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Intravenous HOE-642 reduces brain edema and Na uptake in
the rat permanent middle cerebral artery occlusion model of
stroke: evidence for participation of the blood–brain barrier
Na/H exchanger
Martha E O’Donnell, Yi-Je Chen, Tina I Lam, Kelleen C Taylor, Jeffrey H Walton and Steven E Anderson

Cerebral edema forms in the early hours of ischemic stroke by processes involving increased transport of Na and Cl from blood into
brain across an intact blood–brain barrier (BBB). Our previous studies provided evidence that the BBB Na–K–Cl cotransporter is
stimulated by the ischemic factors hypoxia, aglycemia, and arginine vasopressin (AVP), and that inhibition of the cotransporter by
intravenous bumetanide greatly reduces edema and infarct in rats subjected to permanent middle cerebral artery occlusion
(pMCAO). More recently, we showed that BBB Na/H exchanger activity is also stimulated by hypoxia, aglycemia, and AVP. The
present study was conducted to further investigate the possibility that a BBB Na/H exchanger also participates in edema formation
during ischemic stroke. Sprague-Dawley rats were subjected to pMCAO and then brain edema and Na content assessed by
magnetic resonance imaging diffusion-weighed imaging and magnetic resonance spectroscopy Na spectroscopy, respectively, for
up to 210 minutes. We found that intravenous administration of the specific Na/H exchange inhibitor HOE-642 significantly
decreased brain Na uptake and reduced cerebral edema, brain swelling, and infarct volume. These findings support the hypothesis
that edema formation and brain Na uptake during the early hours of cerebral ischemia involve BBB Na/H exchanger activity as well
as Na–K–Cl cotransporter activity.
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INTRODUCTION
Ischemic stroke is currently the fourth leading cause of death in
the United States and the brain edema that occurs during
ischemia is a major cause of morbidity and mortality. Despite this,
the mechanisms underlying edema formation are not well
understood. In the early hours of ischemic stroke, cytotoxic
cerebral edema forms by processes involving increased secretion
of Na, Cl, and water from the blood into brain across an intact
blood–brain barrier (BBB). At the same time, astrocytes swell as
they take up the secreted ions and water. Blood–brain barrier
breakdown with vasogenic edema occurs later, B4 hours after the
onset of ischemia.1 The BBB Na transporters that participate in
edema formation have not been well understood. Our previous
studies provided evidence that a luminal BBB membrane Na–K–Cl
cotransporter is a major contributor to ischemia-induced edema
formation. In studies using cultured cerebral microvascular
endothelial cells, we found that the cotransporter is quite
sensitive to stimulation by hypoxia, aglycemia, and arginine
vasopressin (AVP), three prominent factors present during cerebral
ischemia.2–4 Using the rat permanent middle cerebral artery
occlusion (pMCAO) model of ischemic stroke, we also found that
inhibition of BBB Na–K–Cl cotransporter activity by intravenous
bumetanide significantly reduces edema as assessed by magnetic

resonance imaging (MRI) diffusion-weighted imaging (DWI), as
well as brain swelling and infarct.3,5

In more recent studies, we found evidence that a luminal BBB
Na/H exchanger may also participate in secretion of Na and water
from the blood into brain during ischemic stroke. Both NHE1 and
NHE2 isoforms of Na/H exchange are present in cultured bovine
cerebral microvascular endothelial cells and in the rat luminal BBB
membrane in situ. Further, cerebral microvascular endothelial cell
Na/H exchanger activity, evaluated as HOE-642-sensitive Hþ flux,
is rapidly stimulated by hypoxia, aglycemia, and AVP.6

Early studies showed that BBB transport of ions and water from
the blood into brain accounts for up to 30% of brain interstitial fluid
formation in healthy, normoxic brain, with the remainder coming
from the choroid plexus.7 A role for Na/H exchange in this process
was suggested by the observation that Na transport from the blood
into brain of rats is inhibited by intravenous administration of the
Na/H exchange inhibitors amiloride or dimethylamiloride8,9 without
affecting brain uptake of a-aminoisobutyric acid, a marker of para-
cellular permeability. These findings, together with our observations
that NHE proteins reside in the luminal BBB membrane and are
stimulated by ischemic factors, suggests a role for the exchanger in
the increased Na uptake and edema that occur in the early hours of
ischemic stroke.
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Several studies have provided evidence that Na/H exchange
inhibitors can reduce brain damage in models of cerebral ischemia–
reperfusion. The exchange inhibitor SM-20220 has been shown to
reduce BBB disruption and brain damage observed 1 to 7 days after
transient MCAO in the rat10,11 as well as edema and neutrophil
accumulation 3 days after transient MCAO.12 Another Na/H
exchange inhibitor, FR183998, was found to reduce infarct
volume in spontaneously hypertensive rats following 3 days of
focal cerebral ischemia.13 More recently, the highly potent Na/H
exchange inhibitor HOE-642 was shown to reduce brain lesion
volume in mouse transient focal ischemia induced by 30 minutes of
MCAO and 1 to 72 hours of reperfusion.14 Studies of NHE1-null mice
have shown reduced brain damage and neuronal injury following
transient ischemia.15,16 However, these studies all examined
reperfusion injury, and did not address the mechanisms of edema
formation occurring during the early stages of stroke when Na
transport across the BBB is increased, before BBB breakdown and
vasogenic edema. A study of spontaneously hypertensive rats
subjected to 4 hours of ischemia without reperfusion demonstrated
that the Na/H exchange inhibitor dimethylamiloride significantly
reduced infarct volume17 although brain Na uptake and edema
formation were not evaluated. Blood–brain barrier Na/H exchange
protein is upregulated by ischemia17 and by decreases in shear
stress,18 further suggesting a role for this Na transporter in
ischemia-induced edema formation.

The present study was conducted to investigate the hypothesis
that Na/H exchange contributes to brain Na uptake and cerebral
edema formation during the early stages of ischemia (before
reperfusion and vasogenic edema). We report here that both Na/H
exchange NHE1 and NHE2 protein isoforms reside predominantly
in the luminal BBB membrane of ischemic rat brain, as they do in
normoxic brain. Using MRI DWI to evaluate cerebral edema
formation during pMCAO in rat, we also provide evidence that
intravenous HOE-642 attenuates edema and 2,3,5-triphenyltetra-
zolium chloride (TTC)-defined lesion volume. Further, by nuclear
magnetic resonance (NMR) Na spectroscopy we show that HOE-
642 and bumetanide reduce brain Na uptake during the early
hours of pMCAO and also significantly improve neurologic
outcome.

