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Astrocyte–neuron subproteomes and 
obsessive–compulsive disorder mechanisms

Joselyn S. Soto1, Yasaman Jami-Alahmadi2, Jakelyn Chacon1, Stefanie L. Moye1, 
Blanca Diaz-Castro1,4, James A. Wohlschlegel2 & Baljit S. Khakh1,3 ✉

Astrocytes and neurons extensively interact in the brain. Identifying astrocyte and 
neuron proteomes is essential for elucidating the protein networks that dictate their 
respective contributions to physiology and disease. Here we used cell-specific  
and subcompartment-specific proximity-dependent biotinylation1 to study the 
proteomes of striatal astrocytes and neurons in vivo. We evaluated cytosolic and 
plasma membrane compartments for astrocytes and neurons to discover how these 
cells differ at the protein level in their signalling machinery. We also assessed subcellular 
compartments of astrocytes, including end feet and fine processes, to reveal  
their subproteomes and the molecular basis of essential astrocyte signalling and 
homeostatic functions. Notably, SAPAP3 (encoded by Dlgap3), which is associated 
with obsessive–compulsive disorder (OCD) and repetitive behaviours2–8, was 
detected at high levels in striatal astrocytes and was enriched within specific astrocyte 
subcompartments where it regulated actin cytoskeleton organization. Furthermore, 
genetic rescue experiments combined with behavioural analyses and molecular 
assessments in a mouse model of OCD4 lacking SAPAP3 revealed distinct contributions 
of astrocytic and neuronal SAPAP3 to repetitive and anxiety-related OCD-like 
phenotypes. Our data define how astrocytes and neurons differ at the protein level 
and in their major signalling pathways. Moreover, they reveal how astrocyte 
subproteomes vary between physiological subcompartments and how both astrocyte 
and neuronal SAPAP3 mechanisms contribute to OCD phenotypes in mice. Our data 
indicate that therapeutic strategies that target both astrocytes and neurons may be 
useful to explore in OCD and potentially other brain disorders.

Astrocytes are the predominant type of glia in the central nervous system 
and have coevolved with neurons9. Astrocytes are vital components of the 
brain10 and like neurons, they display morphologies and properties that 
differ among brain regions11–14. Both astrocytes and neurons are exten-
sively implicated in brain diseases15, including psychiatric disorders. 
However, little is known about shared or separate astrocytic and neuronal 
molecular mechanisms and their respective contributions within brain 
regions relevant to defined psychiatric diseases or phenotypes in mice.

Neurons and astrocytes interact anatomically and physiologically, 
including within the striatum16,17. In the settings of physiology and 
disease, most studies have compared astrocytes and neurons using 
neuropathological methods, physiology, cellular markers or RNA 
expression analyses. Regarding RNA, although invaluable, the rela-
tionship between RNA expression levels and protein levels18 is highly 
complex; therefore, it is crucial to identify specific protein-based 
mechanisms for neurons and astrocytes19. Furthermore, to under-
stand the basic biology of astrocytes and neurons, it is necessary to 
capture protein identities and their differences within morphologically 
intact cells. Cell dissociation and fluorescence activated cell sorting 

(FACS) procedures shear most astrocyte and neuronal processes and 
are particularly damaging to astrocytes that normally respond to tis-
sue stress20–22, vitiating the use of these methods for proteomics. As a 
result, the proteomes of astrocytes and neurons have not been directly 
measured, compared or utilized to understand their contributions to 
relevant phenotypes in physiology or psychiatric disease in any species.

Approach
The striatum is the largest nucleus of the basal ganglia, a group of sub-
cortical nuclei involved in movement, actions and diverse neuropsychi-
atric conditions23–25. The striatum contains extensive contacts between 
astrocytes and neurons, 95% of which are DARPP32-positive medium 
spiny neurons (MSNs)16. As astrocytes lose their complex morphology 
following dissociation (Extended Data Fig. 1a–d), we characterized 
the composition of cell-type-specific proteomes (astrocytes and neu-
rons) and compartments (cytosolic and plasma membrane (PM)) using 
genetically targeted biotin ligase (BioID2; Extended Data Fig. 2a,b) 
delivered in vivo within the striatum using adeno-associated viruses 
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(AAVs; Extended Data Fig. 2b,c). This method does not use cell dis-
sociation or FACS. BioID2 biotinylates proteins at free lysine residues 
in the presence of biotin1,26. After characterizing cytosolic BioID2 and 
PM-targeted LCK–BioID2 constructs in HEK-293 cells (Extended Data 

Fig. 3), we selectively delivered BioID2 or LCK–BioID2 to astrocytes 
or neurons using a truncated GFAP promoter (GfaABC1D) or human 
SYN1 promoter27 and AAVs with preferred astrocyte (Astro) or neuron 
(Neuro) tropism, respectively (Fig. 1a and Extended Data Fig. 2c–h). 
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Fig. 1 | Striatal astrocyte and neuron proteomes. a, Left, cartoons 
representing genetically targeted BioID2 in the cytosol and PM of astrocytes 
and neurons. Right, PCA plot of all proteins detected by mass sepctrometry 
(n = 4 technical runs per construct with 8 mice each). b, Clustergram depicting 
the specific number of proteins detected in each BioID2 construct experiment 
of astrocytes and neurons. All proteins hereafter represent those that were 
significant (log2(fold change (FC)) > 1 and FDR < 0.05 versus GFP controls).  
c, UpSet plot of BioID2-identified proteins. d, LFQ comparison of proteins 
detected by cytosolic Astro BioID2 and Neuro BioID2. Top, proteins specific to 
Neuro BioID2 or Astro BioID2 when compared with each other. The four most 
abundant proteins are named. Bottom, comparison of proteins that were 
shared in both cytosolic Astro BioID2 and Neuro BioID2. The five highest 

enriched proteins (log2(FC) > 2) are indicated. The top three proteins that 
showed no enrichment in either cell are depicted in red. e, As in d but for PM 
Astro BioID2 and Neuro BioID2. f, Left, STRING analysis map of the top 100 
proteins identified with Astro BioID2 and Astro LCK–BioID2. Node size 
represents the enrichment of each protein versus the GFP control. Edges 
represent putative interactions from STRING. Right, small clustergrams show 
categories for biological process. PPI, protein–protein interaction. g. As in f, 
but for Neuro BioID2 and Neuro LCK–BioID2. h, Expression levels (LFQ intensity) 
of Ca2+-dependent vesicle release proteins identified by each BioID2 construct. 
BPs, binding proteins. i, Expression levels of proteins related to lipid metabolism 
identified in each BioID2 construct.
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Astro BioID2, Astro LCK–BioID2 and the proteins they biotinylated 
were detected only in S100β-positive bushy astrocytes, including 
within end feet (Extended Data Fig. 4a–d). Conversely, Neuro BioID2, 
Neuro LCK–BioID2 and their biotinylated proteins were detected within 
DARPP32-positive neuronal somata and the neuropil, which reflected 
their axonal and dendritic expression, respectively (Extended Data 
Fig. 4e–h). Western blot analyses confirmed biotinylation (Extended 
Data Figs. 2e–h and 4; P < 0.01 in each case), which enabled protein 
identification by liquid chromatography–tandem mass spectrometry 
(LC–MS/MS).

Cytosolic and PM proteomes
When we compared the number of proteins detected in each cell-specific 
and compartment-specific BioID2 experiment to their respective AAV 
fluorescent protein controls, we found around 500–1,800 proteins 
within Astro BioID2, Astro LCK–BioID2, Neuro BioID2 and Neuro LCK–
BioID2 experiments (Supplementary Table 4). Principal component 
analysis (PCA) separated controls from BioID2 groups, astrocytes 
from neurons and cytosol and PM for both astrocytes and neurons 
(Fig. 1a). Clustergram and UpSet analyses identified distinct proteins in 
Astro BioID2, Astro LCK–BioID2, Neuro BioID2 and Neuro LCK–BioID2 
groups, proteins shared between the cytosol and PM of astrocytes 
and neurons, and proteins common to all four groups (Fig. 1b,c). For 
example, 82 unique proteins were identified in the astrocyte PM group 
(LCK–BioID2; Fig. 1b,c). Astrocyte and neuron proteomes contained 
cell-enriched markers28, but not those for other cells (Extended Data 
Fig. 5a). Cell-specific proteomes demonstrated differences between 
cytosolic and PM compartments of astrocytes and neurons (Fig. 1a–c).

Using label-free quantification (LFQ) intensity and a false discovery 
rate (FDR) of <0.05 for cytosolic BioID2, we identified 208 proteins 
that were shared between astrocytes and neurons, and 302 and 372 
that were specific to astrocytes and neurons, respectively (Fig. 1d). 
Similarly, we identified 262 proteins that were shared between PM 
compartments of astrocytes and neurons, and 246 and 1,640 that were 
specific to the PM of astrocytes and neurons, respectively (Fig. 1e). The 
examples in Fig. 1d,e include known and new proteins; the full list in 
Supplementary Table 1 includes genes that encode synaptic proteins 
for neurons (for example, GRIA4, HOMER, Dlg4, Shank1 and Ank1) and 
genes that encode membrane and cytoskeletal proteins in astrocytes 
(for example, Ezr, Slc1a2, Atp1a2, Kcnj10 and Rdx). The major signal-
ling pathways identified were lipid metabolism, cell–cell signalling 
and actin-filament-based processes for astrocytes. By contrast, ion 
binding, receptor and synaptic signalling were the main signalling path-
ways identified for neurons (Extended Data Fig. 5). Core biosynthetic 
pathways were shared between astrocytes and neurons (Extended 
Data Fig. 5). We determined the putative association network and node 
size for the 100 most abundant proteins detected in astrocytes and 
the network population by proteins related to lipid metabolism and 
to actin-filament-based processes (Fig. 1f). Similarly, Fig. 1g plots the 
putative association network and node size for the 100 most abundant 
proteins detected in neurons and networks related to signalling recep-
tor activity and synaptic signalling. We also evaluated the putative 
association network for all astrocyte and neuron proteins (Extended 
Data Fig. 6). Fundamental differences between astrocytes and neurons 
were identified; for example, proteins related to Ca2+-dependent vesicu-
lar γ-aminobutyric acid release were abundant in neurons but largely 
absent in astrocytes28 (Fig. 1h and Extended Data Fig. 5f). Conversely, 
proteins related to lipid metabolism were abundant in astrocytes but 
were fewer in neurons (Fig. 1i and Extended Data Fig. 5g). Although many 
of the top genes enriched in astrocytes and neurons identified by RNA 
sequencing (RNA-seq)27,28 were detected in the proteomes (Extended 
Data Fig. 7a,b), the relationship between protein abundance and RNA 
expression was weak (Extended Data Fig. 7c–j). This result indicates 
that RNA levels do not accurately reflect protein abundance18. This is 

not a critique of RNA-seq, but reflects meaningful biology related to 
differences in transcript and protein turnover, as known for other cells18.

We validated the expression of Crym (which encodes μ-crystallin), 
Mapt (which encodes microtubule-associated protein tau) and Tjp1 
(which encodes the tight junction protein ZO-1) by RNAscope in 
astrocytes positive for both S100β and Aldh1l1 tdTomato alongside 
assessment of their expression in different cell types using single cell 
RNA-seq (scRNA-seq) data29 (Extended Data Fig. 8). These analyses 
confirmed that some of the identified proteins were enriched in astro-
cytes (μ-crystallin) and others were concomitantly expressed in other 
cell types (Mapt and Tjp1). Similar evaluations will be necessary on a 
case-by-case basis for other proteins (Fig. 1).

Astrocyte subproteomes
Astrocytes comprise a cell body and subcompartments such as the 
PM, branches, blood-vessel-associated end feet and finer processes16 
(Extended Data Fig. 1). It is widely held that important physiology occurs 
in these specialized structures, making it important to understand 
the proteins in these spaces. Extending work with HEK-293 cells1, we 
explored the subproteomes of five astrocyte subcompartments in vivo 
defined by the presence of known molecules (Fig. 2a). We therefore 
generated the following AAVs: (1) AQP4–BioID2 to assess astrocyte  
end feet (AQP4 is the water channel enriched in end feet30); (2) EZR–
BioID2 to evaluate astrocyte processes (EZR is a structural protein 
within fine processes31); (3) GLT1–BioID2 to evaluate sites of extra-
cellular glutamate uptake (also known as SLC1A2, GLT1 is the major 
astrocyte glutamate transporter32); (4) KIR4.1-BioID2 to assess sites of 
extracellular K+ homeostasis (KIR4.1 is a main astrocyte K+ channel33); 
and (5) CX43–BioID2 to assess astrocyte–astrocyte contacts (CX43 
is the main connexin underlying astrocyte coupling34). The control 
for each was the identical targeting molecule but with green fluores-
cent protein (GFP) replacing BioID2. Each AAV resulted in BioID2-HA 
expression levels similar to the endogenous target protein (Extended 
Data Fig. 9). Furthermore, the distribution patterns of the biotinylated 
proteins, as assessed by immunohistochemistry (IHC), depended on 
the construct (Extended Data Fig. 9), which indicated that biotinylated 
proteins were proximal to the cognate BioID2 construct. This was a 
desired and anticipated feature1 because biotinylation displays prox-
imity dependence over tens of nanometres. Western blot analyses for 
all target BioID2 groups showed biotinylation (Extended Data Fig. 10; 
P < 0.05 in each case). PCA of the proteomics data separated controls 
from the target BioID2 groups, several from each other (Fig. 2b), and 
clustergram analyses identified specific proteins in each subcom-
partment, ranging from 51 in the CX43–BioID2 compartment to 247 
in AQP4–BioID2. There were 26 proteins shared across all astrocyte 
subcompartments (Fig. 2c). We detected astrocyte markers28 in the 
proteomics data, but not those for other major cell types (Extended 
Data Fig. 10f). The shared proteins and subproteomes are provided 
in Supplementary Table 2. Using our in vivo methods, 3,274 astrocyte 
subcompartment proteins were identified, whereas for astrocytes 
isolated by FACS28, only 1,378 were detected. This result underscores 
the fact that FACS-isolated cells lose their bushy processes and associ-
ated proteomes (Extended Data Fig. 1).

Astrocyte subproteome cards
We compared proteins shared between any single BioID2-targeted 
subcompartment and astrocyte cytosolic BioID2 (Fig. 2) to find 
subcompartment-enriched proteins. Volcano plots were generated 
to compare Astro BioID2 with LCK–BioID2 (Fig. 2d), Astro BioID2 with 
EZR–BioID2 (Fig. 2e) and Astro BioID2 with AQP4–BioID2 (Fig. 2f). 
Interaction maps were made for the top 50 proteins identified 
with EZR–BioID2 and AQP4–BioID2 (Fig. 2g,h). Astrocyte subcom-
partments differed in their proteins and their predicted biological 
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functions (Fig. 2i). For each subcompartment, we provide astrocyte 
subproteome cards reporting the following information: (1) unique and 
enriched proteins; (2) relationships between protein abundance and 
RNA expression; (3) validation of candidate proteins within the targeted 
subcompartment; and (4) protein–protein-association maps for the 
unique and enriched proteins, along with major signalling pathways 

(Supplementary Video 1 and Extended Data Figs. 11–16). Although 
known interactions, such as between Kir4.1 and AQP4, EZR and radixin, 
AQP4 and GLT1, CX43 and TJP1, and GLT1 and hepatic and glial cell 
adhesion molecule (HepaCAM), were confirmed, many hundreds of 
new putative interactions were discovered across subcompartments 
(Extended Data Figs. 11–16 and Supplementary Table 2). The astrocyte 
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subproteomes permit new types of experiments to explore astrocytic 
contributions to brain function. The data revealed proteins that were 
previously unexplored in astrocytes. One of these proteins was enriched 
in the striatum35: SAPAP3 (encoded by Dlgap3; Figs. 1e and 2d,e and 
Extended Data Figs. 11 and 13).

Neuron and astrocyte SAPAP3 expression
SAPAP3, which is expressed in MSNs and is associated with OCD in 
humans and with repetitive behaviours2–8,35, was detected at similarly 
high levels in striatal astrocyte and neuron PM compartments (Fig. 3a). 
SAPAP3 was also found in astrocyte subcompartments assessed using 
EZR–BioID2, but not those assessed using AQP4–BioID2, GLT1–BioID2, 
KIR4.1-BioID2 or CX43–BioID2 (Fig. 3a). This result implied that astro-
cytic SAPAP3 mostly exists in the cytosol and near the PM of the fine 
processes of astrocytes. The proteomics findings were supported by 
neuron-specific and astrocyte-specific RNA-seq data, which showed 
similar Dlgap3 expression levels (Fig. 3b; FDR < 0.05). Accordingly, 
scRNA-seq36 analyses of Dlgap3 showed similar expression in neurons 
and astrocytes (Fig. 3c). To further validate the data from astrocytes, 
we performed RNAscope fluorescence in situ hybridization. Abun-
dant Dlgap3 mRNA in genetically labelled tdTomato astrocytes was 
detected, which was not observed in Dlgap3 knockout (SAPAP3 KO) 
mice (Fig. 3d,f; P < 0.01). We also detected abundant SAPAP3 protein in 
genetically labelled tdTomato astrocytes, whereas immunostaining was 
significantly reduced in SAPAP3 KO mice (Fig. 3e,g; P < 0.01). Together, 
the data from proteomics, cell-specific RNA-seq, scRNA-seq, RNAscope 
and IHC in wild-type (WT) and SAPAP3 KO mice provide strong evidence 
that astrocytes express SAPAP3 (Figs. 1e, 2d,e and 3a–e).

