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The aquaporin-4 inhibitor AER-271 blocks acute cerebral
edema and improves early outcome in a pediatric model of
asphyxial cardiac arrest
Jessica S. Wallisch1,2,3, Keri Janesko-Feldman3, Henry Alexander3, Ruchira M. Jha1,3, George W. Farr4, Paul R. McGuirk4,
Anthony E. Kline3,5, Travis C. Jackson1,3, Marc F. Pelletier4, Robert S. B. Clark1,2,3,6, Patrick M. Kochanek1,2,3,6 and Mioara D. Manole2,3,6

BACKGROUND: Cerebral edema after cardiac arrest (CA) is associated with increased mortality and unfavorable outcome in
children and adults. Aquaporin-4 mediates cerebral water movement and its absence in models of ischemia improves outcome. We
investigated early and selective pharmacologic inhibition of aquaporin-4 in a clinically relevant asphyxial CA model in immature rats
in a threshold CA insult that produces primarily cytotoxic edema in the absence of blood-brain barrier permeability.
METHODS: Postnatal day 16–18 Sprague-Dawley rats were studied in our established 9-min asphyxial CA model. Rats were
randomized to aquaporin-4 inhibitor (AER-271) vs vehicle treatment, initiated at return of spontaneous circulation. Cerebral edema
(% brain water) was the primary outcome with secondary assessments of the Neurologic Deficit Score (NDS), hippocampal neuronal
death, and neuroinflammation.
RESULTS: Treatment with AER-271 ameliorated early cerebral edema measured at 3 h after CA vs vehicle treated rats. This
treatment also attenuated early NDS. In contrast to rats treated with vehicle after CA, rats treated with AER-271 did not develop
significant neuronal death or neuroinflammation as compared to sham.
CONCLUSION: Early post-resuscitation aquaporin-4 inhibition blocks the development of early cerebral edema, reduces early
neurologic deficit, and blunts neuronal death and neuroinflammation post-CA.
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INTRODUCTION
Cerebral edema after cardiac arrest (CA) is associated with
increased mortality and unfavorable neurological outcomes.1–3

Asphyxial CA, the most common type of CA in children, is
preceded by a period of hypoxemia which worsens the hypoxic-
ischemic brain injury.4,5 This global cerebral hypoxic-ischemic
insult results in cellular energy failure which drives the formation
of cytotoxic edema, traditionally thought of as a net intake of
water due to osmotic gradients in the setting of an intact blood-
brain barrier (BBB).6

The aquaporins (AQP) are a family of transmembrane water
channel proteins that regulate the flow of water in various tissues
and organs. AQP1, 4, and 9 are expressed within the central
nervous system (CNS) with AQP4 having the largest contribution
to brain water regulation.7 AQP4 is expressed on the astrocyte
end-foot process and is concentrated at the perivascular and
periependymal spaces, allowing bi-directional osmotically-
mediated flow of water.8 It is thought to have an integral role in
the development of cytotoxic cerebral edema9,10, as well as the
clearance of vasogenic edema.11

AQP4 is upregulated following CA12 and temporally correlates
with early post-resuscitation cerebral edema, although the
changes in expression following isolated cerebral ischemia are
equivocal.12,13 Yet, in models of both focal and global cerebral

ischemia, AQP4 knockout mice show reduced injury as
measured by cerebral edema, intracranial pressure, infarct
volume, area of restricted diffusion, and neuronal loss vs control
mice.14–16

These knockout models provide proof of concept regarding a
potential new treatment strategy to mitigate the development of
cerebral edema after CA, yet pharmacotherapy is necessary to
translate these findings to patient care. A novel therapeutic agent
was recently synthetized, which selectively inhibits AQP4. This
investigational small molecule inhibitor, AER-271, reduces cyto-
toxic cerebral edema in models of water intoxication and stroke
(Aeromics, Inc., personal communication). This pharmacological
agent offers a clinically relevant method of AQP4 inhibition to
investigate the role of AQP4 in pediatric asphyxial CA-related
cerebral edema.
We propose that AQP4 serves as a key immediate vector for

cerebral edema after CA in the developing brain. We hypothesize
that AQP4 inhibition early after resuscitation using AER-271 will
prevent the formation of cerebral edema and improve outcomes
after experimental pediatric asphyxial CA. We propose to assess
this therapy in the setting of a CA insult that specifically highlights
cytotoxic edema and delayed neuronal death in order to delineate
the pharmacokinetics of AER-271 and its effect on cerebral edema
and neuronal death.

