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The balance between detrimental, pro-aging, often stochastic 
processes and counteracting homeostatic mechanisms largely 
determines the progression of aging. There is substantial 
evidence suggesting that the endocannabinoid system 
(ECS) is part of the latter system because it modulates the 
physiological processes underlying aging1,2. The activity of  
the ECS declines during aging, as CB1 receptor expression 
and coupling to G proteins are reduced in the brain tissues of  
older animals3–5 and the levels of the major endocannabinoid 
2-arachidonoylglycerol (2-AG) are lower6. However, a direct 
link between endocannabinoid tone and aging symptoms has 
not been demonstrated. Here we show that a low dose of  
D9-tetrahydrocannabinol (THC) reversed the age-related 
decline in cognitive performance of mice aged 12 and 18 
months. This behavioral effect was accompanied by  
enhanced expression of synaptic marker proteins and 
increased hippocampal spine density. THC treatment  
restored hippocampal gene transcription patterns such that 
the expression profiles of THC-treated mice aged 12 months 
closely resembled those of THC-free animals aged 2 months. 
The transcriptional effects of THC were critically dependent 
on glutamatergic CB1 receptors and histone acetylation, as 
their inhibition blocked the beneficial effects of THC. Thus, 
restoration of CB1 signaling in old individuals could be an 
effective strategy to treat age-related cognitive impairments.

To determine whether prolonged exposure to a low dose of THC has 
lasting effects on learning and memory performance in mice aged 
2, 12 and 18 months (termed young, mature and old, respectively), 
we implanted osmotic minipumps releasing 3 mg per kg bodyweight 
per day of THC or vehicle for 28 d. The effects of age and treatment 
on spatial learning and memory were first assessed in the Morris 
water maze (MWM) test starting on day 33 after pump implantation, 
thus allowing a washout period of 5 d (Fig. 1a). The mature and old 
vehicle-treated animals learned the task more slowly than the young 
animals, which is indicative of an age-related deficit in spatial learning 
(Fig. 1b). Treatment with THC improved task acquisition in mature 

and old animals. The difference between the groups persisted in the 
reversal phase of the test, which assessed learning flexibility. Thus, 
both THC-treated mature and old mice showed better performance 
than the vehicle-treated controls in the same age groups. In the probe 
trial phase of the test, which was conducted on day 6 before reversal 
learning and which is an indicator of long-term spatial memory, vehi-
cle-treated old animals showed memory impairments, as indicated by 
reduced time spent in the target quadrant (Fig. 1c). Treatment with 
THC improved spatial memory in this age group to the level observed 
with the young controls. In young mice, THC treatment worsened 
performance, in good agreement with the known detrimental effects 
of THC on cognition in young animals and humans7–9. Treatment 
with THC did not affect the time the mice required to reach a visible 
platform (Supplementary Fig. 1a).

We next used the novel object location recognition task. Young, 
vehicle-treated controls performed significantly better than vehicle-
treated mature and old animals (Fig. 1d), which again indicates an 
age-related impairment of cognitive performance. THC treatment 
also abolished the cognitive deficit in mature and old animals in this 
test, as they performed at the same level as the young, vehicle-treated 
controls. THC treatment was already effective in mature animals after 
14 d (Supplementary Fig. 1b). To further test the effect of THC treat-
ment on long-term memory, animals were tested in the partner rec-
ognition test. Here the test mouse first explores an open-field arena 
with an unknown conspecific in a small grid cage and a small object. 
This test was repeated after 24 h with a new partner in an identical 
grid cage instead of the object. If mice remember the previous part-
ner from session 1, they will show a higher preference for the new 
partner. Mature and old animals did not remember the partner as 
well as young mice (Fig. 1e), but THC treatment restored partner- 
recognition ability in mature and old animals (Supplementary  
Fig. 1c). Together, these results reveal a profound, long-lasting 
improvement of cognitive performance resulting from a low dose of 
THC treatment in mature and old animals. THC treatment for 28 d 
restored the learning and memory performance of mature and old 
animals in the MWM, novel object location recognition and social 
recognition tests to the levels observed in young mice.
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We next investigated the effect of THC on synaptic density in the 
hippocampus. Expression of the synaptic marker proteins synapsin I, 
synaptophysin and postsynaptic density protein 95 (PSD95) was lower 
in mature animals than in young ones (Fig. 2a), which is indicative of 
an age-related loss of synaptic connectivity10,11. THC treatment did not 
alter the expression of these proteins in young mice, but it increased 
the synapsin I and synaptophysin levels of mature animals to those 
observed in young, THC-free mice. These results were confirmed by 
immunohistochemistry (Supplementary Fig. 2). Further experiments  
showed that THC increased hippocampal spine density and affected the 
balance of inhibitory versus excitatory synapses (Supplementary Results 
and Supplementary Fig. 2). We next established gene expression profiles 
in the whole hippocampus 50 d after minipump implantation. A total 
of 21,198 transcripts were identified. Hierarchical clustering of variably 
expressed genes (P < 0.05, n = 2,090 genes) within the data set clearly 
revealed a four-group structure based on treatment and age (Fig. 2b  
and Supplementary Fig. 3). Most strikingly, THC-treated mature ani-
mals closely resembled vehicle-treated young mice, while THC treatment 
of young mice resulted in a gene expression pattern more similar to that 
of vehicle-treated mature animals. Using the two-way ANOVA model 
(P < 0.05, fold change = 1.5), we identified 100 transcripts differentially  

