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Aquaporin-4 (AQP4) is the predominant water channel in the brain; it is enriched in
astrocytic foot processes abutting vessels where it is anchored through an interaction
with the dystrophin-associated protein (DAP) complex. Enhanced expression with
concomitant mislocalization of AQP4 along astrocyte plasma membranes is a hallmark
of several neurological conditions. Thus, there is an urgent need to identify which
signaling pathways dictate AQP4 microdistribution. Here we show that canonical bone
morphogenetic proteins (BMPs), particularly BMP2 and 4, upregulate AQP4 expression
in astrocytes and dysregulate the associated DAP complex by differentially affecting
its individual members. We further demonstrate the presence of BMP receptors and
Smad1/5/9 pathway activation in BMP treated astrocytes. Our analysis of adult mouse
brain reveals BMP2 and 4 in neurons and in a subclass of endothelial cells and activated
Smad1/5/9 in astrocytes. We conclude that the canonical BMP-signaling pathway might
be responsible for regulating the expression of AQP4 and of DAP complex proteins that
govern the subcellular compartmentation of this aquaporin.

Keywords: astrocyte, aquaporin-4, bone morphogenetic protein, Smad1/5/9, dystrophin

INTRODUCTION

AQP4 is one of the most prevalent membrane proteins in astrocytes; it is concentrated in endfoot
membranes abutting brain microvessels (Amiry-Moghaddam and Ottersen, 2003; Papadopoulos
and Verkman, 2013). AQP4 is anchored to these membrane domains through an interaction with
a-syntrophin, a member of the dystrophin associated protein complex (DAPC) (Neely et al., 2001).

Studies of mice that suffer a loss of perivascular AQP4 following genetic deletion of a-syntrophin
have shown that this pool of AQP4 is involved in a number of critical functions including potassium
homeostasis (Amiry-Moghaddam et al., 2003b) and edema formation following stroke (Amiry-
Moghaddam et al., 2003a), or hyponatremia (Amiry-Moghaddam et al., 2004b). In addition, studies
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of AQP4 knockout mice have shown that AQP4 may play a
pro-inflammatory role in different mouse models of neurological
diseases (Li et al., 2011; Prydz et al., 2020).

Several neurological conditions are associated with a
dysregulation of AQP4 expression. In an early study, we
found AQP4 to be strongly reduced in perivascular astroglial
endfeet following transient cerebral ischemia in mice (Amiry-
Moghaddam et al., 2003a). A detailed analysis using immunogold
cytochemistry revealed a complex pattern of changes after
transient middle cerebral artery occlusion: the striatal core
displayed a permanent loss of perivascular AQP4 while the most
affected part of the cortex revealed a loss of perivascular AQP4
followed by a partial recovery (Frydenlund et al., 2006). Changes
of this nature are likely to impact the build-up and resolution of
brain edema after an ischemic insult (Papadopoulos et al., 2004;
Nagelhus and Ottersen, 2013).

A loss of perivascular AQP4 similar to that found in
experimental stroke—albeit somewhat less pronounced, was
observed in the brain of patients that had suffered from mesial
temporal lobe epilepsy (Eid et al., 2005). Interestingly, the same
brains showed an increase in the total level of AQP4 (ibid,,
also see Lee et al., 2004) pointing to a dysregulation of AQP4
expression. In an experimental study of kainate induced epilepsy
in rats, loss of perivascular AQP4 preceded the development
of chronic seizures, suggesting that this loss might be of
pathophysiological relevance for epileptogenesis, and not just an
effect of the epileptic condition (Alvestad et al., 2013).

Dysregulation of AQP4 expression is also a distinct feature
of Alzheimers disease (AD) and experimental models of
this disease (Pérez et al., 2007; Wilcock et al, 2009; Yang
et al., 2011; Valenza et al., 2019). In the ArcSwe model
of AD, there is a conspicuous loss of AQP4 from endfeet
associated with perivascular amyloid deposits, while endfeet
contacting normal looking vessels appeared to retain their
pool of AQP4 (Yang et al, 2011). This latter study (Yang
et al., 2011) showed that the loss of perivascular AQP4 was
accompanied by an increase in the total level of AQP4,
mimicking the situation in human mesial temporal lobe epilepsy
(Eid et al, 2005). The pattern that emerges is that the
depletion of perivascular AQP4 seen in a variety of neurological
conditions is not secondary to a general downregulation
of AQP4 expression. On the contrary, loss of perivascular
AQP4 is typically coupled to an increased level of AQP4
in the tissue. This reflects a mislocalization of AQP4, i.e.,
a redistribution of AQP4 from endfeet membranes to other
astroglial membrane domains. Such a mislocalization can be
reproduced experimentally by targeted deletion of a-syntrophin
or other members of the dystrophin complex that serves to
anchor AQP4 in endfoot membranes (Yokota et al., 2000; Neely
et al.,, 2001; Vajda et al,, 2002; Amiry-Moghaddam et al., 2004a;
Valenza et al., 2019).

The realization that dysregulation of AQP4 expression
figures prominently in numerous neurological conditions,
emphasizes the need to uncover the mechanisms governing
the expression level and subcellular localization of this water
channel. There is a dearth of knowledge on this issue. Evidence
has accrued to suggest that soluble factors control AQP4

expression (Camassa et al., 2015) and that p38 might be involved
(Nito et al., 2012; Li et al., 2019).

Here we explore the hypothesis that bone morphogenetic
proteins (BMPs) regulate the expression and subcellular
distribution of AQP4. BMPs are a highly conserved and diverse
family of growth factors mainly studied for their roles in
development. A recent study has shown that overexpression of
BMP?7 during development upregulates the expression of AQP4
in the brain through Smadl phosphorylation (Morita et al,
2021). Other studies have uncovered novel roles for BMPs in
the adult CNS coupled to a number of conditions and processes
including aging and repair (Hart and Karimi-Abdolrezaee,
2020). Interestingly, BMP4, a canonical BMP activating the
Smad1/5/9 signaling pathway, is increased by several fold in
aging mouse hippocampus (Meyers et al, 2016). Moreover,
raised levels of BMP2 and BMP4 have been implicated in
pathological conditions such as stroke (Shin et al., 2012) and AD
(Meyers et al., 2016). In the present study we show that astrocytes
possess BMP receptors, and that BMPs lead to upregulation
of AQP4 expression and dysregulation of members of the
dystrophin associated protein complex (DAPC) responsible for
the anchoring of AQP4 to perivascular membrane domains.
We conclude that BMP signaling regulates AQP4 expression
and microdistribution and—by inference—that perturbed BMP
signaling could contribute to the mislocalization of AQP4
that has emerged as a common denominator of a range of
neurological disorders.

MATERIALS AND METHODS

Animals

Adult, newborn and embryonic mice of the C57/BL6] strain
(Jackson Laboratories, Boulder, CO, United States) were used
in this study. The mice were allowed ad libitum access to
food and drinking water. Experimental protocols were approved
by the Norwegian Animal Research Authority (NARA) with
license number FOTS 8572 and carried out in accordance with
the European Directive 2010/63/EU. The derivation of mouse
embryonic stem cells (mESC) was approved by the ethical
committee for the use of laboratory animals at Lund University
and the Swedish Work Environment Authority with permit
number M43-15 and carried out in accordance with European
and Swedish regulations.

Derivation of Mouse Embryonic Stem

Cell and Maintenance

Wildtype (C57BL/6) mouse embryonic stem cell (mESC)
line was derived as previously described (Chumarina et al,
2017). mESCs (lines CSC 2.3), at passages 14 and 17,
were cultured on a monolayer of CF1 irradiated MEFs
in DMEM medium containing 15% fetal bovine serum
(FBS), penicillin/streptomycin (P/S; 100 Units/mL and 100
mg/mL, respectively), 2 mM L-glutamine (GIBCO), 100 mM
non-essential amino acids (NEAA, GIBCO), 1% nucleosides
(Millipore), 10% FBS (Millipore), 3-mercaptoethanol (110 wM),
and supplemented with leukemia inhibitor factor (LIE, 10,000
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units/mL; Millipore, ESG1106). Cells were maintained at 37 °C,
5% CO3, and passaged using 0.5% trypsin (Millipore) every 4-
5 days.

Generation of Mouse Embryonic Stem
Cell-Derived Astrocytes

mESC-derived astrocytes were generated as previously described
(Roybon et al., 2013; Savchenko et al., 2019). Briefly, mESCs were
harvested by trypsinization, transferred to low-attachment
culture flasks and cultured as free-floating spheres in
50% of DMEM and 50% of Neurobasal media containing
penicillin/streptomycin (P/S; 100 Units/mL and 100 mg/mL,
respectively), 2 mM L-glutamine (GIBCO), p-mercaptoethanol
(110 M) and 10% KnockOut Serum Replacement (Invitrogen).
The medium was supplemented with 1 wM Retinoic acid (RA)
(Sigma-Aldrich, R2525) and 0.5 pM Smoothened Agonist (SAG)
(Millipore, 566660) and changed at days 2 and 5. On day 7,
the free-floating spheres were mechanically dissociated and
transferred to neurosphere medium composed of DMEM/F12
(Thermo Fisher Scientific), 2% B27 supplement, 2 mM
L-glutamine, 100 mM non-essential amino acids, P/S (100
Units/mL and 100 mg/mL, respectively) and 2 mg/mL heparin
(Sigma-Aldrich), supplemented with FGF2 (20 ng/mL) and EGF
(20 ng/mL) for 2 weeks. Additionally, spheres were passaged
on day 14 to generate secondary neurospheres. On day 21,
spheroids were dissociated into single cells and plated onto
polyornithine (100 pg/mL)/laminin (2 pg/mL) coated plates
in neurosphere medium supplemented with 10% Fetal Bovine
Serum (FBS) (Thermo Fisher Scientific, 10270106). The medium
was changed twice per week. On day 36, the cells were used for
the experiments.

Generation of Primary Murine Astrocyte

Cultures

Murine astrocyte cultures were prepared from C57/BL6]J
embryonic E16-18 or P1-P2 mouse cortices by a protocol
modified from de Vellis and Cole (2012); Pacifici and Peruzzi
(2012), and Schildge et al. (2013). The skin was removed, and
skull opened with separate sterile scissors to expose the brain,
and the meninges removed under a stereomicroscope with sterile
filter paper. Approximately 1 mm x 1 mm pieces of cortex
were extracted with a sterile scalpel from each brain hemisphere
and collected in cold complete medium containing 10% FBS
(BioWest, Nuaill¢, France), 90% DMEM High glucose (BioWest)
and 1% Penstrep (Thermo Fisher Scientific, Waltham, MA,
United States). Cortex pieces were washed with cold complete
medium two times before enzymatic digestion with warm 1-
2 mL TrypLE Express (Thermo Fisher Scientific) for 10 min in a
37°C water bath with occasional shaking. Complete medium was
added, and the tubes were centrifuged for 5 min at 1,000 rpm.
The pellet was triturated in complete medium using first a 10
mL then 5 mL stripette. The cell suspension was filtered through
a 70 wm cell strainer to remove debris. The filtered cells were
plated at a density of 3-5 x 10° cells per flask. Care was taken
to complete the process within 1-2 h. Medium was changed on
day 2 after plating, and every 3 days thereafter. After 7-8 days,

astrocytes were confluent and were shaken in warm serum free
medium for several minutes to remove contaminating microglia
and oligodendrocytes, which grow on top of the astrocyte
monolayer. The serum free media containing contaminating cells
was removed, the astrocyte monolayer washed twice, trypsinized,
and centrifuged at 180 g for 5 min. The cells were resuspended at
a 1:2 ratio into T75 flasks and cultured in medium with serum.
To ensure matured astrocytes, experiments were performed 2-
3 weeks after the first split, and passages were limited to three
(Schildge et al., 2013). For all experiments, astrocytes were grown
on high molecular weight (Mol W > 300,000) poly-D-lysine
(Merck Millipore, Darmstadt, Germany) coated flasks and plates
and cultured in a 5% CO;, 37°C 95% O, humidity incubator.
For BMP treatments, primary astrocytes were grown to 90%
confluence on 96-well glass plates (for Plate Runner assays), 24-
well plates (for RNA extraction) or 6-well plates (for protein
extraction). The cells were washed with PBS and kept in serum
free media overnight. The next day, cells were treated with 50
ng/mL BMPs in serum free media for 6 days, 72 or 12 h.

