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Abstract
Pre-B-Cell Colony-Enhancing Factor (PBEF) is known as a rate-limiting enzyme that converts
nicotinamide (NAM) to NMN in the salvage pathway of mammalian NAD+ biosynthesis.
Previously we found PBEF is exclusively expressed in neurons in the mouse brain; heterozygous
PBEF knockout (Pbef+/−) mice have larger ischemic lesion than wild type mice in
photothrombosis-induced ischemia. For the mechanistic study of neuronal protective role of
PBEF, we used in vitro oxygen-glucose deprivation (OGD) and glutamate excitotoxicity models
of primary cultured neurons in current study. Our results showed that the treatments of neurons
with NAM and NAD+, the substrate and downstream product of PBEF, respectively, significantly
reduced neuronal death after OGD and glutamate excitotoxicity, while treatment of neurons
treated with FK866, a PBEF inhibitor, increased neuronal death after OGD. Furthermore,
overexpression of human PBEF (hPBEF) reduced glutamate excitotoxicity, while overexpression
of hPBEF mutants (i.e., H247A, and H247E) without enzymatic activity had no effect on neuronal
death. We further tested the effect of PBEF on mitocondrial function and biogenesis. Our results
show that addition of NAD+ and NAM increased mitochondrial biogenesis in neurons after OGD.
Overexpression of PBEF in neurons reduced mitochondrial membrane potential (MMP)
depolarization following glutamate stimulation, while overexpression of H247A and H247E did
not affect MMP depolarization. We conclude that PBEF has a neuroprotective effect in ischemia
through its enzymatic activity for NAD+ production that can ameliorate mitochondrial
dysfunction.
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Introduction
Stroke is the leading cause of long-term disability. Several different mechanisms regarding
the neuronal death and brain damage following ischemia have been suggested, those
including glutamate and Ca2+ toxicity, oxidative stress, acidosis, inflammation, and
mitochondrial dysfunction (Barber and Demchuk 2003; Xiong et al. 2004; Mattiasson et al.
2003; Choi 1988; Lo et al. 2003; Swanson et al. 2004). Although these mechanisms
demonstrate overlapping and redundant features because of their temporal and spatial
dependence, energy depletion is the root cause of ischemia-induced brain damage.

Pre-B-cell colony-enhancing factor (PBEF), also known as Nicotinamide
phosphoribosyltransferase (Nampt) is the rate-limiting enzyme to catalyze the conversion of
nicotinamide (NAM) to NMN in the salvage pathway of mammalian NAD+ biosynthesis
(Revollo et al. 2007; Luk et al. 2008), the predominant pathway for NAD+ biosynthesis in
mammals (Magni et al. 1999; Imai 2009). The major cellular functions of NAD+ and its
derivative compound NADH include modulating cellular energy metabolism and
mitochondrial biogenesis (Ying 2006; Chen et al. 2010; Csiszar et al. 2009; Lagouge et al.
2006). The intracellular levels of NAD+ and NAM have recently been shown to be
important for cell survival (Araki et al. 2004; Bitterman et al. 2002). Upregulation of Nampt
increases the cellular NAD+ level and enhances the transcriptional regulatory activity of the
catalytic domain of Sirt1 in mouse fibroblasts (Revollo et al. 2004). In HEK293 cells,
Nampt is also an essential component of the mitochondrial NAD+ salvage pathway and
promotes cell survival through stimulation of mitochondrial sirtuins, including Sirt3 and
Sirt4 (Yang et al. 2007). Most recently, it is demonstrated that Nampt protects macrophages
from ER stress-induced apoptosis through its non-enzymatic activity that triggers secretion
of IL-6 and consequentially activates the pro-survival signal transducer STAT3 in an IL-6-
mediated autocrine/paracrine manner (Li et al. 2008b). PBEF has also been shown to play a
role in inflammatory, stress-related and metabolic response (Liu et al. 2009b; Li et al.
2008a) and mediate cardiac myocyte survival (Hsu et al. 2009).

Despite the various roles of PBEF in cellular function and cell survival in non-CNS, little
has been explored regarding the function and the role of PBEF in health and diseases in
CNS. Our recent study showed that PBEF is exclusively expressed in neurons in mouse
brain and heterozygous PBEF knockout (Pbef+/−) mice have larger ischemic lesion than
wild type mice, suggesting PBEF is important in neuronal survival after ischemia (Zhang et
al. 2010). In this study we further investigated the effects and mechanisms of PBEF on
ischemia using in vitro ischemia models including oxygen-glucose deprivation (OGD) as
well as glutamate excitotoxicity of primary cultured neurons. We postulate that PBEF might
be an important enzyme to regulate cellular energy metabolism and signaling pathways in
neurons, and alterations in expression level or enzymatic activity may have significant
impact on cellular function and survival under ischemic conditions. The effects of PBEF on
neuronal protection, NAD+ synthesis, and mitochondria dysfunction in ischemic condition
have been studied using both pharmacological and molecular approaches.

