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Recovery of learning and memory is
associated with chromatin remodelling
Andre Fischer1,2,3{, Farahnaz Sananbenesi1,2,3{, Xinyu Wang1,2,3, Matthew Dobbin1,2,3 & Li-Huei Tsai1,2,3

Neurodegenerative diseases of the central nervous system are often associated with impaired learning and memory,
eventually leading to dementia. An important aspect in pre-clinical research is the exploration of strategies to re-establish
learning ability and access to long-term memories. By using a mouse model that allows temporally and spatially restricted
induction of neuronal loss, we show here that environmental enrichment reinstated learning behaviour and re-established
access to long-term memories after significant brain atrophy and neuronal loss had already occurred. Environmental
enrichment correlated with chromatin modifications (increased histone-tail acetylation). Moreover, increased histone
acetylation by inhibitors of histone deacetylases induced sprouting of dendrites, an increased number of synapses, and
reinstated learning behaviour and access to long-term memories. These data suggest that inhibition of histone deacetylases
might be a suitable therapeutic avenue for neurodegenerative diseases associated with learning and memory impairment,
and raises the possibility of recovery of long-term memories in patients with dementia.

Brain atrophy occurs during normal ageing and is an early feature of
neurodegenerative diseases associated with impaired learning and
memory. However, owing to animal-model limitations, pre-clinical
research has barely explored strategies to recover impaired learning
or lost memories after substantial neuronal loss had taken place. Only
recently have mouse models with extensive neurodegeneration in the
forebrain been reported1–3. One of these models is the bi-transgenic
CK-p25 Tg mouse in which expression of p25, a protein implicated
in various neurodegenerative diseases4, is under the control of the
CamKII promoter and can be switched on or off with a doxycycline
diet3,5.

We previously showed that post-natal induction of p25 expression
for six weeks caused learning impairment in the fear conditioning
and water maze paradigm that was accompanied by severe synaptic
and neuronal loss in the forebrain3. Because these tests depend on
motor function and emotional state, we emphasize that CK-p25 mice
p25-induced for six weeks display normal basal anxiety levels and
locomotor activity3. In this study, we used the CK-p25 Tg mouse
model to test therapeutic strategies aimed at restoring learning and
the access to long-term memory after synaptic and neuronal loss had
already occurred. We hypothesized that a potential mechanism to
reinstate learning and memory in a degenerated brain would be to
upregulate the plasticity and function of the remaining neurons. A
well-established but poorly understood approach to increase syn-
aptic function in rodents is exposure to an enriched environment
(environmental enrichment; EE)6. Exposure of wild-type mice to EE
facilitated their learning ability and caused elevated levels of marker
proteins for synaptic integrity and plasticity, indicating dendritic
branching and synaptogenesis6 (Supplementary Figs 1 and 2).

EE restores learning after neuronal loss

To investigate the effect of EE on learning behaviour after neuronal
loss had already occurred, p25 was induced in 11-month-old CK-
p25 Tg mice for six weeks, followed by EE for four weeks (Fig. 1a).
We found that despite a comparable extent of brain atrophy (Fig. 1b,

Supplementary Fig. 3a), EE-treated CK-p25 Tg mice showed
markedly increased associative and spatial learning when compared
to the non-enriched CK-p25 Tg mice (Fig. 1c, d). This suggests
that EE can reinstate learning ability in mice with severe neuro-
degeneration. When brain weight was plotted against the freezing
behaviour of individual mice we found that improved learning but
not brain weight is associated with EE in CK-p25 Tg mice (data not
shown).

Consistently, the neuronal marker protein NeuN, used to assess
neuronal density in the brain, was similarly reduced in EE-treated
and untreated CK-p25 Tg mice. Notably, levels of synaptic marker
proteins and synaptophysin and MAP-2 immunoreactivity, were sig-
nificantly higher in EE-treated CK-p25 Tg mice when compared to
non-enriched CK-p25 Tg mice (Fig. 1e, f; Supplementary Fig. 3b).
This result indicates that EE promoted growth of new dendrites and
synapses in CK-p25 Tg mice. Thus, despite the substantial loss of
neurons, EE induced the refinement of the synaptic network, which
may be the cause of improved learning in the CK-p25 Tg mice.

