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Abstract: Edema formation following traumatic spinal cord injury (SCI) exacerbates secondary injury,
and the severity of edema correlates with worse neurological outcome in human patients. To date,
there are no effective treatments to directly resolve edema within the spinal cord. The aquaporin-4
(AQP4) water channel is found on plasma membranes of astrocytic endfeet in direct contact with blood
vessels, the glia limitans in contact with the cerebrospinal fluid, and ependyma around the central
canal. Local expression at these tissue—fluid interfaces allows AQP4 channels to play an important
role in the bidirectional regulation of water homeostasis under normal conditions and following
trauma. In this review, we consider the available evidence regarding the potential role of AQP4 in
edema after SCI. Although more work remains to be carried out, the overall evidence indicates a
critical role for AQP4 channels in edema formation and resolution following SCI and the therapeutic
potential of AQP4 modulation in edema resolution and functional recovery. Further work to elucidate
the expression and subcellular localization of AQP4 during specific phases after SCI will inform the
therapeutic modulation of AQP4 for the optimization of histological and neurological outcomes.
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1. Introduction

Traumatic spinal cord injury (SCI) is a debilitating and life-altering condition [1,2]. SCI
can lead to loss of motor, sensory, and autonomic function [3-5]. These impairments can be
additionally linked to comorbidities that introduce additional obstacles for SCI patients in
their daily lives [6,7]. For example, psychological comorbidities of SCI that have recently
received a great deal of attention include depression, anxiety, and post-traumatic stress
disorder [8]. The initial mechanical insult to the spinal cord (termed primary injury) is
followed by a cascade of events that may exacerbate the injury (termed secondary injury).
Histopathological processes occurring in the injured spinal cord include breakdown of the
blood-spinal cord barrier (BSCB), edema (water accumulation), hemorrhage, inflammation,
excitotoxicity, cavitation, and glial scar formation. One major goal of SCI research is to
identify potentially reversible causes of secondary injury.

Animal models of SCI include contusion, compression, and transection [9]. Contusion
injuries involve impact to the exposed spinal cord with an impactor or a weight drop
system [10-12]. The most common model involves creating an injury with a computer-
controlled impactor (Infinite Horizons) which creates user-selectable force levels
(30-300 kilodynes, i.e., 0.3-3 N) and allows the impact tip dwell time to be modulated.
Real-time probe force and displacement graphs provide the operator with a precise detailed
record of the kinematics of each impact. These parameters can be modified to generate mild,
moderate, or severe SCI. Compression injuries are created by constricting the exposed cord
with clips, forceps, or weight application [13-15]. Transection models involve durotomy
(opening of the dura) and myelotomy (incision into the spinal cord parenchyma, such
as complete transection or hemisection of the cord). In general, contusion models more
accurately model typical human SCI [16-18].
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2. Spinal Cord Edema

After acute SCI, edema develops at the injury site and spreads rostrally and caudally,
leading to increased cord water content and cord tissue volume [19]. Edema is generally
divided into vasogenic and cytotoxic, but there may be a combination of the two. Vasogenic
edema results from breakdown of the BSCB, resulting in an accumulation of fluid in the
interstitial (extracellular) space of the cord. Cytotoxic edema results from fluid flow into
astrocytes resulting in cellular (hence “cytotoxic”) swelling. Contusion SCI results in
traumatic BSCB disruption, and hence is thought to be largely a model of vasogenic edema;
in contrast, compression SCI causes ischemia to cord vessels and swelling of astrocytes,
and hence is thought to be largely a model of cytotoxic edema. It is clear that injury severity
correlates with the development of edema at the injury site [20], and the extent of edema
impacts secondary damage and neurological outcome following injury [19,21-23].

What is the mechanism by which edema contributes to secondary injury? Studies in
both rodent SCI models and in humans have now clearly indicated that spinal cord edema
at the injury site leads to the swelling of the cord, compression of the cord against the
surrounding dura within the spinal canal, an increase in intraparenchymal cord pressure,
ischemia, and eventual infarction [24-26]. Thus, edema can essentially lead to or exacerbate
a spinal cord “stroke”. Vascular disruption and BSCB breakdown contribute to fluid,
protein, and blood accumulation within the parenchyma of the cord, further exacerbating
edema [27,28]. In a rat model of thoracic contusion SCI, spinal cord edema (as assessed
by measurement of water content at the lesion site at multiple time points) was found to
occur by 6 h and to peak at 72 h [29]. Interestingly, the BSCB is thought to be repaired
by 2-3 weeks after trauma [27], suggesting that the acute period (at least through 72 h
post-injury) may represent a “therapeutic window” for intervention to alleviate edema and
mitigate secondary injury.

Recent human studies of SCI have extensively demonstrated the therapeutic impor-
tance of edema reduction in functional outcome. What is apparent from a review of the
neurosurgical literature on SCI is that decompressive laminectomy, duraplasty, and even
myelotomy do not fully relieve edema or local pressure in the spinal cord. The key studies
in this regard have been conducted as part of the ISCoPE (Injured Spinal Cord Pressure
Evaluation) trials. These are the first studies in humans to evaluate intraparenchymal
spinal cord pressure. These studies find massive increases in intraspinal pressure at the
injury site that falls off farther away, indicating that peak edema at the injury site is likely
responsible for secondary injury [30-34]; indeed, intraspinal pressure and spinal cord
perfusion pressure predict neurological outcome [33].

The above studies establish the importance of edema within the cord contributing to
secondary injury. Ample clinical data over decades with the use of methylprednisolone [35]
have indicated minimal salutary effects of intravenous methylprednisolone on reducing
cord edema or improving outcome [36]. As more is being uncovered about the mechanisms
underlying edema formation following injury to the central nervous system (CNS), inter-
ventions aimed at this issue are becoming more clinically important. To date, there is no
effective treatment for edema following SCI. Thus, the discovery and characterization of
molecular water channels (the aquaporins) and their examination in the context of SCI are
of critical scientific and translational importance.

3. Aquaporins

Aquaporins (AQPs) are a family of membrane proteins that function as water channels
in many cell types and tissues in which fluid transport is crucial [37-40]. AQPs are small
hydrophobic integral membrane proteins (~30 kDa monomer) that facilitate bidirectional
water transport in response to osmotic gradients [41]. Multiple mammalian aquaporins
have been identified, including AQP0, AQP1, AQP2, AQP4, and AQP5, which transport
water only (aquaporins), and AQP3, AQP7, and AQP9, which also transport glycerol
(aquaglyceroporins) [39,41].
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Aquaporin-4 (AQP4) [42-45] (Figure 1) is of particular interest in neuroscience as it
is expressed in the brain and spinal cord by astrocytes and ependymal cells, especially at
specialized membrane domains including astrocytic endfeet in contact with blood vessels
and astrocyte membranes that ensheathe glutamatergic synapses [40,46-49]. AQP9 is also
expressed in astrocytes at low levels, and AQP1 is expressed in choroid plexus epithelial
cells (Figure 1C, right inset). AQP4 has two major isoforms (AQP4-M1 and AQP4-M23).
AQP4-M23, but not AQP1-M1, forms square arrays in the astrocyte plasma membrane,
known as orthogonal arrays of particles (OAPs) [50]. OAPs can be seen in freeze-fracture
electron micrographs [51-55]. It has been demonstrated that activity-induced water fluxes
in the neocortex may represent water movement via aquaporin channels in response to
physiological activity [56,57].
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Figure 1. AQP4 localization in the CNS. (A) AQP4 (blue) is located within astrocyte endfeet processes
surrounding blood vessels in both brain tissue and the BBB. The inset shows the crystal structure of
human AQP4 (PDB code 3GD8). AQP4 assembles as a tetramer with each monomer comprising six
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transmembrane helices and two half-helices (grey). The two half-helices harbor the aromatic-arginine
(ar/R) motif that functions as a selectivity filter. Within the pore, water molecules (red spheres)
align in a single file. (B) AQP4 is also localized at the astrocyte component of the tripartite synapse.
During neurotransmission, neurons release mediators and neurotransmitters from synaptic nerve
terminals (affecter cells) into the synaptic cleft to communicate with other neurons (effector cells). This
synaptic activity induces an increase in intracellular Ca** concentration, which is accompanied by
changed water and solute concentrations in astrocytes, leading to the release of glutamate and other
gliotransmitters. This gliotransmission results in feedback to the presynaptic neurons to modulate
neuro-transmission. AQP4 plays an essential role in maintaining water homeostasis during this
process. (C) In ventricles, AQPs are present within ependymal cells lining the brain—CSF interfaces
(left inset). AQP4 is localized to the basolateral membrane of ependymal cells and the endfeet of
contacting astrocytes. AQP1 (purple) is localized to the apical membrane of the choroid plexus
epithelium (right inset). (D) CSF within the subarachnoid and cisternal spaces flows into the brain
specifically via periarterial spaces and then exchanges with brain interstitial fluid facilitated by AQP4
water channels that are positioned within perivascular astrocyte endfoot processes. Figure and figure
legend adopted from [42] with permission.

