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A Role for Nrf2 Expression in Defining
the Aging of Hippocampal Neural
Stem Cells

S. Ray1,2,3, M. J. Corenblum1, A. Anandhan1, A. Reed1,3,
F. O. Ortiz1,3, D. D. Zhang4, C. A. Barnes5,6, and L. Madhavan1,6

Abstract
Redox mechanisms are emerging as essential to stem cell function given their capacity to influence a number of important
signaling pathways governing stem cell survival and regenerative activity. In this context, our recent work identified the
reduced expression of nuclear factor (erythroid-derived 2)-like 2, or Nrf2, in mediating the decline in subventricular zone
neural stem progenitor cell (NSPC) regeneration during aging. Since Nrf2 is a major transcription factor at the heart of cellular
redox regulation and homeostasis, the current study investigates the role that it may play in the aging of NSPCs that reside
within the other major mammalian germinal niche located in the subgranular zone (SGZ) of the dentate gyrus (DG) of the
hippocampus. Using rats from multiple aging stages ranging from newborn to old age, and aging Nrf2 knockout mice, we first
determined that, in contrast with subventricular zone (SVZ) NSPCs, Nrf2 expression does not significantly affect overall DG
NSPC viability with age. However, DG NSPCs resembled SVZ stem cells, in that Nrf2 expression controlled their pro-
liferation and the balance of neuronal versus glial differentiation particularly in relation to a specific critical period during
middle age. Also, importantly, this Nrf2-based control of NSPC regeneration was found to impact functional neurogenesis-
related hippocampal behaviors, particularly in the Morris water maze and in pattern separation tasks. Furthermore, the
enrichment of the hippocampal environment via the transplantation of Nrf2-overexpressing NSPCs was able to mitigate the
age-related decline in DG stem cell regeneration during the critical middle-age period, and significantly improved pattern
separation abilities. In summary, these results emphasize the importance of Nrf2 in DG NSPC regeneration, and support Nrf2
upregulation as a potential approach to advantageously modulate DG NSPC activity with age.
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Introduction

Active stem cells possess the capacity to generate new

nerve cells, and exist as sources of plasticity throughout

life in all vertebrate species1,2. However, with advancing

age, these stem cells undergo a significant regenerative

decline3–5. The precise mechanisms underlying this core

aging process are not fully understood. In this context, we

recently reported the reduced expression of the redox-

sensitive transcription factor, Nrf2, as an important mole-

cular mediator of subventricular zone (SVZ) neural stem

progenitor cell (NSPC) regeneration with age6. In particu-

lar, these studies identified a critical time-period during

middle age, when a marked reduction in SVZ NSPC sur-

vival and regenerative capacity occurs, and determined that

decreased Nrf2 expression played an important role in med-

iating this phenomenon.
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Nrf2 is a master transcription factor known to be a key

regulator of cellular stress7–9. In fact, Nrf2 is essential to the

cell’s homeostatic mechanism, especially through its capac-

ity to stimulate the expression of multiple cell survival

mechanisms in response to oxidative stress and other

insults8,10. More than 200 genes that contain antioxidant

response elements in their regulatory region are known to

be activated by Nrf2. Moreover, Nrf2 can also stimulate

numerous other pathways and contribute to a diverse set of

cellular functions including energy and nutrient metabolism,

autophagy, proteasomal degradation, DNA repair, mitochon-

drial physiology, cell growth, self-renewal, differentiation,

proliferation, and increased lifespan11–16. In this regard, our

recent work has added another important new face to Nrf2

actions in the cell, namely the regulation of SVZ NSPC

function during aging6. These findings have wide ranging

relevance towards understanding fundamental aspects of

NSPC biology, spanning across other NSPC domains.

From this perspective, the current study investigates the role

of Nrf2 in NSPCs existing within the other major neurogenic

niche, the subgranular zone (SGZ) of the dentate gyrus (DG) of

the hippocampus, which also experiences a regenerative com-

promise with age4,17. The age-related decay in hippocampal

regeneration is important to understand given the relevance of

DG neurogenesis to higher cognitive functions, especially

memory processes, and particular affective behaviors18. A

recent report has examined Nrf2’s influence on DG NSPCs;

however, Nrf2’s involvement in DG NSPC function during

normal aging has not been previously assessed19. Here, here

we conduct a detailed analysis of Nrf2 expression and effects in

DG NSPCs utilizing several groups of rats across the lifespan,

as well as aging Nrf2 WT and knockout mice. Additionally, we

also examine whether the supplementation of the aged hippo-

campus with ex vivo grown NSPCs, transduced to express high

levels of Nrf2, can improve aging DG NSPC function.

Materials and Methods

Animals

Adult male Fisher 344 rats aged 2 mo (young adult or YA),

9 mo (adult or A), 15 mo (middle-aged or MA), and 24 mo of

age (old or O), along with newborn (N) postnatal day 0 pups

were used (NIH-NIA, Bethesda, MD; Harlan Laboratories,

Indianapolis, IN, USA). Corresponding ages in human years

are mentioned in the table in Fig 1A. Additionally, 11 and

13 mo old rats were also used in some experiments. Newborn

(postnatal day 0) and young adult (2.5 mo) WT (Nrf2þ/þ)

and knockout (Nrf2-/-) C57BL/6 mice were obtained from a

colony maintained by Dr Donna Zhang’s laboratory (the

University of Arizona, AZ, USA). All animals were housed

at The University of Arizona Animal Care Facility, and were

kept on a reverse 12-hour light-dark cycle with food and water

available ad libitum. The animals were treated according to

the rules and regulations of the National Institutes of Health

and Institutional Guidelines on the Care and Use of Animals,

and The University of Arizona Institutional Animal Care and

Use Committee approved all experimental procedures.

In order to isolate primary NSPCs, animals were sacri-

ficed using sodium pentobarbital (60 mg/kg), after which

hippocampal tissue was microdissected and processed. For

histology, animals were perfused with 4% paraformaldehyde

(PFA; Electron Microscopy Sciences, Hatfield, PA, USA),

after which brains were extracted and sectioned in the cor-

onal plane at 35 mm on a freezing sliding microtome or on a

cryostat at 10 mm thickness.

Transplantation Experiments

For the transplantation experiments, newborn or middle-

aged NSPCs isolated from the SVZ were transduced with

recombinant adeno-associated viral vectors (AAV2/1)

encoding Nrf2 (pAAV-CMV-Nfe2l2-IRES-eGFP) or

enhanced green fluorescent protein (eGFP) (pAAV-CMV-

eGFP) as a control. The viruses had been generated at the

Children’s Hospital of Philadelphia Viral Vector Core, PA,

USA (https://ccmt.research.chop.edu/cores_rvc.php). The

viral treatment occurred at a dose of 1 � 105 vg/cell for 6 h.

After about 10 days in culture, the NSPCs (in 2 mLs of

Hank’s balanced salt solution (HBSS; Life Technologies,

Grand Island, NY, USA) at 50,000 cells/mL) were implanted

bilaterally, into two sites along the rostrocaudal axis of the

hippocampus (anterior-posterior (AP) �3.0, medial-lateral

(ML) +2.8, dorsal-ventral (DV) �4; Site 2: AP �4.08, ML

+2.2, DV �2.5), via stereotaxic methods described previ-

ously20,21. Animals injected with only HBSS were also

included as controls. The number of animals in each experi-

mental group were as follows: Control (HBSS, n ¼ 5);

N-NSPCs rAAV2/1-eGFP (n ¼ 7); N-NSPCs rAAV2/

1-Nrf2-eGFP (n ¼ 6); MA-NSPCs rAAV2/1-eGFP (n ¼ 5);

MA-NSPCs rAAV2/1-Nrf2-eGFP (n ¼ 5).