MATERIALS AND METHODS
Induction of Focal Ischemia by Permanent Middle Cerebral Artery
Occlusion
This study was conducted in accordance with the Animal Use and Care
Guidelines issued by the National Institutes of Health using a protocol
approved by the Animal Use and Care Committee at University of California
Davis. Normotensive adult male Sprague-Dawley rats (Charles River
Laboratories, Wilmington, MA, USA) weighing 250 to 300 g were subjected
to pMCAO using the intraluminal suture method as previously described.3,5

Briefly, rats were anesthetized by intraperitoneal injection of sodium
pentobarbital (65 mg/kg body wt). For imaging studies, nephrectomy was
performed immediately before MCAO as described previously.3,5 Body
temperature was monitored and maintained at 36.81C to 37.01C by electric
heating pad and rectal probe (Cole-Parmer Instruments, Vernon Hills, IL,
USA) during surgery, and water heating pad (Gaymar, Orchard Park, NY,
USA) and rectal probe during NMR data acquisition. Arterial blood pressure
was continuously monitored via a left femoral artery cannula. The left
femoral vein was also cannulated for injection of HOE-642 (gift from
Sanofi-Aventis Pharmaceuticals, Bridgewater, NJ, USA), bumetanide (ICN
Biomedicals, Costa Mesa, CA, USA) or vehicle. Immediately before
euthanasia, blood samples were drawn from the descending aorta for
determination of electrolytes, pH, pCO2, glucose, hemoglobin, and
hematocrit (I-STAT; Sensor Devices, Waukesha, WI, USA).

Focal cerebral ischemia was induced by occlusion of the left MCA as
described previously.3,5,19 Briefly, the left common carotid artery was
exposed and occipital and thyroid artery branches of the external carotid
artery and pterygopalatine artery were ligated. The external carotid artery
was ligated B3 to 5 mm distal to its origin and a 3-0 dermalon filament
(3 cm length) with blunted tip was inserted into the ICA and advanced to

the origin of the MCA. Middle cerebral artery occlusion was confirmed by
Laser Doppler (Moor Instruments, Wilmington, DE, USA) and cerebral blood
flow evaluated immediately before and after initiation of pMCAO.3 In these
studies, cerebral blood flow was reduced to 24.1%±6.6%, 22.0%±8.7%,
20.5%±7.3%, and 19.7%±8.9% of pre-MCAO values for rats treated with
vehicle, HOE-642, bumetanide and HOE-642 plus bumetanide, respectively
(mean value±s.d., of 26, 17, 21, and 18 rats, respectively). For some
experiments, rats were subjected to MCAO surgery without insertion of the
filament (Sham). HOE-642 and/or bumetanide were administered
intravenously (15 or 30 mg/kg in 2 to 4 doses, respectively, of 7.5 mg/kg)
starting at 20 minutes before initiation of pMCAO. For neurologic outcome
experiments, some rats were given HOE-642 and/or bumetanide by a
single intraperitoneal injection. Upon initiation of pMCAO, rats were placed
supine on a Plexiglas stage with bite bar and ear clamps, then the stage
was positioned in the magnet bore of a 7-T Bruker Biospec MRS/MRI
system (Bruker Biospin MRI, Billerica, MA, USA). Rats were then subjected to
DWI or to 23Na chemical shift imaging (CSI) spectroscopy for up to
210 minutes to determine cerebral edema and Na uptake, respectively, as
described in the following sections. HOE-642 and bumetanide were
prepared as fresh stock solutions for each experiment. HOE-642 was
dissolved in water. Bumetanide was prepared in saline solution containing
0.5% albumin.3

Immunoelectron Microscopy Methods
Rat brains subjected to left pMCAO for 90 minutes underwent cardiac
perfusion fixation for 60 minutes using 4% paraformaldehyde plus 0.05%
glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.4) as described
previously.3,6 The brains were postfixed in 4% paraformaldehyde over-
night then subjected to freeze substitution.6,20 Tissues were embedded in
lowiacryl resin, sectioned onto carbon-coated grids, and immunolabeled
with monoclonal NHE1 antibody (4E9, Millipore, Bedford, MA, USA) or
polyclonal NHE2 antibody (AB3038, Millipore) with 15 nm gold particle-
conjugated anti-mouse IgG or anti-rabbit IgG, respectively, as described
previously.3,6 After staining sections with uranyl acetate and lead citrate,
images were collected using a Philips 410 electron microscope (F.E.I.
Company, Hillsboro, OR, USA). Gold particles in both luminal and abluminal
BBB membranes were counted using a double-blind method. The
percentage of plasma membrane gold particles found in the luminal
membrane was determined for each of 111 and 115 electron micrographs
examined for NHE1 and NHE2, respectively.

Magnetic Resonance Diffusion Weighted Imaging Analysis of
Apparent Diffusion Coefficient Values
Diffusion-weighted imaging was performed using a 7-T Bruker Biospec
MRS/MRI system as described previously.3,5 Briefly, rats were placed into a
72-mm radio frequency probe inside the 7-T magnet and spin echo images
(2 mm slices) were then acquired at 50 to 210 minutes following occlusion
of the MCA or Sham surgery. Apparent diffusion coefficient (ADC) values
were determined for selected brain regions of interest (ROIs) using four
gradient strengths21 and Paravision 2.1 software (Bruker Biospin GmbH,
Rheinstetten, Germany). Apparent diffusion coefficient values for
anatomically corresponding ipsilateral (left) and contralateral (right)
hemisphere ROIs were compared and ratios of L/R ADC values were
calculated.

