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Adaptation to moderate hypoxia protects cortical neurons
against ischemia-reperfusion injury and excitotoxicity
independently of HIF-1a
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Abstract

Continuous exposure of cultured cortical neurons to moderate hypoxia (1% O) elevates cellular
accumulation of hypoxia-inducible factor-1a (HIF-1a)) and improves basal survival of cultured
cortical neurons. We examined the effects of adaptation to moderate hypoxia on the vulnerability
of cultured neurons to the acute injury of simulated ischemia-reperfusion. Cortical neurons
cultured continuously in 1% O, were markedly protected against simulated ischemia-reperfusion,
with protection persisting through 72 hours after ischemia. Neurons from 1% O, conditions were
also highly resistant to glutamate-induced NMDA receptor-dependent excitotoxic injury, despite
expression of NMDA receptors at levels not significantly changed from controls. Inhibition of
prolyl hydroxylase, mimicking cellular signaling effects of hypoxia including HIF-1a
stabilization, also protected neurons against simulated ischemia-reperfusion injury. Nevertheless,
genetic deletion of HIF-1a expression did not diminish the protection of neurons adapted to 1%
O, from excitotoxicity or ischemia-reperfusion injury, nor did it prevent the protective effect of
prolyl hydroxylase inhibition. We conclude that chronic exposure to moderate hypoxia, through
HIF-1a-independent mechanisms, produces strong protective effects against excitotoxic and
ischemia-reperfusion related injury.
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Introduction

On the microscopic scale, local tissue partial pressure of oxygen (pO2) measurements within
brain gray matter are found to be remarkably heterogeneous, probably reflecting spatial O,
gradients between capillaries. These values range from an upper limit of 3545 Torr to as
low as 5-11 Torr (~1-2% O, fraction, ‘moderate hypoxia’) (Grote, et al., 1996, Metzger and
Heuber, 1977). Spatially averaged values lie in the range of 30-35 Torr (~4- 5% O,
fraction). We have recently observed the effects of culturing cortical neurons in moderately
hypoxic atmospheres of 1% O,, simulating conditions in these minima of physiological O,
gradients. Although abrupt exposure to 1% O is lethal for neurons after prior incubation in
ambient (20% O,) atmospheres (Banasiak, et al., 2004, Wick, et al., 2002), continuous
exposure to 1% O, from the time of plating actually results in improved survival, through a
mechanism associated with HIF-1a accumulation and dependent in part on extracellular
VEGF signaling (Li, et al., 2005). As the changes induced by culturing in 1% O, appear to
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depend on chronic exposure and to persist after removal from the low O, atmosphere, the
response can be considered an adaptation to the moderate hypoxia.

Despite the evident links between O, levels and ischemia, there has been little investigation
of effects of chronic adaptation to hypoxia in studies of neuronal ischemic injury. However,
a great deal of recent work has focused on the related topic of ‘ischemic preconditioning’ (or
‘hypoxic preconditioning’) of neurons, whereby a brief exposure to a non-lethal insult can
produce marked protection against subsequent ischemic injury, usually after 24-48 hours
(Chen and Simon, 1997, Gidday, et al., 1994, Hakim and Simon, 2004). Ischemic
preconditioning has been shown to occur through mechanisms including NO release,
erythropoietin or VEGF release, and Akt activation (Gidday, et al., 1999, Gonzalez-Zulueta,
et al., 2000, Prass, et al., 2003, Wick, et al., 2002), and an association with upregulation of
HIF-1 and its target genes has been reported (Bergeron, et al., 2000, Bernaudin, et al., 2002).
We hypothesized that the adaptive changes in neurons occurring in chronic exposure to
moderate hypoxia might also provide protection against ischemia-reperfusion injury through
HIF-1-dependent mechanisms. We therefore explored the vulnerability of neurons adapted
to moderate hypoxia (1% O,) to ischemia-reperfusion injury, and to glutamate receptor-
mediated excitotoxic injury, which is known to underlie much of the injury in neuronal
ischemia. Here we report that hypoxic adaptation produces remarkable protection against
both forms of injury. Unexpectedly, although the neuronal protection produced by hypoxic
adaptation was recapitulated by prolyl hydroxylase inhibition resulting in HIF-1a
accumulation, it was not diminished by genetic deletion of HIF-1a,, suggesting that
protection by hypoxic adaptation occurs by mechanisms independent of HIF-1a expression.
These results point to a novel form of neuroprotection against ischemia-reperfusion and
excitotoxic injury, through chronic adaptation to moderate hypoxia.

Primary cultures of cortical neurons

All animal procedures were approved by the University of Chicago Institutional Animal
Care and Use Committee. Dissociated cultures of cortical neurons were prepared from
C57BL/10 mice, embryonic day E17.5 were plated on poly L-lysine-coated cover slips (at 8
x 104 cells/cm?) or in poly-L-lysine coated 96 well plates (at 5 x 10* cells per well) and
maintained in serum-free medium as previously described (Li, et al., 2005). Neuronal
cultures were maintained continuously from plating in a conventional humidified 37°C
culture incubator with standard gaseous conditions (5% CO, mixed with room air,
producing an O, fraction of 20%), or at reduced O tensions of 5% O,, or 1% O5. These
latter were produced within a hypoxic chamber consisting of a humidified, 37°C, CO,- and
O,-regulated work station (Coy Laboratory Products, Grass Lake, MI, USA) maintained at
settings of 5% CO», and 5% O, containing nested within it a second independently regulated
37°C humidified hypoxia chamber set at 1% O, (Pro-Ox 110 culture chamber and meter,
Biospherix, Redfield, NY). O, electrode calibrations were regularly readjusted using 100%
dry N, and room air as 0% O, and 21% O, calibration standards. Neurons were utilized for
simulated ischemia experiments at 8 — 10 days in vitro.

