
1 of 15Acta Physiologica, 2025; 241:e70052
https://doi.org/10.1111/apha.70052

Acta Physiologica

RESEARCH PAPER OPEN ACCESS

SorCS2 Is Important for Astrocytic Function in 
Neurovascular Signaling
Christian Staehr1,2  |  Hande Login1  |  Elizaveta V. Melnikova1  |  Magdalena Bakun3   |  Ewelina Ziemlinska4  |  
Lilian Kisiswa1  |  Simin Berenji Ardestani1  |  Stella Solveig Nolte1  |  Hans Christian Beck5  |  Line Mathilde Brostrup Hansen1  |  
Dmitry Postnov6  |  Alexei Verkhratsky7,8,9,10,11   |  Anna R. Malik4   |  Anders Nykjaer1,12,13  |  Vladimir V. Matchkov1

1Department of Biomedicine, Aarhus University, Aarhus, Denmark  |  2Department of Anaesthesiology and Intensive Care, Aarhus University Hospital, 
Aarhus, Denmark  |  3Mass Spectrometry Laboratory, Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw, Poland  |  4Cellular 
Neurobiology Research Group, Faculty of Biology, Institute of Developmental Biology and Biomedical Sciences, University of Warsaw, Warsaw, 
Poland  |  5Department of Clinical Biochemistry, Odense University Hospital, Odense, Denmark  |  6Department of Clinical Medicine, Center of Functionally 
Integrative Neuroscience, Aarhus University Hospital Skejby, Aarhus, Denmark  |  7Faculty of Biology, Medicine and Health, The University of Manchester, 
Manchester, UK  |  8Department of Neurosciences, University of the Basque Country, Leioa, Spain  |  9IKERBASQUE Basque Foundation for Science, Bilbao, 
Spain  |  10Department of Forensic Analytical Toxicology, School of Forensic Medicine, China Medical University, Shenyang, China  |  11International Joint 
Research Centre on Purinergic Signalling of Sichuan Province Chengdu University of Traditional Chinese Medicine, Chengdu, China  |  12PROMEMO and 
DANDRITE, Aarhus University, Aarhus, Denmark  |  13Department of Neurosurgery, Aarhus University Hospital Skejby, Aarhus, Denmark

Correspondence: Vladimir V. Matchkov (vvm@biomed.au.dk)

Received: 24 November 2024  |  Revised: 21 April 2025  |  Accepted: 22 April 2025

Funding: This work was supported by the Lundbeck Foundation (R344-2020-952 and R412-2022-449 to V.V.M., R90-2011-7723 to A.N. and R248-2017-431 
to A.N.), the National Science Centre (OPUS program, 2020/37/B/NZ3/00761; to A.R.M.) and by the Excellence Initiative—Research University, the Action 
I.3.4, the Programme at the University of Warsaw (A.R.M.), the Danish National Research Foundation (Grant DNRF133 to A.N.) and the Independent 
Research Fund Denmark—Medical Sciences (3101-00103B to V.V.M. and 7016-00261 to A.N.).

Keywords: astrocytes | calcium signaling | glutamate signaling | neurovascular coupling | SorCS2

ABSTRACT
Introduction: The receptor SorCS2 is involved in the trafficking of membrane receptors and transporters. It has been implicated 
in brain disorders and has previously been reported to be indispensable for ionotropic glutamatergic neurotransmission in the 
hippocampus.
Aim: We aimed to study the role of SorCS2 in the control of astrocyte-neuron communication, critical for neurovascular coupling.
Methods: Brain slices from P8 and 2-month-old wild-type and SorCS2 knockout (Sorcs2−/−) mice were immunostained for 
SorCS2, GFAP, AQP4, IB4, and CD31. Neurovascular coupling was assessed in vivo using laser speckle contrast imaging and 
ex vivo in live brain slices loaded with calcium-sensitive dye. Bulk and cell surface fraction proteomics was analyzed on freshly 
isolated and cultured astrocytes, respectively, and validated with Western blot and qPCR.
Results: SorCS2 was strongly expressed in astrocytes, primarily in their endfeet, of P8 mice; however, it was sparsely repre-
sented in 2-month-old mice. Sorcs2−/− mice demonstrated reduced neurovascular coupling associated with a reduced astrocytic 
calcium response to neuronal excitation. No differences in vascularization or endothelium-dependent relaxation ex vivo between 
the 2-month-old groups were observed. Proteomics suggested changes in glutamatergic signaling and suppressed calcium sign-
aling in Sorcs2−/− brains from both P8 and 2-month-old mice. The increased abundance of glutamate metabotropic receptor 3 in 
Sorcs2−/− astrocytes was validated by PCR and Western blot. In cultured Sorcs2−/− astrocytes, AQP4 abundance was increased in 
the bulk lysate but reduced in the cell surface fraction, suggesting impaired trafficking.
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Conclusion: The results suggest that SorCS2 expression is important for the development of neurovascular coupling, at least in 
part by modulating glutamatergic and calcium signaling in astrocytes.

1   |   Introduction

Sortilin Related VPS10 Domain Containing Receptor 2 
(SorCS2) is a member of the VPS10P domain family of multi-
functional receptors. It participates in cell signaling and medi-
ates trafficking of specific receptors and transporters between 
intracellular compartments and the plasma membrane to con-
trol their surface exposure and activity  [1, 2]. The relevance 
of SorCS2 to human brain disorders has been genetically and/
or functionally demonstrated and includes neuropsychiatric 
diseases, such as schizophrenia [3], bipolar disorder [4, 5], and 
neurodegenerative conditions, such as Huntington's disease 
[6] and ischemic stroke [7]. Although the molecular mecha-
nisms underlying the contribution of SorCS2 to these brain pa-
thologies remain incompletely understood, several modalities 
have been proposed. The expression of SorCS2 is controlled 
in a temporal manner that is cell-type specific. In particu-
lar, SorCS2 is abundant at specific stages of development of 
the nervous system, where it is indispensable for proper do-
paminergic innervation, which may explain its genetic and 
functional association with neurodevelopmental psychiatric 
disorders [8]. During adulthood, SorCS2 plays a role in neuro-
nal plasticity by regulating brain-derived neurotrophic factor 
signaling [6, 9]. It protects against oxidative stress by contrib-
uting to the synthesis of glutathione, a key scavenger of reac-
tive oxygen species (ROS) [10]. Hence, SorCS2 deficiency leads 
to oxidative brain damage, enhanced neuronal cell death, and 
increased mortality during epilepsy [10]. Whereas SorCS2 is 
prominent in neurons, its expression in astrocytes in adult 
mice seems to be low [7, 8, 10, 11]. However, following isch-
emic stroke, astrocytes upregulate SorCS2, which has been 
proposed to be important for post-stroke angiogenesis [7].

