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Selective regulation of corticostriatal
synapses by astrocytic phagocytosis

Ji-young Kim 1, Hyeyeon Kim1,2, Won-Suk Chung 3 & Hyungju Park 1

In the adult brain, neural circuit homeostasis depends on the constant turnover
of synapses via astrocytic phagocytosis mechanisms. However, it remains
unclear whether this process occurs in a circuit-specific manner. Here, we reveal
that astrocytes target and eliminate specific type of excitatory synapses in the
striatum. Using model mice lacking astrocytic phagocytosis receptors in the
dorsal striatum, we found that astrocytes constantly remove corticostriatal
synapses rather than thalamostriatal synapses. This preferential elimination
suggests that astrocytes play a selective role in modulating corticostriatal
plasticity and functions via phagocytosis mechanisms. Supporting this notion,
corticostriatal long-term potentiation and the early phase of motor skill learning
are dependent on astrocytic phagocytic receptors. Together, our findings
demonstrate that astrocytes contribute to the connectivity and plasticity of the
striatal circuit by preferentially engulfing a specific subset of excitatory synap-
ses within brain regions innervated by multiple excitatory sources.

Proper synaptic connectivity is vital for normal brain functioning. A
growing body of evidence suggests that glial phagocytosis plays a
crucial role in maintaining appropriate synaptic connections1–3. In
addition to its role in refining neural circuits during development4–7,
recent studies have highlighted the direct involvement of glial synapse
reorganization in mature neural circuits8,9. This glia-mediated synapse
reorganization in the adult brain is essential for normal cognitive
functions, including learning and memory8,9.

Astrocytes, a primary type of glial cell, actively contribute to
synapse reorganization by phagocytosing target synapses via MEGF10
(multiple epidermal growth factor-like domains protein 10) and
MERTK (Mer proto-oncogene tyrosine kinase) phagocytic receptors7,9.
Apart from their involvement in the maturation of developing neural
circuits7, MEGF10/MERTK-dependent astrocytic phagocytosis also
plays an important role in maintaining hippocampal neural networks,
which are required for memory formation in the adult brain9. However,
it remains unclear whether astrocytic phagocytosis-dependent
synapse reorganization occurs uniformly across all mature neural cir-
cuits or exhibits circuit specificity.

The striatum, an important brain region governing procedural
and motor skill learning, receives multiple innervations from various

brain areas, such as the cortex and thalamus10,11. The experience-
dependent plasticity of cortico- and thalamostriatal pathways plays a
crucial role in motor learning12–15. While the thalamostriatal pathway is
involved in execution, the corticostriatal pathway is primarily involved
in motor skill learning15. The distinct roles of these pathways raise the
possibility that they are differentially modulated, with astrocytes
potentially playing a role in achieving proper functional integration.
Because of the region-specific molecular heterogeneity between hip-
pocampal and striatal astrocytes16, striatal synapses may be modulated
via different astrocytic synapse reorganization mechanisms than hip-
pocampal synapses. However, comparable expression levels of
MEGF10 and MERTK were found in both hippocampal and striatal
astrocytes16, suggesting that striatal astrocytes and hippocampal
astrocytes are regulated by the same synapse reorganization
mechanisms. Since the role of either of these two phagocytic receptors
in eliminating unnecessary striatal synapses has never been tested, we
decided to utilize a Megf10/Mertk double-knockout strategy to exam-
ine the exact contribution of astrocytic phagocytosis to striatal
functions.

In this study, we showed that astrocytic Megf10/Mertk-dependent
phagocytosis targets and reorganizes striatal excitatory synapses.
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Moreover, astrocytic synapse refinement was more frequent at corti-
costriatal synapses than at thalamostriatal synapses. These results
suggest that astrocytic phagocytosis reorganizes excitatory synapses
in a circuit-specific manner.

Results
Astrocytic MEGF10/MERTK signaling is required for the elim-
ination of excitatory synapses in the adult striatum
To test whether astrocytic phagocytosis is involved in synapse turn-
over in the adult striatum, we first examined whether striatal excitatory
or inhibitory synaptic transmission is influenced by impaired astro-
cytic phagocytosis. To efficiently inhibit astrocyte-mediated phago-
cytosis, the astrocyte phagocytosis receptors Megf10 and Mertk7,9 were
selectively deleted in striatal astrocytes using double-loxP-floxed
Megf10 and Mertk (Megf10fl/fl; Mertkfl/fl) mouse model (Depletion of
Astrocytic Phagocytosis in the Striatum; DAPS). The DAPS model was
established by injecting an adeno-associated virus (AAV) encoding
GFAP (0.7) promoter-driven Cre (AAV-GFAP0.7-EGFP-T2A-iCre) into the
dorsal striatum of Megf10fl/fl; Mertkfl/fl mice. For controls, the same mice
were injected with control AAV (AAV-GFAP0.7-EGFP) (Fig. 1a). Virus
expression was confirmed to be astrocyte-specific in both control and
DAPS groups, with a significant reduction in MEGF10 and MERTK
expression observed in the DAPS group (Supplementary Fig. 1).

