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Abstract
Hypoglycaemia is a common side-effect of glucose-lowering therapies for type-2 diabetic

patients, which may cause cognitive/neurological impairment. Although the effects of hypo-

glycaemia in the brain have been extensively studied in neurons, how hypoglycaemia

impacts the viability of adult neural stem cells (NSCs) has been poorly investigated. In addi-

tion, the cellular and molecular mechanisms of how hypoglycaemia regulates NSCs survival

have not been characterized. Recent work others and us have shown that the pituitary ade-

nylate cyclase-activating polypeptide (PACAP) and the glucagon-like peptide-1 receptor

(GLP-1R) agonist Exendin-4 stimulate NSCs survival against glucolipoapoptosis. The aim

of this study was to establish an in vitro system where to study the effects of hypoglycaemia

on NSC survival. Furthermore, we determine the potential role of PACAP and Exendin-4 in

counteracting the effect of hypoglycaemia. A hypoglycaemic in vitro milieu was mimicked

by exposing subventricular zone-derived NSC to low levels of glucose. Moreover, we stud-

ied the potential involvement of apoptosis and endoplasmic reticulum stress by quantifying

protein levels of Bcl-2, cleaved caspase-3 and mRNA levels of CHOP. We show that

PACAP via PAC-1 receptor and PKA activation counteracts impaired NSC viability induced

by hypoglycaemia. The protective effect induced by PACAP correlated with endoplasmic

reticulum stress, Exendin-4 was ineffective. The results show that hypoglycaemia

decreases NSC viability and that this effect can be substantially counteracted by PACAP

via PAC-1 receptor activation. The data supports a potential therapeutic role of PAC-1

receptor agonists for the treatment of neurological complications, based on neurogenesis

impairment by hypoglycaemia.

Introduction
Worldwide the number of prevalent cases of type 2 diabetes (T2D) has increased from 150 mil-
lion in 1980 to 347 million in 2011 [1]. T2D increases the risk of developing cardiovascular
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diseases (CVD) and central nervous system (CNS) complications such as stroke, dementia and
Alzheimer’s disease (AD) [2, 3]. Although clinical data about the efficacy of glucose lowering
treatments are unclear when it comes to reduce the incidence of CVD and CNS complications
in T2D [4], applying intensive glucose control therapy represents today one, among others
strategies, for avoiding such a complications [5]. However, glucose lowering medications in
T2D can upset the homeostatic balance between blood glucose and insulin levels, resulting in
the development of hypoglycaemia [6]. The detrimental effects mediated by hypoglycaemia
can lead to oxidative stress causing cardiac arrhythmias and contribute to sudden cardiac arrest
[7]. In particular, this has been mainly reported by using combinations of glucose-lowering
medications such as sulfonylureas and insulin [8] and may become a health concern [9]. In
recent years evidence has grown showing that episodes of hypoglycaemia can also affect the
brain by increasing the risk of developing dementia and AD [9–12]. Moreover, hypoglycaemia
can also increase ischemic cerebral damage [13, 14].

The brain is highly sensitive to hypoglycaemia since it largely relies on glucose for metabo-
lism and this may result in neuronal loss due to impaired fuel supply. Studies have shown that
hypoglycaemia can cause significant neuronal cell loss in hippocampal and cortical neurons
both in vitro [15–17] and in vivo [18, 19]. As a consequence, impairment of a variety of neuro-
psychological functions in diabetic patients, including memory has been reported [20–25]. The
mechanisms leading to hypoglycaemia-mediated neuronal cell death have been recently inves-
tigated. Several factors have been suggested to play a role in the detrimental effects mediated by
hypoglycaemia in the brain such as excitotoxicity [26, 27], nitric oxide production, zinc release
from nerve terminals, the activation of poly-(ADP ribose) polymerase-1 (PARP-1) and inhibi-
tion of autophagy [28–31]. Moreover, studies have shown the involvement of caspase-depen-
dent and independent mitochondrial apoptosis, observed in the hippocampus of
hypoglycaemic rats [32, 33]. In addition, a recent study showed the involvement of endoplas-
mic reticulum (ER) stress in triggering apoptotic neuronal death by glucose deprivation in hip-
pocampal cultured neurons [17].

Today, we recognize that in the adult mammalian brain, a proliferating population of neural
stem cells (NSCs) are generated throughout adulthood life via a mechanism known as adult
neurogenesis [34]. Neurogenesis occurs in three primary areas in the nervous system: the sub-
granular zone (SGZ), which supplies new granule cells to the dentate gyrus (DG) of the hippo-
campus; the subventricular zone (SVZ), which supplies new interneurons to the olfactory bulb
in rodent [35] and also to the striatum in the human brain [36], and recently neurogenesis has
been also described in the hypothalamic region [37]. The precise role of adult neurogenesis
under physiological and pathological conditions is still largely unknown [38], although several
data suggest the importance of this process in the regulation of neurologic [39] and metabolic
[40] functions.

How neurogenesis is impacted by hypoglycaemic conditions has been partially investigated
in the hippocampus. Suh et al. showed that during the first 2 weeks after hypoglycaemia
induced in rats, a transient increase of progenitor cell proliferation in the SGZ and neurogen-
esis in the hippocampal granule cell layer (GCL) was observed. However, after 4 weeks a signif-
icant loss of progenitor cells in the SGZ was seen [18]. In addition, work by Estrada et al.
showed that an experimental model of transient hypoglycemia increased astrogliosis as well as
neurogenesis in the rat hippocampus, suggesting that the brain undergoes a repairing process
after injury [41]. Finally, an experimental model of repetitive hypoglycaemia failed to show
neurogenesis impairment in the hippocampal DG, yet showing selective impairment of synap-
tic plasticity in the absence of cell death [42].

The aim of this study was to determine the direct effect of hypoglycaemia on primary NSCs
isolated from the SVZ of the adult mouse. Furthermore, we aimed to identify some of the
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mechanisms at the basis of the hypoglycaemic effects on NSCs. Others and we have previously
shown that the pituitary adenylate cyclase-activating polypeptide (PACAP) regulates NSCs via-
bility in vitro and in vivo [43–47]. Moreover, we have shown that the glucagon-like peptide-1
(GLP-1) receptor agonist Exendin-4 (Ex-4) enhances neural progenitor cells (NPCs) survival
in a diabeticmilieu in vitro [48] and in vivo [49–51]. Furthermore while PACAP has been
shown to contribute to the glucagon response to insulin-induced hypoglycaemia in mice [52]
administration of Ex-4 did not produce hypoglycemic effects in T2D patients [53]. Thus, we
also aimed to determine the potential role of PACAP and Ex-4 in regulating NSCs viability
under hypoglycaemic conditions.

Materials and Methods

NSCs isolation and cell cultures
The SVZ of the lateral brain ventricles of adult male mice 6 weeks of age (five C57 BL6/SCA
mice in each experiment) was micro-dissected by using a micro-dissector scissor and enzymati-
cally dissociated in 0.5 mg/ml trypsin, 0.8 mg/ml hyaluronidase and 80 U/ml deoxyribonucle-
ase I (Sigma-Aldrich, St Louis, MO) in DMEM/F12 containing B27 supplement, 4.5 mg/ml
glucose, 100 U/mL penicillin, 100 μg/ml streptomycin sulfate and 12.5 mMHEPES buffer solu-
tion (Invitrogen, Stockholm, Sweden). The enzymatic digestion was carried out at 37°C for 20
min. After a gentle trituration with a pipette and mixing, cells were passed through a 70 μm
strainer (BD Biosciences, Stockholm, Sweden) and pelleted at 1,000 rpm for 12 min. The cen-
trifugation step was repeated once more after removing the supernatant by adding fresh cold
DMEM/F12. The supernatant was then removed, and cells were re-suspended in DMEM/F12
supplemented with B27 and 18 ng/ml human epidermal growth factor (EGF) (R&D systems,
Oxon, U.K.). Cells were plated in a 10 cm Petri dish and incubated at 37°C for 7 days in order
for neurospheres (NS) to be developed. After 7 days, the NS were collected and centrifuged at
1,000 rpm for 10 min. NS were re-suspended in 0.5% trypsin/EDTA (Invitrogen, Stockholm,
Sweden), by incubating at 37°C for 2 min and triturated gently to aid dissociation. After a fur-
ther 2 min incubation at 37°C, the cell preparation was diluted 1/20 in DMEM/F12 at 37°C.
Cells were then pelleted at 1,000 rpm for 10 min and re-suspended in fresh DMEM/F12 con-
taining 18 ng/ml EGF and 16 ng/ml human basic fibroblast growth factor (bFGF) (R&D sys-
tems, Oxon, U.K.) before plating. NS were passed every 5 days for 4 weeks and all experiments
were performed between passage 2 and 8.