TrophosHP Plate Runner Imaging

We assessed BMPs -2, -3, -4, -5, -6, -7, and -10 for
their effect on AQP4 and GFAP protein expression in mouse
embryonic cell derived astrocytes (mESC) and primary astrocytes
through a high throughput immunofluorescent assay (Plate
Runner HD, Trophos), as previously described (Savchenko et al.,
2019). Astrocytes were seeded in 96-well plates in serum free
medium and treated with 50 ng/pL recombinant human BMP1
(1927-ZN, R&D Systems, MN, United States), BMP2 (120-
02C, Peprotech), BMP3 (120-24B, Peprotech), BMP4 (PHC9531,
Thermo Fisher Scientific), BMP5 (120-39, Peprotech), BMP6
(120-06, Peprotech), BMP7 (120-03P, Peprotech), BMP10 (120-
40 Peprotech), FGF2 as a negative control (100-18B, Peprotech)
or in BMP-free medium (condition used as a negative control
for 6 days, before fixation in 4% PFA in PBS followed
by a 1 h blocking with 5% BSA in PBS. The fixed cells
were immunolabeled overnight (Table 1), washed with PBS
and incubated with secondary antibodies 1:500 anti-chicken
Alexa Fluor 488 (Thermo Fisher Scientific Cat# A-11039,
RRID:AB_2534096) and anti-rabbit Alexa Fluor 555 (Thermo
Fisher Scientific Cat# A27039, RRID:AB_2536100) for 1 h at
room temperature. DAPI (Thermo Fisher Scientific) diluted
1:50,000 in 1x PBS was used to stain nuclei. Duplicate
wells from three separate experiments with astrocyte culture
originating from two separate batches of embryonic cortices
isolated on the same day were used. After imaging on
Plate Runner HD (Trophos), images were analyzed by the
Metamorph (Cell Scoring Application Module; Molecular
Devices) analysis software. Data is presented as mean average cell
intensities of staining.

Regional Dissection of Adult Mouse

Brains

Adult (4-month-old) male C57/BL6] mice (n = 4) were
anesthetized with isofluorane (Baxter, Deerfield, IL,
United States) and decapitated before regional dissection of
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TABLE 1 | Antibodies used for immunostaining.

Protein Origin Category ID Vendor WB IF RRID

AQP4 Rabbit A5971 Sigma-Aldrich 1:5,000 1:500 RRID:AB_258270
BMP2 Rabbit ab14933 Abcam 1:1,000 1:100 RRID:AB_2243574
BMP4 Rabbit ab39973 Abcam 1:1,000 1:100 RRID:AB_2063523
GAPDH Mouse ab9484 Abcam 1:1,000 NA RRID:AB_307274
GFAP Chicken PCK-591P Nordic BioSite NA 1:500 RRID:AB_291542
GFAP Mouse MAB360 Chemicon 1:1,000 NA RRID:AB_11212597
MAP2 Chicken ab5392 Abcam NA 1:500 RRID:AB_2138153
NeuN Mouse MAB377 Millipore NA 1:500 RRID:AB_2298772
pSmad1/5/9 Rabbit 138208 Cell Signaling 1:1,000 NA RRID:AB_2493181
Smad1 Rabbit 69448 Cell Signaling 1:1,000 NA RRID:AB_10858882
a-tubulin Rabbit ab4074 Abcam 1:2,000 NA RRID:AB_2288001
DAT Rat sc-32258 Santa Cruz NA 1:500 RRID:AB_627400

frontal cortex, striatum, parietal cortex, hippocampus, midbrain
and cerebellum was performed on ice and the regions flash frozen
in liquid nitrogen. Regions from each hemisphere were stored at
-80C and used for RNA or protein extraction, respectively.

RNA Extraction, cDNA Synthesis and
RT-gPCR

Gene expression measurement was performed as previously
described (Rao et al., 2019) with some modifications. For primary
astrocyte samples, RLT lysis buffer was added directly to plate
and scraped. Total RNA was extracted using the RNeasy® Plus
Mini Kit (QIAGEN) and RNA concentrations were quantified by
NanoDrop (Thermo Fisher Scientific). 50 ng RNA was reverse
transcribed into ¢cDNA by Oligo (dT)15 primers using the
GoScript Reverse Transcription System (Promega) in a reaction
volume of 20 pL. For adult mouse brain regions, regions were
homogenized in RLT buffer and total RNA extracted using the
RNeasy® Plus Mini Kit and RNA concentrations were quantified
by NanoDrop. 500 ng total RNA was reverse transcribed to
cDNA as described above. The cDNA was diluted in 10 mM
Tris-HCI (pH 8.0). Real time PCR was performed usingSYBR®
Green PCR Master Mix (Applied Biosystems) with specific
primers at 200 nM concentration. Real time assays were carried
out in 96 well plates using the StepOnePlus™ Real Time
PCR System (v2.3, Applied Biosystems). Thermal cycling was
performed on the StepOnePlus system (Applied Biosystems)
under the following conditions: 95°C for 10 min, followed by
40 cycles of 95°C for 15 s and 60°C for 60 s. 1.25-5 ng input
was used for RT-qPCR depending on gene expression. Copy
numbers were calculated according to an absolute standard for
quantification. Copy numbers were determined by calculating
copy numbers per ng RNA input into the cDNA synthesis,
using the formula: Copy number/ng = [A]/Mw, where [A] is the
Avogadro’s number (6.02 x 10%*/mol) and Mw is the molecular
weight of the amplicon (in ng/mol). Oligocalc (Kibbe, 2007)
was used to calculate the molecular weight of the amplicon.
Thereafter, a standard curve was prepared for each primer with
10-fold serial dilutions. NormFinder (Andersen et al., 2004) was
used to identify the best housekeeping gene or combination of
housekeeping genes. For primary astrocyte samples Tbp, Gapdh,

Actb, Hprtl, Ubc, Ppia, and H2afz were analyzed, and the best
stability value of 0.063 was achieved with a combination of Ppia
and H2afz. These genes were used for double normalization of
the data. For adult mouse brain regions Housekeeping genes Tbp,
Ppia, H2afz, Hprtl, and Actb were evaluated by NormFinder.
Ppia alone was found to have the best stability value of 0.069 and
was used for normalization. Non-reverse transcriptase (NRT)
and non-template (NTC) controls were included on each plate.
One-way ANOVA post hoc LSD test was used for statistical
analysis. Data are presented as mean values & SEM. P < 0.05 was
considered as significant. Primers used are listed in Table 2.

Protein Extraction, Sodium Dodecyl
Sulfate-Polyacrylamide Gel

Electrophoresis and Western Blotting

Experiments were performed as previously described with some
modifications (Katoozi et al., 2020). Total protein extraction
was performed by homogenization in RIPA buffer with freshly
added SigmaFAST protease inhibitor (Sigma-Aldrich, St. Louis,
MO, United States) and PhosSTOP phosphatase inhibitor (Roche
Life Science, Basel, Switzerland). For primary astrocyte cultures,
lysis buffer was added directly in the wells and the cells
collected by scraping. For adult mouse brain regions, samples
were homogenized in Eppendorf tubes. The homogenates were
incubated on ice for 30 min with occasional vortexing before
centrifugation at 22,000 g at 4°C for 15 min. The supernatant was
collected, and protein concentrations measured using a Pierce™
BCA protein assay kit (Thermo Fisher Scientific, Waltham,
MA, United States). Briefly, samples containing 10 pg protein
(primary astrocytes) or 40 pg protein (brain samples) were
heated in 1 x Laemmli sample buffer at 37°C for 15 min and
separated on Criterion™ 18- or 26-well gels (BioRad, Hercules,
CA, United States) by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) using the Criterion™ (BioRad)
Tris-glycine system at 160 V for 1 h 15 min. Proteins were
transferred to 0.2 pwm Immun-Blot PVDF membranes by wet
blotting at 100 V for 45 min at 4°C (BioRad). Uniform transfer of
proteins was verified by reversible Ponceau S staining (0.1%w/v,
1% acetic acid, Sigma-Aldrich). Membranes were blocked for 1 h
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TABLE 2 | Primers used in RT-gPCR analysis.

Gene Forward primer Reverse primer Size (bp)
Actb 5-GCTCTTTTCCAGCCTTCCTT-3& 5-GTGCTAGGAGCCAGAGCAGT-3 194
Acvrl 5 -TGTTGGAGTGTGTCGGGAAG-3' 5-CACAGCTGGGTACTGGAGTG-3' 211
Acvrib 5-GGTGGGGACCAAACGATACA-3 5-TCGGAGGGCACTAAGTCGTA-3 189
Acvrll 5-ACATCCTAGGCTTCATCGCC-3 5 -ATGGCTGGTTTGCCTTGAGT-3 214
Acvrla 5-TGGCCAGCATCCATCTCTTG-3' 5-GCATTGCCATTCCTGCATGT-3 104
Acvreb 5-CCCACTTCAGGACAAGCAGT-3 5-CAGGTTGGAGCCTCGTTTCT-3 115
Agp4 5 -TTTGGACCCGCAGTTATCAT-3' 5-GTTGTCCTCCACCTCCATGT-3 203
Bmp10 5-GAACGAAGATCTGTTTTCTCAACCA-3' 5'-ATGCGATCTCTCTGCACCAG-3 141
Bmp2 5-CACCCCAAGACACAGTTCCC-3' 5-AACACTAGAAGACAGCGGGT-3 216
Bmp4 5-CGAGCCAACACTGTGAGGAGTTTC-3 5 -TTCTCTGGGATGCTGCTGAGGTT-3 113
Bmp5 5-AGCACCAGAAGGGTATGCTG-3' 5 -ACATCAGGTGTACCAGGGTCT-3 113
Bmp6 5-TGTGAACCTGGTGGAGTACG-3' 5 -AAACTCCCCACCACACAGTC-3' 147
Bmp7 5-GGCCTGCAAGAAACATGAGC-3 5 -AGTGAACCAGTGTCTGGACG-3 170
Bmpria 5-TGACCTGGGCCTAGCTGTTA-3 5'-ATTCCTCCACGATTCCTCCTG-3 221
Bmpr1b 5-CCAAGCGCTATATGCCTCCA-3' 5 -TGGGGAATGAAGGCCGTAAC-3 243
Bmpr2 5-AAGCTGCTGGAGCTGATTGG-3' 5 -AACTGGACGCTCATCCAAGG-3' 72
Dag1 5-CGGATGAGCTGGATGACTCT-3 5 -TGATAGGGAGGTGCGTTAGG-3 190
Dmd (DP71) 5-CAAGCTTACTCCTCCGCTCT-& 5-GAGCCTTCTGAGCTTCATGG-3 196
Dtna 5 -TTGGAACGTCATTGAAGCATTGC-3' 5-GCATCCTCTTGTTGAGCTGGT-3& 125
Gfap 5-GCACTCAATACGAGGCAGTG-3' 5-GCTCTAGGGACTCGTTCGTG-3 207
H2afz 5-ACAGCGCAGCCATCCTGGAGTA-3' 5 -TTCCCGATCAGCGATTTGTGGA-3' 202
Hprt1 5-GCCCCAAAATGGTTAAGGTT-3 5 -TTGCGCTCATCTTAGGCTTT-3 208
Ppia 5-CGCGTCTCCTTCGAGCTGTTTG-3 5 -TGTAAAGTCACCACCCTGGCACAT-3' 150
Sntat 5-GCTGGCTGACAGAACAGTTG-3 5 -TTCTGCATCATAGGGCACTG-3' 197
Ubc 5-CGTCGAGCCCAGTGTTACCACCAAGAAGG-3 5'-CCCCCATCACACCCAAGAACAAGCACAAG-3' 112

