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Abstract
Understanding the mechanisms governing the switch between hypoxia-induced adaptive and
pathological transcription may reveal novel therapeutic targets for stroke. Using an in vitro hypoxia
model that temporally separates these divergent responses, we found apoptotic signaling was
preceded by a decline in c/EBP-β activity and was associated with markers of ER-stress including
transient eIF2α phosphorylation, and the delayed induction of the bZIP proteins ATF4 and CHOP-10.
Pretreatment with the eIF2α phosphatase inhibitor salubrinal blocked the activation of caspase-3,
indicating that ER-related stress responses are integral to this transition. Delivery of either full-length,
or a transcriptionally inactive form of c/EBP-β protected cultures from hypoxic challenge, in part by
inducing levels of the anti-apoptotic protein Bcl-2. These data indicate that the pathologic response
in cortical neurons induced by hypoxia involves both the loss of c/EBP-β-mediated survival signals
and activation of pro-death pathways originating from the endoplasmic reticulum.
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Introduction
Neuroprotective trials for stroke have focused mainly on molecular targets activated early in
the pathological signaling cascade. However, evidence suggest that cell-autonomous delayed
apoptotic signaling plays a critical role in determining the ultimate burden of neuron loss after
injury (Abe et al., 1995; Schwamm et al., 1998). Hypoxia is a potent stimulus for de novo gene
expression, and sub-lethal hypoxic stress can enhance cell survival through the regulated
expression of factors such as erythropoietin and vascular endothelial growth factor (Dirnagl et
al., 2003; Jones and Bergeron, 2001). This process, also referred to as ischemic
preconditioning, is supported in part by the activation of the hypoxia-inducible factor
(HIF-1α) and an array of immediate early transcription factors with diverse biological functions
including c-Jun and Egr-1/Krox-24 (Collaco-Moraes et al., 1994; Herdegen and Leah, 1998;
Hsu et al., 1993). Stroke-induced gene expression also plays a critical role in promoting delayed
neuron loss after ischemia (Honkaniemi et al., 1996). In this regard, pre-treatment with the
macromolecular synthesis inhibitor cycloheximide confers neuroprotection (Du et al., 1996;
Gwag et al., 1995). Data from in vitro studies and models of global ischemia indicate that this
death mechanism is cell-autonomous. And from a therapeutic perspective, identification of the
key regulatory nodes in hypoxia signaling networks that discriminate between these divergent
transcriptional programs would be advantageous.

One potential sensor capable of triggering both adaptive and pathologic signaling after stroke
is the endoplasmic reticulum (ER), shown previously to influence other diseases affecting the
central nervous system (Kaufman, 2002; Rao et al., 2004). The physiologic changes associated
with ischemia also activate stress-sensing proteins resident in the ER, which in turn stimulate
adaptive transcription via the unfolded protein response (UPR) (Harding et al., 2002). For
example, translational arrest induced by PERK-mediated phosphorylation of the translation
initiation factor eIF2α at Ser51 is associated with cell survival and occurs in neurons within the
ischemic penumbra (Kumar et al., 2001; Liu et al., 2006; Mengesdorf et al., 2002). Similarly,
the bZIP transcription factor ATF6 and the inositol-requiring transmembrane kinase and
endonuclease-1α (IRE-1α) regulate the expression of BiP/GRP78 and other factors that
enhance the folding capacity of the ER. However, hyper-activation of ER-stress pathways can
have negative consequences. Prolonged eIF2α inactivation induces the protein phosphatase
regulatory subunit GADD34, which reverses eIF2α-mediated translational inhibition
promoting programmed cell death (Brush et al., 2003). As such, phosphatase inhibitors like
salubrinal that prolong translational arrest are protective against ER-stress (Boyce et al.,
2005; Sokka et al., 2007). And while activation of CHOP-10 may enhance mitochondrial
function through the direct regulation of heat shock proteins including mtDnaJ and ClpP,
deletion of CHOP-10 is neuroprotective after stroke (Tajiri et al., 2004; Zhao et al., 2002).
Lastly, activated caspase-3, caspase-12 and several BH3 proteins (i.e., Bcl-2, Bax, PUMA and
others) associate with, and link the ER to the cellular apoptotic signaling machinery (Masud
et al., 2007; Rao et al., 2004; Reimertz et al., 2003). A better understanding of the interplay
between hypoxia, ER-stress signaling and the factors controlling downstream transcriptional
responses to hypoxia could have significant implications for the treatment of stroke.

In the current study we characterized a translation-dependent in vitro model of hypoxia-induced
neuronal apoptosis. By defining the temporal boundaries separating adaptation from the
commitment to cell death, we sought to identify the factors required to activate neuronal death
following prolonged hypoxic stress. In the current work, we report a novel cell survival function
for the bZIP factor c/EBP-β, and show that the loss of c/EBP-β activity precedes the onset of
cell death promoted in part by stress signals emanating from the endoplasmic reticulum.
Furthermore, based on the observed delayed induction of the heterodimeric factors ATF4 and
CHOP-10, we propose a model in which hypoxia-induced ER-stress responses shift the activity
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of the bZIP protein network from an initial adaptive response, towards a pro-apoptotic
transcriptional program.