The survival of neuronal tissue during metabolic challenges 
depends to a large extent on the efficiency of neurovascular 
coupling [12]. Neurovascular coupling is essential to match 
the metabolic demand of neuronal tissues for O2 and nutri-
ents, and for removal of waste products, which are managed 
by blood perfusion [13]. Several signaling pathways for neu-
rovascular coupling response were proposed. Although it is 
still debated [14], some of these pathways implicate astrocytes 
in transmitting neuronal excitation to local vasodilatation 
[15–17]. Neuronal firing is sensed by the nearby astrocytes, 
which respond with intracellular Ca2+ waves spreading to 
the astrocytic endfeet [18–21]. The neuronal activation of as-
trocytes is mediated by several neurotransmitter receptors, 
including glutamate receptors present in the plasmalemma 
of astrocytes [22–24]. Antagonizing N-methyl-D-aspartate 
(NMDA) receptor or clamping of intracellular Ca2+ in astro-
cytes suppresses neurovascular signaling [16]. As a conse-
quence of astrocyte activation, the endfeet release a plethora 
of vasoactive substances, leading to relaxation of the adjacent 
arteriole and an increased blood flow to meet the metabolic 
demand of the neuronal tissue [25]. Aquaporin-4 (AQP4) is 
a predominant water channel in the brain that is solely ex-
pressed in astrocytes and concentrated in their endfeet [26]. 

It has been shown that water flux through the AQP4 is im-
portant for sustaining K+ clearance by astrocytic endfeet upon 
interstitial K+ elevation due to neuronal excitation [27].

Given that SorCS2 expression in astrocytes can be modi-
fied under metabolic challenges [7] and that it can regulate 
NMDA signaling [6, 10, 28], we speculated that SorCS2 may 
be important for the regulation of neurovascular coupling. We 
tested our hypothesis by assessing neurovascular coupling in 
2-month-old wild-type and SorCS2 knockout (Sorcs2−/−) mice 
in vivo and ex vivo in brain slices. Cerebrovascular function 
was studied in isolated cerebral arteries. Cerebral vascular-
ization and the capillary–astrocytic endfeet interface were 
assessed immunohistochemically in 2-month-old brains from 
wild-type and Sorcs2−/− mice. The mechanistic background 
underlying disturbances in astrocytic function was eluci-
dated using astrocytic bulk and cell surface fraction proteom-
ics followed by ingenuity pathway analysis. The importance 
of SorCS2 can vary during neuronal development as SorCS2 
abundance in astrocytes decreases with maturation of the ner-
vous system [7, 8, 10, 11]. Therefore, to enlighten the potential 
developmental importance of SorCS2, we assessed whether the 
changes observed with proteomics are present already in mice 
at postnatal day 8 (P8). This was further validated by expres-
sion analysis in isolated astrocytes from P8 and 2-month-old 
wild-type and Sorcs2−/− mice. This study provides insight into 
the important role of SorCS2 in neurovascular unit develop-
ment and function.

2   |   Results

2.1   |   SorCS2 Is Detected in Astrocytes, but Its 
Abundance Decreases With Age

Immunohistochemical staining of cerebral cortex in brain 
slices from eight-day-old (P8) pups revealed strong staining 
of SorCS2 in GFAP-positive astrocytes surrounding arterioles 
of wild-type but not Sorcs2−/− mice (Figure  1A). The higher 
magnification images revealed that SorCS2 was abundant 
in astrocytic aquaporin 4 (AQ4) positive endfeet that encase 
blood vessel wall and play a critical role in regulation of cere-
brovascular resistance (Figure  1B) [16, 17, 19]. Accordingly, 
an overlapping signal has been detected by double SorCS2 and 
AQP4 immunolabeling, whereas no signal colocalization has 
been observed by Sorcs2 and endothelial marker IB4 double 
immunolabeling (Figure 1C). No SorCS2 staining was seen in 
astrocytic endfeet of 2-month-old mice (Figure  2). However, 
SorCS2 was seen in the astrocytic soma of 2-month-old mice 
(Figure 2) although to a lesser extent compared to what was 
observed in P8 pups (Figure 1). Further correlation analysis 
revealed reduced SorCS2 and GFAP signal overlap in the brain 
slices from 2-month-old WT mice compared to P8 WT mice 
(Figure  S1). The abundance of SorCS2 outside of the GFAP-
positive astrocytes was increased in 2-month-old mice com-
pared to P8 pups (Figures 1 and 2). This suggests an increase 
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of SorCS2 expression in neurons with age, as reported previ-
ously [7, 8, 10, 11].

2.2   |   Reduced Neurovascular Coupling in 
Sorcs2−/− Mice

Neurovascular signaling was measured as relative changes in 
parenchymal perfusion (Figure 3A,B) of the primary sensory 
cortex in response to whisker stimulation [29]. The neuro-
vascular responses were assessed in mice anesthetized with 
ketamine and xylazine and stimulated with mechanical whis-
ker stimulation at 5 Hz for 120 s, as previously [29]. Although 
anesthesia diminishes neurovascular signaling, this kind of 

prolonged mechanical stimulation was previously shown to 
initiate brain hyperemic responses qualitatively similar to 
those observed in awake mice with air-puff whisker stimu-
lation [29, 30]. The increase in parenchymal perfusion upon 
whisker stimulation was reduced in 2-month-old Sorcs2−/− 
mice compared to age-matched wild-type mice (Figure  3C). 
Sorcs2−/− mice exhibited a reduced area of increased paren-
chymal perfusion (at 6%–11% change in BFI), suggesting im-
paired propagation of the neurovascular response compared 
with wild-type mice (Figure  S2). Laser speckle contrast im-
aging was also used to assess changes in arterial blood flow 
and arterial diameter in response to whisker stimulation 
(Figure 4A–C). The resting inner diameter of the middle ce-
rebral artery branch supplying the cerebral cortex was similar 