regulated by THC in young mice and 232 in mature mice (Supplementary 
Fig. 3). Of these, only 13 overlapped (Supplementary Fig. 4). Gene 
ontology enrichment analysis (GOEA) followed by network visualization 
comparing the vehicle- and THC-treated old groups (Fig. 2c) identified 
large clusters of gene ontology (GO) terms associated with morphogen-
esis, homeostasis, gene expression, phosphorylation and nerve impulse 
transmission. This result indicates that THC treatment affects molecu-
lar processes relevant to cell plasticity and signaling in mature animals. 
Upregulated transcripts included Klotho (Kl) (Fig. 2d and Supplementary 
Figs. 5 and 6), which is known to extend lifespan in different species12–14 
and to improve cognition15; transthyretin (Ttr), a gene that is thought 
to be protective against Alzheimer’s disease16,17; and brain-derived neu-
rotrophic factor (Bdnf), an important neurotrophic factor that enhances 
synapse formation18 and cognitive functions19,20. The two transcripts 
that were most strongly downregulated in the mice after THC treat-
ment corresponded to genes with potential pro-aging effects: caspase-1 
(Casp1), which is involved in age-related impairments in cognition21, 
and connective tissue growth factor (Ctgf), which is known to enhance 
the pro-apoptotic activity of transforming growth factor β (TGF-β)22  
(Supplementary Fig. 7). Together, these results demonstrate that the 
cognitive improvements in THC-treated mature mice were associated 
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Figure 1 Chronic, low-dose THC treatment restores learning ability in aged mice. (a) Experimental setup used for assessing the long-lasting behavioral 
and cellular responses to chronic THC administration.  PR, partner recognition; NOLR, novel object location recognition. (b) Acquisition and reversal 
phases of the Morris water maze (MWM) in vehicle (V)- or THC-treated mice aged 2 months (young), 12 months (mature) and 18 months (old).  
Shorter escape latencies are indicative of better learning and memory performance. Young-V, n = 10; young-THC, n = 7; mature-V and mature-THC,  
n = 11; old-V, n = 14; old-THC, n = 15 mice. Asterisks above the horizontal bars indicate significant main treatment effects: *P < 0.05, **P < 0.01, 
***P < 0.0001, two-way ANOVA. (c) Probe trial phase of the MWM, which assessed long-term memory. A longer time in the target sector is indicative 
of better memory performance. Young-V, n = 10; young-THC, n = 7; mature-V, n = 11; mature-THC, n = 13; old-V, n = 14; old-THC, n = 15. (d) Effect 
of THC on novel object location recognition memory. Preference for the object in a new position (novelty preference) is an indicator that animals have 
recognized the repositioning of the object. The dashed line indicates the chance level. Young, n = 10; mature, n = 11; old, n = 15. (e) Results of the 
partner-recognition test. Preference for a new partner indicates partner recognition. The dashed line indicates the chance level. Young, n = 10; mature, 
n = 10; old, n = 15. *P < 0.05, **P < 0.01, ***P < 0.001, significant difference when compared to vehicle-treated mice; +P < 0.05, ++P < 0.01,  
+++P < 0.001, significant difference when compared to vehicle-treated young mice. Statistical significance was calculated using two-way ANOVA  
in b and one-way ANOVA in c–e, followed by Bonferroni’s t-test. In (c–e), circles represent data from individual animals. Means and s.e.m. are shown. 
See also Supplementary Figure 1 and Supplementary Table 4.
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with a change in gene profiles; these changes and the associated cognitive 
improvements both lasted for several weeks after cessation of the treat-
ment. The directions of the expression changes were such that the profiles 
of mature, THC-treated mice were most similar to those of young control 
mice, whereas THC treatment of young mice resulted in a gene expres-
sion pattern that was similar to that of vehicle-treated mature animals. 
This indicates that the enhanced CB1 tone achieved through low-dose 
THC treatment may have normalized the weak cannabinoid signaling  

signature in mature animals and thus reverted some of the age-related 
changes in gene expression, whereby several genes with antiaging effects 
were upregulated while genes contributing to aging were downregulated. 
The opposite transcriptional changes with THC treatment in young ani-
mals are interesting and deserve further investigation.

THC, similar to other drugs of abuse23, can activate cAMP-response-
element-binding protein (CREB)24,25, a molecular switch that converts 
short-term, plastic changes into long-lasting adaptations26, thus playing  
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Figure 2 Molecular changes in the hippocampus induced by low-dose THC treatment. (a) Representative immunoblots and quantification of the synaptic 
proteins synapsin I, synaptophysin and PSD95 from the hippocampal lysates of young and mature mice 22 d after termination of the treatments.  
n = 5 mice for all groups, except for young-THC at synapsin I, where n = 6. *P < 0.05, difference between young-V and mature-V; +P < 0.05, difference 
between mature-V and mature-THC. Significance was calculated using one-way ANOVA followed by Bonferroni’s t-test. (b) Hierarchical clustering of 
2,090 variably expressed genes shown as z-transformed log2 expression values (ANOVA, P ≤ 0.05). (c) Network visualization of gene ontology enrichment 
analysis based on the 156 most upregulated and 76 most downregulated transcripts between the mature-THC and mature-V groups using BiNGO 
and EnrichmentMap. Enriched GO terms based on upregulated transcripts are depicted as red nodes and enriched GO terms based on downregulated 
transcripts are represented as blue nodes, where node color and size represent the corresponding false discovery rate (FDR)-adjusted enrichment P value 
(Q value). DE, differentially expressed. (d) Expression of Klotho (Kl), transthyretin (Ttr) and Bdnf using an independent set of animals as assessed by 
quantitative real-time PCR.Kl and Ttr: young-V and mature-V, n = 10; young-THC, n = 4; mature-THC, n = 9. Bdnf: young-V and mature-V, n = 6;  
young-THC, n = 4; mature-THC, n = 8. ++P < 0.01, difference between mature-V and mature-THC mice. Significance was calculated using one-way 
ANOVA followed by Bonferroni’s t-test. In a and d, circles represent data from individual animals. Means and s.e.m. are shown. See also Supplementary 
Figures 2–7 and 10, Supplementary Data, and Supplementary Tables 1 and 2.
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a key role in learning and memory27. Increased CREB signaling is involved  
in the memory-promoting effect of young blood in models of parabiosis28  
and caloric restriction29. THC can induce long-term changes in neuronal  