HIF-1a genetic deletion

Cortical neuronal cultures, similar to those made from wild-type mice, were also generated
from transgenic mice, homozygous for loxP sites flanking the essential exon 2 of the
HIF-1a gene (designated HIF-1a f/fly (Ryan, et al., 2000). These mice, generated on the
C57BL/6 strain background, were provided as the kind gift of Dr. Randall Johnson.
Recombinant replication-deficient cre-recombinase —expressing adenoviral vector (Stec,
1999), adenovirus carrying cre recombinase linked to green fluorescent protein, or
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corresponding empty viral vector Bgl 11, purchased from the University of lowa Gene
Transfer Vector Core facility, were obtained as CsCl gradient-purified virus at concentration
1010 pfu/ml, aliquoted, and stored at —80°C. Coverslips of cortical neurons at DIV 1 (density
approximately 80,000 cells/cm?2) were placed in culture dishes and covered with medium
containing adenovirus at a multiplicity of infection (M.O.1.) of 50-100 pfu/cell. After 2 hour
incubation at 37°C, cells were washed and returned to incubation in fresh medium.

Ischemia-reperfusion simulation in vitro

Real-time monitoring of effects of simulated ischemia-reperfusion injury was conducted as
previously described (Li, et al., 2007), employing continuous superfusion of cultured
neurons at 37°C with oxygenated saline or with an ‘ischemia solution” containing (in mM):
0 glucose, 114 NaCl, 21.4 NaHCO3, 8.0 KClI, 0.8 MgSOy, 1.0 NaH,POy4, 1.2 CaCl,, and
equilibrated for at least 3 hours with a regulated gaseous environment of 0.5% O,, 20%
COy, and 79.5% N,. Delayed survival at 24-72 hours following simulated ischemia was
assayed by applying the same pre-equilibrated ischemia solution to coverslips of cultured
neurons in a culture dish. After return to standard oxygenated culture medium for 24 or 72
hours, coverslips were removed and subjected to survival assays or fixation for staining. For
microtubule-associated protein-2 (MAP-2) immunostaining, coverslips were rapidly
removed from the perfusion chamber during simulated ischemia or reperfusion and
immediately submersed in 4% paraformaldehyde solution at 37°C for fixation (15 min),
followed by immunostaining using MAP-2 monoclonal antibody (Chemicon; 1:200) and an
Alexa-488-linked goat anti-mouse secondary antibody (Molecular Probes; 1:300), and
imaging by epifluorescence microscopy.

Survival assays

Survival assays of neurons plated on glass coverslips were conducted using a fluorescein
diacetate/propidium iodide live/dead assay and automated counting of living and dead cells
using CellProfiler™ based software (Carpenter, et al., 2006), as previously described (Li, et
al., 2007). Relative survivals were calculated as those normalized to survival in parallel
control cover slips at the same time point and cultured in the same O, level prior to the
experiment. Survival assays in 96 well plate format were conducted by wash of cells in
HEPES-buffered physiological saline, followed by exposure to 10 M Calcein-AM (from
10 mM stock in dimethylsulfoxide) for 10 min at 37°C, followed by washing and lysis of
cells with 0.1% Triton X-100. Fluorescence was read in a Synergy fluorescence microplate
reader at 485 nm excitation and 528 nm emission. Each experiment utilized all 8 wells in a
column for each condition, with the average fluorescence reading taken after rejection of
any outlying values more than 3 standard deviations from the column’s mean. Relative
survival was taken as the average fluorescence divided by that in a normalization control
condition.

Whole cell patch clamp recordings

Whole-cell voltage clamp recordings of ligand-gated currents were performed as previously
described, using a CsCl-based intracellular solution (Brorson, et al., 2004). N-methyl-D-
aspartate (NMDA) receptor responses and a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) receptor responses were measured and analyzed as previously
described (Brorson, et al., 2004, Brorson, et al., 1999). Fractional desensitization of NMDA
receptor responses was calculated as the difference between the peak current and the current
remaining at 900 msec after peak, divided by the peak current. For determination of
fractional Mg2* block, peak currents evoked in Mg2*-containing saline were compared to
those evoked in Mg2*-free saline.
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Western blotting

Western blots for glutamate receptor subunits were performed largely as previously
described (Brorson, et al., 2004), with loading of membrane protein preparations from
cultured neurons (20 g per lane), separation by 8% SDS-polyacrylamide gel
electrophoresis, and transfer to polyvinylidene fluoride (PVDF) microporous membranes
(Amersham Pharmacia Biotech). Primary antibodies applied were: anti-NR1 (rabbit
polyclonal anti NMDAe1 (H-54) sc-9056, 1:2000, Santa Cruz Biotechnology); anti-NR2A
(rabbit monoclonal 1gG clone A12W, 1:1000, Upstate); anti-NR2B (monoclonal clone
BWJHL, 1:1000, Upstate). Secondary antibodies (horseradish peroxidase-conjugated goat
anti-rabbit or anti-mouse 1gG, Bio-Rad Laboratories, Hercules, CA) were applied at 1:5000
dilutions for 1 hr at R.T. Blots were developed with ECL Plus (Amersham), and digital
images were acquired on the Syngene Chemgenius2 Bioimaging system, with care to avoid
signal saturation. Band intensity was quantified as peak area (net of background signal) in
line scans of each lane, using ImageJ software. To assess for equal loading of these
membrane protein preps (lacking actin or other soluble control proteins), total protein in
each lane of the blots was quantified by Coomassie Blue staining. These measures of total
protein loading were used to normalize quantified immunoreactive band strengths.

