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Abstract

Cerebral edema is critical to morbidity/mortality in traumatic brain injury (TBI) and is worsened by hypotension.

Glibenclamide may reduce cerebral edema by inhibiting sulfonylurea receptor-1 (Sur1); its effect on diffuse cerebral

edema exacerbated by hypotension/resuscitation is unknown. We aimed to determine if glibenclamide improves peri-

contusional and/or diffuse edema in controlled cortical impact (CCI) (5m/sec, 1 mm depth) plus hemorrhagic shock (HS)

(35 min), and compare its effects in CCI alone. C57BL/6 mice were divided into five groups (n = 10/group): naı̈ve,

CCI+vehicle, CCI+glibenclamide, CCI+HS+vehicle, and CCI+HS+glibenclamide. Intravenous glibenclamide (10 min

post-injury) was followed by a subcutaneous infusion for 24 h. Brain edema in injured and contralateral hemispheres was

subsequently quantified (wet-dry weight). This protocol brain water (BW) = 80.4% vehicle vs. 78.3% naı̈ve, p < 0.01) but

was not reduced by glibenclamide (I%BW = 80.4%). Ipsilateral edema also developed in CCI alone (I%BW = 80.2%

vehicle vs. 78.3% naı̈ve, p < 0.01); again unaffected by glibenclamide (I%BW = 80.5%). Contralateral (C) %BW in

CCI+HS was increased in vehicle (78.6%) versus naive (78.3%, p = 0.02) but unchanged in CCI (78.3%). At 24 h,

glibenclamide treatment in CCI+HS eliminated contralateral cerebral edema (C%BW = 78.3%) with no difference versus

naı̈ve. By 72 h, contralateral cerebral edema had resolved (C%BW = 78.5 – 0.09% vehicle vs. 78.3 – 0.05% naı̈ve).

Glibenclamide decreased 24 h contralateral cerebral edema in CCI+HS. This beneficial effect merits additional exploration

in the important setting of TBI with polytrauma, shock, and resuscitation. Contralateral edema did not develop in CCI

alone. Surprisingly, 24 h of glibenclamide treatment failed to decrease ipsilateral edema in either model. Interspecies

dosing differences versus prior studies may play an important role in these findings. Mechanisms underlying brain edema

may differ regionally, with pericontusional/osmolar swelling refractory to glibenclamide but diffuse edema (via Sur1)

from combined injury and/or resuscitation responsive to this therapy. TBI phenotype may mandate precision medicine

approaches to treat brain edema.
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Introduction

Traumatic brain injury (TBI) affects 1,700,000 people in the

United States annually, with a mortality rate of 52,000. The

prevalence of resultant disability is estimated at >5,000,000 peo-

ple.1,2 Secondary insults such as hypotension from polytrauma and

hemorrhage are an important contribution to these unfavorable

outcomes.3,4 Hypotension is estimated to occur in >25% of severe

TBI patients, and can potentially double the mortality rate.4 An

analysis of 2061 patients with severe TBI and shock in the Re-

suscitation Outcomes Consortium trials revealed a mortality rate of

72% in patients with combined injury versus 46% in patients with

severe TBI alone.5 A critical factor believed to contribute to un-

favorable outcome in these patients is the exacerbation of cerebral

edema by secondary hypotension.5 Hypotension is associated with

diffuse cerebral edema, distinct from contusional swelling.6 Al-

though much emphasis has been placed on vasogenic edema in TBI

at sites of injury/contusion (secondary to traumatic disruption of the

blood–brain barrier [BBB]), a growing body of evidence suggests

the importance of diffuse cytotoxic edema in this disease, triggered
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by factors such as global mitochondrial dysfunction, cell depolar-

ization, ionic gradient alteration, and neurotransmitter release

contributing to raised intracranial pressure (ICP).7–11 Additionally,

the large volumes of resuscitation fluids used to correct hypotension

in these patients, although important to restoring an adequate cerebral

perfusion pressure (CPP), exacerbate cerebral edema thereby con-

tributing to diffuse swelling and generating a vicious cycle. Given

that cerebral edema is one of the most important pathophysiological

factors associated with death and unfavorable outcomes in TBI, al-

ternative therapeutic approaches are critically needed.6,12–15

Feinstein and coworkers suggested that resuscitation fluid re-

quirements to restore CPP could be reduced with the use of pressor

agents, and although this approach has some merit, it is largely

unfeasible in the pre-hospital setting.16 Few studies have been

conducted targeting TBI resuscitation in patients with polytrauma.

Unfortunately, studies attempting to reduce resuscitation fluid

volumes (with either albumin or hypertonic saline) have failed, or

even resulted in worse outcomes than patients resuscitated with

isotonic crystalloid.17,18 Beyond vasopressors or small volume

resuscitation solutions, other therapies targeting cerebral edema are

reactionary. Even though osmolar agents, barbiturate coma, hy-

pothermia, or decompressive craniectomy have clinical utility, they

are morbid and associated with side effects and/or worsening of

hemodynamic status, which may be highly problematic in the

setting of polytrauma. Moreover, they are nonspecific and reactive

rather than targeted and preventive of cerebral edema. They also

have limited use in the pre-hospital setting. A pharmacological

strategy given after resuscitation to prevent the progression of ce-

rebral edema rather than treat it in a reactionary manner would be

highly desirable to improve outcomes.