activity directly by the activation of genes with CREB-inducible pro-
moter regions and indirectly through epigenetic changes induced by 
recruiting CREB-binding protein (CBP), a histone acetyltransferase 
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Figure 3 Epigenetic changes induced by low-dose THC treatment in hippocampal tissue. (a) Representative immunoblots of phosphorylated and total 
cAMP-response-element-binding protein (CREB), extracellular-signal-regulated kinases 1/2 (Erk1/2) and thymoma viral proto-oncogene (Akt) proteins from 
hippocampal lysates and quantitative analysis of the phosphorylation state of CREB, Erk1/2 and Akt. Young-V, mature-V and mature-THC, n = 5; young-THC,  
n = 6 mice, except for the pAkt/Akt panel, where mature-V and mature-THC, n = 6; young-THC, n = 5. (b) Representative immunoblots and quantitative 
analysis of global changes in the total levels of histone H3, H4 and H2A proteins, as well as different acetylated and trimethylated forms, from hippocampal 
lysates. Band intensities for modified histones were normalized to those for the respective histone. H3 acetyl K9/H3: young-V, n = 9; mature-V and mature-
THC, n = 8; young-THC, n = 10; H3 trimethyl K9/H3: young-V and mature-THC, n = 8; mature-V, n = 7; young-THC, n = 10; H4 acetyl K12/H4: young-V and 
mature-THC, n = 8; mature-V, n = 7; young-THC, n = 9; H2A acetyl K5/H2A: young-V and mature-V, n = 8; mature-THC and young-THC, n = 10. (c) AcH3K9 
enrichment was analyzed at the promoter regions of Kl and Bdnf by ChIP assays in the hippocampus of mature-V (n = 5) and mature-THC (n = 4) mice.  
*P < 0.05, **P < 0.01, difference between young-V and mature-V; +P < 0.05, ++P < 0.01, +++P < 0.001, difference between mature-V and mature-THC.  
One-way ANOVA followed by Bonferroni’s t-test was used to calculate significance in immunoblotting, and Student’s t-test was used for the ChIP analysis. 
Circles represent data from individual mice. P1, P2, P3,and P4 denote the four promoter regions of Bdnf. Vehicle controls were adjusted to 100%, as 
indicated by the dashed line. Means and s.e.m. are shown. See also Supplementary Figure 8, Supplementary Data, and Supplementary Table 3.

©
 2

01
7 

N
at

u
re

 A
m

er
ic

a,
 In

c.
, p

ar
t 

o
f 

S
p

ri
n

g
er

 N
at

u
re

. A
ll 

ri
g

h
ts

 r
es

er
ve

d
.



l e t t e r s

786	 VOLUME 23 | NUMBER 6 | JUNE 2017 nature medicine

that is specific for histones H3 and H4. To investigate whether these 
mechanisms contributed to the effects of chronic THC treatment, we 
analyzed CREB signaling, as well as the CB1-downstream Akt and 
extracellular-signal-regulated kinase (Erk) pathways. THC treatment 
significantly increased Erk1 and Erk2 (Erk1/2) and CREB phosphoryla-
tion in mature animals but not in young ones (Fig. 3a)30, whereas phos-
phorylation of Akt was not different between groups. Activated CREB 
stimulates transcription of several genes that modulate synaptic plas-
ticity, including Bdnf   31, and recruits the histone acetyltransferase CBP 
(p300)32. CBP facilitates acetylation of H3 and H4 histones, thus trans-
forming chromatin into a relaxed configuration and making it more 
accessible to transcription factors33. The levels of acetylated H3K9 and 
H4K12 were significantly elevated (+60.0% and +22.9%, respectively) 
in the hippocampus of THC-treated mature animals in comparison to 
control animals from the same age group, with these increases already 
visible after 14 d of THC treatment (Supplementary Fig. 8), whereas 
trimethylation of H3K9 was decreased (Fig. 3b). AcH2A, which is not 
regulated by CBP, remained unchanged after THC treatment. AcH3K9 
was also markedly increased at the Kl promoter and at all four Bdnf pro-
moters, as revealed by chromatin immunoprecipitation (ChIP) analysis 
(Fig. 3c). This may suggest that the increased expression of Bdnf and 
possibly other CBP-regulated genes is caused by THC-induced epi-
genetic changes. BDNF is an upstream activator and Bdnf is a major 
downstream target of CREB-mediated signaling34. Expression of Bdnf 
and Ntrk2 (TrkB) decreases during aging35. Our results are consistent 
with such a CBP-mediated mechanism and with the demonstration that 

histone acetylation promotes cognitive functions, whereas the opposing 
process, histone deacetylation, negatively affects cognition36.