FIGURE 1    |    SorCS2 is localized to astrocyte endfeet of newborn mouse brain. In 8-day-old wild-type mice (P8), SorCS2 staining overlapped with 
the astrocytic marker, glial fibrillary acidic protein (GFAP), and surrounded vascular endothelial cells labeled with α-d-galactosyl-specific isolectin 
B4 (IB4), as indicated (A). SorCS2-specific staining was not detected in the brain of P8 Sorcs2−/− mice, while there was no difference in GFAP and 
IB4 labeling in Sorcs2−/− and wild-type brains (bars correspond to 20 μm). Representative images for 7 slices from Sorcs2−/− mice and for 9 slices from 
wild-type mice; 2–4 cortical fields of view per slice. The intensive aquaporin-4 (AQP4) and SorCS2 co-labeling suggest that Sorcs2 is localized in the 
endfeet processes of astrocytes surrounding IB4 positive vascular endothelial cells in the brain of P8 wild-type mice (B; bars correspond to 50 μm). 
Merged image suggests an overlap of AQP4 and SorCS2 intensities in astrocytic endfeet in brain slices from P8 wild-type mice, as indicated by arrows 
in the magnified image (the bar indicates 10 μm). Two to four cortical fields of view are taken per slice (n = 9). The fluorescence intensity profiles over 
the cross-section, as indicated with a dashed rectangle (B), illustrate an overlay of AQP4 and SorCS2 labeling that is outside of the blood vessel lumen 
labeled with IB4 (C; the traces representative for P8 brains of 9 wild-type mice).
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in both genotypes (Figure  4D). Whisker stimulation was as-
sociated with dilation of this artery, but the vasodilatation 
observed in 2-month-old Sorcs2−/− mice was smaller than in 
age-matched wild-type mice (Figure  4E). Accordingly, arte-
rial blood flow rise in response to neuronal excitation was re-
duced in 2-month-old Sorcs2−/− mice (Figure 4F).

This suppressed neurovascular coupling was not associated 
with the changes in brain cortex vascularization of adult 
Sorcs2−/− mice (Figure S3). Although newborn Sorcs2−/− pups 
had slightly elevated vascular density in comparison with 
age-matched wild types (Figure  S3C), this difference was 
not seen when the brains from 2-month-old Sorcs2−/− and 
wild-type mice were compared (Figure  S3D). The sprouting 
activity was also similar in the brain cortex of Sorcs2−/− and 
wild-type mice when both newborn groups (Figure S3E) and 
2-month-old mice (Figure  S3F) were compared. There was 
also no difference in astrocytic endfeet coverage of capillar-
ies in the cortex of 2-month-old Sorcs2−/− and wild-type mice 
(Figure  S4A,B). When the distance between astrocytic end-
feet and adjacent capillary endothelial cells was compared, no 
difference between 2-month-old Sorcs2−/− and wild-type mice 
was found (Figure S4C).

2.3   |   Neuronal Electric Field Stimulation Elicited 
the Reduced Intracellular Ca2+ Response in 
Astrocytes From 2-Month-Old Sorcs2−/− Mice

Electric field stimulation of brain slices excited neurons and 
evoked a delayed elevation of intracellular Ca2+ in astrocytic 
endfeet that are clearly distinguished by intense fluorescence 
surrounding parenchymal arterioles, as shown previously 
[29, 31–33] (Figure  5A). Electric field stimulation induced a 
similar elevation of intracellular Ca2+ in neuronal tissue but a 
smaller Ca2+ rise in astrocytic endfeet in the cortex brain slices 
from 2-month-old Sorcs2−/− mice compared to age-matched 
wild-type mice (Figure 5B). The slope of intracellular Ca2+ rise 
was also slower in astrocytes lacking SorCS2 than in wild-type 

controls (0.047 ± 0.022 a.u./s versus 0.212 ± 0.039 a.u./s, n = 4–5, 
p = 0.002).

2.4   |   Similar Endothelial Function in 
Cerebral Arteries From 2-Month-Old Sorcs2−/− 
and Wild-Type Mice

In accordance with our in vivo measurements (Figure 4D), the 
inner diameter of relaxed middle cerebral arteries ex vivo was 
similar between the groups (Figure 6A). To assess the relaxation 
function, we preconstricted the arteries with thromboxane A2 
analog, U46619, to the level of vascular tone corresponding to 
80% of their maximal tone and then relaxed the arteries with car-
bachol. The level of this preconstriction was the same for arter-
ies from 2-month-old wild-type and Sorcs2−/− mice (0.39 ± 0.08 
mN/mm (n = 11) versus 0.36 ± 0.03 mN/mm (n = 8), p = 0.69, for 
wild-type and Sorcs2−/−, respectively). The relaxation by 10−5 M 
carbachol was similar in both groups (Figure 6B). This suggests 
that the endothelium-dependent vasorelaxation of U46619-
preconstricted cerebral arteries from 2-month-old Sorcs2−/− mice 
is unchanged in comparison with age-matched wild-type mice.

2.5   |   Reduced Glutamatergic Signaling Is 
Linked to Weakened Astrocytic Ca2+ Responses in 
2-Month-Old SorCS2−/− Mice

Proteomics analyses of isolated astrocytes from P8 WT and 
Sorcs2−/− mice identified overall 3209 proteins (Table S1). Using 
a cut-off value of p < 0.05, it was observed that the abundance of 
194 proteins was altered in Sorcs2−/− P8 mice (n = 4). The abun-
dance of 84 proteins was upregulated, whereas the abundance 
of 110 proteins was decreased in astrocytes from Sorcs2−/− mice 
(Figure 7A). In astrocytes from 2-month-old mice (n = 4), 3668 
proteins were identified (Table S2); among them, the abundance 
of 245 proteins was changed (120 proteins were increased and 
125 proteins were decreased in Sorcs2−/− mice) (Figure 7B). Of 
note, False Discovery Rate (FDR) correction in these datasets 

