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Summary

Astrocytes and microglia are emerging key regulators of activity-dependent synapse remodeling
that engulf and remove synapses in response to changes in neural activity. Yet, the degree to
which these cells communicate to coordinate this process remains an open question. Here, we
use whisker removal in postnatal mice to induce activity-dependent synapse removal in the
barrel cortex. We show that astrocytes do not engulf synapses in this paradigm. Instead,
astrocytes reduce their contact with synapses prior to microglia-mediated synapse engulfment.
We further show that reduced astrocyte-contact with synapses is dependent on microglial
CX3CL1-CX3CR1 signaling and release of Wnts from microglia following whisker removal.
These results demonstrate an activity-dependent mechanism by which microglia instruct
astrocyte-synapse interactions, which then provides a permissive environment for microglia to
remove synapses. We further show that this mechanism is critical to remodel synapses in a

changing sensory environment and this signaling is upregulated in several disease contexts.
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Introduction

Microglia and astrocytes are now appreciated as key regulators of activity-dependent
synapse remodeling in the developing brain. In the developing retinogeniculate circuit, microglia
and astrocytes engulf and remove synapses from less active neurons.' In the cortex, spinal
cord, and thalamus, IL-33 from astrocytes has been shown to stimulate microglial synaptic
pruning.*® Still, it remains unknown if neural activity can regulate this glial cell cross talk to
regulate synapse remodeling and it is unknown if and how microglia signal to astrocytes to

coordinate this process.

The somatosensory system is widely used to study activity-dependent synaptic
remodeling.”® In humans, loss of sensory input (e.g. amputation) leads to a reduction in the
cortical representation of the affected region.® Similarly, in rodents, removal of sensory input
(e.g. vision, hearing, somatosensation) leads to remodeling of this representation in the CNS.
This includes trimming, plucking or cauterizing whiskers, which can lead to remodeling of
synaptic connections in a region of the somatosensory cortex called the barrel cortex. In the
rodent barrel cortex, it is known that removal of whiskers during a critical window in postnatal
development (postnatal day 1-3; P1-P3) results in a failure of thalamocortical synapses to form
an appropriate synaptic representation of the whiskers on the snout.'%'? We have since shown
that after this critical window, whisker removal by cauterization or trimming in postnatal day 4
(P4) mice elicits removal of previously formed layer IV thalamocortical (TC) synapses by
phagocytic microglia.”™ Unlike in the visual thalamus,?® this engulfment of presynaptic terminals
by microglia was not dependent on complement receptor 3. Instead, microglia-mediated
synapse removal was mediated by neuronal fractalkine (CX3CL1)-microglial fractalkine receptor
(CX3CR1) signaling. In mice deficient in CX3CL1 or CX3CR1, whisker lesioning by
cauterization in P4 mice no longer induced TC synapse elimination in the corresponding barrel

cortex. Earlier work demonstrated that deficient CX3CR1 signaling in microglia affects microglia-
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mediated synapse pruning and maturation,’*'” however CX3CR1 is a G-protein coupled
receptor (GPCR), not an engulfment receptor, and the mechanism by which this receptor

regulates microglia function at synapses remained unknown.

Here, we find that whisker lesioning in postnatal mice, which induces microglia to engulf
and remove synapses, does not induce astrocyte engulfment of TC synapses. Instead,
astrocyte processes decrease their physical association with synapses as microglia begin to
engulf and remove synapses. We then identify that this reduction in astrocyte process coverage
of synapses is dependent on microglial CX3CL1-CX3CR1 signaling upstream of Wnt release
from microglia and activation of Wnt receptor signaling in astrocytes. Genetic ablation of
CX3CL1-CX3CR1 signaling or microglial Wnt release results in a failure of astrocytes to
upregulate Wnt receptor signaling and reduce their contact with TC synapses following whisker
lesioning, as well as inhibition of TC synapse removal by microglia. We further identify that
transcriptional activation of Wnt receptor signaling in astrocytes is common across multiple
neuroinflammatory and neurodegenerative conditions where synapse loss is a hallmark feature.
These results identify a mechanism by which microglia and astrocytes communicate to
coordinate synapse remodeling in response to changes in neural activity in the developing
brain. In the process, we also identify a previously unidentified mechanism by which CX3CL1-
CX3CR1 signaling regulates microglia-mediated synapse remodeling via Wnt release, which

has relevance to multiple neurological diseases.

Results

Astrocytes decrease their association with thalamocortical synapses following whisker

lesioning
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Our previous work showed that microglia engulf thalamocortical (TC) presynaptic inputs
in the postnatal barrel cortex in response to whisker lesioning.’® As astrocytes have also been
shown to engulf synapses in other brain regions,” we first assessed whether astrocytes were
similarly engulfing these TC inputs in this paradigm. All whiskers were lesioned by cauterization
on one side of the P4 mouse snout such that each animal had its own internal control (intact
whiskers on the other side of the snout) (Figure 1A). Importantly, P4 is after the closure of the
more stereotypical barrel cortex critical window in which whisker removal prevents the normal
initial wiring of the somatotopic synaptic map.'®'2 In agreement with our previous work, ' within
6 days of P4 whisker lesioning, vesicular glutamate transporter 2 (VGIuT2)" TC presynaptic
terminals within layer IV of the barrel cortex were reduced (Figure 1B-C). There was also a
concomitant increase in engulfed VGIuT2* material within microglial lysosomes within 5 days of
whisker lesioning (Figure S1A-B). In contrast, there was no significant increase in engulfed

VGIuT2* material within astrocytes lysosomes (Figure 1D-F).

Astrocytes are known to have an extensive network of fine processes which closely
associate with neuronal synapses. We therefore assessed whether astrocyte process proximity
to synapses, versus engulfment, could instead be impacted by whisker lesioning. To assess the
apposition of astrocyte processes to synapses in greater detail, we generated transgenic mice
in which astrocytes were labeled with membrane-bound GFP (mGFP) (Aldh1/1°ER",;
Rosa26™™%*) (Figure S1C-E)."®'® To enhance the imaging resolution of these mGFP* fine
astrocytic processes, we used expansion microscopy (Figure S1F). On average, we achieved a
4-fold expansion of the tissue (Figure S1G), thereby providing a 4-fold increase in resolution.
We first assessed the degree of astrocyte process contact with synapses in the barrel cortex of
Aldh111°°ER*, Rosa26™ ™% mice at 4 days after whisker lesioning (lesioning at P4 and
assessment at P8) in expanded tissue (Figure 1G-l). Compared to the control hemisphere, the

average distance between a VGIuT2* TC presynaptic terminal and its nearest astrocyte process
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(nearest neighbor distance, NND) was increased (Figure 1H-K) and the percentage of VGIuT2*
synapses contacted by astrocytes was decreased in the deprived hemisphere (Figure 1L). We
further confirmed these findings using electron microscopy (Figure 1M-P). This was concomitant
with a reduction in astrocyte process density (Figure S1H-1) with no change in total astrocyte
numbers in layer IV of the barrel cortex (Figure S1J-K). These data demonstrate that astrocytes
in the barrel cortex do not engulf synapses but rather respond to whisker lesioning by reducing

their physical interaction with synapses just prior to microglia-mediated synapse removal.

Decreased association of astrocyte processes with thalamocortical synapses is CX3CL1-

dependent

We next sought to test whether decreased astrocyte-synapse interactions following
whisker lesioning required signaling from microglia. We previously found that neuronal CX3CL1
signaling to microglial CX3CR1 was critical for microglia to engulf and remove synapses.'®
CX3CLA1 is the only known in vivo ligand of CX3CR1, which is a receptor exclusively expressed
by microglia and other myeloid-derived cells in the brain at P4. However, CX3CR1 is not an
engulfment receptor. Instead, it is a G-protein coupled chemokine receptor. We previously
showed that loss of CX3CR1 or CX3CL1 had no effect on the number of microglia in the barrel
cortex following whisker lesioning, but it did block microglia-mediated engulfment and removal
of TC synapses.'® We reasoned that there could be signaling downstream of CX3CL1-CX3CR1
that could modulate communication between microglia and astrocytes to influence synapse
remodeling (Figure 2A). Because CX3CR1-deficient mice (Cx3cr1”; also referred to as
Cx3cr1ECGFPEGFPY20 gre engineered to express GFP in microglia, which would overlap with mGFP
signal in astrocytes in Aldh1/1°°ER”*: Rosa26™ ™" mice, we tested this possibility in mice
deficient in the ligand CX3CL1 (Cx3c/17).2" Consistent with CX3CL1-CX3CR1 signaling in
microglia being upstream of changes in astrocyte-synapse interactions following whisker
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lesioning, we first found astrocytes no longer decreased their process density in response to P4
whisker lesioning in CX3CL1-deficient mice (Cx3cl1”; Aldh1/1°**, Rosa26™™%* mice) (Figure
2B-C). Similarly, astrocytes no longer decreased their association with TC synapses in the
barrel cortex in CX3CL1-deficient mice (Figure 2D-F). As CX3CL1 is highly selective for
CX3CR1 on microglia, these experiments suggest that decreased astrocyte-synapse
association after whisker lesioning is due to CX3CL1-CX3CR1-dependent microglial signaling
prior to synapse engulfment. They further suggest that there is a CX3CL1-CX3CR1-dependent
signal from microglia that elicits astrocyte process remodeling following whisker lesioning in

neonates.

Whisker lesioning induces Wnt receptor signaling in astrocytes

To interrogate putative CX3CL1-CX3CR1-dependent microglia-to-astrocyte signaling
following whisker lesioning, we performed cell type-specific translating ribosome affinity
purification followed by bulk RNA sequencing (TRAP-Seq). For these experiments, astrocyte

1ECFPL10a" mice?? (Figure 3A) and microglial

ribosomes were labeled using transgenic Aldh1/
ribosomes were labeled using Cx3cr1CeER* Lt)- FofigqSLECFPL10a mjce?d (Figure 3B). Then, 24
hours after unilateral whisker lesioning in P4 mice, the deprived and non-deprived barrel
cortices were micro-dissected and GFP-tagged ribosomes were immunoprecipitated with a GFP
antibody followed by RNA-seq. As a quality control, we insured that cell-type specific genes for
microglia and astrocytes were highly enriched in the TRAP-bound RNA versus the unbound
fraction and we confirmed that genes for other brain cell types were not enriched (Figure S2).
Comparing the deprived and non-deprived cortices, we identified 147 genes that were
upregulated and 39 genes that were downregulated in astrocyte TRAP-bound RNA in the
deprived barrel cortex (Figure 3C), as well as 471 genes that were upregulated and 156 genes

that were downregulated in microglia TRAP-bound RNA in the deprived barrel cortex (Figure
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3D). To identify potential signaling pathways upstream of the astrocyte transcriptional changes,
we performed Ingenuity Pathway Analysis (IPA) of higher order root regulators (Figure 3E) and
direct upstream regulators (Figure 3F). IPA identified many regulators related to the canonical
Whnt signaling pathway including B-catenin (CTNNB1) and its co-activated transcription factors
T-cell factor/lymphoid enhancer factor (TCF/LEF). We then used NicheNet?* to perform ligand-
receptor analysis between microglia and astrocytes (Figure 3G). For this analysis, we took all
ligand-receptor pairs that are expressed in microglia and astrocytes independent of whisker
lesioning and probed which microglia ligands have the strongest regulatory association with the
genes that are transcriptionally increased or decreased in astrocytes following whisker
lesioning. Similar to IPA, several microglia-derived Wnt ligands were identified among the top
putative ligand-receptor interactions (Figure 3H). These data suggest that microglia-released
Whnts may induce transcriptional changes observed in astrocytes after whisker lesioning.
Interestingly, when we compared our astrocyte sequencing results to published astrocyte
TRAP-Seq datasets from other conditions in which changes in astrocyte association with
synapses, microglial synapse engulfment, and decreases in synapses have been documented
(day vs. night, aging, Alzheimer’s disease, etc.)?>?° we found similar evidence of astrocyte Wnt
receptor signaling by NicheNet (Figure 3I-J). These data support that Wnt signaling in
astrocytes could be a more generalized mechanism involved in regulating microglia-astrocyte

crosstalk and synapse remodeling.

Increased Wnt receptor signaling in layer IV astrocytes is CX3CL1/CX3CR1-dependent

Using the barrel cortex whisker lesioning paradigm, we next sought to validate our
findings of Wnt receptor activation in astrocytes. Two of the major Wnt signaling-related root
regulators in astrocytes identified by IPA were B-catenin and TCF/LEF. Upon binding of Wnt
ligand to its receptors on the plasma membrane, B-catenin translocates to the nucleus and

8
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subsequently induces TCF/LEF-mediated transcriptional regulation of Wnt-responsive genes
(Figure 4A). To test whether whisker lesioning induces TCF/LEF activity in astrocytes, we used
the TCF/Lef:H2B-GFP reporter mouse line in which activation of a multimerized TCF/LEF
response element drives expression of nuclear GFP (Figure 4B).%° Using immunofluorescence
confocal microscopy, we confirmed canonical Wnt signaling induction in layer IV astrocytes
(identified by SOX9* nuclei) at 24 hours following P4 whisker lesioning as indicated by a
significant increase in TCF/Lef:H2B-GFP reporter intensity in the deprived barrel cortex (Figure
4C-D). Interestingly, we also observed TCF/Lef:H2B-GFP signal in non-astrocytes. However
this signal may have been due to the use of an artificial multimerized TCF reporter line.?' We,
therefore, also performed immunostaining for B-catenin and analyzed levels of B-catenin in
nuclei, similar to previous studies®? (Figure 4E). In agreement with our results from
TCF/Lef:H2B-GFP reporter mice, anti-B-catenin immunofluorescence was increased in the
nuclei of astrocytes in the deprived barrel cortex (Figure 4F-G). Importantly, this induction of
canonical Wnt signling in wild-type mice appeared to be astrocyte specific as indicated by
increased nuclear B-catenin in nuclei co-labeled with the astrocyte nuclear marker SOX9, but no
increase in nuclear B-catenin in non-astrocyte, SOX9-negative nuclei in the deprived barrel

cortex after whisker lesioning (Figure 4F, H).