Results
Chronic hypoxia induces delayed neuronal death in cortical neurons

Classical oxygen-glucose deprivation (OGD) produces acute necrosis in mature cortical
cultures, however sub-lethal challenge or OGD performed in the presence of glutamate
antagonists can trigger a delayed form of neuron death that is dependent on gene expression
(Gwag et al., 1995). To study the role of gene expression in the delayed loss of neurons after
stroke, we developed an in vitro model of hypoxia-induced neuronal apoptosis using
dissociated embryonic cortical cultures. By DIV7, most cells in culture express NeuN and have
developed a dense network of β-III tubulin positive axonal projections (data not shown).
Exposure to hypoxia (0.5% O2) induces procaspase-3 cleavage and nuclear pyknosis in up to
40% of neurons (Fig. 1A). Time course analyses indicate that both phenotypes depend on the
duration of hypoxia (Fig. 1B) and not on media glucose concentrations provided cultures are
maintained at or above 10 mM prior to the onset of hypoxia (Fig. S1). Nuclear pyknosis
plateaued 24 h after the onset of hypoxia and was followed by the delayed uptake of trypan
blue beginning 48 h post-exposure consistent with the phenomenon of secondary necrosis (Fig.
S2) (Ankarcrona et al., 1995). And while pre-treatment with a combination of the glutamate
receptor antagonists MK-801 (10 μM) and CNQX (100 μM) had no effect on neuron survival,
addition 1 μg/ml of the translation inhibitor cycloheximide conferred complete protection
against hypoxia-induced pyknosis (Fig. 1C). These data suggest that hypoxia alone is sufficient
to induce a cell-autonomous death program in a subset of dissociated cortical neurons that
requires de novo gene expression.

Defining adaptive and pathologic phases of gene expression in hypoxic cultures
Ischemic tolerance induced by sub-lethal challenge confers delayed neuroprotection through
the expression of mRNA species with adaptive properties (Dirnagl et al., 2003). To test whether
the onset of cell loss in our model was associated with the sequential expression of adaptive
and pathologic genes, we performed a time course analysis of gene expression using
quantitative RT-PCR against transcriptional targets previously validated using in vivo stroke
models (Kim et al., 2004; Pirianov et al., 2007; Zhang et al., 2007). Selected genes included
those associated with either ischemic preconditioning and survival (VEGF, Hexokinase II and
the type-1 glucose transporter), or apoptosis (BNIP3, PUMA and NOXA). Results demonstrate
that the adaptive expression began early (3–6 h) and remained elevated, while apoptotic
transcription was delayed in onset (9–12 h) in keeping with the observed kinetics of cell death
(12–18 h) (Fig. 2). If the observed transcriptional profiles are representative of the population
response to hypoxia, these results indicate neurons are capable of mounting separable adaptive
and pathological responses. Alternatively, if embryonic cortical cultures recapitulate patterns
of selective vulnerability observed in vivo, it is possible that adaptive and pro-apoptotic gene
expressions occur in distinct cellular populations. Either way, the existence of qualitatively
and temporally ditinct transcriptional responses to hypoxic stress provide a framework to study
the genetic networks regulating their activation.

Defining the role of ER-stress responses in hypoxia-induced delayed neuronal loss
The endoplasmic reticulum has emerged as an important sensor of cellular stress in diseases
affecting the central nervous system including stroke (Rao et al., 2004). Shared, as well as ER-
stress specific pathways have evolved to respond to diverse stimuli including hypoxia, amino
acid starvation, hypoglycemia and perturbations in calcium homeostasis (Fig. 3A). The
proximate sensors of ER-stress include PERK, ATF6 and IRE-1α, which exist in an inactive
form bound to the ER chaperonin GRP78/BiP (Sommer and Jarosch, 2002). Exposure to
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physiologic stress enhances the release and homo-dimerization of these factors activating their
latent signaling capacity. For example, PERK-mediated phosphorylation of eIF2α at Ser51
triggers the arrest of cap-dependent translation, an event that is both cytoprotective under
conditions of ER-stress and is associated with adaptive responses in the ischemic penumbra
(Harding et al., 2000; Mengesdorf et al., 2002). This and other strategies, including the
regulated proteolysis and release of the transcriptionally active amino terminal fragment of
ATF6, have evolved to regulate the expression of nuclear transcriptional targets with both
adaptive and pathological effects on the cell.

The observation that expression of the pro-apoptotic Bcl-2 family members NOXA and PUMA
were induced in our cultures suggested that ER-stress responses might be involved in
propagating delayed apoptotic signals after hypoxic challenge (Li et al., 2006). To assess this,
we analyzed hypoxic neuronal lysates by western blotting for markers related to signaling
through the shared and ER-stress specific pathways. Hypoxia induced a transient rise in BiP/
GRP78 protein, transient phosphorylation of the elongation factor eIF2α at Ser51, a decline in
total eIF2α levels, and a relative increase in the amount of the low molecular weight hypo-
phosphorylated eIF2α species (Fig. 3B). While levels of actin also declined over time consistent
with global translational arrest, neurofilament levels remained stable. The kinetics of eIF2α
phosphorylation supported a causal link between the loss of eIF2α inactivation and delayed
cell death after hypoxia. To test this, we pretreated cultures with the eIF2α phosphatase
inhibitor salubrinal, and compared eIF2α post-translational modification with post-hypoxic
neuron survival (Figs. 3C and D). Results indicate that 10 μM salubrinal extended eIF2α
inactivation by 3 h and conferred a modest survival benefit compared to DMSO treated control
cultures (22±2% vs 31±1%, P<0.01). Interestingly, 10 μM salubrinal did not extend hypoxia-
induced eIF2α phosphorylation beyond 6 h (Fig. 4A). Although not directly tested, this
observation suggests that hypoxia induced the expression of GADD34, which promotes
eIF2α dephosphorylation through direct interactions with protein phosphatase 1c (PP1c)
(Brush et al., 2003; Novoa et al., 2001).

