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ARTICLE INFO ABSTRACT

Keywords: Following ischemic stroke astrocytes undergo rapid molecular and functional changes that may accentuate tissue

AQP4 damage. In this study we identified the neurotrophin receptor TrkB in astrocytes as a key promoter of acute CNS

AStricyte injury in ischemic stroke. In fact, TrkB protein was strongly upregulated in astrocytes after human and experi-
Stroke mental stroke, and transgenic mice lacking astrocyte TrkB displayed significantly smaller lesion volume, lower
TrkB

brain atrophy and better motor performance than control animals after transient middle cerebral artery occlu-
sion. Neuropathological studies evidenced that edema directly correlated with astrogliosis and was limited in
transgenic mice. Importantly, adaptive levels of the water channel AQP4 was astrocyte TrkB-dependent as AQP4
upregulation after stroke did not occur in mice lacking astrocyte TrkB. In vitro experiments with wild-type and/or
TrkB-deficient astrocytes highlighted TrkB-dependent upregulation of AQP4 via activation of HIF1-alpha under
hypoxia. Collectively, our observations indicate that TrkB signaling in astrocytes contributes to the development
of edema and worsens cerebral ischemia.

1. Introduction

Ischemic stroke is a leading cause of disability and death in adult-
hood worldwide (Campbell and Khatri, 2020). It consists of an acute
episode of injury caused by cerebral arterial occlusion leading to irre-
versible cell death in the area where blood flow is heavily impaired
(ischemic core) and cell dysfunction in the surrounding peri-ischemic
regions (penumbra), characterized by hypoxia and low levels of nutri-
ents (Campbell and Khatri, 2020). Currently approved therapies for
ischemic stroke target blood vessel occlusion to achieve tissue

reperfusion but improve clinical condition and central nervous system
(CNS) function if administered within a few hours after the onset of the
ischemic event (Chamorro et al., 2021). As neural tissue in the ischemic
core becomes irreversibly damaged, novel therapeutic approaches
aiming to limit infarct size and maintain function in neighboring areas
represent an unmet clinical need (Yang and Liu, 2021).

Following ischemia, astrocytes in peri-ischemic areas undergo
phenotypical and functional changes that result in enhanced glial
fibrillary acidic protein (GFAP) expression, hypertrophy and prolifera-
tion (Shen et al., 2021). They may release mediators that enhance brain
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TBS, Tris buffered saline; TrkB, tropomyosin receptor kinase B..
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edema and neurotoxicity, and inhibit axonal regeneration (Lo et al.,
2005; Dvoriantchikova et al., 2009; Overman et al., 2012). On the other
hand, astrocyte scar formation around the infarct core may restrict
lesion volume and support neuronal plasticity and survival (Li et al.,
2008; Cekanaviciute et al., 2014; Shen et al., 2021). In vivo studies of
CNS inflammatory diseases using cell type-specific transgenic mice
provided key information about how perturbations in single signaling
pathways may affect disease outcome (Colombo and Farina, 2016).
However, efforts to translate this knowledge to widespread, acute CNS
injury following ischemic stroke have been limited. Here, we investi-
gated the contribution of astrocyte tropomyosin receptor kinase (Trk) B
to brain ischemia using the middle cerebral artery occlusion (MCAO)
experimental model and human stroke specimens, and combining in vivo
with ex vivo and in vitro approaches. Collectively, our observations
highlight TrkB signaling in astrocytes as a key checkpoint supporting
cerebral ischemia pathogenesis via regulation of edema.

2. Materials and methods
2.1. Mice

In vivo experiments were performed on 8-12-week-old male C57BL/
6 wild type mice (purchased at Envigo), GFAPcre:TrkBflox/flox
(GFAPTrkB KO) conditional mutant mice and control TrkBflox/flox
(TrkB WT) littermates. GFAPTrkB KO mice and control TrkB WT litter-
mates were bred at IRCCS San Raffaele Scientific Institute (Colombo
et al., 2012; Colombo et al., 2021). All mice were bred in the same an-
imal house, maintained under specific pathogen-free conditions and
housed 2-5 per cage in a 12-h light: dark cycle with ad libitum access to
food and water.

2.2. Middle cerebral artery occlusion (MCAO) model generation and
analysis

Animals were anesthetized with 1-1.5 % isoflurane (Merial) in 30 %
02 (remainder N20). Rectal temperature was maintained between 36.5
and 37.0 °C using a feedback-controlled heating system (Harvard In-
struments). Considering the left-right asymmetry in the rodent brain
and its impact on neurological and pathological outcomes after ischemia
(Ma et al., 2020), left middle cerebral artery occlusion was induced for
45 min with a silicon-coated (Xantopren, Bayer Dental) 8-0 nylon fila-
ment (Ethilon, Ethicon) as previously described (Gullotta et al., 2023).
To correct fluid loss during the surgical intervention, 0.5 ml of 0.9 %
NaCl was intraperitoneally injected in each animal every day for the first
three days after MCAO.

