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Ouabain Improves Functional Recovery
following Traumatic Brain Injury
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Abstract

The cardiac steroid ouabain binds to Na*, K*-ATPase and inhibits its activity. Administration of the compound to
animals and humans causes an increase in the force of contraction of heart muscle and stabilizes heart rate. In addition, this
steroid promotes the growth of cardiac, vascular, and neuronal cells both in vitro and in vivo. We studied the effects of
ouabain on mouse recovery following closed head injury (CHI), a model for traumatic brain injury. We show that chronic
(three times a week), but not acute, intraperitoneal administration of a low dose (1 ug/kg) of ouabain significantly
improves mouse recovery and functional outcome. The improvement in mouse performance was accompanied by a
decrease in lesion size, estimated 43 d following the trauma. In addition, mice that underwent CHI and were treated with
ouabain showed an increase in the number of proliferating cells in the subventricular zone and in the area surrounding the
site of injury. Determination of the identity of the proliferating cells in the area surrounding the trauma showed that
whereas there was no change in the proliferation of endothelial cells or astrocytes, neuronal cell proliferation almost
doubled in the ouabain-treated mice in comparison with that of the vehicle animals. These results point to a neuropro-
tective effects of low doses of ouabain and imply its involvement in brain recovery and neuronal regeneration. This

suggests that ouabain and maybe other cardiac steroids may be used for the treatment of traumatic brain injury.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) is the leading cause of death
and severe disability in people younger than age 45 in the
Western industrialized countries.' Although advances in emer-
gency and intensive care medicine have substantially ameliorated
the mortality rate associated with TBI, every year hundreds of
thousands of people worldwide die of TBI. Patients who survive the
injury are subjected to its catastrophic consequences, including an
array of neurological deficits and motor dysfunctions.

TBI is manifested by functional deficits, owing to both primary
and secondary mechanisms.” Primary injury is a result of the im-
mediate mechanical damage occurring at the time of injury. Sec-
ondary injury evolves over a period of hours to days, even months,
after the primary insult, and is the result of biochemical and
physiological events that ultimately lead to neuronal cell death. In
the last few decades, several biochemical processes responsible for
secondary injury have been demonstrated, including perturbation
of cellular calcium homeostasis, increased free radical generation
and lipid peroxidation, mitochondrial dysfunction, inflammation,
and apoptosis.” Repair mechanisms based on the proliferation of
cells have been identified in the post-traumatic brain, although
spontaneous repair is not sufficient to induce significant recovery.*

Ouabain is a steroid extracted from the seeds and dry leaves of
herbs from the genus digitalis and other plants.>® The steroid be-
longs to inotropic agents collectively termed cardiac steroids.
These compounds are used as drugs to increase the force of con-
traction of heart muscle in congestive heart failure patients and
stabilize heart rhythm in patients with atrial arrhythmias.® Because
of the small therapeutic index of cardiac steroids (such as digoxin),
their use is limited and that of ouabain was abandoned.”® The only
established receptor for ouabain is the ubiquitous plasma mem-
brane transporter Na™, K" -ATPase. The activity of this enzyme is
essential for the regulation of cell volume and osmolarity, pH and
calcium concentrations, maintenance of the plasma membrane
electric potential and the co-transport of ions, glucose and other
nutrients across the plasma membrane.”'® The binding of ouabain
to Na*, K*-ATPase inhibits its hydrolytic and ion transporting
activities and induces the assembly of multiple protein complexes
into functional micro-domains that activate diverse signaling
pathways.'"'?

The effects of ouabain on brain function are well recognized: the
interaction of ouabain with Na*, K*-ATPase has profound effects
on the neuronal electrical resting potential,'® the basal metabolic rate
of neurons and glia, and the release and reuptake of several neuro-
transmitters.'* Further, ouabain was found to stimulate the viability

'Department of Medical Neurobiology, “Departments of Microbiology and Molecular Genetics, *Department of Pharmacology, The Hebrew

University-Hadassah Medical School, Jerusalem, Israel.

1942



OUABAIN AND TRAUMATIC BRAIN INJURY

and proliferation of several cell types present in the brain. The ad-
ministration of ouabain was shown to increase retinal ganglion cell
survival'®> and to induce the proliferation of rat astrocytes.'® We
recently demonstrated that ouabain at nM concentrations stimulates
the viability and proliferation of NT2 cells, precursors for human
neuronal cells.'” Administration of ouabain also proved to protect
cortical neurons from apoptosis following excitotoxic stress'® and
stimulated the proliferation of endothelial cells."®

Further, previous studies have shown that cardiac and related
steroids provide neuroprotection against ischemia in several animal
experimental models.>**' The effect of ouabain on cell survival
and proliferation and its beneficial influence against ischemia
suggest that it may have an effect on functional neurologic recovery
following TBI. We show in the present study that chronic intra-
peritoneal administration of low doses of ouabain significantly
improves functional outcome in the mouse following closed head
injury (CHI). This effect was accompanied by a decrease in lesion
volume and an elevation in neuronal proliferation.