Received: 21 May 2018 Revised: 15 September 2018 Accepted: 4 October 2018
Published online: 26 October 2018

1Department of Critical Care Medicine, University of Pittsburgh, Pittsburgh, PA, USA; 2Children’s Hospital of Pittsburgh of UPMC, Pittsburgh, PA, USA; 3Safar Center for
Resuscitation Research, Pittsburgh, PA, USA; 4Aeromics, Inc, Cleveland, OH, USA; 5Department of Physical Medicine and Rehabilitation, University of Pittsburgh, Pittsburgh, PA,
USA and 6Department of Pediatrics, University of Pittsburgh, Pittsburgh, PA, USA
Correspondence: Mioara D. Manole (mioara.manole@chp.edu)

www.nature.com/pr

© International Pediatric Research Foundation, Inc 2018

http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-018-0215-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-018-0215-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-018-0215-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-018-0215-5&domain=pdf
mailto:mioara.manole@chp.edu
www.nature.com/pr


METHODS
Animal model
Studies were approved by the Institutional Animal Care and Use
Committee at the University of Pittsburgh. Mixed-litter male
postnatal day (PND) 16–18 Sprague-Dawley rats (Harlan Labora-
tory) weighing 30–45 grams were used in an established model of
asphyxial CA in immature rats17 to evaluate cerebral edema and
outcome (Fig. 1). We chose to assess the effect of AER-271 in a sex-
homogenous cohort of male rats to eliminate the possible
confounding effect of sex, as there are well described innate sex
differences in cytotoxicity and programmed cell death. We studied
the effect of AQP inhibition in a threshold insult of 9 min where no
gross alterations of BBB permeability were observed, highlighting
specifically cytotoxic edema in this model and not vasogenic
edema.
Rats were anesthetized with 3% isoflurane/50% N2O/balance O2

then intubated with an 18-gauge angiocatheter and mechanically
ventilated with anesthesia maintained using 1% isoflurane/50%
N2O/balance O2. Femoral venous and arterial catheters were
placed under sterile technique via inguinal cutdown. A subcuta-
neous (SQ) osmotic infusion pump (Alzet 2001D, Cupertino, CA)
was implanted into the interscapular space in cohorts of rats with
outcomes beyond 24 h (see section AER-271 and Pharmacokinetic
Studies). Continuous monitoring was conducted with electro-
cardiography (EKG), arterial blood pressure, end-tidal CO2 (ETCO2),
pulse oximetry, rectal temperature, and electroencephalography
(EEG). Mechanical ventilation was titrated by ETCO2 and arterial
blood gas measurements.
At 2 min prior to asphyxia, vecuronium (1 mg/kg, IV) was

administered to stop respirations and N2O was discontinued. The
fraction of inspired oxygen (FiO2) was reduced to 0.21 for one min
and then asphyxia was induced by disconnecting the ventilator
for 9 min resulting in CA. Resuscitation included reconnecting the
ventilator with an FiO2 of 1.0, administering epinephrine (0.005
mg/kg, IV) and sodium bicarbonate (10 mEq/kg, IV) to target

normalization of arterial pH, and chest compressions until return
of spontaneous circulation (ROSC). Shams underwent anesthesia,
intubation, mechanical ventilation, vascular catheter placement,
and had SQ drug infusion pumps implanted. At one hour after
resuscitation, vascular catheters were removed, rats were weaned
from the ventilator and extubated, recovered from anesthesia, and
returned to cages with lactating mothers and littermates prior to
sacrifice.