Using these same assays, we also tested whether Wnt receptor activation in astrocytes
is dependent on CX3CL1/CX3CR1 signaling. Because Cx3cr1” mice also express GFP, we
analyzed TCF/Lef-H2B-GFP reporter activity in Cx3c/1” mice crossed with TCF/Lef:H2B-GFP
mice and found that the increase in reporter activity in astrocytes following whisker lesioning
was abolished in these knockout mice (Figure 4C-D). We further assessed the role of the
receptor CX3CR1 by measuring levels of nuclear astrocytic B-catenin in Cx3cr1”
(Cx3cr1ECFPECFP) mice. Similar to Cx3c/1”” mice, induction of nuclear B-catenin in astrocytes was

blocked in Cx3cr1” mice following whisker lesioning (Figure 4F-G). Together, these data
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demonstrate that whisker lesioning in P4 mice induces upregulation of canonical Wnt signaling
specifically in layer IV astrocytes within the barrel cortex. These data further demonstrate that
Whnt signaling in astrocytes is induced in a microglial CX3CL1-CX3CR1 signaling-dependent

manner.

Microglial Wnt release is required to induce decreased astrocyte-synapse interactions

and synapse remodeling

Our data demonstrate that CX3CL1-CX3CR1 signaling is critical to induce Wnt receptor
signaling in astrocytes and to induce astrocytes to reduce their contact with synapses in
response to whisker lesioning in P4 mice. However, it was unclear if microglial Wnt release was
necessary for astrocytes to alter their synaptic contacts or if a different CX3CL1-CX3CR1-
dependent signal caused the astrocyte process retraction in parallel. To directly interrogate
these possibilities, we leveraged pharmacological and cell type-specific molecular approaches.
To genetically block Wnt release from microglia we leveraged mice harboring floxed alleles of
wntless (WIs),*® which is required for trafficking and secretion of Wnt proteins from cells (Figure
5A).343¢ Given the narrow time window for our experiments, gene deletion approaches using the
inducible form of CreER in microglia®” were not compatible with our experiments. Therefore, we
chose to specifically ablate Wis in microglia using a BAC transgenic Cx3cr1°™ line,*%% in which
Cx3cr1°™ is randomly inserted into the genome such that endogenous Cx3cr1 expression is not
impacted. We refer to these mice as Wis™; Cx3cr1°® (WLS cKO) mice (Figure 5B). We note
that, in addition to microglia, CX3CR1 is also expressed by other brain border macrophages and
peripheral immune cells at this age. However, our analyses are all performed in the brain
parenchyma within the barrel cortex. In this region and context, microglia are the only CX3CR1
expressing cells. Deletion of Wis specifically in microglia at this age was confirmed by in situ
hybridization (Figure S3). We then assessed synapse remodeling following whisker lesioning at

10
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P4 and we found that preventing Wnt release from microglia was sufficient to block loss of
VGIuT2" TC presynaptic terminals in layer IV in the deprived hemisphere at 6 days post-
lesioning (Figure 5C-D). Importantly, this phenotype was also found in postnatal mice treated
daily from P3-P9 with XAV939,%° a brain-permeable pharmacological inhibitor of canonical Wnt

signaling (Figure S4).

We next assessed microglia and astrocyte interactions with synapses. We first found
that microglial engulfment of VGIuT2* synaptic material was blocked in WLS cKO mice at 5
days post-lesioning (Figure 5E-F). We then assessed astrocytes. For these experiments, WLS
cKO mice were intracerebroventricularly injected at P1 with PHP.eB::GfaABC1D-Ick-smV5-4x6T
adeno-associated virus (AAV)*' to label astrocytes with membrane bound smV5 (Figure S5A-
C). In WLS cKO mice, there was no longer a change in astrocyte process density (Figure S5D-
F) or astrocyte association with synapses (Figure 5G-J) in layer IV of the barrel cortex at 4 days
after whisker lesioning. Together, these data show that microglial Wnt release is sufficient to
induce astrocyte process retraction, microglial synapse engulfment, and TC input elimination in
response to whisker lesioning. Furthermore, in conjunction with our previous data showing that
astrocyte Wnt receptor signaling and astrocyte process retraction are dependent on CX3CL1-
CX3CR1 signaling, they suggest that activation of CX3CR1 in microglia leads to synapse

elimination by regulating Wnt production and/or release from microglia to astrocytes.

Discussion

It is becoming increasingly appreciated that both microglia and astrocytes can carry out
synapse engulfment and pruning in the developing brain.” In some cases, this is within the same
brain region.? This begs the question of whether these two cell types are communicating to carry

out this critical function for sculpting and remodeling neural circuits. Here, we show that

11


https://doi.org/10.1101/2024.02.08.579178
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.08.579178; this version posted February 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

microglia communicate directly with astrocytes through Wnt release to stimulate astrocytes to
remodel their processes and subsequently permit microglia-mediated synapse removal. In
addition, numerous studies have shown a role for CX3CL1-CX3CR1 signaling in microglia-
mediated regulation of synapses,''” but mechanisms downstream of this ligand-receptor
signaling have remained elusive. Our study provides insight into how CX3CL1-CX3CR1
signaling is regulating microglia-mediated synapse remodeling. In this context, CX3CL1-
CX3CR1 activation does not induce classical chemokine signaling but instead engages activity-
dependent microglia-to-astrocyte communication via Wnts prior to microglia-mediated synapse
engulfment. Wnt release from microglia engages astrocytes to then redistribute their processes
further away from synapses, which is subsequently permissive for microglia to engulf and

remove synapses.

Previously, it has been shown that both microglia and astrocytes can similarly engulf and
remove synapses. However, it has been unclear to what extent there is coordination between
these two cell types. In the mouse cortex, it has been shown that microglia and astrocytes
engulf separate domains of the cell during apoptotic cell death with microglia engulfing the cell
body while the astrocytes engulf the processes.*? Also, in the mouse spinal cord and thalamus,
astrocyte secretion of IL-33 stimulates microglia to upregulate phagocytic pathways to engulf
and remove synapses.*® These studies indicate intercellular crosstalk between astrocytes and
microglia occurs to coordinate synapse engulfment. However, the “eat-me” signals thought to
tag synapses for elimination (e.g. C1q and Gas6) can be bound by phagocytic receptors
expressed by both cell types, astrocytes via MERTK and MEGF10 and microglia via C3R,
suggesting the potential for competition. Also, in disease contexts, several examples of
microglia-astrocyte crosstalk have been identified.** For example, in a mouse model of
neuroinflammatory neurodegeneration, TGFa and VEGF-B produced by microglia bind

respectively to ErbB1 and FLT1 in astrocytes and modulate astrocytes.** Nevertheless, during
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physiological settings, it remains unclear if microglia can communicate with astrocytes to
regulate synapse remodeling and whether this crosstalk is activity-dependent. Here, we show
that CX3CR1-dependent Wnt release from microglia is an activity-dependent mechanism by

which microglia signal to astrocytes to facilitate synapse removal by microglia.

In the current study, we identified that Wnt release from microglia induced Wnt receptor
signaling in astrocytes to induce astrocyte process remodeling away from synapses. Wnt
signaling is a known regulator of cell morphology and the actin cytoskeleton, including in
astrocytes.3? Although not directly tested, we suspect that the reduction in astrocyte-synapse
interactions is caused by Wnt receptor signaling induced changes in the astrocyte actin
cytoskeleton, which then leads to decreased astrocyte process density and reduced contact
with synapses. The precise Wnt(s) released by microglia and how CX3CR1 signaling regulates
this release also remain open questions. One possibility is through Ca?*dependent Wnt release
from microglia downstream of CX3CR1 activation. CX3CR1 is a GPCR coupled to Gi and Gz
proteins, which can induce release of Ca?* from internal stores.*® It is possible that Wnt release
from microglia is Ca?* dependent. Also, it is noted that in addition to microglia, CX3CR1 is also
expressed by brain border macrophages and peripheral immune cells. In disease contexts,
peripheral-derived macrophages can communicate with astrocytes.*® However, in the context of
layer IV of the developing barrel cortex where the blood brain barrier is intact, microglia are the
only source of CX3CR1. Thus, our results are most consistent with a microglia-dependent

mechanism.

Our observation that astrocytes decrease contact with synapses prior to their removal by
microglia suggests that reduced astrocyte-synapse contact is permissive for microglia-mediated
synapse removal. However, there are multiple potential mechanisms by which reduced
astrocyte-synapse contact could facilitate microglia-mediated synapse removal. One possibility

is that astrocytes might physically shield synapses from removal. Microglia are known to remove
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specific subsets of synapses by recognizing “eat-me” signals such as C1q and/or phosphatidyl
serine that “tag” synapses for removal,’ requiring direct contact between microglia and
synapses for their removal. Reductions in astrocyte-synapse contact could allow for increased
contact between microglia and synapses, allowing greater access to these “eat me” signals.
Astrocyte perisynaptic processes also perform important metabolic, trophic, and signaling
functions,*” which are likely altered as astrocyte-synapse contact is reduced. Synapses without
astrocyte contact might have long term depression, reduced synapse stability, or impaired
synapse maturation, leading to their weakening and eventual removal by microglia. Indeed, one
study genetically reduced astrocyte-synapse contacts via CRISPR/Cas9 depletion of ezrin in
astrocytes.*® This manipulation led to increased glutamate spillover and increased NMDA
receptor activation in the hippocampus, reinforcing the link between astrocyte-synapse contact
and synaptic function. Importantly, these two alternatives are not mutually exclusive. Reduced
astrocyte-synapse contact could weaken synapses, leading to increased surface-tagging of
synapses with “eat me” signals while also allowing microglia greater access to contact and

remove synapses.

Due its accessibility and the wealth of knowledge on its circuit function and development,
the barrel cortex is an ideal circuit to work out cellular/molecular mechanisms of synapse
remodeling.” Using this circuit, we uncovered the involvement of microglia-astrocyte Wnt
signaling and the retraction of astrocyte processes from synapses in the regulation of microglia-
mediated synapse remodeling in response to changes in neuronal activity. One intriguing
possibility is that this could be a broader mechanism by which microglia and astrocytes
coordinate to remove synapses in health and disease. Indeed, by comparing our results to other
transcriptomic studies in astrocytes, we found evidence that Wnt receptor signaling is activated
in astrocytes in other contexts such as Alzheimer’s disease and epilepsy in which synapse loss

and astrocyte morphological changes are known to occur. These data match a recent
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comparison of reactive astrocytes showing that $-catenin, the main effector of the Wnt signaling
pathway, is among the core transcriptional regulators of astrocyte reactivity shared across
divergent conditions.*® Also, among the defining features of reactive astrocytes are
morphological changes,® which may affect their association with synapses. Further evidence of
the broad applicability of our findings is that WLS, the gene required for Wnt secretion, is among
the genes most significantly reduced in microglia in human patients with Autism spectrum
disorder®’ and that the Wnt signaling pathway is a target for neuropsychiatric drugs including
lithium, Ritalin, fluoxetine, and clozapine.%?%® Evidence from mouse models also indicates that
Whnt ligand expression in microglia can be affected by early life inflammatory insults, another key
risk factor for neuropsychiatric disorders.®* Thus, microglia-astrocyte Wnt signaling may play an
overlooked role in these disorders. Finally, under physiological conditions such as during sleep
or learning and memory tasks, electron microscopy studies have shown that astrocytes change
their association with synapses concomitant with changes in synapse numbers?%48:555 gnd
during in vivo time lapse imaging experiments, astrocyte-synapse coverage is predictive of
synapse stability.*’ It is, thus, possible that Wnt-dependent microglia-astrocyte interactions also

regulate synapse remodeling in these contexts.

In summary, our findings provide deep mechanistic insight into how CX3CR1-activation
leads to synapse removal by microglia via Wnt signaling. We further provide data that supports
astrocyte process rearrangement away from synapses as a key step in permitting microglia to
engulf and remove synapses following sensory deprivation. Reductions in astrocyte-synapse
interactions could facilitate microglial synapse removal by increasing synaptic accessibility to
microglia and/or weakening synaptic strength to facilitate engulfment of weak synapses by
microglia. Our data further show that Wnt receptor signaling in astrocytes occurs in a broad
range of physiological disease conditions where changes in astrocyte morphology and synapse

elimination have been documented. Further studies will be needed to test how and in which
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contexts changes in astrocyte-synapse contacts are induced by microglia-mediated release of

Whnts, leading to subsequent synapse removal by microglia.
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Figure Legends

Figure 1. Astrocytes decrease their association with thalamocortical synapses following

whisker lesioning

(A) Diagram of experimental protocol used to assess remodeling of thalamocortical synaptic
terminals in wild-type mice at 6 days after unilateral whisker lesioning.

(B) Representative fluorescent images of anti-VGIuT2* thalamocortical synaptic terminals in
layer IV of the barrel cortex in the control and deprived hemispheres at 6 days post-
lesioning. Scale bars 10 um.

(C) Quantification of the density of anti-VGIuT2* thalamocortical synaptic terminals in layer
IV of the barrel cortex at 6 days post-lesioning shows reduced density in the deprived
hemisphere (hem) compared to the control hem (Ratio paired t test: n = 5 mice. * p <
0.05).