Magnetic Resonance Chemical Shift Imaging of Brain Na
Magnetic resonance CSI was used to determine brain Na content of rats,
either total brain Na (vascular plus extravascular) or extravascular Na. In
experiments quantifying extravascular Na, the NMR chemical shift/
relaxation reagent Dysprosium triethylenetetraminehexaacetic acid (Dy-
TTHA) was prepared and infused as previously described.22,23 Briefly,
250 mmol/L DyTTHA was infused intravenously at 0.3 mL/min to achieve a
final dose of 1.5 mmol per liter per kg and allowed to equilibrate across the
various body compartments for 20 minutes. Since MCAO does not cause
complete occlusion, this will include brain vasculature in both
hemispheres. For the first B4 hours after pMCAO, BBB permeability
remains low so DyTTHA remains within the vascular space of the sampled
region and shifts the frequency of intravascular sodium.24,25

For Na CSI, rats with the Plexiglas stage were inserted into the bore of a
7-T Bruker Biospec MRS/MRI system (Bruker) such that the head was
centered in a double tuned 1 H/23Na probe (Doty Scientific, Columbia, SC,
USA). For experiments using DyTTHA, rats were placed in the 7-T bore after
the start of DyTTHA infusion. Using the 1H channel, shimming was
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optimized and scout images were acquired for locating Na CSI voxels.
One-pulse 23Na experiments were performed at 30 minute intervals before,
between, and after CSI experiments to confirm plasma [DyTTHA] was
stable as measured by maintenance of vascular/extracellular Na shift of
1.8±0.1 p.p.m.

Two-dimensional Na CSI images were acquired via the standard Bruker
CSI protocol using a 2-millisecond three-lobe sinc pulse for slice selection
with B2.75 milliseconds from the center of excitation pulse to start of data
acquisition. Slices were 4 mm thick and acquired in a 32� 32 matrix with a
FOV of 64 mm. Each 23Na CSI data set was acquired in 21 minutes using a
repetition time of 250 milliseconds. Data were zero filled and Fourier
transformed in all three dimensions using MATLAB to generate a spectrum
for each pixel corresponding to 1 mm� 1 mm� 4 mm voxels. Na CSI
spectra were further analyzed using MATLAB to integrate over the
unshifted extravascular Na peak and that of an external standard to
calculate brain [Na] using the following equation:

½Na�r¼ðSr�½Na�sÞ/ðexpð�TE/T2rÞ�SsÞ

where S is the integrated signal intensity measured for any voxel, TE is the
delay between the excitation pulse and the beginning of data acquisition,
and the subscripts r and s indicate rat brain and external standard,
respectively. This equation is derived from the standard equation for T1
and T2 dependent signal decay assuming TR is 45 T1 for Na in both rat
and external standard and that TE is much smaller than T2 for Na in the
external standard.

2,3,5-Triphenyltetrazolium Chloride Assessment of Lesion Size
At the conclusion of DWI experiments (210 minutes), rats were euthanized
and the brain quickly removed and sectioned into 2 mm thick slices
starting at the frontal pole using a Brain Matrix Slicer (Vibratome, St Louis,
MO, USA). Slices were then immersed in 2% TTC (Sigma Aldrich, St Louis,
MO, USA) in a petri dish and incubated at 37oC for 20 minutes. Slices were
then scanned (Epson Perfection 1200U scanner, Epson America Inc., Long
Beach, CA, USA and Adobe Photoshop software, Adobe Systems Inc., San
Jose, CA, USA) and brain slices then analyzed for infarct volume using
Image-J analysis software (public domain software developed at NIH and
available on the internet at http://rsb.info.nih.gov/nih-image). Percent
infarct was calculated as described by Swanson et al:26

½ðVC�VLÞ/VC��100

where VC is the volume of control hemisphere and VL is the volume of
noninfarcted tissue in the lesioned hemisphere.

Neurologic Assessment
Rats treated with vehicle, HOE-642 and/or bumetanide and subjected to
pMCAO were allowed to recover from anesthesia, then assessed for
neurologic function at 4 hours, 1 day, and 2 days after the start of pMCAO.
Sensorimotor deficits were assessed by the 14-score protocol.27 Briefly, rats
were hand-held in an immobilizing grip then visual and tactile forelimb
and hindlimb placing as well as proprioceptive hindlimb placing were
tested. Rats were also evaluated by Rotarod test28 Here, rats were allowed
to run for up to 300 seconds on a rod rotating at constant speed (16 r.p.m.).
Rats were subjected to baseline/training trials the day before pMCAO or
Sham surgery and then reevaluated at days 1 and 2 following induction of
pMCAO to determine the length of time they could run on the apparatus
without falling. Trials were repeated three times and the highest score was
recorded.

Statistical Analyses
Values are presented as mean±s.d. Data shown were analyzed for
significance using analysis of variance or by Student’s t-test. P values
o0.05 were considered to indicate significant difference.

RESULTS
In Situ Distribution of NHE1 and NHE2 Na/H Exchange Isoform
Proteins in Cerebral Microvascular Endothelial Cells of Ischemic Rat
Brain
If NHE1 and/or NHE2 of BBB endothelial cells participates in
edema formation during cerebral ischemia by transporting Na
from the blood into brain, then one or both of the NHE proteins
should be present in the luminal BBB membrane in situ in ischemic

brain. To test this, we used rat brains perfusion fixed after
90 minutes of pMCAO and immunoelectron microscopy with
antibodies that specifically recognize NHE1 or NHE2 proteins.
Representative immunoEM micrographs reveal that both NHE1
(Figure 1A) and NHE2 (Figure 1B) reside predominantly in the
luminal BBB membrane of ipsilateral (ischemic) cortical brain
sections, whether core or penumbra, as well as in contralateral
(normoxic) cortical sections. Quantitation of the in situ BBB gold
particle distribution observed in multiple micrographs shows that
NHE1 luminal distribution was 66% to 75% of total plasma
membrane NHE1 in contralateral cortex and 83% to 86% in the
ipsilateral cortex (Figure 1C). The apparent increase in luminal
NHE1 of ipsilateral versus contralateral cortex reached statistical
significance for ipsilateral penumbra but not core. We also found
that 75% to 80% of NHE2 resides in the luminal BBB membrane,
with no significant differences observed between ipsilateral core
and penumbra compared with contralateral cortical sections
(Figure 1D).