Western blots for HIF-1a and HIF-2a. were performed on whole cell lysates, prepared as
previously described (Li, et al., 2005), and loaded at 50 p.g per lane onto 6%-8% SDS-
PAGE gels. HIF-1a immunoblotting utilized an antibody generously provided by Dr.
Regina Young and Dr. Celeste Simon of the University of Pennsylvania (Mansfield, et al.,
2005), applied at 1:2000 dilution to proteins transferred to PVDF membrane and detected by
the digital methods described above. HIF-2a. immunoblotting utilized anti-HIF-2a.
polyclonal antibody (1:1000, Novus Biologicals, Littleton, CO, USA). However, protein
bands for HIF-2a were not detectable by digital imaging of PVDF blots. Instead, for
HIF-2a blots, proteins were transferred to nitrocellulose membranes (Protran; Whatman
GmbH, Germany) and visualized by film-based detection using an enhanced
chemiluminescence detection kit (Thermo Scientific Pierce). For these whole-cell lysates,
anti-p actin (Sigma) was used as a loading control.

Data analysis

Materials

Results

Pooled results are reported in text and graphed as mean values + standard deviation (S.D.).
Tests of significance were carried out by one-way or two-way ANOVA testing, as stated in
figure legends. Where testing for normality failed, testing with one-way ANOVA on Ranks
was substituted. ANOVA was followed by Student-Newman-Keuls post-hoc pairwise
comparisons, with p < 0.05 considered significant (Sigma-Stat version 1.0, Jandel Scientific
Corp.).

Calcein-AM was purchased from Biotium (Hayward, CA). GYKI 53655 was the kind gift of
Dr. D. Bleakman, Lily Research Laboratories. Other chemicals were obtained from Sigma-
Aldrich (St. Louis, MO).

Hypoxia-adapted neurons are protected from ischemia-reperfusion injury

We initially asked whether culturing neurons in 1% O, might alter neuronal sensitivity to
ischemia-reperfusion injury. As previously reported (Li, et al., 2005), cortical neurons
cultured continuously in atmospheres of 1% O, at baseline were morphologically intact and
well-differentiated, expressing the neuron-specific somato-dendritic marker MAP-2 (Figure
1). One hour of exposure to simulated ischemia (O, and glucose deprivation, pH 6.8, and
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moderately elevated K*, CO,, and glutamate), followed by return to oxygenated medium,
produced rapid morphological degradation and early elimination of the majority of neurons
cultured under conventional conditions (20% O, and 5% CO», partial pressures), as
previously described (Li, et al., 2007). In striking contrast, such simulated ischemia-
reperfusion produced little evidence of injury in neurons cultured from the time of plating in
1% O, (Figure 1). Evaluation of cytoskeletal integrity by MAP-2 immunostaining detected
only minor degrees of dendritic beading and pruning in these 1% O,-adapted neurons,
contrasting with the severe morphological degradation within 2 hours after simulated
ischemia in 20% O,-adapted neurons.

Quantitation of survival after simulated ischemia-reperfusion revealed that relative survival
of neurons cultured in 20% O, conditions was reduced to 0.14 + 0.08 at 24 hours and 0.13 +
0.11 at 72 hours (Figure 2Ai). In contrast, survival after ischemia-reperfusion of neurons
adapted to 1% O, was significantly greater than survival in neurons from 20% O, and nearly
the same as in parallel controls, with relative survivals of 0.94 + 0.11 and 0.92 + 0.12 at 24
and 72 hours,. Survival of neurons adapted to 1% O, was also significantly improved as
compared to neurons cultured in 5% O, (similar to average pO, in mammalian cortex), in
which relative survivals were 0.27 + 0.25 and 0.38 + 0.30 at 24 and 72 hours of reperfusion,
only mildly and non-significantly increased over those in neurons adapted to 20% O».

In the experiments described above, reperfusion was simulated with medium equilibrated
with 20% O, atmospheres in all groups. When instead, 1% O,-adapted neurons were
returned to medium equilibrated with 1% O, atmospheres, again there was prevention of
severe injury at 24 or 72 hours (0.88 £ 0.21 and 0.99 + 0.01 relative survival at 24 and 72
hours, respectively; compared to 0.20 + 0.06 and 0.06 £ 0.02 in neurons from 20% O, with
reperfusion in 20% Oo; n = 3; not shown). We also examined simulated ischemia without
the addition of exogenous glutamate (Figure 2Aii). In this condition, injury was less severe
than when 30 M glutamate was included, but 1% O, culture conditions again produced
significant protection, with relative survivals of 1.02 + 0.01 and 0.97 + 0.07 at 24 and 72
hours of reperfusion, as compared with survival rates of 0.79 + 0.08 and 0.69 + 0.12 at 24
and 72 hours in neurons from 20% O, conditions.

To allow demonstration of the timing of neuronal injury during the early minutes of
reperfusion following ischemia, we employed a similar model of simulated ischemia-
reperfusion injury utilizing continuous saline perfusion of a sealed cell chamber, allowing
real-time fluorescence and DIC microscopic imaging (Li, et al., 2007). In this model, the 1%
O,-adapted neurons again showed essentially complete protection against reperfusion-
induced cell death (Figure 2B, C), contrasting dramatically with the rapid swelling and
necrosis within 2 hours produced consistently in this model in neurons adapted to 20% O,
(Li, et al., 2007). Thus, in several versions of simulated ischemic injury, adaptation to
moderate hypoxia produced remarkable protection of neurons against reperfusion injury, in
both immediate and delayed phases of survival.

