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Abstract

Astrocyte maturation is crucial to proper brain development and function. This maturation process
includes the ramification of astrocytic morphology and the establishment of astrocytic domains.
While this process has been well-studied, the mechanisms by which astrocyte maturation is
initiated are not well understood. GPR37L1 is an astrocyte-specific G protein-coupled receptor
(GPCR) that is predominantly expressed in mature astrocytes and has been linked to the
modulation of seizure susceptibility in both humans and mice. To investigate the role of GPR37L1
in astrocyte biology, RNA-seq analyses were performed on astrocytes immunopanned from

P7 Gpr37L17"~ knockout (L1KO) mouse cortex and compared to those from wild-type (WT)
mouse cortex. These RNA-seq studies revealed that pathways involved in central nervous system
development were altered and that L1KO cortical astrocytes express lower amounts of mature
astrocytic genes compared to WT astrocytes. Immunohistochemical studies of astrocytes from
L1KO mouse brain revealed that these astrocytes exhibit overall shorter total process length, and
are also less complex and spaced further apart from each other in the mouse cortex. This work
sheds light on how GPR37L1 regulates cellular processes involved in the control of astrocyte
biology and maturation.
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Main points:

RNA-seq analyses of astrocytes immunopanned from GPR37L1-knockout mouse cortex revealed
alterations in pathways involved in brain development and genes involved in astrocytic maturation.
Loss of GPR37L1 also leads to deficits in astrocyte morphological complexity and tiling in the
mouse cortex.
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INTRODUCTION

Astrocytes are intimately involved in the normal health and function of the brain, including
regulation of extracellular neurotransmitters, ions, and water, response to oxidative stress,
formation of the blood-brain barrier, shaping of synapses, and determination of the fate of
neural precursor cells (Liddelow & Barres, 2017; Vasile, Dossi, & Rouach, 2017; B. Zhou,
Zuo, & Jiang, 2019). In order to perform these vital functions, astrocyte maturation must
occur normally. The process of astrocyte maturation includes morphological changes where
astrocytic processes ramify and become more spongiform as well as the activity-dependent
establishment of astrocytic domains through contact-spacing or tiling in some brain regions
such as the cortex (Bernardinelli et al., 2014; Bushong, Martone, & Ellisman, 2004;
Bushong, Martone, Jones, & Ellisman, 2002; Hirrlinger, Hulsmann, & Kirchhoff, 2004;

Li et al., 2019). Consequently, dysfunction in these processes during astrocytic maturation
and development has been associated with a number of neurodevelopmental diseases

and disorders, including Rett syndrome, Fragile X syndrome, epilepsy, and Alexander’s
disease (Molofsky et al., 2012; Quinlan, Brenner, Goldman, & Messing, 2007; Visanji et
al., 2012). Specifically, loss of ramification and deficits in tiling have been characterized

in mouse models of epilepsy (Arisi et al., 2011; Oberheim et al., 2009) and Fragile

X Syndrome (Hagerman & Stafstrom, 2009), further suggesting the important role of
astrocytic maturation in brain disorders and diseases. While much is known about how
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astrocytes differentiate and mature, the mechanisms by which astrocyte maturation is
initiated are still unclear.

GPR37L1 is an astrocyte-specific G protein-coupled receptor (GPCR) that has previously
been implicated in epilepsy and seizure susceptibility via genetic studies (Dershem et al.,
2019; Giddens et al., 2017). While little is known about the function of GPR37L1 in the
brain, several datasets show that GPR37L1 is expressed predominantly in mature astrocytes,
with expression in both mice and humans beginning in the first postnatal week (Cahoy et al.,
2008; Clarke et al., 2018, Zhang et al., 2014, Zhang et al., 2016). This pattern of expression
suggests that GPR37L1 may be involved in the maturation and/or development of astrocytes.
While we previously showed that loss of GPR37L1 and the closely related receptor GPR37,
which is predominantly expressed in oligodendrocytes, in adult mice leads to an altered
global proteome in the mouse brain (Nguyen et al., 2020), the role of GPR37L1 specifically
in astrocytes during development in the cortex was explored in the studies described below
via RNA-seq and imaging analyses of astrocytes derived from mice lacking GPR37L1.

MATERIALS AND METHODS

Animals

GPR37L1 knockout mice (Gpr37L17~) were obtained from the NIH Mutant Mouse
Regional Resource Centers (strain Gpr37l1tm1Lex, stock number 011709-UCD), and
genetic deletion of GPR37L1 was confirmed by DNA sequencing. C57BL/6J mice were
used for wild-type experiments and all mice were maintained on a C57BL/6J background.
Mice were housed on a 12-hour light/dark cycle with food and water ad libitum. All
experiments were performed in accordance with the guidelines of the Institutional Animal
Care and Use Committee (IACUC) of Emory University.

Immunopanned primary cortical astrocytes

Preparation of plates, dissection of mouse brains, and single-cell suspension
—Primary astrocytes were immunopanned from mouse cortex as previously described (Foo,
2013; Foo et al., 2011; Zhang et al., 2016). At least one day prior to immunopanning,

15cm petri dishes were prepared by incubating 60uL of the appropriate secondary antibody
(corresponding with the primary antibodies that were used) in 25mL of 50mM Tris-HCI
(pH 9.5) overnight at 4°C, making sure solution was covering the entirety of the dish’s
surface. On the day of immunopanning, the secondary antibody solution was removed from
the prepared petri dishes and the dishes washed gently 3x with 1X Dulbecco’s phosphate-
buffered saline (DPBS). The appropriate primary antibody was then added to each plate

in 12mL of 0.2% BSA/DNase solution (in 1X DPBS) and allowed to incubate at room
temperature. Mouse brains were then extracted, cortices dissected out under a microscope,
and meninges removed. For each genotype, 4-5 pup brains were pooled. Dissected cortices
were placed in a 6cm petri dish (max of 5 cortices per dish) and cut into small pieces using
a scalpel. Enzyme stock solution (0.46% D(+)-glucose, 0.5mM NaHCO3, 100u of papain,
0.2mg/mL L-cysteine, 0.5mM EDTA in 1x Earl’s Balanced Salt Solution) was equilibrated
by bubbling CO, into the solution, and 10mL of equilibrated enzyme stock solution was
added to each 6¢cm petri dish. Additionally, 50uL of 0.4% DNase was added and swirled into
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each petri dish. Dishes were placed on a heater at 34°C with CO, gently bubbling onto the
cortex and enzyme mixture and incubated for 45 minutes to allow digestion of the tissue.
After digestion, the tissue mixture was transferred to 50mL conical tubes and the tissue was
allowed to settle at the bottom of the tube. Supernatant was then carefully aspirated and
tissue was washed by adding 4.5mL of low ovomucoid inhibitor solution (low ovomucoid
stock solution final concentration: 8.5uM BSA, 20uM trypsin inhibitor (ovomucoid source,
Worthington #L.S003089) sterile filtered in DPBS (pH 7.4) in inhibitor stock solution: 0.46%
D(+)-glucose, 26mM NaHCOs in 1X Earl’s Balanced Salt Solution). Tissue was allowed

to settle, supernatant was aspirated, and tissue was washed 2x. Low ovomucoid inhibitor
solution (4mL) was then added to the washed tissue and tissue was gently triturated to break
up the tissue. The cloudy single-cell solution was then transferred to a new 50 mL conical
tube containing 4mL of low ovomucoid inhibitor solution. Trituration was repeated until
most of the tissue chunks were gone. A layer of 12mL of high ovomucoid inhibitor solution
(high ovomucoid stock solution final concentration: 21.2uM BSA, 50uM trypsin inhibitor
(ovomucoid source) sterile filtered in 1X DPBS (pH 7.4) in inhibitor stock solution: 0.46%
D(+)-glucose, 26mM NaHCOg3 in 1X Earl’s Balanced Salt Solution) was carefully pipetted
as a layer under the single-cell suspension. Cells were then centrifuged down through

the high ovomucoid inhibitor solution at 300g for 5 minutes at room temperature. The
supernatant was then aspirated and the cell pellet was resuspended in 3mL of panning
buffer (0.02% BSA/DNase in 1X DPBS), and then the volume was brought up to 9mL with
additional panning buffer. Finally, cells were filtered through a 0.4pyM strainer to remove
clumps.

Immunopanning—Before adding cells to each antibody-coated petri dish, antibody
solution was removed and dishes were carefully washed 3x with 1X DPBS. Cells were
added to the first dish and allowed to sit for 5 minutes, swirled, and then allowed to sit for
another 5 minutes. The cell solution was then transferred to the second dish and allowed
to sit for 5 minutes, swirled, and allowed to sit for another 5 minutes. This process was
repeated until the final dish, which was specific for astrocytes. The order of plates to
sequentially deplete specific cell types was as follows:

Plate # Target cell type Secondary antibody Primary antibody
1 Microglia/macrophages Anti-rat (60uL) CD-45 (10uL, BD Biosciences 550539)
2 Oligodendrocyte precursor cells Anti-rat (60uL) PDGFRa (15pL, Thermo 14-1401-82)
3 Oligodendrocyte precursor cells Anti-rat (60uL) PDGFRa (15uL, Thermo 14-1401-82)
4 Neurons Anti-rat (60uL) Thy1.2 (10uL, Thermo 14-0902-82)
5 Astrocytes Anti-mouse (60uL)  HepaCAM (15uL, R&D Systems MAB4108)

Culturing of immunopanned cortical astrocytes

Following incubation of cells in the final dish (HepaCAM), the remaining single cell
mixture was aspirated off the dish and the dish was gently washed 3x with 1X DPBS.
To lift immunopanned astrocytes off of the dish, 10 mL of trypsin was added to the dish,
swirled, and cells were incubated at 37°C for 5 minutes. The dish was then banged on a
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hard surface to lift cells off of plate and 10 mL of 30% fetal calf serum (FCS) was added
to neutralize the trypsin. FCS was added only for the duration of the 5-minute spin. Cells
were collected into a conical tube, counted, and then spun down at 300g for 5 minutes

at room temperature. Cells were resuspended in serum-free astrocyte growth media (100
units/mL penicillin, 100ug/mL streptomycin, 1mM sodium pyruvate, 1% GlutaMAX, 1%
Sato, 5pg/mL N-acetyl-L-cysteine (NAC), in 1:1 Neurobasal A and Dulbecco’s Modified
Eagle Medium (DMEM) and supplemented with fresh HBEGF (5ng/mL) each time media
was made). Astrocytes were then plated onto poly-D-lysine-coated slides and plated at a
density of 30,000 cells per well for 8-chamber slides and 25,000 cells per well for 6-well
plates. Astrocyte growth medium was changed every 3 days.