In the spinal cord, AQP4 expression is found ubiquitously in both gray and white
matter and is prominent not only in astrocytic endfeet but also at the glia limitans, where the
spinal cord directly contacts cerebrospinal fluid [49] (Figure 2). This pattern of expression
suggests that AQP4 may play a crucial role in spinal cord water homeostasis.
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Figure 2. AQP4 expression in mouse spinal cord. (A) Western blot analysis demonstrates an ap-
proximately 32 kDa band in control cerebral cortex (Control) and wild-type spinal cord (+/+). No
expression was detected in the spinal cords of AQP4-deficient mice (~/7). (B) Immunohistochem-
istry for AQP4 reveals extensive expression in gray and white matter in the cervical spinal cords of
wild-type mice (+/+) (a). No specific immunostaining was found in the spinal cords of AQP4 ~/~
mice (~/7). (b). Dense AQP4 staining (green) appeared extensively in gray matter (c), especially
in astrocytic endfeet surrounding capillaries ((d), white arrow). GFAP-immunopositive (red) glial
processes extending to capillaries were observed (e). Faint AQP4 and GFAP staining was detected
in ependymal cells lining the central canal ((f), white arrow). GFAP and AQP4 were co-localized in
fibrous thin astrocytes in the superficial dorsal horn (g). In white matter, AQP4 was co-expressed
prominently with GFAP-immunoreactive radial fibrous glial processes surrounding the blood vessels
and the glia limitans (h). ((c-h); red: GFAP, green: AQP4). Black scale bar = 0.2 mm. White scale
bar = 0.1 mm. Figure and figure legend adopted from [49] with permission.

4. Aquaporin 4 Expression after SCI

The first and still most comprehensive study of AQP4 changes in rodent SCI was
published in 2006 [58]. The authors demonstrated the robust baseline expression of AQP4 in
gray and white matter astrocytes, specifically in astrocytic processes surrounding neurons
and blood vessels. This immunoreactivity was particularly strong in the glia limitans
externa and interna. These findings in the baseline rat spinal cord were very similar to those
published in 2004 in the mouse spinal cord [49]. Indeed, the authors commented that the
spatial distribution of AQP4 suggests the critical role that astrocytes expressing AQP4 play
in the transport of water from blood/cerebrospinal fluid to spinal cord parenchyma and
vice versa. Following thoracic contusion SCI, biphasic changes in astrocytic AQP4 levels
were observed, including early downregulation and subsequent persistent upregulation.
This early downregulation occurred in the acute and subacute periods following injury (up
to 14 days) and subsequently there was increased AQP4 expression in both gray and white
matter of the spinal cord (day 21 to 11 months post-injury) [58].

Interestingly, this group also studied neurological outcome based on injury severity
(mild, moderate, and severe) and correlation to AQP4 expression. At 3 weeks post-injury, an-
imals showing more impairment on the Basso, Beattie, and Bresnahan locomotor scale [59]
had lower levels of AQP4 protein. The authors suggest that changes in expression and/or
localization of AQP4 (and its anchoring proteins dystrophin and a-syntrophin) may lead
to impaired water clearance in the chronically injured cord [58,60].

In a human study, several spinal cord tissue samples were analyzed for the expression
of AQP4. Tissue was obtained at autopsy from individuals that had been injured for
a duration of 1-2 years (so of course no data were available from human tissue in the
acute/subacute period). The authors found that human SCI tissue samples contained
GFAP-positive astrocytes both with and without AQP4 labeling at the lesion epicenter [60].
In contrast to the relative lack of expression of AQP4 in astrocytes at the lesion epicenter,
AQP4 labeling was increased in spared white matter compared to uninjured cord tissue [60].

Subsequently, other studies using different SCI models and species have also indi-
cated chronic increases in AQP4 expression after SCI [61-63] or AQP4 modulation by
pharmacological agents after SCI [25,64-74]. These studies have previously been re-
viewed [75,76]. Overall, the studies suggest that there is a long-term upregulation of
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AQP4 in the chronically-injured spinal cord, but whether this is compensatory or a result
of reactive astrocytosis is unclear.

5. SCI Phenotype in AQP4~/~ Mice

The above studies of AQP4 regulation in rodent and human tissue strongly suggest
that there is a functional role for AQP4 in spinal cord water homeostasis, and hence,
the extent of edema following SCI. However, gene expression data and pharmacological
modulation data do not unambiguously determine the functional role of AQP4 in SCI.
Therefore, several studies have been conducted to test the role of AQP4 in SCI by using
AQP4~/~ mice.

AQP4~/~ mice were originally generated by targeted gene disruption in 1997 [77],
and recently an astroglial conditional deletion of AQP4 has been generated [78]. AQP4~/~
mice and astroglial conditional AQP4 knockouts are grossly normal phenotypically, do not
manifest overt neurological abnormalities, altered blood-brain barrier properties, abnormal
baseline intracranial pressure, impaired osmoregulation, or obvious brain dysmorphol-
ogy [79-81].

In vivo studies of these mice demonstrated a functional role for AQP4 in brain water
transport. AQP4~/~ mice have markedly decreased accumulation of brain water (cerebral
edema) following water intoxication or focal cerebral ischemia [82] and impaired clearance
of brain water in models of vasogenic edema [81]. Clearance of seizure-induced edema may
also be AQP4-dependent [83]. Impaired water flux into (in the case of cytotoxic edema) and
out of (in the case of vasogenic edema) the brain makes sense based on the bidirectional
nature of water flux across the AQP4 plasma membrane channel at the blood—brain barrier.
The recently-generated astroglial-conditional AQP4 knockout mouse line demonstrates
a 31% reduction in brain water uptake after systemic hypoosmotic stress [78]. Similarly,
mice deficient in dystrophin or &-syntrophin, in which there is mislocalization of AQP4
protein [84-86], show attenuated cerebral edema in response to hypoosmotic stress [85,87].

Based on the brain studies above, one would expect similar results in the spinal cord
of AQP4~/~ mice; in other words, amelioration with AQP4 deletion in models of cytotoxic
edema and exacerbation in models of vasogenic edema. That is exactly what has been
observed.

In 2008, Saadoun et al. reported the phenotype of AQP4~/~ mice subjected to thoracic
compression injury [88]. This is thought to be an ischemic injury leading to cytotoxic
edema. The authors found that 2 days after thoracic compression injury, AQP4~/~ mice
had improved neuronal survival and myelin sparing along with reduced tissue water
content and intraparenchymal cord pressure compared to wild-type mice. In addition,
AQP4~/~ mice showed improved functional outcome in the Basso mouse locomotor scale
(BMS) [89], inclined plane test, and footprint analysis. Lastly, AQP4~/~ mice showed
improved sensory outcome as measured by spinal-somatosensory-evoked responses. Thus,
AQP4~/~ mice have improved outcome in this model of cytotoxic spinal cord edema.

In 2010, Kimura et al. reported the phenotype of AQP4~/~ mice subjected to thoracic
contusion injury [90]. Contusion is thought to be an injury leading to the breakdown of the
BSCB and vasogenic edema. The authors found that AQP4~/~ mice showed greater levels
of demyelination, cyst formation, and greater neuronal loss 42 days following thoracic
contusion injury (Figure 3). In human and rat models of SCI, removal of necrotic tissue
by phagocytic cells at the lesion epicenter typically leads to the formation of fluid-filled
cavities/cysts in their place, regardless of the size of the species [91]. These results are
interesting, as mouse models of SCI do not typically display cyst formation. In addition,
Kimura et al. [89] showed that injured tissue from AQP4~/~ mice contained increased
water content compared to controls at 2 and 4 weeks following injury. Lastly, AQP4~/~
mice showed reduced functional recovery in both the BMS and footprint analysis tasks at
42 days post-injury (Figure 4). In contrast to cytotoxic edema produced by compression
injury, contusion injury results in vasogenic edema and disruption of the blood spinal
cord barrier, not cytotoxic cell swelling. Thus, AQP4~/~ mice have worsened outcome in
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this model of vasogenic spinal cord edema. From this, it appears that AQP4 expression is
required for clearance of vasogenic edema and plays a protective role following contusion
SCL

In 2014, Wu et al. reported the phenotype of AQP4~/~ mice after rubrospinal tract
hemisection [92]. Transection is thought to be an injury leading to the breakdown of
the BSCB and vasogenic edema. AQP4~/~ mice showed increased spinal cord edema at
72 h after hemisection compared to wild-type littermates. In addition, there was reduced
migration of astrocytes to the lesion (at week 1); greater lesion volume, glial scar formation,
and cyst volume (at week 6); and increased retrograde axonal degeneration. This study is
in agreement with the protective role of AQP4 following vasogenic edema [92].
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Figure 3. Greater tissue damage and prominent cyst formation in AQP4~/~ mice following a
thoracic contusion injury. (A) Representative images of Luxol Fast Blue (LFB) staining at 42 days
post-injury (dpi) (upper left, WT cross section; upper right, WT longitudinal section; lower left,
AQP4~/~ cross section, lower right; AQP4~/~ longitudinal section). Note the greater demyelination
and prominent cyst formation in AQP4~/~ mice. (B) Stereological quantification of LFB staining
shows significantly increased myelin loss in AQP4~/~ mice. Data are represented as mean 4+ SEM,
n =7 each group; statistical significance was evaluated using a two-way ANOVA with Bonferroni
post-hoc test, * p < 0.05. (C) Quantification of cyst volume shows significantly greater cyst volume
in AQP4~/~ mice (black bar) compared with WT (white bar). Data are represented as mean £
SEM, n = 7 each group; statistical comparisons were made using a Student’s t-test, ** p < 0.01.
(D) Representative images of fibronectin staining at the injury epicenter (red, fibronectin; blue, DAPI;
left, WT; right, AQP4_/ 7). (E) Stereological quantification of lesion volume delineated by fibronectin
shows significantly greater lesion volume in AQP4~/~ mice (black bar) compared with WT mice
(white bar). Data are represented as mean + SEM, n = 7 each group; statistical comparisons were
made using a Student’s f-test, ** p < 0.01. Scale bars: A, D, 400 um. Figure and figure legend adopted
from [90] with permission.
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Figure 4. Impaired locomotor recovery following contusion SCI in AQP4_/ ~ mice. AQP4_/ ~ mice
had a worse functional outcome as revealed by BMS (A) and BMS subscores (B) compared with WT
mice (white circles, WT; black circles, AQP4~/ 7). Data are represented as mean + SEM, n = 10 each
group. Statistical comparisons were made using repeated-measures ANOVA with Bonferroni post-hoc
test, * p < 0.05, ** p < 0.01. (C) Representative images of footprint analysis (upper left, WT sham; lower
left, WT 42 days post-injury, i.e., dpi; upper right, AQP4~/~ sham; lower right, AQPA~/~ 42 dpi).
AQP4~/~ mice showed significantly decreased stride length in both forelimbs (D) and hindlimbs (E),
decreased width of hindlimb footprints (F), and increased toe drag ratio (G) (white bars, WT; black
bars, AQP4~/7). Data are represented as mean + SEM, n = 10 each group. Statistical significance
was evaluated using a Student’s ¢-test or Mann-Whitney U test, * p < 0.05, ** p < 0.01. Figure and
figure legend adopted from [90] with permission.