Hypoglycaemic medium
To mimic a hyperglycaemicmilieu in vitro, DMEMmedium without D-glucose was used. In
the experiments, cells were maintained in 0.01 ng/ml of EGF to avoid high proliferative condi-
tions. To obtain the desired glucose concentration, the NSC medium was supplemented with
different concentration of glucose ranging from 20 mM (control) to 0 mM (concentrations
shown in the results section).

ATP assay
Previous reports have indicated that intracellular ATP levels correlate to cell numbers [54]. To
measure NSC viability, NSCs were plated as single cells (see above) into 96-well plates (Corning
B.V. Life Sciences, Amsterdam, Netherlands) at the final concentration of 30,000 cells/well
with DMEMmedium without D-glucose supplemented with B27. PACAP 38 (Phoenix Phar-
maceuticals, Burlingame, CA, USA), Maxadilan-4 (Max4; PAC-1 specific agonist; graciously
provided by R.G. Titus), Exendin-4 (Ex-4; Sigma Aldrich, St Louis, MO, USA) were added to
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NSC for 15 min before or immediately after exposing the cells to hyperglycaemic medium at
the concentrations shown in the results section. The treatments were maintained for 24 hours.
H89 (PKA-inhibitor) 1μM, Gö-6976 (PKC-inhibitor) 1μM (Sigma-Aldrich) and PACAP 6–38
(a specific PAC-1/VPAC2 antagonist) 1μMwas administered to the cells 10 min before
PACAP 38 and 2.5mM glucose. After 24 hours of incubation at 37°C (5% CO2, 98% humidity),
intracellular ATP levels were measured using the Cellular ATP Kit HTS according to the man-
ufacturer’s instructions (BioThema, Stockholm, Sweden). In these experiments, the effect of
each treatment at a certain concentration was between 4–8 samples in 6–7 different sets of
experiments.

NSC counting
To measure NSC number, NSCs were plated as single cells into 96-well plates at the final con-
centration of 30,000 cells/well with DMEMmedium without D-glucose supplemented with
B27 (see above). PACAP 38 was added to NSC for 15 min before exposing the cells to hypergly-
caemic medium at the concentrations shown in the results section. The treatments were main-
tained for 24 hours. After 24 hours of incubation cell counting (and small spheres formed
along the 24 hours incubation time) was performed manually in two fields of each well.

Western blot
NSCs were plated as single cells and expanded in a 10 cm Petri dish with EGF/bFGF (see under
cell cultures) for 3–4 days. When NS were formed, the different treatments were added for 24
hours. After exposure, cells were washed with PBS and lyseded in a buffer containing 150mM
NaCl, 20mM Tris, 0.1% SDS, 1% Triton X-100, 0.25% Na-deoxycholate, 1mMNa3VO4,
50mM NaF, 2mM EDTA, and Protease inhibitory cocktail (Sigma–Aldrich) on ice for 30 min.
Samples were clarified by centrifugation. The supernatants were transferred to new tubes and
the total protein concentration was determined by Lowry protein assay (Bio-Rad Laboratories,
Stockholm, Sweden). Samples were then mixed with reducing SDS-PAGE sample buffer and
boiled for 5 min before performing SDS-PAGE. After electrophoresis, proteins were trans-
ferred onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad Laboratories). Immunoblot
analyses were performed with antibodies against the cleaved form of caspase-3 (1:1,000, poly-
clonal) (Cell Signaling Technology, Danvers, MA, USA) and Bcl-2 1:800 monoclonal rabbit,)
(Abcam, Cambridge, MA, USA). Immuno-reactive bands were developed using ECL (GE
Healthcare, Stockholm, Sweden), imaged with a GelDoc system and quantified with Quantity
One software (Bio-Rad Laboratories). After imaging, to verify equal protein loading, the PDVF
membranes were normalized versus β-actin protein levels (1:800, polyclonal) (Santa Cruz Bio-
technology, Inc. Germany). In these experiments, the effect of each treatment at a certain con-
centration was determined in single samples in 5–8 different set of experiments.

Quantitative RT-PCR
To quantify the ER stress-inducible transcription factor CHOP mRNA levels the total RNA
was extracted using Aurum total RNA-mini kit (Bio-Rad Laboratories, Stockholm, Sweden)
and the RNA was treated with DNase I (Bio-Rad Laboratories, Stockholm, Sweden) to elimi-
nate possible DNA contamination, according to the manufacturer’s protocol. Total mRNA was
reversed transcribed into cDNA by using an iScript™cDNA Synthesis Kit (Bio-Rad Laborato-
ries, Stockholm, Sweden). The expression levels of mRNAs were measured by SYBR green
based quantitative RT-PCR (iQ™ SYBR1 Green Supermix; Fermentas, St. Leon-Rot, Germany)
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using mouse-specific primer pairs for CHOP (forward:5'-GAAAGCAGAACCTGGTCCAC-3,
reverse: 5'-GACCTCCTGCAGATCCTCAT-30) (Invitrogen, Stockholm, Sweden). β-actin was
used as an internal standard.

Statistical analysis
Differences between groups were tested with one-way ANOVA followed by post hoc Fisher
LSD test or Kruskal-Wallis followed by Dunn’s test if data was not normally distributed. All
statistical analyses were performed using Sigma Plot software v. 11. Data are presented as mean
±SEM. P< 0.05 was considered statistically significant.

All experiments were conducted according to the regional ethics committee for animal
experimentation conforming to the "Guide for the Care and Use of Laboratory Animals" pub-
lished by U.S. National Institutes of Health (NIH publication # 85–23, revised 1985). The C57
BL6/J mice were imported from Nova-SCB, Stockholm, Sweden. The regional ethical commit-
tee (Stockholm Södra djurförsöksetiska nämnd) has approved all animals studies presented in
the manuscript. For animal experimentation (application S72-12). Animals were sacrificed in
CO2 chamber and by cervical dislocation.

Results

A hypoglycaemicmilieu impairs NSC viability
To study the effect of a hypoglycaemicmilieu on NSC viability, hypoglycaemic conditions were
mimicked by adding different concentrations of glucose [20 mM (control conditions) 10 mM,
5 mM, 2.5 mM, and 0 mM] to NSCs isolated from the SVZ of the adult mouse. NSC viability
was assessed after 24 hours by measuring intracellular ATP levels. The results showed that low
glucose levels from 5 mM impair NSC viability in a dose-dependent manner (Fig 1). Severe or
profound hypoglycaemia is usually referred to glucose levels of 2.5 mM or less [55, 56]. There-
fore, this glucose concentration was used in the following experiments.

Fig 1. A hypoglycaemicmilieu decreases NCS viability in a dose-dependent manner. NSCs were
plated as single cells and treated with 20 mM (control) 10, 5, 2.5, 0 mM glucose. To measure cell viability,
intracellular ATP levels were measured after 24 hours. Values are shown as mean ±SEM (n = 14–25).
Kruskal-Wallis followed by Dunn’s test was used. Differences were considered significant at P <0.05.
* denotes P <0.05 compared with control, # denotes P<0.05 compared to 2.5mM glucose.

doi:10.1371/journal.pone.0156867.g001
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Decreased NSC survival by hypoglycaemia correlates with a modest
increase in apoptosis
To study the potential involvement of apoptosis in the decreased NSC viability induced by
hypoglycaemia, we assessed the levels of the pro-apoptotic cleaved form of caspase-3 and of the
anti-apoptotic protein Bcl-2 after 24 hours of incubation in 2.5 mM glucose, by Western blot-
ting analysis. The results showed that low glucose (2.5mM) induced a trend toward the
decrease of Bcl-2 protein levels (Fig 2A) while there was a trend toward the increase in the pro-
tein levels of the cleaved form of caspase-3 (Fig 2B), (S1 Fig).

