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Abstract

Daily calorie restriction (CR) and intermittent fasting (IF) enhance longevity and cognition but the effects and mechanisms
that differentiate these two paradigms are unknown. We examined whether IF in the form of every-other-day feeding
enhances cognition and adult hippocampal neurogenesis (AHN) when compared to a matched 10% daily CR intake and ad
libitum conditions. After 3 months under IF, female C57BL6 mice exhibited improved long-term memory retention. IF
increased the number of BrdU-labeled cells and neuroblasts in the hippocampus, and microarray analysis revealed that the
longevity gene Klotho (KI) was upregulated in the hippocampus by IF only. Furthermore, we found that downregulating Kl
in human hippocampal progenitor cells led to decreased neurogenesis, whereas Kl overexpression increased neurogenesis.
Finally, histological analysis of Kl knockout mice brains revealed that Kl is required for AHN, particularly in the dorsal
hippocampus. These data suggest that IF is superior to 10% CR in enhancing memory and identifies K1 as a novel candidate

molecule that regulates the effects of IF on cognition likely via AHN enhancement.
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Introduction

Calorie restriction (CR), typically defined as a 10—-40% total
reduction in daily calorie intake, and intermittent fasting
(IF), typically involving every-other-day feeding, are two
established dietary paradigms that extend life- and health-
span across species [1-5]. A recent study demonstrated that
adoption of 30% CR or a single meal feeding strategy for
10 months enhanced longevity and health status in mice,
regardless of whether their content was high or low in sugar
[6]. Adherence to CR and IF regimens also improves
learning and memory in different models [7—11]. Mechan-
istically, animal studies have shown that CR and IF induce a
mild adaptive cellular stress response that promotes neuro-
nal resilience to injury and pathology [12]. Notably, CR and
IF have been conflated in the literature with many studies
reporting the beneficial effects of CR on measures of
inflammation [13], neurodegeneration [14], brain plasticity
[15, 16], learning and motor performance [17], when in fact
forms of IF were used in these studies to bring about overall
reductions in calorie intake. However, one of the first stu-
dies to dissociate IF from CR demonstrated that mice in the
IF paradigm did not reduce their overall food intake and
maintained body weight [18]. Despite no reduction in total
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calorie intake, IF still induced beneficial effects that mat-
ched those elicited by 40% CR, including reduced con-
centrations of serum insulin and glucose when compared to
ad libitum (AL) intake. IF also improved neuronal survival
following excitotoxic challenge in hippocampal regions
CAl and CA3 as induced by a stereotaxic injection of
kainate in the dorsal hippocampus (DH) when compared to
CR and AL mice [18]. It is important to acknowledge,
however, that the similar body weight between IF and CR
groups was only achieved 20 weeks after the start of the
dietary regimens. It is possible that effects on brain plasti-
city driven by short-term differences in overall body weight
between groups may still be a factor that hinders the dis-
entanglement of cellular and molecular pathways that are
specific to IF and CR. Even with these potential limitations,
the findings by Anson et al. [18] indicate that IF could
induce neuroprotection independent of overall calorie intake
in the long term.

Despite the positive effects of CR and IF in neurode-
generative [19, 20] and affective [21, 22] conditions, the
specific behavioral contributions and mechanisms that dif-
ferentiate both interventions remain largely unknown.
Answering these questions is pivotal to adapting these
regimens to human populations, given the challenges of
adhering to a long-term CR regimen when compared to the
improved adherence to variations of the IF paradigm [23].
Here, we directly compared the effects of IF to a matched
10% daily CR regimen upon learning and memory in mice.
A 10% energy restriction protocol was chosen for the CR
group following the observation that IF mice overall con-
sume 10% less calories on a weekly basis. IF improved
long-term retention memory to a greater extent than CR and
was associated with increased adult hippocampal neuro-
genesis (AHN) and upregulation of the longevity gene
Klotho (K1). The Kl gene produces a membrane-bound,
single-pass protein (KL) that can be cleaved at the cell
surface to produce a secreted form found in mammalian
sera, urine and cerebrospinal fluid [24-30]. Though KL is
produced primarily in the kidney, it is also highly expressed
in some brain areas, including the dentate gyrus (DG) of the
hippocampus and in particular by its mature neurons [31].
The function of Kl in the brain is still largely unknown but
it has been proposed that Kl plays an important role in
cognition because increased serum levels of KL were
associated with increased cognitive ability in humans and
rodents [25]. Here, we confirm previous evidence suggest-
ing that Kl is an important regulator of AHN [32, 33] and
propose it as a novel molecular player through which IF
may enhance cognitive performance. Finally, we highlight
the potential for IF paradigms in the form of increased meal
interval to help bring about improved cognitive perfor-
mance in human populations.
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Materials and methods

For a detailed description of the materials and methods,
please refer to the Supplementary information.

Animals

Seventy-five 8-week-old female C57BL6 mice were
assigned into three groups: 25 AL fed control, 25 CR (10%
less than AL), and 25 IF (every-other-day feeding, totaling
in a 10% weekly reduction in calorie consumption). The
mice were subjected to these regimens for 3 months, after
which three per group were used for gene expression studies
to investigate the molecular mechanisms involved in AHN
(Supplementary Fig. 1). The remaining mice were used for
behavioral studies (Morris water maze (MWM); n =15 AL,
10 CR, and 10 IF) and were injected with bromodeoxyur-
idine (BrdU) for histology (n = 12/group). Half of the
BrdU-injected mice were sacrificed 24 h after the last
injection; the remaining mice were sacrificed 4 weeks after
the last BrdU injection (Supplementary Fig. 1). All animal
procedures were in accordance with NIH guidelines and
approved by the Salk Institutional Animal Care and Use
Committee.

For the histological analyses of hippocampal neurogen-
esis in kl/kl mice, brains from 8-week-old male (n =8 Wt;
5 kl/kl) and female (n =7 Wt; 8 kl/kl) rodents were used.

Morris water maze (MWM)

Procedures for the assessment of spatial learning and
memory in the AL, CR, and IF animals followed those
previously described [34].

BrdU administration

Dietary intervention experiments: animals (n =12 AL; 12
CR; 12 IF) received a daily intraperitoneal BrdU (50 pg/g
body weight) injection for 6 consecutive days, and
euthanasia followed either 24h (n=6 mice/group) or
4 weeks (n = 6 mice/group) after the last BrdU injection.

K1 mice: animals (n =5 Wt [3 males, 2 females]; 5 kl/kl
[2 males, 3 females]) received three intraperitoneal
injections of BrdU (100 mg/kg) administered at 10 mg/ml,
approximately every 16 h, and euthanasia followed 4 weeks
after the last BrdU injection.

Euthanasia and brain sectioning
Animals were anesthetized with ketamine (100 mg/kg) and

xylazine (10 mg/kg) and perfused through the left ventricle
of the heart with saline and 4% paraformaldehyde in 0.1 M
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phosphate buffer. Brains were removed, immersed in 4%
PA solution for 24 h, and cryoprotected in 30% sucrose in
0.1 M phosphate buffer at 4 °C. Brain sections (40 um) were
obtained using a microtome apparatus (Microm, Germany).
Sections containing the DG of the hippocampus were col-
lected in a 96-well plate and stored at —20 °C. Sections
were stored in tissue cryo-protective solution.

Immunostaining of free-floating sections and
immunofluorescence

For each diet group or Kl brain, one-in-six series of sections
were transferred into one well of a six-well plate. Staining
procedures followed those previously described [34]. Ana-
lysis of the septo-temporal distribution of doublecortin™
(DCX™) cells in the DG of diet mice, as well as a dendrite
quantitative morphometric analysis, was also undertaken,
following the immunostaining of sections for DCX (Sup-
plementary Fig. 2A, B). Additional details can be found in
the Supplementary information (Supplementary Table 1).

Threshold analysis of KL

Genome-wide expression analysis was used to investigate
genes upregulated by IF. Differentially expressed genes
between IF and CR were also taken forward for pathway
analysis using DAVID (https://david.ncifcrf.gov/) and
ingenuity pathway analysis (IPA, http://www.ingenuity.
com, Qiagen, USA) (Supplementary Fig. 3). Validation of
the array by RT-PCR was also undertaken, confirming
upregulation of K1 under IF (Supplementary Fig. 4 and
Supplementary Table 2). Furthermore, expression of Kl in
the mouse brain indicated a potential role for this gene in
the hippocampus (Supplementary Fig. 5). To confirm this
finding in our diet brains, ten non-overlapping images of
AL, CR, and IF sections immunostained for KL were cap-
tured from three consecutive sections per animal (n =3/
group). Images were obtained with a live video camera
(JVC, 3CCD, KY-F55B) mounted onto a Zeiss Axioplan
microscope using a 5x objective. Parameters including lamp
intensity, video camera setup, and calibration were kept
constant throughout the analysis. Subsequently images were
analyzed using the Image Pro Plus 4.0 (Media Cybernetics)
image analysis software. An appropriate threshold that
selected foreground immunoreactivity above background
was applied as a constant for all images analyzed.