6. AQP4 Modulation in SCI

The studies in AQP4~/~ mice together with the clinical data (summarized above)
indicating the critical importance of edema in secondary injury after SCI strongly support
the concept of modulation of AQP4 as a therapeutic strategy early after SCI. Studies of spinal
cord water content changes in the rat model of thoracic SCI indicate that approximately
between 6 h and 72 h (3 days) after acute injury there may be a “therapeutic window” to
ameliorate edema and improve outcome. Unfortunately, despite intense effort, selective
inhibitors or activators of AQP4 have been difficult to develop [93,94].

Nevertheless, several studies have attempted to target AQP4 and related molecules
for therapeutic effect. In 2016, Zhang et al. found that, in mice, the antioxidant astaxanthin
alleviated cerebral edema after controlled cortical impact TBI by reducing NKCC1, AQP4
mRNA, and protein levels [95]. In 2018, in a thoracic contusion model, Yan et al. found
that pretreatment of rats with inhibitors of AQP4 or NKCC1 attenuated edema and tissue
damage after SCI [96]. These studies, while interesting, did not selectively target AQP4 nor
assess subcellular distribution of AQP4 or channel activities.
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In 2020, a landmark paper was published in Cell targeting AQP4 subcellular localiza-
tion to treat edema after SCI[97]. The authors demonstrated that (1) AQP4 cell-surface abun-
dance increases in response to hypoxia-induced cell swelling in a calmodulin-dependent
manner; (2) calmodulin directly binds the AQP4 carboxyl terminus, causing a conforma-
tional change and driving cell surface localization; and (3) inhibition of calmodulin in a
rat SCI model with trifluoperazine inhibited AQP4 localization to the BSCB, abrogated
CNS edema, and accelerated functional recovery compared with untreated animals. The
SCI model used in this study was a dorsal column crush injury in 6-8-week-old rats. This
would be expected to lead to cytotoxic edema (as a compression model). Hence, inhibition
of AQP4 surface localization by the calmodulin inhibitor trifluoperazine was efficacious at
limiting post-injury edema and improving neurological outcome.

These findings lead to the novel therapeutic strategy of modulation of AQP4 subcellu-
lar localization to treat CNS edema [42]. Given the difficulties in developing pore-blocking
AQP4 inhibitors, targeting AQP4 subcellular localization opens up new treatment avenues
for CNS edema. In particular, the inhibition of AQP4 membrane localization (as with
trifluoperazine) is a novel treatment option for cytotoxic edema when it is desirable to
limit AQP4 activity. This may have implications for the treatment of conditions other than
CNS edema as well. For example, there is prominent AQP4 subcellular mislocalization
in epilepsy [98], for which renormalization of its subcellular localization has also been
suggested as a therapeutic strategy [99].

7. AQP4, Glial Scar Formation, and Neuroinflammation

Glial scar formation and neuroinflammation are other key processes after CNS injury.
In the context of SCI, glial scar formation around the injury involves migration of reactive
astrocytes to the site of injury. What role might AQP4 play in SCl-associated glial scar
formation and associated neuroinflammatory processes?

Several studies have indicated the involvement of AQP4 in glial scar formation. Inter-
estingly, in AQP4~/~ mice, astrocytes demonstrate impaired migration and wound healing
rate compared with wild-type mice [100]. AQP4 is polarized to the leading edge of the
plasma membrane in migrating wild-type astroglia, suggesting that AQP4 facilitates water
influx across the leading edge of a migrating cell [100]. Glial scar formation was impaired
in AQP4~/~ mice after cortical stab injury [100]. Impaired astrocyte migration toward
a cervical spinal cord transection injury was also observed in AQP4~/~ mice [92]. This
was associated with more severe atrophy and loss of axotomized rubrospinal neurons [92].
These authors concluded that AQP4 not only promotes edema clearance (as shown by
Kimura et al. [90]) but also glial scar formation after SCI [92]. Glial scar formation was also
reduced after TBI in mice with AQP4 gene silencing by lentiviral vector-delivered small
hairpin RNA [101] and in AQP4~/~ mice [102].

In addition, there is some evidence that AQP4 deletion affects neuroinflammation [103,104].
For example, neuroinflammation was greatly reduced in AQP4~/~ mice in various models
(active immunization experimental allergic encephalomyelitis (EAE), adoptive-transfer
EAE, and intracerebral lipopolysaccharide injection) [105]. Pharmacologic inhibition
of AQP4 with TGN-020 has also modulated inflammation in various models [106,107].
However, the precise pathways by which AQP4 modulates neuroinflammatory cascades
remain obscure.

8. Summary and Future Directions

The role and importance of AQP4 following SCI is still not completely understood
or fully explored. In addition, there remains a lack of mechanistic explanation of AQP4
regulation following injury (mRNA expression, protein expression, and subcellular tar-
geting/distribution). As discussed above, the lack of availability of selective aquaporin
inhibitors and activators has also significantly limited research approaches. Overall, how-
ever, the evidence indicates that AQP4 water channels play critical roles in the formation
and resolution of distinct forms of edema following SCI. In particular, AQP4 water channels,
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as in the brain, play a protective role in contusion or transection SCI (vasogenic edema), but
a deleterious role in compression SCI (cytotoxic edema). These and other considerations
lead to a variety of key future directions:

Further study should be pursued to more fully characterize the extent of vasogenic
and/or cytotoxic edema in different animal models. These results would help to
elucidate conflicting findings between studies, both within and across injury models.
In the end, understanding the precise role of AQP4 following a wide range of injuries
will help to better inform the timing of treatments directed at AQP4 modulation for
optimal therapeutic benefit and enhanced neurological outcome.

In the same vein, a greater understanding of the mechanisms and timing of AQP4
regulation after SCI is needed. This would include regulation both at the mRNA level
as well as the subcellular targeting of the AQP4 protein.

Are there distinct roles of AQP4 isoforms M1-AQP4 and M23-AQP4 after injury?
This is a largely unexplored question. It is known that the M23-AQP4 isoform is
critical to forming membrane OAPs (orthogonal arrays of particles), and an M23-
AQP4-null mouse has been generated demonstrating massive depletion of brain
AQP4 [108,109]. However, the relative roles of M1-AQP4 and M23-AQP4 after SCI
remain to be explored.

Test AQP4 modulation approaches in more detail. A Cell paper made it clear that,
rather than pharmacologically targeting the AQP4 membrane pore itself, therapeutic
manipulation could be accomplished by modulating the subcellular targeting of
AQP4 [97]. Thus, further research into understanding the subcellular targeting and
regulation [110,111] of AQP4 will be helpful both to develop new inhibition as well
as activation strategies depending on the edema and injury context. And of course,
inhibition of AQP4 membrane localization may help to limit cytotoxic edema, but
what would be the analogous approach to improve AQP4 expression and membrane
targeting to limit vasogenic edema (by increasing AQP4-mediated vasogenic edema
clearance)?

Elucidate AQP4 molecular partners. AQP4 has been shown to be associated with other
membrane channels, such as the inwardly-rectifying potassium channel Kir4.1 [47,112],
the mechanosensitive cation channel TRPV4 [113], and the ABC protein/TRP channel
complex SUR1-TRPM4 [114]. Further understanding of these interactions may also
lead to novel mechanistic interventions. For example, TRPM4 knockout blocked as-
trocyte swelling in a mouse cerebellar cold injury model [114], and the SUR1-TRPM4
inhibitor glyburide inhibits cerebral edema [115]. Such interactions and mechanisms
should be targeted specifically for development of novel SCI therapies.

Even if the optimal AQP4 modulatory drug(s) are identified, drug delivery considera-
tions should be considered. How will a given drug access and penetrate spinal cord
tissue when it is injured, edematous, and ischemic? It is notable in this regard that in
the Cell paper [97], the drug (trifluoperazine) was injected directly into the lesion site.
Efficacy in preclinical trials must be balanced with assessment of drug concentration
at the target tissue.

Understand how therapeutic intervention to relieve edema impacts intraspinal pres-
sure, spinal cord blood flow, and neurological outcome. The iSCoPE trials clearly
indicated the key importance of ISP in neurological outcome [30-34]. This has now
been shown in animal models as well and serves as a key target for therapeutic
intervention [116,117]. But there has yet to be a study targeting edema to clearly
demonstrate all of the links between relieving edema, improving intraspinal pressure,
improving spinal cord perfusion, and improving neurological outcome.