AER-270/271 bioanalytical methods
AER-270 (Aeromics, Inc., Cleveland, OH) is a selective, partial
antagonist of AQP4 identified using high-throughput screening.
Inhibition of AQP4-mediated water movement was confirmed
using cell cultures over-expressing AQP4 and subjected to osmotic
stress. AER-271 is a phosphonate prodrug derivative of the parent
compound AER-270. AER-271 is converted in vivo to AER-270 by
endogenous phosphatases, and has markedly increased water
solubility compared with the parent drug AER-270 (Aeromics Inc.,
personal communication). AER-271 is effective at reducing
cerebral edema and improving outcomes in models of water
intoxication and ischemic stroke (Aeromics, Inc., personal com-
munication), and was recently reported to be effective in a model
of cold ischemic storage in the setting of cardiac transplantation.18

Rats were randomized to treatment with AER-271 vs vehicle
(Tris base in saline). Table 1 summarizes the study groups,
medication doses, and outcomes. An initial cohort (n= 4/group)
compared the efficacy of the intraperitoneal (IP) and intravenous
(IV) routes where treatment was initiated at the time of ROSC with
a loading bolus dose of 5 mg/kg followed by a second bolus dose
of 5 mg/kg at 60 min post-ROSC. Serum drug levels were
measured at 15, 80, and 180min. A second cohort tested longer
maintenance of drug therapy with a loading bolus dose of 5 mg/
kg at ROSC paired with a primed subcutaneous (SQ) osmotic
continuous infusion pump (0.08 mg/h × 24 h). Serum drug levels
were measured at 1, 6, and 24 h (n= 6).
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Fig. 1 Pediatric asphyxial cardiac arrest model

Table 1 Study design: treatment dosing and sample sizes by study outcome

Outcome N Treatment dosing

Pharmacokinetic studies

IV vs IP Dosing 4/group 5mg/kg IP x2 (t= 0 and 60min post-ROSC)

IP+ Infusion Pump 6/group 5mg/kg IP (t= 0)+ 0.08mg/h continuous

Edema

3 h 6/group 5mg/kg IP x2 (t= 0 and 60min post-ROSC)

6 h 6/group 5mg/kg IP+ 0.08mg/h continuous

24 h 6/group 5mg/kg IP+ 0.08mg/h continuous

NDS and Histology 6/group 5mg/kg IP+ 0.08mg/h continuous

IV intravenous, IP intraperitoneal, mg milligram, kg kilogram, ROSC return of spontaneous circulation
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Plasma levels of the active drug, AER-270 were analyzed using
an integrated Shimadzu 8050 LC-MS/MS system (Shimadzu
Scientific Instruments, Columbia, MD) at the Proteomics and
Metabolomics Core, Lerner Research Institute, Cleveland Clinic
Foundation, Cleveland, OH. Plasma proteins were first removed by
75% acetonitrile extraction and AER-37, a derivative of AER-270,
introduced as an internal standard. Samples were analyzed by
tandem LC-MS/MS using C18 reversed-phase chromatography
with acetonitrile and ammonium carbonate as a counter-ion
(Prodigy 2 × 150 mm, 5 μm 110 A, Phenomenex, Torrance, CA).
Mass analysis with Multiple Reaction Monitoring (MRM) utilized a
triple-quadrupole mass spectrometer and ESI probe. The method
gives reliable quantitation of AER-270 in the range of 0.5–1000 ng/
mL. Target plasma levels of AER-270 were ≥ 70 ng/mL based on
therapeutic levels in a mouse ischemic stroke model (Aeromics,
Inc., personal communication).

Cerebral edema
To assess the effect of AER-271 on cerebral edema, rats (n= 6/
group at each time point) underwent CA and were randomized to
treatment with AER-271 or vehicle (identical volume and
administration time) at resuscitation. The rats were sacrificed at
3, 6, and 24 h post-CA for measurement of cerebral edema using
the wet-dry weight method. Naive rats provided normative data
for control. Following decapitation, whole brains were extracted
from the cranium and the olfactory bulbs and cerebellum were
removed. Brains were weighed (wet weight) then dried in glass
vials at 110 degrees Celsius (°C) for 72 h. At 72 h, the dry weight
measurement was performed and cerebral percent brain water
(%BW) was calculated as (wet weight− dry weight) / wet weight
×100. Edema was calculated as [(injury %BW− naive
%BW) / naive %BW] × 100.

