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Crucial role of Aquaporin-4 extended isoform
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clearance: implications for Edema

and neurodegenerative diseases
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Abstract

The water channel aquaporin-4 (AQP4) is crucial for water balance in the mammalian brain. AQP4 has two main
canonical isoforms, M23, which forms supramolecular structures called Orthogonal Arrays of Particles (OAP) and
M1, which does not, along with two extended isoforms (M23ex and M1ex). This study examines these isoforms’
roles, particularly AQP4ex, which influences water channel activity and localization at the blood-brain barrier.

Using mice lacking both AQP4ex isoforms (AQP4ex-KO) and lacking both AQP4M23 isoforms (OAP-null) mice,

we explored brain water dynamics under osmotic stress induced by an acute water intoxication (AWI) model.
AQP4ex-KO mice had lower basal brain water content than WT and OAP-null mice. During AWI, brain water
content increased rapidly in WT and AQP4ex-KO mice, but was delayed in OAP-null mice. AQP4ex-KO mice had
the highest water content increase at 20 min. Immunoblot analysis showed stable total AQP4 in WT mice initially,
with increases at 30 min. AQP4ex and its phosphorylated form (p-AQP4ex) levels rose quickly, but the p-AQP4ex/
AQP4ex ratio dropped at 20 min. AQP4ex-KO mice showed a compensatory rise in canonical AQP4 at 20 min
post-AWI. These findings highlight the important role of AQP4ex in water content dynamics in both normal and
pathological states. To evaluate brain waste clearance, amyloid-f3 (AB) removal was assessed using a fluorescent AR
intra-parenchyma injection model. AQP4ex-KO mice demonstrated markedly impaired AB clearance, with extended
diffusion distances and reduced fluorescence in cervical lymph nodes, indicating inefficient drainage from the brain
parenchyma. Mechanistically, the polarization of AQP4 at astrocytic endfeet is essential for efficient clearance flow,
aiding interstitial fluid movement into the CSF and lymphatic system. In AQP4ex-KO mice, disrupted polarization
forces reliance on slower, passive diffusion for solute clearance, significantly reducing A3 removal efficiency and
altering extracellular space dynamics. Our results underscore the importance of AQP4ex in both brain water
homeostasis and solute clearance, particularly AB. These findings highlight AQP4ex as a potential therapeutic target
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for enhancing waste clearance mechanisms in the brain, which could have significant implications for treating brain

edema and neurodegenerative diseases like Alzheimer’s.
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Introduction

The water channel aquaporin-4 (AQP4) plays a pivotal
role in regulating water balance within the mammalian
brain due to its strategic placement at brain fluid inter-
faces, such as the end-feet of astrocytic processes facing
cerebral capillary [1]. The role of AQP4 in brain edema
has been extensively studied and AQP4-null mice pro-
vide compelling evidence of AQP4’s involvement in
maintaining cerebral water balance. AQP4-null mice
exhibit protection against cytotoxic brain edema induced
by conditions such as water intoxication, brain ischemia,
or meningitis [2]. Conversely, AQP4 deletion exacerbates
vasogenic brain edema caused by factors like tumors,
cortical freezing, intraparenchymal fluid infusion, or
brain abscess [3].

The accumulation of fluid in the brain can disrupt
normal flow within the network responsible for clear-
ing interstitial waste products, further impeding proper
water and metabolite removal. This creates a vicious
cycle that exacerbates neuronal damage and edema.
Recent findings suggest the existence of a glymphatic
system [4], in which AQP4 is essential for accelerating
waste clearance, especially during sleep [5]. This opens
new possibilities regarding AQP4’s involvement in pro-
tein accumulation diseases, such as Alzheimer’s disease
where age-related changes in AQP4 polarization, glym-
phatic clearance, and amyloid-p (Ap) deposition appear
interconnected. Recent studies have shown an strong
reduction in glymphatic function observed in aging
brains, along with increased astrocyte reactivity and Ap
accumulation [6]. The inefficient clearance of AP is a
critical factor in Alzheimer’s disease progression, leading
to neuroinflammation, disrupted neural communication,
and cognitive decline [7].

