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Resistance of glia-like central and peripheral neural
stem cells to genetically induced mitochondrial
dysfunction—differential effects on neurogenesis
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Abstract

Mitochondria play a central role in stem cell homeostasis. Rever-
sible switching between aerobic and anaerobic metabolism is criti-
cal for stem cell quiescence, multipotency, and differentiation, as
well as for cell reprogramming. However, the effect of mitochon-
drial dysfunction on neural stem cell (NSC) function is unstudied.
We have generated an animal model with homozygous deletion of
the succinate dehydrogenase subunit D gene restricted to cells of
glial fibrillary acidic protein lineage (hGFAP-SDHD mouse). Genetic
mitochondrial damage did not alter the generation, maintenance,
or multipotency of glia-like central NSCs. However, differentiation
to neurons and oligodendrocytes (but not to astrocytes) was
impaired and, hence, hGFAP-SDHD mice showed extensive brain
atrophy. Peripheral neuronal populations were normal in hGFAP-
SDHD mice, thus highlighting their non-glial (non hGFAP+) lineage.
An exception to this was the carotid body, an arterial chemorecep-
tor organ atrophied in hGFAP-SDHD mice. The carotid body
contains glia-like adult stem cells, which, as for brain NSCs, are
resistant to genetic mitochondrial damage.
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Introduction

Intermediary metabolism plays a critical role in stem cell mainte-

nance and differentiation. Somatic stem cells in their niches are

normally in a quiescent state and maintained under a predomi-

nantly anaerobic condition, which helps to preserve them from

excessive production of reactive oxygen species and other stressors

[1,2]. Indeed, hypoxia is believed to be an essential environmental

factor for maintenance of the stemness in embryonic and adult

stem cells [3,4]. Upregulation of hypoxia-inducible glycolytic genes

is a hallmark of somatic stem cells [5,6] as well as embryonic and

induced pluripotent stem cells (iPSCs) [7]. In contrast, oxidative

phosphorylation appears to be necessary for hematopoietic stem

cell (HSC) differentiation to mature cells [8]. An inverse metabolic

switch (i.e., involving a change from aerobic to anaerobic metabo-

lism) has also been reported to occur upon reprogramming of

adult cells to iPSCs [7,9]. Although the role of mitochondria in

pluripotency and differentiation is a topic at the forefront of stem

cell research [2,7], the actual effect of in vivo mitochondrial

dysfunction on stem cell survival and differentiation is poorly

understood. This is particularly evident in the case of neural stem

cells (NSCs), despite the fact that oxidative phosphorylation is

critical for neuronal homeostasis, possibly more than for any other

cell type.

Adult multipotent NSCs exist both in the central (CNS) and the

peripheral (PNS) nervous system. During CNS development, radial

glia, a cell type originated from the primordial neuroepithelium,

serve as stem cells from which many neurons in cortical and sub-

cortical areas as well as astrocytes and oligodendrocytes are derived

[10,11]. A population of NSCs of astroglial lineage remains in the

subventricular zone (SVZ) and the hippocampus of the adult

mammalian brain, thereby supporting neurogenesis throughout

life [11]. In contrast with the CNS, the PNS derives from a non-

homogeneous population of neural crest progenitors that migrate

throughout the embryo and give rise to neurons and peripheral glia

during fetal and early postnatal life [12,13]. Multipotent neural crest

progenitor cells in the PNS also persist in adult life, particularly in

the enteric nervous system (ENS) [14,15] and in the carotid body

(CB), a neural crest-derived peripheral chemoreceptor organ located

at the carotid artery bifurcation that grows in response to hypoxia

[16,17]. Whether CB stem cells and other peripheral adult NSCs
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share a similar glial phenotype and metabolic properties with

central neurogenic progenitors is not known.

We have generated a mouse model with conditional deletion of

the gene encoding the membrane anchoring subunit D of succinate

dehydrogenase restricted to cells expressing Cre recombinase under

control of the human glial fibrillary acidic protein (hGFAP)

promoter (hGFAP-SDHD mouse), which is active in mouse radial

glia (see Materials and Methods). It is known that ablation of this

mitochondrial complex II (MCII) gene in catecholaminergic cells

compromises ATP synthesis and results in oxidative stress and

neuronal loss in the brain and PNS [17,18]. This new animal model

has permitted us to examine experimentally the resistance of neural

stem cells to genetically induced mitochondrial dysfunction, which

has remained untested so far. The experiments have also provided

valuable information on the differential origin and properties of

neural stem cells in the CNS and PNS, which might be relevant to

their ability to support neurogenesis in adult life.