FIGURE 2    |    SorCS2 is sparsely detected in astrocytic soma in 2-month-old mouse brain. Brain slices were stained for SorCS2 together with glial 
fibrillary acidic protein (GFAP) to label astrocytes, and vascular endothelial cell maker α-d-galactosyl-specific isolectin B4 (IB4), as indicated. In 
2-month-old wild-type mice, sparse GFAP-SorCS2 co-labeling was detected as indicated by white arrows. No SorCS2 signal was detected in the brain 
slices from 2-month-old Sorcs2−/− mice. Representative images for 2–4 fields of view per slice of 4 slices from Sorcs2−/− and 4 slices from wild-type 
mice. Bars correspond to 50 μm. See also Figure S1.
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diminishes the statistical power [34, 35]. Only metabotropic glu-
tamate receptor 3 (mGluR3, grm3) and RUN domain-containing 
protein 3B (Rundc3b) were found to be significantly changed in 
astrocytes from 2-month-old Sorcs2−/− mice (Table S2). However, 
the differences in confidential intervals between Sorcs2−/− and 
wild-type mice (Tables  S1 and S2) support the differential ex-
pression of several proteins as suggested by p values.

Importantly, the abundance of mGluR3 was increased in as-
trocytes from Sorcs2−/− mice of both ages (Table  1; Tables  S1 
and S2). This increase was the most prominent difference in 
protein level between the two genotypes in both age groups 
(Figure 7A,B) and was pronounced with age (Table S2). These 
results suggest that there might be changes in glutamatergic 
signaling. This was further validated in isolated astrocytes by 
mRNA expression analyses of genes that are involved in glu-
tamatergic signaling (Figure 8). The sorcs2 mRNA expression 
was diminished in P8 Sorcs2−/− isolated astrocytes in compari-
son with age-matched wild types, while, in accordance with our 
immunohistochemical results, Sorcs2 expression was decreased 

approximately 7 times in astrocytes from 2-month-old wild-type 
mice (Figure 8A). In accordance with the results from the pro-
teomics analysis, the increased level of mGluR3 protein was as-
sociated with upregulated grm3 mRNA in isolated astrocytes at 
both ages of Sorcs2−/− mice (Figure 8B). This upregulation was 
more prominent in 2-month-old mice in comparison with P8 
Sorcs2−/− mice. Accordingly, our proteomics suggests that both 
excitatory amino acid transporter 1 (EAAT1) and alanine ser-
ine cysteine transporter 1 (ASCT1) were increased in astrocytes 
from P8 Sorcs2−/− mice (Figure S5A and Table S1). The molec-
ular components of glutamatergic signaling underwent more 
significant remodeling in 2-month-old Sorcs2−/− astrocytes, 
where both AMPA- (GluR2) and NMDA (NMDAR1) receptors 
were decreased in their abundance (Figure S5B and Table S2). 
Moreover, the abundance of proteins involved in mitochondrial 
pathways responsible for glutamate catabolism (i.e., glutamic-
oxaloacetic transaminase 2 and glutamate dehydrogenase 1) 
was reduced (Table S2). Altogether, this suggests that Sorcs2−/− 
astrocytes from 2-month-old mice have modified glutamatergic 
signaling in comparison with age-matched wild types. This may 

FIGURE 3    |    2-month-old Sorcs2−/− mice exhibited reduced neurovascular responses in vivo. An averaged blood flow map (grayscale) with an 
overlaid relative blood flow index (BFI) changes (color scale) in response to mechanical whisker stimulation, which induced a local change in blood 
perfusion of the primary somatosensory cortex in age-matched wild-type (A) and Sorcs2−/− mice under ketamine and xylazine anesthesia (B). Bars 
correspond to 1000 μm. A relative increase in parenchymal BFI of the somatosensory cortex in response to contralateral whisker stimulation was 
reduced in Sorcs2−/− mice (n = 9) compared to wild-type mice (n = 8; C). Responses in (C) were compared using two-way ANOVA. *p < 0.05. See also 
Figure S4.
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FIGURE 4    |    2-month-old Sorcs2−/− mice showed a reduced increase in vascular diameter and blood flow in response to sensory stimulation. Laser 
speckle contrast imaging was used to assess changes in arterial diameter and arterial blood flow increase in response to whisker stimulation in age-
matched 2-month-old wild-type (WT) (A) and Sorcs2−/− mice (B). The color scale shows the blood flow index (BFI). Bars correspond to 1000 μm. The 
red rectangle identifies the 3rd branch of the middle cerebral artery used for single vessel analysis. Representative single artery segmentation profiles 
show changes in diameter and blood flow in response to whisker stimulation, as indicated on the X-axis (C). Color code corresponds to BFI. The Y-
axis indicates a cross-section coordinate with respect to the center of the vessel, i.e., the inner diameter can be identified. There was no difference 
in baseline diameter of the 3rd branch of the middle cerebral artery between 2-month-old Sorcs2−/− and WT mice (D). Averaged peak responses to 
whisker stimulation revealed that Sorcs2−/− mice showed a smaller increase in diameter (E) and blood flow (F) in the 3rd branch of the middle cere-
bral artery compared to WT. *p < 0.05 and **p < 0.01 (unpaired t-test). n = 7–9.
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lead to the suppression of neurovascular signaling, as seen in 
this study in 2-month-old SorCS2−/− mice (Figures 3 and 5). This 
is supported by an increased mRNA expression of GFAP with 
age in Sorcs2−/− mice that was higher in 2-month-old Sorcs2−/− 
astrocytes compared with age-matched control (Figure 8C). The 
upregulation of GFAP suggests astrocyte remodeling. AQP4 
was also found to increase with age, but no difference between 
genotypes was seen at both the mRNA (Figure  8D) and bulk 
proteomics level (Tables  S1 and S2) between wild types and 
Sorcs2−/− astrocytes matched by mouse age.

As we observed in our functional studies, our proteomics 
data also implied the reduced intracellular Ca2+ signaling in 
Sorcs2−/− astrocytes [19, 20] (Figure 3). This is based on the re-
duction in Ca2+/calmodulin (CaM)-dependent protein kinase 

II (CaMKII) in Sorcs2−/− mice at both P8 and 2-month age 
(Figure S5, Tables S1 and S2). Moreover, the reduction in AMPA- 
and NMDA receptors may contribute to the suppression of Ca2+ 
influx (Figure S5B and Table S2). Importantly, the reduction of 
the sarco/endoplasmic reticulum Ca2+-ATPase and endoplasmic 
reticulum Ca2+ binding protein, calreticulin, further supports 
the suggestion about suppressed intracellular Ca2+ signaling in 
2-month-old SorCS2−/− mice in comparison with age-matched 
wild types (Figure S5B and Table S2). Hence, proteomics sug-
gested the suppressed expression of the components of gluta-
matergic signaling and reduced intracellular Ca2+ signaling. 
Changes in these important pathways may have consequences 
for astrocytic signaling, including neurovascular transmission.