AQP4 is expressed in two predominant isoforms, M23
and M1, which assemble in the plasma membrane to
form highly organized two-dimensional supramolecular
structures [8].

known as orthogonal arrays of particles (OAPs), visible
through freeze-fracture electron microscopy [9]. Among
these isoforms, AQP4-M23 forms OAPs [10, 11], while
AQP4-M1 alone lacks this capacity [12], as demonstrated
also in transgenic AQP4M23 knockout mice (OAP-null
mice) [13]. Moreover, AQP4 mRNA undergoes robust
translational readthrough processing to generate two
additional extended isoforms Mlex and M23ex [14],
which contain a 29-amino-acid C-terminal extension
[15]. Studies involving AQP4ex knockout mice (AQP4ex-
KO) have demonstrated that these extended isoforms

play a crucial role in the assembly and confinement of
perivascular OAPs, acting as structural components of
the glial endfoot membrane [16, 17].

Recent research has identified a phosphorylated
form of AQP4 at Ser335 within the extended sequence
(p-AQP4ex), conserved across human, mouse, and rat
AQP4ex [18]. p-AQP4ex is strongly expressed in supra-
molecular assemblies at the perivascular astrocyte end-
feet in the human brain. In vitro experiments have shown
that phosphorylation in the C-terminal extension affects
water channel activity, suggesting that this post-transla-
tional modification might influence AQP4 activity at the
blood-brain barrier (BBB), potentially leading to func-
tional effects under both physiological and pathological
conditions [15].

Given the significant presence of AQP4ex in peri-
vascular astrocyte processes, which envelop nearly the
entire surface of cerebral blood vessels, it is reason-
able to hypothesize that AQP4ex may play a role in the
development of edema observed in many pathological
conditions [2, 3, 19]. Recent studies have reported that
AQP4ex is downregulated in fresh biopsies from glioblas-
toma patients, and AQP4 delocalization and subsequent
reduction are anticipated by AQP4ex alterations from
the peritumoral to the tumoral region [20]. Furthermore,
BBB alteration and edema index correlated with AQP4ex
alteration levels, confirming the role of AQP4ex in vaso-
genic edema accumulation in the peritumoral area [20].

Recent studies have investigated the involvement of
the extended AQP4 isoform in efficient A clearance and
identified small molecule compounds suitable for thera-
peutic intervention [21]. However, the specific roles of
AQP4ex in brain physiological homeostasis, edema, and
waste clearance remain unclear.

The aim of this study is twofold: first, to evaluate the
contributions of the two physiologically predominant
AQP4 isoforms—the OAP-forming isoform (M23)
and the perivascular localization-controlling isoform
(AQP4ex)—in cerebral edema; and second, to investi-
gate the role of AQP4ex in brain waste clearance. Using
an acute water intoxication (AWI) model to induce brain
swelling without BBB damage, and employing two trans-
genic mouse models (AQP4ex-KO and OAP-null), we
examined the role of AQP4 isoforms and their localiza-
tion in astrocytic water exchange control under osmotic
stress. Additionally, the contribution of AQP4ex to
brain waste clearance was assessed using fluorescent Ap
injected into the striatum and evaluating its removal.
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Our results highlight the crucial role of AQP4ex in
brain water homeostasis and waste clearance, offer-
ing new insights into their physiological functions and
potential therapeutic targets [22].

Materials and methods

Animals

Experiments were conducted in accordance with the
European directive on animal use for research, and the
project was approved by the Institutional Committee on
Animal Research and Ethics of the University of Bari and
the Italian Health Department (Project No. 571/2018-
PR, 27th July 2018). Experiments were performed on
3-month-old (adult) mice. AQP4ex knock-out, OAP-null
were generated using CRISPR/Cas9-mediated genome
engineering and previously described [13, 16]. Mice were
maintained under a 12-hour dark/light cycle, with a con-
stant room temperature and humidity (22+2 °C, 75%),
and had access to food and water ad libitum. All experi-
ments were designed to minimize the number of animals
used and their suffering.

Assessment of blood-brain barrier permeability

To verify BBB integrity, we followed the Evans Blue intra-
caudal injection protocol described by Alves da Silva et
al. [23]. Briefly, Evans blue dye (0.5% in PBS) binds to
albumin, a plasma protein. If the BBB is intact, albumin-
bound dye cannot cross it and will not be present in the
brain parenchyma. A dose of 4 ml/kg of dye was injected
into one of the two lateral caudal veins of each mouse.
Successful injection was confirmed by the blue color-
ation of the nose and paws. After 2 h, the animals were
perfused with PBS for 15 min to clean the vessels and
remove excess dye. Organs of interest were then removed
and immediately stored in PBS. The tissue was homoge-
nized, sonicated, and centrifuged for 30 min at 15,000 rcf
at 4 °C. The supernatant was collected, mixed with 60%
trichloroacetic acid (1:1 ratio) to precipitate proteins, and
stored overnight at 4 °C. The solution was centrifuged
again for 30 min at 15,000 rcf at 4 °C, and the Evans blue
concentration was measured with a spectrophotometer
at 610 nm. Concentration values were obtained by inter-
polating the absorbance readings on a calibration curve
with known dye concentrations.