Treatment of immunopanned cortical astrocytes and preparation of samples for RNA-seq

analyses

Acutely-purified cortical astrocytes—~For acutely-purified astrocytes used for RNA-
seq analyses, following incubation of cells in the final dish (HepaCAM), the remaining cells
were aspirated and the dish was washed gently 3x with 1X DPBS. To collect immunopanned
cells for RNA isolation, 500 uL of TRIzol were added to the plate and cells were scraped
and collected into Eppendorf tubes. RNA was then isolated according to the manufacturer’s
protocol. RNA samples were submitted to Novogene for RNA-seq analyses (NovaSeq 6000
PE150, polyA enrichment), including library preparation.

One-week cultured immunopanned cortical astrocytes +/- FBS—For
immunopanned astrocytes that were cultured in vitro +/- fetal bovine serum (FBS),
astrocytes were plated in 6-well plates (25,000 cells per well) and treated with 15% FBS
every other day for 1 week. Following one week in culture, astrocytes were then collected
in 500 pL TRIzol and RNA isolated according to the manufacturer’s protocol. RNA
samples were then submitted to Genewiz for RNA-seq analyses (Illumina HiSeq 2x150
bp sequencing, RNA with polyA selection, single index), including library preparation.

RNA-Seq data analyses

Raw read files were uploaded to Galaxy and data were analyzed via the public server at
usegalaxy.com (Afgan et al., 2018). All steps were performed using the default settings
unless otherwise noted. Raw read files were first trimmed with TrimGalore using the default
settings to trim off adapters. Simultaneously, quality checks were done on raw reads as well
as trimmed reads to ensure reads were valid. Following quality check and trimming, reads
were then mapped to the mouse genome via RNA STAR (Dobin et al., 2013). Following
alignment to the mouse genome (mmZ10), counts were quantified via featureCounts in order
to measure the gene expression in our RNA-seq analyses (Liao, Smyth, & Shi, 2014).
Differential expression of genes between different conditions was then determined by using
DESeq2 (Love, Huber, & Anders, 2014). The resulting differential expression analyses were
then run through GO ontological pathway analysis (Sherman et al., 2022).

Immunocytochemistry of immunopanned cells

Cells plated on coverslips were gently washed once with 1X DPBS and then incubated
in 4% paraformaldehyde (PFA) for 10 minutes while shaking at room temperature. After
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removal of the PFA, cells were then incubated in ice-cold methanol for 5 minutes while
shaking gently at room temperature. Cells were washed once with 1X DPBS and incubated
in blocking/permeabilization buffer (5% bovine serum albumin (BSA) and 0.5% Triton
X-100 in 1X DPBS) for 1 hour while shaking gently at room temperature. After removing
the blocking/permeabilization buffer, coverslips were then incubated with antibody diluted
in antibody dilution buffer (1% BSA and 0.1% Triton X-100 in 1X DPBS) overnight at

4°C while shaking gently. Coverslips were washed three times with 1X DPBS for 5 minutes
each while shaking gently at room temperature, and then incubated with secondary antibody
diluted in antibody dilution buffer in the dark for 1 hour while shaking gently at room
temperature. Coverslips were washed three times with 1X DPBS for five minutes each and
then once with ddH»0. Coverslips were mounted with Prolong Diamond Antifade mounting
medium containing DAPI. Cells were imaged via confocal microscopy and images were
analyzed via ImageJ and NeuronJ. All images were blinded prior to quantification and
analysis.

Immunohistochemistry of free-floating brain sections

Whole mouse brain was dissected at various ages and fixed in 4% paraformaldehyde (PFA)
for 24 hours at 4°C. Brains were then transferred to a 30% sucrose solution (in PBS) for 24
hours at 4°C. Coronal brain sections (40 um) were then cut from the cerebellum and cortex
and stored in cryoprotectant (30% ethylene glycol, 15% sucrose, 0.05% sodium azide, in
TBS) at —20°C until staining and mounting. Brain sections were washed 3x with 1X DPBS
for 5 minutes each. Sections were then permeabilized in 1% H»0O5 solution for 15 minutes
at room temperature. Sections were washed 3x in 1X DPBS for 5 minutes each and then
incubated in pre-block solution (0.3% Triton X-100, 15% normal goat serum, 2.5% Brij
35, in 1M Tris-HCI, pH 7.5) for 1 hour at 4°C. Sections were then incubated in primary
antibody diluted in Tris-Brij solution (2.5% Brij 35 in 1M Tris-HCI, pH 75) overnight at
4°C. The next day, sections were washed 3x in Tris-Brij solution for 5 minutes each and
then incubated with fluorescently labeled secondary antibody in Tris-Brij solution for 1 hour
at 37°C in the dark. Sections were then washed 3x with Tris-Brij solution for 5 minutes
each and sections were mounted with mounting media onto glass slides and cover slipped.
Slides were allowed to dry overnight in the dark before imaging via confocal microscopy.
Images are analyzed with Fiji (ImageJ) as previously described (Schindelin et al., 2012;
Varvel et al., 2012). All images were blinded prior to image quantification and analysis.
The timepoints of 1 week, 1 month, and 4 months were chosen due to their significance

in astrocyte maturation: at 1 week, astrocytes are immature and just beginning to mature
and differentiate; at 1 month, astrocytes are completing maturation and differentiation;

and at 4 months, astrocytes are mature and fully differentiated (Zarei-Kheirabadi, Vaccaro,
Rahimi-Movaghar, Kiani, & Baharvand, 2020).

Western blot analysis

Brain samples were made into Western blot samples and samples were run on 4-20% Tris-
glycine gels and then transferred to nitrocellulose membranes. Membranes were incubated
in 5% non-fat milk to block for 1 hour at room temperature while shaking and then
incubated in diluted primary antibody overnight at 4°C while shaking. Membranes were then
washed and incubated with diluted secondary antibody at room temperature while shaking
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and then washed. Membranes were developed and imaged via the Licor Odyssey Western
blot imaging system. Protein quantification was done via ImageJ.

lontophoretic backfilling of cortical astrocytes

Astrocytes in the somatosensory cortex were backfilled as previously described (Moye,
Diaz-Castro, Gangwani, & Khakh, 2019). All mice used were 6—8 weeks old with data
obtained from both males and females. After an overdose of inhaled isoflurane, four
GPR37L17~ mice and four age-matched WT control mice were transcardially perfused
using cold 1X phosphate buffered saline (PBS) to clear blood, then perfused with 4%
paraformaldehyde (PFA) in PBS (pH 7.35) for 5-7 minutes. After perfusion, brains were
incubated in 4% PFA in PBS for an additional 45 minutes before being sliced into 150
um-thick coronal slices using a vibratome (Leica VT1200S). Brain slices were incubated

in PBS at 4°C for no more than 48 hours. Sharp electrodes (tip resistance ~50 MQ) were
pulled on a horizontal electrode puller (Sutter P1000) from thin-walled borosilicate glass
(WPI) and backfilled with filtered 2% Lucifer Yellow lithium salt (Thermo L453) in 5mM
KCI using gravity to help assist complete tip filling. Slices were placed in a dish of 1X PBS
and astrocytes were visualized using an upright Olympus BX50W microscope with IR-DIC
optics coupled to a Dage IR-2000 camera. Astrocytes in the somatosensory cortex were
chosen based on their stereotypical oval shape and small soma size. To ensure electrode tips
were not clogged before impaling, test pulses consisting of injecting 1nA of current for 1
second every 2 seconds were administered using a Multiclamp 700B (Molecular Devices),
digitized at 20kHz using an Digidata 1440a (Molecular Devices), and controlled by pClamp
10.6 software (Molecular Devices). To visualize Lucifer Yellow injection from the tip, a
WGFP filter cube set (Thorlabs, TLV-U-MF2-WGFP) was excited via 455nm collimated
LED light source (Thorlabs, M455L4-C1) to ensure the electrode was not clogged before
impaling. Immediately after impaling, a few test pulses were given and cell morphology was
checked to ensure an astrocyte had been chosen. After confirming cell identity, iontophoretic
backfilling via test pulses described above continued for 15 minutes before the electrode

tip was slowly withdrawn from the cell. After filling, slices were incubated in 4% PFA in
PBS overnight. After incubation, slices were washed 3X in PBS for 10 minutes each before
being mounted on SuperFrost slides. After slices dried in the dark overnight, they were
coverslipped using #1.5 coverslips and mounted with ProLong Gold mounting media.

All images were acquired using a Nikon A1R HD25 line-scanning confocal microscope
using NIS Elements software. A 455nm argon laser line coupled to a GaAsP PMT detector
was used to excite and collect fluorescent data. All images were captured as a series of
z-stacks using a piezo motor z-controller with software set to acquire data in 1024x1024
pixel format at a 1/8th frame rate dwell time. All images were captured using an Apo TIRF
60x 1.49 NA objective plus 3X additional zoom, with images consisting of 55-85 stacks
with a z-stack distance of (0.3um) and a pinhole size of 30.4pm. All images were analyzed
in Imaris 9.5 (Bitplane).

Quantification methods of confocal images

Distance mapping—Distances between astrocytes were measured via MorphoLibJ and
Fiji (ImageJ), as previously described (Legland, Arganda-Carreras, & Andrey, 2016; Varvel
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etal., 2012). Confocal stacks were obtained from 40 um-thick coronal mouse brain sections
and stained according to the immunohistochemistry protocol outlined above. Images were
taken with the Leica SP8 inverted confocal microscope. For image analysis, 10 stacks

were taken for each area of interest in the cortex and 2—4 stacks of in-focus images were
compressed into one image for analysis. Cell surfaces were reconstructed in Fiji and then a
distance map was calculated via Chamfer distance map (MorphoL.ibJ), which computes the
distance of each pixel (in space) from the nearest cell surface.

Quantification of total process length and cell numbers—Astrocyte process length
was manually measured using NeuronJ (ImageJ) tracer. Primary branches were defined as
any astrocyte process that extended from the astrocyte soma. Cell counter was used to
manually count the number of astrocytes per field.

Sholl analysis—Sholl analysis was done in Fiji (ImageJ) using the “Neuroanatomy”
plugin. Images of astrocytes taken at 40x were used to perform Sholl analysis as previously
described (Binley, Ng, Tribble, Song, & Morgan, 2014; Sethi et al., 2021; Sholl, 1953).
Images were thresholded to obtain a binary image with background removed and individual
astrocytes were analyzed. Regions of interest (ROIs) were determined as the soma of an
astrocyte and concentric circles were drawn around the soma in 10 pm steps. The number of
intersections per radius (distance from soma) was plotted to obtain Sholl analysis plots for
each astrocyte.