Fig 2. PACAP increases NSC viability in response to hypoglycaemicmilieu in correlation with a downward trend in
apoptosis. NSCs were plated as single cells. Prior to 2.5mM glucose addition cells were incubated with PACAP (100 nM) for 10 min.
After 24 hours incubation cells were harvested for Western blot experiments (A, B) or intracellular ATP determination (C) or NSC
manual counting (D). To obtain quantitative measurements Bcl-2 protein levels and cleaved caspase 3 were normalized against β-
actin. Data are shown as mean ±SEM (A, n = 6–7; B, n = 5–8, C, n = 30–50; D, n = 3–4). Kruskal-Wallis followed by Dunn’s test or
Fisher LSD test was used. Differences were considered significant at P<0.05. * denotes P <0.05 compared with control, # denotes
P<0.05 compared to 2.5mM glucose.

doi:10.1371/journal.pone.0156867.g002
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PACAP counteracts impaired NSCs viability by hypoglycaemia in
correlation with decreased apoptosis and ER stress
Previous results from our group have shown that PACAP significantly counteracts glucolipo-
toxicity in correlation with decreased apoptosis [57]. Therefore, to determine whether PACAP
had similar effect in a hypoglycaemicmilieu, we pre-treated NSCs with PACAP (100 nM)
before exposing the cells to 2.5 mM glucose. NSCs viability was determined 24 hours after. As
expected, the results in Fig 2C showed that PACAP increases NSC viability under normal con-
ditions (previously been reported [43, 47]. Moreover, PACAP was able to counteract entirely
the negative hypoglycaemic effect on NSCs (Fig 2C). The results were also confirmed by man-
ual cell counting (Fig 2D). In another set of experiments our data shows that PACAP-mediated
NSC protection lasted until 48 hours in culture following PACAP pre-treatment (data not
shown). In addition PACAP was also able to induce cell protection when the peptide was
added a few minutes after the hypoglycemic condition (data not shown). Next we addressed
the role of PACAP in counteracting apoptosis in a hypoglycaemicmilieu by assessing Bcl-2
and cleaved-form of caspase-3 by Western blotting analysis. The results in Fig 2A and 2B
showed that PACAP was able to induce non-statistically significant trends toward an increase
of the protein levels of Bcl-2 and toward a decrease of cleaved caspase-3 protein expression.

ER stress plays an important role in the development and pathology of diabetes and neuro-
degenerative diseases [58, 59]. To study whether hypoglycaemia induces ER stress and whether
PACAP can counteract this effect, NSCs were pre-treated with PACAP before being exposed
to low glucose. After 24 hours, quantitative RT-PCR for the mRNA levels of CHOP was per-
formed [60]. The results in Fig 3 show that the ER stress marker CHOP was significantly up-
regulated in the presence of hypoglycaemia in comparison to control. The results also show
that PACAP was able to abolish the effect of hypoglycaemia on increased CHOP mRNA levels
(Fig 3). These data indicate that the activation of PACAP decreases ER stress under hypogly-
caemic conditions.

Fig 3. PACAP counteracts hypoglycaemia-induced ER stress in NSCs.NSCs were plated as single
cells. Prior to 2.5mM glucose addition cells were incubated with PACAP (100 nM) for 10 min. After 24 hours
incubation, cells were harvested for mRNA extraction and quantitative RT-PCR experiments. Data are shown
as mean ±SEM (n = 3–4). Kruskal-Wallis followed by Dunn’s test was used. Differences were considered
significant at P<0.05. * denotes P <0.05 compared with control, # denotes P<0.05 compared to 2.5mM
glucose.

doi:10.1371/journal.pone.0156867.g003
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The PACAPs neuroprotective effect is mediated via PAC-1 activation
through the PKA-dependent pathway
Previous works by others and us have shown that PACAP increases NSC viability through the
activation of PAC-1 receptor [43, 47]. Therefore, to determine whether the protective effect of
PACAP against hypoglycaemia was mediated by PAC-1 activation, NSCs were pre-treated
with the specific agonist for PAC-1; Max-4 (30 nM) [61], before exposing the cells to low glu-
cose for 24 hours. The results in Fig 4A show that Max-4 was able to counteract the negative
hypoglycaemic effect on NSCs viability similarly to PACAP (see Fig 2C above). Moreover, we
were able to challenge the NSCs with the PAC-1/VPAC2 antagonist PACAP 6–38 [62], where
we saw PACAP protective effect was significantly diminished in the presence of the this antag-
onist and low glucose (data not shown).

PAC-1 has six intracellular splice variants dictating whether the PAC-1-mediated signalling
pathway occurs through adenylate cyclase via protein kinase A (PKA) or through phospholi-
pase Cγ (PLCγ) via PKC [63]. To determine whether the protective effect of PACAP against
hypoglycaemia was mediated by PKA or PKC activation, two specific inhibitors were used: the
PKC inhibitor Gö6976 and the PKA inhibitor H89. The results in Fig 4B show that the PACAP
neuroprotective effect against hypoglycaemia was abolished in the presence of the PKA inhibi-
tor H89, while it was unaffected in presence of the PKC inhibitor Gö6976. These results indi-
cate that the adenylate cyclase/PKA signalling is responsible for the PAC-1-mediated
neuroprotective effect against hypoglycaemia.

Ex-4 did not mediate NSC protection under hypoglycaemic conditions
Anti-diabetic therapies based on GLP-1R activation have been shown to be neuroprotective
(see Intro) as well as to present very low risk for hypoglycaemia when combined with insulin
therapy [64, 65]. To determine whether the GLP-1R agonist Ex-4 can counteract hypoglycae-
mia in NSC in vitro, we pre-treated NSCs with Ex-4 before adding low glucose for 24 hours.

Fig 4. PAC-1 activation counteracts impaired NSCs under hypoglycaemicmilieu via the PKA-dependent
pathway. (A, B) NSCs were plated as single cells. Prior to 2.5mM glucose addition cells were incubated with PACAP
(100 nM), Max-4 (30 nM), H89 (1 uM) and Gö6976 (1 uM) for 10 min. After 24 hours incubation, intracellular ATP levels
were measured. Data are shown as mean ±SEM (A, n = 15–50; B, n = 16–28). Kruskal-Wallis followed by Dunn’s test
was used. Differences were considered significant at P<0.05. * denotes P <0.05 compared with control, # denotes
P<0.05 compared to 2.5mM glucose.

doi:10.1371/journal.pone.0156867.g004
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The results in Fig 5 show that Ex-4 could not counteract the decreased NSC viability induced
by hypoglycaemia.

Discussion
Hypoglycaemia is emerging as a highly pressing health concern as intensive glycaemic control
has become the standard care in diabetes. Hypoglycaemic episodes are frequent following insu-
lin treatment in T2D, in particular when insulin is given as a combination therapy with sulfo-
nylureas [8, 9]. As a consequence, T2D patients can experience moderate or severe brain injury
[20], including serious cognitive decline [4, 66].The deleterious effect of hypoglycaemia on
neuronal survival are historically well known [67] and studies have shown that hypoglycaemia
causes a cascade of biological effects that may cause ischemic cerebral damage in diabetic
patients [9]. The putative consequences of hypoglycaemia, such as cognitive dysfunction, expe-
rienced by diabetic patients have been confirmed in experimental animal models of hypogly-
caemia (without potential confounding factors) which have shown a strong association
between learning and memory deficits and frequency of hypoglycaemia [28, 68]. Despite this,
there is no effective therapy to treat hypoglycaemia-induced brain injury, neither there are,
according to our knowledge, studies evaluating whether specific anti-hyperglycaemic drugs
might act as neuroprotectants against hypoglycaemia-induced brain injury.