Materials and Methods
Primary neuronal cultures

Throughout the study, timely-pregnant C57BL/6J mice were either purchased from Jackson
Laboratory or raised in the animal facility in the University of Missouri. All procedures were
performed according to the NIH Guide for the Care and Use of Laboratory Animals and
were approved by the University of Missouri Animal Care Quality Assurance Committee.
Cortical neurons were prepared from embryonic day 15/16 mice. Cortical tissues were
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dissociated by a mild mechanical triturating after digestion with trypsin. The dissociated
cells were planted onto poly-D-lysine-coated (50 μg/ml) (Cat# P9155, Sigma) tissue culture
plates or glass coverslips of 12 mm in diameter (Cat#1943-10012, Fisher Scientific) in a
culture plate with Dulbecco’s modified Eagle medium/nutrient F12 (DMEM/F12) (Cat#
25030, Invitrogen, CA) supplemented with 10% heated-inactivated fetal bovine serum (Cat#
S11150, Atlanta Biological) for 4 h, the medium was then changed to Neurobasal Media
(Cat#21103, Invitrogen) containing 2% B-27 serum free supplements (Cat# 17504-044,
Invitrogen). The cultures were maintained in an incubator at 37 °C with a humidified
atmosphere of 5% CO2 and 95% air. Experiments were conducted within 7–12 days in vitro
(DIV). We did immunostaining on MAP2 (Supplementary Fig 1A), a neuronal marker, to
test the quality of cultured neurons. Our data show that 97.7±0.3 % (n=2 preparations,
counted ~3000 cells in 6 image fields) cells expressed MAP2, suggesting high purity of
cultured neurons.

In vitro models of ischemia
To mimic ischemia-like conditions in vitro, primary neuronal cultures in 24-well plates were
exposed to transient OGD similar to previous report (Cao et al. 2003). In brief, the culture
medium was rinsed out twice and replaced with serum- and glucose-free medium (Cat#
11966, Invitrogen), and culture plates were then placed in a modular chamber in a 37°C
incubator. The chamber was sealed and flushed with 95% N2 and 5% CO2 for 90 min and
then returned to 5% CO2 and 95% air and glucose-containing medium for the period of time
indicated in each experiment. To induce glutamate excitotoxicity, neuronal cultures were
exposed to 50 or 100 μM glutamate with 10μM glycine for 3 h.

Neuronal injury and death assay
Neuronal injury induced by OGD and glutamate excitotoxicity was evaluated by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (He et al. 2011), a
method used to assess mitochondrial function by measuring the ability of neurons to reduce
MTT by reductase. Briefly, after OGD or glutamate stimulation, MTT (Cat# M2128, Sigma-
Aldrich, MO) was added to neurons cultured in 48-well plates (~105 neurons in each well)
for a final concentration of 0.5 mg/ml and incubated at 37°C for an additional 3 h. The
supernatant was then removed and dimethyl sulfoxide (DMSO) was added to each well to
dissolve the formed blue formazan. Absorbance was read at 570 nm on a Monochromatic
Microplate Reader (BioTek, VT). Cell viability was expressed as a percentage of the control
culture value in each experiment. Values from 3–5 wells of neurons from the same
preparation were averaged as a single value for that experiment. Data from 4 to 6
experiments with the same condition were averaged.

We used propidium iodide (PI) staining as a complementary assay for neuronal death after
OGD and glutamate stimulation (Taghibiglou et al. 2009). PI can intercalate into double-
stranded nucleic acids. It is excluded by viable cells but can penetrate cell membranes of
dying or dead cells. For this experiment, neurons were seeded on glass coverslips coated
with poly-D-lysine. Neuronal cultures after OGD or glutamate stimulation were stained with
10 μg/mL PI (Cat# P4710, Sigma-Aldrich, MO) for 30 min, and subsequently with 4′, 6-
diamidino-2-phenylindole (Dapi) (Cat# 36931, Invitrogen) to label nuclei. The total number
of neuron was counted based on Dapi stained nuclei and PI+ cells were counted as dead
neurons. Cell counting was done in a blinded manner in four to six randomly picked images
(at least 500 neurons per image) from different places within each glass coverslip. Each
experimental group was repeated in triplicate glass coverslips and averaged to produce a
single value for that experiment group.
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Mitochondrial staining with MitoTracker
MitoTracker Red FM (Cat# M22425, Invitrogen) was used to stain mitochondria in neurons
to quantify mitochondrial mass by fluorescence intensity (Chen et al. 2010). MitoTracker
Red FM was dissolved in DMSO to make a stock solution with a concentration of 1 mM.
The cells were washed twice with 1× PBS diluted from 10× solution (Cat# 14200,
Invitrogen) and then incubated with 500 nM MitoTracker Red FM for 30 min. After 3
washes with PBS, the cells were subjected to fluorescence detection using a Nikon FN1 epi-
fluorescence microscopy equipped with a CoolSNAP-EZ CCD-camera. The average
intensity or intensity distribution of MitoTracker Red fluorescence of an entire field was
analyzed by MetaMorph Imaging software (Molecular Devices, CA).