Results and Discussion

Genetic modification of mitochondrial function in embryonic
radial glia alters neuronal maturation during
brain development

Mutant (hGFAP-SDHD) mice were viable and did not exhibit any

obvious alterations at birth. At postnatal day (P) 0, brains of

mutant animals had similar appearance as those of control litter-

mates, although dilation of ventricles was observed in some cases

(Fig EV1). However, during the second week of life, hGFAP-SDHD

mice exhibited a marked phenotype characterized by a lack of

motor coordination, ataxia and decreased body size (Fig EV2A).

Animals rapidly deteriorated and died between P16 and P18. At

P15, the brains of GFAP-SDHD mice displayed notable malforma-

tions and were approximately 50% smaller than those of controls

(Fig 1A). Anatomical and histological differences between brains

of mutant mice and controls are illustrated in Fig 1B–M. Coronal

sections stained with the neuronal marker NeuN at different

rostro-caudal levels indicated marked atrophy of the cerebral

cortex, particularly the dorso-lateral region, and a virtual absence

of the hippocampus and cerebellum in hGFAP-SDHD mice with

respect to controls, which at this age had already developed a

normal adult brain. Detailed cytoarchitectonic or neuronal identifi-

cation analyses were outside the scope of this work; however, the

disappearance of cortical layers in the fronto-parietal region and

atrophy of the corpus callosum were clearly evident histological

hallmarks of hGFAP-SDHD mice (Fig 1B–E). In these animals, the

regions normally occupied by the hippocampus and cerebellum

contained only embryonic primordial rudiments of these structures

(Fig 1F–M). The temporo-cortical areas, basal nuclei, and ventro-

caudal brain (diencephalon and brain stem) appeared less affected

(Fig 1B, C, F and G; see sagittal sections and details of structures

at higher magnification in Fig EV2B–K). Staining of P0 and P15

brains of wild-type and mutant mice with antibodies against GFAP

showed in both cases the presence of numerous GFAP+ cells

(Fig EV3). Interestingly, glial cells in hGFAP-SDHD mice had a

radial glia-like phenotype, with long processes, which were not

present in normal GFAP+ cells (Fig EV3H, I, K and L). Histological

analyses at an intermediate (P5) stage of development are shown

in Fig EV4. We established that the amount of SdhD functional

allele was clearly diminished in P15 hGFAP-SDHD mice in compar-

ison with homo- or heterozygous normal littermates (Fig 1N).

MCII activity in brain mitochondria of hGFAP-SDHD mice was also

decreased to less than 30% of that in homozygous controls

(Fig 1O), thus confirming the deletion of the SdhD gene in a signif-

icant proportion of brain cells. In accord with the morphological

data, these biochemical differences were not observed when only

the ventral parts of the brains were used for analysis (data not

shown). SdhD mRNA levels and MCII activity were already

decreased in newborn (P0) hGFAP-SDHD brains, indicating that

ablation of the SdhD gene had taken place during embryonic life,

as soon as the hGFAP promoter became active (see Fig EV1M and

N). To ensure that the Cre-mediated loxP recombination had actu-

ally resulted in deletion of the SdhD alleles in GFAP+ cells, we

generated control and hGFAP-SDHD mouse lines that expressed

the enhanced green fluorescent protein (EGFP) driven by the

hGFAP promoter (see Materials and Methods). After dissociation,

GFAP+ cells were sorted from two different brain areas (cortex

and striatum) (Fig 1P and Q). In both cases, the levels of SdhD

mRNA were reduced to < 20% of the value in control mice (Fig 1R

and S), thus demonstrating that the SdhD gene was ablated in

GFAP+ cells from hGFAP-SDHD mice. These findings suggest that

brain NSCs, along with their progeny of neuroblasts and astrocytes

generated before birth, appear to be little affected by mitochondrial

dysfunction. However, neuronal maturation, a process that occurs

in the perinatal period, seems to be highly dependent on proper

mitochondrial oxidative metabolic function.