at RT in 3% BSA in 1 x Tris-buffered saline (TBS) (BioRad),
washed in 1 x TBS with 1% Tween-20 (Sigma-Aldrich) and
cut before separate overnight incubation at 4°C with primary
antibodies (Table 1). Subsequently, membranes were incubated
with anti-igG Horseradish Peroxidase conjugated antibodies;
rabbit (GE Healthcare Cat# NA934, RRID:AB_772206) or mouse
(GE Healthcare Cat# NA931, RRID:AB_772210) secondary
antibodies at 1: 20,000 dilution for 1 h at room temperature,
washed in TBST 3 x 10 min and immunoreactive bands detected
by SuperSignal™ West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific) on a ChemiDoc™ Touch (BioRad)
imaging system and bands quantified as arbitrary background-
subtracted density units in Image Studio Lite (Ver 5.2, Licor
Biosciences, Nebraska, United States). For blots with unspecific
background labeling, background correction was performed by
automated computation of the median intensity of pixels in an
area adjacent to individual bands and subtracting it from the band
intensities. Normalization was performed by dividing intensities
of protein bands of interest with the normalizing control band
intensity for their respective laneRabbit anti-a-tubulin (Abcam;
Cat# ab4074, RRID:AB_2288001) and GAPDH (Abcam Cat#
ab9484, RRID:AB_307274) were used as normalizing controls for
primary astrocyte and brain regions, respectively. The obtained
values were transferred to SPSS Version 25 (SPSS, Chicago,
IL, United States) and compared using ANOVA post hoc LSD.
Data are presented as mean values = SEM. P < 0.05 was
considered as significant.

Immunofluorescence

For light microscopic immunofluorescence experiments of BMP2
and BMP4 expression, adult (3-4 months) C57/BL6] male
(n = 4) and female (n = 1) mouse brains were harvested and
fresh frozen in cooled isopentane on dry ice before sectioning
by cryostat to 20 or 40 pum sections on glass slides. Fresh
frozen sections were thawed for 5 min and fixation was
carried out using 4% formaldehyde in 0.1 M PB at pH 6.0.
For investigations of pSmad1/5/9 expression, animals (n = 4)
were anesthetized with zoletil mixture (0.2 mL/10 g; i.p.) and
transcardially perfused fixed with 2% ice cold dextran, followed
by 15 min of 4% formaldehyde (FA), freshly depolymerized from
paraformaldehyde (PFA), dissolved in 0.1 M phosphate buffer
(PB). Perfused brains were post fixed for 24 h and treated with
a 10-30% sucrose gradient before cryostat sectioning. Sections
from perfused animals were thawed for 15 min before use.
Sections were rinsed with phosphate buffer saline (PBS; 0.01
M) and blocked using blocking solution (10% normal donkey
serum, 1% bovine serum albumin (BSA; w/v), 0.5% triton in
PBS) for 60 min. The sections were incubated overnight with
primary antibodies (Table 1) diluted in blocking solution with
0.01% sodium azide overnight Sections were washed with PBS
and incubated with secondary antibodies at 1:500 dilution for 1 h.
Secondary antibody concentrations, sections used and technical
details are indicated in Table 3. Nuclear staining was performed
by incubating the sections with Hoechst 33258, (1:5,000 dilution;
Thermo Fisher Scientific; Cat#: H3569; RRID:AB_2651133) for
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5 min, before three 5 min washes in distilled water. Sections
were mounted using ProLong Gold Antifade Mountant (Thermo
Fisher Scientific; Cat#: P36934; RRID:AB_015961).

Imaging

Images were acquired using a LSM 510 META Confocal
Microscope (Zeiss, Jena, Germany) and a LSM 710 confocal
microscope (Zeiss, Jena, Germany) at 20x (air objective),
40x (oil objectives) or 63x (water objective) magnification.
AxioScan Z1 (Carl Zeiss) was used to acquire scanned
immunofluorescence images from midbrain. The ZEN 2.6 (blue
edition) (Carl Zeiss Microscopy GmbH, 2018) software was used
for image processing.

RESULTS

Bone Morphogenetic Proteins (2, 4, 5, 6,
7, and 10) Increase Aquaporin-4 in
Mouse Embryonic Stem Cells-Derived

and Primary Mouse Astrocytes

We treated mouse embryonic stem cell (mESC)-derived
astrocytes with 50 ng/uL BMPs for 6 days, immunostained
with antibody to AQP4 and performed a Plate Runner assay
(Figure 1A). Assessment of fluorescence intensity revealed a
significant increase in AQP4 staining in cells treated with BMP2
(1.36-fold, p < 0.0001), BMP4 (1.36-fold, p < 0.0001), BMP5
(1.33-fold, p < 0.0001), BMP6 (1.35-fold, p < 0.0001), BMP7
(1.34-fold, p < 0.0001), BMP10 (1.37-fold, p < 0.0001),
whereas no change was found in cells treated with the
non-canonical BMP1 and BMP3, compared to untreated
controls (Figure 1B).

To investigate whether matured primary astrocytes in culture
show similar responses to BMP treatment, primary mouse
astrocytes were matured 2 weeks after the first split (P1) and
treated with the same panel of BMPs. FGF2 was included as a
negative control (Savchenko et al., 2019). Cells were then fixed
and immunostained with antibodies to AQP4 and Glial fibrillary
acidic protein (GFAP), the latter allowing to specifically identify
astrocytes (Figure 1C). Immunofluorescence signal for AQP4
was increased in cells treated with the canonical BMPs (BMP
2,4, 5, 6, 7, and 10; Figure 1D). The strongest increases were
found after treatment with BMP2, BMP4 and BMP10. Notably,
BMP2 (1.46-fold, p < 0.0001), BMP4 (1.54-fold, p < 0.0001) and
BMP10 (1.66-fold, p < 0.0001) increased AQP4 expression by
~50% compared to untreated control cultures. GFAP expression
was also affected by these BMPs (Figure 1D), showing a 20-30%
increase after BMP2 (1.21-fold, p < 0.0001), BMP4 (1.26-fold,
p < 0.0001) and BMP10 (1.29-fold, p < 0.0001) treatments,
compared to controls. BMP3 did not significantly affect AQP4
expression (p = 0.658), but led to a 1.05-fold increase in GFAP
(p = 0.029). FGF2 did not significantly affect AQP4 (FGF2
p =0,083) or GFAP expression (p = 0.206).

Western blots of astrocyte lysates confirmed the results of the
immunofluorescence analysis, showing that BMP2, BMP4, and
BMP10 were the most effective in causing an increase in AQP4

protein levels, followed by BMP6 (Figure 1E). As with the mESC
cells, BMPs 1 and 3 did not alter AQP4 expression in primary
astrocytes indicating a conserved mechanism in embryonic and
matured primary astrocytes.

Bone Morphogenetic Proteins
Differentially Regulate Transcription of
Aqgp4, Gfap, and Genes Encoding
Members of the Dystrophin-Associated

Protein Complex
To assess whether the effects of BMPs on AQP4 and GFAP occur
at the transcriptional level, we performed RT-qPCR on mRNA
from primary astrocyte cultures treated with BMPs for 12 and
72 h (Figure 2) and untreated controls. Our data showed that
Aqp4 was rapidly and consistently upregulated by BMP2 (12 h
1.89-fold, p < 0.001; 72 h 1.87-fold, p = 0.002), BMP4 (12 h 1.92-
fold p < 0.001; 72 h, 2.79-fold, p < 0.001), BMP6 (12 h 1.98-fold
p < 0.001; 72 h 2.0-fold p < 0.001) and BMP10 (12 h 1.89-fold
p < 0.001; 72 h 2.96-fold p < 0.001), compared to untreated
control cells. BMP5 (1.59-fold p = 0.026) and BMP7 (1.68-fold
p < 0.001) induced upregulation at 72 and 12 h, respectively. The
strongest inductive effect after 72 h was observed with BMP10,
which causes a threefold increase in Agp4 expression (Figure 2A).
Our data further showed that at 12 h after treatment, Gfap is
strongly upregulated by BMP2 (1.61-fold, p = 0.014), and by 72 h,
BMP2 (1.78-fold p = 0.001), -BMP4 (1.96-fold p < 0.001), BMP6
(1.57-fold p = 0.01) and BMP10 (1.96-fold p < 0.001) upregulated
Gfap transcript levels compared to untreated cells (Figure 2B).
Next, we investigated the effect of BMPs on expression of the
DAP complex genes products which are required for anchoring
of AQP4 to astrocytic endfoot membrane domains. We found
that the expression of a-syntrophin (Sntal) was upregulated
by BMP2 (1.39-fold p = 0.013), BMP4 (1.36-fold, p = 0.02),
BMP6 (1.37-fold p = 0.017) and BMP7 (1.36-fold p = 0.019),
compared to untreated cells at 12 h and by BMP10 (1.46-fold
p =0.007) at 72 h compared to untreated cells (Figure 2C). We
also found significant upregulation of Dagl by BMP5 (1.27-fold
p =0.002) and BMP7 (1.17-fold p = 0.037) at 12 h compared to
untreated cells, with no detectable effects at 72 h (Figure 2D).
The Dagl transcript gives rise to two protein products, a-
and B-dystroglycan which might be differentially regulated and
cannot be separately assayed by RT-qPCR (Holt et al., 2000).
Interestingly, expression level of both a-dystrobrevin (Dtna)
and dystrophin isoform DP71 (Dmd) were downregulated by
BMPs (Figures 2E,F). In the case of Dtna, all BMPs tested
caused a downregulation at 12 h (BMP2 0.54-fold, BMP4 0.54-
fold, BMP5 0.68-fold, BMP6 0.73-fold p = 0.001, BMP7 0.86-
fold p = 0.008, and BMP10 0.49-fold, p < 0.001) compared
to untreated controls, while the effects of BMP4 (0.64-fold
p < 0.001), BMP6 (0.81-fold p = 0.016) and BMP10 (0.59-fold
p < 0.001) persist at 72 h (Figure 2E). The Dmd transcript
variant DP71 was significantly downregulated by BMP5 (0.66-
fold p =0.022) and BMP10 (0.66-fold p = 0.024) at 12 h compared
to controls, whereas no significant effects were detected at
72 h (Figure 2F).
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TABLE 3 | Secondary antibodies used for immunostaining.

