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way that is useful to risk assessors and the ecotoxicologists who
support this activity. In the present paper, we propose the
adverse outcome pathway (AOP) as this framework. As dis-
cussed below, we believe AOPs provide a useful structure
within which existing knowledge can be organized, from which
key uncertainties and research priorities can be identified, and
through which we can improve predictive approaches needed to
advance regulatory ecotoxicology [4]. Several case examples
are presented to illustrate the nature and merits of the approach.
In the concluding sections, we discuss the development and use
of AOPs, relate this approach to existing assessment tools, and
explore the relationship between AOPs and emerging biological
systems models.

DEFINITION OF ADVERSE OUTCOME PATHWAYS

An AOP is a conceptual construct that portrays existing
knowledge concerning the linkage between a direct molecular
initiating event (e.g., a molecular interaction between a xeno-
biotic and a specific biomolecule) and an adverse outcome at a
biological level of organization relevant to risk assessment
(Fig. 1). As such, AOPs are generally a sequential series of
events that, by definition, span multiple levels of biological
organization. The content connecting the initiating event to the
outcome can take various forms, depending on the types and
extent of biological information from which the AOP is derived
or the risk context that it is being used to address. Relationships
among levels of biological organization may be causal, mech-
anistic, inferential, or correlation based, and the information on
which they are based may derive from in vitro, in vivo, or
computational systems. Such linkages provide the critical
foundation for greater use of predictive approaches in ecotox-
icology and ecological risk assessment.

The term adverse outcome pathwaywas developed in part to
draw a distinction from the term toxicity pathway as defined and
used by NRC [3]. A toxicity pathway was defined by NRC as a
‘‘cellular response pathway that, when sufficiently perturbed, is

expected to result in adverse health effect’’ [3]. Although
connection to an adverse outcome is implicit in this definition,
the NRC focus is almost exclusively on initiating events and
proximal cellular responses that can be measured and modeled
in vitro. Thus, the NRC report [3] and associated forum articles
describe toxicity pathway assays as in vitro assays that measure
‘‘critical mechanistic end points involved in the induction of
overt toxic effects rather than the effects themselves’’ [3,5].
Within this framework, the linkage of pathway disruption to
adverse outcomes is regarded as part of the science base
required to implement the vision [3], but the pathway itself
is at the cellular level.

Adverse outcome pathways and toxicity pathways will over-
lap considerably and derive from the same scientific research.
By definition, however, AOPs represent a set of plausible
connections that leads all the way from the molecular
initiating event to an adverse effect considered relevant in risk
assessment. In the case of ecological risk assessment, this
generally means well-quantified endpoints of demographic
significance that can be used to predict or infer potential
population impacts. Thus, AOPs can be viewed as encompass-
ing and extending beyond the NRC [3] definition of toxicity
pathway (Fig. 1).

The AOP concept was also developed in response to uncer-
tainties in the field regarding usage of the terms mechanism of
action and mode of action. Mechanism of action has been
defined as ‘‘a complete and detailed understanding of each
and every step in the sequence of events that leads to a toxic
outcome’’ [6], which includes detailed knowledge of the causal
and temporal relationships among all the steps leading to a
specific effect [7]. In contrast, mode of action has been defined
as ‘‘a common set of biochemical, physiological, or behavioral
responses that characterize an adverse biological response
where major, but not necessarily all, linkages between a direct
initiating event and an adverse outcome are understood’’ [6,7].
In practice, however, the termmechanism of action is often used
to describe just a portion of the biological response lying
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conditions (that is, in the presence of bFGF) and exposed to pro-
oxidative buthionine sulfoximine (BSO), an inhibitor of glutathione 
synthetase that causes intracellular accumulation of reactive oxy-
gen species6. Low, non-toxic BSO concentrations (Supplementary 

Information, Fig. S1) caused a reduction in total cell number and 
decreased the proportion of proliferating Ki67(+) cells by 30% (Fig. 1b, 
P < 0.05, compared with vehicle controls). Incubation of NPCs with 
pro-oxidative diethyldithiocarbamate (DETC), which suppresses 

a

c

%

1 1510 1 1510

b

d

e

h

0

20
20

40

60

0

10

90

100

80

 

f g

i

20 40 60 80 100204060 %

P
ro

lif
er

at
io

n
D

iff
er

en
tia

tio
n

O
xi

da
tiv

e

C
el

ls
 (p

er
ce

nt
ag

e)

C
el

ls
 (p

er
ce

nt
ag

e)

R
ed

uc
in

g
C

on
tr

ol

C
el

ls
/c

ol
on

y

C
lo

ne
s 

(p
er

ce
nt

ag
e)

*
*

*
*

*

*

* *

*
*

* *
* *

**

**

* *

* *

*

* *

* *
*

+bFGF (0–2 d)
+BSO (0–2 d) 
+bFGF (0–2 d)

+LA (0–2 d) 
+bFGF (0–2 d)

N
es

tin
 H

oe
ch

st
K

i6
7 

N
es

tin

Ki67+
Control Oxidative Reducing Control Oxidative Reducing

BrdU+

40 50

40

30

20

10

0

30

20

10

0

NAC
(mM)

LA
(µM)

DETC
(µM)

BSO
(µM)

NAC
(mM)

LA
(µM)

DETC
(µM)

BSO
(µM)

+BSO (0–9 d) 
+bFGF (0–2 d)+bFGF (0–2 d)

+LA (0–9 d) 
+bFGF (0–2 d)

N
eu

N
G

FA
P

H
oe

ch
st

Proportion of cells (percentage)
NeuN+ GFAP+

40 20 20 40 60 80

BSO 1 µM

DETC 10 µM

LA 5 µM

NAC 1mM

Vehicle
BSO 1 µM 

Vehicle
BSO 1 µM 

Bipotent Neuronal Astroglial Bipotent Neuronal Astroglial

Proportion of cells (percentage)
-III-tubulin+ GFAP+

Proportion of cells (percentage)Proportion of cells (percentage)
-III-tubulin+ GFAP+

Control

NeuN+ GFAP+

Vehicle

BSO 5 µM 

B
S

O
 5

 µ
M

 

R
es

ve
ra

tr
ol

 5
 µ

M
 

20 40 60 802040 % 20 40 60 802040 %

Sirt1 siRNA
(pooled)

Sirt1
siRNA1

Sirt1
siRNA2

Nonsense
siRNA

Nonsense
siRNA

Figure 1 Impact of redox and Sirt1 modulation on self-renewal and 
multipotentiality of NPCs. (a, b) Opposite effects of pro-oxidative (BSO, 
DETC) or reducing (lipoic acid (LA), NAC) redox modulators on self-renewal 
after two days of bFGF treatment. Ki67(+) immunolabelling (red) was 
limited exclusively to nestin(+) cells (green). Nuclei were counterstained 
with Hoechst dye 33258. Proliferation was quantified by counting 
Ki67(+) or BrdU(+) cells. (c, d) Opposite effects of redox modulators on 
multipotentiality. (c) Cells were allowed to differentiate in the presence of 
redox modulators and stained for GFAP (green; astrocytes) and NeuN (red; 
neurons). (d) Quantification of differentiation. (e–g) Characterization of 
colonies derived from single NPCs under adherent culture conditions (clonal 
analysis). (e) Average number of cells per individual colony. (f) Percentages 

of clones which gave rise to either mixed colonies; that is, consisting of 
neuronal (β-III-tubulin(+)) and astroglial (GFAP(+)) cells (bipotent), or to 
purely neuronal or purely astroglial colonies. (g) Proportion of astrocytes 
and neurons within mixed (bipotent) clones. (h) Effect of selective Sirt1 
modulation on NPC differentiation. NPCs were exposed to the Sirt1 activator, 
resveratrol, under unmodified redox conditions. The direct contribution of 
Sirt1 was investigated by depletion of Sirt1 by RNAi. (i) NPCs were first 
transfected with two different Sirt1 siRNAs (siRNA1, siRNA2) or nonsense 
siRNA, then exposed to oxidative conditions. NPC differentiation was 
quantified by identifying astrocytes (GFAP(+)) and neurons (β-III-tubulin(+)). 
All data are mean ± s. d. of three independent experiments, *P < 0.05, 
compared with vehicle controls. Scale bars, 20 μm.
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was detected by immunoprecipitation of NPC lysates using anti-Sirt1 
antibody, followed by western blotting with an anti-Hes1 anibody. The 
association of Hes1 with Sirt1 was quantified using densitometric analysis. 
(b) Immunoblotting of total histone extracts to investigate acetylation 
status of H3, H4, H3K9 and H4K16. Additionally, the effects of the Sirt1 
inhibitor, splitomicin, and of trichostatin A (TSA), known to block HDAC 
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A RT I C L E S