Intravenous HOE-642 Reduces Cerebral Edema and Infarct in
Permanent Middle Cerebral Artery Occlusion
Our previous finding that BBB Na/H exchange activity is rapidly
stimulated by hypoxia, aglycemia, and AVP suggests that, like BBB
Na–K–Cl cotransporter activity, the Na/H exchanger participates in
early ischemia-induced cerebral edema formation. To evaluate the
contribution of Na/H exchange activity to edema formation
occurring during the initial stages of pMCAO before BBB break-
down, we examined the effects of intravenous HOE-642 on
pMCAO-induced edema in rats using MRI DWI. Rats were
administered intravenous HOE-642 or vehicle, then pMCAO
immediately induced and edema formation evaluated over a
210-minute time course. From the DWI data, we calculated ADC
values for four brain ROI in both ipsilateral and contralateral
hemispheres (regions L1–L4 and R1–R4, respectively) as depicted
in Figure 2A, representative MR proton images captured
210 minutes after the start of left pMCAO in rats given vehicle,
HOE-642 or HOE-642þ Bumetanide. In these images, hyperinten-
sity of the left hemisphere corresponds to edema formation.
Figures 2B and 2C (ROIs 1 and 2) show that in rats given vehicle
and subjected to pMCAO, the left/right ADC ratios fell below the
Sham ratio of 1.0 (depicted with the dotted line). However, in rats
given HOE-642 (15 mg/kg), the fall in ADC ratios was attenuated,
indicating reduction of edema formation. Specifically, the fall in
ADC values was reduced by 24% to 73% and 29% to 63% for RO1s
1 and 2, respectively, over the 210-minute time course. This
attenuation of edema formation was sustained throughout the
210-minute experiment. Because our previous studies showed
significant reduction of edema formation during pMCAO in rats
given intravenous bumetanide, in the present study we also
tested whether treating rats with intravenous HOE-642 plus
bumetanide (15 mg/kg each) provides a greater reduction of
edema. Here, the fall in ADC values was reduced by 71% to 90%
and 67% to 98% for ROIs 1 and 2, respectively, over the 210-
minute time course. While there is a trend for greater edema
reduction with HOE-642 plus bumetanide compared with HOE-
642 alone, the differences reached statistical significance only at
50 minutes for L1/R1 values and at 70, 90, and 110 minutes for L2/
R2 values (by analysis of variance with Neuwman–Keuls post hoc
test). Similar results were obtained for ROI 4 (data not shown).

Table 1 shows that mean arterial pressure (MAP) in rats
subjected to pMCAO was not significantly different among rats
given vehicle, HOE-642 (15 mg/kg), or HOE-642 plus bumetanide
(15 mg/kg each). Other physiological parameters, including
plasma electrolytes, BUN (blood urea nitrogen), glucose, hemo-
globin, and hematocrit were also not significantly altered by HOE-
642 or HOE-642 plus bumetanide. We have shown previously that
bumetanide alone does not alter these parameters.3 In these
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studies, we also evaluated edema by gravimetric methods
following 180 minutes of pMCAO (Table 2). We found that the
percent of water in ipsilateral brain hemisphere was significantly
elevated above that in contralateral hemisphere for rats subjected
to 180 minutes of pMCAO and vehicle only, as we have reported

previously.3 However, in rats treated with HOE-642 or with
HOE-642 plus bumetanide, the percent brain water following
180 minutes of pMCAO was not significantly different between
ipsilateral and contralateral hemispheres nor was it significantly
different than contralateral hemisphere of rats treated with MCAO
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Figure 1. Immunoelectron microscopy localization of NHE1 and NHE2 proteins in microvascular endothelial cell membranes of ischemic rat
brain. (A, B) Rats were subjected to 90minutes of permanent middle cerebral artery occlusion (pMCAO), then brains perfusion fixed and
prepared for immunoelectron microscopy as described in Materials and Methods. The brain sections were labeled with NHE1 or NHE2
antibodies at dilutions of 1:2,000 and 1:1,000 (NHE1 and NHE2, respectively). Sections were then labeled with gold particle-conjugated
secondary antibody. ImmunoEM images shown are representative micrographs. Vessel lumens are at the top of each image with the basal
lamina underlying the endothelium and separating the cells from perivascular astrocytes and neurons. Locations of gold particles are
indicated with arrowheads. (C, D) NHE1 and NHE2 distribution between luminal (L) and abluminal (A) microvascular endothelial cell
membranes of ischemic (ipsilateral core and penumbra) and control (contralateral) frontoparietal cortex of perfusion-fixed rat brains as
determined by quantitation of gold particles in immunoelectron micrographs. Values shown are mean values±s.d. of 23 to 32 microvessels
for NHE1 core and penumbra 1:1,000 and 1:2,000 antibody dilutions and 22 to 37 microvessels for NHE2 core and penumbra 1:500 and 1:1,000
antibody dilutions. *Significantly different from contralateral penumbra by analysis of variance (ANOVA) with Bonferroni Dunn post hoc test
(Po0.0001) p value for NHE2 ANOVA comparing all eight groups is 0.947. It should be noted that the fixation methods used here, required to
retain good antigenicity of the tissue, sacrifice some structural detail in the images. Also, although NHE transporter proteins are abundant in
the tissue, the section thickness and size of the field of view result in few gold particles visible in each image. Quantitation of microvessels
from 420 micrographs for each antibody and dilution revealed that NHE1 and NHE2 are distributed 66% to 75% and 75% to 80%,
respectively, in the luminal membrane. Qualitatively, the immunoEM images reveal that NHE1 and NHE2 proteins are found predominantly in
the luminal blood–brain barrier (BBB) membrane.
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and vehicle only. In previous studies, we found similar results for
effects of bumetanide alone on percent brain water following
MCAO.3