Acute Water Intoxication Model (AWI)

The acute water intoxication model was used to induce
acute hyponatremia (HN) [2], which lowers extracel-
lular Na+concentration, creating an osmotic gradient
that causes water to move from the bloodstream into
the brain parenchyma, leading to astrocyte swelling at
the BBB. Mice received an intraperitoneal injection of
distilled water equal to 20% of their body weight, along
with DDAVP (0.4 ug/kg). Mice were sacrificed by cervical
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dislocation at baseline and 10, 20, and 30 min after AWI,
and their brains were immediately dissected out.

Brain water content evaluation

Brain water content was evaluated using the wet-to-dry
technique, widely reported in the literature [3, 24, 25].
After brain collection, the right hemisphere was imme-
diately weighed, then placed in an Eppendorf tube and
dehydrated in an oven at 100 °C for 24 h. The dehydrated
hemisphere was then weighed, and the water content was
calculated using the following equation:

water content = (1 — dry weight /wet weight) x 100%.

Antibodies

For immunoblot experiments, the following primary anti-
bodies were used: rabbit polyclonal anti-AQP4 (1 mg/ml,
A5971, Sigma-Aldrich, Saint Louis, MO) diluted 1:8,000;
custom rabbit polyclonal anti-mouse AQP4ex (0.972 mg/
ml) diluted 1:2,000; custom rabbit polyclonal anti-mouse
p-AQP4ex (0.359 mg/ml, ) diluted 1:2000. The secondary
antibody used was goat anti-rabbit IgG-HRP (Bio-Rad,
California, USA), diluted 1:3,000.

Brain protein lysates

After dissection, the left hemisphere of each mouse
was dissolved in seven volumes of BN buffer (1% Triton
X-100, 12 mM NaCl, 500 mM 6-aminohexanoic acid, 20
mM Bis-Tris, pH 7.0; 2 mM EDTA; 10% glycerol) with a
protease inhibitor cocktail (Roche Diagnostic, Monza,
Italy). Tissue lysis was performed on ice for 1 h, and the
samples were then centrifuged at 17,000 x g for 30 min
at 4 °C. Supernatants were collected, and total protein
content was calculated using the BCA Protein Assay Kit
(Pierce-Thermo Fisher Scientific, USA).

Western blotting

SDS and western blot have been performed as previously
described [15, 18]. Briefly, membrane proteins dissolved
in Laemmli were resolved on a 13% polyacrylamide gel,
and transferred onto PVDF membranes (Immobilon
PVDEF; Millipore) for immunoblot analysis. After trans-
fer, membranes were blocked and incubated with pri-
mary antibodies as described in the “Antibodies” section.
After washing, membranes were incubated with peroxi-
dase-conjugated secondary antibodies and washed again.
Reactive proteins were revealed with an enhanced che-
miluminescent detection system (Clarity Western ECL
substrate, Bio-Rad) and visualized on a ChemiDoc Touch
imaging system (Bio-Rad). Images were analyzed using
Image Lab (Bio-Rad). Red Ponceau staining was used to
verify total protein loading across the lanes and to cor-
rect (normalize) the protein content in each lane. AQP4,
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AQP4ex, and p-AQP4ex expression levels were repre-
sented as percentage changes from the baseline level, set
at 100% and indicated in the images as red dashed line.
The relative percentage of p-AQP4ex was also repre-
sented as the proportion of total AQP4ex, indicating the
change in the phosphorylated isoform relative to the total
extended isoforms.