Sirt1 expression patterns and modulation in EAE
Finally, we investigated Sirt1 expression in autoimmune demyelination, in 
which oxidative stress is known to occur33,34. Brain pathology in mice with 
EAE, induced by transfer of encephalitogenic T cells into naive recipients35, 
showed a lack of Sirt1 expression in non-inflamed brain regions (Fig. 6a). 
In contrast, areas affected by typical perivascular leukocyte infiltration and 
reactive astrogliosis showed marked Sirt1 upregulation in GFAP(+) cells 
with astroglial morphology (Fig. 6b–d), but very low Mash1 expression 
(Fig. 6e). In these cells, Sirt1 expression was mainly intranuclear, suggest-
ing its involvement in chromatin silencing (Fig. 6c). Moreover, applica-
tion of the Sirt1 activator resveratrol to EAE animals revealed an increase 
of GFAP(+), BrdU(+) early progenitors in lesions (Fig. 6f), suggesting 
enhanced gliogenesis through increased Sirt1 deacetylase activity.

DISCUSSION
Our studies show that subtle (non-toxic) redox alterations, present in a 
variety of CNS diseases4, critically affect the self-renewal capacity of NPCs. 
They also extend previous observations derived from O-2A progenitor 

cells in vitro6 and show that oxidative conditions favour astrocyte expan-
sion at the expense of neurogenesis, whereas reducing conditions have 
the opposite effect. The oxidation-mediated increase of astrocytes does 
not seem to be linked to either an enhanced proliferation of astrocyte 
precursors or to restriction of the multipotentiality of NPCs. Rather, oxida-
tion directs differentiation of uncommitted NPCs towards the astroglial 
lineage by altering their ‘default’ development programme. Moreover, 
our data suggest that Sirt1 (a class III NAD+-dependent HDAC with a 
crucial role in various cellular processes that comprise energy metabo-
lism, transcriptional silencing and DNA repair)36 is the mediator of the 
observed redox effects, as mild oxidation in NPCs led most notably to 
increased Sirt1 deacetylase activity at the Mash1 promoter. On the basis 
of our observations, oxidation does not induce a global histone deacetyla-
tion, as the acetylation status of whole histone H3 or whole histone H4 was 
not reduced under these conditions. On the contrary, oxidation reduced 
acetylation of the H3K9, but not of the H4K16 residue, both known to 
be regulated by Sirt1 (ref. 20). This effect was reversed when we applied 
the functional Sirt1 blocker splitomicin. In contrast to these observations, 
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Figure 5 Induction of Sirt1 and inhibition of early NPCs in vivo. (a) Animal 
treatment-schedule for data shown in a–d. (b) The first three lanes on the left 
show co-staining for Sirt1 (red), GFAP (green), and Hoechst dye 33258 (blue) 
in SVZ coronal sections (squares indicate enlargements of triple-stained cells). 
Two panels on the right show co-staining for BrdU (red) with Dcx (green) or 
Mash1 (red). (c) Quantification of GFAP(+), Sirt1(+) cells and GFAP(+)/Sirt1(+) 
dual-positive cells in relation to all Hoechst(+) cells (left panel); quantification 
of Mash1(+) cells (right panel). (d) Quantification of total BrdU(+)cells (left 
panel) or BrdU(+)/Dcx(+) dual-positive cells in relation to all BrdU(+) cells (right 
panel). Analyses in c and d were performed in SVZ sections from BSO- (n = 4) 
and vehicle-treated (n = 3) mice. (e–g) In vivo knockdown of Sirt1 and Hes1 
prevented the effects of mild oxidation on neurogenesis. (e) Timing of in utero 
electroporation (jagged red arrow) with EGFP plasmids containing Sirt1, Hes1 
or control shRNA, and subsequent oxidative challenge. (f) Confocal photograph 

of transfected progenitor cells in the RMS. Higher magnification shows a z-stack 
analysis of 1.6 μm thickness (obtained by recording a series of 8 consecutive 
images of the same cell taken at 0.2-μm intervals), indicating perinuclear 
colocalization of EGFP (green) and Dcx (red). Hoechst (blue) counterstain.  
(g) Proportion of Dcx(+)/EGFP(+) dual-positive cells in relation to EGFP(+) cells 
in the RMS (n = 3 mice per group; total number of EGFP(+) cells examined for 
control–EGFP = 760, for shSirt1–EGFP = 604, for shHes1–EGFP = 534). (h) 
Sirt1 knockdown in vivo caused an increased proportion of Mash1(+) cells in 
the transfected EGFP(+) population in the SVZ (n = 3 P2 animals per group; 
total number of EGFP(+) cells examined for control–EGFP = 693, for shSirt1–
EGFP = 622). (i) Sirt1 inhibition in vivo (by subcutaneous administration of 
the Sirt1 inhibitor cambinol from P5 to P7) caused Mash1 induction (real-time 
PCR, n = 4 animals per group) in the SVZ. All data are shown as mean ± s. d., 
*P < 0.05. Scale bars, 50 μm. LV, lateral ventricle.
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Sirt1 expression patterns and modulation in EAE
Finally, we investigated Sirt1 expression in autoimmune demyelination, in 
which oxidative stress is known to occur33,34. Brain pathology in mice with 
EAE, induced by transfer of encephalitogenic T cells into naive recipients35, 
showed a lack of Sirt1 expression in non-inflamed brain regions (Fig. 6a). 
In contrast, areas affected by typical perivascular leukocyte infiltration and 
reactive astrogliosis showed marked Sirt1 upregulation in GFAP(+) cells 
with astroglial morphology (Fig. 6b–d), but very low Mash1 expression 
(Fig. 6e). In these cells, Sirt1 expression was mainly intranuclear, suggest-
ing its involvement in chromatin silencing (Fig. 6c). Moreover, applica-
tion of the Sirt1 activator resveratrol to EAE animals revealed an increase 
of GFAP(+), BrdU(+) early progenitors in lesions (Fig. 6f), suggesting 
enhanced gliogenesis through increased Sirt1 deacetylase activity.

DISCUSSION
Our studies show that subtle (non-toxic) redox alterations, present in a 
variety of CNS diseases4, critically affect the self-renewal capacity of NPCs. 
They also extend previous observations derived from O-2A progenitor 

cells in vitro6 and show that oxidative conditions favour astrocyte expan-
sion at the expense of neurogenesis, whereas reducing conditions have 
the opposite effect. The oxidation-mediated increase of astrocytes does 
not seem to be linked to either an enhanced proliferation of astrocyte 
precursors or to restriction of the multipotentiality of NPCs. Rather, oxida-
tion directs differentiation of uncommitted NPCs towards the astroglial 
lineage by altering their ‘default’ development programme. Moreover, 
our data suggest that Sirt1 (a class III NAD+-dependent HDAC with a 
crucial role in various cellular processes that comprise energy metabo-
lism, transcriptional silencing and DNA repair)36 is the mediator of the 
observed redox effects, as mild oxidation in NPCs led most notably to 
increased Sirt1 deacetylase activity at the Mash1 promoter. On the basis 
of our observations, oxidation does not induce a global histone deacetyla-
tion, as the acetylation status of whole histone H3 or whole histone H4 was 
not reduced under these conditions. On the contrary, oxidation reduced 
acetylation of the H3K9, but not of the H4K16 residue, both known to 
be regulated by Sirt1 (ref. 20). This effect was reversed when we applied 
the functional Sirt1 blocker splitomicin. In contrast to these observations, 
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Figure 5 Induction of Sirt1 and inhibition of early NPCs in vivo. (a) Animal 
treatment-schedule for data shown in a–d. (b) The first three lanes on the left 
show co-staining for Sirt1 (red), GFAP (green), and Hoechst dye 33258 (blue) 
in SVZ coronal sections (squares indicate enlargements of triple-stained cells). 
Two panels on the right show co-staining for BrdU (red) with Dcx (green) or 
Mash1 (red). (c) Quantification of GFAP(+), Sirt1(+) cells and GFAP(+)/Sirt1(+) 
dual-positive cells in relation to all Hoechst(+) cells (left panel); quantification 
of Mash1(+) cells (right panel). (d) Quantification of total BrdU(+)cells (left 
panel) or BrdU(+)/Dcx(+) dual-positive cells in relation to all BrdU(+) cells (right 
panel). Analyses in c and d were performed in SVZ sections from BSO- (n = 4) 
and vehicle-treated (n = 3) mice. (e–g) In vivo knockdown of Sirt1 and Hes1 
prevented the effects of mild oxidation on neurogenesis. (e) Timing of in utero 
electroporation (jagged red arrow) with EGFP plasmids containing Sirt1, Hes1 
or control shRNA, and subsequent oxidative challenge. (f) Confocal photograph 