At the end of the imaging, the rat brains were subjected to TTC
staining to assess infarct volume, as described previously3 and in
Materials and Methods. Figure 3A shows representative TTC
images of rats subjected to pMCAO and treated with vehicle, HOE-
642 or HOE-642 plus bumetanide. A characteristically large MCAO-
induced lesion was observed in the left hemisphere of vehicle-
treated rats, while HOE-642 (15 mg/kg)-treated rats exhibited an
attenuated TTC-defined lesion. Little to no infarct was observed in
rats given HOE-642 plus bumetanide (15 mg/kg). Figure 3B shows
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Figure 2. Brain edema formation in permanent middle cerebral artery occlusion (MCAO): inhibition by intravenous HOE-642. (A) Magnetic
resonance diffusion-weighted brain images of rats subjected to left pMCAO illustrating relative hyperintensity (edema) on left side. Regions of
interest for ipsilateral and contralateral cortex (regions of interest (ROIs) L1–L3 and R1–R3, respectively) and striatum (ROI L4 and R4,
respectively) are shown. Left to right panels show images of rats treated with vehicle, HOE-642 and HOE-642þ Bumetanide, respectively. (B, C)
Rats were administered vehicle, HOE-642 (15mg/kg) or HOE-642 plus bumetanide (15mg/kg each) as described in Materials and Methods and
then apparent diffusion coefficient (ADC) values were determined for ROIs 1 to 4 for up to 210minutes following induction of pMCAO. L/R
ADC ratios are shown for ROIs 1 and 2 in (B, C), respectively. Values shown are mean values±s.d. for 4, 6, and 3 rats subjected to pMCAO with
vehicle, HOE-642, and HOE-642þ Bumet, respectively. ADC ratios for HOE-642 and HOE-642þ Bumet are significantly different than Vehicle by
analysis of variance (ANOVA) with Newman–Keuls post hoc test; *Po0.05, **Po0.01, ***Po0.001.

Table 1. Physiological parameters of rats subjected to MCAO ± HOE-
642 ± Bumetanide

Vehicle HOE-642 HOE-
642þ Bumetanide

Naþ (mmol/L) 134.8±1.7 133.6±0.9 139.7±3.8
Kþ (mmol/L) 5.7±0.7 5.5±0.7 6.1±2.9
Cl� (mmol/L) 103.8±2.4 101.6±1.6 105.3±4.2
pH 7.30±0.50 7.37±0.04 7.3±1.23
pCO2 (mmHg) 47.6±7.8 42.1±4.5 44.5±4.2
HCO3

� (mmol/
L)

23.8±1.2 24.4±2.2 23.0±1.0

BUN (mg/dL) 41.8±3.7 43.4±2.5 44.3±1.2
Glucose (mg/
dL)

192.0±46.8 204.0±26.4 164.3±28.2

Hemoglobin
(g/dL)

13.8±1.5 14.2±0.9 13.0±0.0

Hematocrit
(%PCV)

40.0±4.2 41.2±2.5 38.7±0.5

MAP (mmHg) 87.6±6.00 84.8±2.80 90.1±20.06

BUN, blood urea nitrogen; MAP, mean arterial pressure; PCV, packed cell
volume; pMCAO, permanent middle cerebral artery occlusion.
Before MCAO, rats were nephrectomized, treated with vehicle or HOE-642
(15mg/kg) or HOE-642 plus bumetanide (15mg/kg each). All physiological
parameters shown except MAP were determined by iStat after 3 hours of
permanent MCAO as described in Materials and Methods. Values are
mean±s.d. for 6, 5, and 3 experiments with Vehicle, HOE-642, and HOE-642
þ Bumetanide, respectively. MAP measurements were taken every
30minutes over imaging period and a single average MAP value obtained
for each animal. Variation of MAP within each experiment was 15.1%,
13.1%, and 17.2% of mean (s.d. as % of mean) for Sham, MCAO þ Vehicle
and MCAO þ Bumetanide, respectively. No significant differences were
found among any of the groups for any of the parameters by analysis of
variance or two-tailed unpaired t-tests. P values for analysis of variance
analyses were 0.1806, 0.1566, 0.1689, 0.2014, 0.3495, 0.5694, 0.4700, 0.3792,
0.3672, 0.5744, and 0.8885 for Na, K, Cl, pH, pCO2, HCO3, BUN, Glucose,
Hemoglobin, Hematocrit, and MAP, respectively.

Table 2. Effects of HOE-642 and bumetanide on brain water content
after 180minutes of permanent MCAO

Percent brain water

Ipsilateral Contralateral

MCAOþVehicle 80.61±0.63a,b 78.69±0.36
MCAOþHOE 79.61±0.44 78.75±0.24
MCAOþHOEþBumet 79.22±0.59 78.44±0.24

MCAO, middle cerebral artery occlusion.
Nephrectomized rats were treated with either vehicle, HOE-642 (15mg/kg)
or HOE-642 þ bumetanide (15mg/kg each), and then subjected to
permanent MCAO. After 180minutes, the rats were killed and hemispheric
brain water determined gravimetrically as described in Materials and
Methods. Values are represented as mean±s.d. for 5, 4, and 3 rats for
vehicle, HOE- and HOEþ Bumetanide-treated rats, respectively. aSignifi-
cantly different from contralateral values for MCAO þ Vehicle, MCAO þ
HOE and MCAO þ HOE þ Bumet (by analysis of variance, Po0.001 for all
three comparisons). bSignificantly different from ipsilateral values for
MCAO þ HOE and MCAO þ HOE þ Bumet (by analysis of variance,
Po0.01 for both comparisons).
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mean infarct volumes following 210 minutes of pMCAO. HOE-642
treatment markedly reduced percent infarct compared with
MCAO with vehicle, as did HOE-642 plus bumetanide treatment.
Here total percent infarct was 41.5%±8.7% for vehicle-treated
rats compared with 10.3%±5.6% for HOE-642-treated rats
(mean values±s.d.). Rats treated with HOE-642þbumetanide
exhibited an apparent greater reduction in total hemispheric
infarct compared with rats treated with HOE-642 alone
although the difference did not reach statistical significance.
Further analyses of these data revealed that HOE-642 appears
to have a greater protective effect in cortex than subcortex. The
subcortical infarct is 32.0%±4.5% of the total infarct in vehicle-
treated rats but 66.1%±13.3% of the total infarct in HOE-642-
treated rats.