Hypoxia-adapted neurons are protected from excitotoxic injury

As neuronal injury from ischemia-reperfusion, both in vitro and in vivo, is largely mediated
by glutamate-induced excitotoxicity mediated by N-methyl-D-aspartate (NMDA) receptors
(Park, et al., 1988, Simon, et al., 1984, Wahlestedt, et al., 1993), we evaluated whether
excitotoxic injury underlies neuronal death in this model of ischemia-reperfusion. Treatment
during simulated ischemia with the NMDA receptor antagonist MK-801 fully blocked
neuronal death induced by simulated ischemia-reperfusion at 24 or 72 hours, even when
supplemental glutamate was not added to the simulated ischemic milieu (Figure 3A). This
result suggested that the protective effect of hypoxic adaptation of neurons might be fully
explained by an amelioration of excitotoxic injury. We therefore examined excitotoxic
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injury directly, exposing neurons to glutamate for 60 min at a range of concentrations, and
determining survival at 24 hours. All glutamate exposures and recovery periods were
performed in ambient normoxic conditions. As expected, neurons from 20% O, or 5% O
conditions were sensitive to delayed death induced by glutamate of 20-1000 .M. In
contrast, neurons adapted to 1% O, were remarkably resistant to glutamate-induced cell
death, even at 1000 M, a saturating concentration for ionotropic glutamate receptors
(Figure 3B). To better characterize the pharmacology of excitotoxic injury in these cells, a
fluorescence-based survival assay of neurons cultured in 96 well plates was developed, with
survival evaluated at 24 hours following 60 min exposures to glutamate, 0.1 — 1000 .M. By
this assay, glutamate produced excitotoxic death of neurons from 20% O, or from 5% O,
conditions with LDsg values of 10.3 = 2.4 pM and 12.8 + 4.2 M, respectively (n = 6). By
visual inspection, at glutamate concentrations of 100 WM or above, near-complete neuronal
necrosis occurred within 24 hours, though some background fluorescence was detected. In
contrast, in neurons adapted to 1% O, conditions, 60 min of glutamate exposure produced
only small reductions in survival at 24 hours at concentrations of 30 —1000 .M. Survivals
across these concentrations were significantly greater than those in either neurons from 20%
O, or 5% O, conditions, again establishing a remarkable degree of protection by adaptation
to 1% O, against excitotoxic injury (Figure 3C). To determine which glutamate receptor
subtype mediated this injury, selective antagonists were applied during exposures to 100 pM
glutamate, in neurons taken from 20% O, conditions. The AMPA receptor antagonist GYKI
53655 (10 M) produced no significant attenuation of glutamate-induced excitotoxicity,
while the NMDA receptor antagonist MK-801 (10 M) fully blocked neuron death (Figure
3D), confirming that NMDA receptors mediated the excitotoxicity. In summary, adaptation
of cultured cortical neurons to 1% O, produced strong protection against direct NMDA
receptor-mediated excitotoxic injury, comparable to that produced against simulated
ischemia-reperfusion.

Glutamate receptor expression is not altered in hypoxia-adapted neurons

A simple explanation for this robust protection would arise if culturing neurons in 1% O,
could be shown to strongly suppress NMDA receptor expression. We evaluated this
possibility in two ways. First, expression of the NMDA receptor subunits NR1, NR2A, and
NR2B, the principal NMDA subunits expressed in the forebrain, was evaluated by Western
blotting with subunit-specific antibodies. Qualitative expression of each subunit was found
in membrane protein preparations from neurons from 20% O,, 5% O,, and 1% O,
conditions (Figure 4A). Appreciable variability in band strengths was attributable in part to
variable protein loading. When quantified immunoreactive bands were normalized by total
protein staining in each lane, no significant differences between O levels were found for
NR1, NR2A, or NR2B expression (Figure 4B). The principle AMPA receptor subunits
expressed in forebrain neurons, GIuR1 and GIuR2, were also unaltered in expression (data
not shown). These results suggest that no substantial changes were to be found in protein
expression of the principle glutamate receptor subunits in neurons adapted to 1% O
conditions, confirming the normal neuronal phenotype in hypoxia-adapted neurons, and
ruling out suppression of glutamate receptor expression as the reason for resistance to
ischemia reperfusion and excitotoxic injury.

However, these immunoblotting results did not fully rule out the possibility that functional,
surface-expressed glutamate receptor responses might be somehow altered in neurons
adapted to 1% O, conditions. Thus, we also examined glutamate receptor-mediated
electrophysiological responses in these neurons. Whole-cell patch clamp recordings were
made in room air within 60 min of removal of cells from their incubation conditions.
Evaluation of inward currents elicited by brief applications of NMDA revealed substantial
whole-cell inward currents in neurons from each of the culture conditions (Figure 4C).
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While whole-cell NMDA receptor current amplitudes varied widely from cell to cell, the
mean current amplitudes in cells cultured in 20% O,, 5% O,, and 1% O, were not
statistically different (Figure 4D, top). A trend towards a somewhat larger mean NMDA
current amplitude in neurons from 20% O, was largely due to a single outlying cell, and the
highly overlapping distributions of current magnitudes did not provide an explanation for
the strong protection by hypoxic adaptation based on a reduction in NMDA receptor
currents. Similarly, other features of NMDA receptor expression that might explain
differences in excitotoxic vulnerability, including fractional block of NMDA currents by 1
mM Mg?*, fractional desensitization of NMDA receptor currents (Figure 4D), and whole-
cell current densities (normalized to cell capacitance, not shown), were quite variable from
cell to cell but were not significantly different between neurons cultured in 20% O, 5% O,
or 1% O, conditions. AMPA receptor responses were also evaluated without detection of
significant differences in peak current densities or desensitization rates in neurons adapted to
1% O, (data not shown). In sum, no substantial differences in expression of NMDA- or
AMPA-type glutamate receptors were found that could explain the protective effects of
adaptation to 1% O, against ischemia-reperfusion and excitotoxic injury.

