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Abstract
AIM: To investigate the influence of ischemia/reperfu
sion on arctic ground squirrel (AGS) neuronal progenitor 
cells (NPCs), we subjected these cultured cells to oxygen 
and glucose deprivation.

METHODS: AGS NPCs were expanded and diffe
rentiated into NPCs and as an ischemia vulnerable con
trol, commercially available human NPCs (hNPCs) were 
seeded from thawed NPCs. NPCs, identified by expression 
of TUJ1 were seen at 14-21 d in vitro  (DIV). Cultures 
were exposed to control conditions, hypoxia, oxygen 
and glucose deprivation or glucose deprivation alone 
or following return to normal conditions to model reper
fusion. Cell viability and death were assessed from loss of 
ATP as well as from measures of alamarBlue® and lactate 
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dehydrogenase in the media and from counts of TUJ1 
positive cells using immunocytochemistry. Dividing cells 
were identified by expression of Ki67 and phenotyped by 
double labeling with GFAP, MAP2ab or TUJ1. 

RESULTS: We report that when cultured in NeuraLife™, 
AGS cells remain viable out to 21 DIV, continue to 
express TUJ1 and begin to express MAP2ab. Viability of 
hNPCs assessed by fluorescence alamarBlue (arbitrary 
units) depends on both glucose and oxygen availability 
[viability of hNPCs after 24 h oxygen glucose deprivation 
(OGD) with return of oxygen and glucose decreased 
from 48151 ± 4551 in control cultures to 43481 ± 2413 
after OGD, P  < 0.05]. By contrast, when AGS NPCs are 
exposed to the same OGD with reperfusion at 14 DIV, 
cell viability assessed by alamarBlue increased from 
165305 ± 11719 in control cultures to 196054 ± 13977 
after OGD. Likewise AGS NPCs recovered ATP (92766 
± 6089 in control and 92907 ± 4290 after modeled 
reperfusion; arbitrary luminescence units), and doubled 
in the ratio of TUJ1 expressing neurons to total dividing 
cells (0.11 ± 0.04 in control cultures vs 0.22 ± 0.2 after 
modeled reperfusion, P  < 0.05). Maintaining AGS NPCs 
for a longer time in culture lowered resistance to injury, 
however, did not impair proliferation of NPCs relative to 
other cell lineages after oxygen deprivation followed by 
re-oxygenation.

CONCLUSION: Ischemic-like insults decrease viability 
and increase cell death in cultures of human NPCs. 
Similar conditions have less affect on cell death and 
promote proliferation in AGS NPCs.

Key words: Neurogenesis; Neuronal progenitor; Hypoxia 
tolerance; Hibernation
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Core tip: Cultured arctic ground squirrel (AGS) neuronal 
progenitor cells (NPCs) resist cell death under conditions 
designed to model ischemia/reperfusion and instead 
show evidence of proliferation. Persistence of progenitor 
properties and hence the capacity to divide is a unique 
characteristic of AGS NPCs. Mechanisms that prolong 
neuronal progenitor properties may be targets to increase 
tolerance to cerebral ischemia/reperfusion in humans at 
risk of stroke and cardiac arrest.
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INTRODUCTION
Failed delivery of oxygen and nutrients within the brain 
leads to neuronal pathology, disability and death in 

humans[1,2]. Arctic ground squirrels (AGS), a hibernating 
species, do not show detrimental effects of global 
cerebral ischemia in vivo that are typical of humans and 
other mammals[3,4]. Unlike other hibernating species[5], 
tolerance to modeled ischemia in AGS brain slices does 
not depend on the hibernating state and persists outside 
of the hibernation season[6,7]. We thus hypothesized 
that aspects of resistance to ischemia/reperfusion injury 
would be evident in neuronal progenitor cells (NPCs) 
derived from AGS. Because the effects of ischemia/
reperfusion injury in NPCs are not well studied, we 
included human NPCs for comparison. 

NPCs are cells derived from neural stem cells (NSCs) 
that have committed to a neuronal fate, but retain the 
capacity to divide[8]. Both NSCs and NPCs are found in 
adult brain and serve as pools of renewable neurons. 
In the adult brain, traumatic events including cerebral 
ischemia[9], epileptic seizures[10] and traumatic brain 
injury[11,12] promote neurogenesis. Though neurogenesis 
may involve proliferation of NSCs or NPCs evidence 
suggests that adult neurogenesis in the dentate gyrus 
of the hippocampus originates from restricted NPCs[13]. 
The fate of NPCs following ischemia/reperfusion is 
therefore significant to recovery from stroke and cardiac 
arrest. 

