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Introduction
Epigenetic processes, including posttranslational modifications of 
histones, regulate gene-expression programs and play a key role 
in genome-environment interactions (1, 2). Recent data suggest 
that histone acetylation regulates memory consolidation and may 
contribute to cognitive decline associated with neurodegenerative 
diseases (2–5). Histone acetylation is regulated by the counter-
acting activity of histone acetyltransferases (HATs) and histone 
deacetylases (HDACs). Recent can improve memory function in 
rodents (2). Various HDACi have been developed that show dif-
ferent activity toward the 11 zinc-dependent HDACs encoded in 
the mammalian genome (6). Studies using genetic mouse models  
(7–10) suggest that specifically the inhibition of class I HDACs 
as well as HDAC6 could be most beneficial in treating cognitive 
decline in neurodegenerative diseases such as Alzheimer’s disease 
(AD) (2, 3). Importantly, the HDACi suberoylanilide hydroxamic 
acid (SAHA, vorinostat, Zolinza) displays such a profile (11). SAHA 
is an FDA-approved drug for the treatment of subcutaneous T cell 
lymphoma (12, 13), suggesting that administration of SAHA could 
be a suitable strategy to test the effect of HDACi in AD patients. 

This step is currently hindered by the fact that the molecular 
effects of HDACi in models for cognitive decline are not well 
understood. Therefore, the available data on the effect of HDACi 
in the brain are not cell-type specific and are so far limited to the 
analysis of selected genes via quantitative reverse-transcriptase 
PCR (qRT-PCR), bulk changes in histone acetylation, or acetyla-
tion for selected genes (2). One particular argument we and others 
have been facing in our efforts to drive HDACi into clinical trials 
treating AD patients is that such drugs would rather unspecifically 
induce massive changes in gene expression. Thus, a systems biol-
ogy approach for studying the effect of memory impairment and 
HDACi administration at the genome-wide level is needed. More-
over, oral administration of SAHA has not been tested in preclini-
cal experiments in relation to memory impairment, which is of 
utmost importance for translational research.

Thus, we decided to test the efficacy of oral SAHA treatment 
in mouse models for age-associated memory impairment that had 
already developed severe pathology to closely mimic the clinical 
situation. To this end, we used 20-month-old mice as a model for 
age-associated memory impairment and 10-month-old APP/PS1-
21 mice (where APP indicates amyloid precursor protein) (14, 15) 
as a model for severe amyloid deposition. We combined behav-
ioral characterization with an in-depth analysis of epigenome and 
transcriptome plasticity performing RNA-sequencing (RNA-seq) 
and ChIP-sequencing (ChIP-seq) of the neuronal versus nonneu-
ronal population of the hippocampal CA1 region. We also tested 
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mechanisms, we sorted neuronal and nonneuronal nuclei and 
examined these populations separately. In agreement with previ-
ous reports (22), H4K12ac correlated well with the absolute level 
of gene expression in CA1 neurons (Figure 1D). We found that, 
in comparison with young mice, 20-month-old animals treated 
with vehicle displayed decreased H4K12ac that was specific to 
the neuronal cell population, since nonneuronal cells were not 
affected (Figure 1, E and F). SAHA reinstated physiological levels 
of H4K12ac in neurons, while no effect was seen in nonneuronal 
cells (Figure 1, E and F). These data demonstrate that oral admin-
istration of SAHA has quantifiable effects on neuronal histone 
acetylation in the aged brain.

Next, we studied the effect of aging and oral SAHA adminis-
tration on gene expression in the hippocampal CA1 region using 
RNA-seq. We found a very robust age-associated gene-expression 
signature consisting of 1,973 differentially expressed genes (Fig-
ure 1G, Supplemental Figure 2A, and Supplemental Table 1). Of 
note, these age-associated changes in gene expression were par-
tially (83%) reversed after SAHA treatment (Figure 1G, Supple-
mental Figure 2A, and Supplemental Tables 2 and 3). In line with 
these data, hierarchical clustering and principal component analy-
sis (Figure 1H and Supplemental Figure 2B) showed that aged 
mice treated with SAHA clustered more closely with young mice, 
while young and aged mice treated with vehicle clearly formed 
separate clusters (Figure 1H). These data further support the view 
that SAHA treatment partially normalizes age-associated changes  
in gene expression. Interestingly, this effect was seen for both 
up- and downregulated genes (Figure 1I). Functional enrichment 
analysis showed that age-associated increases in gene expression 
were linked to inflammatory processes, while decreases represent-
ed pathways linked to metabolism and transcriptional response 
(Figure 1J and Supplemental Figure 2, C and D). Of note, SAHA 
treatment had a clear dampening effect on the significance of all 
of these pathways (Figure 1J and Supplemental Figure 2, C and D).

Interestingly, we did not find any pathways linked to synaptic 
plasticity, which is known to decrease in the aging brain (23). These 
data suggest that the impact of aging on gene expression and the 
effect of SAHA are likely to be complex. In order to address this 
issue further, we first performed a more detailed analysis con-
centrating on genes that were significantly (false discovery rate  
< 0.05) downregulated in the aged CA1 region and fully restored to 
physiological expression after SAHA treatment. When we analyzed 
H4K12ac for the 328 genes that fulfilled these criteria, we found 
a strong decrease of acetylation levels in the aging hippocampus 
that was almost fully restored by SAHA treatment when we ana-
lyzed neuronal cells. This effect was not seen in nonneuronal cells 
(Figure 2A). Pathway analysis showed that these genes were func-
tionally linked to RNA splicing and noncoding RNA processing, 
suggesting that RNA processing and splicing are affected in CA1 
neurons during aging (Figure 2B). To validate this finding, we mea-
sured protein levels of the dual specificity kinase CLK1, which is a 
critical regulator of the spliceosome and has been linked to alterna-
tive splicing (24–26). Consistent with our RNA-seq data, the levels 
of CLK1 were decreased in aged animals (Supplemental Figure 3).

