals. We next selected regions
of interest on transplanted or nontransplanted astrocytes (Fig.
7A,B) and calculated the coverage by the synaptic labels (Fig.
7A–C). We then computed the transplanted/nontransplanted
particle coverage ratio for each image field. Ratio values lower
than one indicated lower density of presynaptic terminals in
transplanted astrocytes compared with nontransplanted astro-
cytes, whereas values higher than one indicate higher presynaptic
terminal density in transplanted astrocytes. At 110–130 DPT, the
mean transplanted/nontransplanted presynaptic terminal parti-
cle ratio was not significantly different from 1 for either vGlut1/2
(1.1176 0.111; Fig. 7D) or vGAT particles (1.1746 0.09; Fig.
7E), indicating that transplanted and nontransplanted astro-
cytes were associated with similar numbers of excitatory and
inhibitory presynaptic terminals. These results suggested that

astrocytic transplantation does not impair the ability of astro-
cytes to support synapse formation and maintenance.

Transplanted astrocytes express aquaporin 4 and gap
junctional markers at endfeet, and display similar Ca21

transients
Astrocytic endfeet are highly specialized perivascular structural
compartments created by astrocytes that closely associate with
the basement membrane, pericytes, vascular smooth muscle cells,
and endothelial cells. Being located at the interface between the
brain parenchyma and vasculature, endfeet mediate communica-
tion between these compartments, and play a fundamental role
in neurovascular coupling and maintenance of the blood brain bar-
rier (Cohen-Salmon et al., 2021; Stackhouse and Mishra, 2021). A
typical feature of astrocytic endfeet is the high concentration of
aquaporin 4 (AQP4), a water channel that mediates water exchange
and clearance of brain interstitial fluid (Papadopoulos and
Verkman, 2013; Mestre et al., 2020). To understand whether
transplanted astrocytes concentrate AQP4 at endfeet near vas-
culature, we compared endfoot expression levels of AQP4
between transplanted and nontransplanted astrocytes within the
same image field (Fig. 8A,B, magenta and green dashed lines) and
calculated a ratio between these intensity values (transplanted/
nontransplanted AQP4 ratio; Fig. 8C). Interestingly, this ratio was
significantly lower than 1 at 35–47 DPT (0.8126 0.057), indicat-
ing a lower level of expression of AQP4 in transplanted astrocytes.
However, this lower AQP4 expression normalized by 110–130
DPT (1.0066 0.045; Fig. 8C). We also assessed the presence of
gap junctional subunits [Connexin 30 (CX30) and 43 (CX43)] that
are known to be enriched at endfeet (Rash et al., 2001) and
arranged in large puncta (Ezan et al., 2012). Co-immunolabeling
for CX30 and CX43 at 35–47 DPT showed large CX301 and
CX431 puncta at the endfeet of transplanted astrocytes, with the
two gap junctional subunits frequently co-localized in these
puncta (Fig. 8D). Thus, transplanted astrocytes concentrate AQP4
and gap junctional subunits at their endfeet.

To determine whether transplanted astrocytes show Ca21 ac-
tivity similar to nontransplanted astrocytes, we prepared acute
cortical slices and monitored Ca21 activity following bulk load-
ing of the Ca21 indicator Fluo-4AM. We analyzed the properties
of spontaneous Ca21 events in transplanted and nontransplanted
astrocytes and found similar properties with respect to event
area, deltaF/F, duration, and decay (Fig. 8E,F). Overall, these
results along with those from the endfoot analysis suggest that
transplanted astrocytes display molecular and functional proper-
ties similar to those of nontransplanted astrocytes.

Cortical astrocytes transplanted to more mature brain
survive but are largely retained at the transplantation site
Having found that cortical astrocytes integrate and survive
following their transplantation to the immature brain, we
next determined whether astrocytes display similar proper-
ties when transferred to the more mature brain. To address
this, we injected astrocytes into the cortex of young adult
mice (P34–P43; Fig. 9A) and tracked astrocyte integration at
35–47 DPT. We found that transplanted astrocytes survived
in large numbers and maintained their astrocyte identity as
confirmed by immunolabeling for Sox9 (Fig. 9B). However,
transplanted astrocytes were largely confined to the trans-
plantation site or at superficial layers of the cortex (Fig. 9B)
and in some cases at a small distance from the injection site
(Fig. 9B,F). We measured the ability of transplanted astro-
cytes to migrate away from the injection site and found that
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the lateral migration of transplanted astrocytes was significantly
lower in mice transplanted at P34–P43 (adult transplantation)
compared with mice transplanted at P3–P7 (developmental
transplantation; Fig. 9G). Astrocytes transplanted at P34–P43

that remained at the injection site commonly displayed elon-
gated shapes and thick processes containing high expression of
GFAP consistent with a reactive phenotype (Fig. 9C,F). In some
instances, transplanted astrocytes escaped the transplantation site