For the measurement of total ischemic volume in live animals, mice
were anesthetized and subjected to brain magnetic resonance imaging
(MRI) at day 7 post-ischemia (p.i.) in a 7 Tesla small-bore Magnetic
Resonance scanner for small animals (Bruker BioSpec® 70/30). A
channel rat heart coil was employed for acquiring Turbo Spin Echo T2
images (TR2137, TE12, Effective TE36, Voxel 98x98x700um). Volumes
were measured on coronal T2 images by OsiriX Imaging Software and
then calculated as described in (Bacigaluppi et al., 2016). Data were
expressed as percentage of contralateral hemisphere.

Asymmetry of forelimb movements was assessed using the cylinder
test (Balkaya et al., 2013). Mice were placed in a plexiglass cylinder and
their spontaneous activity to rear up on hind limbs and explore the
vertical surface with forelimbs was observed. The number of times mice
used their ipsilateral, contralateral or both forepaws to touch the cyl-
inder wall was recorded. Recording stopped after 10 min or when the
total number of contacts reached 20. The asymmetric score was calcu-
lated as (the number of ipsilateral paw touches — number of contralat-
eral paw touches)/total number of touches. All tests were performed by
trained investigators blinded to the genotype during the light phase of
the circadian cycle beginning 4 h after lights on.

To measure astrocyte proliferation in vivo, 50 mg/kg of 5-bromo-2-
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deoxyuridine (BrdU, Sigma-Aldrich) was intraperitoneally adminis-
tered at day 0, 3 or 10 post-ischemia, two injections a day till sacrifice
three days later. At the end of the experiment, mice were perfused with
4 % paraformaldehyde (PFA) and brains were extracted and used for
immunohistochemical/immunofluorescence studies. Age-matched male
mice with no ischemia were sacrificed and used for comparative
analyses.

2.3. Histological analyses of infarct size, edema and atrophy

Mouse brains were removed from 4 % PFA-perfused mice, postfixed
overnight, cryoprotected in sucrose, embedded in optimal cutting tem-
perature embedding medium for cryostat sectioning (Bio-Optica) and
rapidly frozen in isopentane precooled in liquid nitrogen. Frozen brains
were cut into 20 pm-thick coronal sections at 600 pm interval from 2 mm
rostral to 4 mm caudal to the Bregma. For infarct size determination one
series of sections per mouse was stained with cresyl violet (Sigma-
Aldrich), digitalized and analyzed with ImageJ (download at: http://
rsbweb.nih.gov/ij/) and QuPath (download at: https://qupath.github.
io/) softwares. Infarct volumes were determined by the ‘indirect
method’ (Lin et al., 1993). Briefly, for each section the edema-adjusted
infarct area was calculated by subtracting the non-infarcted area in
ipsilateral hemisphere from the contralateral hemisphere area and
multiplied by the 600 pm interval so to generate a series of infarct
volume values which were summed up and expressed as percentage of
total contralateral volume. Edema was measured at 24 h p.i. and
calculated by subtracting the ischemic hemisphere volume from the
contralateral hemisphere volume and expressed as percentage of
contralateral volume. The same analysis was performed at 34 days p.i. to
evaluate atrophy index.

2.4. Human brain samples

Post-mortem brain samples were obtained from 3 subjects with acute
cerebral infarcts (infarct to postmortem intervals between 25 and 37 h; 1
female and 2 males, mean age 76 + 12.5), 3 subjects with chronic ce-
rebral infarcts (infarct to postmortem intervals between 2 and 9 years; 1
female and 2 males, mean age 69 =+ 9.8) and 4 control donors (2 females
and 2 males, mean age 76.3 + 2.9). Tissues from subjects with acute
ischemia were obtained at autopsy according to the Review Board-
approved protocol at Department of Neurology, Yale School of Medi-
cine, USA, fixed in 10 to 20 % formalin for 2 to 4 weeks, then embedded
in paraffin. Preliminary histological examination of large brain sections
was instrumental for selection of tissue slices spanning from infarcted
area to morphologically normal regions. As far as regards samples from
subjects with chronic cerebral infarcts, gliotic white matter tissues
immediately close to the infarct and control samples were provided by
the NeuroResource tissue bank (UCL Queen Square Institute of
Neurology, London, UK), donated with informed consent using docu-
mentation approved by the NHS NRES Ethics Committee London-Cen-
tral, UK, and stored as snap-frozen tissue blocks under a Research Sector
Licence from the UK Human Tissue Authority (HTA). All procedures
involving analyses of human specimens were approved by the ethical
committee at IRCCS San Raffaele Scientific Institute and performed in
accordance with the ethical standards as laid down in the 1964 Decla-
ration of Helsinki and its later amendments or comparable ethical
standards. Seven or twelve pm-thick sections were prepared from human
paraffin embedded blocks or snap-frozen brain tissue blocks
respectively.

