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Astrocytes are highly heterogeneous and involved in different aspects of
fundamental functions in the central nervous system (CNS). However, whether
and how this heterogeneous population of cells reacts to the pathophysiological
challenge is not well understood. To investigate the response status of astrocytes
in the medial vestibular nucleus (MVN) after vestibular loss, we examined the
subtypes of astrocytes in MVN using single-cell sequencing technology in
a unilateral labyrinthectomy mouse model. We discovered four subtypes of
astrocytes in the MVN with each displaying unique gene expression profiles.
After unilateral labyrinthectomy, the proportion of the astrocytic subtypes and
their transcriptional features on the ipsilateral side of the MVN differ significantly
from those on the contralateral side. With new markers to detect and classify
the subtypes of astrocytes in the MVN, our findings implicate potential roles of
the adaptive changes of astrocyte subtypes in the early vestibular compensation
following peripheral vestibular damage to reverse behavioral deficits.

vestibular compensation, labyrinthectomy, astrocyte, single-cell RNA seq, plasticity

1. Introduction

Astrocytes, one of the major glial cell populations in the central nervous system (CNS),
participate in numerous functions of the CNS, including blood flow regulation, provision
metabolic energy for neurons, maintaining ion balance, mediating synaptic plasticity and
neurogenesis (MacVicar and Newman, 2015; Hertz and Chen, 2016; Luarte et al., 2017; Nortley
and Attwell, 2017; Hussaini and Jang, 2018). In addition, astrocytes are response to many forms
of brain insults and diseases, such as trauma, ischemia, epilepsy, and Alzheimer’s disease (de
Lanerolle et al., 2010; Burda et al., 2016; Choudhury and Ding, 2016; Cai et al., 2017).

However, astrocytes in the CNS are highly heterogeneous. Not only the morphology and
function of astrocytes differ between areas of the CNS, but also different subtypes often reside
in the same brain area. Early morphological studies described two types of central astrocytes:
fibrous astrocytes in white matter and protoplasmic astrocytes in gray matter (Andriezen, 1893).
Fibrous astrocytes extend long, thin, and less branched processes, while protoplasmic astrocytes
have short, thick and fine-branched processes. A number of other astrocytes with distinct
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morphological forms such as Bergmann glia specific in cerebellum
and Miiller glia of the retina have also been reported (Grosche et al.,
2002; Bringmann et al., 2006). Furthermore, gene and protein
expression differs between astrocytic subtypes. For example, glutamate
transporter EAAT? is expressed at a higher level in the cerebral cortex,
hippocampus and striatum, while EAAT1 is preferentially expressed
in the cerebellum (Lehre et al., 1995). Synaptogenic modulator Sparc
is enriched in the hypothalamus/thalamus but expressed at a low level
in the cortex/hippocampus (Morel et al., 2017). These studies indicate
that regional molecular astrocyte diversity is associated with the
functional features of astrocytes. Previous studies have considered a
number of genes as astrocyte-specific markers including Aldhll1,
Aqp4, Gjbl, Gjal and Glil(Pfrieger and Slezak, 2012). Despite these
optional molecular markers, there are currently no canonical
molecular markers that can fully define the subtype of astrocytes
because none of these molecules is expressed by all types of astrocytes,
and some of these markers (Aldhl1l1, Glil) are also identified in cells
with stem cell properties at embryonic and adult stage. Nevertheless,
the glial fibrillary acidic protein (GFAP), an intermediate filament
protein expressed in astrocytes and radial glia, is ubiquitously
considered as a classic marker despite not all astrocytes express
detectable level of GFAP (Walz and Lang, 1998; Walz, 2000) and often
used to distinguish astrocytes from other cells of the central nervous
system (Sofroniew and Vinters, 2010). Moreover, GFAP expression is
usually upregulated in reactive astrocytes which are activated under
injury or disease conditions (Sofroniew, 2009; Pekny et al., 2019).
Heterogeneity of astrocytes in the CNS may allow their diverse
responses to different pathological processes by alterations in the gene
expression profile and functions, facilitating adaptation to the local
tissue environment of the CNS. For example, in the animal model of
Alzheimer’s disease, the patterns of GFAP expression varies among
brain areas and the different stage of the disease, indicating the
concomitant astrocytic atrophy and astrogliosis during the
neurodegenerative process (Olabarria et al., 2010). Decreased AQP4
protein levels of astrocytes was detected by immunohistochemical
method in the hippocampus early in the epilepsy model (Lee et al.,
2012). Although there is circumstantial evidence showing a
proliferation of astrocytes with high level of GFAP expression in the
medial vestibular nucleus (MVN) of cat after unilateral vestibular
neurectomy (Dutheil et al., 2013), whether and how different
astrocytes in the MVN are engaged remain unknow. In the present
study, we discovered 4 subtypes of astrocytes in the MVN and
described their response to vestibular loss at single-cell resolution.