The comparison of the proteomics results obtained from P8 and 
2-month-old mice highlighted 13 proteins that were altered in 
Sorcs2−/− mice in both age groups (Figure  7C), but only 7 of 
them were changed in the same direction in both ages (Table 1). 
Notably, several of these proteins are known to modulate mito-
chondrial health and function (Table 1). Accordingly, oxidative 
phosphorylation was suggested to be diminished in 2-month-old 
Sorcs2−/− mice (Figure  S6; Table  S3). Although glycerol-3-
phosphate dehydrogenase 2 (gpd2) mRNA was increased in 
isolated P8 astrocytes from Sorcs2−/−, the 2-month-old mouse 
astrocytes had a decreased expression of gpd2 to a similar 
level (Figure  8E). The proteomics data also proposed changes 
in intracellular trafficking and protein turnover in astrocytes 
from Sorcs2−/− mice of both ages (Table 1; Table S3). The over-
all number of canonical pathways, which were suggested to be 
significantly modified in Sorcs2−/− astrocytes and suggested ce-
rebral dysfunctions, increased with age (Figure  S6; Table  S3). 
This further supports the idea that the astrocytic phenotype in 
Sorcs2−/− mice changes with age despite the reduced abundance 
of astrocytic SorCS2 with maturation of the nervous system.

FIGURE 5    |    Astrocytes showed a reduced increase in intracellular Ca2+ in response to neuronal excitation of the brain slices from 2-month-old 
Sorcs2−/− mice in comparison with age-matched wild types. Brain slices were loaded with Ca2+-sensitive dye, Calcium Green-1/AM. The dye was 
preferentially allocated to astrocytes and, to a lesser extent, to neuronal tissue (red arrows). White arrows indicate astrocytic endfeet surrounding a 
parenchymal arteriole (A). Three seconds of electric field stimulation (EFS) increased intracellular Ca2+ in astrocytes and neuronal tissue, as shown 
in representative images from baseline recording and 6 s after initiation of EFS (A). The increase in astrocytic endfeet Ca2+ was larger in the brains 
of 2-month-old wild-type mice (n = 5) than in the brain slices from age-matched Sorcs2−/− mice (n = 4), while no difference in the neuronal Ca2+ re-
sponse was seen (B). **p < 0.01 (two-way ANOVA with Sidak's multiple comparisons test).

FIGURE 6    |    Endothelium-dependent vasorelaxation of the middle 
cerebral artery was unchanged in 2-month-old Sorcs2−/− mice. The di-
ameter of isolated middle cerebral arteries from age-matched wild-type 
(WT) and Sorcs2−/− mice was not different (A). There was no difference 
in the vasorelaxation in response to 10−5 M carbachol between wild-
type and Sorcs2−/− arteries (B). n = 8–11.
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FIGURE 7    |    Volcano plot of differentially abundant proteins in astrocytes from wild-type and Sorcs2−/− mice. These plots depict fold changes 
in protein abundance in the lysate of astrocytes from Sorcs2−/− versus wild-type mice correlated to the probability that the protein is differential-
ly abundant. Comparisons were made for bulk astrocyte lysates from P8 mice (A) and 2-month-old mice (B). p < 0.05 was set as the threshold for 
differential abundance and depicted on the graphs with a horizontal dotted line. Dots in red denote significantly upregulated proteins, and dots in 
blue denote significantly downregulated proteins. Gray dots indicate proteins that were not significantly different. Comparisons were made with-
out correction for the False Discovery Rate, although mGluR3 level remains significantly increased after correction. See Tables S1 and S2 for more 
detailed information. Venn diagram (C) shows the number of proteins, whose abundance was changed in only one of the age groups, i.e., in P8 or 
2-month-old mice, and those that were changed in both ages. n = 4. Volcano plot of differentially abundant proteins (D) in cell surface fractions of 
primary Sorcs2−/− astrocytes. Comparisons were made without correction for False Discovery Rate. See Table S4 for detailed information; n = 4 for 
(A, B) and n = 6 for (D).

TABLE 1    |    Differentially expressed proteins, which expression was changed in the same direction in astrocytes from both P8 and 2-month-old 
Sorcs2−/− mice in comparison with wild-type control.

Protein Abbreviation

SorCS2−/− versus WT

Biological functionP8 2-month-old

Disintegrin and metalloproteinase domain-
containing protein 22

Adam22 1.36 1.25 Synapse formation

Heme-binding protein 1 Hebp1 1.19 1.71 Mitochondrial function

Matrin-3 Matr3 0.83 0.77 Cell differentiation

Metabotropic glutamate receptor 3 (mGluR3) Grm3 1.58 1.44 Glutamate signaling

Mitochondrial NAD(P) transhydrogenase Nnt 1.63 2.27 Mitochondrial function

Protein phosphatase 1 regulatory subunit 21 Ppp1r21 1.02 1.10 Endosomal sorting/maturation

Trafficking protein particle complex subunit 10 Trappc10 0.75 0.87 Intracellular trafficking
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2.6   |   Changes in the Cell Surface Fraction Proteins 
Support Modified Glutamatergic Signaling in 
Sorcs2−/− Astrocytes

Considering the importance of SorCS2 in the trafficking of 
membrane proteins [1, 2], we performed the proteomics anal-
ysis of cell surface fractions of Sorcs2−/− and wild-type astro-
cytes (Table S4, Figure 7D). We found a reduction in several 
proteins associated with contractile machinery hereof, myosin 
chains, and neurovascular signaling, e.g., endothelin receptor 
type B. Furthermore, the reduction in proteins that are im-
portant for intracellular Ca2+ homeostasis, e.g., the Na+/Ca2+-
exchanger, and the Na+/K+-ATPase isoforms, was also evident 
(Table S4). The abundance of piezo-type mechanosensitive ion 
channel 1, sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 
2 (SERCA2), plasma membrane Ca2+-transporting ATPases, 
and Ca2+/calmodulin-dependent protein kinase type II 
(CaMKII) was increased in the cell surface fraction (Table S4) 
that contrasts with bulk proteomics results (Tables S1 and S2). 
Importantly, the glutamatergic EAAT1 transporter tended 
to be downregulated in the Sorcs2−/− astrocyte membrane 
(Table S4), although its total abundance was increased in P8 
astrocytes (Table S1). Finally, consistent with bulk proteom-
ics and mRNA transcription data, membrane proteomics data 
suggested an increased GFAP abundance in Sorcs2−/− mice 
(Table S4).