Adult neurogenesis is dynamically regulated in response to traumatic brain injuries and
neurological diseases and disorders, suggesting that the regulation of this process can play an
important role not only under physiological but also pathological conditions [69]. Whether
and how adult neurogenesis is impacted by hypoglycaemia has been only investigated in a lim-
ited number of studies in hippocampus [18, 41, 42], in which the cellular and molecular mech-
anisms at the basis of this effect have not been extensively addressed. In one study, Suh et al
showed increase of proliferation and neurogenesis in the rat hippocampus two weeks after
inducing hypoglycaemia, yet a loss of progenitor cells after 4 weeks was demonstrated [18].
These data are in agreement with our results in SVZ-derived NSCs, showing that

Fig 5. GLP-1R activation by Ex-4 did not protect NSCs from hypoglycaemicmilieu. NSCs were plated
as single cells. Prior to 2.5mM glucose addition cells were incubated with Ex-4 (10 nM) or PACAP (100 nM)
for 10 min. After 24 hours incubation intracellular ATP levels were measured. Data are shown as mean ±SEM
(n = 17–25). Kruskal-Wallis followed by Dunn’s test was used. Differences were considered significant at
P<0.05. * denotes P <0.05 compared with control, # denotes P<0.05 compared to 2.5mM glucose.

doi:10.1371/journal.pone.0156867.g005
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hypoglycaemia directly decreases NSC survival. A recent article from Ernst et al. [36] demon-
strated that SVZ neurogenesis in the adult human brain is a crucial process to allow interneu-
rons turnover in the striatum along the whole life. In addition, striatal stroke-induced
neurogenesis from SVZ-derived NSCs has been proposed to play an important role in endoge-
nous brain repair after stroke [70]. Based on these findings, we can speculate that hypoglycae-
mia-decreased NSC survival in the SVZ, under either normal or pathological conditions, could
have detrimental effects on brain function and recovery after injuries such as stroke. If so, nor-
malizing impaired adult neurogenesis in response to hypoglycaemia might provide a therapeu-
tic strategy for treating T2D patients suffering from hypoglycaemia under glucose lowering
treatments.

To identify potential drugs able to counteract the hypoglycaemia-mediated SVZ neurogen-
esis impairment and to characterize some of the mechanisms at the basis of this impairment,
we have established an in vitro assay that mimics a hypoglycaemicmilieu by exposing NSCs to
low levels of glucose (� 2.5mM glucose). These glucose concentrations have been reported to
be clinically relevant in hypoglycemic patients [71]. We show that hypoglycaemia induced
by� 2.5mM glucose impairs NSC viability in a dose-dependent manner and that this effect
correlates with a modest increase in apoptosis (increased levels of cleaved-caspase 3). The data
of cleaved-caspase 3 have been achieved by normalizing on β-actin which could be the reason
why we did not reach statistical significance. A more precise normalization should have been
performed on the total levels of caspase 3 and this is a limitation of the study.

Caspase activity also plays a critical role in ER stress-induced apoptosis. After the activation
of the PERK pathway, increased expression of the transcription factor CHOP down-regulates
Bcl-2 protein levels inducing activation of caspase-9 and caspase-3 resulting into apoptotic
death [72, 73]. We show that hypoglycaemic conditions also activate ER stress in NSCs by
increasing mRNA levels of CHOP. Altogether, these results indicate that hypoglycaemia
increase apoptosis and ER stress. Although, Garcia de la Cadena et al. demonstrated activation
of ER stress induced apoptosis by hypoglycaemia in hippocampal neurons in vitro [17], to our
knowledge, our data are the first to show ER stress as potential mechanisms at the basis of the
negative effects of hypoglycaemia on adult NSCs.

In the attempt to identify potential molecules able to counteract the neurogenesis
impairment by hypoglycaemia, we identified PACAP as potent mediator of NSCs survival
under hypoglycaemia. We selected PACAP based on three main reasons: 1) there is extensive
literature about the neuroprotective effects mediated by this neuropeptide [(reviewed by
Reglodi et al [74])] 2) it was recently shown that PACAP modulates neurogenesis in vitro and
in vivo (see Intro) 3) PACAP has been shown to restore euglycaemia in response to acute hypo-
glycaemia by stimulating glucagon secretion [52].The surviving effect of PACAP against hypo-
glycaemia correlated with both counteracting hypoglycaemia-increased apoptosis and
decreasing hypoglycaemia-induced ER stress. Furthermore, we showed that the protective
effect of PACAP was specifically mediated via the PAC-1 receptor subtype through the adenyl-
ate cyclase/PKA signalling pathway. Although the neuroprotective effects mediated by PACAP
are well known [74], the potential therapeutic effect of this peptide in response to hypoglycae-
mia has not been previously reported.

Several studies have shown that GLP-1 and GLP-1 analogues may delay cognitive decline in
models of AD and Parkinson’s disease as well as to mediate neuroprotection in in vitro and in
vivomodels of diabetes and stroke [48, 51, 75]. Interestingly, GLP-1R agonists are associated
with minimal risk of hypoglycaemia, since their metabolic effects are glucose-dependent [64,
65]. Although, the specific GLP-1R agonist Ex-4 has been reported to stimulate NSC viability
and to counteract NSC apoptosis both in vitro and in vivo [48, 49], surprisingly, we could not
achieve NSCs protection by Ex-4 in response to hypoglycaemia. It is hard to speculate why we
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could not detect any protective effect by Ex-4 in our in vitro system. However, due to the above
mentioned neuroprotective properties of Ex-4 in normal or hyperglycaemic conditions, a plau-
sible explanation could be that Ex-4 needs glucose to exert cellular protection.

In conclusion, we have established an in vitro system where to study the effects of hypogly-
caemia on SVZ-derived primary adult NSCs. We show that hypoglycaemia decreases NSCs via-
bility in correlation to increased ER stress and likely also apoptosis. Moreover, we report a
strong neuroprotective effect of PACAP on NSCs exposed to a hypoglycaemicmilieu that is
mediated by PAC-1 activation via the adenylate cyclase/PKA signalling. These results motivate
further in vivo studies with PAC-1 agonists aiming to identify efficacious compounds for the
treatment of neuronal complications induced by hypoglycemia-induced NSC impairment.

Supporting Information
S1 ARRIVE Checklist. The ARRIVE guidelines checklist for reporting in vivo experiments
in animal research.
(PDF)

S2 ARRIVE Checklist. The ARRIVE guidelines checklist for reporting in vivo experiments
in animal research.
(PDF)

S1 Data. Individual data points presented on Figs 1–5.
(XLSX)

S1 Fig. Immunoblots (1–3) used for semiquantitative analyses of cleaved caspase-3 and
Bcl-2. Abbreviations: Ctr = control, Hypo = 2.5mM glucose, Hypo+PACAP = 2.5mM glucose
+PACAP, K+—positive control: NSCs treated with 0.3mM palmitate. Bands taken for analyses
are framed in red.
(DOCX)

Acknowledgments
We thank R.G. Titus, College of Veterinary Medicine and Biological Sciences, Colorado State
University,who provided us with Max4. We thank J. L. Magnusson (Södersjukhuset AB) for
laboratory technical assistance. G.L. is on scientific leave from the Department of Anatomy
and Neurobiology, Medical University of Gdansk, Gdansk, Poland.

Author Contributions
Conceived and designed the experiments: SM GLML DN TN CP. Performed the experiments:
SM GL. Analyzed the data: SM CP GL. Contributed reagents/materials/analysis tools: ML DN
CP. Wrote the paper: SM DN TN CP.

References
1. IDF world population.

2. Sander D, Kearney MT. Reducing the risk of stroke in type 2 diabetes: pathophysiological and thera-
peutic perspectives. J Neurol. 2009; 256(10):1603–19. Epub 2009/04/29. doi: 10.1007/s00415-009-
5143-1 PMID: 19399381.

3. Yang Y, SongW. Molecular links between Alzheimer's disease and diabetes mellitus. Neuroscience.
2013. Epub 2013/07/23. doi: 10.1016/j.neuroscience.2013.07.009 PMID: 23867771.

4. Holt P. Taking hypoglycaemia seriously: diabetes, dementia and heart disease. British journal of com-
munity nursing. 2011; 16(5):246–9. doi: 10.12968/bjcn.2011.16.5.246 PMID: 21642929.