Intra striatum injection of amyloid-B

Three-month-old AQP4 WT and AQP4ex-KO mice were
anesthetized by intraperitoneal injection of a mixture
of Ketamine (100 mg/kg) and Xylazine (10 mg/kg) and
secured in a stereotaxic apparatus. Mice were injected
with 1 pl of amyloid-p (1-42) Hylexa Fluor-488 (200 ug/
ml) in the striatum (coordinates: bregma+1.5 mm, lateral
—1.5 mm, depth —2 mm) using a Nanoject II auto nano-
liter injection system (Drummond Scientific Company)
at a rate of 23 nL/second. Six hours after injection, mice
were transcardially perfused with 4% paraformaldehyde
in PBS. Brains and ipsilateral deep cervical lymph nodes
were immersed in 4% PFA, postfixed overnight, cryo-
protected, included in OCT, and stored at -80 °C. Tis-
sues were sliced at 10 pm thickness using a cryostat (CM
1900; Leica, Wetzlar, Germany) at -20 °C and collected
on SuperFrost Plus adhesion slides (Thermo Fisher Scien-
tific) with Mowiol (Sigma-Aldrich) and DAPI (Life Tech-
nologies). Sections were observed using a LEICA EL6000
microscope with an ACS/APO 10x/0.30 objective.

Semi-quantitative analysis

Deep cervical lymph nodes and brains from AQP4-W'T
and AQP4ex mice were analyzed. Semiquantitative anal-
ysis of fluorescence intensity of amyloid- (1-42) Hylexa
Fluor-488, was carried out from AQP4-WT and AQP4ex
mice at the cortical and medullary regions of deep cer-
vical lymph node. Images were captured at 10x magni-
fication using LAS-X software, and mean fluorescence
intensity values were collected from four regions of inter-
est (ROIs) for each area. To quantify the spread of the flu-
orescent signal from the injection site, the space constant
A (um-1) was calculated. Four linear ROIs were analyzed
starting from the injection site towards the brain paren-
chyma using Image] software. Decay curves were gen-
erated by averaging fluorescence intensities from these
ROIs and normalizing to maximum intensity. Exponen-
tial fitting was applied to the curves to visualize fluo-
rescence decay over distance, resulting in interpolated
curves for each animal from which the space constant ()
was derived.

Statistical analysis

Results are reported as meanzstandard error of the
independent experiments indicated in figure. Statisti-
cal analysis was performed using GraphPad Prism 9
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(GraphPad Software, San Diego, CA, USA) by t-test for
unpaired data or analysis of variance (ANOVA), followed
by Tukey’s test. A *p-value<0.05 was considered statisti-
cally significant.

Results

BBB Integrity and brain water content in basal condition
Earlier research involving our two transgenic mouse
models showed that AQP4ex-KO and OAP-null mice
were grossly indistinguishable from wild type littermates
[13, 16].

To evaluate the impact of the absence of AQP4ex and
M23 isoforms in BBB permeability, the Evans-Blue assay
was performed [26]. Data reported in Fig. 1a show very
low levels of the dye in the brain of both transgenic ani-
mals, similar to wild-type, indicating that the BBB in
AQP4ex and OAP-null mice is not substantially altered in
mice under basal condition. However, evaluation of brain
water content showed that AQP4ex-KO mice had a sig-
nificantly lower water content compared to WT and to
OAP-null mice (Fig. 1b). These data suggest that AQP4ex
is critical for maintaining normal brain water content
but is not necessary for maintaining BBB integrity under
basal conditions.

Brain edema formation

Systemic hyponatremia was reproduced using the widely
applied acute water intoxication (AWI) mouse model [2,
27] as a model of cytotoxic brain edema. AWI induces
extremely elevated intracranial pressure (ICP) (>40
mmHg) few minutes after water injection which restricts
brain perfusion [28] and results in the development of
severe cerebral ischemia that determines the mouse
death within 60 min [2]. Brain water content was mea-
sured at 10, 20 and 30 min of AWTI.

Brain water content increased similarly in all geno-
types after AWTI confirming the model’s efficacy in induc-
ing brain water accumulation (Fig. 2a). At 10 min both
WT and AQP4ex-KO showed significant water content
increases, while OAP-null did not show a statistically
significant increase compared to untreated animals. At
20 min, AQP4ex-KO exhibited the highest water content
increase compared to WT and OAP-null mice (Fig. 2b,
middle). After 30 min water content increase was simi-
lar across all genotypes indicating the brains inability to
manage water accumulation beyond this threshold, lead-
ing to irreversible damage [28].