Neuron and astrocyte SAPAP3 mechanisms
Although SAPAP3 can interact with the postsynaptic density at glu-
tamatergic synapses onto MSNs4, there are no SAPAP3 interactome 
data in either astrocytes or neurons. To shed light on the mechanisms 
engaged by SAPAP3 (Fig. 4), we performed proteomics using SAPAP3–
BioID2 constructs for astrocytes and neurons (Fig. 4a,b and Extended 
Data Figs. 17 and 18). We identified 49 SAPAP3 interactors in astrocytes, 
306 in neurons and 109 shared ones (Extended Data Fig. 18). The top 
astrocyte SAPAP3 interactors were Slc1a3, Slc1a2, Slc4a4, Dstn and 
Arpc2, which reflect functions related to synaptic glutamate uptake 
and homeostasis and the actin cytoskeleton, which recalls the finding 
that SAPAP3 was identified as an EZR and PM interactor (Fig. 2d,e). 
The top neuron SAPAP3 interactors were Grin2b, Shank3, Dlg3, Cnp 
and Syngap1, which represent proteins in the postsynaptic density 
of glutamatergic synapses. Differential expression analysis showed 
that SAPAP3 fell on the y axis of the volcano plot. This result indicated 
that SAPAP3 exhibits similar abundance in astrocytes and neurons 
(Extended Data Fig. 18). SAPAP3-interaction maps for astrocytes and 
neurons (Fig. 4a,b) highlighted molecular pathways within astrocytes 
related to glutamate regulation through transporters, G protein sig-
nalling, protein localization and the actin cytoskeleton (Fig. 4a). Pro-
teomics data defined putative SAPAP3 cell-specific interactions and 
molecular mechanisms in astrocytes and neurons that are shared (for 
example, related to glutamatergic signalling) and distinct (for example, 
actin cytoskeleton; Fig. 4a,b).

Astrocytic SAPAP3 molecular mechanisms
The major interactions of SAPAP3 within astrocytes related to gluta-
mate uptake and the actin cytoskeleton (Fig. 4a). We therefore sought 
to validate key protein–protein interactions between SAPAP3 and GLT1 
and of SAPAP3 with EZR. As SAPAP3, EZR and GLT1 are expressed in other 
cells as well as in astrocytes29, co-immunoprecipitation (co-IP) of endog-
enous proteins would not inform whether they associate in astrocytes. 

Thus, we first used recombinant proteins expressed in striatal astro-
cytes in vivo for co-IP. HA-tagged SAPAP3 co-immunoprecipitated with 
EZR–GFP and with GLT1–GFP, and conversely, EZR–GFP and GLT1–GFP 
co-immunoprecipitated with HA–SAPAP3 (Extended Data Fig. 18d). 
Second, we used proximity ligation assays (PLAs) to explore associa-
tions between endogenous proteins (Fig. 4c). The results showed clear 
associations between SAPAP3 and GLT1 and between SAPAP3 and EZR in 
tdTomato-positive astrocytes (Fig. 4d,e). The PLA signals were absent 
in SAPAP3 KO mice (Fig. 4c,d).

As SAPAP3 interacted with several astrocytic membrane proteins 
(Fig. 4a), we determined whether the astrocyte PM proteome was 
altered in SAPAP3 KO mice relative to WT controls. Overall, 182 proteins 
were downregulated and 275 proteins were upregulated in SAPAP3 KO 
mice, including EZR and GLT1 (Fig. 4f.i). An analysis of the altered pro-
teins in SAPAP3 KO mice identified ‘actin cytoskeleton organization’ as 
the major dysregulated pathway (Fig 4f, top), which complements the 
SAPAP3 interactor results (pink nodes in Fig. 4a) and the SAPAP3–EZR 
interactions (Figs. 2e and 4d and Extended Data Fig. 18d). To explore this 
finding, we used LifeAct GFP as an actin cytoskeleton reporter. A strong 
reduction in intensity of labelling of the actin cytoskeleton within 
astrocytes from SAPAP3 KO mice (Fig. 4g) was observed, and this was 
greatest at the edges of astrocyte territories where fine processes abut 
synapses28 (Fig. 4i). Furthermore, on the basis of the LifeAct GFP images, 
astrocyte territories were reduced in area (Fig. 4i), which was indepen-
dently confirmed using tdTomato (Fig. 4h,j). Taken together, these 
data provide strong evidence for the presence of SAPAP3 within astro-
cytes (Figs. 1–3) and for its molecular interactors and pathways that 
include the actin cytoskeleton (Fig. 4a,c,d). Moreover, the results also 
demonstrate the astrocytic molecular (Fig. 4f) and cellular (Fig. 4g–j)  
consequences of SAPAP3 deletion. We next explored the relevance of 
astrocytic SAPAP3 in relation to OCD phenotypes.

Rescue of OCD-like phenotypes in mice
SAPAP3, a cytosolic scaffold protein involved in human OCD3,5–7, is 
expressed in neurons and within select subcompartments of astrocytes 
(Figs. 1–4). SAPAP3 KO mice display OCD-like phenotypes of anxiety 
and repetitive self-grooming that results in facial lesions4. SAPAP3 
KO mice are relevant models to use because SAPAP3 genetic varia-
tions are associated with some forms of human OCD3,5–7 and SAPAP3 is 
highly expressed in the striatum of humans and mice4,35. In light of the 
proteomics data showing similar SAPAP3 abundance in astrocytes and 
neurons, we developed AAVs to deliver SAPAP3 specifically to astro-
cytes or neurons in SAPAP3 KO mice to determine whether expression 
within either cell type at postnatal day 28 (P28) could rescue OCD-like 
phenotypes at P180 (ref. 4) (Fig. 5a). AAVs were delivered bilaterally 
and broadly4 within the striatum, which resulted in SAPAP3 expres-
sion selectively within astrocytes or neurons for Astro GFP–SAPAP3 
and Neuro GFP–SAPAP3, respectively (Fig. 5b,c and Extended Data 
Fig. 18e–g).

We reproduced OCD-like behaviours4 in WT and SAPAP3 KO mice 
(Extended Data Fig. 19). We then assessed the same behaviours to deter-
mine whether SAPAP3 rescue in astrocytes or neurons could produce 
ameliorative effects. Repetitive self-grooming in SAPAP3 KO mice and 
other OCD models results in facial lesions4. We measured the area of 
facial lesions, the number of lesions, the number of self-grooming 
bouts and the total time spent self-grooming as measures of repeti-
tive behaviour. Astrocytic expression of GFP–SAPAP3 significantly 
ameliorated all of these parameters in a manner similar to neuronal 
expression of GFP–SAPAP3 (Fig. 5d,f,h). We next measured anxiety-like 
behaviour on the basis of ambulation in the elevated plus maze (EPM) 
test (Fig. 5e,g,i) and in the open-field test (Extended Data Fig. 19). We 
quantified the time spent in the centre of the open field, the speed in 
the centre and the time spent in the open arms of the EPM (Fig. 5i). 
We also measured total ambulation as the total distance travelled 
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in the open-field apparatus and the average total speed (Fig. 5j and 
Extended Data Fig. 19e). The total distance travelled and the total aver-
age speed were similarly rescued by astrocytic or neuronal expression 
of GFP–SAPAP3 (Fig. 5j). However, ambulation in the centre of the open 
field and time spent in the open arms of the EPM were only rescued by 
neuronal GFP–SAPAP3 (Fig. 5i), which suggests a significant effect of 
neuronal rescue on anxiety-like behaviour. To benchmark these data 
against a first-line therapeutic effective in some forms of OCD2 and in 
SAPAP3 KO mice4, we assessed the effect of fluoxetine (10 mg kg–1 per 
day for 1 week; Fig. 5k). On the basis of this metric, astrocytic rescue 

by GFP–SAPAP3 resulted in beneficial effects comparable to fluox-
etine for self-grooming (Extended Data Fig. 19f–h). We summarized the 
behavioural data with a Z-score and compared the per cent recovery 
by Astro GFP–SAPAP3 and Neuro GFP–SAPAP3 (Fig. 5l). Astrocytic 
and neuronal GFP–SAPAP3 rescued the distance travelled in the open 
field, but displayed different degrees of rescue for self-grooming and 
anxiety-like behaviours.

SAPAP3 is expressed in astrocytes and neurons (Figs. 1–3), and both 
cell types make contributions to OCD-like phenotypes in mice (Fig. 5). 
The corticostriatal circuitry is heavily implicated in OCD in humans37 
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and mice38. To explore links between molecular mechanisms (Figs. 1–4) 
and behaviour (Fig. 5), we assessed metrics of altered neuronal activ-
ity in vivo by evaluating ΔFosB levels, a well characterized marker of 
increased chronic neuronal activity39. We detected increased ΔFosB 
levels in striatal neurons in SAPAP3 KO mice, which were restored by 
both astrocyte and neuronal SAPAP3 rescue (Fig. 6a). By contrast, 
increased ΔFosB levels in cortical neurons of SAPAP3 KO mice (motor 
cortex and lateral orbitofrontal cortex) were unaffected by striatal 
astrocyte or neuronal SAPAP3 rescue (Extended Data Fig. 20). This 
result indicated that behaviourally ameliorative effects of astrocytic 
and neuronal SAPAP3 rescue originate in the striatum. Furthermore, 
concomitant with the behavioural rescue and restoration of ΔFosB 
levels, reduced astrocyte territory sizes and the disrupted EZR–SAPAP3 

and GLT1–SAPAP3 interactions that were measured in SAPAP3 KO mice 
(Fig. 4d–j) were rescued by astrocytic SAPAP3 but not by neuronal 
SAPAP3 (Fig. 6c,d and Extended Data Fig. 21). Our findings underscore 
molecular, cellular and behavioural similarities as well as differences 
in regard to astrocytic and neuronal mechanisms relevant to OCD phe-
notypes in SAPAP3 KO mice.

Relationship to human OCD data
To explore the potential relevance of our findings for human OCD, 
we performed bulk striatal proteomics for WT and SAPAP3 KO mice 
(Extended Data Fig. 22) to determine how protein changes relate to 
gene expression alterations in post-mortem tissue from individuals with 
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OCD40 and to astrocyte and neuronal gene expression (Extended Data 
Fig. 22b). Of the 66 differentially expressed proteins, all were expressed 
in astrocytes and/or neurons, and genes for 44 were upregulated or 
downregulated in human OCD40, with 18 showing similar directional 

changes. We next identified the top 30 differentially expressed caudate 
genes between unaffected controls and human OCD40. Many of these 
genes were highly expressed in astrocytes and neurons and several were 
within their proteomes (Extended Data Fig. 22c). Next we determined 
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astrocytic and neuronal expression for 61 genes associated with, or 
causal for, repetitive behaviours such as OCD and Tourette’s syndrome41 
(Extended Data Fig. 22d). Most showed expression in astrocytes and/or 
neurons and many were detected in our proteomics data for astrocytes 
and neurons or as putative SAPAP3 interactors (Extended Data Fig. 22d). 
These analyses of human data support our findings in mice that molecu-
lar changes associated with OCD40,42 affect signalling in both astrocytes 
and neurons. Notably, postnatal Dlgap3 expression in astrocytes and 
neurons differed in mice (Extended Data Fig. 23), portending future 

exploration of how SAPAP3 expression may relate to the emergence 
of OCD phenotypes during development and adolescence.

Concluding comments
The relative contributions of astrocytes and neurons to brain disorders 
has long been discussed, and more recently assessed by RNA-seq43 
and mass spectrometry44. These insights, along with the necessity 
to understand multicellular interactions in the brain, provided the 
impetus to use tailor-made tools for neurons and astrocytes to deter-
mine their proteomes in vivo in a manner that is cell-specific and 
subcompartment-specific. Our proteomics data for cytosolic and 
PM compartments revealed shared and distinct proteins and signal-
ling pathways that define the molecular basis for cell-type-specific 
signalling by astrocytes and neurons. Furthermore, the astrocyte sub-
proteomes defined the molecular basis for distributed physiological 
functions served by morphologically complex astrocytes. The finding 
that many proteins were preferentially enriched in astrocyte subpro-
teomes has important implications for understanding pathophysiology 
during neurodegeneration, injury, stroke, trauma and addiction that 
are accompanied with altered astrocyte morphology and signalling20,45. 
Overall, our data showed that the relationship between gene and 
protein expression is not straightforward for astrocytes or their sub-
compartments. As such, the subcompartment proteomes represent a 
bounty of previously unknown molecules and pathways, meeting the 
need for protein as well as gene expression data to comprehensively 
explore astrocytes and neurons in vivo.

We explored a new discovery concerning astrocytic and neuronal 
mechanisms relevant to OCD phenotypes that were revealed by our 
data. This is of interest because OCD is incompletely understood and 
poorly treated7. OCD is characterized by obsessive intrusive thoughts, 
compulsions manifested as repetitive behaviours and anxiety. OCD 
is a chronic, disabling psychiatric condition that affects around 2–3% 
of the population2. Classically considered a neuronal disease, OCD 
involves striatal circuit malfunction23, but the molecular and cellular 
basis of the disorder has remained unclear. However, it is emerging 
that diverse cell types contribute to OCD phenotypes46,47. Building on 
recent work with depression48 and degeneration36,44, our experiments 
showed that astrocyte and neuron SAPAP3 mechanisms are relevant to 
OCD phenotypes in mice. Our proteomics experiments demonstrated 
how SAPAP3, a protein shared by astrocytes and neurons and involved 
in human OCD2–8, produces effects on OCD-related behavioural pheno-
types through distinct astrocyte and neuron molecular interactions, 
which, within astrocytes, affect the actin cytoskeleton. This is relevant 
for a larger set of brain diseases involving multicellular molecular  
dysfunctions, but for which aetiologies remain to be understood and 
clinically exploited. Therapeutic strategies targeting both astrocytes 
and neurons may be useful to explore in OCD and other brain disorders.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-023-05927-7.

1.	 Go, C. D. et al. A proximity-dependent biotinylation map of a human cell. Nature 595, 
120–124 (2021).

2.	 Stein, D. J. et al. Obsessive–compulsive disorder. Nat. Rev. Dis. Primers 5, 52 (2019).
3.	 Bienvenu, O. J. et al. Sapap3 and pathological grooming in humans: results from the OCD 

collaborative genetics study. Am. J. Med. Genet. B Neuropsychiatr. Genet. 150b, 710–720 
(2009).

4.	 Welch, J. M. et al. Cortico-striatal synaptic defects and OCD-like behaviours in 
Sapap3-mutant mice. Nature 448, 894–900 (2007).

5.	 Züchner, S. et al. Multiple rare SAPAP3 missense variants in trichotillomania and OCD. 
Mol. Psychiatry 14, 6–9 (2009).

SAPAP3 WT

ΔF
os

B
 +

 D
A

P
I

SAPAP3 KO

Ctx

dStr

vStr

V

VdStr

vStr

Ctx

W
T KO

+GFP
+GFPΔF

os
B

 e
xp

re
ss

io
n

in
 n

eu
ro

ns
 (%

)

0
20
40
60
80

100
Dorsal striatum

 P < 0.05

0
20
40
60
80

100
Ventral striatum

Astrocyte Neuron

a
KO + Astro SAPAP3 KO + Astro GFP

tdTtdT

Territory area

EZR and
SAPAP3 PLA

P
LA

 +
 t

d
T

EZR and SAPAP3

20 μm 

c

db

ΔF
os

B
 +

 D
A

P
I

1 mm

P
LA

 +
 t

d
T

20 μm 

20 μm 

EZR and SAPAP3

GLT1 and SAPAP3 GLT1 and SAPAP3

 P < 0.05  P < 0.05

+SAPAP3

+SAPAP3

GLT1 and
SAPAP3 PLA

W
T KO KO +

 A
str

o 
GFP

 

KO +
 A

str
o 

SAPAP3 

KO +
 N

eu
ro

 G
FP

KO +
 N

eu
ro

 S
APAP3 

Z-score

–1
.8

–1
.1

–0
.4 0.

3
0.

9
1.

6

W
T KO

+GFP
+GFP

Astrocyte Neuron
+SAPAP3

+SAPAP3ΔF
os

B
 e

xp
re

ss
io

n
in

 n
eu

ro
ns

 (%
)

 P < 0.05  P < 0.05  P < 0.01

Fig. 6 | Effect of SAPAP3 loss and rescue on neuronal ΔFosB levels and 
SAPAP3 interactions. a, Images of coronal sections containing striatum in WT 
and SAPAP3 KO mice. Both dorsal striatum (dStr) and ventral striatum (vStr) 
showed increased numbers of ΔFosB-expressing cells. b, The percentage of 
NeuN+ neurons with ΔFosB expression in both dorsal and ventral striatum. Bar 
denotes the mean, and error bars denote the s.e.m. n = 4 animals per group 
(one-way ANOVA with Bonferroni post hoc test). c, Images of tdTomato+ striatal 
astrocytes in SAPAP3 KO mice injected with Astro GFP or Astro SAPAP3 (n = 20 
cells, 4 mice each). Representative images also show PLA puncta for SAPAP3 
and EZR and for SAPAP3 and GLT1 in SAPAP3 KO mice injected with Astro GFP or 
Astro SAPAP3 (n = 12 cells, 4 mice each). Note that in these cases, we used 
tdTomato as the astrocyte reporter to achieve spectral separation from 
Astro GFP and GFP-tagged SAPAP3. d, Heatmap depicting the Z-scores of the 
measured parameters in astrocytes in WT and SAPAP3 KO mice, SAPAP3 KO 
mice injected with Astro GFP or with Astro SAPAP3 and SAPAP3 KO mice 
injected with Neuro GFP or with Neuro SAPAP3. The colour legend shows the 
Z-score. Bar graphs and the raw replicate values are in Extended Data Fig. 21.

https://doi.org/10.1038/s41586-023-05927-7


Nature  |  Vol 616  |  27 April 2023  |  773

6.	 Boardman, L. et al. Investigating SAPAP3 variants in the etiology of obsessive–compulsive 
disorder and trichotillomania in the South African white population. Compr. Psychiatry 
52, 181–187 (2011).