PACAP Protects Neural Stem Cells from Hypoglycaemia

PLOS ONE | DOI:10.1371/journal.pone.0156867 June 15, 2016 11 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156867.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156867.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156867.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156867.s004
http://dx.doi.org/10.1007/s00415-009-5143-1
http://dx.doi.org/10.1007/s00415-009-5143-1
http://www.ncbi.nlm.nih.gov/pubmed/19399381
http://dx.doi.org/10.1016/j.neuroscience.2013.07.009
http://www.ncbi.nlm.nih.gov/pubmed/23867771
http://dx.doi.org/10.12968/bjcn.2011.16.5.246
http://www.ncbi.nlm.nih.gov/pubmed/21642929


5. Holman RR, Paul SK, Bethel MA, Matthews DR, Neil HA. 10-year follow-up of intensive glucose control
in type 2 diabetes. The New England journal of medicine. 2008; 359(15):1577–89. doi: 10.1056/
NEJMoa0806470 PMID: 18784090.

6. Fanelli CG, Porcellati F, Pampanelli S, Bolli GB. Insulin therapy and hypoglycaemia: the size of the
problem. Diabetes/metabolism research and reviews. 2004; 20 Suppl 2:S32–42. doi: 10.1002/dmrr.514
PMID: 15551297.

7. Frier BM, Schernthaner G, Heller SR. Hypoglycemia and cardiovascular risks. Diabetes care. 2011; 34
Suppl 2:S132–7. doi: 10.2337/dc11-s220 PMID: 21525444; PubMed Central PMCID: PMC3632150.

8. Ahren B. Avoiding hypoglycemia: a key to success for glucose-lowering therapy in type 2 diabetes.
Vascular health and risk management. 2013; 9:155–63. doi: 10.2147/VHRM.S33934 PMID: 23637538;
PubMed Central PMCID: PMC3639216.

9. Snell-Bergeon JK, Wadwa RP. Hypoglycemia, diabetes, and cardiovascular disease. Diabetes technol-
ogy & therapeutics. 2012; 14 Suppl 1:S51–8. doi: 10.1089/dia.2012.0031 PMID: 22650225; PubMed
Central PMCID: PMC3361183.

10. Watson GS, Craft S. Modulation of memory by insulin and glucose: neuropsychological observations in
Alzheimer's disease. European journal of pharmacology. 2004; 490(1–3):97–113. doi: 10.1016/j.
ejphar.2004.02.048 PMID: 15094077.

11. Lee CW, Shih YH, Wu SY, Yang T, Lin C, Kuo YM. Hypoglycemia induces tau hyperphosphorylation.
Current Alzheimer research. 2013; 10(3):298–308. PMID: 23036024.

12. Monnier L, Colette C, Owens DR. Integrating glycaemic variability in the glycaemic disorders of type 2
diabetes: a move towards a unified glucose tetrad concept. Diabetes/metabolism research and
reviews. 2009; 25(5):393–402. doi: 10.1002/dmrr.962 PMID: 19437415.

13. Wright RJ, Frier BM. Vascular disease and diabetes: is hypoglycaemia an aggravating factor? Diabe-
tes/metabolism research and reviews. 2008; 24(5):353–63. doi: 10.1002/dmrr.865 PMID: 18461635.

14. Dave KR, Tamariz J, Desai KM, Brand FJ, Liu A, Saul I, et al. Recurrent hypoglycemia exacerbates
cerebral ischemic damage in streptozotocin-induced diabetic rats. Stroke; a journal of cerebral circula-
tion. 2011; 42(5):1404–11. doi: 10.1161/STROKEAHA.110.594937 PMID: 21454816.

15. Tong L, Perez-Polo R. Brain-derived neurotrophic factor (BDNF) protects cultured rat cerebellar gran-
ule neurons against glucose deprivation-induced apoptosis. Journal of neural transmission (Vienna,
Austria: 1996). 1998; 105(8–9):905–14. PMID: 9869325.

16. Xu Y, Zhang Q, Yu S, Yang Y, Ding F. The protective effects of chitooligosaccharides against glucose
deprivation-induced cell apoptosis in cultured cortical neurons through activation of PI3K/Akt and MEK/
ERK1/2 pathways. Brain research. 2011; 1375:49–58. doi: 10.1016/j.brainres.2010.12.029 PMID:
21167818.

17. de la Cadena SG, Hernandez-Fonseca K, Camacho-Arroyo I, Massieu L. Glucose deprivation induces
reticulum stress by the PERK pathway and caspase-7- and calpain-mediated caspase-12 activation.
Apoptosis: an international journal on programmed cell death. 2014; 19(3):414–27. doi: 10.1007/
s10495-013-0930-7 PMID: 24185830.

18. Suh SW, Fan Y, Hong SM, Liu Z, Matsumori Y, Weinstein PR, et al. Hypoglycemia induces transient
neurogenesis and subsequent progenitor cell loss in the rat hippocampus. Diabetes. 2005; 54(2):500–
9. PMID: 15677508.

19. Cavaliere F, Dinkel K, Reymann K. The subventricular zone releases factors which can be protective in
oxygen/glucose deprivation-induced cortical damage: an organotypic study. Experimental neurology.
2006; 201(1):66–74. doi: 10.1016/j.expneurol.2006.03.020 PMID: 16750197.

20. McNay EC, Cotero VE. Mini-review: impact of recurrent hypoglycemia on cognitive and brain function.
Physiology & behavior. 2010; 100(3):234–8. doi: 10.1016/j.physbeh.2010.01.004 PMID: 20096711;
PubMed Central PMCID: PMC2860007.

21. Hershey T, Perantie DC, Wu J, Weaver PM, Black KJ, White NH. Hippocampal volumes in youth with
type 1 diabetes. Diabetes. 2010; 59(1):236–41. doi: 10.2337/db09-1117 PMID: 19833895; PubMed
Central PMCID: PMC2797927.

22. Aung PP, Strachan MW, Frier BM, Butcher I, Deary IJ, Price JF, et al. Severe hypoglycaemia and late-
life cognitive ability in older people with Type 2 diabetes: the Edinburgh Type 2 Diabetes Study. Dia-
betic medicine: a journal of the British Diabetic Association. 2012; 29(3):328–36. doi: 10.1111/j.1464-
5491.2011.03505.x PMID: 22023662.

23. Whitmer RA, Karter AJ, Yaffe K, Quesenberry CP Jr., Selby JV. Hypoglycemic episodes and risk of
dementia in older patients with type 2 diabetes mellitus. Jama. 2009; 301(15):1565–72. doi: 10.1001/
jama.2009.460 PMID: 19366776; PubMed Central PMCID: PMC2782622.

24. de Galan BE, Zoungas S, Chalmers J, Anderson C, Dufouil C, Pillai A, et al. Cognitive function and
risks of cardiovascular disease and hypoglycaemia in patients with type 2 diabetes: the Action in

PACAP Protects Neural Stem Cells from Hypoglycaemia

PLOS ONE | DOI:10.1371/journal.pone.0156867 June 15, 2016 12 / 15

http://dx.doi.org/10.1056/NEJMoa0806470
http://dx.doi.org/10.1056/NEJMoa0806470
http://www.ncbi.nlm.nih.gov/pubmed/18784090
http://dx.doi.org/10.1002/dmrr.514
http://www.ncbi.nlm.nih.gov/pubmed/15551297
http://dx.doi.org/10.2337/dc11-s220
http://www.ncbi.nlm.nih.gov/pubmed/21525444
http://dx.doi.org/10.2147/VHRM.S33934
http://www.ncbi.nlm.nih.gov/pubmed/23637538
http://dx.doi.org/10.1089/dia.2012.0031
http://www.ncbi.nlm.nih.gov/pubmed/22650225
http://dx.doi.org/10.1016/j.ejphar.2004.02.048
http://dx.doi.org/10.1016/j.ejphar.2004.02.048
http://www.ncbi.nlm.nih.gov/pubmed/15094077
http://www.ncbi.nlm.nih.gov/pubmed/23036024
http://dx.doi.org/10.1002/dmrr.962
http://www.ncbi.nlm.nih.gov/pubmed/19437415
http://dx.doi.org/10.1002/dmrr.865
http://www.ncbi.nlm.nih.gov/pubmed/18461635
http://dx.doi.org/10.1161/STROKEAHA.110.594937
http://www.ncbi.nlm.nih.gov/pubmed/21454816
http://www.ncbi.nlm.nih.gov/pubmed/9869325
http://dx.doi.org/10.1016/j.brainres.2010.12.029
http://www.ncbi.nlm.nih.gov/pubmed/21167818
http://dx.doi.org/10.1007/s10495-013-0930-7
http://dx.doi.org/10.1007/s10495-013-0930-7
http://www.ncbi.nlm.nih.gov/pubmed/24185830
http://www.ncbi.nlm.nih.gov/pubmed/15677508
http://dx.doi.org/10.1016/j.expneurol.2006.03.020
http://www.ncbi.nlm.nih.gov/pubmed/16750197
http://dx.doi.org/10.1016/j.physbeh.2010.01.004
http://www.ncbi.nlm.nih.gov/pubmed/20096711
http://dx.doi.org/10.2337/db09-1117
http://www.ncbi.nlm.nih.gov/pubmed/19833895
http://dx.doi.org/10.1111/j.1464-5491.2011.03505.x
http://dx.doi.org/10.1111/j.1464-5491.2011.03505.x
http://www.ncbi.nlm.nih.gov/pubmed/22023662
http://dx.doi.org/10.1001/jama.2009.460
http://dx.doi.org/10.1001/jama.2009.460
http://www.ncbi.nlm.nih.gov/pubmed/19366776