To better understand the relationship between hypoxia and ER-dependent signaling, we next
analyzed hypoxia's effects on the shared (eIF2α) and ER-specific signaling involving ATF6,
and the downstream factors ATF4 and CHOP-10. To demonstrate these pathways could be
activated in vitro, normoxic cultures were treated with the Ca2+-ATPase pump inhibitor
thapsigargin (Tg). Tg (1 μg/ml) induced eIF2α dephosphorylation, ATF6 cleavage (detected
by release of the amino terminal domain ATF6α(n)), expression of the pro-apoptotic bZIP
factor CHOP-10, and the robust activation of caspase-3 (Fig. 4A). While hypoxia alone induced
transient eIF2α phosphorylation, triggered the delayed induction of CHOP and ATF4, and
stimulated cleavage of caspase-3, it had only a minor effect on ATF6 proteolysis and release
of the transcriptionally active amino terminal fragment (Fig. 4B, right). Consistent with our
prior results, salubrinal blocked caspase-3 cleavage, enhanced ATF4 expression, and reduced
the basal expression and cleavage of ATF6 without influencing levels of CHOP-10. In contrast,
the serine protease inhibitor AEBSF disrupted ATF6 processing and CHOP-10 expression, it
had only moderate effects on caspase-3 cleavage (Ma et al., 2002;Okada et al., 2003). These
data argue that the shared unfolded protein response involving eIF2α is a key intermediate in
the activation of delayed apoptotic signaling in this model, while ATF6-mediated responses
appear less important in this regard. Moreover, the data demonstrating persistent CHOP-10
expression despite salubrinal treatment suggest that CHOP-10 expression alone is not sufficient
to stimulate apoptotic signaling after hypoxic stress.

To identify additional transcription factors that could interface with the ER-signaling
apparatus, we queried functional protein association networks using the STRING (Search
Tool for Recurring Instances of Neighboring Genes) algorithm. This application draws upon
empirically derived public data sets and constructs a map of interacting factors with greatest
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statistical relevance based on an input set of query proteins (von Mering et al., 2007). In addition
to ATF4, CHOP-10 and eIF2α, we included GADD34 in our search given its suspected activity
in our system. Results confirmed several expected relationships including ATF4-mediated
GADD34 expression, the association of p38MAPK with CHOP-10, and protein–protein
interactions between the immediate early genes c-Jun and Fos (Fig. 5A). What was most
intriguing was the set of interactions uncovered among the bZIP transcription factors ATF4,
CHOP-10, c-Jun and c/EBP-β. And while c-Jun, ATF4 and CHOP have been linked with
cellular responses to hypoxia, c/EBP-β's role in hypoxic signaling has not been established
(Blais et al., 2004; Ron and Habener, 1992). To investigate this further, we analyzed c-Jun and
c/EBP-β expression by western blotting and found that hypoxia stimulated the transient
induction of Jun and its downstream transcriptional target c/EBP-β before any appreciable
induction of ATF4 was seen (Lin et al., 2002). We also observed that hypoxia induced the
robust and transient phosphorylation of c/EBP-β at Thr188 (Fig. 5B), which is required for
efficient function of the transcription activation domain (Piwien-Pilipuk et al., 2002). The
decline in c/EBP-β protein levels was insensitive to both salubrinal and AEBSF treatment,
suggesting that the mechanisms regulating c/EBP-β expression and/or stability are likely PERK
and ATF6 independent. This complex pattern of c-Jun, c/EBP-β, CHOP-10 and ATF4
regulation suggested that perhaps shifts in bZIP stoichiometry could drive the formation of
pathogenic heterodimers triggering delayed apoptosis in hypoxic neurons (Ohoka et al.,
2005; Vinson et al., 2002). Reports describing CHOP and ATF4 driven expression of the Akt
inhibitor Trib3 and its role in apoptosis support this idea (Ohoka et al., 2005).

To further explore the relationship between hypoxia and the regulation of c/EBP-β activity,
we analyzed c/EBP-β expression patterns in cortical neurons by immunocytochemistry using
an antibody recognizing the transcriptionally active species phosphorylated at Thr188 (p-c/
EBP-β). When compared to the marker NeuN, we found that p-c/EBP-β was ubiquitously
expressed and localized to the nucleus of neurons under basal conditions (Fig. 6A). We also
determined whether hypoxia-induced nuclear export was involved in the mechanism of c/EBP-
β downregulation as described previously in primary mouse hepatocytes exposed to TNFα
(Buck et al., 2001). Our analysis indicated that while hypoxia increased immunoreactivity in
the neuritic processes, the majority of p-c/EBP-β remained confined to the nucleus. We also
observed differences in the relative levels of p-c/EBP-β across individual neurons exposed to
hypoxia and hypothesized this could be mechanistically related to the phenomenon of selective
vulnerability. To address this possibility, hypoxic cultures were analyzed for the accumulation
of pyknotic nuclei relative to either the high or low levels of p-c/EBP-β expression observed.
While indirect, the data indicate that the maintenance of c/EBP-β phosphorylation at Thr188

was associated with greater post-hypoxic survival (72±12% vs 15±17%, P<0.05; Fig. 6B),
suggesting the early induction and persistence of activated c/EBP-β in culture is an adaptive
response to hypoxic challenge.

Expression of c/EBP-β protects cortical neurons from delayed apoptosis
If the stoichiometry of bZIP heterodimerization governs neuron survival after hypoxic
challenge, we hypothesized that the apoptotic switch could be blocked by upregulating c/EBP-
β expression. To this end, we generated a bi-cistronic herpes amplicon vectors expressing
eGFP, and one of three different cDNAs including full-length c/EBP-β, a dominant-negative
form of c/EBP-β (ΔTAD) lacking the transcriptional transactivation domain, or a control vector
expressing luciferase (LUC). After confirming equivalent transduction across samples (Fig.
7A), cultures were screened for their relative susceptibility to hypoxia-induced nuclear
pyknosis. Results show that transduction with wild-type c/EBP-β virus reduced nuclear
pyknosis roughly 4-fold relative to cultures receiving control virus (6.7±1.6% vs 29.7±1.3%,
P<0.01; Fig. 7B). Transduction with the ΔTAD construct was also protective albeit to a lesser
degree (20.2±4.1% vs 29.7±1.3%, P<0.05). Western blot analysis confirmed the expression of
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full-length (WT) and the 15-kDa truncated form (ΔTAD) of c/EBP-β in transduced lysates
(Fig. 7C). An additional species representing the internally translated, transcriptionally inactive
c/EBP-β inhibitor of (LIP) was also identified consistent with previous reports (Fig. 7C)
(Calkhoven et al., 2000). In keeping with the pyknosis counts, western analysis demonstrated
that in comparison to control cultures, both c/EBP-β constructs attenuated caspase-3 cleavage.
We also observed that while eGFP levels declined in control and ΔTAD-transduced cultures,
c/EBP-β delivery maintained eGFP expression, which we consider to be a surrogate marker of
neuron survival (Fig. 7C, middle). These data indicate that the loss of c/EBP-β activity
promotes the switch towards apoptotic signaling in hypoxic cortical neurons.