Mitochondrial DNA (mtDNA) and nuclear DNA (nucDNA) analysis
PCR was used to quantify the relative abundance of intact mtDNA (Valerio et al. 2011; Yin
et al. 2008). Total DNA of cultured neurons was extracted and purified using the genomic
DNA extraction kit (Cat. No. 69504, Qiagen Sciences, Inc., MD). The total DNA (50 ng)
derived from neurons in one well of 12-well plates was added to the polymerase chain
reaction (PCR) mixture with GoTaq Flexi DNA Ploymerase (Cat# PRM8295, Promega,
WI). The primers used for the amplification of mtDNA were: 5′-
ATTTCGTGCCAGCCACCGCGG-3′ (forward); 5′-GGCTACACCTTGACCTAACGT-3′
(reverse). The primers for nucDNA were: 5′-GGAATAATGGAATAGGACCGCG-3′
(forward); 5′-GGACATCTAAGGGCATCACAG-3′ (reverse). PCR reaction was performed
at 94°C for 3 min, then 18 cycles at 94°C for 30s, 55°C for 30s and 72°C for 1 min,
followed by 72°C for 7 min for the final extension. PCR products are 655 bp for mtDNA
and 464 bp for nucDNA. They were separated on a 1% agarose gel and stained by Ethidium
Bromide (0.5 μg/ml). The band images were acquired using an Alpha Imager and analyzed
by the AlphaEase Stand Alone Software (Alpha Innotech Corp., CA).

Determining mitochondrial membrane potential depolarization
Mitochondrial membrane potential (MMP) was evaluated with the fluorescent probe
tetramethylrhodamine ethyl ester (TMRE, Molecular Probes) using time-lapse fluorescent
imaging similar to methods described previously (Liu et al. 2009a). Neurons cultured on
glass coverslips were loaded with 25 nM TMRE for 20 min at RT, in ACSF containing (in
mM): 120 NaCl, 10 Hepes, 3.1 KCl, 2 CaCl2, 1.3 MgCl2, and 10 glucose (pH 7.4). Cells
were perfused by ACSF containing 25 nM TMRE throughout the experiments. Time-lapse
imaging of TMRE fluorescence was performed using an upright wide-field Nikon FN1 epi-
fluorescence microscope with a 40x/0.8 water immersion objective. Excitation was
generated with an X-Ford metal halide lamp filtered with a Nikon Y-2E/C fluorescence
filter. Emission was detected by a CoolSNAP-EZ CCD-camera. Glutamate (100μM) and
glycine (10 μM) were applied through a perfusion system equipped with a pinch valve that
controls the duration of application. Images were acquired every 30 s using MetaMorph
Imaging software. Fluorescent signals of TMRE were quantified by measuring the mean
pixel intensities of the cell body of each neuron using the MetaMorph software.
Fluorescence changes in individual neurons were calculated as ΔF/Fo values vs. time, where
Fo was the baseline fluorescence and were normalized to its peak value of ΔF/Fo.

Statistical analysis
Data are expressed as means ± S.E.M obtained from 4–6 independent experiments.
Statistical significance was assayed by Student’s t-test. A P<0.05 was considered to be
statistically significant.
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Results
NAM and NAD+ ameliorate neuronal death after OGD and glutamate excitotoxicity

To test the role of PBEF in neuronal protection in ischemia using primary cultured neurons,
we initially did an immunostaining of PBEF in cultured cells (Supplementary Fig. 1B). Our
results show that 90.4±1.8 % (n=3 preparations, counted ~1000 cells) of cells express PBEF
based on the total number of cells evaluated by Dapi staining, consistent with our in vivo
study showing that the majority of PBEF expressing cells were neurons in the mouse brain
(Zhang et al. 2010).

Our previous study showed that knockout of PBEF increased ischemia lesion in the mouse
brain using a photothrombosis-induced ischemia model. To further test the role of PBEF in
ischemia, we used two in vitro ischemic models, i.e., OGD and glutamate excitotoxicity in
this study. These models can mimic in vivo ischemic conditions and have been widely used
for mechanistic studies of ischemia. To test whether PBEF confers neuronal protection
against ischemia, we first studied the effect of NAM and NAD+, which are the substrate and
downstream product of PBEF, on neuronal viability after OGD and glutamate excitotoxicity.
NAD+ and NAM at various concentrations were added directly to the neuronal cultures prior
to OGD and kept in the medium for a total of 24 h. Cell viability was measured using MTT
assay. The results showed that treatments of high concentration of NAD+ and NAM
significantly reduced OGD-induced loss of neuronal viability (Fig. 1A–B). The protective
effects of NAD+ and NAM were also confirmed using morphological assessments (Fig. 1D).
Representative photomicrographs demonstrated that neurons in the control group exhibit
bright cell body with intact processes. In contrast, a 90 min of OGD resulted in shrinkage of
neuronal soma and beading and retraction of neurites. However, cultures treated with 15
mM NAD+ and NAM maintained relatively normal neuronal morphology after OGD. We
used a complementary assay of PI staining and showed that treatments of neurons with 15
mM NAD+ and NAM remarkably attenuated cell death at 24 h after OGD (Fig. 1C, E–H),
which is consistent with the findings via MTT assay.