One potential strategy in this regard involves targeting a sulfo-

nylurea receptor, Sur1.19 Initially described for its central nervous

system (CNS) effects in ischemic stroke, this pathway is now also

being studied in TBI.20,21 Sur1 is a transmembrane receptor that

obligatorily associates with an adenosine triphosphate (ATP) and

calcium-sensitive channel (transient receptor potential cation

channel subfamily M member 4 [Trpm4]) and nonselectively

conducts monovalent cations.22,23 Injury and depletion of ATP

causes upregulation of Sur1 and persistent activation of the Sur1–

Trpm4 complex. This results in cell depolarization from sodium

influx, causing intracellular edema and eventually cell death.19,24

This pathway has been validated by persistent channel opening and

development of edema without ATP depletion by diazoxide24

(which opens the channel), as well as reduction in oncotic cell death

with channel blocking by glibenclamide.19 Two major advantages

of this pathway over other channels implicated in the process of

cerebral edema are that Sur1-Trpm4 is not constitutively expressed

in the CNS, but is selectively upregulated by injury, and that it can

be inhibited in humans by clinically available United States Food

and Drug Administration [FDA]-approved medication for diabetes:

glibenclamide, also known as glyburide.

Prior pre-clinical research on Sur1 and TBI20 has focused on in-

hibiting Sur1 in pericontusional edema and hemorrhage rather than

on the diffuse cerebral edema that often causes marked elevation in

ICP in TBI patients who have had secondary insults and resuscita-

tion. Additionally, the role of the Sur1 pathway and the impact of

agents targeting Sur1 in pre-clinical models of TBI with secondary

insults such as hypotension from hemorrhagic shock (HS) have not

been examined, despite their potential importance.3,25 To address

these issues in evaluating the benefit of glibenclamide as an edema

prevention therapy, we used our established model of TBI plus HS in

mice.26–28 Also, because Sur1 requires upregulation, the effects on

edema may not be apparent in the acute resuscitation period. We

hypothesized that mice treated with glibenclamide would have re-

duced pericontusional and diffuse brain edema at 24 and 72 h after

resuscitation. To better understand the contribution of the resuscita-

tion to the development of brain edema after TBI and the impact of

glibenclamide, we also studied the impact of glibenclamide therapy

in TBI in the presence and absence of secondary HS.

Methods

Injury models

All experiments were approved by the Institutional Animal Care
and Use Committee of the University of Pittsburgh School of
Medicine and Operation Brain Trauma Therapy (approved protocol
numbers 14013150, 17019898, and 17091175). Animals were
handled in compliance with Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines (see online supplementary ma-
terial at http://www.liebertpub.com). C57/BL6 male mice (Jackson
Laboratories, Bar Harbor, ME), 12–15 weeks of age, weighing 25–
30 g were used.

Two models were studied: controlled cortical impact (CCI)
alone, versus a combined injury model of CCI plus pressure con-
trolled HS. To assess the effect of glibenclamide on cerebral edema
at 24 h, mice were randomly divided into five groups (n = 10 per
group, Fig. S1) (see online supplementary material at http://www
.liebertpub.com): CCI in glibenclamide treatment versus vehicle,
CCI+HS in glibenclamide treatment versus vehicle, and naı̈ve.
Injury by CCI or CCI+HS was induced in concordance with our
standard established models that have been described previously
and successfully used in our laboratory for prior investigations.27–29

The level of injury in both CCI and CCI+HS was moderate at 5 m/sec
and 1 mm depth to the left parietal cortex. The craniotomies were
sealed closed with Koldmount hardener immediately after impact.
Procedures were performed during daylight hours in the surgical
laboratory.

In the CCI+HS model, HS was induced per protocol by re-
moving 2.3 mL blood/100 g over 15 min, followed by a controlled
mean arterial pressure (MAP) of 25–27 mm Hg for 20 min main-
tained by removal or infusions of citrated autologous blood from
the femoral venous catheter in 0.05 mL aliquots. This produced a
35 min period of severe hypotension. Following 35 min of HS, mice
entered a ‘‘pre-hospital’’ phase for 90 min in which they were re-
suscitated with lactated Ringer’s (LR) solution for a MAP goal
‡70 mm Hg (initial bolus 20 mL/kg, and additional 10 mL/kg bo-
luses over 5 min as needed to maintain MAP >70 mm Hg). The
subsequent ‘‘hospital’’ phase involved reinfusion of the remaining
shed blood over 15 min, to mimic clinical care in emergency de-
partments or combat hospitals.

Following glibenclamide treatment versus vehicle (see subsec-
tion for dosing), mice were decapitated at 24 h. The brains were
removed immediately and the hemispheres were bisected for
quantification of brain edema by a technician blinded to treatment.
The same protocol was followed to assess the effect of glib-
enclamide on cerebral edema at 72 h in the combined injury model
CCI+HS (n = 9 per group).