Acute neurologic deficit
To assess the effect of AER-271 on acute neurological deficit and
neuropathology, a separate cohort of rats (n= 6/group) under-
went CA or sham surgery with vehicle control. The two CA groups
were randomized to treatment with AER-271 or vehicle. An
established neurologic deficit score (NDS) was used to assess rats’
functional status at 3, 24, 48, and 72 h post-CA.19 A blinded
technician assessed functional status in categories of general
behavior, cranial nerve reflexes, motor, sensory, and coordination
for a total score ranging from 0 to 500 points with higher score
indicative of more severe injury. General behavior (max 200
points) evaluated consciousness and respirations. The cranial
nerve reflexes (max 100 points) included testing of the olfactory,
vision, corneal, whisker movement, and hearing. Motor and
sensory deficits (max 50 points each) were documented in each
forepaw, hindpaw, and tail. Lastly, coordination deficit (max 100
points) was assessed as ability to walk along a ledge, reaching
with forepaws when lifted by tail, stopping at the edge of a table,
and righting reflex.

Histology
At 72 h post-CA, rats (n= 6/group) were anesthetized with 3%
isoflurane/50% N2O/balance O2 and transcardially perfused with
50mL of ice-cold heparinized saline followed by 50mL of 10%
buffered formalin. Following decapitation, the brains were excised
and stored in formalin for a minimum of 24 h. Paraffin embedded
brains were cut into 5 µm coronal sections using a microtome.
Neuronal injury was assessed using hematoxylin and eosin

(H&E) stained sections. Hippocampal images were obtained at ×10
magnification (NIS-Elements software, Nikon Eclipse 90i micro-
scope, Melville, NY). A blinded observer quantified the eosinophilic
pyknotic neurons within the hippocampal CA1 region. The length
of the CA1 region was measured for each sample, and the
pyknotic neuronal counts were indexed per 0.1 mm length of CA1
hippocampus.

Fluorojade B (Millipore Sigma, Burlington, MA) stained sections
served as a second assessment of neuronal degeneration.17

Sections were deparaffinized in xylene then serially immersed in
100% alcohol, 1% sodium hydroxide in an 80% alcohol solution,
70% alcohol, and 0.06% potassium permanganate. Slides were
washed in distilled water then immersed in 0.0006% working
Fluorojade B solution (Fluorojade B, 0.1% acetic acid, DAPI) on a
shaker protected from light for 30 min. After a series of distilled
water washes, the slides were dried on a slide warmer at 50 °C for
10min, dipped in xylene, and then coverslipped with DPX
mounting medium. Images were captured at ×10 magnification
and a blinded observer quantified the fluorojade positive neurons
within the hippocampal CA1 region. The length of the CA1 region
was measured for each sample, and the Fluorojade neuronal
counts were indexed per 0.1 mm length of CA1 hippocampus.
Neuroinflammation was evaluated by assessing the microglial

response using Iba1 staining. Slides were deparaffinized in xylene
then dehydrated in 100% ethanol followed by 95% ethanol.
Antigen retrieval was completed (10X antigen decloaker, Biocare
Medical, Pacheco, CA) and the endogenous peroxidases were
blocked with hydrogen peroxide for 30 min before blocking in 3%
normal goat serum for 30 minutes. Sections were incubated at 4 °C
overnight with rabbit polyclonal anti-Iba1 antibody (1:250, Wako
Chemicals, Richmond, VA). The following day, slides were
incubated in biotinylated goat anti-rabbit secondary antibody
for 1 h at room temperature (Vectastain ABC Kit, Vector Labs,
Burlingame, CA). Sections were subsequently incubated in avidin-
biotin complex for 1 h at room temperature (Vectastain ABC Kit).
3,3′-diaminobenzidine (DAB) was applied (10 min) followed by
hematoxylin counterstain. After serial immersion in 70% ethanol,
95% ethanol, 100% ethanol, and xylene, slides were coverslipped
with Permount mounting medium. Images were captured at ×20
magnification from a standardized region of interest (ROI)
centering on the CA1 hippocampus immediately superior to the
dentate gyrus and a blinded observer quantified the Iba1 positive
microglia which were indexed for the area of ROI (per mm2).