(D) Diagram of experimental protocol used to assess astrocyte engulfment of

thalamocortical synaptic terminals in Aldh1/156FPEGFP

mice at 5 days after unilateral
whisker lesioning.

(E) Representative max intensity projections of anti-VGIluT2* thalamocortical synaptic
terminals (red), anti-LAMP2* lysosomes (cyan), and Aldh1/156FPECFP gstrocytes
immunolabeled with anti-GFP (green) in layer IV of the barrel cortex in control (top left;
inset top middle) and deprived (bottom left) hems at 5 days post-lesioning.
Representative Imaris surface reconstructions of anti-VGIuT2* synaptic material (red)
contained within anti-LAMP2* lysosomes (cyan) inside Aldh1/1E6FECFP gstrocytes
immunolabeled with anti-GFP (green) in control (top right) and deprived (bottom middle)

hems. Arrows indicate examples of VGIuT2* synaptic material contained within LAMP2*

astrocyte lysosomes. Scale bars 5 pm.
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(F) Quantification of anti-VGIuT2* synaptic material within astrocyte lysosomes at 5 days
after whisker lesioning does not show a difference between the deprived hem and the
control hem of the barrel cortex (Ratio paired t test: n = 5 mice).

(G) Diagram of experimental protocol used for expansion microscopy analysis of
Aldh1/1°*ER™. Rosa26™ ™% mice at 4 days after unilateral whisker lesioning.

(H) Diagram of the distances between a given synapse (dark red) and the nearest astrocyte
processes (green), the shortest of which (blue) is considered the nearest neighbor
distance.

() Representative immunofluorescent images of layer IV barrel cortex brain sections from a
Aldh111°*E**. Rosa26™™%* mouse, immunolabeled with anti-VGIuT2 to label
thalamocortical synapses (red) and anti-GFP to label astrocyte membranes (green). The
left image shows the tissue before gel-embedding for expansion microscopy (pre-
expansion) and the right image shows the tissue after ~4-fold expansion for expansion
microscopy. Asterisks (*) indicate synapses contacted by astrocytes. For synapses
without direct contact, a dashed line (---) is drawn between the synapse and the nearest
astrocyte to indicate the nearest neighbor distance (NND). Scale bars 20 um (not
adjusted by expansion index).

(J) Representative Imaris surface reconstructions of expansion microscopy z-stack images
from layer IV barrel cortex from the control and deprived hemispheres of Aldh1/1¢ER".
Rosa26™™%"* mice at 4 days after unilateral whisker lesioning. Anti-VGIuT2*
thalamocortical synaptic terminals are pseudo-colored by the nearest neighbor distance
(NND:; corrected for expansion index) to the nearest astrocyte process. Anti-VGIluT2*
surfaces with NND of 0 are considered “contacted” and are shown in transparent black.
Insets show anti-GFP* astrocytes (green) and anti-VGIuT2* thalamocortical synaptic

terminals (red). Scale bars 2 um (corrected for expansion index).
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(K) Quantification of the mean synapse-astrocyte NND in expansion microscopy images of
layer IV of the barrel cortex of Aldh1/1°°ER*. Rosa26™™%* mice at 4 days after unilateral
whisker lesioning shows increased NND in the deprived hem compared to the control
hem (Ratio paired t test: n = 5 mice. * p < 0.05).

(L) Quantification of the percentage of synapses contacted by astrocytes in expansion
microscopy images of layer IV of the barrel cortex of Aldh1/1°*ER**. Rosa26™ ™" mice at
4 days after unilateral whisker lesioning shows a reduced contact percentage in the
deprived hem compared to the control hem (Ratio paired t test: n = 5 mice. * p < 0.05).

(M) Diagram of experimental protocol used for electron microscopy analysis of Rosa26™ ¢
mice at 4 days after unilateral whisker lesioning.

(N) Representative electron microscopy images of synapses (pseudocolored red and yellow)
and astrocytes (pseudocolored blue) in the control and deprived hems. Scale bars 1 pm.

(O) Quantification of the mean synapse-astrocyte NND in electron microscopy images of
layer IV of the barrel cortex at 4 days after unilateral whisker lesioning shows increased
NND in the deprived hem compared to the control hem (Ratio paired t test: n = 4 mice. *
p < 0.05).

(P) Quantification of the percentage of synapses contacted by astrocytes in electron
microscopy images of layer IV of the barrel cortex at 4 days after unilateral whisker
lesioning shows a reduced contact percentage in the deprived hem compared to the

control hem (Ratio paired t test: n = 4 mice. * p < 0.05).

All data are presented as mean + SEM. See also Figure S1.
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Figure 2: Decreased association of astrocyte processes with thalamocortical synapses is

CX3CL1-dependent

(A) Schematic of potential astrocyte signaling mechanisms after sensory deprivation:
CX3CL1-dependent microglia-astrocyte signaling and CX3CL1-independent neuron-
astrocyte signaling.

(B) Top: Representative fluorescent images of expanded layer IV barrel cortex brain
sections from Aldh1/1°*ER”*. Rosa26™™¢"*: Cx3cl1”" mice collected 4 days after unilateral
whisker lesioning. Sections from the control and deprived hemispheres are labeled with
anti-GFP to identify astrocyte processes. Scale bars 5 um (corrected for expansion
index). Bottom: diagram of experimental protocol used for expansion microscopy
analysis of Aldh1/1°*ER*. Rosa26™™%"*; Cx3cl1”" mice at 4 days after unilateral whisker
lesioning.

(C) Quantification of astrocyte process density in layer IV of the barrel cortex at 4 days after
whisker lesioning does not show differences between the deprived and control
hemispheres (hem) (Ratio paired t test: n = 4 mice).

(D) Representative Imaris surface reconstructions of anti-VGIuT2* thalamocortical synaptic
terminals in layer IV barrel cortex from the control and deprived hemispheres of
Aldh1/1°*ER™. Rosa26™™%"*; Cx3cl1”" mice at 4 days after unilateral whisker lesioning.
Top: anti-GFP* astrocytes (green) and anti-VGIuT2* thalamocortical synaptic terminals
(red). Bottom: anti-VGIuT2* thalamocortical synaptic terminals pseudo-colored by the
nearest neighbor distance (NND; corrected for expansion index) to the nearest astrocyte
process. Anti-VGIuT2* surfaces with NND of 0 are considered “contacted” and are
shown in transparent black. Scale bars 2 um (corrected for expansion index).

(E) Quantification of the mean synapse-astrocyte NND in layer IV of the barrel cortex of

Aldh111°ER*. Rosa26™™*: Cx3cl1” mice at 4 days after unilateral whisker lesioning
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does not show a difference in NND between deprived and control hems (Ratio paired t
test: n = 4 mice).

(F) Quantification of the percentage of synapses contacted by astrocytes in layer IV of the
barrel cortex of Aldh1/1°°c”*. Rosa26™™¢*: Cx3cl1” mice at 4 days after unilateral
whisker lesioning does not show a difference in the contact percentage between the

deprived and control hems (Ratio paired t test: n = 4 mice).

All data are presented as mean + SEM.
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Figure 3. Whisker lesioning induces Wnt signaling in astrocytes

(A-B) Diagram of experimental protocol used for TRAP-Seq analysis of ribosome-bound RNA
from (A) astrocytes and (B) microglia isolated from the control and deprived
hemispheres (hem) of the primary somatosensory cortex at 24 hours after unilateral

whisker lesioning.

(C-D) Volcano plots of changes in gene expression in (C) astrocytes and (D) microglia in the
deprived hem vs. the control hem of the barrel cortex at 24 hours after whisker lesioning.
Plots include all genes with significant enrichment in the TRAP-enriched fraction vs. the
unbound fraction. Genes with |fold-change| > 1.2 and p-value < 0.05 are considered
differentially expressed genes (DEGs) for downstream analyses. DEGs increased in the

deprived hem are colored red and DEGs decreased in the deprived hem are colored

blue.

(E-F) Ingenuity pathway analysis (IPA) of (E) root regulators and (F) upstream regulators for
DEGs in deprived hem astrocytes. Bars indicate the activation z-score and red dots
indicate the p-value of activation score. Root and upstream regulators involved in the

Whnt signaling pathway are bolded and highlighted in blue.

(G) Graphical overview of NicheNet ligand-receptor analysis of microglia signaling to
astrocytes after whisker lesioning. TRAP-Seq data was used for the analysis, selecting
potential ligands from the list of microglia-enriched genes, potential receptors from the
list of astrocyte-enriched genes, and target genes from the list of astrocyte DEGs.

(H) Plot of gene enrichment in microglia vs. the NicheNet predicted ligand activity for the top
20 ligands predicted by NicheNet. Wnt ligands are bolded and highlighted in blue.

(I) Graphical overview of NicheNet ligand-receptor analysis of public astrocyte TRAP-Seq

datasets. For the analysis, all ligands in the NicheNet database were used (not restricted
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by cell-type), receptors were selected from the list of astrocyte-enriched genes within
each dataset, and astrocyte DEGs were used as the target genes.

(J) Heatmap showing the rank of the predicted ligand activity of Wnt ligands in different
astrocyte TRAP-Seq datasets. Superscripts indicate the reference numbers listed in the

main text.

See also Figure S2.

24


https://doi.org/10.1101/2024.02.08.579178
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.08.579178; this version posted February 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Figure 4. Increased Wnt receptor signaling in layer IV astrocytes is CX3CL1/CX3CR1-

dependent

(A) Diagram of the canonical Wnt siganling pathway in which secreted Wnt ligands bind to
frizzled and LRP5/6 receptors on the receiving cell, leading to accumulation of 3-catenin
in the nucleus and activation of TCF/LEF transcription factors.

(B) Diagram of experimental protocol used to assess the activity of TCF/LEF transcription
factors at 24 hours after whisker lesioning in TCF/Lef:H2B-GFP reporter mice.

(C) Representative fluorescent images of brain sections containing layer IV of the barrel
cortex from deprived and control hemispheres (hem) of wild-type and Cx3c/1”- mice at
24 hours after whisker lesioning. Sections were immunolabeled with anti-GFP (green) to
assess the activity of the Wnt signaling reporter TCF/Lef:H2B-GFP, DAPI (blue) to label
nuclei, and anti-SOX9 (red) to label astrocyte nuclei. The right-most panels show anti-
GFP immunofluorescence, representing TCF/Lef:H2B-GFP, colocalized with astrocytes
(overlapping with anti-SOX9) and with non-astrocytes (overlapping with DAPI but not
anti-SOX9). Insets depict SOX9* astrocyte nuclei, indicated by white dotted outlines.
Scale bars 10 pm.

(D) Quantification of the average TCF/Lef:H2B-GFP mean fluorescence intensity (MFI) in
SOX9* astrocytes shows increased Wnt signaling reporter activity in the deprived hem of
wild-type mice, but no difference in Cx3cl1” mice (Repeated measures 2-way ANOVA
with Sidak’s post-hoc test: n = 3 wild-type mice, 4 Cx3c/1” mice”. ** p < 0.01).

(E) Diagram of experimental protocol used to assess levels of nuclear 3-catenin at 24 hours
after whisker lesioning.

(F) Representative fluorescent images of brain sections containing layer IV of the barrel
cortex from deprived and control hem of wild-type and Cx3cr1” mice at 24 hours after

whisker lesioning. Sections were immunolabeled with anti-SOX9 (red) to label astrocyte
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nuclei, DAPI (blue) to label nuclei, and anti-B-catenin (green). The two right-most
columns show anti-B-catenin in astrocyte nuclei (overlapping with anti-SOX9), and anti-
B-catenin in the nuclei of non-astrocytes (overlapping with DAPI but not anti-SOX9).
Insets depict SOX9* astrocyte nuclei, indicated by white dotted outlines. Scale bars 10
pm.

(G) Quantification of the average anti-B-catenin MFI in SOX9* astrocyte nuclei shows
increased nuclear 3-catenin in the deprived hem of wild-type mice, but no difference in
Cx3cr1” mice (Repeated measures 2-way ANOVA with Sidak’s post-hoc test: n = 5 wild-
type mice, 5 Cx3cr1” mice. * p < 0.05).

(H) Quantification of the average anti-3-catenin MFI in the nuclei of non-astrocytes (SOX9-
negative) shows no difference between the control and deprived him in both wild-type
and Cx3cr1” mice (Repeated measures 2-way ANOVA with Sidak’s post-hoc test: n =5

wild-type mice, 5 Cx3cr1” mice).

All data are presented as mean + SEM.
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Figure 5. Microglial Wnt release is required to induce decreased astrocyte-synapse

interactions and synapse remodeling

(A) Diagram of microglia-astrocyte Wnt signaling. Wnt ligand is bound to the trafficking
protein wntless (WLS) in microglia and then secreted. Secreted Wnt ligand can bind
frizzled and LRP5/6 receptors to stimulate canonical Wnt receptor signaling in
astrocytes, which involves accumulation of B-catenin in the nucleus and activation of
TCF/LEF transcription factors.

(B) Diagram of experimental protocol used to assess the density of VGIuT2" synaptic
terminals in layer IV of the barrel cortex at 6 days after whisker lesioning or microglial
engulfment of VGIuT2* synaptic terminals at 5 days after whisker lesioning in Cx3cr1¢™;
Wis™F (WLS cKO) and Cx3cr1°®; Wis** (Control) mice.

(C) Representative fluorescent images of anti-VGIuT2* thalamocortical synaptic terminals in
layer IV of the barrel cortex in the control and deprived hemispheres (hem) at 6 days
post-lesioning in WLS cKO and control mice. Scale bars 10 ym.