of transfected progenitor cells in the RMS. Higher magnification shows a z-stack 
analysis of 1.6 μm thickness (obtained by recording a series of 8 consecutive 
images of the same cell taken at 0.2-μm intervals), indicating perinuclear 
colocalization of EGFP (green) and Dcx (red). Hoechst (blue) counterstain.  
(g) Proportion of Dcx(+)/EGFP(+) dual-positive cells in relation to EGFP(+) cells 
in the RMS (n = 3 mice per group; total number of EGFP(+) cells examined for 
control–EGFP = 760, for shSirt1–EGFP = 604, for shHes1–EGFP = 534). (h) 
Sirt1 knockdown in vivo caused an increased proportion of Mash1(+) cells in 
the transfected EGFP(+) population in the SVZ (n = 3 P2 animals per group; 
total number of EGFP(+) cells examined for control–EGFP = 693, for shSirt1–
EGFP = 622). (i) Sirt1 inhibition in vivo (by subcutaneous administration of 
the Sirt1 inhibitor cambinol from P5 to P7) caused Mash1 induction (real-time 
PCR, n = 4 animals per group) in the SVZ. All data are shown as mean ± s. d., 
*P < 0.05. Scale bars, 50 μm. LV, lateral ventricle.
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Sirt1 expression patterns and modulation in EAE
Finally, we investigated Sirt1 expression in autoimmune demyelination, in 
which oxidative stress is known to occur33,34. Brain pathology in mice with 
EAE, induced by transfer of encephalitogenic T cells into naive recipients35, 
showed a lack of Sirt1 expression in non-inflamed brain regions (Fig. 6a). 
In contrast, areas affected by typical perivascular leukocyte infiltration and 
reactive astrogliosis showed marked Sirt1 upregulation in GFAP(+) cells 
with astroglial morphology (Fig. 6b–d), but very low Mash1 expression 
(Fig. 6e). In these cells, Sirt1 expression was mainly intranuclear, suggest-
ing its involvement in chromatin silencing (Fig. 6c). Moreover, applica-
tion of the Sirt1 activator resveratrol to EAE animals revealed an increase 
of GFAP(+), BrdU(+) early progenitors in lesions (Fig. 6f), suggesting 
enhanced gliogenesis through increased Sirt1 deacetylase activity.

DISCUSSION
Our studies show that subtle (non-toxic) redox alterations, present in a 
variety of CNS diseases4, critically affect the self-renewal capacity of NPCs. 
They also extend previous observations derived from O-2A progenitor 

cells in vitro6 and show that oxidative conditions favour astrocyte expan-
sion at the expense of neurogenesis, whereas reducing conditions have 
the opposite effect. The oxidation-mediated increase of astrocytes does 
not seem to be linked to either an enhanced proliferation of astrocyte 
precursors or to restriction of the multipotentiality of NPCs. Rather, oxida-
tion directs differentiation of uncommitted NPCs towards the astroglial 
lineage by altering their ‘default’ development programme. Moreover, 
our data suggest that Sirt1 (a class III NAD+-dependent HDAC with a 
crucial role in various cellular processes that comprise energy metabo-
lism, transcriptional silencing and DNA repair)36 is the mediator of the 
observed redox effects, as mild oxidation in NPCs led most notably to 
increased Sirt1 deacetylase activity at the Mash1 promoter. On the basis 
of our observations, oxidation does not induce a global histone deacetyla-
tion, as the acetylation status of whole histone H3 or whole histone H4 was 
not reduced under these conditions. On the contrary, oxidation reduced 
acetylation of the H3K9, but not of the H4K16 residue, both known to 
be regulated by Sirt1 (ref. 20). This effect was reversed when we applied 
the functional Sirt1 blocker splitomicin. In contrast to these observations, 
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Figure 5 Induction of Sirt1 and inhibition of early NPCs in vivo. (a) Animal 
treatment-schedule for data shown in a–d. (b) The first three lanes on the left 
show co-staining for Sirt1 (red), GFAP (green), and Hoechst dye 33258 (blue) 
in SVZ coronal sections (squares indicate enlargements of triple-stained cells). 
Two panels on the right show co-staining for BrdU (red) with Dcx (green) or 
Mash1 (red). (c) Quantification of GFAP(+), Sirt1(+) cells and GFAP(+)/Sirt1(+) 
dual-positive cells in relation to all Hoechst(+) cells (left panel); quantification 
of Mash1(+) cells (right panel). (d) Quantification of total BrdU(+)cells (left 
panel) or BrdU(+)/Dcx(+) dual-positive cells in relation to all BrdU(+) cells (right 
panel). Analyses in c and d were performed in SVZ sections from BSO- (n = 4) 
and vehicle-treated (n = 3) mice. (e–g) In vivo knockdown of Sirt1 and Hes1 
prevented the effects of mild oxidation on neurogenesis. (e) Timing of in utero 
electroporation (jagged red arrow) with EGFP plasmids containing Sirt1, Hes1 
or control shRNA, and subsequent oxidative challenge. (f) Confocal photograph 

of transfected progenitor cells in the RMS. Higher magnification shows a z-stack 
analysis of 1.6 μm thickness (obtained by recording a series of 8 consecutive 
images of the same cell taken at 0.2-μm intervals), indicating perinuclear 
colocalization of EGFP (green) and Dcx (red). Hoechst (blue) counterstain.  
(g) Proportion of Dcx(+)/EGFP(+) dual-positive cells in relation to EGFP(+) cells 
in the RMS (n = 3 mice per group; total number of EGFP(+) cells examined for 
control–EGFP = 760, for shSirt1–EGFP = 604, for shHes1–EGFP = 534). (h) 
Sirt1 knockdown in vivo caused an increased proportion of Mash1(+) cells in 
the transfected EGFP(+) population in the SVZ (n = 3 P2 animals per group; 
total number of EGFP(+) cells examined for control–EGFP = 693, for shSirt1–
EGFP = 622). (i) Sirt1 inhibition in vivo (by subcutaneous administration of 
the Sirt1 inhibitor cambinol from P5 to P7) caused Mash1 induction (real-time 
PCR, n = 4 animals per group) in the SVZ. All data are shown as mean ± s. d., 
*P < 0.05. Scale bars, 50 μm. LV, lateral ventricle.
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previous learning of the platform location (Figure 6C; t14 = 26.17,
p,0.001 compared to C8; t13 = 26.24, p,0.001 compared to
CD). In contrast, control-Dox mice were very efficient in finding
the platform from this novel start position (Figure 6C; t14 = 0.72,
p.0.48, N compared to C8). This finding indicates that in parallel
to egocentric strategies, the control animals also developed a
relational strategy which allowed them to find the platform when
the starting point was changed. In contrast, bigenic animals
treated with Dox only developed egocentric strategies that proved
inefficient for finding the hidden platform once the starting point
was changed.

These results show that in the water maze, inhibition of
neurogenesis in the DG of the hippocampal formation selectively
impairs spatial relational memory while other forms of spatial
navigation are spared. Taken together, the results of the
behavioral experiments show that neurogenesis influences forms
of learning requiring critical hippocampal involvement such as
relational processing of spatial information. In contrast, other
forms of learning that do not require such a process, and thus
depend on the hippocampus to a lesser degree, such as novelty
exploration or contextual fear conditioning, are not affected by
inhibition of hippocampal neurogenesis.