We further validated our findings with Western blot of dif-
ferentially expressed proteins. Accordingly, the abundance 
of mGluR2/3 receptor was increased in the cell membrane of 

Sorcs2−/− astrocytes (Figure  9). Considering an unchanged 
AQP4 abundance in bulk proteomics (Tables S1 and S2) and at 
the mRNA level (Figure 8), its reduced appearance in the mem-
brane (Figure 9) may suggest impaired AQP4 protein trafficking 
to the membrane in astrocytes from Sorcs2−/− mice.

3   |   Discussion

This study addressed the importance of astrocytic SorCS2 
protein for the integrity of neurovascular coupling. Using 
conventional SorCS2 knockout mice, we found that SorCS2 
deficiency leads to diminished neurovascular signaling in 
the adult brain. We identified that this was associated with 
changes in glutamatergic and intracellular Ca2+ signaling in 
astrocytic endfeet from 2-month-old Sorcs2−/− mice upon neu-
ronal excitation. Our data suggested that SorCS2 is important 
for the development of a molecular profile playing a role in 
astrocytic contribution to neurovascular signal transduction 
from neurons to parenchymal blood vessels and, thus, ex-
plains why Sorcs2−/− is associated with disrupted cerebrovas-
cular autoregulation.

3.1   |   Temporal Expression of SorCS2 in Astrocytes

SorCS2 has originally been shown to be highly expressed in 
the mature central nervous system with primary localization to 
neurons [9]. Previous papers have reported that SorCS2 is only 
sparsely expressed in astrocytes of healthy adult brains [7, 8, 10]. 

FIGURE 8    |    The relative mRNA expression profile of astrocytes from P8 and 2-month-old wild-type and Sorcs2−/− mice. (A) P8 Sorcs2−/− mice 
(n = 5) have, in comparison with age-matched wild types (n = 5), diminished expression of Sorcs2. Sorcs2 expression in astrocytes from 2-month-old 
wild types (n = 6) was suppressed in comparison with P8 wild types. (B) Astrocytes from Sorcs2−/− mice showed an increased expression of glutamate 
metabotropic receptor 3 (mGluR3) mRNA in comparison with age-matched controls at both P8 and 2-month ages. Moreover, mGluR3 expression 
was lower in astrocytes from 2-month-old than in P8 Sorcs2−/− mice. (C) mRNA for glial fibrillary acidic protein (Gfap) was increased in astrocytes 
from 2-month-old Sorcs2−/− mice in comparison with age-matched wild types and P8 Sorcs2−/− astrocytes. (D) mRNA for aquaporin-4 (Aqp4) was 
increased in 2-month-old wild-type mice in comparison with P8 mice. (E) Glycerol-3-phosphate dehydrogenase 2 (Gpd2) mRNA expression had only 
a tendency for increased expression in P8 Sorcs2−/− mice in comparison with age-matched wild type. *p < 0.05, **p < 0.01 and ****p < 0.0001.
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The present study supports the fact that SorCS2 is expressed to 
a lesser extent in cortical astrocytes of the adult brain. We found 
that the astrocytic expression of SorCS2 in P8 mice was particu-
larly high in endfeet, but SorCS2 was not seen in astrocytic end-
feet in the brains of 2-month-old mice.

SorCS2 was shown to form the single- and two-chain recep-
tors [8] but also to be present as a homodimer [36]. SorCS 
receptors may be monomeric, but their dimerization affects 
their function [36, 37]. It was not technically possible to dis-
tinguish between monomer/dimer using Western blot in our 
experimental settings. Previous studies reported the Western 
blot bands of 104 kDa and 122 kDa that correspond to the 
two-chain and one-chain receptors, respectively, as well as a 
pro-form band at 130 kDa [8]. Accordingly, using the cell sur-
face fractions of primary cultured astrocytes, we identified 
two bands, which may suggest the pro-form and the single-
chain receptor band. We suggest that the two-chain receptor 
band is not detected as it should migrate to the lower molec-
ular weight [8]. This is in contrast to the previous report that 
primary cultured neurons express two bands of 104 kDa and 
122 kDa [10]. We do not, however, have any direct evidence 
about the bands' identity and cannot exclude the possibility 
that these two bands represent a different glycosylated state of 
the same SorCS2 receptor form.

3.2   |   Importance of SorCS2 in Neurovascular 
Coupling

The high expression of SorCS2 in astrocytic endfeet of P8 mice 
may suggest that SorCS2 is important in the development of 
the neurovascular unit [12, 38]. However, the role of changes 
in receptors and transporters in the neuronal membrane of 
SorCS2−/− adult mice for neurovascular signaling cannot be ex-
cluded [9] despite an unchanged neuronal Ca2+ response upon 
electric field stimulation. Neuronal changes were shown previ-
ously to have an impact on neurotransmitter release and post-
synaptic responses that may influence neuronal connectivity as 
well as neurovascular coupling [8–10, 28, 39]. Nevertheless, this 
study was focused on the changes in astrocytic expression and 
functionality.