Figure Primary antibody Secondary antibody RRID Tissue Microscope

Figure 6; Cx/Hc/Cb BMP2 Cy3 donkey-anti-rabbit AB_2307443 Fresh frozen 40 pm LSM 510
BMP4 Cy3 donkey-anti-rabbit AB_2307443
GFAP Cy2 donkey-anti-chicken AB_2340370

Figure 6—Mb BMP2 Cy3 donkey-anti-rabbit AB_2307443 Fresh frozen 20 pm AxioScan Z1

BMP4 Cy3 donkey-anti-rabbit AB_2307443
GFAP Cy5 donkey anti-chicken AB_2340674
DAT Cy2 donkey anti-rat AB_2340674

Figure 7 BMP2 Cy2 donkey anti-rabbit AB_2340612 Fresh frozen 20 pm LSM 710
BMP4 Cy2 donkey anti-rabbit AB_2340612
DyLight 594 Tomato Lectin Vector Laboratories AB_2336416

Figure 8 BMP4 Cy3 donkey-anti-rabbit B_2307443 Fresh frozen 40 pm LSM 710
GFAP Cy5 donkey anti-chicken AB_2340674

Figure 9 and Supplementary Figure 2 AQP4 Cy3 donkey-anti-rabbit AB_2307443 Perfused 14 pm LSM 710
GFAP C2 donkey-anti-chicken AB_2340370
pSmad1/5/9 Cy3 donkey-anti-rabbit AB_2307443

Supplementary Figure 1 BMP2 Cy2 donkey anti-rabbit AB_2340612 Fresh frozen 40 um LSM 510
BMP4 Cy2 donkey anti-rabbit AB_2340612
NeuN Cy3 donkey anti-mouse AB_2315777
MAP2 Cy3 donkey anti-chicken AB_2340363

These results indicate that BMPs can regulate astrocytic Interestingly, expression of Acvr2b was low, and that of

gene expression, and that this regulation has different
temporal profiles.

Bone Morphogenetic Proteins Treatment
of Primary Astrocytes Also Upregulates
Aquaporin-4 and Glial Fibrillary Acidic
Protein at the Protein Level

As BMP2, BMP4, and BMPI0 consistently showed strong
induction of AQP4 and GFAP transcripts at both time points,
we chose to validate these effects at the protein level after 72 h
treatment (Figure 3A). We found that AQP4 protein expression
was significantly increased after treatment with BMPs that signal
through the Smad1/5/9 signaling pathway. Both BMP2 (1.54-
fold, p = 0.003) and BMP4 (1.55-fold, p = 0.003) increased AQP4
levels compared to controls (Figure 3B). In the case of GFAP,
protein levels were doubled after treatment with BMP2 (1.86-
fold p = 0.041), BMP4 (2.16-fold p = 0.01) and BMP10 (2.57-fold
p = 0.002) compared to controls (Figure 3C). No such effect
was induced by BMP3 (Smad2/3 signaling pathway) on AQP4
(p = 0.130) or GFAP (p = 0.328), which we used as a negative
control (Figures 3B,C).

Primary Astrocytes Express Bone
Morphogenetic Proteins Receptors and
Bone Morphogenetic Proteins Treatment
Activates the Smad1/5/9 Pathway

We next investigated whether astrocytes expressed BMP
receptors and whether the associated Smad1/5/9 pathway was
activated in them. Using RT-qPCR, we found that primary

astrocytes in culture robustly express Bmprla, Bmprlb, Bmpr2,
Acvrl, Acvrlb, and Acvr2a BMP receptors (Figure 4A).

Acvrll was absent.

Furthermore, we found that Smad1 is present in astrocytes and
that Smad1/5/9 is phosphorylated upon treatment with BMPs
-2, -4, and 10 but not by BMP3 which is known to signal
through the Smad2/3 pathway (Figure 4B). Quantification shows
that Smadl expression is significantly lower (Figure 4C) and
Smad1/5/9 phosphorylation is significantly higher (Figure 4D)
in cells treated with BMP2, -4, -10 compared to the untreated
or BMP3 treated cells. This is consistent with the idea that
both AQP4 and GFAP expression is regulated by the Smad1/5/9
signaling pathway in astrocytes.

Bmp Transcripts and Receptors Are
Expressed in Adult Mouse Brain With

Regional Heterogeneity

In light of our in vitro data, we further examined whether the
relevant BMP receptors were expressed in adult mouse brain.
We found that all BMP receptors were expressed (Figure 5A).
Bmprla and Bmprlb showed moderate to high expression.
Notably, Bmpr2 expression was high in all regions, while
Acvrl, Acvrlb, Acvr2a, Acvr2b, and Acvrll were weakly to
moderately expressed.

We then asked whether the adult mouse cells in brain
expresses BMPs known to be associated with the Smad1/5/9
pathway. Bmp transcripts were readily detected in the adult
mouse brain, however, regional differences in their expression
could be identified (Figure 5B). The RT-qPCR analysis showed
moderate to strong expression of Bmp2, Bmp4, Bmp5, Bmp6, and
Bmp?7 in all brain regions. Bmpl0 expression was not detected
in any brain region. Notably, Bmp2 and Bmp6 expression was
particularly high in the striatum and the midbrain regions.
Bmp4 transcripts appeared to be rather evenly distributed
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FIGURE 1 | BMPs upregulate AQP4 in mESC astrocytes and primary mouse astrocytes after 6 days treatment. (A) Plate Runner assay on mESC derived astrocytes
treated with BMPs and immunostained with an antibody to AQP4 demonstrate stronger immunofluorescence intensities (green) in calls treated with BMPs -2, -4,
-5, -6, =7, and =10. AQP4 staining shown in green, nuclear staining with DAPI is shown in white pseudocolor. (B) Assessment of fluorescence intensity reveals a
significant increase in AQP4 staining in cells treated with BMPs -2, -4, 5, 6, 7, and 10 when comparing mean average cell intensities. The AQP4 immunofluorescent
intensity in cells treated with BMP1 and BMP3 is not different from that of the untreated cells (CTRL). Staining intensity is presented as fold changes of mean average
cell intensity normalized to that of untreated cells. *Sig ANOVA LSD post-hoc test, horizontal lines with * indicates significance in several samples; error bars: SEM;
P < 0.05; n = 4. (C) Plate Runner assay on matured primary astrocytes treated with BMPs and immunostained with antibodies to AQP4 (red) and GFAP (green)
demonstrates stronger immunofluorescence intensities in cells treated with BMPs -2, -4, -5, -6, -7, and —10. AQP4 staining shown in red, nuclear staining with
DAPI shown in blue, GFAP staining shown in green with 20x and 40x magnification. (D) Assessment of fluorescence intensity in treated primary astrocytes reveals a
significant increase in AQP4 and GFAP staining in cells treated with BMPs -2, -4, -5, -6, -7, and —10 when comparing mean average cell intensities. BMP1, BMP3,
and FGF2 do not affect AQP4 staining intensities Staining intensity is presented as fold changes of mean average cell intensity normalized to that of untreated cells
(CTRL). *Sig ANOVA LSD post-hoc test, horizontal lines with *indicates significance in several samples; error bars: SEM; P < 0.05; n = 4. (E) Representative
immunoblot of primary astrocytes treated with BMPs demonstrates that AQP4 expression on the protein level is increased by BMPs -2, -4, -6, -7, and —10, while
corresponding a-tubulin expression is not affected. Samples from two separate experiments were run in parallel in the same gel with identical results, n = 2.

across regions. The Bmp5 expression level was much higher brain, we selected BMP2 and BMP4 for analysis by SDS-
in the cerebellum than in any other region. To verify that PAGE and Western blot. We detected the proteins in all brain
the Bmp transcripts were translated into protein in the adult regions (Figure 5C).
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FIGURE 2 | Canonical BMPs transcriptionally regulate Agp4, Gfap, and DAP complex genes. RT-gPCR of Aqp4 (A), Gfap (B), DAP complex genes Snta (C), Dag1
(D), Dtna (E), and Dmd (F); (DP71 transcript variant) on cDNA from BMP treated primary mature astrocytes confirms transcriptional regulation by canonical BMPs.
Transcripts differentially regulated by BMPs at 12 and 72 h. Expression is shown as fold changes compared to untreated cells (Ctrl). Red coloring indicates significant
upregulation; Blue coloring indicates significant downregulation. *Sig ANOVA LSD post-hoc test; error bars: SEM; dots: individual sample values; P < 0.05; n = 3.
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Bone Morphogenetic Proteins-2 and -4
Are Mainly Expressed by Neurons

We next assessed the microscopic distribution of BMP2 and
BMP4 by use of confocal microscopy combined with various
cell type markers in cerebral cortex, hippocampus, cerebellum
and midbrain regions. Our results show strong intensity staining
of these BMPs in neurons. Indeed, BMP co-localized with
neuronal nuclei (NeuN), throughout the brain (Supplementary
Figure 1A). The cerebellar Purkinje neurons and granule cells
showed also strong BMP2 and BMP4 immunofluorescence
(Supplementary Figure 1B). In the midbrain, we found
colocalization of BMP2 and BMP4 within both DAT-positive
(dopaminergic neurons) and DAT-negative neurons (Figure 6).

Endothelial Cells in Brain Vessels
Differentially Express Bone

Morphogenetic Proteins

By co-labeling with BMP antibodies and the endothelial cell
marker lectin, we found that BMPs are also present in vessels
(Figure 7). BMP4 was expressed in endothelial cells in each
of the brain structures analyzed, while BMP2 was identified in
neocortical vessels but lacking or very weakly expressed in vessels
of the hippocampus and the midbrain.

Individual Astrocytes Express Bone

Morphogenetic Protein 4

By co-labeling with the astrocyte marker GFAP, we identified
individual GFAP-positive astrocytes with BMP4 labeling in cell
bodies and processes (Figure 8). However, the labeling intensity
in individual astrocytes was weak compared with the labeling
intensity in adjacent neurons. Moreover, the possibility remains
that some of the punctate BMP2 and BMP4 labeling in the
neuropil can be attributed to GFAP negative astrocyte processes.

Nuclei of Subpial and Perivascular
Astrocytes Contain Phosphorylated
Smad1/5/9 Complex

Finally, we examined localization and activation of Smad
proteins. Brain sections were immunostained with phospho-
Smad1/5/9 antibody recognizing the activated Smadl/5/9
complex. Immunofluorescence signals mainly occurred in the
nuclei of GFAP-positive astrocytes near the brain surface and
close to large vessels (Figure 9). Astrocytes near the brain
surface typically exhibit high expression of AQP4 both in their
subpial endfeet and in the processes extending into the subpial
neuropil (Supplementary Figure 2). Only weak or no phospho-
Smad1/5/9 signal was observed in endothelial cells and the nuclei
of GFAP-negative cells (Figure 8).
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FIGURE 4 | Matured primary astrocytes express BMP receptors and reveal activation of Smad1/5/9 upon treatment with canonical BMPs. (A) RT-gPCR confirms
that astrocytes express BMP receptor transcripts. BMP receptor transcripts Bmpria, Bmprib, Bmpr2, Acvr1, Acvr1b, and Acvr2a are robustly expressed, while
Acvr1 exhibits low expression and Acvr1/is not expressed. Values are presented as mean copy numbers per nanogram total RNA input into the cDNA reaction.
Dots: individual sample values; Error bars = SEM; n = 4. (B-D) Immunoblots and quantification using antibodies to Smad1 and phosphorylated Smad1/5/9
(PSmad1/5/9) on protein lysates from primary astrocytes after 3 days of BMP treatment. o -tubulin was used as a loading control. *Sig ANOVA LSD post-hoc test;
Dots: individual sample values; Error bars = SEM; P < 0.05; n = 3. (C) Smad1 is expressed in all samples and significantly lower in cells treated with BMP2, -4, and
—10. (D) pSmad1/5/9 phosphorylation is induced and significantly increased only in samples treated with canonical BMPs -2, -4, and —10.