Intravenous HOE-642 and Bumetanide Reduce Brain Na Uptake in
Permanent Middle Cerebral Artery Occlusion
The hypothesis that a luminal BBB Na/H exchanger and/or Na–K–
Cl cotransporter works with the abluminal Na/K ATPase to increase
Na transport from blood into brain during ischemic stroke predicts

that intravenous HOE-642 and/or bumetanide will reduce not only
edema but also brain Na uptake, the driving force for water entry
into the brain during cerebral ischemia. To examine the
contribution of Na/H exchange and Na–K–Cl cotransporter
activities to brain Na uptake occurring during the initial stages
of pMCAO, we employed NMR Na CSI methods, as described in
Materials and Methods. Here, we evaluated brain Na content
following induction of pMCAO, determining ipsilateral/contralat-
eral ROI brain Na content ratios. Figure 4A shows that in vehicle-
treated rats subjected to pMCAO, the Na content ratio rose
linearly, reaching a 1.79-fold increase by 192 minutes. For rats
given intravenous bumetanide or HOE-642 (30 mg/kg each) and
then subjected to pMCAO, the increase in brain Na content ratio
was significantly attenuated, reaching only 1.45- and 1.37-fold
increases, respectively, by 192 minutes. Our hypothesis
predicts that the MCAO-induced increase in brain Na is mediated
by BBB secretion of Na from the blood into brain and thus the
increase in total brain Na should be accounted for specifically by
an increase in brain extravascular Na. To test this, we used
magnetic resonance Na CSI to evaluate changes in brain
extravascular Na (Figures 4B and 4C). Here, vascular and
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extravascular Na spectral peaks were separated through use of the
chemical shift regent DyTTHA, as described in Materials and
Methods. We found that brain extravascular Na increased as
expected and that the rise was greater than that for total brain Na.
By linear regression analysis, the rate of total brain [Na] increase
determined for MCAOþ Vehicle (Figure 4A) was 20.0%±6.7%/h
while the rate of extravascular brain [Na] increase determined for
MCAOþ Vehicle was 48.1%±3.6% and 39.3%±4.4% for Figures
4B and 4C, respectively, and 43.5%±4.2%/h for combined analysis
of Figures 4B and 4C. Also, as expected the MCAO-induced rise in
extravascular Na was significantly attenuated by HOE-642 or
bumetanide.

Intraperitoneal and Intravenous HOE-642 and Bumetanide
Improve Neurologic Outcome Following Permanent Middle
Cerebral Artery Occlusion
In the present study, we also determined whether the reduction of
cerebral edema and brain Na uptake observed with HOE-642 and/

or bumetanide is associated with significant improvement in
neurologic outcome following pMCAO. Rats were given a single
intraperitoneal injection of HOE-642, bumetanide or HOE-642 plus
bumetanide immediately before pMCAO, then subjected to a 14-
point neurologic assessment, as described in Materials and
Methods. As shown in Figure 5A, rats subjected to pMCAO and
vehicle exhibited poor neurologic outcome compared with Sham-
operated rats at 4 hours, 1 day, and 2 days, respectively, after the
start of pMCAO. For rats given bumetanide, significant increases in
neurologic scores were observed at days 1 and 2 (but not 4 hours),
while rats treated with HOE-642 showed significant increases in
neurologic score at all three times, as did rats treated with HOE-
642þbumetanide. Scores were not significantly different among
HOE-642-, bumetanide- and HOE-642þ bumetanide-treated rats
at days 1 and 2, nor were scores for HOE-642 and HOE-642þ
bumetanide different at 4 hours, suggesting that the effects of
HOE-642 and bumetanide by this neurologic test are not additive.
We further evaluated neurologic function using the Rotarod test,
as described in Materials and Methods. Rats treated with a single
injection of HOE-642, bumetanide or HOE-642þ bumetanide all
showed significant improvement in Rotarod scores at day 2
compared with rats treated with vehicle (Figure 5B). Similar
findings were obtained at day 1 (not shown). Rats were not tested
at 4 hours after the start of pMCAO. Rotarod scores for rats treated
with HOE-642þbumetanide were not significantly different than
Sham-operated rat values.

DISCUSSION
Previous studies from our group provided evidence that BBB
Na–K–Cl cotransport is a major contributor to ischemia-induced
cerebral edema formation and that intravenous bumetanide
reduces edema and infarct following pMCAO. However, additional
BBB Na transporters likely also contribute to edema formation. We

Figure 4. HOE-642 and bumetanide reduction of brain Na uptake in
middle cerebral artery occlusion (MCAO). (A) Rats were administered
intravenous HOE-642 (30mg/kg), bumetanide (30mg/kg), or vehicle
immediately before initiation of pMCAO. Localized 23Na chemical
shift imaging (CSI) magnetic resonance spectroscopy (MRS) was
used to determine brain [Na] of specified regions of interest (ROI) as
described in Materials and Methods. ROIs are as depicted in
Figure 2A. Values are mean values±s.d. for 6, 9, and 6 rats for
vehicle, bumetanide, and HOE-642, respectively. Sham-operated rat
Na L/R ratios, depicted in the figure as the dashed line, averaged
1.0±0.02 (mean±s.d., n¼ 6) over the 192minute time course
following induction of pMCAO. Brain [Na] values for bumetanide
and HOE-642-treated rats are significantly different than vehicle-
treated rats by analysis of variance (ANOVA) with Newman–Keuls
post hoc test at 104, 126, 170, and 192minutes for bumetanide
(Po0.01, Po0.05, Po0.05, and Po0.01, respectively) and at 126,
148, 170, and 192minutes for HOE-642 (Po0.05, Po0.05, Po0.01,
and Po0.001, respectively). Asterisks indicate values that are
significantly different from MCAOþVehicle by two-tailed t-test;
*Po0.05, **Po0.01). (B, C) Rats were administered intravenous HOE-
642 (30mg/kg) or bumetanide (30mg/kg) immediately before
pMCAO. Localized 23Na CSI MRS of DyTTHA-infused rats was used
to determine extravascular brain [Na] of specified ROIs as described
in Materials and Methods. Values are mean values±s.d. of eight rats
each for vehicle and HOE-642 (B) five and four rats for vehicle and
bumetanide, respectively (C). Extravascular brain [Na] values for HOE
are significantly different than vehicle by ANOVA with Newman–
Keuls post hoc test at 126 and 148minutes (Po0.05 for both).
Extravascular brain [Na] values for bumetanide are significantly
different than vehicle by ANOVA with Newman–Keuls post hoc test
at 120, 150, and 180minutes (Po0.05, Po0.001, and Po0.001,
respectively). For (B, C), asterisks indicate values that are different
from MCAOþVehicle by two-tailed t-test; *Po0.05, **Po0.01,
***Po0.001.
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recently demonstrated that Na/H exchange is present in the
luminal BBB membrane in situ and that its activity is stimulated by
the ischemic factors hypoxia, aglycemia, and AVP.6 In the present
study, we now provide additional evidence supporting a role for
BBB Na/H exchange in ischemia-induced cerebral edema
formation. Here, we show that NHE1 and NHE2 isoform proteins
are present in the luminal BBB in situ during ischemia as well as
normoxia. Using NMR DWI and Na spectroscopy, we also show
that edema formation and brain Na uptake occurring in the rat
pMCAO model of ischemic stroke are significantly attenuated by
intravenous administration of HOE-642. Further, we provide
evidence that HOE-642 reduces the TTC-defined lesion and
improves neurologic outcome in rats subjected to pMCAO.