The extensive brain atrophy in hGFAP-SDHD mice is in fair

agreement with previous lineage-specific tracing experiments show-

ing that, during development, radial glia are stem cells from which

many central neurons in the cortical and subcortical areas are

derived [10]. Although these data, using Cre/loxP recombination of

reporter genes, could be susceptible to misinterpretation due to the

failure of reporter activity, our experiments, based on recombination

of an intrinsic gene (SdhD) essential for cell homeostasis, fully con-

firm these results. Indeed, regional brain atrophy in the hGFAP-

SDHD mice is almost superimposable on the distribution of labeled

(X-gal+) cells described in lineage tracing experiments using the

same human GFAP promoter to drive Cre recombinase expression

[10]. Relative preservation of ventral brain areas in hGFAP-SDHD

animals can therefore be explained by the differential distribution of

Cre-mediated recombination, which in hGFAP-Cre mice spares

neural cells in this region.

Adult SVZ stem cells are preserved in SDHD-deficient mice, but
survival of newly generated neurons and oligodendrocytes
is impaired

Adult NSCs in the SVZ, which are considered to derive from radial

glia, also have a GFAP+ astrocyte-like phenotype [11]. We therefore

investigated whether mitochondrial dysfunction influenced the

maintenance, proliferation, and/or multipotency of these stem cells.

Neurosphere assays of dispersed SVZ cells obtained from control

and hGFAP-SDHD animals showed that the number of clonal colo-

nies generated was the same for the two mouse strains (Fig 2A and B).

Self-renewal capacity, as evidenced by the number of secondary
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neurospheres, was also unaffected by the SdhD deletion (Fig EV5).

These data suggest that SVZ stem cells are well preserved in

hGFAP-SDHD mice with defective mitochondria. Nonetheless, the

size of the primary (Fig 2A and C) and secondary (Fig EV5C)

neurospheres was smaller in hGFAP-SDHD mice compared to

controls (see below). Quantitative PCR analysis of SdhD mRNA

from neurospheres confirmed the ablation of the SdhD gene in SVZ

cells of genetically modified mice (Fig 2D). Furthermore, SVZ stem

Figure 1. Brain structures and mitochondrial complex II activity in wild-type and hGFAP-SDHD mice.

A Photographs of control (top) and hGFAP-SDHD (bottom) brains at P15. Scale bar: 5 mm.
B–M Brain sections of postnatal (P15) control (B, D, F, H, J, L) and hGFAP-SDHD (C, E, G, I, K, M) mice immunostained with NeuN antibody. Scale bars: 1 mm (B, C, F, G,

J, K), 500 lm (D, E, H, I), and 200 lm (L, M). Ctx: cortex; cc: corpus callosum; CPu: caudate putamen; hc: hippocampus; Dg: dentate gyrus.
N Relative levels of functional SdhD allele in the entire brain (P15) as determined by qPCR of genomic DNA. r.u.: relative units (n = 4).
O Succinate–ubiquinone oxidoreductase (SQR) activity of mitochondria isolated from the entire brain (P15) (n = 6).
P, Q Representative profiles of sorted astrocytes from cortex and striatum of mice carrying the hGFAP-EGFP transgene (blue lines). Animals without the construct (black

line) were used as blanks to determine the selection gates.
R, S Relative SdhD mRNA levels in sorted GFAP-expressing astrocytes from the cortex and striatum of control and hGFAP-SDHD mice.

Data information: Data are presented as mean � SEM (n = 4–8). Statistical significance: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. The ANOVA test with the appropriate
post hoc analysis was applied. See also Figs EV1–EV4.
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Figure 2. Effects of mitochondrial dysfunction on subventricular zone neural stem cells.

A Bright-field images of neurospheres obtained from SVZ neural stem cells of P15 control and hGFAP-SDHD mouse brains. Scale bars: 500 lm.
B, C Neurosphere (NS) forming efficiency (B) and core diameter (C) in cultures grown from SVZ of P15 control and hGFAP-SDHD mice (n = 6 cultures/mice for each genotype).
D Quantitative RT–PCR detection of SdhD expression levels in SVZ neurospheres of wild-type (flox/+) and mutant (flox/�, and flox/� cre) mice (n = 3–4mice on each group).
E Immunofluorescence detection of the neuronal marker Tuj1 in SVZ neural stem cell-derived adherent cultures from P15 control or hGFAP-SDHD brains. Nuclei were

counterstained with DAPI. Scale bar: 25 lm.
F Number of Tuj1+ neurons generated in SVZ neural stem cell adherent cultures in vitro for several days (n = 8 cultures/mice for each genotype).
G Number of GFAP+ astrocytes present in adherent cultures of SVZ neurospheres illustrating the resistance of glial cells to the loss of mitochondrial function (n = 5

independent cultures).
H Immunofluorescence detection of the oligodendrocyte marker O4 in SVZ neural stem cell-derived adherent cultures from P15 control or hGFAP-SDHD brains. Nuclei

were counterstained with DAPI. Scale bar: 25 lm.
I Number of O4+ neurons generated in SVZ neural stem cell adherent cultures in vitro for several days (n = 5–7 cultures/mice for each genotype). See also Fig EV5.