Both spontaneous excitatory and inhibitory postsynaptic currents
(sEPSCs and sIPSCs) were recorded from medium spiny neurons
(MSNs) in the dorsal striatum to detect changes in excitatory and
inhibitory network activity, respectively. While no alterations were
observed in the membrane properties of MSNs in DAPS mice (Sup-
plementary Table 1), we found that the average frequency of sEPSCs in
DAPS striatal slices was significantly greater than that in control slices
(Fig. 1b, c). However, the amplitudes of sEPSCs and both the fre-
quencies and amplitudes of sIPSCs remained unchanged in the DAPS
slices (Fig. 1b–d). These results suggest that astrocytic regulation of
excitatory synaptic transmission occurs through phagocytosis
mechanisms.

Immunohistochemical analysis of striatal synapses revealed
alterations in excitatory synapses in the DAPS mouse brain slices.
When the numbers of excitatory or inhibitory synapses were measured
in the dorsal striatum of control or DAPS mice, Homer1 density did not
change (Fig. 1e, f, h). However, there was a trend toward an increase in
the number of excitatory presynaptic markers, estimated by the den-
sity of VGLUT1- and VGLUT2 in the DAPS striatum (Fig. 1g and Sup-
plementary Fig. 2a). Given that the dorsal striatum receives
glutamatergic inputs from diverse sources, such as the cortex and
thalamus10,11, we further analyzed whether striatal astrocytes selec-
tively influence and phagocytose these two types of excitatory pre-
synaptic terminals. The cortex-derived presynaptic terminals can be
visualized by VGLUT1 and thalamus-derived terminals by VGLUT217. We
counted the numbers of VGLUT1- or VGLUT2-positive excitatory
synapses from the control or DAPS dorsal striatum to determine which
subset of excitatory inputs became excessive due to the inhibition of
astrocytic phagocytosis. Although there was no change in the number
of VGLUT2- or VGLUT2+Homer1-positive synapses in the DAPS stria-
tum (Fig. 1e, f, j, l and Supplementary Fig. 2a), our results reveled a
significant increase in VGLUT1 density and VGLUT1+Homer1-positive
synapses in DAPS compared to control striatum (Fig. 1e, f, i, k and
Supplementary Fig. 2a).

Consistent with these results, the measurement of excitatory
synapse densities using another postsynaptic marker, PSD-95, indi-
cated a significant increase in the overall density of excitatory pre-
synaptic markers (VGLUT1 + VGLUT2 and VGLUT1+) in the DAPS
striatum (Supplementary Fig. 2f–h, j). The DAPS striatum also exhib-
ited a trend toward a higher number of VGLUT1 + PSD-95 excitatory
synapses, with a modest increase (P = 0.089, unpaired t-test; Supple-
mentary Fig. 2l). The densities of PSD-95 or VGLUT2- or VGLUT2 + PSD-

95-positive synapses remained unchanged in DAPS mice (Supple-
mentary Fig. 2f, g, i, k, m). Together, these results suggest that a sub-
population of excitatory synapses in the dorsal striatum, such as
corticostriatal synapses, is preferentially targeted and phagocytosed
by astrocytes.

On the other hand, the control and DAPS striatum exhibited no
differences in the numbers of both VGAT- and gephyrin-positive
puncta (Supplementary Fig. 2b–e), indicating that astrocytic phago-
cytosis has no impact on the number of inhibitory synapses. These
biased effects of astrocytic phagocytosis on excitatory synapses are
consistent with previous findings that hippocampal excitatory synap-
ses are more sensitive to astrocytic phagocytosis mechanisms than are
inhibitory synapses9.

