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Spatial memory consolidation is associated with induction of several Lysine-
acetyltransferase (HAT) expression levels and H2B/H4 acetylation-dependent 

transcriptional events in the rat hippocampus. 
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2. Abstract 
 

Numerous genetic studies have demonstrated that the CREB-binding protein 

(CBP) is an essential component of long-term memory formation, through its histone 

acetyltransferase (HAT) function. E1A binding protein p300 and p300/CBP-associated 

factor (PCAF) have also recently been involved in memory formation. By contrast, only a 

few studies have reported on acetylation modifications during memory formation, and it 

remains unclear how the system is regulated during this dynamic phase. We 

investigated acetylation-dependent events and the expression profiles of these HATs 

during a hippocampus-dependent task taxing spatial reference memory in the Morris 

water maze. We found a specific increase in H2B and H4 acetylation in the rat dorsal 

hippocampus, while spatial memory was being consolidated. This increase correlated 

with the degree of specific acetylated-histones enrichment on some memory/plasticity-

related gene promoters. Overall, a global increase in HAT activity was measured during 

this memory consolidation phase, together with a global increase of CBP, p300 and 

PCAF expression. Interestingly, these regulations were altered in a model of 

hippocampal denervation disrupting spatial memory consolidation, making it impossible 

for the hippocampus to recruit the CBP pathway (CBP regulation and acetylated-H2B –

dependent transcription). CBP has long been thought to be present in limited 

concentrations in the cells. These results show, for the first time, that CBP, p300 and 

PCAF are dynamically modulated during the establishment of a spatial memory and are 

likely to contribute to the induction of a specific epigenetic tagging of the genome for 

hippocampus-dependent (spatial) memory consolidation. These findings suggest the 

use of HAT activating molecules in new theurapeutic strategies of pathological aging, 

Alzheimer’s disease and other neurodegenerative disorders. 

 

Key-words (6): hippocampus-dependent memory; CREB-binding protein CBP ; Histone 

acetyltransferase (HAT) ; H2B histone ; Morris water maze ; memory consolidation. 
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3. Introduction 
 

What we are is defined by the memories we keep from our past experiences. 

Since Müller and Pilzecker (1900), it has been clear that such memories are not formed 

instantaneously. Initially labile and sensitive to interference, they consolidate gradually 

over time to become stable and resistant. This consolidation process is orchestrated by 

molecular events, which have long-term consequences – structurally and functionally – 

at both system and cellular levels. At the system level, the hippocampus is a crucial 

conductor of the process, receiving and, within a protracted dialog involving other 

cortical regions, reorganizing the recently learned material in order to form a lasting 

memory trace (Dudai, 2004; Frankland and Bontempi, 2005; Fanselow and Dong, 2010). 

A prerequisite to systemic consolidation is that particular brain regions engaged in 

acquisition, in particular the hippocampus, firstly integrates the signal by engaging 

synaptic or cellular consolidation. It is faster, occuring early after training and involving 

subcellular events that follow different timescales (Medina et al., 2008). It is long known 

that this step depends on transcriptional activation and de novo protein synthesis 

(Kandel, 2001; McGaugh, 2000), but the mechanisms underlying synaptic consolidation 

remain to be established. 

Histone acetyltransferases (HATs) are key enzymes regulating chromatin 

structure to promote gene transcriptional activation through histone acetylation. Many 

genetic studies point to a particular HAT, the co-activator CREB-Binding Protein (CBP) 

as a major contributor to memory formation (reviewed in Barrett and Wood, 2008). 

Haploinsufficient mice (cbp+/-) were shown to present chromatin acetylation reductions, 

late phase of hippocampal long-term potentiation (L-LTP) defects and some forms of 

long term memory (LTM) deficits (Alarcon et al., 2004). Spatial and temporal restricted 

expression of a HAT activity deficient mutant of CBP showed the importance of HAT 

activity in these processes (L-LTP and LTM formation) (Korzus et al., 2004). 

Accordingly, several studies evidenced histone acetylation modifications in response to 

memory formation, in particular on H3 and H4 histones (reviewed in Gräff and Mansuy, 

2008; Roth and Sweatt, 2009). Several domains of CBP, such as the amino-terminus 

(Bourtchouladze et al., 2003; Wood et al., 2005) or the KIX transcription factor-binding 
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site (Wood et al., 2006a; Vecsey et al., 2007), have been defined important for synaptic 

plasticity and LTM. In addition, other related proteins displaying HAT function, such as 

E1A binding protein p300 (p300) and p300/CBP-associated factor (PCAF), were recently 

implicated in memory processes as well (Oliveira et al., 2007; Maurice et al., 2008).  