Methods
Animals

The study was conducted according to the Institutional Animal
Care and Use Committee guidelines in compliance with National
Institutes of Health guidelines (MD-11-12783-4). Adult Sabra
male mice weighing 40 g were housed in a specific pathogen-free
facility according to a 12:12-h light-dark cycle. Food and water
were provided ad libitum.

Trauma model

TBI was induced according to the CHI model, using a weight
drop device.?>* In brief, after isoflurane anesthesia, a midline
longitudinal incision was performed, exposing the skull. A Teflon-
tipped cone (2 mm diameter) was placed 1 to 2 mm lateral to the
midline in the midcoronal plane. The head was manually held in
place and a 95 g weight was dropped on the cone from a prefixed
height (18 cm), resulting in a focal injury to the left hemisphere.
Following recovery from anesthesia, the mice were returned to
their home cages with postoperative care and free access to food
and water. Ouabain (1 pg/Kg) or saline as control were injected
(intraperitoneally) into the mice (n=12) according to two proto-
cols. In the first, ouabain or saline were given 1, 24, 48, and 72h
after injury. In the second, ouabain was administered 1 and 24 h
following injury and then three times a week until the end of the
experiment (43 d post-injury).

BrdU injections

During the last 10d of the experiment (Days 33 to 43), all the
animals received intraperitoneal injections of the tracer 5-bromo-2-
deoxyuridine (BrdU; 50 mg/kg/day) to label dividing cells.

Neurobehavioral evaluation

The functional status of the mice was evaluated according to a
Neurological Severity Score (NSS) by a blind observer. The score
is a 10-point scale that assesses the functional neurologic status
based on the presence of some reflexes and the ability to perform
motor and behavioral tasks, such as beam walking, beam balance,
and spontaneous locomotion.>* Animals are awarded one point for
failure to perform a task, thus the NSS increases with the severity of
dysfunction. The NSS obtained 1h after CHI reflects the initial
severity of injury.”> NSS values were measured at 1 and 24 h fol-
lowing injury. Additional measurements were made at 4, 7, 14, 21,
28, 35, and 40 d after injury.
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Injury size

At 43d after CHI, the animals were deeply anesthetized with
pentobarbital and perfused with 4% paraformaldehyde. Their brains
were removed and frozen-sectioned into 10 um slices. Brain slices at
200 yum intervals between bregma +1.42 and bregma - 0.8 were
stained with Giemsa stain-modified solution (1:1; Fluka, Sigma-
Aldrich Corporation, St Louis, MO) and digitally photographed. The
volume of injured tissue was measured using ImagelJ software (Na-
tional Institutes of Health, Bethesda, MD). Damaged tissue volume
was calculated by dividing the volume of the injured hemisphere by
that of the non-injured hemisphere.>®

Immunohistochemistry

For each brain, three evenly-spaced frozen sections between
bregma +1.42 and bregma - 0.8 were fixed in 4% paraformalde-
hyde for 15 min. Deoxyribonucleic acid was denatured by incu-
bating the sections in 2N HCI for 30 mins at 37°C followed by
neutralization with immersion in 0.1 mol/L borate buffer. After
washing with phosphate buffered saline (PBS), the sections were
blocked in 5% normal goat serum containing 0.3% triton X-100,
and incubated overnight at 4°C with the appropriate primary anti-
bodies in a humidified chamber. Rat anti-BrdU was used as a
marker for cell proliferation (1:200; Accurate, New York, NY),
mouse anti-GFAP was used to detect astrocytes (1:200; Abcam
Inc., Cambridge, MA), mouse anti-NeuN was used to identify
mature neurons (1:100 Abcam Inc., Cambridge, MA) and mouse
anti-CD31 was used as a marker for endothelial cells (1:100; Ab-
cam Inc., Cambridge, MA). Following the incubation, the sections
were rinsed and incubated for 2h with Alexa 488 and Alexa 555
conjugated secondary antibodies (1:200; Molecular Probes, Lei-
den, the Netherlands). After an additional three washings in PBS,
specimens were mounted in medium containing 4’,6-diamidino-2-
phenylindole (DAPI; Sigma, Israel) to visualize the nuclei.

Image analysis and cell counting

For image analysis of each brain section, five high magnification
(x400) images were obtained of specific area of interest, including
the entire area surrounding the injured cortex and the subventricular
zone (SVZ), using a confocal or epifluorescent Olympus (Tokyo,
Japan) microscope equipped with a camera. Cells were counted
using a cell counter plug-in for the ImageJ software. To measure
cell proliferation, the percentage of BrdU-positive cells among the
total DAPI stained cells was calculated. To determine the identity
of the proliferating cells, the number of double-positive stained
cells for BrdU and either CD31, GFAP or NeuN was determined
and divided by the total number of DAPI stained cells.