AQP4 expression in WT mouse brain after acute water
intoxication

Immunoblot experiments evaluated AWI effects
on AQP4 isoform protein expression in WT mice.
Total AQP4 levels remained stable at 10 and 20 min
but increased at 30 min (Fig. 3a-b). AQP4ex protein
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Fig. 1 Characterization of blood vessel permeability and brain basal water content. (a) Aligned dot plot showing quantitation of Evans Blue extravasation
in WT (red), AQP4ex-KO (blue) and OAP-null (green) mice brain after intracaudal injection of dye. No differences among genotypes are observed (n=5 for
each analyzed group). The CTRL value is from a non-perfused animal. (b) Basal brain water content expressed in percentage. Aligned dot plot shows sig-
nificantly reduced brain water content in AQP4ex-KO brain compared to WT and OAP-null. One-way ANOVA, Tukey'’s multiple comparisons test, *p < 0.05,
***p<0.0001; data are expressed as means+SEM
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Fig. 2 Evaluation of brain water content after acute water intoxication at different time points. (a) Brain water measurements expressed as percentage
after 10, 20'and 30’ of water intoxication in WT (red), AQP4ex-KO (blue) and OAP-null (green) mice. (b) Comparison of brain water content between dif-
ferent genotypes at each time point of AWI. Data were expressed as fold increase compared to basal water content for each genotype, set at 1.00 and
indicated as black dashed line. WT and AQP4ex-KO showed higher water increase compared to OAP-null initially, but AQP4ex-KO had greater water accu-
mulation at 20 min. Data are expressed as means+ SEM. (*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, One-Way ANOVA with post hoc comparison via
a Bonferroni multiple comparison) n= 14, except for (@) AQP4ex-KO 20’ (n =13), AQP4M23-KO 10'and 20" (n=12); (b) AQP4M23-KO 10’ (n=12), AQP4ex-KO
20" (n=13), AQP4M23-KO 20' (n=12)
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Fig. 3 AQP4 isoforms protein expression in WT mice after different time points of AWL. (a, ¢, e) Immunoblot results of AQP4, AQP4ex and p-AQP4ex
expression in three different untreated (CTRLs) and treated mice at 10, 20 and 30 minuses post-AWI. Western blot experiments are representative and the
samples shown belong to the same electrophoretic run. (b, d, f) Results of the densitometric analysis shown as the percentage variation compared to
baseline (red dashed line) of AQP4, AQP4ex and P-AQP4ex respectively (Red asterisk indicates the Student’s t-test significant differences for the compari-
son with basal level, while the black one indicates the comparison between different time points). (g) Ratio between p-AQP4ex and AQP4ex showing that
only half of additional AQP4ex was phosphorylated at 20 min. Data are expressed as means + SEM (*p < 0.05; One-Way ANOVA n=10)

increased at all time points (Fig. 3c-d), and p-AQP4ex
levels similarly increased (Fig. 3e-f). The p-AQP4ex to
AQP4ex ratio decreased at 20 min, indicating reduced
phosphorylation efficiency (Fig. 3g). This suggests that
AQP4ex phosphorylation is crucial for AQP4 function at
astrocytic endfeet, probably impacting water dynamics
and/or localization. It is rather suggestive that an increase
in brain water contents during intoxication triggers time
dependent de-phosphorylation processes.

AQP4 expression in AQP4ex-KO mice brain after acute
water intoxication

In AQP4ex-KO mice, the absence of AQP4ex led to
increased canonical isoforms after 20 min of AWI
(Fig. 4a-b). This result parallel the strong water content
increase observed after 20 min (Fig. 2) confirming that
AQP4ex and the ratio between p-AQP4ex/AQP4ex are
involved in the control water increase during AW1I.



Abbrescia et al. Acta Neuropathologica Communications

AQP4 Ab

CTRLs 10’

32 KD 2w
30 kDa—| IR e D

—M1
.23

CTRLs 20’

- .- -

CTRLs
-

30’
- e .‘

(2024) 12:159

Page 7 of 12

*%

4001
300+

2004

100 == e S —

% AQP4

[ ]

- s

0 . . .
N P® o

Fig. 4 AQP4 canonical isoform expression in AQP4ex-KO mice post-AWI. (a) Typical immunoblot of M1 and M23 isoforms detection in three untreated
and treated mice; Western blot experiments are representative and the samples shown belong to the same electrophoretic run. (b) Results of the densi-
tometric aanalysis shown as the percentage variation compared to baseline (red dashed line) of AQP4. Note that after 20 min of AWI canonical isoforms
significantly increased. (Red asterisk indicates the Student’s t-test significant differences for the comparison with basal level, while black one the compari-

son between different time points, *p <0.05, *p <0.01, n=10)