Since c/EBP-β induction has been linked with activation of the ER-stress response (Chen et
al., 2004a), and c/EBP-β transactivates several mitochondrial heat shock proteins (Zhao et al.,
2002), we hypothesized that c/EBP-β might also regulate the expression of the ER chaperonin
BiP/GRP78. Unexpectedly, western analysis demonstrated that delivery of either c/EBP-β or
ΔTAD reduced the basal expression of BiP, an effect exaggerated by exposure to hypoxia (Fig.
7). This result suggested that either c/EBP-β-LIP or the ΔTAD construct indirectly reduced
BiP expression by repressing the CHOP-10 promoter and reducing the amount of CHOP-10
available to transactivate BiP (McCullough et al., 2001). Interestingly, c/EBP-β can also inhibit
the transcriptional activity of the tumor-suppressor p53 by blocking its ability to bind DNA
(Schneider-Merck et al., 2006). Since CHOP-10 and p53 also inhibit the expression of the pro-
survival protein Bcl-2, we hypothesized that c/EBP-β promoted neuron survival by blocking
trans-repression of Bcl-2 (McCullough et al., 2001; Miyashita et al., 1994). Western analysis
on cultures transduced with either control, full-length or ΔTAD expressing virus revealed that
while levels of actin and the pro-apoptotic factor Bax were unaffected, delivery of either full-
length c/EBP-β or ΔTAD, but not the control vector induced levels of Bcl-2 protein under
normoxic conditions.

Discussion
The role of c/EBP-β in the neuronal response to hypoxic stress

c/EBP-β belongs to a family of related bZIP transcription factors and promotes the
differentiation of multiple cell types including neural progenitors. During development, c/EBP-
β signaling biases precursor cells to commit to a neural rather than glial lineage (Menard et al.,
2002). c/EBP-β activity also induces axonal sprouting after axotomy, and, not surprising,
regulates the expression of the neuronal markers NeuN, GAP43 and βIII tubulin (Nadeau et
al., 2005). Of note, we have observed that hypoxia-induced loss of c/EBP-β is associated with
a decline in both NeuN and β-III tubulin in vitro. c/EBP-β also appears to be a transcriptional
target of the immediate early gene c-Jun (Lin et al., 2002). This is particularly intriguing given
the observed early and transient induction of c-Jun in our model, and given reports linking Jun
expression with neurite outgrowth and cell survival in neuronal cell lines (Dragunow et al.,
2000; Leppa et al., 2001). Although we do not provide direct evidence for the activation
IRE-1α signaling, c/EBP-β harbors an Xbp-1 response element in the genomic region
corresponding to its 3′UTR, which induces c/EBP-β expression following amino acid
starvation (Chen et al., 2004a). c/EBP-β also activates the asparagine synthetase (ASNS)
promoter linking c/EBP-β with ER pathways controlling amino acid metabolism (Chen et al.,
2004b). These reports suggest several potential mechanisms responsible for the observed
induction of c/EBP-β in cortical neurons after hypoxic stress. Data from knockout studies also
indicate that c/EBP-β plays an essential role in regulating carbohydrate metabolism (Croniger
et al., 2001; Liu et al., 1999). It is interesting to speculate that in addition to activating
mitochondrial heat shock responses though CHOP-10, and responding to amino acid limitation
in cooperation with ATF4, c/EBP-β may function as an effector loop linking ER responses to
hypoglycemia with the mobilization of energy stores (Scheuner et al., 2001).
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How then does c/EBP-β support neuron survival? Although not directly confirmed, the relative
benefit of the full-length over the ΔTAD construct suggests that c/EBP-β may directly induce
the expression of pro-survival genes. Microarray analyses indicate that c/EBP-β regulates a
class of genes involved in polyamine synthesis including ornithine decarboxylase (ODC) and
spermidine acetyl-transferase (Cortes-Canteli et al., 2004). Both enzymes are important for
developing and mature neurons, and the observation that knock-down of ODC exacerbates
stroke size following middle cerebral artery occlusion suggest these encode some survival
function as well (Raghavendra Rao et al., 2001). And as our data suggest, high levels of c/EBP-
β could also inhibit the pro-apoptotic activity of p53 through trans-repression domains located
in the carboxy-terminus of both proteins as previously reported (Schneider-Merck et al.,
2006). Alternatively, c/EBP-β may indirectly promote survival by disrupting the formation of
pathogenic bZIP heterodimeric complexes (Fig. 8). Under basal conditions, c/EBP-β interacts
with bZIP partners involved in cellular differentiation and inflammation. Upon stimulation
with moderate levels of hypoxia, c/EBP-β and CHOP-10 transactivate the mitochondrial heat
shock proteins Cpn10 and Cpn60 and other targets involved in adaptive stress responses (Zhao
et al., 2002). However, with prolonged hypoxic stress, falling c/EBP-β levels would favor the
formation of pathological bZIP complexes (i.e., ATF4:CHOP) capable of activating pro-
apoptotic targets like the Akt inhibitor Tribbles 3 (TRB3) (Ohoka et al., 2005). And, since c/
EBP-β represses activity of the CHOP-10 promoter (Fawcett et al., 1996), loss of c/EBP-β
expression could favor pro-apoptotic signaling through the accumulation of CHOP-10. We do
not yet know which mechanisms govern the loss of c/EBP-β activity after hypoxic stress. While
the transient induction of c-Jun offers one potential explanation, the accelerated decay rate of
c/EBP-β protein compared with either neurofilament or actin suggest this factor may be subject
to targeted degradation. In this regard, we speculate that hypoxia regulated activity of the TRB3
homolog Tribbles 2 (TRB2), which binds to and induces c/EBP-β degradation, may play a role
(Naiki et al., 2007). If this were the case, one would predict that disruption of the TRB2-c/
EBP-β axis should promote neuron survival under conditions of prolonged hypoxic stress.

