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Abstract

Sirtuins are pleiotropic NAD+ dependent histone deacetylases involved in metabolism,

DNA damage repair, inflammation and stress resistance. SIRT6, a member of the sirtuin

family, regulates the process of normal aging and increases the lifespan of male mice over-

expressing Sirt6 by 15%. Neurogenesis, the formation of new neurons within the hippocam-

pus of adult mammals, involves several complex stages including stem cell proliferation,

differentiation, migration and network integration. During aging, the number of newly gener-

ated neurons continuously declines, and this is correlated with a decline in neuronal plastic-

ity and cognitive behavior. In this study we investigated the involvement of SIRT6 in adult

hippocampal neurogenesis. Mice over-expressing Sirt6 exhibit increased numbers of young

neurons and decreased numbers of mature neurons, without affecting glial differentiation.

This implies of an involvement of SIRT6 in neuronal differentiation and maturation within the

hippocampus. This work adds to the expanding body of knowledge on the regulatory mech-

anisms underlying adult hippocampal neurogenesis, and describes novel roles for SIRT6 as

a regulator of cell fate during adult hippocampal neurogenesis.

Introduction

Neurogenesis is a process by which new neurons are generated from neural stem cells and

committed neuronal progenitor cells (NPC). Neurogenesis is most pronounced during embry-

onic development and is responsible for populating the growing brain with neurons. Neuro-

genesis also occurs in the adult brain, and normally occurs throughout adult murine life in the

sub-ventricular zone (SVZ) bordering the lateral ventricles and in the dentate gyrus (DG) of

the hippocampal sub-granular zone (SGZ) [1]. In the adult SGZ, proliferating radial and non-

radial precursors give rise to intermediate progenitors, which in turn generate neuroblasts.

Further differentiation of these neuroblasts produces immature neurons that migrate into the

inner granule cell layer and differentiate into dentate granule cells within the DG of the hippo-

campus [1]. Within days, newborn neurons extend dendrites toward the molecular layer and

project axons towards the CA3 sub-region of the hippocampus, where they integrate into the

existing neuronal circuitry [1]. Synaptically-connected newborn neurons exhibit distinct
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hyper-excitability and enhanced synaptic plasticity. These properties may allow newly inte-

grated adult-born neurons to make unique contribution to information processing [1]. Thus,

neurogenesis from adult NPCs is thought to contribute to the continuous maintenance and

plasticity of these neuronal networks.

Sirtuins are pleiotropic NAD+ dependent histone deacetylases involved in metabolism,

DNA damage repair, inflammation and stress resistance. Sirtuins can alter adult NPC prolifer-

ation by altering the oxidizing state of the environment. Whereas oxidizing conditions favor

differentiation into astrocytes, reducing conditions favor differentiation into neurons [2]. Acti-

vating SIRT1 in NPCs using resveratrol mimics oxidizing conditions and increases the differ-

entiation of NPCs towards astrocytes [2]. Interestingly, resveratrol exerts a dose dependent

effect on neurogenesis with lower concentrations promoting neurogenesis [3] and higher

doses inhibiting neurogenesis [4]. Further, in Sirt1 knockout (KO) mice, as well as in brain-

specific and inducible stem cell-specific conditional KO mice, hippocampal neurogenesis is

increased [4]. This suggests that Sirtuins have important roles in the regulation of neuronal

cell fate.

SIRT6, a member of the sirtuin family, regulates the process of normal aging and increases

the lifespan of male mice over-expressing Sirt6 by 15% [5]. Aging is correlated with a continu-

ous decline in the number of adult NPCs, reduced DG neurogenesis capacity, and impaired

cognitive function [6]. Interestingly, such impairments can be ameliorated through interven-

tions such as physical exercise and calorie restriction (CR) [6–8]. In both exercise and CR, the

AMP/ATP ratio is increased and AMP-activated protein kinase (AMPK) is activated [9, 10].

As AMPK is an activator of Nicotinamide phosphoribosyltransferase (NAMPT), the rate-lim-

iting enzyme in NAD+ biosynthesis, the overall NAD+ turnover under exercise and CR is

increased [11, 12]. The dependence on NAD+ as a cofactor offers a link between Sirtuins and

the beneficial effects exerted by exercise and CR. SIRT6, a member of the sirtuin family is

expressed in the nucleus of cells in the mouse hippocampal formation [13], positively regulates

AMPK activation levels [14, 15], embryonic stem cell proliferation [16] and differentiation of

several cell types such as bone marrow, chondrocytes and vascular smooth muscle [17–19].