Preferential regulation of corticostriatal synapse numbers by
astrocytic phagocytosis
To directly test the preferential phagocytosis of cortex-derived axons
over thalamus-originated axons, the amount of engulfed presynaptic
materials in the astrocytic cytoplasm was evaluated. To label cortex- or
thalamus-originating axons in the dorsal striatum, an Alexa 568-
labeled dextran tracer was injected into representative cortical or
thalamic areas innervating the dorsal striatum, such as the primary/
secondary motor cortex (M1/M2) or thalamic parafascicular nuclei/
central lateral (PF/CL), respectively (Fig. 2a and Supplementary Fig. 3).
Our results showed that the number of cortical axons engulfed was
greater than the number of thalamic axons in the control striatum
(Fig. 2d, e). However, the DAPS mouse striatum exhibited reduced
engulfment of cortical tracers, but the engulfment of thalamic tracers
was unchanged (Fig. 2b–e). Selective engulfment of astrocytic pha-
gocytosis was also demonstrated through 3-dimensional (3D) recon-
struction images (Supplementary Fig. 4). Some cortical terminals were
still engulfed despite the impairment of MEGF10/MERTK-dependent
phagocytosis, possibly because astrocytes express various mechan-
isms for engulfment beyond MEGF10/MERTK-dependent signaling,
such as AXL receptor tyrosine kinase and brain-specific angiogenesis
inhibitor-1 (BAL1)18,19.

Next, when comparing the percentage of engulfed tracers among
total M1/M2 or PF/CL-derived tracers, the DAPS mouse striatum only
showed a significant reduction in phagocytosing M1/M2-derived tra-
cers (Fig. 2f–h). Together, these data indicate that striatal astrocytes
preferentially phagocytose cortical inputs over thalamic inputs.

Preferential regulation of corticostriatal activity by astrocytic
synapse phagocytosis
Because our results showed that cortex-derived synapses were pre-
ferentially phagocytosed by striatal astrocytes (Figs. 1 and 2), we next
asked whether inhibition of astrocytic phagocytosis affects corticos-
triatal synaptic transmission. To evoke input-specific synaptic trans-
mission in the striatum, selective excitation of cortical and thalamic
presynaptic fibers was achieved by introducing AAV containing hSyn
promoter-driven Chronos (AAV-hSyn-Chronos-tdTomato) into M1/M2
and PF/CL, respectively20,21. The blue light (470 nm)-elicited excitatory
postsynaptic potentials (EPSPs) was then recorded from MSNs of
control or DAPS slices (Fig. 3a, b and Supplementary Fig. 5a).

First, we tested whether light-evoked EPSPs (optogenetic EPSPs)
represent monosynaptic and glutamatergic synaptic responses via cor-
tico- or thalamostriatal pathways (Supplementary Fig. 5). Our results
showed that cotreatment with bicuculline, 4-aminopyridine (4-AP), and
tetrodotoxin (TTX) did not affect light-evoked cortico- or thalamostriatal
EPSPs (Supplementary Fig. 5b, c), indicating that optogenetic EPSPs are
mediated by monosynaptic transmission. These optogenetic EPSPs are
also verified to be glutamatergic transmission because additional treat-
ment with D-2-amino-5-phosphonopetanoate (D-APV) and 2,3-dioxo-6-
nitro-7-sulfamoyl-benzo[f]quinoxaline (NBQX) abolished these light-
evoked EPSPs (Supplementary Fig. 5b, c).
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Under these conditions, we next elevated cortical or thalamic axon
firing by increasing the light intensity and measured the resulting EPSP
responses (Fig. 3). These manipulations resulted in an exponential
growth and saturation of optogenetic EPSP amplitudes in both the cor-
ticostriatal and thalamostriatal pathways (Fig. 3c, d, g, h). However, the
increase in corticostriatal optogenetic EPSPs was significantly delayed in

DAPS slices (Fig. 3c, d), while thalamostriatal optogenetic EPSPs were not
influenced (Fig. 3g, h). In addition, the paired-pulse ratio (PPR) at corti-
costriatal synapses was significantly increased in DAPS slices (Fig. 3e, f),
with no alterations in the thalamostriatal PPR (Fig. 3i, j), suggesting the
involvement of reduced presynaptic release in abnormal corticostriatal
activity in the DAPS mice. Consistent with the immunohistochemistry
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data (Fig. 1 and Supplementary Fig. 2), the DAPS group showed a normal
AMPA/NMDA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid/N-
methyl-D-aspartate) receptor ratio (Supplementary Fig. 6) of evoked
EPSCs, indicating that inhibition of astrocytic phagocytosis did not affect
postsynaptic functions. Together, these results support our findings that
astrocytic phagocytosis preferentially targets corticostriatal synapses in
the dorsal striatum.