Here we compared human and AGS NPCs, identified 
as cells that are nestin negative and TUJ1 positive, 
for vulnerability to oxygen and glucose deprivation in 
vitro. We report that hypoxic and ischemic-like insults 
decrease viability and increase cell death in cultures of 
human NPCs. Similar conditions fail to induce cell death 
in AGS NPCs. 

MATERIALS AND METHODS
Cell culture
AGS NPCs were prepared as described previously[14] 
by thawing and seeding AGS NSCs onto a T-75 flask 
treated with poly-L-ornithine. Cells were allowed to 
proliferate using a DMEM/F12 growth media in the 
presence of bovine serum and bFGF (10 ng/mL) until 
75% confluence. Cells were passaged and seeded 
onto 96-well plates (Biocoat, poly-L-Lysine coated, 
Becton Dickenson) at a low density (10000-20000 
cells/well) and grown in differentiation media (lacking 
bFGF) for four days before switching to Neurobasal™ 
(Invitrogen) or NeuraLife™ (Lifeline Cell Technology) 
neuron maintenance media. Human NPCs were seeded 
from thawed NPCs (Clonexpress, Gaithersburg, MD) 
that originated from whole first trimester fetal brains. 
Cells were maintained for up to 14 d in vitro (DIV) in 
Neurobasal™ or up to 21 DIV in NeuraLife™ then fixed 
with 4% paraformaldehyde.

Hypoxia and oxygen glucose deprivation
Hypoxia with reoxygenation (O2 dep w/reOx) or modeled 
ischemia with reperfusion [oxygen glucose deprivation 
(OGD) w/rep] was achieved as follows. Media (80%) 
was changed from maintenance media containing 25 
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mmol/L glucose to maintenance media containing 5 
mmol/L glucose 24 h prior to substrate deprivation to 
better approximate in vivo glucose concentrations[15]. 
Substrate deprivation was initiated by removing 80% 
of media and replacing it with normoglucose (5 mmol/L 
glucose in maintenance media) or glucose deprived 
media (0 mmol/L glucose in maintenance media). Plates 
were then placed in normoxic or hypoxic conditions for 
48 h. 

Hypoxic conditions were achieved by placing 
plates in a Billups-Rothenberg chamber flushed with 
95% N2/5% CO2 until the partial pressure of O2 in the 
chamber was below 0.7% of atmospheric pressure then 
sealed. For normoxic conditions the chamber was left 
open for free gas exchange and placed in an incubator 
at 37 ℃ and 95% air (21% O2)/5% CO2. Humidity 
was maintained by placing water-soaked gauze on the 
bottom of the chamber. Following the hypoxic/normoxic 
period the plates were removed from their respective 
chambers and placed in an incubator at 37 ℃ and 
95% O2/5% CO2 for 24 to 72 h. The media was never 
changed following the hypoxic/normoxic period, but 
glucose was returned to the media, when specified 
as OGD w/rep. In some experiments a small amount 
of media was removed for early analysis of lactate 
dehydrogenase (LDH) levels. 

Glucose deprivation without oxygen deprivation 
(Gluc dep w/return) was achieved by treating plates as 
described for OGD except that plates were maintained 
in a normoxic environment throughout the treatment 
period. Following the return of glucose, oxygen, or 
oxygen and glucose, viability was assessed from cellular 
respiration monitored using an alamarBlue® assay and/
or LDH levels in the media. After testing for alamarBlue
® and LDH, the cultures were fixed and processed 
for immunocytochemistry. Human NPCs were treated 
in a similar manner and served as a positive control for 
NPCs derived from an ischemia vulnerable species.

Measures of cell viability and cell death
Media (100 μL) was assayed for LDH (Roche Dia
gnostics) as a measure of cell death, according to 
manufacturer’s instructions. AlamarBlue® (Invitrogen), 
a redox indicator that yields a fluorescent signal in 
response to metabolic activity and is proportional to cell 
number under the conditions described, was assayed 
as a measure of cell viability. AlamarBlue® solution was 
added to 200 μL of media in each well of the 96 well 
plate 2 h prior to assay. Following 2 h at 37 ℃ and 95% 
air/5% CO2, respiration was determined in the cells by 
removing 100 μL of media into an empty 96-well plate 
to measure a respiratory factor using a fluorescence 
plate reader. 