However, whether Sirt6 alters adult hippocampal neurogenesis is unknown.

Because Sirt6 is expressed in the hippocampus and is implicated in embryonic neurogen-

esis, we hypothesized that Sirt6 also alters adult hippocampal neurogenesis. Here we show that

while NPC proliferation is unaffected, Sirt6-OE decreases the number of mature neurons in

the hippocampus, and alters the distribution of neural precursors differentiating into neurons.

Our study points to the complex role played by Sirt6 in regulating adult hippocampal neuro-

genesis and expands the current understanding of adult hippocampal neurogenesis.

Materials and methods

Animals

Mice with a heterozygous Sirt6 overexpression (OE) and their wildtype littermates were gener-

ated by backcrossing CB6 Sirt6-OE mice [5] with C57bl/6H mice for 20 generations. The ini-

tial CB6 SIRT6-OE mice were generated by isolating Sirt6 mRNA from C57BL/6J male mouse

brain tissue. The complete mouse SIRT6 cDNA was cloned into a pCAGGS plasmid attached

to CMV enhancer and chicken β-actin promoter [20]. Linearized SIRT6 construct was micro-

injected into CB6/F1 zygotes [21]. Following this, Sirt6 OE mice as well as their wild type

(WT) littermates were maintained at a 12- light/12- dark cycle with food and water provided

ad libitum. All experiments were performed using 2-3-months old male mice. Interventions in

mice performed in this study include intraperitoneal injections of Bromo-2´-Deoxyuridine

(BrDU). Following injections, mice were euthanized prior to culling, thus the mice were not
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exposed to suffering which required analgesics. All experiments in study received specific

approval and were conducted in accordance with the Bar Ilan University’s Institutional Ani-

mal Care and Use Committee (IACUC).

5-Bromo-2´-Deoxyuridine incorporation for the assessment of

neurogenesis

5-Bromo-2´-Deoxyuridine (BrdU; MP biomedicals) was dissolved in 0.9% saline and sterile

filtered at 0.2μm. All mice were injected with a BrdU dose of 100mg/kg body weight per injec-

tion to label dividing cells. Three experimental groups of mice were used in this study to quan-

tify hippocampal progenitor cells, young and adult neurons; Experimental group 1 (n = 10

WT, 8 Sirt6-OE) was injected 3 times at 8 hour intervals and euthanized 8 hours after the last

injection to assess the neurogenic niche. Experimental group 2 (n = 8 WT, 10 Sirt6-OE) was

injected for 2 days at 8 hour intervals and euthanized 7 days after the last injection to assess

early neurogenesis. Experimental group 3 (n = 9 WT, 8 Sirt6-OE) was injected for 5 days at 12

hour intervals and euthanized 5 weeks after the last injection to assess late neurogenesis (see

Table 1). Following injections, mice were returned to their home cage. Specified intervals

between BrdU pulses and animal culling were chosen according to known maturation marker

expression timelines [22].

Immunofluorescence

To perform immunofluorescence on brain slices, mice were subjected to a common perfusion/

fixation protocol [23]. Briefly, Mice were anesthetized using Ketamine / Xylazine (10mg/kg,

and 10mg/kg respectively) and perfused transcardially with cold 4% paraformaldehyde (PFA)

in 0.1 M PBS [23]. Brains were removed and post fixed in 4% PFA overnight and then sequen-

tially cryoprotected in 20% and 30% sucrose in 0.1 M PBS. Brains were then sectioned 40 μm

thick on a freezing microtome in the coronal plane. All immunohistochemistry was completed

as free-floating sections and mounted on gelatin-coated slides for analysis. For 5-Bromo-2

´-Deoxyuridine (BrdU) staining, sections were first immersed in a 2N HCl for 30 min at 37˚C,

followed by 0.1 M borate buffer (pH 8.5) for 10 min at room temperature. Sections were then

washed six times in 0.1% Triton X-100 in Phosphate-buffered saline (PBS) for a total of 30

min. Nonspecific binding was blocked with 20% normal horse serum and 0.1% Triton X-100

Table 1. Experimental design.

Experiment

Group

Neurogenesis

stage

Cell type BrdU injection scheme

(100 mg/kg)

Number of mice Time of animal

sacrifice

IHC marker (co-localized

with BrdU)

1 Proliferation NPC 3 injections, 8 hours

interval

WT = 10,

Sirt6-OE = 8

8 hours after last

injection

Sox2

2 Differentiation Immature

neuron

6 injections, 8 hours

interval

WT = 8,

Sirt6-OE = 10

5 days after last

injection

DCX

3 Maturation Mature

neuron

10 injections, 12 hours

interval

WT = 9,

Sirt6-OE = 8

4 weeks after last

injection

NeuN

Each of the 3 experimental groups, consisting of WT and Sirt6-OE mice, were assigned to investigate different stages of the neuronal maturation process.