This prompted us to specifically analyze alternative splicing in 
vehicle- and SAHA-treated animals. Our data show that splicing is 
massively affected during aging and demonstrate a quantitatively 

the effect of SAHA administration on the liver as a major target for 
most orally applied drugs. Our data reveal a number of important 
findings. First, we observed that, in cognitively impaired mice, 
neuronal but not nonneuronal acetylation of histone 4 at lysine 
12 (H4K12) was decreased in the hippocampal CA1 region. Oral 
SAHA treatment rescued this histone acetylation deficit in neu-
rons, but had no effect on nonneuronal cells. At the transcript 
levels, we observed that age-associated memory impairment cor-
related with an inflammatory response mediated by elevated gene 
expression. Notably, SAHA treatment reduced the expression of 
genes linked to inflammation, which is at least in part due to effects 
linked to nonhistone acetylation. In aged mice, deregulation of 
genes linked to synaptic plasticity did not manifest at the level of 
gene expression, but was almost exclusively linked to differential 
splicing that was associated with decreased H4K12 acetylation 
(H4K12ac) at the intron-exon junction. Notably, SAHA treatment 
completely reinstated physiological exon usage and expression of 
plasticity genes. This effect was linked to increased H4K12ac at 
the intron-exon junction of deregulated genes. We furthermore 
provide evidence that deregulation of RNA splicing impairs hippo-
campal synaptic plasticity and memory function in mice and that 
these phenotypes can only be partially rescued by SAHA adminis-
tration, suggesting a mechanism by which SAHA regulates neuro-
nal plasticity. While amyloid pathology also increased inflamma-
tory processes, deregulation of plasticity genes was not linked to 
altered exon usage but to differences in gene-expression levels, 
which were partially reverted by SAHA treatment.

In conclusion, our data not only provide molecular insight into 
the mechanisms underlying cognitive decline and the action of the 
HDACi SAHA, but also strongly suggest that SAHA should be test-
ed in clinical trials for its potential to improve memory function.

Results
Since aging is the most important risk factor for dementia, we inves-
tigated age-associated memory impairment and the response of 
aged mice to oral SAHA administration. To this end, we employed 
20-month-old mice that received SAHA for 4 weeks. We used 
20-month-old animals that received vehicle solution as the control 
group. An additional control group consisted of 3-month-old mice 
treated with vehicle (Figure 1A). SAHA treatment did not influ-
ence basal activity (Supplemental Figure 1A; supplemental mate-
rial available online with this article; doi:10.1172/JCI79942DS1) or 
anxiety, as measured in the elevated plus maze test (Supplemen-
tal Figure 1B). To test hippocampus-dependent spatial memory 
function, mice were subjected to the Morris water maze (MWM) 
test. In line with previous findings (16–18), memory was impaired 
in vehicle-treated 20-month-old mice when compared with the 
3-month group (Figure 1, B and C). Spatial reference memory was 
significantly improved in SAHA-treated animals when compared 
with the corresponding vehicle group (Figure 1, B and C), showing 
that oral administration of SAHA can ameliorate age-associated 
memory impairment. As a first step toward elucidating the under-
lying mechanisms, we characterized histone acetylation in the 
CA1 region of the hippocampus, the key brain structure required 
for spatial learning (19, 20). We performed ChIP-seq analysis for 
H4K12ac, since this mark has been linked to age-associated mem-
ory impairment (7, 16, 21). To be more specific on the molecular 
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tional analysis revealed that genes affected by alternative splicing 
were almost exclusively linked to synapse function (Figure 2E). We 
validated differential exon usage for selected genes via qRT-PCR 
(Supplemental Figure 4). Individual examples of genes affected by 
alternative exon usage are depicted in Supplemental Figures 5, 6, 
7, and 8 and include a likely case of differential promoter usage 
(neuroplastin, Supplemental Figure 5), a case of alternative tran-

similar deregulation of differential gene expression and exon usage 
in the CA1 region (Figure 2C and Supplemental Table 4, compare 
to Figure 1D). SAHA was able to reinstate the exon-expression pat-
tern in 20-month-old animals to levels almost equivalent to those 
of 3-month-old animals (Figure 2C and Supplemental Table 5). 
There was minimal overlap among the genes affected by splicing 
and those affected at the total expression level (Figure 2D). Func-