To further illuminate the role of HATs in memory, attempts to pharmacologically 

enhance histone acetylation levels have been made. This was made possible through 

the development of HDAC inhibitors (HDACi) (Dokmanovic et al., 2007). HDACi 

molecules have been successful in enhancing memory-related functions such as LTP 

(Levenson et al., 2004; Alarcon et al., 2004), or improving memory processing involved 

in cued or contextual fear conditioning (Bredy et al., 2007; 2008; Lattal et al., 2007; 

Vecsey et al., 2007; Fischer et al., 2007), spatial learning in the Morris water maze 

(MWM) (Fischer et al., 2007) (reviewed in Barrett and Wood, 2007; Grissom and Lubin 

2009), or novel object recognition (Stefanko et al., 2009). Importantly, this strategy also 

worked in mice subjected to experimental brain damage (Fischer et al., 2007; Dash et 

al., 2009). The molecular mechanisms underlying these effects is not clear, but is based 

on the hypothesis that, if “global” acetylation levels are increased and/or the activated-

acetylation status of histones is maintained over time, this could potentially induce 

genetic programs at least partly related to memory and then sustain or enhance memory 

functions. Recently, HDAC2 was found associated with promoters of genes implicated in 

synaptic plasticity and memory formation, and Hdac2 knockout mice show memory 

improvement (Guan et al., 2009). Such findings are important to guide the development 

of new specific HDACi molecules. It is noteworthy that different class I HDACi were 

recently found to be efficient in restoring some memory functions in animal models of 

Alzheimer’s disease (Riccobaraza et al., 2009; Francis et al., 2009; Kilgore et al., 2010). 

Importantly, Vecsey et al. (2007) demonstrated that the memory-enhancing effects of 

HDAC inhibitors were dependent on the CBP pathway. Such data further emphasize 

that KIX-interacting transcription factors like CREB recruit CBP HAT activity in the 

hippocampus during memory formation. 

Despite the evidence suggesting that HATs contribute to memory formation and 

that HDACs enhance some memory functions, a clear picture of HAT enzymes 

modulation during the ongoing process of memory formation - and more particularly 
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during a consolidation phase - is still lacking. Indeed, their expression profile has never 

been investigated during the formation of a memory. This is likely because a particular 

modification occurring in perhaps only a subregion of the hippocampus, which 

represents a mixed cellular population, will probably come up very discretely at the 

global level. In this report, we conducted a thorough examination of the four core-

histones acetylation pattern, as well as the expression profile of different HATs, in the rat 

dorsal hippocampus during the ongoing phase of spatial memory formation in a Morris 

water-maze task. We focused on the dorsal hippocampus because this hippocampal 

subregion, unlike the ventral one, plays a crucial role in spatial memory functions 

(Fanselow and Dong, 2010). Together, our data reveal a dynamic upregulation of the 

HAT enzymes during the formation and consolidation of a memory trace. This newly 

generated HAT activity is likely to further ensure specific acetylated histone-dependent 

events, in particular on H4 and H2B histones, which we found to be regulated on 

memory/plasticity-related genes during the ongoing process of memory formation. In 

addition, regulations of CBP and histone acetylation were lost in a rat model of 

hippocampal denervation presenting two major degenerative features found in 

Alzheimer’s disease, namely neuronal loss in the basal forebrain and the entorhinal 

cortex, and in which spatial memory consolidation does not occur (Cassel et al., 2008; 

Traissard et al., 2007). Our findings emphasize that spatial memory dysfunctions, as 

seen in Alzheimer’s disease, could be the result of altered genetic (CBP expression) and 

epigenetic (histone acetylation) regulations in the hippocampus otherwise controlled by 

these neuronal inputs (i.e. glutamatergic and cholinergic). This work opens the 

interesting possibility of reinstating memory consolidation processes by directly 

modulating the expression of specific HATs during neurodegenerative conditions. 
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4. Material and methods. 
 

Animals. The study adhered to the regulations specified by the European Committee 

Council Directive of November 24, 1986 (86/609/EEC) and the French Department of 

Agriculture (authorization n°67-215 for J.-C.C. and n° 67-7 for APV). Male Long–Evans 

rats (n=126), about 3-4 months old at the time of behavioral testing, were used. They 

were housed individually in a quiet room, under a 12 hr light/dark cycle (light on at 7:00 

A.M.) with ad libitum access to food and water. For animal surgery and histological 

verifications in double lesion model, see supplemental material and methods. 