Experimental group 1 (n = 10 WT, 8 Sirt6-OE) was injected with BrdU (100mg/kg) 3 times at 8 hour intervals and sacrificed 8 hours after the last injection for

co-immunostaining of the NPC marker Sox2 with BrdU. This corresponds to the progenitor proliferation stage. Experimental group 2 (n = 8 WT, 10 Sirt6-OE)

was injected with BrdU (100mg/kg) for 2 days at 8 hour intervals and sacrificed 5 days after the last injection for co-immunostaining of the immature neuron

marker DCX with BrdU. This corresponds to the neuronal differentiation stage. Experimental group 3 (n = 9 WT, 8 Sirt6-OE) was injected with BrdU (100mg/

kg) for 5 days at 12 hour intervals and sacrificed 4 weeks after the last injection for co-immunostaining of mature neuron marker NeuN with BrdU. This

corresponds to the neuronal maturation stage.

https://doi.org/10.1371/journal.pone.0179681.t001

Sirt6 alters adult hippocampal neurogenesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0179681 June 23, 2017 3 / 16

https://doi.org/10.1371/journal.pone.0179681.t001
https://doi.org/10.1371/journal.pone.0179681


in PBS for 1 hour. Primary antibodies used for staining were: rat anti-BrdU (1:1000; serotec,

OBT0030), rabbit anti-SOX2 (1:1000; abcam, ab97959), goat anti-Doublecortin (DCX) (1:250;

Santa Cruz, sc-8066), rabbit anti-S100β (1:7,500; Novus, NB110-57478) and mouse anti-NeuN

(1:10,000; Millipore, MAB377). All antibodies were diluted in PBS supplemented with 0.1% Tri-

ton-X-100 with 2% horse serum. Following 72 primary antibody incubation, sections were

washed three times in 0.1% Triton X-100 in PBS for a total of 15 min. Sections were subsequently

incubated with a fluorescent-tagged secondary antibody (Alexa-488 or Alexa-568 1:1,000; Invi-

trogen), diluted in PBS supplemented with 0.1% Triton X-100 for 1 at room temperature.

Assessment of neurogenesis, glial and neuronal cell numbers using

stereology

The hippocampus and DG were outlined based on an atlas of the mouse brain [24]. Quantifi-

cation of stained cells was evaluated by stereological counts using the optical dissector method

[25]. Optical fractionator sampling was carried out on a Leica DM6000 microscope (Leica

Microsystems) coupled to a controller module and a high-sensitivity 3CCD video camera sys-

tem (MBF Biosciences), and an Intel Xeon workstation (Intel). Sampling was implemented

using the Stereo Investigator software package (MBF Biosciences). Analyzed brain sections

spanned from -1.22 to -3.52 mm from bregma, with every sixth slice used for quantification.

The first section for each brain was randomly selected in order to avoid a sampling location

bias. Ten-twelve sections were used for quantification from each animal. After delineation

of the SGZ, or the granular layer of the DG for experiment group 3, at low magnification

(20 × objective), the whole contour was imaged with 20–30 one-micron thick Z-stack images

using a 63 × oil immersion objective (N.A. 1.4). Acquired images were first processed with

Huygens deconvolution software (Scientific Volume Imaging) to improve resolution and sig-

nal to-noise ratio [26] and later processed offline using the optical dissector method. Section

thickness was measured by focusing on the top of the section, setting the Z-axis to 0, and then

refocusing to the bottom of the section and recording the actual thickness, at every counting

location. Only clearly visible immunopositive cells co-labeled with an antibody against BrdU+

and either Neun, DCX or Sox2 (see Table 1), were counted. Additionally, cells were only

counted if they did not intersect with the lines of exclusion on the counting grid. The total

number of positive cell population was estimated in reference to the section volume and

extrapolated for the total volume of the DG or hippocampus. The following parameters were

set for cell counts: the counting frame was 140x104x15μm (height × width × dissector height),

same size as the sampling grid for an exhaustive sampling regime of the hole contour, and a

guard zone height of 2μm was used. For astrocytes estimation, the following parameters were

set: the counting frame was 100x100x20μm (height × width × dissector height), the sampling

grid size was defined as a mean of 25 sites and a guard zone height of 2μm. For neurons esti-

mation, the following parameters were set: the counting frame was 30x30x15μm (height ×
width × dissector height), same size as the sampling grid for an exhaustive sampling regime of

the hole contour, and a guard zone height of 2μm was used. These parameters were deter-

mined in a preliminary pilot study aimed at determining suitable counting frame and sam-

pling grid parameters prior to counting (data available in supporting information file ‘S1 File’).