DISCUSSION of a BMP signaling pathway upregulates AQP4 in matured
primary astrocytes.
AQP4 has long been implicated in several pathological conditions First, we showed that the effect of BMPs on AQP4

(Verkman et al.,, 2017; Verkhratsky and Nedergaard, 2018). First  upregulation in mESC derived astrocytes was restricted to
and foremost, several lines of evidence identify the perivascular a subset of BMPs—namely those activating the canonical
pool of AQP4 as an influx route for water in models of brain  Smad1/5/9 pathway. Notably, BMP3—known to activate the
edema (Vajda et al., 2002; Amiry-Moghaddam et al, 2003a; alternative pathway through Smad2/3—did not alter AQP4
Papadopoulos et al., 2004). Furthermore, mislocalization and expression. BMP2, 4, and 10 stood out as the most effective
altered expression of AQP4 is a common denominator in a BMPs when it comes to AQP4 upregulation, assessed by
variety of neurological conditions, ranging from stroke to mesial ~immunofluorescence and semiquantitative immunoblotting. The
temporal lobe epilepsy and Alzheimer’s disease (Eid et al., 2005; same BMPs—2, 4, and 10—increased the copy number of Agp4
Frydenlund et al., 2006; Yang et al., 2011; Kitchen et al., 2020). mRNA in mature astrocytes, indicating that upregulation occurs

The extensive knowledge that has been amassed on AQP4  at the transcriptional level. Obviously, the relevance of the above
distribution and experimentally induced AQP4 mislocalization findings hinges on two important issues: 1, the BMPs shown
contrasts sharply with the dearth of knowledge when it comes to be active in vitro must also be released by specific cell types
to signaling pathways regulating the expression of this water in the mature brain; and 2, the astrocytes must be endowed
channel. Obviously, identification of these pathways could with relevant BMP receptors. As to point 1 above, we could
provide an avenue for new therapies targeting AQP4 in brain. We  show that the mature brain expresses ample amounts of BMP2
hypothesized that BMP signaling could be critically involved in  and 4, as assessed by RT-qPCR and immunocytochemistry.
the regulation of AQP4. BMPs have long been used to promote BMP10 was not expressed at significant levels and thus is
differentiation of immature astrocytes (Cheng et al., 2007), and  unlikely to play a role if the blood brain barrier is intact.
it was recently shown that inhibition of BMP signaling in utero However, BMP10 occurs in blood and could thus enter the
reduces the level of AQP4, while overexpression of BMP7 leads to  brain under pathophysiological conditions (Jiang et al., 2016;
an increase in AQP4 immunofluorescence in the postnatal brain,  Tillet et al., 2018). Our immunocytochemical analysis showed
(Morita et al.,, 2021). Here we provide evidence that activation that BMP2 and 4 are predominantly localized to neurons.
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FIGURE 5 | Expression of BMP receptors and canonical BMPs in different brain regions. (A) RT-gPCR demonstrates expression of all Bmp receptor transcripts in
different regions of adult mouse brain. Bmpria and Bmpr1b transcripts are moderately expressed, while Bmpr2 transcripts exhibit particularly high expression in all
regions. Acvr1, Acvr1b, Acvr2a, Acvr2b, and Acvrl1 transcripts all show low to moderate expression. Values presented as copy numbers per nanogram total RNA
input into the cDNA reaction, Error bars = SEM; n = 4. (B) RT-gPCR demonstrates that all canonical BMPs, with the exception of Bmp10, are expressed in all brain
regions investigated. Bmp2 transcripts are expressed throughout the brain, with highest levels in striatum and midbrain. Bmp4 transcripts are moderately expressed
throughout all regions. Bmp5 transcripts are moderately expressed throughout the brain, but highly expressed in cerebellum. Bmpé6 transcripts are highly expressed
in striatum, midbrain and cerebellum, while expression is moderate in other regions. Bmp7 transcripts are moderately expressed in all regions. Bmp10 transcripts
were not detected in any of the investigated regions. Values presented as copy numbers per nanogram total RNA input into the cDNA reaction- Error bars = SEM;

n = 4. (C) Representative immunoblot shows expression of BMP2 and BMP4 protein in the investigated brain regions in samples from the same animals, n = 4.
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FIGURE 6 | BMP2 and BMP4 are mainly localized in neurons. Confocal images showing BMP2 and BMP4 (in red), the astrocyte marker Glial fibrillary acidic protein
(GFAP; in green). Nuclear staining is shown in blue. BMP2 and BMP4 is expressed in neurons in cortex, hippocampus, cerebellum and midbrain. The staining does
not co-localize with GFAP in the investigated regions. In midbrain, BMP2 and BMP4 expression is seen in dopaminergic neurons (DAT; white), while BMP4 staining is
also observed in vessels. Cx, neocortex; Hc CA, hippocampus CA1 region; Hc DG, hippocampus dentate gyrus; Cb, cerebellum; Mb, midbrain.

Scale bars = 50 pm.
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FIGURE 7 | A subpopulation of endothelial cells express BMP2 and BMP4. Confocal images showing BMP2 and BMP4 (green) and the endothelial cell marker
tomato lectin (red). Nuclear staining is shown in blue. In some vessels in neocortex, BMP2 staining is observed (arrow), while most vessels are BMP2 negative
(asterisks) in neocortex, hippocampus and midbrain. In contrast, widespread BMP4 staining is observed in vessels in cortex, hippocampus and midbrain (arrow). Cx,
50 pm.
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Previous data suggest that BMP4 occurs in dense core vesicles
indicating that BMP4 (and possibly also other BMPs) belong
to a releasable pool (Higashi et al., 2018). BMP4 has been
localized to astrocytes in some regions of rat brain (Mikawa
et al., 2006; Sato et al.,, 2010). In the present study we found
that BMP4 labeling was restricted to a small subset of GFAP
positive cells and processes. However, we cannot rule out
that some of the punctate BMP labeling in the neuropil is
localized to fine astrocytic processes as these processes often
stand out as GFAP negative. BMP2 and BMP4 were expressed
in neurons throughout the brain, particularly in neocortex,
hippocampus, cerebellum and midbrain. As to point 2 above,
our data demonstrate that BMP receptors Bmprla, Bmprlb, and
Bmpr2 are enriched throughout the adult mouse brain. Acvrl,
Acvrlb, Acvr2a, Acvr2b, and Acvrll are also widely expressed,
but at lower levels. As each of these receptors except Acvrll
and Acvr2b was shown to occur in primary astrocytes it is
likely that the high transcript levels in adult mouse brains
reflect BMP receptor expression in astrocytes in situ. BMP2
and BMP4 are known to bind mainly to BMPR1A, BMPRI1B,
and BMPR2 which are highly expressed in all brain regions

(Miyazono et al., 2010). Taken together, our findings show that
BMPs upregulates AQP4 expression in mature astrocytes in vitro
and that the essential elements of BMP signaling are present in
the adult mouse brain.

Signaling Pathways Involved in
Regulation of Astrocytic Aquaporin-4

BMPs can activate both canonical and non-canonical signaling
pathways (Moustakas and Heldin, 2005, 2009). In the canonical
signaling pathway, phosphorylated Smad1/5/9 forms a complex
with Smad4 and migrates to the nucleus to take part in gene
regulation by binding to BMP response elements. The BMPs
that are effective when it comes to increase in AQP4 expression
led to phosphorylation of Smadl/5/9—suggesting that they act
through the canonical Smad1/5/9 pathway. Further, we observed
that BMP treatment also led to a dysregulation of members
of the dystrophin associated protein (DAP) complex that are
equipped with a BMP response element (von Bubnoff et al., 2005).
Moreover, in the intact brain, phosphorylated Smad1/5/9 signal
was observed mainly in the astrocytic nuclei associated with the
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FIGURE 8 | Individual astrocytes express BMP4. (A,B) Confocal images identifying BMP4 staining in hippocampal astrocytes. Strong BMP4 labeling (red) is localized
around the nuclei (blue) of hippocampal neurons, with diffuse and punctate labeling in the parenchyma and weaker labeling in a GFAP (green) positive astrocyte cell
body (arrowhead). (C,D) Magnified images focused on the individual astrocyte from (A,B) exhibiting BMP4 labeling mainly localized to the area around the nucleus
(arrowhead) with some labeling also present in processes (arrow). Scale bars = 20 pm (A,B), 10 um (C,D).

B 63x BMP4 GFAP DAPI

D

pial surface or large vessels. These astrocytes exhibit high levels
of AQP4 in their endfoot neuropil processes. Our data strongly
suggest that BMPs act through the canonical pathway. However,
we cannot rule out the involvement of additional pathways,
such as the non-canonical pathway activating p38 MAPK, JNK,
and ERK (Moustakas and Heldin, 2005). A study in mice has
shown that hypoxia-induced activation of p38 MAPK pathway
takes place only in neurons and microglia and not in astrocytes
(Bu et al., 2007). However, in rat astrocytes, activation of the
p38 MAPK pathway has been linked to upregulation of AQP4
under pathological conditions (Nito et al., 2012; Li et al., 2019).
According to one study, rat cortical astrocytes in culture show
concomitant upregulation of AQP4 and phosphorylated p38
(pp38) after 16 h of oxygen-glucose deprivation (Nito et al,
2012). In the same study, rats subjected to middle cerebral
artery occlusion showed significantly reduced edema formation
and infarction size when treated with SB203580, a selective
p38 MAPK inhibitor (Nito et al., 2012). While the possible
contribution of the p38 MAPK pathway merits further studies
it should be emphasized that this pathway may converge with
the canonical Smad pathway through its activation of Smadl, as

shown in lung cancer cells (Su et al., 2011). Taken together with
available literature data our findings suggest that BMPs may play
a pivotal role in regulating AQP4 expression in brain.