ATP measurements
Immediately following OGD/normoxia or following the 
24 h reperfusion period, media was removed from all 
wells and then 100 μL of buffer and substrates were 

added to cells according to manufacturer’s directions 
(ATPlite Kit, PerkinElmer). The plates were agitated on 
an orbital shaker for 2 min. The lysate was transferred 
to a black 96-well plate and luminescence measured on 
a Wallac Victor2 Multiplate reader. 

Immunocytochemistry
Cells in 96-well plates were fixed for 20 min with 4% 
paraformaldehyde and incubated with antibodies for 
Ki67, MAP2ab or TUJ1. The cells were rinsed numer
ous times with PBS (Ca2+, Mg2+ free), the cells were 
blocked with Triton X-100 containing blocking buffer 
and then; β-tubulin polyclonal antibody TUJ1 (Covance 
Cat# PRB-435P), 1/2000 dilution; MAP2 (a and b) 
(Abcam Cat#ab3096), 1/300 dilution; GFAP (Abcam 
Cat#ab16997), 1/100; Nestin (Abcam Cat #ab7659), 
1/200 and Ki67 (Abcam Cat #ab695093), 1/1000 
dilution. The cells were again rinsed several times with 
PBS then secondary antibody (Alexa fluor 546 goat 
anti-rabbit IgG (H + L) (Life Technologies - Molecular 
Probes, Cat #A11010) was added along with Hoechst 
dye 33342 (Life Technologies - Molecular Probes Cat. 
# H3570). The abundance of immunoreactive cells 
was measured using the neuronal profiling software 
of the Cellomics Arrayscan instrument to assess total 
number of cells within each field (Hoechst positive 
cells) and number of neurons within each field with a 
neuronal process (TUJ1-positive and Hoechst-positive 
cells). Hoechst dye 33342 labeled nuclei of all cells. Ki67 
antibody was used when identifying dividing cells of any 
type. 

Statistical analysis
Data are shown as mean ± SD. Unless otherwise 
indicated, data were analyzed by one-way ANOVA 
followed by Holm-Sidak multiple comparisons or t-test 
for pairwise comparisons when data were normally 
distributed, and by Mann-Whitney rank sum test or 
Kruskal-Wallis one way ANOVA on ranks followed by 
Dunn’s multiple comparisons when data were not 
normally distributed. Software for analysis included 
Excel 2010 and SigmaPlot (v. 11.0). Sample size (n) 
refers to the number of wells per treatment condition 
unless indicated otherwise. P < 0.05 was interpreted as 
statistically significant. 

RESULTS
NPCs are identified in cultures of human cells by 
expression of TUJ1 and neurons by MAP2ab at 14 DIV 
(Figure 1). By contrast, AGS cultures begin as NSCs, 
identified by nestin-ir and an absence of GFAP-ir at 7 
DIV (Figure 2). By 14 DIV, AGS cultures express TUJ1 
and GFAP characteristic of proliferating progenitors 
committed to neuronal or astrocytic fates[8] and nestin is 
no longer expressed. When cultured in NeuraLife™ AGS 
cells remain viable out to 21 DIV, continue to express 
TUJ1 and begin to express MAP2ab (Figure 2).
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total cells increased (P < 0.01, ANOVA, n = 9-12, Figure 
2B) despite a small, but significant increase in LDH (P 
< 0.001, ANOVA, n = 6-9, Figure 2C). When deprived 
of glucose alone, LDH decreased relative to control and 
viability and neuron numbers remained unchanged. 
Viability of the cultured cells after a period of recovery 
was also evident from measures of ATP. Although AGS 
NPCs lost ATP within 40 h after oxygen or oxygen and 
glucose deprivation (P < 0.001, ANOVA, n = 6, Figure 
3A), ATP returned to or exceeded control levels within 
24 h of reintroducing resources (P < 0.001, ANOVA, n 
= 5-6, Figure 3B). Results are expressed as total ATP 
luminescence units because the ATP assay superseded 
cell counts.