Statistical analyses—All statistical analyses were performed in Prism 6 (GraphPad
Software) as well as all graphical representations. Statistical significance was defined as
a p value < 0.05. All analyses were performed in a blinded manner.

Antibodies used

RESULTS

GFAP (Abcam, catalog #: ab7260) 1:1000 for ICC and IHC, 1:5000 for Western blot;
aquaporin-4 (Abcam, catalog #: ab125049) 1:400 for ICC

Validation of the purity of immunopanned cortical astrocytes

The immunopanning methodology is an effective way to purify and culture different cell
types from brain tissue of different age points, including astrocytes at more than 98% purity
(Foo et al., 2011). Previous methods to purify and culture astrocytes required the use of
rodent brains before the age of P5, as astrocytes from mice past the age of P5 did not survive
the protocol (McCarthy & de Vellis, 1980; Morrison & de Vellis, 1981). We utilized the
immunopanning method to obtain pure cultures of postnatal day 7 (P7) cortical astrocytes
from our mice to conduct RNA-seq analysis and chose P7 as our timepoint since that is

the age at which GPR37L1 is first expressed in high levels in the mouse brain (Cahoy

et al., 2008). Additionally, we expected fewer significant gene changes at this timepoint
since high GPR37L1 expression begins around this time and any gene changes that occur
at this timepoint may be reflective of more immediate changes as a direct result of loss of
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GPR37L1 rather than downstream effects due to loss or dysfunction of other genes and/or
proteins. The experimental conditions are outlined in the schematic in Figure 1A.

Because oligodendrocyte precursor cells (OPCs) share a cell lineage with astrocytes (Behar,
2001; Nishiyama, Komitova, Suzuki, & Zhu, 2009; Nishiyama, Suzuki, & Zhu, 2014;
Nishiyama, Watanabe, Yang, & Bu, 2002) and are numerous in the rodent brain at P7

(Tiane et al., 2019; J. Zhou et al., 2019), the purity of our immunopanned astrocytes

was assessed by looking at FPKM (Fragments Per Kilobase of transcript per Million
mapped reads) values of selected cell-specific gene markers in WT astrocytes. Our results
showed that immunopanned cortical astrocytes submitted for RNA-seq analysis were

highly enriched in astrocytic genes, with depletion of neuronal, mature oligodendrocytic,
microglial, and endothelial genes. The key astrocytic markers that were enriched included
glial fibrillary acidic protein (Gfap), Aldhll1, Slcla2, and Agp4 (Flugge, Araya-Callis,
Stadelmann-Nessler, & Fuchs, 2014; Zhang et al., 2014; Zhang et al., 2016) (Figure 1B).
We did observe low expression of several OPC-specific markers within our purified samples,
such as platelet-derived growth factor alpha (PDGFRa). However, OPCs are known to

also express a low level of HepaCAM, which was used to specifically immunopan out
astrocytes, as described in the Methods section (Zhang et al., 2014). Additionally, Gpr37I11
has no detectable expression in OPCs based on the databases cited above. Overall, these
data demonstrate the high enrichment of astrocytes in the samples prepared for the RNA-seq
analyses, with only a very low level of contamination from other cell types.

RNA-seq of acutely purified astrocytes from L1KO and WT mice reveal gene and pathway
changes related to brain development

In order to assess what gene changes may be occurring specifically in astrocytes due the
loss of GPR37L1, RNA-seq analysis was performed on GPR37L1 homozygous knockout
(L1KO) vs. WT astrocytes. Astrocytes were immunopanned from P7 L1KO and WT
mouse cortex and immediately collected in TRIzol for RNA isolation. Samples were then
submitted for RNA-seq and Differential Expression Analysis (DESeq2) was performed

to obtain log,(Fold Change) values for gene changes between the two genotypes (n=4

for each genotype). An Excel file containing the FPKM values for gene expression for
these individual samples is also included in the supplement (Supplemental Material S3).
The RNA-seq analysis yielded over 24,000 gene hits. However, of the 24,000 genes, only
127 genes were found to be significantly upregulated and only 160 genes significantly
downregulated based on a p value equal to or less than 0.05 (Supplemental Material S1).
The top 50 most significantly downregulated and the top 50 most significantly upregulated
genes are displayed in Tables 1 and 2. The appearance of GPR37L1 at the top of the list
of downregulated proteins validates the fact that our L1KO astrocytes were indeed from
knockout brains. The complete lists of upregulated and downregulated genes were then
analyzed via GO enrichment analysis for gene ontologies (“biological process,” “cellular
component,” and “molecular function”) in order to identify which specific pathways may
be affected by the knockout of GPR37L1 in astrocytes. Ontologies were sorted via gene
count. GO analyses showed that loss of GPR37L1 led to the loss and gain of many important
biological processes. These include proteolysis, cell adhesion, and oxidoreductase activity
(Supplementary Figures S1A-I). Of note, however, were pathways involved in calcium
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ion transport, central nervous system development, potassium ion transport, and neuron
projection development (Supplementary Figure S1G). These ontological analyses suggest
that major gene changes that occurred due to the loss of GPR37L1 in astrocytes were related
to brain development as well as ion transport and homeostasis.

RNA-seq analyses of L1KO vs. WT immunopanned astrocytes reveal gene and pathway
changes after 1 week in culture

While assessing the effect of loss of GPR37L1 on gene changes in acutely immunopanned
astrocytes showed changes in pathways involved in brain development and ion transport,
we were also interested in assessing how loss of GPR37L1 affects FBS-induced astrocyte
reactivity, which can be done in culture. Studies in cultured astrocytes from WT vs. L1KO
animals are relevant because they allow for the astrocytes to be treated with reagents of
interest under controlled conditions prior to harvest in order to observe changes that occur
due to specific manipulation of the astrocytes. Additionally, culture studies remove the
potential confound of gene changes that may occur as a result of response to stimuli from
other cell types in the brain. First, RNA-seq analysis was performed on immunopanned
astrocytes from P7 L1KO and WT mice that were cultured for 1 week /n vitro (n=2 for
WT and n=3 for L1KO; one WT sample was removed as an outlier based on Principal
Component Analysis). The top 50 most significantly downregulated genes and the top

50 most significantly upregulated genes in L1KO astrocytes compared to WT astrocytes
are reported in Tables 3 and 4. An Excel file containing the FPKM values for gene
expression for these individual samples is also included in the supplement (Supplemental
Material S4). After a week in culture, P7 L1KO immunopanned astrocytes exhibited
many more significant gene changes (versus WT immunopanned astrocytes) compared

to L1KO astrocytes that were acutely immunopanned from the mouse brain (versus WT
immunopanned astrocytes).

Of over 24,000 gene hits, 985 genes were found to be significantly downregulated and 1391
genes were found to be significantly upregulated in L1KO astrocytes that were cultured

for a week compared to WT astrocytes that were cultured for a week (Supplemental

material S2). These numbers differ compared to 127 and 160 significantly upregulated

and downregulated genes found in acutely purified L1KO astrocytes compared to WT
astrocytes, respectively. Genes of note that were significantly downregulated include LCN2
(-73.81%), KCNIP3 (-53.96%), ATP1A2 (-53.28%), NDRG2 (-52.35%), CPE (-52.20%),
and KCJN10 (-50.70%). These genes were of interest because of their reported involvement
in GO ontological pathways that were found to be changed in acutely immunopanned

L1KO astrocytes compared to acutely immunopanned WT astrocytes and/or their reported
association with a seizure/epilepsy phenotype (Hong, Jo, Lee, Kim, & Jung, 2003; Jiang, Li,
Wu, Hao, & Feng, 2021; Mahata et al., 1993; Mir et al., 2019; Moya-Mendez et al., 2021;
Reichold et al., 2010; Shin et al., 2021; Vetro et al., 2021; Yin et al., 2020; J. Zhou et al.,
2020).

The lists of significantly downregulated or upregulated genes were analyzed via GO
enrichment analysis to generate ontology graphs. Following induction of reactivity in
culture, pathways and processes affected that were of note included signal transduction,
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metabolism, nervous system development, brain development, and positive regulation of
neuron projection development (Supplementary Figures S2A-I). Taken together, these
ontological analyses suggest that significantly downregulated genes appear to be more
involved in pathways involved in central nervous system development and ion transport
activities whereas significantly upregulated genes appear to be more involved in GPCR
activity, metabolic processes, and binding of different cellular components.

Loss of GPR37L1 leads to changes in expression of mature astrocytic genes but not fetal

genes

It is known that GPR37L1 is highly expressed in mature astrocytes and that expression

of GPR37L1 begins in the early post-natal period in mice (Cahoy et al., 2008; Zhang

et al., 2014). Because ontological pathways related to brain and neuronal development
were found to be represented by the most significantly down- and upregulated genes in

the RNA-seq analyses, we looked at expression of specific fetal and mature astrocytic
genes. Logy(Fold Change) values of 100 fetal astrocytic genes and 100 mature astrocytic
genes were evaluated for any significant changes between L1KO astrocytes versus WT
astrocytes. These lists of fetal and mature astrocytic genes were curated and carefully
validated in previously published studies (Sloan et al., 2017; Zhang et al., 2016). Evaluation
revealed that fetal astrocytic genes were not significantly changed in L1KO versus WT
acutely immunopanned astrocytes from P7 mice (Figure 2A). Only five genes were found
to be significantly changed between L1KO versus WT astrocytes: GPR37L1 (not shown on
graph), TNC, LIPG, CNR1, and RPPH1. Additionally, approximately half of fetal genes
had log,(Fold Change) values 1< with the other half having log,(Fold Change) values >1,
further suggesting that there was no skew of gene expression to being downregulated or
upregulated. Heat map visualization of Z scores of individual samples for fetal astrocytic
genes showed variability between samples (Figure 2B).

RNA-seq data was also assessed for expression of 100 mature astrocytic genes. Similar

to fetal astrocytic genes, the majority of mature astrocytic genes were not significantly
changed in L1KO astrocytes compared to WT acutely immunopanned astrocytes (Figure
2C). Five genes were found to be significantly changed in L1KO astrocytes compared to WT
astrocytes: CYBRD1, ATP1A2, MRO, and KCNJ10. Interestingly, unlike fetal astrocytic
genes, most mature astrocytic genes were downregulated, suggesting a deficit or delay in
the activation of maturation genes due to the loss of GPR37L1. A heat map of Z scores
was also generated for individual samples for mature astrocytic genes, which showed some
variability between the different samples (Figure 2D). Due to this variability, most of the
changes in fetal or mature astrocytic genes that were observed at P7 upon loss of GPR37L1
in the acutely immunopanned astrocytes were not found to be statistically significant.