7.	 Crane, J. et al. Family-based genetic association study of DLGAP3 in Tourette syndrome. 
Am. J. Med. Genet. B Neuropsychiatr. Genet. 156b, 108–114 (2011).

8.	 Jenike, M. A. Clinical practice. Obsessive–compulsive disorder. N. Engl. J. Med. 350,  
259–265 (2004).

9.	 Freeman, M. R. & Rowitch, D. H. Evolving concepts of gliogenesis: a look way back and 
ahead to the next 25 years. Neuron 80, 613–623 (2013).

10.	 Allen, N. J. & Lyons, D. A. Glia as architects of central nervous system formation and 
function. Science 362, 181–185 (2018).

11.	 Khakh, B. S. & Deneen, B. The emerging nature of astrocyte diversity. Annu. Rev. Neurosci. 
42, 187–207 (2019).

12.	 Khakh, B. S. & Sofroniew, M. V. Diversity of astrocyte functions and phenotypes in neural 
circuits. Nat. Neurosci. 18, 942–952 (2015).

13.	 Ben Haim, L. & Rowitch, D. H. Functional diversity of astrocytes in neural circuit regulation. 
Nat. Rev. Neurosci. 18, 31–41 (2017).

14.	 Endo, F. et al. Molecular basis of astrocyte diversity and morphology across the CNS in 
health and disease. Science 378, eadc9020 (2022).

15.	 Lee, H. G., Wheeler, M. A. & Quintana, F. J. Function and therapeutic value of astrocytes in 
neurological diseases. Nat. Rev. Drug Discovery 21, 339–358 (2022).

16.	 Khakh, B. S. Astrocyte–neuron interactions in the striatum: insights on identity, form, and 
function. Trends Neurosci. 42, 617–630 (2019).

17.	 Octeau, J. C. et al. An optical neuron–astrocyte proximity assay at synaptic distance 
scales. Neuron 98, 49–66 (2018).

18.	 Liu, Y., Beyer, A. & Aebersold, R. On the dependency of cellular protein levels on mRNA 
abundance. Cell 165, 535–550 (2016).

19.	 Takano, T. et al. Chemico-genetic discovery of astrocytic control of inhibition in vivo. 
Nature 588, 296–302 (2020).

20.	 Escartin, C. et al. Reactive astrocyte nomenclature, definitions, and future directions. Nat. 
Neurosci. 24, 312–325 (2021).

21.	 Burda, J. E. & Sofroniew, M. V. Reactive gliosis and the multicellular response to CNS 
damage and disease. Neuron 81, 229–248 (2014).

22.	 Linnerbauer, M., Wheeler, M. A. & Quintana, F. J. Astrocyte crosstalk in CNS inflammation. 
Neuron 108, 608–622 (2020).

23.	 Graybiel, A. M. & Grafton, S. T. The striatum: where skills and habits meet. Cold Spring 
Harb. Perspect. Biol. 7, a021691 (2015).

24.	 Burguière, E., Monteiro, P., Mallet, L., Feng, G. & Graybiel, A. M. Striatal circuits, habits, 
and implications for obsessive–compulsive disorder. Curr. Opin. Neurobiol. 30, 59–65 
(2015).

25.	 Kalueff, A. V. et al. Neurobiology of rodent self-grooming and its value for translational 
neuroscience. Nat. Rev. Neurosci. 17, 45–59 (2016).

26.	 Kim, D. I. et al. An improved smaller biotin ligase for BioID proximity labeling. Mol. Biol. 
Cell 27, 1188–1196 (2016).

27.	 Diaz-Castro, B., Gangwani, M. R., Yu, X., Coppola, G. & Khakh, B. S. Astrocyte molecular 
signatures in Huntington’s disease. Sci. Transl. Med. 11, eaaw8546 (2019).

28.	 Chai, H. et al. Neural circuit-specialized astrocytes: transcriptomic, proteomic, 
morphological, and functional evidence. Neuron 95, 531–549 (2017).

29.	 Saunders, A. et al. Molecular diversity and specializations among the cells of the adult 
mouse brain. Cell 174, 1015–1030.e16 (2018).

30.	 Xu, M., Xiao, M., Li, S. & Yang, B. Aquaporins in nervous system. Adv. Exp. Med. Biol. 969, 
81–103 (2017).

31.	 Zhou, B. et al. Astroglial dysfunctions drive aberrant synaptogenesis and social 
behavioral deficits in mice with neonatal exposure to lengthy general anesthesia. PLoS 
Biol. 17, e3000086 (2019). 2019 Aug.

32.	 Danbolt, N. C. Glutamate uptake. Prog. Neurobiol. 65, 1–105 (2001).
33.	 Kofuji, P. & Newman, E. A. Potassium buffering in the central nervous system. 

Neuroscience 129, 1045–1056 (2004).
34.	 Giaume, C., Koulakoff, A., Roux, L., Holcman, D. & Rouach, N. Astroglial networks: a 

step further in neuroglial and gliovascular interactions. Nat. Rev. Neurosci. 11, 87–99 
(2010).

35.	 Welch, J. M., Wang, D. & Feng, G. Differential mRNA expression and protein localization  
of the SAP90/PSD-95-associated proteins (SAPAPs) in the nervous system of the mouse. 
J. Comp. Neurol. 472, 24–39 (2004).

36.	 Yu, X. et al. Context-specific striatal astrocyte molecular responses are phenotypically 
exploitable. Neuron 108, 1146–1162.e10 (2020).

37.	 Saxena, S., Bota, R. G. & Brody, A. L. Brain–behavior relationships in obsessive–compulsive 
disorder. Semin. Clin. Neuropsychiatry 6, 82–101 (2001).

38.	 Ahmari, S. E. et al. Repeated cortico-striatal stimulation generates persistent OCD-like 
behavior. Science 340, 1234–1239 (2013).

39.	 Nestler, E. J., Barrot, M. & Self, D. W. DeltaFosB: a sustained molecular switch for addiction. 
Proc. Natl Acad. Sci. USA 98, 11042–11046 (2001).

40.	 Piantadosi, S. C. et al. Transcriptome alterations are enriched for synapse-associated 
genes in the striatum of subjects with obsessive–compulsive disorder. Transl. Psychiatry 
11, 171 (2021).

41.	 Yu, W., Clyne, M., Khoury, M. J. & Gwinn, M. Phenopedia and Genopedia: disease-centered 
and gene-centered views of the evolving knowledge of human genetic associations. 
Bioinformatics 26, 145–146 (2010).

42.	 Lisboa, B. C. G. et al. Initial findings of striatum tripartite model in OCD brain samples 
based on transcriptome analysis. Sci. Rep. 9, 3086 (2019).

43.	 Kelley, K. W., Nakao-Inoue, H., Molofsky, A. V. & Oldham, M. C. Variation among intact 
tissue samples reveals the core transcriptional features of human CNS cell classes.  
Nat. Neurosci. 21, 1171–1184 (2018).

44.	 Guttenplan, K. A. et al. Neurotoxic reactive astrocytes induce cell death via saturated 
lipids. Nature 599, 102–107 (2021).

45.	 Scofield, M. D. et al. Cocaine self-administration and extinction leads to reduced glial 
fibrillary acidic protein expression and morphometric features of astrocytes in the 
nucleus accumbens core. Biol. Psychiatry 80, 207–215 (2016).

46.	 Yu, X. et al. Reducing astrocyte calcium signaling in vivo alters striatal microcircuits and 
causes repetitive behavior. Neuron 99, 1170–1187.e9 (2018).

47.	 Chen, S. K. et al. Hematopoietic origin of pathological grooming in Hoxb8 mutant mice. 
Cell 141, 775–785 (2010).

48.	 Cui, Y. et al. Astroglial Kir4.1 in the lateral habenula drives neuronal bursts in depression. 
Nature 554, 323–327 (2018).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 
4.0 International License, which permits use, sharing, adaptation, distribution 
and reproduction in any medium or format, as long as you give appropriate 

credit to the original author(s) and the source, provide a link to the Creative Commons licence, 
and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, 
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/


Article
Methods

Mouse models
All experiments were conducted in accordance with the National Insti-
tutes of Health’s Guide for the Care and Use of Laboratory Animals and 
were approved by the Chancellor’s Animal Research Committee at the 
University of California, Los Angeles (UCLA). Male and female mice 
aged between 3 and 28 weeks were used in this study (depending on 
the experiment). Mice were housed in the vivarium managed by the 
UCLA Division of Laboratory Animal Medicine with a 12 h light–dark 
cycle and ad libitum access to food and water. WT C57BL/6NTac mice 
were purchased from Taconic Biosciences. Targeted KO mice for Dlgap3 
(B6.129-Dlgap3tm1Gfng/J) were obtained from the Jackson Laboratory 
and maintained as a heterozygous line.

Cell lines
HEK-293 cells (sex: female, RRID: CVCL_0045) were obtained from the 
American Type Culture Collection and maintained in 25 cm2 cell culture 
flasks in DMEM/F12 medium with Glutamax (Invitrogen) supplemented 
with 10% FBS and penicillin–streptomycin. Cells were grown in a humidi-
fied cell culture incubator with 95% air and 5% CO2 at 37 °C.

Striatal astrocyte dissociation
To obtain cell-specific proteomes from adult mice, a common method 
was used to purify astrocytes by FACS. To conduct such experiments, the 
cells were prepared by dissociation. To assess astrocyte integrity follow-
ing this method and to compare the morphology to in situ astrocytes, 
8-week-old Aldh1l1–eGFP mice were used to purify astrocytes from 
the striatum by FACS as previously described28. In brief, striata from 
8 mice were dissected and digested for 45 min at 36 °C in a Petri dish 
with 2.5 ml papain solution (1× EBSS, 0.46% d-glucose, 26 mM NaHCO3, 
50 mM EDTA, 75 U ml–1 DNase1, 300 units of papain and 2 mM l-cysteine) 
while bubbling with 5% CO2 and 95% O2. After this digestion process, 
the tissue was washed 4 times with ovomucoid solution (1× EBSS, 0.46% 
d-glucose, 26 mM NaHCO3, 1 mg ml–1 ovomucoid, 1 mg ml–1 BSA and 
60 U ml–1 DNase1) and mechanically dissociated with 2 fire-polished 
borosilicate glass pipettes. A bottom layer of concentrated ovomu-
coid solution (1× EBSS, 0.46% d-glucose, 26 mM NaHCO3, 5.0 mg ml–1 
ovomucoid, 5.5 mg ml–1 BSA and 25 U ml–1 DNase1) was added to the 
cell suspension. The tubes were centrifuged at room temperature at 
300g for 10 min, and the resultant pellet was resuspended in D-PBS with 
0.02% BSA and 13 U ml–1 of DNase1, and filtered through a 20 µm mesh. 
FACS was performed using a FACSAria II instrument (BD Bioscience) 
with a 70 μm nozzle using standard methods at the UCLA Cell Sorting 
Core. The cells from each mouse were then placed on a glass slide and 
imaged using a UplanFL x40 0.8 water immersion lens on a confocal 
scanning microscope (Olympus FV3000) using Fluoview (Olympus) 
software. Representative images are shown in Extended Data Fig. 1c.

Lucifer yellow dye filling
This method for filling astrocytes in lightly fixed tissue has been previ-
ously described28. For lucifer yellow iontophoresis, 8-week-old WT mice 
were transcardially perfused with 10 ml Ringer’s solution with 0.02% 
lidocaine, followed by 4% paraformaldehyde. Brains were post-fixed 
at room temperature for 1.5 h and then washed in 0.1 M PBS for 10 min. 
Next 100 μm coronal sections were cut using a Pelco Vibrotome 3000 
and then placed in ice-cold PBS for the duration of the experiment. 
Lucifer yellow CH di-lithium salt (10 mg; Sigma) was dissolved in 1 ml 
5 mM KCl solution and filtered before use. Sharp (200 MΩ) glass elec-
trodes were pulled from a borosilicate glass capillary with a filament 
(outer diameter of 1.0 mm, inner diameter of 0.58 mm). Electrodes 
were gravity filled. Sections were transferred to a solution of room 
temperature PBS for filling. Astrocytes were identified using infrared 
differential interference contrast (IR-DIC) and then impaled with the 
sharp electrode. Lucifer yellow was injected into the cell by passing 

current (2 mA) for 20 s: three times with 15–20 s pauses in between. 
Sections were post-fixed completely with 4% paraformaldehyde at 4 °C 
before mounting on glass slides and imaged using a UplanFL x40 0.8 
water immersion lens on a confocal scanning microscope (Olympus 
FV3000) using Fluoview (Olympus) software. Representative images 
are shown in Extended Data Fig. 1c.

Generation of AAVs
AAVs were generated as previously described49. In brief, the BioID2 
sequence with a HA tag was PCR amplified from pAAV-BioID2- 
Linker-BioID2-HA plasmid (a gift from S. Soderling)50 and incorporated 
into a pZac2.1 vector using an In-fusion cloning kit (Takara Bio) to gener-
ate plasmids pZac2.1-GfaABC1D-BioID2-Linker-BioID2-HA (Astro BioID2) 
and pZac2.1-hSYN1-BioID2-Linker-BioID2-HA (Neuro BioID2), which 
carry the astrocyte-specific promoter and the human synapsin-1 neu-
ronal promoter, respectively. To generate the subcompartment-specific 
BioID2 constructs, the Astro BioID2 plasmid was cut by restriction 
digest at the XhoI site. cDNAs for each subcompartment were ampli-
fied by PCR, and the sequences were cloned into the XhoI site using an 
In-fusion cloning kit (Takara Bio). The Aqp4 sequence was PCR ampli-
fied from GeneCopoeia plasmid EX-Mm20326; the Cx43 sequence 
was amplified from msfGFP-Cx43 plasmid (Addgene, 69024); the Glt1 
sequence was amplified from GeneCopoeia plasmid Mm27106; the  
Ezr sequence was amplified from GeneCopoeia plasmid Mm2129m; the 
Kcnj10 sequence was amplified from GfaABC1D-eGFP-Kir4.1 plasmid 
(Addgene, 52874). The subcompartment GFP controls were generated by 
digesting the resulting subcompartment BioID2 plasmids with BamHI, 
which removed the BioID2 sequence, and inserting the PCR-amplified 
eGFP sequence from the GfaABC1D-eGFP-Kir4.1 plasmid (Addgene, 
52874) using an In-fusion cloning kit (Takara Bio). All BioID2 plasmids 
and their GFP counterparts were sequenced and sent to the Penn Vector 
core for AAV production. All SAPAP3-associated plasmids were sent to 
Virovek for AAV production. Astrocyte-specific constructs were pro-
duced in AAV2 and AAV5 serotypes (AAV2/5), whereas neuron-specific 
constructs were produced in the AAV1 serotype. AAV titres are provided 
in Supplementary Table 9. For HEK-293 cell transfection, the BioID2 
sequence was cloned into a pcDNA3.1 vector between BamHI sites 
to generate pcDNA3.1-CMV-BioID2-Linker-BioID2-HA and pcDNA3. 
1-CMV-Lck-BioID2-Linker-BioID2-HA. To generate the eGFP–SAPAP3 
and the HA-BioID2-SAPAP3 AAVs, the SAPAP3 sequence was amplified 
from GeneCopoeia plasmid Mm16264. pZac2.1-GfaABC1D-BioID2- 
Linker-BioID2-HA and pZac2.1-hSYN--BioID2-Linker-BioID2-HA were 
digested with BamHI, and the SAPAP3 sequence was cloned into the 
BamHI sites using an In-fusion cloning kit (Takara Bio), which gener-
ated pZac2.1-GfaABC1D-SAPAP3 and pZac2.1-hSYN1-SAPAP3. This 
resulting plasmid was then digested with BmtI. The eGFP sequence 
was PCR-amplified from GfaABC1D-eGFP-Kir4.1 plasmid (Addgene, 
52874) and cloned into the pZac2.1-SAPAP3 plasmids at the BmtI 
site with an In-fusion cloning kit (Takara Bio), which produced 
pZac2.1-GfaABC1D-eGFP-SAPAP3 and pZac2.1-hSYN1-eGFP-SAPAP3. 
The HA–BioID2 sequence was PCR-amplified from an existing 
pZac2.1 plasmid and cloned into the pZac2.1-SAPAP3 plasmids at the 
BmtI site using an Infusion cloning kit (Takara Bio), which produced  
pZac2.1-GfaABC1D-HA-BioID2-SAPAP3 and pZac2.1-hSYN1-HA–BioID2–
SAPAP3. Generation of pZac2.- GfaABC1D-3xHA-SAPAP3 consisted of 
digesting the pZac2.1-GfaABC1D-SAPAP3 plasmid with BmtI and ligating 
an annealed oligonucleotide with the 3×HA sequence into the BmtI sites 
using T4 ligase. To generate the astrocyte-specific LifeAct-eGFP AAV, 
the LifeAct-eGFP sequence was amplified from pEGFP-C1-LifeAct-EGFP 
(Addgene, 58470). pZac2.1-GfaABC1D-BioID2-Linker-BioID2-HA plasmid 
was digested with BamHI, and the LifeAct-eGFP sequence was cloned 
into the BamHI sites using an In-fusion cloning kit (Takara Bio), which 
produced pZac2.1-GfaABC1D-LifeAct-eGFP. The 20 new AAV plasmids 
generated in this study are listed in Supplementary Table 9 along with 
their Addgene accession identifiers.



