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Aquaporin-4 (AQP4) is a predominant water channel in the central nervous system. It regulates water
movement in the brain and has been suggested to play critical roles in various pathological conditions.
However, the molecular mechanisms underlying its regulation are not yet well understood. In this study,
we biochemically characterized AQP4 in the brain using acute cortical brain slices prepared from mice.
Using biochemical fractionation, we found that AQP4 is enriched in the detergent-resistant membrane
(DRM) fraction that is not soluble in 1% Triton X-100. In contrast, b-dystroglycan and syntrophin, which
are part of the dystrophin complex in the brain, primarily reside in the non-DRM fraction. DRM
enrichment of AQP4 is insensitive to cholesterol depletion, suggesting that it is not tightly associated
with lipid rafts. Furthermore, AQP4 in the DRM fraction is more enriched in the M23 isoform than in the
non-DRM fraction. Finally, by employing oxygen-glucose deprivation (OGD), an in vitro model of
ischemia, we examined the molecular changes of AQP4. Under OGD conditions, a reduction in AQP4 in
the DRM fraction was observed before the total AQP4 protein level dropped. Our data therefore highlight
the characteristics of two pools of AQP4 that are distinctly regulated under ischemic conditions.

© 2021 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Aquaporins are integral membrane proteins that facilitate water
movement across the plasmamembrane. There are thirteen known
types in mammals, and only a handful of them are well studied.1,2

One type of this membrane channel is aquaporin-4 (AQP4), which
predominantly resides in the central nervous system. Its localiza-
tion is polarized at the endfeet of astrocytes and regulates the
movement of water in the brain.2e4 An increase in brain water
content, or brain edema, is the result of progression in an injury to
the brain, such as trauma,5 ischemia,6 or tumors.7 AQP4, a primary
water channel in the brain, plays an important role in the accu-
mulation of water in these pathophysiological conditions. It has
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been shown that AQP4 knockout mice have lesser brain edema and
show better neurological outcomes than wild-type mice in a water
intoxication model.8 AQP4 is also involved in the autoimmune
disease neuromyelitis optica.9

AQP4 has two major isoforms, M1 and M23. These two isoforms
have 22 amino acid differences in the cytoplasmic N-terminal of the
protein.10 In the plasmamembrane, AQP4M1 isoforms tend to form
singular tetramers, but M23 isoforms are more likely to form large
arrays known as orthogonal array particles (OAPs). The ratio be-
tween M1 and M23 determines the size of these arrays.11 In one
study, Chinese hamster ovary (CHO) cells expressing both M1 and
M23 had a more intermediate size of arrays compared to cells
expressing only M1 or M23. The AQP4 M1 isoform has been shown
to be the limiting factor for array size. Several hypotheses have been
proposed to regulate the arrangement of these two isoforms in the
plasma membrane. The large arrays are more stable in the plasma
membrane relative to singular tetramers, as shown in an experi-
ment related to themigration of astrocyte lamellipodia.12 In a study
of neuromyelitis optica, it was also revealed that large arrays are
nese Pharmacological Society. This is an open access article under the CC BY-NC-ND
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more resistant to endocytosis than singular tetramers.13 Using
quantum dot tracking, AQP4 single tetramers were found to move
more freely compared to large arrays.14 However, the significance of
these forms in the plasma membrane is still not clear.

Fractionation based on detergent solubility is one method used
to analyze proteins in the plasma membrane. The detergent-
resistant membrane (DRM) fraction has been associated with
lipid rafts, a microdomain in the plasma membrane rich with
cholesterol and sphingolipid that is involved in membrane traf-
ficking, membrane signaling, or influencing membrane fluidity.15,16

Only a few studies have investigated the targeting of AQP4 in the
DRM fraction. Using primary cultures, Noel et al.17 mentioned that
AQP4may be located in the raft microdomain and participate in the
regulation of AQP4 channels. On the other hand, Nicchia et al.18 did
not find the AQP4 pool in muscle to be co-purified with caveolin, a
membrane marker of lipid rafts, instead suggesting that OAPs may
be changed under pathophysiological conditions. In order to
investigate the relationship between AQP4 and its membrane
domain in the physiological context, we utilized acute brain slices
and characterized the protein in the DRM and non-DRM fractions
using detergent fractionation. We also investigated the distribution
changes of both isoforms using an in vitro model of ischemia as a
means of observing potential changes under pathological condi-
tions. Our data show the need for fractionation in order to obtain a
detailed characterization of AQP4 under physiological and patho-
logical conditions.
2. Materials and methods