Ischemia induces glutamate elevation and subsequent Ca2+ overloading through the
overstimulation of glutamate receptors-especially NMDA receptors, which are the primary
mediators of acute neuronal death (Dirnagl et al. 1999). Thus glutamate has also been used
as a model for excitotoxicity to mimic in vivo ischemia. We incubated neuronal culture with
50 and 100 μM glutamate for 3 h in the presence of various concentrations of NAD+ and
NAM. Consistent with results using the OGD model, 5 mM and 15 mM of NAD+ and NAM
significantly ameliorated cell viability reduction (Fig. 2A–B). Furthermore, 5 and 15 mM
NAD+, and 15 mM NAM significantly reduced neuronal death based on PI staining (Fig. 2C
and Fig. S3). Thus using two different in vitro ischemic models and two different assays our
results demonstrated that NAM and NAD+ have a neuronal protective effect, suggesting
PBEF plays a critical role in neuronal protection after ischemia through its enzymatic
activity.

FK866 exacerbates OGD-induced neuronal injury and NAD+ depletion
Although the above and our previous (Zhang et al. 2010) studies suggest NAD+ depletion
would cause neuronal death in cerebral ischemia, whether modulation of NAD+ synthesis by
PBEF affects neuronal survival is unclear. To inhibit the enzymatic activity of PBEF in
neurons, we resorted to its specific inhibitor FK866 (Skokowa et al. 2009). Initially we
studied whether FK866 affects neuronal viability under normal condition. Thus, neurons
were exposed to different concentrations of FK866 for 4 h, and neuronal viability was
evaluated using MTT assay. Our data showed that exposure to FK866 reduced neuronal
viability in a dose dependent manner (Fig. 3A). A similar effect was observed on NAD+
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levels in the presence of FK866 (Fig. 3B). Surprisingly, the addition of NAM also restored
NAD+ levels (Fig. 3B). Being consistent with the fact that PBEF is a rate limiting enzyme in
a salvage pathway of mammalian NAD+ synthesis in other systems, our data indicate that
PBEF plays the same role in CNS.

Next we tested whether the inhibition of PBEF exacerbates neuronal injury and reduces
NAD+ content after ischemia. Neuronal cultures were treated with different concentrations
of FK866 for 4 h starting at the same time as OGD, and cell viability was measured 24 h
later. As shown in Fig. 3A, neurons treated with different concentrations of FK866 and
subject to OGD showed a decrease in cell viability as compared with neurons subject to
OGD but without FK866 treatment (Fig. 3A). Intracellular NAD+ levels are further
decreased after OGD in the presence of FK866 (Fig. 3C). The results suggest that FK866
exacerbates neuronal death through inhibition of NAD+ production.

If that inhibition of PBEF reduces neuronal viability after ischemia is due to the reduction of
NAD+, it is conceivable that the replenishment of NAM will increase NAD+ levels after
OGD. Accordingly, neurons were subject to OGD in the absence and presence of 15 mM
NAM for different time periods and were harvested for measurement of the NAD+ contents.
The results show treatment of NAM significantly increase NAD+ levels after OGD as
compared to control experiment (Fig. 3D).

Normal neuronal function heavily relies on ATP produced through mitochondrial oxidative
phosphorylation as an energy source (Soane et al., 2007). Further, NAD+ is an essential
coenzyme of ATP-synthesizing redox reactions implicated in glycolysis and oxidative
phosphorylation. We next investigated the effect of PBEF on the cellular ATP content under
OGD condition. In keep with NAD+ consumption, OGD lead to a sharp reduction of ATP
level to ~50% of the control (Fig. 3E). Replenishment of NAD+ prevented ATP depletion
that nearly restores it to a normal level. Similarly, NAM shows some suppressive effect on
ATP decrease but with no statistical significance. Interestingly, under normal conditions,
both NAD+ and NAM treatment each have a positive influence on ATP level (Fig. 3E).

Overexpression of PBEF decreases neuronal death after glutamate stimulation
Our results using the inhibitor and the substrate and product of PBEF provide evidence that
PBEF plays a neuronal protective role. To obtain direct evidence that PBEF exerts neuronal
protective effect after ischemia, neurons were transiently overexpressed with PBEF by DNA
transfection and were subsequently subject to glutamate excitotoxicity. PBEF
overexpressing neurons can be identified by EGFP fluorescence through the cotransfection,
which is a common approach to identify cells expressing the gene of interest (Semenova et
al. 2007; Andrabi et al. 2011). We first confirmed that in co-transfected cultures, all of
EGFP+ neurons were overexpressed with PBEF, as indicated by remarkable increase in
PBEF signal in these neurons (Supplemental Fig. 2). We conducted PI staining after
glutamate stimulation and calculated the percentage of PI+ cells cotransfected with PBEF
and EGFP and cells transfected with EGFP alone. After a3h period of glutamate stimulation,
the majority of neurons cotransfected with wild type (WT) human PBEF (hPBEF) and
EGFP maintained structural integrity (Fig. 4A), while neurons transfected with EGFP alone
exhibit severe neurite beading (Fig. 4B), an indication of neuronal injury. Results from PI
staining showed that overexpression of WT hPBEF dramatically reduced neuronal death
after glutamate stimulations (Fig. 4C–E). The data indicate that PBEF indeed can protect
neurons from injury after ischemia. To test whether this effect requires its enzymatic
activity, two different hPBEF point mutants, H247A and H247E, which have little
enzymatic activities, were used for further study (Liu et al. 2009b). Strikingly,
overexpression of those two mutants did not ameliorate glutamate excitotoxicity and has
similar sensitivity to 50 and 100 μM glutamate stimulations as compared with neurons
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transfected with EGFP alone (Fig. 4E). Thus PBEF enzymatic activity is required to protect
neurons after glutamate excitotoxicity.