Osmotic removal of edema fluid. It has been demonstrated that, through establishing
an external osmotic gradient, water can be removed from the brain in a controlled
manner under normal and pathological brain swelling conditions. Such an “osmotic
treatment device” (OTD) was able to reduce brain tissue water content and improve
neurological outcome in mouse models of cytotoxic edema and traumatic brain injury
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without causing histological damage [118-120]. These results established proof-of-
principle for the concept of direct osmotherapy for the treatment of CNS edema. It
has been hypothesized that a similar OTD placed on the dura mater of the spinal cord
at the site of injury can withdraw excess water from the cord parenchyma and thus
ameliorate SCI edema and improve vascular perfusion and neurological outcome [29].
Proof-of-principle for this concept could potentially be combined with local drug
delivery (for example, AQP4 activators or inhibitors depending on the type of edema).

Ideally, an integrated strategy for the treatment of SCI-related edema should involve
(1) microstructural considerations of tuning AQP4 expression and distribution for the
restoration of local water transport/homeostasis at the lesion site; and (2) macrostructural
considerations of macroscopic tissue edema and pressure. For example, one can envision a
combination of AQP4 modulatory approaches together with macroscopic edema removal
via OTD to optimally treat post-traumatic edema. Molecular “optimization” of AQP4
would allow for rapid osmotic equilibration within injured tissue, then the external OTD
could gently remove excess edema fluid at the surface, thus decreasing intraspinal pressure
and restoring blood flow and spinal cord homeostasis. Such approaches could marry
creative control of astrocyte water channel physiology to bioengineering approaches. These
considerations lead to entirely novel concepts for limiting edema and secondary damage
following traumatic SCI.

Author Contributions: Original draft preparation, T.A.G. and C.R.].; review, editing, and figure
selection, D.K.B. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  New, PW.; Rawicki, H.B.; Bailey, M.]. Nontraumatic spinal cord injury: Demographic characteristics and complications. Arch.
Phys. Med. Rehabil. 2002, 83, 996-1001. [CrossRef] [PubMed]

2. David, G.; Mohammadi, S.; Martin, A.R.; Cohen-Adad, J.; Weiskopf, N.; Thompson, A.; Freund, P. Traumatic and nontraumatic
spinal cord injury: Pathological insights from neuroimaging. Nat. Rev. Neurol. 2019, 15, 718-731. [CrossRef] [PubMed]

3.  Jeffries, M.A; Tom, VJ. Peripheral Immune Dysfunction: A Problem of Central Importance after Spinal Cord Injury. Biology 2021,
10, 928. [CrossRef] [PubMed]

4. Dudley-Javoroski, S.; Lee, J.; Shields, R.K. Cognitive function, quality of life, and aging: Relationships in individuals with and
without spinal cord injury. Physiother. Theory Pract. 2022, 38, 36—45. [CrossRef]

5. Sun, X; Jones, Z.; Chen, X.; Zhou, L.; So, K.; Ren, Y. Multiple organ dysfunction and systemic inflammation after spinal cord
injury: A complex relationship. J. Neuroinflamm. 2016, 13, 260. [CrossRef]

6.  Stein, D.M.; Menaker, J.; McQuillan, K.; Handley, C.; Aarabi, B.; Scalea, T.M. Risk factors for organ dysfunction and failure in
patients with acute traumatic cervical spinal cord injury. Neurocrit. Care 2010, 13, 29-39. [CrossRef]

7. Yeh, TS.; Huang, Y.P; Wang, H.I; Pan, S.L. Spinal cord injury and Parkinson’s disease: A population-based, propensity
score-matched, longitudinal follow-up study. Spinal Cord 2016, 54, 1215-1219. [CrossRef]

8.  Usta Saglam, N.G.; Poyraz, C.A.; Dogan, D.; Erhan, B. Suicidal ideation, post-traumatic stress disorder, and depression in
traumatic spinal cord injury: What resilience tells us. J. Spinal Cord Med. 2022, 46, 309-316. [CrossRef]

9. Zhang, N.; Fang, M.; Chen, H.; Gou, E; Ding, M. Evaluation of spinal cord injury animal models. Neural Regen. Res. 2014, 9,
2008-2012.

10. Beattie, M.S. Anatomic and behavioral outcome after spinal cord injury produced by a displacement controlled impact device.
J. Neurotrauma 1992, 9, 157-159; discussion 159-160. [CrossRef]

11. Behrmann, D.L; Bresnahan, ].C.; Beattie, M.S.; Shah, B.R. Spinal cord injury produced by consistent mechanical displacement of
the cord in rats: Behavioral and histologic analysis. . Neurotrauma 1992, 9, 197-217. [CrossRef] [PubMed]

12.  Gruner, J.A. A monitored contusion model of spinal cord injury in the rat. J. Neurotrauma 1992, 9, 123-126; discussion 126-128.

[CrossRef] [PubMed]


https://doi.org/10.1053/apmr.2002.33100
https://www.ncbi.nlm.nih.gov/pubmed/12098161
https://doi.org/10.1038/s41582-019-0270-5
https://www.ncbi.nlm.nih.gov/pubmed/31673093
https://doi.org/10.3390/biology10090928
https://www.ncbi.nlm.nih.gov/pubmed/34571804
https://doi.org/10.1080/09593985.2020.1712755
https://doi.org/10.1186/s12974-016-0736-y
https://doi.org/10.1007/s12028-010-9359-9
https://doi.org/10.1038/sc.2016.74
https://doi.org/10.1080/10790268.2022.2039856
https://doi.org/10.1089/neu.1992.9.157
https://doi.org/10.1089/neu.1992.9.197
https://www.ncbi.nlm.nih.gov/pubmed/1474608
https://doi.org/10.1089/neu.1992.9.123
https://www.ncbi.nlm.nih.gov/pubmed/1404425

Cells 2023, 12,1701 12 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Faulkner, ].R.; Herrmann, J.E.; Woo, M.].; Tansey, K.E.; Doan, N.B.; Sofroniew, M.V. Reactive astrocytes protect tissue and preserve
function after spinal cord injury. J. Neurosci. 2004, 24, 2143-2155. [CrossRef] [PubMed]

Huang, W.L.; George, K.J.; Ibba, V.; Liu, M.C.; Averill, S.; Quartu, M.; Hamlyn, PJ.; Priestley, J.V. The characteristics of neuronal
injury in a static compression model of spinal cord injury in adult rats. Eur. J. Neurosci. 2007, 25, 362-372. [CrossRef]

Rivlin, A.S.; Tator, C.H. Effect of duration of acute spinal cord compression in a new acute cord injury model in the rat. Surg.
Neurol. 1978, 10, 38-43.

Rosenzweig, E.S.; McDonald, ].W. Rodent models for treatment of spinal cord injury: Research trends and progress toward useful
repair. Curr. Opin. Neurol. 2004, 17, 121-131. [CrossRef]

Kwon, B.K,; Oxland, T.R.; Tetzlaff, W. Animal models used in spinal cord regeneration research. Spine 2002, 27, 1504-1510.
[CrossRef]

Stokes, B.T.; Jakeman, L.B. Experimental modelling of human spinal cord injury: A model that crosses the species barrier and
mimics the spectrum of human cytopathology. Spinal Cord 2002, 40, 101-109. [CrossRef]

Tator, C.H.; Fehlings, M.G. Review of the secondary injury theory of acute spinal cord trauma with emphasis on vascular
mechanisms. J. Neurosurg. 1991, 75, 15-26. [CrossRef]

Leypold, B.G.; Flanders, A.E.; Burns, A.S. The early evolution of spinal cord lesions on MR imaging following traumatic spinal cord
injury.

AJNR Am. . Neuroradiol. 2008, 29, 1012-1016. [CrossRef]

Bozzo, A.; Marcoux, J.; Radhakrishna, M.; Pelletier, J.; Goulet, B. The role of magnetic resonance imaging in the management of
acute spinal cord injury. J. Neurotrauma 2011, 28, 1401-1411. [CrossRef]

Miyanji, F; Furlan, J.C.; Aarabi, B.; Arnold, PM.; Fehlings, M.G. Acute cervical traumatic spinal cord injury: MR imaging findings
correlated with neurologic outcome—Prospective study with 100 consecutive patients. Radiology 2007, 243, 820-827. [CrossRef]
[PubMed]

Shepard, M.].; Bracken, M.B. Magnetic resonance imaging and neurological recovery in acute spinal cord injury: Observations
from the National Acute Spinal Cord Injury Study 3. Spinal Cord 1999, 37, 833-837. [CrossRef] [PubMed]

Borgens, R.B.; Liu-Snyder, P. Understanding secondary injury. Q. Rev. Biol. 2012, 87, 89-127. [CrossRef] [PubMed]

Hu, AM,; Li, ].J.; Sun, W,; Yang, D.G.; Yang, M.L,; Du, L.J.; Gu, R.; Gao, F; Li, J.; Chu, H.Y,; et al. Myelotomy reduces spinal
cord edema and inhibits aquaporin-4 and aquaporin-9 expression in rats with spinal cord injury. Spinal Cord 2015, 53, 98-102.
[CrossRef] [PubMed]