Discussion

A novel inducible transgenic strategy for the ablation of
nestin precursors

In this report we describe an original conditional transgenic
approach that allows the ablation of nestin precursors in adult
animals. This model is based on the inducible and cell type-
restricted over-expression of the pro-apoptotic protein Bax using
the reverse tetracycline-controlled transactivator (rtTA)-regulated
system (Tet-On system) [32]. The Tet-On system (rtTA), which is
not naturally present in mammalian cells, offers the best temporal/
spatial flexibility and selectivity since it is inactive in its default state
(i.e. absence of exogenous Dox). Indeed, the transgenes are kept
inactive and are transcriptionally active only in the presence of
Dox. The rtTA protein is under the control of the rat nestin intron
II enhancer/promoter which is specifically expressed in neural
precursors [45–47]. This is the reason why this promoter was
preferred over a GFAP promoter [48,49]. Furthermore, to ensure
a narrow profile of tissue-specific promoter transcriptional activity
we designed a bidirectional vector that first minimizes the genomic
influence of cis-acting elements with enhancer/promoter activities,
and secondly allows coordinate expression of two independent

transgenes (EYFPBax and ECFPBax) from one TRE. Finally, by
using the Bax protein, we took advantage of the constitutive
molecular apoptotic pathway regulating natural cell death of
adult-born granule neurons [30].

Activation of transgenes with Dox treatment resulted in the
overexpression of Bax proteins in nestin expressing cells in the
subgranular zone of the DG where neural precursors reside. This
resulted in the death of neural precursors as indicated by a
reduction in nestin staining and an increase in the number of
apoptotic cells in the SGZ. Consequently cell proliferation and
neurogenesis were reduced, albeit not totally blocked in the DG.
Indeed, a residual level of neurogenesis persisted several months
after the beginning of the Dox treatment. This is in line with some
studies in which hippocampal neurogenesis was strongly though
not fully blocked by irradiation [18,20,25], although others
reported a total and persistent ablation of neurogenesis using the
same technique [19,21].

Expression of Bax fusion proteins, activation of caspase-3, as
well as cell genesis and neurogenesis were not modified by Dox
treatment in the SVZ-OB system, the second main neurogenic
area of the adult brain. Furthermore, in other brain areas, such as
the cerebellum, the cortex or the striatum neither the expression of
Bax fusion proteins nor the number of cells expressing the
activated form of caspase-3 were modified. Our data then show
that in the adult brain, rtTA expression is more restricted than
what is observed in the developing brain [34]. In addition to
developmental differences, differences in mice strains could also be
involved. Thus we maintained the transgenic line on a C57BL/6J
background while Mitsuhashi et al. study was performed on mice
from an FVB/N background. Finally it is well known that the
pattern of expression in bigenic mice is often different from the one
of the parental strains. This phenomenon is explained by the fact
that transgenic methods generate embryos expressing transgenes
in mosaic patterns due to differences in the integration sites,
number of transgene copies and DNA methylation [50].

Adult-born neurons influence spatial relational memory
The hippocampus has been implicated to different degrees in

various forms of spatial knowledge involving increasing levels of
complexity ranging from spatial recognition to contextual
conditioning up to spatial relational memory [38,39]. Our results
show that neurogenesis is necessary for the expression of the most
hippocampal-demanding form of spatial knowledge studied here:
spatial relational memory. Indeed, the reduction of adult-born
hippocampal neurons does not modify the ability of animals to

Figure 6. Effects of adult hippocampal neurogenesis ablation on spatial navigation. (A) Latency to reach the hidden platform using
variable start positions. Right: representative swim paths during the last training day (V9) for a bigenic mouse treated with Dox (BD) and a bigenic
mouse treated with vehicle (BV). (B) Time spent in the target quadrant during the probe test. Right: representative swim paths during the probe test.
(C) Latency to reach the hidden platform using constant (C1 to C8) or novel (N) start positions. Right: representative swim paths during constant (C8)
and novel (N) start position training days. BV = bigenic-vehicle mice; BD = bigenic-Dox mice; CD = control-Dox mice. ###: p#0.001 compared to C8;
**: p#0.01, ***: p#0.001 compared to the control group; +++: p#0.001 compared to chance level. Black arrows indicate start point positions.
doi:10.1371/journal.pone.0001959.g006
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Fig. 2. The effects of the tested phytochemicals on H2O2-induced cytotoxicity on SH-SY5Y human neuroblastoma. Cells were co-treated with varying concentrations of H2O2

(250–750 !M) and the tested phytochemicals (1–250 !g dry extract/mL for saffron and 0.1–125 !M for CRT and safranal, respectively) for 18 h. Cell viability was determined
by the MTT assay. Experimental values are the mean ± S.E. values of six determinations and each included quadruple sets. Statistical analysis was performed with GraphPad
Instat 3 software, using the non-parametric Mann–Whitney test. *p < 0.0001 vs. H2O2. ∞p < 0.05 vs. control. Percentages indicate the percentage of cell death in the presence
of the H2O2.

by H2O2, in a non-concentration dependent manner, with the per-
centages of viability ranging from 69 to 98% in relation to the control
group (100% viability). Although safranal co-incubation led to sig-
nificantly higher viability (56–71%) compared to H2O2-treated,
it failed to preserve viability levels equal to those in untreated
cells.

Moreover, co-incubation of SH-SY5Y cells with the tested
phytochemicals and H2O2 completely abolished H2O2-induced
ROS accumulation, in a non-concentration-dependent manner

(Fig. 3A–C). Saffron and safranal treatment preserved ROS levels
equal to those in untreated cells, whereas crocetin reduced, further,
ROS levels at all tested concentrations.

Furthermore, both saffron and its constituents attenu-
ated H2O2-induced caspase-3 activation, in the order of CRT
(30–38%) > safranal (21–31%) > saffron (21–38%) (Table 3), even up
to 120 min of absorbance measurement, with the enzyme’s levels
being near to those of the untreated cells. Thus, cell culture results
showed that saffron and crocetin provide strong protection in

Fig. 3. Effect of saffron and its constituents on H2O2-induced ROS accumulation on wild type (SH-SY5Y) human neuroblastoma cells. Quantitative analysis of DCF fluorescence
intensity after treatment with 250 !M H2O2 in the presence/or absence of test compounds at various concentrations for 18 h. Values are mean ± S.E. calculated from six
different experiments performed in sixtruple. Statistical analysis was performed with GraphPad Instat 3 software, using the non-parametric Mann–Whitney test. *p < 0.05
vs. H2O2 alone. ∞p < 0.05 vs. control. Percentages indicate the percentages of decrease observed after incubation with the tested phytochemicals in the presence of H2O2.
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Fig. 1. The effect of saffron on initial latency (IL) and step-through latency (STL) in the double trial passive avoidance test, in (A) adult and (B) aged Balb-c mice. Individual
values are presented as circles (closed for IL and open for STL) for control animals and triangles (closed for IL and open for STL) for saffron-treated ones, whereas lines
represent the mean values. IL: max. time allowed 120 s and STL: max. time allowed 300 s. Statistical analysis was performed with GraphPad Instat 3 software, using the
non-parametric Mann–Whitney test (n = 8 animals/group). (a) p < 0.01 statistical difference in comparison to control. (b) p < 0.01 statistical difference between the two age
groups of mice receiving saffron extract.

with 50 !M DCF-DA in PBS at 37 ◦C for 30 min. Fluorescence was then quantified
in a microplate-reader (Bio-Tek Instruments Inc., Ville St. Laurent, Que, Canada) at
excitation wavelength 485 nm and emission wavelength 530 nm.

2.10. Measurement of caspase-3 activity in SH-SY5Y cells

Caspase-3 activity was measured with acetyl-Asp-Glu-Val-Asp p-nitroanilide
(Ac-DEVD-pNA) as the substrate, as per the manufacturer’s protocol (CASP-3-C,
Sigma–Aldrich). Liberation of p-NA was measured at 405 nm with a UV–vis spec-
trometer (Denley WellScan). The changes in absorbance were standardized using
graded concentrations of free p-NA solutions (1–200 !M). The assay showed good
linearity (y = 0.0022x + 0.0077, R2 = 0.998). Results were calculated as release of p-NA
in pmol/min/mg protein.

2.11. Statistical analysis

Data are presented as means ± S.E. Statistical analysis was performed with
GraphPad Instat 3 software (GraphPad Instat Software, Inc. USA) using the nonpara-
metric Mann–Whitney test (p < 0.05). In all tests, a criterion of p ≤ 0.05 (two-tailed)
was considered necessary for statistical significance.