Statistical analysis

The data are presented as the mean * standard error of the mean as
indicated in the figure legends. Neurobehavioral evaluation values
were compared at the selected time points using the non-parametric
Mann-Whitney U test. Other tests were evaluated by Student’s #-test.
A p value of <0.05 was considered significant for all comparisons.

Results
Ouabain improves functional recovery following CHI

Ouabain (1 ug/Kg), was administered intraperitoneally to mice,
1 and 24 h following CHI and then three times a week for six weeks.
Mice receiving saline served as control. As shown in Figure 1,
ouabain-treated animals showed a significant improvement in the
neurological function, as determined by the NSS. The inter-group
differences in NSS were apparent as early as Day 14 after CHI,
suggesting a neuroprotective effect of ouabain. A shorter treatment
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FIG. 1. Effect of long-term ouabain treatment on functional re-

covery of mice following closed head injury (CHI). Traumatic brain
injury was induced in mice according to the CHI model, using a
weight drop device. Ouabain (1 pg/kg) or saline as control was in-
jected (intraperitoneally) into mice 1 and 24 h after injury and then
three times a week until the end of the experiment (43 d post-injury).
The functional status of the mice was evaluated by neurological
examination (see Methods) by a blind observer. The values are ex-
pressed as the mean * standard error of the mean (error bars; n=12),
*Significantly lower score than that of the control mice; p <0.05.

paradigm, in which ouabain at the same dosage was given 1, 24, 48,
and 72h following CHI, resulted in a slight and not significant
improvement in NSS (data not shown).

Ouabain decreases lesion volume following CHI

The beneficial effect of a chronic administration of ouabain also
was manifested by reduced lesion volume. At 43 d after CHI, lesion
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FIG. 2. Effect of long-term ouabain treatment on lesion size in
mice following closed head injury (CHI). Brains from mice (43
days after CHI) subjected to ouabain or saline (control) treatment,
as described in Figure 1, were sectioned and stained with Giemsa.
The volume of injured tissue was measured using Imagel] soft-
ware. Lesion volume was calculated by dividing the volume of the
injured hemisphere by that of the non-lesioned hemisphere. The
results are expressed as the percentage of hemispheric tissue. The
values are expressed as the meanzstandard error of the mean
(error bars; n=36), *Significantly lower than control; p<0.01.
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sizes were measured and found to be smaller by about 40% in the
ouabain-treated group versus those in the control group (Fig. 2).

Ouabain increases cell proliferation following CHI

The SVZ represents a niche of neural progenitors. Following a
cortical injury these cells proliferate, migrate to the injured area, and
differentiate.”” To assess the effect of ouabain on cell proliferation,
the percentage of BrdU positive cells was measured 43 d following
CHI in the SVZ and in the injured area. The long term administration
of ouabain resulted in a 100% and 65% increase in cell proliferation in
the SVZ and in the area surrounding the injury, respectively (Fig. 3).

Ouabain stimulates neuronal but not astrocyte
or endothelial cell proliferation

To determine the identity of the cells that underwent ouabain-
stimulated proliferation in the area surrounding the injury, specific
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FIG. 3. Effect of long-term ouabain treatment on cell prolifer-
ation in mice following closed head injury (CHI). Mice following
CHI were subjected to long-term ouabain treatment, as described
in Figure 1. During the 10 last d of the experiment (Days 33—43),
the mice received BrdU and their brains were removed (43 d after
CHI), sectioned, and stained using BrdU and 4’,6-diamidino-2-
phenylindole (DAPI) antibodies as described in Methods. (A) Cell
proliferation was measured in the cortex surrounding the trauma
and the subventricular zone (SVZ) by calculating the percentage
of BrdU positive cells among the DAPI stained cells. (B) Re-
presentative images (x400) from the cortex surrounding the
trauma (a,b) and the SVZ (c,d) of a control (a,c) versus an oua-
bain-treated mouse (b,d), showing an abundance of BrdU positive
cells (green) among the total DAPI cells (blue). The values are
expressed as the mean tstandard error of the mean (error bars;
n=45), *Significantly higher than the control; p <0.001. Color
image is available online at www.liebertpub.com/neu
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FIG. 4. Effect of long-term ouabain treatment on the identity of the proliferating cells. Mice following closed head injury (CHI) were
subjected to long-term ouabain treatment, as described in Figure 1. During the 10 last d of the experiment (Days 33—43), the mice
received BrdU and their brains were removed (43 d after CHI), sectioned and stained, as described in Methods. (A) The identity of the
proliferating cells was determined in the area surrounding the trauma by double labeling with BrdU and CD31, GFAP and NeuN
antibodies to determine endothelial, astrocytes and neuronal cells, respectively. Total cell number was determined by 4’,6-diamidino-2-
phenylindole staining. (B) Representative images (x400) of endothelial proliferation in control (a-c) versus ouabain-treated mice (d-f).
Astrocytes proliferation in control (d-f) versus ouabain-treated mice (h-j) and neuronal cell proliferation in control (k-m) versus
ouabain-treated mice (n-p). White arrows indicate cells that are double-positive stained with BrdU (green) and CD31, GFAP, or NeuN
(red) antibodies. The values are expressed as the mean + standard error of the mean (error bars; n=15), *Significantly higher than the
control; p<0.05. Color image is available online at www .liebertpub.com/neu