2. Materials and methods
2.1. Unilateral labyrinthectomy

C57BL/6] mice of P20 were anesthetized with pentobarbital
sodium (40 mg/kg). A post-auricular incision was made in the right
ear to expose the tympanic bulla. The malleus and incus were removed
under a microscope. The stapedial artery was exposed and coagulated.
Then the oval window was open and expand. The utricular maculae,
saccular maculae and semicircular canal ampulla were destroyed and
vaporized with electrotome. The cavity was rinsed with 100% ethanol
and filled with gelfoam and the skin incision was sutured. The animals
were sacrificed 1 day after unilateral labyrinthectomy (UL) for the next
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experiment. In the control group, only the tympanic bulla was opened,
but UL was not performed.

2.2. Immunofluorescence

Mice were anesthetized with sodium pentobarbital, and
transcardially perfused with 20mL of 4% paraformaldehyde. The
brain was removed and immersed in the same fixative at 4°C for 12h.
The tissue was embedded in paraffin and cut with a microtome (CV
5030; Leica, Germany) into 4um sections. The sections were incubated
in 10% bovine serum in PBS containing 0.1% Triton X-100 for 30 min.
Anti-mouse GFAP primary antibody (1:500; Abcam) was added to the
slices, incubating at 4°C overnight. After washing, the sections were
added with a rabbit secondary antibody (1:1000; Abcam) conjugated
to AlexaFluor 488 and kept in the dark at room temperature for 2h.
DAPI was added to stain the cell nuclei. Micrographs were taken with
a fluorescence microscope.

2.3. Quantification and statistical analysis

Pictures per section were taken with a 20x objective, and data
were collected from 3 animals of each group. The integrated
fluorescence intensity of GFAP on each slice was measured by Image
J software (1.8.0) and was averaged by dividing the area of MVN (Orr
et al,, 2020). The statistics were performed using one-way ANOVA
with Tukey HSD post hoc test. p-values <0.05 were considered
statistically significant.

2.4. Single-cell RNA sequencing and data
analysis

After anesthetization, brains of mice were removed from the skull
bone. Brain slices of 500 pm containing MVN tissue were made with
a vibration microtome. MVN tissues were dissected under a
microscope and dissociated into single-cell suspension according to
10X genomics chromium sample preparation protocol. Single-cells
with barcoded beads were captured into nanoliter-sized droplets using
a microfluidic device. Then cDNA library was constructed and
sequenced on Illumina HiSeqX10. Cell clustering analysis was
performed using the R package Seurat (2.3.4) and visualized by 3D
and 2D t-stochastic neighbor embedding (t-SNE) (Zeisel et al., 2015).
The R package Monocle (2.12.0) was applied for pseudotime analysis
(Trapnell et al.,, 2014).