Stereological and confocal analysis

The optical fractionator [35] method of unbiased stereology
was used to count the number of DAB-revealed positive
cells in sections of AL, CR, and IF brains (BrdU; DCX), as
well as in kl/kl and Wt brains (DCX). Procedures for both

stereology and confocal microscopy followed those pre-
viously described [34]. The criteria used to differentiate the
DH and ventral hippocampus (VH) followed those descri-
bed previously [36]. Specifically, brain slices within —1.06
to —2.06 mm relative to bregma were used for the DH, and
those containing coordinates —3.08 to —3.80 mm were used
for the VH, in accordance with the Paxinos and Franklin’s
brain atlas [37].

In vitro assays

Cells from the human hippocampal neural progenitor cell
line HPCOAO07/03 (ReNeuron Ltd) were used as an in vitro
model of human hippocampal neurogenesis [38-41] to
investigate whether Kl plays a role in regulating different
stages of neurogenesis. Procedures for growing the
HPCOAO07/03 cell line followed those previously described
[38] and were tested monthly as free of mycoplasma.

Generation of Kl overexpressing cell line (Klover)

To assess the effect of KI on the proliferation and differ-
entiation of HPCOAQ7/03 cells, these cells were genetically
engineered to conditionally overexpress the secreted form
of KL using the Lenti-XTM Tet-On" Advanced Inducible
Expression System (Clonetech). Gene expression is acti-
vated in this system using the tetracycline Doxycycline. The
Lenti-XTM Tet-On" Advanced Inducible Expression Sys-
tem consists of a regulator vector, pLVX-Tet-On Advanced,
and a response vector, pLVX-Tight-Puro. The regulator
vector constitutively expresses a tetracycline-controlled
transactivator (1tTA-Advanced) that, in the presence of
Doxycycline, binds to the inducible promoter (Ptight) of the
gene of interest in the response vector and activates tran-
scription. Ptight consists of a tet-responsive element joined
to a minimal CMV promoter. Induction of the system
produces high-level transcription of the gene of interest.

Cloning of secreted Kl into the pVLX-Tight-Puro
vector/sequencing of the Kl secreted pVLX-Tight-
Puro plasmid

Please refer to the Supplementary information (Supple-
mentary Table 3).

Lentivirus generation

For the transfection of the HPCOAO7/03, the modified
Lenti-TM Tet-On" Advanced Inducible Expression System
(Clonetech) was used. To generate and package this virus,
the envelope plasmid pMDG:VSV-G and the packaging
plasmid P8.91:GAG-POL were used instead of the Lenti-X
HT packaging mix, and the transfection was conducted
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using Lipofectamine instead of Lentiphos HT, as this setup
was already in place in the lab. To generate the two viruses,
one with the regulator vector and one with the response
vector, HEK cells were transfected using Lipofectamine
following the manufacturer’s instructions, with a total of
30ug of DNA containing the envelope plasmid pMDG:
VSV-G, the packaging plasmid P8.91:GAG-POL, and
either the regulator or the response plasmid. The virus was
collected 24 and 48 h after the transfection and concentrated
using the Lenti-X concentrator (Clontech) following the
manufacturer’s instructions. The concentrated virus was
stored in aliquots at —80 °C.

Transduction of the HPCOA07/03 cell line using lentivirus

HPCOAOQ7/03 cells were cultured for 48 h as described
previously; media was changed 24h before the viral
transduction. Cultures were transducted in six-well plates
(Nunc) at 60% confluency. Five microliter of regulator virus
and 10 pl of response virus were added to 2 ml of media and
centrifuged for 45 min at 750 g, 32 °C. After 30-min incu-
bation at 37 °C, the media was changed and 48 h later the
cells were subjected to antibiotic selection using 0.2 pl/ml
Puromycin. The Kl secreted pVLX-Tight-Puro expresses
resistance to the antibiotic Puromycin. To ensure only
successfully transducted cells were cultured, the cells were
further subjected to Puromycin for 2 days. Cells not car-
rying the plasmid were dead after 2 days. The pLVX-Tet-
On Advanced plasmid expresses resistance to the antibiotic
Neomycin; however, the HPCOAO07/03 cells are already
resistant to Neomycin after they have been made con-
ditionally immortalized with the c-myc-ER. Nonetheless,
the successful transduction of both plasmids was confirmed
by immunocytochemistry against the secreted form of KL.
The protein of the gene of interest can only be expressed if
the cell carries both plasmids, the regulator, and the
response vector. Cells, further referred to as Klover, were
then passed into a T75 flask (Nunc) and cultured or frozen
as needed.

Klover assay

To induce expression of the secrete form of KL in the
Klover HPCOAOQ7/03 cells, cultures were treated with
Doxycycline (Sigma) (1 ug/ml) 24 h after seeding for 24 h.
For the proliferation assay, cells were cultured for 3 days
under proliferation conditions; for the differentiation assay,
cell differentiation was started at the same time as Kl
expression was started by adding Doxycycline (Supple-
mentary Fig. 6). Klover cells were also immunostained for
several neurogenesis markers, as reported in the main
results and Supplementary Fig. 7. Additional details can be
found in the Supplementary information.

SPRINGER NATURE

Generation of Kl knocked-down cell line
RNA interference

To suppress the protein expression of KL, cells were
transfected with stealth siRNA (Invitrogen) that specifically
binds to KI mRNA in the cytoplasm (Supplementary
Table 4). HPCOAQ7/03 cells were transfected using the N-
TER Nanoparticle siRNA Transfection System (5nM)
(Sigma N2913), and BLOCK-iT Alexa Fluor red Fluor-
escent Oligo (5 nM) (Invitrogen) was used to determine the
efficiency of transfection, which was estimated at >80%.
HPCOAOQ7/03 cells were transfected 24 h after siRNA
transfection and maintained under differentiating conditions
for 7 days (Supplementary Fig. 8). siRNA studies used an n
of 2 representing two independent experiments, each with
three technical replicates (specifically, the experiments were
performed on two independent passages done in three
independent plates, totaling six independent technical
replicates).

Immunocytochemistry

A range of antibodies (Supplementary Table 5) was used to
assess the proliferation, differentiation, and survival of
progenitor cells after they were differentiated for 3 or 7 days
in Klover conditions or for 7 days in Kl knocked-down
assays. Additional details can be found in the Supplemen-
tary information.

Cell microscopy

Pictures of immunocytochemically stained cells were taken
with a Cell Insight high content imaging platform (Thermo
Fisher Scientific, Ltd) and a fluorescence microscope Axio
Imager microscope (Carl Zeiss Inc.) using the Axio vision
Digital Image Processing Software Version 4.67.1 (Carl
Zeiss Inc.). Bright field images were taken with the
Olympus inverted microscope using the same imaging
software. Pictures were imported into Imagel (http://rsbw
eb.nih.gov/ij/) for further processing.

Data analysis

In the dietary intervention experiments, behavioral data
were analyzed in GraphPad Prism 8 using Two-Way
ANOVA with Tukey’s Multiple Comparison Test. Histo-
logical data and RT-QPCR of diet brains were analyzed in
GraphPad Prism 8 using one-way ANOVA with Tukey’s
multiple comparison test. Differences were considered
significant when p <0.05. For in vitro experiments, in vitro
data were analyzed in GraphPad Prism 8 using Student’s
t-test for unpaired samples (expressed as mean + SEM;
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Klover assays) or one-way ANOVA with Tukey’s post hoc
test for multiple comparisons among treatment groups
(siRNA studies; adjusted p values from group comparisons
can be found in Supplementary Table 6). The number of
biological replicates was three if not otherwise stated. Dif-
ferences were considered significant when p <0.05. Data
from kl/kl x Wt brains were analyzed in GraphPad Prism 8
using Student’s #-test for unpaired samples (expressed as
mean = SEM). Differences were considered significant
when p <0.05.

Results

IF is more effective than CR in promoting long-term
memory retention and increasing the number of
neuroblasts in the DG

We observed that female C57B16 mice on an IF diet con-
sumed overall only 10% less than those fed AL (Fig.1A).
To directly compare the effects of IF and CR on cognitive
performance, while controlling for calorie intake, female
C57B16 mice were subjected to one of three diet conditions
for 3 months: AL, 10% CR, or IF (n = 25/group) (Fig.1A).

The MWM was used to assess cognitive performance.
After two consecutive trials per day from different

quadrants in the acquisition phase, no differences were
found between groups across the 8 days of testing (Fig. 1B).
A probe trial test was performed to assess memory retention
at 24 h (Fig. 1C) and 10 days (Fig. 1D) post training. No
differences were detected between groups in the 24-h
probe trial task (F(6, 88)=0.57; p=0.7528; AL, n=35;
CR, n=10; IF, n=10); in contrast, at 10 days after the
last training trial in the acquisition phase, IF mice performed
significantly better, spending 30 and 25% more time in the
correct quadrant zone (zone B) when compared to
both AL and CR animals, respectively (F(6, 88) =2.424;
p=0.0325; AL, n=5; CR, n=10; IF, n = 10).