3. Results

3.1. Effect of saffron on rodent passive avoidance test learning
ability

Passive avoidance behavior is based on negative reinforcement
and is used to examine long-term memory. Step-through latency
reflected the long-term memory of animals. Significant increase
in step-through latency value shown improvement in memory.
The effect of saffron injected i.p. to mice for 6 days on the step-
through latency is shown in Fig. 1. No signs of writhing syndrome
or changes in the emotional state of mice were observed after saf-

fron administration. As shown in Fig. 1, the performance of each
mouse was largely concise, although the motor activity of aged
mice appeared slightly reduced. The latter observation is reflected
by lower mean initial and step-through latencies of both groups of
aged mice than those of adult mice. For instance, control aged mice
showed a 69–77% decrease in their latency times, in comparison to
their control adult littermates.

In the control and saffron-treated groups of adult mice, the
mean initial latency was not significantly different (32.75 ± 9.02
and 23.63 ± 5.62, respectively) indicating that both groups behaved
the same in the training trial. The same behavior was observed
in the control and the saffron-treated aged mice (7.64 ± 1.56
and 10.99 ± 1.91, respectively), suggesting no major age-related
differences in latency time prior to training. Saffron-treated
adult mice exhibited significant increase (149%, p = 0.03) in step-
through latency, as compared to the control group (246.25 ± 35.95
vs. 94.25 ± 34.74). Accordingly, saffron-treated aged mice exhib-
ited significantly higher latencies than their control littermates
(68.38 ± 12.60 vs. 29.62 ± 3.76). Overall, saffron administration
facilitated learning in both adult and aged mice, as is evident by
the delay of transfer in the dark chamber (shock) 1 day after the
acquisition trial.

3.2. Effect of saffron on brain AChE activity

Given the implication of the cholinergic system in maintaining
normal cognitive function, the activity levels of AChE were mea-
sured in mice brain, with the salt- and detergent-soluble fractions
of brain homogenates as a marker of central cholinergic status. The
molecular forms G4 and G1 of AChE are predominantly present in

Table 1
The effect of saffron on AChE activity in adult and aged mice braina.

Animal groups Salt soluble (SS)-AChE
(mmol/min/g of tissue protein)

Detergent soluble
(DS)-AChE (mmol/min/g of tissue protein)

Adult
Control 0.211 ± 0.008 0.818 ± 0.049
Saffron-treated 0.102 ± 0.003** 0.509 ± 0.022**

Aged
Control 0.111 ± 0.007!! 0.667 ± 0.033!

Saffron-treated 0.103 ± 0.002 0.754 ± 0.053

a Animals were administered with an i.p. daily injection (20 !L) of either saline (control group) or 60 mg/kg B.W saffron extract (saffron group) for 7 days (n = 8 ani-
mals/group). The mice brain AChE levels are expressed as mean ± S.E. of 8 values each analyzed in triplicate. Statistical analysis was performed with GraphPad Instat 3
software, using the non-parametric Mann–Whitney test.

** p < 0.0001 statistical difference in comparison to control.
! p < 0.05 statistical difference between the two age groups of control mice.

!! p < 0.01 statistical difference between the two age groups of control mice.
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Fig. 1. The effect of saffron on initial latency (IL) and step-through latency (STL) in the double trial passive avoidance test, in (A) adult and (B) aged Balb-c mice. Individual
values are presented as circles (closed for IL and open for STL) for control animals and triangles (closed for IL and open for STL) for saffron-treated ones, whereas lines
represent the mean values. IL: max. time allowed 120 s and STL: max. time allowed 300 s. Statistical analysis was performed with GraphPad Instat 3 software, using the
non-parametric Mann–Whitney test (n = 8 animals/group). (a) p < 0.01 statistical difference in comparison to control. (b) p < 0.01 statistical difference between the two age
groups of mice receiving saffron extract.

with 50 !M DCF-DA in PBS at 37 ◦C for 30 min. Fluorescence was then quantified
in a microplate-reader (Bio-Tek Instruments Inc., Ville St. Laurent, Que, Canada) at
excitation wavelength 485 nm and emission wavelength 530 nm.

2.10. Measurement of caspase-3 activity in SH-SY5Y cells

Caspase-3 activity was measured with acetyl-Asp-Glu-Val-Asp p-nitroanilide
(Ac-DEVD-pNA) as the substrate, as per the manufacturer’s protocol (CASP-3-C,
Sigma–Aldrich). Liberation of p-NA was measured at 405 nm with a UV–vis spec-
trometer (Denley WellScan). The changes in absorbance were standardized using
graded concentrations of free p-NA solutions (1–200 !M). The assay showed good
linearity (y = 0.0022x + 0.0077, R2 = 0.998). Results were calculated as release of p-NA
in pmol/min/mg protein.

2.11. Statistical analysis

Data are presented as means ± S.E. Statistical analysis was performed with
GraphPad Instat 3 software (GraphPad Instat Software, Inc. USA) using the nonpara-
metric Mann–Whitney test (p < 0.05). In all tests, a criterion of p ≤ 0.05 (two-tailed)
was considered necessary for statistical significance.

3. Results

3.1. Effect of saffron on rodent passive avoidance test learning
ability

Passive avoidance behavior is based on negative reinforcement
and is used to examine long-term memory. Step-through latency
reflected the long-term memory of animals. Significant increase
in step-through latency value shown improvement in memory.
The effect of saffron injected i.p. to mice for 6 days on the step-
through latency is shown in Fig. 1. No signs of writhing syndrome
or changes in the emotional state of mice were observed after saf-

fron administration. As shown in Fig. 1, the performance of each
mouse was largely concise, although the motor activity of aged
mice appeared slightly reduced. The latter observation is reflected
by lower mean initial and step-through latencies of both groups of
aged mice than those of adult mice. For instance, control aged mice
showed a 69–77% decrease in their latency times, in comparison to
their control adult littermates.

In the control and saffron-treated groups of adult mice, the
mean initial latency was not significantly different (32.75 ± 9.02
and 23.63 ± 5.62, respectively) indicating that both groups behaved
the same in the training trial. The same behavior was observed
in the control and the saffron-treated aged mice (7.64 ± 1.56
and 10.99 ± 1.91, respectively), suggesting no major age-related
differences in latency time prior to training. Saffron-treated
adult mice exhibited significant increase (149%, p = 0.03) in step-
through latency, as compared to the control group (246.25 ± 35.95
vs. 94.25 ± 34.74). Accordingly, saffron-treated aged mice exhib-
ited significantly higher latencies than their control littermates
(68.38 ± 12.60 vs. 29.62 ± 3.76). Overall, saffron administration
facilitated learning in both adult and aged mice, as is evident by
the delay of transfer in the dark chamber (shock) 1 day after the
acquisition trial.

3.2. Effect of saffron on brain AChE activity

Given the implication of the cholinergic system in maintaining
normal cognitive function, the activity levels of AChE were mea-
sured in mice brain, with the salt- and detergent-soluble fractions
of brain homogenates as a marker of central cholinergic status. The
molecular forms G4 and G1 of AChE are predominantly present in

Table 1
The effect of saffron on AChE activity in adult and aged mice braina.

Animal groups Salt soluble (SS)-AChE
(mmol/min/g of tissue protein)

Detergent soluble
(DS)-AChE (mmol/min/g of tissue protein)

Adult
Control 0.211 ± 0.008 0.818 ± 0.049
Saffron-treated 0.102 ± 0.003** 0.509 ± 0.022**

Aged
Control 0.111 ± 0.007!! 0.667 ± 0.033!

Saffron-treated 0.103 ± 0.002 0.754 ± 0.053

a Animals were administered with an i.p. daily injection (20 !L) of either saline (control group) or 60 mg/kg B.W saffron extract (saffron group) for 7 days (n = 8 ani-
mals/group). The mice brain AChE levels are expressed as mean ± S.E. of 8 values each analyzed in triplicate. Statistical analysis was performed with GraphPad Instat 3
software, using the non-parametric Mann–Whitney test.

** p < 0.0001 statistical difference in comparison to control.
! p < 0.05 statistical difference between the two age groups of control mice.