Intraperitoneal (i.p.) bromodeoxyuridine (BrdU) injections

at a dose of 50 mg/kg/12 h for 3 days before transplantation

were administered to all animals. Our previous studies have

shown that the administration of BrdU before transplantation

labels dividing NSPCs in the SVZ and DG germinal niches of

the naı̈ve brain, allowing us to track the response of these

endogenous precursors to NSPC transplantation20,22. Addi-

tionally, a single injection of 5-ethynyl-2’-deoxyuridine

(EdU) was administered ip at 50 mg/kg, 2 mo after transplan-

tation, to examine proliferative activity of grafted NSPCs23.

NSPC transplanted and control animals were sacrificed

using pentobarbital (60 mg/kg), perfused with 4% parafor-

maldehyde (PFA), extracted brains post-fixed in 4% PFA

solution, sunk through a 30% sucrose solution, and sectioned

in the coronal plane (35 mm) on a freezing sliding microtome

for morphological studies.

Behavioral Analysis

Morris Water Maze. Spatial learning and memory was deter-

mined using the Morris water maze task which involves a

590 Cell Transplantation 27(4)

https://ccmt.research.chop.edu/cores_rvc.php


rodent swimming until it finds a hidden escape platform in a

pool of water using the distal visual cues in the room24,25.

Briefly, animals were tested in a circular tank (183 cm in

diameter) of opaque water containing a submerged platform

and fixed visual cues around the room. The animals were

assessed over a period of 6 days. The first 4 days

encompassed a spatial task where the animals located the

hidden escape platform, and the last 2 days involved a visual

task where the platform was raised above the water line.

A total of six trials per day were completed, with a rest

period between every block of two trials, which were

recorded with a video camera placed above the center of the

Fig. 1. In vitro characterization and related behavioral analysis of hippocampal NSPC survival and regenerative function across age. The
schematic in (A) depicts the experimental design. The main age-groups of rats (with corresponding human years) used in the study are
shown in (B). NSPCs were cultured from these rats for in vitro studies, and the animals were also behaviorally and histologically assessed.
A–B are representative phase-contrast images of newborn and middle-aged NSPCs grown as neurospheres in culture. In vitro analysis of
viability and proliferation via live-dead and BrdU assays are shown in C and D (C; p < 0.01, YA versus A: D; p < 0.001, YA versus A and A
versus MA; One-way ANOVA with Tukey’s post-hoc test). E–H show examples of undifferentiated NSPCs (E, nestinþ) and NSPCs which
differentiated into Tuj1þ neurons (F), GFAPþ astrocytes (G) and RIPþ oligodendrocytes (H). The graph in I shows quantification of this
capacity across the five age-groups in (Tuj1þ- p < 0.05, N versus YA; p < 0.05, A versus MA, one-way ANOVA with Tukey’s post-hoc test;
GFAPþ- p < 0.01, A versus MA, one-way ANOVA with Tukey’s post-hoc test). The diagram in J shows the Morris water maze behavior
analysis set-up and K depicts the results of the task conducted on the different age-groups of rats (K; A versus MA, Two-way RM-ANOVA
with Tukey’s post-hoc test). Similarly, the experimental set-up of the pattern separation task is shown in L, and results are in M (YA p < 0.001
and A p < 0.0001, unpaired t tests). *p < 0.05, **p < 0.01, ***p < 0.001. Scale Bars: A: 50 mm, B: 200 mm, E–H: 20 mm. A: adult; ANOVA:
analysis of variance; BrdU: bromodeoxyuridine; GFAP: glial fibrillary acidic protein; MA: middle-aged; NSPC: neural stem progenitor cell; YA:
young adult.
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tank. ANY-maze software (Stoelting Co., Wood Dale, IL,

USA) was used to run trials and calculate the corrected inte-

grated path length (CIPL), which corrects for swim speed

and release location.

Reversal Task. A modified version of the Morris water

maze task with an additional reversal learning component

(on days 5 and 6) was utilized for mice. Reversal learning in

the Morris water maze demonstrates an animal’s ability to

learn a new target goal position in the same general spatial

context as the initial platform location25. First, at the end of

day 4 of the water maze, a probe trial where the hidden

platform is removed was conducted. Focal searching beha-

vior in the probe trials was assessed through quantification of

the number of goal (just previous location of platform) cross-

ings26. Then the reversal task was initiated and continued

over days 5 and 6. This part included six trials per day

divided into blocks of two trials during which the hidden

platform was moved 180 degrees in the opposite direction

from its original location.

Pattern Separation. The pattern separation task examines the

animal’s ability to distinguish between highly similar events

and was performed following protocols from Jain and col-

leagues (2012) with some modifications27–29. Briefly, rats and

mice were habituated to the testing room prior to training.

During the training period, animals were placed in an open

chamber (30 cm � 30 cm with 30 cm high walls) with a

specific floor pattern and two identical objects, and were

allowed to explore for 10 min. Following a 30-min inter-

trial interval, animals were placed in the box now containing

a different floor pattern and two identical objects unique from

the objects in the first trial. After 3 h of rest, the testing period

was started during which the animals were placed in the box

for 10 min with the floor pattern from either trial one or trial

two, one object from trial one, and one object from trial two.

Time spent exploring the novel object (i.e. the object from

trial one in the context from trial two) was compared with the

time spent exploring the familiar object (i.e. the object from

trial two in the context from trial two). The exploration time of

each object was scored manually by the experimenter from

captured videos and was defined as the length of time the

animal spent actively interacting with the object (when the

mouse’s nose was 1 cm away from the object).

NSPC Culture

DG NSPCs were isolated from the hippocampi of newborn

rats, the different adult rat age-groups, and Nrf2-/- and WT

mice. All cells were grown under standard conditions, at

37�C and 5% CO2 following previously established proto-

cols6
. Newborn cells were cultured in Neurobasal-A Medium

containing 1% GlutaMAX™, 2% B-27, 1% Antibiotic-

Antimycotic (Life Technologies, Grand Island, NY, USA),

20 ng/ml epidermal growth factor (EGF), 10 ng/ml basic

fibroblast growth factor (bFGF; Cell Sciences, Canton,

MA, USA), and 2 mg/ml of heparin (Stemcell Technologies,

Vancouver, BC, Canada). Half the media was replenished

every 3 days and cells were passaged every 4–5 days. Adult

NSPCs were maintained in Neurobasal-A Medium contain-

ing 1% GlutaMAX™, 2% B-27, 1% Antibiotic-Antimycotic,

20 ng/ml EGF, 20 ng/ml bFGF, and 2 mg/ml of heparin. 50%
of media was replenished every 3 days, and the cells were

passaged every 7–10 days. All experiments were conducted

consistently on passage 1–4 NSPCs, with every assay using

at least n ¼ 3 independent NSPC cultures, grown in parallel,

and examined in triplicate for each age group.

NSPC Viability

A live-dead cell assay kit (Life Technologies) was used to

assess NSPC viability, according to previously established

protocols6. Briefly, cells were plated on poly-D-lysine/lami-

nin (Sigma-Aldrich, St. Louis, MO, USA)-coated glass cov-

erslips (Sigma-Aldrich), and placed in 24 well plates with

growth medium. Media was subsequently removed and the

cells exposed to 4 mM ethidium homodimer 1 and 2 mM

calcein AM dye in 1� phosphate buffered saline (PBS; Life

Technologies). After 45 min, the number of green cells (live,

labeled with calcein AM dye) and red cells (dead, labeled

with ethidium homodimer 1) were counted in five random

fields per coverslip under a 20� lens. At minimum, n ¼ 3

independent NSPC cultures, grown in parallel, were assessed

in triplicate for each age group of cells examined.