(D) Quantification of the density of anti-VGIuT2* thalamocortical synaptic terminals in layer
IV of the barrel cortex at 6 days post-lesioning shows reduced density in the deprived
hem compared to the control hem in control mice, but not WLS cKO mice (Repeated
measures 2-way ANOVA with Sidak’s post hoc test: n = 6 control mice, 6 WLS cKO
mice. *** p < 0.001).

(E) Representative (left) fluorescent max intensity projection images and (right) Imaris
surface reconstructions of anti-VGIuT2* thalamocortical synaptic terminals (red), anti-
CD68* lysosomes (cyan), and anti-IBA1* microglia (green) in layer IV of the barrel cortex
in the control and deprived hems of WLS cKO and control mice at 5 days post-lesioning.

Imaris reconstructions are from white outlined regions of fluorescent images and depict
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only the anti-VGIuT2* synaptic material contained within anti-CD68* lysosomes inside
anti-IBA1* microglia (examples indicated by black arrows). Scale bars 5 um.

(F) Quantification of anti-VGIuT2* synaptic material within microglial lysosomes at 5 days
after whisker lesioning shows more engulfed anti-VGIuT2* material in the deprived hem
of the barrel cortex compared to the control hem in control mice, but not in WLS cKO
mice (Repeated measures 2-way ANOVA with Sidak’s post-hoc test: n = 4 control mice,
5 WLS cKO mice. * p < 0.05).

(G) Diagram of experimental protocol used to assess astrocyte-synapse interactions in WLS
cKO and control mice at 4 days after unilateral whisker lesioning. Astrocytes were
labeled with membrane-bound V5 protein by intracerebroventricular (icv) injection of
PHP.EB::GfaABC1D-Ick-smV5-4*6T adeno-associated virus (AAV) at P1.

(H) Representative Imaris surface reconstructions of anti-VGIuT2* thalamocortical synaptic
terminals in layer IV barrel cortex from the control and deprived hems of WLS cKO and
control mice at 4 days after unilateral whisker lesioning. Anti-VGIuT2* thalamocortical
synaptic terminals are pseudo-colored by the nearest neighbor distance (NND; corrected
for expansion index) to the nearest astrocyte process. Anti-VGIuT2* surfaces with NND
of 0 are considered “contacted” and are shown in transparent black. Insets: anti-GFP*
astrocytes (green) and anti-VGIluT2* thalamocortical synaptic terminals (red). Scale bars
2 um (corrected for expansion index).

() Quantification of the mean synapse-astrocyte NND in layer IV of the barrel cortex at 4
days after unilateral whisker lesioning shows increased NND in the deprived hem of
control mice compared to the control hem, but not in WLS cKO mice (Repeated
measures 2-way ANOVA with Sidak’s post-hoc test: n = 4 control mice, 4 WLS cKO
mice. * p < 0.05).

(J) Quantification of the percentage of synapses contacted by astrocytes in layer IV of the
barrel cortex at 4 days after unilateral whisker lesioning shows reduced astrocyte-
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synapse contact in the deprived hem of control mice compared to the control hem, but
not in WLS cKO mice (Repeated measures 2-way ANOVA with Sidak’s post-hoc test: n

= 4 control mice, 4 WLS cKO mice. * p < 0.05).

All data are presented as mean + SEM. See also Figures S3, S4, and S5.
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STAR Methods

Resource Availability

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the

lead contact, Dorothy Schafer (DorothyDori.Schafer@umassmed.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

TRAP-seq data have been deposited at GEO and are publicly available as of the date of
publication. Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

Experimental model and subject details

Wild-type C57BI6/J (Stock #000664), Rosa26™™¢ (Stock# 007676, B6.129(Cg)-
Gt(ROSA)?6Sorm4(ACTB-tdTomato,-EGFP)LUo) 1y 18 Cx3cr1ECFP (Stock# 005582, B6.129P2(Cg)-
Cx3cr1™™/J),2° and TCF/Lef:H2B-GFP (Stock# 013752, STOCK Tg(TCF/Lef1-
HIST1H2BB/EGFP)61Hadj/J)** mice were obtained from Jackson Laboratories (Bar Harbor,
ME). Aldh1/1°ER mice (Stock# 031008, B6N.FVB-Tg(Aldh111-cre/ERT2)1Khakh/J)' were
obtained from Jackson Laboratories (Bar Harbor, ME) and backcrossed over 12 generations on

a C57BI6/J (Jackson Laboratories) background. Cx3c/1”- (Cx3cl1™") mice?! were provided by
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Dr. Sergio Lira (Ichan School of Medicine, Mount Sinai). Wis™* (129S-Wis™""ta") mice® were
provided by Dr. David Rowitch (University of California, San Francisco). Aldh1/15¢F (STOCK
Tg(Aldh111-EGFP)OFC789Gsat/Mmucd) mice®® on a C57BI6 background were provided by Dr.
Ben Barres (Stanford University).%® Cx3cr1¢® (STOCK Tg(Cx3cr1-cre)MW126Gsat/Mmcd)
mice® on a C57BI6/N background were provided by Dr. Staci Bilbo (Harvard University)*® and
subsequently backcrossed over 12 generations on a C57BI6/J (Jackson Laboratories)
background. Cx3cr1°ER* (L) (B, 129P2(Cg)-Cx3cr1™m21(CrERT2LN\N gan]) mice® were a
generous gift from Dr. Dan Littman (New York University). Eef1a1-S-¢GFFL1%% (BG Cg-
Eef1a1™R/J) mice®! were generously provided by Dr. Ana Domingos (Instituto Gulbenkian de
Ciéncia, PT) and Dr. Jeff Friedman (Rockefeller University). Aldh1|1ECFP-L102 (B6;FVB-
Tg(Aldh111-EGFP/Rpl10a)JD130Htz/J) mice?? were generously provided by Dr. Nathaniel
Heintz (Rockefeller University). All mice were maintained on a C57BI6/J background. Animals
were maintained on a 12 hour light/dark cycle with food and water provided ad libitum. All
animals were healthy and were not immune compromised. Experimental mice were not involved
in previous procedures or studies. Littermates of the same sex were randomly assigned to
experimental groups. Both males and females were used for all experiments. Experiments were
performed in mice aged 1-10 days old. The specific ages used for each experiment are
indicated in the figures. All animal experiments were performed in accordance with Animal Care

and Use Committees (IACUC) and under NIH guidelines for proper animal use and welfare.

Method Details
Whisker lesioning
Whisker lesioning was performed as described previously.'® Briefly, whiskers of anesthetized P4

mice were unilaterally lesioned by cauterization of the right whisker pad with a high temperature
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cautery (Bovie Medical Corporation; Clearwater, FL). Care was taken to ensure that all whiskers

on that side were lesioned.

Immunohistochemistry

Mice were anesthetized and transcardially perfused with 0.1 M phosphate buffer (PB), followed
by 4% paraformaldehyde (PFA, Electron Microscopy Sciences; Hatfield, Pennsylvania) in 0.1 M
PB. For analyses in layer IV of the barrel cortex, cortical flatmounts were prepared as described
previously in order to visualize the entire barrel field in a single section. Briefly, the cortex from
the right and left hemisphere was dissected away from the midbrain, placed in open-face
custom molds with a 250 ym-thick chamber 3D-printed using ABS-M30 material (Stratasys Inc.;
Eden Praire, Minnesota), submerged in 4% PFA solution, covered with a glass slide to gently
flatten, and post-fixed overnight at 4°C. For analyses in cortical sections, whole brain tissue was
post-fixed overnight at 4°C in 4% PFA solution. The following day, tissue was washed three
times in 0.1 M PB before storing in 30% sucrose in 0.1 M PB. 40 pm thick sections were cut
using a microtome or a vibratome. They were subsequently blocked for 1 hour in 0.1 M PB
containing 10% normal goat serum (NGS; G9023 Sigma-Aldrich; St. Louis, MO) and 0.3%
Triton X-100 (X100 Sigma-Aldrich) (PBTGS). Blocked sections were then incubated with
primary antibodies in PBTGS overnight at room temperature, washed 3 times with 0.1 M PB,
incubated for 2-3 hours with secondary antibodies in PBTGS at room temperature, washed 3
times with 0.1 M PB, and mounted on glass slides using Fluoroshield mounting media
containing DAPI (F6057 Sigma-Aldrich). For immunofluorescent analysis of TCF/Lef:H2B-GFP
tissue, sections were stained with Hoechst 33342 dye (H3570 Thermo Fisher Scientific;
Waltham, MA) and mounted using CitiFluor mounting medium (CFM-3 Electron Microscopy

Sciences).

32


https://doi.org/10.1101/2024.02.08.579178
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.08.579178; this version posted February 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

For immunofluorescent analysis of B-catenin, sucrose-incubated whole brain tissue was
cryo-embedded in a 2:1 mixture of 30% sucrose and Tissue-Tek OCT (Sakura Finetek;
Torrance, California), frozen on dry-ice and stored at -80°C. 20 ym coronal sections containing
whisker barrels were mounted on slides, washed 3 times in phosphate buffered saline (PBS)
containing 0.2% Triton-X (PBST), and incubated in Liberate Antibody Binding Solution (24310
Polysciences, Inc; Warrington, PA) overnight to quench endogenous Cx3cr1¢* signal.
Sections were then washed 3 times with PBST, placed in 10 mM sodium citrate pH 6.0 with
0.05% Tween warmed to 95°C for 40 min for antigen retrieval. Following antigen retrieval,
sections were washed once with PBST, blocked for 1 hour in 5% normal donkey serum (NDS)
with 0.3 M glycine in PBS and incubated overnight at 4°C with primary antibodies in 1% NDS in
PBS. After 3 washes in PBST, sections were then incubated with secondary antibodies raised in
donkey in 1% NDS in PBS for 1 hour at room temperature, washed 3 times with PBST, and

mounted with Fluoroshield mounting media containing DAPI (F6057 Sigma-Aldrich).

Primary antibodies used: guinea pig anti-VGIuT2 (1:2000 for synapse area; 1:1000 for
synapse engulfment; 135 404 Synaptic Systems; Géttingen, Germany), chicken anti-GFP
(1:1000; ab13970 Abcam; Cambridge, United Kingdom), rat anti-CD68 (1:200; MCA1957 Bio-
Rad; Hercules, CA), rat anti-LAMP2 (1:200; ab13524 Abcam), rabbit anti-SOX9 (1:500;
ab185966 Abcam), mouse anti-B-catenin Alexa Fluor 647 (1:100; sc-7963 AF647 Santa Cruz
Biotechnology; Dallas, TX), chicken anti-IBA1 (1:500; 234 009 Synapatic Systems), rat anti-V5
(1:100; Ab00136-6.1 Absolute Antibody; Boston, MA). Secondary antibodies were used at
1:1000 dilution: goat anti-chicken IgY Alexa Fluor 488 (A-11039 Thermo Fisher Scientific), goat
anti-guinea pig 1gG Alexa Fluor 594 (A-11076 Thermo Fisher Scientific), goat anti-rat IgG Alexa
Fluor 647 (A-21247 Thermo Fisher Scientific), goat anti-rabbit IgG Alexa Fluor 647 (A-21245
Thermo Fisher Scientific), goat anti-rabbit IgG Alexa Fluor 488 (A-11034 Thermo Fisher

Scientific), goat anti-rat IgG Alexa Fluor 488 (A-11006 Thermo Fisher Scientific), donkey anti-

33


https://doi.org/10.1101/2024.02.08.579178
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.08.579178; this version posted February 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

guinea pig IgG Alexa Fluor 488 (706-545-148 Jackson ImmunoResearch Labs; West Grove,

PA), donkey anti-rabbit IgG Alexa Fluor 594 (A-21207 Thermo Fisher Scientific).

Synapse density analysis

Analysis of synapse density was performed as previously described. Briefly, fluorescent
immunolabeled 40 um thick brain sections were imaged at 63x on a Zeiss LSM700 scanning
confocal microscope equipped with 405nm, 488nm, 555nm, and 639nm lasers and ZEN
acquisition software (Zeiss; Oberkochen, Germany). For each animal, single plane images
centered within a barrel in layer IV of the barrel cortex were acquired from 4 fields of view (FOV)
per hemisphere. Images were analyzed in FIJI software by experimenters blind to the identity of
the samples.®? After background subtraction (rolling ball radius 10 pixels) and despeckling, the
VGIuT2* signal was manually thresholded and the Analyze Particles function (particle size 0.2
pixels to infinity; Imaged plugin, NIH) was used to measure the total area of VGIuT2" presynaptic

terminals. Data for each hemisphere per animal were averaged across the 4 FOV.

Engulfment analysis

Analysis of engulfment of VGIuT2* material was performed as previously described.®'33 Briefly,
fluorescent immunolabeled 40 pm thick brain sections were imaged at 63x on a Zeiss Observer
Spinning Disk Confocal microscope equipped with diode lasers (405nm, 488nm, 594nm,
647nm) and ZEN acquisition software (Zeiss). For each animal, z-stack images (0.22 um step
size) centered within a barrel in layer IV of the barrel cortex were acquired from 6 to 8 FOV per
hemisphere for microglia and 4 FOV for astrocytes. Images were background subtracted (rolling
ball radius 50 pixels for microglia and astrocytes, 10 pixels for CD68 and LAMP2, 10 pixels for

VGIuT2) using FIJI software, then processed in Imaris (Bitplane; Zurich, Switzerland) as
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previously described.®>'3%3 Data analysis was performed by experimenters blind to the identity of
the samples. For engulfment analysis in microglia, data for each hemisphere per animal was
averaged across 15-20 individual cells per animal. For engulfment analysis in astrocytes, since
it was difficult to determine the boundaries of individual astrocytes, surface renderings were
generated for all astrocytes within the barrel region of each z-stack image. Engulfment analysis
was restricted to anti-VGIuT2* material contained within CD68* lysosomes for microglia and
LAMP2* lysosomes for astrocytes. Data for each hemisphere per animal were averaged across

the 4 FOV.