 

Spatial testing in the Morris water maze (MWM).   
The specifications of the water maze and the testing procedures have been described 

previously (Traissard et al., 2007). Briefly, for all rats, the first part of training was a four-

trial session/day using a visible platform located in the South-East quadrant of the pool, 

starting randomly from each of the four cardinal points at the edge of the pool. In the rats 

that were subjected to surgery (lesions and sham), training with the visible platform was 

performed over 2 days with 4 trials each day. The learning rats (HPf group) were then 

given four successive acquisition trials per day (inter-trial interval, 10–15 s), starting 

randomly from each of the four cardinal points from the edge of the pool, for one to five 

consecutive days to learn the location of a platform hidden 1 cm below the water surface 

in the North-West quadrant. The distance travelled before reaching the platform was 

recorded by a videotracking system (Ethovision, Noldus, The Netherlands). Control rats 

(VPf group) were swimming towards a visible platform, of which the location was 

changed from trial to trial on each day to make sure rats did not associate a spatial cue 

with the platform. In the lesion experiments, control rats were sham-operated rats that 

had to learn the location of a hidden platform. At the end of acquisition, all rats trained 

with the hidden platform were tested for retention in a probe trial administered 1 hr after 

the last acquisition trial. The platform was removed and all rats from the HPf group were 

released from the North-East start point and given 60 s to swim. The variable taken into 

account for the probe trial was the time spent in each of the four quadrants. Control 

groups (VPf) had to swim to a visible platform during the probe trial, as previous 
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experiments showed that removing the platform after training with a visible platform was 

an extremely stressful experiment. 

 

Statistical analyses (behavioral studies). Performance recorded during acquisition 

was evaluated using a two-way ANOVA with repeated measures considering days [(1-3) 

or (1-5)] and Plateform visibility [HPf (learning) vs VPf (control)] or Treatment (sham vs 

lesion) as factors. Probe trial performance was analyzed using a one-way ANOVA 

or/and t-test to compare the time spent in the target quadrant to chance (i.e., 15 s). 

When appropriate, post hoc comparisons used the Newman–Keuls multiple range 

statistic. Values of p < 0.05 were considered significant.  

 
Preparation of tissues for biochemical studies. Animals were decapitated and their 

brains rapidly removed from the skull and transferred on ice. For rats of the MWM 

experiments, euthanasy occurred right after the end of the probe trial (HPf) or the one-

trial session to the visible platform (VPf). Different rat groups have been made for each 

different preparation of tissues. Freshly dissected tissues were then immediately frozen 

at -80°C until being processed for biochemical studies (RNA, total protein, histone 

extractions) or were immediately processed (chromatin and nuclear protein extractions). 

In each experiment, the cerebellum was used as control tissue. 

 

Real time RT-PCR: Total RNA was extracted from hippocampal tissues using Trizol 

reagent (Invitrogen, Cergy-Pontoise, France). Samples were homogenized in a Tissue 

Lyser (Qiagen, Courtaboeuf, France). RNAs were ethanol-precipitated twice. Only RNA 

samples with OD260/280 and OD260/230 ratio in TE (pH 8.0) close to 2.0 were selected 

for reverse transcription (n = 5 in each group). RNA samples were denaturated 10 min at 

70°C and cDNA synthesis was performed on 1 µg of total RNA (iScript cDNA Synthesis 

kit; Bio-Rad, Marne La Coquette, France). QPCR analysis was carried out on a Bio-Rad 

iCycler System using iQSYBR Green Supermix. A specific standard curve was 

performed in parallel for each gene, and each sample was quantified in duplicate (n = 5). 

PCR conditions were 3 min at 94°C, followed by 40 cycles of 45 s at 94°C and 10 s at 

60°C. Data were analyzed using the iCycler software, and normalized to the 18S 
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ribosomal subunit RNA. Informations about primers and PCR products are presented in 

supplemental material and methods. 

 

Protein preparation and Western Blot analyses.  
Total protein preparation:  Tissues were lysed and homogenized in Laemmli buffer. 

After 10 min at 70°C, samples were sonicated for 10 s (Ultrasonic Processor, power 

60%), boiled 5 min, centrifuged (20 000g, 5 min) and supernatant frozen at -20°C. 

Histone extraction: All procedures were performed on ice. Frozen tissues (15-20 mg) 

were incubated in 500 µl of lysis buffer (10 mM Tris HCl (pH 6.5), 50 mM Sodium 

bisulfite, 1% Triton, 10 mM MgCl2, 8.6% sucrose). Protease inhibitor cocktail and 

sodium butyrate (1mM) were added before use. Samples were homogenized with 

Dounce glass homogenizer for 10 strokes. Tissue homogenates were centrifuged (7 700 

g, 1 min, 4°C). Histones were acid extracted from the nuclear fraction in 150 µl of 0.4N 

H2SO4, sonicated for 10 s (Ultrasonic Processor, power 40%) and then incubated 1 hr 

at 4°C. Acid extracts were centrifuged at 14 000 g for 10 min. Histones (supernatant) 

were transferred to a fresh tube and precipitated with 1.5 ml acetone over night at -20°C. 