Dysregulation of the
Dystrophin-Associated Protein Complex

in Astrocytes

It has long been known that the DAP complex is critically
involved in anchoring of AQP4 to specific astrocyte membrane
domains (Frigeri et al, 2001; Neely et al, 2001; Amiry-
Moghaddam et al., 2004a). This protein complex interacts with
basal lamina components such as laminin and agrin (Hoddevik
et al., 2017). AQP4 is lost from endfoot membranes in animals
that lack the dystrophin complex (Dmd) or the genes encoding
the dystrophin associated protein a-syntrophin (Sntal) (Frigeri
et al, 2001; Neely et al, 2001; Amiry-Moghaddam et al,
2004a,b) or a-dystrobrevin (Lien et al, 2012). As alluded to
above, it has previously been shown that the DAP complex
members a-syntrophin, DP71 dystrophin and dystroglycan
contain BMP response elements (BREs) in their promoter
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FIGURE 9 | Phosphorylated Smad1/5/9 is mainly localized in subpial and perivascular astrocytes. (A,B) Confocal images, Upper panel with DAPI nuclear staining
confirm immunofluorescent phospho-Smad1/5/9 staining in astrocytes. (A) Astrocytes on the cortical surface and in association with blood vessels are positive
(arrows) for nuclear phospho-Smad1/5/9 (red), while endothelial cells and pial cells are not. (B) Phospho-Smad1/5/9 (red) staining is present in the nucleus of a
GFAP-positive astrocyte associated with a vessels (arrow), but nuclei belonging to endothelial cell lining the vessel, or nuclei in other GFAP-negative cells (some of
them with a clear nucleolus) exhibit only very faint or no staining at all. L, vessel lumen. Scale bars = 20 pm.
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regions, and these are conserved between mouse and human
(von Bubnoff et al., 2005). We found that genes encoding
for the DAPC members a-dystrobrevin (Dtna) and dystrophin
(Dmd) were downregulated by BMPs, while Sntal and Dagl
were upregulated. This could possibly indicate a “decoupling”
of the DAP complex upon activation of the canonical BMP
pathway, which would fit with the known loss of astrocyte
polarity in neuroinflammation and reactive astrogliosis that is
observed in neurodegenerative disorders (Smith et al., 2019).
a-syntrophin is intimately coupled to AQP4, presumably through
C-terminal PDZ-domains (Neely et al., 2001). The concomitant
upregulation of a-syntrophin might provide an important clue
to the mechanisms responsible for upregulation of AQP4. In the
early postnatal brain, the expression of a-syntrophin precedes
the expression of AQP4 and in the mature brain a-syntrophin
is the single most important factor determining the size of the
AQP4 pool in astrocytic endfeet (Lunde et al., 2015; Hoddevik
et al, 2017). In our experiments, Dtna was the member of
the DAP complex with the most robust downregulation by the
canonical BMPs. Dtna is a key member of the DAP complex
keeping other members of the complex at the perivascular
astrocytic endfeet. Mice with genetic deletion of Dtna show
a complete loss of perivascular AQP4 and a pronounced

downregulation of a-syntrophin and dystrophin at this site
(Bragg et al., 2010).

Taken together our data suggest that BMP signaling regulates
AQP4 expression in astrocytes. BMPs may impact AQP4 along
two separate paths: 1, an upregulation of AQP4 expression on the
transcriptional level; 2 affecting AQP4 microdistribution through
altering the expression levels of DAP complex proteins that under
normal circumstances anchor AQP4 to endfoot membranes. Loss
of AQP4 polarization combined with a preserved or upregulated
AQP4 level is seen in a number of pathophysiological conditions
(Eid et al., 2005; Yang et al., 2011; Reeves et al., 2020) and
the present study opens for the possibility that this may well
be an effect—partly or fully—of perturbed BMP activation. To
our knowledge, the present study is the first to demonstrate a
mechanism that could be responsible for dysregulation of the
DAPC/AQP4 complex and thus explain AQP4 mislocalization
in pathological conditions. Our data showed that the same
BMPs that caused AQP4 to upregulate also enhanced the
expression of GFAP in mature astrocytes. This is in line with
previous studies showing an association between BMP4 and
astrogliosis (Hart et al., 2020) and a concomitant upregulation
of AQP4 and GFAP in several neurodegenerative disorders
(Tkeshima-Kataoka, 2016).
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CONCLUSION

Altered expression or microdistribution of AQP4 is a hallmark
of several neurological conditions, prompting for a better
understanding of the regulatory pathways involved. Here we
show that BMP signaling regulates AQP4 expression, level and
localization in mature astrocytes and dysregulates the associated
DAP complex by differentially affecting the individual members
of this complex. Our data point to the possible involvement of
BMPs in conditions where a mislocalization of AQP4 is paired
with its preserved or enhanced expression. Alzheimer’s Disease
(AD) is a notable example: a decade ago it was shown in a mouse
model of AD that AQP4 was conspicuously absent from endfeet
adjoining amyloid plaques (Yang et al., 2011), while more recent
studies have demonstrated reduced amyloid clearance following
targeted disruption of Agp4 (Iliff et al., 2012; Xu et al., 2015; Smith
etal,, 2019; Rosu et al., 2020). AD is associated with upregulation
of BMPs and activation of the Smad1/5/9 pathway (Li et al,
2008; Zhang et al., 2021). Further studies should be undertaken to
explore whether BMP-induced AQP4 mislocalization contributes
to amyloid accumulation by interfering with amyloid clearance
through the glymphatic pathway (Rasmussen et al., 2018).

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

Experimental protocols were approved by the Norwegian Animal
Research Authority (NARA) with license number FOTS 8572

REFERENCES

Alvestad, S., Hammer, J., Hoddevik, E. H., Skare, O., Sonnewald, U., Amiry-
Moghaddam, M., et al. (2013). Mislocalization of AQP4 precedes chronic
seizures in the kainate model of temporal lobe epilepsy. Epilepsy Res. 105, 30-41.
doi: 10.1016/j.eplepsyres.2013.01.006

Amiry-Moghaddam, M., Xue, R., Haug, F. M., Neely, J. D., Bhardwaj, A., Agre,
P., et al. (2004b). Alpha-syntrophin deletion removes the perivascular but
not endothelial pool of aquaporin-4 at the blood-brain barrier and delays the
development of brain edema in an experimental model of acute hyponatremia.
Faseb J. 18, 542-544. doi: 10.1096/fj.03-0869fje

Amiry-Moghaddam, M., Frydenlund, D. S., and Ottersen, O. P. (2004a). Anchoring
of aquaporin-4 in brain: molecular mechanisms and implications for the
physiology and pathophysiology of water transport. Neuroscience 129, 999-
1010. doi: 10.1016/j.neuroscience.2004.08.049

Amiry-Moghaddam, M., Williamson, A., Palomba, M., Eid, T., de Lanerolle, N. C.,
Nagelhus, E. A, et al. (2003b). Delayed K+ clearance associated with aquaporin-
4 mislocalization: phenotypic defects in brains of alpha-syntrophin-null mice.
Proc. Natl. Acad. Sci. U.S.A. 100, 13615-13620. doi: 10.1073/pnas.2336064100

Amiry-Moghaddam, M., Otsuka, T., Hurn, P. D, Traystman, R. J., Haug, F. M.,
Froehner, S. C,, et al. (2003a). An alpha-syntrophin-dependent pool of AQP4
in astroglial end-feet confers bidirectional water flow between blood and brain.
Proc. Natl. Acad. Sci. U.S.A. 100, 2106-2111. doi: 10.1073/pnas.0437946100

Amiry-Moghaddam, M., and Ottersen, O. P. (2003). The molecular basis of water
transport in the brain. Nat. Rev. Neurosci. 4, 991-1001. doi: 10.1038/nrn1252

and carried out in accordance with the European Directive
2010/63/EU. The derivation of mouse embryonic stem cells
(mESC) was approved by the ethical committee for the use of
laboratory animals at Lund University and the Swedish Work
Environment Authority with permit number M43-15 and carried
out in accordance with European and Swedish regulations.

AUTHOR CONTRIBUTIONS

MA-M and NS: conceptualization. NS and ES: experimental work
and analyses. MA-M and LR: resources. NS, MA-M, and OPO:
interpretation, original draft preparation, and writing—review
and editing. MA-M: supervision. All authors read and approved
the final manuscript.

FUNDING

This research was funded by the Olav Thon Foundation
(Grant No. 16-1606).

ACKNOWLEDGMENTS

We thank Hong Qu and Rao Shreyas for support on
light microscopic imaging, and Mina Martine Frey for
technical support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fncel.
2022.878154/full#supplementary- material

Andersen, C. L., Jensen, J. L., and Orntoft, T. F. (2004). Normalization of real-time
quantitative reverse transcription-PCR data: a model-based variance estimation
approach to identify genes suited for normalization, applied to bladder and
colon cancer data sets. Cancer Res. 64, 5245-5250. doi: 10.1158/0008-5472.Can-
04-0496

Bragg, A. D., Das, S. S., and Froehner, S. C. (2010). Dystrophin-associated protein
scaffolding in brain requires alpha-dystrobrevin. Neuroreport 21, 695-699. doi:
10.1097/WNR.0b013e32833b0a3b

Bu, X,, Huang, P., Qi, Z.,, Zhang, N., Han, S., Fang, L., et al. (2007). Cell type-specific
activation of p38 MAPK in the brain regions of hypoxic preconditioned mice.
Neurochem. Int. 51, 459-466. doi: 10.1016/j.neuint.2007.04.028

Camassa, L. M. A,, Lunde, L. K, Hoddevik, E. H., Stensland, M., Boldt, H. B.,
De Souza, G. A,, et al. (2015). Mechanisms underlying AQP4 accumulation in
astrocyte endfeet. Glia 63, 2073-2091. doi: 10.1002/glia.22878

Cheng, X., Wang, Y., He, Q., Qiu, M., Whittemore, S. R., and Cao, Q. (2007).
Bone morphogenetic protein signaling and oligl/2 interact to regulate the
differentiation and maturation of adult oligodendrocyte precursor cells. Stem
Cells (Dayton, Ohio) 25, 3204-3214. doi: 10.1634/stemcells.2007-0284

Chumarina, M., Azevedo, C., Bigarreau, J., Vignon, C., Kim, K. S,, Li, J. Y.,
et al. (2017). Derivation of mouse embryonic stem cell lines from tyrosine
hydroxylase reporter mice crossed with a human SNCA transgenic mouse
model of Parkinson’s disease. Stem Cell Res. 19, 17-20. doi: 10.1016/j.scr.2016.
12.026

de Vellis, J., and Cole, R. (2012). Preparation of mixed glial cultures from postnatal
rat brain. Methods Mol. Biol. 814, 49-59. doi: 10.1007/978-1-61779-452-0_4

Frontiers in Cellular Neuroscience | www.frontiersin.org

April 2022 | Volume 16 | Article 878154


https://www.frontiersin.org/articles/10.3389/fncel.2022.878154/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2022.878154/full#supplementary-material
https://doi.org/10.1016/j.eplepsyres.2013.01.006
https://doi.org/10.1096/fj.03-0869fje
https://doi.org/10.1016/j.neuroscience.2004.08.049
https://doi.org/10.1073/pnas.2336064100
https://doi.org/10.1073/pnas.0437946100
https://doi.org/10.1038/nrn1252
https://doi.org/10.1158/0008-5472.Can-04-0496
https://doi.org/10.1158/0008-5472.Can-04-0496
https://doi.org/10.1097/WNR.0b013e32833b0a3b
https://doi.org/10.1097/WNR.0b013e32833b0a3b
https://doi.org/10.1016/j.neuint.2007.04.028
https://doi.org/10.1002/glia.22878
https://doi.org/10.1634/stemcells.2007-0284
https://doi.org/10.1016/j.scr.2016.12.026
https://doi.org/10.1016/j.scr.2016.12.026
https://doi.org/10.1007/978-1-61779-452-0_4
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Skauli et al.