Impact of AQP4ex on brain parenchymal diffusion and
Amyloid-f drainage

Given that basal brain water content was significantly
lower in AQP4ex-KO mice we hypothesized that AQP4ex
would be also important in regulating the brain paren-
chyma flow of substances as well as proper brain extra-
cellular environment. To test this hypothesis, we injected
fluorescent AP (1-42) into the striatum, and fluorescence
distribution was measured after 6 h along 50 pm from the
injection site (Fig. 5a). This distance was chosen consider-
ing that the distances for diffusion of molecules between
adjacent brain capillaries are between 20 and 40 pum [29].

Fluorescence evaluation revealed differences in inten-
sity changes between WT and AQP4ex-KO mice (Fig. 5b,
¢). WT mice showed minimal signal at ~10 pm, while
AQP4ex-KO mice showed minimal signal at ~30 pm.
The space constant (\) was strongly reduced in AQP4ex-
KO mice, indicating altered intra-parenchymal diffusion
of AP.

Fluorescence intensity in ipsilateral cervical lymph
nodes was lower in AQP4ex-KO mice (Fig. 5b lower and
5d), indicating reduced AP drainage. Initial evaluations
of the contralateral lymph nodes did not reveal detect-
able fluorescence signals, and thus, further analysis was
not pursued (data not shown). These results suggest that
AQP4ex expression controls brain extracellular volume
changes and water content (see discussion).

Discussion

In this study we investigated the relevance of AQP4ex in
brain water homeostasis and solute clearance. AQP4ex
is critical for the proper localization and polarization of
AQP4 channels at astrocytic endfeet, Using the water
intoxication model and the solute brain injection together
with the unique opportunity of the AQP4ex-KO mice, we
provide evidence on the crucial role of AQP4ex on brain
water balance and amyloid-p (AB) clearance. The latter
we considered here as a measure of the AQP4ex func-
tional role in the waste clearance system.

Role of AQP4ex in water content dynamics

The regulation of brain water content is fundamental for
cerebral homeostasis under both normal and pathologi-
cal condition. Our data reveals significant differences in
basal brain water content between WT and AQP4ex-
KO mice with AQP4ex-KO mice exhibiting lower brain
water content. This suggests that AQP4ex’s critical role in
maintaining normal brain water levels.

Following acute water intoxication, brain water content
increased in all genotypes, confirming the model’s effec-
tiveness in inducing cytotoxic brain edema.

OAP-null mice, in which AQP4 protein is drastically
reduced, exhibited a delayed response, in line with a
reduced edema formation reported in AQP4-KO mice
[2]. AQP4ex-KO mice showed the highest increase in
brain water content at 20 min, suggesting AQP4ex’s
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Fig. 5 Amyloid-f drainage from brain parenchyma. (@) Schematic model of the protocol used to evaluate the cleaance of AB in the central nervous
system of mice. Amyloid-p (1-42) Hylexa Fluor-488 was stereotaxically injected into the striatum and six hours post-injection, the fluorescence of AR
were assessed after cryosection of brains and lymphnodes. (b) Brain section that exhibits the maximum fluorescence intensity among all sections at the
injection site was analyzed together with lymph nodes sections. The red dotted line indicates the region where fluorescence levels were detectable. Cell
nuclei were stained with DAPI (in blue). Note that the fluorescence intensity of amyloid-{3 in WT appears lowers than AQP4ex-KO at the point of injection
while the ipsilateral cervical lymph nodes have markedly higher levels of fluorescence in WT mice compared to AQP4ex-KO mice. Scale bar 50 um. (c)
A fluorescence values plotted as a function of distance from the injection site in the striatum. Quantification of fluorescent signal quantified using the
space constant A (um™). (d) Quantification of AB in cortical (left) and medullar (right) regions of ipsilateral lymph node of WT and AQP4ex-KO mice (n=4).

Unpaired t-test, *p < 0.05

importance under acute osmotic stress likely through its
interactions with other cellular components.

By 30 min post-AWI, brain water content plateaued
across all genotypes indicating compromised water regu-
lation beyond this threshold where increased intracranial
pressure (ICP) severely restricts cerebral perfusion, lead-
ing to irreversible brain damage [30].