!! p < 0.01 statistical difference between the two age groups of control mice.
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NeuN, and the glial marker calcium-binding protein S100! were
performed on free-floating 40-"m coronal sections that were
pretreated by denaturing DNA, as described previously (5). The
antibodies were mouse anti-BrdU (Boehringer Mannheim),
1:400; rat anti-BrdU ascites fluid (Accurate, Harlan Sera-Lab,
Loughborough, England) for triple labeling, 1:100; rabbit anti-
S100! (Swant, Bellinoza, Switzerland) 1:2500; and mouse anti-
NeuN (kindly provided by R. J. Mullen, University of Utah),
1:20. To determine the number of BrdU-labeled cells, we stained
for BrdU by using the peroxidase method (ABC system, with
biotinylated donkey anti-mouse IgG antibodies and diamino-
benzidine as chromogen; Vector Laboratories). The fluorescent
secondary antibodies used were FITC-labeled anti-mouse IgG,
Texas red-labeled anti-rat IgG, and Cy5-labeled anti-rabbit IgG
(Jackson ImmunoResearch), 6 "l!ml.

Stereology. BrdU-positive cells were counted in a one-in-six
series of sections (240 "m apart) through a !40 objective (Leitz)
throughout the rostro caudal extent of the granule cell layer. A
one-in-six series of adjacent sections stained with 0.5 mg!ml
Hoechst 33342 in Tris-buffered saline (Molecular Probes) for 15
min was used to measure granule cell layer volume. We used a
semiautomatic stereology system (STEREOINVESTIGATOR, Mi-
croBrightfield) and a !10 objective to trace the granule cell area.
The granule cell reference volume was determined by summing
the traced granule cell areas for each section multiplied by the
distance between sections sampled. The number of BrdU-
labeled cells was then related to granule cell layer sectional
volume and multiplied by the reference volume to estimate total
number of BrdU-positive cells.

Results
Mice were assigned to either control (n " 17) or runner (n " 17)
conditions. Mice in the runner group ran an average distance of
4.78 # 0.41 kilometers per day. During the first 10 days, animals
received one intraperitoneal BrdU injection per day to label
dividing cells. Thereafter, animals continued in their respective
experimental conditions for 2 to 4 months. Mice were tested on
the water maze task between day 30 and day 49. Between day 54
and day 118, mice were anesthetized with fluorothane and
decapitated. One half of the brain was used for electrophysio-
logical experiments. The other half was kept for immunocyto-
chemistry (Fig. 1).

To assess spatial learning, mice were tested in the Morris water
maze over 6 days. Mice were trained with four trials per day

(controls, n " 8, and runners, n " 8) between days 30 and 36,
or two trials daily (controls, n " 9 and runners, n " 9) between
days 43 and 49. When mice were trained with four trials per day,
ANOVA with repeated measures (days) showed no difference
between the groups in path length (F(1,14) " 0.56, P $ 0.47),
latency (F(1,14) " 0.08, P $ 0.79), or swim speed (F(1,14) " 1.5,
P $ 0.24). However, when mice were trained by using the more
challenging two-trials-per-day paradigm, acquisition of the task
was significantly better in the runners than in the controls,
showing decreased path length (F(1,16) " 4.99, P % 0.04; Fig. 2a)
and latency (F(1,16) " 4.61, P % 0.047; Fig. 2b) to the platform.
These results were not confounded by swim speed, because there
was no significant difference between the groups in this regard

Fig. 1. Flowchart of the experiment. Controls were housed in standard 30- by
18-cm cages, whereas runners had 48- by 26-cm housing with free access to a
running wheel (1). Mice in both conditions received BrdU (50 "g!g per day)
injections for the first 10 days after their housing assignment. After 1 month
in their respective environments, mice were tested in the water maze (2)
between days 30 and 36 or between days 43 and 49. Mice were anesthetized
and decapitated between days 54 and 118; one hemisphere was used for
electrophysiology; the other was used for immunocytochemistry (3).

Fig. 2. Water maze learning in controls and runners trained with two trials
per day (four-trial data are not shown here, but see description in Results).
Mice were trained over 6 days to find the hidden platform in the Morris water
maze. A significant difference developed between the groups (P % 0.04) in
path length (a) and (P % 0.047) in latency (b). Results of probe test 4 hr after
the last trial on day 6 (c).
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NeuN, and the glial marker calcium-binding protein S100! were
performed on free-floating 40-"m coronal sections that were
pretreated by denaturing DNA, as described previously (5). The
antibodies were mouse anti-BrdU (Boehringer Mannheim),
1:400; rat anti-BrdU ascites fluid (Accurate, Harlan Sera-Lab,
Loughborough, England) for triple labeling, 1:100; rabbit anti-
S100! (Swant, Bellinoza, Switzerland) 1:2500; and mouse anti-
NeuN (kindly provided by R. J. Mullen, University of Utah),
1:20. To determine the number of BrdU-labeled cells, we stained
for BrdU by using the peroxidase method (ABC system, with
biotinylated donkey anti-mouse IgG antibodies and diamino-
benzidine as chromogen; Vector Laboratories). The fluorescent
secondary antibodies used were FITC-labeled anti-mouse IgG,
Texas red-labeled anti-rat IgG, and Cy5-labeled anti-rabbit IgG
(Jackson ImmunoResearch), 6 "l!ml.

Stereology. BrdU-positive cells were counted in a one-in-six
series of sections (240 "m apart) through a !40 objective (Leitz)
throughout the rostro caudal extent of the granule cell layer. A
one-in-six series of adjacent sections stained with 0.5 mg!ml
Hoechst 33342 in Tris-buffered saline (Molecular Probes) for 15
min was used to measure granule cell layer volume. We used a
semiautomatic stereology system (STEREOINVESTIGATOR, Mi-
croBrightfield) and a !10 objective to trace the granule cell area.
The granule cell reference volume was determined by summing
the traced granule cell areas for each section multiplied by the
distance between sections sampled. The number of BrdU-
labeled cells was then related to granule cell layer sectional
volume and multiplied by the reference volume to estimate total
number of BrdU-positive cells.

Results
Mice were assigned to either control (n " 17) or runner (n " 17)
conditions. Mice in the runner group ran an average distance of
4.78 # 0.41 kilometers per day. During the first 10 days, animals
received one intraperitoneal BrdU injection per day to label
dividing cells. Thereafter, animals continued in their respective
experimental conditions for 2 to 4 months. Mice were tested on
the water maze task between day 30 and day 49. Between day 54
and day 118, mice were anesthetized with fluorothane and
decapitated. One half of the brain was used for electrophysio-
logical experiments. The other half was kept for immunocyto-
chemistry (Fig. 1).

To assess spatial learning, mice were tested in the Morris water
maze over 6 days. Mice were trained with four trials per day

(controls, n " 8, and runners, n " 8) between days 30 and 36,
or two trials daily (controls, n " 9 and runners, n " 9) between
days 43 and 49. When mice were trained with four trials per day,
ANOVA with repeated measures (days) showed no difference
between the groups in path length (F(1,14) " 0.56, P $ 0.47),
latency (F(1,14) " 0.08, P $ 0.79), or swim speed (F(1,14) " 1.5,
P $ 0.24). However, when mice were trained by using the more
challenging two-trials-per-day paradigm, acquisition of the task
was significantly better in the runners than in the controls,
showing decreased path length (F(1,16) " 4.99, P % 0.04; Fig. 2a)
and latency (F(1,16) " 4.61, P % 0.047; Fig. 2b) to the platform.
These results were not confounded by swim speed, because there
was no significant difference between the groups in this regard

Fig. 1. Flowchart of the experiment. Controls were housed in standard 30- by
18-cm cages, whereas runners had 48- by 26-cm housing with free access to a
running wheel (1). Mice in both conditions received BrdU (50 "g!g per day)
injections for the first 10 days after their housing assignment. After 1 month
in their respective environments, mice were tested in the water maze (2)
between days 30 and 36 or between days 43 and 49. Mice were anesthetized
and decapitated between days 54 and 118; one hemisphere was used for
electrophysiology; the other was used for immunocytochemistry (3).