Diabetes and Vascular Disease: Preterax and Diamicron Modified Release Controlled Evaluation
(ADVANCE) trial. Diabetologia. 2009; 52(11):2328–36. doi: 10.1007/s00125-009-1484-7 PMID:
19688336.

25. Punthakee Z, Miller ME, Launer LJ, Williamson JD, Lazar RM, Cukierman-Yaffee T, et al. Poor cogni-
tive function and risk of severe hypoglycemia in type 2 diabetes: post hoc epidemiologic analysis of the
ACCORD trial. Diabetes care. 2012; 35(4):787–93. doi: 10.2337/dc11-1855 PMID: 22374637; PubMed
Central PMCID: PMC3308284.

26. Wieloch T. Hypoglycemia-induced neuronal damage prevented by an N-methyl-D-aspartate antago-
nist. Science (New York, NY). 1985; 230(4726):681–3. PMID: 2996146.

27. Auer RN, Siesjo BK. Hypoglycaemia: brain neurochemistry and neuropathology. Bailliere's clinical
endocrinology and metabolism. 1993; 7(3):611–25. PMID: 8379907.

28. Suh SW, Aoyama K, Chen Y, Garnier P, Matsumori Y, Gum E, et al. Hypoglycemic neuronal death and
cognitive impairment are prevented by poly(ADP-ribose) polymerase inhibitors administered after
hypoglycemia. The Journal of neuroscience: the official journal of the Society for Neuroscience. 2003;
23(33):10681–90. PMID: 14627653.

29. Suh SW, Gum ET, Hamby AM, Chan PH, Swanson RA. Hypoglycemic neuronal death is triggered by
glucose reperfusion and activation of neuronal NADPH oxidase. The Journal of clinical investigation.
2007; 117(4):910–8. doi: 10.1172/JCI30077 PMID: 17404617; PubMed Central PMCID: PMC1838937.

30. Suh SW, Hamby AM, Gum ET, Shin BS, Won SJ, Sheline CT, et al. Sequential release of nitric oxide,
zinc, and superoxide in hypoglycemic neuronal death. Journal of cerebral blood flow and metabolism:
official journal of the International Society of Cerebral Blood Flow and Metabolism. 2008; 28(10):1697–
706. doi: 10.1038/jcbfm.2008.61 PMID: 18545258.

31. Jang BG, Choi BY, Kim JH, Kim MJ, Sohn M, Suh SW. Impairment of autophagic flux promotes glucose
reperfusion-induced neuro2A cell death after glucose deprivation. PloS one. 2013; 8(10):e76466. doi:
10.1371/journal.pone.0076466 PMID: 24124562; PubMed Central PMCID: PMC3790699.

32. Friberg H, Ferrand-Drake M, Bengtsson F, Halestrap AP, Wieloch T. Cyclosporin A, but not FK 506,
protects mitochondria and neurons against hypoglycemic damage and implicates the mitochondrial
permeability transition in cell death. The Journal of neuroscience: the official journal of the Society for
Neuroscience. 1998; 18(14):5151–9. PMID: 9651198.

33. Ferrand-Drake M, Zhu C, Gido G, Hansen AJ, Karlsson JO, Bahr BA, et al. Cyclosporin A prevents cal-
pain activation despite increased intracellular calcium concentrations, as well as translocation of apo-
ptosis-inducing factor, cytochrome c and caspase-3 activation in neurons exposed to transient
hypoglycemia. Journal of neurochemistry. 2003; 85(6):1431–42. PMID: 12787063.

34. Ruan L, Lau BW,Wang J, Huang L, Zhuge Q, Wang B, et al. Neurogenesis in neurological and psychi-
atric diseases and brain injury: From bench to bedside. Progress in neurobiology. 2013. doi: 10.1016/j.
pneurobio.2013.12.006 PMID: 24384539.

35. Alvarez-Buylla A, Lim DA. For the long run: maintaining germinal niches in the adult brain. Neuron.
2004; 41(5):683–6. Epub 2004/03/09. S0896627304001114 [pii]. PMID: 15003168.

36. Ernst A, Alkass K, Bernard S, Salehpour M, Perl S, Tisdale J, et al. Neurogenesis in the striatum of the
adult human brain. Cell. 2014; 156(5):1072–83. doi: 10.1016/j.cell.2014.01.044 PMID: 24561062.

37. Kokoeva MV, Yin H, Flier JS. Neurogenesis in the hypothalamus of adult mice: potential role in energy
balance. Science (New York, NY). 2005; 310(5748):679–83. Epub 2005/10/29. 310/5748/679 [pii] doi:
10.1126/science.1115360 PMID: 16254185.

38. Curtis MA, Faull RL, Eriksson PS. The effect of neurodegenerative diseases on the subventricular
zone. Nature reviews Neuroscience. 2007; 8(9):712–23. Epub 2007/08/21. nrn2216 [pii] doi: 10.1038/
nrn2216 PMID: 17704813.

39. Sahay A, Scobie KN, Hill AS, O'Carroll CM, Kheirbek MA, Burghardt NS, et al. Increasing adult hippo-
campal neurogenesis is sufficient to improve pattern separation. Nature. 2011; 472(7344):466–70.
Epub 2011/04/05. doi: 10.1038/nature09817 PMID: 21460835; PubMed Central PMCID:
PMCPmc3084370.

40. Lee DA, Blackshaw S. Functional implications of hypothalamic neurogenesis in the adult mammalian
brain. International journal of developmental neuroscience: the official journal of the International Soci-
ety for Developmental Neuroscience. 2012; 30(8):615–21. Epub 2012/08/08. doi: 10.1016/j.ijdevneu.
2012.07.003 PMID: 22867732.

41. Estrada FS, Hernandez VS, Medina MP, Corona-Morales AA, Gonzalez-Perez O, Vega-Gonzalez A,
et al. Astrogliosis is temporally correlated with enhanced neurogenesis in adult rat hippocampus follow-
ing a glucoprivic insult. Neuroscience letters. 2009; 459(3):109–14. doi: 10.1016/j.neulet.2009.05.016
PMID: 19446003.