These findings highlight the important role of AQP4ex
in both normal and pathological states, underscoring its
importance in both immediate and sustained responses
to brain edema.

Role of AQP4ex protein expression and phosphorylation
Our immunoblot analyses reveal significant insights into
the modulation of AQP4ex and p-AQP4ex during AWI.
Total AQP4 levels remained relatively stable at early AWI
stages but increased significantly at 30 min, indicating a
delayed response to prolonged osmotic stress.

Conversely, AQP4ex and p-AQP4ex levels were upreg-
ulated at all time points examined, indicating a dynamic
and responsive modulation to osmotic stress. The ratio
of p-AQP4ex to AQP4ex was similar to control at 10 and
30 min, indicating that the newly produced AQP4ex is
phosphorylated at these time points. However, at 20 min,
this ratio was significantly reduced. This reduction in
phosphorylation at 20 min could be due to several fac-
tors, including the presence of regulatory mechanisms
that control the timing and extent of phosphoryla-
tion, possibly to balance between immediate functional
demands and long-term protein stability. Additionally,
the phosphorylation process itself may be influenced by
the availability of kinases and other modifying enzymes,
as well as substrate accessibility.

Interestingly, the time point of 20 min also corresponds
to the peak in brain water content observed in AQP4ex-
KO mice. The lack of full phosphorylation at this critical
time may impair the structural role of AQP4ex in anchor-
ing AQP4 channels at the astrocytic endfeet, thereby
affecting the overall water dynamics. This temporal mis-
match between AQP4ex production and phosphorylation
may result in a transient inability to effectively manage
water accumulation, leading to the observed peak in
brain water content.

Previous research has demonstrated that phosphoryla-
tion of AQP4ex reduces the water permeability of AQP4

channels [15]. However, given that AQP4ex constitutes
only a small fraction of the total AQP4 pool, it is unlikely
that this phosphorylation plays a significant functional
role in water transport. Instead, phosphorylation of
AQP4ex likely serves a more structural role, such as
anchoring AQP4 at the astrocytic endfeet. This structural
role is crucial for maintaining the polarized distribution
of AQP4, which is essential for the efficient functioning
of the waste clearance system. The enhanced phosphory-
lation observed at other time points is posited to facilitate
interactions with scaffolding proteins and cytoskeletal
elements, thereby anchoring AQP4 at the astrocytic end-
feet and ensuring efficient water and solute transport.

In AQP4ex-KO mice, the absence of AQP4ex led to a
compensatory increase in canonical AQP4 isoforms at
20 min post-AWI. This transient upregulation may reflect
an early-stage adaptive mechanism in response to acute
osmotic stress, where the brain attempts to compensate
for the loss of AQP4ex by increasing the expression of
other AQP4 isoforms. However, the brain’s inability to
sustain this compensation over time may result in the
attenuation of this expression by 30 min. The phosphory-
lation state of AQP4ex may play an essential role in mod-
ulating the efficiency of these compensatory mechanisms.

Despite its minor proportion, AQP4ex appears to be
essential for maintaining the polarized expression and
functionality of AQP4, ensuring efficient water clearance
during acute cytotoxic stress. These findings highlight
AQP4ex’s non-redundant role in regulating brain water
homeostasis, particularly in conditions of rapid intracra-
nial pressure changes.

It is reasonable to speculate that the short-term regula-
tion of AQP4ex expression can be influenced by transla-
tional mechanisms, especially considering the high levels
of AQP4 mRNA [31]. Brain edema can significantly influ-
ence these translational mechanisms [32]. The increased
osmotic stress and cellular signaling changes associ-
ated with brain edema could enhance the efficiency of
translational readthrough, leading to an upregulation
of AQP4ex production. Factors such as the availability
of specific tRNAs, readthrough-promoting sequences
in the mRNA, and the presence of translation initiation
factors may be modulated under edematous conditions.
These modifications may enable the cell to quickly adjust
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AQP4ex levels in response to the immediate demands of
water homeostasis and edema management.