Similar to the acutely immunopanned astrocytes, we also assessed whether fetal and
mature astrocytic genes were changed in L1KO immunopanned astrocytes compared to
WT immunopanned astrocytes after 1 week in culture. When looking at the list of 100 fetal
astrocytic genes, only PTTG1 was significantly downregulated and EOMES and NPY were
significantly upregulated (Figure 2E). The heatmap generated also shows that there were
low levels of variability between the WT and L1KO astrocytes (Figure 2F). Interestingly

Glia. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 12

however, when we looked at the list of 100 mature astrocytic genes, we found that a

strong majority of these genes were downregulated in L1KO vs. WT, with 27 of these
downregulated genes achieving statistical significance and being reduced very substantially,
by 40% or more (p value less than or equal to 0.05). These significantly-downregulated
genes included key mature astrocytic markers such as ATP1A2, NDRG2, CPE, ALDOC,
KCNJ10, FGF1, GLUL, AQP4, PTGDS, GPR37L1, and ALDH2. (Figure 2G). Conversely,
no mature astrocytic genes were found to be significantly upregulated. A corresponding
heat map revealed low within-group variability in the astrocyte samples (Figure 2H). Taken
together, these data suggest that the loss of GPR37L1 contributes to the loss or delay of
astrocytic maturation.

GPR37L1-knockout does not alter astrocyte reactivity

Because astrocytes are known to become “reactive” in response to different insults and
disease contexts within the brain, we also assessed the expression of 38 reactive astrocytic
genes, as described in work by Liddelow and colleagues (Liddelow et al., 2017). This list
of reactive astrocytic genes is divided into categories representing 3 different subtypes of
reactivity: inflammation-induced, stroke-induced, and pan-reactive (Liddelow et al., 2017;
Escartin et al., 2019). These different subtypes of reactivity were characterized based on
what induces the specific astrocytic reactive state as well as the corresponding astrocytic
gene profile once in the reactive state. Inflammation-induced reactive astrocytes have been
shown to secrete neurotoxins that lead to the death of neurons and stroke-induced reactive
astrocytes have been shown to promote neuronal survival and tissue repair (Liddelow et al.,
2017). It is important to note that this list of reactive astrocytic genes is not exhaustive or
immutable, and often a subset of transcripts from all three categories can be upregulated or
downregulated in different disease states (Escartin et al., 2019). Our RNA-seq analyses of
acutely-purified astrocytes revealed that at baseline in the mouse brain, astrocytes are not
significantly more or less reactive due to the loss of GPR37L1 across the three different
subtypes of reactivity (Figure 3A). Additionally, heat map visualization of Z scores of the
individual samples revealed high variability between the samples for reactive astrocytic
genes (Figure 3B). These data suggest that loss of GRP37L1 in astrocytes does not
inherently make astrocytes more reactive in the mouse brain at baseline.

In addition to these RNA-seq analyses of the acutely-immunopanned astrocytes, we also
assessed expression of reactive astrocytic genes in the immunopanned astrocytes that were
cultured for a week. Across the 3 subtypes of astrocytic reactivity, only 3 genes were
significantly upregulated (B3GNT5) or downregulated (GFAP, VIM) (Figure 3C). A heat
map showed that there was only slight variability in expression of reactive astrocyte genes
across the individual samples (Figure 3D). Overall, these data suggest that neither loss

of GPR37L1 nor culture conditions caused an increase in astrocyte reactivity in untreated
cultures. However, we were additionally curious whether loss of GPR37L1 might affect
the gene expression profile of astrocytes once already in the reactive state. Thus, pan-
reactivity was induced in immunopanned and cultured astrocytes via treatment with 15%
FBS as previously described (Cahoy et al., 2008; Codeluppi et al., 2011; Doyle et al.,
2008; Foo et al., 2011; Prah et al., 2019). These astrocytes were collected at the same
time as astrocytes that had not been treated with FBS for RNA-seq analysis. For these
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analyses, each genotype of astrocyte sample that was treated with 15% FBS for 1 week

was compared to its non-treated baseline control in order to normalize values for baseline
gene expression (i.e., 15%-FBS-treated WT astrocyte gene expressions were normalized to
non-treated WT astrocyte gene expressions via DESeq?2 to get Log,(Fold Change) values
and the same was done for L1KO astrocytes). These values were then compared to each
other to assess the level of reactive astrocyte gene expression between WT and L1KO
astrocytes after 1 week in culture. The data revealed that, outside of a handful of genes that
were different between L1KO and WT astrocytes, the majority of reactive astrocytic genes
were not changed between the two genotypes after treatment with 15% FBS (Figure 3E).
Additionally, the direction of gene changes mostly trended in the same direction for both
genotypes with the majority of the reactive astrocytic genes being upregulated with some
that were unchanged or downregulated. The upregulation of reactive astrocytic genes for

all genotypes examined was consistent with previously published studies (Liddelow et al.,
2017). The heat map for the reactive genes in the individual astrocyte samples showed that
there was strong consistency in which genes are upregulated or downregulated when each
genotype of astrocytes was treated with 15% FBS (Figure 3F). Interestingly, both L1KO and
WT immunopanned astrocytes appeared to significantly upregulate stroke-induced and pan-
reactive astrocytic genes while only a handful of inflammation-induced reactive astrocytic
genes were upregulated by the FBS treatment.

Loss of GPR37L1 leads to decreased total process length in immunopanned astrocytes

The RNA-seq data described above suggest that GPR37L1 is involved in the maturation of
astrocytes in the cortex. Part of the process of astrocytic maturation involves morphogenesis
into a complex, ramified, and spongiform shape as well as establishment of spatial non-
overlapping domains within the brain (Bushong et al., 2004; Bushong et al., 2002; Freeman,
2010; Li et al., 2019; Zarei-Kheirabadi et al., 2020). Thus, we investigated whether these
characteristics of astrocyte maturation might be affected by the loss of GPR37L1 /in vitro

as well as in the mouse cortex. Cortical astrocytes were immunopanned from P7 L1KO and
WT mouse brains, plated onto PDL-coated coverslips, fixed, and stained with GFAP, AQ4,
and DAPI to visualize astrocytes. This /n vitroassay is good for looking at morphological
differences in the large, major branches of astrocytes. Various characteristics of astrocyte
morphology were assessed and quantified to see if there were any differences between the
L1KO vs. WT immunopanned astrocytes after 1 day in culture based on previously-reported
methods of quantifying astrocyte morphology (Moye et al., 2019; SheikhBahaei et al.,
2018). The properties that were quantified included number of primary branches, number of
branch points, soma size (um), and total process length (um) (n=9 for WT, n=14 for L1KO).
Soma size was determined by measuring the diameter of the astrocytic cell body and total
process length was quantified by summing measurements of all processes that were labeled
by GFAP staining. For branch quantifications, primary branches were defined as any branch
originating from the astrocyte cell body, and the number of branch points was defined as any
part of the astrocytic process where another process originated from an astrocytic branch.
Soma size, number of primary branches, and number of branch points were not found to

be significantly different between L1KO and WT immunopanned astrocytes (Figure 4C-E).
However, when total process length was measured for each astrocyte, L1KO astrocytes
exhibited significantly shorter total process length compared to WT astrocytes by almost 100

Glia. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 14

um (Figure 4B, representative images in Figure 4A) (p=0.0299). This was not due to overall
reduced expression of GFAP in L1KO mouse brains or astrocytes, as protein expression and
MRNA expression levels of GFAP in L1KO animals were not found to differ (Figure 4F-H).
Overall, these results suggest that GPR37L1 plays a role in the development of astrocytic
processes and astrocyte morphology.

Loss of GPR37L1 leads to loss of astrocytic complexity at older timepoints in the mouse

cortex

The aforementioned studies with immunopanned astrocytes revealed that L1KO astrocytes
in vitro exhibit shorter total process length compared to WT astrocytes. These /n vitro data
suggest that the loss of GPR37L1 leads to decreased complexity in astrocytes, which may in
turn be related to a deficit or delay in maturation. To determine if the same morphological
abnormalities are observed in astrocytes /7 vivo in the native mouse corteX, brain sections
from 1 week, 1 month, and 4-month-old L1KO vs. WT mice were stained with GFAP

to visualize cortical astrocytes. Sholl analyses were then performed to determine if there
were differences in astrocyte complexity between L1KO and WT astrocytes at these three
different age points. Sholl analysis is normally used to describe the complexity of neurons
but has also been used effectively to describe the complexity of glial cells such as astrocytes
and microglia (Binley et al., 2014; Heindl et al., 2018; Kongsui, Beynon, Johnson, &
Walker, 2014; Naskar & Chattarji, 2019; Sethi et al., 2021). At 1 week, L1KO cortical
astrocytes were already found to be significantly less complex compared to WT astrocytes
as indicated by a smaller number of intersections measured at 15 pm, 20 um, and 25 ym
from the astrocyte soma (Figure 5A). At 1 month of age, L1KO astrocytes continued to
exhibit fewer numbers of intersections compared to WT astrocytes at further distances from
the soma, although these differences did not achieve statistical significance according to the
Sholl analyses (Figure 5B). However, the decreased complexity was again observed at 4
months of age, with the differences between L1KO and WT at this time point achieving
clear statistical significance (Figure 5C).

Other morphological characteristics of the /n vivo astrocytes were also quantified, including
those that were previously quantified in the immunopanned astrocytes: total process length
(Figure 5D), number of primary branches (Figure 5E), number of branch points (Figure
5F). Additionally, the numbers of astrocytes per 270 pm? field were also quantified (Figure
5G). Similar to the P7 immunopanned astrocytes, L1KO astrocytes in 1-week-old mice

/n vivo did not have significantly different numbers of primary branches or numbers of
branch points. However, there was a significant difference in total process length between
L1KO and WT astrocytes at 1 week (~60 pm). At 1 month of age, the difference in total
process length was even more pronounced between L1KO and WT astrocytes (~150 um)
and the number of primary branches and number of branch points became significantly
different as well. These deficits in total process length, number of primary branches, and
number of branch points were still observed at the 4-month time point. However, the
numbers of astrocytes, defined as GFAP-positive cells, quantified per 270um? field did not
differ between WT and L1KO brains at any timepoint investigated, suggesting that the
differences observed in the images are due to the size and/or spacing of the astrocytes.
Taken together, these data suggest that loss of GPR37L1 affects astrocyte morphogenesis
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throughout development, with the complexity and total length of astrocytic processes being
particularly affected.