Inhibition of PBEF enzymatic activity reduces mitochondrial biogenesis
A variety of cell death pathways during cerebral ischemia converge on mitochondrial
dysfunction. As an important organelle, mitochondria functions to produce ATP through
oxidative phosphorylation that consumes large amount of NAD+, maintains calcium
homeostasis, and generates reactive oxygen species. Due to the coordinated action of
numerous transcription factors and coactivators (Scarpulla 2008), healthy neurons regularly
generate new functional mitochondria, while prolonged cerebral ischemia causes
impairment of mitochondrial biogenesis (Chen et al. 2001b; Valerio et al. 2011). As our
results have shown that NAD+ and NAM could significantly reduce neuronal death after
OGD and glutamate stimulation, we hypothesized that replenishment of NAD+ and NAM
could compensate for the deleterious effects of ischemia through enhanced mitochondrial
biogenesis.

To assess the possible role of PBEF in mitochondrial biogenesis, neurons were stained with
MitoTracker Red, a fluorescent dye that can label mitochondria and thus can assess
mitochondria biogenesis (Schulz et al. 2008; Chen et al. 2010). When neurons were subject
to OGD, significant reduction of MitoTracker Red fluorescence was observed as compared
with control neurons (Fig. 5A–C), but both NAD+ and NAM rescued neurons from impaired
mitochondrial biogenesis as indicated by increased MitoTracker Red fluorescence.
Quantitative analysis of entire image fields showed NAD+ and NAM increased the average
fluorescence intensity and shifted fluorescence distribution of neurons to high intensity as
compared with fluorescence from neurons only subject to OGD (Fig. 5B–C). Using
quantative PCR, we further measured mtDNA and nucDNA to study the effect of PBEF on
mitochondrial biogenesis. OGD reduced mtDNA while NAD and NAM largely prevented
the reduction of mtDNA (Fig. 5D). The data indicate that PBEF plays an important role in
mitochondrial biogenesis and provide mechanistic evidence for our results that PBEF
confers neuroprotection after OGD.

Overexpression of PBEF decreases mitochondrial membrane potential (MMP)
depolarization induced by glutamate stimulation

To further explore the role of PBEF in mitochondrial dysfunction in ischemia, we tested
whether overexpression of PBEF affects MMP depolarization in neurons up to excitotoxic
glutamate stimulation. We labeled cultured neurons with tetramethylrhodamine, ethyl ester
(TMRE), a red fluorescent probe, to measure MMP using live cell fluorescence imaging
(Fig. 6A). PBEF overexpressing neurons were identified by EGFP fluorescence (Fig. 6A and
Supplemental Fig. 2). TMRE fluorescence was continuously monitored using time-lapse
imaging before and during the exposure of 100 μM glutamate and 10 μM glycine. MMP
depolarization is indicated by the loss of probe and thus the reduction of fluorescence
intensity. Fluorescence change of individual neurons transfected with or without PBEF after
glutamate stimulation were measured and compared. Our results showed that for non-
transfected neurons or neurons transfected with EGFP alone, glutamate induced a rapid and
progressive decrease of TMRE fluorescence with similar rates (Fig. 6B). Whereas WT
hPBEF overexpressing neurons showed a slower fluorescence decrease as compared with
non-transfected neurons or neurons transfected with EGFP alone, indicating overexpression
of PBEF render neurons more resistant to excitotoxicity-induced MMP collapse (Fig. 6C).
Point mutants H247A and H247E of hPBEF have similar sensitivity to glutamate
stimulation to those of non-transfected neurons or neurons transfected with EGFP alone
(Fig. 6D–E). Collectively, the above results indicate that the ability of PBEF to protect
neurons from death is resulted from preserving MMP through its enzymatic activity.
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Discussion
Stroke refers to the neurological condition that develops when a part of the whole brain is
deprived of oxygen and glucose. In 70–80% of the cases, the precipitating cause is a blood
clot that blocks the supply of oxygenated blood to a region of the brain, a situation termed
ischemic stroke. The damage caused to the neurons during ischemia is due to a reduction in
oxygen and glucose supply—that is, OGD. Subsequent energy depletion leads to neuronal
membrane depolarization that results in excessive release of glutamate from the synaptic
vesicles of injured neurons, and consequently Ca2+ overloading and excitotoxicity. Since
energy loss is the root cause of glutamate and Ca2+ excitotoxicity, it is conceivable that
mechanisms that can compensate for energy metabolism will ameliorate excitotoxicity and
consequently reduce acute neuronal death as well as delayed neuronal death and brain
damage.