3. Results

The manifestation caused by UL such as head tilting toward the
ipsilateral side and rotation of the body were observed in all mice
underwent UL (Figure 1A). The bilateral MVN in the sham
operation group showed the same pattern of GFAP expression, low
level of GFAP immunostaining of astrocytic processes. In contrast,
in the UL group, the ipsilateral MVN presented much higher levels
of GFAP immunoactivity than the contralateral MVN after UL
(Figure 1B). GFAP immunopositive processes were observed in a
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FIGURE 1
Changes of behavior and GFAP immunoreactive astrocytes after unilateral labyrinthectomy (UL). (A) The mouse could not maintain balance on the
smooth ground and rolled towards the affected side 1day after UL. (B) Photomicrographs double-labeled for GFAP (green) and DAPI (blue) in the MVN
after sham operations and after UL. Scale bar, 10um. (C) A representative astrocyte in the MVN with several GFAP (+) processes. Scale bar, 10um
(D) The ipsilateral MVN in the UL group showing much higher levels of GFAP immunoreactive fluorescence intensity than the contralateral MVN as well
as the ipsilateral MVN in the control group. One-way ANOVA with the Tukey HSD post hoc test. **Indicates p <0.01.

representative astrocyte in the MVN (Figure 1C). The average
fluorescent intensity of GFAP expression level is higher in the
ipsilateral MVN than that in the contralateral MVN and the control
group (Figure 1D).

To address the heterogeneity of astrocytes in the MVN and their
adaptive changes, we performed single-cell RNA sequencing to
characterize the transcriptional features of the astrocytes responding to
UL. For clustering analysis, we combined the cells from 10 control and
11 UL mice to increase cell number. Based on the expression of the
enriched astrocyte makers Agt, Slc6all, Gjal, Gjb6, Fgfr3, and Aqp4,
which code the proteins angiotensinogen, GAT-3, connexin 43,
connexin 30 and aquaporin-4, respectively (Pringle et al., 2003; Brenner,
2014; Almad et al., 2016; Boddum et al., 2016; Ikeshima-Kataoka, 2016;
De Bock et al.,, 2017; Pannasch et al., 2019), we isolated 351 astrocytes
from all the captured cells in the MVN (Figure 2A). Our clustering
analysis further subclustered the astrocytes to 4 major subtypes based
their
(Supplementary Table 1) and visualized their distribution through 2D

on different features of transcriptional  profiles
t-SNE plot (Figure 2B). We generated heatmap of gene expression and
identified marker genes for each of the astrocytic subclusters
(Figure 2C). The four astrocytic subtypes were distinguished from each

other by the expression of differential gene markers. For example, Sparc
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(osteonectin) represents astrocytes of cluster 0, while Nnat (neuronatin)
indicates astrocytes of cluster 1. Nktr (natural killer tumor recognition
protein) and Slc9a3r1 (Na(+)/H(+) exchange regulatory cofactor) serve
as markers of cluster 2 and cluster 3, respectively. To investigate the
astrocytic alterations induced by UL, we next compared the components
of astrocytic subclusters in the control MVN and bilateral MVN in the
UL group using pseudotime analysis (Figures 2D-F). The direction of
pseudotime trajectory was illustrated with color-coding (Figure 2D).
The unequal distribution of 4 astrocytic subtypes was illustrated along
the pseudotime line. The majority of subcluster 1 astrocytes located in
the start on the line while other cell subtypes were mainly on the ends
of each branch (Figure 2E). Likewise, astrocytes from the MVN of
control and UL group were asymmetrically distributed along the
pseudotime line. Evidently, we found that the major astrocytes of the
control group located in the start of the line, consistent with the
distribution of cells of cluster 1, while other astrocytic subtypes spread
on different ends of the branches (Figure 2F).

To further characterize the alterations of the astrocytic subtypes,
we calculated the components of subclusters in the MVN of control
group and the bilateral MVN of the UL group. Pie plots showed the
distribution of astrocytic subtypes in the control MVN, the ipsilateral
MVN and the contralateral MVN of the UL group. These plots unveil
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FIGURE 2