NSPC Proliferation

A Bromodeoxyuridine (BrdU) assay was applied to assess

proliferation according to previous protocols6. NSPCs were

plated on poly-D-lysine/laminin-coated glass coverslips, and

treated with 10 mM BrdU (Sigma-Aldrich) for 1.5 h. Cells

were then washed with 1� PBS (Life Technologies) and

fixed using 4% PFA (Electron Microscopy Sciences). The

fixed NSPCs were immunostained with antibodies targeting

BrdU, and counterstained with the nuclear marker 4’,6’-

diamidino-2-phenylindole, dihydrochloride (DAPI). The

number of DAPI cells labeled with BrdU was enumerated

in five fields per coverslip under a 20� lens. At least n ¼ 3

independent cultures of NSPCs grown in parallel were

assessed in triplicate for each age group examined.

NSPC Differentiation

Previously established protocols were used to assess NSPC

differentiation6. NSPCs from each age group were enzyma-

tically dissociated and plated on poly-D-lysine and laminin-

coated glass coverslips in 24 well plates. Growth factors

were retrieved to induce differentiation and cells were main-

tained in medium consisting of Neurobasal-A with 1%
GlutaMAX™, 2% B-27, 1% Antibiotic-Antimycotic, and

2% fetal bovine serum (Atlanta Biologicals, Norcross, GA,

USA). Immunocytochemical assessment of differentiation
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into glial and neuronal cell types was performed after

10 days in culture. Five fields per coverslip were enumerated

and the percentage of DAPI-stained cells expressing Tuj1

(neurons), glial fibrillary acidic protein (GFAP; astrocytes)

or RIP (oligodendrocytes) were counted under a 20� lens.

A total of n ¼ 3 independent NSPC lines, grown in parallel,

were assessed in triplicate for the analysis.

Immunocytochemistry

NSPCs plated on poly-D-lysine and laminin-coated glass cov-

erslips were immunostained following established proto-

cols6,20. Briefly, after fixation in 4% PFA, cells were

washed and blocked with 1% bovine serum albumin (BSA;

Sigma-Aldrich) in 1� PBS (Life Technologies) containing

0.4% Triton-X-100 (Sigma-Aldrich) and 2% normal goat

serum (Life Technologies). After overnight incubation at

4�C with primary antibodies, cells were treated with appro-

priate secondary antibodies (1:500) coupled to fluorochromes

Alexa 488, 594, or 647 (Life Technologies-Molecular Probes,

Grand Island, NY, USA) and counterstained with DAPI. Pri-

mary or secondary antibodies were deleted under control con-

ditions. The concentration of the primary antibodies used

were as follows: nestin (1:300, EMD Millipore, Billerica,

MA, USA); neuronal class III beta-tubulin (Tuj1, 1:300: Cov-

ance, Princeton, NJ, USA); GFAP, 1:500 (EMD Millipore);

RIP (1:500, EMD Millipore); Nrf2-H300 (1:200, Santa Cruz

Biotechnology, Dallas, TX, USA); glutamate–cysteine ligase

modifier subunit (GCLM; 1:200, Santa Cruz Biotechnology);

and BrdU (1:100, Abcam, Cambridge, MA, USA).

RNA Interference and Transfection Assays

Previously established methods were used for Nrf2 knockdown

or overexpression in newborn (P0) or middle-aged (15 mo)

NSPCs respectively6. For the knockdown studies, the cells

were treated with short interfering (si)RNAs (Santa Cruz Bio-

technology) targeting Nrf2, control siRNAs, or PBS using

Lipofectamine® RNAiMAX Transfection Reagent (Life Tech-

nologies). After 48 h, the medium containing the siRNA was

removed, the cells washed, and replenished with new growth

medium. The cells were then assessed via live-dead or BrdU

assays described above. For the overexpression studies, a rat

Nrf2 expression plasmid (CMV promoter, Creative Biogene

Technology, Shirley, NY, USA) was transfected into NSPCs

using Lipofectamine® LTX Reagent (Life Technologies). Par-

allel NSPC cultures treated with only Lipofectamine® LTX

Reagent served as controls. After 72 h, the transfection medium

was removed, cells were rinsed, and fresh growth medium was

added. The transfected and control NSPCs were then analyzed

via live-dead and BrdU assays.

Western Blotting

For the assessment of Nrf2 expression via western blotting,

cells were harvested in radioimmunoprecipitation assay

(RIPA) buffer (Sigma-Aldrich) and sonicated before clarifi-

cation at 15,000 � g for 30 min. Cell lysates were resolved

by sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-

trophoresis (PAGE) and immunoprecipitated proteins were

analyzed by immunoblot with antibodies against Nrf2 H-300

(1:500, Santa Cruz Biotechnology) and beta-actin (1:500,

Santa Cruz Biotechnology) diluted in blocking solution

(0.1 M tris-buffered saline (TBS) with 0.1% Tween-20, and

5% dry milk) overnight at 4�C. Primary antibodies were

detected with a 1 h incubation at room temperature with

appropriate horseradish peroxidase (HRP)-conjugated sec-

ondaries (1:3000, Santa Cruz Biotechnology). The relative

intensity of the bands was visualized using SuperSignal

West Femto Max Sensitivity Substrate (ThermoFisher

Scientific, Waltham, MA, USA) on an Azure c600 imaging

system (Azure Biosystems, Dublin, CA, USA).

Immunohistochemistry

Immunohistochemistry was performed according to previ-

ously published protocols6,20. Tissue sections were washed

in 1� TBS (pH 7.4) solution, subjected to antigen retrieval if

needed, and treated with blocking solution (10% normal goat

serum, 0.5% Triton-X-100 in TBS). They were then incu-

bated overnight at room temperature in an appropriate con-

centration of primary antibodies. The next day, the cells

were rinsed and subjected to a 2-h incubation at room

temperature with secondary antibodies (1:200) coupled to

fluorochromes Alexa 488, 594, 647 (Life Technologies-

Molecular Probes), or alternatively biotinylated secondary

antibodies. In conditions where biotinylated secondaries

were used, a tertiary streptavidin tag (Alexa 488, 555, 647;

Life Technologies-Molecular Probes) was applied. All sec-

tions were finally counterstained with DAPI. Control condi-

tions constituted the deletion of the primary antibody or

secondary antibody and the inclusion of relevant isotype

specific antibodies and sera instead of the omitted antibo-

dies. Primary antibody concentrations utilized were as fol-

lows: Nrf2 (1:100, Santa Cruz Biotechnology); anti-tubulin

beta 3 (TUBB3; 1:1000, Biolegend, San Diego, CA, USA);

GFAP clone-GA5: (1:500, EMD Millipore); SRY (sex deter-

mining region Y)-box 2 (Sox2; 1:400, Abcam); doublecortin

(Dcx; 1:1000, Abcam); minichromosome maintenance com-

plex component 2 (MCM2; 1:200, BD Biosciences, San

Jose, CA, USA); nestin (1:10, Developmental Studies Hybri-

doma Bank, Iowa City, IA, USA); green fluorescent protein

(GFP; 1:350, Abcam); BrdU (1:100, Abcam).

EdU Staining. EdU incorporation was visualized using a Click-

iT Plus reaction (ThermoFisher Scientific) according to the

manufacturer’s instructions with some modifications. Briefly,

tissues were washed in 3% BSA-PBS, permeabilized in 0.5%
Triton-X-100 in PBS, and the Click-iT cocktail (containing

kit specified amounts of buffer, copper protectant, Alexa

Fluor picolyl azide-647) added. After incubation at room

temperature for 40 min, the cocktail was removed, and
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tissue washed in 3% BSA-PBS before continuing with

standard immunohistochemistry.