Figure 1. Oral administration of SAHA improves memory function in an aging model and normalizes epigenetic and transcriptional activity. (A) Experi-
mental design. Old SAHA (OS), 20-month-old mice treated with SAHA for 4 weeks; old vehicle (OV), 20-month-old animals treated with vehicle; young 
vehicle (YV), 3-month-old mice treated with vehicle. (B) Escape latency during MWM training. Aged animals display significantly impaired escape latency 
in the MWM task. Repeated measures ANOVA, F(1,30) = 8.961, P < 0.01. (C) Probe test (PT) performance expressed as percentage of time spent in target 
quadrant (TQ) vs. average of other quadrants (O) for early (PT1) and later (PT2) probe test performed at indicated time points. *P < 0.05; **P < 0.01;  
***P < 0.001, Student’s t test after Holm-Sidak correction. n = 14 (YV), 18 (OV), 16 (OS) (A–C). (D) Profile plot of H4K12ac around TSS across whole genome 
for genes in 25th, 50th, 75th and 100th expression percentiles. Plot refers to CA1 neurons from YV-treated animals. (E) Profile plot of H4K12ac around TSS 
across genome for neuronal population. (F) Profile plot of H4K12ac around TSS across e genome for nonneuronal population. For E and F, inset shows box 
plot of the difference in coverage within shaded area (± 500 bp around TSS). Coverage is expressed as log2 fold-change over corresponding input. FC, fold 
change. (G) Left: number of genes at indicated significance cutoff up- or downregulated in the YV vs. OV and YV vs. OS comparisons. Right: Venn diagram 
illustrating overlap between genes in comparisons described above. Padj, P value adjusted. (H) Distance heat map with hierarchical clustering of YV, OV, 
and OS samples. Note that OS animals tend to cluster together with YV animals. (I) For every significant age-regulated gene, fold changes in OV and OS 
condition are plotted for upregulations (top) and downregulations (bottom) separately. (J) Sample functional categories overrepresented within upregu-
lated (top) and downregulated (bottom) genes and their significance in animals treated with vehicle or SAHA. Error bars indicate SEM.
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Figure 2. SAHA reinstates physiological exon usage and H4K12ac levels at intron-exon junctions. (A) Profile plot for H4K12ac for genes downregulated 
during aging and whose expression is fully reversed by SAHA in the neuronal (left) and nonneuronal (right) population. Inset shows box plots of the signal 
within the shaded area. (B) Functional categories and their significance associated with aging-downregulated genes whose expression is fully reversed by 
SAHA. (C) Number of splice sites significantly different in each of the indicated comparisons. (D) Of all genes found to be differentially expressed at the 
gene or exon level, the number and percentage (numbers inside each segment) of genes found in the RNA-seq only, in the DEX-seq analysis, or in common 
are represented. (E) Sample functional categories enriched within genes that contain 1 or more differential splicing events. (F) Volcano plot illustrating the 
magnitude and significance of changes at the exonic level that occur during aging after treatment with vehicle (black) or SAHA (red). Note that, whereas 
the distribution is clearly skewed toward the right (upregulations) in aged animals, this is reversed after SAHA treatment. Numbers within the graph 
denote the specific count of up- and downregulated exons at the indicated threshold for aged animals. Inset: percentage of exons with a higher inclusion 
rate (red) and a lower inclusion rate (blue) during aging. (G) H4K12ac signal around differentially spliced exons (left) and around a random set of exons 
(right) in the neuronal population. Insets represent box plots of the signal within the shaded area. DEX, differentially expressed exon. (H) Distribution of 
differentially spliced exons in aging across genes (left) and within the gene body (right).
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SAHA improves cognitive function. Thus, we decided to further 
investigate the role of RNA splicing on synaptic plasticity and 
memory function employing spliceostatin A (SSA), a compound 
that binds the spliceosome component SF3b, thereby deregulating 
spliceosome function (31, 32). When administered to hippocampal 
slices, SSA significantly impaired long-term potentiation (LTP), 
which is believed to be a molecular correlate of learning and mem-
ory (Figure 3A).Next, we analyzed whether the administration of 
SAHA could rescue SSA-mediated impairment of hippocampal 
LTP. We first confirmed that SAHA significantly enhanced LTP 
(Figure 3B). This effect was dramatically reduced when SAHA was 
coadministered with SSA (Figure 3C). On the basis of these data, 
we decided to test the effect of SSA on hippocampus-dependent 
memory function. Microcannulae were implanted into the dorsal 
CA1 region, and SSA was injected after each training session of the 
MWM test. A probe test to assay spatial reference memory was per-
formed after 8 days of training. While administration of SSA did not 
dramatically alter the escape latency during training, it significant-
ly impaired performance during the probe test (Figure 3D). Thus, 
mice that had received SSA did not show any preference for the tar-
get quadrant, indicating that SSA impairs hippocampus-dependent 
spatial memory (Figure 3E). In an additional experiment, SSA and 
SAHA were coadministered into the hippocampal CA1 region dur-
ing water maze learning. In line with the electrophysiological data, 
SAHA only partially rescued SSA-induced memory impairment 
during the probe test (Figure 3, D and E). Next, we employed qRT-
PCR to study differential splicing of Grin2a, which encodes the 

script usage (Sptbn1, Supplemental Figure 6), and a case of non-
sense-mediated decay expression (Usp21, Supplemental Figure 7). 
Notably, the microtubule-associated protein Tau was also affected 
at the level of exon usage. We observed increased expression of 
the first exon that contains microtubule repeats (Supplemental 
Figure 8). Since this exon contains Tau phosphorylation sites that 
affect Tau solubility and microtubule stability (27), the increased 
inclusion of this exon might be particularly critical in age-associ-
ated dementia. SAHA fully restituted the physiological pattern of 
exon usage (Supplemental Figure 8).

Of note, age-associated memory impairment was mainly 
linked to the aberrant inclusion of exons (90%) rather than to 
exon skipping (Figure 2F). Recent reports indicate that histone 
acetylation can influence transcriptional elongation rate and 
thereby affect exon inclusion/exclusion (28–30). Thus, we exam-
ined H4K12ac in neurons at the intron-exon junctions of differen-
tially expressed exons. There was a significant decrease in neuro-
nal H4K12ac at the intron-exon junction in aged animals that was 
almost fully restituted after SAHA treatment. This was not the 
case when we analyzed a random set of exons (Figure 2G), indi-
cating a potential causal relation between histone acetylation and 
exon usage at these particular sites. In agreement with the tran-
scriptional rate hypothesis, closer examination of the distribution 
of differentially expressed exons indicated that these accumulate 
in the gene body, showing a 5′-to-3′ gradient (Figure 2H).