Figure 6. Transplanted astrocytes acquire layer-specific expression of GFAP and Kir4.1. A, Immunolabeling for GFAP and Kir4.1 in cultured astrocytes. Tom = Tomato. B, C, Distribution
of GFAP (B) and Kir4.1 (C) intensity levels in four batches of cultured astrocytes. D, Plot of Kir4.1 intensity versus GFAP intensity for cultured astrocytes collected from four different
batches. Colored lines represent the best-fit lines for each cell batch. E–H, Analysis of the distribution of GFAP and Kir4.1 in vivo. E, G, Necab1 and Sox9 immunolabeling were used to
identify cortical layers (dashed yellow lines and captions; see Materials and Methods). L1 = layer 1, L2/3 = layers 2 and 3, L4 = layer 4. ROIs were created (yellow line) for transplanted
(arrow) and nontransplanted (arrowhead) astrocytes, and for each ROI mean intensity values of GFAP (E) or Kir4.1 (G) were measured. F, H, For each mouse, the mean GFAP (F) or Kir4.1
(H) intensity values per mouse (circles) measured in L1 were compared with those measured in L2/3 (gray lines). F, The mean intensity value for GFAP was significantly higher in L1 com-
pared with L2/3 for both nontransplanted (green, 407.476 53.13 in L1, 199.286 11.5 in L2; p= 0.01, paired Student’s t test) and transplanted astrocytes (magenta, 345.356 42.03 in
L1, 251.316 24.09 in L2; p= 0.012, paired Student’s t test). H, The mean intensity value for Kir4.1 was significantly lower in L1 compared with L2/3 for both nontransplanted (green,
582.336 42.48 in L1, 633.496 45.76 in L2; p= 0.013, paired Student’s t test) and transplanted astrocytes (magenta, 592.526 42.23 in L1, 670.186 53.51 in L2; p= 0.028, paired
Student’s t test). Scale bar: 100mm (A) and 50 mm (E, G). Data are mean6 SEM.
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and were found to acquire a protoplasmic
morphology (Fig. 9E,F). These cells also
showed lower levels of GFAP expression
(Fig. 9F). We also analyzed the expres-
sion of glutamate transporters EAAT2/
GLT1 and EAAT1/GLAST in astrocytes
transplanted at P34–P43. We found that
transplanted and nontransplanted pro-
toplasmic astrocytes express similar
levels of these transporters at 110–130
DPT (transplanted/nontransplanted ratios:
0.9376 0.039 for EAAT2/GLT1,> p =
0.282, Wilcoxon rank-sum test; 1.1176
0.111 for EAAT1/GLAST, p = 0.282,
Wilcoxon rank-sum test). Interestingly,
we did not detect significant differences
in the expression of cleaved caspase 3 (an
indicator of apoptotic cell death) between
the adult and developmental transplanta-
tion groups, suggesting the absence of
increased cell death following transplanta-
tion to more mature mice (Fig. 9H). Thus,
transplantation of cortical astrocytes into
more mature cortex results in heteroge-
nous astrocytic phenotypes with reactive
astrocytes and protoplasmic astrocytes
found near and distal to the transplanta-
tion site, respectively.

Transplanted cortical astrocytes
integrate into the developing
cerebellar cortex but retain cortical-
like astrocytic features
Having shown that cortical astrocytes
transplanted into developing cortex estab-
lish structural and molecular features sim-
ilar to nontransplanted cortical astrocytes,
we next asked whether cortical astrocytes
can acquire the characteristics of nearby
nontransplanted astrocytes if transplanted
to a mismatched brain region. To answer
this question, we transplanted cortical as-
trocytes into the cerebellum of P5–P8
mice (Fig. 10A) and tracked their develop-
ment in the molecular layer (ML) of the cerebellar cortex
where Bergmann glia (BG) extend highly polarized processes
from the Purkinje cell (PC) layer to the pial surface (Yamada
and Watanabe, 2002; Kita et al., 2013). In addition to these
specific structural features, BG express high levels of the gluta-
mate transporter EAAT1/GLAST (Farmer et al., 2016) and
uniquely express the AMPA receptor subunit GluA1 (Saab et
al., 2012).