We next investigated if the differential effects of IF and CR
on memory retention would be accompanied by specific
cellular and molecular changes. Evidence for an association
between increased AHN and improved spatial learning and
memory retention [42-45] informed the choice for investi-
gating neurogenic parameters in the present study. With
respect to cell proliferation, as estimated by the total number
of cells having incorporated BrdU 24 h post injection, there
was a statistically significant difference between groups,
with the number of cells in the AL and CR groups
being significantly lower than that in the IF group (F(2,14) =
21.02, p =0.0001; AL: 11,105+494.4, n=5; CR: 16,987 +
762.4, n=>5; IF: 21,504 £ 1747, n=15) (Fig. 2A, B). In the
4-week post BrdU-injected brains, we observed a significant
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Fig. 1 Spatial learning and memory in mice subjected to different
dietary regimes: ad libitum (AL), 10% calorie restriction (CR),
and intermittent fasting (IF). Female C57B16 mice on IF consume
overall only 10% less than those fed ad libitum (A). To compare the
effects of IF and CR on cognitive performance, while controlling for
calorie intake, mice were subjected to one of three diet conditions for
3 months: AL, 10% CR, or IF (n =20 AL, 25 CR, and 25 IF) (A).
After an acquisition phase on the Morris water maze, no differences

w &
were found between groups regarding spatial learning (B). No dif-
ferences were found in a probe trial test performed to assess memory
retention at 24 h (C). However, in a probe trial test at 10 days after the
last training trial in the acquisition phase, IF mice performed sig-
nificantly better, spending 30 and 25% more time in the correct
quadrant zone (zone B) when compared to both AL and CR animals,
respectively (D). *p <0.05.

SPRINGER NATURE



6370 G. P. Dias et al.
A
24h 4 weeks
2 ; 1
250001  —
AL % 200001
E -
3 £ 15000
g2
c d °3 agt
£ & 10000 .
~ 3
7] .
cR 5000
g - T
w» & <
e f Cc
- = [ 8000- e —
3 4 I:I ©
E 6000
g E
3 2
h 2
g 3 § 4000 PYS
e
5= T
N s . P (™ & 2000
| -
w & €
D E ” G
DCX I—I* Brdu NeuN BrdU+NeuN
25000 s |
. b 20000
e & E
AL £
o @ 15000
3 o AL
o o 2la
N {, 4 100004 L=
—— o .
8 5000
S > & p
CR % E
] ] - ek
100 I -
©
£ o 80 P
R L . g
> 9 5 3 60
IF % ; 3 2
B s S i X 40 IF
} - B
" 4 - =
" : o 20
B
w» & €

Fig. 2 Cell proliferation, DCX expression, and neuronal survival
in the dentate gyrus of C57BL/6 mice upon different diet para-
digms. Photomicrographs of BrdU™ cells in the dentate gyrus 24 h
after the last BrdU injection in (A: a, c, e, g) or 4 weeks after the last
BrdU injection (A: b, d, £, h) in mice fed ad libitum (AL) (A: a, b),
under calorie restriction (CR) conditions (A: ¢, d), or under inter-
mittent fasting (IF) conditions (A: e, f). g and h are higher magnifi-
cation photomicrographs of the boxed area in e and f, respectively. The
number of BrdU™" cells per DG in CR and IF conditions was superior
to AL 24h (B) and 4 weeks (C) after BrdU injections. IF was also
superior to CR regarding number of BrdU"cells per DG 24 h post

increase in surviving adult-born cells in the CR and IF groups
compared to the AL group (F(2,14) = 8.788, p = 0.0045; AL:
3627 +120.8, n=5; CR: 5862 +724.6, n=5; IF: 6022+
269.5, n=35) (Fig. 2A, C). There were no differences in
4-week survival between the CR and IF groups. The number
of DCX™ neuroblasts was also significantly increased in the
IF group in comparison with both AL and CR (F(2,17) =
12.95, p =0.0004; AL: 10,902 + 1462, n =4; CR: 13,581
817.5, n="T; IF: 18,542 + 1005, n =9) (Fig. 2D, E). Analysis

SPRINGER NATURE

injection (B). Photomicrographs of DCX™ cells in the dentate gyrus of
AL, CR, and IF mice (D). The number of DCX" neuroblasts was also
increased in the IF group in comparison with both AL and CR,
respectively (E). Analysis of co-labeled cells with BrdU and the
nuclear neuronal marker NeuN revealed that IF mice significantly
increased the proportion of co-labeled cells when compared to AL and
CR animals, respectively (F). Scale bars, 100 pm (a—f), 35 um (g, h),
250 um (D). BrdU bromodeoxyuridine, DCX doublecortin, DG den-
tate gyrus, NeuN neuronal nuclei protein. *p <0.05; **p<0.01;
*#%p <0.001.

of co-labeled cells with BrdU and the nuclear neuronal marker
NeuN revealed that IF mice had a significant increase in the
percentage of co-labeled cells when compared to AL and CR
animals (F(2, 8) =31.75, p =0.0002; AL: 74 £ 1.155, n=3;
CR: 71.33+£0.667, n=3; IF: 83.20 + 1.200, n =5), indicat-
ing an increase in neuronal differentiation following IF
(Fig. 2F, G). No differences were observed between groups
with regard to either total number of dendritic branches
per cell or dendritic length (Supplementary Fig. 2B). These
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Fig. 3 Klotho is upregulated by IF. A genome-wide microarray
analysis of hippocampal gene expression showed that Klotho (K1) was
among the genes found to be upregulated by IF when compared to AL
and CR. Validation of the array by RT-PCR showed a two-fold
upregulation of Kl in the IF group relative to AL and CR (A).

results indicate that IF increased cell proliferation in the DG
and the generation of neuroblasts and survival of neurons to a
greater extent than CR.

Genome-wide expression analysis reveals Kl is
upregulated by IF

A genome-wide microarray analysis of hippocampal gene
expression revealed a distinct gene profile for IF mice when
compared to both AL and CR (raw extended data on
Figshare https://doi.org/10.6084/m9.figshare.14241842.v1).
Seventy probes were differentially expressed in the IF vs.
AL analysis (Supplementary Spreadsheet 1) and gene
ontology analysis revealed enrichment for keywords related
to “copper” and “ion transport” (Supplementary Spread-
sheet 2). IPA also showed that differential IF vs. AL genes
resulted in predicted activation states for increased “cogni-
tion” and decreased “organismal death” (Supplementary
Spreadsheet 3). Upon comparing IF to CR, 186 probes were
differentially expressed (Supplementary Spreadsheet 1 and
Supplementary Fig. 3) and gene ontology analysis demon-
strated a 28-fold enrichment for the term “stress response”
and related terms, as well as “acetylation,” “ion transport,”
“calmodulin-binding,” and “synapse” (Supplementary
Spreadsheet 4). Furthermore, IPA showed that differentially
expressed IF vs. CR genes converged on Erk1/2 as a central
node in the top scoring interaction network involving pro-
cesses such as “metabolic disease,” “cell death and survi-
val,” and “behavior.” These transcriptional profiles suggest
that genes modulated by IF are linked to an enhanced stress
response and synaptic plasticity when compared to the CR
and AL gene signatures.

Among the top genes found to be upregulated by IF when
compared to both AL and CR, we here highlight Kl, a gene
involved in the suppression of aging phenotypes [27, 46]—a
long-known effect of IF [4]. GeneChip analysis of the
microarray data showed that KI was increased by 1.78- and
1.83-fold in the IF group when compared to AL (assigned a

Immunostaining for KL revealed a four-fold increase in KL level in the
DG of IF mice when compared to CR and AL (B). No overall change
in the number of KL-expressing cells was found (C). Scale bar, 20 um
(B). Kl Klotho gene, KL Klotho protein. *p <0.05; ***p <0.001.

value of one) and CR (F(2, 6)=23.27, p=0.0015; CR:
1.06+0.11, n=3; IF: 2.00£0.17, n=3), respectively.
Validation of the array by RT-PCR showed a two-fold
upregulation of Kl in the IF group relative to both AL and
CR (F(2,6) =45.08, p=0.0002; CR: 1.06 £0.11, n = 3; IF:
2.10+£0.11; n=3) (Fig. 3A). At the gene expression level,
the Allen Brain Atlas (http://mouse.brain-map.org/) verified
specific expression of Kl in neurogenic niches in the mouse
brain (Supplementary Fig. 5). Moreover, immunostaining
for KL revealed a four-fold increase in KL level in the DG of
IF mice when compared to CR and AL (F(2, 6) =6.68, p =
0.003; AL: 16,177 £ 8603, n = 3; CR: 17,365 + 8996, n = 3;
IF: 70,453 £16,617, n =3; expressed as number of pixels
per DG) (Fig. 3B). These results indicate that Kl is specifi-
cally upregulated by IF in the DG of the adult mouse,
despite no overall change in the number of KL-expressing
cells (F(2,10)=0.55, p=0.60; AL: 36,082+ 12,799 cells
per DG, n=3; CR: 30,816 + 3495 cells per DG, n=75; IF:
25,539 £ 6042 cells per DG, n=15) (Fig. 3C).