Data information: Data are presented as mean � SEM. *P ≤ 0.05. The two-tailed Student’s t-test was applied.
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cells from hGFAP-SDHD animals were able to differentiate into

Tuj1+ neurons in vitro; however, survival of these newly generated

neurons was compromised (Fig 2E and F). In contrast, the differenti-

ation and survival of astrocytes were practically unaltered in SdhD-

defective neurospheres (Fig 2E and G). Survival of differentiated

oligodendrocytes was also decreased in preparations from hGFAP-

SDHD mice (Fig 2H and I). These observations provide direct experi-

mental support for the notion that, as other progenitor cell types

[5,6], central NSCs rely predominantly on anaerobic metabolism and

thus can survive and maintain their normal function even after

severe mitochondrial damage. However, maintenance of mature

neurons and oligodendrocytes, but not GFAP+ astrocytes, is

absolutely dependent on a correctly functioning mitochondrial

metabolism.

hGFAP-SDHD mice have normal PNS development but impaired
carotid body neurogenesis

Despite the gross brain developmental alterations exhibited by the

hGFAP-SDHD mice, they showed an apparently normal PNS. The

morphology and number of neurons in the adrenal medulla, supe-

rior cervical ganglion (SCG), ENS, and dorsal root ganglia, all of

which are derived from neural crest progenitor cells [12], were simi-

lar in P15 hGFAP-SDHD mice compared with controls (Fig 3A–H).

We checked that, as in the CNS glia, GFAP+ Schwann cells in

peripheral nerves were also lacking the SdhD alleles, thereby

demonstrating recombination of the floxed SdhD alleles in PNS

structures (Fig 3I and J). Interestingly, ablation of the SdhD gene

did not seem to compromise survival of these peripheral glial cells

(Fig 3K), although extensive loss of TH+ adrenal chromaffin cells

and SCG neurons has been observed in previous studies with TH+-

specific SdhD-deficient (TH-SDHD) mice [18]. Quantitative PCR and

histological analyses showed no differences in the SCG of hGFAP-

SDHD and control mice (Fig EV6). A small, and non-significant,

decrease in SdhD mRNA observed in the SCG of hGFAP-SDHD mice

with respect to controls probably reflected SdhD deletion in the

small population of GFAP+ glial cells existing in this structure

(Fig EV6A and B). Lack of hGFAP-Cre-dependent activity in periph-

eral neurons was further demonstrated in vivo using a LacZ reporter

mice [16], which showed the absence of b-gal staining in TH+

neurons from SCG (Fig EV6C and D). Taken together, these data

suggest that NSCs giving rise to PNS neurons do not have the

GFAP+ glial origin that is characteristic of brain NSCs. An exception

to this general rule appears to be the CB, which in newborn (P0)

hGFAP-SDHD mice had similar size to that of control animals

(Fig 4A–C). However, the normal postnatal increase in TH+ glomus

cell number and the volume of TH+ CB parenchyma observed in

controls were abolished in hGFAP-SDHD mice (Fig 4A–C). Despite

the decrease in CB neuron-like glomus cell number, the population

of CB stem cells in the hGFAP-SDHD mice remained unaltered as

judged by the ability of dispersed CB stem cells to form growing

neurospheres (Fig 4D–F). These observations indicate that unlike

other structures in the PNS, postnatal development of the CB

depends on glia-like GFAP+ stem cells that are also resistant to

mitochondrial dysfunction. A population of these glia-like cells

remains dormant in the adult CB and sustains its adaptive growth

upon exposure to chronic hypoxia [16,17]. Other stem cells in the

adult PNS do not seem to contribute to the physiological homeo-

stasis of the specific tissues where they are located [14,15]. There-

fore, NSCs of glial lineage that reside in the adult CB constitute a

neurogenic niche of similar characteristics to those existing in the

adult brain and confer upon the CB the anatomical and functional

plasticity required for acclimatization to hypoxia [17]. The expres-

sion of GFAP in brain and CB neural stem cells could in fact be the

manifestation of a quiescent state in these cells that is necessary to

maintain their capacity to generate neurons in adulthood.