These data suggest that differential splicing contributes to age-
associated memory decline and point to a mechanism by which 

Figure 3. Impairment of hippocampal LTP and in spatial memory by deregulation of RNA splicing is only partially recovered via SAHA administration. 
(A) When SSA (190 nM) was applied 1 hour prior to LTP induction, a significant reduction of LTP was observed. Repeated measures ANOVA, F(1,10) = 10.31, 
P < 0.01. (B) Administration of SAHA (10 μM) robustly enhances hippocampal LTP. Repeated measures ANOVA, F(1,10) = 15.21, P < 0.01. (C) Coadministra-
tion of SAHA with SSA could only partially recover the effect of SAHA. While LTP was significantly increased when comparing SSA alone to SSA plus SAHA 
(repeated measures ANOVA, F[1,10] = 14.37, P < 0.01), this effect barely reached the LTP level seen in the vehicle group. For each group, n = 6. Arrows indi-
cate high-frequency stimulation to induce LTP. (D) Escape latency for vehicle-, SSA-, and SSA plus SAHA–treated animals. (E) Percentage of time spent in 
target quadrant vs. other quadrants during the probe test performed at day 9. **P < 0.01, t test after Holm-Sidak correction, n = 9 (vehicle), 8 (SSA), 7 (SSA 
plus SAHA). (F) qRT-PCR demonstrating increased expression of Grin2a’s exon II in SSA-treated animals. *P < 0.05, t test after Holm-Sidak correction,  
n = 7 (vehicle), 8 (SSA), 7 (SSA plus SAHA). Error bars indicate SEM.
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ionotropic glutamate receptor N-methyl-D-aspartate subunit 2A, 
and was among the genes affected in the aging CA1 region. To this 
end, spliceostatin was injected into the CA1 region of mice and tis-
sue was isolated for qRT-PCR analysis. Similar to the deregulation 
seen in the aging CA1 region, administration of SSA significantly 
increased the inclusion of Grin2a exon II (Figure 3F). This effect 
was partially rescued when SSA was coinjected with SAHA (Figure 
3F). These findings suggest that (a) proper RNA splicing is essential 
for hippocampal synaptic plasticity and memory formation and (b) 
SAHA improves synaptic function and memory formation at least 
in part via mechanisms that involve differential exon usage.

So far, we have shown that administration of SAHA can partially 
reinstate physiological gene expression and exon usage in aged mice 
at the genome-wide level. Since little is know of the effect of SAHA on 
the expression of microRNAs (miRNAs), which act as important reg-
ulators of synaptic plasticity and memory function and are also linked 
to cognitive impairment (33), we also analyzed the miRNAome of the 
CA1 region via small RNA-seq. We detected age- and SAHA-asso-
ciated changes in the expression of miRNAs (Supplemental Table 6 
and Supplemental Figure 9A). Based on target prediction, changes 
in these miRNAs could account for up to 13% and 7% of the aging-
associated up- and downregulated genes, respectively (Supplemental 

Figure 4. SAHA recapitulates the effects 
seen on aging in a model for amyloid 
deposition. (A) Escape latency (left) and 
result from an early (PT1, middle) and later 
(PT2, right) probe test performed in APP/
PS1-21 animals the received SAHA from 10 
months of age. APP/PS1-21 animals treated 
with vehicle displayed significant learning 
impairment, as indicated by the escape 
latency (left panel). Repeated measures 
ANOVA, F(1,18) = 5.174. *P < 0.05, Student’s 
t test after Holm-Sidak correction, n = 11 
(WT vehicle), 9 (APP vehicle), 7 (APP SAHA). 
(B) H4K12 profile plot across the genome 
around the TSS in the neuronal (left) and 
nonneuronal (right) population. Insets 
show the differences in signal within the 
shaded area. (C) Number of significantly up- 
and downregulated genes in APP/PS1-21 
animals. Note the large difference in mag-
nitude compared with aged WT animals. (D) 
Main functional categories associated with 
amyloid-induced upregulated genes and 
their significance. The red line indicates the 
average significance level for similar catego-
ries in aged animals for comparison purpos-
es. (E) Fold change of genes upregulated in 
APP/PS1-21 mice that received vehicle solu-
tion (APP vehicle) and APP SAHA animals. 
Every line represents an individual gene. (F) 
Overlap of genes found to be significant in 
the control littermates that received vehicle 
solution (WT vehicle) vs. APP vehicle and 
WT vehicle vs. APP SAHA comparisons. The 
main functional categories associated with 
each set of genes are indicated. Error bars 
indicate SEM.
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Figure 9B and Supplemental Table 7). Unlike the expression of genes, 
age-associated miRNA changes were not reinstated in the presence 
of SAHA (Supplemental Figure 9A and Supplemental Table 6). Rath-
er, we found that there was a subset of miRNAs that was specifically 
associated with SAHA administration (Supplemental Figure 9C).

We also analyzed the expression of long, noncoding RNAs 
(lncRNAs) (34). In line with a recent study showing aging-associ-
ated changes in lncRNAs in the cortex (35), we found 10 lncRNAs 

that were significantly altered in the aging CA1 region (Supple-
mental Table 8), including Neat1, which can act as a scaffolding 
molecule for nuclear paraspeckles and has been recently reported 
to be altered in Huntington’s disease (36). Of note, SAHA reversed 
or partially restituted physiological expression levels for 6 of these 
lncRNAs (Supplemental Table 8).

Since histone acetylation has been generally associated with 
facilitated gene expression, we have so far focused our analyses 

Figure 5. SAHA can partially reinstate amyloid-induced downregulation of transcriptional programs, but does not affect plaque load. (A) Main func-
tional categories associated with genes downregulated in APP vehicle animals and their significance. (B) Profile plot for H4K12ac signal for downregulated 
genes around the TSS in the neuronal population. The inset shows a box plot of the coverage within the shaded area. (C) Fold change for downregulated 
genes in APP vehicle and APP SAHA animals. Each line represents an individual gene. (D) Number of significant splice events under the indicated condi-
tions. Note that aging is associated with almost a 3-fold greater deregulation of exon usage. (E and F) Functional categories associated with genes that 
contain 1 or more differentially expressed exons in APP vehicle (E) and APP SAHA (F) animals. (G) Representative images and quantification of plaque load 
in APP/PS1-21 animals treated with vehicle or SAHA. n = 4 (WT vehicle), 4 (APP vehicle), 5 (APP SAHA). Scale bar: 100 μm.
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the brain, SAHA did not appear to normalize the age-associated 
gene-expression response observed in the liver. Most importantly, 
our analysis did not provide any evidence that SAHA would have 
detrimental effects on liver function (Supplemental Figure 11).