Saadoun, S.; Papadopoulos, M.C. Aquaporin-4 in brain and spinal cord oedema. Neuroscience 2010, 168, 1036-1046. [CrossRef]
Whetstone, W.D.; Hsu, ].Y.; Eisenberg, M.; Werb, Z.; Noble-Haeusslein, L.J. Blood-spinal cord barrier after spinal cord injury:
Relation to revascularization and wound healing. J. Neurosci. Res. 2003, 74, 227-239. [CrossRef]

Sharma, H.S. Early microvascular reactions and blood-spinal cord barrier disruption are instrumental in pathophysiology of
spinal cord injury and repair: Novel therapeutic strategies including nanowired drug delivery to enhance neuroprotection. J.
Neural Transm. 2011, 118, 155-176. [CrossRef]

Hale, C.; Yonan, J.; Batarseh, R.; Chaar, R.; Jonak, C.R.; Ge, S.; Binder, D.; Rodgers, V.G.]J. Implantable Osmotic Transport Device
Can Reduce Edema After Severe Contusion Spinal Cord Injury. Front. Bioeng. Biotechnol. 2020, 8, 806. [CrossRef]

Hogg, FER.A.; Gallagher, M.].; Chen, S.; Zoumprouli, A.; Papadopoulos, M.C.; Saadoun, S. Predictors of Intraspinal Pressure and
Optimal Cord Perfusion Pressure After Traumatic Spinal Cord Injury. Neurocrit. Care 2019, 30, 421-428. [CrossRef]

Hogg, FR.A_; Kearney, S.; Gallagher, M.].; Zoumprouli, A.; Papadopoulos, M.C.; Saadoun, S. Spinal Cord Perfusion Pressure
Correlates with Anal Sphincter Function in a Cohort of Patients with Acute, Severe Traumatic Spinal Cord Injuries. Neurocrit.
Care 2021, 35, 794-805. [CrossRef]

Hogg, FR.A.; Kearney, S.; Zoumprouli, A.; Papadopoulos, M.C.; Saadoun, S. Acute Spinal Cord Injury: Correlations and Causal
Relations Between Intraspinal Pressure, Spinal Cord Perfusion Pressure, Lactate-to-Pyruvate Ratio, and Limb Power. Neurocrit.
Care 2021, 34, 121-129. [CrossRef] [PubMed]

Saadoun, S.; Chen, S.; Papadopoulos, M.C. Intraspinal pressure and spinal cord perfusion pressure predict neurological outcome
after traumatic spinal cord injury. J. Neurol. Neurosurg. Psychiatry 2017, 88, 452—453. [CrossRef] [PubMed]

Saadoun, S.; Papadopoulos, M.C. Acute, Severe Traumatic Spinal Cord Injury: Monitoring from the Injury Site and Expansion
Duraplasty. Neurosurg. Clin. N. Am. 2021, 32, 365-376. [CrossRef] [PubMed]

Bracken, M.B.; Shepard, M.].; Collins, W.E; Holford, T.R.; Young, W.; Baskin, D.S.; Eisenberg, H.M.; Flamm, E.; Leo-Summers, L.;
Maroon, J.; et al. A randomized, controlled trial of methylprednisolone or naloxone in the treatment of acute spinal-cord injury.
Results of the Second National Acute Spinal Cord Injury Study. N. Engl. . Med. 1990, 322, 1405-1411. [CrossRef]

Fehlings, M.G.; Wilson, J.R.; Harrop, ].S.; Kwon, B.K; Tetreault, L.A.; Arnold, PM.; Singh, ].M.; Hawryluk, G.; Dettori, ].R. Efficacy
and Safety of Methylprednisolone Sodium Succinate in Acute Spinal Cord Injury: A Systematic Review. Global Spine J. 2017, 7
(Suppl. 3), 1165-137S. [CrossRef] [PubMed]

Verkman, A.S. More than just water channels: Unexpected cellular roles of aquaporins. J. Cell. Sci. 2005, 118 Pt 15, 3225-3232.
[CrossRef] [PubMed]

Amiry-Moghaddam, M.; Ottersen, O.P. The molecular basis of water transport in the brain. Nat. Rev. Neurosci. 2003, 4, 991-1001.
[CrossRef]


https://doi.org/10.1523/JNEUROSCI.3547-03.2004
https://www.ncbi.nlm.nih.gov/pubmed/14999065
https://doi.org/10.1111/j.1460-9568.2006.05284.x
https://doi.org/10.1097/00019052-200404000-00007
https://doi.org/10.1097/00007632-200207150-00005
https://doi.org/10.1038/sj.sc.3101254
https://doi.org/10.3171/jns.1991.75.1.0015
https://doi.org/10.3174/ajnr.A0962
https://doi.org/10.1089/neu.2009.1236
https://doi.org/10.1148/radiol.2433060583
https://www.ncbi.nlm.nih.gov/pubmed/17431129
https://doi.org/10.1038/sj.sc.3100927
https://www.ncbi.nlm.nih.gov/pubmed/10602525
https://doi.org/10.1086/665457
https://www.ncbi.nlm.nih.gov/pubmed/22696939
https://doi.org/10.1038/sc.2014.209
https://www.ncbi.nlm.nih.gov/pubmed/25448191
https://doi.org/10.1016/j.neuroscience.2009.08.019
https://doi.org/10.1002/jnr.10759
https://doi.org/10.1007/s00702-010-0514-4
https://doi.org/10.3389/fbioe.2020.00806
https://doi.org/10.1007/s12028-018-0616-7
https://doi.org/10.1007/s12028-021-01232-1
https://doi.org/10.1007/s12028-020-00988-2
https://www.ncbi.nlm.nih.gov/pubmed/32435965
https://doi.org/10.1136/jnnp-2016-314600
https://www.ncbi.nlm.nih.gov/pubmed/27864426
https://doi.org/10.1016/j.nec.2021.03.008
https://www.ncbi.nlm.nih.gov/pubmed/34053724
https://doi.org/10.1056/NEJM199005173222001
https://doi.org/10.1177/2192568217706366
https://www.ncbi.nlm.nih.gov/pubmed/29164020
https://doi.org/10.1242/jcs.02519
https://www.ncbi.nlm.nih.gov/pubmed/16079275
https://doi.org/10.1038/nrn1252

Cells 2023, 12,1701 13 of 16

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

Agre, P; King, L.S.; Yasui, M.; Guggino, W.B.; Ottersen, O.P.; Fujiyoshi, Y.; Engel, A ; Nielsen, S. Aquaporin water channels—From
atomic structure to clinical medicine. J. Physiol. 2002, 542 Pt 1, 3-16. [CrossRef]

Jarius, S.; Paul, F; Franciotta, D.; Waters, P.; Zipp, F; Hohlfeld, R.; Vincent, A.; Wildemann, B. Mechanisms of disease: Aquaporin-4
antibodies in neuromyelitis optica. Nat. Clin. Pract. Neurol. 2008, 4, 202-214. [CrossRef]

Verkman, A.S. Physiological importance of aquaporin water channels. Ann. Med. 2002, 34, 192-200. [CrossRef] [PubMed]
Salman, M.M,; Kitchen, P; Halsey, A.; Wang, M.X.; Tornroth-Horsefield, S.; Conner, A.C.; Badaut, J.; 1liff, ].].; Bill, R.M. Emerging
roles for dynamic aquaporin-4 subcellular relocalization in CNS water homeostasis. Brain 2022, 145, 64-75. [CrossRef]
Hasegawa, H.; Ma, T.; Skach, W.; Matthay, M.A.; Verkman, A.S. Molecular cloning of a mercurial-insensitive water channel
expressed in selected water-transporting tissues. J. Biol. Chem. 1994, 269, 5497-5500. [CrossRef] [PubMed]

Yang, B.; Ma, T.; Verkman, A.S. cDNA cloning, gene organization, and chromosomal localization of a human mercurial insensitive
water channel. Evidence for distinct transcriptional units. . Biol. Chem. 1995, 270, 22907-22913. [CrossRef]

Jung, ].S.; Bhat, R.V.; Preston, G.M.; Guggino, W.B.; Baraban, ] M.; Agre, P. Molecular characterization of an aquaporin cDNA
from brain: Candidate osmoreceptor and regulator of water balance. Proc. Natl. Acad. Sci. USA 1994, 91, 13052-13056. [CrossRef]
[PubMed]

Nielsen, S.; Nagelhus, E.A.; Amiry-Moghaddam, M.; Bourque, C.; Agre, P; Ottersen, O.P. Specialized membrane domains for
water transport in glial cells: High-resolution immunogold cytochemistry of aquaporin-4 in rat brain. J. Neurosci. 1997, 17,
171-180. [CrossRef] [PubMed]

Nagelhus, E.A.; Mathiisen, T.M.; Ottersen, O.P. Aquaporin-4 in the central nervous system: Cellular and subcellular distribution
and coexpression with Kir4.1. Neuroscience 2004, 129, 905-913. [CrossRef]

Rash, J.E.; Yasumura, T.; Hudson, C.S.; Agre, P; Nielsen, S. Direct immunogold labeling of aquaporin-4 in square arrays of
astrocyte and ependymocyte plasma membranes in rat brain and spinal cord. Proc. Natl. Acad. Sci. USA 1998, 95, 11981-11986.
[CrossRef]

Oshio, K.; Binder, D.K.; Yang, B.; Schecter, S.; Verkman, A.S.; Manley, G.T. Expression of aquaporin water channels in mouse
spinal cord. Neuroscience 2004, 127, 685-693. [CrossRef]