For all experiments, mice were anesthetized per our standard
protocol with 4% isoflurane with a gas mixture of 2:1 nitrous oxide
to oxygen. Isoflurane was reduced to 1–2% after surgical proce-
dures and mice were placed on room air 10 min prior to injury.
Isoflurane was maintained at 1% with room air through the 90 min
pre-hospital phase and then switched to 100% O2 with 1% iso-
flurane through the hospital phase.

Glibenclamide infusion and level determination

A stock solution of 2.5 lg/lL glibenclamide was made in 100%
dimethyl sulfoxide (DMSO) from which a loading dose solution
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(20 lg/mL) was made in unbuffered normal saline. These solutions
were used for all experiments.

The effect of glibenclamide was assessed at 24 h (n = 10/group/
model) and 72 h (n = 9/group/model) using an intravenous (IV)
loading dose of glibenclamide (20 lg/kg) that was given 10 min
post-CCI, or at the start of the pre-hospital phase in CCI+HS, fol-
lowed by a continuous subcutaneous (SQ) infusion at 0.4 lg/h
(Alzet mini-pump). This treatment regimen was derived as the
mouse-equivalent based on rat doses of 10 lg/kg used in prior
studies of glibenclamide post-TBI and a body-surface-area-
adjusted species conversion.20,30,31 This protocol was used for all
mice and continued for 24 h or 72 h after the insult depending on the
group being studied. In addition to studies assessing cerebrovas-
cular and systemic hemodynamics after CCI+HS, we also used this
protocol in separate mice to quantify glibenclamide levels in blood.
Here, the infusion was continued for 4 days.

Glibenclamide levels (n = 5/group) were determined by ultra
performance liquid chromatography (UPLC)-mass spectrometer
(MS) MS/MS 15 min post-IV load, 1 h post-loading dose plus SQ
pump infusion, and at 4 days post-loading dose plus SQ pump
infusion to determine steady state levels of the drug. A separate
cohort of uninjured mice were used for this determination, be-
cause the volume of plasma required by the UPLC MS/MS
method were prohibitive in terms of increasing mortality as well
as altering our established model. Repeated withdrawal of blood
samples in a model of HS would potentially also alter the fluid
resuscitation strategy after HS and further influence edema. Blood
samples were obtained using cardiac puncture, to avoid potential
confounding/dilution by peripheral line draws. Glibenclamide
levels were compared with vehicle (n = 3). The UPLC-MS/MS
method32 involved liquid-liquid extraction and detection with a
triple quadrupole mass spectrometer. Serum (0.2 mL), spiked
with glimiperide as internal standard was acidified with hydro-
chloric acid and extracted with hexanes:methylene chloride
(50:50), dried under a gentle stream of nitrogen, and reconstituted
in 50 lL of 50:50 acetonitrile:deionized water. Glibenclamide
and glimiperide were eluted from a Waters Acquity UPLC BEH
C18, 1.7 lm, 2.1 · 150 mm reversed-phase column, isocratically
with acetonitrile:water (0.1% formic acid) 50:50. Detection and
quantitation were achieved in the positive mode with a Thermo
Fisher TSQ Quantum Ultra mass spectrometer interfaced via a
heated electrospray ionization (HESI) probe with the Waters
UPLC Acquity solvent delivery system. Transitions used for
analysis were 494.1 / 368.9 for glibenclamide and 491 / 352
for the internal standard. The calibration curves, obtained from
extracting known concentrations of glibenclamide from double-
stripped serum, ranged from 0.1 ng/mL (lower limit of quantita-
tion) to 16 ng/mL. All back calculations of calibrators, inter-day
and intra-day precision and accuracy, and stability were within
acceptable limits. Concurrent glucose levels for all animals at
baseline and the abovementioned time points (after HS at 35min,
PH at 2h, and HOSP at *2.5h) were obtained using a blood gas
analyzer (Model ABL-90, Radiometer America, Westlake, OH).

Determination of brain edema

Percent brain water (%BW) was quantified for all mice using the
established wet-dry weight technique, which represents a gold
standard for its assessment.33 Because perfusion with normal saline
alters water levels and provides inaccurate assessment of edema,
mice were not perfused with normal saline before brains were
harvested for water measurements. Rather, at the completion of the
injury described previously, mice were decapitated at each time
point (under 5% isoflurane and 50/50 gas mixture of nitrous oxide
and oxygen) and the brain was bisected into hemispheres that were
immediately weighed; these weights were recorded as wet weights.
Hemispheres were subsequently dehydrated for 72 h in an oven at
110�C and re-weighed to record dry weights. %BW was deter-

mined by subtracting the dry weight from the wet weight, dividing
this number by the wet weight, and multiplying by 100.

Statistical analysis

Glibenclamide levels, glucose concentrations, and ipsilateral
and contralateral %BW were reported as means – standard error.
Normality was determined by Q-Q plots (Fig. S2)(see online sup-
plementary material at http://www.liebertpub.com). Differences
between %BW in naive, vehicle-, and glibenclamide-treated ani-
mals were assessed using one way ANOVA, and between-group
comparisons were made using Student’s t test. Multiple compari-
sons during post-hoc analyses were adjusted for using Bonferroni’s
correction. Physiological parameters were analyzed by repeated
measures ANOVA. Outliers were excluded using Dixon’s test.
Statistical significance was determined by p values <0.05. All
statistical tests were conducted using Stata 13.1 (StataCorp, Col-
lege Station, TX).