Role of AQP4ex in solute clearance

Effective clearance of interstitial solutes such as AP is
critical for preventing neurodegenerative diseases like
Alzheimer’s. Our data show that AQP4ex is important
for this clearance process. In WT mice, the drainage sys-
tem operates efficiently, as evidenced by the rapid decline
in AP fluorescence intensity within a short distance from
the injection site facilitated by polarized AQP4 at astro-
cytic endfeet [4]. In contrast, AQP4ex-KO mice exhib-
ited significantly extended A diffusion distances and a
larger space constant, indicating impaired clearance due
to the loss of AQP4 polarization. The absence of AQP4ex
disrupts the structural organization required for effec-
tive flow, resulting in a reliance on a slower, less efficient
clearance mechanism. This impaired clearance was fur-
ther validated by reduced AP fluorescence in the cervical
lymph nodes of AQP4ex-KO mice, indicating compro-
mised drainage from the brain parenchyma. These data
are in line with those reported by Sapkota [21].

Recent findings by Mueller et al. [33] suggest that the
absence of AQP4ex (AQP4x) may lead to changes in
blood-brain barrier (BBB) permeability or impaired efflux
mechanisms, though the study could not definitively con-
clude whether these effects were due to increased leakage
or reduced clearance, highlighting the need for further
investigation.

In our own study [17] we used high-resolution
immunogold cytochemistry to examine the CNS of
AQP4ex-KO mice and found no major alterations in
key structures, such as capillaries, endothelial cells, or
pericytes. This aligns with our current findings, where
we observed impaired AP clearance without significant
changes in BBB permeability. Together, these results
suggest that altered clearance mechanisms, rather than
direct BBB dysfunction, may be the primary consequence
of AQP4ex loss. However, we cannot exclude that subtle
BBB alterations may also occur in specific brain areas and
contribute to the observed defect.

Our data suggest that the impaired clearance in
AQP4ex-KO mice aligns more closely with the diffusion
model rather than the glymphatic model. The extended
diffusion distances and reduced space constants observed
indicate that in the absence of AQP4ex, the brain relies
more on passive diffusion for solute movement, which is
significantly less efficient than the convective flow seen in
the glymphatic system of WT mice. This reliance on dif-
fusion results in slower and less effective clearance of Af,
highlighting the critical role of AQP4ex in maintaining
the efficiency of the brain’s waste removal system.

An important aspect to consider is the impact of dif-
ferences in basal water content on solute clearance.
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AQP4ex-KO mice, which have lower basal brain water
content compared to W'T mice, may experience altered
extracellular space dynamics. Since the BBB is not altered
in the AQP4ex-KO mouse, we can conclude that the
observed variations are not due to increased vascular
permeability. This lower water content could result in a
denser extracellular matrix, potentially hindering the
movement of solutes such as AB. Consequently, the com-
promised drainage system in AQP4ex-KO mice could be
further impaired by the unfavorable conditions for solute
diffusion.

The existence and significance of the glymphatic sys-
tem have been subjects of debate. Proposed in 2017 [6],
the glymphatic system describes a waste clearance mech-
anism dependent on AQP4 polarization at astrocytic
endfeet, believed to function predominantly during sleep
to facilitate CSF movement through brain parenchyma.
However, an alternative diffusion-based theory chal-
lenges the robustness of the glymphatic system, suggest-
ing that waste clearance in the brain may not rely heavily
on AQP4 channels [34]. Recent research [35] adds to this
debate by reporting that brain clearance is reduced dur-
ing sleep and anesthesia, contrasting with earlier studies.
This discrepancy may be due to the mechanisms of waste
clearance varying under different physiological states,
indicating that the efficiency of waste clearance pathways
may be context-dependent and more complex than previ-
ously thought.

Our findings contribute to this debate by providing
evidence that supports the critical role of AQP4ex in
facilitating efficient solute clearance, aligning with the
glymphatic model. However, the impaired clearance
observed in AQP4ex-KO mice also highlights the com-
plexity of the system and suggests that multiple mecha-
nisms, including passive diffusion, may be involved in
brain waste clearance. Further research is necessary to
fully understand the mechanisms underlying cerebral
waste removal and the potential interplay between differ-
ent pathways.

Conclusion

In conclusion, AQP4ex plays a crucial role in the polar-
ization of AQP4 channels, which is essential for the effi-
cient functioning of the waste clearance system. This
polarization enhances convective flow and solute clear-
ance, preventing the accumulation of neurotoxic sub-
stances. The impaired clearance observed in AQP4ex-KO
mice reveals the importance of AQP4ex and its phos-
phorylation in maintaining brain homeostasis. Finally,
these mechanisms may provide potential therapeutic
targets for enhancing brain waste clearance, potentially
mitigating neurodegenerative diseases.
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