The increase in viability and number of TUJ1 posi
tive NPCs to total cells in the presence of cell death 
suggested that TUJ1 positive NPCs were proliferating 
in response to injury at a rate faster than other cell 
lineages. To test this hypothesis we identified dividing 
cells as those immunoreactive for Ki67, a cell cycle 
protein expressed during the G1 phase of the cell cycle. 
As expected, the ratio of dividing (NPCs) (Ki67 and 
TUJ1 positive) to the total number of dividing cells (Ki67 
positive) increased following oxygen deprivation and 
oxygen and glucose deprivation (P < 0.01, Kruskal-
Wallis, n = 5-8, Figure 4A). The number of dividing 
neuronal progenitors remained constant while the 
number of total dividing cells decreased (P < 0.001, 
ANOVA, n = 6-8, Figure 4B). 

We next asked if encouraging AGS NPCs to terminally 
differentiate by extending the number of DIV beyond 
21 d would abolish ischemia-induced neurogenesis and 
tolerance to oxygen deprivation. Using a novel culture 
media (NeuraLife™, Lifeline Cell Technology, Frederick, 
MD) cultures remained viable beyond 3 wk and began 
to express MAP-2ab (Figure 2). After this additional 
week in culture, 48 h of hypoxia followed by 24 h of re-
oxygenation produced an increase in LDH in the media 
(P < 0.001, t-test, n = 83-84, Figure 5A). However, the 
number of NPCs relative to total cells did not change 
(Figure 5B), and the extended culture period did not 
abolish neurogenesis. The number of dividing NPCs (cells 
positive for Ki67 and TUJ1) 24 h after re-oxygenation 
increased when compared to normoxia treated control 
cultures (Figure 5C). NPCs counts and evidence of 
neurogenesis persisted up to 72 h after re-oxygenation. 
By 48 and 72 h after re-oxygenation the ratio of NPCs to 
total cells increased slightly [48 h, Figure 6A, P < 0.01, 
t-test, n = 4 (averages of 6 replicates)] or remained 
the same (72 h, Figure 6C). In addition, the number of 
dividing NPCs increased (48 h, Figure 6B) or the decline 
in dividing NPCs was less than the decline in proliferation 
of other cell lineages (72 h, Figure 6D) (P < 0.05, t-test, 
n = 4, averages of 6 replicates).

Increased antioxidant capacity may protect AGS 
during periods of reperfusion during arousal from 
torpor[16-18]. We therefore asked if AGS cultures would 
resist injury induced by the pro-oxidant H2O2. AGS NPCs 
were in fact more sensitive to H2O2 than cultures of 

Viability of human NPCs and neurons at 14 DIV 
depended on both glucose and oxygen availability, 
although combined deprivation of both substrates 
produced the most consistent decrease in viability and 
neuron numbers. Depriving human cultures of glucose, 
oxygen or oxygen and glucose produced a decrease 
in alamar Blue® fluorescence (P < 0.001; ANOVA, n = 
72-96, Figure 1A). All treatments combined showed a 
significant decrease in the ratio of TUJ1+ NPCs to total 
cells (P < 0.05, ANOVA, n = 15-20, Figure 1B) although 
post-hoc analysis showed that only cultures exposed 
to OGD with reperfusion had significantly fewer NPCs 
to total cells compared to controls. Oxygen deprivation 
with reoxygenation and OGD with reperfusion produced 
a significant increase in LDH released into the media (P 
< 0.05, Kruskal-Wallis, ANOVA on ranks, n = 18-24) 
(Figure 1C). 