immunohistochemical labeling was used followed by microscopic
analysis of colocalization. CD31, GFAP and NeuN antibodies were
used as specific markers for endothelial, astrocytes and neuronal
cells, respectively. As shown in Figure 4, whereas no difference
was found in the proliferation of endothelial cells or astrocytes, the
proliferation of neuronal cells almost doubled following long-term
treatment with ouabain. This finding suggests that the improvement

in mouse performance and the reduction in injury size are associ-
ated with the observed neurogenesis.

Discussion

The results of this study show, for the first time, that long-term
treatment of mice with the cardiotonic steroid ouabain, significantly
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improves mouse recovery and functional outcome following CHI
(Fig. 1). In addition, histological examination of the mouse brain
demonstrated a much smaller lesion in the ouabain-treated animals
(Fig. 2) and an elevation in cell proliferation in the SVZ and in the
injured area (Fig. 3). Cell fate analysis identified an increase in
neuronal cell proliferation with no change in endothelial cells or
astrocyte proliferation (Fig. 4). These results suggest that the long-
term administration of ouabain after CHI leads to neuroprotective
effects and suggest that the compound can serve as a therapeutic
agent in patients with TBL.

The beneficial effect of improving the outcome following CHI
was seen in this study by treatment with 1ug/kg ouabain. Assuming
that ouabain is equally distributed in the mouse circulation and
tissues, this concentration is expected to result in subnanomolar
levels in the animal body. These very low concentrations of the
steroid have a negligible effect on pump inhibition.”® On the con-
trary, ouabain at these concentrations was shown to stimulate pump
activity.?*>° Interestingly, it was demonstrated that ‘secondary
injury’ of TBI in rats is accompanied by a reduction in Na™, K*-
ATPase activity’' and it was suggested that it contributes to
learning deficits observed following TBI. Stimulation of the pump
activity by the administration of low levels of ouabain could reverse
these alterations and improve the animal’s performance.

The binding of ouabain to Na®, K*-ATPase at nanomolar
concentrations also induces the activation of MAPK and the Akt
signaling cascades.® Ouabain, by activating these pathways, was
shown to stimulate the viability and proliferation of various cell
types, including neuronal cells.'” However, the involvement of
these pathways in recovery and functional improvement following
TBI is controversial. The activation of the MAPK and Akt path-
ways was found to facilitate animal recovery using the model
presented in this study,>* as well as in a model of brain injury
following stroke.>> However, other investigators showed that
stimulation of these cascades following head injury is destructive
and should be inhibited in order to obtain a positive effect.*® Further
study is necessary to elucidate the molecular mechanism respon-
sible for the effect of ouabain on mouse recovery and neuronal
proliferation following TBI.

Ouabain was previously shown to stimulate the viability and
proliferation of rat astrocytes,'® and neuronal cells'> and human
endothelial cells'® in culture. In the present in vivo study, the ad-
ministration of ouabain to mice following CHI resulted in a specific
stimulation of neuronal cell proliferation but had no effect on
proliferation of astrocytes or endothelial cells (Fig. 4). These dif-
ferences may derive from differences in the species or in the in vitro
versus in vivo experimental setup.

The specific effect of ouabain on neuronal cell proliferation
merits further consideration. It is well established that neurons and
glial cells in the central and peripheral nervous system are capable
of synthesizing neurosteroids that regulate several neurophysio-
logical functions. These include the regulation of excitatory and
inhibitory synaptic transmission, neurotransmitter release and re-
myelinization, neuroprotection, and growth of axons and den-
drites.?” The presence of endogenous ouabain in the brain'* and in
the cerebrospinal fluid'”** and the numerous physiological con-
sequences of ouabain - Na™, K*-ATPase interactions on neuronal
functions (see Introduction) and the in vivo neuroprotective effects
of the steroid shown in this study strengthen the hypothesis that
ouabain is an additional neurosteroid.

The results of the present study provide initial ““proof of prin-
cipal” for the development of ouabain, and, perhaps other cardiac
steroids, for the treatment of TBI.
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