Fig. 2. Water maze learning in controls and runners trained with two trials
per day (four-trial data are not shown here, but see description in Results).
Mice were trained over 6 days to find the hidden platform in the Morris water
maze. A significant difference developed between the groups (P % 0.04) in
path length (a) and (P % 0.047) in latency (b). Results of probe test 4 hr after
the last trial on day 6 (c).
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Nrf2	
  Expression	
  &	
  Nrf2-­‐dpdt	
  gene	
  expression	
  decreases	
  in	
  
aged	
  SVZ	
  in	
  mice	
  in	
  vivo	
  	
  

Figure 4. Aging inhibits Nrf2-mediated Hmox response in SVZ upon MPTP exposure. Mice of the different age groups treated with saline or MPTP were killed at the indicated time points, and
freshly derived SVZ tissues were processed for real-time PCR or Western blot analyses. For immunohistochemical determinations, the mice were deeply anesthetized and transcardially perfused, and
the brains were processed as described. A, B, Quantification of real-time PCR data using specific primers for Nrf2 and Hmox in SVZ samples (6 mice/tp) before treatment, 24 h after treatment,
and 65 dpt. Changes in mRNA levels are expressed as n-fold induction over saline. Means ! SEM of three individual determinations are shown. Differences were analyzed by ANOVA followed by
Newman–Keuls test, and considered significant when p " 0.05. *p " 0.05 versus saline; °p " 0.05 versus young within each experimental group. (Figure legend continues.)
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freshly derived SVZ tissues were processed for real-time PCR or Western blot analyses. For immunohistochemical determinations, the mice were deeply anesthetized and transcardially perfused, and
the brains were processed as described. A, B, Quantification of real-time PCR data using specific primers for Nrf2 and Hmox in SVZ samples (6 mice/tp) before treatment, 24 h after treatment,
and 65 dpt. Changes in mRNA levels are expressed as n-fold induction over saline. Means ! SEM of three individual determinations are shown. Differences were analyzed by ANOVA followed by
Newman–Keuls test, and considered significant when p " 0.05. *p " 0.05 versus saline; °p " 0.05 versus young within each experimental group. (Figure legend continues.)
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Results

Development of an inducible and cell-specific transgenic
strategy

To demonstrate a causal relationship between adult neurogen-
esis and spatial learning, we generated double transgenic mice
(referred as ‘‘bigenic mice’’) in which neural precursors can be
selectively killed by over-expressing the pro-apoptotic Bax protein
(Figures 1A & 1B), a key protein that mediates the death of
newborn cells [29,30]. In response to apoptotic stimuli or when
artificially over-expressed, Bax multimerizes at the outer mito-
chondrial membrane, inducing the release of cytochrome c, which
triggers the apoptotic cascade leading to cell death [31]. The
inducible over-expression of Bax specifically in neural precursors
was obtained using the reverse tetracycline-controlled transacti-
vator (rtTA)-regulated system [32]. rtTA is a transcription factor
that recognizes specific response elements (Tetracycline Response
Element, TRE) in the promoter region of target genes. It can be
expressed under the control of cell-specific promoters and
activated by the administration of an exogenous tetracycline
analogue, doxycycline (Dox).

The transgenic mice we developed (referred as ‘‘Bax mice’’,
Figure 1B) integrated a bidirectional construct in which a TRE
responsive minimal CMV (CytoMegaloVirus) promoter drives the
expression of two Bax proteins fused with different green

fluorescent protein spectral mutants (ECFPBax & EYFPBax,
Figures 1A & 1B). As shown by the in vitro testing of this construct
(Figure 1C), the fusion of Bax with fluorescent proteins did not
impair its pro-apoptotic properties and allowed the control of both
the expression of the transgene and its multimerization by using
Fluorescence Resonance Energy Transfer (FRET) [33].

Bax mice were then crossed with regulatory mice in which the
rtTA transgene was controlled by the rat nestin intron II
enhancer/promoter [34] which is specifically expressed in neural
precursors [35] (Figure 1B). These regulatory mice were previously
shown to express the rtTA transgene selectively in the developing
brain [34]. Yet, no published data exist on the expression of this
transgene in the adult brain. However it is specified on the Jackson
laboratory’s website that the rtTA transgene can be expressed in
the cerebellum, and in the major neurogenic zones of the adult
brain thus including the DG and the subventricular zone (SVZ).
Because of the lack of precise information in the adult brain, we
characterized transgene expression in our rtTA-Bax bigenic mice.

Doxycycline treatment in bigenic rtTA-Bax mice reduces
hippocampal neurogenesis

Influence of Dox treatment on Bax expression. In bigenic
mice containing both Tet-Bax and nestin-rtTA constructs, a short-
term Dox treatment (three weeks, 2 mg/ml) induced the
expression of EYFPBax proteins in the DG (Figure 1D,

A
rtTANestin

Inactive

Active

Dox

+ +

TRE=7 tetO
EYFPBax ECFPBaxP P

IRES  -Geo
rtTACMV (in vitro)

(in vivo)

B
rtTANestin B-Geo EYFPBax ECFPBaxP P

x

rtTANestin  -Geo

EYFPBax ECFPBaxP P

C

No
 D

ox
 

Do
x

ECFPBax EYFPBax Canal FRET

E

5 µm

F

FR
ET

 e
ffi

ci
en

cy
 (%

)

-2

0

2

4

6

8

10

12

14
+++

Ctrl Bax

HD IG

0 2 24 48

EY
FP

Ba
x 

ce
lls

 (N
b/

se
ct

io
n)

0

2

4

6

8

10

12

14

Time (h)

§§
§

##

°°
°

°
##

#

#

SVZ 

EY
FP

Ba
x 

ce
lls

 (N
b/

se
ct

io
n)

0

5

10

15

20

25

30

SGZ

BV
BD

***

SVZ SGZ

***

Short term Long term

10 µm 10 µm

Figure 1. Inducible expression of Bax proteins in hippocampal neural precursors using a Tet-On system. (A) Schematic representation
of the inducible Tet-ON system. rtTA expression is driven either in vitro by the CMV promoter in stably transfected CHO-K1 Tet-ON cells or in vivo by
the rat nestin intron II enhancer/promoter. Doxycycline (Dox) activates the rtTA protein, which binds to seven TetO sequences (TRE) to drive the co-
transcription of ECFPBax and EYFPBax transgenes. (B) Strategy to obtain Dox-dependent ablation of neural precursors in vivo using double transgenic
nestin-rtTA/Tet-Bax mice. (C) Six hours of Dox treatment induces ECFPBax and EYFPBax expression and multimerization in CHO-K1 Tet-ON cells. The
presence of ECFPBax/EYFPBax multimers at the mitochondrial membrane was confirmed by FRET analysis. (D) Number of Bax multimers in the
subventricular zone (SVZ) and the subgranular zone (SGZ) of bigenic mice treated with (bigenic-Dox mice, BD) or without (bigenic-vehicle mice, BV)
Dox (2 mg/ml) during a short term (3 weeks) or a long term (17 weeks) period. (E) Confocal illustration showing EYFPBax (green) clusters (arrows) in
the cytoplasm of cells located in the SGZ of bigenic-Dox mice (blue = hoescht nuclear counterstaining). (F) FRET analysis of Bax multimers shows the
intermolecular interaction between ECFPBax and EYFPBax fusion proteins. FRET efficiency measured following EYFPBax acceptor photobleaching
results in a brightening of the ECFPBax donor fluorescence in areas devoid of (Ctrl) or containing (Bax) Bax multimers. (G) Confocal illustration
showing that nestin-IR neuronal precursors (red) are positive for EYFPBax (green). Hoescht nuclear counterstaining is shown in blue. (H) Confocal
illustration showing that NeuN-IR mature granule neurons (red) are negative for EYFPBax (green). (I) Number of Bax multimers in the SGZ of bigenic
mice treated acutely with Dox (2 mg/ml/100 g body weight, i.p.) and sacrificed at different time intervals. ***: p#0.001 compared to BV, +++: p#0.001
compared to Ctrl areas, #: p#0.05, ##: p#0.01, ###: p#0.001 compared to 0 h, u: p#0.05, uuu: p#0.001 compared to 2 h, 111: p#0.001 compared to
24 h.
doi:10.1371/journal.pone.0001959.g001
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Results

Development of an inducible and cell-specific transgenic
strategy

To demonstrate a causal relationship between adult neurogen-
esis and spatial learning, we generated double transgenic mice
(referred as ‘‘bigenic mice’’) in which neural precursors can be
selectively killed by over-expressing the pro-apoptotic Bax protein
(Figures 1A & 1B), a key protein that mediates the death of
newborn cells [29,30]. In response to apoptotic stimuli or when
artificially over-expressed, Bax multimerizes at the outer mito-
chondrial membrane, inducing the release of cytochrome c, which
triggers the apoptotic cascade leading to cell death [31]. The
inducible over-expression of Bax specifically in neural precursors
was obtained using the reverse tetracycline-controlled transacti-
vator (rtTA)-regulated system [32]. rtTA is a transcription factor
that recognizes specific response elements (Tetracycline Response
Element, TRE) in the promoter region of target genes. It can be
expressed under the control of cell-specific promoters and
activated by the administration of an exogenous tetracycline
analogue, doxycycline (Dox).