Stereology and Cell Counts

Stereology. Stereological probes were applied using a Zeiss

Imager M2 microscope (Carl Zeiss, Jena, Germany)

equipped with StereoInvestigator software (MBF

Bioscience, VT, USA) according to previously published

method6,21,22. BrdUþ cells were counted using the optical

fractionator under a 63� oil immersion objective in sections

420 mm apart. For all analyses, after section thickness was

determined, guard zones were set (4 mm) at the top and

bottom of the section that were not included in the counting

area. All contours were drawn around the region of interest

at 2.5� magnification. Cells were counted using a grid size

of 45� 45 mm and a counting frame size of 65� 65 mm. The

counting frame was lowered at 1–2 mm interludes and each

cell in focus was marked. The Gundersen method for calcu-

lating the coefficient of error was used to estimate the accu-

racy of the optical fractionator results. Coefficients obtained

were generally less than 0.15.

Cell Counts. In vitro, the number of DAPI-labeled NSPCs

expressing Nrf2 (staining covering most of the nucleus

and/or cytoplasm was considered positive) and GCLM were

counted in five fields per sample under a 20� lens (Zeiss

Axioimager M2). In vivo, the number of DG cells expressing

Nrf2, Sox2, Dcx, MCM2 in the rats, and Sox2, Dcx, and

nestin/GFAP, and MCM2 in Nrf2-/- and WT mice, were

counted in three adjacent sections at the same level per

animal, under a 63� lens of a confocal microscope (Leica

SP5-II with LAS software, Leica Microsystems, Buffalo

Grove, IL, USA). Counting occurred across the entire DG

on each section. For determining the number of GFPþ cells

in grafts and the fraction expressing Tuj1 (neurons), GFAP

(astrocytes), RIP (oligodendrocytes), and nestin (undifferen-

tiated) within NSPC grafts, confocal microscopy was used as

previously described20. Six regions containing grafted cells

(two in graft center, and four in the graft periphery) were

evaluated in three adjacent sections, under a 63� lens. Data

were expressed as mean + standard error of the mean of

percent of GFPþ cells expressing either Tuj1, GFAP, nestin

or RIP cells counted per section.

Microscopy. A Zeiss AxioImager A1 (Zeiss, Jena, Germany)

inverted phase microscope with an Axiocam MrC camera

and Axiovision software was used to qualitatively analyze

the NSPCs in culture. A Zeiss M2 Imager microscope con-

nected to an AxioCam Mrm digital camera was used for

fluorescence microscopy. Additional fluorescence analysis

was performed using a Leica SP5-II confocal microscope

(Leica Microsystems). Z sectioning was performed at

1–2 mm intervals in order to verify the co-localization of

markers. Image extraction and analysis was conducted via

the Leica LAS software.

Statistical Analyses. Sigmaplot 11 and Graphpad prism 7 soft-

ware were used for statistical analyses. For comparing two

groups, t tests were used. For comparisons between three or

more groups, one-way analysis of variance (ANOVA) fol-

lowed by Tukey’s or Bonferroni’s post-hoc test for multiple

comparisons between treatment groups was conducted.

Two-way repeated measures ANOVA was used to analyze

the Morris water maze and pattern separation data in the

aging rats across time. Differences were accepted as signif-

icant at p < 0.05. Additional statistical details as pertaining to

each experiment are provided within the relevant results and

legend sections.

Results

DG NSPCs show a Distinct Temporal Pattern of
Regenerative Decline Highlighting a Critical
Middle-Age Period

DG NSPCs isolated from five age-groups of rats, namely

newborn (N, postnatal day 0), 2 mo (YA), 9 mo (A),

15 mo (MA), and 24 mo (O), were analyzed in vitro

(Fig. 1A, B; representative images of newborn and middle-

aged NSPC cultures are displayed in Fig. 1A, B). Specifi-

cally, NSPC survival (live-dead assay, Fig. 1C), proliferation

(BrdU, Fig. 1D) and differentiation (immunohistochemistry,

Fig. 1E–H, I) were examined. The live-dead assay indicated

that the NSPC survival rate decreased until adulthood after

which it remained stable until old age (p < 0.01, N versus A).

The BrdU assay on the other hand showed a progressive

decline in NSPC proliferation with age with a notable reduc-

tion noted at the MA stage (15 months, p < 0.001 A versus

MA). In terms of differentiation, although NSPCs (nestinþ,

Fig. 1E) of all age-groups showed the ability to differentiate

into neurons (Tuj1þ, Fig. 1F), astrocytes (GFAPþ, Fig. 1G)

and oligodendrocytes (RIPþ, Fig. 1H), a significant altera-

tion in neuronal and glial production was noted at MA

(Fig. 1I). Specifically, it was observed that while the number

of Tuj1þ neurons significantly declined (Fig. 1I, p < 0.05,

A versus MA), the number of GFAPþ astrocytes increased

(Fig. 1I, p < 0.01, A versus MA) in the MA group. No

significant changes were observed in terms of oligodendro-

glial differentiation (Fig 1I).

The five age-groups of animals were also subjected to a

Morris water maze task (Fig. 1J) to measure hippocampal

spatial learning and memory function which is known to be

correlated with neurogenesis levels30. Additionally, we also

assessed the pattern separation ability of the animals, an

important function of the DG which involves the differential

encoding of closely-related memories which is more specif-

ically connected to adult neurogenesis (Fig. 1L)31. Results

from these behavioral tasks indicated that middle-aged and

old animals had significant deficits in spatial learning and

pattern separation abilities compared with the younger age-

groups (Fig. 1K, M). In the water maze test, compared with

young adult and adult animals, the middle-aged and old rats
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required longer paths to find the hidden platform (higher

CIPL scores, Fig. 1K). Similarly, in the pattern separation

task, the older rats spent about the same time exploring the

object in the novel context compared with the time spent

exploring the object in the familiar context, suggesting that

they are unable to form appropriate representation of these

distinct object–context pairs (Fig. 1M). The expectation is

that animals with robust levels of adult hippocampal neuro-

genesis will spend more time with the object in the novel

context than the object in the familiar context, demarking

fine discriminatory abilities. On the other hand, animals with

low or absent DG neurogenesis would spend an equal

amount of time with both objects, indicating inability to

register subtle contextual differences. Once more it was

found that the 15 mo old animals were the first group to

exhibit significantly worse abilities (p < 0.05, MA compared

with Y) in discriminating novel from familiar objects in

object–context pairs.

Furthermore, to more precisely demarcate the observed

critical middle-age period of NSPC vulnerability between

9 and 15 mo of age, we examined cells from two more ages

of rats at 11 and 13 months. Live-dead and BrdU analysis

on these age-groups indicated that there was no change in

NSPC survival from 9–15 mo (Fig. S1A); however, a sig-

nificant drop in proliferation (Fig. S1B) occurred during the

13 and 15 months period. There was also a significant

decline in spatial cognitive ability in the water maze

between 13 and 15 mo (Fig. S1C). These data suggest a

specific time-period of increased vulnerability, at 13–15

months, when there is a notable reduction in DG NSPC

proliferation (but not DG NSPC viability), and related

behavioral function during aging.

The Decline in Nrf2 Expression Correlates with the
Pattern of Decline in NSPC Regeneration with Age

Given the in vitro results, we next examined NSPC prolif-

eration and neurogenesis in the DG across the five age-

groups of rats in vivo, and studied its relationship to the

NSPC’s expression of the redox transcription factor, Nrf2.