2.1. Brain slice preparation

Animal experiments were performed according to the Guide-
lines for the Care and Use of Laboratory Animals of Keio University
School of Medicine. The method used for preparing brain slices was
essentially the same as the one described by Gondo et al.19 Themice
were anesthetized using isoflurane, and after decapitation, the
brain was placed in ice-cold cutting solution (222 mM sucrose,
27 mM NaHCO3, 2.6 mM KCl, 1.5 mM NaH2PO4, 0.5 mM CaCl2, and
7 mM MgCl2) bubbled with 95% O2/5% CO2 at pH 7.4. The cere-
bellum and anterior part of the brain were cut and then mounted
onto a Leica VT 1200 Microtome (Leica Microsystems, Wetzlar,
Germany). A 300 mm slice was made using the microtome and
subsequently immersed in a solution of artificial cerebrospinal fluid
(ACSF) containing 126 mM NaCl, 3 mM KCl, 1.14 mM NaH2PO4,
26 mM NaHCO3, 3 mM CaCl2, 1 mM MgCl2, and 10 mM dextrose
pre-warmed to 37 �C and bubbled with 95% O2/5% CO2 at pH 7.4.
The slices were incubated in this solution for 30 min before use.

Our investigation to determine the involvement of lipid rafts
was performed by utilizing cholesterol depletion using methyl-b-
cyclodextrin (MbCD). The brain slices were incubated in ACSF
containing 2e8mMMbCD or control solution for 60 min at 37 �C.20

After this procedure, the slices were placed in ACSF to undergo the
process of separating the two non-DRM and DRM fractions and
were prepared for Western blotting as described in subsequent
sections.
2.2. Oxygen-glucose deprivation (OGD)

After incubation in ACSF solution for 30 min at 37 �C, the slices
were then placed in a 6-well plate with ACSF containing dextrose
bubbled with 95% O2/5% CO2 for control or ACSF in which dextrose
was replaced by sucrose bubbled with 95% N2/5% CO2 for OGD. The
slices were incubated in these two solutions for 30 min at 37 �C.
Then, they were processed for Western blotting.
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2.3. Western blotting

The brain slices were rinsed in ice-cold 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) ACSF (125 mM NaCl,
5 mM KCl, 10 mM dextrose, 10 mM HEPES, 1 mM MgCl2, and 2 mM
CaCl2 at pH 7.3) and homogenized in Triton buffer (1% Triton X-100
in phosphate-buffered saline) supplemented with a protease in-
hibitor cocktail (Roche Applied Science, Penzburg, Germany) and
phosphatase inhibitor cocktail (Nacalai Tesque, Kyoto, Japan) at 4 �C
for 30 min with gentle rotation. The lysate was then centrifuged at
20,000�g at 4 �C for 20 min. The supernatants comprised the non-
DRM fraction and were collected and placed on ice. The pellet was
then added to radioimmunoprecipitation assay (RIPA) buffer (1%
Triton X-100, 0.1% sodium dodecyl sulfate, 0.5% deoxycholic acid,
50 mM TriseHCl, 100 mM NaCl, 1 mM EDTA, 2 mM EGTA, 50 mM
NaF, and 10 mM sodium pyrophosphate at pH 7.4) supplemented
with a protease inhibitor cocktail and phosphatase inhibitor cock-
tail. The pellet was resuspended and rotated at 4 �C for 30 min.
Next, it was centrifuged at 20,000�g at 4 �C for 20 min. The
resulting supernatants contained the DRM fraction. The protein
concentration was measured using a bicinchoninic acid (BCA)
protein assay (Thermo Fisher Scientific, Waltham, MA, USA), and
equal amounts of proteins from both fractions were loaded and
analyzed by Western blotting.