By contrast, when AGS NPCs were exposed to 
oxygen deprivation with reoxygenation or OGD with 
reperfusion at 14 DIV, cell viability increased (P < 0.001, 
ANOVA, n = 5-6, Figure 2A), and the ratio of NPCs to 
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Figure 1  Cultures of human neuronal progenitor cells express TUJ1 and 
MAP2ab at 14 d in vitro (left) and die within 24 h of re-oxygenation (right). 
Cultures were deprived of oxygen and/or glucose for 48 h and resources were 
replaced for 24 h before assaying for viability (A), proportion NPC to total cells 
(B) or cell death (C). Horizontal lines indicate P < 0.05; ANOVA followed by a 
Holm-Sidak test (A, B) or Kruskal-Wallis ANOVA on ranks followed by Dunn’s 
multiple comparisons (C). Mean ± SD. Only differences relative to control are 
shown. NPC: Neuronal progenitor cell.
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human NPCs and neurons (Figure 7). While the viability of 
human cultures, indicated from alamarBlue® fluorescence, 
decreased after 6 h of exposure to 50 μmol/L H2O2 
(P < 0.05, Kruskal-Wallis, ANOVA on ranks, n = 20), 
the viability of AGS cultures decreased after just 2 h of 
exposure (P < 0.05, Kruskal-Wallis, ANOVA on ranks, n 
= 25). Differences in percent glia in cultures can directly 
affect neuroprotective capacity. In looking at the percent 
of GFAP+ glial cells in each culture, differentiated AGS 
NPCs and differentiated human NPCs cultures, the 
number of GFAP positive glial cells in the AGS cultures 
(DIV12) was considerably lower than the percentage of 
GFAP+ glial cells in the differentiated human cultures 

(6.2% ± 3.7% vs 37.0% ± 1.9%, respectively, n = 6-12 
wells).

DISCUSSION
AGS offer a unique and robust model of resistance to 
brain injury following global cerebral ischemia in vivo 
and OGD in vitro[3,4,6,7]. This resistance may be in part, 
intrinsic to AGS neurons and thus persist in culture. To 
study AGS neurons in culture we isolated AGS NSCs 
that were then differentiated into NPCs prior to insult 
with oxygen and/or glucose deprivation. Here we show 
that proliferation and differentiation of NSCs obtained 
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Figure 2  Cultures of arctic ground squirrel neuronal progenitor cells do not begin to express MAP2ab, characteristic of mature neurons, until 21 d in 
vitro. Cultures of AGS NPC express nestin, a marker of NSC, but not GFAP, a marker for astrocytes at 7 d in vitro (DIV) (top left). By 14 DIV cultures express TUJ1 
a marker of neuronal progenitor cells that are committed to a neuronal fate, and GFAP a marker of progenitor cells commitment to an astrocytic fate. Nestin is no 
longer expressed at 14 DIV (middle left). At 21 DIV cultures express TUJ1 and begin to express MAP2ab (bottom left). AGS NPCs at 14 DIV increase in viability and 
appear to proliferate when deprived of oxygen or oxygen and glucose (right). When AGS NPC were deprived of oxygen or oxygen and glucose for 48 h followed by 
24 h of resource replacement, cultures showed an increase in viability (A) and an increase in the proportion of neuronal progenitors (B) despite signs of cell death 
(C). Horizontal lines P < 0.05; ANOVA followed by a Holm-Sidak test. Mean ± SD. Only differences relative to control are shown. AGS: Arctic ground squirrel; NPC: 
Neuronal progenitor cell; OGD: Oxygen glucose deprivation.
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from adult AGS hippocampus follows a characteristic 
progression of lineage-specific markers described for 
NSCs from other species[8]. We show that at 7 DIV AGS 
cultures express nestin but not GFAP, a characteristic of 
NSCs. These cells commit to a neuronal (TUJ1 positive) 
or astrocytic (GFAP positive) fate by 14 DIV. AGS NPCs 
continue to mature if cultured under conditions that 
favor survival and by 3 wk begin to express MAP2ab a 
marker of mature, terminally differentiated neurons. 
Interestingly, the human cultures at only 14 DIV already 
contain a large fraction of MAP2ab-ir cells showing that 
AGS NPCs mature more slowly than hNPCs in culture.

Glucose deprivation had little influence on viability 
or cell death and did not stimulate proliferation of 
NPCs. Similarly the effects of OGD were similar to 

the effects of hypoxia without glucose deprivation. 
We have shown previously that cultures of AGS NPCs 
passaged and differentiated in much the same manner 
as described here are vulnerable to iodoacetate, a 
chemical inhibitor of glycolysis, and less vulnerable to 
inhibition of oxidative metabolism[19]. Lack of effect of 
glucose deprivation, in the present study may be due to 
astrocytic stores of glycogen and the capacity for these 
cell cultures to survive on anaerobic glycolysis. These 
results are consistent with other studies showing that 
NSCs/NPCs cultured under low oxygen consume more 
glucose, produce energy by glycolysis, and upregulate 
genes involved in glycolysis[20]. Because glycogen is 
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stored primarily in astrocytes, higher proportions of 