At 21 DPT, we found many Tomato1/Sox91 astrocytes in
the cerebellar cortex (Fig. 10B). The cell bodies of these astro-
cytes were often found positioned superficially in the ML.
Despite this abnormal cell body positioning, astrocytes elongated
processes deeper within the ML (Fig. 10B). In areas where the
density of transplanted astrocytes was lower, we observed that
they displayed a less-polarized, stellate shape reminiscent of cort-
ical astroglia (compare Fig. 10B, arrow, with 1G). Interestingly,
transplanted astrocytes showed low to undetectable levels of
GluA1 and lower levels of EAAT1/GLAST compared with
nearby BG cells (Fig. 10C,E). Measuring the signal intensity

profiles across the ML revealed a steep increase of GluA1 and
EAAT1/GLAST levels at the interface between transplanted cells
and nontransplanted BGs (Fig. 10D,F). Transplanted astrocytes
also retained higher levels of EAAT2/GLT1 (Fig. 10E). These
results suggested that transplanted cortical astrocytes integrate
and develop in the cerebellar cortex, but retain structural and
molecular features of cortical astrocytes.

BG develop in close association with PCs, and BG processes
have been proposed to function as scaffold for the elongation of
PC dendrites in the first postnatal weeks (Lordkipanidze and
Dunaevsky, 2005). Given that transplanted cortical astrocytes
lacked the specialized morphology and molecular phenotype of
BG, we wondered whether they could provide a favourable envi-
ronment for the growth and maintenance of PC dendritic
arbors. We visualized PC dendrites through Calbindin immu-
nolabeling, and observed that PC dendrites elongated nor-
mally on territories occupied by cortical astrocytes (Fig. 10G).
This suggested that astrocytes derived from cortex can replace
BG arbors without noticeable effects on Purkinje cell dendritic
branching.

Figure 7. Transplanted and nontransplanted astrocytes are associated with similar numbers of excitatory and inhibitory pre-
synaptic terminals. A, B, To assess presynaptic particle coverage in transplanted (magenta dashed line) and nontransplanted
astrocytes (green dashed line), territories occupied by either kind of astrocytes were identified in sections labeled for vGLUT1/2
(excitatory presynaptic terminals) or vGAT (inhibitory presynaptic terminals). Tom = Tomato. C–E, In binary images derived
from vGLUT1/2 and VGAT image channels (C), the ratio values between the particle coverage of transplanted and nontrans-
planted astrocytes (transplanted/nontransplanted particle coverage ratio) were calculated per image fields (gray circles) and
per mouse (Ms, magenta lines/circles). The mean transplanted/nontransplanted particle coverage ratio across all mice (black
line) was not significantly different from 1 for either vGLUT1/2 (1.1176 0,111; p= 0.347, Wilcoxon rank-sum test) or vGAT
(1.1746 0.09; p= 0.347, Wilcoxon rank-sum test). Scale bar: 5mm (A, B). Data are mean6 SEM.
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Transplanted cerebellar astrocytes
develop both Bergmann glia and velate-
like astrocytic properties in the
cerebellum
Finally, we investigated whether transplant-
ing cerebellar astrocytes into cerebellum
can generate appropriate cerebellar astro-
cytic phenotypes. Astrocyte maturation
in the cerebellar cortex is a highly regu-
lated and timed process that gives rise
to two main regionally specialized astrocyte
types, namely, BG in the ML and velate
astrocytes in the granule cell layer (GCL;
Farmer et al., 2016). In contrast to BGs,
velate astrocytes have more stellate mor-
phology and form sheath-like processes
around granule cells. Velate astrocytes,
unlike BGs, also have low levels of
GluA1 but have high levels of AQP4
(Yamada and Watanabe, 2002; Kita et
al., 2013). We transplanted cerebellar astro-
cytes into the cerebellum of P5–P8 mice
(Fig. 11A). Interestingly, at 21 DPT, astro-
cytes transplanted in the ML showed distinct
morphologies with thick radial shafts ex-
tending from the cell body toward the pial
surface (Fig. 11B,C), mimicking a major
structural property of BGs. Cerebellar astro-
cytes transplanted in the ML also expressed
GluA1 and displayed low levels of AQP4
(Fig. 11D,E). Conversely, cerebellar astro-
cytes transplanted deeper into the GCL
showedmorphologies similar to velate astro-
cytes, and did not express noticeable levels
of GluA1 (Fig. 11F). However, these cells
showed high levels of AQP4 (Fig. 11G).
These findings showed that cerebellar astro-
cytes behave differently than cortical astro-
cytes when transplanted into the developing