BMP-Signaling Regulates AQP4 Expression

Eid, T, Lee, T. S., Thomas, M. J., Amiry-Moghaddam, M., Bjernsen, L. P., Spencer,
D. D, et al. (2005). Loss of perivascular aquaporin 4 may underlie deficient
water and K+ homeostasis in the human epileptogenic hippocampus. Proc. Natl.
Acad. Sci. U.S.A. 102, 1193-1198. doi: 10.1073/pnas.0409308102

Frigeri, A., Nicchia, G. P., Nico, B., Quondamatteo, F., Herken, R., Roncali, L., et al.
(2001). Aquaporin-4 deficiency in skeletal muscle and brain of dystrophic mdx
mice. Faseb J. 15, 90-98. doi: 10.1096/1j.00-0260com

Frydenlund, D. S., Bhardwaj, A., Otsuka, T., Mylonakou, M. N., Yasumura, T.,
Davidson, K. G., et al. (2006). Temporary loss of perivascular aquaporin-
4 in neocortex after transient middle cerebral artery occlusion in mice.
Proc. Natl. Acad. Sci. US.A. 103, 13532-13536. doi: 10.1073/pnas.06057
96103

Hart, C. G., Dyck, S. M., Kataria, H., Alizadeh, A., Nagakannan, P., Thliveris, J. A.,
et al. (2020). Acute upregulation of bone morphogenetic protein-4 regulates
endogenous cell response and promotes cell death in spinal cord injury. Exp.
Neurol. 325:113163. doi: 10.1016/j.expneurol.2019.113163

Hart, C. G., and Karimi-Abdolrezaee, S. (2020). Bone morphogenetic proteins: new
insights into their roles and mechanisms in CNS development, pathology and
repair. Exp. Neurol. 334:113455. doi: 10.1016/j.expneurol.2020.113455

Higashi, T., Tanaka, S., Iida, T., and Okabe, S. (2018). Synapse elimination triggered
by BMP4 exocytosis and presynaptic BMP receptor activation. Cell Rep. 22,
919-929. doi: 10.1016/j.celrep.2017.12.101

Hoddevik, E. H., Khan, F. H., Rahmani, S., Ottersen, O. P., Boldt, H. B., and
Amiry-Moghaddam, M. (2017). Factors determining the density of AQP4
water channel molecules at the brain-blood interface. Brain Struct. Funct. 222,
1753-1766. doi: 10.1007/s00429-016-1305-y

Holt, K. H., Crosbie, R. H., Venzke, D. P., and Campbell, K. P. (2000). Biosynthesis
of dystroglycan: processing of a precursor propeptide. FEBS Lett. 468, 79-83.
doi: 10.1016/s0014-5793(00)01195-9

Ikeshima-Kataoka, H. (2016). Neuroimmunological implications of AQP4 in
astrocytes. Int. J. Mol. Sci. 17:1306. doi: 10.3390/ijms17081306

1Iiff, J. J., Wang, M., Liao, Y., Plogg, B. A., Peng, W., Gundersen, G. A, et al. (2012).
A paravascular pathway facilitates CSF flow through the brain parenchyma
and the clearance of interstitial solutes, including amyloid B. Sci. Transl. Med.
4:147rall1l. doi: 10.1126/scitranslmed.3003748

Jiang, H., Salmon, R. M., Upton, P. D., Wei, Z., Lawera, A., Davenport, A. P.,
et al. (2016). The prodomain-bound form of bone morphogenetic protein 10
is biologically active on endothelial cells. J. Biol. Chem. 291, 2954-2966. doi:
10.1074/jbc.M115.683292

Katoozi, S., Skauli, N., Zahl, S., Deshpande, T., Ezan, P., Palazzo, C,, et al. (2020).
Uncoupling of the astrocyte syncytium differentially affects AQP4 isoforms.
Cells 9:382. doi: 10.3390/cells9020382

Kibbe, W. A. (2007). OligoCalc: an online oligonucleotide properties calculator.
Nucleic Acids Res. 35, W43-W46. doi: 10.1093/nar/gkm234

Kitchen, P., Salman, M. M., Halsey, A. M., Clarke-Bland, C., MacDonald, J. A,
Ishida, H., et al. (2020). Targeting Aquaporin-4 subcellular localization to treat
central nervous system edema. Cell 181, 784.e719-799.e719. doi: 10.1016/j.cell.
2020.03.037

Lee, T. S., Eid, T., Mane, S., Kim, J. H., Spencer, D. D., Ottersen, O. P., et al. (2004).
Aquaporin-4 is increased in the sclerotic hippocampus in human temporal lobe
epilepsy. Acta Neuropathol. 108, 493-502. doi: 10.1007/s00401-004-0910-7

Li, D., Tang, J., Xu, H., Fan, X,, Bai, Y., and Yang, L. (2008). Decreased
hippocampal cell proliferation correlates with increased expression of BMP4
in the APPswe/PS1DeltaE9 mouse model of Alzheimer’s disease. Hippocampus
18, 692-698. doi: 10.1002/hipo.20428

Li, J., Jia, M., Chen, G., Nie, S., Zheng, C., Zeng, W., et al. (2019). Involvement
of p38 mitogen-activated protein kinase in altered expressions of AQP1 and
AQP4 after carbon monoxide poisoning in rat astrocytes. Basic Clin. Pharmacol.
Toxicol. 125, 394-404. doi: 10.1111/bcpt.13247

Li, L., Zhang, H., Varrin-Doyer, M., Zamvil, S. S., and Verkman, A. S. (2011).
Proinflammatory role of aquaporin-4 in autoimmune neuroinflammation.
Faseb ]. 25, 1556-1566. doi: 10.1096/fj.10-177279

Lien, C. F., Mohanta, S. K., Frontczak-Baniewicz, M., Swinny, J. D., Zablocka, B.,
and Gorecki, D. C. (2012). Absence of glial a-dystrobrevin causes abnormalities
of the blood-brain barrier and progressive brain edema. J. Biol. Chem. 287,
41374-41385. doi: 10.1074/jbc.M112.400044

Lunde, L. K., Camassa, L. M., Hoddevik, E. H.,, Khan, F. H,, Ottersen, O. P.,
Boldt, H. B., et al. (2015). Postnatal development of the molecular complex

underlying astrocyte polarization. Brain Struct. Funct. 220, 2087-2101. doi:
10.1007/500429-014-0775-z

Meyers, E. A., Gobeske, K. T., Bond, A. M., Jarrett, J. C., Peng, C. Y., and Kessler,
J. A. (2016). Increased bone morphogenetic protein signaling contributes to
age-related declines in neurogenesis and cognition. Neurobiol. Aging 38, 164-
175. doi: 10.1016/j.neurobiolaging.2015.10.035

Mikawa, S., Wang, C., and Sato, K. (2006). Bone morphogenetic protein-4
expression in the adult rat brain. . Comp. Neurol. 499, 613-625. doi: 10.1002/
cne.21125

Miyazono, K., Kamiya, Y., and Morikawa, M. (2010). Bone morphogenetic protein
receptors and signal transduction. J. Biochem. 147, 35-51. doi: 10.1093/jb/
mvpl48

Morita, K., Matsumoto, N., Saito, K., Hamabe-Horiike, T., Mizuguchi, K.,
Shinmyo, Y., et al. (2021). BMP signaling alters aquaporin-4 expression in the
mouse cerebral cortex. Sci. Rep. 11:10540. doi: 10.1038/s41598-021-89997-5

Moustakas, A., and Heldin, C. H. (2005). Non-Smad TGF-beta signals. J. Cell Sci.
118(Pt 16), 3573-3584. doi: 10.1242/jcs.02554

Moustakas, A., and Heldin, C. H. (2009). The regulation of TGFbeta signal
transduction. Development 136, 3699-3714. doi: 10.1242/dev.030338

Nagelhus, E. A., and Ottersen, O. P. (2013). Physiological roles of aquaporin-4 in
brain. Physiol. Rev. 93, 1543-1562. doi: 10.1152/physrev.00011.2013

Neely, J. D., Amiry-Moghaddam, M., Ottersen, O. P., Froehner, S. C., Agre, P.,
and Adams, M. E. (2001). Syntrophin-dependent expression and localization
of Aquaporin-4 water channel protein. Proc. Natl. Acad. Sci. U.S.A. 98, 14108~
14113. doi: 10.1073/pnas.241508198

Nito, C., Kamada, H., Endo, H., Narasimhan, P., Lee, Y. S., and Chan, P. H. (2012).
Involvement of mitogen-activated protein kinase pathways in expression of
the water channel protein aquaporin-4 after ischemia in rat cortical astrocytes.
J. Neurotrauma 29, 2404-2412. doi: 10.1089/neu.2012.2430

Pacifici, M., and Peruzzi, F. (2012). Isolation and culture of rat embryonic neural
cells: a quick protocol. J. Vis. Exp. 24:e3965. doi: 10.3791/3965

Papadopoulos, M. C., Manley, G. T., Krishna, S., and Verkman, A. S. (2004).
Aquaporin-4 facilitates reabsorption of excess fluid in vasogenic brain edema.
Faseb J. 18, 1291-1293. doi: 10.1096/fj.04- 1723fje

Papadopoulos, M. C., and Verkman, A. S. (2013). Aquaporin water channels in the
nervous system. Nat. Rev. Neurosci. 14, 265-277. doi: 10.1038/nrn3468

Pérez, E., Barrachina, M., Rodriguez, A., Torrejon-Escribano, B., Boada, M.,
Hernédndez, I, et al. (2007). Aquaporin expression in the cerebral cortex is
increased at early stages of Alzheimer disease. Brain Res. 1128, 164-174. doi:
10.1016/j.brainres.2006.09.109

Prydz, A., Stahl, K., Zahl, S., Skauli, N., Skare, O., Ottersen, O. P., et al. (2020). Pro-
Inflammatory role of AQP4 in mice subjected to intrastriatal injections of the
parkinsonogenic toxin MPP. Cells 9:2418. doi: 10.3390/cells9112418

Rao, S. B., Katoozi, S., Skauli, N., Froehner, S. C., Ottersen, O. P., Adams, M. E,,
et al. (2019). Targeted deletion of B1-syntrophin causes a loss of K(ir) 4.1 from
Miiller cell endfeet in mouse retina. Glia 67, 1138-1149. doi: 10.1002/glia.23600

Rasmussen, M. K., Mestre, H., and Nedergaard, M. (2018). The glymphatic
pathway in neurological disorders. Lancet Neurol. 17, 1016-1024. doi: 10.1016/
$1474-4422(18)30318-1

Reeves, B. C., Karimy, J. K., Kundishora, A. J., Mestre, H., Cerci, H. M., Matouk,
C., et al. (2020). Glymphatic system impairment in Alzheimer’s disease and
idiopathic normal pressure hydrocephalus. Trends Mol. Med. 26, 285-295. doi:
10.1016/j.molmed.2019.11.008

Rosu, G. C,, Catalin, B., Balseanu, T. A., Laurentiu, M., Claudiu, M., Kumar-Singh,
S., et al. (2020). Inhibition of Aquaporin 4 decreases amyloid AB40 drainage
around cerebral vessels. Mol. Neurobiol. 57, 4720-4734. doi: 10.1007/s12035-
020-02044-8

Roybon, L., Lamas, N. J., Garcia, A. D., Yang, E. ], Sattler, R., Lewis, V. J., et al.
(2013). Human stem cell-derived spinal cord astrocytes with defined mature or
reactive phenotypes. Cell Rep. 4, 1035-1048. doi: 10.1016/j.celrep.2013.06.021