Mitochondria and neural stem cell proliferation
and differentiation

We have shown that low reliance on mitochondrial oxidative

phosphorylation seems to be a common generic feature of NSCs

during development and in the adult niches. Nonetheless, the way

different stem cell classes achieve a homeostatic anaerobic metabo-

lism may be variable. Several groups have reported a smaller

number of mitochondria and modifications of their shape in multi-

potent HSCs in comparison to more-committed bone marrow

progenitors [2]. Moreover, the high glycolytic flux of quiescent

HSCs residing in hypoxic niches seems to rely on the upregulation

of hypoxia-inducible transcription factors (particularly HIF-1a) and

the subsequent induction of glycolytic enzymes and pyruvate

dehydrogenase kinase to blunt pyruvate-dependent oxidative phos-

phorylation [5,6,19]. However, it has been reported that although

stabilization of HIF-1a and HIF-2a is necessary to initiate the meta-

bolic switch in the early stages of the reprogramming of human

cells to iPSCs, the stabilization of HIF-2a during latter stages

represses reprogramming [9]. HIF-1a-deficient NSCs have normal

mitochondria although they are resistant to hypoxia and have high

glycolytic activity [20]. Recently, we showed that maintenance and

clonal growth of CB stem cells in vitro is unaffected by a broad

range of O2 tensions [17]. This insensitivity to O2 tension is also

observed in neurosphere cultures of adult SVZ stem cells [21] as

well as in embryonic stem cells [3]. Although we have observed

that survival of central (SVZ) and peripheral (CB) neural stem cells

Figure 3. Normal development and survival of peripheral neurons in hGFAP-SDHD mice.

A–H Immunofluorescence detection of neuronal markers TH (A, C) and HuC/D (E, G) in the adrenal medulla (A), superior cervical ganglion (C), enteric ganglia at the level of the
distal small intestine (E), and dorsal root ganglion (G) of P15 control and hGFAP-SDHD mice. Scale bars: 200 lm (A, C), 100 lm (E, G). Cell number in adrenal medulla (B),
superior cervical ganglion (D), enteric ganglia (F), and dorsal root ganglion (H) in the same animal models. Data are presented as mean � SEM (n = 4–7 per group).

I Immunofluorescence detection of GFAP expression in cross sections of peripheral sciatic nerve illustrating the normal shape of Schwann cells forming myelin
sheaths in P15 control and hGFAP-SDHD mice. Scale bar: 50 lm.

J Results of quantitative RT–PCR to detect SdhD expression in the peripheral nerves of wild-type (flox/+) and mutant (flox/�, and flox/� cre) mice. Data are presented
as mean � SEM (n = 3 flox/+, n = 6 flox/�, and n = 8 flox/� cre mice). Statistical significance: *P ≤ 0.05; **P ≤ 0.01. The two-tailed Student’s t-test was applied.

K Number of myelin sheaths per unit area in sciatic nerves of P15 control and mutant mice. Data are presented as mean � SEM (n = 4 mice for each genotype). See
also Fig EV6.
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is not affected by mitochondrial dysfunction, proliferation of SVZ

progenitors (as estimated by the size of neurosphere cores) was

reduced in preparations from hGFAP-SDHD mice. This could

indicate that the high rate of in vitro proliferation of central

progenitors (in comparison with progenitors in CB neurospheres)

makes them partially dependent on energy obtained by oxidative

phosphorylation. Taken together, these data suggest that a high

glycolytic flux and resistance to mitochondrial dysfunction are

characteristic properties of stem cells regardless of O2 tension

levels. Therefore, besides the hypoxic stabilization of HIF, other

intrinsic mechanisms and/or niche factors might contribute to the

anaerobic metabolic state associated with the maintenance of NSC

multipotency.