Figure 8. Transplanted and nontranspanted astrocytes express aquaporin 4 and gap junction proteins at endfeet and dis-
play similar properties of Ca21 events. A–C, The expression level of the water channel aquaporin 4 (AQP4) was compared
between transplanted and nontransplanted astrocytes at 35–47 DPT and 110–130 DPT. Tom = Tomato. A, B, AQP4 intensity
was measured in endfeet from transplanted astrocytes (magenta dashed line) and adjacent endfeet from nontransplanted
astrocytes (green dashed line). C, The ratio for AQP4 intensity at endfeet (transplanted/nontransplanted AQP4 ratio) was calcu-
lated for single image fields (gray circles), for each transplanted mouse (Ms, magenta lines/circles), and across all mice in the
same experimental group (black lines). The mean value of this ratio was significantly lower than 1 at 35–47 DPT
(0.8126 0.057; *p = 0.007, Wilcoxon rank-sum test) but was not significantly different from 1 at 110–130 DPT

/

(1.0066 0.045; p = 0.4, Wilcoxon rank-sum test). D, The
endfoot of a transplanted astrocyte (Tom, left panel) in contact
with a blood vessel labeled for Collagen IV (left panel)
enriched with large aggregates of Connexin 43 (CX43) and
Connexin 30 (CX30; right panel). E, Ca21 events were
recorded in cortical slices prepared from transplanted mice in
a field containing a transplanted and nontransplanted astro-
cyte (dashed lines). Ca21 event recordings were processed for
noise reduction and analyzed using AQuA. Ca21 events were
detected (colored regions) in the soma and processes of both
transplanted and nontransplanted astrocytes. F, Ca21 event
area, duration, decay time, and maximum deltaF/F were cal-
culated. No significant differences were detected between
transplanted and nontransplanted astrocytes (Ca21 event
area: 19.53 6 1.83 for nontransplanted cells, 22.93 6 2.55
for transplanted cells, p=0.296, Student’s t test; Duration:
15.22 6 0.59 for nontransplanted cells, 15.15 6 1.07 for
transplanted cells, p= 0.949 Student’s t test; Decay time con-
stant: 16.65 6 1.88 for nontransplanted cells, 15.76 6 2.18
for transplanted cells, p=0.767 Student’s t test; Max d F/F:
0.242 6 0.002 for nontransplanted cells, 0.247 6 0.005 for
transplanted cells, p=0.286, Student’s t test). Scale bar:
5mm (A, B) and 10mm (D, E). Data are mean6 SEM.
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cerebellum, acquiring the unique properties of cer-
ebellar astrocytes.

Discussion
In this study, we investigated how transplanted
cortical astrocytes integrate, mature, and survive
in the brain. We found that cortical astrocytes
transplanted into the developing cortex of mice
acquired structural, molecular, and functional
features similar to nontransplanted astrocytes in
the recipient cortex. The properties of trans-
planted cortical astrocytes closely resembled
nontransplanted astrocytes of recipient mice
including their ability to form complex architec-
tures, form mutually exclusive territories, develop
endfeet on vasculature, and support synapse
formation/maintenance. Importantly, astrocytes
maintained these properties beyond one year in
vivo. In contrast, immature cortical astrocytes
transplanted into more mature cortex (postnatal
days 34–43) elaborated their morphology, but
had limited capacity to disperse beyond the
transplantation site into the recipient cortex
and, in many instances, had structural and molec-
ular properties of reactive astrocytes. Interestingly,
immature cortical astrocytes retained their cortical
astrocyte-like features even when nurtured in the
developing cerebellar cortex, indicating strong
intrinsic mechanisms driving their structural
maturation and gene expression.