As depicted in Fig. 2A–F, the number of cells expressing the

proliferation marker MCM2 decreased progressively, with a

significant loss noted during adulthood first noted at middle

age. In addition, a significant decrement in proliferation was

observed from the newborn to the young adult stage. A sim-

ilar pattern of decline in Sox2þ cells (intermediate progeni-

tors, Fig 2.H, L, P, T, X and UU) and Dcxþ cells (newborn

neurons, Fig 2.BB, FF, JJ, NN, RR and WW) was also deter-

mined in the DG. These data support the in vitro data (Fig. 1)

indicating that adult DG NSPC proliferation and regenera-

tion significantly deteriorates at middle age.

Corresponding to these data, we found that Nrf2 expres-

sion declined in similar manner in the DG NSPCs. As shown,

the fraction of Sox2þ and Dcxþ cells co-expressing Nrf2,

gradually decreased as age increased (Fig 2G–Z, AA–TT).

Once more, a significant reduction in these cell populations

was seen at middle age (Fig. 2VV, XX) with a prior loss

noted at the young adult stage. When NSPC Nrf2 expression

was examined in vitro it was seen that, akin to NSPCs in

vivo, the cells displayed a comparable pattern of reduction in

Nrf2 expression (Fig. 2A–E) with a significant decrement in

the number of Nrf2 expressing adult NSPCs noted at middle

age (Fig. 2F). Nrf2 localization also changed with age, with a

strong nuclear and cytoplasmic expression noted in the

younger NSPC age-groups, with mostly small nuclear foci

noted in the MA and O cells. Moreover, a similar pattern of

reduction in the expression of the classical Nrf2 target gene,

GCLM, was noted in the NSPCs indicating that Nrf2 activity

decreased across these age-groups (Fig. 2G–L).

Nrf2 Expression Controls DG NSPC Regenerative
Function in Vitro

Next, we specifically assessed the impact of Nrf2 expression

on aging DG NSPC function though in vitro knockdown and

overexpression assays (Fig. 3). First, newborn NSPCs were

treated with siRNAs to knockdown Nrf2 expression, and its

effects on NSPC survival and proliferation was then studied.

It was observed that compared with controls Nrf2 knock-

down significantly impaired DG NSPC survival (Fig. 3A,

p < 0.05, siControl versus siNrf2) as well as proliferative

capacity (Fig. 3B, p < 0.001, siControl versus siNrf2). Sec-

ond, middle-aged NSPCs were transfected with Nrf2 to upre-

gulate Nrf2 expression. Under these conditions, interestingly

the survival of the cells (Fig. 3C) was not significantly

affected however, the proliferation substantially improved

(Fig. 3D, p < 0.001, untreated versus Nrf2 transfected).

We additionally also assessed DG NSPCs from newborn

(postnatal day 0) Nrf2 knockout (Nrf2-/-) and WT (Nrf2þ/

þ) mice. It was noted that cellular survival was reduced,

although not significantly, in the Nrf2-/- NSPCs (Fig. 3E).

However, the proliferative rate of these cells was found to be

significantly lower than that of WT NSPCs (Fig. 3F). More-

over, the differentiation potential of the Nrf2-/- NSPCs was

also different in that these cells produced significantly lower

number of Tuj1þ neurons (p < 0.05), but a higher number of

GFAPþ astrocytes (p < 0.05), compared with the WT cells

(Fig. 3G). Altogether, these data indicated that Nrf2 exerts a

key influence on DG NSPC proliferation and differentiation,

but may not be crucial for survival, in the context of aging.

Nrf2 Expression Controls DG NSPC Regenerative
Function in Vivo

DG NSPCs were also studied in vivo in the Nrf2-/- and WT

mice through immunohistochemistry. It is known that the

SGZ starts forming around postnatal day 7 and is clearly

delineated only from postnatal day 14 onwards32. Hence,

in newborn (P0) animals, the expression of NSPC antigens

has a unique configuration different from the adult brain32.

The P0 DG also lacks the primary GFAP/nestin double-

positive type B NSPC population (which gives rise to the
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Fig. 2. Correlation of decline in DG NSPC regeneration to Nrf2 expression. Immunohistochemical analysis by age group (N, YA, A, MA and
O) illustrating MCM2 staining (for proliferation) in A–E and its quantification is in F (p < 0.01, N versus YA and p < 0.05, A versus MA; one-
way ANOVA with Tukey’s post-hoc test). Qualitative assessment of hippocampal Sox2þNSPCs and their expression of Nrf2 across the five
age-groups is in G–Z, with quantification in UU (p < 0.01, N versus YA and p < 0.01, A versus MA; one-way ANOVA with Tukey’s post-hoc
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type C (Sox2) and type A (Dcx) cells in the adult system),

and additionally expresses Dcx in a more diffuse but wide-

spread manner compared with the adult system. It was

observed that Mcm2 (Fig. 4A), Sox2 (Fig. 4C), GFAP

(Fig. 4E) and Dcx (Fig. 4G) were expressed in a fashion

typical for this age in WT mice32. However, expression of

each of these antigens was muted in the Nrf2-/- mice, sug-

gesting a compromised NSPC proliferation and regeneration

in the mice at this developmental stage (Fig. 4B, D, F, H).

Interestingly, no notable changes with respect to GFAP (glial

cell) expression were observed.

Adult (2.5 mo old) Nrf2-/- and WT animals were also

examined to understand the effects of Nrf2 loss in the aging

context. Here, a significant reduction in MCM2 (Fig 4.I–K),

Sox2 (Fig 4.L–N), and GFAP/nestin (Fig. 4O–Q) expressing

NSPCs was noted in the DG of the Nrf2-/- mice. Moreover,

the number of Dcxþ newborn neurons was also significantly

reduced in the Nrf2-/- mice compared with WT controls

(Fig. 4R–T). Moreover, when the animals were behaviorally

tested via the Morris water maze and pattern separation

tasks, the Nrf2-/- animals showed significant deficits. In the

water maze task, the mice showed a significantly higher

CIPL score on day 1 (p < 0.05; Fig. 4U), suggesting slower

initial learning, compared with their WT littermates. On all

other days, these animals did not exhibit any significant

differences, suggesting that general spatial learning is not

much impaired in Nrf2-/- animals. Nonetheless, in the probe

trial (conducted at the end of day 4) we found that WT

animals crossed the exact goal (platform) position signifi-

cantly more times, than the Nrf2-/- animals (Fig. 4V, p <

0.05)26. This indicated that the Nrf2-/- animals might have

more subtle deficits in precise learning abilities14,33.

Additionally, because previous studies have reported that

animals with suppressed adult hippocampal neurogenesis

show impairments in relearning a new goal position after

platform reversal in the Morris water maze (Fig. S2A), we

asked whether the Nrf2 -/- mice might show similar defi-

cits33,34. It was found that upon goal reversal, Nrf2-/- ani-

mals had a higher CIPL score on day 5 (Fig. S2A), and

displayed a significantly higher exploration time to find the

location of the reversal platform compared with WT animals

(p < 0.05; Fig. S2B).

Finally, in the pattern separation test, the Nrf2-/- animals

exhibited a compromised behavior as indicated by their sub-

stantially reduced exploration of the object in the novel context

(p < 0.05, Fig. 4W) when compared with their WT counterparts.

All in all, these behavioral and immunohistochemical data from

the transgenic mice supported an important role for Nrf2 in age-

related DG NSPC regeneration and related behaviors.

Nrf2 Overexpression Improves Survival and Integration
of NSPCs Transplanted into the Aging DG

Given our findings that Nrf2 expression is important for robust

DG NSPC function, we next asked whether enriching the hip-

pocampus with NSPCs overexpressing Nrf2 can improve DG

neurogenesis and associated behavioral function. Our previous

work has found newborn SVZ NSPCs to be capable of surviv-

ing, and inducing plasticity as well as functional effects in the

brains of young adult animals20,21. Therefore, we specifically

transplanted 11 mo old Fisher 344 rats with newborn SVZ

NSPCs overexpressing Nrf2 (experimental schematic in Fig.