astrocytes to neurons in AGS NPCs cultures could 
contribute to lower levels of cell death compared to 
human NPCs. However, astrocytes do not appear to 
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Figure 5  Arctic ground squirrel neuronal progenitor cell cultured for 21 d 
in vitro are more vulnerable to oxygen deprivation than cells cultured for 
14 d in vitro. Longer time in culture lowers resistance to oxygen deprivation 
/reoxygenation indicated by an increase in LDH (A) not seen after 14 d in vitro 
(DIV). However, after 24 h of O2 deprivation, followed by 24 h of reoxygenation 
the proportion of neuronal to nonneuronal progenitors did not change (B) while 
proliferation of NPCs increased (C). Data are from AGS NPCs cultured for 21 
DIV that were deprived of oxygen followed by 24 h of reoxygenation. aP < 0.05 
compared to control, t-test. LDH: Lactate dehydrogenase; NPCs: Neuronal 
progenitor cells; AGS: Arctic ground squirrel.
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progenitor cells to total cells increases slightly or remains the same. AGS 
NPCs cultured for 21 d in vitro were deprived of oxygen followed by 48 h (A, 
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contribute to neuroprotection in AGS NPCs since the 
percentage of GFAP+ astrocytes are considerably lower 
in AGS NPCs cultures than in human NPCs cultures. 
Although the degree of hypoxia experienced in culture 
is difficult to compare directly to hypoxia sensed by 
neurons in vivo the partial pressure of O2 in our hypoxic 
chambers was 0.7% of atmospheric pressure or lower. 
This low level of O2 is well below normal physiological 
levels[21]. 

Interpretation of a direct comparison with human 
NPCs is limited for several reasons. The percentage of 
MAP2ab-ir cells may influence tolerance to OGD since 
neurons are not anaerobic[22]. The human cultures at 14 
DIV contained MAP2ab positive neurons, whereas the 
AGS cultures did not. Perhaps the increase in LDH with 
hypoxic conditions of AGS cultures at 21 DIV reflects 
the greater number of mature neurons lost. In order 
to increase the number of mature MAP2ab-ir cells we 
extended the culture period, but only in the presence 
of AGS neuron beneficial media, NeuraLife™. There 
was no discernible difference in TUJ1+ cell numbers 
early in the culture period, but as with MAP2ab-ir cells, 
the number of TUJ1+ cells (neurons and progenitors) 
was also greater at longer culture period, specifically 
21 DIV. While the influence of relative proportions of 
astrocytes, NPCs and mature neurons to the response 
to oxygen and glucose deprivation may be inferred 
from these results it is important to not over-interpret 
the comparison between human and AGS cultures. 
hNPCs and AGS NSCs were derived from 2 different 
anatomical sources, the adult hippocampus for AGS 
and the first trimester fetal brains for the human line. 
Second, the stage of development differed between 
the two lines and time points studied. Humans are, 
however, a species known to be vulnerable to cerebral 
ischemia/reperfusion injury and for this reason hNPCs 
were included as a positive control. 

Neurogenesis following cerebral ischemia in vivo has 
not been monitored in AGS or in any other hibernating 
species, to our knowledge. However, immature cells 
have been captured in a mitotic state in the adult 
dentate gyrus of a closely related species of ground 
squirrel where cooling during hibernation slowed and 

facilitated observations of mitosis[23]. AGS and other 
species of ground squirrels regenerate synapses and 
AGS show enhanced cognitive function after arousal 
from hibernation[24,25] when hemoglobin-oxygen sa
turation levels fall to as low as 57%[16]. Whether the 
tendency for AGS NPCs to resist terminal differentiation 
and to proliferate in response to a low oxygen environ
ment contributes to this species’ ability to tolerate or 
recover from global cerebral ischemia/reperfusion in vivo 
remains to be determined. 