Accumulating evidence suggests that astro-
cytes are molecularly, structurally, and function-
ally heterogeneous, with properties that vary
depending on developmental origin, cell posi-
tioning, and sensitivity to environmental cues
(Ben Haim and Rowitch, 2017; Farmer and
Murai, 2017). Single-cell RNA-seq and transcrip-
tomic mapping have revealed significant molecu-
lar heterogeneity of astrocytes in the rodent
cortex (Batiuk et al., 2020; Bayraktar et al., 2020).
Interestingly, studies have shown that transcrip-
tion factor patterning is important for specifying
astrocytic populations in the mouse spinal cord
by embryonic day (E)18.5 (Hochstim et al.,
2008) and in cortex by postnatal day 4 (P4;

Figure 9. Cortical astrocytes transplanted to the more mature mouse brain survive but generally fail to escape
the injection site. A, Overview of the experimental design for transplantation of cortical astrocytes into the cerebral
cortex of young adult mice (P34–P43). Tam= 4-hydroxytamoxifen. Figure created with BioRender. B–E, At 35–47 d
post-transplantation (DPT), most transplanted astrocytes were accumulated around the injection site, had elongated
morphologies typical of reactive astrocytes, and displayed high expression of GFAP (C). Some of these cells displayed

/

protoplasmic astrocytic morphology (B, arrows; D, E) and displayed
low levels of GFAP (F). Tom = Tomato. G, Lateral migration of trans-
planted astrocytes in mice transplanted at P3–P7 (P7) and analyzed
at 35–47 DPT, and mice transplanted at P34–P43 (P34) and analyzed
at 35–47 DPT. Gray circles represent mean lateral migration distance
(LMD) values per mouse. The mean LMD value for the P7 group was
significantly lower than that for the P34 group (magenta circles, P7,
0.6766 0.101 mm; P34, 0.2226 0.031 mm; *p= 0.009, Student’s
t test). H, Expression of activated caspase 3 by transplanted astrocytes
in mice transplanted at P3–P7 (P7) and analyzed at 1 DPT and mice
transplanted at P34–43 (P34) and analyzed at 1 DPT. Circles and bars
represent mean values of active caspase 3 coverage per mouse and
per experimental group, respectively. No significant differences were
detected between P7 and P34 (P7, 0.55 6 0.17%; P34, 0.57 6
0.15%; p= 0.942, Student’s t test). Scale bar: 50mm (B, C), 10mm
(D, E), and 20mm (F). Data are mean6 SEM.
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Tsai et al., 2012). At the same time, other studies have shown
that local, non-cell-autonomous factors further diversify astro-
cytes to appropriately configure them for local brain microenvir-
onments (Farmer et al., 2016). Our experiments show that
specific features of cortical astrocytes are already in place dur-
ing the first postnatal week. Moreover, these features are
highly resilient, serving to maintain cortical astrocyte-like
properties even when astrocytes are subjected to brain
extraction, in vitro growth conditions, and transplantation to
a foreign brain region such as the cerebellar cortex. What
imparts this resiliency of cortical astrocytes? Studies have

shown that cortical astrocytes exhibit distinctive epigenetic
signatures (Welle et al., 2021) and are enriched in particular
histone variants and chromatin modifiers which may promote
and repress transcription (Bargaje et al., 2012; Rege et al., 2015).
The continued expression of these histone and chromatin modi-
fiers may maintain cortical astrocytic specification state even under
significant environmental challenges. This resembles results from
cell transplantation experiments performed in the embryonic
ferret brain showing that intrinsic determinants strongly restrict
the fate of neuronal precursors (Frantz and McConnell, 1996).
Further research will be required to pinpoint the developmental