Anti-AQP4 polyclonal antibody (A5971; SigmaeAldrich, St.
Louis, MO, USA), anti-dystroglycan antibody (ab49515l; Abcam,
Cambridge, UK), anti-syntrophin antibody (1351; Millipore, Bur-
lington, MA, USA), and anti-caveolin-1 antibody (PA1-064; ABR,
Golden, CO, USA) were used as primary antibodies. Chem-
iluminescence detection was performed using horseradish
peroxidase-conjugated secondary antibodies (Jackson Laboratory,
Bar Harbor, ME, USA) and SuperSignal Substrate (Thermo Fisher
Scientific), and the resulting signals were acquired with the
ImageQuant LAS 4000 system (GE Healthcare, Little Chalfont, UK).
Western blotting conditions were optimized to make sure the
linear relationship between protein amounts and band intensities,
and quantified as previously reported.19 Band intensities were
quantified using ImageJ software (National Institutes of Health
[NIH], Bethesda, MD, USA).

2.4. Cell cultures

CHO cells were prepared as described previously.21 AQP4 M1
and M23 isoforms were inserted into the pIRES-EGFP expression
vector using Lipofectamine and Plus reagents (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer's instructions.

2.5. Data analysis

Immunoblot data were quantitatively analyzed using ImageJ
software (NIH). Quantification of integrated band intensity (protein
amount), bandwidth (migration pattern), and the values of indi-
vidual bands were normalized to those of the control samples in
the same membrane. The migration patterns of AQP4 M1 and M23
were analyzed by taking plot profiles of AQP4 from a lower to
higher molecular weight. The relative position of the peak was
analyzed for each band and used for statistical analyses. Calcula-
tions of DRM fractionwere performed by using the band intensities
of proteins of interests in each blot as well as the information
regarding how much of the sample out of total amount obtained
from each brain slice was used for SDS-PAGE. By dividing the
former number (band intensity) by the latter (percentage of protein
samples loaded on SDS-PAGE), we obtained imaginary band in-
tensities of the proteins of interests in Non-DRM and DRM if all the
protein samples collected were to be loaded and analyzed. These



Fig. 1. AQP4 migration pattern difference in the DRM and non-DRM fractions.
Representative Western blotting of AQP4 in the non-DRM and DRM fractions as well as
the original lysates without fractionation (total) is shown. The intensity profiles were
analyzed from the 25 to 37 kDa positions in the direction indicated by the arrow. The
bottom intensity profile is the close-up view of the middle intensity profile.
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values were then used to calculate the fraction of proteins in DRM
in the original sample. Summary graphs show the mean ± standard
error of the mean. Statistical analyses were performed using a t-test
for two-group samples and a one-way analysis of variance (ANOVA)
followed by a post-hoc Bonferroni test for samples with more than
three groups. Statistically significant differences are indicated by
asterisks in figures.

3. Results

To characterize the nature of AQP4 in cortical astrocytes in the
brain, we first examined the detergent solubility of AQP4 using
acute brain slices. Acute brain slices maintain astrocytes in physi-
ological contexts while allowing pharmacological/pathophysio-
logical manipulations.19 Biochemical fractionation experiments
suggested that 21% of the total AQP4 protein in the brain is localized
in the 1% Triton X-100 insoluble (DRM) fraction under our experi-
mental conditions (Supplementary Table 1 and Supplementary
Fig. 1). While AQP4 is suggested to be in the macromolecular
complex with syntrophin and b-dystroglycan,22 these two proteins
are more soluble to 1% Triton; thus, small populations reside in the
DRM (7.3% and 1.1% for syntrophin and b-dystroglycan, respec-
tively) (Supplementary Table 1 and Supplementary Fig. 1), sug-
gesting a unique nature of AQP4. This result is consistent with
previous studies that investigated the association between AQP4
and lipid rafts by detergent fractionation and found that b-dys-
troglycan is enriched in Triton-X extract and that AQP4 resides in
the Triton-X insoluble fraction.17,23

To further investigate the molecular details of AQP4 in the non-
DRM and DRM fractions, we analyzed the migration patterns of
AQP4 using SDS polyacrylamide gel electrophoresis. In the non-
DRM fraction, the plot profile showed two distinct peaks of
bands, consistent with the presence of both the M1 (323 amino
acids; predictedmolecular weight of ~34 kDa) andM23 (301 amino
acids; predicted molecular weight of ~32 kDa) isoforms of AQP4. In
contrast, the plot profile was rather continuous in the DRM fraction
with a single peak at a lower molecular weight, suggesting that this
fraction is enriched in the M23 isoform with little M1 (Fig. 1).