Evaluation of the role of HIF-1 in protection by hypoxic-adaptation

In previous work, we showed that enhanced basal survival of cultured neurons in 1% O,
conditions is associated with accumulation of the transcription factor subunit HIF-1a,
depends upon the HIF-1-regulated target gene VEGF, and is diminished by genetic deletion
of HIF-1a in neurons (Li, et al., 2005; Li and Brorson, 2006). HIF-1a accumulation, and
associated preservation of basal survival, can also be induced in cultured neurons by
application of dimethyl oxallyl glycine (DMOG, 25 nM), an inhibitor of the prolyl
hydroxylases that regulate the O,-dependent proteasomal degradation of HIF-1a (Li, et al.,
2005). If HIF-1a accumulation mediates the protection against simulated ischemia-
reperfusion induced by adaptation to 1% Oo, prolyl hydroxylase inhibition ought to
reproduce this protection. To test this, 25 uM DMOG was applied continuously from the
time of initial culture through day 8-10, to neurons in 20% O,. DMOG-treated cells were
then subjected to ischemia-reperfusion injury. DMOG treatment produced near-complete
protection against ischemia-reperfusion, either without or including added glutamate (Figure
5). Thus prolyl hydroxylase inhibition reproduced protection similar to that found with
adaptation to 1% O».

While prolyl hydroxylase inhibition is known to produce HIF-1a accumulation (Epstein, et
al., 2001), other targets of such inhibition may also contribute to neuroprotective effects
(Ratan, et al., 2004, Siddigq, et al., 2007). Direct testing of HIF-1 involvement requires
blockade or prevention of HIF-1 signaling in neurons cultured in 1% O,. One approach
might be pharmacological, applying the DNA-binding peptide antibiotic echinomycin,
reported to specifically block the binding of HIF-1 to response elements in target genes
(Kong, et al., 2005). However, echinomycin was found to be quite neurotoxic in prolonged
applications at sub-nanomolar concentrations (data not shown). Thus we turned to genetic
tools to directly test whether HIF-1a itself plays an essential role in the protection by 1% O,
against ischemia-reperfusion injury, making use of neurons cultured from mice with
conditional knockout of the HIF-1a gene (Ryan, et al., 2000). These cells were
indistinguishable in morphology from wildtype neurons, and as previously observed in wild-
type neurons (Li, et al., 2005), showed a strong increase in accumulated HIF-1a levels when
exposed chronically to 1% O, (Figure 6A). Treatment of these HIF-1a f/fl neurons with an
adenoviral vector carrying cre recombinase (AdV cre) produced the expected strong
suppression of hypoxia-induced HIF-1a accumulation. As HIF-2a is an alternative
candidate for mediating hypoxia-induced protection, we also examined expression of
HIF-2a in these cells by Western blotting (Figure 6B). HIF-2a was detected at only faint
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levels, requiring film-based rather than digital imager-based detection of chemoluminescent
signals. Furthermore, HIF-2a accumulation was not upregulated by chronic (7 day)
exposures to 1% O, or to DMOG, nor was it upregulated in a compensatory fashion in cells
with HIF-1a knockdown by AdV cre treatment (Figure 6B). Thus no basis could be found
to attribute to HIF-2a the protection afforded by either hypoxic adaptation or DMOG, while
HIF-1a, upregulated by these treatments, remained a candidate for explaining the
protection.

HIF-1a T neurons were therefore cultured in 1% O, conditions, and treated either with a
control viral vector (Bgl 11) or with AdV cre. In each culture prep, efficiency of HIF-1a
genetic deletion was confirmed by Western blotting for HIF-1a. in parallel dishes. When
such neurons, adapted to 1% O, were subjected to simulated ischemia with continuous
monitoring of survival in the perfusion model described above, they remained fully
protected from acute necrosis over 2 hours of simulated reperfusion, despite HIF-1a
deletion (Figure 7).

This result suggests that HIF-1a is not necessary for the neuroprotective effects of hypoxic
adaptation in the early phases of reperfusion injury. However, lasting hypoxia-induced
protection against later phase neuronal death might still be dependent upon HIF-1a.. We
therefore examined delayed survival at later time points of 24 and 72 hours following
excitotoxic injury or simulated ischemia-reperfusion. For these experiments, an adenoviral
vector carrying cre recombinase linked to enhanced green fluorescent protein was utilized,
allowing confirmation of effective gene transduction by enumeration of neurons expressing
fluorescence. Pilot experiments confirmed that infection with AdV cre-GFP at 100 M.O.I.
consistently produced greater than 90% expression of GFP, correlating with strong
knockdown of HIF-1a by Western blotting (n = 3, not shown). Delayed survival after
simulated ischemia-reperfusion injury was then examined in neurons infected with control
or cre recombinase-expressing virus (Figure 8A). Again, the strong protection provided by
adaptation to 1% O, was not diminished at 24 hours or at 72 hours by deletion of HIF-1a
expression, whether compared to neurons not exposed to virus or to those infected with
control Bgl 11 virus (n = 5), ruling out a necessary role for HIF-1a in the delayed phase of
protection after simulated ischemia-reperfusion as well.

Turning to glutamate-induced excitotoxicity, the complete protective effect of adaptation to
1% O, against injury from 60 minute exposures to 100 wM glutamate, re-confirmed in
neurons infected with control viral vector Bgl 11, was also unaltered by HIF-1a deletion
produced by treatment with the AdV cre-GFP vector (Figure 8B; n = 4; no significant
differences compared to Bgl Il-treated neurons). Thus, HIF-1a expression was not required
for protection against direct excitotoxic injury by adaptation to 1% O.