EE re-establishes access to long-term memories

Although ‘learning and memory’ is a commonly used phrase, in-
dividuals suffering from neurodegenerative diseases can display
impairments that distinguish between learning and memory. For
example, while patients have difficulty learning new information,
they also suffer from inability to recognize close relatives and other
attributes of long-term memory. Because we can control the onset
and extent of neurodegeneration in CK-p25 Tg mice, we were able to
address the fate of consolidated long-term memories experimentally.
It was previously shown that a single fear-conditioning trial results in
a stable long-term memory that is initially encoded in the hippocam-
pus but is probably transferred to the cortical network after three to
four weeks7. A similar time window is reported for human long-term
memories8.

To establish an experimental model that allows investigation of
the fate of long-term memories, 11-month-old uninduced CK-p25 Tg
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and control mice were trained in the fear-conditioning paradigm
and returned to their home cages for four weeks to allow the
consolidation of hippocampus-independent long-term memories.
Afterwards, p25 expression was induced for either three or six
weeks before the mice were subjected to the memory test (Fig. 2a).
These time points were chosen because, unlike six-week induction,
after three weeks of p25 expression no overt pathology was observed3.

CK-p25 Tg mice induced for three weeks showed similar levels of
freezing behaviour, indicative of learned fear, when compared to the
control mice, demonstrating the retrieval of consolidated long-term
memories in these animals (Fig. 2b; experiment 1). Conversely, little
freezing behaviour was observed in six-week-induced CK-p25 Tg
mice (Fig. 2b; experiment 2). This suggests that the access to long-
term memories has been lost. The loss of consolidated long-term
memory was also evident in the water maze paradigm (Supplemen-
tary Fig. 5a, b)

Notably, it was not clear whether memories were lost, or whether
they became inaccessible owing to synaptic and neuronal loss. In the
latter case, it might be possible to re-establish access to such mem-
ories if sufficient refinement of the neuronal network can be achieved
by the remaining neurons. To test this hypothesis, uninduced CK-
p25 Tg and control mice were trained in the fear-conditioning

0 6 10

Analysis
Weeks

0

0.2

0.4

80 60

50

40

30

20

60

40

20

0
1 2 2 4 6 8 103

Associative learning

Fr
ee

zi
ng

 (%
)

Memory test (min)

Spatial learning

E
sc

ap
e 

la
te

nc
y 

(s
)

Training (days)

No p25
p25, no EE

: EE
: p25+

+
+
––

–

B
an

d
 in

te
ns

ity
 (a

rb
itr

ar
y 

un
its

)

Neu
N

N-c
ad

he
rin

β-
ca

te
ni

n
PS

D-9
5

GAP-4
3

No p25 Home cage EE

p25

p25:
EE:

+
+

+
–

–

M
ea

n 
op

tic
al

 in
te

ns
ity

of
 s

yn
ap

to
p

hy
si

n

a b

c d

e

f

–

NeuN
3

2

60

40

20

0

1

N-cadherin

β-catenin

PSD-95

GAP-43

GAPDH

p25, EE

B
ra

in
 w

ei
gh

t 
(g

)