Sato, T., Mikawa, S., and Sato, K. (2010). BMP2 expression in the adult rat brain.
J. Comp. Neurol. 518, 4513-4530. doi: 10.1002/cne.22469

Savchenko, E., Teku, G. N., Boza-Serrano, A., Russ, K., Berns, M., Deierborg,
T., et al. (2019). FGF family members differentially regulate maturation and
proliferation of stem cell-derived astrocytes. Sci. Rep. 9:9610. doi: 10.1038/
541598-019-46110-1

Schildge, S., Bohrer, C., Beck, K., and Schachtrup, C. (2013). Isolation and culture
of mouse cortical astrocytes. J. Vis. Exp. 19:50079. doi: 10.3791/50079

Frontiers in Cellular Neuroscience | www.frontiersin.org

April 2022 | Volume 16 | Article 878154


https://doi.org/10.1073/pnas.0409308102
https://doi.org/10.1096/fj.00-0260com
https://doi.org/10.1073/pnas.0605796103
https://doi.org/10.1073/pnas.0605796103
https://doi.org/10.1016/j.expneurol.2019.113163
https://doi.org/10.1016/j.expneurol.2020.113455
https://doi.org/10.1016/j.celrep.2017.12.101
https://doi.org/10.1007/s00429-016-1305-y
https://doi.org/10.1016/s0014-5793(00)01195-9
https://doi.org/10.3390/ijms17081306
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1074/jbc.M115.683292
https://doi.org/10.1074/jbc.M115.683292
https://doi.org/10.3390/cells9020382
https://doi.org/10.1093/nar/gkm234
https://doi.org/10.1016/j.cell.2020.03.037
https://doi.org/10.1016/j.cell.2020.03.037
https://doi.org/10.1007/s00401-004-0910-7
https://doi.org/10.1002/hipo.20428
https://doi.org/10.1111/bcpt.13247
https://doi.org/10.1096/fj.10-177279
https://doi.org/10.1074/jbc.M112.400044
https://doi.org/10.1007/s00429-014-0775-z
https://doi.org/10.1007/s00429-014-0775-z
https://doi.org/10.1016/j.neurobiolaging.2015.10.035
https://doi.org/10.1002/cne.21125
https://doi.org/10.1002/cne.21125
https://doi.org/10.1093/jb/mvp148
https://doi.org/10.1093/jb/mvp148
https://doi.org/10.1038/s41598-021-89997-5
https://doi.org/10.1242/jcs.02554
https://doi.org/10.1242/dev.030338
https://doi.org/10.1152/physrev.00011.2013
https://doi.org/10.1073/pnas.241508198
https://doi.org/10.1089/neu.2012.2430
https://doi.org/10.3791/3965
https://doi.org/10.1096/fj.04-1723fje
https://doi.org/10.1038/nrn3468
https://doi.org/10.1016/j.brainres.2006.09.109
https://doi.org/10.1016/j.brainres.2006.09.109
https://doi.org/10.3390/cells9112418
https://doi.org/10.1002/glia.23600
https://doi.org/10.1016/s1474-4422(18)30318-1
https://doi.org/10.1016/s1474-4422(18)30318-1
https://doi.org/10.1016/j.molmed.2019.11.008
https://doi.org/10.1016/j.molmed.2019.11.008
https://doi.org/10.1007/s12035-020-02044-8
https://doi.org/10.1007/s12035-020-02044-8
https://doi.org/10.1016/j.celrep.2013.06.021
https://doi.org/10.1002/cne.22469
https://doi.org/10.1038/s41598-019-46110-1
https://doi.org/10.1038/s41598-019-46110-1
https://doi.org/10.3791/50079
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Skauli et al.

BMP-Signaling Regulates AQP4 Expression

Shin, J. A, Kang, J. L., Lee, K. E,, and Park, E. M. (2012). Different temporal
patterns in the expressions of bone morphogenetic proteins and noggin during
astroglial scar formation after ischemic stroke. Cell Mol. Neurobiol. 32, 587-597.
doi: 10.1007/s10571-012-9806-6

Smith, A. ], Duan, T., and Verkman, A. S. (2019). Aquaporin-4 reduces
neuropathology in a mouse model of Alzheimer’s disease by remodeling peri-
plaque astrocyte structure. Acta Neuropathol. Commun. 7:74. doi: 10.1186/
540478-019-0728-0

Su, D, Peng, X, Zhu, S., Huang, Y., Dong, Z., Zhang, Y., et al. (2011). Role of p38
MAPK pathway in BMP4-mediated Smad-dependent premature senescence in
lung cancer cells. Biochem. J. 433, 333-343. doi: 10.1042/bj20100404

Tillet, E., Ouarne, M., Desroches-Castan, A., Mallet, C., Subileau, M., Didier, R,,
et al. (2018). A heterodimer formed by bone morphogenetic protein 9 (BMP9)
and BMP10 provides most BMP biological activity in plasma. J. Biol. Chem. 293,
10963-10974. doi: 10.1074/jbc.RA118.002968

Vajda, Z., Pedersen, M., Fiichtbauer, E. M., Wertz, K., Stodkilde-Jorgensen, H.,
Sulyok, E., et al. (2002). Delayed onset of brain edema and mislocalization of
aquaporin-4 in dystrophin-null transgenic mice. Proc. Natl. Acad. Sci. U.S.A.
99, 13131-13136. doi: 10.1073/pnas.192457099

Valenza, M., Facchinetti, R., Steardo, L., and Scuderi, C. (2019). Altered Waste
disposal system in aging and Alzheimer’s disease: focus on astrocytic aquaporin-
4. Front. Pharmacol. 10:1656. doi: 10.3389/fphar.2019.01656

Verkhratsky, A., and Nedergaard, M. (2018). Physiology of Astroglia. Physiol. Rev.
98, 239-389. doi: 10.1152/physrev.00042.2016

Verkman, A. S., Smith, A. J., Phuan, P. W., Tradtrantip, L., and Anderson, M. O.
(2017). The aquaporin-4 water channel as a potential drug target in neurological
disorders. Expert Opin. Ther. Targets 21, 1161-1170. doi: 10.1080/14728222.
2017.1398236

von Bubnoff, A., Peiffer, D. A, Blitz, I. L., Hayata, T., Ogata, S., Zeng, Q., et al.
(2005). Phylogenetic footprinting and genome scanning identify vertebrate
BMP response elements and new target genes. Dev. Biol. 281, 210-226. doi:
10.1016/j.ydbio.2005.02.014

Wilcock, D. M., Vitek, M. P., and Colton, C. A. (2009). Vascular amyloid alters
astrocytic water and potassium channels in mouse models and humans with

Alzheimer’s disease. Neuroscience 159, 1055-1069. doi: 10.1016/j.neuroscience.
2009.01.023

Xu, Z., Xiao, N., Chen, Y., Huang, H., Marshall, C., Gao, J., et al. (2015). Deletion of
aquaporin-4 in APP/PS1 mice exacerbates brain A accumulation and memory
deficits. Mol. Neurodegener. 10:58. doi: 10.1186/s13024-015-0056- 1

Yang, J., Lunde, L. K., Nuntagij, P., Oguchi, T., Camassa, L. M., Nilsson, L. N.,
et al. (2011). Loss of astrocyte polarization in the tg-ArcSwe mouse model
of Alzheimer’s disease. J. Alzheimers Dis. 27, 711-722. doi: 10.3233/jad-2011-
110725

Yokota, T., Miyagoe, Y., Hosaka, Y., Tsukita, K., Kameya, S., Shibuya, S., et al.
(2000). Aquaporin-4 is absent at the sarcolemma and at perivascular astrocyte
endfeet in &alpha;1-syntrophin knockout mice. Proc. Jpn. Acad. Ser. B 76,
22-27. doi: 10.2183/pjab.76.22

Zhang, X., Li, J., Ma, L, Xu, H., Cao, Y., Liang, W., et al. (2021). BMP4
overexpression induces the upregulation of APP/Tau and memory deficits in
Alzheimer’s disease. Cell Death Discov. 7:51. doi: 10.1038/541420-021-00435-x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Skauli, Savchenko, Ottersen, Roybon and Amiry-Moghaddam.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

19

April 2022 | Volume 16 | Article 878154


https://doi.org/10.1007/s10571-012-9806-6
https://doi.org/10.1186/s40478-019-0728-0
https://doi.org/10.1186/s40478-019-0728-0
https://doi.org/10.1042/bj20100404
https://doi.org/10.1074/jbc.RA118.002968
https://doi.org/10.1073/pnas.192457099
https://doi.org/10.3389/fphar.2019.01656
https://doi.org/10.1152/physrev.00042.2016
https://doi.org/10.1080/14728222.2017.1398236
https://doi.org/10.1080/14728222.2017.1398236
https://doi.org/10.1016/j.ydbio.2005.02.014
https://doi.org/10.1016/j.ydbio.2005.02.014
https://doi.org/10.1016/j.neuroscience.2009.01.023
https://doi.org/10.1016/j.neuroscience.2009.01.023
https://doi.org/10.1186/s13024-015-0056-1
https://doi.org/10.3233/jad-2011-110725
https://doi.org/10.3233/jad-2011-110725
https://doi.org/10.2183/pjab.76.22
https://doi.org/10.1038/s41420-021-00435-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Canonical Bone Morphogenetic Protein Signaling Regulates Expression of Aquaporin-4 and Its Anchoring Complex in Mouse Astrocytes
	Introduction
	Materials and Methods
	Animals
	Derivation of Mouse Embryonic Stem Cell and Maintenance
	Generation of Mouse Embryonic Stem Cell-Derived Astrocytes
	Generation of Primary Murine Astrocyte Cultures
	TrophosHD Plate Runner Imaging
	Regional Dissection of Adult Mouse Brains
	RNA Extraction, cDNA Synthesis and RT-qPCR
	Protein Extraction, Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis and Western Blotting
	Immunofluorescence
	Imaging

	Results
	Bone Morphogenetic Proteins (2, 4, 5, 6, 7, and 10) Increase Aquaporin-4 in Mouse Embryonic Stem Cells-Derived and Primary Mouse Astrocytes
	Bone Morphogenetic Proteins Differentially Regulate Transcription of Aqp4, Gfap, and Genes Encoding Members of the Dystrophin-Associated Protein Complex
	Bone Morphogenetic Proteins Treatment of Primary Astrocytes Also Upregulates Aquaporin-4 and Glial Fibrillary Acidic Protein at the Protein Level
	Primary Astrocytes Express Bone Morphogenetic Proteins Receptors and Bone Morphogenetic Proteins Treatment Activates the Smad1/5/9 Pathway
	Bmp Transcripts and Receptors Are Expressed in Adult Mouse Brain With Regional Heterogeneity
	Bone Morphogenetic Proteins-2 and -4 Are Mainly Expressed by Neurons
	Endothelial Cells in Brain Vessels Differentially Express Bone Morphogenetic Proteins
	Individual Astrocytes Express Bone Morphogenetic Protein 4
	Nuclei of Subpial and Perivascular Astrocytes Contain Phosphorylated Smad1/5/9 Complex

	Discussion
	Signaling Pathways Involved in Regulation of Astrocytic Aquaporin-4
	Dysregulation of the Dystrophin-Associated Protein Complex in Astrocytes

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References