PBEF or Nampt, is a rate limiting enzyme that converts NAM to NMN in the salvage
pathway of mammalian NAD+ biosynthesis (Revollo et al. 2007; Luk et al. 2008; Imai
2009). This salvage pathway is predominantly used by mammals for NAD+ biosynthesis,
thus PBEF plays a central role in regulation of NAD+ production and energy metabolism. In
this study, we have provided several lines of evidence demonstrating that PBEF functions as
a NAD+ biosynthetic enzyme and exerts a neuronal protective effect in ischemia using in
vitro ischemic models. First, the treatments of NAD+ and NAM ameliorated OGD- and
glutamate-induced neuronal death; Second, FK866, an inhibitor of PBEF aggravated OGD-
induced neuronal death and reduced intracellular NAD+ level in neurons; Third,
overexpression of WT hPBEF in neurons reduced glutamate-induced neuronal death, while
mutant hPBEF without enzymatic activity do not have beneficial effect on neuronal death;
Fourth, replenishment of NAD+ and NAM suppressed OGD-induced mitochondrial loss;
Lastly, our results further showed that overexpression of WT hPBEF reduced MMP
depolarization after excitotoxic glutamate stimulation while hPBEF mutants lacking
enzymatic activity did not improve mitochondrial function.

Our study can explain that ischemic injury results from energy depletion and a compensation
for an energy deficit can ameliorate acute neuronal death and brain damage through reduced
glutamate excitotoxicity, a common mechanism of acute neuronal damage in the mouse
model of ischemia (Dirnagl et al. 1999). Our results also showed that neurons are crucially
dependent on PBEF for their function and survival as they face massive NAD+ depletion
and cell demise when this enzymatic activity is inhibited by FK866. The consequences of
PBEF inhibition in neurons appeared to be more deleterious in OGD injury than neurons
without PBEF inhibition. This fact is in line with previous study that NAD+ levels change in
response to biological stress or diet and impact on cell survival and metabolism
(Viswanathan et al. 2005; Porcu and Chiarugi 2005), indicating that retaining NAD+ storage
is necessary to ensure neuronal survival. Interestingly, we also found that NAM
supplementation rescues NAD+ levels when PBEF is inhibited by FK866. There are two
possible interpretations. First, the enzymatic activity of PBEF is not completely inhibited,
and thus the presence of high concentration of NAM will produce sufficient NAD+.
Secondly, although salvage pathway is a predominant pathway for NAD+ synthesis in
mammals, it can not be excluded that neurons can convert NAM into nicotinic acid by
nicotinamidase coupling to de nova pathway for NAD+ synthesis for compensation
especially when the predominant pathway is blocked (Balan et al. 2008). Nevertheless, these
data in combination indicate that NAD+ levels are raised through enhancing PBEF
enzymatic reaction by administering substrate. Consistent with this notion, the reductions of
NAD+ levels induced by OGD were increased via administration of NAM in a time
dependent manner.
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Neuronal death due to NAD+ depletion also involves ATP shortage leading to cellular
energy depletion (Liu et al. 2008). In keeping with depletion of NAD+, OGD also triggered
a significant reduction of ATP, while NAD+ replenishment preserved intracellular ATP
content at almost normal levels, suggesting the maintenance of cellular energy homeostasis
and NAD+ levels is of critical importance in supporting the neuronal survival. Interestingly,
both NAD+ and NAM could increase ATP content when there is not any stimulation. We
reasoned that NAM administration might accelerate NAD+ resynthesis by PBEF as the
enzymatic reaction rate is increased with the high substrate concentration, and this mediation
of NAD+ is a potent and indirect way of rescuing energy failure.

NAD+ is known as an important energy substrate and cofactor involved in multiple
metabolic reactions (Brennan et al. 2006), including glycolysis, DNA repair processes, and
the function of several NAD+-dependent enzymes, such as the histodeacetylase SIRT1 and
poly (ADPribose) polymerase 1 (PARP1). In ischemic condition, those NAD+-consuming
enzymes might have harmful effect on neuronal viability through the depletion of NAD+ and
ATP pool (Eliasson et al. 1997; Ha and Snyder 1999; Liu et al. 2009a; Kauppinen et al.
2009; Hamby et al. 2007). Our previous study showed that PBEF knockout mice have a
reduced level of NAD+ as compared with WT mice, so it will be important to test whether
the neuronal protective effect in ischemia in vivo by the overexpression of PBEF is through
the regulation of the activities and expression levels of PARP-1 and SIRT1. Since DNA
transfection in primary neuronal culture has very low efficiency, transgenic mice or viral
transduction that can efficiently overexpress PBEF in neurons in vivo are required for those
studies.

Mitochondrial oxidative phosphorylation is the primary source of high-energy compounds in
the cell. Dysfunction of mitochondrial energy metabolism leads to impaired calcium
buffering and generation of ROS (Beal 2005). Further, impaired mitochondria (e.g., in
neurodegenerative disease and aging) also may diminish ATP production, thereby impairing
the synthesis and secretion of neurotransmitters that serve as signals in CNS. Since PBEF is
a rate-limiting enzyme that synthesizes NAD+, we postulate it will reduce mitochondrial
bioenergetic failure after ischemia. Using MitoTracker, we found NAD+ and NAM can also
prevent OGD-induced mitochondrial loss (Fig 5A–C) which is also confirmed by measuring
the mtDNA and nucDNA. The results indicate PBEF is critical in maintaining mitochondrial
homeostasis and biogenesis, therefore neuronal viability in health and disease. Our results
corroborated with the report that prolonged focal cerebral ischemia causes permanent loss of
mtDNA (Chen et al. 2001a), an indication of the failure of mitochondrial renewal
mechanisms.