An experimenter blind to all treatment groups performed the stereological counts. The coeffi-

cient of error (CE) Gunderson (m = 1) values was between 0.04–0.08 for all animals [27].

Protein extraction from paraformaldehyde-fixed brain slices

Due to extensive molecular crosslinking in formalin-fixed tissues, an optimized method for

protein extraction was utilized [28]. Hippocampal slices (n = 10–20, thickness = 40 μm) were
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placed in 50μl of lysis buffer (20mM tris–HCl containing 2% sodium dodecyl sulfate and 0.2M

glycine at pH 9.0), boiled at 100˚C for 20min followed by 2hr incubation at 80˚C with agita-

tion. Samples were then cooled on ice and centrifuged at 14,000g for 15 min and protein lysate

was transferred to fresh tubes. Protein concentration was determined by BCA protein assay

(Thermo scientific).

Western blotting analysis of proteins

Protein lysates (15–40μg), in sample buffer (x5, 300mM Tris-HCl pH = 6.8, 10% SDS, 50%

glycerol, 0.03% bromophenol blue, 500mM DTT), at a final volume of 15μl was loaded onto

10% Bis/Acrylamide gel and standard electrophoresis was performed. Separated proteins were

blotted onto Polyvinylidene fluoride (PVDF, Invitrogen, USA) membranes using a wet blotter

apparatus for 2 hours on 250mAmp on ice. The membrane was then blocked in 5% BSA for 1

hour at room temperature followed by overnight incubation with primary antibody (mAb

Rabbit anti-Sirt6, (clone D8D12) Cat #12486, Cell Signaling). Blocking buffer and antibodies

were prepared in 5% BSA. After incubation, membranes were washed 3x10 minutes in TBST,

incubated with secondary antibody for 1 hour, washed again and finally incubated for 5 min-

utes with ECL. The membrane was then exposed with MicroChemi2 imager (DNR Bio-Imag-

ing Systems, Israel).

Data analysis and statistical analysis

All data presented are expressed as mean values ± S.E.M. Differences between normally dis-

tributed means were evaluated by a two-tailed Student’s t-test for two group comparisons.

Parametric two-way analysis of variance (ANOVA) with the Bonferroni post-hoc correction

was performed to determine pairwise comparisons amongst multiple data sets. Statistical anal-

ysis was carried out using GraphPad Prism 5 software. For all tests, significance levels was set

at P< 0.05.

Results

NPC proliferation is not altered by Sirt6 overexpression

The neurogenic niche within the hippocampus contains dividing NPCs with a typical cell-

cycle length of approximately 24 hours, with an S-phase of about 10 hours [1, 29]. In order to

assess the rate of NPC proliferation in WT and Sirt6-OE mice, we counted the number of pro-

liferating NPCs within a 24-hour time-frame. As BrdU has an in-vivo half-life of about 2 hours

[30], we implemented a regimen of three BrdU pulses. One pulse of BrdU was injected every

8 hours to label all the dividing NPCs within the 24-hour time-frame (Table 1). To identify

proliferating NPCs, we used the cell marker Sox2 [31] coupled with BrdU incorporation.

Co-labeled cells in each genotype group were counted and averaged. No difference was found

in the numbers of Sox2+/BrdU+ cells between genotype groups (P = 0.71, t-test, Fig 1A). To

further investigate whether Sox2+/BrdU+ cells are evenly distributed throughout the hippo-

campus, we plotted the number of dividing NPCs throughout the rostro-caudal axis of the hip-

pocampal SGZ. To do this, we used distance from bregma [24, 32] to normalize the location

on the rostro-caudal axis of every examined brain slice. We observed a similar cellular distribu-

tion pattern between genotype groups, indicating no difference in the dynamics of NPC prolif-

eration between the two strains of mice (Fig 1B, two-way ANOVA for genotype vs. bregma,

p = 0.5643 for genotype main effect). Thus, this suggests that SIRT6 does not affect the cellular

proliferation rate or distribution of NPCs in the DG.
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Fig 1. Sirt6-OE alters hippocampal neurogenesis. (A) Sox2+/BrdU+ cells were counted for each animal’s SGZ in random bregma positions using the

optical fractionator probe (Stereoinvestigator software, MBF bioscience), and total SGZ population estimation was extrapolated. Results were averaged

across genotype group. No significant difference was found in total Sox2+/BrdU+ cells (t-test, p = 0.71). (B) Left panel: Distribution of Sox2+/BrdU+ neural

progenitor cells in the SGZ of WT and Sirt6-OE mice. Results were averaged across genotype groups for each hippocampal slice according to distance from

bregma position. No significant effect was found for genotype (2-way ANOVA, P = 0.14). Right panel: representative Sox2+/BrdU+ cell in the SGZ of WT and