GPR37L1 knockout leads to sparser astrocytic tiling in the mouse cortex

Another important aspect of astrocytic development /in vivois tiling, or the segregation of
astrocytic processes into independent domains. This process is believed to be important

for astrocyte function, in part because tiling is often perturbed in disease states (Cho,
Muthukumar, Stork, Coutinho-Budd, & Freeman, 2018; Khurgel & lvy, 1996; Lenzer-
Fanara, Li, Salerni, Payen, & Croll, 2017; Oberheim et al., 2009; Tashiro, Goldberg, &
Yuste, 2002). To assess whether GPR37L1 deletion exerts effects on astrocytic tiling in

the mouse brain /in vivo, distance mapping was done to calculate the distance between
astrocytes in a given field. Cortical astrocytes near the periventricular zones in the cortex
were imaged and analyzed (Buffo et al., 2008; Carlen et al., 2009). Distances were grouped
into 5 bins representing the distance between astrocyte-negative pixels and the nearest
astrocyte-positive pixel: 0-3 pm, 3-9 um, 9-15 pm, 15-21 um, and 21-30 um. The number
of measured distances in bins of shorter distances represents astrocytes that were closer to
each other, whereas measurements in bins of longer distances mean that astrocytes were
spaced further apart from each other. At 1 week of age, the spacing between WT and L1KO
astrocytes was not significantly different, with the majority of measured distances being 0-3
pum and L1KO astrocytes having slightly more space between astrocytes with about 40,000
measured distances at 3-9 um compared to WT astrocytes, which had fewer than 30,000
measured distances at 3-9 um (Figure 6B, with representative images in Figure 6A). The
number of measured distances in other ranges were similar and not significantly different
between WT and L1KO.

When astrocytes in cortices from older mice were assessed, loss of GPR37L1 resulted in

a pronounced effect on the amount of space between astrocytes. At the 1-month timepoint,
for example, the majority of WT astrocyte surfaces were less than 3 um (~234,000) from
other astrocyte surfaces, with a smaller number of measured distances at 3-9 um (~26,000).
Similarly, a large portion of L1KO astrocyte surfaces were less than 3 um (~188,000) from
other astrocytes. However, a large number of astrocyte surfaces were also found 3-9 pm
(~63,000) from other astrocytes compared to WT, with the numbers of distances in this
range being significantly different between L1KO and WT (p<0.001). Astrocytes in the
L1KO brains also exhibited a significantly higher number of measurements at 9-15 pm
(~8,500) compared to astrocytes from WT mice (~1,400) (Figure 6C-D). At the 4-month
timepoint, the differences in astrocyte tiling between WT and L1KO brains were even more
pronounced., Notably, there was a dramatically larger number of astrocytes that were 3-9
um away from other astrocytes in the L1KO mouse brains (~75,000) and also a much larger
number of astrocytes that were 9—-15 pm away (~13,000) from other astrocytes compared to
astrocytes from the WT brains (~20,000 measurements at 3-9 um and ~900 measurements at
9-15 um for WT) (Figure 6E-F). These data suggest that at early age points where postnatal
astrocyte maturation is just beginning, the loss of GPR37L1 does not significantly affect
astrocyte tiling. However, at later stages of development (1 month and 4 months), loss of
GPR37L1 exerts striking effects on astrocyte tiling, resulting in astrocytes that are spaced
much further apart from each other.
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Given the dramatic differences in astrocyte tiling that were observed between L1KO and WT
brains, we next sought to determine whether these differences in tiling might be accounted
for by differences in astrocyte size or volume. Due to the fact that GFAP is not expressed in
the fine distal processes of astrocytes, immunofluorescent staining with GFAP cannot reveal
the true size and volume of astrocytes (Connor & Berkowitz, 1985; Kalman, 2002). Thus,

to assess whether loss of GPR37L1 affects total astrocyte size and volume, somatosensory
cortical astrocytes from 6-8-week-old WT and L1KO mice were backfilled with Lucifer
Yellow, as previously described (Moye et al., 2019), and cell volume, soma volume, number
of major branches, and number of minor branches were quantified (Figure 7). Quantification
of soma volume and total cell volume revealed that while there was a trend of L1KO
astrocytes having overall smaller cell and soma volumes compared to WT astrocytes, but
there were no significant differences. The same was true of the number of minor and major
branches calculated. These results suggest that the sparser astrocytic tiling observed in the
L1KO mouse brain is not due to differences in cell volume or size of the fine distal processes
of the astrocytes.

DISCUSSION

Our immunohistochemical studies combined with our RNA-seq analyses provide evidence
for a key role of GPR37L1 in astrocyte maturation. GO ontological analyses on RNA-seq
data from L1KO astrocytes revealed alterations in pathways involved in central nervous
system development and brain development. The inclusion of pathways involved in CNS
development is particularly intriguing since astrocytes are known to be heavily involved in
processes such as guiding neurons to the correct place in the developing brain (Malatesta,
Appolloni, & Calzolari, 2008; Meyerink, Tiwari, & Pilaz, 2020; Turrero Garcia & Harwell,
2017; Xu et al., 2015) and pruning neuronal synapses (Chung, Allen, & Eroglu, 2015;
Chung et al., 2013; Lee & Chung, 2019). Our RNA-seq analyses further suggest that
GPR37L1 regulates expression of astrocytic maturation genes. In particular, our findings
suggest that GPR37L1 exerts control over astrocytic tiling and astrocytic process maturation,
two processes that are essential to the proper functioning of astrocytes in the brain. At 1
week of age, protoplasmic hippocampal astrocytes have been shown to exhibit more ovoid
soma shapes and fine processes that are predominantly stringy and filamentous in nature; by
postnatal day 14, astrocytic processes have been shown to exhibit greater ramification, and,
by postnatal day 21 and beyond, astrocytes develop spongiform and extremely fine processes
that are characteristic of mature astrocytes (Bushong et al., 2004; Bushong et al., 2002).
Astrocytic domains have also been shown to start forming as early as postnatal day 7, with
boundaries being clearly defined by 4 weeks of age (Bushong et al., 2004). It is purported
that astrocytic morphology and tiling are determined by “contact-spacing” where astrocytes
maintain contact with neighboring astrocytes through gap junctions in their distal processes,
tightly regulating their own microdomains (Chang Ling & Stone, 1991; Dreher, Tout, &
Stone, 1994; Tout, Dreher, Chan-Ling, & Stone, 1993).

While the exact functional significance of astrocytic tiling is still unclear, loss of tiling and
reduced morphological complexity are seen in certain disease and injury states. Relevant to
the disease phenotype associated with mutations in GPR37L1 (Giddens et al., 2017), it has
been shown that the integrity of astrocytic domains is compromised in models of epilepsy,
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with changes that include overlapping of domains and/or the development of thicker
processes or atrophy of the finer distal processes (Cho, Muthukumar, Stork, Coutinho-Budd,
& Freeman, 2018; Khurgel & lvy, 1996; Lenzer-Fanara, Li, Salerni, Payen, & Croll, 2017;
Tashiro, Goldberg, & Yuste, 2002). In rats that experience status epilepticus, astrocytes have
increased volume and activated morphology, although astrocyte numbers were not changed
(Arisi et al., 2011). In neurodevelopmental diseases where astrocyte malfunction has been
proposed as the causal factor, these diseases tend to go hand-in-hand with epileptic seizures
(Hagerman & Stafstrom, 2009; Jian et al., 2006). Additionally, connexin expression was
found to be changed during seizures in the hippocampus in a rat model of seizures (Laura,
Xochitl, Anne, & Alberto, 2015), and astrocyte-specific Bestrophin-1 over-expression was
found to restore generation of tonic GABA inhibition and suppress seizures in a mouse
model of temporal lobe epilepsy (Pandit et al., 2020). Recently, a detailed study on the
importance of astrocyte morphology and morphology-related genes in neurodegenerative
disease revealed that reduction of astrocyte territory sizes was associated with changes in
c-Fos expression in neurons and colocalization of pre- and postsynaptic markers (Endo

et al., 2022). Overall, these studies provide evidence for astrocyte-specific disruptions in
neuronal circuit regulation and/or abnormal neuronal organization associated with astrocyte
dysfunction in the brain (Uhlmann et al., 2002). It would therefore be interesting to
investigate how an epileptic phenotype affects astrocyte morphology in L1KO mice and
whether rescue of the L1KO also rescues the deficits in astrocytic morphology and tiling
seen in the mouse cortex. More recently, a study from the Deneen lab provides functional
evidence for the importance of normal astrocyte morphology in learning and memory
(Huang et al., 2021). Conditional deletion of nuclear factor I-A (NFIA), a transcription
factor expressed in mature astrocytes, led to reduced astrocytic morphological complexity,
impaired calcium signaling in the hippocampus, and deficits in learning and memory (Huang
etal., 2021). Similar to NFIA, GPR37L1 is predominantly expressed in mature astrocytes
and L1KO leads to reduced morphological complexity in cortical astrocytes. Because a
limitation of this study is that it is highly descriptive, exploring the effect of L1KO in mice
through behavioral studies such as the novel place or object recognition test or the Y maze
test could potentially tie in the observed morphological and spatial deficits to behavioral
outcomes.

Interestingly, the time period in which astrocytes start maturing coincides with the time
period in which synapses are formed and refined. Indeed, astrocytes have been shown to
play a crucial role in strengthening immature synapses and eliminating excess synapses
that are not being used (Allen, 2013; Chung et al., 2015; Fossati, Matteoli, & Menna,

2020; Smith, Rutishauser, Silver, & Miller, 1990). There is now accumulating evidence that
alterations to astrocyte morphogenesis and physiology can severely affect brain development
and lead to neurological and neurodevelopmental disorders (Araujo et al., 2018; Giocanti-
Auregan et al., 2016; Oberheim et al., 2009; Parikshak et al., 2013; Popov et al., 2021;
Sloan & Barres, 2014). Some deficits that occur due to the dysfunction of astrocyte-neuron
interactions during synaptogenesis and brain development include decreased neuronal
process outgrowth and decreased synaptic function (Ballas, Lioy, Grunseich, & Mandel,
2009; Williams et al., 2014). Moreover, direct astrocytic contacts have been shown to
regulate the local maturation of dendritic spines (Nishida & Okabe, 2007). Reciprocally,
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the importance of proper astrocyte process maturation has been illustrated by the loss of
neuronal dendritic maturation upon loss of astrocyte contact. When astrocytes are unable
to contact neuronal synapses, there is reduced stability of dendritic protrusions (Nishida &
Okabe, 2007).