We have thus shown that aging is associated with a neuron-
specific decrease in H4K12ac, which is linked to impaired gene 
expression and aberrant exon usage leading to deregulation of 
RNA processing and synaptic plasticity programs, respectively. All 
of these mechanisms are partially reinstated by oral administra-
tion of SAHA, the effect on exon usage being particularly robust.

While aging is the most important risk factor for demen-
tia and AD, other factors also contribute to this pathogenesis. A 
major hallmark of AD pathogenesis in humans is amyloid deposi-
tion, which can be investigated in mouse models overexpressing 
mutant proteins linked to familial AD and altered APP process-
ing. A mouse model with particularly severe amyloid deposition 
is APP/PS1-21, which overexpresses mutant forms of both App and 
Psen1 (14). In order to test how robust and extendable the efficacy 
of oral SAHA administration is, we sought to determine whether 
oral administration of SAHA would also rescue memory function 
in 10-month-old APP/PS1-21 mice that had already developed 
severe amyloid pathology and hippocampus-dependent learn-
ing impairments (14, 15), thus representing a relevant preclinical 
model for drug testing. Ten-month old APP/PS1-21 mice received 
oral SAHA administration for 4 weeks (APP SAHA group) and 
were subsequently subjected to behavior testing. APP/PS1-21 
mice and control littermates that received vehicle solution served 
as control groups. Similar to the data obtained in aged animals, 
oral administration of SAHA improved spatial reference memory 
in APP/PS1-21 mice (Figure 4A). Cell-type–specific ChIP-seq anal-
ysis of H4K12ac in the hippocampal CA1 region showed a global 
decrease in the signal for this mark around the transcription start 
site (TSS) in neuronal and nonneuronal cells, and SAHA reinstated 
H4K12ac specifically in neurons (Figure 4B). Next, we analyzed 
the transcriptome of the hippocampal CA1 region using RNA-seq. 
When comparing APP/PS1-21 mice with the corresponding control 
group, we found over 6,000 differentially expressed genes (Figure 
4C and Supplemental Table 13). Pathway analysis indicated that 
the upregulated genes were almost exclusively linked to inflam-
matory processes (Figure 5D). Despite the comparatively larger 
magnitude of these changes with respect to the data obtained 
in our aging model, SAHA exerted a normalizing effect on gene 
expression, namely, it dampened the inflammatory transcrip-
tional response in APP/PS1-21 mice (Figure 4, D–F, Supplemental 
Figure 12, and Supplemental Table 14). We furthermore found that 
the core of the inflammatory response observed in aged animals 
was not only concordant with that seen in APP/PS1-21 mice rep-
resenting a stage of advanced amyloid pathology, but was even 
more pronounced at the single gene level (Supplemental Figure 
12B). This effect was also observed at the level of noncoding RNAs 
(Supplemental Table 15). Thus, we found 5 lncRNAs commonly 
regulated between aging and APP/PS1-21 animals, most promi-
nently Neat1, which was more strongly induced in APP/PS1-21 
mice. Interestingly, the number of significant lncRNAs was larger 
in APP/PS1-21 animals (compare Supplemental Tables 8 and 15), 
suggesting a distinct and potentially relevant role of these mol-
ecules specifically associated to amyloid pathology.

on aging-downregulated genes whose expression is reinstated by 
SAHA. Our data, however, also show that SAHA could partially 
reinstate physiological expression of aging-upregulated genes that 
were linked to inflammation (Figure 1, I and J, and Supplemental 
Figure 2). Since this effect cannot easily be explained by changes in 
histone acetylation, we speculate that processes related to the acety-
lation of nonhistone proteins, such as transcription factors, might be 
involved (37–39). To address this issue, we first examined transcrip-
tion factor–binding sites linked to aging-upregulated genes. We 
found an enrichment for transcription factors that act as key regu-
lators of inflammatory processes (Supplemental Figure 10A), most 
prominently STAT proteins. STAT1 is known to be regulated by 
acetylation (40, 41), suggesting a link between aging and SAHA on 
the activity of proteins like STAT1. In line with this hypothesis, we 
found hippocampal STAT1 activity to be increased in the CA1 region 
of aged mice, while SAHA ameliorated this effect (Supplemental 
Figure 10B). These data suggest that part of the antiinflammatory 
effect of SAHA may be mediated through the STAT pathway.

While our data provide clear evidence that oral SAHA admin-
istration affects brain function in a therapeutic manner, deter-
mining the effect of SAHA treatment on other organs would be 
clinically relevant. Thus, we also studied transcriptome plasticity 
in the liver via RNA-seq, since the liver represents a primary tar-
get region for oral drug administration. Our data show that aging 
affects the liver transcriptome and is associated with inflamma-
tory gene expression, albeit through the regulation of a transcrip-
tional program fundamentally different from that observed in the 
hippocampal CA1 region (Supplemental Figure 11 and Supple-
mental Tables 9–12). Also, in contrast with the results obtained in 