SIRT6-OE mice. (C) DCX+/BrdU+ cells were counted in the granular layer at random distances from bregma using an optical fractionator probe, and total

SGZ population estimation was extrapolated for each animal. Results were averaged each across genotype. A higher, but not significant, number of total

DCX+/BrdU+ cells were observed in Sirt6-OE mice compared to WT littermates (3022 ± 254.7 and 2469 ± 170.1 for WT and Sirt6-OE mice respectively,

P = 0.1069, t-test). (D) Left panel: Distribution of DCX+/BrdU+ neural progenitor cells in the SGZ of WT and Sirt6-OE mice. Results were averaged across

genotype group for each hippocampal slice according to distance from bregma. A significant genotype effect was found (2-way ANOVA, P = 0.005). Right

panel: representative DCX+/BrdU+ cell in the SGZ of WT and SIRT6-OE mice. (E) NeuN+/BrdU+ cells were counted in the granular layer in random distances

from bregma using an optical fractionator probe, and total SGZ population estimation was extrapolated for each animal. Results were averaged across

genotype group. A lower, but not significant, number of total NeuN+/BrdU+ cells were observed in Sirt6-OE mice compared to WT littermates (1228 ± 90.68

and 1076 ± 95.36 for WT and Sirt6-OE mice respectively, P = 0.26, t-test). (F) Left panel: Number of total NeuN+/BrdU+ mature neurons in the SGZ of WT

and Sirt6-OE mice. NeuN+/BrdU+ cells were counted in the granular layer in random distances from bregma in each animal using an optical fractionator

probe. Results were averaged across genotype group for each hippocampal slice according to distance from bregma. A significant genotype effect was

found (two-way ANOVA, F(1,19) = 3.989, p = 0.018 for genotype effect). Right panel: representative NeuN+/BrdU+ cell in the SGZ of WT and SIRT6-OE mice.

(G) Protein levels of WT and Sirt6-OE mice. Western blot analysis of WT and Sirt6-OE mice, blotted for SIRT6 and the house-keeping protein, α-tubulin. A

Sirt6 alters adult hippocampal neurogenesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0179681 June 23, 2017 6 / 16

https://doi.org/10.1371/journal.pone.0179681


Sirt6 alters the distribution of differentiating DCX+/BrDU+ neural

precursor cells

Doublecortin (DCX) is a cellular marker expressed on young neurons 1 to 20 days old follow-

ing initiation of differentiation [33, 34]. We utilized DCX as a marker to assess whether SIRT6

alters the early differentiation of NPCs into neurons. The total number of DCX+/BrdU+ cells

in the SGZ of Sirt6-OE mice was only moderately higher in Sirt6 OE mice compared with WT

mice (3022 ± 254.7 and 2469 ± 170.1 respectively, P = 0.1069, t-test) (Fig 1C). To further inves-

tigate whether DCX+ cells are evenly distributed throughout the hippocampal SGZ, we plotted

the number of DCX+/BrdU+ cells throughout the rostro-caudal axis of the hippocampal SGZ.

This analysis yielded a significant main effect for genotype (Fig 1D, two-way ANOVA, F(1,19) =

9.32, P = 0.005). This suggests that SIRT6 alters the distribution of neural precursors that are

differentiating into neurons.

Sirt6 decreases the number of mature NeuN+/BrDU+ neurons in the DG

We next tested whether Sirt6-OE alters the number of mature NeuN+ cells that survive the

process of neurogenesis. To test this, cells co-expressing NeuN+/BrdU+ were counted through-

out the DG. Sirt6-OE mice did not significantly alter the number of surviving mature neurons

compared to their WT littermates (Fig 1E, 1228 ± 90.68 and 1076 ± 95.36 for WT and Sirt6-OE

mice respectively, p = 0.26, t-test). However, the number of newly formed mature neurons

throughout the rostral-caudal axis were significantly decreased (Fig 1F, two-way ANOVA,

F(1,19) = 3.989, P = 0.018 for genotype main effect). These results suggest that SIRT6 promotes

the initiation of NPC differentiation toward a neuronal fate but restricts the final maturation

of these newly formed neurons. Consistent with this, Sirt6-OE decreased the numbers of

newly added NeuN+/BrdU+ cells in the DG granular layer (two-way ANOVA, F(1,19) = 10.09,

P = 0.0017 for genotype main effect) (Fig 1I). This suggests that Sirt6-OE depresses the capabil-

ity for network plasticity in these animals.