Tamoxifen injections

For expansion microscopy experiments (see Expansion microscopy), Aldh1/1°°R; Rosa26™m%*
mice were injected once daily intraperitoneally (i.p.) with 50 ug tamoxifen (T5648 Sigma-Aldrich)
dissolved in corn oil at 1 mg/mL at ages P1, P2, P3, and P4. For TRAP-Seq experiments (see

TRAP-Seq), Cx3cr1CeER* (L), Fef1g1-Sh-eGFPLI0a" mice were orally administered 50 ug tamoxifen

(10 mg/mL in corn oil) once daily at ages P1, P2, and P3.

Expansion microscopy

For expansion microscopy, 40 um tangential brain sections were prepared as described above
(see Immunohistochemistry). Sections were incubated overnight in Liberate Antibody Binding
Solution (24310 Polysciences, Inc) for antigen retrieval and to eliminate endogenous mTomato
fluorescence in Rosa26™™¢ mice, then washed three times in 0.1 M PB. Sections were then
blocked for 4 hours in PBTGS or 0.1 M PB with 10% NDS and 0.3% Triton-X (PBTDS) and
incubated 3 days overnight at 4°C with primary antibody diluted in PBTGS or PBTDS. Following

primary antibody incubation, sections were washed three times in 0.1 M PB, incubated
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overnight at room temperature with secondary antibody diluted in PBTGS or PBTDS, and

washed 3 times in 0.1 M PB.

Primary antibodies used: guinea pig anti-VGIuT2 (1:1500; 135 404 Synaptic Systems),
chicken anti-GFP (1:1000; ab13970 Abcam), rat anti-V5 (1:100; Ab00136-6.1 Absolute
Antibody), rabbit anti-ALDH1L1 (1:500; 85828 Cell Signaling Technology; Danvers, MA).
Secondary antibodies were used at 1:300 dilution: goat anti-chicken IgY Alexa Fluor 488 (A-
11039 Thermo Fisher Scientific), goat anti-guinea pig 1gG Alexa Fluor 594 (A-11076 Thermo
Fisher Scientific), goat anti-rat IgG Alexa Fluor 594 (A-11007 Thermo Fisher Scientific), goat
anti-guinea pig IgG Alexa Fluor 488 (A-11073 Thermo Fisher Scientific), goat anti-rabbit IgG,
Atto 647N (40839 Sigma-Aldrich), donkey anti-guinea pig IgG Alexa Fluor 488 (706-545-148
Jackson ImmunoResearch), donkey anti-rat IgG Alexa Fluor 594 (A-21209 Thermo Fisher

Scientific).

Prior to gel embedding and expansion, pre-expansion images of the barrel cortex region
of immunolabeled brain sections were acquired at 10x and 20x on a Zeiss Observer Spinning
Disk Confocal microscope equipped with diode lasers (405nm, 488nm, 594nm, 647nm) and
ZEN acquisition software (Zeiss). Sections were then embedded in polyacrylamide gels and
expanded in de-ionized H,O as previously described.?*5° Briefly, brain sections were incubated
overnight at room temperature in PBS containing 0.01% acryloyl-X SE (A20770 Thermo Fisher
Scientific), washed twice with PBS for 15 minutes, and incubated on ice for 30 minutes in gelling
solution [0.2% tetramethylethylenediamine (T9281 Sigma-Aldrich), 0.2% ammonium persulfate
(A3678 Sigma-Aldrich), 0.01% 4-hydroxy-TEMPO (176141 Sigma-Aldrich), 8.11% sodium
acrylate (QC-1489 Combi Blocks; San Diego, CA), 2.35% acrylamide (A9099 Sigma-Aldrich),
0.14% N,N'-methylenebisacrylamide (M7279 Sigma-Aldrich), 10.987% NaCl (S271 Sigma-
Aldrich) in PBS]. Gelation chambers were then constructed by transferring brain sections onto

glass slides (one section per slide), flanking the section with two stacks of two #1.5 glass
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coverslips (~170 um thick per coverslip), covering the sections with gelling solution, and topping
with a glass slide wrapped in parafilm. Completed gelation chambers were incubated for 2 hours
at 37°C to polymerize the gels. Polymerized gels were then removed from the gelation
chambers, trimmed down with a razor blade, and digested overnight at room temperature with 8
units/mL Proteinase K (P8107S New England BioLabs; Ipswich, MA) in buffer containing 0.5%
Triton X-100 (X100 Sigma-Aldrich), 2 mM ethylenediaminetetraacetic acid (EDTA), 50 mM Tris,
and 0.8 M NaCl. Digested gels were either expanded for imaging or washed 3 times for 20

minutes with PBS and stored at 4°C for up to a week.

Gels were expanded for imaging by washing 3 times for 20 minutes with de-ionized H20,
including a 20 minute incubation in Hoechst 33342 dye (H3570 Thermo Fisher Scientific) during
the middle wash. Gels were further trimmed down to the region of interest using a razor blade
and transferred to a 6-well plate with a #1.5 cover glass bottom (P061.5HN Cellvis; Burlington,
Ontario) pre-coated with 0.1% poly-L-lysine (P8920 Sigma Aldrich) for imaging on a Zeiss
Observer Spinning Disk Confocal microscope equipped with diode lasers (405nm, 488nm,
594nm, 647nm), inverted objective lenses, and ZEN acquisition software (Zeiss). Post-
expansion images of each gel were acquired at 10x in a FOV contained within the FOV of the
pre-expansion images of the same gel. The expansion index for each gel was calculated using
FI1JI software by comparing the distances between landmarks identified in both the pre-
expansion and post-expansion image for at least 3 sets of measurements per gel. The
expansion index was calculated for each gel by averaging across these measurements for each
gel. For data acquisition, z-stack images (0.50 um step size) centered within a barrel in layer IV
of the barrel cortex were acquired from 4 FOV at 40x with a water-immersion objective. Care

was taken to avoid unlabeled astrocytes.

For data analysis, z-stack images were background subtracted (rolling ball radius 50)

using FIJI software, then normalized by layer in Imaris (Bitplane; Zurich, Switzerland).
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Astrocytes labeled with membrane-bound GFP in Aldh1/1°°E”*: Rosa26™™%* tissue were 3D
rendered using the Imaris surface tool with auto thresholding, 0.25 ym smoothing, voxel size >
150, and sphericity < 0.73. Astrocytes labeled with anti-V5 with 3D rendered using the Imaris
surface tool using LabKit, a FIJI plugin for machine learning pixel classification.®® For each
animal, the same LabKit classification settings were used for all z-stack images for both control
and deprived hemispheres. Astrocyte process density was determined by dividing the volume of
the astrocyte surface rendering by the total volume of the z-stack image. VGIuT2" synapses
were 3D rendered using the Imaris surface tool with manual thresholding with 4 um local
background subtraction, 0.25 ym smoothing, and voxel size > 50. Synapse-astrocyte nearest
neighbor distances (NND) were calculated by Imaris using VGIuT2* surfaces less than 60 ym.
VGIuT2 surfaces with a NND of 0 were considered contacted by astrocytes and VGIuT2
surfaces with NND less than 0 were excluded from analysis. For each z-stack image, we
calculated both the mean synapse-astrocyte NND and the percentage of synapses contacted by

the astrocytes. Data for each hemisphere per animal were averaged across the 4 FOV.

Electron microscopy

For electron microscopy, Rosa26™™%* mice were anesthetized on ice and transcardially
perfused at a rate of 6-8 mL/min with 37°C 0.1 M PB to remove blood followed by 60-80 mL of
37°C fixative solution containing 2.5% glutaraldehyde (Electron Microscopy Sciences) and 2%
PFA (Sigma) in cacodylate buffer (0.1 M sodium cacodylate (Electron Microscopy Sciences),
0.04% CaCl; (Sigma), pH 7.4). Perfused mice were held head-down for 15 minutes, then brains
were dissected out and post-fixed in the same fixative at 4°C overnight. After washing the
samples with ice-cold cacodylate buffer, brains were sectioned to 200 um thickness using a
vibratome. Coronal brain sections containing layer IV of the barrel cortex region were identified
by endogenous Rosa26™™€ fluorescence using a Zeiss Observer microscope equipped with
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Zen acquisition software (Zeiss). Layer IV of the left and right barrel cortex regions was

dissected out and stored in fixative solution on ice before processing and embedding.

Samples were then post-fixed in 1% osmium tetroxide aqueous solution (Electron
Microscopy Sciences) with 2.5% potassium ferrocyanide (Millipore Sigma) at RT for 1 hour.
Sections were rinsed in water and then maleate buffer (Millipore Sigma) (pH=6.0) and stained in
0.05 M maleate buffer containing 1% uranyl acetate (Electron Microscopy Sciences) at 4°C
overnight. Sections were dehydrated in series of washes from 5% to 100% ethanol, then two
changes of propylene oxide before being infiltrated overnight at room temperature with 1:1
Embed 812 resin: propylene oxide. Finally, sections were embedded in 100% Embed 812 resin
between two sheets of Aclar Embedding film (Ted Pella, Inc.) and polymerized at 60°C for 48 h.
Once polymerized, the embedding brain sections were mounted on a blank sectioning blocks
with a single drop of embedding resin and allowed to polymerize overnight before being trimmed
and serial sectioned (60 nm thick). The sections were placed on 200 mesh grids, then stained
with 1% uranyl acetate and aqueous lead citrate before being examined using a Tecnai 12 Spirit
TEM at 120 kV accelerating voltage. 11500x images were collected using a Gatan Rio9 CCD
camera and Gatan DM4 Digital Micrograph software. For each samples, images from 30-50
FOV were collected from the central portion of the section, the portion corresponding to layer IV

of the barrel cortex.

Data analysis was performed by experimenters blind to the identity of the samples. In
each image, synapses were identified by the presence of an electron-dense synaptic cleft and
astrocytes were identified by their irregular shape, electron-sparse cytoplasm, and glycogen
granules. For each synapse, it was determined whether there was direct contact with an
astrocyte process and the distance was measured from the synaptic cleft to the nearest
astrocyte process. Data was collected from 50-70 synapses per sample and averaged for each

hemisphere per animal.
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Astrocyte cell body density analysis

Analysis of astrocyte cell body density was performed using single plane 20x epifluorescence
images of fluorescent immunolabeled 40 pm thick brain sections containing the barrel region
acquired with a Zeiss Observer microscope equipped with Zen acquisition software (Zeiss). The
total number of SOX9* astrocyte nuclei was counted in 4 VGIuT2* barrels per hemisphere using
FIJI software and divided by the total area of the 4 barrels to determine the astrocyte cell body

density.

Translating Ribosome Affinity Purification (TRAP) sequencing

Mice were euthanized with CO2, and brain regions of interest were dissected and flash-frozen
for TRAP. Ribosome-associated mRNA from microglia was isolated from each region as
previously described,®” where each sample corresponds to a single mouse. Briefly, the brain
tissue was thawed in an ice-cold Wheaton 33 low extractable borosilicate glass homogenizer
containing 1 mL cell-lysis buffer (20 mM HEPES-KOH, pH 7.3, 150 mM KCI, 10 mM MgCI2, and
1% NP-40, 0.5 mM DTT, 100 ug/ml cycloheximide, and 10 pl/ml rRNasin (Promega; Madison,
WI) and Superasin (Thermo Fisher Scientific). After manually homogenizing the samples with 3-
5 gentle strokes using the PTFE homogenizer (grinding chamber clearance 0.1 to 0.15mm).
Samples were then homogenized in a motor-driven overhead stirrer at 900 r.p.m. with 12 full
strokes. The samples were transferred to chilled Eppendorf tubes, and a post-nuclear
supernatant was prepared by centrifugation at 4°C, 10 minutes, 2,000 x g. To the supernatant,
NP-40 (final concentration = 1%) and DHPC (final concentration = 30 mM) were added. Post-
mitochondrial supernatant was prepared by centrifugation at 4°C, 10 minutes, 16,000 x g. 200

uL Streptavidin MyOne T1 Dynabeads (Thermo Fisher Scientific), conjugated to 1 ug/ul

40


https://doi.org/10.1101/2024.02.08.579178
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.08.579178; this version posted February 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

biotinylated Protein L (Pierce Biotechnology; Waltham, MA) and 50 ug each of anti-eGFP
antibodies Htz-GFP-19F7 and Htz-GFP-19C8, bioreactor supernatant (Memorial-Sloan
Kettering Monoclonal Antibody Facility) were added to each supernatant. After overnight
incubation at 4°C with gentle end-over-end rotation, the unbound fraction was collected using a
magnetic stand. The polysome-bound beads were washed with high-salt buffer (20 mM HEPES-
KOH, pH 7.3, 350 mM KCI, 10 mM MgCI2, 1% NP-40, 0.5 mM DTT, and 100 uyg/mi
cycloheximide). RNA clean-up from the washed polysome-bound beads and 5% of the unbound
fractions was performed using RNeasy Mini Kit (Qiagen; Venlo, Netherlands) following the
manufacturer’s instructions. RNA integrity was assayed using an RNA Pico chip on a
Bioanalyzer 2100 (Agilent; Santa Clara, CA), and only samples with RIN > 9 were considered
for subsequent analysis. Double-stranded cDNA was generated from 1-5 ng of RNA using the
Nugen Ovation V2 kit (NUGEN; San Carlos, CA) following the manufacturer’s instructions.
Libraries for sequencing were prepared using Nextera XT kit (lllumina; San Diego, CA) following
the manufacturer’s instructions. The quality of the libraries was assessed by 2200 TapeStation
(Agilent). Multiplexed libraries were directly loaded on NovaSeq (llumina) with single-read
sequencing for 75 cycles. Raw sequencing data were processed by using lllumina bcl2fastq2

Conversion Software v2.17.