Figure 10. Transplanted cortical astrocytes integrate into the cerebellar cortex but retain structural and molecular features of cortical astrocytes. A, Overview of the experimental design for
transplantation of cortical astrocytes into the cerebellum of mouse pups. Tam= 4-hydroxytamoxifen. Figure created with BioRender. B, Most astrocytes transplanted in the molecular layer (ML)
remained confined in the subpial region of the cerebellar cortex and extended process deeper into the ML. Some transplanted astrocytes showed a stellate shape similar to cortical protoplasmic
astrocytes (arrow). C–F, Transplanted cortical astrocytes expressed lower amounts of the AMPA-type glutamate receptor subunit GluA1 and glutamate transporter EAAT1/GLAST compared with
nearby Bergmann glia but maintained high levels of EAAT2/GLT-1. Radial lines were drawn in the ML across transplanted astrocytes and adjacent BG cells (white dashed lines, C, E) to identify
sites of intensity profile measurments for GluA1 (D), EAAT1 (F, gray), and EAAT2 (F, black). The region occupied by transplanted astrocytes (magenta line D, F, black) was associated with low lev-
els of GluA1 and EAAT1 and high levels of EAAT2, whereas the region occupied by BG displayed complementary intensity profiles for the three markers. G, The presence of cortical astrocytes in
the ML did not interfere with the growth or maintenance of Purkinje cell (PC) dendrites. The direction of PC dendrites did not change at the interface between transplanted cortical astrocytes and
BG cells (thick red dashed line). Tom = Tomato. B, C, E, G, A thin red dashed line indicates the border between the ML and the PC layer. Scale bar: 50mm (B) and 20mm (C, E, G).
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stage when cortical astrocytes establish specific signatures and
whether reprogramming methods before transplantation can
modify these signatures and ultimately the fate of transplanted
cells.

Our results show a small mismatch in some molecular prop-
erties of transplanted and nontransplanted astrocytes. We found
that EAAT1/GLAST expression was higher in transplanted astro-
cytes compared with nontransplanted ones at 35–47 DPT and
110–130 DPT. However, this expression was normalized by 368–
570 DPT. The upregulation of EAAT1/GLAST was uncoupled
from EAAT2/GLT1 expression, with EAAT2/GLT1 showing
similar expression between transplanted and nontransplanted
astrocytes by 35–47 DPT. EAAT1/GLAST expression may
take additional time to normalize in transplanted astrocytes.
This is consistent with the finding that EAAT1/GLAST expression
reaches significant levels earlier than EAAT2/GLT1 expression
during astrocyte development in the brain and has differential reg-
ulation (Ullensvang et al., 1997; Todd and Hardingham, 2020).
We also found lower expression of AQP4 at endfeet in trans-
planted astrocytes when compared with nontransplanted astro-
cytes at 35–47 DPT. However, AQP4 expression normalized in

transplanted astrocytes by 110–130 DPT. This is consistent with
the known progressive increase in AQP4 at endfeet during post-
natal mouse cortical development (Lunde et al., 2015). However, it
remains to be determined whether the lower levels of AQP4 at
endfeet of transplanted astrocytes are due to a general delay in
maturation that affects AQP4 or a specific alteration (such as the
contact between astrocytes and endothelial cells) that limits AQP4
enrichment at endfeet (Camassa et al., 2015). It should be noted
that the astrocyte cultures used in this study do not contain endo-
thelial cells. Thus, astrocytes only make contact with endothelial
cells following their transplantation. It is possible that at 35–47
DPT, the developmental program of transplanted astrocytes is
delayed, and they require additional time and cues from the local
microenvironment to localize AQP4 at endfeet.

Another interesting finding is that astrocytes transplanted
into the developing brain resemble neighboring nontransplanted
astrocytes and do not show properties of reactivity. Several lines
of evidence suggest that transplanted astrocytes develop appro-
priately in cortex and display hallmarks of healthy, nonreactive
astrocytes: (1) they have low levels of GFAP, similar to neigh-
boring nontransplanted astrocytes, (2) they have an elaborate