EE: – – +

p25

No p25

p25 induction
Home cage

EE

Figure 1 | Environmental enrichment reinstates learning in CK-p25 Tg mice
after neurodegeneration. a, Experimental design (n 5 8 per group). The
experiment starts with the induction of p25 in CK-p25 Tg mice (0 weeks).
b, Enriched and non-enriched CK-p25 Tg mice displayed similar brain
atrophy (***P , 0.0001 versus control). c, Non-enriched CK-p25 Tg mice
displayed impaired associative learning (P 5 0.0337 versus control), whereas
enriched CK-p25 Tg mice were improved when compared to the non-
enriched group (***P , 0.0001). d, Enriched CK-p25 Tg mice performed
significantly better in the water maze test than non-enriched CK-p25 mice
(F1, 568 5 77.167; ***P , 0.0001 versus control), but were still inferior to the
no-p25 group (F1, 568 5 49.453; P , 0.0001). e, Hippocampal lysates were
analysed for neuronal and synaptic protein levels (*P , 0.05 enriched versus
non enriched CK-p25 Tg, n 5 3). f, Enriched CK-p25 Tg mice displayed
significantly increased hippocampal synaptophysin immunoreactivity when
compared to non-enriched CK-p25 Tg mice (*P 5 0.0304). Scale bar, 20 mm.
py, pyramidal cell layer; SVP, synaptophysin. Error bars indicate s.e.m.
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Figure 2 | Environmental enrichment re-establishes access to long-term
memories. a, Experimental design. b, In experiment 1, three-week-induced
CK-p25 Tg mice (n 5 8) showed freezing behaviour similar to that of control
mice (n 5 9; P 5 0.863). In experiment 2, six-week-induced CK-p25 Tg mice
(n 5 9) showed significant reduction in freezing behaviour (***P , 0.0001
versus control, n 5 16). c, Experimental design. d, Non-enriched CK-p25 Tg
mice (n 5 9) displayed decreased freezing (***P , 0.0001 versus control,
n 5 22). Enriched CK-p25 Tg mice (n 5 13) performed significantly better
(***P , 0.0001 versus non-enriched CK-p25 group). An additional control
group consisted of an enriched group that did not express p25 and were not
subjected to the training (n 5 6). e, NeuN staining and brain atrophy in the
ACC. f, Enriched CK-p25 Tg mice displayed increased hippocampal
synaptophysin immunoreactivity when compared to non-enriched CK-p25
mice (P 5 0.0251). Scale bar, 20 mm. *P , 0.05 versus non-enriched group,
n 5 3. cg, cingulate cortex; M2, motor cortex 2; cc, corpus callosum. Error
bars indicate s.e.m.
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paradigm and returned to their home cages for four weeks followed
by six weeks of p25 induction. Next, the mice were either subjected to
EE or kept in their home cages for an additional four weeks (Fig. 2c).
Afterwards, all mice were subjected to the memory test. Whereas
non-enriched CK-p25 Tg mice showed significantly impaired freez-
ing behaviour, indicating the loss of long-term memories, enriched
CK-p25 Tg mice displayed much improved freezing behaviour, indi-
cating a marked recovery of long-term memories (Fig. 2d). Impor-
tantly, enriched and non-enriched CK-p25 Tg mice have a similar
extent of neuronal loss and brain atrophy (Fig. 2e). Evidence for the
recovery of long-term memories was also found by using the water
maze paradigm (Supplementary Fig. 5a, c). The fact that long-term
memories can be recovered by EE supports the idea that the apparent
‘memory loss’ is really a reflection of inaccessible memories. These
findings are in line with the phenomenon known as ‘fluctuating
memories’ in which demented patients experience temporary time
periods of apparent clarity9,10.

The anterior cingulate cortex (ACC) of the brain is implicated in the
consolidation and encoding of long-term memories11. CK-p25 Tg mice
with no EE treatment displayed reduced synaptophysin immuno-
reactivity in the ACC when compared to control mice (Fig. 2f). In
contrast, cortical levels of synaptic marker proteins and synaptophy-
sin and MAP-2 immunoreactivity were higher in enriched than in
non-enriched CK-p25 Tg mice (Fig. 2f, Supplementary Fig. 3c, d).
These data suggest that EE leads to the recovery of long-term memories
by re-establishing the synaptic network.

EE induces histone modification

Other than a few genes involved in synaptic function, relatively little
is known about the mechanism underlying EE12–14. We speculated
that EE might induce a transcriptional program that leads to activa-
tion of plasticity genes. Histone acetylation, which has been impli-
cated in transcriptional regulation of gene expression via chromatin

modification, has recently been implicated in synaptic plasticity and
learning behaviour15–18. Here we found that EE induced hippocampal
and cortical acetylation and methylation of histones 3 and 4 (H3, H4)
as soon as three hours after treatment (Fig. 3a, b). In addition, intra-
peritoneal and intracerebroventricular injections of the histone de-
acetylase (HDAC) inhibitors sodium butyrate (SB) or trichostatin A
significantly facilitated associative learning in wild-type mice (Sup-
plementary Fig. 4a, b)15. To investigate whether inhibition of HDACs
mimics the effects of EE, we administered SB daily intraperitoneally
into wild-type mice for four weeks (Fig. 3c). The in vivo effect of SB
was confirmed by a robust increase in H3 and H4 acetylation in the
hippocampus (Fig. 3d).