PACAP Protects Neural Stem Cells from Hypoglycaemia

PLOS ONE | DOI:10.1371/journal.pone.0156867 June 15, 2016 13 / 15

http://dx.doi.org/10.1007/s00125-009-1484-7
http://www.ncbi.nlm.nih.gov/pubmed/19688336
http://dx.doi.org/10.2337/dc11-1855
http://www.ncbi.nlm.nih.gov/pubmed/22374637
http://www.ncbi.nlm.nih.gov/pubmed/2996146
http://www.ncbi.nlm.nih.gov/pubmed/8379907
http://www.ncbi.nlm.nih.gov/pubmed/14627653
http://dx.doi.org/10.1172/JCI30077
http://www.ncbi.nlm.nih.gov/pubmed/17404617
http://dx.doi.org/10.1038/jcbfm.2008.61
http://www.ncbi.nlm.nih.gov/pubmed/18545258
http://dx.doi.org/10.1371/journal.pone.0076466
http://www.ncbi.nlm.nih.gov/pubmed/24124562
http://www.ncbi.nlm.nih.gov/pubmed/9651198
http://www.ncbi.nlm.nih.gov/pubmed/12787063
http://dx.doi.org/10.1016/j.pneurobio.2013.12.006
http://dx.doi.org/10.1016/j.pneurobio.2013.12.006
http://www.ncbi.nlm.nih.gov/pubmed/24384539
http://www.ncbi.nlm.nih.gov/pubmed/15003168
http://dx.doi.org/10.1016/j.cell.2014.01.044
http://www.ncbi.nlm.nih.gov/pubmed/24561062
http://dx.doi.org/10.1126/science.1115360
http://www.ncbi.nlm.nih.gov/pubmed/16254185
http://dx.doi.org/10.1038/nrn2216
http://dx.doi.org/10.1038/nrn2216
http://www.ncbi.nlm.nih.gov/pubmed/17704813
http://dx.doi.org/10.1038/nature09817
http://www.ncbi.nlm.nih.gov/pubmed/21460835
http://dx.doi.org/10.1016/j.ijdevneu.2012.07.003
http://dx.doi.org/10.1016/j.ijdevneu.2012.07.003
http://www.ncbi.nlm.nih.gov/pubmed/22867732
http://dx.doi.org/10.1016/j.neulet.2009.05.016
http://www.ncbi.nlm.nih.gov/pubmed/19446003


42. Yamada KA, Rensing N, Izumi Y, De Erausquin GA, Gazit V, Dorsey DA, et al. Repetitive hypoglycemia
in young rats impairs hippocampal long-term potentiation. Pediatric research. 2004; 55(3):372–9. doi:
10.1203/01.PDR.0000110523.07240.C1 PMID: 14681492.

43. Mansouri S, Ortsater H, Pintor Gallego O, Darsalia V, Sjoholm A, Patrone C. Pituitary adenylate
cyclase-activating polypeptide counteracts the impaired adult neural stem cell viability induced by pal-
mitate. Journal of neuroscience research. 2012; 90(4):759–68. Epub 2011/12/21. doi: 10.1002/jnr.
22803 PMID: 22183970.

44. Ago Y, YoneyamaM, Ishihama T, Kataoka S, Kawada K, Tanaka T, et al. Role of endogenous pituitary
adenylate cyclase-activating polypeptide in adult hippocampal neurogenesis. Neuroscience. 2011;
172:554–61. doi: 10.1016/j.neuroscience.2010.10.044 PMID: 20974227.

45. Ohta S, Gregg C, Weiss S. Pituitary adenylate cyclase-activating polypeptide regulates forebrain neural
stem cells and neurogenesis in vitro and in vivo. Journal of neuroscience research. 2006; 84(6):1177–
86. Epub 2006/08/31. doi: 10.1002/jnr.21026 PMID: 16941483.

46. Ogata K, Shintani N, Hayata-Takano A, Kamo T, Higashi S, Seiriki K, et al. PACAP Enhances Axon
Outgrowth in Cultured Hippocampal Neurons to a Comparable Extent as BDNF. PloS one. 2015; 10(3):
e0120526. doi: 10.1371/journal.pone.0120526 PMID: 25807538; PubMed Central PMCID:
PMC4373823.

47. Mercer A, Ronnholm H, Holmberg J, Lundh H, Heidrich J, Zachrisson O, et al. PACAP promotes neural
stem cell proliferation in adult mouse brain. Journal of neuroscience research. 2004; 76(2):205–15.
Epub 2004/03/30. doi: 10.1002/jnr.20038 PMID: 15048918.

48. Mansouri Shiva D V, Eweida Mohamed, Lundberg Mathias, Nathanson David and Patrone Cesare.
Exendin-4 Protects Neural Progenitor Cells from Glucolipoapoptosis. Journal of Diabetes & Metabo-
lism. 2014; 5(8).

49. Bertilsson G, Patrone C, Zachrisson O, Andersson A, Dannaeus K, Heidrich J, et al. Peptide hormone
exendin-4 stimulates subventricular zone neurogenesis in the adult rodent brain and induces recovery
in an animal model of Parkinson's disease. Journal of neuroscience research. 2008; 86(2):326–38.
Epub 2007/09/07. doi: 10.1002/jnr.21483 PMID: 17803225.

50. Isacson R, Nielsen E, Dannaeus K, Bertilsson G, Patrone C, Zachrisson O, et al. The glucagon-like
peptide 1 receptor agonist exendin-4 improves reference memory performance and decreases immo-
bility in the forced swim test. European journal of pharmacology. 2011; 650(1):249–55. Epub 2010/10/
19. doi: 10.1016/j.ejphar.2010.10.008 PMID: 20951130.

51. Darsalia V, Mansouri S, Ortsater H, Olverling A, Nozadze N, Kappe C, et al. Glucagon-like peptide-1
receptor activation reduces ischaemic brain damage following stroke in Type 2 diabetic rats. Clinical
science. 2012; 122(10):473–83. doi: 10.1042/CS20110374 PMID: 22150224; PubMed Central PMCID:
PMC3268352.

52. Persson K, Ahren B. The neuropeptide PACAP contributes to the glucagon response to insulin-induced
hypoglycaemia in mice. Acta physiologica Scandinavica. 2002; 175(1):25–8. doi: 10.1046/j.1365-
201X.2002.00977.x PMID: 11982501.

53. Buse JB, Drucker DJ, Taylor KL, Kim T, Walsh B, Hu H, et al. DURATION-1: exenatide once weekly
produces sustained glycemic control and weight loss over 52 weeks. Diabetes care. 2010; 33(6):1255–
61. doi: 10.2337/dc09-1914 PMID: 20215461; PubMed Central PMCID: PMC2875434.

54. Crouch SP, Kozlowski R, Slater KJ, Fletcher J. The use of ATP bioluminescence as a measure of cell
proliferation and cytotoxicity. J Immunol Methods. 1993; 160(1):81–8. Epub 1993/03/15. PMID:
7680699.

55. Bagshaw SM, Bellomo R, Jacka MJ, Egi M, Hart GK, George C, et al. The impact of early hypoglycemia
and blood glucose variability on outcome in critical illness. Critical care. 2009; 13(3):R91. doi: 10.1186/
cc7921 PMID: 19534781; PubMed Central PMCID: PMC2717463.

56. Fujioka M, Okuchi K, Hiramatsu KI, Sakaki T, Sakaguchi S, Ishii Y. Specific changes in human brain
after hypoglycemic injury. Stroke; a journal of cerebral circulation. 1997; 28(3):584–7. PMID: 9056615.

57. Mansouri S, Barde S, Ortsater H, Eweida M, Darsalia V, Langel U, et al. GalR3 activation promotes
adult neural stem cell survival in response to a diabetic milieu. Journal of neurochemistry. 2013; 127
(2):209–20. doi: 10.1111/jnc.12396 PMID: 23927369.

58. Lindholm D,Wootz H, Korhonen L. ER stress and neurodegenerative diseases. Cell death and differen-
tiation. 2006; 13(3):385–92. Epub 2006/01/07. doi: 10.1038/sj.cdd.4401778 PMID: 16397584.

59. Ortsater H, Sjoholm A. A busy cell—endoplasmic reticulum stress in the pancreatic beta-cell. Molecular
and cellular endocrinology. 2007; 277(1–2):1–5. doi: 10.1016/j.mce.2007.06.006 PMID: 17706338.

60. Hotamisligil GS. Endoplasmic reticulum stress and the inflammatory basis of metabolic disease. Cell.
2010; 140(6):900–17. doi: 10.1016/j.cell.2010.02.034 PMID: 20303879; PubMed Central PMCID:
PMC2887297.