Figure 6. A graphical summary of the effects of aging and amyloid at the 
epigenetic, gene, and splicing level and the points of action of SAHA. 
Both aging and amyloid pathology have indirect (epigenetic alterations 
[H2K12ac], regulation of transcription factors) and possibly direct effects 
on gene expression. We found that in aging these effects are primarily 
related to inflammation and splicing regulation. The effect on histone 
acetylation may also directly influence exon inclusion. Amyloid primarily 
targets inflammatory gene expression and, to a lesser extent, H4K12ac 
and nonhistone targets. SAHA acts on all of these molecular processes 
at all levels, though the exact mechanisms of action remain to be further 
investigated. Note that line thickness represents the extent to which a 
particular process is involved in aging/amyloid pathology or is targeted by 
SAHA according to our observations.
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response to aging, amyloid pathology, and oral SAHA treatment 
using genome-wide and cell-type–specific approaches. Our data 
show that the HDACi SAHA partially reinstates spatial memory 
function when administered orally to 20-month-old mice and 
10-month-old APP/PS1-21 mice representing models for age-
associated memory decline and amyloid deposition. This effect 
is paralleled by reinstatement of H4K12ac in neurons of the hip-
pocampal CA1 region, demonstrating that oral delivery of SAHA 
affects histone acetylation in the brain. These data further sup-
port previous findings from imaging studies suggesting that SAHA 
can cross the blood-brain barrier (42–45) and are generally in line 
with studies showing that administration of HDACi via i.p. injec-
tion or direct injection into the brain can improve memory func-
tion in mice (11, 16, 46–55). However, none of these studies used 
genome-wide approaches to investigate the molecular underpin-
ning of HDACi treatment. While it has been suggested that HDACi 
affects memory function via the regulation of histone acetylation 
and gene expression (56, 57), genome-wide evidence to support 
this view is very limited (58–63) and there are no data available 
related to age-associated memory decline or AD.

Interestingly, we observed that aging was associated with 
decreased H4K12ac in hippocampal CA1 neurons. A particularly 
interesting finding of our study is that nonneuronal cells of the 
CA1 region showed normal H4K12ac that was also not affected by 
the administration of SAHA. A similar pattern was observed in the 
CA1 region of APP/PS1-21 mice, and although the effect of amyloid 
deposition on nonneuronal cells was more pronounced than in the 
aging model, SAHA did not have a major impact on nonneuronal 
cells. These findings may indicate that — at least in vivo — nonpro-
liferating cells such as neurons are more sensitive to homeostatic 
changes that affect histone acetylation. Importantly, while SAHA 
reinstated physiological H4K12ac in neuronal cells, we did not 
find evidence for an unspecific genome-wide increase in neuro-
nal or nonneuronal H4K12ac, suggesting that HDACi treatment 
can ameliorate existing deficits, but does not act on cells in which 
histone acetylation is in homeostasis. The fact that neuron-specific 
impairment in age-associated H4K12ac was restored — but not 
further increased — by SAHA treatment correlated with increased 
expression of genes that were downregulated during aging. We did 
not find evidence that SAHA would cause massive and unselective 
changes in hippocampal gene expression. Genes downregulated 
in the aging CA1 region were functionally linked to the regula-
tion of gene expression, metabolic function, and RNA processing, 
including RNA splicing. Expression of these genes was completely 
or partially restored in response to SAHA treatment. In line with 
the fact that RNA processing was affected in the aging CA1 region, 
we found massive changes in differential exon usage. While exon 
usage is known to be subject to intense regulation during brain 
development (64, 65), there is so far no genome-wide evidence 
that RNA splicing is linked to cognitive decline and the action of 
HDACi. This is likely due to the fact that previous studies inves-
tigating gene expression in age-associated cognitive impairment 
did not use RNA-seq. Our data are, however, in line with recent 
reports showing massive changes in RNA splicing when compar-
ing the cortex from embryos to that of adult mice (66) or the pre-
frontal cortex and cerebellum from humans and primates at vari-
ous ages (65). Furthermore, previous studies report age-associated 

In agreement with the data obtained in our aging model, amy-
loid-mediated increased gene expression was strongly associated 
with STAT transcription factors and SAHA moderately but sys-
tematically decreased the significance of these predictions (Sup-
plemental Figure 10D), further endorsing the interpretation that 
amyloid pathology represents a very augmented aging response, 
at least regarding inflammatory processes.

In contrast to the data obtained in our aging model, we found 
that the genes downregulated in the CA1 region of APP/PS1-21 
mice were associated with functional pathways mainly linked 
to synaptic plasticity (Figure 5A). Downregulation of such genes 
was linked to decreased neuronal H4K12ac and was rescued by 
SAHA administration (Figure 5B). In line with these data, SAHA 
treatment partially normalized this transcriptional program and 
its associated pathways (Figure 5, A and C). Since, in the aging 
model, we observed that genes linked to synaptic plasticity were 
deregulated via differential exon usage, we also analyzed splic-
ing events in APP/PS1-21 mice. We observed that exon usage was 
affected in APP/PS1-21 mice, but to a much lower degree when 
compared with the aging model (Figure 4D). Interestingly, differ-
ential splicing in APP/PS1-21 mice was predominantly associated 
with genes linked to cytoskeleton function and neuronal projec-
tions (Figure 5E). SAHA treatment did not reinstate physiological 
exon usage in APP/PS1-21 mice as observed in the aging model. 
Nevertheless, despite a modest approximately 30% overlap of dif-
ferentially spliced genes between vehicle- and SAHA-treated mice 
(Supplemental Tables 16 and 17), functional analysis revealed that 
the same biological processes, namely cytoskeleton function and 
neuronal projections, were affected in vehicle- and SAHA-treated 
APP/PS1-21 mice (Figure 5, E and F).

Of note, SAHA treatment did not affect plaque load in APP/
PS1-21 mice (Figure 5G), suggesting that reinstated memory func-
tion is at least in part due to the normalization of gene-expression 
levels affecting synaptic plasticity and inflammatory responses.

These data show that oral administration of SAHA also amelio-
rates hippocampus-dependent memory decline in a mouse model 
of amyloid deposition. As in the aging model, SAHA impinges 
upon inflammatory processes in APP/PS1-21. While aging affects 
the expression of genes linked to synaptic plasticity at the level of 
differential splicing, such genes are downregulated in response 
to amyloid pathology. This effect is partially reversed by SAHA 
administration. Generally, amyloid pathology does not seem to 
affect differential exon usage to the same degree as observed in 
our aging model (Figure 6).