When trained in the fear-conditioning paradigm, SB-injected mice
showed significantly facilitated associative learning (Fig. 3e). Simi-
larly, spatial learning in the water maze paradigm was facilitated, as
indicated by shorter escape latencies (Fig. 3f) and improved target-
quadrant preference in a probe trail performed after day 6 (data not
shown). In addition we observed increased hippocampal MAP-2 and
synaptophysin immunoreactivity and increased levels of synaptic
and dendritic marker proteins in SB-injected mice (Supplementary
Fig. 4d–f). Locomotor activity or basal anxiety was not altered in SB-
injected mice (Supplementary Fig. 4c). Importantly, enrichment and
SB-treatment did not upregulate the protein levels of GAPDH or
actin. We also did not see activation of the Erk1/2 signalling pathway,
which has been implicated in learning and memory (Supplementary
Fig. 4g). This is consistent with gene-array findings that application
of non-selective HDAC inhibitors to cells upregulates only 8–20% of
all genes analysed19–21. Thus, enrichment and HDAC inhibition are
likely to regulate relatively specific transcriptional programs.

HDAC inhibition restores learning and memory

Next we wished to examine whether sustained inhibition of HDACs
would reinstate learning behaviour and recover access to long-term

0 h 3 h 24 h 2 weeks

0 h 3 h 24 h 2 weeks 0 h 3 h 24 h 2 weeks

0 h 3 h 24 h 2 weeks

6

Methyl
K4

Ac
K14

Ac
K9

Ac
K5

Ac
K8

Ac
K12

Ac
K16

Ac K5, 
K8, K12,

K16

Ac K5, 
K8, K12,

K16

Methyl
K4

Ac
K14

Ac
K9

Ac
K5

0 h 3 h 24 h 2 weeks

Ac
K8

Ac
K12

Ac
K16

4

2

0

6

100

80

60

60

50

40

30

20

10

0

40

20

0
1 1 1052 3

4

2

0

Ac-H3 (K14)

H4

Vehicle SB

H3

Ac-H4 (K5)

Ac-H4 (K5)

Ac-H4 (K8)

Ac-H4 (K12)

Ac-H4( K16)

Ac-H4
(K5,K8,K12,K16)
H4

Hippocampus

Daily intraperitoneal
injection

Training
analysis4 weeks

Cortex

Hippocampus
H3 H4

H3 H4

Cortex

Fr
ee

zi
ng

 (%
)

E
sc

ap
e 

la
te

nc
y 

(s
)

SB Vehicle

Environmental enrichment (time)

B
an

d
 in

te
ns

ity
 (a

rb
itr

ar
y 

un
its

)

Ac-H3 (K14)

Ac-H3 (K9)

Mono-methyl
H3 (K4)

H3

Memory test (min) Training (days)

a
b

c

d

e fAssociative learning Spatial learning

Figure 3 | Environmental enrichment induces
chromatin modifications, and histone-
deacetylase inhibitors facilitate learning
behaviour. a, Wild-type mice were subjected to
EE. Hippocampal and cortical brain lysates were
obtained 3 h, 24 h or 2 weeks later (n 5 3 per
group) and probed with antibodies detecting
histone-tail modification. Increases in
hippocampal H3 (K9, K14) and H4 (K5, K8, K12)
and in cortical H3 (K9) and H4 (K5) acetylation
were observed. In addition, increased
methylation (methyl) of H3 (K4) was observed in
cortical lysates. b, Quantification of a. Ac,
acetylation. *P , 0.05 versus 0 h. c, Experimental
design. d, Daily injection intraperitoneally with
SB (1.2 g kg21) increased acetylation of H3 and
H4 in hippocampal lysates. e, This treatment
improved associative learning (***P , 0.0001
versus vehicle). f, Similarly, SB-injected mice
displayed a shorter escape latency in the water
maze paradigm (F1, 138 5 24.119; ***P , 0.0001
versus vehicle). Error bars indicate s.e.m.