Sirt6 overexpression levels are not correlated with DCX cell number

Compared with Brdu+/NeuN+, there was a large difference in the distribution of newly formed

DCX+/BrdU+ cells between individual animals. Specifically, five Sirt6-OE mice exhibited

higher DCX+/BrdU+ cell counts than all WT mice, whereas five Sirt6-OE mice exhibited popu-

lation counts at the average levels of WT mice (Fig 1C). Thus, we examined whether differential

over-expression of Sirt6 might account for the differences in the cell population counts. Sir-

t6-OE mice are homozygous for the transgene and express high levels of Sirt6 compared with

heterozygous Sirt6-OE mice or control mice (Fig 1G). Thus, we compared the levels of SIRT6

in hippocampi from two mice with high DCX+/BrdU+ cell counts (4143.94 and 4260.00)

with hippocampi from two mice which exhibited low DCX+/BrdU+ cell counts (2170.69 and

2198.00). Protein extracts from the hippocampi of these animals were comparable to WT mice,

which exhibit a total 2261.25 DCX+/BrdU+ cells (Fig 1H). No correlation was observed between

Sirt6 expression levels and the numbers of new early neurons in the hippocampus of Sirt6-OE

robust increase in SIRT6 levels is clearly seen in Sirt6-OE mice. () Hippocampal SIRT6 protein levels from mice with high and low early neuron population

numbers in the Sirt6-OE group. Upper panel. Western blot analysis of SIRT6 levels in Sirt6-OE mice with the highest and lowest new early neuron population

counts, compared to a WT mouse with an average population count. Lower panel: Densitometric quantification of the corresponding bands was performed

using ImageJ analysis software and each group was averaged. (I) NeuN+/BrdU+ cells were counted in the granular layer in random distances from bregma in

each animal using an optical fractionator probe. Results were averaged across genotype for each bregma position and divided by the DG volume. A

significant genotype effect was found (two-way ANOVA, F(1,19) = 10.09, * p = 0.0017 for genotype main effect). Immunofluorescence images were taken at

10x magnification, scale bar = 20μm. Insets represent 63x magnification.

https://doi.org/10.1371/journal.pone.0179681.g001
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mice. This suggests that there is a Sirt6 expression threshold that confers an effect on adult hip-

pocampal neuronal differentiation and maturation in mice.

Developmental Sirt6-OE does not alter gross anatomical hippocampal

composition

The developmental alterations of gene expression observed with Sirt6-OE mice could result in

significant anatomical alterations in the brain. To address this, we examined basic brain anat-

omy, such as cortical thickness, hippocampal ultrastructure, and sub-hippocampal structures.

No apparent structural differences were observed and no significant differences were seen

between the two strains in cortical thickness (Fig 2A, two-way ANOVA, genotype main effect,

p = 0.35), hippocampal volume (Fig 2B, two-way ANOVA, P = 0.19), and DG granular cell

layer volume (Fig 2C, two-way ANOVA, P = 0.48). Thus, although Sirt6 is overexpressed dur-

ing embryonic brain development, no gross anatomical abnormalities are observed.

Sirt6-OE does not alter total glial or neuronal cell numbers in the

hippocampus and cortex

Embryonic neurogenesis occurs until embryonic (E) day 18 (E18) [35] and is replaced by

gliogenesis which occurs until postnatal (P) day 2 (P2) [36] To assess whether developmental

Sirt6-OE had a significant effect on the numbers of glial and neuronal cells in the adult hippo-

campus and cortex, we conducted counts of NeuN+ cells in the DG and the cortex, as well as

counts of cells expressing S100ß+, an astrocytic marker, in the hippocampus and cortex. No

significant differences were noted in total number (Fig 3A and 3B) or density of NeuN+ cells

in the DG (Fig 3C) or in the cortex (Fig 3D). Similarly, no differences were observed in total

number (Fig 3E and 3F) or density of S100β+ astrocytes in the hippocampus (Fig 3G) or cortex

(Fig 3H). To further verify that both differentiation and migration of astrocytes are not

impaired in Sirt6-OE mice, analyzed glial cell distribution. This analysis indicated that there is

no significant difference between WT and Sirt6-OE mice in S100β+ cell distribution in the hip-

pocampus (Fig 4A and 4B). These data suggest that developmental Sirt6-OE does not confer

significant effects on the total number of neurons and astrocytes in the hippocampal and corti-

cal regions analyzed.