The role of ER-stress signaling in hypoxia-induced apoptotic signaling
The mammalian unfolded protein response is comprised of both ER-stress specific pathways
(including Ire1/XBP-1 and ATF-6), and those activated by other cellular stresses (i.e., PERK-
independent eIF2α phosphorylation). The transcriptional targets downstream of these signaling
pathways can also be deemed intrinsic (BiP and Xbp-1), extrinsic (i.e., ATF4 and GADD34),
or mixed (CHOP-10, HERPUD) with respect to their dependence on ER-stress responses for
transactivation (Ma and Hendershot, 2004). Our initial interest in pursuing the ER as the
proximate hypoxic sensor responsible for the apoptotic switch in our model was stimulated by
reports describing the ability of intraperitoneal cycloheximide to inhibit delayed neuron death
after transient focal ischemia (Du et al., 1996). Aside from the possible role in limiting pro-
death gene expression, it seemed plausible that cycloheximide could also confer protection by
reducing client protein overload and attenuating the activation of pro-death signaling following
prolonged ER-stress. In our model, hypoxia appeared to regulate both systems, although the
shared pathway involving eIF2α had a greater effect on neuron survival. While salubrinal
lowered caspase-3 activation to control levels, it was less effective in blocking nuclear
pyknosis, Reports describing caspase-3-independent induction of EndoG activity by BNIP3
offer one potential explanation for this observation and reinforce the notion that combination
therapies for stroke will likely be required (Zhang et al., 2007). It is possible that other non-
ER kinases like PKR regulate eIF2α phosphorylation and neuron survival after hypoxic stress
(Blais et al., 2004). Likewise, the physiologic stressors that activate PERK also activate the
AMPK/TSC2/mTOR pathway (Liu et al., 2006). Since pharmacologic inhibition of AMPK
signaling ameliorates neuron loss in stroke, determining whether AMPK activity also regulates
the apoptotic switch in our model merits further consideration (McCullough et al., 2005).
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A dual role for CHOP-10 in the neuronal stress response to hypoxia?
CHOP-10 (GADD153) is a 29-kDa protein initially characterized as a negative inhibitor of c/
EBP-β involving adipocyte differentiation (Ron and Habener, 1992). And although CHOP has
been associated with neuronal apoptosis after stroke, we observed that in the presence of
salubrinal, induction of CHOP-10 protein was not sufficient to cause apoptosis. Aside from its
ability to transactivate a group of adaptive genes (Aldridge et al., 2007), CHOP is a known
substrate of both p38 and casein II kinase (CKII) (Maytin et al., 2001; Ubeda and Habener,
2003; Wang and Ron, 1996). But, while post-translational modification (PTM) of the CHOP
transcriptional activation domain modulates its transcription activation potential, there is no
evidence as of yet linking PTMs with target gene selectivity. Presumably, promiscuous
heterodimerization between CHOP-10, c-Jun, ATF4 and other family members plays some
role in activating CHOP's latent apoptotic activity (Ohoka et al., 2005; Ubeda et al., 1999;
Vinson et al., 2002). Studies geared towards identifying the relevant phospho-acceptor sites
and kinase pathways that converge on CHOP-10 should provide insight to this problem.

Defining molecular markers of selective vulnerability
Hypoxia-induced neuronal loss in vivo exhibits spatial and temporal heterogeneity, and the
magnitude and mechanism of cell injury is directly proportional to the severity of the ischemic
insult (Banasiak and Haddad, 1998). Transient global ischemia is associated with the selective
loss of discrete neuronal populations including CA1 pyramidal neurons in the hippocampus,
layer V cortical neurons and Purkinje cells within the cerebellum. As we observed, hypoxia
also induced the death of a subset of vulnerable neurons in vitro. While the mechanisms
regulating selective neuronal vulnerability are incompletely understood, intrinsic differences
in both the constitutive and regulated expression of calcium binding proteins, cell surface
receptors, profiles of receptor desensitization and intrinsic differences in antioxidant defenses
have been proposed (Brorson et al., 1995; Jiang et al., 2004; Tombal et al., 2002). Although
not directly evaluated in the present study, we found that the restricted expression of the
transcriptionally active p-c/EBP-β Thr188 species was a marker of neuronal survival in hypoxic
cultures. These data suggest that a comprehensive analysis of other bZIP proteins regulated by
hypoxia in cortical neurons could provide important clues regarding the pathways controlling
selective vulnerability after stroke. However, while such reductionist systems facilitate
modeling cell-autonomous apoptotic responses to hypoxia, additional work using in vivo
models will be required to establish that these pathways influence neuron survival following
either focal or global ischemia.