Requirement of astrocytic phagocytosis for corticostriatal
synaptic plasticity
Because our data showed that astrocytic phagocytosis selectively
modulates corticostriatal synapses in the striatum, we next tested

whether N-methyl-D-aspartate (NMDA) receptor-dependent corticos-
triatal plasticity, which is essential for motor and procedural
learning15,22–25, also depends on astrocytic phagocytosis.

Corticostriatal long-term potentiation (LTP) was elicited by
illuminating theta-burst stimulation (TBS) with patterned blue light
(optogenetic TBS; see “Methods”)20 in Chronos-expressing cortical
afferents in control or DAPS slices. Consistent with a previous
report20, optogenetic TBS in control slices was sufficient for inducing
NMDAR-dependent potentiation of corticostriatal EPSPs lasting
longer than 60 min (Fig. 4a, c). However, in the DAPS slices, opto-
genetic TBS-induced corticostriatal LTP was significantly diminished
(Fig. 4a, c). These results indicate that long-term plasticity of the

Fig. 1 | Selective regulation of excitatory synapses by astrocytic MEGF10/
MERTK in the adult dorsal striatum. a Schematic diagram showing the DAPS
mouse model. b Representative traces showing spontaneous EPSCs or IPSCs
recorded from MSNs from the control and DAPS groups. Summary of frequencies
(c) or amplitudes (d) of sEPSCs and sIPSCs. The violin plots and individual dots
represent the distribution of individual cell and mouse data, respectively. Control,
n = 15 cells from 3 mice; DAPS, n = 16 cells from 3 mice for sEPSC experiments.
Control, n = 21 cells from 3 mice; DAPS, n = 17 cells from 3 mice for sIPSC analysis.
Representative confocal images depicting excitatory synapse markers in the dorsal
striatum of control (e) and DAPS (f) mice. AAV-infected astrocytes (EGFP), VGLUT1,

VGLUT2, and Homer1 are shown. Scale bars = 50 μm. Expanded views of the indi-
cated white box with yellow arrows (colocalization between VGLUT1 and Homer1)
and white arrows (colocalization between VGLUT2 and Homer1) were provided.
Scale bars = 10 μm. Summary of the particle densities of VGLUT1&2 (g), Homer1 (h),
VGLUT1 (i), VGLUT2 (j), VGLUT1+Homer1 (k), and VGLUT2+ Homer1 (l). The violin
plots and individual dots represent the distribution of individual image and mouse
data, respectively. Control, n = 80 images from 4 mice; DAPS, n = 92 images from 4
mice. Unpaired two-sided Student’s t-test. Source data are provided as a Source
Data file.
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DLS: control, n = 39 images from 3 mice; DAPS, n = 32 images from 3 mice. PF/CL-
DLS: control, n = 31 images from 3 mice; DAPS, n = 34 images from 3 mice.
f Percentages of engulfed fluorescent tracers among all cortex-derived axonal
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two-sided Student’s t-test. Source data are provided as a Source Data file.
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corticostriatal pathway depends on synapse reorganization by
astrocytic phagocytosis.

On the other hand, astrocytic phagocytosis was not involved in tha-
lamostriatal LTP because NMDAR-dependent optogenetic TBS-LTP was still

observed either from control or DAPS striatal slices expressing Chronos at
thalamic afferents (Fig. 4b, c). These results suggest that thalamostriatal
plasticity may require mechanisms other than astrocytic MEGF10/MERTK-
mediated phagocytosis for circuit connectivity and plasticity.
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Contribution of astrocytic phagocytosis-mediated synapse
turnover to motor skill learning
We next tested whether the preferential regulation of the corticos-
triatal pathway by astrocytic phagocytosis contributes to striatal
learning and memory. Control and DAPS mice were subjected to the
Rotarod test (Fig. 4d) and the serial order (SO) task (Fig. 4i), both of
which are known to depend on the corticostriatal pathway23,26.

Both control and DAPS mice showed a progressive learning curve
during the accelerated rotarod task (Fig. 4d), with 10 trials conducted
each day over a total of 5 days. Although there was no significant
difference in the overall trend of the learning curve (Fig. 4e), we found
that DAPS mice demonstrated a significantly lower performance level
of motor skill learning than control mice during the first three days
(Fig. 4f). However, DAPS mice eventually reached normal levels in the
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