ARTICLES NATURE | Vol 447 | 10 May 2007

180
Nature   ©2007 Publishing Group



memories in CK-p25 Tg mice that had developed synaptic and neur-
onal loss. To this end, p25 expression was induced in 11-month-old
CK-p25 mice for six weeks, before one group was injected daily for
four weeks with SB while the control group received saline injection
(vehicle, Fig. 4a). Compared to the vehicle group, SB-treated CK-p25 Tg
mice showed significantly enhanced associative and spatial learn-
ing (Fig. 4b, c) and increased levels of synaptic marker proteins (Fig.
4d, e; Supplementary Fig. 3f, h). Importantly, SB- and vehicle-injected
CK-p25 Tg mice displayed similar extents of brain atrophy and
hippocampal neuronal loss (Supplementary Fig. 3e). These findings
suggest that increased histone acetylation using the HDAC inhi-
bitor SB can reinstate learning ability in mice exhibiting severe
neurodegeneration.

We next evaluated the effect of HDAC inhibition on the recovery
of inaccessible long-term memories. CK-p25 Tg mice were trained in
the fear-conditioning paradigm and returned to their home cages for
four weeks to allow the consolidation of long-term memories after
which p25 was induced for six weeks. Mice were then injected daily
intraperitoneally with either SB or vehicle for four weeks (Fig. 4f).
Vehicle-injected CK-p25 Tg mice showed impaired access to long-
term memory, as revealed by the markedly reduced freezing beha-
viour compared to the control mice that did not express p25 (Fig.
4g). Despite a similar degree of brain atrophy and neuronal loss

(Supplementary Fig. 3g), SB-injected CK-p25 Tg mice showed
significantly increased freezing behaviour and elevated levels of syn-
aptic marker proteins when compared to the vehicle CK-p25 Tg
group (Fig. 4g–i; Supplementary Fig. 3g, h). Similarly, SB admin-
istration also leads to the recovery of long-term spatial memories
(Supplementary Fig. 5a, d). Thus, chronic injection of SB led to the
recovery of memories in CK-p25 Tg mice that had developed severe
neuronal loss.

Discussion

Here we have showed that EE enabled the recovery of impaired
learning and lost long-term memories after animals had developed
severe neurodegeneration and synaptic loss. Our results suggest that
the effect of EE is likely to be mediated, at least in part, by elevated
acetylation of histones H3 and H4, which initiates ‘rewiring’ of the
neural network.

It is important to note that the effect of HDAC inhibitors on
learning and memory could be a combination of modifications on
chromatin and non-histone proteins, because it has been reported
that some HDACs also target non-histone substrates22. Moreover,
it is possible that different classes of HDACs are distinctly invol-
ved in synaptic plasticity. For example, it has been shown that
HDAC5 is associated with downregulation of certain brain-derived
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neurotrophic factor (BDNF) transcripts in a social defeat paradigm, a
phenomenon that can be reversed with HDAC inhibitor treatment23.
Future work will aim to determine the specific HDACs that regulate
distinct forms of synaptic plasticity, learning and memory.

Interestingly, spontaneous ‘rewiring’ of the brain and recovery of
memories was recently reported in a brain-injured man who was in a
minimally conscious state for 20 years24. Thus, re-establishment of a
neural network may allow recovery of long-term memories not only
in rodents, but also in humans. Therefore, it is possible that HDAC
inhibitors would be capable of re-establishing neural networks in
human brains. If so, this suggests that using small molecules that
target HDACs in patients with dementia could facilitate access to
long-term memories.

Although our data suggest that dendritic sprouting and new
synaptogenesis play important roles in the recovery of learning and
memory, we cannot exclude the possibility that increased neuro-
genesis in the dentate gyrus25 may also contribute to this process.
Moreover, our data support computational models that showed that
memory performance of a theoretical network diminishes on loss of
connectivity but that this performance recovers once connectivity of
this network is restored26–28.

METHODS SUMMARY
Environmental enrichment. Up to four mice were continuously housed in a

cage that contained two wheels for voluntary running and a variety of toys

(obtained from Petco) to create tunnels, and climbing devices. Food and water

was ad libitum. The food was hidden within the bedding. Toys and running

wheels were changed on a daily basis.

Learning tests. All behavioural testing was performed as described before3.

Cannulation and injection. Microcannula were inserted into the lateral brain
ventricles as previously described29. Sodium butyrate (Sigma) was dissolved in

artificial cerebrospinal fluid. A stock solution of trichostatin A (Sigma) was

dissolved in DMSO and diluted with artificial cerebrospinal fluid before

injection.