Cerebral ischemia associated with stroke, cardiac 
arrest, and traumatic brain injury leads to death or 
disability due in large part to progressive pathology for 
which effective therapeutic interventions are lacking. 
Neuroprotective therapeutics, have consistently failed in 
clinical trials to improve outcome following stroke, cardiac 
arrest and TBI despite positive preclinical results[26,27]. 
The reasons for clinical failure of neuroprotectants could 
be many fold[28], yet the possibility remains that without 
an actual reversal of ischemic injury the outcome will 
always be negative or not sufficient. Neurorestorative 
therapies for stroke[29] may provide improved outcomes 
over neuroprotectants. Recent evidence suggests that 
injury-induced proliferation of NSCs may provide a 
means to enhance recovery and decrease morbidity 
after stroke[9,30,31], although aberrant neurogenesis 
following stroke may contribute to aberrant functional 
outcomes[32]. Better understanding of mechanisms 
sufficient to promote survival and proliferation of AGS 
NPCs has the potential to unveil mechanisms that will 
also promote proliferation of human NPCs following 
brain injury. AGS NPCs offer a platform to investigate 
mechanisms of ischemia tolerance to inform development 
of novel therapies that target signal transduction 
pathways that contribute to ischemia tolerance and 
neurogenesis. Methods to promote neurogenesis after 
brain injury are expected to complement traditional 
neuroprotective therapies[33,34].

COMMENTS
Background
Many people have lost loved ones to cardiac arrest or stroke. Death is most 
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typically due to brain injury caused by a disruption in blood supply. Patients who 
survive are often burdened with severe neurological disabilities. Hibernating 
species resist brain injury following disruption of blood flow that would be lethal 
in other mammalian species, including humans. Unique physiology of these 
animals contributes to this resistance, but, it was unknown if cellular processes 
independent of environmental influences played a role in this tolerance. Here 
for the first time, we show aspects of cellular physiology in arctic ground squirrel 
(AGS) neurons that could contribute to ischemia tolerance. These observations 
now establish a foundation to study mechanisms unique to the AGS that may 
lead to the development of novel and efficacious treatments to reduce brain 
injury following cardiac arrest and stroke in humans and reduce effects of 
further neurodegenerative events.

Research frontiers
Opportunities to promote neurogenesis and neuron regeneration are a new 
area, ripe for drug development. While much is now known about how hypoxia 
influences proliferation and differentiation of neuronal stem cells, little work has 
been directed at understanding the longevity and survival of neuronal progenitor 
cells (NPCs), i.e., young neurons, largely committed to a neuronal fate that 
retain the capacity to divide. Using the AGS as a unique model of ischemia 
tolerance we found that AGS NPCs persist longer in culture than human NPCs 
and divide in response to hypoxia. The mechanisms behind this phenomenon 
can now be studied and drugs developed to mimic these mechanisms for the 
treatment of cardiac arrest and stroke.

Innovations and breakthroughs
Characterization of unique properties of NPCs derived from the ischemia-
resistant AGS is an innovative approach to understanding mechanisms of 
cellular response to hypoxia that will inform future drug development.

Applications
Better understanding of mechanisms sufficient to promote survival and 
proliferation of AGS NPCs has the potential to unveil mechanisms that will 
also promote proliferation of human NPCs following brain injury. AGS NPCs 
offer a platform to investigate mechanisms of ischemia tolerance to inform 
development of novel therapies that target signal transduction pathways 
that contribute to ischemia tolerance and neurogenesis. Methods to promote 
neurogenesis after brain injury are expected to complement traditional 
neuroprotective-targeted therapeutic approaches.

Terminology
NPCs: A NPCs is like a neural stem cell in that both have the ability to divide. 
A NPCs, however, has already begun to differentiate into a neuron and is more 
committed to a neuronal fate than a neural stem cell. NPCs are found in the 
adult, mammalian central nervous system, in two distinct brain regions, where 
they are thought to function in repair. 

Peer-review
This study characterized an interesting oxygen and glucose deprivation 
resistance in a model of AGS derived NPCs. This study demonstrated an acute 
response of AGS NPCs to oxygen and glucose deprivation in a number of 
parameters, including proliferation, ATP, survival etc. The key to this study is 
the use of human NPCs under similar conditions as a comparison. The current 
data did clearly demonstrate a resistance of AGS NPCs cells, but also showed 
that the AGS NPCs are more vulnerable to H2O2, as compared to human 
NPCs. The study presented an interesting possibility that the AGS may carriy 
a different genetic background or be primed with differential epigenetic coding 
that bestows the differential resistance or response to environmental factors, 
e.g., oxygen or glucose. This interpretation of the differential response was 
interpreted that AGS offer a unique and robust model of resistance to brain 
injury following global cerebral ischemia in vivo.
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