Results

Steady state glibenclamide levels do not decrease
glucose levels in mice

Previous studies in rats suggest that a loading dose of 10 lg/kg

intraperitoneal (IP) followed by 200 ng/h of glibenclamide SQ in-

fusion yields a plasma concentration of *5000 pg/mL (Simard,

unpublished observations) and does not affect serum glucose.19,34,35

Our protocol estimated the effects of an equivalent dose in mice; the

15 min post-IV load levels of glibenclamide were 3809 – 683 pg/mL.

The 1 h post-load level was higher at 12731 – 2400 pg/mL, and 4 day

steady state levels were 10170 – 911 pg/mL (Fig. 1A). As expected,

levels were undetectable in naı̈ve mice. At these levels, serum glu-

cose remained normal, was not significantly different than baseline,

and there were no episodes of hypoglycemia in any individual mouse

(Fig. 1B).

Glibenclamide treatment does not affect ipsilateral
edema, but decreases contralateral edema at 24 h
after combined injury

In the contused hemisphere (ipsilateral to TBI), edema was in-

creased at 24 h after CCI+HS (ipsilateral %BW = 80.46 – 0.14%

vehicle [n = 8) vs. 78.31 – 0.04% naı̈ve [n = 10], p < 0.001) but

surprisingly not reduced by glibenclamide (ipsilateral %BW =
80.42 – 0.24%, p = 1.0, n = 10, power = 1.0 Fig. 2A-i). Edema in the

hemisphere ipsilateral to TBI also developed in CCI alone (ipsi-

lateral %BW = 80.20 – 0.15 vehicle [n = 10] vs. 78.31 – 0.04% na-

ı̈ve [n = 10] p < 0.001) and again was not attenuated by treatment

with glibenclamide (ipsilateral %BW = 80.5 – 0.13% [n = 10],

p = 0.18, power = 1.0, Fig. 2A-ii).

We also detected cerebral edema in the hemisphere contralateral

to injury in the CCI+HS model, but not in CCI alone (Fig. 2B).

Contralateral %BW in the combined injury of CCI+HS was in-

creased in vehicle (78.65 – 0.10%, n = 8) vs. naive (78.24 – 0.05%,

n = 10, p = 0.014) but unchanged versus naı̈ve in CCI alone

(78.28 – 0.08%, n = 10, p = 1.0). However, in contrast to what was

observed in the hemisphere ipsilateral to injury, at 24 h, glib-

enclamide treatment after CCI+HS eliminated this low-grade but

diffuse brain edema in the contralateral hemisphere versus vehicle

(contralateral %BW = 78.25 – 0.10%, n = 10, p = 0.011; pow-

er = 0.904) returning %BW levels to naı̈ve levels (Fig. 2B-ii). It is

of note that one of the vehicle-treated mice in CCI+HS died before

24 h. There were no deaths in the glibenclamide-treated group. One
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CCI+HS vehicle outlier was excluded. There was no difference in

physiological parameters that could influence cerebral edema/ICP

including MAP, sodium levels, or serum osmolarity between the

vehicle and glibenclamide groups (Fig. 3 A-i, B-i, C-i).

Glibenclamide treatment does not affect 72 h ipsilateral
edema in combined injury

Ipsilateral edema remained increased at 72 h in CCI+HS (ipsi-

lateral %BW = 80.37 – 0.04% vehicle vs. 78.31 – 0.04% naı̈ve,

p < 0.001), but again was not reduced by glibenclamide ( p = 1.0,

power = 1.0, Fig. 4A). Contralateral edema largely resolved in the

combined injury model by 72 h (contralateral %BW = 78.45 –
0.09% vehicle vs. 78.26 – 0.05% naı̈ve, p = 0.24, power = 0.46,

Fig. 4B). Two animals in both vehicle (n = 9) and glibenclamide

(n = 9) treated groups died by 72 h after injury, consistent with the

observed level of mortality in our prior reports with this severe

combined injury model.21 MAP, serum sodium levels, and serum

osmolarity were not different between the treatment and vehicle

groups (Fig. 3 A-ii, B-ii, C-ii).

Discussion

Our study demonstrates the following findings: (1) a combined

injury model of TBI (by CCI) and hypotension (by HS) followed by

resuscitation with LR generates a significant amount of edema in

the contused hemisphere, and also results in diffuse edema in the

contralateral hemisphere; (2) in this injury model and treatment

regimen, glibenclamide decreases (or prevents generation of)

edema in the contralateral hemisphere back to baseline by 24 h; (3)

contralateral cerebral edema is largely resolved by 72 h; (4) in mice

with isolated CCI, edema is restricted to the hemisphere ipsilateral

to the impact: and (5) surprisingly, in both models, our dose of

glibenclamide treatment failed to attenuate edema in the contused

hemisphere ipsilateral to impact.