To directly test this hypothesis, a histone acetyltransferase inhibitor, 
anacardic acid (AA), was administered intraperitoneally on a daily 
basis to a new cohort of mature mice carrying osmotic minipumps 
releasing either vehicle or THC. AA treatment alone did not affect ani-
mal performance in the MWM (Supplementary Table 4), but it com-
pletely blocked the THC-induced improvement of cognitive functions 
(Fig. 4a). It also abolished the THC-induced increase in AcH3K9, 
the increased expression of synapsin I (Fig. 4b), the increase in Bdnf 
and Kl mRNA expression (Fig. 4c), and the decrease in Casp1 or Ctgf 
expression (Supplementary Fig. 9). These data demonstrate that the 
beneficial effects of low-dose THC administration are dependent on 
an epigenetic mechanism involving histone acetylation. This is in line 
with previous findings showing that enhanced histone acetylation can 
result in recovery of cognitive abilities in old mice37.

We finally asked to what extent the effects of THC are mediated 
by the CB1 receptor. Disrupted CB1 signaling in Cb1−/− (Cnr1−/−) 
mice initially leads to superior learning and memory performance 
at a young age, but then to a rapid decline in cognitive abilities.  
Cb1−/− mice aged 5 months already show striking impairments in a 
broad range of memory models38 accompanied by typical histologi-
cal and molecular markers of old age, such as loss of hippocampal 
neurons, increased inflammation markers39 and disrupted prote-
ostasis40. When THC or vehicle was infused from minipumps into 
mature Cb1−/− mice, it had no effect on their behavior in the MWM 

P
ro

te
in

 le
ve

l (
%

)

H3K9 acetyl

H
3K

9 
ac

et
yl

/H
3 

(%
)

Acquisition

1 2 3 4 5
0

20

40

60

80

La
te

nc
y 

(s
)

La
te

nc
y 

(s
)

*
*

+

Reversal

7 8 9

Vehicle + vehicle
THC + vehicle

Trial
1 2 3 4 5

0

20

40

60

80

La
te

nc
y 

(s
)

7 8 9

Vehicle + AA
THC + AA

Bdnf Kl

Trial

Synapsin I

P
ro

te
in

 le
ve

l (
%

)

Acquisition Reversal

8 9 10

Vehicle
THC

1 2 3 4 5 6
0

20

40

60

80

0

100

200

300

400
**

0

50

100

150

200 **

Vehicle
vehicle THC

AA
vehicle THC

Vehicle
vehicle THC

AA
vehicle THC

Vehicle
vehicle THC

AA
vehicle THC

Vehicle
vehicle THC

AA
vehicle THC

0

100

200

300 *

0

500

1,000

1,500

2,000 **

Vehicle THC
0

50

100

150

200

250
H3K9 acetyl

H
3K

9 
ac

et
yl

/H
3 

( 
%

)
Vehicle THC

0

50

100

150

200

250
Bdnf

E
xp

re
ss

io
n 

(2
–∆

∆C
T
)

(%
 y

ou
ng

-V
)

E
xp

re
ss

io
n 

(2
–∆

∆C
T
)

(%
 y

ou
ng

-V
)

E
xp

re
ss

io
n 

(2
–∆

∆C
T
)

(%
 y

ou
ng

-V
)

Vehicle THC
0

50

100

150

200

E
xp

re
ss

io
n 

(2
–∆

∆C
T
)

(%
 y

ou
ng

-V
)

Kl

Vehicle THC
0

100

200

300

400

Acquisition Reversal

Synapsin I

a

b c

d e f

Figure 4 The effects of low-dose THC treatment in mature animals are blocked by the histone acetyltransferase inhibitor anacardic acid and are absent 
in mice with deletion of Cb1 in glutamatergic neurons. (a) Spatial learning and memory in the MWM test using THC- and vehicle-treated mature animals 
with or without AA treatment. Vehicle + vehicle and THC + AA, n = 7; THC + vehicle, n = 8; vehicle + AA, n = 9. +P < 0.05, significant treatment effect 
as determined by two-way ANOVA; *P < 0.05, significant difference between vehicle- and THC-treated mice as determined by Bonferroni’s post hoc 
test. (b) Quantification of synapsin I protein levels and acetylation of histone H3. Vehicle groups, n = 5; AA groups, n = 6. (c) Bdnf and Kl transcription 
in mice aged 12 months. Vehicle groups, n = 8; AA groups, n = 6. (d) Effect of THC treatment on MWM test performance in Neurod6-Cre; Cb1−/− mice 
aged 12 months. Vehicle group, n = 8; THC group, n = 7. (e) Effect of THC treatment on synapsin I protein levels and H3K9 acetylation (vehicle group, 
n = 7; THC group, n = 6, except for synapsin I, where n = 5). (f) Bdnf and Kl expression (n = 8 for both groups) of Neurod6-Cre; Cb1−/− mice aged  
12 months. In b–f, vehicle controls are set at 100%. *P < 0.05, **P < 0.01, one-way ANOVA followed by Bonferroni’s t-test. Circles represent data 
from individual mice. Means and s.e.m. are shown. See also Supplementary Figures 9 and 10, Supplementary Data, and Supplementary Table 4.
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and did not influence gene expression, synapsin I densities or histone 
acetylation (Supplementary Fig. 10), thus indicating that the benefi-
cial effects of THC are dependent on CB1 signaling. Furthermore, we 
also treated mice lacking CB1 on forebrain glutamatergic principal 
neurons, Neurod6-Cre; Cb1−/− mice, which show no age-related phe-
notypes41. In these animals, THC administration also had no effect 
on the acquisition or reversal phase in the MWM test (Fig. 4d), and 
it did not change synapsin I protein levels, AcH3K9 (Fig. 4e), or the 
mRNA levels of Bdnf and Kl (Fig. 4f), Casp1 or Ctgf (Supplementary 
Fig. 10f). Thus, the effects of THC on cognitive performance, synap-
togenesis, histone acetylation and the expression of age-related genes 
were all dependent on the CB1 signaling of forebrain glutamatergic 
neurons. The results do not exclude the possibility that CB1 receptors 
on other neurons are also involved.