Discussion

About 3000–4000 new potential neurons are estimated to be born every day in the rodent hip-

pocampus [37]. Of those, less than 50% differentiate, mature, and survive to adulthood [38,

39]. Unlike in the embryonic brain, where neurogenesis is a transient phenomenon, the adult

rodent SGZ is thought to retain neurogenic capacity for the entire life of the animal [6]. Aging

in rodents results in a continuous decline in adult NPCs and neurogenesis, which is correlated

with impaired cognitive function [6]. The longevity gene, Sirt6, affects cellular maintenance,

stress protection [40] and regulates cellular differentiation [17–19]. Sirt6 is also expressed in

the hippocampus [13], and our data suggest that SIRT6 also regulates adult hippocampal

neurogenesis.

Few studies have examined the impact of SIRT6 on cellular differentiation. SIRT6 positively

regulates the differentiation of rat bone marrow mesenchymal stem cells [18], proliferation

and differentiation of chondrocytes [19], and differentiation of vascular smooth muscle cells in

response to cyclic strain [17]. In addition, SIRT6 potentially affects embryonic stem cell (ESC)

differentiation by regulating levels of H3K56ac and H3K9ac on pluripotent genes [41]. More-

over, both SIRT2 and SIRT6 also contribute to post ischemia neurogenesis [42]. Interestingly,
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Fig 2. Cortical thickness of WT and Sirt6-OE mice. (A) Cortical thickness was measured perpendicular

to the CA1 in the same location for each bregma investigated and averaged across genotype group.

Measurements were made using Stereo investigator software (MBF bioscience). No significant difference

was seen between the two groups (2-way ANOVA, p = 0.35). (B) Hippocampal area along the brain of WT

and Sirt6-OE mice. Hippocampal area was measured by contouring the hippocampal slices for each bregma

using Stereo investigator software (MBF bioscience) and averaging its surface area across genotype group.

No significant difference was seen between the two groups (2-way ANOVA, P = 0.19). (C) Area of the dentate

gyrus along the hippocampus of WT and Sirt6-OE mice. Dentate gyrus area was measured by contouring the

DG region for each bregma using Stereo investigator software (MBF bioscience) and averaging its surface

area across genotype group. No significant difference was seen between the two groups (2-way ANOVA,

p = 0.48).

https://doi.org/10.1371/journal.pone.0179681.g002
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in our experiments, Sirt6-OE did not alter NPC proliferation in vivo, but increased the propor-

tions of young neurons while decreasing the proportions of mature neurons. This suggests

that SIRT6 is one of multiple key players that regulate the complexity of neurogenesis.

Neurogenesis is facilitated by several regulatory pathways that are activated at different

stages of differentiation [43]. Genes which serve a crucial role in one stage may exert other

Fig 3. Sirt6-OE does not affect total numbers of DG and cortical NeuN+ or hippocampal and cortical S100β+ cells. (A) Left panel: Total numbers of

NeuN+ cells were counted in the DG of WT (n = 6) and Sirt6-OE (n = 6) mice. Right panel: representative NeuN+ cells in the DG. Scale bar = 100μm (B) DG

distribution of NeuN+ cells throughout the DG (C) Density of NeuN+ cells in the DG. (D) Density of NeuN+ cells in the cortex. (E) Left panel: Total numbers of

S100β+ cells were counted in the hippocampi of WT (n = 6) and Sirt6-OE (n = 6) mice. Right panel: arrow indicates representative S100β+ cells in the

hippocampus. Scale bar = 100μm (F) Hippocampal distribution of S100β+ cells. (G) Density of S100β+ cells in the hippocampus. () Density of S100β+ cells

in the in the lateral parietal association cortex (LPtA) and primary somatosensory trunk cortex (S1Tr).

https://doi.org/10.1371/journal.pone.0179681.g003
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effects in a different stage, unless strictly regulated according to the cellular differentiation

scheme. Our results indicate that Sirt6-OE differentially regulates different stages of neurogen-

esis. This is consistent with previous reports, which showed that different aspects of adult hip-

pocampal neurogenesis (i.e. proliferation, differentiation and survival) are differentially

affected by the genetic background of mice [38, 44, 45]. For example, p50-deficient mice

exhibit lower levels of neurogenesis that were not manifested by differences in the number of

immature neurons [46]. Interestingly, SIRT6 regulates the action of NF-κB, a heterodimeric

complex of p50 (encoded by nuclear factor-kappa B (NF-κB)) and p65 (encoded by RelA).