Finally, we also tested whether HIF-1a accumulation is required for the neuroprotection
afforded by prolyl hydroxylase inhibition with DMOG. Again, suppression of HIF-1a by
cre-mediated gene deletion failed to prevent the protective effect of DMOG pre-treatment of
neurons against simulated ischemia-reperfusion injury, with protection similar to that in
control neurons (Figure 8C). In sum, these results independently confirmed the protection
against excitotoxic or ischemia-reperfusion injury from adaptation to 1% O, and from
prolyl hydroxylase inhibition, and they strongly ruled out a necessary role for HIF-1a in
mediating this protection.

Discussion

In the present experiments we show that hypoxic adaptation, known to result in improved
basal survival of cultured neurons, also produces profound protection against simulated
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ischemia-reperfusion injury and against glutamate excitotoxicity. Reperfusion injury
following prolonged neuronal ischemia involves multiple mechanisms, with glutamate
excitotoxicity mediated by NMDA receptors playing a central role in triggering subsequent
injury. Injury following severe ischemia primarily involves rapid, necrotic mechanisms of
neuronal death, with contributions from various forms of programmed cell death in areas of
less severe ischemia (Bredesen, 2007). In the present model of simulated ischemia applied
for 60 min, cell death occurred in association with cell swelling and rapid loss of membrane
integrity within 2 hours, with little further cell loss over the subsequent days, suggesting
predominance of a necrotic form of cell death. An antagonist of NMDA receptors blocked
this ischemia-induced death, confirming the important role for glutamate excitotoxicity,
whether or not exogenous glutamate was included in the simulation of ischemia. Prevention
of excitotoxic neuronal injury often requires attenuation of NMDA receptor-dependent Ca2*
entry. However, in the present experiments the strong protective effect of prior adaptation to
moderate hypoxia against both excitotoxic and ischemia-reperfusion injury occurred without
significant reduction of NMDA receptor expression, and without a shift in desensitization or
MgZ*-inhibition properties of expressed NMDA receptors that might explain this protection.
While the data cannot fully rule out a small contribution to the protection from a modest
reduction in NMDA receptor expression in cells cultured in 1% O, not confirmed
statistically, a reduction in average NMDA receptor current amplitude could not plausibly
explain the strong protection afforded by hypoxic adaptation across the entire population of
cells, with their highly overlapping distributions of NMDA current amplitudes. Further
experiments would be required to determine if some difference in membrane targeting of
NMDA receptors or in sequestration of receptor-mediated Ca2* influx might explain the
observed protection against excitotoxicity.

Inhibition of prolyl hydroxylase, the enzyme required for O,-induced HIF-1a degradation,
resulted in HIF-1a accumulation and in strong protection against ischemia-reperfusion,
similar to that seen from hypoxic adaptation. Given this result, and prior work suggesting
the importance of HIF-1a to the improvement in basal survival induced by 1% O, (Li, et al.,
2005, Li and Brorson, 2006), we anticipated that HIF-1a would play an important role in
protective effects of adaptation to hypoxia against reperfusion and excitotoxic modes of
injury. However, genetic deletion of HIF-1a in neurons from HIF-1a /fl mice did not
reduce any of the protective effects of adaptation to hypoxia, whether against glutamate
excitotoxicity or against simulated ischemia-reperfusion injury, nor did it prevent the
protection induced by prolyl hydroxylase inhibition. Thus, HIF-1-a independent
mechanisms must account for these protective effects.

Prior work has also documented HIF-1a-independent protective effects of prolyl
hydroxylase inhibition, and in particular that the homologous molecule HIF-2a. may play a
protective role in oxidative damage to neurons (Siddiq, et al., 2009). In the present work,
HIF-2a was found to be relatively weakly expressed in the neurons, in agreement with a
previous report (Chavez, et al., 2006), and was not upregulated by hypoxic adaptation or by
DMOG, making it an unlikely target to explain the protective effects of these treatments
against ischemia-reperfusion injury. Regardless, the results again highlight the promise of
prolyl hydroxylase inhibition as a strategy for neuroprotection (Ratan, et al., 2004).

The near-complete survival of ischemia-reperfusion afforded by hypoxic adaptation suggests
that strong neuroprotective mechanisms are involved. Powerful endogenous programs
leading to protection against acute and delayed ischemia-triggered death are also well

known to be triggered by hypoxic preconditioning, and the present results might be viewed
as another version of this well-described phenomenon (Chen and Simon, 1997). However,
the stimulus producing protection by hypoxic adaptation, in the present experiments, is a
prolonged, moderate lowering of O, tensions to a level compatible with continued
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mitochondrial respiration, rather than a brief exposure to functional anoxia or ischemia
sufficient to impair respiration. Furthermore, increased levels of phosphorylated Akt, shown
to mediate some forms of preconditioning (Wick, et al., 2002), are not found in cortical
neurons cultured in 1% O, (D. Li and J.R. Brorson, unpublished results). Although
upregulation of HIF-1 and its gene targets has been shown to be closely associated with
neuronal hypoxic preconditioning (Bergeron, et al., 2000, Bernaudin, et al., 2002), specific
genetic deletion of neuronal HIF-1a expression failed to prevent hypoxic preconditioning
against the injury of focal transient brain ischemia (Baranova, et al., 2007). Similarly,
hypoxic preconditioning of photorecepors against phototoxicity was recently found to be
independent of HIF-1a (Thiersch, et al., 2009). It is likely that hypoxic adaptation and
hypoxic preconditioning involve both overlapping and distinctive pathways of mechanisms
promoting neuronal survival in stressful environments.