Previous studies have shown that the expression ratio of AQP4
M1 and M23 determines the size of OAPs in the plasma mem-
brane.11 Stable OAPs are formed when AQP4 M23 is more highly
expressed than AQP4 M1,11 and there are multiple pools in the
plasma membrane that depend on this ratio.18 Based on the results
suggesting specific enrichment of the M23 isoform of AQP4 pro-
teins in the DRM fraction, we hypothesized that M23-dependent
OAP formation makes the AQP4 proteins hardly soluble in 1%
Triton. To test this hypothesis, we employed CHO cells stably
expressing either the M1 or M23 isoform of AQP4 and analyzed the
detergent solubility of AQP4 proteins expressed in these cells. We
found striking differences between the detergent solubilities of the
two isoforms of AQP4; nearly 60% ofM23 proteins were insoluble in
Triton, whereas less than 10% of M1 proteins were insoluble
(Fig. 2A, n ¼ 3 for each group, p ¼ 0.0011).

Meanwhile, one study showed that AQP4 resides in the Triton-X
insoluble fraction and that cholesterol depletion results in the
translocation of a pool of AQP4 to the soluble fraction.23 We thus
examined whether lipid rafts are associated with the localization of
AQP4 in the DRM fraction. We used caveolin-1 as a marker for lipid
rafts. By depleting cholesterol, we disrupted the lipid raft and
observed potential changes in both caveolin-1 and AQP4 under this
condition. Interestingly, no change was identified in AQP4 in the
DRM fraction even when there was a significant reduction of
caveolin-1 after cholesterol depletion (Fig. 2B, n¼ 7 for each group,
p ¼ 0.61 for AQP4; n ¼ 7 for control and n ¼ 6 for MbCD, p ¼ 0.039
for caveolin-1). These results are consistent with the idea that the
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insolubility of AQP4 in 1% Triton is more reliant on M23-dependent
OAP formation rather than an association with lipid rafts.

Finally, we investigated whether there was any difference in the
nature of AQP4 proteins in the non-DRM and DRM fractions. In
particular, we focused on pathological conditions using OGD in an
in vitro model of ischemia as described previously.24 In brief, we
incubated acute cortical brain slices with glucose-deprived ACSF
that was bubbled with 95% N2 and 5% CO2 and compared themwith
those incubated with normal glucose containing ACSF bubbled
with 95% O2 and 5% CO2. The cortical slices were subsequently used
for biochemical analysis and then examined for the expression of
AQP4.



Fig. 2. Characterization of AQP4 in the DRM fraction. (A) Percentage of AQP4 M1 and M23 isoforms in the DRM fraction in CHO cells. Representative Western blotting of CHO cell
lysates and brain slice lysates stained with anti-AQP4 polyclonal antibody is shown. AQP4 M23 had a higher percentage in the DRM fraction while M1 was higher in the non-DRM
fraction. (B) Effect of cholesterol depletion on AQP4 in the DRM fraction. The involvement of lipid rafts was investigated in an experiment using MbCD to extract cholesterol from the
membrane. The expression of caveolin-1 as a lipid raft marker significantly changed after the addition of MbCD. On the other hand, AQP4 in the DRM fraction showed no significant
changes under these conditions.
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The total expression level of AQP4 was significantly reduced
after 60 min of OGD compared to the control before fractionation
(Fig. 3, n¼ 6 for each group, p¼ 0.0031 ANOVA, p < 0.05 Bonferroni
post-hoc mean comparison). The reduction of AQP4 at 60 min was
similar to previous results of ischemia in mice25 and consistent
with the functional changes of astrocyte endfeet at this time
point.26 Although the AQP4 expression level did not change at
15min, our previous study revealed that astrocytes respond to OGD
stimulation and play important roles in neuroprotection at this
time point,24 highlighting the possibility that AQP4 may undergo
molecular changes that are not reflected in its protein expression
level as a whole.