Bioinformatic analysis of RNA sequencing datasets

Raw sequencing reads were first quality checked and trimmed using Trim Galore
(https://lwww.bioinformatics.babraham.ac.uk/projects/trim_galore/ v0.6.4; a wrapper program
implementing Cutadapt v2.9 https://journal.embnet.org/index.php/embnetjournal/article/view/200
and FastQC v0.11.9 https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and mapped
to the mouse genome (mm10) using the HISAT2 package (v2.2.0).°® Reads were counted using
featureCounts (v2.0.0) against the Ensembl v99 annotation.®® The raw counts were processed
through a variance stabilizing transformation (VST) procedure using the DESeq2 package’ to
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obtain transformed values more suitable than the raw read counts for certain data mining tasks.
All pairwise comparisons were performed on the count data of entire gene transcripts using the
DESeq2 package (v1.36.0).7°

To determine TRAP-enriched genes, gene expression was compared between bound
and unbound fractions. We used statistical cutoffs for astrocytes (p-value < 0.05, |fold change| >
2) and microglia (p-value < 0.05, |fold change| > 2) to determine input-enriched genes for each
cell type for downstream analysis. For analysis of differentially expressed genes (DEGs)
between deprived and non-deprived samples, we restricted analysis to the input-enriched genes
and used statistical cutoffs p-value < 0.05 and |fold change| > 1.2 for both astrocytes and
microglia. Analysis of upstream regulators and root regulators was performed on astrocyte
DEGs with the use of QIAGEN IPA (QIAGEN Inc., https://digitalinsights.qgiagen.com/IPA).”!
Ligand-receptor analysis was performed in RStudio using NicheNet
(https://github.com/saeyslab/nichenetr).?* NicheNet analysis of microglia-astrocyte ligand-
receptor interactions was performed using astrocyte DEGs as the “target” gene list, astrocyte
input-enriched genes as the “receiver-expressed” gene list and “background” gene list, and
microglia input-enriched genes as the “sender-expressed” gene list. To compare the results of
this study to publicly available astrocyte TRAP-Seq datasets, NicheNet was performed for each
dataset using astrocyte DEGs as the “target” gene list, astrocyte expressed genes as the
“receiver-expressed” gene list and “background” gene list, and all ligands in the NicheNet
database to reflect an unknown sender. Putative ligands were ranked based on the area under

the precision-recall curve (AUPR).

Analysis of Wnt signaling by immunofluorescence

Analysis of TCF/Lef:H2B-GFP reporter activity and nuclear 3-catenin were performed using
single plane 63x confocal images of immunolabeled brain sections containing the barrel region
using a Zeiss Observer Spinning Disk Confocal microscope equipped with diode lasers (405nm,
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488nm, 594nm, 647nm) and ZEN acquisition software (Zeiss). Data analysis was performed by
experimenters blind to the identity of the samples. For each animal, images centered within a
barrel in layer IV of the barrel cortex were acquired from 6 to 10 FOV per hemisphere. Using
FIJI software, images were background subtracted (rolling ball radius 50 pixels) and manually
thresholded using the SOX9 channel to identify astrocyte nuclei or using DAPI to identify all
nuclei. The Analyze Particles function (particle size 200 pixels to infinity; Imaged plugin, NIH)
was used to measure the area and mean fluorescence intensity (MFI) in the nucleus (SOX9*
and/or DAPI* area) of each cell. For each animal, we quantified the average MFI for all cells in

each hemisphere with area > 15 ym?>.

In situ hybridization

Mice were transcardially perfused with PBS and 4% PFA, then brains were extracted, post-fixed
in 4% PFA, and cryo-embedded in a 2:1 mixture of OCT : 30% sucrose as described above
(see Immunohistochemistry). 10 um thick coronal sections were cut on a cryostat and mounted
on glass slides. In situ hybridization was performed using the RNAscope® Multiplex Fluorescent
Reagent Kit v2 with TSA Vivid Dyes (323270 Advanced Cell Diagnostics; Newark, CA) following
manufacturer’s instructions using probes Mm-WIs-C2 (405011-C2 Advanced Cell Diagnostics)
and Mm-P2ry12-C3 (317601-C3 Advanced Cell Diagnostics). On each slide, one section was
hybridized with the RNAscope 3-plex Negative Control Probe (320871 Advanced Cell
Diagnostics). Briefly, slides were washed with PBS for 5 minutes, baked for 30 minutes at 60°C,
post-fixed in 4% PFA for 15 minutes at 4°C, and dehydrated in ethanol. Slides were then
incubated in RNAscope hydrogen peroxide for 10 minutes at room temperature, washed in
deionized H,O, steamed in 99°C RNAscope Target Retrieval solution for 15 minutes, washed in
deionized H.O and 100% ethanol, and dried at 60°C for 5 minutes. Individual brain sections

were outlined on slides using a hydrophobic pen and dried overnight at room temperature.
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Slides were then treated with RNAscope Protease Il for 30 minutes at 40°C, washed with
deionized H0, incubated with probes for 2 hours at 40°C, and washed in RNAscope wash
buffer. Sections were then hybridized with RNAscope Multiplex FL v2 AMP1, AMP2, and AMP3,
labeled with TSA Vivid 570 (1:1500) for C2 and TSA Vivid 650 (1:1500) for C3, and mounted
with Fluoroshield mounting media containing DAPI (F6057 Sigma-Aldrich).

Single plane 40x confocal images were acquired using a Zeiss Observer Spinning Disk
Confocal microscope equipped with diode lasers (405nm, 488nm, 594nm, 647nm) and ZEN
acquisition software (Zeiss). Images were taken of 6-10 FOV per animal from sections labeled
with Wis and P2ry12 RNAscope probes and 2 FOV from sections labeled with negative control
probes. Data analysis was performed by experimenters blind to the identity of the samples.
Using FIJI software, images were background subtracted for each animal such that < 8 dots per
FOV were visible in the negative control images. Images were then manually thresholded using
P2ry12 signal to identify microglia. The total P2ry12* area and
Wis* P2ry12* area were recorded for each image, and the percentage of P2ry12" area

containing Wis* puncta was calculated for each animal.

XAV939 injections
For inhibition of canonical Wnt signaling, mice were injected once daily i.p. with 7.5 mg/kg
XAV939 (X3004 Sigma-Aldrich) dissolved in 10% DMSO at ages P3, P4, P5, P6, P7, P8, and

P9. Vehicle-injected mice were injected with 10% DMSO.

Intracerebroventricular (icv) injections

To label astrocytes with smV5, PO-P1 mice were anesthetized and injected with two bilateral 2
ML injections of PHP.EB::GfaABC1D-Ick-smV5-4x6T adeno-associated virus (AAV) at a titer of
6.37 x 10" viral genomes/mL using a hamilton syringe with a 33 gauge needle. Pups were
placed on heat pads for recovery.
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Quantification and Statistical Analysis

Statistical analyses were performed using GraphPad Prism 10.0.3. The exact number of
samples (n), what n represents, the statistical tests used, and p values for each experiment are
noted in the figure legends. For pairwise comparisons between control and deprived
hemispheres, we used the ratio paired t test. For comparisons between two unpaired groups,
we used Student’s t-test. For 2-way repeated measures comparisons, we used 2-way repeated

measures ANOVA followed by Sidak’s post-hoc test.

45


https://doi.org/10.1101/2024.02.08.579178
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.08.579178; this version posted February 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

References

10.

11.

12.

13.

14.

Schafer, D.P., and Stevens, B. (2013). Phagocytic glial cells: sculpting synaptic circuits in the
developing nervous system. Current opinion in neurobiology 23, 1034-1040.
10.1016/j.conb.2013.09.012.

Chung, W.S., Clarke, L.E., Wang, G.X., Stafford, B.K., Sher, A., Chakraborty, C., Joung, J., Foo, L.C.,
Thompson, A., Chen, C,, et al. (2013). Astrocytes mediate synapse elimination through MEGF10
and MERTK pathways. Nature 504, 394-400. 10.1038/naturel2776.

Schafer, D.P., Lehrman, E.K., Kautzman, A.G., Koyama, R., Mardinly, A.R., Yamasaki, R.,
Ransohoff, R.M., Greenberg, M.E., Barres, B.A., and Stevens, B. (2012). Microglia sculpt
postnatal neural circuits in an activity and complement-dependent manner. Neuron 74, 691-
705. 10.1016/j.neuron.2012.03.026.

Vainchtein, I.D., Chin, G., Cho, F.S., Kelley, K.W., Miller, J.G., Chien, E.C., Liddelow, S.A., Nguyen,
P.T., Nakao-Inoue, H., Dorman, L.C., et al. (2018). Astrocyte-derived interleukin-33 promotes
microglial synapse engulfment and neural circuit development. Science 359, 1269-1273.
10.1126/science.aal3589.

Han, R.T., Vainchtein, I.D., Schlachetzki, J.C.M., Cho, F.S., Dorman, L.C., Ahn, E., Kim, D.K.,
Barron, J.J., Nakao-Inoue, H., Molofsky, A.B., et al. (2023). Microglial pattern recognition via IL-
33 promotes synaptic refinement in developing corticothalamic circuits in mice. J Exp Med 220.
10.1084/jem.20220605.

He, D., Xu, H., Zhang, H., Tang, R., Lan, Y., Xing, R, Li, S., Christian, E., Hou, Y., Lorello, P., et al.
(2022). Disruption of the IL-33-ST2-AKT signaling axis impairs neurodevelopment by inhibiting
microglial metabolic adaptation and phagocytic function. Immunity 55, 159-173 e159.
10.1016/j.immuni.2021.12.001.

Faust, T.E., Gunner, G., and Schafer, D.P. (2021). Mechanisms governing activity-dependent
synaptic pruning in the developing mammalian CNS. Nat Rev Neurosci 22, 657-673.
10.1038/s41583-021-00507-y.

Erzurumlu, R.S., and Gaspar, P. (2012). Development and critical period plasticity of the barrel
cortex. The European journal of neuroscience 35, 1540-1553. 10.1111/.1460-
9568.2012.08075.x.

Woodhouse, A. (2005). Phantom limb sensation. Clin Exp Pharmacol Physiol 32, 132-134.
10.1111/j.1440-1681.2005.04142 x.

Rebsam, A., Seif, I., and Gaspar, P. (2005). Dissociating barrel development and lesion-induced
plasticity in the mouse somatosensory cortex. J Neurosci 25, 706-710.
10.1523/INEUROSCI.4191-04.2005.

Datwani, A., lwasato, T., Itohara, S., and Erzurumlu, R.S. (2002). Lesion-induced thalamocortical
axonal plasticity in the S1 cortex is independent of NMDA receptor function in excitatory cortical
neurons. J Neurosci 22, 9171-9175. 10.1523/JNEUROSCI.22-21-09171.2002.

Durham, D., and Woolsey, T.A. (1984). Effects of neonatal whisker lesions on mouse central
trigeminal pathways. ) Comp Neurol 223, 424-447.10.1002/cne.902230308.

Gunner, G., Cheadle, L., Johnson, K.M., Ayata, P., Badimon, A., Mondo, E., Nagy, M.A,, Liu, L.,
Bemiller, S.M., Kim, K.W., et al. (2019). Sensory lesioning induces microglial synapse elimination
via ADAM10 and fractalkine signaling. Nat Neurosci 22, 1075-1088. 10.1038/s41593-019-0419-y.
Zipp, F., Bittner, S., and Schafer, D.P. (2023). Cytokines as emerging regulators of central nervous
system synapses. Immunity 56, 914-925. 10.1016/j.immuni.2023.04.011.

46


https://doi.org/10.1101/2024.02.08.579178
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.08.579178; this version posted February 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

15. Paolicelli, R.C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., Giustetto, M.,
Ferreira, T.A., Guiducci, E., Dumas, L., et al. (2011). Synaptic pruning by microglia is necessary for
normal brain development. Science 333, 1456-1458. 10.1126/science.1202529.

16. Hoshiko, M., Arnoux, I., Avignone, E., Yamamoto, N., and Audinat, E. (2012). Deficiency of the
microglial receptor CX3CR1 impairs postnatal functional development of thalamocortical
synapses in the barrel cortex. J Neurosci 32, 15106-15111. 10.1523/JNEUROSCI.1167-12.2012.

17. Zhan, Y., Paolicelli, R.C., Sforazzini, F., Weinhard, L., Bolasco, G., Pagani, F., Vyssotski, A.L.,
Bifone, A., Gozzi, A., Ragozzino, D., and Gross, C.T. (2014). Deficient neuron-microglia signaling
results in impaired functional brain connectivity and social behavior. Nat Neurosci 17, 400-406.
10.1038/nn.3641.

18. Muzumdar, M.D., Tasic, B., Miyamichi, K., Li, L., and Luo, L. (2007). A global double-fluorescent
Cre reporter mouse. Genesis 45, 593-605. 10.1002/dvg.20335.

109. Srinivasan, R., Lu, T.Y., Chai, H., Xu, J., Huang, B.S., Golshani, P., Coppola, G., and Khakh, B.S.
(2016). New Transgenic Mouse Lines for Selectively Targeting Astrocytes and Studying Calcium
Signals in Astrocyte Processes In Situ and In Vivo. Neuron 92, 1181-1195.
10.1016/j.neuron.2016.11.030.