Kl is required for hippocampal neurogenesis in vitro

To further investigate the hypothesis that K1 plays a role in
regulating hippocampal neurogenesis, we used a controlled
system of human hippocampal progenitor cells. KI was
overexpressed and downregulated in the human hippo-
campal progenitor cell line HPCOAQ7/03. These cells were
transduced with a lentivirus to generate a cell line named
Klover that conditionally overexpressed the secreted form
of KL in response to doxycycline withdrawal (Supple-
mentary Fig. 6). After 3 days in proliferation conditions, KL
expression in Klover ON cells was increased 12-fold when
compared to Klover OFF cells, with a total of 45.2% of cells
expressing KL overall (#(4) =40.17; OFF: 3.337 + 0.4856,
n=23; ON:45.19+0.9216, n = 3, p < 0.0001) (Fig. 4A). No
differences were observed in the levels of cell proliferation
between Klover ON and OFF conditions (#(4) = 0.79; OFF:
50.17+2.999, n=3; ON: 47.35+1.949, n=3, p=0.47)

SPRINGER NATURE
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(Fig. 4B). After 7 days of differentiation, the percentage of
cells expressing KL was increased 3.8-fold in Klover ON
cells compared to Klover OFF conditions, with a total of
40% of cells expressing KL (#(4)=9.35; OFF: 7.934 +
1.779, n=3; ON: 37.97+2.676, n=3, p=0.0007)
(Fig. 4C). In Klover ON conditions, the number of DCX"
neuroblasts was increased 1.3-fold when compared to
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Klover OFF (#(4) = 5.45; OFF: 5.595+0.4613, n=3; ON:
12.74 £ 1.227, n =3, p = 0.0055) (Fig. 4D). In Klover ON
conditions, the proportion of MAP2" neurons and S1008™
astrocytes (Supplementary Fig. 7) was non-significantly
increased. Together, these results suggest that neuronal
differentiation but not cell proliferation is increased when
Kl is overexpressed in vitro.
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<« Fig. 4 Klotho is required for hippocampal neurogenesis in vitro.

The human hippocampal progenitor cell line HPCOAQ7/03A was
transduced with a lentivirus to generate a cell line named Klover that
conditionally overexpressed the secreted form of KL in response to
doxycycline withdrawal. After 3 days in proliferation conditions, KL
expression in Klover ON cells was increased 12-fold when compared
to Klover OFF cells (A), whereas no differences were found between
Klover ON and OFF conditions regarding levels of cell proliferation as
measured by the number of Ki67% cells (B). After 7 days of differ-
entiation, the percentage of cells expressing KL was increased 3.8-fold
in Klover ON cells (C; ¢) and the number of DCX™ neuroblasts was
increased 1.3-fold when compared to Klover OFF (D; d). Three dif-
ferent Kl-binding siRNAs or a mix of all three was used to down-
regulate K1 in HPCOAO7/03A cells. At 7 days post transfection, the
proportion of KIT cells was reduced by 1.65- to 3-fold (E). Partial
knockdown of K1 did not alter levels of Ki67" (F) but the proportion
of DCX™ cells was significantly decreased with siRNA II and siRNAs
I-1II (G). The percentage of MAP2™" cells was significantly decreased
following transfection with siRNA I-III only (H; h), whereas the
expression of cleaved-caspase-3" was increased relative to control
conditions (I; i). siRNA studies used an n of 2 representing two
independent experiments, each with three technical replicates (speci-
fically, the experiments were performed on two independent passages
done in three independent plates). Bars in the graph represent the
means for each condition. Scale bar, 20 um. DCX doublecortin, Kl
Klotho gene, KL Klotho protein, MAP2" microtubule-associated
protein 2, siRNA stealth interference RNA. *p<0.05; **p<0.01;
*#%p <0.001.

We next downregulated K1 in HPCOAQ7/03 cells with
three different Kl-binding siRNAs (I, II, or IIT) or a mix of
all three (I-1II) (Supplementary Fig. 8). At 7 days post
transfection, siRNA interference reduced the proportion of
KI" cells by 1.65- to 3-fold (F(4, 5)=49.97, p =0.0003;
co-siRNA: 26.91+0.459, n=2; I: 13.14+0.1185, n=2;
II: 16.28+1.653, n=2; II: 14.89+1.197, n=2; I-II:
8.766 £ 0.3690, n =2) (Fig. 4E). In line with results from
the Klover overexpression model, partial knockdown of KI
did not alter the levels of Ki67" (F(4, 10)=1.011, p=
0.4465; co-siRNA: 19.91 +0.1027, n = 3; I: 19.71 £0.3805,
n=23;II: 19.12+0.3938, n=3; III: 19.12+0.5850, n =3;
[-III: 19.16 £0.2200, n = 3) (Fig. 4F) but the proportion of
DCX™ neuroblasts was significantly decreased by 16.5%
and 18.1% with siRNA II and siRNAs I-III, respectively,
when compared to control conditions (F(4, 6)=11.49, p =
0.0056; co-siRNA: 14.37 +0.1821, n = 3; I: 14.62 £0.0579,
n=2; 11:12.00£0.4114, n=2; 1II: 13.44+0.0277, n=2;
[-III: 11.77 £0.8411, n=2) (Fig. 4G). Similarly, the per-
centage of MAP2" cells was significantly decreased by
15.2% following transfection with siRNA I-III only (F(4,
8) =6.261, p =0.0139; co-siRNA:11.17+0.3301, n=3; I:
1144 +£0.1923,n =3;11: 11.13+£0.2044, n = 3; I1I: 9.481 +
0.6659, n = 2; I-1II: 9.966 +0.2879, n =2) (Fig. 4H). Fur-
thermore, knockdown of Kl increased expression of apop-
totic cell death marker cleaved-caspase-3" by 2- to 2.6-fold
relative to control conditions (F(4, 10) =7.331, p = 0.0050;
co-siRNA: 3.433+0.7457, n=3; 1. 6.713+0.4418, n=3;
II: 7.452+0.4130, n=3; 1II: 7.139+0.7304, n=3; I-1II

9.048 £1.196, n = 3) (Fig. 41). Together, these results sug-
gest that Kl may play a role in the differentiation and sur-
vival of newly born neurons.

Kl is required in vivo at different stages of AHN in a
region-specific manner

To further investigate the hypothesis that Kl is required for
appropriate AHN, the expression of different markers of the
neurogenic process was assessed in brain sections from Kl
mutant mice (kl/kl) [27]. In concordance with the in vitro data,
the number of proliferative Ki67" cells was not altered in
either the DH or VH of Kl knockout mice (kl/kl) (Supple-
mentary Fig. 9). Generation of neuroblasts, however, appears
to be strongly dependent on KI, as shown by the decreased
number of DCX™ cells in the kl/kl group (Fig. 5A) and reflects
the in vitro observations following downregulation of KL
Notably, a significant 2.68-fold reduction in DCX" neuro-
blasts was localized to the DH only (Wt: 33,410 + 5547 cells
per mm’, n="7; kl/kl: 12,450 + 1917 cells per mm?, n=7;
p=0.003) (Fig. 5B) as opposed to the VH (Wt: 26,920 +
2090 cells per mm3, n="7; kl/kl: 19,030 +4457 cells per
mm3, n=15; p=0.107) (Fig. 5C). Similarly, co-localization
of BrdU and NeuN revealed a two-fold reduction in the
survival of newborn neurons in the DH (Wt: 3661 +424.7
cells per DG, n=5; kl/kl: 2004 £431.2 cells per mm?, n=5;
p=0.025) (Fig. 5D, E) and not the VH of kl/kl mice (Wt:
2485 +316.9 cells per mm?, n=35; kI/kl: 1992 +968.9 cells
per mm®, n=2; p=0.533) (Fig. 5F, G). Differences in
dendritic tree arborization of more mature neuroblasts [47]
were not found between the two groups, either in terms of
branching or length across the dorsal and ventral axis (Sup-
plementary Fig. 10). Previous reports have proposed that the
dorsal axis of the hippocampus is linked to cognitive pro-
cessing, whereas the ventral axis is related to stress, emotion,
and affect. Our results demonstrate that Kl is required for
AHN in the DH, suggesting a potential mechanism through
which IF improves long-term retention memory.