In summary, we have characterized an in vitro model of continuous hypoxia and demonstrate
its utility in dissecting the molecular events involved in delayed neuronal death. Moreover, we
provide evidence that the regulated activity of the bZIP factor c/EBP-β is a critical determinant
of neuron loss following hypoxia. Future studies related to the mechanisms controlling c/EBP-
β's stability, the pathways involved in c/EBP-β-mediated neuroprotection, and the second
messenger systems controlling the latent apoptotic potential of related bZIP proteins like
CHOP-10 could lead to the development of novel therapies for stroke.

Experimental methods
Reagents

Actinomycin D, cycloheximide, Hoechst 33342, polyethelenimine (PEI), sodium borate, the
protease inhibitor cocktail (P1754), DMSO, protease inhibitor cocktail, sodium dithionite and
L-glutamine were purchased from Sigma-Aldrich (St. Louis, MO). CNQX, MK801 and
glutamic acid were purchased from RBI, Inc. (Natick, MA). Cell culture grade 0.25% trypsin–
EDTA, trypan blue, Neurobasal® media and B27 supplement (AO-plus) were purchased from
GIBCO/Invitrogen (Carlsbad, California). The eIF2α phosphatase inhibitor salubrinal, the
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serine protease inhibitor AEBSF and Thapsigargin were purchased from Calbiochem (San
Diego, CA) and stock solutions were prepared with DMSO. Paraformaldehyde was purchased
from Mallinckrodt-Baker (Phillipsburg, NJ).

Primary neuronal cultures
All protocols were approved by the University of Rochester committee on animal resources
(UCAR), and complied with relevant federal guidelines. Cortices from C57BL/6 mice (E15.5)
were dissected free of meninges and transferred to ice-cold Ca2+/Mg2+-free D-PBS, followed
by incubation in 0.25% trypsin (1 ml/hemisphere) for 15 min at room temperature. Trypsin
was removed by rinsing 3× with MEM. The tissue was triturated and plated in Neurobasal
media containing B27 supplement, glutamic acid, and glutamate according to manufacturer's
instructions. Neurons were seeded at 1×105 cells on 12 mm cover slips (Fischer Scientific,
Pittsburgh, PA) or to 60 mm tissue culture plates (Corning Costar, Corning, NY) at a density
of 2.5×106 cells/well (Brewer, 1995). Surfaces were coated with PEI diluted 1:500 in sodium
borate buffer (150 mM; pH 8.0) and washed 3× with sterile water before use.

Hypoxic exposures and cell death measurements
Exposures were carried out using a humidified, triple gas incubator (Model 3310, Thermo-
Forma, Marietta, OH) calibrated against a dissolved oxygen probe (Microelectrodes, Bedford,
NH). Cultures were fixed with 4% paraformaldehyde in PBS (pH 7.4) for 30 min at room
temperature, stained with 5 μM Hoechst 33342, and mounted in mowiol for visualization of
pyknosis under UV fluorescence. Trypan blue exclusion assays were performed according to
the manufacturer's instructions. Immunocytochemical detection for cleaved caspase was
performed as described below. Significance testing was performed by Student's T-tests. P-
values <0.05 were considered significant.

Expression profiling and genetic pathway analysis
Total RNA was harvested using the Micro to Midi Total RNA Purification System (Invitrogen,
Carlsbad, CA) and transcribed using the superscript III cDNA synthesis kit (Stratagene, La
Jolla, CA). PrimerExpress® was used to design primer-probes which were synthesized (IDT,
Coralville, IA) for the following targets: VEGF (Fwd 5′-
GACTCGGAATCTCTTGGTGAGTG-3′, Rev 5′-AGGAAGGTGAAGCCCGGA-3′, Probe
5′-TGGGCAGAGCGCCACCAGC-3′), Glut-1 (Fwd 5′-TCCTGTTGCCCTTCTGCC-3′, Rev
5′-GGTTCTCCTCGTTACGATTGATG-3′, Probe 5′-CGAGAGCCCCCGCTTCCTGC-3′),
Hexokinase II (Fwd 5′-GACTCGGAATCTCTTGGTGAGTG-3′, Rev 5′-
AGGAAGGTGAAGCCCGGA-3′, Probe 5′-TGGGCAGAGCGCCACCAGC-3′), NIX (Fwd
5′- ACTTGTTGTGTTGCTGCTCGA -3′, Rev 5′- GAGACTGGAAGCGGCACG -3′, Probe
5′- AGCCGG ATACTGTCGTCCTGCGG -3′), NOXA (Fwd 5′-
GGCCTCAAACTCCACCTGC -3′, Rev 5′- CCCAG TGATGCTGGCACTT-3′, Probe 5′-
TTGCCTCCCGGGTGCTGGG -3′), PUMA (Fwd 5′- GAGCGGCGGAGACAAGAA -3′,
Rev 5′- GAGATTGTACATGACCCTCCAGG -3′, Probe 5′- AGCAGCATCGA
CACCGACCCTCA -3′), and BNIP3 (Fwd 5′-GCAGGGCTCCTGGGTAGAA -3′, Rev 5′-
GACGGAGG CTGGAACGCT -3′, Probe 5′- TGCACTTCAGCAATGGCAATGGGAG -3′).
Each 25 μl reaction contained the following: 1× TaqMan® master mix, 10 μM of forward and
reverse primers, 5 μM of probe and 5 μl of pre-diluted (1:20) control or test cDNA and run on
an ABI-7700 thermocycler (Applied Biosystems Inc, Foster City, CA). RT (−) reactions were
analyzed in parallel to monitor for genomic DNA contamination. Data represent the average
absolute fold-induction±standard deviation (n=3) using cDNA standards spanning 5-log order
dilution.