Statistical analysis
Student’s t-test or one-way ANOVA with Student Newman Keuls
(SNK) post-hoc test (presented as mean ± standard error of the
mean) and Mann–Whitney or ANOVA on ranks (presented as
median [interquartile range]) were used to analyze and/or display
normally and non-normally distributed data, respectively. Data
with multiple measurements were analyzed by two-way repeated
measures ANOVA with SNK. One statistical outlier was determined
using Thompson Tau test and removed from 3 h edema analysis.
Alpha ≤ 0.05 was considered statistically significant.

RESULTS
Physiologic data
Combined baseline parameters including heart rate, mean arterial
pressure (MAP), and temperature were similar between treatment
groups. For injury groups, the heart rate (p= 0.21), mean arterial
pressure (p= 0.64), temperature (p= 0.85), and CPR duration (p=
0.06) were not different at any time point (Supplemental Table S1
(online)).
There were no differences in baseline or subsequent pH, ETCO2,

PaCO2, PaO2, or HCO3 between injury groups. Mean serum lactate,
osmolarity, sodium, potassium, chloride, ionized calcium, glucose,
and hematocrit did not vary by treatment group for injury animals
across the model (all comparisons NS).

AER-271 pharmacokinetics
After AER-271 bolus administration at 0 and 60min post-ROSC,
plasma levels of the parent drug AER-270 reached therapeutic
levels rapidly using either IV or IP route. Levels peaked following IV
administration and showed less variability via IP administration
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(Supplemental Figure S1a (online)). Thus we selected the IP route
for the loading dose in all subsequent studies of efficacy.
Therapeutic drug levels were confirmed in the cerebral edema
cohort of rats (726.16 ng/mL ± 114.22 at 180min after CA).
An IP loading bolus followed by continuous SQ infusion rapidly

attained and maintained therapeutic drug levels through 24 h
(Supplemental figure S1b (online)). Therapeutic drug levels were
confirmed in the cerebral edema cohort of rats (1475.99 ± 305.11
and 1699.37 ± 181.50 ng/mL at 6 and 24 h, respectively).

Cerebral edema
At 3 h post-CA %BW was increased in CA-vehicle-treated vs naive
rats (83.84 [83.16, 83.39]) vs 83.17 [82.68, 83.28], respectively, p <
0.05) (Fig. 2a). AER-271 treatment prevented the acute increase in
%BW (83.29 [83.16, 83.39], CA-AER-271 vs naive NS) and reduced
the amount of edema present at 3 h by 82.1%, returning %BW
nearly to the naive value. %BW in the injury cohorts decreased
towards levels of naive rats at 6 h and 24 h post-CA (Fig. 2b, c).

Acute neurologic deficit
At 3 h post-CA, both injury groups showed a significant deficit vs
sham (325.00 ± 30.00, 261.67 ± 20.56, 0.83 ± 0.83; CA-vehicle, CA-
AER-271, and sham, respectively, p < 0.001 CA-vehicle and CA-AER-
271 vs sham) (Fig. 3a). CA-AER-271 rats had a 20% lower NDS
compared to CA-vehicle (p < 0.001). At 24–72 h post-CA, overall
NDS improved with no significant injury effect remaining. An
exploratory post-hoc analysis of the 3 h NDS component
subgroups did not reveal a treatment effect on NDS subgroup
(Fig. 3b).

Histology
Hippocampal CA1 neurons are vulnerable to CA in our model
(Fig. 4), and treatment with AER-271 resulted in a 43% reduction in
pyknotic degenerating neurons on H&E compared to vehicle,
which was not different from sham (Fig. 5). This reduction in
neuronal damage with AER-271 was corroborated by a 49%
reduction in CA1 hippocampal Fluorojade positivity.
The CA1 hippocampal microglial response was increased after

CA in vehicle, but once again not in the CA-AER-271 treatment
group which had a 55% reduction in Iba1 positivity as compared
to vehicle, suggesting attenuation of neuroinflammation with
treatment.