Furman, C.S.; Gorelick-Feldman, D.A.; Davidson, K.G.; Yasumura, T.; Neely, ].D.; Agre, P.; Rash, ].E. Aquaporin-4 square array
assembly: Opposing actions of M1 and M23 isoforms. Proc. Natl. Acad. Sci. USA 2003, 100, 13609-13614. [CrossRef]

Verbavatz, ].M.; Ma, T.; Gobin, R.; Verkman, A.S. Absence of orthogonal arrays in kidney, brain and muscle from transgenic
knockout mice lacking water channel aquaporin-4. J. Cell Sci. 1997, 110 Pt 22, 2855-2860. [CrossRef] [PubMed]

Yang, B.; Brown, D.; Verkman, A.S. The mercurial insensitive water channel (AQP-4) forms orthogonal arrays in stably transfected
Chinese hamster ovary cells. J. Biol. Chem. 1996, 271, 4577-4580. [CrossRef] [PubMed]

Frigeri, A.; Gropper, M.A.; Umenishi, F.; Kawashima, M.; Brown, D.; Verkman, A.S. Localization of MIWC and GLIP water
channel homologs in neuromuscular, epithelial and glandular tissues. J. Cell Sci. 1995, 108 Pt 9, 2993-3002. [CrossRef] [PubMed]
Wolburg, H.; Berg, K. Distribution of orthogonal arrays of particles in the Muller cell membrane of the mouse retina. Glia 1988, 1,
246-252. [CrossRef] [PubMed]

Wolburg, H.; Wolburg-Buchholz, K.; Fallier-Becker, P.; Noell, S.; Mack, A.F. Structure and functions of aquaporin-4-based
orthogonal arrays of particles. Int. Rev. Cell Mol. Biol. 2011, 287, 1-41. [PubMed]

Niermann, H.; Amiry-Moghaddam, M.; Holthoff, K.; Witte, O.W.; Ottersen, O.P. A novel role of vasopressin in the brain:
Modulation of activity-dependent water flux in the neocortex. J. Neurosci. 2001, 21, 3045-3051. [CrossRef]

Holthoff, K.; Witte, O.W. Directed spatial potassium redistribution in rat neocortex. Glia 2000, 29, 288-292. [CrossRef]

Nesic, O.; Lee, J.; Ye, Z.; Unabia, G.C.; Rafati, D.; Hulsebosch, C.E.; Perez-Polo, ].R. Acute and chronic changes in aquaporin 4
expression after spinal cord injury. Neuroscience 2006, 143, 779-792. [CrossRef]

Basso, D.M.; Beattie, M.S.; Bresnahan, J.C. A sensitive and reliable locomotor rating scale for open field testing in rats.
J. Neurotrauma 1995, 12, 1-21. [CrossRef]

Nesic, O.; Guest, ].D.; Zivadinovic, D.; Narayana, P.A.; Herrera, ].J.; Grill, R.J.; Mokkapati, V.U.; Gelman, B.B; Lee, ]. Aquaporins
in spinal cord injury: The janus face of aquaporin 4. Neuroscience 2010, 168, 1019-1035. [CrossRef]

Leonard, A.V.; Thornton, E.; Vink, R. Substance P as a mediator of neurogenic inflammation after balloon compression induced
spinal cord injury. J. Neurotrauma 2013, 30, 1812-1823. [CrossRef]

Huang, Y; Li, S.N.; Zhou, X.Y.; Zhang, L.X.; Chen, G.X.; Wang, T.H.; Xia, Q.J.; Liang, N.; Zhang, X. The Dual Role of AQP4 in
Cytotoxic and Vasogenic Edema Following Spinal Cord Contusion and Its Possible Association with Energy Metabolism via
COXS5A. Front. Neurosci. 2019, 13, 584. [CrossRef]

Pan, Y.L.; Guo, Y.; Ma, Y,; Wang, L.; Zheng, S.Y.; Liu, M.M.; Huang, G.C. Aquaporin-4 expression dynamically varies after acute
spinal cord injury-induced disruption of blood spinal cord barrier in rats. Neuropathology 2019, 39, 181-186. [CrossRef] [PubMed]
Vitellaro-Zuccarello, L.; Mazzetti, S.; Madaschi, L.; Bosisio, P.; Fontana, E.; Gorio, A.; De Biasi, S. Chronic erythropoietin-mediated
effects on the expression of astrocyte markers in a rat model of contusive spinal cord injury. Neuroscience 2008, 151, 452-466.
[CrossRef] [PubMed]

Guptarak, J.; Wiktorowicz, ].E.; Sadygov, R.G.; Zivadinovic, D.; Paulucci-Holthauzen, A.A.; Vergara, L.; Nesic, O. The cancer drug
tamoxifen: A potential therapeutic treatment for spinal cord injury. J. Neurotrauma 2014, 31, 268-283. [CrossRef] [PubMed]


https://doi.org/10.1113/jphysiol.2002.020818
https://doi.org/10.1038/ncpneuro0764
https://doi.org/10.1080/ann.34.3.192.200
https://www.ncbi.nlm.nih.gov/pubmed/12173689
https://doi.org/10.1093/brain/awab311
https://doi.org/10.1016/S0021-9258(17)37486-0
https://www.ncbi.nlm.nih.gov/pubmed/7509789
https://doi.org/10.1074/jbc.270.39.22907
https://doi.org/10.1073/pnas.91.26.13052
https://www.ncbi.nlm.nih.gov/pubmed/7528931
https://doi.org/10.1523/JNEUROSCI.17-01-00171.1997
https://www.ncbi.nlm.nih.gov/pubmed/8987746
https://doi.org/10.1016/j.neuroscience.2004.08.053
https://doi.org/10.1073/pnas.95.20.11981
https://doi.org/10.1016/j.neuroscience.2004.03.016
https://doi.org/10.1073/pnas.2235843100
https://doi.org/10.1242/jcs.110.22.2855
https://www.ncbi.nlm.nih.gov/pubmed/9427293
https://doi.org/10.1074/jbc.271.9.4577
https://www.ncbi.nlm.nih.gov/pubmed/8617713
https://doi.org/10.1242/jcs.108.9.2993
https://www.ncbi.nlm.nih.gov/pubmed/8537439
https://doi.org/10.1002/glia.440010403
https://www.ncbi.nlm.nih.gov/pubmed/2977124
https://www.ncbi.nlm.nih.gov/pubmed/21414585
https://doi.org/10.1523/JNEUROSCI.21-09-03045.2001
https://doi.org/10.1002/(SICI)1098-1136(20000201)29:3&lt;288::AID-GLIA10&gt;3.0.CO;2-8
https://doi.org/10.1016/j.neuroscience.2006.08.079
https://doi.org/10.1089/neu.1995.12.1
https://doi.org/10.1016/j.neuroscience.2010.01.037
https://doi.org/10.1089/neu.2013.2993
https://doi.org/10.3389/fnins.2019.00584
https://doi.org/10.1111/neup.12539
https://www.ncbi.nlm.nih.gov/pubmed/30919512
https://doi.org/10.1016/j.neuroscience.2007.11.004
https://www.ncbi.nlm.nih.gov/pubmed/18065151
https://doi.org/10.1089/neu.2013.3108
https://www.ncbi.nlm.nih.gov/pubmed/24004276

Cells 2023, 12,1701 14 of 16

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Wu, Q.; Jing, Y,; Yuan, X.; Zhang, X,; Li, B.; Liu, M.; Wang, B.; Li, H.; Liu, S.; Xiu, R. Melatonin treatment protects against
acute spinal cord injury-induced disruption of blood spinal cord barrier in mice. . Mol. Neurosci. 2014, 54, 714-722. [CrossRef]
[PubMed]

Jing, Y.; Wu, Q.; Yuan, X,; Li, B;; Liu, M,; Zhang, X.; Liu, S.; Li, H,; Xiu, R. Microvascular protective role of pericytes in
melatonin-treated spinal cord injury in the C57BL/6 mice. Chin. Med. ]. 2014, 127, 2808-2813.

Zu, J.; Wang, Y,; Xu, G.; Zhuang, J.; Gong, H.; Yan, J. Curcumin improves the recovery of motor function and reduces spinal
cord edema in a rat acute spinal cord injury model by inhibiting the JAK/STAT signaling pathway. Acta Histochem. 2014, 116,
1331-1336. [CrossRef]

Mao, L.; Wang, H.D.; Pan, H.; Qiao, L. Sulphoraphane enhances aquaporin-4 expression and decreases spinal cord oedema
following spinal cord injury. Brain Inj. 2011, 25, 300-306. [CrossRef]

Fan, ZK.; Wang, Y.F,; Cao, Y.; Zhang, M.C.; Zhang, Z.; Lv, G.; Lu, W.; Zhang, Y.Q. The effect of aminoguanidine on compression
spinal cord injury in rats. Brain Res. 2010, 1342, 1-10. [CrossRef]

Wang, Y.F; Fan, ZK,; Cao, Y,; Yu, D.S.; Zhang, Y.Q.; Wang, Y.S. 2-Methoxyestradiol inhibits the up-regulation of AQP4 and AQP1
expression after spinal cord injury. Brain Res. 2011, 1370, 220-226. [CrossRef] [PubMed]

Ge, R.; Zhu, Y,; Diao, Y.; Tao, L.; Yuan, W.; Xiong, X.C. Anti-edema effect of epigallocatechin gallate on spinal cord injury in rats.
Brain Res. 2013, 1527, 40—46. [CrossRef] [PubMed]

Liu, X.; Wang, Y,; Yang, J.; Liu, Y.; Zhou, D.; Hou, M.; Xiang, L. Anti-edema effect of melatonin on spinal cord injury in rats.
Biomed. Pap. Med. Fac. Univ. Palacky Olomouc Czech Repub. 2015, 159, 220-226. [CrossRef] [PubMed]

Li, Y; Gu, R; Zhu, Q.; Liu, J. Changes of Spinal Edema and Expression of Aquaporin 4 in Methylprednisolone-treated Rats with
Spinal Cord Injury. Ann. Clin. Lab. Sci. 2018, 48, 453—459.