Discussion

This study addressed whether the beneficial effects of IF on
cognition are due to a decrease in total amount of calories
consumed or to the increased interval between meals. We
demonstrate that, with an overall 10% matched-energy
intake, IF in the form of every-other-day feeding is superior
to daily CR in enhancing long-term memory performance in
mice, and we provide evidence that this enhancement is
associated with increased AHN and expression of the
longevity gene KIl. Previous studies have already implicated
Kl in the regulation of the hippocampal neurogenic process
to different extent depending on the age of the mice [32, 33].

SPRINGER NATURE
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kl/kl

BrdU+NeuN

VH VH VH

Fig. 5 Klotho is required for AHN in the dorsal hippocampus. Kl
knockout mice (ki/kl) displayed decreased number of DCX™ cells (A)
with a significant 2.68-fold reduction being localized to the DH only
(A [a, c]; B), as opposed to the VH (A [b, d]; C). Similarly, co-
localization of BrdU and NeuN revealed a reduction in the survival of
newborn neurons in the DH (D, F) and not the VH of ki/kl mice (E, F).
Co-localization of BrdU and NeuN revealed a reduction in the survival

Here, we confirm some of these findings in 8-week-old
Kl-deficient mice and demonstrate that Kl regulates AHN
in a region-specific manner in the dorsal axis of the
hippocampus.

IF has previously been demonstrated to enhance
learning and consolidation processes [8] and to partly
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of newborn neurons in the DH (D, E) and not the VH of kl/kl mice
(F, G). (D [a—f]) = BrdU and NeuN staining in the DH of Wt mice;
(D [g-1]) = BrdU and NeuN staining in the DH of ki/kl mice. Scale
bars, 250 um (a, ¢); 25 um (b, d). BrdU bromodeoxyuridine, DCX
doublecortin, DH dorsal hippocampus, kl/kl Klotho knockout mice,
NeuN neuronal nuclei protein, VH ventral hippocampus, Wt
wild-type. *p <0.05; **p<0.01.

reverse age-associated impairment in motor coordination
and memory function in rodents [10]. Similarly, 30—40%
CR has been shown to improve learning and memory per-
formance [48], including in a number of different contexts
such as aging [7, 49, 50], Alzheimer’s disease (AD) [51],
and gastric bypass surgery [52]. To our knowledge, the only
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previous study comparing the efficacy of IF vs. CR on
cognitive performance utilized a transgenic mouse model of
AD and revealed that both interventions enhanced loco-
motion and exploratory behavior and ameliorated age-
related memory deficits [20]. IF, but not CR, however,
improved cognitive performance without reducing levels of
Alzheimer’s pathology, suggesting that IF promotes resi-
lience to pathology and neuronal injury [18, 20]. Notably,
many of these reports used 40% CR, whereas in the present
study we opted for 10% CR to match the reduced calorie
intake in the IF group. The failure of 10% CR to improve
memory performance may therefore reflect an insufficient
reduction in calorie intake. Ten percent reductions in calorie
intake, however, whether achieved by continuous or inter-
mittent reductions, are more likely to be suitable for human
compliance [23]. As such, our results indicate the potential
of IF over 10% CR to bring about improved cognition. It is
worth noting, though, that studies in humans are warranted
to determine the most feasible forms of IF that could render
improved cognitive performance in this population. This is
of particular relevance considering that adherence to the
form of IF adopted in the present study might be challen-
ging to promote in human populations. Evaluating the
effects of other fasting paradigms, such as adopting longer
periods of AL intake between fasting days or time-restricted
feeding paradigms, should give us valuable answers as to
how to promote realistic adherence to fasting without
compromising its positive effects on markers of neuro-
plasticity [3]. Moreover, in alignment with more traditional
regimens utilized in the field, future studies should inves-
tigate the effects of 30—40% CR paradigms on cognitive
performance and the markers of neuroplasticity investigated
here. This will further clarify the potential of daily CR in
evoking optimal IF-like effects and the cellular and mole-
cular mechanisms associated with these.

We also demonstrate that both IF and CR increased
proliferation and survival of newly born neurons in the
hippocampus. Interestingly, an increase in proliferation is
not observed in IF paradigms inducing a 30% energy
restriction [16, 53], whereas we show for the first time that
this effect can occur with a reduction of just 10% calories.
Conversely, an extreme 60% CR regimen has been shown
to increase neuronal apoptosis and be detrimental to cog-
nition, as measured by levels of Bcl-2 and Bax proteins in
the hippocampus and performance in the eight-arm maze,
respectively [54]. Therefore, 10% CR may represent an
optimal, much less severe value in which increased cell
proliferation and survival occurs in the DG, even though not
as optimal to AHN as an IF paradigm. While both long-term
CR and IF regimens have been associated with improved
cognitive functions, lifelong 40% CR has also been linked
with increased anxiety in female C57BL/6 mice as mea-
sured in the open field and elevated plus-maze tests [50]. A

12-week regimen consisting of either 10% CR or IF could
thus be potentially adapted to the clinical setting for the
prevention of neuropsychiatric diseases that involve
reduced levels of AHN, such as depression [55-58], anxiety
[59], and AD [60], overcoming the negative impact on
mood of prolonged periods of CR [50].

Our data reveal that only IF animals displayed an
increased number of neuroblasts in the DG. These immature
cells are known to exhibit different physiological char-
acteristics than those of more mature dentate granule cells,
including higher excitability and plasticity [61, 62].
Immature neurons are also thought to contribute to
improved retention memory; for example, after 2-8 weeks
following acquisition, one report showed a positive corre-
lation between an increased number of neuroblasts in the
DG and successful recall in mice [44]. Conversely, long-
term memory retention was found to be impaired in mice
with reduced populations of immature dentate granule cells
[43]. It is possible that the increase in neuroblasts following
IF, but not CR, results in a greater number of immature
neurons that contribute to improved long-term retention
memory. In addition, it is important to remember that a key
AHN-dependent function is pattern separation and there-
fore, for performance in the MWM to be indicative of AHN
levels the protocols used must be sensitive enough to test
the rodent’s ability to discriminate contexts that are both
spatially complex and highly similar [63]. For this, elements
such as the inclusion of another acquisition task where the
hidden platform has changed places and counting the
number of crossings in the expected quadrant as the main
read-out of the probe trial phase should be present in the
MWM protocol. These elements were not used in our study
and this could have hidden the detection of potential posi-
tive effects of IF on learning and short-term retention
memory. Another question that remains to be answered is
on whether the observed enhancing effects of IF on the
number of neuroblasts is mediated by increased activity. It
is well established that physical exercise increases AHN
[34, 64], both through an increase in the number of post-
mitotic neuroblasts and mature neurons [65]. Besides, evi-
dence from rodent studies using time-restricted feeding
protocols demonstrated an increase in locomotor activity
[66, 67]. It is therefore plausible to hypothesize that IF
could elicit an increase in locomotor activity which, in turn,
could both induce an increase in the number of neuroblasts,
and their survival into functional mature neurons in the DG.
Moreover, gene ontology and pathway analysis of genes
differentially expressed in the hippocampi of IF and CR
mice revealed marked enrichment for the terms “synapse”
and “cognition” as well as involvement of Erk1/2 signaling
cascades. These data reveal a transcriptional profile for IF
that is indicative of enhanced synaptic plasticity. Interest-
ingly, many of the early studies reporting the benefits of
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dietary restriction on brain plasticity also showed an upre-
gulation of BDNF and other neurotrophic factors [16].
Importantly, several of these studies employed IF to cause
30—40% reductions in calorie intake; these data and the results
herein suggest that increased synaptic plasticity may reflect a
key response to IF that also contributes to improved cognition
[68, 69]. Interestingly, our microarray analysis also revealed
that two genes—namely, Ap2bl and Camk2a—are similarly
regulated in 10% CR and IF conditions (Supplementary
Fig. 4), suggesting that these genes could be part of the
underlying mechanisms shared by both conditions. This is
particularly relevant for Camk?2a that has been implicated with
neuroplasticity and learning [70].

We also report that the longevity gene Kl was among the
top genes significantly upregulated in the IF condition only.
Kl has been shown to prevent aging-related symptoms
[27, 46] and extend the life span of mice [71], two estab-
lished effects of IF [4]. Given that IF was also associated
with increased levels of AHN, we hypothesized that
increased AHN might be occurring via Kl upregulation and
undertook assays in a controlled in vitro environment and
ex vivo histological analyses of hippocampal slices of Kl
mutant mice.