In conclusion, our data provide what we believe is the first 
genome-wide approach investigating the transcriptional events 
associated with aging and amyloid deposition in hippocampal 
neurons after oral treatment with an HDACi. We show that oral 
administration of SAHA improves memory function in models 
for AD and provide mechanistic insight into the action of HDACi. 
Our data strongly support the idea that SAHA — an FDA-approved 
drug (vorinostat/Zolinza) — should be tested in clinical settings 
treating patients with AD.

Discussion
Our study is the first, to our knowledge, to investigate the tran-
scriptome and epigenome of the hippocampal CA1 region in 
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decrease early in response to amyloid pathology. It has to be reiter-
ated that in our study, as well as in most preclinical settings, age-
matched APP/PS1-21 mice are used for analysis, thus neglecting 
age-associated changes. Thus, our data suggest that at least at the 
level of gene expression, therapeutic interventions directed toward 
amyloid pathology would fail to improve deregulation of plastic-
ity genes linked to age-associated changes in exon usage. Of note, 
SAHA affects gene expression and RNA splicing and thus was able 
to reinstate physiological expression of plasticity genes in the aging 
and amyloid model, further highlighting its therapeutic potential.

Both aging and amyloid deposition were associated with a tran-
scriptional program predominately linked to inflammation, which 
is in line with previous findings (80–83). Since aging is not associ-
ated with massive changes in the number of glial cells (37, 84), our 
data indicate that the gene-expression program linked to inflamma-
tion reflects activity changes. Given that the same pathways were 
affected in APP/PS1-21 mice, albeit much more strongly, our data 
suggest that, also in response to amyloid pathology, inflammation is 
initially mediated by changes in cell activity, but later also dominat-
ed by increased cell number. This is in line with previous studies on 
the role of astro- and microglia (85). Surprisingly, SAHA treatment 
was able to decrease the expression of genes linked to inflammation 
in our aging model and, to some extent, also in the amyloid model. 
These data are in line with previous reports showing antiinflamma-
tory actions of HDACi. More specifically, SAHA was found to medi-
ate antiinflammatory actions in various models of inflammation, 
such as corneal neovascularization (86), sepsis (87), intrapulmonary 
inflammation (88), and encephalomyelitis (89). Of note, neither in 
our aging nor in the amyloid model was increased expression of 
inflammatory genes associated with elevated H4K12ac in nonneu-
ronal cells. These data suggest that H4K12ac does not simply reflect 
transcriptional activity, but plays a rather specific role in transcrip-
tional regulation of cells in the adult brain. Thus, antiinflammatory 
effects of SAHA are likely to be mediated via processes that involve 
nonhistone protein acetylation, which is supported by recent find-
ings (90, 91). Consistent with these data, we found that at least part 
of the inflammatory response might be mediated by the action of 
transcription factors such as STAT1, which are regulated by acety-
lation (41, 92, 93) and have been shown to control inflammatory 
processes (94, 95). Our data suggest that SAHA treatment indirectly 
ameliorates the age-associated increase in STAT1 activity. This is 
of particular importance, since STAT1 has recently been linked to 
cognitive function. Mice lacking STAT1 show enhanced memory 
performance and are resistant to memory impairment induced by 
Aβ peptides injected into the hippocampus (96).

Although we focused our analysis on the brain, oral adminis-
tration of an HDACi such as SAHA certainly targets other organs, 
foremost the liver. Very few reports have examined aging in this 
organ before, and those that have have shown mixed results. While 
some have found none or very modest changes (83, 97, 98), others 
report hundreds or even thousands of gene-expression changes 
associated with age (99, 100). Our results are consistent with the 
more recent reports and show extensive age-associated transcrip-
tional changes in the liver related to inflammatory and metabolic 
processes (100). The differences in magnitude with respect to 
previous studies likely reflect the increases of sequencing meth-
ods over microarrays. The gene-expression changes observed in 

splicing changes at the level of selected genes (64, 67). For 90% 
of the genes affected by altered splicing in the aging hippocampus, 
we observed aberrant inclusion of exons at the 5′ end of the cod-
ing region. These exons were characterized by decreased H4K12ac 
that was reinstated to physiological levels after SAHA treatment. 
These data are in line with previous reports linking histone acetyla-
tion to splicing regulation (29, 30, 68). In particular, it was shown 
that both H3 acetylation (at lysine 9) and H4 acetylation are linked 
to exon selection through regulation of the transcriptional elonga-
tion rate. Therefore, increased histone acetylation was found to 
increase RNA polymerase II (RNAPol-II) processivity and exon 
skipping in 3 different genes and cellular systems (29, 30, 68). Tak-
ing also into account that H4K12ac has been linked to transcrip-
tional elongation (16), these data suggest that aberrant inclusion 
of exons in the aging CA1 regions is — at least in part — linked to 
reduced H4K12ac at the intron-exon junctions. The almost com-
plete reinstatement of physiological splicing after SAHA treatment 
is most likely also linked to the restoration of genes implicated with 
the splicing machinery, such as Clk1, Srsf10, Srsf7, Tra2a, or Srsf3, 
which are downregulated during aging in the CA1 region and fully 
restored after SAHA treatment. Clk1 is a protein kinase essential 
for phosphorylation of Serine/Arginine-rich (SR) proteins (69), 
which in turn are fundamental components of the spliceosome and 
can form nuclear speckles (70). This view is further supported by 
recent data implicating CLK1 with AD pathogenesis (71).