Attempts to reverse age-related epigenetic processes through a phar-
macological blockade of histone deacetylases have shown some promise 
in rodents33,42, but the deleterious side-effects have prevented applica-
tion in humans43. Consequently, the generalized inhibition of histone 
deacetylation is not further considered to be a suitable treatment of 
age-related pathologies. In contrast, cannabis preparations and THC 
are used for medicinal purposes. They have an excellent safety record 
and do not produce adverse side-effects when administered at a low 
dose to older individuals. Thus, chronic, low-dose treatment with THC 
or cannabis extracts could be a potential strategy to slow down or even 
to reverse cognitive decline in the elderly.
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oNLINE METHoDS
Animals. C57BL/6J mice were bred at the House of Experimental Therapy, 
University of Bonn or obtained from a commercial breeder (Janvier, France). 
In the latter case, animals were habituated to the animal facility for 2 weeks 
before the experiments. Experiments with Cb1 knockout mice were carried 
out with male Cb1+/+ and Cb1−/− littermates aged 12 months44. Glutamatergic 
neuron–specific Cb1 knockouts were obtained by crossing Cb1fl/fl mice41 with 
a Neurod6-Cre deletion strain. Both the constitutive and conditional knockout 
lines were on a congenic C57BL6/J background. All experiments followed the 
guidelines of European Community’s Directive 86/609/EEC and the German 
Animal Protection Law regulating animal research. They were approved by 
LANUV NRW.

Power analysis. Power analyses indicated an 80% probability of detecting a 
30% change for animal experiments. In immunoblots, we had sufficient power 
to detect a 45% change, in the real-time PCR studies a 50% change, in the his-
tological analysis, 25% differences and, in Illumina gene expression profiling 
or ChIP analysis, a 50% difference between groups with 80% probability.

Drug treatment. Male C57BL/6J mice aged 2 months (young), 12 months 
(mature) and 18 months (old) were chronically treated with THC (3 mg per 
kg bodyweight per day)45,46 or vehicle (ethanol:cremophor:saline, 1:1:18)47–49 
through subcutaneously implanted osmotic minipumps (Alzet, CA, USA) 
for 28 d. The animals were randomly selected for the treatment groups. To 
test the effect of the histone acetylation blockade, male C57BL/6J mice aged  
12 months were purchased from Janvier (France). Half of the animals received 
vehicle and the other half received a THC dose of 3 mg per kg bodyweight per 
day through osmotic minipumps as described above. During THC treatment 
(28 d), the animals received daily either vehicle or 5 mg per kg bodyweight  
anacardic acid intraperitoneally. For solubilization, we used DMSO:Tween-20:
saline at a ratio of 2:5:93.

Behavioral testing. The novel object location recognition test was performed 
in a sound-isolated, dimly illuminated room in an open-field box (44 cm × 
44 cm). The floor was covered with sawdust (1 cm deep, used and saturated 
with the odor of the animals). The habituation period consisted of a daily  
5-min period of free exploration in the arena containing three objects (plastic 
balls, 15 mm in diameter) for 3 d. On the test day, the animals were allowed 
to explore three identical objects (Lego pieces with different colors, roughly  
2 × 2 cm) placed into the area in a fixed location for 6 min, and the time spent 
on inspection of the individual objects was recorded (Noldus Ethovision XT). 
Thirty minutes later, the animals were placed back into the box, where one 
object was placed into a new location. The animals were left to explore for an 
additional 3 min. The time spent with investigations was recorded, and the 
preference ratio for the moved object was calculated as follows: preference = 
Ta/(Ta + Tb + Tc) × 100; T, time spent with investigation; Ta, the object that is 
moved in the second trial; Tb and Tc, the objects that remained in their original 
positions. Novelty preference was calculated as follows: (Pt2 − Pt1)/Pt1 × 100; 
P, the preference of the mouse; t1, trial one; t2, trial two.

Long-term memory was tested using a modified form of the partner recogni-
tion test 42 d after the minipump implantation. The test was performed in the 
same arenas and after the same habituation as described for the novel object 
location recognition test. In the first trial, the arenas held both a metal grid cage 
only containing a mouse (of the same age and sex as the test animal but from 
a different cage) and one other object (of a similar size and form as the metal 
grid cage) in the opposing corner, placed 6–7 cm from the walls. The location 
and activity of the test mouse were recorded and analyzed by the EthoVision 
tracking system (Noldus) for 15 min. In the next session, after 24 h, the object 
was replaced with another grid cage containing a new partner and the activity of 
the test mouse was recorded again for 5 min. Recognition of the previously seen 
partner was defined by a novelty preference, i.e., a significantly longer period 
spent investigating the new partner in the second trial. Novelty preference was 
calculated as Ta/(Ta + Tb) × 100; Ta is the time spent with the novel partner; Tb 
is the time spent with the previous partner.