NAD+ depletion is also thought to suppress mitochondrial function, and impaired
mitochondria result in ATP depletion and depolarization of MMP which leads to
mitochondrial permeability transition (MPT), and subsequently triggers downstream events
of apoptosis (Lemasters et al. 1998). Previous studies have indicated that central to
maintaining neuronal survival is the regulation of MMP, and maintenance of MMP is an
ATP facilitated process (La Piana et al. 2003). Moreover, ischemia limits the delivery of
oxygen and glucose to cells and disturbs the maintenance of MMP (Chong et al. 2004).
Thus, MMP is an important parameter in determining the fate of neurons. Glutamate-
induced excitotoxicity is known lead to a reduction in NAD+ levels and MMP
depolarization. In this study we showed neurons with overexpression of hPBEF had much
slower reduction rate in MMP depolarization than neurons without overexpression of PBEF
during excitotoxic stimulation of glutamate, while overexpression of mutant hPBEF without
enzymatic activity in neurons did not affect MMP loss. Since inhibition of PBEF can reduce
NAD+ levels, our results thus demonstrate PBEF can maintain mitochondrial integrity under
ischemic condition via synthesis of NAD+. Because loss of MMP can initiate apoptotic cell
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death, our results also suggest that PBEF can ameliorate apoptotic neuronal death after
ischemia, yet further study on apoptosis needs to be done. The fact that mutant hPBEF can
not protect MMP loss suggests a close biochemical link between NAD+ depletion and
mitochondrial failure. Our recent study showed that knockout of PBEF exacerbates ischemic
brain injury. Thus our findings from in vitro and in vivo ischemia studies demonstrate the
neuronal protective effect of PBEF after ischemia is through the prevention of MMP
depolarization that requires its enzymatic activity.

PBEF was first identified as a secreted protein that stimulates Pre-B-cell formation, and is
highly conserved in living species including humans (Samal et al. 1994). PBEF is released
by a variety of cells as a proinflammatory cytokine by inflammatory stimuli such as LPS,
TNFα, IL-1α and IL-6 in cells involving innate immunity(Liu et al. 2009c; Ognjanovic et al.
2001). Although whether PBEF exists in extracellular space in the brain is unknown, it will
be interesting to test whether knockout and overexpression of PBEF will affect long term
outcomes of ischemia through inflammatory process.

In summary, our current study found a novel role of PBEF in ischemia. PBEF can protect
neurons through maintaining energy metabolism homeostasis and diminishing of
mitochondrial dysfunction. Such protective effect requires its enzymatic activity. Since
some NAD+-consuming enzymes such as poly(ADP-ribose) polymerases (PARPs) and
deacetylase sirtuins might also involved in ischemic injury, further study is necessary to find
whether overexpression of PBEF in neurons will regulate the activity and the expression
levels of those enzymes. Given the possibility of its cytokine nature, it is also important to
test whether PBEF contributes to neuronal protection through the regulation of
inflammation.
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Refer to Web version on PubMed Central for supplementary material.
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Fig 1. NAD+ and NAM protect neurons after OGD
(A–B) Effect of NAD+ (A) and NAM (B) on neuronal viability after OGD. Neuronal
cultures in 48 well plates were subject to OGD for 1.5 h in the absence and presence of
NAD+ and NAM of various concentrations. NAD+ and NAM were continuously present
after OGD for a total time of 24 h from the beginning of OGD. MTT assay was then
performed to determine the effect of NAD+ and NAM on neuronal viability. (C) Summary
of PI assay to confirm the neuronal protective effect of NAD+ and NAM after 1.5 h of OGD.
The percentage of PI+ cells was calculated based on the total number of cells determined by
Dapi-stained nuclei. Data from (A–C) were the mean value from 6 independent experiments,
for each experiment, 3–4 parallel assays were performed and averaged as a single value for
that experiment. *t-test with p<0.05; **t-test with p<0.005 vs no NAD+ or NAM treatment
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for (A–C). (D) Phase contrast image of cultured neurons at 24 h after 1.5 h of OGD in the
presence and absence of 15 mM NAD+ and NAM. Notice the normal morphology of
neurons treated with NAD+ and NAM. (E–G) Representative images of PI staining in the
absence or presence of NAD+ and NAM. Neuronal cultures on glass coverslips in 48 well
plates were subject to OGD for 1.5 h in the absence and presence of 15 mM NAD+ and
NAM. NAD+ and NAM were continuously present after OGD for a total time of 24 h from
the beginning of OGD. Neurons were then stained with PI and Dapi for 30 min for imaging
and cell counting.
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Fig 2. NAD+ and NAM protect neurons after excitotoxic glutamate stimulations
(A–B)Effect of NAD+ and NAM on cell viability after 50 μM and 100 μM glutamate
stimulations. Neurons were treated with glutamate for 3 h in the absence and in the presence
of various concentrations of NAD+ (A) and NAM (B). NAD+ and NAM were continuously
present after glutamate stimulation for a total time of 24 h. Neuronal viability was then
determined by MTT assay. (C) Summary of PI staining confirming the neuronal protective
effect of NAD+ and NAM after glutamate stimulations. The percentage of PI+ cells was
calculated based on the total number cells determined by Dapi-stained nuclei and was
normalized to the values in the absence of NAD+ and NAM. Data from (A–C) were the
mean values from 5–6 independent experiments; for each experiment, 3–4 parallel assays
were performed and averaged as a single value for that experiment. *t-test with p<0.05; **t-
test with p<0.005 vs no NAD+ or NAM treatment for (A–C).
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Fig 3. Effect of the inhibition of PBEF by FK866 on cell viability and NAD+ and ATP levels of
cultured neurons
(A) FK866 reduced neuronal viability under normal and OGD conditions. For measurement
of cell viability under normal condition, neurons were treated with indicated concentration
of FK866 for 4 h, and cell viability was measured with MTT assay at 24 h starting from
FK866 treatment. For measurement of cell viability after OGD, neurons were subject to
OGD for 1.5 h in the presence of FK866. FK866 is present for a total of 4 h starting from
OGD, and cell viability was measured with MTT assay at 24 h starting from OGD. Data
were collected from 4 independent experiments. (B) Effect of FK866 and NAM on NAD+