Neuronal activity is sensed by astrocytes that express neu-
rotransmitter receptors, including glutamate receptors [22, 23]. 
Glutamate receptors are localized in the astrocyte membrane in 
close proximity to neuronal synapses [24], and their activation 
leads to an increase of intracellular Ca2+ that spreads to the as-
trocytic endfeet wrapping parenchymal arterioles [18–21, 40]. 
Elevation of intracellular Ca2+ in the endfeet initiates a release 
of substances relaxing arterioles and, thus, increases blood flow 
to active neurons [41]. Although the role of astrocytic signal 

FIGURE 9    |    Loss of SorCS2 altered astrocytic cell surface expression of glutamate metabotropic receptors 2 and 3 (mGluR2/3) and aquaporin 
4 (AQP4). Primary astrocytes (wild type, WT, and Sorcs2−/−, KO) were subjected to a cell surface protein biotinylation assay, and the biotinylated 
proteins were captured using streptavidin beads prior to Western blot analysis. See also Figure S7 (A) Representative results of Western blot bands 
of mGluR2/3 receptor (the primary antibody detects both mGluR2 and mGluR3, multimers > 200 kDa)10 and AQP4 levels in total astrocytic lysates 
and in cell surface fraction. E-cadherin serves as a loading control and is enriched in the cell surface fraction, while tubulin is depleted from this 
fraction. SorCS2 is detected in the WT samples. (B) Quantification of the results in (A). Signal intensities for mGlur2/3 and AQP4 were normalized 
to E-cadherin signals. Graphs show mean ± SEM. n = 5–6 biological replicates (independent primary cultures). *p < 0.05 in two-tailed t-test for inde-
pendent samples.
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transduction in neurovascular coupling remains controversial 
[16, 19, 20], we identified the changes in astrocytes that may con-
tribute to the observed reduction of neurovascular signaling in 
2-month-old Sorcs2−/− mice. Our in vivo measurements demon-
strated a reduced propagation of the hyperemic response upon 
whisker stimulation in Sorcs2−/− mice. Proteomics suggested 
normal astrocytic intercellular communication, as no difference 
in astrocytic gap junction proteins was detected. Although we 
have not detected changes in endothelium-dependent relaxation 
of U46619-preconstricted middle cerebral arteries ex  vivo, we 
cannot exclude the possibility of abnormal endothelial function 
due to global SorCS2 knockout, which can contribute to dimin-
ished conductive response as a reason for reduced propagation 
of neurovascular response in Sorcs2−/− mice. As the SorCS2-
dependent changes in neuronal circuits cannot be excluded the 
reduced propagation might be a result of diminished intensity of 
the original astrocytic response to neuronal excitation, although 
the contribution of neuronal and endothelial abnormalities can-
not be ruled out using the global SorCS2 knockout.

We found a reduction in AMPA and NMDA receptors in as-
trocytes from 2-month-old Sorcs2−/− mice, but SorCS2 is only 
sparsely expressed in astrocytes at this age. We cannot exclude 
the importance of SorCS2 for astrocytic glutamatergic receptor 
and transporters membrane translocation, as it has been shown 
for the GluN2B subunit of the NMDA receptor in neurons [39]. 
Accordingly, the membrane translocation of AQP4 was found 
diminished in this study in Sorcs2−/− astrocyte primary culture. 
The observed changes in the expression profile of Sorcs2−/− 
may be a result of differential neurovascular unit development 
in wild-type and knockout mice rather than a direct effect of 
the SorCS2 protein lack in adult astrocytes. However, this hy-
pothesis needs to be validated with inducible knockout, as other 
studies have shown that SorCS2 directly regulates GluN2B 
expression in postsynaptic densities and ionotropic synaptic 
plasticity in the hippocampus, substantiating its importance in 
controlling neurotransmission [9, 28]. The possible contribution 
of combined neuronal and astrocytic abnormalities to neuro-
vascular dysfunction in Sorcs2−/− mice cannot, therefore, be 
excluded.

The observed proteomics suggest the changes in activity and as-
trocytic Ca2+ responses [42]. Accordingly, we observed signifi-
cantly reduced astrocytic Ca2+ responses upon neuronal activity, 
while neuronal Ca2+ responses to electric field stimulation were 
similar between 2-month-old SorCS2−/− and wild-type mice. 
However, as discussed above, this does not exclude the altered 
neurotransmitter release because of changes in neuronal recep-
tors and transporters Sorcs2−/− mice, which might affect astro-
cytic Ca2+ response. The glutamate-triggered Ca2+ response in 
astrocytes depends on a wide spectrum of proteins involved in 
Ca2+ homeostasis [12], including CaMKII [43], which was re-
duced in Sorcs2−/− mice. Furthermore, several Ca2+-dependent 
signaling pathways were predicted to be changed in astrocytes 
from 2-month-old Sorcs2−/− mice, including Ca2+ uptake by 
mitochondria [44] and reduced capacity for storing Ca2+ in the 
sarcoplasmic reticulum [45, 46]. Hence, these changes may be a 
part of the explanation for the observed reduced Ca2+ responses 
in astrocytes from 2-month-old Sorcs2−/− mice. Purinergic sig-
naling was previously proposed to be a component of astrocytic 
Ca2+ transients in neurovascular signaling [17]. The current 

study identified only the P2X7 purinoceptor in both bulk and 
cell surface fraction proteomics but without any changes in its 
abundance.

Of note, most of the reported proteomics changes in isolated 
astrocytes are based on p values that are not corrected for mul-
tiple comparisons due to large datasets that limit the power of 
statistical analysis [34]. This is supported by differences in the 
confidence intervals but needs to be interpreted with caution. 
Some of the proteomics results were validated with quantitative 
PCR and Western blotting of cell surface fractions, confirming 
the general direction for the expression profile changes.

To summarize, our data suggest that SorCS2 is necessary for the 
development of a balanced expression of key astrocytic proteins 
involved in sensing neuronal activity, i.e., for a proper forma-
tion of the neurovascular unit. Whether this is a direct devel-
opmental effect in astrocyte ontogenesis or a result of abnormal 
neuronal function because of SorCS2 knockout remains to be 
elucidated.

Recent studies have suggested that endothelium is an import-
ant component in the neurovascular unit [47]. We observed a 
reduced neurovascular response to whisker stimulation in 
2-month-old Sorcs2−/− mice, but ex vivo endothelium-dependent 
vasorelaxation of U46619-preconstricted middle cerebral ar-
teries from 2-month-old Sorcs2−/− and wild-type mice was the 
same. The middle cerebral artery is located upstream for the 
neurovascular unit that we stimulated with whisker stimula-
tion. Its vasodilatation is, however, important for downstream 
blood flow rise in response to increased neuronal activity [48]. 
This retrograde vasodilation is normally conducted through 
the endothelial cell layer [49], and includes a broad spectrum 
of signaling pathways [47], where not all of them can be eluci-
dated with carbachol-induced vasodilation of the preconstricted 
artery. Therefore, to exclude the contribution of suppressed 
endothelial function to conductive vasodilatation, putative en-
dothelial changes in Sorcs2−/− mice may further be studied in 
detail using other means to intervene with multiple endothelial 
signaling.