In the in vitro assays, Kl overexpression increased the
proportion of neuronal cells but had no effect on the pro-
portion of dividing cells. When Kl was knocked down,
neuronal differentiation also decreased, supporting that Kl
plays a role in neuronal fate determination. The proportion
of apoptotic cells was also significantly increased under Kl
knockdown and aligned with previous evidence supporting
KI’s ability to modulate cell death [72]. Furthermore, the
Kl-binding siRNAs used here prevented the transcription of
secreted KL RNA; it is known that secreted KL increases
resistance to oxidative stress [73] and inhibits tumor
necrosis factor o and tumor growth factor B signaling
pathways [74]. In addition, secreted KL promotes longevity
by inhibiting insulin/IGF-1 signaling [55]. Kl has also been
shown to participate in glutamatergic signaling in the brain
[25, 75], and glutamate is known to influence neurogenic
stages such as neuronal commitment [76]. In the present
study, “stress response” was one of the strongest enrichment
terms for IF-linked genes when compared to CR, suggesting
an upregulation of adaptive cellular stress response path-
ways that promote neuronal survival [12]. Taken together,
our findings suggest the convergence of multiple mechan-
isms that result in increased AHN, although future in vitro
studies investigating the effects of Kl on hippocampal
neurogenesis using siRNA transfection should ideally use
an increased number of biological replicates.

In alignment with our in vitro assays, the histological
data of ki/kl mice showed that cell proliferation did not
require Kl but early cell fate into neuroblasts and AHN
were significantly dependent on appropriate levels of KL.
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Notably, this finding was only observed in the DH, the axis
most implicated in cognitive processing and spatial memory
[77]. Although previous studies have demonstrated that Kl
is important for AHN [32, 33], to our knowledge this is the
first time that a gene has been proposed to regulate AHN
specifically in one axis of the hippocampus. This finding is
aligned with previous reports that showed Kl knockout mice
exhibit impaired long-term memory recall without changes
in emotionality [25, 78]. Conversely, overexpression of Kl
in mice resulted in significantly better memory performance
via augmentation of synaptic GluN2B unit levels in the
hippocampus and cortex [25]. Improved learning and
memory have also been found in mice 6 months following a
single injection of the secreted isoform of KL [79]. In
healthy humans, a variation in the Kl gene has also been
associated with greater cortical volume and better cognition
[80], as well as reduced risk for AD [81].

IF elicits adaptive cellular responses that are integrated in
the periphery and within organs in a manner that improves
glucose regulation, increases stress resistance, and sup-
presses inflammation [82]. Therefore, our data showing that
IF affects AHN with the expected behavioral consequences
are likely just one of the mechanisms that contribute to IF’s
role in cognition. Equally, Kl is expressed in multiple cell
types, circulating in the blood, the cerebrospinal fluid, and
provides the potential that KI has widespread actions that
likely affect cognition by multiple mechanisms than just
through increasing AHN. Finally, KI is unlikely the sole
mediator by which IF regulates AHN. For example, IF has
been recently shown to alleviate diabetes-induced cognitive
impairment via the gut microbiota [83]. It is still to be
definitively determined whether Kl-mediated increases in
AHN following IF improve cognitive performance. One
way to fully answer this hypothesis would be to apply an IF
regimen to KI mutant mice followed by an investigation of
cognitive function and AHN. This experiment, however,
would probably need to be done with conditionally knocked
out animals, as the kl/kl mice utilized here are unlikely to
survive full days of food restriction due to severe hypo-
glycemia that is a known cause of death in mice [84, 85].
Besides, Kl mice die prematurely at approximately
8-9 weeks of age [27] that was the starting age of our diet
experiments. One possibility for future studies could be a
careful titration of IF and CR in KI mice and the con-
sideration of an earlier start of the dietary regimen.

Another topic that deserves special attention is that of sex
differences in neurogenesis. It is known that AHN is dif-
ferentially regulated in males and females [86]. While we
have used both sexes in the histological analyses of Kl
mice, we only used female mice in the diet experiments.
Future studies should include females and males so that a
more accurate picture of the behavioral, cellular, and
molecular effects of energy restriction for both sexes is
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depicted. Nevertheless, the data presented here are relevant
especially given that the activity of new neurons as recruited
during spatial memory retrieval is similar across sexes [87].

In conclusion, we showed that IF is more effective in
improving long-term memory retention and generating
more newborn neurons in the DG when compared to 10%
CR. Moreover, we found that Kl, the longevity gene, is
upregulated by IF only and that Kl is required for appro-
priate hippocampal neurogenesis in vitro and in vivo,
especially in the DH. Our findings suggest that IF has the
potential to be a potent cognitive enhancer, a finding that
holds promise for use in humans. The search for the
molecular pathways regulated by Kl in the hippocampus
might also shed light on important pharmacological targets
whose activation may mimic the beneficial effects of fasting
on mental health.

Acknowledgements The authors are grateful for the grants provided
by the Research Council UK, the Medical Research Council (MR/
K500811/1 and MR/N030087/1), the Psychiatry Research Trust, the
Brazilian Council for Scientific and Technological Development
(CNPq — Science without Borders Program; 244420/2012-2), the Rio
de Janeiro Research Foundation (FAPERJ), the Japan Agency for
Medical Research and Development, Grant number JP19gm0610012,
the JPB Foundation, the Ray & Dagmar Dolby Family Fund, and the
AHA-Allen initiative in brain health and cognitive impairment or
funding collectively the research carried out in this article.

Compliance with ethical standards
Conflict of interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Anderson RM, Weindruch R. The caloric restriction paradigm:
implications for healthy human aging. Am J Hum Biol
2012;24:101-6.

2. Fontana L, Partridge L, Longo VD. Extending healthy life span-
from yeast to humans. Science. 2010;328:321-6.

3. Kim C, Pinto AM, Bordoli C, Buckner LP, Kaplan PC, Del Arenal
IM, et al. Energy restriction enhances adult hippocampal
neurogenesis-associated memory after four weeks in an adult

10.

11.

12.

13.

14.

16.

17.

19.

20.

human population with central obesity; a randomized controlled
trial. Nutrients. 2020;12:1-14.

. Longo VD, Mattson MP. Fasting: molecular mechanisms and

clinical applications. Cell Metab. 2014;19:181-92.

. Minor RK, Allard JS, Younts CM, Ward TM, de Cabo R. Dietary

interventions to extend life span and health span based on calorie
restriction. J Gerontol A Biol Sci Med Sci. 2010;65:695-703.

. Mitchell SJ, Bernier M, Mattison JA, Aon MA, Kaiser TA, Anson

RM, et al. Daily fasting improves health and survival in male mice
independent of diet composition and calories. Cell Metab.
2019;29:221-8.e3.

. Adams MM, Shi L, Linville MC, Forbes ME, Long AB, Bennett

C, et al. Caloric restriction and age affect synaptic proteins in
hippocampal CA3 and spatial learning ability. Exp Neurol. 2008;
211:141-9.

. Fontan-Lozano A, Saez-Cassanelli JL, Inda MC, de los Santos-

Arteaga M, Sierra-Dominguez SA, Lopez-Lluch G. et al. Caloric
restriction increases learning consolidation and facilitates synaptic
plasticity through mechanisms dependent on NR2B subunits of
the NMDA receptor. J Neurosci. 2007;27:10185-95.

. Li L, Wang Z, Zuo Z. Chronic intermittent fasting improves

cognitive functions and brain structures in mice. PLoS ONE.
2013;8:66069.

Singh R, Lakhanpal D, Kumar S, Sharma S, Kataria H, Kaur M,
et al. Late-onset intermittent fasting dietary restriction as a
potential intervention to retard age-associated brain function
impairments in male rats. Age (Dordr). 2012;34:917-33.

Witte AV, Fobker M, Gellner R, Knecht S, Floel A. Caloric
restriction improves memory in elderly humans. Proc Natl Acad
Sci USA. 2009;106:1255-60.

Stranahan AM, Mattson MP. Recruiting adaptive cellular stress
responses for successful brain ageing. Nat Rev Neurosci. 2012;13:
209-16.

Johnson JB, Summer W, Cutler RG, Martin B, Hyun DH, Dixit
VD, et al. Alternate day calorie restriction improves clinical
findings and reduces markers of oxidative stress and inflammation
in overweight adults with moderate asthma. Free Radic Biol Med.
2007;42:665-74.

Duan W, Mattson MP. Dietary restriction and 2-deoxyglucose
administration improve behavioral outcome and reduce degen-
eration of dopaminergic neurons in models of Parkinson’s disease.
J Neurosci Res. 1999;57:195-206.

. Kumar S, Parkash J, Kataria H, Kaur G. Interactive effect of

excitotoxic injury and dietary restriction on neurogenesis and
neurotrophic factors in adult male rat brain. Neurosci Res.
2009;65:367-74.

Lee J, Seroogy KB, Mattson MP. Dietary restriction enhances
neurotrophin expression and neurogenesis in the hippocampus of
adult mice. J Neurochem. 2002;80:539-47.

Ingram DK, Weindruch R, Spangler EL, Freeman JR, Walford
RL. Dietary restriction benefits learning and motor performance of
aged mice. J Gerontol. 1987;42:78-81.

. Anson RM, Guo Z, de Cabo R, Iyun T, Rios M, Hagepanos A,

et al. Intermittent fasting dissociates beneficial effects of dietary
restriction on glucose metabolism and neuronal resistance to
injury from calorie intake. Proc Natl Acad Sci USA. 2003;100:
6216-20.