Identification of 4 subtypes of astrocytes in the mouse MVN and UL-induced subtype redistribution. (A) 3D t-SNE diagram shows astrocytes and other
cell populations in the MVN. Astrocytes were identified based on the expression of the marker genes Agt, Slc6all, Gjal, Gjb6, Fgfr3, and Agp4.
Astrocytes (red), non-astrocytes (gray). (B) 2D t-SNE diagram visualizes the 4 subtypes of astrocytes in graph (A) with different cell subtypes being
color-coded. (C) Heatmap showing the subtype-specific expression of marker genes across the 4 subtypes of astrocytes in the MVN. Rows indicate
individual genes and columns represent individual cells. (D—F) Pseudotime analysis reveals the distribution of the 4 astrocytic subtypes along the
pseudotime trajectory in the control and UL group. (D) The time sequence of the pseudotime trajectory was color-coded. (E) The distribution of 4
subtypes of astrocytes along the pseudotime trajectory. Each astrocytic subtype is color-coded. (F) Astrocytes from the control group and the bilateral
MVN from the UL group were showed in the pseudotime trajectory. These 3 groups of cells are color-coded. ULI (ipsilateral MVN of UL group), ULC
(contralateral MVN of UL group). (G) The pie charts show the proportion of each subtype of astrocytes in the control MVN (left), the ipsilateral MVN
(middle), and the contralateral MVN (right). (H) UL-induced transcriptional alterations in different astrocyte subclusters. Violin plots showing
representative differentially expressed genes in different astrocytic subtypes caused by UL. Gene expression level is illustrated on a log scale.
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a robust redistribution of astrocyte phenotypes post-UL in both
ipsilateral and contralateral sides with cluster 0 and 2 being increased
on the ipsilateral side but decreased on the contralateral side, whereas
cluster 3 showed opposite change and cluster 1 decreased bilaterally
(Figure 2G), implicating bilateral adaptations of astrocytes in MVN
after UL. Further, the transcriptional response to UL across the 4
astrocytic subtypes of MVN by comparing gene expression profiles
was examined between the control group and the UL group. The
results uncovered that acute vestibular loss has different impacts on
gene expression of each astrocyte subtype, such as Dclk1, Mt3, Ttr in
cluster 0, Brd8, Prss35, Cst3 in cluster 1, Pax3, Efr3b, Cntnl in cluster
2, and Ctnnd2, Kdelr1, Aifm3 in cluster3. These differentially expressed
genes contribute to transcription (Brd8, Pax3), neurogenesis and
synaptogenesis (Dclk1, Ctnnd2), neuroprotective response (Mt3, Ttr),
cell death (Cst3, Aifm3) and cellular localization (Efr3b, Kdelr1). Aside
from a redistribution of subtypes that have opposite trajectories in
proportions between ipsilateral and contralateral sides, the gene
expression was drastically altered mainly in astrocytes of cluster 1 and
cluster 3, suggesting that these two astrocytic subtypes are the main
responsive cell types involved in regulating the early vestibular
compensation (Figure 2H).

4. Discussion

In the current study, we discovered 4 major phenotypic astrocytes
in MVN and demonstrated their differential responses to the acute
vestibular loss in the mice MVN by analyzing transcriptional markers
enriched in astrocytes of different cellular populations. The maturation
perturbation could be excluded to a large extent by comparing the UL
group with the control group. These gene markers will provide valid
molecular signatures to classify different astrocytes and facilitate
future vestibular research via genetic labeling and specific
manipulations based on astrocytic subtypes. More importantly, such
a classification provides cellular substrates to investigate how different
subtypes trigger or regulate the vestibular compensation (VC) which
reflects an innate recovery of vestibular functions essential for
postural, locomotor, and oculomotor functions after peripheral
vestibular damage. VC depends mainly on the plasticity in the CNS
because of the limited regenerative capacity in the peripheral
vestibular epithelium (Kawamoto et al., 2009; Lacour et al., 2016).
However, about 20%-30% patients with unilateral vestibular loss are
poorly compensated, which indicates the recovery of vestibular
function does not happen or is defective (Macdougall and Curthoys,
2012). Therefore, facilitation of VC is considered as an effective
strategy to ameliorate vestibular disorders. Although the mechanisms
underlying VC still remains elusive, emerging evidence implicates the
changes of neuronal intrinsic properties, regulation of
neurotransmitter receptors, neurogenesis and glial proliferation
(Straka et al., 2005; Tighilet et al., 2007; Zhou et al., 2016; Chen et al.,
2019). Previous studies that focused mainly on the alteration of GFAP
immunoreactive astrocytes in the MVN after vestibular loss indicated
that astrocytes contributed to the process of VC (Campos-Torres et al.,
2005; Tighilet and Chabbert, 2019). However, the challenge is that in
the CNS there is a large population of astrocytes with diverse function
which are not always GFAP immunoreactive (Kimelberg, 2004).
Although an increase of GFAP immunostaining was confirmed in the
ipsilateral MVN of mice in our experiments, we suggest other gene

