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Abstract

Neuroglobin (Ngb) is a novel vertebrate globin expressed principally in neurons. Ngb expression is
induced by hypoxia and ischemia, and Ngb protects neurons against these insults. The mechanism
of Ngb's protective action is unknown, but its ability to bind NO suggests that NO scavenging might
be involved. To test this hypothesis, we treated wild type and Ngb-transfected HN33 (mouse
hippocampal neuron x N18TG2 neuroblastoma) cells with NO donors and compared their sensitivity
to NO-induced cell death. Ngb overexpression shifted concentration-toxicity curves to the right,
indicating reduced susceptibility to NO or is metabolites. The results suggest that the ability of Ngb
to neutralize the neurotoxic effects of reactive nitrogen species may be an important contributor to
its neuroprotective properties.
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Neuroglobin (Ngb) is a monomeric globin that is distantly related to hemoglobin and
myoglobin and is expressed predominantly in brain neurons [3]. Ngb expression is induced by
neuronal hypoxia and cerebral ischemia [21] and Ngb, in turn, appears to modulate hypoxic-
ischemic brain injury. Thus, enhancing Ngb expression reduces—and knocking down Ngb
expression increases—hypoxic neuronal injury in vitro [21] and ischemic cerebral injury in
vivo [22]. In addition, Ngb-overexpressing transgenic mice are resistant to cerebral infarction
from occlusion of the middle cerebral artery [10,11]. Ngb also reduces the toxicity of H,O,
[5], paraquat [5] and B-amyloid [13] in vitro. However, the mechanisms that underlie
neuroprotection by Ngb are unknown.

Ancestral globins served primarily as NO oxygenases, converting NO to nitrate, whereas their
O,-transporting function evolved later [20]. This primordial oxygenase activity is still apparent
in the capacity of hemoglobin [6] and myoglobin [4] to scavenge NO, and appears to have
pathophysiological significance, since overexpression of inducible NO synthase (NOS) causes
heart failure in myoglobin-knockout mice [7]. Because Ngb binds NO [23], its neuroprotective
action may also relate to NO scavenging [1,8].

Several lines of evidence point to a connection between Ngb and NO. In addition to the ability
of Ngb to bind NO [23], some studies have shown parallelism between the distribution of Ngb
and of neuronal NOS (nNOS) [15], and NOS expression is increased in several tissues of Ngb-
overexpressing transgenic mice [11]. Autooxidation of Ngb yields NgbO,, which is thought

to react rapidly with NO to form a peroxynitrite (ONOO™)-bound intermediate that decays to
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yield Ngb and (nontoxic) nitrate [1]. An alternative scheme, in which Ngb reacts directly with
NO, has also been proposed [9].

To explore the possible role of NO scavenging in neuroprotection by Ngb, we examined the
toxicity of NO and OONO™ donors in wild type and Ngb-overexpressing HN33 (mouse
hippocampal neuron x N18TG2 neuroblastoma) cells. HN33 cells, provided originally by Dr.
Bruce Wainer and grown subsequently in our laboratory, were plated at 1 x 10° cells/well on
uncoated, 24-well plastic dishes and maintained as described [21]. Full-length mouse Ngb
cDNA was cloned into a pcDNA 3.1 plasmid with CMV promoter (Clontech) [21]. The
recombinant plasmid (pcDNA-Ngb) or vector alone (pcDNA) was transfected into HN33 cells
for 48 h using FUGENE 6 (Roche), followed by screening with G418 (Life Technology), and
overexpression of Ngb was confirmed by Western blot [21].

S-nitroso-N-acetyl-DL-penicillamine (SNAP), diethylenetriamine NONOate (DETA/
NONOate), and sydnonimine (SIN-1) were purchased from Sigma (St. Louis, MO, USA). Cell
viability was measured by treating cultures for 24 h with or without these drugs for 24 h, then
incubating cultures with 5 mg/ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) at 37°C for 2 h and measuring absorbance at 570 nm in solubilized cells using
a Cytofluor Series 4000 multi-well plate-reader (PerSeptive Biosystems) [21].

If Ngb inhibits hypoxic [21], ischemic [22] and possibly other forms of neuronal death by
blocking NO toxicity, it should also protect neurons from the direct toxic effects of NO donors.
To test this hypothesis, wild type or Ngb-transfected HN33 cultures were treated with NO
donors and cell death was measured 24 hr later. Increased expression of Ngb protein in these
Ngb-transfected HN33 cultures has been documented previously [21].

Because NO donors differ with respect to chemical structure, bioactive breakdown products
(ferrocyanide, amines), the predominant NO species they release (NO, NO*, NO™ or
ONOQ"), and the rate at which they release it [16,17,24], we used three different donors in
these experiments: the S-nitrosothiol NO donor, S-nitroso-N-acetyl-DL-penicillamine
(SNAP); the NONOate NO donor, diethylenetriamine NONOate (DETA-NONOate); and the
3-morpholinosydnonimine ONOO™ donor, sydnonimine (SIN-1). Donors were screened at a
range of concentrations found previously to be toxic in cortical neuron cultures [14].
Notwithstanding that the half-lives for liberation of NO or ONOO- by the various donors
differed, MTT assays were conducted at 24 hr in all cases, to detect both acute and delayed
cell death.

As shown in Figure 1, all three NO donors killed >80% of wild type HN33 cells at maximally
effective concentrations (~3 mM). However, in Ngb-transfected cells, the concentration-
response curves describing NO donor toxicity were shifted to the right, without change in their
maximal effects, indicating that Ngb reduced the potency with which NO donors caused cell
death.

Although Ngb binds O,, enhanced O, delivery is considered unlikely to explain its protective
effect against hypoxic or ischemic injury, because its intraneuronal concentration (~1 uM) is
too low to account for appreciable changes in intracellular O, levels [2]. In addition, Ngb
appears to reduce neuronal death from other insults besides hypoxia or ischemia [5,13].
Consequently, alternative protective mechanisms have been proposed, including scavenging
of reactive oxygen or nitrogen species [1] and promoting the dissociation of G-protein By
subunits [26] that activate antiapoptotic pathways [19]. In addition, studies of protein-protein
interactions have revealed Ngb binding partners, providing further clues to its mode of action.
For example, Ngb co-immunoprecipitates with the raft-associated membrane protein flotillin-1
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[25], suggesting a possible interaction with raft-associated membrane complexes that regulate
cell death.

In our original in vitro study of Ngb neuroprotection, we did not find an effect of Ngb
overexpression on toxicity of the NO donor, sodium nitroprusside (SNP) [21]. However, only
a single concentration of SNP was used, and SNP releases not only NO, but also ferrocyanide,
which may have toxic effects of its own [12]. In the present study, we studied several chemically
distinct NO donors at several concentrations, which revealed a protective action of Ngb against
NO toxicity.

Interactions between Ngb and NO may result not only in NO scavenging, but also in nitrosative
modification of proteins, including Ngb itself [18], which could alter the activity of these target
proteins and trigger additional, downstream neuroprotective pathways. H,O,, against which
Ngb is also protective [5], can likewise induce modifications in Ngb and other proteins, notably
involving cysteine oxidation. Such reactions might ultimately alter the sensitivity of neurons
to hypoxia, ischemia or related insults.
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Effect of Ngb overexpression on NO toxicity in HN33 cells. Cells were not (Wt) or were (Tf)
transfected with Ngb and exposed to NO donors for 24 hr at the indicated concentrations (mM).
Percent viability was measured using MTT. Data shown are from a triplicate experiment

repeated 3 times with similar results.
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