Mouton PR, Chachich ME, Quigley C, Spangler E, Ingram DK.
Caloric restriction attenuates amyloid deposition in middle-aged
dtg APP/PS1 mice. Neurosci Lett. 2009;464:184-7.

Halagappa VK, Guo Z, Pearson M, Matsuoka Y, Cutler RG,
Laferla FM, et al. Intermittent fasting and caloric restriction
ameliorate age-related behavioral deficits in the triple-transgenic
mouse model of Alzheimer’s disease. Neurobiol Dis. 2007;26:
212-20.

SPRINGER NATURE


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

6378

G. P. Dias et al.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Hussin NM, Shahar S, Teng NI, Ngah WZ, Das SK. Efficacy of
fasting and calorie restriction (FCR) on mood and depression
among ageing men. J Nutr Health Aging. 2013;17:674-80.
Perez-Cornago A, Lopez-Legarrea P, de la Iglesia R, Lahortiga F,
Martinez JA, Zulet MA. Longitudinal relationship of diet and
oxidative stress with depressive symptoms in patients with
metabolic syndrome after following a weight loss treatment: the
RESMENA project. Clin Nutr. 2014;33:1061-7.

Mattson MP, Allison DB, Fontana L, Harvie M, Longo VD,
Malaisse WJ, et al. Meal frequency and timing in health and
disease. Proc Natl Acad Sci USA. 2014;111:16647-53.

Bloch L, Sineshchekova O, Reichenbach D, Reiss K, Saftig P,
Kuro-o M, et al. Klotho is a substrate for alpha-, beta- and gamma-
secretase. FEBS Lett. 2009;583:3221-4.

Dubal DB, Yokoyama JS, Zhu L, Broestl L, Worden K, Wang D,
et al. Life extension factor klotho enhances cognition. Cell Rep.
2014;7:1065-76.

Imura A, Iwano A, Tohyama O, Tsuji Y, Nozaki K, Hashimoto N,
et al. Secreted Klotho protein in sera and CSF: implication for
post-translational cleavage in release of Klotho protein from cell
membrane. FEBS Lett. 2004;565:143-7.

Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi H, Suga T,
Utsugi T, et al. Mutation of the mouse klotho gene leads to a
syndrome resembling ageing. Nature. 1997;390:45-51.

Masuda H, Chikuda H, Suga T, Kawaguchi H, Kuro-o M. Reg-
ulation of multiple ageing-like phenotypes by inducible klotho
gene expression in klotho mutant mice. Mech Ageing Dev.
2005;126:1274-83.

Matsumura Y, Aizawa H, Shiraki-lida T, Nagai R, Kuro-o M,
Nabeshima Y. Identification of the human klotho gene and its two
transcripts encoding membrane and secreted klotho protein. Bio-
chem Biophys Res Commun. 1998;242:626-30.

Shiraki-lida T, Aizawa H, Matsumura Y, Sekine S, Iida A, Ana-
zawa H, et al. Structure of the mouse klotho gene and its two
transcripts encoding membrane and secreted protein. FEBS Lett.
1998;424:6-10.

Clinton SM, Glover ME, Maltare A, Laszczyk AM, Mehi SJ,
Simmons RK, et al. Expression of klotho mRNA and protein in rat
brain parenchyma from early postnatal development into adult-
hood. Brain Res. 2013;1527:1-14.

Laszczyk AM, Fox-Quick S, Vo HT, Nettles D, Pugh PC,
Overstreet-Wadiche L, et al. Klotho regulates postnatal neuro-
genesis and protects against age-related spatial memory loss.
Neurobiol Aging. 2017;59:41-54.

Salech F, Varela-Nallar L, Arredondo SB, Bustamante DB,
Andaur GA, Cisneros R, et al. Local Klotho enhances neuronal
progenitor proliferation in the adult hippocampus. J Gerontol A
Biol Sci Med Sci. 2019;74:1043-51.

Thuret S, Toni N, Aigner S, Yeo GW, Gage FH. Hippocampus-
dependent learning is associated with adult neurogenesis in MRL/
Mpl mice. Hippocampus. 2009;19:658-69.

Gundersen HJ, Bagger P, Bendtsen TF, Evans SM, Korbo L,
Marcussen N, et al. The new stereological tools: disector, frac-
tionator, nucleator and point sampled intercepts and their use in
pathological research and diagnosis. APMIS. 1988;96:857-81.
Tanti A, Rainer Q, Minier F, Surget A, Belzung C. Differential
environmental regulation of neurogenesis along the septo-
temporal axis of the hippocampus. Neuropharmacology. 2012;63:
374-84.

Paxinos G, Franklin KBJ. Paxinos and Franklin’s the mouse brain
in stereotaxic coordinates. Academic Press; San Diego; 2019.
Anacker C, Zunszain PA, Cattaneo A, Carvalho LA, Garabedian
M]J, Thuret S, et al. Antidepressants increase human hippocampal
neurogenesis by activating the glucocorticoid receptor. Mol Psy-
chiatry. 2011;16:738-50.

SPRINGER NATURE

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Anacker C, Cattaneo A, Musaelyan K, Zunszain PA, Horowitz M,
Molteni R, et al. Role for the kinase SGK1 in stress, depression,
and glucocorticoid effects on hippocampal neurogenesis. Proc
Natl Acad Sci USA. 2013;110:8708-13.

Powell TR, Murphy T, Lee SH, Duarte RRR, Lee HA, Smeeth D,
et al. Inter-individual variation in genes governing human hip-
pocampal progenitor differentiation in vitro is associated with
hippocampal volume in adulthood. Sci Rep. 2017;7:15112.
Smeeth DM, Kourouzidou I, Duarte RRR, Powell TR, Thuret S.
Prolactin, estradiol and testosterone differentially impact human
hippocampal neurogenesis in an in vitro model. Neuroscience.
2021;454:15-39.

Ben Abdallah NM, Filipkowski RK, Pruschy M, Jaholkowski P,
Winkler J, Kaczmarek L, et al. Impaired long-term memory
retention: common denominator for acutely or genetically reduced
hippocampal neurogenesis in adult mice. Behav Brain Res.
2013;252:275-86.

Deng W, Saxe MD, Gallina IS, Gage FH. Adult-born hippo-
campal dentate granule cells undergoing maturation modulate
learning and memory in the brain. J Neurosci. 2009;29:13532-42.
Jessberger S, Clark RE, Broadbent NJ, Clemenson GD Jr., Con-
siglio A, Lie DC, et al. Dentate gyrus-specific knockdown of adult
neurogenesis impairs spatial and object recognition memory in
adult rats. Learn Mem. 2009;16:147-54.

Tronel S, Charrier V, Sage C, Maitre M, Leste-Lasserre T,
Abrous DN. Adult-born dentate neurons are recruited in both
spatial memory encoding and retrieval. Hippocampus. 2015;25:
1472-9.

Arking DE, Krebsova A, Macek M Sr., Macek M Jr., Arking A,
Mian IS, et al. Association of human aging with a functional
variant of klotho. Proc Natl Acad Sci USA. 2002;99:856-61.
Plumpe T, Ehninger D, Steiner B, Klempin F, Jessberger S,
Brandt M, et al. Variability of doublecortin-associated dendrite
maturation in adult hippocampal neurogenesis is independent of
the regulation of precursor cell proliferation. BMC Neurosci.
2006;7:77.

Ma L, Zhao Z, Wang R, Zhang X, Zhang J, Dong W, et al. Caloric
restriction can improve learning ability in C57/BL mice via reg-
ulation of the insulin-PI3K/Akt signaling pathway. Neurol Sci.
2014;35:1381-6.

Geng YQ, Li TT, Liu XY, Li ZH, Fu YC. SIRTI and SIRTS5
activity expression and behavioral responses to calorie restriction.
J Cell Biochem. 2011;112:3755-61.

Kuhla A, Lange S, Holzmann C, Maass F, Petersen J, Vollmar B,
et al. Lifelong caloric restriction increases working memory in
mice. PLoS ONE. 2013;8:¢68778.

Wu P, Shen Q, Dong S, Xu Z, Tsien JZ, Hu Y. Calorie restriction
ameliorates neurodegenerative phenotypes in forebrain-specific
presenilin-1 and presenilin-2 double knockout mice. Neurobiol
Aging. 2008;29:1502-11.

Grayson BE, Fitzgerald MF, Hakala-Finch AP, Ferris VM, Begg
DP, Tong J, et al. Improvements in hippocampal-dependent
memory and microglial infiltration with calorie restriction and
gastric bypass surgery, but not with vertical sleeve gastrectomy.
Int J Obes (Lond). 2014;38:349-56.