The work presented here suggests that GPR37L1, an astrocyte-specific GPCR, plays an
important role in the tiling and ramification of astrocytes during brain and astrocytic
maturation in the mouse cortex. Loss of GPR37L1 leads to an increase in spacing between
astrocytes in the adult mouse brain and the loss of complexity in astrocytic processes as seen
via GFAP staining. Additionally, there is evidence for a developmental role of GPR37L1, as
GPR37L1 is highly expressed in mature astrocytes in the human brain (Zhang et al., 2016)
and knockout of GPR37L1 has been shown to lead to precocious development of Purkinje
neurons of the cerebellum in the knockout mouse brain at P14-P17 (Marazziti et al., 2013).
On top of this, human mutations in GPR37L1 lead to a seizure/epilepsy phenotype that
manifests developmentally, and L1KO mice exhibit increased susceptibility to seizures
(Giddens et al., 2017). It is therefore intriguing that our data suggest GPR37L1 plays an
important role in brain development and, in particular, astrocyte maturation. Interestingly,
however, loss of GPR37L1 does not affect excitatory synapse number, at least in the
hippocampus (age P14-P16), indicating that deficits in astrocyte function due to the loss

of GPR37L1 do not lead to reduced synaptic numbers (Jolly et al., 2018). Work from the
same studies also revealed that there were no major differences in constitutive glutamate
uptake in L1KO mouse brains. It is therefore possible that loss or dysfunction of GPR37L1
affects discrete aspects of the physiology of neurons and brain circuits instead of synapse
numbers. This could be explored in future studies examining various aspects of neuronal
function and development in the L1KO mice.

GPR37L1 is related to GPR37, a receptor that is most abundantly expressed in
oligodendrocytes (Zhang et al., 2014; Yang et al., 2016). The degree of similarity between
these two receptors suggests that they are likely to share a ligand. The secreted vertebrate
protein prosaposin and its active fragment (“prosaptide™) have been reported to bind to

both GPR37L1 and GPR37 and activate their signaling (Meyer et al., 2013). Subsequently,
activation of GPR37L1 and/or GPR37 by prosaptide was confirmed by several independent
groups (Lundius et al., 2014; Jolly et al., 2017; Liu et al., 2018; Bang et al., 2018), although
some investigators failed to detect significant activation of these receptors by prosaptide in
transfected cells (Coleman et al., 2016). Studies by Kasparov and colleagues (Liu et al.,
2018) suggested a resolution of these seemingly disparate findings by demonstrating that
prosaptide stimulation of GPR37L1 is dependent on cellular context, being readily observed
in astrocytes but more difficult to observe in heterologous cells over-expressing the receptor.
Further work is needed to determine if prosaposin is indeed the primary ligand of GPR37L1
in vivo or instead represents more of a modulator of GPR37L1 function. Relevant to the
current studies, little is known about the effects of prosaposin on astrocytic development, but
the data presented here suggest that future experiments in this area may be of interest.

It is important to note that the immunopanned astrocytes in our studies were cultured in
serum-free astrocyte media, as the addition of serum (such as FBS) induces a reactive
phenotype in astrocytes (Cahoy et al., 2008; Codeluppi et al., 2011; Doyle et al., 2008; Foo
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etal., 2011; Prah et al., 2019). Thus, there may be lower levels of the putative GPR37L1
ligand prosaposin in the culture media for these immunopanned astrocytes relative to FBS-
treated astrocytes. However, prosaposin is known to be secreted by cells in culture, and
therefore GPR37L1 is likely to exhibit at least some degree of constitutive activity even in
serum-free culture conditions, with the level of constitutive activity likely being influenced
by factors such as cell density (Coleman et al., 2016; Liu et al., 2018). It is therefore
important to note that the observed phenotypic effects of L1KO /n vitro may be dependent
on the cell culture conditions utilized.

In summary, while some information is known about the molecular mechanisms that control
the early differentiation of immature astrocytes (Deneen et al., 2006; P. Kang et al., 2012;
Kohyama et al., 2010), little is known about the molecular mechanisms regulating the later
stages of astrocyte maturation. Moreover, the mechanisms controlling the establishment of
astrocyte morphology are not well-understood. The data presented here provide evidence
for an important role of GPR37L1 in the regulation of astrocytic morphology and tiling
during development. In particular, our findings suggest that expression of GPR37L1 is
more important for later astrocytic maturation than for early astrocytic maturation. Further
work in this area could help to elucidate the specific downstream pathways activated by
GPR37L1 that are involved in the regulation of astrocyte maturation during development.
Moreover, given the genetic links between GPR37L1 and epilepsy (Giddens et al., 2017;
Dershem et al., 2019), these findings are relevant to epilepsy, which affects over 65 million
people worldwide (Hesdorffer et al., 2011). Current medications used to treat epilepsy often
have adverse side effects and/or are not effective, and thus it is necessary to identify new
drug targets that may allow for the design of novel therapies with fewer off-target effects.
Epilepsy has traditionally been viewed as a neurological disease that specifically affects
neurons, but there has been growing evidence for an astrocytic basis of epilepsy (Barbaro,
Takahashi, & Baraban, 2004; DiNuzzo, Mangia, Maraviglia, & Giove, 2014; N. Kang, Xu,
Xu, Nedergaard, & Kang, 2005; Rogawski, 2005; Tian et al., 2005). The evidence presented
here for a key role of GPR37L1 in brain development and astrocytic maturation suggests that
GPR37L1 may be a target of interest for future therapies aimed at treating epilepsy and other
seizure disorders.
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Figure 1. Experimental design and validation of purity of immunopanned astrocytes.
(A) A schematic outlining the experimental design of the different conditions that were

made as samples for RNA-seq analysis. Astrocytes were immunopanned from P7 WT and
L1KO mouse pups and used for 3 different conditions: 1) no treatment, no culturing (acute),
2) cultured for 1 week, no treatment, and 3) cultured for 1 week, but treated with 15% FBS
every other day. The acutely purified astrocytes were collected immediately in TRIzol and
RNA was isolated for RNA-seq analysis. For cultured astrocytes, astrocytes were cultured
for 1 week with half media changes every 3 days. For cultured astrocytes treated with 15%
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FBS, cells were treated with 15% FBS every other day for 1 week. At the end of the

week, all astrocytes were collected in TRIzol and RNA was isolated for RNA-seq analysis.
(B) To validate the purity of the immunopanned astrocytes used in RNA-seq analyses,
FPKM values for WT acutely immunopanned astrocyte samples (n=4) were obtained for
selected cell-specific gene markers from our RNA-seq data. From four samples of WT
immunopanned astrocytes, there was high expression of astrocyte-specific genes such as
GFAP and NDRG2. In contrast, there were extremely low levels of oligodendrocyte and
endothelial cell contamination as evidenced by low expression of oligodendrocyte-specific
and endothelial-specific genes.
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Figure 2. Changes in fetal and mature astrocytic genes in acutely immunopanned astrocytes and
1-week-cultured astrocytes from P7 L1KO mouse brains compared to WT mouse brains.

Logy(Fold Change) values from our RNA-seq analysis were assessed against a published
list of 100 fetal astrocytic genes (Sloan et al., 2017). The graphs in panels A-D represent
data from acutely immunopanned astrocytes, whereas the graphs in panels E-H represent
data from 1-week-cultured, untreated immunopanned astrocytes. (A) Only 4 fetal astrocytic
genes were found to be significantly downregulated (TNC, LIPG, CNR1, and GPR37L1,
which is not shown here) with only one fetal astrocytic gene significantly upregulated
(RPPH1). The rest of the fetal astrocytic genes were not found to be significantly changed
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between L1KO and WT acutely immunopanned astrocytes. (B) Heat map of Z scores

of the corresponding 100 fetal astrocytic genes of individual samples used in RNA-seq
analysis. (C) Only 4 mature astrocytic genes (CYBRD1, ATP1A2, MRO, and KCNJ10)
were found to be significantly downregulated and 2 mature astrocytic genes (APOD and
MBP) were found to be significantly upregulated. The rest of the mature astrocytic genes
were not found to be significantly changed between L1KO and WT acutely immunopanned
astrocytes. (D) Heat map of Z scores of the corresponding 100 mature astrocytic genes

of individual samples used in RNA-seq analysis. (E) Only one gene (PPTG1) was found

to be significantly downregulated and two genes (EOMES and NPY) were found to be
significantly upregulated. The rest of the genes were not found to be significantly different
between L1KO immunopanned astrocytes vs. WT immunopanned astrocytes after 1 week in
culture. (F) Corresponding heat map showing the gene expression of the 100 fetal astrocytic
genes of the individual WT and L1KO samples. (G) A large number of mature astrocytic
genes were found to be significantly downregulated (ATP1A2, PPP1R3C, NDRG2, CPE,
ACSBG1, ALDOC, KCNJ10, FGF1, GLUL, AQP4, PTGDS, SDC4, ACSL6, GPR37L1,
ALDH2, TMX2, TSPAN7, HTRAL, SLC4A4, SIRPA, NPC2, EPHX1, NTRK, ME1,
GJAL, AHCYL1, and ADD3) in L1KO astrocytes compared to WT astrocytes, with none
being significantly upregulated. (H) Corresponding heat map showing gene expression of
100 mature astrocytic genes of the individual WT and L1KO samples. WT=wild-type;
L1KO=GPR37L1 knockout; *p value<0.05
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Figure 3. Loss of GPR37L1 does not lead to increased astrocyte reactivity.
Logy(Fold Change) values from our RNA-seq analyses were assessed against a published

list of 38 reactive astrocytic genes (Liddelow et al., 2017). The graphs shown in panels

A and B represent expression of reactive astrocytic genes in acutely immunopanned
astrocytes, whereas the graphs shown in panels C and D represent expression of reactive
astrocytic genes in 1-week-cultured, untreated immunopanned astrocytes and the graphs
shown in panels E and F represent expression of reactive astrocytic genes of 1-week-cultured
astrocytes treated with 15% FBS. (A) Logy(Fold Change) values reveal that no reactive
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astrocytic genes from three subtypes of astrocyte reactivity were significantly changed
between L1KO and WT acutely immunopanned astrocytes at P7. (B) Corresponding heat
map of Z scores of the 38 reactive astrocytic genes of individual samples used in RNA-seq
analysis. (C) After 1 week in culture, only 3 reactive astrocytic genes were found to be
significantly changed in L1KO immunopanned astrocytes compared to WT (B3GNT5,
GFAP, and VIM). However, all other reactive genes were not significantly changed. (D)
Corresponding heat map of Z scores of the 38 reactive astrocytic genes of individual
samples used in RNA-seq analysis. (E) Logs(Fold Change) values of genes from L1KO

and WT immunopanned astrocytes that were cultured for 1 week and treated with 15%

FBS to induce pan-reactivity normalized to gene expression from 1-week-cultured but
untreated immunopanned astrocytes. For each genotype, differential expression analysis was
performed to assess Logy(Fold Change) values between the 15% FBS-treated condition and
non-treated condition to establish a normalized Log,(Fold Change) value. WT and L1KO
values were then graphed next to each other to see how fold gene changes compared to

each other. Only TM4SF1 and LCN2 were found to be significantly different between WT
and L1KO astrocytes (Student’s T-test for each gene, p value<0.05). (F-G) Corresponding
heat maps of individual WT and L1KO astrocyte samples. WT=wild-type; LLKO=GPR37L1
knockout; *p value<0.05 for differences between WT and L1KO values
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Figure 4. Cortical astrocytes lacking GPR37L1 have shorter total process length compared to
WT astrocytes.