Yonan, J.; Binder, D.K. Aquaporin-4 and spinal cord injury. World ]. Neurol. 2016, 6, 1-13. [CrossRef]

Halsey, A.M.; Conner, A.C.; Bill, RM.; Logan, A.; Ahmed, Z. Aquaporins and Their Regulation after Spinal Cord Injury. Cells
2018, 7, 174. [CrossRef]

Ma, T; Yang, B.; Gillespie, A.; Carlson, E.J.; Epstein, C.J.; Verkman, A.S. Generation and phenotype of a transgenic knockout
mouse lacking the mercurial-insensitive water channel aquaporin-4. J. Clin. Investig. 1997, 100, 957-962. [CrossRef]

Haj-Yasein, N.N.; Vindedal, G.F,; Eilert-Olsen, M.; Gundersen, G.A.; Skare, O.; Laake, P; Klungland, A.; Thoren, A.E.; Burkhardt,
J.M.; Ottersen, O.P; et al. Glial-conditional deletion of aquaporin-4 (AQP4) reduces blood-brain water uptake and confers barrier
function on perivascular astrocyte endfeet. Proc. Natl. Acad. Sci. USA 2011, 108, 17815-17820. [CrossRef]

Saadoun, S.; Tait, M.].; Reza, A.; Davies, D.C.; Bell, B.A.; Verkman, A.S.; Papadopoulos, M.C. AQP4 gene deletion in mice does
not alter blood-brain barrier integrity or brain morphology. Neuroscience 2009, 161, 764-772. [CrossRef]

Binder, D.K.; Oshio, K.; Ma, T.; Verkman, A.S.; Manley, G.T. Increased seizure threshold in mice lacking aquaporin-4 water
channels. Neuroreport 2004, 15, 259-262. [CrossRef]

Papadopoulos, M.C.; Manley, G.T,; Krishna, S.; Verkman, A.S. Aquaporin-4 facilitates reabsorption of excess fluid in vasogenic
brain edema. FASEB J. 2004, 18, 1291-1293. [CrossRef]

Manley, G.T.; Fujimura, M.; Ma, T.; Noshita, N.; Filiz, E; Bollen, A.W.; Chan, P.; Verkman, A.S. Aquaporin-4 deletion in mice
reduces brain edema after acute water intoxication and ischemic stroke. Nat. Med. 2000, 6, 159-163. [CrossRef] [PubMed]

Lee, D.J.; Amini, M.; Hamamura, M.].; Hsu, M.S.; Seldin, M.M.; Nalcioglu, O.; Binder, D.K. Aquaporin-4-dependent edema
clearance following status epilepticus. Epilepsy Res. 2011, 98, 264-268. [CrossRef] [PubMed]

Frigeri, A.; Nicchia, G.P; Nico, B.; Quondamatteo, F; Herken, R.; Roncali, L.; Svelto, M. Aquaporin-4 deficiency in skeletal muscle
and brain of dystrophic mdx mice. FASEB J. 2001, 15, 90-98. [CrossRef] [PubMed]

Vajda, Z.; Pedersen, M.; Fuchtbauer, E.M.; Wertz, K.; Stodkilde-Jorgensen, H.; Sulyok, E.; Doczi, T.; Neely, ].D.; Agre, P; Frokiaer,
J.; et al. Delayed onset of brain edema and mislocalization of aquaporin-4 in dystrophin-null transgenic mice. Proc. Natl. Acad.
Sci. USA 2002, 99, 13131-13136. [CrossRef] [PubMed]

Neely, J.D.; Amiry-Moghaddam, M.; Ottersen, O.P; Froehner, S.C.; Agre, P.; Adams, M.E. Syntrophin-dependent expression and
localization of aquaporin-4 water channel protein. Proc. Natl. Acad. Sci. USA 2001, 98, 14108-14113. [CrossRef]
Amiry-Moghaddam, M.; Otsuka, T.; Hurn, P.D.; Traystman, R.J.; Haug, EM.; Froehner, S.C.; Adams, M.E.; Neely, ].D.; Agre, P,;
Ottersen, O.P,; et al. An alpha-syntrophin-dependent pool of AQP4 in astroglial end-feet confers bidirectional water flow between
blood and brain. Proc. Natl. Acad. Sci. USA 2003, 100, 2106-2111. [CrossRef]

Saadoun, S.; Bell, B.A.; Verkman, A.S.; Papadopoulos, M.C. Greatly improved neurological outcome after spinal cord compression
injury in AQP4-deficient mice. Brain 2008, 131 Pt 4, 1087-1098. [CrossRef]

Basso, D.M.; Fisher, L.C.; Anderson, A.].; Jakeman, L.B.; McTigue, D.M.; Popovich, P.G. Basso Mouse Scale for locomotion detects
differences in recovery after spinal cord injury in five common mouse strains. J. Neurotrauma 2006, 23, 635-659. [CrossRef]
Kimura, A.; Hsu, M.; Seldin, M.; Verkman, A.S.; Scharfman, H.E.; Binder, D.K. Protective role of aquaporin-4 water channels after
contusion spinal cord injury. Ann. Neurol. 2010, 67, 794-801. [CrossRef]

Inman, D.M.; Steward, O. Physical size does not determine the unique histopathological response seen in the injured mouse
spinal cord. J. Neurotrauma 2003, 20, 33—42. [CrossRef] [PubMed]

Wu, Q.; Zhang, YJ.; Gao, J.Y,; Li, X.M.; Kong, H.; Zhang, Y.P.; Xiao, M.; Shields, C.B.; Hu, G. Aquaporin-4 mitigates retrograde
degeneration of rubrospinal neurons by facilitating edema clearance and glial scar formation after spinal cord injury in mice. Mol.
Neurobiol. 2014, 49, 1327-1337. [CrossRef] [PubMed]


https://doi.org/10.1007/s12031-014-0430-4
https://www.ncbi.nlm.nih.gov/pubmed/25303856
https://doi.org/10.1016/j.acthis.2014.08.004
https://doi.org/10.3109/02699052.2010.542432
https://doi.org/10.1016/j.brainres.2010.04.038
https://doi.org/10.1016/j.brainres.2010.11.016
https://www.ncbi.nlm.nih.gov/pubmed/21092735
https://doi.org/10.1016/j.brainres.2013.06.009
https://www.ncbi.nlm.nih.gov/pubmed/23831998
https://doi.org/10.5507/bp.2015.012
https://www.ncbi.nlm.nih.gov/pubmed/25916278
https://doi.org/10.5316/wjn.v6.i1.1
https://doi.org/10.3390/cells7100174
https://doi.org/10.1172/JCI231
https://doi.org/10.1073/pnas.1110655108
https://doi.org/10.1016/j.neuroscience.2009.03.069
https://doi.org/10.1097/00001756-200402090-00009
https://doi.org/10.1096/fj.04-1723fje
https://doi.org/10.1038/72256
https://www.ncbi.nlm.nih.gov/pubmed/10655103
https://doi.org/10.1016/j.eplepsyres.2011.09.016
https://www.ncbi.nlm.nih.gov/pubmed/21996149
https://doi.org/10.1096/fj.00-0260com
https://www.ncbi.nlm.nih.gov/pubmed/11149896
https://doi.org/10.1073/pnas.192457099
https://www.ncbi.nlm.nih.gov/pubmed/12232046
https://doi.org/10.1073/pnas.241508198
https://doi.org/10.1073/pnas.0437946100
https://doi.org/10.1093/brain/awn014
https://doi.org/10.1089/neu.2006.23.635
https://doi.org/10.1002/ana.22023
https://doi.org/10.1089/08977150360517164
https://www.ncbi.nlm.nih.gov/pubmed/12614586
https://doi.org/10.1007/s12035-013-8607-3
https://www.ncbi.nlm.nih.gov/pubmed/24390474

Cells 2023, 12,1701 150f 16

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Verkman, A.S.; Anderson, M.O.; Papadopoulos, M.C. Aquaporins: Important but elusive drug targets. Nat. Rev. Drug Discov.
2014, 13, 259-277. [CrossRef] [PubMed]

Abir-Awan, M.; Kitchen, P.; Salman, M.M.; Conner, M.T.; Conner, A.C.; Bill, R M. Inhibitors of Mammalian Aquaporin Water
Channels. Int. J. Mol. Sci. 2019, 20, 1589. [CrossRef]

Zhang, M.; Cui, Z.; Cui, H.; Cao, Y.; Zhong, C. Wang. Astaxanthin alleviates cerebral edema by modulating NKCC1 and AQP4
expression after traumatic brain injury in mice. BMIC Neurosci. 2016, 17, 60. [CrossRef]

Yan, X,; Liu, J.; Wang, X.; Li, W.; Chen, ].; Sun, H. Pretreatment with AQP4 and NKCC1 Inhibitors Concurrently Attenuated Spinal
Cord Edema and Tissue Damage after Spinal Cord Injury in Rats. Front. Physiol. 2018, 9, 6. [CrossRef]