HEK-293 cell studies
HEK-293 cells were prepared for transfection by plating onto 6-well 
plates, and transfection was performed when cells reached 80% conflu-
ence. For expression in HEK-293 cells, 0.4 μg plasmid DNA was trans-
fected using Effectene transfection reagent (Qiagen). Biotin (Sigma, 
B4501) was dissolved in sterile 0.1 M PBS to make a 1 mM stock solution. 
The stock solution was added to the HEK-293 cell medium to obtain 
a final concentration of 50 mM biotin. After 48 h of transfection, the 
cells were trypsinized and transferred to poly-d-lysine coverslips. After 
24 h, the cells were washed once with 0.1 M PBS and then fixed with 10% 
formalin for 10 min. Cells were washed in 0.1 M PBS and then incubated 
with agitation in a blocking solution containing 5% NGS in 0.1 M PBS 
with 0.2% Triton-X (Sigma) in PBS for 1 h at room temperature. The cells 
were then incubated with agitation in mouse anti-HA primary antibody 
(1:1,000; BioLegend, 901514) diluted in 0.1 M PBS with 5% NGS at 4 °C 
overnight. Cells were incubated with agitation with the following sec-
ondary antibodies and fluorophores in a solution containing 5% NGS 
in 0.1 M PBS for 2 h at room temperature (1:1,000; Molecular Probes): 
Alexa Fluor 546 goat anti-mouse (A11003); and streptavidin, Alexa Fluor 
488 conjugate (S11223). The cells were rinsed 3 times in 0.1 M PBS for 
10 min each. The coverslips containing the cells were then mounted 
onto microscope slides in fluoromount-G. Fluorescence images were 
taken using a UplanSApo ×40 1.30 NA oil-immersion objective lens on 
a confocal laser-scanning microscope (FV10-ASW, Olympus). Laser set-
tings were the same for all cells. Images represent maximum intensity 
projections of optical sections with a step size of 1.0 μm. For western 
blotting, the cells were directly lysed in RIPA buffer (150 mM NaCl, 50 mM 
Tris pH 8.0, 1% Triton-X, 0.5% sodium deoxycholate, 0.1% SDS and Halt 
protease inhibitor (Thermo Scientific, 78429)). The cells were homog-
enized using a cell scratcher and the lysate was incubated at 4 °C while 
rotating for 30 min. The samples were sonicated for 10 min and then 
centrifuged at 16,500g for 10 min at 4 °C. The supernatant was collected 
and the protein concentrations were measured using a BCA protein assay 
(Thermo Scientific). The samples were then mixed with 2× Laemmli solu-
tion (Bio-Rad) containing β-mercaptoethanol. The samples were boiled 
at 95 °C for 10 min before being electrophoretically separated by 10% 
SDS–PAGE (30 μg protein per lane) and transferred onto a nitrocellulose 
membrane (0.45 μm). The membrane was incubated with agitation in 
a solution containing 5% BSA, 0.1% Tween-20 and 0.1 M PBS for 1 h. The 
membrane was probed with streptavidin–HRP (Sigma, RABHRP3) at 
1:250 for 2 h. The membrane was then treated with Pierce chemilumines-
cence solution for 1 min and imaged. The blot was incubated overnight 
at 4 °C with rabbit anti-β-actin (1:1,000; Abcam, ab8227). IRDye 800CW 
anti-rabbit (1:10,000; Li-Cor) was used as the secondary antibody, and 
images were acquired on a Li-Cor odyssey infrared imager. Signal intensi-
ties at expected molecular weights were quantified using ImageJ. The 
streptavidin signal levels were normalized to β-actin by dividing the 
streptavidin signal intensity by the β-actin signal intensity.

Stereotaxic microinjections
All surgical procedures were conducted under general anaesthesia 
using continuous isoflurane (induction at 5%, maintenance at 2% v/v) 
in 6-week-old C57/BL6NTac mice unless otherwise stated. Anaesthetic 
depth was continuously monitored and adjusted when necessary. After 
induction of anaesthesia, mice were fitted into the stereotaxic frame 
(David Kopf Instruments), their noses placed into a veterinary-grade 
anaesthesia ventilation system (VetEquip) and their heads were secured 
using blunt ear bars. Mice were subcutaneously administered with 
0.1 mg kg–1 of buprenorphine (Bupranex) before surgery. The surgical 
incision site was cleaned 3 times with 10% povidone iodine and 70% etha-
nol (v/v). A skin incision was made followed by craniotomies (1–2 mm in 
diameter) above the left parietal cortex using a small steel burr (NeoBurr) 
powered by a high-speed drill (Midwest Tradition). Sterile saline (0.9%) 
was applied onto the skull to reduce heating caused by drilling. One 

craniotomy was made for unilateral injections, and two craniotomies were 
made for bilateral injections. The injections were carried out using the 
stereotaxic apparatus to guide the placement of bevelled glass pipettes 
(1B100-4, World Precision Instruments). For the left striatum, the follow-
ing coordinates were used: 0.8 mm anterior to bregma, 2 mm lateral to 
the midline, and 2.4 mm from the pial surface. AAV was injected using a 
syringe pump (SmartTouch Pump, World Precision Instruments). Fol-
lowing AAV microinjection, the glass pipette was left in place for at least 
10 min before slow withdrawal. Surgical wounds were closed with exter-
nal 5-0 nylon sutures. Following surgery, animals were allowed to recover 
overnight in cages placed on a low-voltage heating pad. Buprenorphine 
was administered 2 times a day for 48 h after surgery. Trimethoprim sul-
famethoxazole was provided in food to the mice for 1 week. Virus-injected 
mice were used for experiments at least 3 weeks after surgery. All AAV 
titres were adjusted to 1.0 × 1013 genome copies per ml with sterile 0.1 M 
PBS. The following viruses were used: 0.5 μl AAV2/5 GfaABC1D-BioID2- 
Linker-BioID2-HA; 0.5 μl AAV2/5 GfaABC1D-Lck-BioID2-Linker-BioID2- 
HA; 0.5 μl AAV2/5 GfaABC1D-Aqp4-BioID2-Linker-BioID2-HA; 0.5 μl 
AAV2/5 GfaABC1D-Cx43-BioID2-Linker-BioID2-HA; 0.5 μl AAV2/5 
GfaABC1D-Ezr-BioID2-Linker-BioID2-HA; 0.5 μl AAV2/5 GfaABC1D- 
Glt1-BioID2-Linker-BioID2-HA; 0.5 μl AAV2/5 GfaABC1D-HA-BioID2- 
Linker-BioID2-Kir4.1; 0.5 μl AAV2/5 GfaABC1D-tdTomato (Addgene, 
44332-AAV5); 0.5 μl AAV2/5 GfaABC1D-Lck-GFP (Addgene, 105598- 
AAV5); 0.5 μl AAV2/5 GfaABC1D-Aqp4-eGFP; 0.5 μl AAV2/5 GfaABC1D- 
Cx43-eGFP; 0.5 μl AAV2/5 GfaABC1D-Ezr-eGFP; 0.5 μl AAV2/5 GfaABC1D- 
Glt1-eGFP; 0.5 μl AAV2/5 GfaABC1D-eGFP-Kir4.1; 0.5 μl AAV1 hSYN1- 
BioID2-Linker-BioID2-HA; 0.5 μl AAV1 hSYN1-Lck-BioID2-Linker-BioID2- 
HA; 0.5 μl AAV1 hSYN1-eGFP (Addgene, 50465-AAV1); 0.5 µl AAV1 
hSYN1-Lck-GFP; 0.5 μl AAV2/5 GfaABC1D-Rpl22-HA (Addgene, 111811); 
and 0.5 μl AAV1 hSYN1-Rpl22-HA. For co-IP experiments, 0.1 μl of 
GfaABC1D-Ezr–eGFP was injected with 0.1 μl of GfaABC1D-3×HA-SAPAP3 
(Addgene, 190200) and 0.1 μl of GfaABC1D-Glt1-eGFP was injected with 
0.1 μl of GfaABC1D-3×HA-SAPAP3.

AAVs for SAPAP3 and LifeAct GFP
Surgical procedures for SAPAP3 KO mice were conducted as described 
above. In brief, GFP or GFP–SAPAP3 AAVs was bilaterally injected into 
the striatum of 3–4-week-old mice through 2 sites at 3 locations per 
hemisphere. At each of the injection sites, the microinjection needle 
was advanced to the deepest (ventral) position for the first injection, 
whereas the additional injections were made every 0.3 mm while with-
drawing the injection needle. The coordinates from bregma were as 
follows: injection site 1: anterior, 0.5 mm; medial–lateral, 1.5 mm, dorsal– 
ventral, 2.9 mm, 2.6 mm and 2.3 mm from the pial surface; injection site 2:  
anterior, 0.5 mm, medial–lateral, −1.5 mm; dorsal–ventral, 2.9 mm, 
2.6 mm and 2.3 mm from the pial surface. For each injection location, 
150 nl of virus was injected and the needle was left in place for 5 min 
after each injection. These injection procedures were chosen to cover 
most of the striatum (dorsal and ventral). All AAV titres were adjusted 
to 1.0 × 1013 genome copies per ml with sterile 0.1 M PBS. The following 
viruses were used: AAV 2/5 GfaABC1D-LifeAct-eGFP (Addgene, 190199); 
AAV2/5 GfaABC1D-eGFP-SAPAP3; AAV2/5 GfaABC1D-eGFP; AAV1 
hSYN1-eGFP-SAPAP3; and AAV1 hSYN1-eGFP (Addgene, 50465-AAV1). 
Litters with multiple SAPAP3 KO mice were split between experimental 
groups.

As shown in the figures, we confirmed that intrastriatal microinjec-
tion of AAV2/5-delivered cargo was cell selective and restricted to the 
striatum, although there was some expression proximal to the needle 
tract in cells of the cortex and sometimes of the corpus callosum. We 
suspect such expression occurred in all previous studies that used 
viruses, as it is impossible to reach subcortical brain structures without 
advancing the needle through the overlying tissue. Consequently, all 
studies that use microinjections (including ours) need to be interpreted 
with this anatomical caveat in mind. We have previously reported and 
discussed this issue in regard to our surgical procedures51.
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In vivo BioID2 protein biotinylation
Three weeks after AAV microinjection, mice were treated with a subcu-
taneous injection of biotin at 24 mg kg–1 (Millipore Sigma, RES1052B-B7) 
dissolved in sterile 0.1 M PBS once per day for 7 consecutive days. The 
mice were processed 16 h after the last biotin injection.

IHC analysis
Mice were transcardially perfused with chilled 0.1 M PBS followed 
by 10% formalin. After gentle removal of the skull, the brains were 
post-fixed in 10% formalin for 6 h. The brains were then cryoprotected 
in 30% sucrose with 0.1 M PBS solution for at least 48 h at 4 °C. Serial 
coronal sections (40 μm) containing striatum were prepared using a 
cryostat microtome (Leica) at −20 °C and processed for IHC. Sections 
were washed 3 times in 0.1 M PBS for 10 min each and then incubated in 
a blocking solution consisting of 5% NGS in 0.1 M PBS with 0.2% Triton-X 
for 1 h at room temperature with agitation. Sections were then incu-
bated in primary antibodies diluted in 5% NGS in 0.1 M PBS solution 
overnight at 4 °C. The following primary antibodies were used: mouse 
anti-HA (1:1,000; BioLegend, 901514); rabbit anti-HA (1:1,000; Abcam, 
ab9110); rabbit anti-S100β (1:1,000; Abcam, ab13970); rabbit anti-NeuN 
(1:1,000; Cell Signaling, 12943S); guinea pig anti-NeuN (1:1,000; Synap-
tic Systems, 266004), rabbit anti-DARPP32 (1:1,000; Abcam, ab40801); 
guinea pig anti-DARPP32 (1:1,000; Frontier Institute, DARPP-Gp-A250); 
chicken anti-GFP (1:1,000; Abcam, ab13970); rabbit anti-SAPAP3 (1:100; 
a gift from G. Feng); mouse anti-RFP (1:500; Rockland, 600906379); 
rabbit anti-PAICS (1:100; Invitrogen, 92985); mouse anti-Nebl (1:100; 
Santa Cruz Biotechnology, 393784); rabbit anti-Slc4a4/NBC1 (1:100; 
Novus, NBP32020); rabbit anti-Arpc1a (1:100; Invitrogen, 102339); rab-
bit anti-Faim2 (1:100; Origen, TP300196); rabbit anti-Hepacam (1:100; 
Novus Biologicals, 04983); mouse anti-APC (1:500; Abcam, ab16794); 
rabbit anti-Olig2 (1:500; Millipore, AB9610); and rabbit anti-ΔFosB 
(1:500; Cell Signaling Technology, 14695S). Sections were then incu-
bated with the following secondary antibodies for 2 h at room tempera-
ture (1:1,000; Molecular Probes): Alexa Fluor 488 goat anti-chicken 
(A11039); Alexa Fluor 647 goat anti-rabbit (A21244); Alexa Fluor 546 
goat anti-mouse (A11003); Alexa Fluor 488 goat anti-rabbit (A11008); 
and streptavidin, Alexa Fluor 488 conjugate (S11223). The free-floating 
sections were mounted on microscope slides in fluoromount-G. Fluo-
rescence images were taken using a UplanFL ×40 1.30 NA oil-immersion 
or a PlanApo N ×60 1.45 NA oil-immersion objective lens on a confo-
cal laser-scanning microscope (FV3000, Olympus) using Fluoview 
(Olympus) software. Laser settings were kept the same within each 
experiment. Images represent maximum intensity projections of opti-
cal sections with a step-size of 1.0 μm. Images were processed using 
ImageJ. Cell counting was done on maximum intensity projections 
using the Cell Counter plugin; only cells with somata completely in the 
region of interest were counted. Colocalization analysis was conducted 
using the Fiji/ImageJ Coloc2 plugin.

RNAscope and IHC
Fixed-frozen tissue was processed as described above. Serial coronal 
sections (14 μm) containing striatum were prepared using a cryostat 
microtome (Leica) at −20 °C and mounted immediately onto glass 
slides. Dual ISH-IHC was performed using a Multiplex RNAscope (v.2) 
with integrated co-detection work flow (ACDBio 323180 and 323110). 
Sections were baked for 30 min at 60 °C. Sections were washed for at 
least 15 min in 0.1 M PBS and then incubated in 1× Target Retrieval rea-
gents for 5 min at 95 °C. After washing with ddH2O twice, the sections 
were dehydrated with 100% ethanol and dried at room temperature. 
Sections were then incubated with primary antibody rabbit anti-S100β 
(1:500; Abcam, ab13970), rabbit anti-RFP to amplify astrocyte-specific 
tdTomato signal (1:500; Rockland, 600-401-379), and guinea pig 
anti-NeuN (1:500; Synaptic Systems, 266004) overnight at 4 °C. Sec-
tions were then incubated with Protease Pretreat-4 solution (ACDBio, 

322340) for 30 min at 40 °C. The sections were washed with ddH2O 
twice for 1 min each and then incubated with probe for 2 h at 40 °C: 
Mm-DLGAP3-C3 (ACDBio, 586091-C3), Mm-Mapt-C1 (ACDBio, 400351) 
and Mm-Tjp1-C1 (ACDBio, 440411). The sections were incubated in 
Amp 1-FL for 30 min, AMP 2-FL for 15 min, AMP 3-FL for 30 min and 
AMP 4-FL for 15 min at 40 °C while washing in 1× wash buffer (ACDBio, 
310091) between incubations. The HRP-C3 signal was developed with 
Opal 690 fluorophore (Akoya Biosciences, FP1497001KT). The HRP-C1 
signal was developed with Opal 520 fluorophore (Akoya Biosciences, 
FP1487001KT). All incubations at 40 °C or 60 °C were performed in a 
HybEZ hybridization system (ACDBio). Last, sections were incubated 
with Alexa Fluor goat secondary antibodies described in the IHC section 
for 45 min at room temperature. Images were obtained in the same way 
as for IHC (described above) with a step size of 0.5 μm. Images were 
processed using ImageJ. Astrocyte somata were labelled with S100β 
signals, and the number of puncta within each soma was measured. 
Astrocyte territories were labelled with tdTomato signals, and the 
number of puncta within each territory was measured.

PLA analysis
The PLA detects native interacting proteins within about 40 nm of each 
other. Fixed-frozen tissue was processed as described above. Serial 
coronal sections (20 μm) containing striatum sparsely labelled with 
astrocyte-specific AAV2/5 GfaABC1D-tdTomato were prepared using a 
cryostat microtome (Leica) at −20 °C and mounted immediately onto 
glass slides. PLAs were performed using the Sigma-Aldrich Duolink PLA 
fluorescence protocol (Sigma-Aldrich DUO92101 and DUO92013). Sec-
tions were baked for 30 min at 60 °C. Sections were washed for at least 
15 min in 0.1 M PBS. After washing, sections were incubated in 1× citrate 
pH 6.0 antigen retrieval buffer (Sigma, C999) for 10 min at 90 °C. After 
washing 3 times in 0.2% Triton-X in PBS (PBS-T), the sections were blocked 
for 45 min at room temperature with 5% donkey serum (Sigma, D9663) 
in PBS-T. Sections were then incubated with the following primary anti-
bodies overnight at 4 °C: rabbit anti-SAPAP3 (1:50); mouse anti-GLT1 
(1:50; Santa Cruz Biotechnology, sc-365634); mouse anti-EZR (1:100; 
BioLegend, 866401); and guinea pig anti-RFP (1:500; Synaptic Systems, 
390004). Sections were then incubated with PLA probe cocktail contain-
ing the anti-rabbit PLUS primer probe (DUO92002) and the anti-mouse 
MINUS primer probe (DUO92004) for 1 h at 37 °C. The sections were 
washed twice in 1× wash buffer A (DUO82049). Sections were then incu-
bated with ligation solution containing ligase for 30 min at 37 °C. Sections 
were once again washed twice with 1× wash buffer A and then incubated 
with amplification solution containing DNA polymerase for at least 3 h at 
37 °C. Sections were then washed twice in 1× wash buffer B (DUO82049) 
and then washed in 0.01× wash buffer B. To amplify the tdTomato signal, 
sections were then incubated with donkey anti-guinea pig Cy3 (1:500; 
Jackson ImmunoResearch, 706-165-148) for 45 min at room temperature. 
Sections were washed twice with PBS and then coverslips were mounted 
with DuoLink mounting medium with DAPI (DUO82040). Images were 
obtained in the same way as for IHC (described above) with a step size 
of 0.5 μm. Images were processed using ImageJ. Astrocyte territories 
were labelled with tdTomato signals, and the number of puncta and 
integrated intensity within each territory were measured.