The role of HIF-1a in neuronal survival of ischemia has been somewhat controversial. In
vitro, iron chelators produced HIF-1 upregulation associated with protection against
oxidative stress- induced death in cultured cortical neurons (Zaman, et al., 1999), and
hypoxia-induced or genetic overexpression of HIF-1a protected sympathetic neurons
against NGF-deprivation-induced neuronal death (Xie, et al., 2005), suggesting protective
effects of HIF-1a against these stresses. However, in oxygen and glucose deprivation
applied to cultured cortical neurons, modeling ischemia, a deleterious effect of HIF-1a on
survival was suggested, in that suppression of HIF-1a by viral delivery of a dominant-
negative form protected against delayed death (Halterman, et al., 1999). More recently, cell-
specific effects were indicated by studies of cortical neuronal survival of a pure hypoxic
insult showing that neuronal expression of HIF-1a supported neuronal survival of hypoxia,
while astrocytic expression of HIF-1a promoted neuronal death in hypoxia (Vangeison, et
al., 2008).

In vivo studies have further examined the role for HIF-1 expression in neuronal tolerance of
ischemia. One report demonstrated protection against prolonged (75 min) global forebrain
ischemic damage in mice with genetic deletion of brain HIF-1a (Helton, et al., 2005), while
another report, also using genetic deletion of forebrain HIF-1a expression, found
exacerbation of the damage produced by transient (30 min) MCA occlusion, with the pro-
survival effects of HIF-1 appearing at later survival times (Baranova, et al., 2007). Thus,
both an unexpected role for HIF-1 in mediating injury in global forebrain ischemia, and a
protective role against delayed death following transient focal ischemia, appear to be
indicated. Both studies utilized cre recombinase-driven deletion of HIF-1a gene, with cre
expression under control of the calcium/calmodulin-dependent kinase CaMK Il promoter,
suggesting that the different outcomes may relate primarily to the different forms of
ischemic injury. While all the reasons for this divergence of findings are not clear, these
results underscore the potential for HIF-1a’s effects to be either deleterious or beneficial for
neuronal survival, depending on the severity and mode of injury, and the likelihood that both
the timing and the cellular localization of ischemia-induced HIF-1a expression may
determine the net effect on neuronal survival.

The robust neuroprotection by hypoxic adaptation demonstrated in the present experiments
points to endogenous cellular responses to the environment that strongly reduce the intrinsic
vulnerability of cortical neurons to ischemia-reperfusion injury and excitotoxicity.
Elucidation of the mechanisms and mediators underlying this resistance is likely to offer
attractive targets for neuroprotection in stroke and brain ischemia.
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Figure 1. Morphological changes during ischemia-reperfusion in cortical neurons
Representative images of cortical neurons, 10 days in vitro, fixed and immunostained for
MAP-2 at intervals during simulated ischemia —reperfusion. Neurons cultured in 20% O
and 1% O, conditions were fixed at baseline (after 30 min equilibration in oxygenated
saline), after 30 min or 60 min simulated ischemia, and following 1 or 2 hours of simulated
reperfusion. Scale bar, 20 microns for all panels. In neurons from 20% O, conditions (top
row), prominent somatic swelling and dendritic beading was seen during simulated
ischemia, followed by widespread dendritic breakdown and loss of cellular MAP-2
immunoreactivity during reperfusion. In neurons cultured in 1% O, conditions (bottom
row), morphological changes seen with ischemia or reperfusion were minimal.
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Figure 2. Protective effects of hypoxic adaptation against ischemia-reperfusion injury

A) Relative survival of cortical neurons 24 and 72 hours following 60 min simulated
ischemia-reperfusion with 30 M glutamate (i) and simulated ischemia without added
glutamate (ii). Neurons were maintained from time of plating in 20%, 5%, or 1% O,
tensions to DIV 9, when they were subjected to simulated ischemia. Following ischemia, all
neurons were returned to conventional 20% O, conditions for 24 to 72 hours. Neurons
adapted to 1% O, were strongly protected from reperfusion injury (n =4 and 3, at 24 and 72
hours, respectively; mean + S.D.; *p<0.05 in two-way ANOVA testing followed by Student-
Newman-Keuls post-hoc testing). B) Acute neuronal death (percentage of cells taking up
propidium fluorescence) in cells exposed to oxygenated, glucose-containing saline (control)
or to simulated ischemia-reperfusion, without or with added glutamate (IR, or IR+ Glu). C)
In neurons adapted to conventional 20% O, conditions, widespread dramatic swelling and
acute necrosis resulted within 2 hrs of reperfusion following simulated ischemia (upper
panel; arrow indicates an example of an acutely swollen neuron with nuclear propidium
fluorescence). In neurons adapted to 1% O, (lower panel), no measurable cell death
occurred (p = 0.66 for comparison of O, levels, two-way ANOVA).
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Figure 3. Hypoxic adaptation and glutamate excitotoxicity