SIRT6 is physically present at promoters of genes activated by NF-κB, and by docking with

RelA/p65 deacetylates histone H3 lysine 9 (H3K9) to repress the transcription of NF-κB target

genes [47]. This regulation of NF-kB might account for the negative effect of SIRT6 on final

Fig 4. Sirt6-OE does not affect hippocampal distribution of astrocytes. Bivariate distribution of astrocytes scattering in the hippocampi of SIRT6 OE

and WT mice. (A) Two dimensional scattering distributions of astrocytes in the following distances from bregma: -1.22, -1.34, -1.82, -1.94, -2.18, -2.46,

-2.7, -2.92, -3.08, -3.16 of SIRT6 OE (n = 6) and WT (n = 6) hippocampi, logarithmic scale of cell count per square bin (bin size = 182 μm). (B) Similarity of

astrocyte distributions to a hypothetical uniform distribution of the same size and shape in the two-dimensional space as a function of bregma, expressed

as the confidence level (1—P value), two-sample Kolmogorov-Smirnov test.

https://doi.org/10.1371/journal.pone.0179681.g004
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neuronal maturation. In contrast, SIRT6 is known to facilitate growth plate chondrocyte dif-

ferentiation through regulation of sonic hedgehog (Shh) signaling pathway genes [19]. Thus,

increased neuronal differentiation in Sirt6-OE mice might be the outcome of shh signaling,

which is known to be crucial for neural differentiation [48, 49]. Because we found no correla-

tion between SIRT6 expression levels and the number of newly differentiated neurons in Sir-

t6-OE mice (Fig 1H), we suggest that the effects of Sirt6-OE on NPC differentiation and

maturation in the DG are related to downstream effects of SIRT6 rather than SIRT6 expression

levels per-se. Quantification of total NeuN+ cells in the DG and cortex as well as S100β+ cells

in the hippocampus and cortex indicate no significant difference compared with WT mice.

Thus, the observed effects of Sirt6-OE on neuronal differentiation are likely to be restricted to

adult hippocampal neuronal differentiation and maturation in mice, although conclusions

regarding effects on embryonic neurogenesis and gliogenesis cannot be drawn.

SIRT1 and SIRT6 are both nuclear sirtuins, with shared targets and functions [5, 47, 50–

53]. SIRT1 regulates the restricted differentiation of embryonic and mesenchymal stem cells

[54, 55]. Hisahara et al. showed that when NPCs are differentiated in culture, SIRT1 immedi-

ately translocates to the nucleus. Reducing the expression of SIRT1 suppresses NPC differenti-

ation toward a neuronal fate without affecting differentiation rates of glial cells [56]. However,

Prozorovski and colleagues found that under mild oxidative stress conditions, SIRT1 interacts

with Hes1 to repress MASH1 transcription, resulting in NPC differentiation to astrocytes

rather than neurons [2]. Hence, SIRT1 may exhibit opposite effects under different cellular

conditions. Given the roles of SIRT6 in cellular maintenance, these findings may imply a more

pronounced effect of SIRT6 on neurogenesis under physiological stressors such as oxidative

stress, calorie restriction, physical exercise or aging.

In this study, we used transgenic mice on a C57bl/6 background in which hippocampal

Sirt6 expression levels were elevated. A constitutive OE of Sirt6 raises the question of develop-

mental effects related to early expression of the transgene during embryonic development,

which may account for the difference in the neural network regeneration process, regardless of

SIRT6 action. Our in-vivo observations indicate that no gross anatomical differences were

observed between the brains of Sirt6-OE and WT mice, and no difference in the number of

NeuN+ cells in the adult DG and cortex or S100β+ cells in the hippocampus and cortex of Sirt6

overexpressing mice compared with WT mice. Thus, while we observed an effect of Sirt6 on

adult hippocampal neuronal differentiation and maturation in mice, we cannot entirely rule

out effects on embryonic neurogenesis and gliogenesis.

In conclusion, this data offers a new perspective on the function of SIRT6 in the nervous

system. The dual effect of increased neural differentiation along with a decreased turnover of

new neurons generated in Sirt6-OE mouse hippocampi, adds to our understanding of the

complexity of adult hippocampal neurogenesis.
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