Kitchen, P.; Salman, M.M.; Halsey, A.M.; Clarke-Bland, C.; MacDonald, J.A.; Ishida, H.; Vogel, H.J.; Almutiri, S.; Logan, A.;
Kreida, S. Targeting Aquaporin-4 Subcellular Localization to Treat Central Nervous System Edema. Cell 2020, 181, 784-799.e19.
[CrossRef]

Binder, D.K,; Nagelhus, E.A.; Ottersen, O.P. Aquaporin-4 and epilepsy. Glia 2012, 60, 1203-1214. [CrossRef]

Szu, J.I; Binder, D.K. Mechanisms Underlying Aquaporin-4 Subcellular Mislocalization in Epilepsy. Front. Cell. Neurosci. 2022, 16,
900588. [CrossRef]

Saadoun, S.; Papadopoulos, M.C.; Watanabe, H.; Yan, D.; Manley, G.T.; Verkman, A.S. Involvement of aquaporin-4 in astroglial
cell migration and glial scar formation. J. Cell. Sci. 2005, 118, 5691-5698. [CrossRef]

Yong, Y.X.; Li, YM,; Lian, J.; Luo, C.M.; Zhong, D.X.; Han, K. Inhibitory role of lentivirus-mediated aquaporin-4 gene silencing in
the formation of glial scar in a rat model of traumatic brain injury. J. Cell. Biochem. 2019, 120, 368-379. [CrossRef] [PubMed]

Lu, D.C; Zador, Z.; Yao, J.; Fazlollahi, F.; Manley, G.T. Aquaporin-4 Reduces Post-Traumatic Seizure Susceptibility by Promoting
Astrocytic Glial Scar Formation in Mice. J. Neurotrauma. 2021, 38, 1193-1201. [CrossRef] [PubMed]

Fukuda, A.M.; Badaut, J. Aquaporin 4: A player in cerebral edema and neuroinflammation. J. Neuroinflamm. 2012, 9, 279.
[CrossRef]

Lan, Y.L.; Fang, D.Y.; Zhao, J.; Ma, TH.; Li, S. A research update on the potential roles of aquaporin 4 in neuroinflammation. Acta.
Neurol. Belg. 2016, 116, 127-134. [CrossRef] [PubMed]

Li, L.; Zhang, H.; Varrin-Doyer, M.; Zamvil, S.S.; Verkman, A.S. Proinflammatory role of aquaporin-4 in autoimmune neuroin-
flammation. FASEB ]. 2011, 25, 1556-1566. [CrossRef] [PubMed]

Li, J.; Jia, Z.; Zhang, Q.; Dai, J.; Kong, J.; Fan, Z.; Li, G. Inhibition of ERK1/2 phosphorylation attenuates spinal cord injury
induced astrocyte activation and inflammation through negatively regulating aquaporin-4 in rats. Brain Res. Bull. 2021, 170,
162-173. [CrossRef]

Li, Y; Lu, H.; Lv, X,; Tang, Q.; Li, W.; Zhu, H.; Long, Y. Blockade of Aquaporin 4 Inhibits Irradiation-Induced Pulmonary
Inflammation and Modulates Macrophage Polarization in Mice. Inflammation 2018, 41, 2196-2205. [CrossRef]

de Bellis, M.; Cibelli, A.; Mola, M.G.; Pisani, F; Barile, B.; Mastrodonato, M.; Banitalebi, S.; Amiry-Moghaddam, M.; Abbrescia, P;
Frigeri, A.; et al. Orthogonal arrays of particle assembly are essential for normal aquaporin-4 expression level in the brain. Glia
2021, 69, 473-488. [CrossRef]

Pisani, F.; Simone, L.; Mola, M.G.; De Bellis, M.; Frigeri, A.; Nicchia, G.P.; Svelto, M. Regulation of aquaporin-4 expression in the
central nervous system investigated using M23-AQP4 null mouse. Glia 2021, 69, 2235-2251. [CrossRef]

Nesverova, V.; Tornroth-Horsefield, S. Phosphorylation-Dependent Regulation of Mammalian Aquaporins. Cells 2019, 8, 82.
[CrossRef]

McCoy, E.S.; Haas, B.R.; Sontheimer, H. Water permeability through aquaporin-4 is regulated by protein kinase C and becomes
rate-limiting for glioma invasion. Neuroscience 2010, 168, 971-981. [CrossRef] [PubMed]

Connors, N.C.; Kofuji, P. Potassium channel Kir4.1 macromolecular complex in retinal glial cells. Glia 2006, 53, 124-131. [CrossRef]
[PubMed]

Benfenati, V.; Caprini, M.; Dovizio, M.; Mylonakou, M.N.; Ferroni, S.; Ottersen, O.P.; Amiry-Moghaddam, M. An aquaporin-
4 /transient receptor potential vanilloid 4 (AQP4/TRPV4) complex is essential for cell-volume control in astrocytes. Proc. Natl.
Acad. Sci. USA 2011, 108, 2563-2568. [CrossRef] [PubMed]

Stokum, J.A.; Kwon, M.S.; Woo, S.K.; Tsymbalyuk, O.; Vennekens, R.; Gerzanich, V.; Simard, ] M. SUR1-TRPM4 and AQP4 form
a heteromultimeric complex that amplifies ion/water osmotic coupling and drives astrocyte swelling. Glia 2018, 66, 108-125.
[CrossRef] [PubMed]

King, Z.A.; Sheth, K.N.; Kimberly, W.T.; Simard, J.M. Profile of intravenous glyburide for the prevention of cerebral edema
following large hemispheric infarction: Evidence to date. Drug Des. Dev. Ther. 2018, 12, 2539-2552. [CrossRef] [PubMed]

Yang, C.; He, T.; Wang, Q.; Wang, G.; Ma, J.; Chen, Z.; Li, Q.; Wang, L.; Quan, Z. Elevated intraspinal pressure drives edema
progression after acute compression spinal cord injury in rabbits. Exp. Neurol. 2022, 357, 114206. [CrossRef]

Yang, C.H.; Quan, Z.X.; Wang, G.J.; He, T.; Chen, Z.Y; Li, Q.C; Yang, J.; Wang, Q. Elevated intraspinal pressure in traumatic
spinal cord injury is a promising therapeutic target. Neural Regen. Res. 2022, 17, 1703-1710. [CrossRef]

McBride, D.W.; Donovan, V.; Hsu, M.S.; Obenaus, A.; Rodgers, V.G.; Binder, D.K. Reduction of Cerebral Edema via an Osmotic
Transport Device Improves Functional Outcome after Traumatic Brain Injury in Mice. Acta Neurochir. Suppl. 2016, 121, 285-289.


https://doi.org/10.1038/nrd4226
https://www.ncbi.nlm.nih.gov/pubmed/24625825
https://doi.org/10.3390/ijms20071589
https://doi.org/10.1186/s12868-016-0295-2
https://doi.org/10.3389/fphys.2018.00006
https://doi.org/10.1016/j.cell.2020.03.037
https://doi.org/10.1002/glia.22317
https://doi.org/10.3389/fncel.2022.900588
https://doi.org/10.1242/jcs.02680
https://doi.org/10.1002/jcb.27390
https://www.ncbi.nlm.nih.gov/pubmed/30246455
https://doi.org/10.1089/neu.2011.2114
https://www.ncbi.nlm.nih.gov/pubmed/21939392
https://doi.org/10.1186/1742-2094-9-279
https://doi.org/10.1007/s13760-015-0520-2
https://www.ncbi.nlm.nih.gov/pubmed/26259614
https://doi.org/10.1096/fj.10-177279
https://www.ncbi.nlm.nih.gov/pubmed/21257712
https://doi.org/10.1016/j.brainresbull.2021.02.014
https://doi.org/10.1007/s10753-018-0862-z
https://doi.org/10.1002/glia.23909
https://doi.org/10.1002/glia.24032
https://doi.org/10.3390/cells8020082
https://doi.org/10.1016/j.neuroscience.2009.09.020
https://www.ncbi.nlm.nih.gov/pubmed/19761816
https://doi.org/10.1002/glia.20271
https://www.ncbi.nlm.nih.gov/pubmed/16206160
https://doi.org/10.1073/pnas.1012867108
https://www.ncbi.nlm.nih.gov/pubmed/21262839
https://doi.org/10.1002/glia.23231
https://www.ncbi.nlm.nih.gov/pubmed/28906027
https://doi.org/10.2147/DDDT.S150043
https://www.ncbi.nlm.nih.gov/pubmed/30147301
https://doi.org/10.1016/j.expneurol.2022.114206
https://doi.org/10.4103/1673-5374.332203

Cells 2023, 12,1701 16 of 16

119. McBride, D.W.; Szu, ].1; Hale, C.; Hsu, M.S.; Rodgers, V.G.; Binder, D.K. Reduction of cerebral edema after traumatic brain injury
using an osmotic transport device. |. Neurotrauma 2014, 31, 1948-1954. [CrossRef]

120. McBride, D.W.; Hsu, M.S.; Rodgers, V.G.; Binder, D.K. Improved survival following cerebral edema using a novel hollow
fiber-hydrogel device. |. Neurosurg. 2012, 116, 1389-1394. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1089/neu.2014.3439
https://doi.org/10.3171/2012.2.JNS111540

	Introduction 
	Spinal Cord Edema 
	Aquaporins 
	Aquaporin 4 Expression after SCI 
	SCI Phenotype in AQP4-/- Mice 
	AQP4 Modulation in SCI 
	AQP4, Glial Scar Formation, and Neuroinflammation 
	Summary and Future Directions 
	References