5A). As a comparison, we also transplanted middle-aged

NSPCs overexpressing Nrf2. Newborn or middle-aged NSPCs

cells expressing only eGFP, or just buffer (sham), were admi-

nistered to control animals. The cells were implanted bilater-

ally into both hemispheres at two sites along the rostrocaudal

extent of the DG (a red star indicates the targeted location in the

context of the right DG in the upper panels in Fig. 5B, and

corresponding images of grafted GFPþ NSPCs in the right

DG appear below). The animals were tested behaviorally at

15 mo of age and subsequently sacrificed to assess the histo-

logical consequences of NSPC grafting. This particular experi-

mental timeline was chosen so as to allow for an analysis of

grafted NSPC effects in relation to the previously described

13–15 mo critical period.

Nrf2 overexpression was induced via AAV2/1 viral vec-

tors tagged with eGFP reporter, encoding Nrf2. As depicted

in Fig. 5E-F, AAV2/1 robustly infected the NSPCs in vitro,

and resulted in an increased expression of Nrf2 in both new-

born and middle-aged NSPCs (Fig. 5B and D, western blot

data in Fig. S3A) compared with controls (Fig. 5A and C,

western blot data in Fig. S3A). Upon transplantation into the

hippocampus, these newborn and middle-aged NSPCs were

found to maintain their expression of high Nrf2 (Fig. 5G–J).

It was also observed that the NSPC grafts overexpressing

Nrf2 were larger, more mature, and well integrated into host

tissues (contained cells with robustly developed processes

extending into the host neuropil and several cells noted to

be migrating from the graft) compared with controls

(Fig. 5G–J, Fig. S3B: high magnification image of the per-

iphery of a newborn Nrf2 graft). This was particularly

Fig. 2. (Continued). test), and VV (p < 0.001, N versus YA and p < 0.05, A versus MA; one-way ANOVA with Tukey’s post-hoc test) are
shown. Similarly, qualitative and quantitative analysis of Dcxþ cells is in AA–TT, WW (p < 0.0001, N versus YA and p < 0.001, A versus MA;
one-way ANOVA with Tukey’s post-hoc test) and XX (p < 0.0001, N versus YA and p < 0.01, A versus MA; one-way ANOVA with Tukey’s
post-hoc test). Expression of Nrf2 and GCLM in cultured hippocampal NSPCs across the five age-groups is shown in a–e and g–k, with
quantification in f (p < 0.001, N versus YA and p < 0.001, A versus MA; one-way ANOVA with Tukey’s post-hoc test) and l (p < 0.01, N
versus YA and p < 0.001, A versus MA; one-way ANOVA with Tukey’s post-hoc test). *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars: A–E; G–
Z, AA–TT: 25 mm, a–e: 15 mm. A: adult; ANOVA: analysis of variance; DG: dentate gyrus; N: newborn; GCLM: glutamate–cysteine ligase
modifier subunit; MA: middle-aged; NSPC: neural stem progenitor cell; O: old; YA: young adult.
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evident in animals receiving newborn NSPC grafts (Fig. 5H

versus 5G). The middle-aged grafts were quite small com-

pared with the newborn grafts; however, larger implants

were noted in the animals receiving the Nrf2 overexpressing

middle-aged cells (Fig. 5J versus 5I). The quantification of

GFPþ-transplanted cells confirmed these impressions, and

determined that there were significantly (p < 0.05) greater

numbers of surviving cells in newborn grafts overexpressing

Nrf2 compared with grafts expressing eGFP-only (Fig. 5K).

Moreover, the number of cells in Nrf2 overexpressing

middle-aged grafts was also higher (although not signifi-

cantly, p>0.05) compared with control middle-aged grafts

transduced with just eGFP (Fig. 5K).

The animals were also behaviorally assessed via the pat-

tern separation task. Here it was found that at 11 mo of age,

that is at baseline and before transplantation, all rats

explored the object in the novel patterned context more than

the familiar context (Fig. 5L, N). This pattern separation

potential was lost in non-grafted control animals after

4 mo, at 15 mo of age, as expected (Fig. 5M, O). However,

it was found to be significantly (p < 0.05, novel versus

familiar) better in animals grafted with newborn Nrf2 over-

expressing NSPCs (Fig. 5M). In fact, the average exploration

time of the novel object, increased from 58.5% at 11 mo, to

68.2% at 15 mo of age, in the rAAV-Nrf2-eGFP animals.

Interestingly, it was also found that the animals implanted

with newborn rAAV-eGFP NSPCs maintain the efficiency

with which they differentiate novel from familiar at 11 and

15 mo, compared with control non-grafted animals which

lose this ability from 11 to 15 mo. On the other hand, animals

grafted with middle-aged NSPCs with high Nrf2 showed no

significant improvement in the pattern separation task (Fig.

5O). Overall, these data correspond well with the graft via-

bility data (Fig. 5K), and indicate that newborn grafts over-

expressing Nrf2 survive better to induce functionally

meaningful effects in the aging DG.

Nrf2 Overexpressing Grafts show Improved
Neurogenesis and Enhance Host Regeneration

NSPC grafts were immunohistochemically probed to deter-

mine their differentiation and proliferation potential.

Fig. 3. Effects of altered Nrf2 expression on DG NSPC regeneration in vitro. Graphs A and B show results from live-dead (viability) and
BrdU (proliferation) assays performed on untreated, control siRNA, and Nrf2 siRNA-treated (siNrf2) newborn rat hippocampal NSPCs (p <
0.05, p < 0.001, U/siC versus siNrf2, unpaired t tests). Panels C and D show the viability and proliferation of untreated middle-aged cells
compared with those transfected with Nrf2 (p < 0.001, U versus Nrf2). The in vitro survival and proliferative function of DG NSPCs isolated
from Nrf2-/- mice compared with WT mice is depicted in E and F (p < 0.01, unpaired t tests). The capacity of newborn Nrf2 WT and Nrf2-/-
NSPCs to differentiate into Tuj1þ neurons (p < 0.05, unpaired t test), GFAPþ astrocytes (p < 0.05, unpaired t test), and RIPþ oligoden-
drocytes is in (G). *p < 0.05, **p < 0.01, ***p < 0.001. BrdU: bromodeoxyuridine; DG: dentate gyrus; GFAP: glial fibrillary acidic protein;
NSPC: neural stem progenitor cell.
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Fig. 4. In vivo assessment of DG NSPCs from Nrf2 knockout mice. In vivo immunohistochemical analysis of the DG NSPCs in newborn Nrf2
WT and Nrf2-/- mice using antibodies targeting MCM2 (proliferation; A–B), Sox2 (proliferating neural progenitors; C–D), GFAP (astrocytes;
E–F) and Dcx (neuroblasts; G–H) was performed. NSPCs from adult Nrf2 WT and knockout animals were also assessed: MCM2 (I–K), Sox2
(L–N), GFAP/nestin (O–Q) and Dcx (R–T). Behavioral analysis of young adult Nrf2 WT and knockout mice through the Morris water maze
task is shown in U, and the number of platform entries in the probe trial is in V (p < 0.05, unpaired t tests). Behavioral results from the
pattern separation task is in W (p < 0.05, unpaired t tests). *p < 0.05, **p < 0.01. Scale bars: A–H: 60 mm, I–S: 30 mm. DG: dentate gyrus;
GFAP: glial fibrillary acidic protein; NSPC: neural stem progenitor cell.
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Specifically, the percentage of GFPþ grafted cells expres-