markers including Agt, Slc6all, Gjal, Gjb6, Fgfr3, and Agp4 to
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complement the identification classification of the astrocytes. These
markers well illustrate the same astrocytic cell populations
(Figure 2A).

In this study, we first demonstrated that the heterogeneity of
transcriptomic features exists among the diverse astrocytes in the
MVN. Previous studies by detecting the astroglia markers hGFAP-GFP
expression, and GFAP and S100f immunostaining reported that there
are 9 subtypes of astrocytes resident in different area of mammalian
CNS and only the velate astrocytic subtype locates in the brainstem
(Emsley and Macklis, 2006). However, these limited markers are not
adequate to distinguish the subtypes of astrocyte in the brainstem. By
high-throughput single-cell RNA sequencing method, we further
classified the astrocytes in the MVN and comprehensively studied the
transcriptomic features within each of the astrocytic subclusters.
Previous studies on single-cell transcriptomics observed molecularly
distinct and region-specific astrocyte types in the mouse central
nervous system under normal conditions (Zeisel et al., 2018; Batiuk
etal, 2020; Bayraktar et al., 2020). These subtypes could be correlated
with neurotransmission and synaptogenesis (Zeisel et al., 2018; Miller
etal, 2019). Batiuk et al. (2020) identified five astrocyte subtypes in
the mouse cortex and hippocampus, while in our study, we classified
the astrocytes in MVN into four subtypes. Consistent with the
previous research, all subtypes expressed Agt, Apq4 and Sox9. A recent
study discovered that astrocytes display diverse reactive phenotypes
according to their region-specific homeostatic identities in response
to different brain insults and a common gene set (Gfap, Vim,
Serpina3n) was involved (Makarava et al., 2023). Different from these
insult models, labyrinthectomy does not cause direct damage to brain
tissue. In the functional deafferentation animals, we observed an
increased GAFP immunoreactivity in the ipsilateral MVN and a
higher proportion of cluster 0 associated with synaptogenesis.

Investigation of the altered composition of astrocytic subtypes and
their differential expressed genes induced by UL in the MVN is
important for understanding the function of this important brain
region in the process of VC. In addition to the difference astrocytic
subclusters between the control and UL group, the different gene
expression patterns of astroglia between the bilateral MVN in the UL
group was clearly observed in our study, indicating the balance of
activity in the bilateral MVN was disturbed by UL. Previous studies
have demonstrated that inhibitory neurons in the ipsilateral developed
a sustained hyperactivity immediately after UL, and resulted in
inhibitory overtone onto contralateral neurons via commissural
projection at early stage of VC (Guilding and Dutia, 2005; Bergquist
et al,, 2008; Chen et al., 2019). Our finding that opposite changes in
the proportion of Cluster 0 and 2 astrocytes between ipsilateral and
contralateral sides parallels the imbalance of neural activity, suggesting
astrocytes may be engaged in fostering adaptative changes of neural
circuits to achieve VC.

In conclusion, our study elucidates the classification of astrocytes
in the mouse MVN and delineates the detailed changes of astrocytic
subtypes following UL by analyzing the transcriptome landscape of
astroglia at single-cell resolution. Furthermore, by comparing different
expressed genes, we identified several candidate molecular markers of
astrocytes involved in the early process of VC. Asymmetric changes
in the proportion of different astrocyte subtypes and their gene
expression between ipsilateral and contralateral sides are likely crucial
for remodeling the neural circuit for vestibular compensation
following peripheral vestibular damage. Our findings pave the way for
future mechanistic and translational studies on the functions of
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different astrocyte subtypes for rectifying behavioral deficits associated
the vestibular disorders.
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