2.5. Tissue protein immunohistochemistry and immunofluorescence

For immunohistochemical stains, endogenous peroxidase was
neutralized with 5 % Hy0, in methanol and unspecific binding was
blocked in a phosphate-buffered saline (PBS) solution containing 1 %
Bovine Serum Albumine (BSA) (Merck) and 5 % fetal bovine serum
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(FBS) (Euroclone). PFA-fixed sections were then stained with primary
antibodies. Bound primary antibodies were visualized with appropriate
species-specific HRP-conjugated secondary antibodies or avi-
din-biotin—peroxidase complex and with 3,3-diamonobenzidine (DAB;
Agilent) as chromogen. Counterstaining with hematoxylin was then
performed.

For immunofluorescence stains of frozen human or mouse tissues,
after blocking PFA-fixed sections were first incubated with primary
antibodies and then with appropriate species-specific Alexa Fluor 488/
594/647-conjugated secondary antibodies (Thermo Fisher Scientific).
Slides were counterstained with 4',6-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich) and mounted with fluorescent mounting medium (Agi-
lent). For BrdU detection, DNA was depurinated to make epitopes
accessible to antibodies by incubating slides in 2 N HCI for 30 min. Slides
were then rinsed in borate buffer (0.1M, pH 8.5) for 10min at room
temperature. Paraffin embedded human sections were deparaffinized,
subjected to antigen retrieval using citrate buffer pH 6.0 for 25 min, then
permeabilized in a Tris buffered saline (TBS) solution containing 0.5 %
Triton X-100. After washing in 1XTBS and 0.01 % Tween 20, sections
were quenched in 0.3 % H202 in TBS for 1 h then blocked using 10 %
Normal Goat Serum and 10 % FcR inhibitor (Invitrogen). After incu-
bation with primary and species-specific secondary antibodies, slides
were stained with Sudan black (MP Biomedicals) to reduce auto-
fluorescence and counterstained with Hoechst 33342 (Life Technolo-
gies), and covered with 50 % glycerol in water.

The following primary antibodies were used: rabbit anti-GFAP
(1:200, Agilent); rat anti-GFAP (1:200; Thermo Fisher Scientific),
mouse anti-GFAP (1:200, BD Biosciences), chicken anti-GFAP (1:400,
Biolegend), rat anti-BrdU (1:100, Abcam), rabbit anti-Ibal (1:800,
FUJIFILM Wako Chemicals, Germany); mouse anti-TrkB (1:100, R&D,
Canada), goat anti-TrkB (1:200, R&D), rabbit anti-TrkB (1:1000, Gen-
etex), rabbit anti-TrkB.T1 (1:50, Absolute antibody), rabbit anti-AQP4
(1:200, Millipore), guinea pig anti-AQP4 (1:200, Synaptic Systems),
rabbit anti-HIF-1a (1:100, Cell Signaling), rabbit anti-AQP4 (1:250)
rabbit anti-GLAST (1:200, Abcam), guinea pig anti-GLT1 (1:100, Milli-
pore), biotinylated goat anti-mouse IgG (1:500, Vector Laboratories).
The following secondary antibodies were used: HRP labelled Polymer
anti-rabbit/goat/guinea pig (Jackson Laboratories), Alexa Fluor 488/
594 donkey anti-rabbit/mouse IgG (H + L) (1:1000, Thermo Fisher
Scientific), Alexa Fluor 488 goat anti-rabbit IgG (H + L) (1:1000,
Thermo Fisher Scientific), Alexa Fluor 488/594/647 donkey anti-rat IgG
(H + L) (1:1000, Thermo Fisher Scientific), Alexa Fluor 546 goat anti-
chicken IgY (H + L) (1:1000, Thermo Fisher Scientific), Alexa Fluor
647 goat anti-guinea pig (H + L) (1:1000, Thermo Fisher Scientific). As
negative controls, mouse IgG1 (Sigma-Aldrich), rat IgG1 (Biolegend) or
rabbit immunoglobulins (Ig) (Thermo Fisher Scientific) were used at the
same concentration of the primary antibodies. Immunohistochemistry
images were acquired with a Leica DM5500B light microscope or Aperio
AT2 digital scanner (Leica Biosystems). Fluorescence images were
captured with a Leica TCS SP5 confocal laser-scanning microscope
equipped with 40x and 63 x oil objectives or with a Leica Microsystems
Thunder imager at 20x and 40x magnification. Acquisition settings
were set on negative controls and single stacks were acquired by LASAF,
LASX or Leica Thunder softwares. ImageJ and QuPath softwares were
used for blinded image analysis. For the measurement of fluorescence
signals, eight to ten fields were acquired for each sample of human or
rodent tissues. Then, a threshold specific for each experiment was set on
negative control and immunohistochemical/fluorescence signal was
measured above the threshold and calculated as percentage of positively
stained area on the entire measured area.