Immunoblotting and staining. Lysates for immunoblotting were prepared as

previously described3. To isolate histones, brain tissue was homogenized in TX-

buffer (50 mM Tris HCl, 150 mM NACl, 2 mM EDTA, 1% Triton-100) and

incubated at 4 uC for 15 min before centrifugation at 2,000 r.p.m. (400g) for

10 min. After a wash-step in TX-buffer the pellet was dissolved in TX-buffer

containing 0.2 M HCl and incubated on ice for 30 min, before a second cent-

rifugation at 10,000 r.p.m. (9,300g) for 10 min. The supernatant was either dia-

lysed or directly used for immunoblotting. Immunoblot data were quantified by

measuring the band intensity using NIH imaging software and UN-SCAN-it gel

digitizing software (Silk Scientific) by employing a Fujifilm LAS-1000 or 3100

imager whenever appropriate. Immunostaining was performed as described

previously3 using LSMeta10 software and a confocal microscope (Zeiss).

Statistical analysis. The data were analysed by unpaired Student’s t-test and one-

way ANOVA (analyis of variance). One-way ANOVA followed by post-hoc
Scheffe’s test was employed to compare means from several groups. Error bars

present s.e.m.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Fear conditioning. To measure associative learning we employed the contextual

fear-conditioning paradigm. The training consisted of a single exposure to the

conditioning context (3 min) followed by a single electric foot shock. In experi-

ments where we investigated the acquisition of fear memories, the shock intens-

ity was 0.7 mA (constant current, 2 s) and the memory test was performed 24 h

later. In experiments where we investigated the retrieval of long-term memories

the shock intensity was 1.5 mA (constant current, 2 s). After the training, mice

were allowed to develop long-term memories for 4 weeks. The memory test was

performed as indicated in the text.

Water maze. The water maze training was performed in a circular tank (dia-

meter 1.2 m) filled with opaque water. A platform (11 cm 3 11 cm) was sub-

merged below the water’s surface in the centre of the target quadrant. The

swimming path of the mice was recorded by a video camera and analysed by

Videomot 2 software (TSE). For each training session, the mice were placed into

the maze from four random points of the tank and were allowed to search for the

platform for 60 s. If the mice did not find the platform within 60 s, they were

gently guided to it. Mice were allowed to remain on the platform for 15 s. During
the memory test (probe trial) the platform was removed from the tank and the

mice were allowed to swim in the maze for 60 s. For experiments where we

investigated learning, the probe trial was performed within 24 h after the last

training session. For experimental detail about the employment of the water

maze paradigm to investigate long-term memories, please see the legend of

Supplementary Fig. 5. At the end of each experiment, the ability of mice to find

a visible platform was performed to control for possible locomotor deficits. For

the visible platform test no significant difference among experimental groups

was found (data not shown).

Immunoblotting. Antibodies were used in 1:1,000 concentrations for immuno-

blotting and 1:500 for immunostaining. All antibodies detecting histones and

anti-PSD-95 were from Upstate. Antisynaptophysin (SVP38) was from Sigma.

Anti-neuronal nuclei (neuN) and anti-growth associated protein (Gap43) were

from Chemicon and anti-N-cadherin, anti-(R)-catenin were from Santa Cruz.

Anti-MAP-2 antibody was from Sigma (1:200 dilution). For quantitative immuno-

blot analysis equal amounts of proteins were loaded to each lane. To confirm

equal loading, blots were reprobed with corresponding pan-antibodies or anti-

bodies for house-keeping proteins such as GAPDH or actin. For quantification
we always used a signal in the linear range.

Immunostaining. Synaptophysin staining was used to analyse synaptic plas-

ticity. Synaptophysin staining is commonly used to analyse synaptic plasticity

in animal models for neurodegeneration or post-mortem tissue from human

Alzheimer’s disease patients. Confocal images (1mm) were scanned and sub-

jected to three-dimensional reconstruction. The pictures are displayed as seen

from the x axis. LSMeta10 software (Zeiss) was used to calculate the mean

synaptophysin intensity. Brain sections with the strongest intensity were scanned

first. All other images included in the analysis were scanned using the same

microscope setting. Staining was quantified using LSMeta10 software (Zeiss).
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