Cortical astrocytes were immunopanned from P7 L1KO and WT mice and plated, fixed
and stained once astrocyte projections were visible (1 day after immunopanning). (A)
Representative images of wild-type (WT) and GPR371-knockout (L1KO) astrocytes. (B)
Quantification of astrocyte total process length. (C) Quantification of number of primary
branches. (D) Quantification of number of number of branch points. (E) Quantification

of astrocyte soma size (diameter). Statistical analyses were performed via Student’s T-test
between the two genotypes; bars represent SEM (n=9 for WT and n=14 for L1KO). (F)

Glia. Author manuscript; available in PMC 2024 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nguyen et al.

Page 34

Quantification of GFAP protein expression levels in P8-P10 WT and L1KO mouse brain
lysates. (G) Quantification of GFAP protein expression levels in 3-month-old WT and L1KO
mouse brain lysates. (H) Average FPKM values of GFAP in WT and L1KO astrocytes
immunopanned from P7 animals. Student’s t-test; bars represent SEM (n=4 per genotype).
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Figure 5. Morphological analyses of L1KO astrocytes compared to WT astrocytes reveal loss of
astrocyte complexity at later developmental timepoints.

Sholl analysis and quantifications of total astrocyte length, number of primary branches,
and number of branch points were performed in order to quantify morphological differences
between L1KO and WT cortical astrocytes in the mouse brain at 1 week, 1 month, and

4 months of age. (A-C) Sholl analysis (two-way ANOVA with Sidak’s correction for
multiple comparisons) of WT and L1KO astrocytes in mouse brain from (A) 1-week-old
(n=6 per genotype; **p value=0.0063, ***p value=0.0002, ****p value<0.0001), (B) 1-
month-old (n=5 for WT, n=6 for L1KO), and (C) 4-month-old mice (n=6 per genotype,

**p value=0.0084, ***p value=0.0003, ****p value<0.0001). (D-G) Quantifications of
astrocyte morphology in WT and L1KO astrocytes in mouse cortex (n=7 per genotype

per timepoint, two-tailed Student’s T-test), (D) Total process length (*p value=0.0049, **p
value<0.0001, ***p value=0.0046), (E) Number of primary branches (*p value=0.0288,
**p value=0.0134), (F) Number of branch points (*p value=0.0002,**p value<0.0001),

(G) number of astrocytes per 270um? field. (H) Representative images of GFAP-stained
astrocytes in the WT and L1KO mouse cortex. All bars shown in this figure represent SEM.
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Figure 6. Loss of GPR37L1 leads to sparser astrocytic spacing in the mouse cortex.
Cortical brain sections from WT and L1KO mice were stained with the astrocytic

marker GFAP and distance mapping was calculated for astrocytes in the mouse cortex.
Representative images and quantifications are shown for astrocytes from 1-week-old mice
(panels A and B), 1-month-old mice (panels C and D), and 4-month-old mice (panels E
and F). (B) Quantified distances between astrocytic surfaces for astrocytes from 1-week-old
mice (*p value=0.0225, n=10 per genotype). Quantification revealed that L1KO astrocytes
were spaced slightly further apart from each other compared to WT astrocytes, with a
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significant number of measured distances in the 3-9 um range. (D) Quantified distances
between astrocytic surfaces for astrocytes from 1-month-old mice (*p value=0.0464, **p
value<0.0001; n=9 for WT, n=8 for L1KO). At 1 month, L1KO astrocytes were spaced
significantly further apart from each other compared to WT astrocytes, with significant
differences in the first three distance bins. (F) Quantified distances between astrocytic
surfaces for astrocytes from 4-month-old mice (*p value=0.0117, **p value<0.0001; n=10
for WT, n=9 for L1KO). At 4 months, significant differences were again observed between
WT and L1KO astrocytic spacing in the first three distance bins. All graphs were analyzed
via two-way ANOVA with Sidak’s correction for multiple comparisons. All bars represent
SEM.
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Figure 7. Cell volume is not significantly different between WT and L1KO astrocytes at 6-8
weeks.

Brain sections from WT and L1KO mouse brains (6-8 weeks old, n=7 for WT, n=10 for
L1KO) were fixed, astrocytes in the cortex were identified and backfilled with Lucifer
Yellow to visualize fine distal processes, and morphological features were quantified via
IMARIS. (A) Representative images of WT and L1KO backfilled astrocytes. Scale bars
are 10pm. (B) Soma volume (um3) was not significantly different between WT and L1KO
astrocytes. (C) Number of major branches was not significantly different between WT and
L1KO astrocytes. (D) Numbers of minor branches were not significantly different between
WT and L1KO astrocytes. (E) Total cell volume (um?3) was not significantly different
between WT and L1KO astrocytes. All bars this figure represent SEM.
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Table 1.

Top 50 most significantly downregulated genes in acutely immunopanned astrocytes from P7 GPR37L1
knockout mice vs. wild-type mice
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Gene name Log2 Fold Change Fold Change % change p value
Gpr37I11 -3.099761376 -4.28638 -94.88%  1.14E-86
Snhg6 -1.297761715 -1.22924 -57.35%  1.55E-25
D2hgdh -1.079453009 -1.05662 -51.92%  7.92E-13
Colgalt2 -0.827875061 -0.88753 -45.95%  1.03E-09
Gm10516 -0.819946985 -0.88267 -45.76%  3.01E-07
Lmod1 -0.800397088 -0.87079 -45.32%  6.08E-07
Ugtla6a -0.749067048 -0.84035 -44.15%  3.22E-06
Ube2t -0.709268416 -0.81749 -43.26%  2.27E-06
Ddr2 —0.69268496 -0.80814 -42.89%  7.95E-06
Navl -0.664530859 -0.79253 -42.27%  1.39E-05
Gpr55 -0.660579758 -0.79036 -42.18%  3.80E-05
Ackrl -0.658539997 -0.78924 —42.14%  3.20E-06
Adhfel -0.628463548 -0.77296 -41.48%  3.87E-05
Rab7b -0.574955714 -0.74482 -40.33% 0.00024
Gm7694 -0.572179882 -0.74338 —40.27% 1.01E-05
Pla2g3 -0.558743707 -0.73649 —-39.98%  0.000347
Rgs7 -0.528810647 -0.72137 -39.35%  0.001048
4933400C23Rik —-0.514481372 -0.71424 —39.05% 0.00142
Ccdc115 -0.510162808 -0.71211 -38.96%  0.000149
Cd44 -0.509294803 -0.71168 —-38.94%  0.000199
Snord58b -0.506764783 -0.71043 -38.89%  7.70E-05
3110045C21Rik -0.498610564 -0.70643 -38.72% 0.00094
Ankrd55 -0.463108809 -0.68925 —-37.98% 0.00391
Lamcl -0.455774848 -0.68576 -37.83%  0.000503
Tmem163 -0.452683398 -0.68429 -37.77%  0.004616
Nuf2 -0.448629507 -0.68237 -37.69%  0.005216
Dusp23 -0.446580491 -0.6814 -37.64%  0.005648
Hmgbl -0.442519331 -0.67949 -37.56%  0.005604
Efhd1 -0.440087118 -0.67834 -37.51%  0.001757
Msx2 -0.429843521 -0.67354 -37.30%  0.005402
Copa -0.428045024 -0.6727 -37.27%  0.001116
6720483E21Rik -0.427975737 -0.67267 -37.27%  0.002313
Tnc —0.42635077 -0.67192 -37.23%  0.006895
Ppox —-0.4217972 -0.6698 -37.14%  0.000509
Vangl2 -0.421779958 -0.66979 -37.14%  0.003687
Lipg -0.417940588 -0.66801 -37.06%  0.009102
Gm3704 —0.41352323 -0.66597 -36.97%  0.010408
Rpl17 -0.412345781 -0.66542 -36.95% 0.00942
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Gene name Log2 Fold Change Fold Change % change p value
Casql -0.409801768 -0.66425 —-36.90% 0.01066
Magel2 -0.405263652 -0.66217 -36.81%  0.012054
Gm960 -0.397940267 -0.65881 -36.66%  0.013077
Spata3 -0.397924753 -0.65881 -36.66%  0.011682

Ppic -0.392858324 -0.6565 -36.56%  0.001751
Fgfbp3 -0.390422375 -0.65539 -36.51%  0.010152
Tcaml -0.389812313 -0.65511 -36.50%  0.009607
Tram2 -0.388828721 -0.65466 -36.48%  0.012485

Rrsl -0.387082931 -0.65387 -36.44%  0.007588
Hdhd2 -0.383661163 -0.65232 -36.37%  0.001639
Kenj9 -0.381051151 -0.65115 -36.32%  0.017614
Fam84a -0.381033159 -0.65114 -36.32%  0.011712

Page 40

Log2 Fold Changes were calculated via DESeq2 and the top 50 most significantly (p<0.05) downregulated genes are listed in ascending order.
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Top 50 most significantly upregulated genes in acutely immunopanned astrocytes from P7 GPR37L1 knockout

mice vs. wild-type mice

Table 2.