levels in cortical neurons. Neurons were exposed to different concentrations of FK866 alone
or together with 2 mM NAM for 4 h, and NAD+ levels were measured. Data were collected
from 4 independent experiments. (C) Effect of FK866 on NAD+ levels after OGD. Neurons
were subjected to 1.5 h OGD in the absence or presence of FK866. FK866 was present for a
total of 4 h after OGD. NAD+ was measured 6 h after OGD or wash-away of FK866. Data
were the mean values from 4 independent experiments. (D) The effect of incubation time of
15 mM NAM on NAD+ levels in OGD. Neurons were subjected to 1.5 h OGD in the
presence of 15 mM NAM, and NAM was continuously present for different periods of time
indicated in the figure. NAD+ levels were measured 6 h later following wash-away of NAM.
Data were the mean value from 5 independent experiments. (E) Effect of NAD+ and NAM
on ATP levels in normal and OGD conditions. Neurons were treated with 15 mM NAD+ or
15 mM NAM and were or were not subject to OGD for 1.5 h at the same time. NAD+ and
NAM was continuously present for a total time of 24 h and ATP was measured 6 h later
after wash-away of NAD+ and NAM. Data were the mean values from 4 independent
experiments. *t-test with p<0.05; **t-test with p<0.005 vs the indicated conditions.
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Fig 4. Overexpression of hPBEF reduces glutamate excitotoxicity
(A–B) The morphological changes of neurons determined by EGFP fluorescence after
glutamate stimulation (50 μM, 3 h). The lower panels are the high resolution images of the
boxed region in upper panels. Notice that the morphological differences between neurons
transfected with (Left) and without (Right) PBEF manifested by EGFP fluorescence
displayed as a pseudo color. Images were taken 24 h after 3 h treatment of glutamate. (C–D)
PI staining detects degenerating neurons after glutamate stimulation (50 μM, 3 h). Notice the
colocalization of EGFP and PI fluorescence in the neurons transfected by EGFP alone. (E)
Summary of the effect of overexpressions of WT and mutant hPBEF on neuronal death after
glutamate stimulation. Data were collected from 4 independent experiments and a total of
20–30 EGFP+ neurons were counted from each experiment. *t-test with p<0.05 vs neurons
expressing EGFP alone and EGFP/mutant hPBEF.
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Fig 5. NAD+ and NAM decrease mitochondrial loss in neurons after OGD
(A) Single optical section of confocal fluorescent images of MitoTracker Red-stained
neurons under different conditions as indicated. Neurons were subject to OGD for 1.5 h in
the absence or presence of NAD+ and NAM. NAD+ and NAM were continuously present
after OGD for a total time of 24 h from the beginning of OGD. Neurons were then stained
with MitoTracker Red for 20 min. (B) Summary of MitoTracker Red mean fluorescent
intensities under different conditions. *t-test with p<0.05 vs the indicated conditions. Data
were the mean values of fluorescence intensity from the entire image frame from 3
independent experiments. (C) MitoTracker Red fluorescence intensity distributions under
different conditions. (D) NAD+ and NAM decreased the mtDNA loss after ischemia. Image
shows mtDNA and nucDNA contents after PCR in agarose gel. The total amounts of DNA
were adjusted so that nucDNA contents were similar in each condition to reveal the
difference of mtDNA.
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Fig 6. Overexpression of PBEF with enzymatic activity reduces mitochondrial membrane
(MMP) depolarization induced by excitotoxic glutamate stimulation
(A) Fluorescence images of EGFP-expressing and TMRE-labeled neurons. (B–E)
Comparison of time courses of TMRE fluorescence changes in neurons expressing EGFP
alone (B), and neurons coexpressing EGFP and WT hPBEF (C), EGFP and H247E (D) and
H247A (E) mutants with non-transfected neurons after glutamate stimulation. Notice PBEF-
expressing neurons have much slower rate of MMP depolarization than neurons expressing
PBEF mutants, EGFP alone, and non-transfected neurons. Data was normalized to control
value before glutamate application. All data was collected from 3–4 preparations of primary
cultured neurons.
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