Although mitochondrial dysfunction was not seen to alter NSC

maintenance and multipotency in the present study, it exerted a

marked effect on the survival of their central and peripheral neural

progeny. Defective mitochondrial metabolism seemed to impair

radial glial cell differentiation, as in P15 animals they appeared in a

state typical of the prenatal brain. However, these mutated radial

glia cells were able to differentiate into neurons, oligodendrocytes,

and astrocytes. Brains from neonatal wild-type and hGFAP-SDHD

mice showed similar sizes, structures, and NeuN+ cell densities,

suggesting that neuronal maturation occurring during the first post-

natal weeks rather than neuroblast differentiation is the process that

was actually compromised in mitochondria-defective animals. On

the other hand, we observed the appearance of neurons and

oligodendrocytes in differentiation assays of SVZ stem cells from

hGFAP-SDHD mice, although these cells did not survive longer than

a few days. Understanding the role of mitochondria on stemness

and the switching from quiescence to activity in stem cells located

in the different niches may help in the development of new thera-

peutic strategies against cancer stem cells.

Materials and Methods

Animals

The hGFAP-SDHD strain with SdhDflox/� hGFAP-CRE genotype was

obtained by breeding the previously reported SdhD-flox mouse

strain [18] with a mouse line expressing Cre under control of the

human GFAP promoter, which is active in mouse radial glia

[10,22]. Littermates with SdhDflox/+ and SdhDflox/� genotypes lack-

ing CRE recombinase are referred to as flox/+ and flox/�, respec-

tively. Where indicated, results from both genotypes were pooled

and assigned to a control group since no differences between them

were found for the phenotypes tested. Routine genotyping was

performed for the SdhD alleles and the CRE gene by PCR as previ-

ously reported [10,22]. hGFAP-SDHD mice carrying the enhanced

green fluorescence protein (EGFP) under control of the human

GFAP promoter were obtained by breeding with the hGFAP-EGFP

strain [23]. Mice were housed under temperature-controlled condi-

tions (22°C) on a 12-h light/dark cycle, and provided with food

and water ad libitum. Mice were housed and treated according to

the animal care guidelines of the European Community Council

(86/609/EEC), as well as institutional guidelines approved by the

ethics committee of the Hospital Universitario Virgen del Rocio

and the University of Seville (see Appendix Supplementary

Materials and Methods).

Histochemistry and immunocytochemistry

For detection of NeuN, GFAP, TH, O4, HuC/D, Tuj1, and b-gal in
tissue sections, neurospheres, and dissociated cells, we used stan-

dard staining procedures. Specific details are given in the Appendix

Supplementary Materials and Methods.

A

B C

D E

F

Figure 4. Impairment of carotid body postnatal maturation with
maintenance of adult stem cells in hGFAP-SDHD mice.

A Immunofluorescence detection of TH expression in newborn (P0) and P15
wild-type (control) and hGFAP-SDHD mouse carotid body (CB). Boundaries of
the CB parenchyma are indicated by the dotted lines. Scale bar: 50 lm.

B, C Number of TH+ cells (B) and size (C) per CB at different ages in control
and hGFAP-SDHD mice. Data are presented as mean � SEM (n = 3–5
mice in each group). *P ≤ 0.05; **P ≤ 0.01. The two-tailed Student’s
t-test was applied.

D Bright-field images of CB neurospheres obtained from control and
mutant mice at P15. Scale bar: 200 lm.

E, F Neurosphere forming efficiency (E) and diameter (F) of floating cultures
of dispersed CB cells from P15 control and hGFAP-SDHD mice. Data are
presented as mean � SEM (n = 6 cultures/mice for each genotype).
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Tissue dissociation, cell sorting, and neurosphere assays

Dissociated cells were obtained from brain and CB tissue following

standard procedures. Cell sorting and the generation of SVZ and CB

neurospheres were carried out as indicated previously [16]. See

Appendix Supplementary Materials and Methods.

SdhD DNA and mRNA analyses

DNA and RNA analyses were performed as described previously

[18]. See Appendix Supplementary Materials and Methods.

Mitochondria isolation and complex II activity

Mitochondrial complex II activity was determined according to

Piruat et al [24] with slight modifications. See Appendix Supple-

mentary Materials and Methods.

Statistics

Data are presented as mean � standard error (SEM). Statistical

significance was assessed by ANOVA with appropriate post hoc

analysis. For paired groups, either a two-tailed Student’s t-test with

a Levene test for homogeneity of variances in the case of normal

distribution, or the nonparametric Mann–Whitney U-test in the case

of non-normal distributions, was applied. Normal distribution was

assessed by Shapiro–Wilk test. PASW18 software was used for

statistical analysis.

Expanded View for this article is available online:

http://embor.embopress.org
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