These data suggest that combined injury pre-clinical models

may provide unique insight relevant to the study of cerebral

edema in TBI. They emphasize that cerebral edema in TBI is

complex, and that a ‘‘one-size-fits-all’’ approach to developing

therapies that do not consider mechanistic differences between

types of edema, or tailored timing of treatment may be inade-

quate. The secondary HS and/or resuscitation after CCI (mim-

icking scenarios after human TBI, particularly in polytrauma)

further adds to the complexity. This second insult leads to the

development of a unique low-grade diffuse edema in the con-

tralateral hemisphere. Based on these findings, in the CCI model,

and at the injury levels used in our studies, standard-dose glib-

enclamide treatment appears to represent a better therapy to target

this diffuse cerebral edema than contusional swelling. The focus

of our study was limited to the effect of glibenclamide on cerebral

edema in two different models of TBI. It lays the foundation for

important future work beyond the scope of this investigation to

evaluate whether this effect translates to improvement in out-

comes such as lesion volume, cognition, or motor function in the

important setting of TBI complicated by shock, polytrauma, and

fluid resuscitation. Our results also lay the foundation for future

studies characterizing the optimal timing and duration of therapy

as well as the underlying molecular nuances in combined injury

models.

FIG. 1. Studies of glibenclamide pharmacokinetics (A) demonstrating immediate post-load levels of glibenclamide (3808 – 611 pg/
mL) and 4 day steady state concentrations (10170 – 1823 pg/mL). Levels were not detectible in vehicle animals and are therefore not
visible in the figure. Therapeutic levels did not influence normoglycemia. (B) Glucose levels were recorded in vehicle- and
glibenclamide-treated animals at baseline, and at four subsequent time points: the end of the hemorrhagic shock phase, the end of the
pre-hospital phase, the end of the hospital phase, and at 24 h. Glucose levels were not significantly different than in their vehicle
counterparts, or than in naı̈ve.
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Diffuse cerebral edema and secondary insults in TBI

The fact that secondary insults such as hypoxia and hypotension

increase morbidity and mortality after TBI has been well estab-

lished.36 Indeed, hypotension has been cited as the single most

important prognostic factor36 and occurs in a significant proportion

of TBI patients. The underlying mechanisms explaining this asso-

ciation, however, remain to be determined. The effects of cerebral

edema likely play a critical role in this process, as it is also sig-

nificantly linked to morbidity and mortality in TBI, and is exac-

erbated by hypotension and resuscitation efforts.6,12–15,27 Some

insight into the exacerbation of brain edema by secondary insults

was provided by important studies conducted in the laboratory of

Marmarou and his co-investigators. Using an impact acceleration

weight-drop model of diffuse TBI in rats and diffusion-weighted

MRI, Ito and coworkers demonstrated that even with an injury level

that alone produced no detectible brain edema, 30 min of secondary

hypotension to an MAP of 30 mm Hg plus hypoxemia (PaO2 of

40 mm Hg), produced diffuse edema and substantial intracranial

hypertension at 3 h after the combined insult.8 Subsequent studies

suggested that the second insult impaired the ability of the brain to

restore ion homeostasis, including potassium and sodium.37 They

strongly implicated cytotoxic edema as the mechanism underlying

the formation of diffuse edema in their model. Our results are con-

sistent with these findings, broaden them from a diffuse injury model

to CCI, and demonstrate that although the degree of ipsilateral edema

is similar in CCI with or without a secondary hypotensive insult,

diffuse edema in the contralateral hemisphere is seen only in the

combined injury model of CCI+HS and is absent in CCI alone.

Ipsilateral edema is not responsive to this dose
of glibenclamide therapy in mice (20 lg/kg loading
dose followed by 0.4 lg/h SQ infusion)

The failure of glibenclamide to attenuate edema in the contused

hemisphere in our study, although unexpected, supports the

growing body of literature demonstrating that there are multiple

mechanisms underpinning different types of cerebral edema gen-

erated in TBI and that these mechanisms may require unique and

targeted therapies and specific doses/durations of therapy. It is

possible, indeed likely, that the Sur1/glibenclamide pathway is one

of many upregulated edema-generating mechanisms, and that the

effects of its inhibition may therefore be diluted/overwhelmed by

other mechanisms. These mechanisms may include a profound

osmolar gradient caused by the contusion resulting in edema re-

fractory to Sur1-targeted therapy even though Sur1 upregulation

has been demonstrated in the contusion/pericontusion.20,30,38,39 It is

also possible that glibenclamide treatment at this dose may influ-

ence additional targets other than Sur1 related to cerebral edema

and/or neuroprotection.40 The complexity associated with catego-

rization of cerebral edema after TBI was recognized as far back as

1905 when Reichardt coined the term ‘‘brain edema’’ to differen-

tiate underlying cytotoxic ‘‘brain swelling’’ from vasogenic edema

caused by vascular engorgement.9 Advances in research have since

delineated a number of molecular pathways involved in the path-

ogenesis of TBIrelated cerebral edema such as aquaporin-4

(AQP4), high-mobility group protein B1 (HMGB1)-toll-like-

receptor-4 (TLR4), matrix metalloproteinases (MMP), Na+-K(+)-

2Cl(-) cotransporter (NKCC1), and, germane to our investigations,

Sur1–Trpm4.21,31,41–52 These mechanisms affect various processes

such as cellular volume regulation, oncotic gradients, BBB integ-

rity, and inflammatory responses, culminating in different forms of

brain edema that have been described as contusional versus diffuse,

or categorized as vasogenic, cytotoxic, or osmotic.9

The ipsilateral edema in the CCI and CCI+HS models may

primarily be contusional in nature, generated because of an osmotic

potential across the central necrotic tissue (high osmolality) and the

peripheral surrounding brain regions.38,39 Katayama and coworkers

characterized the spatial and temporal pattern of this edema in

animal models by measuring contusion and pericontusional os-

molality and water content.38 This was confirmed in patients with

apparent diffusion coefficient imaging.39 In our study, ipsilateral

edema was not responsive to glibenclamide treatment at either 24

or 72 h, suggesting that the Sur1 pathway (or other ion channels)