DISCUSSION
Cerebral edema is a well-known consequence of global brain
ischemia resulting from CA, particularly in the setting of asphyxial
CA in infants and children.3,20 However, cerebral edema has been
a relatively overlooked potential therapeutic target for neuropro-
tection after CA. Pediatric studies in the 1980s–1990s suggested
that although cerebral edema and resultant intracranial hyperten-
sion develop after asphyxial CA, conventional treatment
approaches using intracranial pressure monitoring and hyper-
osmolar therapy did not impact neurological outcome.20,21

Additionally, studies in adult patients found that delayed
treatment of elevated ICP after CA is unlikely to improve
outcome.22 These studies directed the field of CA away from
targeting cerebral edema as a neuroprotective approach for
decades.
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However, some studies suggest that setting a threshold for
treatment at severe cerebral edema that results in intracranial
hypertension might be too late, and early treatment of edema
might be beneficial. In fact, preclinical models of CA in primates
observed vegetative neurological outcome despite the absence of
elevated ICP in monkeys subjected to 16 min of complete global
ischemia.23 More recently, a few studies have suggested that
mitigating earlier post-resuscitation brain edema may represent a
therapeutic opportunity. Nakayama et al. showed that Conivaptan,
a selective arginine vasopressin V1a and V2 receptor antagonist,
and hypertonic saline attenuate global cerebral edema at 24 h
after KCl-induced CA in mice via effects on AQP4.24,25 The 8-min

KCl-induced CA produced BBB disruption, unlike our model of
asphyxial CA. Moreover, functional outcome and neuronal death
were not assessed in that study. Other pathways and mechanisms
of edema management including therapeutic hypothermia and
the sulfonyl urea receptor-1 (SUR-1) antagonist glyburide have
also attenuated cerebral edema at 24 h after a 7 min KCl-induced
CA in mice.26 However, acute brain edema develops extremely
rapidly after CA, as early as 3 h after resuscitation as shown in our
studies, and hypothermia takes time to induce, as does post-
ischemic SUR-1 protein transcription, which is not present at
resting state.27,28 AQP4 is constitutively expressed and allows for
immediate water movement following injury, and thus inhibition
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of AQP4 by AER-271 may be suited to immediately block edema,
also affording an opportunity to examine the impact of early
treatment targeting edema on subsequent neuronal death and
neuroinflammation.
Our work represents the first reported molecularly targeted

pharmacologic inhibition of AQP4 after CA. Additionally, our work
is the first reported investigation using a pediatric model and
takes into account developmental differences that would allow for
better translation and applicability to children with asphyxial CA.
Notably, treatment with AER-271 was well tolerated with no
apparent effect on hemodynamics or serum chemistry. AER-271
prevented the development of acute cerebral edema which is
consistent with the aforementioned prior work in AQP4 knockout
models of asphyxia/ischemia. In our model of asphyxial CA, we
previously reported no disruption of the BBB after a 9 min insult as
assessed using multiple approaches.6 This global hypoxic-ischemic
injury, thus, highlights cytotoxic cerebral edema. Given that AQP4
is constitutively present, it would allow for immediate water
movement following injury, supporting the biologic plausibility of
using an AQP4 inhibitor to mitigate the development of brain
edema early post-resuscitation.
We selected to test the AQP4 antagonist in a setting that

produces primarily cytotoxic edema and delayed neuronal death
in the absence of vasogenic edema, to provide a robust
therapeutic opportunity for this specific mechanism. Our model
mimics a number of important features of clinical brain ischemia:
chest compression, use of epinephrine, and whole body insult.
Our model produces a threshold insult with respect to neurologic
injury. Despite the mild and transient nature of the cerebral
edema and early post-resuscitation neurologic deficit that
develops after a 9 min asphyxial CA, this injury produces neuronal
death and longer lasting spatial memory acquisition deficits.17 In
both the edema and acute NDS assessments, treatment with AER-
271 resulted in improvement at the earliest time points (3 h post-
CA). In this threshold model, both early edema and increased NDS
are transient, limiting them as potential therapeutic targets at later
time points (6–24 h for edema; 24–72 h for NDS). Inhibiting early
cerebral edema formation also, surprisingly, attenuated CA1
hippocampal neuronal death at 72 h. It is unclear whether the
effect of AER-271 on early edema is mediating the effect on
neurodegeneration. Assessment of AER-271 in insults of greater
severities where a higher degree of edema is produced are
warranted. In this initial evaluation of the effect of AER-271 on
behavioral and histological outcome, we assessed an acute time
point of 72 h. We have not yet carried out studies testing more
sophisticated behavioral assessments at longer time points, such
as Morris water maze, fear conditioning, or open field, however,
studies of those outcomes are planned for future experiments.
Neuroinflammation has been linked with neuronal death. In