2.6. Generation and in vitro stimulation of primary astrocytes
Primary astrocytes were prepared from brains of male or female

GFAPTrkB KO and control (TrkB WT) littermates according to published
protocols (Colombo et al., 2021). Briefly, primary mixed glial cultures
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were established from the forebrains of 1 day old pups, mechanically
dissociated and digested with 0.25 % trypsin solution. Mixed cultures
were maintained in Dulbecco’s modified eagle medium-high glucose
medium containing 1 % antibiotics (Pen/Strep solution), 200 mM -
Glutamine, 100 mM Sodium Pyruvate (all from Gibco) and 10 % FBS
(Euroclone, Italy). 10-day-old primary cultures were vigorously shaken
to discard microglia and oligodendrocytes. The remaining adherent cells
were detached and, following an adhesion step, non-adherent cells were
reseeded on poly-p-lysine (Sigma-Aldrich) coated flasks in complete
medium. Purity of astrocyte cultures was >95 % according to GFAP
immunofluorescence.

For hypoxia vs. normoxia assays cells were plated on glass coverslips
and cultured in a 5 % CO», 20 % O HERAcell incubator (ThermoFisher
Scientific) (normoxic conditions) or in a 5 % CO3, 1 % O hypoxic
workstation (SCI-tive, Baker Ruskinn) (hypoxic conditions). To inhibit
hypoxia-inducible factor 1-alpha (HIF-1a) astrocytes were treated with
50 pM 2-methoxyestradiol (2ME2) or vehicle (0.3 % DMSO) for 2 h
under normoxia, then further incubated under normal or hypoxic con-
ditions in fresh medium. Cells were then processed for immunofluores-
cence and stained with appropriate primary antibodies. Technical
triplicates were used for each condition and at least 100 cells per
replicate were analyzed.

2.7. Immunocytochemistry

Primary astrocytes were fixed in 4 % PFA, permeabilized with 0.2 %
Triton X-100 (Merck) or 0.1 % Saponin, blocked in PBS + 1 % BSA
(Merck) + 5 % FBS and stained with primary antibodies. Then, cells
were incubated with appropriate species-specific Alexa Fluor 488-conju-
gated secondary antibodies (Thermo Fisher Scientific), counterstained
with 4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) and mounted
with fluorescent mounting medium (Agilent). The following primary
antibodies were used: rabbit anti-TrkB (1:1000, Genetex), rabbit anti-
AQP4 (1:200, Millipore), rabbit anti-HIF-1a (1:100, Cell Signaling).
Fluorescence images were captured at fluorescence microscope
(Olympus BX51), LASX softwares was used for image acquisition and
ImageJ (download at: http://rsbweb.nih.gov/ij/) software was used for
image analysis. To quantify nuclear HIF-1a, DAPI images were con-
verted to 8-bit, ROIs were generated to select (DAPI positive) nuclei and
applied to the corresponding HIF-1a images. Fluorescence thresholds
were fixed on the unstimulated condition and the fraction of positive
nuclei was assessed. Similarly, the fraction of highly fluorescent astro-
cytes above the threshold was used to quantify cellular TrkB and
Aquaporin (AQP) 4 expression under distinct conditions.

2.8. Statistical analysis

Data in figures are presented as mean + standard error of the mean
(SEM) or standard deviation (SD) as indicated in figure legends. The
exact number of mice, samples, or performed independent experiments
is reported in figure legends. Normality of the distribution was assessed
by Kolmogorov-Smirnov statistics. ANOVA/ t-test (in case of normal
distribution) or non-parametric Mann-Whitney U Test (in case of non-
normal distribution) were performed to compare means. All p-values
were two-sided and subjected to a significance level of 0.05. In figures,
asterisks denote statistical significance as * p < 0.05; ** p < 0.01; *** p
< 0.001. Statistical analyses were performed in Excel or GraphPad
Prism.

3. Results

3.1. Astrocyte TrkB is upregulated in human and experimental brain
ischemia

Confocal imaging of immunofluorescent stains revealed strong
upregulation of TrkB protein on human astrocytes located in peri-infarct
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specimens compared to control tissues (Fig. 1A). Signal quantification in
distinct areas of control or peri-ischemic regions underlined the direct
and significant correlation between TrkB and GFAP levels (Fig. 1B).

To study astrocytosis in experimental stroke, C57BL/6 adult mice
were subjected to 45 min of transient MCAO, administered with BrdU at
day 0, 3 or 10 post-ischemia (p.i.) for three days and then sacrificed (day
3, 6 or 13 p.i.). Confocal imaging analysis of tissues revealed that,
compared to CNS samples of healthy control mice, ischemic hemi-
spheres of MCAO mice showed significant induction of astrocyte pro-
liferation starting at day 3 p.i. (Fig. 1C-D) and rising GFAP expression
along time (Fig. 1E-F). Notably, astrogliosis was associated with
increasing TrkB protein levels in MCAO tissues (Fig. 1E,G).