may be less prominent, or overwhelmed by alternative edema-

generating mechanisms in the contusional site. Additionally,

FIG. 2. (A) At 24 h, %brain water (%BW) in the hemisphere
ipsilateral to the contusion was significantly increased in both
controlled cortical impact (CCI) (i, vehicle: black bar 80.20 – 0.15)
and CCI+hemorrhagic shock (HS) (ii, vehicle: black bar 80.46 –
0.14%) versus naı̈ve (white bar, 78.31 – 0.04%; *p < 0.01). Glib-
enclamide treatment (shaded gray bar) did not reduce %BW in the
hemisphere ipsilateral to contusion in either model. (B) At 24h,
%BW in the hemisphere contralateral to the contusion was signif-
icantly increased in controlled cortical impact + hemorrhagic shock
(CCI+HS) (ii, vehicle: black bar, 78.65 – 0.10%) versus naive
(white bar: 78.24 – 0.05%, *p = 0.014) but unchanged in CCI alone
(i, vehicle: black bar, 78.28 – 0.08%, p = 1.0). Glibenclamide treat-
ment (shaded gray bar) in CCI+HS (ii) returned %BW to naı̈ve
levels (78.25 – 0.10%, p = 0.011). GLI, glibenclamide.
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FIG. 3. Continuous recordings of mean arterial pressure (A) were documented during the three phases of the combined injury
experiments: hemorrhagic shock (shock, 35 min), pre-hospital phase (90 min), and hospital phase (15 min). Sodium concentration (B)
and serum osmolarity (C) were also measured at the following time points: baseline, at the end of each phase of combined injury
(‘‘shock’’ at 35 min, ‘‘pre-hospital’’ at 125 min,‘‘hospital’’ at 140 min), and at 24 h in the high-dose experiments. These measurements
were performed comparing vehicle- with glibenclamide-treated animals for 24 h (A-i, B-i, C-i) and for 72 h (A-ii, B-ii, C-ii).
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glibenclamide treatment may have other targets/an alternate role in

the ipsilateral hemisphere/contusion compared with diffuse edema

generation. A recent study suggests that glibenclamide attenuates

BBB disruption after TBI via a c-Jun N-terminal kinase ( JNK)/c-

jun signaling pathway in endothelial cells.40

Diffuse cerebral edema after combined injury
is responsive to this dose of glibenclamide therapy
at 24 h (20 lg/kg loading dose followed by 0.4 lg/h
SQ infusion)

Earlier theories of the etiology of edema in TBI being caused by

vascular engorgement have now been replaced with evidence that

there is usually a key cytotoxic component, particularly to peri-

lesional and diffuse edema.8,10,53–57 In addition, some component

of vasogenic edema thought to be secondary to BBB compromise

may also contribute to diffuse edema.10,58,59 BBB permeability to

albumin was not seen in the contralateral hemisphere in CCI

alone.60 The Sur1 pathway has been implicated in its contributions

to both cytotoxic and vasogenic components of brain edema: as-

sociation with Trpm4 in neurons causes rapid cell depolarization,

influx of sodium, followed by intracellular (i.e., cytotoxic) edema,

and eventually oncotic death. The same process in CNS vascular

endothelial cells results in degradation of the tight junctions and

compromises the BBB, allowing extravasation of proteinaceous

fluid (i.e., vasogenic edema).62 Prior studies evaluating the effect of

glibenclamide in TBI have used standard models of focal cortical

contusion and predominantly focused on the ipsilateral hemisphere,

hippocampal injury, and impact on parenchymal hemorrhage.20,21

Although increased Sur1 expression has been detected in the con-

tralateral hemisphere after injury,20 its role particularly as it relates

to diffuse edema has been characterized to a lesser extent. This

is likely because models of CCI alone, at various injury levels,

typically do not produce diffuse brain edema as demonstrated by

our study and other reports, when water content in contralateral

hemispheres is tested separately from hemispheres ipsilateral to

injury.8,31,62–71

Our model of CCI+HS therefore provides a useful opportunity to

evaluate the effect of standard-dose glibenclamide on edema, given

the diffuse edema generated in the contralateral hemisphere. Re-

markably, this edema was virtually eliminated by treatment with

glibenclamide at 24 h. Although this suggests an important role of

the Sur1 pathway in the development of this type of edema, po-

tential off-target effects of glibenclamide on secondary brain injury

and neuroprotection are also a consideration. A molecular ex-

amination of the differential contributions of various pathways to

diffuse edema and their response to glibenclamide in an edema-

generating model with combined injury merits exploration.