Spatial learning and memory were assessed in the MWM task as 
described39,50,51. In the acquisition phase of the MWM test, the animals were 

tested for four consecutive sessions daily over 5 d. The hidden platform remained 
at a fixed spatial location for the entire acquisition period. The mice started from 
the same position at days 1 and 2 and from variable positions in the following 
trials. Long-term spatial memory was assessed at day 6, when the platform was 
removed and the time spent in the platform-associated quadrant was measured. 
We assessed the flexibility of spatial memory by placing the platform in a new 
location (reversal phase) between days 7 and 9. Animals that did not move 
(floater) or just circled in close vicinity to the wall (wall-hangers) were excluded 
from the analysis and further tests. The criteria were pre-established. The inves-
tigator was blinded to genotype or treatment, but the difference between the age 
groups was clearly visible. Recording and analysis of behavior were carried out 
by automated systems (Videomot, TSE-Systems).

Tissue preparation. Animals were euthanized by CO2 inhalation 5 d after 
the last behavioral test, decapitated and their brains were isolated. Brains 
were snap frozen in dry-ice-cooled isopentane and stored at −80 °C until 
further processing. For immunoblot and gene expression experiments, hip-
pocampi were isolated from the frozen brains in a cryostat (Leica CM 3050; 
Leica Microsystems, Heidelberg, Germany) using the punch technique39,52. 
For histology, brain areas containing the dorsal region of the hippocampus 
were serially cut into 18-µm coronal slices (n = 8 per mouse) in a cryostat 
(Leica CM 3050; Leica Microsystems, Heidelberg, Germany) and mounted 
onto silanized glass slides.

Gene expression profiling. Whole hippocampi were lysed in TRIzol (Life 
Technologies), and total RNA was extracted according to the manufactur-
er’s protocol. The quality of the RNA was assessed by measuring the ratio of 
the absorbance at 260 nm and 280 nm using a Nanodrop 2000 Spectrometer 
(Thermo Scientific), as well as by visualization of the integrity of the 28S and 
18S bands on an agarose gel. Prior to array-based gene expression profil-
ing, total RNA was further purified using the MinElute Reaction Cleanup Kit 
(Qiagen). Biotin-labeled cRNA was generated using the TargetAmp Nano-g 
Biotin-aRNA Labeling Kit for the Illumina System (Epicentre). Biotin-labeled 
cRNA (1.5 µg) was hybridized to MouseWG-6 v2.0 BeadChips (Illumina) and 
scanned on an Illumina HiScanSQ system. Raw intensity microarray data were 
processed using GenomeStudio V2011.1 (Illumina). Subsequent analyses were 
performed using Partek Genomics Suite V6.6 (PGS) (Partek). Non-normal-
ized data were imported from GenomeStudio using the default PGS report 
builder. After quantile normalization in PGS, variable transcripts, as well as 
significantly differentially expressed transcripts, were calculated by employ-
ing a two-way ANOVA model. Variable genes were defined by an unadjusted 
P value of <0.05, and significantly differentially expressed transcripts were 
defined by an unadjusted P value of <0.05 and a fold change of ±2. Variable 
genes were further analyzed by unsupervised hierarchical clustering using 
PGS default settings visualizing condition-specific similar or differential gene 
expression. The statistical significance of the correlations between two or more 
groups was determined by ANOVA modeling, and the corresponding P value 
was computed. P values of <0.05 were defined as significant. Statistical analysis 
was performed using Partek Genomics Suite.

To validate the previous analysis that was based on the ANOVA model, 
we additionally performed a weighted gene coexpression network analysis 
(WGCNA). We used WGCNA to identify specific signatures that can be associ-
ated with one or more conditions. The WGCNA R package (http://labs.genetics.
ucla.edu/)53 was used for the analysis. The standard parameters were altered to 
a power of 19 and a minModuleSize of 30, resulting in 10 modules using 1,721 
variable genes. For each module, the eigengene (ME) corresponding to the first 
principal component of a given module was calculated. The network for each 
module of interest was generated using the ‘1-TOMsimilarityFromExpr’ func-
tion of the WGCNA R package. Each module was associated with a trait having 
the highest Pearson correlation coefficient. Gene-to-module association can be 
found in Supplementary Table 1. Module-to-gene ontology enrichment can be 
found in Supplementary Table 2. It should be noted that our analysis strategy 
did not use FDR-adjusted P values. We used the gene sets passing a fold change 
cutoff and the unadjusted P value to determine biological processes by GOEA 
followed by network visualization of significantly enriched GO terms. From 
our experience, this analysis requires the use of a sufficient number of genes; 
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otherwise, calling GO terms becomes arbitrary. In this case, where the approach 
using the FDR-corrected P value did not result in a sufficient gene number, we 
have changed our model by using the unadjusted P value. Owing to the difficult 
sample preparation and a late time point after intervention, we were anticipat-
ing high variance of signals and low effect sizes. These experimental limitations 
require a less stringent cutoff for defining genes for further downstream analysis 
(either computationally or experimentally). We are aware that this represents 
a compromise. The transcriptome analysis defined candidate genes that were 
then PCR validated (for an example, see Fig. 3). In retrospect, the successful 
PCR validation justified the use of this approach.