3.2. TrkB deletion in glia cells restricts experimental stroke

To verify the contribution of astrocyte TrkB to acute CNS injury, we
induced MCAO in double transgenic mice lacking TrkB in GFAP-positive
cells (GFAPcre:TrkBflox/flox genotype, hereafter referred to as
GFAPTrkB KO mice) and control wild type littermates (TrkBflox/flox
genotype, hereafter referred to as TrkB WT mice) (Colombo et al., 2012;
Colombo et al., 2021).

7 T-MRI imaging at day 7 p.i. showed significantly lower infarct

A

control tissue peri-ischemic area

C no ischemia

ischemia days post ischemia
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volumes in GFAPTrkB KO mice compared to TrkB WT mice (Fig. 2A-B).
Ischemic stroke strongly impaired motor coordination as measured by
the cylinder test, so that TrkB WT MCAO mice showed clear preferential
usage of the ipsilateral forelimb at day 7 p.i., a behavior from which they
partly recovered along time (mean asymmetric score = 0.43 and 0.28 at
day 7 and day 25 respectively). Notably, GFAPTrkB KO mice displayed
little or no asymmetry of forelimb movements (mean asymmetric score
< 0.02 at any time points) (Fig. 2C), demonstrating that astrocyte TrkB
supports the dysfunction of motor coordination after stroke.
Histological evaluation of ischemic brains in the acute (day 1 p.i.)
and chronic phases (day 34 p.i.) of the disease confirmed low infarct
volumes at both time points (Fig. 2d-f) and significantly reduced brain
atrophy in the chronic phase (Fig. 2G) for the transgenic animal group.
Compared to non-ischemic mice, both groups of infarcted animals
displayed higher GFAP levels in the infarcted hemisphere at day 1 p.i.
(Fig. 2H, J black dots), however, GFAP up-regulation was significantly
lower in GFAPTrkB KO mice than in control littermates (Fig. 2H, J white
dots). Astrocytosis further increased in the damaged hemisphere during
the chronic phase after ischemic injury and became evident also in the
contralateral hemisphere (Fig. 21I-J black dots). Even at the late time
point (day 34 p.i.), astrocyte reactivity was lower in GFAPTrkB KO mice,
indicating that astrocyte TrkB is an important contributor to scar
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formation after stroke (Fig. 2I-J white dots). As detected by Ibal stain,
microglia activation in the infarcted hemisphere was quite modest at
day 1 p.i. in both groups of animals (Fig. 2K, M), but very evident in the
chronic phase (Fig. 2L-M). At this late stage the labeling pattern differed
between genotypes and was approximately 60 % lower in GFAPTrkB KO
mice (Fig. 2L-M).

Overall, these in vivo results indicate a pathogenic role for astrocyte
TrkB in the evolution of experimental stroke.

3.3. Astrocyte TrkB does not modulate glutamate transporter levels

Glutamate-induced excitotoxicity is a major cause of neuronal death
after ischemic stroke. As glutamate uptake is primarily achieved by as-
trocytes through the glutamate aspartate transporter (GLAST) and glial
glutamate transporter 1 (GLT1) (Kaplan-Arabaci et al., 2022), we
analyzed the expression of these transporters in brain tissues from TrkB
WT and GFAPTrkB KO mice by immunohistochemistry. Compared to the
healthy CNS, GLAST and GLT1 signals were higher in the ischemic but
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not in the contralateral hemispheres of wild type and GFAPTrkB KO
mice at day 1 p.i. (Fig. 3A-B; E-F), while equally expressed in both
hemispheres at day 34 p.i. (Fig. 3C-D; G-H). No difference emerged
between wild type and GFAPTrkB KO mice at any time point, indicating
that astrocyte TrkB does not rule glutamate transporter levels in vivo
after stroke.

3.4. Astrocyte TrkB sustains edema and AQP4 levels in experimental
ischemic stroke

Cerebral edema is an acute complication of ischemic stroke, and
when severe is associated with poor prognosis (Battey et al., 2014;
McKeown et al., 2022). To evaluate the effect of astrocyte TrkB on the
development of cerebral edema we measured the enlargement of the
ischemic hemispheres compared to the contralateral areas in GFAPTrkB
KO and WT animals at day 1 p.i. (Fig. 4A). We observed that GFAPTrkB
KO animals had limited ischemic swelling compared to control TrkB WT
mice (Fig. 4A-B). Cerebral swelling after ischemia is generated by an

no )
. ; day 1 p.i.
h
B 40, 1Schemia |
58 I $
w ©
2 204 |
% 8 21
5 '
0] |
|
I

0
30

e

uli

contralateral ipsilateral

i

day 34 p.i.