PACAP Protects Neural Stem Cells from Hypoglycaemia

PLOS ONE | DOI:10.1371/journal.pone.0156867 June 15, 2016 14 / 15

http://dx.doi.org/10.1203/01.PDR.0000110523.07240.C1
http://www.ncbi.nlm.nih.gov/pubmed/14681492
http://dx.doi.org/10.1002/jnr.22803
http://dx.doi.org/10.1002/jnr.22803
http://www.ncbi.nlm.nih.gov/pubmed/22183970
http://dx.doi.org/10.1016/j.neuroscience.2010.10.044
http://www.ncbi.nlm.nih.gov/pubmed/20974227
http://dx.doi.org/10.1002/jnr.21026
http://www.ncbi.nlm.nih.gov/pubmed/16941483
http://dx.doi.org/10.1371/journal.pone.0120526
http://www.ncbi.nlm.nih.gov/pubmed/25807538
http://dx.doi.org/10.1002/jnr.20038
http://www.ncbi.nlm.nih.gov/pubmed/15048918
http://dx.doi.org/10.1002/jnr.21483
http://www.ncbi.nlm.nih.gov/pubmed/17803225
http://dx.doi.org/10.1016/j.ejphar.2010.10.008
http://www.ncbi.nlm.nih.gov/pubmed/20951130
http://dx.doi.org/10.1042/CS20110374
http://www.ncbi.nlm.nih.gov/pubmed/22150224
http://dx.doi.org/10.1046/j.1365-201X.2002.00977.x
http://dx.doi.org/10.1046/j.1365-201X.2002.00977.x
http://www.ncbi.nlm.nih.gov/pubmed/11982501
http://dx.doi.org/10.2337/dc09-1914
http://www.ncbi.nlm.nih.gov/pubmed/20215461
http://www.ncbi.nlm.nih.gov/pubmed/7680699
http://dx.doi.org/10.1186/cc7921
http://dx.doi.org/10.1186/cc7921
http://www.ncbi.nlm.nih.gov/pubmed/19534781
http://www.ncbi.nlm.nih.gov/pubmed/9056615
http://dx.doi.org/10.1111/jnc.12396
http://www.ncbi.nlm.nih.gov/pubmed/23927369
http://dx.doi.org/10.1038/sj.cdd.4401778
http://www.ncbi.nlm.nih.gov/pubmed/16397584
http://dx.doi.org/10.1016/j.mce.2007.06.006
http://www.ncbi.nlm.nih.gov/pubmed/17706338
http://dx.doi.org/10.1016/j.cell.2010.02.034
http://www.ncbi.nlm.nih.gov/pubmed/20303879


61. Soares MB, Titus RG, Shoemaker CB, David JR, Bozza M. The vasoactive peptide maxadilan from
sand fly saliva inhibits TNF-alpha and induces IL-6 by mouse macrophages through interaction with the
pituitary adenylate cyclase-activating polypeptide (PACAP) receptor. Journal of immunology. 1998;
160(4):1811–6. PMID: 9469441.

62. Leyton J, Coelho T, Coy DH, Jakowlew S, Birrer MJ, Moody TW. PACAP(6–38) inhibits the growth of
prostate cancer cells. Cancer letters. 1998; 125(1–2):131–9. PMID: 9566707.

63. Waschek JA. Multiple actions of pituitary adenylyl cyclase activating peptide in nervous system devel-
opment and regeneration. Developmental neuroscience. 2002; 24(1):14–23. PMID: 12145407.

64. Drucker DJ, Nauck MA. The incretin system: glucagon-like peptide-1 receptor agonists and dipeptidyl
peptidase-4 inhibitors in type 2 diabetes. Lancet. 2006; 368(9548):1696–705. Epub 2006/11/14.
S0140-6736(06)69705-5 [pii] doi: 10.1016/S0140-6736(06)69705-5 PMID: 17098089.

65. Rosenstock J, Fonseca VA, Gross JL, Ratner RE, Ahren B, Chow FC, et al. Advancing basal insulin
replacement in type 2 diabetes inadequately controlled with insulin glargine plus oral agents: a compari-
son of adding albiglutide, a weekly GLP-1 receptor agonist, versus thrice-daily prandial insulin lispro.
Diabetes care. 2014; 37(8):2317–25. doi: 10.2337/dc14-0001 PMID: 24898300.

66. Jauch-Chara K, Oltmanns KM. Glycemic control after brain injury: boon and bane for the brain. Neuro-
science. 2014; 283:202–9. doi: 10.1016/j.neuroscience.2014.04.059 PMID: 24814022.

67. Auer RN. Progress review: hypoglycemic brain damage. Stroke; a journal of cerebral circulation. 1986;
17(4):699–708. PMID: 3526646.

68. Dey J, Misra A, Desai NG, Mahapatra AK, PadmaMV. Cognitive function in younger type II diabetes.
Diabetes care. 1997; 20(1):32–5. PMID: 9028690.

69. Ming GL, Song H. Adult neurogenesis in the mammalian brain: significant answers and significant
questions. Neuron. 2011; 70(4):687–702. Epub 2011/05/26. doi: 10.1016/j.neuron.2011.05.001 PMID:
21609825; PubMed Central PMCID: PMCPmc3106107.

70. Lindvall O, Kokaia Z. Stem cell research in stroke: how far from the clinic? Stroke. 2011; 42(8):2369–
75. doi: 10.1161/STROKEAHA.110.599654 PMID: 21757669.

71. diabetes. Available: http://www.diabetes.org/living-with-diabetes/treatment-and-care/blood-glucose-
control/hypoglycemia-low-blood.html.

72. Rao RV, Hermel E, Castro-Obregon S, del Rio G, Ellerby LM, Ellerby HM, et al. Coupling endoplasmic
reticulum stress to the cell death program. Mechanism of caspase activation. The Journal of biological
chemistry. 2001; 276(36):33869–74. doi: 10.1074/jbc.M102225200 PMID: 11448953.

73. McCullough KD, Martindale JL, Klotz LO, Aw TY, Holbrook NJ. Gadd153 sensitizes cells to endoplas-
mic reticulum stress by down-regulating Bcl2 and perturbing the cellular redox state. Molecular and cel-
lular biology. 2001; 21(4):1249–59. doi: 10.1128/MCB.21.4.1249-1259.2001 PMID: 11158311;
PubMed Central PMCID: PMC99578.

74. Reglodi D, Kiss P, Lubics A, Tamas A. Review on the protective effects of PACAP in models of neuro-
degenerative diseases in vitro and in vivo. Current pharmaceutical design. 2011; 17(10):962–72.
PMID: 21524257.

75. Darsalia V, Nathanson D, Nystrom T, Klein T, Sjoholm A, Patrone C. GLP-1R activation for the treat-
ment of stroke: updating and future perspectives. Reviews in endocrine & metabolic disorders. 2014;
15(3):233–42. doi: 10.1007/s11154-014-9285-9 PMID: 24777909.

PACAP Protects Neural Stem Cells from Hypoglycaemia

PLOS ONE | DOI:10.1371/journal.pone.0156867 June 15, 2016 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/9469441
http://www.ncbi.nlm.nih.gov/pubmed/9566707
http://www.ncbi.nlm.nih.gov/pubmed/12145407
http://dx.doi.org/10.1016/S0140-6736(06)69705-5
http://www.ncbi.nlm.nih.gov/pubmed/17098089
http://dx.doi.org/10.2337/dc14-0001
http://www.ncbi.nlm.nih.gov/pubmed/24898300
http://dx.doi.org/10.1016/j.neuroscience.2014.04.059
http://www.ncbi.nlm.nih.gov/pubmed/24814022
http://www.ncbi.nlm.nih.gov/pubmed/3526646
http://www.ncbi.nlm.nih.gov/pubmed/9028690
http://dx.doi.org/10.1016/j.neuron.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21609825
http://dx.doi.org/10.1161/STROKEAHA.110.599654
http://www.ncbi.nlm.nih.gov/pubmed/21757669
http://www.diabetes.org/living-with-diabetes/treatment-and-care/blood-glucose-control/hypoglycemia-low-blood.html
http://www.diabetes.org/living-with-diabetes/treatment-and-care/blood-glucose-control/hypoglycemia-low-blood.html
http://dx.doi.org/10.1074/jbc.M102225200
http://www.ncbi.nlm.nih.gov/pubmed/11448953
http://dx.doi.org/10.1128/MCB.21.4.1249-1259.2001
http://www.ncbi.nlm.nih.gov/pubmed/11158311
http://www.ncbi.nlm.nih.gov/pubmed/21524257
http://dx.doi.org/10.1007/s11154-014-9285-9
http://www.ncbi.nlm.nih.gov/pubmed/24777909