Western blotting
Mice were decapitated and striata were dissected and homogenized 
with a dounce and pestle in ice-cold RIPA buffer (150 mM NaCl, 50 mM 
Tris pH 8.0, 1% Triton-X, 0.5% sodium deoxycholate, 0.1% SDS and Halt 
protease inhibitor (Thermo Scientific, 78429)). The homogenate was 
incubated at 4 °C while spinning for 1 h. The homogenate was sonicated 
and then centrifuged at 4 °C for 10 min at 15,600g. The clarified lysate 
was collected and the protein concentration was measured using a 
BCA protein assay kit (Thermo). The samples were then processed as 
described above and analysed as stated above with 30 µg of protein 
loaded into each gel well.



Co-IP
To validate SAPAP3–EZR and SAPAP3–GLT1 interactions, we used recom-
binant proteins expressed in striatal astrocytes in vivo for co-IP experi-
ments. This is because SAPAP3, EZR and GLT1 are expressed natively in 
multiple cell types (see http://dropviz.org/) and immunoprecipitation 
of the endogenous proteins would not be specific for astrocytes. To this 
end, mice were injected with one of the following combinations in the 
striatum: GfaABC1D-3×HA-SAPAP3 and GfaABC1D-Glt1-eGFP, GfaABC1D- 
3×HA-SAPAP3 and GfaABC1D-Ezr-eGFP, GfaABC1D-3×HA-SAPAP3  
only, GfaABC1D-Glt1-eGFP only or GfaABC1D-Ezr-eGFP only. Mice were 
decapitated and striata were dissected and homogenized with a dounce 
and pestle in ice-cold lysis buffer (25 mM HEPES pH 7.5, 150 mM NaCl, 
1 mM EDTA, 1% NP-40, 5 mM NaF, 1 mM orthovanadate and Halt protease 
inhibitor cocktail (Thermo Scientific 78429)). The homogenate was 
incubated at 4 °C while spinning for 1 h. The homogenate was then 
centrifuged at 4 °C for 15 min at 15,000g. The supernatant was further 
cleared by ultracentrifugation at 100,000g for 30 min at 4 °C. The 
cleared lysate was then incubated with GFP-trap beads (Chromotek, 
gtma) or incubated with anti-HA tag beads (Thermo, 88836) overnight 
at 4 °C. The beads were then washed 3 times with wash buffer (25 mM 
HEPES pH 7.5, 500 mM NaCl, 1 mM EDTA, 1% NP-40, 5 mM NaF, 1 mM 
orthovanadate and Halt protease inhibitor cocktail). Next 1× Laemmli 
buffer was prepared (Bio-Rad, 1610737) and added to the beads. The 
beads were boiled in the Laemmli buffer for 10 min at 95 °C. The bead 
supernatants were cooled and loaded on a SDS–PAGE gel for western 
blot analyses as described above. The following primary antibodies 
were used: chicken anti-GFP (1:1,000; Abcam, ab13970) and rabbit 
anti-HA (1:1,000; Abcam, ab9110). The following secondary antibodies 
were used: goat anti-rabbit plus 647 (1:2,000; Invitrogen, A32733) and 
goat anti-chicken plus 555 (1:2,000; Invitrogen, A32932).

Behavioural evaluations
Behavioural tests were performed during the light cycle between the 
hours of 10:00 and 14:00. Mice were assessed at 6 months of age or 
5 months after AAV microinjection. All experimental mice were trans-
ferred to the behaviour testing room at least 30 min before testing to 
acclimatize to the environment and to reduce stress. The temperature 
and humidity of the experimental rooms were kept at 23 ± 2 °C and 
55 ± 5%, respectively. The brightness of the experimental room was 
kept dimly lit unless otherwise stated. Background noise (60–65 dB) 
was generated using a white noise box (San Diego Instruments). Litters 
with multiple SAPAP3 KO mice were split between experimental groups. 
The mice were randomly allocated to a group as they became available 
and of age from the breeding colony in alternation. Experimenters 
were blinded to group allocation during data collection and analyses.

Self-grooming behaviour
The procedure of self-grooming behaviour measurement was adapted 
from previously published work25. The recording was conducted at 
35 lux. Mice were placed individually into plastic cylinders (15 cm 
in diameter and 35 cm tall) and allowed to habituate for 20 min. 
Self-grooming behaviour was recorded for 10 min. A timer was used 
to assess the cumulative time spent in self-grooming behaviour, which 
included paw licking, unilateral and bilateral strokes around the nose, 
mouth and face, paw movement over the head and behind the ears, 
body-fur licking, body scratching with hind paws, tail licking and genital 
cleaning. The number of self-grooming bouts and rearing bouts was 
also counted. Separate grooming bouts were considered when the 
pause was more than 5 s or if behaviours other than self-grooming 
occurred.

Assessment of skin lesions
Mice were anaesthetized with 5% isoflurane and 1% O2 through a 
veterinary-grade anaesthesia ventilation system (VetEquip). Mice 

were placed on an opaque Plexiglass board, and photos of their head 
and torso were taken bilaterally. Images were scaled with a ruler (Fine 
Science Tools) and the images were analysed using ImageJ software. 
Measurements were all scaled to the ruler on ImageJ.

Open-field test
The open-field chamber was illuminated at 35 lux. The open-field cham-
ber consisted of a square arena (28 × 28 cm) enclosed by walls made of 
opaque white Plexiglass (19 cm tall). The periphery of the arena was 
defined as the area within 2.5 cm adjacent to the walls of the chamber 
and the centre of the arena was defined as the area 2.5 cm away from 
the chamber walls. Activity was then recorded for 20 min using a cam-
era (Logitech) located immediately above the open-field chamber. 
Anymaze video analysis software was used to quantify the time spent 
in the centre, the total distance travelled and speed.

Elevated plus maze
All four arms of the elevated plus maze were illuminated at 25 lux. The 
elevated plus maze consisted of arms that were 30 × 7 cm with closed 
arm walls with a height of 20 cm. The maze was elevated 65 cm above 
floor level and was placed in the centre of the room away from other 
stimuli. Mice were placed in the centre of the maze facing an open arm. 
Mice were recorded for 10 min using a camera (Logitech) located above 
the maze. Anymaze video analysis software was used to quantify time 
spent in open arms and the per cent time spent in open arms.

Whole-tissue protein extraction
Striata from SAPAP3 WT or KO mice were lysed in 200 μl lysis buffer 
(8 M urea, 50 mM Tris-HCl pH 8.2, 75 mM NaCl, 5 mM EDTA, 5 mM EGTA, 
10 mM sodium pyrophosphate and protease inhibitor cocktail). Tissue 
was dounce homogenized and extracts were sonicated for 10 min at 
80% power in a bath sonicator. Samples were centrifuged at 15,000g 
for 20 min at 4 °C to remove debris. The supernatant was collected and 
then further processed.

In vivo BioID2 biotinylated protein pull-down
Purification of biotinylated proteins was conducted as previously 
described50. Each AAV BioID2 probe and its counterpart AAV GFP 
control were injected into the striatum of 6-week-old C57/BL6NTac 
mice. At 3 weeks after AAV microinjection, biotin (Millipore Sigma, 
RES1052B-B7) was subcutaneously injected at 24 mg kg–1 for 7 consecu-
tive days. All mice were processed 16 h after the last biotin injection. 
Eight mice were used for each biotinylated protein purification, and 
each purification was performed independently four times for a total 
of four technical replicates. Mice were decapitated and striata were 
microdissected. Striata from 4 mice were dounce homogenized with 
600 μl of lysis buffer 1 (1 mM EDTA, 150 mM NaCl, 50 mM HEPES pH 7.5 
supplemented with Halt protease inhibitor (Thermo Scientific, 78429)). 
Immediately after homogenization, 600 μl of lysis buffer 2 (2% sodium 
deoxycholate, 2% Triton-X, 0.5% SDS, 1 mM EDTA, 150 mM NaCl and 
50 mM HEPES pH 7.5) was added. The lysed samples were sonicated 
for 5 min at 60% power and then centrifuged at 15,000g for 15 min at 
4 °C. The resulting supernatant was then ultracentrifuged at 100,000g 
for 30 min at 4 °C. SDS was added to the supernatant to obtain a final 
concentration of 1%. The sample was then boiled at 95 °C for 5 min. 
The sample was cooled on ice and incubated with 35 μl of equilibrated 
anti-pyruvate carboxylase (5 µg; Abcam, 110314) conjugated agarose 
beads (Pierce 20398) for 4 h at 4 °C while rotating. Subsequently, the 
sample was centrifuged at 2,000 r.p.m. for 5 min at 4 °C and the super-
natant was incubated with 80 μl NeutrAvidin agarose at 4 °C overnight 
while rotating. The NeutrAvidin beads were then washed twice with 0.2% 
SDS, twice with wash buffer (1% sodium deoxycholate, 1% Triton-X and 
25 mM LiCl), twice with 1 M NaCl and 5 times with 50 mM ammonium 
bicarbonate. Proteins bound to the agarose were then eluted in elution 
buffer (5 mM biotin, 0.1% Rapigest SF surfactant and 50 mM ammonium 

http://dropviz.org/
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bicarbonate) at 60 °C for a minimum of 2 h. The final protein concentra-
tion was measured by BCA.

MS analysis
Protein samples were subjected to reduction using 5 mM Tris 
(2-carboxyethyl) phosphine for 30 min, alkylated by 10 mM iodoaceta-
mide for another 30 min and then sequentially digested with Lys-C and 
trypsin at a 1:100 protease-to-peptide ratio for 4 and 12 h, respectively. 
The digestion reaction was terminated by the addition of formic acid 
to 5% (v/v) with centrifugation. Each sample was then desalted with 
C18 tips (Thermo Scientific, 87784) and dried in a SpeedVac vacuum 
concentrator. The peptide pellet was reconstituted in 5% formic acid 
before analysis by LC–MS/MS.

Tryptic peptide mixtures were loaded onto a 25-cm long, 75 μm 
inner diameter fused-silica capillary, packed in-house with bulk 
1.9 μM ReproSil-Pur beads with 120 Å pores. Peptides were analysed 
using a 140 min water–acetonitrile gradient delivered by a Dionex 
Ultimate 3000 UHPLC (Thermo Fisher Scientific) operated initially at 
a 400 nl min–1 flow rate with 1% buffer B (acetonitrile solution with 3% 
DMSO and 0.1% formic acid) and 99% buffer A (water solution with 3% 
DMSO and 0.1% formic acid). Buffer B was increased to 6% over 5 min, at 
which time the flow rate was reduced to 200 nl min–1. A linear gradient 
from 6 to 28% of buffer B was applied to the column over the course 
of 123 min. The linear gradient of buffer B was then further increased 
to 28–35% for 8 min followed by a rapid ramp-up to 85% for column 
washing. Eluted peptides were ionized using a Nimbus electrospray 
ionization source (Phoenix S&T) by application of a distal voltage of 
2.2 kV. Spectra were collected using data-dependent acquisition on 
an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher 
Scientific) with a MS1 resolution of 120,000 followed by sequential 
MS2 scans at a resolution of 15,000. Data generated by LC–MS/MS 
were searched using the Andromeda search engine integrated into the 
MaxQuant52 bioinformatics pipelines against the UniProt Mus musculus 
reference proteome (UP000000589) and then filtered using a ‘decoy’ 
database-estimated FDR < 1%. LFQ was carried out by integrating the 
total extracted ion chromatogram of peptide precursor ions from the 
MS1 scan. These LFQ intensity values were used for protein quantifi-
cation across samples. Statistical analysis of differentially expressed 
proteins was done using the Bioconductor package limma (v.3.54). 
To generate a list of proteins with high confidence, all mitochondrial 
proteins, including carboxylases and dehydrogenases, were manually 
filtered as they are artefacts of endogenously biotinylated proteins. 
Proteins with log2(FC) > 1 and FDR < 0.05 versus GFP controls were 
considered putative hits and used for subsequent comparison between 
subcompartments and cell types. A comparison between subcompart-
ments and cell types was also performed with limma utilizing the same 
thresholds (log2(FC) > 1 and FDR < 0.05). To account for variations in 
pull-down efficiency, all proteins and their LFQ values were normalized 
to pyruvate carboxylase (UniProt identifier Q05920). Downstream 
analysis was conducted only on proteins with non-zero LFQ values in 
three or more experimental replicates. Data analysis for whole bulk 
tissue analyses was carried out in an identical manner, except samples 
were normalized by median intensity.

The GO enrichment analysis for cellular compartments and bio-
logical function was performed using PANTHER overrepresentation 
test (GO database released 1 January 2020) with FDR < 0.05 and with 
all M. musculus genes used as reference and with STRING (https://
string-db.org) with a confidence score of 0.5 and with all M. musculus 
genes used as a reference. GO pathway analysis for the astrocytic 
subcompartments was performed using Enrichr (https://maayanlab.
cloud/Enrichr/).

Protein–protein interaction analysis
Network figures were created using Cytoscape (v.3.8), with nodes cor-
responding to the gene name for proteins identified in the proteomic 

analysis. A list of protein–protein associations and putative interactions 
from published datasets was assembled using STRING. STRING data-
base interactions were filtered to include affinity purification–MS vali-
dations. We caution that such interactions are putative and have been 
labelled as such, and further validations are necessary on a case-by-case 
basis, as we have done for the key interactions reported herein. In all 
networks, the node size is proportional to the fold enrichment over 
GFP control. To identify interactors of SAPAP3 protein, significance 
analysis of interactome (SAINTexpress) was used with a FDR cut-off 
of 0.05. The Bioconductor artMS package was used to re-format the 
MaxQuant results (evidence.txt file) to make them compatible with 
SAINTexpress.

RNA-seq analysis
RNA extraction from striatal astrocytes and neurons was performed  
using standard methods. In brief, RiboTag AAV (AAV2/5 GfaABC1D- 
Rpl22-HA or AAV1 hSYN1-Rpl22-HA) was injected into the dorsal stria-
tum of adult C57BL/6NTac mice at 6 weeks of age. For RNA extraction 
from SAPAP3 KO mice, RiboTag AAV was injected into the dorsal stria-
tum at 4.5 months of age. Freshly microdissected striata were collected 
and individually homogenized. RNA was extracted from 10–20% of 
cleared lysate as the input sample, which contained RNA from all striatal 
cell types. The remaining lysate was incubated with mouse anti-HA anti-
body (1:250; BioLegend, 901514) with rotation for 4 h at 4 °C followed 
by addition of IgG magnetic beads (Invitrogen, Dynabeads 110.04D). 
The samples were left for overnight incubation at 4 °C. The beads were 
then washed three times in high-salt solution. RNA was purified from 
the immunoprecipitate and the corresponding input samples using a 
Qiagen RNAeasy kit (Qiagen, 74034). RNA concentration and quality 
were assessed using an Agilent 2100 Bioanalyzer. RNA samples with a 
RNA integrity number greater than 7 were used for multiplexted library 
preparation with Nugen Ovation RNA-seq System V2. For each experi-
ment, all samples were multiplexed into a single pool to avoid batch 
effects53. Sequencing was performed on an Illumina NextSeq 4000 for 
2× 75 to produce at least 45 million reads per sample. Demultiplexing 
was performed using the Illumina Bcl2fastq2 (v.2.17) program. Reads 
were aligned to the mouse mm10 reference genome using the STAR 
spliced read aligner54. Approximately 70% of the reads mapped specifi-
cally to the mouse genome and were used for downstream analyses. 
Differential gene expression analysis was performed on genes with 
FPKM > 5 in at least 4 samples per condition and log2(FC) > 1 or < −1 
using the Bioconductor package limmaVoom (v.3.36) with the FDR 
threshold set at <0.05. Differentially expressed genes that were more 
than twofold higher in the immunoprecipitated samples than the input 
samples were designated as astrocyte-enriched or neuron-enriched 
differentially expressed genes. RNA-seq data have been deposited 
within the Gene Expression Omnibus repository (https://www.ncbi.
nlm.nih.gov/geo) with the accession identifier GSE184773.

Human and mouse datasets in OCD
The 61 genes associated with human OCD and Tourette’s syndrome 
were obtained from Phenopedia (https://phgkb.cdc.gov; accessed 
January 2021). The genes were chosen on a threshold of at least two 
publications. A total of 63 OCD and 23 Tourette’s syndrome genes were 
obtained. When compared, 15 genes overlapped between the OCD and 
Tourette’s syndrome lists. The 61 genes plotted represent genes that 
have homologues in mice and were detected at any quantity (FPKM > 0) 
in our mouse RNA-seq studies.