@® TrkBWT
O GFAPTrkB KO

GLAST signal
(% total area)

contralateral ipsilateral
no )
F 50— ischemia | day 1p.i
_ 404 :
ST deokok
5¢ 304 ! -
w2 | )
Z & 204 :
S
O> 1ol @ | @
|
0

contralateral ipsilateral

day 34 p.i.

T 5 ® TikB WT

S 3

2s O GFAPTIkB KO
©

- 8

s

(D ~

) o,
0] ®° b o
30 A
20 %)

10
0

contralateral ipsilateral

Fig. 3. Astrocyte TrkB does not support glutamate transporter expression. (A-D) Representative brain immunohistochemistry for GLAST in TrkB WT and GFAPTrkB
KO mice at day 1 (A) or 34 (C) p.i.. and signal quantification (B, D) in the contralateral and ipsilateral hemispheres of non-ischemic animals and mice subjected to
MCAO. (E-H) The same as in (A-D) for GLT1 stains. Asterisks indicate statistical significance versus no ischemia. ***P < 0.001, **P < 0.01. In B, D, F, H, each dot
represents a single animal; bars represent means of the values + SEM. Scale bars 800 pm.
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Fig. 4. Astrocyte TrkB deletion controls edema exacerbation in experimental ischemic stroke. (A-B) Representative ischemic brain sections of TrkB WT and
GFAPTrkB KO mice stained with cresyl violet at day 1 p.i. (A) and relative edema quantifications (B). Black lines outline ipsilateral and contralateral hemispheres.
(C—D) Representative brain immunohistochemistry for IgG in TrkB WT and GFAPTrkB KO mice at day 1 p.i. (C) and relative quantifications (D). (E) Correlation
between edema and GFAP expression in the ischemic hemisphere of TrkB WT and GFAPTrkB KO mice. (F) Representative immunofluorescence stain for GFAP in
human acute ischemic tissue. (G-H) Stains for GFAP (left panels), TrkB (middle panels) and AQP4 (right panels) in ischemic penumbra (upper panels) and control
areas (lower panels) (G) and signal quantification (n = 3) (H). (I) Representative confocal imaging for TrkB (red) and AQP4 (green) in control (left panel) or peri-
ischemic (right panel) brain tissue. (J) Correlation between TrkB and AQP4 expression in control (n = 4) and peri-ischemic tissues (n = 3). (K-L) Analysis of TrkB-
AQP4 co-localization in GFAP positive cells. Regions of interests (ROIs) were generated on GFAP images (K), ROIs were applied to the corresponding TrkB and AQP4
images, and co-localization signals were counted (L). (M-N) Representative brain TrkB immunohistochemistry in non-ischemic mice (M, left panel) or ischemic TrkB
WT or GFAPTrkB KO animals at day 1 p.i. (M, middle and right panels) and relative quantification (N). (O—P) The same as in (M-N) for AQP4 stains. Asterisks
indicate statistical significance versus no ischemia. Asterisks above bar indicate statistical significance between different genotypes/control area. **P < 0.01, *P <
0.05.InB, D, E, H, J, L, N, P each dot represents a single sample/animal; bars represent means of the values + SEM. Scale bars 800 pm in A, C, M, O; 200 pm in F; 50

pm in I—K, and 20 pm in G. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

inflow of fluids composed of water, ions and, eventually, proteins such
as IgG, into CNS parenchyma and is partly contributed by blood brain
barrier (BBB) leakage (Okada et al., 2020). IgG labeling in ischemic mice
showed that IgG levels were almost halved in GFAPTrkB KO animals
compared to controls (Fig. 4C-D), indicating a role for astrocyte TrkB to
BBB breakdown after stroke.

Astrocytes are a main constituent of the BBB and their endfeet, which
encase the vasculature, express AQP4, a key protein channel for water
homeostasis (Rasmussen et al., 2022). As edema levels significantly
correlated with astrogliosis (Fig. 4E), we verified AQP4 and TrkB levels
and their colocalization in human tissues. A few hours after ischemic
stroke, human GFAP protein was significantly augmented in ischemic
penumbra in comparison to adjacent control areas (Fig. 4F-H). Impor-
tantly, gliosis was accompanied by significant upregulation of TrkB and
AQP4 in acute ischemic stroke samples (Fig. 4G-H). Similarly, human
chronic peri-ischemic areas were characterized by concomitant upre-
gulation of TrkB and AQP4, whose levels correlated positively (Fig. 41-
J). Notably, co-localization analyses of GFAP, TrkB and AQP4 proteins
revealed that about 73 % of GFAP positive area also showed signals for
TrkB and AQP4 in peri-infarct regions (Fig. 4K-L). When analyzing brain
sections from control or ischemic TrkB WT or GFAPTrkB KO mice, TrkB
signals were low in healthy CNS and enhanced in ischemic tissues,
though at significantly lower levels in GFAPTrkB KO mice compared to
TrkB WT animals (Fig. 4M-N). Similarly, AQP4 signal greatly augmented
at day 1 p.i. in all animals compared to non-ischemic animals (Fig. 40
left and middle panels and Fig. 4P). Notably, AQP4 protein levels were
30 % lower in ischemic GFAPTrkB KO mice than in control littermates
(Fig. 40 right panel and Fig. 4P), demonstrating early and robust
astrocyte TrkB-dependent regulation of AQP4 after ischemic stroke.