Although deceptively small, a 0.5% increase in BW is often

clinically significant. For example, after 9 min asphyxial cardiac

arrest, an *0.5% global increase in BW is seen and associated with

significant neuronal death and neurological impairment.72 After

TBI, a 0.5% increase in BW in the uninjured brain appears to

contribute to elevations in ICP, suggesting clinical relevance: in

CCI alone, ICP increases to *13–14 mm Hg and is not affected by

glibenclamide;31 however, the addition of shock in our model re-

sults in an ICP increase to *20 mm Hg by the end of the resusci-

tation.27 This diffuse edema is challenging to treat, and in our

model of CCI+HS the only agents to decrease contralateral %BW

have been an experimental blood substitute (polynitroxylated pe-

gylated hemoglobin-A27), and glibenclamide as shown in our

current report. Agents failing to reduce this seemingly minimal

contralateral brain edema in our hands have included an AQP4

blocker, 23.4% NaCl, and whole blood (unpublished data). In

Operation Brain Trauma therapy (OBTT) which studies pre-

clinical therapies in TBI alone, of the many agents investigated, the

second most positive therapy to date is glibenclamide.73 In OBTT,

glibenclamide reduced contusion volume and improved motor

function specifically in the CCI model; however, consistent with

this current report, contusional %BW was not reduced, again

FIG. 4. At 72 h, (A) in the hemisphere ipsilateral to contusion, %brain water (BW) was increased in vehicle (black bar, 80.37 – 0.04%)
versus naı̈ve (white bar, 78.31 – 0.04% naı̈ve, p < 0.001). Glibenclamide treatment (shaded gray bar) did not reduce ipsilateral %BW. (B)
At this time point, %BW in the hemisphere contralateral to the contusion had resolved (vehicle 78.45 – 0.09% vs. naı̈ve 78.26 – 0.05%,
p < 0.24).
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suggesting a potential effect of glibenclamide independent of

contusional edema.73

An important limitation of our study is that ICP was not re-

corded. This was for several reasons. Our previously published

work on this model has already demonstrated the clinically relevant

increases in ICP by the end of the resuscitation.27 Given that the

Sur1–Trpm4 channel is not present or at very low levels in the

uninjured brain, but requires upregulation,59 it was not determined

to be high yield to monitor ICP during the glibenclamide infusion

during the acute phase, particularly as invasive monitoring can

induce some level of damage and cause confounding effects. Al-

though it would have been interesting to follow ICP and CPP out to

the 24 h time point in our studies, maintaining mice anesthetized

and monitored for extended periods of time is highly problematic.

Although we have previously characterized many of the con-

sequences of the secondary insult, including worsening of func-

tional outcome and neuropathology in our combined injury

model,18, 21 we have not defined whether or not the HS leads to

BBB dysfunction in the hemisphere contralateral to injury.

Therefore, we cannot definitively say whether the benefit of glib-

enclamide on diffuse edema in our model results from the effects on

cytotoxic or vasogenic edema or both.

Because Sur1 is upregulated, its contribution to diffuse edema

and inhibition with glibenclamide may not be maximized in the

24 h period. Recent clinical studies in 28 patients with severe TBI

demonstrated a strong correlation between early edema and cere-

brospinal fluid (CSF) Sur-1 levels, along with a correlation between

resolution of intracranial hypertension and a fall in CSF Sur-1

levels between 48 and 72 h after TBI.74 In our mouse model, diffuse

edema in injured mice had resolved by 72 h; %BW in both vehicle-

and glibenclamide-treated groups was no different than in naive.

Additional studies with time points between 24 and 72 h using

either a more severe CCI or a more severe second insult (or both)

may provide further insights into the optimal timing and duration of

glibenclamide treatment. Also, more highly regional assessments

than hemispheric %BW are indicated either with focused tissue

sampling or MRI. It is also possible that different doses of glib-

enclamide may be needed to modulate brain edema in various brain

regions in either CCI or our combined injury model, depending on

the mechanism of edema formation in any given region.

Glibenclamide in TBI

Our work is unique compared with other pre-clinical studies of

glibenclamide in TBI in terms of the species (mouse), the model

(combined injury vs. CCI alone), and the outcome (beneficial ef-

fects of the standard glibenclamide dose was only seen in relatively

mild contralateral cerebral edema but not in significant contusional

edema). To our knowledge, with the exception of a recent study by

Xu and coworkers,40 pre-clinical studies on the effect of glib-

enclamide in TBI have primarily been conducted in rat mod-

els.20,30,31,59 Although there have been a few mouse-based reports

of Sur1 in spinal cord injury (SCI)75 and CNS preconditioning,76

animal studies investigating Sur1 and glibenclamide in acute is-

chemic stroke, SCI, cardiac arrest, and subarachnoid hemorrhage

have mostly been in rats.19,22,23,35,59,77–81 One advantage of using a

mouse model is that it facilitates future exploration of this pathway

in knockout animals. However, this pathway is less well charac-

terized in mice.