In conclusion, our data indicate that RNA splicing plays a 
key role in the regulation of synaptic plasticity and the therapeu-
tic action of SAHA. Furthermore, we show that SSA-mediated 
deregulation of RNA splicing impairs hippocampal LTP and hip-
pocampus-dependent memory function in mice. To the best of our 
knowledge, such an effect has never been demonstrated before, 
but is in line with targeted approaches showing, for example, that 
splicing of neuronal surface receptors such as neurexins is linked 
to synaptic function (72). Most importantly, administration of 
SAHA could only partially rescue SSA-mediated impairment of 
hippocampal LTP and memory formation. These data suggest that 
the regulation of RNA splicing is critical, but of course, is not the 
only mechanism by which SAHA affects neuronal plasticity.

In contrast to the aging CA1 region, where genes linked to syn-
aptic plasticity were affected solely at the level of differential exon 
usage, in APP/PS1-21 mice, functional pathways linked to synaptic 
plasticity were affected via reduced gene expression. The compara-
tively few genes affected by splicing in APP/PS1-21 were function-
ally linked to cytoskeleton-related processes. Interestingly, SAHA 
treatment did not reinstate physiological exon usage in APP/PS1-
21 animals, but it altered the splicing of genes linked to the same 
molecular pathways. While differential splicing of selected genes 
has been observed in postmortem brain tissue from AD patients (73, 
74) and in models for amyloid deposition (75), our data suggest that 
aging and amyloid deposition affect expression of synaptic plastic-
ity genes via fundamentally different mechanisms. This is of utmost 
importance, taking into account that in human AD patients, both 
risk factors coincide. One potential explanation might be altered 
metabolic processes. Thus, histone acetylation is intimately linked 
to citrate metabolism (76), which is known to decrease in the aging 
brain (16, 77, 78). While energy metabolism is affected in brains 
of AD patients (79), there is no evidence so far that citrate levels 
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SAHA administration. SAHA was dissolved in drinking water fol-
lowing a previously published formula (42): 0.67 g of SAHA (Cayman 
Chemical Co.) was dissolved in 1 l of drinking water containing 18 g of 
β-cyclodextrin (Sigma-Aldrich, Ref 332607). The solution was heated 
to 95°C and stirred until no SAHA particles were visible (approxi-
mately 20 minutes) and then allowed to cool down to room tempera-
ture before making it available to animals. Animals drank on average  
3 ml/d, which equals 2 mg SAHA intake per day. The maximum tol-
erable dose in humans is 400 mg/d. We used the following formula 
to covert the dose used in mice into human terms: human dose (mg/
kg) = rodent dose (mg[kg] × rodent KM/rodent KM/human KM; KM 
rodent = 3 and KM human = 37, where KM = ratio of body weight [kg] 
to surface area [m2]) (103). Thus, the dose applied to mice in this study 
approximates 5 mg/kg in humans. Taking into account an average 
weight of 75 kg, the dose used would equal 375 mg/day and is thus 
within the maximum tolerable dose.

NGS data access. All original microarray data were deposited in the 
NCBI’s Gene Expression Omnibus (RNA-seq: GEO GSE63943; small 
RNA–seq: GEO GSE63944; ChIP-seq: GEO GSE63942).

Detailed descriptions of all molecular and bioinformatics proce-
dures are given in the Supplemental Methods.

Statistics. All statistical analyses and graphical representations 
except those specifically described for RNA-seq and ChIP-seq were 
done with Prism 6 (GraphPad). All data are represented as mean ± 
SEM. Statistical tests employed for data analysis are described in 
greater detail within the figure legends and depended on experimental 
design. All t tests performed were 2 tailed. A P value of less than 0.05 
was considered significant.

Study approval. All procedures were performed by experienced 
experimenters and according to protocols approved by the Lower Sax-
ony State Office for Consumer Protection and Food Safety.
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the liver were not reversed by administration of SAHA, although 
SAHA had an overall affect on gene expression in the liver. Of 
note, the analysis of liver-specific gene expression did not yield 
any evidence for detrimental effects of chronic SAHA adminis-
tration. In contrast to the widespread gene-expression changes, 
aging was associated with comparatively few alterations in differ-
ential splicing. These data are in agreement with reports showing 
that differential exon usage in the liver is generally less complex 
when compared with that in the brain (101, 102).

In conclusion, our data show for the first time, to our knowl-
edge, that oral administration of SAHA can ameliorate memory 
impairment in mouse models of age-associated cognitive decline 
and amyloid deposition. Both aging and amyloid pathology are 
associated with inflammation and impaired synaptic function at 
the gene-expression level. However, during aging, deregulation of 
synaptic plasticity genes manifests mainly at the level of differential 
splicing, which is not further affected by amyloid pathology. On top 
of age-associated changes in splicing, amyloid deposition causes 
downregulation of plasticity genes, underscoring the importance of 
carefully interpreting results from animal models that only repre-
sent one aspect of complex humans diseases, such as AD. Thus, our 
data are of the utmost importance for the development of therapeu-
tic strategies for treating AD patients in whom amyloid pathology 
occurs on the background of an aged brain. Notably, SAHA was able 
to impinge on all of these pathological changes and we did not find 
evidence for massive and unspecific changes in transcriptome plas-
ticity after oral administration of SAHA. The later argument and the 
fact that mechanistic insight on the action of HDACi in the brain 
is limited is currently hindering the use of HDACi in clinical trials 
treating AD patients. Thus, our study provides important insight 
that will inspire clinical studies aiming to treat dementia. Since 
SAHA is an approved drug for human therapy, our data strongly 
advocate testing SAHA in a clinical setting treating AD patients, and 
we are currently preparing to perform such a study.

Methods
Animals. Both 3-month-old and 20-month-old animals from a 
C57BL/6JRj background were obtained from Janvier. APP/PS1-21 
mice belong to the Tg(Thy1-APPSw,Thy1-PSEN1*L166P)21Jckr colo-
ny. All animals were housed in standard cages with food and water ad 
libitum. They were allowed 2 to 4 weeks of habituation to the holding 
room before being subjected to any manipulation or experiment. Mice 
were single caged prior to behavioral testing.
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