A) Effect of the NMDA antagonist MK-801 (10 M), on simulated ischemia-reperfusion
injury. Relative survival of cortical neurons, all cultured in 20% O, conditions, at 2, 24, or
72 hours following 60 min of simulated ischemia without (‘IR’) or with added glutamate (30
LM, ‘IR+Glu’). MK-801, added during simulated ischemia, fully prevented subsequent
neuronal death, whether exogenous glutamate was added or not (mean + SD, n = 3; *groups
different by two-way ANOVA, p<0.05; effects of reperfusion time were not significant). B)
Glutamate excitotoxicity in cultured cortical neurons adapted to 20%, 5%, or 1% O,
conditions (mean + S.D., n = 4). All neurons were treated with a range of glutamate
concentrations for 60 min in physiological saline equilibrated with ambient atmospheric Oy,
and kept in 20% O, conditions during the 24 hour recovery period. At each glutamate
concentration of 10 M or above, survival in the 1% O, condition was significantly greater
than in the 5% O, and 20% O, conditions (*p < 0.05, two-way ANOVA followed by post-
hoc testing). C) Concentration-response curves for glutamate excitotoxicity in neurons
cultured in 96 well plate format and adapted to 20%, 5%, or 1% O, conditions, with
survival, measured as uptake of calcein fluorescence, relative to parallel controls. Glutamate
exposures were for 60 min in physiological saline in ambient atmospheric (21% O,)
conditions (n = 6, mean + S.E.M.). D) Receptor pharmacology of glutamate excitotoxicity in
cortical neurons cultured in multiwell plates. Survival at 24 hrs following exposure to
glutamate, 100 M, applied alone (‘Glu’), in the presence of 10 uM GYKI 53655 (‘GYKI’),
with 10 M MK-801, or with both antagonists. MK-801 protected against excitotoxicity (n
=4, mean £ SD; * p < 0.05 compared to vehicle alone; # p < 0.05 compared to glutamate
alone).
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Figure 4. Glutamate receptor expression and adaptation to hypoxia

A) Western blotting for principal NMDA receptor subunits NR1, NR2A, and NR2B from
membrane preparations from neurons (DIV 8-10) cultured in 20% O,, 5% O,, and 1% O,
environments. B) Quantitation of relative band strength, normalized to protein loading, from
neurons from 20%, 5%, and 1% conditions (n = 3 independent samples; mean * SD;
differences not significant by ANOVA). C) Representative whole cell currents elicited by 1
sec applications of 300 uM NMDA and 10 M glycine (bar) in cortical neurons (DIV 8-10)
cultured in 20%, 5%, or 1% O, atmospheres. D) Whole cell peak currents (top), fractional
block by 1 mM Mg?2* (middle) and fractional desensitization over 1 sec (bottom), in cortical
neurons cultured in 20% O, (n = 9), 5% O, (n = 8), and 1% O, (n = 9). Each circle
represents a measurement from a single cell, with mean values represented by horizontal
bars. Distributions were highly overlapping, and no significant differences were found (p =
0.16, p = 0.94, and p = 0.14, respectively, by ANOVA).
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Figure5. Effect of prolyl hydroxylaseinhibition on ischemia-reperfusion injury

All neurons were cultured under ambient conditions (20% O5,), and treated with DMOG (25
M) from day O in culture. Simulated ischemia was applied for 60 min on day 8-10, without
(“IR”) or with added glutamate (‘IR+Glu’), and relative survival compared at 2, 24, and 72
hours. DMOG pre-treatment completely blocked neuronal death during reperfusion. DMOG
alone produced no change in relative survival (n =5, mean = S.D.; * treatment groups
different, p < 0.05 by two-way ANOVA,; effects of reperfusion time were not significant).

Rel. Surv.
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Figure 6. Neuronal expression of hypoxia inducible factors

Whole-cell lysates were prepared from cortical neurons cultured from HIF-1a ™/l mice in
conditions of 20% O, or 1% O,. Neurons were treated on day 1 with AdV cre at of 50 or
100 M.O.1., or with the empty vector Bgl 11, and harvested at day 8 in vitro. A)
Immunoblotting for HIF-1a demonstrated marked hypoxia-induced HIF-1a accumulation,
eliminated by AdV cre treatment at 50 or 100 M.O.1. B) Immunoblotting for HIF-2a
showed only faint expression in cortical neurons, without upregulation by hypoxia or
DMOG treatment (25 wM for 7 days), and only modest upregulation by CoCl, (300 uM for
4 hours). Knockdown of HIF-1a by AdV cre treatment (100 M.O.1.) did not induce
compensatory upregulation of HIF-2a.
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Figure 7. HIF-1a knockdown did not prevent hypoxia-induced protection against acute

ischemia-reperfusion injury

Acute neuronal death during simulated ischemia-reperfusion in cortical neurons from
HIF-1a M mice cultured in 1% O, and treated with Bgl 11 viral vector or with AdV cre
(100 M.0O.1.), monitored during continuous perfusion. HIF-1a knockdown did not abrogate
the protective effect of prior adaptation to 1% O, (n = 4; effect of O, level not significant by

two-way ANOVA).
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Figure 8. Theroleof HIF-1a in hypoxia-induced protection against delayed ischemia-
reperfusion injury

All data are from neurons cultured from HIF-1a 1/l mice, treated at day 1 with 100 M.O.I.
empty viral vector Bgl Il or with AdV cre-GFP, as indicated. A) Delayed relative survival at
24 hours and 72 hours following simulated ischemia-reperfusion (with glutamate) in neurons
cultured for 10 days in 20% O,, 5% O,, or 1% O, conditions. HIF-1a knockout, in cre-
exposed neurons, did not prevent the hypoxia-induced protection (n = 5; N.S., groups not
significantly different by two-way ANOVA). B) Excitotoxic injury assayed 24 hours after
60 min exposure to 100 wM glutamate. HIF-1a knockdown with AdV cre-GFP produced no
loss of protection against excitotoxic death in neurons from 1% O, (relative survival, n = 4;
cre group compared to Bgl 11 group not significantly different by two-way ANOVA, effects
of O, level remained significant). C) Effect of prolyl hydroxylase inhibition. Relative
survival 24 hours after simulated ischemia-reperfusion in neurons from 20% O conditions
treated with DMOG (25 uM). Significant protective effects of DMOG were not affected by
HIF-1a knockdown in cre-exposed neurons (n = 4; cre group compared to Bgl 11 group not
significantly different by two-way ANOVA, *significant protection by DMOG, p<0.001).
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