There have been four published pre-clinical studies evaluating

glibenclamide specifically in TBI.20,30,31,40 These studies examine

CCI alone, and none evaluate glibenclamide in a combined model

of CCI plus a secondary insult such as HS. In two of these studies

(using 10 lg/kg glibenclamide in rats) reduced progressive sec-

ondary hemorrhage and improved behavioral outcomes were noted;

however, cerebral edema was not assessed.20,30 Edema was eval-

uated by Zweckberger and coworkers in a rat model of CCI: 10 lg/

kg of glibenclamide treatment did not affect acute ICP but de-

creased 24 h ipsilateral BW and contusion volume (at 8 h, 24 h,

72 h, and 7 days).31 We cannot rule out the possibility that the

variation between these findings and our results are the result of

differences in dosing between mice and rats as well as the fact that

the therapeutic level achieved by these other studies is unknown/

unpublished as distinct from our study with steady state levels of

*10 ng/mL achieved after a loading dose of 20 lg/kg (calculated

murine equivalent of 10 lg/kg in rats) followed by 0.4 lg/h infu-

sion. The most recent study by Xu and coworkers41 also evaluated

isolated CCI and brain edema in mice. They reported reduction in

ipsilateral %BW (at day 3 post-TBI) and BBB disruption after 10 lg

intraperitoneal injection of glibenclamide for 3 days, and implicated

the role of an alternative pathway (JNK/c-jun mediated apoptosis).

Although these reports confirm our finding of no contralateral edema

development in rats or mice after CCI alone, contrary to our results,

both reported reduction in ipsilateral BW at 24 h.

There are multiple essential differences between these reports

and our study including (1) methodologies to determine brain

edema, (2) glibenclamide treatment dose, (3) treatment duration,

(4) species (5) injury severity, and (6) timing of the assessments.

Although we used body-surface-area-adjusted dose conversions to

achieve the murine equivalent of 10 lg/kg in rats, and with this

regimen achieved similar post-load glibenclamide levels compared

with unpublished observations by Simard and coworkers,35 our

steady state levels were *10 ng/mL (20 nM). It is unknown how

this steady-state level compares with four other studies mentioned

previously, because those data were not published. It is of note that

the Half maximal effective concentration (EC50) of glibenclamide

is 48 nM at a pH of 7.4, which is higher than our level of 20 nM.

Glibenclamide potency significantly increases with decreasing pH

(that may be encountered in ischemic/damaged tissue); the EC50 of

glibenclamide at a pH of 6.8 is 6 nM.82 Therefore, the regional

effects of glibenclamide may vary based on the local microenvi-

ronment. Other reports of glibenclamide in murine models of non-

TBI disease use higher doses (10 lg/mouse) with reduced in vivo

neuronal damage, preservation of myelin, preservation of axons,

and more numerous/mature oligodendrocytes and reduced in vitro

glutamate-induced cell swelling in experimental autoimmune en-

cephalitis.83,84 This, combined with the results from Xu and co-

workers, indicates that differences in murine dosing may be an

important contributor to the variation in results observed between

our study and prior reports.

The varied results of these pre-clinical studies highlight the

complexity and heterogeneity of TBI, and, therefore, the impor-

tance of studying different doses, treatment durations, models, spe-

cies, and injuries so that pre-clinical models can more accurately

inform clinical studies. Indeed, a recent small randomized controlled

trial in moderate-severe TBI (diffuse axonal injury) suggested that

glibenclamide may be neuroprotective. The mechanism of neuro-

protection is currently unclear, and may include pathways distinct

from cerebral edema.85 Although negative murine studies may not

be directly predictive of results in humans, they can inform optimal

treatment regimens and clinical trial design. Our data suggest that

the setting of TBI complicated by HS, polytrauma, and fluid resus-

citation merits additional study of the potential utility of glib-

enclamide therapy in pre-clinical and/or clinical studies.
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Conclusion

TBI and related cerebral edema are both heterogeneous pro-

cesses with multiple, complex underlying cellular and molecular

networks. We demonstrate that glibenclamide decreases diffuse

cerebral edema at 24 h in the hemisphere contralateral to contusion

in a combined injury model of CCI+HS. Edema in the contralateral

hemisphere did not develop in CCI alone, and resolved by 72 h

in combined injury. In contrast, glibenclamide failed to decrease

edema in the ipsilateral hemisphere at 24 h or 72 h in either model.

These results may reflect differences in injury levels, glibenclamide

dose, treatment duration, and species compared with prior reports.

Our findings suggest that the mechanisms underlying brain edema

development may differ in injured versus contralateral hemispheres,

with pericontusional edema seen in CCI alone (relatively refractory

to our dose of glibenclamide), versus diffuse edema seen when CCI is

complicated by HS and fluid resuscitation (highly responsive to our

dose of glibenclamide). The TBI phenotype may, therefore, mandate

precision-medicine approaches to treat brain edema. Although glib-

enclamide may not be able to replace therapies directed at decreasing

contusional edema, it may be a useful and potentially preventative

adjuvant to treat diffuse edema, particularly in patients with TBI and

secondary insults requiring fluid resuscitation, and could be given

in a preventative manner. Future studies exploring the effects of

attenuating diffuse edema in the acute setting on long-term functional

outcome in TBI are warranted.
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