Interestingly, we found that after fractionation, AQP4 in the
DRM fraction had already decreased significantly after 15 min of
OGD (Fig. 4, n¼ 7 for each group, p¼ 0.0019). This result suggests a
unique behavior of AQP4 in the DRM fraction, revealing an earlier
AQP4 response to ischemic insults.
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4. Discussion

Our results showed that AQP4 in astrocytes that reside in the
DRM fraction mainly consist of the AQP4 M23 isoform and appear
to be in a separate pool than that of the dystrophin complex con-
taining b�dystroglycan and syntrophin, which are thought to an-
chor AQP4 to the basal lamina. The insolubility of AQP4 appears to
not be dependent on its associationwith lipid rafts but rather on its
enrichment in the M23 isoform. Furthermore, AQP4 shows an early
expression reduction under OGD conditions in vitro compared to
AQP4 in the non-DRM fraction.

The finding of an AQP4 pool separated from the dystrophin
complex demonstrates the possibility of differential regulation of
AQP4 organization in the plasma membrane unrelated to the dys-
trophin complex. The associationwith the dystrophin complex was
first postulated by Neely et al.,27 who showed that the polarization
of AQP4 is tethered by syntrophin as part of the dystrophin complex



Fig. 3. Time course of the total expression of AQP4 under OGD conditions. (A)
Representative Western blotting of brain slice lysates stained with anti-AQP4 poly-
clonal antibody under OGD conditions. (B) Quantification of the data. There were no
significant changes in AQP4 protein expression after 5 min and 15 min, but it was
reduced at 60 min.

Fig. 4. AQP4 expression changes under OGD conditions after protein fractionation. (A) Rep
15 min under control or OGD conditions. (B) Quantification of the results. After protein frac
the control after 15 min of OGD. In contrast, AQP4 in the non-DRM fraction did not change
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using syntrophin knockout mice. A later study by Nicchia et al.18

identified several pools of AQP4, some of which were not co-
purified with b-dystroglycan and dystrophin. They concluded that
theremay be a differentmechanism involving this other pool under
pathological conditions independent of the dystrophin complex.18

This idea is also supported by the finding that AQP4 is separated
from b-dystroglycan after fractionation into the DRM and non-DRM
fractions.17

An alternative hypothesis regarding the regulation of this
distinct pool of AQP4 involves lipid rafts. Lipid rafts have been
defined empirically based on their low density and insolubility in
1% Triton X-100. They function in membrane trafficking, signal
transduction, and depolarization. The DRM involves the artificial
coalescence of raft constituents into an insoluble residue by a
process that is not fully understood. It has been observed that there
are changes in the DRM association upon induction of physiologi-
cally relevant stimuli.16,28 We found that cholesterol extraction
does not result in an AQP4 change in the DRM fraction even though
it significantly changes caveolin-1, which is known to reside in the
DRM. Discrepancy of results of ours and previous study17 may
reflect a different biochemical nature of AQP4 in cell culture system
compared to those in brain tissues. In this regard, while acute brain
slice system is suitable for pharmacological and pathophysiological
analyses of the brain tissues,19 cares need to be taken in extrapo-
lating the current results to in vivo situation, especially under
complex pathophysiology of ischemia.