The transgenic mice we developed (referred as ‘‘Bax mice’’,
Figure 1B) integrated a bidirectional construct in which a TRE
responsive minimal CMV (CytoMegaloVirus) promoter drives the
expression of two Bax proteins fused with different green

fluorescent protein spectral mutants (ECFPBax & EYFPBax,
Figures 1A & 1B). As shown by the in vitro testing of this construct
(Figure 1C), the fusion of Bax with fluorescent proteins did not
impair its pro-apoptotic properties and allowed the control of both
the expression of the transgene and its multimerization by using
Fluorescence Resonance Energy Transfer (FRET) [33].

Bax mice were then crossed with regulatory mice in which the
rtTA transgene was controlled by the rat nestin intron II
enhancer/promoter [34] which is specifically expressed in neural
precursors [35] (Figure 1B). These regulatory mice were previously
shown to express the rtTA transgene selectively in the developing
brain [34]. Yet, no published data exist on the expression of this
transgene in the adult brain. However it is specified on the Jackson
laboratory’s website that the rtTA transgene can be expressed in
the cerebellum, and in the major neurogenic zones of the adult
brain thus including the DG and the subventricular zone (SVZ).
Because of the lack of precise information in the adult brain, we
characterized transgene expression in our rtTA-Bax bigenic mice.

Doxycycline treatment in bigenic rtTA-Bax mice reduces
hippocampal neurogenesis

Influence of Dox treatment on Bax expression. In bigenic
mice containing both Tet-Bax and nestin-rtTA constructs, a short-
term Dox treatment (three weeks, 2 mg/ml) induced the
expression of EYFPBax proteins in the DG (Figure 1D,
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Figure 1. Inducible expression of Bax proteins in hippocampal neural precursors using a Tet-On system. (A) Schematic representation
of the inducible Tet-ON system. rtTA expression is driven either in vitro by the CMV promoter in stably transfected CHO-K1 Tet-ON cells or in vivo by
the rat nestin intron II enhancer/promoter. Doxycycline (Dox) activates the rtTA protein, which binds to seven TetO sequences (TRE) to drive the co-
transcription of ECFPBax and EYFPBax transgenes. (B) Strategy to obtain Dox-dependent ablation of neural precursors in vivo using double transgenic
nestin-rtTA/Tet-Bax mice. (C) Six hours of Dox treatment induces ECFPBax and EYFPBax expression and multimerization in CHO-K1 Tet-ON cells. The
presence of ECFPBax/EYFPBax multimers at the mitochondrial membrane was confirmed by FRET analysis. (D) Number of Bax multimers in the
subventricular zone (SVZ) and the subgranular zone (SGZ) of bigenic mice treated with (bigenic-Dox mice, BD) or without (bigenic-vehicle mice, BV)
Dox (2 mg/ml) during a short term (3 weeks) or a long term (17 weeks) period. (E) Confocal illustration showing EYFPBax (green) clusters (arrows) in
the cytoplasm of cells located in the SGZ of bigenic-Dox mice (blue = hoescht nuclear counterstaining). (F) FRET analysis of Bax multimers shows the
intermolecular interaction between ECFPBax and EYFPBax fusion proteins. FRET efficiency measured following EYFPBax acceptor photobleaching
results in a brightening of the ECFPBax donor fluorescence in areas devoid of (Ctrl) or containing (Bax) Bax multimers. (G) Confocal illustration
showing that nestin-IR neuronal precursors (red) are positive for EYFPBax (green). Hoescht nuclear counterstaining is shown in blue. (H) Confocal
illustration showing that NeuN-IR mature granule neurons (red) are negative for EYFPBax (green). (I) Number of Bax multimers in the SGZ of bigenic
mice treated acutely with Dox (2 mg/ml/100 g body weight, i.p.) and sacrificed at different time intervals. ***: p#0.001 compared to BV, +++: p#0.001
compared to Ctrl areas, #: p#0.05, ##: p#0.01, ###: p#0.001 compared to 0 h, u: p#0.05, uuu: p#0.001 compared to 2 h, 111: p#0.001 compared to
24 h.
doi:10.1371/journal.pone.0001959.g001
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Automated neurosphere sorting and plating by the COPAS large particle sorter
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a b s t r a c t

Existing guidelines for testing developmental neurotoxicity (DNT) propose investigations in rodents,
which are ethically questionable as well as time and cost intensive. Thus, there is international agreement
that predictive in vitro methods are needed to increase efficiency of testing and limit the number of ani-
mals used. One of a variety of novel approaches for DNT testing utilizes neurospheres, three-dimensional
aggregate cultures of primary normal neural progenitor cells (NPCs). Because sorting and plating of single
neurospheres is one of the most time-consuming steps within the assay, the aim of this study was to eval-
uate if the complex object parametric analyzer and sorter (COPAS PLUSTM, Union Biometrica Inc.) is a suit-
able tool for automated sorting and plating of neurospheres. The results of the comparison of NPC
viability, proliferation, migration, differentiation and intracellular oxidative stress between manually
and COPAS sorted and plated neurospheres of different species show that the automation by the COPAS
instrument does not influence the basic performance of neurospheres. Therefore, we consider the COPAS
instrument as a useful tool for higher throughput neurosphere research in toxicology, neuroregeneration,
brain development, drug development and brain aging research.

! 2012 Elsevier Ltd. All rights reserved.

1. Introduction

A large number of chemicals are currently in use worldwide for
which toxicity data is incomplete and/or lacking. As concern for
human health is rising, there is the need for testing methods help-
ing to predict toxicity of such compounds. This is especially true for
the potential of chemicals to cause developmental neurotoxicity,
as there are only five substances with a scientific basis sufficient
to ascribe the potential to disturb human brain development
(Grandjean and Landrigan, 2006; US EPA’s Office of Pollution Pre-

vention and Toxics, 1998). Guidelines for testing developmental
neurotoxicity (DNT) include the US EPA test Guideline 870.6300
and the OECD-guideline 426, which proposes investigations in ro-
dents, mainly rats. Such a DNT in vivo testing protocol requires the
use of 140 dams and 1000 pups and is therefore ethically question-
able and extremely time and cost intensive. Thus, for the need of
increasing efficiency of testing (Andersen and Krewski, 2009; Kav-
lock et al., 2009) and at the same time limiting the number of ani-
mals used for such testing (Balls, 2009; Goldberg, 2002) world
wide effort is arising to replace DNT animal experiments with pre-
dictive in vitro methods (Crofton et al., 2011).

To increase predictability, such in vitro alternative methods
should ideally fulfill certain prerequisites: cells ought to be of hu-
man origin (National Research Council, 2007), non-immortalized
and not derived from a tumor as this changes the normal cell phys-
iology (Geerts et al., 2003; Moors et al., 2009), and reside in a three
dimensional (3D) context (Yamada and Cukierman, 2007).Thereby,
Yamada and Cukierman (2007) impressively summarize that
‘Three-dimensional (3D) in vitro models span the gap between
two-dimensional cell cultures and whole-animal systems’. As the
key strengths of 3D cultures they indicate that (i) cell morphology
and signaling are often more physiological than routine 2D cell cul-
ture, (ii) they permit rapid experimental manipulations and testing
of hypotheses and (iii) they permit much better real-time and/or
fixed imaging by microscopy than in animals. Nevertheless, also

0887-2333/$ - see front matter ! 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.tiv.2012.04.025

Abbreviations: DNT, developmental neurotoxicity; NPC, neural progenitor cell;
COPAS, complex object parametric analyzer and sorter; HTS, high throughput
screening; ROS, reactive oxygen species; DCF, dichlorofluorescin; PDL, poly-D-lysin;
AU, arbitrary units; TOF, time of flight; LDH, lactate dehydrogenase; TCHQ,
tetrachlorohydrochinone; HBSS, Hanks’ buffered saline solution; EXT, extinction;
RLU, relative luminescence units.
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