general, neuronal ischemic injury leads to microglial activation,
and microglial activation and cytokine release have been
associated with secondary neuronal death30 with key develop-
mental differences in these interactions.31 Our data revealed a
reduction in the microglial response with AQP4 inhibition
following CA that is supported by prior work with AQP4-null mice
in a model of neuroinflammation, which also showed reduced
microglial activation.32 Given that microglia do not express
AQP4,32,33 we propose that this is the result of a direct
neuroprotective effect with a reduced secondary microglial
response, which has also been seen in other studies.34–38

However, as AQP4 is expressed on T lymphocytes, as was recently
shown in a model of cardiac transplantation,18 it is also possible
that effects on neuroinflammation could be mediated by T
lymphocyte interactions with microglia. Alternatively, we cannot
exclude the possibility that AER-271 modulates cytokines or other
inflammatory mediators of astrocyte activation that could alter the
microglial response39 by some means unrelated to its activity
against AQP4.

Our study has limitations including the exploratory nature of
some of our outcomes. We powered our study to detect differences
in our primary outcome of brain edema in the absence of BBB
disruption. A larger sample size would be needed to confirm
histological evidence that AER-271 is neuroprotective relative to
vehicle. Studies with a longer insult duration in a CA model with
sustained edema would also be informative. We aimed to initially
assess the effect of AQP4 blockade in an insult with primarily
cytotoxic edema. The effect of AER-271 on vasogenic edema is not
completely understood, and clearance of vasogenic edema may
even be inhibited by AQP4 blockade, with loss of net overall
efficacy. In light of these mechanisms, the effects of AER-271 in CA
insults of longer durations, where a combination of cytotoxic and
vasogenic edema exists, may or may not be greater. Assessment of
AER-271 across a spectrum of insult severities is therefore
warranted. Additionally, while promising, our findings need
validation in a pediatric knockout model to determine whether
the benefits derived from AER-271 treatment are related to off-
target effects. Although AER-270 crosses the BBB and reaches
therapeutic brain tissue levels, the mechanism by which the active
drug inhibits AQP4 remains proprietary. However, the potential of a
selective AQP4 antagonist for clinical trials supports these
preliminary investigations. AQP4 is present in a number of other
tissues and organs and it was outside the scope of our study to
determine if any extra-CNS effects of AQP4 inhibition contributed
to overall survival and functional outcome. For example, germane
to CA, AQP4 is present in the myocardium and AQP4 knockout
mice have been shown to have reduced infarct size in models of
myocardial ischemia reperfusion.40 Additional investigation into the
molecular basis for AQP4 inhibition, whether early AQP4 inhibition
translates into improved long term outcomes, and to characterize
the link between neuronal death and neuroinflammation are
warranted. To avoid the confounding effect of sex on cytotoxicity
we assessed the effect of AER-271 in male rats only. Future studies
in female rats are also warranted. Finally, as previously mentioned,
asphyxial CA may differ from ventricular fibrillation and arrests of
cardiac origin with regard to brain pathophysiology, as suggested
in recent studies showing enhanced brain injury in the setting of
asphyxia.4 Given that these studies were carried out in asphyxial CA
and in a pediatric model could potentially limit generalizability
across all of CA.
In conclusion, AQP4 inhibition with AER-271 shows promise as a

targeted therapy after asphyxial CA in the developing rat brain for
reduction in acute cerebral edema and improved neurological
outcome. Therapeutic levels in the target range were rapidly
achieved and maintained without apparent side effects. Attenua-
tion of acute brain edema with an AQP4 partial antagonist exhibits
favorable consequences on neurological deficits, delayed neuro-
nal death, and neuroinflammation. This suggests that targeting
acute edema may represent a therapeutic opportunity after
pediatric CA. Given the importance of asphyxial CA in the field of
pediatrics and the emerging epidemic of asphyxial CA in adults as
a result of the opioid epidemic, this agent warrants additional
preclinical exploration.
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