sing nestin (undifferentiated, Fig. 6A–C), Tuj1 (neurons,

Fig. 6E-G), GFAP (astrocytes, Fig. 6I–K), and RIP (oligo-

dendrocytes, Fig. 6 M–O) was quantified to assess differen-

tiation. Also, the percentage of GFPþ cells labeled with EdU

was quantified to examine proliferation (Fig. 6Q–S). EdU

had been administered to the animals 2 mo after transplanta-

tion in order to label any proliferating cells in the graft at this

time point. Results from these analyses indicated that there

were no significant differences in the fraction of

undifferentiated nestinþ cells present in newborn grafts

overexpressing Nrf2, compared with control eGFP-only

grafts (Fig. 6D). On the other hand, newborn grafts over-

expressing Nrf2 showed significantly increased neuronal

differentiation (p < 0.05, Fig. 6H), reduced astroglial dif-

ferentiation (p < 0.05, Fig. 6L), and no notable differences

in terms of oligodendroglial production (Fig. 6P), com-

pared with control grafts. In contrast, the middle-aged

grafts contained lower percentages of nestinþ, Tuj1þ and

RIPþ cells, but higher GFAPþ astrocytes, compared with

Fig. 5. Characterization of NSPC transplants overexpressing Nrf2 and their behavioral effects across the critical period. (A) Schematic of
the experimental design illustrating that newborn and middle-aged NSPCs were transfected with an eGFP tagged AAV2/1 virus with or
without Nrf2. These cells were transplanted into the DG of 11-month-old rats and the animals aged through the CP of NSPC decline.
Behavioral and histological analysis was performed at age 15 months of age. Stereotaxic transplantation sites are noted in B with corre-
sponding fluorescence confirmation of GFPþ graft locations. Nrf2 expression in newborn (N) and middle-aged (MA) NPSCs with or without
viral Nrf2 transduction is in A–D. Representation of AAV2/1 transduced NSPC cultures, as single-cell and neurospheres, before grafting is in
E and F. In vivo Nrf2 expression of GFPþ transplants are in G–J (newborn grafts (G–H) and middle-aged grafts (I–J)). Quantification of grafted
cells in the different experimental groups is in K (p < 0.01 N-eGFP versus N-Nrf2-eGFP; p < 0.01, N-eGFP versus MA-eGFP; p < 0.001, N-
Nrf2-eGFP versus MA-Nrf2-eGFP; one-way ANOVA with post-hoc Tukey’s test). Results from the pattern separation task, conducted on
naı̈ve 11-month-old animals before transplantation (baseline) are in L, N, and after the CP at 15 mo are in M, O (*p < 0.05, novel versus
familiar in animals implanted with newborn grafts overexpressing Nrf2, #p < 0.05 compared with control). *p < 0.05, **p < 0.01, #p < 0.05.
Scale bars: B: 200 mm, A, C–D: 20 mm, E: 25 mm, F: 100 mm, G–J: 50 mm. ANOVA: analysis of variance; CP: critical period; DAPI: 4’,6’-
diamidino-2-phenylindole, dihydrochloride; DG: dentate gyrus; GFP: green fluorescent protein; NSPC: neural stem progenitor cell; eGFP:
enhanced green fluorescent protein.
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Fig. 6. Quantification of grafted NSPC phenotype and the induction of host DG plasticity. Examples of grafted (GFPþ) undifferentiated
NSPCs (nestinþ, A–C) and their differentiation into Tuj1þ neurons (E–G), GFAPþ astrocytes (I–L), and RIPþ oligodendrocytes (M–O). The
quantifications of nestin, Tuj1, GFAP and RIP expressing cells within the newborn and middle-aged grafts are in D, H, L, P. Graft proliferation,
assessed via the quantification of EdU incorporation, is in Q-T. On the other hand, host DG NSPC proliferation was examined via BrdU
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newborn grafts (Fig. 6D, H, L, P). However, the middle-

aged grafts overexpressing Nrf2 showed a significant

reduction in the percentage of astrocytes compared with

eGFP-only controls, similar to the case with the newborn

grafts (Fig. 6L). With regards to graft proliferation, middle-

aged grafts overexpressing Nrf2 showed a significant

increase in the percentage of EdUþ cells, whereas no dif-

ferences were found in the newborn grafts (Fig. 6T). More-

over, we also found an integration of grafted cells into the

DG in four of the seven animals transplanted with newborn

NSPCs overexpressing Nrf2, but not in any of the other

groups (Fig. S3C, D). Such integration was mostly noted

at the lateral edge of the upper blade of the DG (Fig. S3C),

and sometimes more centrally in the upper DG (Fig. S3D).

Overall, these data illustrate that augmentation of Nrf2

expression altered the fate of the grafted cells, supporting

neurogenesis and inhibiting astrogliogenesis, and possibly

promoted the integration of NSPCs into host tissues.

We additionally assessed the effects of NSPC grafting on

host DG NSPC proliferation and neurogenesis. Animals had

been administered BrdU before the transplantation, to allow

for the examination of host neurogenesis independently from

grafted cells (which were only EdU/GFPþ). Unbiased

stereological analysis indicated that there were greater num-

bers of BrdUþ cells (Fig. 6U) in the DG of animals grafted

with both newborn NSCs overexpressing Nrf2, as well con-

trol newborn NSPCs (with only eGFP), compared with non-

grafted controls (Fig. 6V). However, no significant increases

in BrdU labeled cells were noted in animals receiving

middle-aged grafts (Fig. 6V). When endogenous neurogen-

esis was specifically assessed via the quantification of Dcxþ

cells (Fig. 6W), it was determined that animals that had

received implants of Nrf2 overexpressing and control new-

born NSPCs, had higher number of Dcxþ cells in the host

DG compared with controls (Fig. 6X). However, animals

administered middle-aged grafts showed no differences with

regards to Dcx cell numbers (Fig. 6X). These data indicated

that both host proliferation and neurogenesis had been

enhanced by the grafting of particularly the newborn Nrf2

overexpressing cells.

Discussion

This study for the first time demonstrates the importance of

the Nrf2 transcription factor in age-related DG NSPC func-

tion. Specifically, our results indicate that a diminishing

Nrf2 expression compromises the regenerative ability of

DG NSPCs, resulting in a specific temporal pattern of

decline in hippocampal neurogenesis during aging, which

is cognitively relevant. The results also indicate that enrich-

ing the aged DG environment with NSPCs overexpressing

Nrf2 can mitigate this neurogenic decline and improve cog-

nitive abilities.

Firstly, our data delineate a particular critical middle-age

period of vulnerability in DG NSPC regenerative function

during aging. Utilizing seven groups of rats spanning the

aging spectrum (0, 2, 9, 11, 13, 15 and 24 mo of age) we

found that the proliferative capacity of cultured DG NSPCs

decreases significantly during a defined 13–15 mo time-

period during adulthood. The differentiation profile of the

NSPCs was also significantly altered at middle age (15 mo)

in that neuronal production declined but astroglial produc-

tion increased notably. On the other hand, the survival of DG

NSPCs remained relatively stable from young-adulthood

until old age (24 mo). Importantly, these fundamental NSPC

changes in vitro mirrored the temporal pattern of NSPC

changes in vivo which translated into observable deficits in

neurogenesis-related behaviors, namely spatial learning in

the Morris water maze and pattern separation in an object–

context recognition task. Overall, these data align with other

studies in the literature that report a decrement in DG neu-

rogenesis by middle age, but also more precisely demarcate

and characterize the middle-age time-period at cellular and

behavioral levels35–37. Interestingly, in contrast with aging

SVZ NSPCs (the focus of our previous work), which exhibit

a strong decline in survival during the critical period, DG

NSPC survival does not appear to be affected6. These results

emphasize reduced proliferation and reduced neurogenic

capacity as the prominent features of DG NSPC aging, and

concur with recent studies which suggest a transition to a

quiescent state, rather than a frank loss of stem cells, as

underlying the drop in DG regeneration with age38.