Quantification and statistical analyses
Data from every experiment represent at least four replicates. All sta-
tistical tests, unless otherwise stated, were run in OriginPro 2018 and 
GraphPad InStat3. Data are presented as the mean ± s.e.m. along with 
the individual data points. The results of statistical comparisons, n 
numbers and significance levels are shown in the figure panels or in the 

https://www.uniprot.org/uniprot/Q05920
https://string-db.org/
https://string-db.org/
https://maayanlab.cloud/Enrichr/
https://maayanlab.cloud/Enrichr/
https://www.ncbi.nlm.nih.gov/geo
https://www.ncbi.nlm.nih.gov/geo
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184773
https://phgkb.cdc.gov


figure legends along with the average data. N is defined as the number 
of cells or mice on a case-by-case basis throughout the manuscript. 
We determined whether each set of data was normally distributed 
using GraphPad Instat3 and OriginPro 2018. If the data were normally 
distributed, we used parametric tests, whereas if they were not nor-
mally distributed, we used nonparametric tests. Paired and unpaired 
Student’s two-tailed t-tests (as appropriate), two tailed Mann–Whitney 
tests and one-way and two-way analysis of variance tests were used for 
most statistical analyses with significance declared at P < 0.05. When 
P values were greater than 0.05, they are stated as not significant. When 
the P value was less than 0.01, it is stated as <0.01. All proteomics and 
transcriptomics analyses used a statistical FDR < 0.05 unless otherwise 
stated. All mice were assigned to particular experimental groups at 
random. No data points were excluded from any experiment. Replicate 
values and the results of statistical tests are provided in Supplementary 
Tables 7 and 8.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All the proteomics data are available at the Proteomics Identification 
Database with accession identifier PXD029257. The UniProt reference 
proteome used was UP000000589 for M. musculus. The RNA-seq 
data are available at Gene Expression Omnibus with accession identi-
fier GSE184773. All proteomics data are provided in Supplementary 
Tables 1–5. The analysed RNA-seq data are provided in Supplementary 
Table 6. All raw replicate data values used to generate the figures and 
the associated statistical tests are provided in Supplementary Tables 7 
and 8.

Code availability
No custom software was used. For proteomics, LFQ was carried out 
using MaxQuant with an integrated search engine, Andromeda (https://
www.maxquant.org/). Principal component data visualization was 
conducted with the R package Factoextra fviz (v.1.0.6) (https://rpkgs.
datanovia.com/factoextra/reference/fviz_pca.html). Differential 
protein expression and enrichment analysis was conducted using 
the Bioconductor R package limma (v.3.54) (https://bioconductor.
org/packages/release/bioc/html/limma.html). Protein network visu-
alization, including STRING analysis, was conducted using Cytoscape 
(v.3.8) (https://apps.cytoscape.org/apps/stringapp). The artMS pack-
age (v.1.16) (https://bioconductor.org/packages/release/bioc/html/
artMS.html) was used to re-format the Maxquant results (evidence.

txt file) to make them compatible with the SAINTexpress program. 
Protein interaction probability scoring was done using SAINT (http://
saint-apms.sourceforge.net/Main.html). For RNA-seq, differential gene 
expression and enrichment analysis used the R package limmaVoom 
(v.3.36) to process RNA counts (https://rdrr.io/bioc/limma/man/voom.
html), and batch correction was done using the R package ComBat 
(v.3.46) (https://rdrr.io/bioc/sva/man/ComBat.html).
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Extended Data Fig. 1 | Morphologically complex striatal astrocytes lose 
their complexity upon dissociation. a. Representative image of S100β 
immunostaining in a mouse coronal section containing the striatum. 
Subpanels show representative striatal astrocytes sparsely expressing 
cytosolic tdTomato fluorescent protein after GfaABC1D tdTomato AAV 
microinjection. The experiment was replicated five times. b. Striatal astrocyte 
sparsely labeled with tdTomato and co-stained with nuclear marker DAPI and 
neuronal marker NeuN. Quantification shows DAPI+ nuclei and NeuN+ cell 
bodies found in a single tdTomato+ astrocyte’s territory. Mean and SEM are 
shown; (n = 12 tdTomato+ cells per group from 4 animals). c. In situ Lucifer 

yellow iontophoretically filled striatal astrocyte from 8-week-old mice. Right 
panel shows GFP+ striatal astrocytes after dissociation for fluorescence 
activated cell sorting (FACS) from 8-week-old mice. d. Quantification of 
territory area, number of primary branches, and number of secondary 
branches showed that dissociated astrocytes display decreased cellular 
complexity. Mean and SEM are shown; (n = 40 cells from 15 mice for Lucifer 
yellow and n = 164 cells from 8 mice for Aldh1l1-GFP, respectively; territory  
area and number of primary branches: two-tailed student’s unpaired t-test, 
P = 0.0002; number of secondary branches: two-tailed one-sample t-test, 
P = 0.003).



Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Proteomics workflow and western blot data.  
a. Schematic of the BioID2 biotinylation reaction in the presence of biotin, 
Mg2+, and ATP. Free lysine residues on a protein are biotinylated. b. Diagram of 
BioID2 biotin labeling in mammalian cells. Proximal (~10 nm) proteins are 
biotinylated upon the addition of exogenous biotin. c. Schematic of the cell  
and compartment specific in vivo BioID2 experimental design using adeno-
associated viruses (AAVs). d. 40 μm coronal section of mouse brain 
microinjected in the dorsal striatum with AAV 2/5 GfABC1D BioID2-HA (Astro 
BioID2) and injected subcutaneously with biotin for 7 days. Arrows show the 
site of Astro BioID2-HA injection and the site of increased biotinylation.  
e. Western blot analysis of brain unilaterally microinjected with Astro BioID2. 
Dark bands at 130 kD and 250 kD show the endogenously biotinylated 
mitochondrial proteins, Pyruvate carboxylase and acetyl-CoA carboxylase. 
Graph depicting the streptavidin signal intensity divided by the β-actin signal 
intensity for each data point. Black horizontal line depicts the mean, red lines 

depict the SEM (n = 4 mice; two-tailed paired t-test, P = 0.0052). f. Western blot 
analysis of brain unilaterally microinjected with plasma membrane localized 
Astro Lck-BioID2. Graph depicting the streptavidin signal intensity divided by 
the β-actin signal intensity for each data point. Black horizontal line depicts the 
mean, red lines depict the SEM (n = 4 mice; two-tailed paired t-test, P = 0.0088). 
g. Western blot analysis of brain unilaterally microinjected with AAV1 hSyn1 
BioID2-HA (Neuro BioID2). Graph depicting the streptavidin signal intensity 
divided by the β-actin signal intensity for each data point. Black horizontal line 
depicts the mean, red lines depict the SEM (n = 4 mice; two-tailed paired t-test, 
P = 0.015). h. Western blot analysis of brain unilaterally microinjected with 
plasma membrane localized Neuro Lck-BioID2. Graph depicting the 
streptavidin signal intensity divided by the β-actin signal intensity for each 
data point. Black horizontal line depicts the mean, red lines depict the SEM 
(n = 4 mice; two-tailed paired t-test, P = 0.0023). For blot source data, see 
Supplementary Fig. 1.



Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Validation experiments in HEK-293T cells.  
a. Representative images of HEK-293T cells transfected with the cytosolic 
BioID2 construct and then treated with either biotin in PBS or solely PBS (no 
biotin). The cells were immunostained with both anti-HA antibody (red) and a 
fluorophore conjugated streptavidin probe (green). b. Quantification of HA 
intensity and biotin intensity (arbitrary units) in cells transfected with 
cytosolic BioID2. Black horizontal line depicts the mean, red lines depict the 
SEM (n = 11 cells in the no biotin group and n = 21 cells in the biotin group from 4 
transfections; two-tailed unpaired t-test, P = 0.97 and P = 0.0001, respectively). 
c. Representative western blot of HEK-293T cells transfected with cytosolic 
BioID2 and treated with either biotin in PBS or solely PBS (no biotin). d. Western 
blot quantification of HEK293T cells transfected with cytosolic BioID2 and 
treated with either biotin in PBS or solely PBS (no biotin). Graph depicting the 
streptavidin signal intensity divided by the β-actin signal intensity for each 
data point. Black horizontal line depicts the mean, red lines depict the SEM 
(n = 8 coverslips from 3 transfections; two-tailed unpaired t-test, P = 0.0062).  
e. Representative images of HEK-293T cells transfected with the plasma 

membarane Lck-BioID2 construct and then treated with either biotin in PBS or 
solely PBS (no biotin). The cells were immunostained with both anti-HA 
antibody (red) and a fluorophore conjugated streptavidin probe (green). 
Arrows show the plasma membrane localization. f. Quantification of HA 
intensity and biotin intensity (arbitrary units) in cells transfected with Lck-
BioID2. Black horizontal line depicts the mean, red lines depict the SEM (n = 8 
cells in the no biotin group and n = 21 cells in the biotin group from 4 transfections; 
two-tailed unpaired t-test, P = 0.91 and P = 0.0084, respectively). g. Representative 
western blot of HEK-293T cells transfected with Lck-BioID2 and treated with 
either biotin in PBS or solely PBS (no biotin). h. Western blot quantification of 
HEK293T cells transfected with Lck-BioID2 and treated with either biotin in PBS 
or solely PBS (no biotin). Graph depicting the streptavidin signal intensity 
divided by the β-actin signal intensity for each data point. Black horizontal  
line depicts the mean, red lines depict the SEM (n = 11 coverslips from 3 
transfections; two-tailed unpaired t-test, P = 0.01). For blot source data, see 
Supplementary Fig. 1.



Extended Data Fig. 4 | See next page for caption.



Article
Extended Data Fig. 4 | Validation of cell-specific BioID2 and Lck-BioID2.  
a. Representative images of immunostained mouse striatum injected with 
astrocyte-specific cytosolic BioID2 and then treated with biotin for 7 days. Top 
panel shows the immunostaining pattern with S100β as an astrocyte cell 
marker and bottom panel shows the immunostaining pattern with NeuN as a 
neuronal cell marker. b. Bar graphs depicting the percent of S100β positive or 
NeuN positive cells with HA expression in a 40x magnification field of view. 
Black portion of the bar graphs show the percent co-localization. Bottom 
descriptive statistics represent percent of HA+ cells that were not S100β 
positive as the mean (SD) [SEM] (n = 8 fields of view at 40x magnification from 4 
mice). c. Representative images of immunostained mouse striatum injected 
with astrocyte-specific plasma membrane Lck-BioID2 and then treated with 
biotin for 7 days. Top panel shows the immunostaining pattern with S100β as an 
astrocyte cell marker and bottom panel shows the immunostaining pattern 
with NeuN as a neuronal cell marker. d. Bar graphs depicting the percent of 
S100β positive or NeuN positive cells with HA expression in a 40x magnification 
field of view. Black portion of the bar graphs show the percent co-localization. 
Bottom descriptive statistics represent percent of HA+ cells that were not 
S100β positive as the mean (SD) [SEM] (n = 8 fields of view at 40x magnification 

from 4 mice). e. Representative images of immunostained mouse striatum 
injected with neuron-specific cytosolic BioID2 and then treated with biotin for 
7 days. Top panel shows the immunostaining pattern with DARPP32 as a 
neuronal cell marker and bottom panel shows the immunostaining pattern 
with S100β as an astrocyte cell marker. f. Bar graphs depicting the percent  
of S100β positive or DARPP32 positive cells with HA expression in a 40x 
magnification field of view. Black portion of the bar graphs show the percent 
co-localization. Bottom descriptive statistics represent percent of HA+ cells 
that were not DARPP32 positive as the mean (SD) [SEM] (n = 8 fields of view at 
40x magnification from 4 mice). g. Representative images of immunostained 
mouse striatum injected with neuron-specific plasma membrane Lck-BioID2 
and then treated with biotin for 7 days. Top panel shows the immunostaining 
pattern with DARPP32 as a neuronal cell marker and bottom panel shows the 
immunostaining pattern with S100β as an astrocytic cell marker. h. Bar graphs 
depicting the percent of S100β positive or DARPP32 positive cells with HA 
expression in a 40x magnification field of view. Black portion of the bar graphs 
show the percent co-localization. Bottom descriptive statistics represent 
percent of HA+ cells that were not DARPP32 positive as the mean (SD) [SEM] 
(n = 8 fields of view at 40x magnification from 4 mice).



Extended Data Fig. 5 | Broad assessments of BioID2 detected proteins.  
a. Expression levels (in label-free quantification intensity, LFQ intensity) of 
cell-enriched markers identified in each BioID2 construct (n = 4 experimental 
runs with 8 mice in each run). Proteins in this analysis represent proteins that 
were enriched (Log2FC > 1 versus GFP controls). The mean LFQ value and SEM 
are shown. b. Pie chart of PANTHER pathway analysis terms for “biological 
processes”. Pie chart shows the number of proteins found for each term from 

the 332 Astro BioID2 proteins. c. As in b, but for the 434 Neuro BioID2 proteins. 
d. As in b, but for 310 Astro Lck-BioID2 proteins. e. As in b, but for the 1672 Neuro 
Lck-BioID2 proteins. f. Bar graph denotes the number of calcium dependent 
vesicle release protein isoforms detected in each BioID2 construct experiment. 
g. Bar graph denotes the number of lipid metabolism related proteins that were 
detected in each BioID2 construct experiment.
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Extended Data Fig. 6 | Interaction maps for the astrocyte and neuron 
proteomes. a. Scale-free STRING analysis protein-protein association map of 
all the 549 unique and enriched biotinylated proteins identified in astrocytes 
with Astro BioID2 and Astro Lck-BioID2 . Node size represents the enrichment 
of each protein vs the GFP control (log2(BioID2/GFP)). Edges represent putative 
interactions from the STRING database. b. Small clustergrams show selected 
functional categories from Panther GO analysis for “biological process” in 

different colors. c. Scale-free STRING analysis interaction map of the top 550 
unique and enriched biotinylated proteins identified in neurons with Neuro 
BioID2 and Neuro Lck-BioID2. Node size represents the enrichment of each 
protein vs the GFP control (log2(BioID2/GFP)). Edges represent known 
interactions from the STRING database. d. Small clustergrams show selected 
functional categories from Panther GO analysis for “biological process” in 
different colors.



Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Detailed analyses comparing RNA-seq and proteomic 
data. a. Top 50 medium spiny neuron (MSN) genes found by neuron-specific 
RiboTag AAV RNA-sequencing listed by the highest expression value 
(fragments per kilobase per million, FPKM). Astrocyte expression values for 
the top 50 MSN genes are shown. Green stars label gene products that were 
found at the proteomic level in Neuro BioID2 or Neuro Lck-BioID2. Scale shows 
Log2FPKM. b. Top 50 astrocyte genes found by astrocyte-specific RiboTag AAV 
RNA-sequencing listed by the highest expression value (fragments per kilobase 
per million, FPKM). Neuronal expression values for the top 50 astrocyte genes 
are shown. Green stars label gene products that were found at the proteomic 
level in Astro BioID2 or Astro Lck-BioID2. Scale shows Log2FPKM. c. Scatter 
graph showing protein expression (Log2LFQ intensity) as a function of mRNA 
expression (Log2FPKM) for the 434 Neuro BioID2 proteins identified. Pearson’s 
r is shown. d. Scatter graph showing protein expression (Log2LFQ intensity) as 
a function of mRNA expression (Log2FPKM) for the 332 Astro BioID2 proteins 
identified. Pearson’s r is shown. e. Scatter graph showing protein expression 
(Log2LFQ intensity) as a function of mRNA expression (Log2FPKM) for the 1672 
Neuro Lck-BioID2 proteins identified. Pearson’s r is shown. f. Scatter graph 
showing protein expression (Log2LFQ intensity) as a function of mRNA 
expression (Log2FPKM) for the 310 Astro Lck-BioID2 proteins identified. 
Pearson’s r is shown. g. Scatter graph showing the protein rank (by LFQ 

abundance) as a function of mRNA rank (by FPKM abundance) of the 434 Neuro 
BioID2 proteins identified. Two-tailed Pearson’s r is shown. Heat map shows the 
rank-rank hypergeometric overlap (RRHO) of the RNA and protein rank. Each 
pixel represents the significance of overlap between the two datasets in –
log10(P-value). Red pixels represent highly significant overlap. Color scale 
denotes the range of P-values at the negative log10 scale (Bin size = 100).  
h. Scatter graph showing the protein rank (by LFQ abundance) as a function of 
mRNA rank (by FPKM abundance) of the 332 Astro BioID2 proteins identified. 
Two-tailed Pearson’s r is shown. Heat map shows the rank-rank hypergeometric 
overlap (RRHO) of the RNA and protein rank. (Bin size = 100). i. Scatter graph 
showing the protein rank (by LFQ abundance) as a function of mRNA rank (by 
FPKM abundance) of the 1672 Neuro Lck-BioID2 proteins identified. Two-tailed 
Pearson’s r is shown. Heat map shows the rank-rank hypergeometric overlap 
(RRHO) of the RNA and protein rank (Bin size = 100). j. Scatter graph showing 
the protein rank (by LFQ abundance) as a function of mRNA rank (by FPKM 
abundance) of the 310 Astro Lck-BioID2 proteins identified. Two-tailed 
Pearson’s r is shown. Heat map shows the rank-rank hypergeometric overlap 
(RRHO) of the RNA and protein rank. (Bin size = 100). k. Heat map shows and 
simulated rank-rank hypergeometric overlap (RRHO) of the mRNA of the 434 
Neuro BioID2 proteins versus the very same idealized mRNA of the 434 
proteins. (Bin size = 100).



Extended Data Fig. 8 | See next page for caption.