It is conceivable that AQP4 in the DRM fraction is associated
with a larger size due to the dominance of the M23 isoform. AQP4
has two classical isoforms, M1 and M23, and two different trans-
lation initiation sites in the same gene, AQP4M1 atMet-1 and AQP4
M23 at Met-23. The size of AQP4 aggregation in the plasma
membrane is considered to be larger when it consists of more AQP4
M23.11,14 In order to evaluate the difference between AQP4 M1 and
M23 in the DRM and non-DRM fractions, we used plot profiles to
resentative Western blotting of AQP4 proteins in the non-DRM and DRM fractions at
tionation, AQP4 expression was significantly reduced in the DRM fraction compared to
significantly.
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analyze the two isoforms in both fractions. We found that the DRM
fraction is enriched with the M23 isoform and consists of minimal
M1, supporting our hypothesis that the insolubility of AQP4 in the
DRM fraction is more likely caused by the size of the OAPs in the
DRM fraction. This result is further supported by the observation
that CHO cells expressing only theM23 isoform residemostly in the
DRM fraction compared to CHO cells expressing only the M1 iso-
form (Fig. 2A). The conformation of AQP4 related to the ratio of M1
and M23 isoforms has been illustrated in several studies. Furman
et al.11 observed the assembly of AQP4 using electronmicroscopy in
the membrane of CHO cells that express AQP4 M1, M23, or both. A
larger island of AQP4 was observed in cells transfected with only
M23, and the sizes varied when cells were transfected with both
isoform.11 A mathematical model that analyzes the role of M1/M23
composition in OAP assembly predicted that OAP size increases
with an increasing M23:M1 ratio and preferential localization of
M1 AQP4 at the periphery of OAPs.29 It should also be noted that
existence of AQP4 isoforms other than M1 and M23 have been
suggested.30,31 For example, a recent finding of the extended AQP4
isoform generated by translational readthrough, AQP4ex, shed light
into the supramolecular organization of AQP4. Palazzo et al.31

showed that in the absence of AQP4ex, the organization of OAP in
the perivascular changes. This mechanism supports the idea that
OAPs rearrange their sizes and undergo reorganization in certain
condition. Finally, various post-translational modification including
phosphorylations are known for AQP4, whichmay explain different
degrees of bandwidth observed for M1/M23 and Non-DRM/DRM in
our study. Therefore, while our data can be explained by the two
major isoforms of M1 and M23, further studies may illuminate
more complex combinatorial effects of various isoforms and post-
translational modifications to determine the biochemical proper-
ties of AQP4 in the brain. Regardless of detailed mechanisms, these
various factors may affect AQP4 functions at the plasma membrane
and/or through dynamic regulation of subcellular localization via
endocytosis/exocytosis.

The biological importance of OAP formation is not fully under-
stood. It has shown a role in astrocyte migration function,32 epi-
lepsy,33 traumatic brain injury,34 brain edema,8 glioma12 as well as
normal protein expressions.35 Loss of perivascular AQP4 polariza-
tion is a key feature in pathological conditions in astrocytes. Here,
we showed that AQP4 in the DRM fractionwas reduced early under
OGD conditions compared to the non-DRM fraction (Fig. 4), leading
to changes in the DRM enrichment of AQP4 proteins in the brain.
On the contrary, the total expression of AQP4 did not change at the
same time point (Fig. 3), likely because the DRM fraction only
constitutes 20% of all AQP4 proteins. This result suggests the
occurrence of another process in the DRM fraction at 15 min after
OGD that is not reflected in the total AQP4 expression. Here, it
should be noted that our detailed analyses revealed that OGD
induced global changes in the expressions and distributions of
proteins under our experimental condition, including b-actin and
a-tubulin that we have routinely used for internal controls in
western blotting analyses. As such, to avoid drawing erroneous
conclusions by subjective choice of particular protein as a loading
control, OGD analyses were performed by normalizing total protein
amounts. AQP4 OAPs have been shown to be disrupted after 90min
of middle cerebral artery occlusion in mice.25 The reduction of
AQP4 expression under ischemia is thought to be a mechanism to
reduce cytotoxic edema. It was also shown that AQP4 knockout
mice have a lower hemispheric enlargement and better survival
rate than AQP4 wild-type mice.8 Thus, it is tempting to suggest that
the reduction of AQP4 is a result of the disruption of OAPs after
ischemia, which is a mechanism for reducing brain edema.

In summary, AQP4 in the DRM fraction consists largely of the
M23 isoform. Its solubility is contingent upon on the large array
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that depends on the ratio of M1 and M23, and it is not dependent
on lipid raft regulation. This fraction reduced earlier than the total
expression of AQP4 under OGD conditions, which may be related to
the role of this channel in limiting cerebral edema after ischemia.
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