Hornsby AK, Redhead YT, Rees DJ, Ratcliff MS, Reichenbach A,
Wells T, et al. Short-term calorie restriction enhances adult
hippocampal neurogenesis and remote fear memory in a Ghsr-
dependent manner. Psychoneuroendocrinology. 2016;63:198-207.
Dagon Y, Avraham Y, Magen I, Gertler A, Ben-Hur T, Berry EM.
Nutritional status, cognition, and survival: a new role for leptin
and AMP kinase. J Biol Chem. 2005;280:42142-8.

Aberg MA, Aberg ND, Hedbacker H, Oscarsson J, Eriksson PS.
Peripheral infusion of IGF-I selectively induces neurogenesis in
the adult rat hippocampus. J Neurosci. 2000;20:2896-903.



Intermittent fasting enhances long-term memory consolidation, adult hippocampal neurogenesis, and...

6379

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Perera TD, Dwork AJ, Keegan KA, Thirumangalakudi L, Lipira
CM, Joyce N, et al. Necessity of hippocampal neurogenesis for the
therapeutic action of antidepressants in adult nonhuman primates.
PLoS ONE. 2011;6:¢17600.

Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S,
et al. Requirement of hippocampal neurogenesis for the behavioral
effects of antidepressants. Science. 2003;301:805-9.

Surget A, Saxe M, Leman S, Ibarguen-Vargas Y, Chalon S, Griebel
G, et al. Drug-dependent requirement of hippocampal neurogenesis in
a model of depression and of antidepressant reversal. Biol Psychiatry.
2008;64:293-301.

Revest JM, Dupret D, Koehl M, Funk-Reiter C, Grosjean N,
Piazza PV, et al. Adult hippocampal neurogenesis is involved in
anxiety-related behaviors. Mol Psychiatry. 2009;14:959-67.
Ziabreva I, Perry E, Perry R, Minger SL, Ekonomou A, Przy-
borski S, et al. Altered neurogenesis in Alzheimer’s disease. J
Psychosom Res. 2006;61:311-6.

Ge S, Yang CH, Hsu KS, Ming GL, Song H. A critical period for
enhanced synaptic plasticity in newly generated neurons of the
adult brain. Neuron. 2007;54:559-66.

Schmidt-Hieber C, Jonas P, Bischofberger J. Enhanced synaptic
plasticity in newly generated granule cells of the adult hippo-
campus. Nature. 2004;429:184-7.

Garthe A, Kempermann G. An old test for new neurons: refining
the Morris water maze to study the functional relevance of adult
hippocampal neurogenesis. Front Neurosci. 2013;7:63.

Ma CL, Ma XT, Wang JJ, Liu H, Chen YF, Yang Y. Physical
exercise induces hippocampal neurogenesis and prevents cogni-
tive decline. Behav Brain Res. 2017;317:332-9.

Bednarczyk MR, Hacker LC, Fortin-Nunez S, Aumont A, Ber-
geron R, Fernandes KJ. Distinct stages of adult hippocampal
neurogenesis are regulated by running and the running environ-
ment. Hippocampus. 2011;21:1334-47.

Chung H, Chou W, Sears DD, Patterson RE, Webster NJ, Ellies
LG. Time-restricted feeding improves insulin resistance and
hepatic steatosis in a mouse model of postmenopausal obesity.
Metabolism. 2016;65:1743-54.

Hoddy KK, Gibbons C, Kroeger CM, Trepanowski JF, Barnosky
A, Bhutani S, et al. Changes in hunger and fullness in relation to
gut peptides before and after 8 weeks of alternate day fasting. Clin
Nutr. 2016;35:1380-5.

Alonso M, Medina JH, Pozzo-Miller L. ERK1/2 activation is
necessary for BDNF to increase dendritic spine density in hip-
pocampal CAl pyramidal neurons. Learn Mem. 2004;11:172-8.
Revest JM, Le Roux A, Roullot-Lacarriere V, Kaouane N, Vallee
M, Kasanetz F, et al. BDNF-TrkB signaling through Erkl/2
MAPK phosphorylation mediates the enhancement of fear mem-
ory induced by glucocorticoids. Mol Psychiatry. 2014;19:1001-9.
Easton AC, Lourdusamy A, Loth E, Toro R, Giese KP, Kornhuber
J, et al. CAMK2A polymorphisms predict working memory per-
formance in humans. Mol Psychiatry. 2013;18:850-2.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Kurosu H, Yamamoto M, Clark JD, Pastor JV, Nandi A, Gurnani
P, et al. Suppression of aging in mice by the hormone Klotho.
Science. 2005;309:1829-33.

Ikushima M, Rakugi H, Ishikawa K, Maekawa Y, Yamamoto K,
Ohta J, et al. Anti-apoptotic and anti-senescence effects of Klotho
on vascular endothelial cells. Biochem Biophys Res Commun.
2006;339:827-32.

Yamamoto M, Clark JD, Pastor JV, Gurnani P, Nandi A, Kurosu
H, et al. Regulation of oxidative stress by the anti-aging hormone
klotho. J Biol Chem. 2005;280:38029-34.

Maekawa Y, Ishikawa K, Yasuda O, Oguro R, Hanasaki H, Kida
I, et al. Klotho suppresses TNF-alpha-induced expression of
adhesion molecules in the endothelium and attenuates NF-kappaB
activation. Endocrine. 2009;35:341-6.

Almilaji A, Munoz C, Pakladok T, Alesutan I, Feger M, Foller M,
et al. Klotho sensitivity of the neuronal excitatory amino acid
transporters EAAT3 and EAAT4. PLoS ONE. 2013;8:€70988.
Schlett K. Glutamate as a modulator of embryonic and adult
neurogenesis. Curr Top Med Chem. 2006;6:949-60.

Fanselow MS, Dong HW. Are the dorsal and ventral hippocampus
functionally distinct structures? Neuron. 2010;65:7-19.

Nagai T, Yamada K, Kim HC, Kim YS, Noda Y, Imura A, et al.
Cognition impairment in the genetic model of aging klotho gene
mutant mice: a role of oxidative stress. FASEB J. 2003;17:50-2.
Masso A, Sanchez A, Bosch A, Gimenez-Llort L, Chillon M.
Secreted alphaKlotho isoform protects against age-dependent
memory deficits. Mol Psychiatry. 2018;23:1937-47.

Yokoyama JS, Sturm VE, Bonham LW, Klein E, Arfanakis K,
Yu L, et al. Variation in longevity gene KLOTHO is associated
with greater cortical volumes. Ann Clin Transl Neurol. 2015;2:
215-30.

Dubal DB, Yokoyama JS. Longevity gene KLOTHO and Alz-
heimer disease-a better fate for individuals who carry APOE
epsilon4. JAMA Neurol. 2020;77:798-800.

de Cabo R, Mattson MP. Effects of intermittent fasting on health,
aging, and disease. N Engl J Med. 2019;381:2541-51.

Liu Z, Dai X, Zhang H, Shi R, Hui Y, Jin X, et al. Gut microbiota
mediates intermittent-fasting alleviation of diabetes-induced cog-
nitive impairment. Nat Commun. 2020;11:855.

Tirone TA, Brunicardi FC. Overview of glucose regulation. World
J Surg. 2001;25:461-7.

Utsugi T, Ohno T, Ohyama Y, Uchiyama T, Saito Y, Matsumura
Y, et al. Decreased insulin production and increased insulin sen-
sitivity in the klotho mutant mouse, a novel animal model for
human aging. Metabolism. 2000;49:1118-23.

Yagi S, Galea LAM. Sex differences in hippocampal cognition
and neurogenesis. Neuropsychopharmacology. 2019;44:200-13.
Chow C, Epp JR, Lieblich SE, Barha CK, Galea LA. Sex
differences in neurogenesis and activation of new neurons in
response to spatial learning and memory. Psychoneur-
oendocrinology. 2013;38:1236-50.

SPRINGER NATURE



	Intermittent fasting enhances long-term memory consolidation, adult hippocampal neurogenesis, and expression of longevity gene Klotho
	Abstract
	Introduction
	Materials and methods
	Animals
	Morris water maze (MWM)
	BrdU administration
	Euthanasia and brain sectioning
	Immunostaining of free-floating sections and immunofluorescence
	Threshold analysis of KL
	Stereological and confocal analysis
	In vitro assays
	Generation of Kl overexpressing cell line (Klover)
	Cloning of secreted Kl into the pVLX-Tight-Puro vector/sequencing of the Kl secreted pVLX-Tight-Puro plasmid
	Lentivirus generation
	Transduction of the HPCOA07/03 cell line using lentivirus
	Klover assay
	Generation of Kl knocked-down cell line
	RNA interference
	Immunocytochemistry
	Cell microscopy
	Data analysis

	Results
	IF is more effective than CR in promoting long-term memory retention and increasing the number of neuroblasts in the DG
	Genome-wide expression analysis reveals Kl is upregulated by IF
	Kl is required for hippocampal neurogenesis in�vitro
	Kl is required in�vivo at different stages of AHN in a region-specific manner

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