Secondly, our data implicate Nrf2 expression as vital to

maintaining DG NSPC regeneration in the aging context. In

rats, a reduction in Nrf2 expression was found to correlate

closely with the decline of NSPC proliferation and neuro-

genesis with age. Additionally, the knockdown of Nrf2 in

young NSPCs significantly decreased NSPC proliferation,

whereas Nrf2 overexpression in old NSPCs increased pro-

liferation. Furthermore, NSPCs from Nrf2 knockout mice

showed muted regenerative abilities both in vitro and in

vivo, and the knockout mice exhibited behavioral impair-

ments in the water maze and pattern separation tasks. Here,

as with the rat data, the effects of Nrf2 loss were more

pronounced on DG NSPC proliferation and neuronal differ-

entiation, than on cell survival. However, Nrf2 knockdown

(via siRNAs) in the rat cells significantly affected cell via-

bility, indicating that Nrf2’s effects on DG NSPC survival

Fig. 6. (Continued). labeling (example in U). Stereological quantification of host BrdUþ cells in various NSPC transplanted groups is shown
in the graph in V. Dcxþ neuroblasts (example in W) were enumerated in the host DG (in X). *p < 0.05, **p < 0.01, ***p < 0.001, one-way
ANOVA with post-hoc Tukey’s tests. Scale bars: A: 20 mm; U, W: 30 mm. ANOVA: analysis of variance; BrdU: bromodeoxyuridine; Dcx:
doublecortin; DG: dentate gyrus; EdU: 5-ethynyl-2’-deoxyuridine; GFAP: glial fibrillary acidic protein; GFP: green fluorescent protein; NSPC:
neural stem progenitor cell.
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cannot be completely discounted. Nevertheless, these data

overall suggest that reduced Nrf2 may potentially be

involved in the NSPC’s shift to quiescence. The results cor-

roborate a recent study by Robledinos-Antón et al., that

investigated Nrf2’s control of DG NSPC function in Nrf2

knockout animals19. The novelty of the present results lies in

the more detailed cellular and behavioral analysis of Nrf2’s

impact on DG NSPC function, as well as in exploring Nrf2’s

effects from the normal aging perspective. In essence, these

data convey for the first time that Nrf2 acts as a major

governor of age-related DG NSPC behavior and fate, influ-

encing specific neurogenesis-related cognitive functions.

With regards to cognitive aspects, our studies show that

Nrf2 knockout animals display impairments in the initial

acquisition of a spatial location in the Morris water maze

task, as well as learning a reversal of this location and in the

pattern separation task, both of which are more directly con-

nected to DG NSPC function27,30,31,33. The finding that Nrf2

knockout mice did not show major deficits, except on day 1,

in the Morris water maze suggests that general spatial learn-

ing remains mostly intact in these animals. Nevertheless, the

significantly reduced number of goal crossings during the

probe trial by the Nrf2 knockout animals, compared with

their WT littermates, indicates that while the knockout ani-

mals are able to develop an allocentric cognitive map that

allows for escape during the learning phase, these maps may

not be sufficiently precise. Studies by Garthe et al., 2014 also

show that probe trial performance, but not broad spatial

learning, are impaired in cyclin D2 knockout mice with con-

stitutively suppressed adult hippocampal neurogenesis33.

Additionally, animals with deficits in hippocampal neuro-

genesis have been previously shown to have impairments

in reversal learning sometimes interpreted as reflecting a

deficit in cognitive flexibility resulting from reduced neuro-

genesis30,33,39. Thus, our finding that Nrf2 knockout animals

require longer exploration times to find the reversal platform

compared with their WT littermates suggest that reduced

Nrf2 plays a role in neurogenesis-related cognitive flexibil-

ity. Lastly, in terms of the object–context recognition task

that probed pattern separation, our results indicate that the

Nrf2 knockout animals are significantly impaired on this

critical function known to be dependent on the DG. More-

over, these data are supported by other studies which report

that animals with impaired DG neurogenesis display deficits

in tasks that require the encoding of closely-related mem-

ories18,31,40–42. Thus, in the end, the behavioral results indi-

cate that Nrf2 knockout mice are not generally impaired in

terms of spatial learning in the water maze, suggesting that

Nrf2 may not play a robust part in mediating broad hippo-

campal networks or functions. However, deficits in the

reversal aspect of the water maze and pattern separation

behavior, which are more neurogenesis-specific, delineate

a highly specific role of Nrf2 in the DG NSPCs and in

facilitating DG neurogenesis.

Thirdly, our data show that the transplantation of high

Nrf2 expressing NSPCs into the aged hippocampus, can

counteract the decline in DG proliferation and

neurogenesis-related to the critical middle-age period. We

found that newborn NSPCs overexpressing Nrf2, implanted

into 11-month-old animals, were able to improve host DG

proliferation and neurogenesis across time, resulting in

higher levels of both at 15 mo of age. Critically, this effect

was associated with a significant improvement in the pattern

separation abilities of these animals. Nevertheless, we also

remark that these behavioral data would be strengthened and

would allow for better interpretation from the inclusion of

more animals. Moreover, the viability, integration, and neu-

rogenic differentiation of the newborn grafts overexpres-

sing Nrf2 was substantially better than that of control

newborn grafts without Nrf2. These data indicate that Nrf2

overexpression improves the survival and function of

grafted newborn NSPCs and alleviates host DG NSPC vul-

nerability during the critical period. Our previous studies

have shown that newborn NSPCs can survive and induce

plasticity in the brain of young adult animals upon trans-

plantation20,21,43. It was also shown in these studies that

specific trophic factors secreted by the implanted NSPCs

were responsible for the effects seen, which may also be a

possibility in the current studies. However, it is also known

that the survival and function of the NSPCs is compromised

upon implantation into the brain of old animals44. A recent

report has shown that NSPCs from postnatal day 2 old rats

treated with the brain-derived neurotrophic factor (BDNF)

before implantation can survive and differentiate well in

both the young and old hippocampus45. In this context, our

current results demonstrate that increased Nrf2 can signif-

icantly promote transplanted newborn NSPC survival, dif-

ferentiation and integration upon, in relation to a critical

period of age-related DG vulnerability, and lead to

improvement in host neurogenesis and meaningful beha-

vioral effects. Moreover, our data with the middle-aged

grafts also indicate that although the age of the donor cells

at the time of transplantation is important, increased Nrf2

may be capable of supporting the survival and neurogenic

function of ‘older’ cells.

In conclusion, our study specifies a role for Nrf2 expres-

sion in determining hippocampal neural stem cell aging. It

also indicates that DG NSPC function can be rescued via the

transplantation of young Nrf2-overexpressing NSPCs.

Nrf2’s ability to activate a range of antioxidant and other

cellular stress-resistance genes, and in maintaining intracel-

lular redox balance, a known central regulator of NSPC

function, probably drives these effects46–50. In fact, it has

been shown that redox deficits caused by an upstream reduc-

tion in Nrf2 levels arise in hippocampal tissues during

aging51. This implies a broad and powerful redox-based reg-

ulatory influence of Nrf2 on DG regenerative function, the

understanding of which has significant implications for both

fundamental NSPC biology as well as the development of

therapeutics, via targeting activation of the Nrf2 pathway,

for age-related cognitive disorders.
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