20. Jung, S., Aliberti, J., Graemmel, P., Sunshine, M.J., Kreutzberg, G.W., Sher, A., and Littman, D.R.
(2000). Analysis of fractalkine receptor CX(3)CR1 function by targeted deletion and green
fluorescent protein reporter gene insertion. Mol Cell Biol 20, 4106-4114.
10.1128/MCB.20.11.4106-4114.2000.

21. Cook, D.N., Chen, S.C., Sullivan, L.M., Manfra, D.J., Wiekowski, M.T., Prosser, D.M., Vassileva, G.,
and Lira, S.A. (2001). Generation and analysis of mice lacking the chemokine fractalkine. Mol Cell
Biol 21, 3159-3165. 10.1128/MCB.21.9.3159-3165.2001.

22. Doyle, J.P., Dougherty, J.D., Heiman, M., Schmidt, E.F., Stevens, T.R., Ma, G., Bupp, S., Shrestha,
P., Shah, R.D., Doughty, M.L., et al. (2008). Application of a translational profiling approach for
the comparative analysis of CNS cell types. Cell 135, 749-762. 10.1016/j.cell.2008.10.029.

23. Ayata, P., Badimon, A., Strasburger, H.J., Duff, M.K., Montgomery, S.E., Loh, Y.E., Ebert, A.,
Pimenova, A.A., Ramirez, B.R., Chan, A.T., et al. (2018). Epigenetic regulation of brain region-
specific microglia clearance activity. Nat Neurosci 21, 1049-1060. 10.1038/s41593-018-0192-3.

24. Browaeys, R., Saelens, W., and Saeys, Y. (2020). NicheNet: modeling intercellular communication
by linking ligands to target genes. Nat Methods 17, 159-162. 10.1038/s41592-019-0667-5.

25. Bellesi, M., de Vivo, L., Tononi, G., and Cirelli, C. (2015). Effects of sleep and wake on astrocytes:
clues from molecular and ultrastructural studies. BMC Biol 13, 66. 10.1186/s12915-015-0176-7.

26. Clarke, L.E., Liddelow, S.A., Chakraborty, C., Munch, A.E., Heiman, M., and Barres, B.A. (2018).
Normal aging induces Al-like astrocyte reactivity. Proc Natl Acad Sci U S A 115, E1896-E1905.
10.1073/pnas.1800165115.

27. Sapkota, D., Kater, M.S.J., Sakers, K., Nygaard, K.R., Liu, Y., Koester, S.K., Fass, S.B., Lake, A.M.,
Khazanchi, R., Khankan, R.R., et al. (2022). Activity-dependent translation dynamically alters the
proteome of the perisynaptic astrocyte process. Cell Rep 41, 111474.
10.1016/j.celrep.2022.111474.

28. Jiwaji, Z., Tiwari, S.S., Aviles-Reyes, R.X., Hooley, M., Hampton, D., Torvell, M., Johnson, D.A.,
McQueen, J., Baxter, P., Sabari-Sankar, K., et al. (2022). Reactive astrocytes acquire
neuroprotective as well as deleterious signatures in response to Tau and Ass pathology. Nat
Commun 13, 135. 10.1038/s41467-021-27702-w.

29. Sun, S., Sun, Y., Ling, S.C., Ferraiuolo, L., McAlonis-Downes, M., Zou, Y., Drenner, K., Wang, Y.,
Ditsworth, D., Tokunaga, S., et al. (2015). Translational profiling identifies a cascade of damage
initiated in motor neurons and spreading to glia in mutant SOD1-mediated ALS. Proc Natl Acad
SciUSA 112, E6993-7002. 10.1073/pnas.1520639112.

47


https://doi.org/10.1101/2024.02.08.579178
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.08.579178; this version posted February 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

30. Ferrer-Vaquer, A., Piliszek, A., Tian, G., Aho, R.J., Dufort, D., and Hadjantonakis, A.K. (2010). A
sensitive and bright single-cell resolution live imaging reporter of Wnt/ss-catenin signaling in the
mouse. BMC Dev Biol 10, 121. 10.1186/1471-213X-10-121.

31. Barolo, S. (2006). Transgenic Wnt/TCF pathway reporters: all you need is Lef? Oncogene 25,
7505-7511. 10.1038/sj.o0nc.1210057.

32. Szewczyk, L.M., Lipiec, M.A,, Liszewska, E., Meyza, K., Urban-Ciecko, J., Kondrakiewicz, L.,
Goncerzewicz, A., Rafalko, K., Krawczyk, T.G., Bogaj, K., et al. (2023). Astrocytic beta-catenin
signaling via TCF7L2 regulates synapse development and social behavior. Mol Psychiatry.
10.1038/s41380-023-02281-y.

33. Carpenter, A.C,, Rao, S., Wells, J.M., Campbell, K., and Lang, R.A. (2010). Generation of mice with
a conditional null allele for Wntless. Genesis 48, 554-558. 10.1002/dvg.20651.

34. Bartscherer, K., Pelte, N., Ingelfinger, D., and Boutros, M. (2006). Secretion of Wnt ligands
requires Evi, a conserved transmembrane protein. Cell 125, 523-533. 10.1016/j.cell.2006.04.009.

35. Banziger, C., Soldini, D., Schutt, C., Zipperlen, P., Hausmann, G., and Basler, K. (2006). Wntless, a
conserved membrane protein dedicated to the secretion of Wnt proteins from signaling cells.
Cell 125, 509-522. 10.1016/j.cell.2006.02.049.

36. Goodman, R.M., Thombre, S., Firtina, Z., Gray, D., Betts, D., Roebuck, J., Spana, E.P., and Selva,
E.M. (2006). Sprinter: a novel transmembrane protein required for Wg secretion and signaling.
Development 133, 4901-4911. 10.1242/dev.02674.

37. Faust, T.E., Feinberg, P.A., O'Connor, C., Kawaguchi, R., Chan, A., Strasburger, H., Frosch, M.,
Boyle, M.A., Masuda, T., Amann, L., et al. (2023). A comparative analysis of microglial inducible
Cre lines. Cell Rep 42, 113031. 10.1016/j.celrep.2023.113031.

38. The Gene GENSAT, Nervous Expression. System Atlas (GENSAT) Project, NINDS Contracts
NO1NS02331 & HHSN271200723701C to The Rockefeller University; New York, NY: 2003.

39. Rivera, P.D., Hanamsagar, R., Kan, M.J,, Tran, P.K., Stewart, D., Jo, Y.C., Gunn, M., and Bilbo, S.D.
(2019). Removal of microglial-specific MyD88 signaling alters dentate gyrus doublecortin and
enhances opioid addiction-like behaviors. Brain Behav Immun 76, 104-115.
10.1016/j.bbi.2018.11.010.

40. Huang, S.M., Mishina, Y.M,, Liu, S., Cheung, A., Stegmeier, F., Michaud, G.A., Charlat, O.,
Wiellette, E., Zhang, Y., Wiessner, S., et al. (2009). Tankyrase inhibition stabilizes axin and
antagonizes Wnt signalling. Nature 461, 614-620. 10.1038/nature08356.

41. Gleichman, A.J., Kawaguchi, R., Sofroniew, M.V., and Carmichael, S.T. (2023). A toolbox of
astrocyte-specific, serotype-independent adeno-associated viral vectors using microRNA
targeting sequences. Nat Commun 14, 7426. 10.1038/s41467-023-42746-w.

42. Damisah, E.C,, Hill, R.A., Rai, A., Chen, F., Rothlin, C.V., Ghosh, S., and Grutzendler, J. (2020).
Astrocytes and microglia play orchestrated roles and respect phagocytic territories during
neuronal corpse removal in vivo. Sci Adv 6, eaba3239. 10.1126/sciadv.aba3239.

43. Vainchtein, I.D., and Molofsky, A.V. (2020). Astrocytes and Microglia: In Sickness and in Health.
Trends Neurosci 43, 144-154. 10.1016/j.tins.2020.01.003.

44, Rothhammer, V., Borucki, D.M., Tjon, E.C., Takenaka, M.C., Chao, C.C., Ardura-Fabregat, A., de
Lima, K.A., Gutierrez-Vazquez, C., Hewson, P., Staszewski, O., et al. (2018). Microglial control of
astrocytes in response to microbial metabolites. Nature 557, 724-728. 10.1038/s41586-018-
0119-x.

45, Harrison, J.K., Jiang, Y., Chen, S., Xia, Y., Maciejewski, D., McNamara, R.K., Streit, W.J.,
Salafranca, M.N., Adhikari, S., Thompson, D.A., et al. (1998). Role for neuronally derived
fractalkine in mediating interactions between neurons and CX3CR1-expressing microglia. Proc
Natl Acad Sci U S A 95, 10896-10901. 10.1073/pnas.95.18.10896.

48


https://doi.org/10.1101/2024.02.08.579178
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.08.579178; this version posted February 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

46. Frik, J., Merl-Pham, J., Plesnila, N., Mattugini, N., Kjell, J., Kraska, J., Gomez, R.M., Hauck, S.M.,
Sirko, S., and Gotz, M. (2018). Cross-talk between monocyte invasion and astrocyte proliferation
regulates scarring in brain injury. EMBO Rep 19. 10.15252/embr.201745294.

47. Allen, N.J., and Eroglu, C. (2017). Cell Biology of Astrocyte-Synapse Interactions. Neuron 96, 697-
708. 10.1016/j.neuron.2017.09.056.

48. Badia-Soteras, A., Heistek, T.S., Kater, M.S.J., Mak, A., Negrean, A., van den Oever, M.C.,
Mansvelder, H.D., Khakh, B.S., Min, R., Smit, A.B., and Verheijen, M.H.G. (2023). Retraction of
Astrocyte Leaflets From the Synapse Enhances Fear Memory. Biol Psychiatry 94, 226-238.
10.1016/j.biopsych.2022.10.013.

49, Burda, J.E., O'Shea, T.M., Ao, Y., Suresh, K.B., Wang, S., Bernstein, A.M., Chandra, A,
Deverasetty, S., Kawaguchi, R., Kim, J.H., et al. (2022). Divergent transcriptional regulation of
astrocyte reactivity across disorders. Nature 606, 557-564. 10.1038/s41586-022-04739-5.

50. Escartin, C., Galea, E., Lakatos, A., O'Callaghan, J.P., Petzold, G.C., Serrano-Pozo, A., Steinhauser,
C., Volterra, A., Carmignoto, G., Agarwal, A., et al. (2021). Reactive astrocyte nomenclature,
definitions, and future directions. Nat Neurosci 24, 312-325. 10.1038/s41593-020-00783-4.

51. Gandal, M.J., Haney, J.R., Wamsley, B., Yap, C.X., Parhami, S., Emani, P.S., Chang, N., Chen, G.T.,
Hoftman, G.D., de Alba, D., et al. (2022). Broad transcriptomic dysregulation occurs across the
cerebral cortex in ASD. Nature 611, 532-539. 10.1038/s41586-022-05377-7.

52. Bae, S.M., and Hong, J.Y. (2018). The Wnt Signaling Pathway and Related Therapeutic Drugs in
Autism Spectrum Disorder. Clin Psychopharmacol Neurosci 16, 129-135.
10.9758/cpn.2018.16.2.129.

53. Kumar, S., Reynolds, K., Ji, Y., Gu, R., Rai, S., and Zhou, C.J. (2019). Impaired neurodevelopmental
pathways in autism spectrum disorder: a review of signaling mechanisms and crosstalk. J
Neurodev Disord 11, 10. 10.1186/s11689-019-9268-y.

54. Ikezu, S., Yeh, H., Delpech, J.C., Woodbury, M.E., Van Enoo, A.A., Ruan, Z., Sivakumaran, S., You,
Y., Holland, C., Guillamon-Vivancos, T., et al. (2021). Inhibition of colony stimulating factor 1
receptor corrects maternal inflammation-induced microglial and synaptic dysfunction and
behavioral abnormalities. Mol Psychiatry 26, 1808-1831. 10.1038/s41380-020-0671-2.

55. Genoud, C., Quairiaux, C., Steiner, P., Hirling, H., Welker, E., and Knott, G.W. (2006). Plasticity of
astrocytic coverage and glutamate transporter expression in adult mouse cortex. PLoS Biol 4,
e343. 10.1371/journal.pbio.0040343.

56. Wenzel, J.,, Lammert, G., Meyer, U., and Krug, M. (1991). The influence of long-term potentiation
on the spatial relationship between astrocyte processes and potentiated synapses in the
dentate gyrus neuropil of rat brain. Brain Res 560, 122-131. 10.1016/0006-8993(91)91222-m.

57. Bernardinelli, Y., Randall, J., Janett, E., Nikonenko, I., Konig, S., Jones, E.V., Flores, C.E., Murai,
K.K., Bochet, C.G., Holtmaat, A., and Muller, D. (2014). Activity-dependent structural plasticity of
perisynaptic astrocytic domains promotes excitatory synapse stability. Curr Biol 24, 1679-1688.
10.1016/j.cub.2014.06.025.

58. Gong, S., Zheng, C., Doughty, M.L., Losos, K., Didkovsky, N., Schambra, U.B., Nowak, N.J., Joyner,
A, Leblanc, G., Hatten, M.E., and Heintz, N. (2003). A gene expression atlas of the central
nervous system based on bacterial artificial chromosomes. Nature 425, 917-925.
10.1038/nature02033.

59. Liddelow, S.A., Guttenplan, K.A., Clarke, L.E., Bennett, F.C., Bohlen, C.J., Schirmer, L., Bennett,
M.L., Munch, A.E., Chung, W.S., Peterson, T.C., et al. (2017). Neurotoxic reactive astrocytes are
induced by activated microglia. Nature 541, 481-487. 10.1038/nature21029.