Real-time RT–PCR mRNA expression analysis was performed using total 
RNA, which was isolated from the frozen hippocampi of mice (n = 6–8) 
and reverse transcribed to cDNA as reported previously39, using custom 
TaqMan Gene Expression Assays (Applied Biosystems, Darmstadt, Germany) 
Mm01334042_m1 for BDNF, Mm00438023_m1 for caspase-1, Mm01192932_g1 
for Ctgf, Mm00502002_m1 for Kl and Mm00443267_m1 for Ttr. 3-Phosphate 
dehydrogenase (GAPDH; Mm01334042_m1) was used as an endogenous con-
trol to standardize the amount of target cDNA. For the longitudinal study of 
the expression of two splice variants of Kl, mKlotho and sKlotho, qPCR was 
performed as described54 on a LightCycler 480 II (Roche) PCR machine using 
LightCycler 480 SYBR Green I master mix (Roche). A two-step PCR reaction 
was carried out as follows: one cycle at 98 °C for 2 min followed by 40 cycles of 
95 °C for 5 s and 58 °C for 30 s. Samples were run as triplicates. All samples were 
normalized to m36B4, which was used as a reference gene. Gene-specific prim-
ers are listed in Supplementary Table 3. Relative quantitative gene expression 
was calculated with the 2−∆∆CT method55. Mean 2−∆CT values of vehicle-treated 
animals of both ages were chosen as reference samples and subtracted from 
2−∆CT of the other groups (∆∆CT).

Immunoblots. Frozen hippocampi were lysed in 1% SDS buffer (Sigma-
Aldrich, Munich, Germany) containing protease and phosphatase inhibi-
tors (Complete Mini, Roche; PhosStop, Roche), sonicated and clarified by 
centrifugation (9,500g for 10 min). Protein concentrations were determined 
using a BCA Protein Assay Kit (Pierce). Equal amounts of protein were run 
on NuPAGE Bis-Tris 4–12% gradient gels (Invitrogen, Carlsbad, CA). The 
proteins were subsequently blotted onto PVDF membranes using the iBlot 
Dry Blotting System (Invitrogen, Carlsbad, CA). The blots were incubated with 
primary antibodies to Akt (1:1,000; Cell Signaling, 9272), phospho-Akt Ser473 
(1:1,000; Cell Signaling, 9272S), ERK1/2 (1:1,000; Sigma, M3807), phospho-
ERK (1:1,000; Sigma, M9692), CREB (1:1,000; Abcam, ab32515), phospho-
CREB Ser133 (1:1,000; Abcam, ab10564), PSD95 (1:200; Abcam, ab18258), 
synapsin I (1:200; Abcam, ab64581), synaptophysin (1:200; Millipore, 04-1019), 
histone H3 (1:500; Abcam, ab10799), histone H4 (1:500; Abcam, ab16483), 
histone H2A (1:500; Abcam, ab18255), histone H3 acetyl K9 (1:500; Abcam, 
ab4441), H3 trimethylated K9 (1:500; Abcam, ab8898), H4 acetyl K12 (1:500; 
Abcam, ab46983), H2A acetyl K5 (1:500; Abcam, ab1764), and with a Gapdh 
(1:5,000; Abcam, ab9484) or a β-actin antibody (1:10,000; Sigma, A5441-
2ML) to ensure equal loading. Validation of the antibodies was performed by 
the manufacturer. Please refer to their websites for further information. The 
blots were then incubated with peroxidase-conjugated secondary antibodies. 
Signals were detected using chemiluminescent substrate for the peroxidase 
(ECL, Pierce). Images were created either using the ChemiDoc Imaging System 
(Bio-Rad) or by covering the membranes by ECL substrate (Pierce), covered 
with high-performance autoradiography film (Amersham Hyperfilm MP, GE 
Healthcare, Buckinghamshire, UK) and developed using a CP 1000 AGFA 
Healthcare N.V. film developer. The films were then scanned using an Epson 
Perfection 4990 scanner and analyzed using ImageJ software. Images from the 
ChemiDoc System were quantified using ImageLab software (Bio-Rad).

Immunofluorescence. Slides were placed in 0.1 M (pH 7.3) PBS for 5 min 
to thaw after storage at −80 °C, followed by post-fixation in 4% paraformal-
dehyde dissolved in PBS for 30 min. After a 5-min wash in PBS, slides were 
permeabilized using 0.2% Triton X-100 for 20 min and then washed again for 
5 min in PBS. Blocking of unspecific binding sites was done with PBS con-
taining 5% donkey serum albumin for 10 min followed by another PBS wash 
for 5 min. The slices were first kept in 4 °C for 48 h in rabbit anti–synapsin  