Article
Extended Data Fig. 8 | mRNA expression validation of astrocyte identified 
proteins. a. Violin plot from DropViz.org showing the expression of Crym in 
astrocytes, neurons, endothelial cells, and myelin associated cells of the 
striatum. Center of the box plot for all violin plots represent the median, the 
box limits indicate the first and third quartiles, and the whiskers/range indicate 
the distribution of the data range. b. Bar graphs denoting the total number of 
Crym mRNA puncta per tdTomato+ astrocyte and S100β+ cell. Mean and SEM 
are shown (n = 7 cells from 4 mice per group). c. Representative image of an 
Aldh1l1 tdTomato+ striatal astrocyte with Crym mRNA puncta expression 
(green). Arrow denotes puncta within the cell. d. Representative image of 
S100β+ cells with Crym mRNA puncta expression (green). Arrows denote the 
puncta within the cells. e. Violin plot from DropViz.org showing the expression 
of Tjp1 in astrocytes, neurons, endothelial cells, and myelin associated cells of 
the striatum. f. Bar graphs denoting the total number of Tjp1 mRNA puncta per 

tdTomato+ astrocyte and S100β+ cell. Mean and SEM are shown (n = 7 cells 
from 4 mice per group) g. Representative image of an Aldh1l1 tdTomato+ 
striatal astrocyte with Tjp1 mRNA puncta expression (green). Arrows denote 
puncta within the cell. h. Representative image of S100β+ cells with Tjp1 mRNA 
puncta expression (green). Arrows denote the puncta within the cells. i. Violin 
plot from DropViz.org showing the expression of Mapt in astrocytes, neurons, 
endothelial cells, and myelin associated cells of the striatum. j. Bar graphs 
denoting the total number of Mapt mRNA puncta per tdTomato+ astrocyte  
and S100β+ cell. Mean and SEM are shown (n = 7 cells from 4 mice per group).  
k. Representative image of an Aldh1l1 tdTomato+ striatal astrocyte with Mapt 
mRNA puncta expression (green). Arrow denotes puncta within the cell.  
l. Representative image of an S100β+ cell with Mapt mRNA puncta expression 
(green). Arrow denotes the puncta within the cell.



Extended Data Fig. 9 | Immunohistochemistry of subcompartment specific 
BioID2. a. Representative images of immunostained mouse striatum injected 
with astrocyte specific Aquaporin4-BioID2 (Aqp4-BioID2) and then treated 
with biotin for 7 days. The tissue was immunostained with both anti-HA 
antibody (red) and a fluorophore conjugated streptavidin probe (green). 

Farthest panel on the right shows the endogenous Aqp4 expression pattern in 
the striatum after immunostaining with anti-Aqp4 antibody. b-e. As in a, but for 
Ezrin-BioID2 (b), Glt1-BioID2 (c), Kir4.1-BioID2 (d), and Cx43-BioId2 (e). The 
experiments depicted here were each replicated four times.
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Extended Data Fig. 10 | Biotinylation assessments of subcompartment 
BioID2 constructs. a. Western blot analysis of brain unilaterally microinjected 
with astrocyte specific Aqp4-BioID2. Dark bands at 130 kD and 250 kD show the 
endogenously biotinylated mitochondrial proteins, Pyruvate carboxylase and 
acetyl-CoA carboxylase. Graph depicting the streptavidin signal intensity 
divided by the β-actin signal intensity for each data point. Black horizontal  
line depicts the mean, circle represents the median, and error bars show the 
SEM (n = 4 mice; Mann-Whitney test). b-e. As in a, but for Ezrin-BioID2 (b), 

Glt1-BioID2 (c), Kir4.1-BioID2 (d), and Cx43-BioId2 (e) (n = 4 mice in each case; 
Two-tailed Mann-Whitney test). f. Expression levels (in label-free quantification 
intensity, LFQ intensity) of cell-enriched markers identified in each astrocytic 
sub-compartment BioID2 construct (n = 4 experimental runs). Proteins in  
this analysis represent proteins that were enriched (Log2FC > 1 versus GFP 
controls). The mean LFQ value and SEM are shown. For blot source data,  
see Supplementary Fig. 1.



Extended Data Fig. 11 | Astrocyte subcompartment card 1: plasma 
membrane. a. BioID2 that is targeted to the plasma membrane biotinylates 
proteins near the plasma membrane. b. Label-free based quantification 
comparison of significant proteins (Log2FC > 1 and FDR < 0.05 versus GFP 
controls) detected in the cytosolic Astro BioID2 and plasma membrane Astro 
Lck-BioID2 reveal plasma membrane enriched proteins. Top half of the volcano 
plot shows 238 unique Lck-BioID2 proteins when compared to cytosol. The top 
four most abundant proteins for Lck-BioID2 are shown. Lower half of volcano 
plot shows comparison of 144 proteins that were common in both cytosolic 
BioID2 and Lck-BioID2. The five highest enriched proteins for Lck-BioID2 
(Log2FC > 2) are shown. Magenta label shows protein that was validated with 
IHC in panel d. Red label shows Dlgap3/SAPAP3 is enriched in the astrocyte 
plasma membrane. c. Heat map shows the rank-rank hypergeometric overlap 
(RRHO) of the RNA and protein rank for the 270 plasma membrane proteins. 
Each pixel represents the significance of overlap between the two datasets  

in –log10(P-value). Red pixels represent highly significant overlap. Color scale 
denotes the range of P-values at the negative log10 scale (bin size = 100). d. IHC 
analysis of Slc4a4 (Nbc1) protein in tdTomato and Lck-GFP labeled astrocytes 
shows co-localization within the astrocyte territory. Scale bar represents  
20 μm. e. Co-localization analysis using Pearson’s r co-efficient shows high 
co-localization between Lck-GFP and Slc4a4 (Nbc1). The mean and SEM are 
shown (n = 8 tdTomato+ cells from 4 mice; Two-tailed paired t-test). f. Scale- 
free STRING analysis protein-protein association map of the 270 unique and 
enriched biotinylated proteins identified in astrocyte plasma membrane with 
Astro Lck-BioID2 . Node size represents the enrichment of each protein vs the 
GFP control (log2(BioID2/GFP)). Edges represent putative interactions from 
the STRING database. Bar graphs show the functional enrichment analysis of 
the 270 proteins using “Biological process”, “Cellular component”, and 
“Molecular function” terms from Enrichr.
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Extended Data Fig. 12 | Astrocyte subcompartment card 2: end foot.  
a. BioID2 that is targeted with Aqp4-BioID2 biotinylates proteins at the 
astrocyte end foot. b. Label-free based quantification comparison of 
significant proteins (Log2FC > 1 and FDR < 0.05 versus GFP controls) detected in 
the cytosolic Astro BioID2 and end foot Astro Aqp4-BioID2 reveal end foot 
enriched proteins. Top half of the volcano plot shows 577 unique Aqp4-BioID2 
proteins when compared to cytosol. The top four most abundant proteins for 
Aqp4-BioID2 are shown. Lower half of volcano plot shows comparison of 228 
proteins that were common in both cytosolic BioID2 and Aqp4-BioID2. The five 
highest enriched proteins for Aqp4-BioID2 (Log2FC > 2) are shown. Magenta 
label shows protein that was validated with immunohistochemistry in panel d. 
c. Heat map shows the rank-rank hypergeometric overlap (RRHO) of the RNA 
and protein rank for the 635 endfoot proteins. Each pixel represents the 
significance of overlap between the two datasets in –log10(P-value). Red pixels 
represent highly significant overlap. Color scale denotes the range of P-values 

at the negative log10 scale (bin size = 100). d. IHC analysis of PAICS protein in 
tdTomato and Lck-GFP labeled astrocytes shows co-localization within the 
astrocyte territory. Scale bar represents 20 μm. e. Co-localization analysis 
using Pearson’s r co-efficient shows high co-localization between Aqp4-GFP 
and PAICS. The mean and SEM are shown (n = 8 tdTomato+ cells from 4 mice; 
Two-tailed paired t-test). f. Scale-free STRING analysis protein-protein 
association map of the top 100 unique and enriched biotinylated proteins 
identified in the astrocyte endfoot with Astro Aqp4-BioID2 . Node size 
represents the enrichment of each protein vs the GFP control (log2(BioID2/
GFP)). Edges represent putative interactions from the STRING database. Bar 
graphs show the functional enrichment analysis of the 635 proteins using 
“Biological process”, “Cellular component”, and “Molecular function” terms 
from Enrichr. The image of the astrocyte subcompartments in panel a was 
created using BioRender (https://www.biorender.com/).

https://www.biorender.com/


Extended Data Fig. 13 | Astrocyte subcompartment card 3: astrocyte 
processes. a. BioID2 that is targeted with Ezr-BioID2 biotinylates proteins at 
astrocyte processes. b. Label-free based quantification comparison of 
significant proteins (Log2FC > 1 and FDR < 0.05 versus GFP controls) detected in 
the cytosolic Astro BioID2 and fine process Astro Ezrin-BioID2 reveal fine 
process enriched proteins. Top half of the volcano plot shows 216 unique 
Ezrin-BioID2 proteins when compared to cytosol. The top four most abundant 
proteins for Ezrin-BioID2 are shown. Lower half of volcano plot shows 
comparison of 186 proteins that were common in both cytosolic BioID2  
and Ezrin-BioID2. The five highest enriched proteins for Ezrin-BioID2  
(Log2FC > 2) are shown. Magenta label shows protein that was validated with 
immunohistochemistry in panel d. Red label shows Dlgap3/SAPAP3 is enriched 
in the astrocyte fine processes. c. Heat map shows the rank-rank hypergeometric 
overlap (RRHO) of the RNA and protein rank for the 234 Ezr-BioID2 proteins. 
Each pixel represents the significance of overlap between the two datasets  

in –log10(P-value). Red pixels represent highly significant overlap. Color scale 
denotes the range of P-values at the negative log10 scale (bin size = 100). d. IHC 
analysis of Nebl protein in tdTomato and Ezr-GFP labeled astrocytes shows 
co-localization within the astrocyte territory. Scale bar represents 20 μm.  
e. Co-localization analysis using Pearson’s r co-efficient shows high 
co-localization between Ezr-GFP and Nebl. The mean and SEM are shown (n = 8 
tdTomato+ cells from 4 mice; Two-tailed paired t-test). f. Scale-free STRING 
analysis protein-protein association map of the 234 unique and enriched 
biotinylated proteins identified in astrocyte processes with Astro Ezr-BioID2 . 
Node size represents the enrichment of each protein vs the GFP control 
(log2(BioID2/GFP)). Edges represent putative interactions from the STRING 
database. Bar graphs show the functional enrichment analysis of the 234 
proteins using “Biological process”, “Cellular component”, and “Molecular 
function” terms from Enrichr. The image of the astrocyte subcompartments in 
panel a was created using BioRender (https://www.biorender.com/).

https://www.biorender.com/
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Extended Data Fig. 14 | Astrocyte subcompartment card 4: astrocyte 
glutamate transporter. a. BioID2 that is targeted with Glt1-BioID2 biotinylates 
proteins at astrocyte sites of glutamate uptake. b. Label-free based 
quantification comparison of significant proteins (Log2FC > 1 and FDR < 0.05 
versus GFP controls) detected in the cytosolic Astro BioID2 and Astro Glt1- 
BioID2 reveal Glt1 enriched proteins. Top half of the volcano plot shows 527 
unique Glt1-BioID2 proteins when compared to cytosol. The top four most 
abundant proteins for Glt1-BioID2 are shown. Lower half of volcano plot shows 
comparison of 230 proteins that were common in both cytosolic BioID2 and 
Glt1-BioID2. The five highest enriched proteins for Glt1-BioID2 are shown. 
Magenta label shows protein that was validated with immunohistochemistry.  
c. Heat map shows the rank-rank hypergeometric overlap (RRHO) of the RNA 
and protein rank for the 532 Glt1-BioID2 proteins. Each pixel represents the 
significance of overlap between the two datasets in –log10(P-value). Red pixels 
represent highly significant overlap. Color scale denotes the range of P-values 

at the negative log10 scale (bin size = 100). d. IHC analysis of Faim2 protein in 
tdTomato and Glt1-GFP labeled astrocytes shows co-localization within the 
astrocyte territory. Scale bar represents 20 μm. e. Co-localization analysis 
using Pearson’s r co-efficient shows high co-localization between Glt1-GFP  
and Faim2. The mean and SEM are shown (n = 8 tdTomato+ cells from 4 mice; 
Two-tailed paired t-test). f. Scale-free STRING analysis protein-protein 
association map of the top 100 unique and enriched biotinylated proteins 
identified with Astro Glt1-BioID2 . Node size represents the enrichment of each 
protein vs the GFP control (log2(BioID2/GFP)). Edges represent putative 
interactions from the STRING database. Bar graphs show the functional 
enrichment analysis of all 532 proteins using “Biological process”, “Cellular 
component”, and “Molecular function” terms from Enrichr. The image of the 
astrocyte subcompartments in panel a was created using BioRender (https://
www.biorender.com/).

https://www.biorender.com/
https://www.biorender.com/


Extended Data Fig. 15 | Astrocyte subcompartment card 5: astrocyte 
potassium channel. a. BioID2 that is targeted with Kir4.1-BioID2 biotinylates 
proteins at astrocyte sites of potassium uptake. b. Label-free based 
quantification comparison of significant proteins (Log2FC > 1 and FDR < 0.05 
versus GFP controls) detected in the cytosolic Astro BioID2 and Astro 
Kir4.1-BioID2 reveal Kir4.1 enriched proteins. Top half of the volcano plot  
shows 390 unique Kir4.1-BioID2 proteins when compared to cytosol. The top  
four most abundant proteins for Kir4.1-BioID2 are shown. Lower half of volcano 
plot shows comparison of 275 proteins that were common in both cytosolic 
BioID2 and Kir4.1-BioID2. The five highest enriched proteins for Kir4.1- 
BioID2 are shown. Magenta label shows protein that was validated with 
immunohistochemistry. c. Heat map shows the rank-rank hypergeometric 
overlap (RRHO) of the RNA and protein rank for the 393 Kir4.1-BioID2 proteins. 
Each pixel represents the significance of overlap between the two datasets  
in –log10(P-value). Red pixels represent highly significant overlap. Color scale 

denotes the range of P-values at the negative log10 scale (Bin size = 100).  
d. IHC analysis of Hepacam protein in tdTomato and Kir4.1-GFP labeled astrocytes 
shows co-localization within the astrocyte territory. Scale bar represents  
20 μm. e. Co-localization analysis using Pearson’s r co-efficient shows high 
co-localization between Kir4.1-GFP and Hepacam. The mean and SEM are 
shown (n = 8 tdTomato+ cells from 4 mice; Two-tailed paired t-test). f. Scale-free 
STRING analysis protein-protein association map of the top 100 unique and 
enriched biotinylated proteins identified with Astro Kir4.1-BioID2 . Node size 
represents the enrichment of each protein vs the GFP control (log2(BioID2/GFP)). 
Edges represent putative interactions from the STRING database. Bar graphs 
show the functional enrichment analysis of all 393 proteins using “Biological 
process”, “Cellular component”, and “Molecular function” terms from 
Enrichr. The image of the astrocyte subcompartments in panel a was created 
using BioRender (https://www.biorender.com/).

https://www.biorender.com/
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Extended Data Fig. 16 | Astrocyte subcompartment card 6: astrocyte gap 
junction protein. a. BioID2 that is targeted with Cx43-BioID2 biotinylates 
proteins at astrocyte sites of gap junction coupling. b. Label-free based 
quantification comparison of significant proteins (Log2FC > 1 and FDR < 0.05 
versus GFP controls) detected in the cytosolic Astro BioID2 and Astro Cx43- 
BioID2 reveal Cx43 enriched proteins. Top half of the volcano plot shows 179 
unique Cx43-BioID2 proteins when compared to cytosol. The top four most 
abundant proteins for Cx43-BioID2 are shown. Lower half of volcano plot shows 
comparison of 116 proteins that were common in both cytosolic BioID2 and 
Cx43-BioID2. The five highest enriched proteins for Cx43-BioID2 are shown. 
Magenta label shows protein that was validated with immunohistochemistry.  
c. Heat map shows the rank-rank hypergeometric overlap (RRHO) of the RNA 
and protein rank for the 196 Cx43-BioID2 proteins. Each pixel represents the 
significance of overlap between the two datasets in –log10(P-value). Red pixels 
represent highly significant overlap. Color scale denotes the range of P-values 

at the negative log10 scale (bin size = 100). d. IHC analysis of Arpc1a protein in 
tdTomato and Cx43-GFP labeled astrocytes shows co-localization within the 
astrocyte territory. Scale bar represents 20 μm. e. Co-localization analysis 
using Pearson’s r co-efficient shows high co-localization between Cx43-GFP 
and Aprc1a. The mean and SEM are shown (n = 8 tdTomato+ cells from 4 mice; 
Two-tailed Wilcoxon matched-pairs signed rank test). f. Scale-free STRING 
analysis protein-protein association map of the 196 unique and enriched 
biotinylated proteins identified with Astro Cx43-BioID2 . Node size represents 
the enrichment of each protein vs the GFP control (log2(BioID2/GFP)). Edges 
represent putative interactions from the STRING database. Bar graphs show 
the functional enrichment analysis of all 196 proteins using “Biological 
process”, “Cellular component”, and “Molecular function” terms from 
Enrichr. The image of the astrocyte subcompartments in panel a was created 
using BioRender (https://www.biorender.com/).

https://www.biorender.com/


Extended Data Fig. 17 | IHC and Western blots for SAPAP3 BioID2 
constructs. a. Representative images of immunostained mouse striatum 
injected with astrocyte-specific BioID2-SAPAP3 and then treated with biotin 
for 7 days. Top panel shows the immunostaining pattern with S100β as an 
astrocyte cell marker and bottom panel shows the immunostaining pattern 
with DARPP32 as a neuronal cell marker. b. Bar graphs depicting the percent  
of S100β positive or DARPP32 positive cells with HA expression in a 40x 
magnification field of view. Teal portion of the bar graphs show the percent 
co-localization. Bottom descriptive statistics represent percent of HA+ cells 
that were not S100β positive as the mean (SD) [SEM] (n = 8 fields of view at 40x 
magnification from 4 mice). c. Representative images of immunostained 
mouse striatum injected with neuron-specific BioID2-SAPAP3 and then  
treated with biotin for 7 days. Top panel shows the immunostaining pattern 
with DARPP32 as a neuronal cell marker and bottom panel shows the 
immunostaining pattern with S100β as an astrocyte cell marker. d. Bar graphs 
depicting the percent of S100β positive or DARPP32 positive cells with HA 

expression in a 40x magnification field of view. Purple portion of the bar 
graphs show the percent co-localization. Bottom descriptive statistics 
represent percent of HA+ cells that were not DARPP32 positive as the mean  
(SD) [SEM] (n = 8 fields of view at 40x magnification from 4 mice) e. Western 
blot analysis of brain unilaterally microinjected with astrocyte specific BioID2- 
SAPAP3. Dark bands at 130 kD and 250 kD show the endogenously biotinylated 
mitochondrial proteins, pyruvate carboxylase and acetyl-CoA carboxylase. 
Graph depicting the streptavidin signal intensity divided by the β-actin signal 
intensity for each data point. Black horizontal line depicts the mean, circle 
represents the median, and error bars show the SEM (n = 4 mice; Two-tailed 
Mann-Whitney Test, P = 0.029). f. Western blot analysis of brain unilaterally 
microinjected with neuron specific BioID2-SAPAP3. Graph depicting the 
streptavidin signal intensity divided by the β-actin signal intensity for each 
data point. Black horizontal line depicts the mean, circle represents the median, 
and error bars show the SEM (n = 4 mice; Two-tailed Mann-Whitney Test, P = 0.014). 
For blot source data, see Supplementary Fig. 1.