60. Parkhurst, C.N., Yang, G., Ninan, |, Savas, J.N., Yates, J.R., 3rd, Lafaille, J.J., Hempstead, B.L.,
Littman, D.R., and Gan, W.B. (2013). Microglia promote learning-dependent synapse formation
through brain-derived neurotrophic factor. Cell 155, 1596-1609. 10.1016/j.cell.2013.11.030.

49


https://doi.org/10.1101/2024.02.08.579178
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.08.579178; this version posted February 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

61. Stanley, S., Domingos, A.l., Kelly, L., Garfield, A., Damanpour, S., Heisler, L., and Friedman, J.
(2013). Profiling of Glucose-Sensing Neurons Reveals that GHRH Neurons Are Activated by
Hypoglycemia. Cell Metab 18, 596-607. 10.1016/j.cmet.2013.09.002.

62. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S.,
Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: an open-source platform for biological-
image analysis. Nat Methods 9, 676-682. 10.1038/nmeth.2019.

63. Schafer, D.P., Lehrman, E.K., Heller, C.T., and Stevens, B. (2014). An engulfment assay: a protocol
to assess interactions between CNS phagocytes and neurons. J Vis Exp. 10.3791/51482.

64. Asano, S.M., Gao, R., Wassie, A.T., Tillberg, P.W., Chen, F., and Boyden, E.S. (2018). Expansion
Microscopy: Protocols for Imaging Proteins and RNA in Cells and Tissues. Curr Protoc Cell Biol
80, e56. 10.1002/cpch.56.

65. Tillberg, P.W., Chen, F., Piatkevich, K.D., Zhao, Y., Yu, C.C., English, B.P., Gao, L., Martorell, A,,
Suk, H.J., Yoshida, F., et al. (2016). Protein-retention expansion microscopy of cells and tissues
labeled using standard fluorescent proteins and antibodies. Nat Biotechnol 34, 987-992.
10.1038/nbt.3625.

66. Arzt, M., Deschamps, J., Schmied, C., Pietzsch, T., Schmidt, D., Tomancak, P., Haase, R., and Jug,
F. (2022). LABKIT: Labeling and Segmentation Toolkit for Big Image Data. Frontiers in Computer
Science 4. 10.3389/fcomp.2022.777728.

67. Heiman, M., Kulicke, R., Fenster, R.J., Greengard, P., and Heintz, N. (2014). Cell type—specific
MRNA purification by translating ribosome affinity purification (TRAP). Nat. Protocols 9, 1282-
1291. 10.1038/nprot.2014.085.

68. Kim, D., Paggi, J.M., Park, C., Bennett, C., and Salzberg, S.L. (2019). Graph-based genome
alignment and genotyping with HISAT2 and HISAT-genotype. Nature Biotechnology 37, 907-915.
10.1038/s41587-019-0201-4.

69. Liao, Y., Smyth, G.K., and Shi, W. (2014). featureCounts: an efficient general purpose program
for assigning sequence reads to genomic features. Bioinformatics 30.
10.1093/bioinformatics/btt656.

70. Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and
dispersion for RNA-seq data with DESeg2. Genome Biology 15, 550. 10.1186/s13059-014-0550-
8.

71. Kramer, A., Green, J., Pollard, J., Jr., and Tugendreich, S. (2014). Causal analysis approaches in
Ingenuity Pathway Analysis. Bioinformatics 30, 523-530. 10.1093/bioinformatics/btt703.

50


https://doi.org/10.1101/2024.02.08.579178
http://creativecommons.org/licenses/by/4.0/

Figure 1: Astrocytes decrease their association with thalamocortical synapses following
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Figure 2: Decreased association of astrocyte processes with thalamocortical synapses is
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Figure 3: Whisker lesioning induces Wnt receptor signaling in astrocytes
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Figure 4: Increased Wnt receptor signaling in layer IV astrocytes is
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Figure 5: Microglia-astrocyte WNT signaling is required to induce decreased
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Supplementary Figure 1: Microglia synapse engulfment is increased and astrocyte process
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Figure S1. Microglial synapse engulfment is increased and astrocyte process density is

reduced after whisker lesioning
Related to Figure 1

(A) Top: representative fluorescent max intensity projection images of anti-VGIuT2*
thalamocortical synaptic terminals (red), anti-CD68* lysosomes (cyan), and Cx3cr15¢F"+
microglia immunolabeled with anti-GFP (green) in layer IV of the barrel cortex in the
control and deprived hemispheres at 5 days post-lesioning. Scale bars 5 um. Bottom left:
diagram of experimental protocol used to assess microglial engulfment of
thalamocortical synaptic terminals in Cx3cr15¢F"* mice at 5 days after unilateral whisker
lesioning. Bottom right: Imaris surface reconstruction of anti-VGIuT2* synaptic material
(red) contained within anti-CD68* lysosomes (cyan) inside Cx3cr15¢F""* microglia
immunolabeled with anti-GFP (green) from the white outlined region. Arrow indicates an
example of VGIuT2* material contained within CD68* microglial lysosomes. Scale bar 2
pm.

(B) Quantification of anti-VGIuT2* synaptic material within microglial lysosomes at 5 days
after whisker lesioning shows more engulfed anti-VGIuT2* material in the deprived
hemisphere (hem) of the barrel cortex compared to the control hem (Ratio paired t test:
n =4 mice. * p < 0.05).

(C) Diagram of experimental protocol used to assess astrocyte-synapse contacts by
expansion microscopy in Aldh1l1°ER; Rosa26™™* mice at 4 days after unilateral
whisker lesioning.

(D) Representative fluorescent images of endogenous mTomato signal in untreated brain
sections from Aldh1l1°"ER; Rosa26™™* mice and after treatment with liberate antibody
binding (LAB) solution. The endogenous mTomato signal is no longer detectable after 22

hours of incubation in LAB solution. Scale bars 20 pm.
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(E) Representative fluorescent images of layer IV barrel cortex brain sections from
Aldh111°"ER*. Rosa26™ ™™ mice collected 4 days after unilateral whisker lesioning.
Sections from the control and deprived hemispheres are labeled with anti-GFP to identify
astrocyte processes and anti-VGIuT2 to label thalamocortical synaptic terminals. Scale
bars 20 pm.

(F) Diagram of experimental protocol to perform expansion microscopy. First, pre-expansion
images are taken of brain sections from Aldh1l1°®tR; Rosa26™™™"* mice immunolabeled
with anti-GFP to detect astrocytes and anti-VGIuT2 to detect thalamortical synaptic
terminals in the barrel cortex. Sections are then incubated with the crosslinker Acryloyl-X
SE (AcX), embedded in a gel, digested with proteinase K, cut down to the region of
interest, and incubated in H2O to isotopically expand the gel by ~3.8 - 4.2 times its
original size. A post-expansion image is taken and measurements between specific
landmarks are compared with the pre-expansion image to determine the gel expansion
factor for each gel. Confocal z-stack images are taken for surface reconstructions using
Imaris software.

(G) Quantification of the gel expansion factor in the control and deprived hems of
Aldh111°"*ER; Rosa26™™™ " mice shows no differences between hems (Ratio paired t
test: n = 5 mice).

(H) Representative fluorescent images of expanded layer IV barrel cortex brain sections
from Aldh1I11°5**. Rosa26™ ™" mice collected 4 days after unilateral whisker lesioning.
Sections from the control and deprived hem are labeled with anti-GFP to identify
astrocyte processes. Scale bars 5 um (corrected for expansion index).

() Quantification of astrocyte process density in layer IV of the barrel cortex at 4 days after
whisker lesioning shows reduced density in the deprived hem compared to the control

hem (Ratio paired t test: n = 5 mice. * p < 0.05)
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(J) Representative fluorescent images from brain sections containing layer IV of the barrel
cortex from the deprived and control hem of Aldh1I1°"&R; Rosa26™™¢* mice at 4 days
after whisker lesioning. Sections were immunolabeled with anti-SOX9 to label astrocyte
nuclei and anti-VGIuT2 to label thalamocortical synaptic terminals. Scale bars 50 um.

(K) Quantification of the density of astrocytes (anti-SOX9* cells) in layer 1V of the barrel
cortex at 4 days after whisker lesioning does not show a difference between the control

and deprived hems (Ratio paired t test: n = 4 mice).

All data are presented as mean + SEM.
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Supplementary Figure 2: Enrichment of cell-type specific mRNA by TRAP-Seq
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Figure S2. Enrichment of cell-type specific mMRNA by TRAP-Seq

Related to Figure 3

(A, C) Diagram of experimental protocol used for TRAP-Seq analysis of ribosome-bound RNA
from (A) astrocytes and (C) microglia isolated from the control and deprived
hemispheres (hem) of the primary somatosensory cortex at 24 hours after unilateral

whisker lesioning.

(B, D) Heatmaps showing expression levels of all genes detected in (B) astrocyte and (D)
microglia TRAP-Seq experiments, sorted by enrichment in TRAP-enriched samples
compared to unbound samples. Rows correspond to individual TRAP-enriched and
unbound samples from control and deprived hems. Dashed black lines indicate the
cutoffs used to determine input-enriched genes for downstream analyses for astrocytes
(p-value < 0.05, |fold change| > 1.2, and mean expression > 5) and microglia (p-value <
0.05, |fold change| > 2, and mean expression > 5). Cell-type specific markers for
astrocytes (Aldh1l1, Gfap), microglia (Cx3crl, P2ry12), neurons (Map2), interneurons
(Gad2), oligodendrocytes (Mbp), and OPCs (Pdgfra) are indicated. Only astrocyte cell-
type markers are input-enriched in (B) and only microglia cell-type markers are input-
enriched in (D), confirming that TRAP-isolations successfully enriched for the cell type of

interest.
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Figure S3. Ablation of WIs in WLS cKO mice.
Related to Figure 5

(A) (Top) diagram of experimental protocol used to perform in situ hybridization of Wis in
Cx3cr1®e; WIsF (WLS cKO) and Cx3cr1®"; WIs™* (control) mice at postnatal day 5 (P5).
(Bottom) representative fluorescent images of brain sections from WLS cKO and control
mice with in situ hybridization of Wis (red) and the microglia marker P2ry12 (green).
Nuclei are labeled with DAPI (blue). White outlines indicate the P2ry12* area. Scale bars
10 pm.

(B) Quantification of the percentage of P2ry12* area that overlaps with Wis fluorescence in
WLS cKO mice and control mice at P5 shows reduced WIs* area in WLS conditional
mice, confirming that Wis was successfully ablated (Student’s t test: n = 3 WLS cKO

mice, 3 control mice. ** p < 0.01).

All data are presented as mean + SEM.
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Figure S4. A pharmacological inhibitor of Wnt receptor signaling prevents synapse loss

after whisker lesioning
Related to Figure 5

(A) Diagram of the effect of XAV939 on the canonical Wnt siganling pathway. XAV939
promotes the degradation of 3-catenin, which prevents it from accumulating in the
nucleus after binding of Wnt ligand to frizzled and LRP5/6 receptors.

(B) Diagram of experimental protocol used to assess the density of VGIUT2" synaptic
terminals in layer 1V of the barrel cortex at 6 days after whisker lesioning in wild-type
mice injected with the Wnt signaling inhibitor XAV939.

(C) Representative fluorescent images of anti-VGIuT2* thalamocortical synaptic terminals in
layer IV of the barrel cortex in the control and deprived hemispheres (hem) at 6 days
post-lesioning in wild-type mice injected with XAV939 or vehicle. Scale bars 10 um.

(D) Quantification of the density of anti-VGIuT2* thalamocortical synaptic terminals in layer
IV of the barrel cortex at 6 days post-lesioning shows reduced density in the deprived
hem compared to the control hem in vehicle treated mice, but not in mice treated with
XAV939 (Repeated measures 2-way ANOVA with Sidak’s post hoc test: n =5 vehicle

mice, 8 XAV939 mice. *** p < 0.001).

All data are presented as mean + SEM.
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Figure S5. Ablation of microglial Wnt release blocks reductions in astrocyte process

density after whisker lesioning
Related to Figure 5

(A) Diagram of experimental protocol used to label astrocytes with membrane-bound V5
protein at postnatal day 8 (P8) by intracerebroventricular (icv) injection of
PHP.EB::GfaABC1D-Ick-smV5-4*6T adeno-associated virus (AAV).

(B-C) Representative fluorescent images of brain sections from P8 mice injected with
PHP.EB::GfaABC1D-Ick-smV5-4*6T AAV, immunolabeled with anti-VGIuT2 (red) and
anti-V5 (green). White box region in (B) is shown at higher magnification in (C). Scale
bars (B) 500 um and (C) 100 pm.

(D) Diagram of experimental protocol used to assess astrocyte-synapse interactions in
Cx3cr1®®: WIs™F (WLS cKO) and Cx3cr1°®; WIs™F (control) mice at 4 days after
unilateral whisker lesioning. Astrocytes were labeled with membrane-bound V5 protein
by icv injection of PHP.EB::GfaABC1D-Ick-smV5-4*6T AAV at P1.

(E) Representative fluorescent images of expanded layer 1V barrel cortex brain sections
from WLS cKO and control mice collected 4 days after unilateral whisker lesioning.
Sections from the control and deprived hemispheres are labeled with anti-V5 to identify
astrocyte processes. Scale bars 5 um (corrected for expansion index).

(F) Quantification of astrocyte process density in layer IV of the barrel cortex at 4 days after
unilateral whisker lesioning shows reduced process density in the deprived hem of
control mice compared to the control hem, but not in WLS cKO mice (Repeated
measures 2-way ANOVA with Sidak’s post-hoc test: n = 4 control mice, 4 WLS cKO
mice. ** p < 0.01).

All data are presented as mean + SEM.
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