Figure 11. Cerebellar astrocytes develop into Bergmann glia-like and velate-like astrocytes when transplanted into the cerebellum. A, Overview of the experimental design for transplanta-
tion of cerebellar astrocytes into the cerebellum of mouse pups. Tam= 4-hydroxytamoxifen. Figure created with BioRender. B–G, Cerebellar astrocytes transplanted in the cerebellar cortex
acquired region-specific structural and molecular features. B, C, Transplanted cerebellar astrocytes located in the ML display BG-like morphologies. D, E, Astrocytes transplanted in the ML
(arrows) express GluA1 and low levels of AQP4, like BG cells. F, G, Astrocytes transplanted in the granule cell layer (GCL; arrowheads) display a velate-like astrocytic morphology and, like velate
astrocytes, are negative for GluA1 and express high levels of AQP4. Tom = Tomato. Scale bar: 20mm (B–G). Dashed yellow line marks the interface between ML and GCL.
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protoplasmic morphology and maintain their tiling behavior,
(3) support synapses, (4) express similar amounts of EAAT2/
GLT1 that is known to be downregulated in reactive astro-
cytes in neurologic diseases (Peterson and Binder, 2019), and
(5) have normal calcium events. We do find, however, that
when astrocytes are transplanted into the cortex of young
adult mice, they are largely confined to the injection site,
express high levels of GFAP, and display morphologic properties
of reactive astrocytes. Why is the mature cortical environment
less permissive to astrocyte integration? Several reasons may
account for this: (1) transplanted astrocytes may not have suffi-
cient space to grow/migrate in the more mature and densely
packed parenchyma, (2) the extracellular environment may be
less permissive to astrocyte elaboration and lack instructive fac-
tors that promote growth, (3) the transplantation process itself
causes mechanical injury to mature brain tissue which is asso-
ciated with pathologic processes (i.e., neuroinflammation) that
interfere with proper astrocyte integration/maturation, hence
promoting astrocyte reactivity. Future experiments will tackle
these various issues to determine whether astrocyte integration
can be improved in the mature brain, for example, by digesting
chondroitin sulfate proteoglycans which may inhibit astrocyte
migration and growth (Milbreta et al., 2014; Warren et al., 2020).
Alternatively, inactivation of specific signaling pathways in trans-
planted astrocytes (i.e., STAT3) may also facilitate astrocyte inte-
gration and development by preventing reactivity and glial scar
formation (Wanner et al., 2013).

Astrocyte transplantation may have a variety of useful appli-
cations for understanding the properties and functions of astro-
cytes and for intervening in CNS disorders and diseases.
Given the ability of cortical astrocytes to integrate into the
developing cortex, astrocyte transplantation could be used to
assess astrocytic functions in neurodevelopmental disorders
(NDDs). Astrocytic dysfunction has been associated with
several NDDs, including autism spectrum disorders (Petrelli
et al., 2016), Down syndrome (DS; Ponroy Bally and Murai,
2021), Fragile X (Jacobs and Doering, 2010), Rett syndrome
(Jin et al., 2017), and schizophrenia (Dietz et al., 2020).
Transplanting astrocytes obtained from NDD mouse models
into wild-type mice may help characterize the specific impact
of NDD-affected astrocytes on developing neural circuits in
the brain. Indeed, studies have shown defects in astrocytic
differentiation and maturation of transplanted schizophre-
nia-associated and Down syndrome-associated human iPSC-
derived glia in the brains of immunodeficient mice (Chen et
al., 2014; Windrem et al., 2017). It is also conceivable that
early postnatal delivery of healthy astrocytes into NDD model
mice through transplantation approaches may counteract altera-
tions in brain development. Considering that excitatory/inhibitory
(E/I) synaptic balance is affected in animal models of NDDs (Del
Pino et al., 2018), astrocytes expressing exogenous glutamate/
GABA biosensors (Marvin et al., 2018, 2019) or transport-
ers may be a useful for monitoring and/or rebalancing extracel-
lular levels of excitatory and inhibitory neurotransmitters in the
brain.

Beyond NDDs, transplantation experiments into animal mod-
els of neurodegenerative diseases are likely to have important util-
ity. Studies have shown the use of transplanted cells in reversing
pathologic hallmarks associated to Alzheimer’s (Pihlaja et al.,
2008), Huntington’s (Giralt et al., 2010), and Parkinson’s disease
(Proschel et al., 2014). In these studies, mouse astrocytes or
human-derived astrocyte precursors injected into the adult rodent
brain were found to exert a neuroprotective effect (Giralt et al.,

2010; Proschel et al., 2014) and contribute to b -amyloid plaque
scavenging in Alzheimer’s disease model mice (Pihlaja et al.,
2008). However, the inefficient integration of transplanted astro-
cytes that we observed in the mature brain can potentially hinder
the beneficial effect of this approach. Additional work is needed to
improve integration of transplanted astrocytes to better under-
stand the potential of astrocyte-based cell transplantation therapies
in the mature CNS.
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