To analyze putative protein–protein networks activated in our hypoxic model we used the
STRING algorithm (http://string.embl.de/). Association data are based on a combination of
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experimental data, as well as text mining and database resources (including the COG database,
Ensembl, and RefSeq) (von Mering et al., 2003, 2007). Using the multiple name option, targets
for the human proteins c/EBP-β, ATF4, DDIT3 and PPP1R15A were selected. Within the
confidence view second tier associations were incorporated using the ‘more’ tab. Nodes in the
network represent the individual protein species while the thickness of the connecting lines
indicate the confidence of the interactions depicted.

Western blotting
Whole cell lysates were harvested from 2.5×106 neurons as follows: cells were washed 1× with
ice-cold PBS and incubated in RIPA buffer (Tris–HCl: 50 mM, pH 7.4; 1% NP-40; 0.25% Na-
deoxycholate: 150 mM NaCl; 1 mM EDTA, 1× protease inhibitor cocktail) on ice for 10 min.
Samples were sonnicated and centrifuged at 12,000 rpm/30 s/4 °C in a bench top centrifuge
and supernatants were stored at −70C. 15 μL aliquots were resolved by SDS PAGE (8–15%),
transferred to PVDF membranes (Millipore, Bedford, MA) and blocked for 1 h at room
temperature in wash buffer (50 mM Tris, 0.9% NaCl, 0.05% tween-20) containing 5% non-fat
dry milk. Primary antibodies were added with constant agitation at 4 °C (1–12 h), blots were
rinsed thee times in wash buffer and incubated with HRP conjugated secondary antibody (1 h
diluted 1:2000; Santa Cruz Biotechnology), washed again and detected by ECL detection
(Renaissance; Amersham Pharmacia Biotech, Inc., Piscataway, NJ). The following antibodies
were used: βIII-tubulin and NeuN (Chemicon, Temecula, CA); activated caspase-3, c-Jun,
eIF2α, p-eIF2α (ser51) and p-c/EBP-β(Thr188) were obtained from Cell Signaling
Technologies (Beverly, MA); ATF4 (AVIVA, San Diego, CA); c/EBP-β (C-19), Bcl-2 (C-2),
Bax (N-20), and Chop-10 (B-3) antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA).

Immunocytochemical analysis and image acquisition
Cells were gently rinsed with chilled PBS and fixed for 30 min at 4 °C with 4% PFA in PBS.
Cells were then rinsed 2× with PBS containing 0.05% TritonX-100 and permeabilized for 30
min/4 °C in blocking solution (0.15 M NaCl, 20 mM Tris–Hcl, pH 7.5, 4.5% NFDM, 0.1%
Triton X-100). Cover slips were inverted on 70 μl droplets of primary antibody diluted 1:100
in triton/blotto on Parafilm for 1 h at room temperature. Cells were rinsed 3× with blotto (0.05%
triton X-100) and incubated with conjugated secondary antibodies at RT for 1 h (1:2000; Alexa
dyes, Molecular Probes). Samples were rinsed 3× in PBS (0.05% triton X-100) and mounted
in mowiol for fluorescence analysis. Images were acquired using the Coolsnap Fx camera
(Roper Bioscience), mounted to a Zeiss Axioscope equipped with Plan-Neofluor objectives.
Image archiving, normalization and pseudocoloring and densitometry measurements used to
analyze results from western blotting experiments were performed using ImagJv1.36
(http://rsb.info.nih.gov/ij/).

Amplicon constructs, virus production and protection experiments
The herpes amplicon plasmid CMVeGFP–HSVprPuc co-expressing the enhanced GFP protein
was constructed as follows. The amplicon vector HSVprPuc was linearized by digestion with
AccI and ligated with a CMVeGFP fragment generated by PCR from the vector pEGFP-C2
(Clontech, Inc). The luciferase cDNA derived from the pGL3 series of reporter plasmids
(Promega, Madison, WI) and the wild-type c/EBP-β and the amino terminal transactivation
domain deletion mutant derived from the plasmids CMV-c/EBP-β and c/EBP-βΔTAD (kindly
provided by R.M. Pope, Northwestern University Medical School) were sub-cloned into the
bi-cistronic amplicon vector CMVeGFP–HSVprPuc. Herpes simplex virus (HSV-1) amplicon
vector stocks were generated and titered as described previously (Geschwind et al., 1994). GFP
titers were determined on NIH3T3 cells and ranged between 1–3×10ˆ8 gfu/ml with amplicon
to helper ratios of 1:1. Neuronal cultures were at an MOI of 0.8 12 h prior to hypoxic exposure
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to allow for transgene expression. Neuronal transduction was confirmed by paraformaldehyde
fixed cultures under FITC fluorescence.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Chronic hypoxia activates apoptosis in dissociated neuronal cultures. (A) Continuous hypoxia
induces nuclear pyknosis and caspase-3 cleavage in DIV7 cortical neurons. Neuronal cultures
were exposed to hypoxia (0.5% O2) for 18 h and analyzed by fluorescence microscopy for
expression of the neuronal marker NeuN, nuclear pyknosis using the DNA dye Hoechst 33342,
and the cleavage of caspase-3. (B) Nuclear pyknosis approximates caspase-3 cleavage in
vitro. (C) Hypoxia-induced neuron death requires de novo translation. Cultures were pretreated
with cycloheximide (CHX 1 μg/ml, 3.5 μM) or a combination of the glutamate receptor
antagonists MK-801 (100 μM) and CNQX (10 μM), and exposed hypoxia (0.5% O2, 18 h;
filled bars) and analyzed for nuclear pyknosis versus control (21% O2; open bars) sister
cultures. Data represent the average±S.D. of results from six non-overlapping fields across
replicates (n=4; *=P<0.05).
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Fig. 2.
Transcriptional profiling by quantitative RT-PCR defines adaptive and pathologic phases of
gene expression. Neuronal cultures were made hypoxic for 3, 6, 9 and 12 h, total RNA was
harvested and analyzed by quantitative PCR for the adaptive targets vascular endothelial
growth factor (VEGF), hexokinase II (HKII) and the glucose transporter (Glut-1) (open bars),
or the pro-apoptotic factors BNIP3, NOXA and PUMA (filled bars). Data are expressed as
fold-induction relative to normoxic samples and expressed as the average±S.D. of results from
sister wells (n=3; *=P<0.05, **=P<0.01, ***=P<0.001).
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Fig. 3.
The unfolded protein response regulates neuron survival after chronic hypoxia. (A) Schematic
representation of the physiologic stressors associated with ischemic stress, the proximate
shared (eIF2α) and specific (ATF6, IRE/Xbp-1) ER sensors responsive to these cues and their
downstream nuclear transcriptional targets. The sites of action of the pharmacological
inhibitors salubrinal (*) and the serine protease inhibitor AEBSF (**) are indicated. (B)
Western analysis indicates that hypoxia stimulates the transient induction of BiP/GRP78 and
phosphorylation of eIF2α. Pretreatment with the phosphatase inhibitor salubrinal (10 μM)
enhances eIF2α phosphorylation in hypoxic neurons (C), and (D) limits hypoxia-induced
neuronal pyknosis in vitro (18 h, 0.5% O2; filled bars). Data for control (open bars) and hypoxic
samples and expressed as the average±S.D. (n=3 wells; *=P<0.01).
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Fig. 4.
Hypoxia-induced ER-stress responses regulate neuron survival and the delayed expression of
the bZIP factors ATF4 and CHOP-10. (A) Protein lysates were harvested from normoxic (0
Hr) or hypoxic cultures (3–18 Hrs; 0.5% O2) and analyzed by western blotting for caspase-3
cleavage, eIF2α phosphorylation, proteolytic cleavage of ATF6, release of the transcriptionally
active ATF6 amino-terminus (ATF6α(n)), and induction of the bZIP proteins ATF4 and
CHOP-10. Sister cultures were also treated with salubrinal (10 μM), the serine protease
inhibitor AEBSF (100 μM) or the Ca2+-ATPase inhibitor thapsigargin (Tg; 1 μg/ml) and
exposed to hypoxia (excluding Tg treated samples) as indicated. (B) Western blots were
quantified using densitometry and the data are expressed histogram form as the ratios of p-
eIF2α/total eIF2α and ATF6α(n)/total ATF6α.