3.5. Astrocyte TrkB supports AQP4 levels under hypoxia

As our in vivo data indicated that astrocyte TrkB may support rapid
AQP4 induction in ischemic brain, we searched for a direct functional
link between TrkB signaling and AQP4 expression in astrocytes. We
cultured primary mouse astrocytes for 24 h under oxygen deprivation to
mimic in vivo hypoxic conditions and initially checked the expression
and localization of the transcription factor HIF-1a to validate our in vitro
hypoxia model. While present in perinuclear areas under normoxic
conditions, HIF-1a stain became localized in the nuclei under hypoxia
(Fig. 5A-B). To check the impact of TrkB signaling on HIF-1a activation
in vitro, we compared the nuclear translocation of HIF-1a in TrkB WT
and KO astrocytes under hypoxia. As shown in Fig. 5 C—D, HIF-1a
positive nuclei were more frequent in control than TrkB KO astrocytes
after 6 h oxygen deprivation, while no difference was observed at a later
time point (Fig. 5E), indicating that TrkB signaling supports early acti-
vation of the transcription factor.

We then analyzed TrkB protein levels and noticed that in vitro hyp-
oxia significantly increased TrkB levels in astrocytes after 24 h (Sup-
plementary Fig. 1, and Fig. 5F-G), indicating that oxygen deprivation
may directly modulate glial TrkB expression. Similarly, hypoxia
enhanced AQP4 expression (Fig. 5H, J). Notably, AQP4 protein levels

remained low in TrkB KO astrocytes exposed to oxygen deprivation
(Fig. 5I, J white dots), demonstrating that TrkB signaling directly
operates downstream hypoxic signals to support AQP4 upregulation in
glia cells.

To verify whether activation of HIF-1a was necessary for TrkB and
AQP4 upregulation under hypoxia, we exposed WT astrocytes to 2ME2,
a natural compound with HIF-1a inhibitory activity (Ma et al., 2014), or
vehicle for 2 h under normoxic conditions, then changed the medium
and incubated the cells under normoxia or hypoxia for further 24 h. As
control, immunofluorescence for HIF-1a confirmed lower nuclear signal
in 2ME2-treated cells compared with non-treated astrocytes after oxy-
gen deprivation (Supplementary Fig. 2). Importantly, TrkB protein
levels were up-regulated in astrocytes under hypoxia even when cells
were pre-exposed to 2ME2 (Fig. 5K, M black dots), while hypoxia-
induced AQP4 expression was completely prevented by 2ME2 treat-
ment (Fig. 5L-M white dots). Overall, these in vitro experiments
demonstrate that HIF-1a activation does not control TrkB levels but is
necessary for AQP4 regulation in astrocytes under hypoxia.

4. Discussion

In this study we report that following cerebral ischemia astrocytes
upregulate the neurotrophin receptor TrkB, thereby increasing CNS
tissue damage and promoting cerebral edema via increasing AQP4
levels.

While occasionally expressed on astrocytes in adult CNS under
physiological conditions, TrkB may be induced under neuro-
inflammatory conditions, such as multiple sclerosis and its animal
models (Colombo et al., 2012; Colombo et al., 2021). Here we showed
that this event may take place also at acute and chronic phases of post-
ischemic damage. In harmony with these ex vivo observations, our in vivo
stroke studies with GFAPTrkB KO and control mice demonstrate that
astrocyte TrkB deletion reduces astrogliosis in the infarcted hemisphere.
TrkB regulates astrocyte maturation during development (Holt et al.,
2019) and is downregulated postnatally, so that its levels in astrocytes
are low/absent in adult CNS under physiological conditions (Colombo
etal., 2021; Colombo et al., 2012). Tissue injury may lead to novel TrkB
expression in astrocytes, where it supports astrocyte proliferation and
scar formation as shown during neuroinflammation (Matyas et al., 2017;
Colombo et al., 2021) or after stroke (this paper).