I solution (Abcam, ab64581; diluted 1:250 in PBS), 48 h in rabbit anti-Klotho 
antibody solution (Thermo Fisher, PA5-21078; diluted 1:400 in 3% BSA in PBS),  
sheep anti-prealbumin antibody solution (Abcam, ab9015; diluted 1:500 in 
0.3% BSA in PBS), AF488-coupled mouse anti-NeuN antibody (Millipore, 
MAB377X; diluted 1:200 in 0.3% BSA in PBS), rabbit anti-Iba1 antibody 
solution (Wako, 016-20001: diluted 1:200), rabbit anti-VGAT or VGLUT1 
(both donated by B. Schütz, University of Marburg; diluted 1:1,000 and 
1:10,000, respectively). Afterwards, the slides were rinsed three times for  
10 min in PBS before incubation with goat anti-rabbit Cy3-conjugated sec-
ondary antibody (Life Technologies, A10520; diluted 1:500 in 0.3% BSA in 
PBS) for synapsin I, donkey anti-rabbit AF647-conjugated secondary antibody 
(Invitrogen, A31573; diluted 1:2,000 in 0.3% BSA in PBS) for Klotho, donkey 
anti-rabbit AF488-conjugated secondary antibody (Life Technologies, A21206; 
diluted 1:2,000 in 0.3% BSA in PBS) for Iba1, donkey anti-sheep AF647- 
conjugated (Jackson Immuno, 713-175-147; diluted 1:2,000 in 0.3% BSA in PBS)  
or AF488-conjugated (Invitrogen, A11015, diluted 1:1,000 in 0.3% BSA in 
PBS) for transthyretin secondary antibody in a humid chamber for 2 h in 
the dark. After staining, the sections were again rinsed three times for 5 min 
and were mounted with DAPI-containing Fluoromount-G (SouthernBiotech, 
USA) and covered. The NeuN co-stained slices were first dehydrated with an 
increasing concentration of ethanol and xylol, mounted with Rotihisto II (Carl 
Roth, Germany) and covered. For quantitative analysis of synapsin I, Klotho 
or transthyretin immunoreactivity, fluorescence images were acquired using 
a Zeiss Axiovert 200M fluorescent microscope (Carl Zeiss Microimaging, 
Oberkochen, Germany) with a 20×, 0.8 NA lens. Immunoreactivities were 
analyzed with ImageJ software (ImageJ 1.42q, NIH, USA) using the inte-
grated density technique56. For quantitative analysis of staining intensities, 
six pictures per animal were taken. Each group consisted of three animals. 
The images were converted to 8-bit grayscale using ImageJ software and signal 
intensities (calculated as mean signal intensity within the region of interest 
(ROI; pyramidal cell layer in the CA3 region of the hippocampus)) minus the 
signal intensity outside but adjacent to the ROI (stratum radiatum in the CA3 
region) were calculated. For quantitative analysis of the density of VGAT- or 
VGLUT1-positive puncta around CA3 pyamidal neurons, fluorescence images 
were acquired using a Zeiss Axiovert 200M fluorescent microscope (Carl Zeiss 
Microimaging, Oberkochen, Germany) with a 63×, 1.3 NA oil-immersion 
lens. Density was determined as the number of puncta divided by the area of 
the CA3 neuron with ImageJ software (ImageJ 1.42q, NIH, USA). For testing 
colocalization, the Leica LSM SP8 confocal microscope was used.

Golgi staining. For Golgi staining, a kit from FD NeuroTechnologies (USA) 
was used following the instructions of the manufacturer. Microphotographs 
from dendrites of selected neurons were taken using a Zeiss Axiovert 200M 
fluorescent microscope (Carl Zeiss Microimaging, Oberkochen, Germany) 
with a 63×, 1.3 NA oil-immersion lens. Density was determined as the number 
of spines on the terminal 50-µm sequence of a dendrite divided by the length of 
the dendrite as determined with ImageJ software (ImageJ 1.42q, NIH, USA).

Chromatin immunoprecipitation. To test whether the expression of BDNF and 
Klotho was affected by histone modification, we applied chromatin immunopre-
cipitation analysis using the Diagenode LowCell ChIP Kit following the instruc-
tions of the manufacturer. Briefly, mice were decapitated, and their hippocampi 
were isolated and fixed overnight in 4% paraformaldehyde. After washing, the 
hippocampi were lysed and chromatin was sheared by sonication (Bioruptor 
Plus, Diagenode). Sheared chromatin was incubated with magnetic beads 
covered with antibodies for histone modifications (AcH3K9 and H3). Next, 
the beads were removed, washed and the attached DNA was purified. Histone 
modifications of the Bdnf or Kl promoter loci were assessed by SYBR Green 
quantitative PCR. Primer sequences are shown in Supplementary Table 1.

Statistics. Data analyzed were all numeric. Distribution analysis was done 
with the data from spine and axon terminal densities, but not with other 
data with low case numbers. Variances were compared by Bartlett statistic 
to decide whether parametric tests were applicable. In the MWM test, the 
latency to reach the platform and the speed of the animals were analyzed 
using two-way ANOVA (between factor, group; within factor, trial) followed 
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by Bonferroni´s t-test. Time to reach the visible platform or time spent in 
the target sector during the probe trial was analyzed using one-way ANOVA 
followed by Bonferroni’s t-test. Data from the partner-recognition test were 
analyzed using one-way ANOVA. Novel object location recognition test results 
were analyzed using one-way ANOVA (separately to the time points) followed 
by Bonferroni’s t-test. To analyze synapsin I staining intensity and levels of 
synaptic proteins determined by immunoblotting, results were analyzed using 
one-way ANOVA followed by Bonferroni’s t-test. For the analysis of VGAT, 
VGLUT1 and dendrite spine densities, Kruskal–Wallis ANOVA followed by 
Dunn’s test was used. Gene expression (Illumina, RT–PCR) was analyzed using 
one-way ANOVA followed by Bonferroni’s t-test. Staining intensity of Ttr and 
Klotho was analyzed using one-way ANOVA followed by Bonferroni’s t-test. 
Brain-region-specific expression of Klotho and transthyretin was analyzed 
using the Mann–Whitney test. Immunoblot results for protein phosphoryla-
tion and histone acetylation were tested using one-way ANOVA followed 
by Bonferroni’s t-test. Results of the ChIP analysis were analyzed using the 
Student’s unpaired two-sided t-test.

Data availability. The Gene Expression Omnibus (GEO) accession number 
of the expression profiling data is GSE57823.
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