Our immunoelectron microscopy studies reveal that both NHE1
and NHE2 protein isoforms are present predominantly in the
luminal BBB membrane in situ of ischemic cortex, both core and
penumbral areas, as well as normoxic cortex, with 66% to 75% and
75% to 80% of plasma membrane NHE1 and NHE2, respectively,
found in the luminal membrane. These values are in very good
agreement with our earlier finding that in normoxic rat brains (not
subjected to MCAO) NHE1 and NHE2 proteins are distributed 65%

to 70% and 75% to 80%, respectively, in the luminal BBB
membrane,6 indicating that ischemic conditions do not alter the
plasma membrane distribution of NHE proteins. Our present study
also found that in contralateral brain sections anatomically
corresponding to the ipsilateral penumbra, luminal membrane
NHE1 protein is 83% to 86% of total, higher than that found in
control brain. The reasons for this apparent increase and whether
it is of physiological significance will require further study. These
findings support the hypothesis that a luminal BBB Na/H
exchanger participates in vectorial transport of Na from the
blood into brain not only in normoxic brain but also in ischemic
brain when the secretion of Na into the brain is increased,
contributing to edema formation as obligatory water follows.

The results of our MRI DWI studies reveal for the first time that
intravenous HOE-642 reduces edema formation occurring in the
early hours of pMCAO-induced cerebral ischemia in the rat. The
finding that the fall in ADC values was attenuated over the entire
210 minutes experiment indicates that HOE-642 causes a sustained
reduction in edema formation rather than simply slowing edema
formation. Further, the combination of HOE-642 and bumetanide
appears to provide a greater attenuation of edema that is also
sustained throughout the experiment. Together with our previous
studies of bumetanide effects on edema during MCAO, these
findings are consistent with the hypothesis that BBB Na/H
exchanger and Na–K–Cl cotransporter activities both contribute
to ischemia-induced cerebral edema formation. These MRI findings
are confirmed by our gravimetry experiments that reveal
significant reduction of brain water after 3 hours of pMCAO in rats
treated with HOE-642 or HOE-642þ bumetanide compared with
vehicle. Our studies also show that the MCAO-induced infarct,
assessed as the TTC-defined lesion volume, is significantly reduced
in rats treated with HOE-642 and that there is a trend for an even
greater reduction of lesion volume with HOE-642 and bumetanide
in combination. It should be noted that the doses of HOE-642 and
bumetanide (15 to 30 mg/kg) used in this study are estimated to
result in plasma concentrations sufficiently high to maximally
inhibit the readily accessible luminal BBB membrane Na/H
exchanger and Na–K–Cl cotransporter. In ongoing high perfor-
mance liquid chromatography tandem mass spectrometry studies,
rats given intravenous HOE-642 (7 mg/kg) or bumetanide (30 mg/
kg) had plasma [HOE-642] and [bumetanide] ofB2 and B40mmol/
L, respectively, 60 minutes after injection (data not shown),
maximally effective doses for both inhibitors.2,6 It should also be
noted that based on their chemical structures,29–32 neither HOE-
642 nor bumetanide are predicted to significantly enter the brain
when the BBB is intact. Thus, only after BBB breakdown, as occurs
for example, with ischemia/reperfusion, should these agents be
readily accessible to brain parenchyma and inhibit Na transporter
activities of astrocytes and neurons. Neither HOE-642 nor bumeta-
nide, alone or in combination, was found to alter physiological
parameters of the rats, including plasma electrolytes and MAP as
shown here and in our previous study of bumetanide3 nor did they
alter cerebral blood flow (data not shown). Thus, the effects of
HOE-642 and bumetanide on edema and infarct during pMCAO are
unlikely due to changes in these parameters. A recent study of
ischemia/reperfusion brain injury in mice showed that HOE-642
effectively reduced brain lesion volume assessed by DWI T2
imaging.14 Together with our present finding, this suggests that
Na/H exchange participates in ischemia/reperfusion injury as well
as in the detrimental formation of edema that occurs early during
ischemia before any reperfusion event.