Notably, TrkB-dependent astrocyte activation sustains neurological
dysfunction measured as limb paralysis in the experimental model of
multiple sclerosis (Colombo et al., 2012) and as decreased motor coor-
dination in the stroke model utilized in this study, which suggests that
interference with a single signaling pathway in a specific cell type may
support clinical amelioration. Our neuropathological studies show
reduced lesion area, BBB breakdown and edema in GFAPTrkB KO mice
already at 24 h p.i., which results in limited ischemic volume and brain
atrophy in the chronic phase after ischemia. These evidences point to an
early involvement of TrkB signaling in astrocyte activation favoring the
development of ischemic pathology, however further studies are
necessary to understand whether interventions targeting astrocyte TrkB
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after injury may also hinder ongoing detrimental processes. et al., 2022) and can be regulated by the transporters GLAST and GLT1

Glutamate accumulation in the brain occurs quickly after stroke expressed on astrocytes (Kaplan-Arabaci et al., 2022). Some studies
(Hurtado et al., 2003; Mitani and Tanaka, 2003), can lead to neuronal report up-regulation of glutamate transporters in astrocytes after tran-
cell death through a process defined as glutamate excitotoxicity (Verma sient ischemia (Arranz et al., 2010; Bacigaluppi et al., 2016), which may
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suggest the activation of a tissue protective mechanism attenuating local
excitotoxicity. Our histological data revealed augmented protein levels
of GLAST and GLT1, initially limited to the ischemic hemisphere and
later throughout the brain, which were independent of mouse geno-
types, indicating that astrocyte TrkB does not regulate glutamate
transporter levels in vivo after stroke.

Cerebral ischemia or in vitro hypoxia may increase AQP4 levels on
astrocytes (our data, (Zeng et al., 2010, Kitchen et al., 2020)). The rise in
cellular water uptake via AQP4 during the early phase of cerebral
ischemia promotes edema and impacts on stroke morbidity as it aug-
ments intracranial pressure, reduces cerebral blood flow and fosters
neuronal death (Patabendige and Chen, 2022). Transgenic mice defi-
cient for AQP4 are relatively protected from brain edema and damage
after cerebral ischemia, indicating that AQP4 is a crucial regulator of
edema (Manley et al., 2000; Yao et al., 2015; Hirt et al., 2017). Here we
demonstrated that AQP4 upregulation after damage may depend on
TrkB signaling, as TrkB deletion in astrocytes is sufficient to impair
adaptive AQP4 levels in response to cerebral ischemia and hypoxia.

Several signals may activate TrkB signaling. Regarding TrkB ligands,
intraventricular or intravenous administration of BDNF is protective in
stroke as it reduces infarct size and neuronal loss (Schabitz et al., 2000;
Zhang and Pardridge, 2006). Similarly, intracerebral transplantation of
BDNF-overexpressing cells promotes functional recovery (Kurozumi
et al., 2004; Chen et al., 2012). However, TrkB requirement for BDNF
action under these conditions is not proven, leaving open the possibility
that neurotrophins mediate protection via other receptors. On the other
hand, TrkB can be transactivated independently of neurotrophin bind-
ing, as shown for GPCR-signaling (Lee and Chao, 2001), inflammatory
and toxic signaling (Colombo et al., 2021). TrkB transactivation rules
key steps in astrocyte activation such as calcium flux and cell prolifer-
ation (Colombo et al., 2021). Importantly, intracellular calcium flux and
NF-kB activation are implicated in AQP4 upregulation (Ito et al., 2006;
Kitchen et al., 2020; Lu et al., 2022; Stokum et al., 2023). Further, cal-
cium signaling stimulates translation of HIF-la during hypoxia (Hui
et al.,, 2006) and NFkB may enhance HIF-la mRNA transcription and
protein stabilization (Tacchini et al., 2004; Bonello et al., 2007; van
Uden et al., 2008; Jin et al., 2018). Here we describe that the interme-
diate step of the TrkB pathway regulating AQP4 levels is the activation
of the transcription factor HIF-1a, which may translocate to the nucleus
under hypoxic conditions and activate gene transcription at specific
hypoxia responsive elements (Mitroshina et al., 2021). Administration
of the HIF-1a inhibitor 2ME2 after traumatic brain injury restrains AQP4
levels (Ding et al., 2009; Higashida et al., 2011; Xiong et al., 2022) and
reduces brain water content (Higashida et al., 2011, Xiong et al., 2022),
BBB breakdown and neurological deficits (Xiong et al., 2022). Impor-
tantly, HIF-1a inhibitors protect animals from ischemic damage only if
provided immediately after stroke (Yeh et al., 2007; Yeh et al., 2011; Na
etal., 2015), indicating that early activation of HIF-1a in the acute phase
of ischemic stroke represents a detrimental tissue response to damage.
Here we described a link between TrkB signaling and HIF-1a activation,
as deletion of TrkB slows nuclear translocation of HIF-1a in astrocytes
under oxygen deprivation, and between HIF-1a activation and AQP4
levels, as HIF-1a inhibition is sufficient to prevent AQP4 upregulation
under hypoxia, but additional studies are necessary to finely describe all
intermediate signaling steps.

In summary our data indicate that astrocyte TrkB drives neurological
impairment, lesion development and brain edema after stroke and that it
may regulate AQP4 levels via HIF-1a activation.
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