Gene name Log2 Fold Change Fold Change % change p value
Clec3b 1.823053084 1.769146 240.85%  8.81E-30
Prss56 0.865825502 0.911191 88.06% 5.47E-08
Wdfyl 0.841171282 0.895752 86.06% 1.87E-07
Chill 0.767044048 0.85089 80.36% 6.40E-07

Adamts4 0.680955617 0.801601 74.30% 1.36E-05
3110009E18Rik 0.669515927 0.79527 73.54% 2.01E-06
Mag 0.653511443 0.786496 72.49% 5.15E-05
Fam129a 0.638902892 0.778572 71.54% 6.76E-05
Tmem37 0.588563142 0.751874 68.40% 0.000266
Pm20d1 0.568264314 0.741369 67.18% 0.000296
Sgk2 0.568032657 0.74125 67.16% 0.000211
Ndn 0.561021667 0.737657 66.75% 0.00013
Gm9994 0.553944982 0.734047 66.33% 4.71E-06
Cldn11 0.551177244 0.73264 66.17% 0.000624
Adat2 0.551146259 0.732625 66.17% 2.78E-05
Rpphl 0.529046912 0.721488 64.89% 0.000856
Xcerl 0.518722336 0.716343 64.30% 2.87E-05
Slpr5 0.515328085 0.71466 64.11% 0.001324
Cdcpl 0.494206428 0.704273 62.93% 6.11E-05
Ppplrlda 0.493174991 0.70377 62.88% 0.001922
Nelll 0.490526521 0.702479 62.73% 0.00234
9930012K11Rik 0.485286948 0.699932 62.44% 0.002452
Neu4 0.479684735 0.697219 62.14% 0.002946
Msc 0.469107745 0.692127 61.57% 0.003645
3110079015Rik 0.46663848 0.690943 61.43% 0.003593
Kcne4 0.453553535 0.684705 60.74% 0.0027
Pigz 0.439646127 0.678136 60.01% 0.006177
Mbp 0.4329903 0.675014 59.66% 0.005603
Cdhrl 0.430437984 0.673821 59.53% 0.007189
Bend6 0.430331656 0.673772 59.52% 0.007652
Cpm 0.42314416 0.670423 59.15% 0.007915
St8sia5 0.416985251 0.667567 58.84% 0.007844
Gjbl 0.412188209 0.665351 58.60% 0.006799
Rab4a 0.404185671 0.661671 58.19% 0.007099
Sic14a2 0.387727763 0.654166 57.37% 0.015992
Gng4 0.382577028 0.651834 57.12% 0.017091
Slc5all 0.382174846 0.651653 57.10% 0.017324
Gabre 0.380188273 0.650756 57.00% 0.018364
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Gene name Log2 Fold Change Fold Change % change p value
Gm10638 0.379914013 0.650632 56.99% 0.018541
Creg2 0.379775646 0.65057 56.98% 0.017899
Thbs4 0.377875764 0.649714 56.89% 0.01923
Pdlim2 0.375069345 0.648451 56.75% 0.017495
C130050018Rik 0.374905845 0.648377 56.74% 0.00998
Mog 0.372234576 0.647178 56.61% 0.009477
Gjc2 0.36983848 0.646104 56.49% 0.014549
Gsn 0.369699127 0.646042 56.49% 0.011153
Akrlcl3 0.367497297 0.645056 56.38% 0.021687
Th 0.367006279 0.644837 56.36% 0.009523
Gprl76 0.366562583 0.644639 56.33% 0.019076
Cldn2 0.364184507 0.643577 56.22% 0.023141
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Log2 Fold Changes were calculated via DESeq2 and the top 50 most significantly (p<0.05) upregulated genes are listed in descending order.
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Top 50 most significantly downregulated genes in immunopanned astrocytes from P7 GPR37L1 knockout
mice vs. wild-type mice, 1 week in culture, no FBS

Gene name Log2 Fold Change  Fold Change % change p value
Lcn2 -1.950861311 -1.93302636 -73.81% 1.73E-06
Trf -1.355657965 -1.27956902 -58.81% 4.51E-05
Thrsp —1.348621142 -1.27334305 —-58.63% 0.000224
Car3 -1.317094194 -1.24581875 -57.83% 0.000108
Lpo -1.276472769 -1.21122994 -56.81% 0.00028
Rpl37a -1.268458901 -1.20452046 -56.61% 0.000737
Hmgb1 -1.226272472 -1.16980858 —-55.55% 0.00088
Gpdl -1.216729373 -1.1620961 -55.31% 5.72E-05
Cacngb -1.203879791 -1.15179167 -54.99% 0.000377
Rnf145 -1.183567378 -1.13568865 -54.49% 0.00051
Dbp -1.179469839 -1.13246765 -54.39% 0.000458
Kcnip3 -1.162236751 -1.11902072 -53.96% 0.000236
Zhx3 -1.160978577 -1.11804525 -53.93% 6.10E-05
Rab26 -1.149387209 -1.10909828 -53.64% 0.000439
Sft2d1 -1.146337288 -1.10675607 -53.57% 0.001352
Nudt21 —-1.145842943 -1.1063769 —-53.55% 0.000213
Lpin3 -1.143577789 -1.10464116 -53.50% 5.52E-05
Aldhlal -1.13465997 -1.09783403 —-53.28% 0.002795
Atpla2 -1.116755279 -1.08429347 —-52.84% 1.18E-05
Ppp1r3c -1.112882809 -1.08138692 -52.74% 0.00046
Sparcll -1.111802858 -1.08057773 -52.72% 2.17E-05
Sdhc -1.105461272 -1.07583831 —-52.56% 0.000261
Ndrg2 -1.09684627 -1.06943313 -52.35% 4.75E-05
Cpe -1.090621006 -1.06482844 -52.20% 7.01E-05
Grm3 -1.089437418 -1.06395521 -52.17% 0.000232
Ache -1.089435997 -1.063954162  -52.17%  0.001004923
Cspg5 -1.089079642 -1.063691391  -52.16% 0.00024979
Shisa4 -1.086149374 -1.061533112  -52.09%  0.000357837
Abat -1.083173639 -1.059345827  -52.02% 0.00010563
Myo6 -1.07389384 -1.0525537 -51.79% 6.07E-05
Cp -1.073076922 -1.051957867  —51.77% 9.22E-05
1134 -1.07024285 -1.049893398  -51.70%  0.001492499
Tjpl -1.068164197 -1.048381788  -51.65%  0.000103745
Gdpd2 -1.066675214 -1.047300328 -51.61%  0.000385095
Cxxlc -1.065484021 -1.046435958  -51.58%  0.003227086
Fam84a -1.062467855 -1.044250515 -51.51%  0.000102232
Acsbgl -1.05962706 -1.042196316  —51.44% 0.00106709
Mcee -1.056797653 -1.040154368 -51.37%  0.007600356

Glia. Author manuscript; available in PMC 2024 August 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Nguyen et al.

Gene name Log2 Fold Change  Fold Change % change p value
Aldoc -1.055281123 -1.039061555  -51.34%  0.002578155
Chst7 -1.055015584 -1.038870325 -51.33%  0.001669805
A2m -1.049038975 —1.03457553 -51.18% 0.0001602
Dio2 -1.045198941 -1.031825454  -51.09%  0.000227331
Snrpg -1.044679087 -1.031453717  -51.08%  0.013443487

Gm2115 -1.03871358 -1.027197488  -50.93%  0.001788948
Kcnj10 -1.029254668 -1.020484782  -50.70%  0.003051223
Slc6all -1.028214575 -1.019749341  -50.68%  0.000355359
Gbp3 -1.024158881 -1.016886654  —50.58% 0.00402988
Hadhb -1.022743836 -1.015889746  -50.55%  0.003200463
Rps16 -1.021871115 -1.015275396  -50.53%  0.021148278
Mapk4 -1.018777297 -1.0131005 -50.45%  0.000405167
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Log2 Fold Changes were calculated via DESeq2 and the top 50 most significantly (p<0.05) downregulated genes are listed in ascending order.
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Table 4.

Top 50 most significantly upregulated genes in immunopanned astrocytes from P7 GPR37L1 knockout mice
vs. wild-type mice, 1 week in culture, no FBS

Gene name Log2 Fold Change Fold Change % change  p value

Lars2 3.666783 6.350115 8057.84%  2.46E-30
Mir682 3.664845 6.341594 8009.80%  6.86E-21
Mir6236 3.343631 5.075784 3272.59%  3.63E-26
Ifi202b 2.625564 3.085629 748.92%  9.83E-11
Alb 2.116947 2.168875 349.67%  2.12E-10
Gm5088 2.013775 2.019188 305.36%  2.59E-06
Rbp4 1.965019 1.952089 286.93%  1.96E-06
Gdf7 1.891055 1.854532 261.63%  1.39E-05
Gm4737 1.796234 1.736562 233.24%  3.85E-05
P2rx1 1.642449 1.560977 195.05%  0.000125
Gm19782 1.6368 1.554877 193.81%  0.000134
FoxI1 1.604844 1.520814 186.95%  0.000162
OIfr893 1.582438 1.497378 182.33%  0.000284
Pzp 1.573535 1.488165 180.53%  1.44E-05
Ttr 1.568368 1.482845 179.50%  0.000128
Itinl 1.559569 1.473829 177.76%  0.000179
Pckl 1.54046 1.454436 174.05%  8.73E-05
Tcell 1.523352 1.437291 170.81%  0.000539
Cyp3all 152121 1.435158 170.41%  0.000165
Ces3a 1.511182 1.425217 168.55%  0.000411
Wdr86 1.50916 1.423222 168.18% 0.00052
Lrrigd 1.503453 1.417603 167.14%  0.000425
Gc 1.50337 1.417521 167.13%  0.000107
G6b 1.49108 1.405497 164.91%  0.000533
Gm5801 1.477499 1.392328 162.50%  0.000824
Gent3 1.474407 1.389347 161.96%  0.000286
Ccl9 1.471816 1.386854 161.51%  0.000678
Gm3434 1.459904 1.37545 159.45%  0.000879
Stxbp3-ps 1.443265 1.359678 156.63% 0.00112
Ankrd60 1.430534 1.347732 154.51% 0.00125
Ace3 1.42725 1.344668 153.97%  0.000483
Hoxal3 1.426428 1.343902 153.84%  0.001068
Ahsg 1.424132 1.341765 153.46%  0.000453
Gatab 1.421612 1.339423 153.05%  0.000764
Cyp4al0 1.419756 1.337702 152.75%  0.000479
Olfr1010 1.404486 1.323618 150.29%  0.001352
Gm10637 1.393505 1.313581 148.56%  0.001652
Gpr34 1.38993 1.31033 148.00%  0.001514
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Gene name Log2 Fold Change Fold Change % change  p value
Slamf9 1.389058 1.309538 147.86% 0.00096
Ccl24 1.386433 1.307158 147.45%  0.001741
C6 1.380511 1.301803 146.54%  0.001195
Nxph4 1.374507 1.296396 145.61%  0.001881
Galp 1.373299 1.295312 145.43%  0.001862

Cyp2el 1.362176 1.285363 143.74% 0.0011
Afp 1.361313 1.284595 143.61%  0.000327
Fga 1.351083 1.275518 142.09%  0.000232
Rdh9 1.350964 1.275412 142.07% 0.001826
Vmn1r233 1.348868 1.273561 141.76%  0.002325
Ldhc 1.345741 1.270803 141.30%  0.002394
ldrl 1.344308 1.269542 141.08% 0.001157

Log2 Fold Changes were calculated via DESeq2 and the top 50 most significantly (p<0.05) upregulated genes are listed in ascending order.
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