Halterman et al. Page 18

Mol Cell Neurosci. Author manuscript; available in PMC 2009 March 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Dynamic regulation of the bZIP family of transcription factors in hypoxic neurons. (A) The
STRING protein–protein interaction algorithm (http://string.embl.de/) implicates the bZIP
factors c/EBP-β and c-Jun in the regulated activity of ATF4 and CHOP-10. (B) Western
analysis of hypoxic neuronal cultures for c-Jun, total and phosphorylated c/EBP-β (Thr188).
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Fig. 6.
Persistent expression of phosphorylated c/EBP-β Thr188 is a marker for neuron survival
following hypoxic stress. (A) Dissociated cortical cultures were exposed to hypoxia (18 h,
0.5% O2) and analyzed by ICC for c/EBP-β Thr188 and the neuronal marker NeuN. (B) Nuclear
morphology was determined for neurons expressing either high or low levels of p-c/EBP-β as
indicated. Data represent the average±S.D. of results from five non-overlapping fields
(*=P<0.05).
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Fig. 7.
Viral-mediated expression of c/EBP-β supports neuron survival after hypoxic challenge. (A)
The bi-cistronic herpes amplicon vector HSVprPucCMVeGFP identifies neurons expressing
luciferase (LUC), full-length c/EBP-β (WT), or a truncated form of c/EBP-β (ΔTAD). (B) c/
EBP-β expression promotes neuron survival after hypoxic challenge. DIV7 cultures were
transduced with the expression constructs as indicated and analyzed for levels of nuclear
pyknosis after 18 h of normoxic (open bars) or hypoxic (closed bars) conditions. The data
represent the average (±S.D.) pyknosis amongst transduced neurons from five non-overlapping
fields (n=3; *=P<0.05, **=P<0.01). (C) Expression of full-length or truncated c/EBP-β
(ΔTAD) limit hypoxia-induced caspase-3 cleavage and enhance Bcl-2 levels. Cortical neurons

Halterman et al. Page 21

Mol Cell Neurosci. Author manuscript; available in PMC 2009 March 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were transduced with wild-type, dominant-negative (ΔTAD) and control virus 12 h prior to
hypoxic challenge and subjected to 18 h of hypoxia (0.5% O2). Lysates were harvested and
analyzed by western blotting for the expression of the full-length, internally translated
inhibitory fragment (LIP), the ΔTAD fragment (asterisk), activated caspase-3, GFP, BiP/
GRP78, Bcl-2, and Bax.
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Fig. 8.
Hypoxia-mediated loss of neuronal c/EBP-β activity promotes the adaptive to apoptotic
transition. This schematic illustrates our conceptual model of how attenuated c/EBP-β activity
promotes the adaptive to apoptotic transition in hypoxic neurons. Under normoxic conditions,
c/EBP-β associates with other neuronal bZIP heterodimeric partners to regulate neurogenesis.
Under conditions of sub-lethal hypoxic stress, ER-stress induces the expression of ATF4 and
CHOP-10, which associate with c/EBP-β to drive the expression of mitochondrial heat shock
proteins and genes involved in the amino acid (AA) starvation response. c/EBP-β also functions
as an inhibitory factor repressing the expression of CHOP-10 as well as directly trans-
repressing the expression of pro-apoptotic p53 targets. Under conditions of severe hypoxic
stress, c/EBP-β levels decline allowing for the formation of pathological bZIP heterodimers
(i.e., ATF4:CHOP-10) and the activation of p53-dependent latent pro-apoptotic transcriptional
activity.
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