Article

Extended Data Fig. 18 | See next page for caption.



Extended Data Fig. 18 | Assessment of cell-specific interactors of SAPAP3 in 
astrocytes using BioID2 proteomics. a. Schematic of cell-specific BioID2 
fused to SAPAP3 used in the AAV constructs. b. Table shows the number of 
peptides and proteins found in the cell-specific BioID2-SAPAP3 proteomics 
experiments. Each row shows the number of proteins after filtering. c. Label-
free based quantification comparison of significant proteins (Log2FC > 1 and 
FDR < 0.05 versus GFP controls) detected in the Astro BioID2-SAPAP3 and 
Neuro BioID2-SAPAP3 reveal unique astrocyte and neuron SAPAP3 interactors. 
Top half of the volcano plot shows 306 unique Neuro BioID2-SAPAP3 proteins 
and 49 unique Astro BioID2-SAPAP3 proteins when compared to each other. 
The top four most abundant proteins for each cell type are shown. Lower half of 
volcano plot shows comparison of 228 proteins that were common in both 
Astro BioID2-SAPAP3 and Neuro BioID2-SAPAP3. The five highest enriched 
proteins (Log2FC > 2) for neurons are shown. Proteins that did not pass the 
enrichment threshold for either cell type are represented in the gray box.  
d. Schematic shows astrocyte specific HA tagged SAPAP3, GFP fused Ezrin,  
and GFP fused Glt-1 used in AAV constructs to assess interactions via co-
immunoprecipitation. 16 week old wild type mice were injected in the striatum 
with one of the following combinations: HA-SAPAP3 + Ezr-GFP, HA-SAPAP3 + 
Glt-1-GFP, HA-SAPAP3 only, Ezr-GFP only, or Glt1-GFP only. Western blot shows 
the immunoprecipitation of either HA or GFP after protein complex isolation. 
The band 110 kD represents the HA-SAPAP3 band, while the 90 kD bands 
represent Ezrin-GFP (93 kD) or Glt1-GFP (92 kD). n = 4 mice per combination,  
3 technical replicates. e. Representative images of immunostained mouse 

striatum injected with astrocyte-specific GFP-SAPAP3 (Astro SAPAP3). Left 
panel shows the immunostaining pattern with S100β as an astrocyte cell 
marker and right panel shows the immunostaining pattern with DARPP32 as a 
neuron cell marker. f. Bar graphs depicting the percent of S100β positive or 
NeuN positive cells with HA expression in a 20x magnification field of view. Teal 
portion of the bar graphs show the percent co-localization. Bottom descriptive 
statistics represent percent of HA+ cells that were not S100β positive as the 
mean (SD) [SEM] (n = 8 fields of view at 20x magnification from 4 mice) c. 
Representative images of immunostained mouse striatum injected with 
astrocyte-specific GFP-SAPAP3 (Astro SAPAP3). Left panel shows the 
immunostaining pattern with S100β as an astrocyte cell marker and right panel 
shows the immunostaining pattern with DARPP32 as a neuron cell marker.  
g. Representative images of immunostained mouse striatum injected  
with neuron-specific GFP-SAPAP3 (Neuro SAPAP3). Left panel shows the 
immunostaining pattern with DARPP32 as a neuron cell marker and right panel 
shows the immunostaining pattern with S100β as an astrocyte cell marker.  
h. Bar graphs depicting the percent of S100β positive or NeuN positive cells 
with HA expression in a 20x magnification field of view. Purple portion of the 
bar graphs show the percent co-localization. Bottom descriptive statistics 
represent percent of HA+ cells that were not DARPP32 positive as the mean (SD) 
[SEM] (n = 8 fields of view at 20x magnification from 4 mice). The image of the 
DNA constructs in panels a and d was created using BioRender (https://www.
biorender.com/).

https://www.biorender.com/
https://www.biorender.com/
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Extended Data Fig. 19 | See next page for caption.



Extended Data Fig. 19 | Behavior of SAPAP3 WT, KO, and fluoxetine treated 
mice. a. Representative photographs of SAPAP WT and SAPAP3 KO mice at 
P180. White outline shows the border of each lesion. b. Bar graphs show 
assessment of grooming behavior in SAPAP3 WT and SAPAP3 KO by four 
different metrics: area of open lesions, number of lesions, grooming bouts, and 
time spent grooming. n = 9 for the SAPAP3 WT mice and n = 8 for the SAPAP3 KO 
mice. The mean and SEM are shown (area of open lesions: WT v KO, two-tailed 
one sample t-test, P < 0.001 ; number of lesions per mouse: WT v KO, two-tailed 
one sample t-test, P = 0.002; number of grooming bouts: WT v KO, two-tailed 
Mann-Whitney test, P = 0.009; time spent grooming: WT v KO, two-tailed 
unpaired t-test with Welch correction, P < 0.001). c. Representative traces of 
20 min open field recordings for SAPAP3 WT and SAPAP3 KO mice at P180. 
Green dot depicts the location of the mouse at the start of the recording, while 
the red dot depicts the location of the mouse at the end of the recording. The 
center of the open field was 2.5 cm from the boundary wall. Bottom panels 
show representative traces of 10 min elevated plus maze recordings for SAPAP3 
WT and SAPAP3 KO mice at P180. Green dot depicts the location of the mouse at 
the start of the recording, while the red dot depicts the location of the mouse  
at the end of the recording. d. Bar graphs show anxiety-like behavior and 
locomotor activity in SAPAP3 WT and SAPAP3 KO mice by four different 
metrics: time in center of the open field, speed in center of the open field, time 
spent in open arms of the elevated plus maze, total distance traveled, and total 
average speed. n = 9 for the SAPAP3 WT mice and n = 8 for the SAPAP3 KO mice. 
Mean and SEM are shown (time in center: WT v KO, two-tailed unpaired t-test 
with Welch correction, P < 0.001; speed in center: WT v KO, two-tailed unpaired 
t-test with Welch correction, P = 0.001; time in open arms: WT v KO, two-tailed 
unpaired t-test with Welch correction, P = 0.002; distance traveled: WT v KO, 
two-tailed unpaired t-test with Welch correction, P = 0.001; average speed:  
WT v KO, two-tailed unpaired t-test with Welch correction, P = 0.002).  

e. Representative traces of 20 min open field recordings for P180 SAPAP3 KO 
mice injected with either Astro GFP (gray) or Astro SAPAP3 (teal) and Neuro 
GFP (gray) or Neuro SAPAP3 (purple) injected at P28. Green dot depicts the 
location of the mouse at the start of the recording, while the red dot depicts the 
location of the mouse at the end of the recording. The center of the open field 
was 2.5 cm from the boundary wall. Bar graph shows assessment of locomotor 
activity by the metric of average speed. n = 14 mice for the Astro GFP group, 
n = 15 mice for the Astro SAPAP3 group, n = 8 for the Neuro GFP group, and n = 9 
for the Neuro SAPAP3 group. The mean and SEM are shown (two-way ANOVA 
with Bonferroni post-hoc test). f. Bar graphs show assessment of grooming 
behavior in SAPAP3 WT and SAPAP3 KO treated with either saline or fluoxetine 
for 7 days by four different metrics: area of open lesions, number of lesions, 
grooming bouts, and time spent grooming. n = 5-6 mice for each group. The 
mean and SEM are shown (number of lesions per mouse: Kruskal Wallis test; 
number of grooming bouts: One way ANOVA with Bonferroni correction; time 
spent grooming: One way ANOVA with Bonferroni correction). g. Bar graphs 
show assessment of locomotor activity in SAPAP3 WT and SAPAP3 KO treated 
with either saline or fluoxetine for 7 days by two different metrics: total 
distance traveled and total average speed. n = 5 mice WT + saline, n = 6 mice WT +  
fluoxetine, n = 6 mice KO + saline, n = 6 mice KO + fluoxetine. The mean and SEM 
are shown (total distance traveled: one way ANOVA with Bonferroni correction; 
total average speed: one way ANOVA with Bonferroni correction). h. Bar graphs 
show assessment of anxiety-like behaviors in SAPAP3 WT and SAPAP3 KO 
treated with either saline or fluoxetine for 7 days by three different metrics: 
time in center, speed in center, and time spent in open arms. n = 4 mice WT + 
saline, n = 4 mice WT + fluoxetine, n = 7 mice KO + saline and n = 8 mice KO + 
fluoxetine. The mean and SEM are shown (time in center: One way ANOVA with 
Bonferroni correction; speed in center: one way ANOVA with Bonferroni 
correction; time spent in open arms: Kruskal-Wallis test).
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Extended Data Fig. 20 | Mapping SAPAP3 associated changes with ΔFosB 
alterations. a. Representative images show coronal sections containing both 
motor cortex (M2) and lateral orbitofrontal cortex (LOFC) in WT and SAPAP3 
KO mice. Both LOFC and M2 of SAPAP3 KO mice show increased numbers of 
ΔFosB expressing cells. Scale bar represents 1 mm. Expanded images show 
neuronal (magenta) expression of ΔFosB (green) in M2 and OFC of wild type, 
SAPAP3 KO mice, SAPAP3 KO mice plus Astro GFP, SAPAP3 KO mice plus Astro 
SAPAP3, SAPAP3 KO mice plus Neuro GFP, and SAPAP3 KO mice plus Neuro 
SAPAP3. Scale bar represents 20 μm. Bar graphs depict the percent of NeuN+ 

neurons with ΔFosB expression. Bar denotes the mean, and error bars denote 
the SEM. n = 4 animals per group (One-way ANOVA with Bonferroni post hoc 
test). b. Representative zoom-in images of dorsal and ventral striatum in WT, 
SAPAP3 KO, SAPAP3 KO plus Astro GFP, SAPAP3 KO plus Astro SAPAP3, SAPAP3 
KO plus Neuro GFP, and SAPAP3 KO plus Neuro SAPAP3 mice. Images show 
NeuN+ neurons (magenta) with expression of ΔFosB (green). Images also show 
the Astro GFP, Astro SAPAP3, Neuro GFP, and Neuro SAPAP3 signal (white) in the 
dorsal and ventral striatum. Scale bar represents 20 μm. This experiment was 
replicated four times.



Extended Data Fig. 21 | Effects of cell-specific rescue on astrocyte 
morphology and astrocyte-specific SAPAP3 interactions. a. Representative 
images of tdTomato+ striatal astrocytes in SAPAP3 KO mice injected with Astro 
GFP (left) or Astro SAPAP3 (right). Bar graph shows the measurements of 
astrocyte territory area. n = 20 cells from 4 mice per group. The mean and SEM 
are shown (Astro GFP v Astro SAPAP3, two-tailed unpaired t-test with Welch 
correction, P = 0.001). b. Representative images of PLA puncta for SAPAP3 and 
Ezrin in SAPAP3 KO mice injected with Astro GFP or Astro SAPAP3. Images  
show SAPAP3-Ezr puncta within a tdTomato+ astrocyte. Bar graph denotes the 
integrated density in arbitrary units (a.u.) of the PLA signal within the astrocyte 
ROI. n = 12 tdTomato+ astrocytes from 4 mice per group. The mean and SEM  
are shown (Astro GFP v Astro SAPAP3, two-tailed unpaired t-test with Welch 
correction, P = 0.002). c. Representative images of PLA puncta for SAPAP3 and 
Glt-1 in SAPAP3 KO mice injected with Astro GFP or Astro SAPAP3. Images show 
SAPAP3-Glt-1 puncta within a tdTomato+ astrocyte. Bar graph denotes the 
integrated density in arbitrary units (a.u.) of the PLA signal within the astrocyte 
ROI. n = 12 tdTomato+ astrocytes from 4 mice per group. The mean and SEM are 
shown (Astro GFP v Astro SAPAP3, two-tailed unpaired t-test with Welch 

correction, P < 0.001). d. Representative images of tdTomato+ striatal 
astrocytes in SAPAP3 KO mice injected with Neuro GFP (left) or Neuro SAPAP3 
(right). Bar graph shows the measurements of astrocyte territory area. n = 20 
cells from 4 mice per group. The mean and SEM are shown (Neuro GFP v Neuro 
SAPAP3, two-tailed unpaired t-test with Welch correction). e. Representative 
images of PLA puncta for SAPAP3 and Ezrin in SAPAP3 KO mice injected with 
Neuro GFP or Neuro SAPAP3. Images show SAPAP3-Ezr puncta within a 
tdTomato+ astrocyte. Bar graph denotes the integrated density in arbitrary 
units (a.u.) of the PLA signal within the astrocyte ROI. n = 12 tdTomato+ 
astrocytes from 4 mice per group. The mean and SEM are shown (Neuro GFP v 
Neuro SAPAP3, two-tailed Mann-Whitney test, P  = 0.59). f. Representative 
images of PLA puncta for SAPAP3 and Glt-1 in SAPAP3 KO mice injected with 
Neuro GFP or Neuro SAPAP3. Images show SAPAP3-Glt-1 puncta within a 
tdTomato+ astrocyte. Bar graph denotes the integrated density in arbitrary 
units (a.u.) of the PLA signal within the astrocyte ROI. n = 12 tdTomato+ 
astrocytes from 4 mice per group. The mean and SEM are shown (Neuro GFP v 
Neuro SAPAP3, two-tailed Mann-Whitney test, P = 0.98).
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Extended Data Fig. 22 | Bulk proteomics for WT and SAPAP3 KO mice and 
comparison to human striatal data. a. Volcano plot shows the label-free 
based quantification comparison of 3407 proteins detected in the striatum. 
Red circles show upregulated proteins (Log2FC > 1 and FDR < 0.05) while blue 
circles show downregulated proteins (Log2FC < 1, FDR < 0.05) in the SAPAP3 KO 
striatum when compared to wild-type. The top 5 most down regulated and up 
regulated proteins are shown. Green label shows protein that also appeared in 
the neuron SAPAP3 interactome. b. List of the 66 proteins that were 
differentially expressed in the striatum of SAPAP3 KO mice when compared to 
wild type controls. Heat map and color scale (i) shows the Log2fold change of 
the 66 proteins versus wild type control. Heat map and color scale (ii) shows the 
mRNA abundance (FPKM) of the 66 proteins in our neuron or astrocyte specific 
mouse RNA-seq datasets. Heat map and color scale (iii) shows the Log2fold 
change at the mRNA level of the 66 proteins in human caudate of OCD subjects 
compared to controls. Arrowheads show genes that had conserved changes in 
the mouse SAPAP3 KO model and human OCD. Teal asterisks denote whether 
the protein was found in the astrocyte specific proteomics datasets, while the 
purple asterisks denote whether the protein was found in the neuron specific 
datasets. c. List of proteins shows the 30 significantly (FDR < 0.05) changed 
genes in human OCD caudate versus control. Heat map depicts the genes’ 
respective mRNA abundances (FPKM) in our neuron or astrocyte specific 
mouse RNA-seq datasets. Teal asterisks denote whether the protein was also 
found in the astrocyte specific proteomics datasets while the purple asterisks 
denote whether the protein was found in the neuron specific datasets. The 
gene, C15orf39, was not found in our mouse datasets. d. List of 61 genes 
associated with OCD and Tourette’s syndrome. Heat map depicts the genes’ 
respective mRNA abundances (FPKM) in our neuron or astrocyte specific 
mouse RNA-seq datasets. Teal asterisks denote whether the protein was also 
found in the astrocyte specific proteomics datasets while the purple asterisks 
denote whether the protein was found in the neuron specific datasets. Orange 
asterisks denote whether the protein was an astrocytic SAPAP3 interactor, 
while green asterisks denote whether the protein was a neuronal SAPAP3 
interactor.



Extended Data Fig. 23 | Assessment of Dlgap3 mRNA expression across age 
using in situ hybridization. a. (i-iv) Representative images of P1-P112 mouse 
striata with Dlgap3 mRNA in magenta, Sox9 astrocyte marker protein in blue, 
and NeuN neuronal marker protein in green. White arrowheads show Dlgap3 
expression in Sox9+ astrocytes. b. Line graph shows the average integrated 
intensity of Dlgap3 mRNA in either NeuN+ somata (green) or Sox9+ somata 
(blue) across 8 postnatal ages. Data are presented as the mean and the SEM; 
n = 6 FOVs per age from 4 mice per age.
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