An important finding of the present study is that both
intravenous HOE-642 and bumetanide reduce brain Na uptake
during ischemia. Here, we demonstrate that brain [Na] increases
linearly over the course of our pMCAO experiments with the rate
of brain [Na] increase significantly reduced by a single injection of
either HOE-642 or bumetanide. This finding is consistent with our
hypothesis that luminal BBB Na/H exchange and Na–K–Cl
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Figure 5. Neurologic assessment of rats subjected to middle
cerebral artery occlusion (MCAO) and treated with HOE-642 and/
or bumetanide. (A) Rats were administered intraperitoneal bume-
tanide (30mg/kg), HOE-642 (30mg/kg), BumetanideþHOE-642
(30m/kg each) or Vehicle then subjected to pMCAO. The rats were
allowed to awaken from anesthesia and then tested for sensor-
imotor function at 4 hours, 1 day, and 2 days after induction of
MCAO by the 14-score test, as described in Materials and Methods.
Values are mean±s.d. with n values of 5, 11, 7, 5, and 7 for Sham,
MCAOþVehicle, MCAOþ Bumet, MCAOþHOE, and MCAOþ
BumetþHOE, respectively. Values are significantly different than
MCAO vehicle scores by analysis of variance (ANOVA) with
Newman–Keuls post hoc test; **Po0.01, ***Po0.001. MCAOþHOE
score at 4 hours is significantly different from MCAOþ vehicle score
by two-tailed t-test. (B) Rotarod test. Values are mean±s.d. with n
values of 5, 24, 20, 10, and 18 for Sham, MCAOþVehicle, MCAOþ
Bumet, MCAOþHOE, and MCAOþ BumetþHOE, respectively.
Values are significantly different than MCAO vehicle scores by
ANOVA with Newman–Keuls post hoc test; *Po0.05, **Po0.01,
***Po0.001. In some experiments, rats were given bumetanide and/
or HOE-642 by intravenous rather than intraperitoneal injection. No
differences in outcome between the two routes of administration
were observed (data not shown).
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cotransport, coupled with the abluminal Na/K pump, perform net
transport of Na from blood into brain, providing the driving force
for osmotically obliged water to follow. It is important to note that
although MRI DWI is valuable for determining whether a potential
therapy causes a sustained reduction of edema formation or
simply delays edema formation, this method has the limitation
that ADC values do not decrease in proportion to the increase in
brain water occurring as edema progresses (as assessed by
gravimetry). That is, the methodology limits the ADC values from
falling below a minimum ‘floor’ value. Gravimetry studies have
documented that during cerebral ischemia, total brain water
continues to increase through at least 12 hours after the start of
ischemia, as does brain Na, evaluated by flame photometry.33,34

The advantage of the 23Na MRS (magnetic resonance
spectroscopy) methods used in this study is that changes in
brain [Na] can be monitored in real-time in vivo during MCAO. Our
findings regarding linear Na uptake during ischemia are in
agreement with previous 23Na MRI studies of Jones et al.35

showing that rat brain Na increases linearly for up to 7 hours
during ischemia induced by MCA surgical transection. Linear brain
Na uptake has also been observed during 5 hours of ischemia
induced by MCAO in the rat36 and macaque.37 The rate of total
brain [Na] increase observed in our pMCAO experiments
(20.0%±6.7%/h) agrees quite well with values reported
previously for brain [Na] increases of 25.0%±4.7% and
22%±4%/h as determined by 23Na MRI for MCA transection35

and intraluminal MCAO,36 respectively.
In the present study, we also conducted 23Na MRS experiments

with the shift reagent DyTTHA to specifically evaluate changes in
extravascular brain [Na], as described in previous studies.25,38

Here, we report a steeper rise in extravascular brain [Na] compared
with total brain [Na] during MCAO. This is as expected if the
increase in brain Na is due to BBB secretion of Na from blood into
brain, with vascular [Na] remaining constant during MCAO.
Further, HOE-642 and bumetanide both significantly reduce the
increase in brain extravascular [Na], providing further support for
our hypothesis that BBB Na/H exchange and Na–K–Cl cotransport
participate in increased vectorial transport of Na from the blood
into brain during ischemia. We did not test the combined effects
of bumetanide and HOE-642 in these experiments. Whether these
Na transporter inhibitors have additive effects on reducing brain
Na uptake will require further investigation. It should also be
noted that HOE-642 is a more potent inhibitor of NHE1 than NHE2,
with reported IC50 values of 0.03 to 3.4 mmol/L and 4.3 to
62 mmol/L, respectively.39 Despite this, our study was designed to
ensure maximal inhibition of both NHE isoforms and thus
additional studies are needed to determine the relative
contributions of NHE1 and NHE2 to edema formation and brain
Na uptake in pMCAO.

The present study also demonstrates that HOE-642 and
bumetanide significantly improve neurologic outcome of rats
through at least 2 days following onset of pMCAO. This suggests
that inhibiting Na/H exchange and/or Na–K–Cl cotransport to
reduce early edema formation is associated with an effective
improvement in neurologic function. Additional studies will be
needed to determine whether this improved outcome is sustained
for longer periods.

Our studies do not allow us to conclude that the observed
effects of bumetanide and HOE-642 are exclusively due to their
inhibition of BBB Na/H exchanger and Na–K–Cl cotransporter
activities. While preliminary studies suggest that these inhibitors
do not readily penetrate into the brain under normoxic conditions,
it is possible that some inhibition of astrocyte and/or neuronal Na/
H exchange and Na–K–Cl cotransport may occur during the early
states of ischemia and, as BBB breakdown occurs, one would
predict robust inhibition of all Na/H exchange and Na–K–Cl
cotransport, both at the BBB and in brain parenchymal cells. In this
regard, it is important to note that the majority of previous studies

investigating effects of these drugs in stroke used ischemia/
reperfusion models in which the BBB breaks down and likely
allows the drugs to reach their targets on astrocytes and neurons.
The question of to what degree bumetanide and HOE-642 effects
are due to BBB, astrocyte and/or neuronal targets is an important
one that will require further investigation. It should also be noted
that other BBB ion transporters and channels likely contribute to
edema formation in stroke. One example is the finding that
de novo synthesis of a BBB SUR1-regulated NCCa-ATP channel
several hours after onset of ischemia contributes to continued
edema formation during ischemic stroke.40

In summary, the results of the present study demonstrate for
the first time that intravenous administration of HOE-642 and
bumetanide significantly reduces cerebral edema, brain Na uptake
and lesion volume and also improves neurologic outcome in rats
subjected to pMCAO. These findings support the hypothesis that
luminal BBB membrane Na/H exchanger and Na–K–Cl cotranspor-
ter, readily inhibited by intravenous HOE-642 and bumetanide,
provide effective therapeutic targets for reduction of edema and
infarct in ischemic stroke. Together with previous ischemia/
reperfusion studies, these findings suggest that HOE-642 and
bumetanide reduce the brain Na uptake and edema formation
that occur during early hours of ischemia when the BBB is still
intact and, with the onset of BBB breakdown occurring during
more prolonged ischemia or with reperfusion, states in which
HOE-642 and bumetanide are predicted to more readily permeate
into the brain, also reduce the damaging effects of increased
astrocyte and neuronal Na/H exchange and Na–K–Cl cotransporter
activities.
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