3.3   |   SorCS2 Knockout Leads to Increased 
Metabotropic Glutamate Receptor 3 Expression

In astrocytes from both P8 and 2-month-old Sorcs2−/− mice, we 
observed increased expression of metabotropic glutamate re-
ceptor 3 (mGluR3). This was seen in the proteomics dataset and 
validated with PCR and Western blot of astrocytic cell surface 
fraction. The mGluR3 was previously demonstrated not to be 
involved in rapid astrocytic Ca2+ increases upon neuronal exci-
tation [50]. Nevertheless, the importance of this receptor for mod-
ulation of certain neurovascular signaling cannot be excluded. 
As Gαi/0-coupled receptor, mGluR3 is involved in the cAMP 
signaling that has important implications in some astrocytic 
responses but was not reported to be important for astrocytic 
signaling upon sensory stimulation [51]. This is not the first time 
an increased expression of mGluR3 has been reported in SorCS2 
knockout mice [10]. Under physiological conditions, mGluR3 is 
expressed in astrocytes at all developmental stages [50]. Since 
mGluR3 activation can potentiate the synthesis of glutathione, it 
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is protective against oxidative stress [52]. However, our proteom-
ics did not suggest any significant changes in oxidative stress 
response in astrocytes from P8 or 2-month-old Sorcs2−/− mice. 
The reason and mechanism underlying an increase in mGluR3 
in Sorcs2−/− mice remain to be investigated.

Other studies reported previously that inhibition of group I 
metabotropic glutamate receptors, i.e., mGluR1 and mGluR5, 
suppresses neurovascular coupling [53], although this remains 
controversial [54]. No such report on the role of mGluR3 is avail-
able. However, mGluR3 is known to be upregulated in reactive 
astrocytes together with mGluR5 [55], but we did not find any 
expression changes in mGluR1 and mGluR5 in the current 
study. Importantly, several studies [53, 56, 57] reported that in-
hibition of NMDA receptors suppresses neurovascular coupling, 
which is consistent with our findings.

This study used the global constitutive SorCS2 knockout mice 
as no astrocyte-specific SorCS2 knockout is currently available. 
This limitation does not allow the exclusion of other extra-
brain contributions to observed neurovascular dysfunction in 
Sorcs2−/− mice, e.g., metabolic abnormalities associated with 
SorCS2 changes. Thus, it has been suggested that SorCS2's im-
portance in glucose-stimulated insulin release [58] may, at least 
in part, contribute to metabolic disturbances [59] and type 2 di-
abetes [60]. In fact, Sorcs2−/− mice are characterized with nor-
mal baseline insulin but blunted response to glucose elevation, 
suggesting significant fluctuation in blood glucose concentra-
tion over time [58]. This glucose fluctuation may lead to astro-
cyte damage due to mitochondrial dysfunction and impaired 
glutamate metabolism [61]. Thus, we found in astrocytes from 
2-month-old Sorcs2−/− mice the reduced proteins involved in 
mitochondrial pathways responsible for glutamate catabolism, 
i.e., Got2 [62] and Glud1 [63]. However, no difference in mono-
carboxylate transporters important for the astrocyte-neuron 
lactate shuttle was detected [64]. We cannot distinguish with 
the current experimental setup between the developmental in-
fluence of SorCS2 lack in astrocytes and the global contribution 
of metabolic abnormalities to neurovascular abnormalities in 
Sorcs2−/− mice; however, we demonstrate that the functional 
SorCS2 is an important determinant of healthy neurovascular 
development.

3.4   |   Neurovascular Uncoupling May Contribute 
to Neurological Abnormalities Associated With 
Changes in SorCS2

A previous genome-wide association study suggested that 
SorCS2 variants increase predisposition to ischemic stroke [65]. 
Accordingly, SorCS2 polymorphism was shown to be related to 
the prevalence of ischemic stroke in the Japanese population 
[66]. The role of SorCS2 in stroke might be linked to its docu-
mented role in oxidative stress response protecting neuronal 
function [10]. Moreover, despite the minimal SorCS2 appear-
ance in healthy astrocytes, it is markedly upregulated after 
ischemia and contributes to the release of endostatin, a factor 
linked to post-stroke angiogenesis and neovascularization in 
the ischemic brain [7]. In this context, the reduction of AQP4 
in the cell surface fraction of Sorcs2−/− astrocytes is interest-
ing. AQP4 controls water flux between perivascular spaces and 

the brain parenchyma and, therefore, is an important player 
in ischemic and traumatic brain injury edema formation [67]. 
Since astrocyte-specific AQP4 knockout is protected against 
post-stroke edema [68], depletion of SorCS2 may improve brain 
injury outcomes. However, the issue is further complicated by 
the importance of AQP4 for synaptic plasticity, known to be ben-
eficial for the recovery from brain injury [69]. Further research 
is needed to elucidate the role of SorCS2-dependent AQP4 mem-
brane translocation in brain injury outcomes.

In the present study, we suggest an additional mechanism that is 
modulated by SorCS2 and implicated in multiple neuropathologi-
cal conditions. Disturbance in neurovascular coupling is involved 
in the pathology of stroke, Alzheimer's disease, migraine, and sev-
eral other neurodegenerative diseases [12]. Altogether, our results 
suggest that SorCS2-dependent changes in the development of 
glutamatergic and Ca2+ signaling in astrocytes are important for 
neurovascular coupling.

4   |   Methods

Detailed Methods are available as Supporting Information.

All animal experiments conformed to guidelines from the 
European Communities Council Directive (86/609/EEC) for 
the Protection of Animals used for Experimental and other 
Scientific Purposes. The experiments were conducted with 
permission from the Animal Experiments Inspectorate of the 
Danish Ministry of Environment and Food (2016-15-0201-00982 
and 2019-15-0201-00341) and reported in accordance with the 
ARRIVE (Animal Research: Reporting in  vivo Experiments) 
guidelines.
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