The resulting purified proteins were resuspended in Laemmli buffer. Nuclear protein 
extractions were prepared according to Dignam et al (1989). Briefly, the regular 

protocol is followed until the nuclear pellets are collected in buffer C, supplemented with 

protease inhibitor cocktail and sodium butyrate (1mM). They are then softly dounce 

homogeneized and after centrifugation, the soluble nuclear fraction is quickly frozen and 

kept at -80°C. DTT was avoided to preserve HAT activities in the samples. Western 

Blot analyses: Protein concentration was measured using the RC-DC Protein Assay 

(Bio-Rad). Western blots were performed as previously described (Rouaux et al., 2007) 

with polyclonal antibodies against CBP (06-297), p300 (05-257), acetyl-Histone H2B 

(07-373), acetyl-Histone H3 (06-599) (Upstate biotechnology, New York, USA), Histone 

H3 (39163) (Active Motif, Carlsbad, CA), Histone H2B (ab18977) (Abcam, Cambridge, 

UK), PCAF (3378) (Cell Signaling). The secondary antibody used was a horseradish 

peroxidase-conjugated whole goat antirabbit IgG (Santa Cruz biotechnology, CA, USA). 

Blots were revealed with ECL and exposed with Amersham hyperfilm ECL (GE 
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healthcare, Chalfont St. Giles, United Kingdom). Results were quantified using imageJ 

software.  

 

HAT activity. HAT activity was measured with a colorimetric assay kit from Biovision 

(Clinisciences). A standard curve was performed with HeLa nuclear extracts. All 

samples were tested in duplicates. Activity was analyzed in a microplate reader at 

Absorbance A= 440 nm. HAT activity is expressed in nmol/min/µg sample according to 

A = εLC, with ε = 37000 M-1cm-1 and L = 0.5cm. 

 

Preparation of tissues for CBP immunohistochemistry. A new group of rats was 
trained as described above (3 days in the MWM, VPf and HPf conditions). Animals were 

deeply anesthetized after the probe trial with an ip injection of pentobarbital (200 mg/kg) 

and perfused transcardially with 150 ml of ice-cold paraformaldehyde (4% in 0.1M PB, 

4°C). Brains were rapidly removed from the skull and post-fixed for 2 hr in the same 

fixative at +4°C. Brains were immersed in a PBS solution and kept at +4°C until 

vibratome sectioning. Coronal hemi-sections, 40 µm in thickness, were made through 

the dorsal hippocampus (from -2.30 to -4.16 mm from Bregma, according to Paxinos 

and Watson, 1998) using the vibratome (Leica VT1000M) and the floating sections were 

kept at -20°C in a cryoprotectant prior to use. Immunohistochemistry. After 

permeabilization (PBS1X/Triton 2%,15 min), unspecific labelling was blocked 

(PBS1X/Triton 0,1%/Horse serum 5%, 30 min, 37°C) and slices were incubated 

overnight with polyclonal anti-CBP antibody (sc-369, Santa Cruz biotechnology, CA, 

USA), washed and further incubated with anti rabbit horseradish peroxidase-conjugated 

(1/500) antibody (sc2004, Santa Cruz biotechnology, CA, USA) for 1 hr. After three 

washes with PBS 1X/Triton 0,1%, the revelation was carried out with diaminobenzidine 

(DAB 0,05%, Tris 0,04M pH7.5, H2O2 0,03%) and mounted with Roti® Histokit II (Roth, 

Karlsruhe, Germany). Optical density and area measurements were performed as 

described in supplemental material and methods. 

 

Chromatin immunoprecipitation (ChIP): Chromatin preparation. After decapitation 

freshly dissected tissues were chopped with a razor blade and rapidly put in 5 ml PBS 
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containing 1% formaldehyde for 15 min at room temperature. The fixation step was 

stopped by addition of glycine (0.125 M final concentration). Samples were prepared as 

described in Panteleeva et al (2007), snap frozen in liquid nitrogen and stored at -80°C 

until needed. Immunoprecipitation. An equal amount (100 µg) of DNA/protein complex 

was immunoprecipitated/assay and brought to a volume of 500 µl with ChIP dilution 

buffer (0.01% SDS, 1.1% Triton X100, 1.2 mM EDTA, 16.7 mM Tris-Cl pH 8.1, 167 mM 

NaCl). A fraction of supernatants (20µl) from each sample were saved before IP and 

served as "total input chromatin". The remaining supernatant was incubated overnight at 

4°C with 3-5 µg of primary antibodies (Acetylated-H3 (06-599, Upstate biotechnology); 

acetylated-H2B, (ab1759, Abcam); CBP (A-22) sc-369 / CBP (C-1) sc-7300 (Santa-Cruz 

biotechnology), Negative control IgG antibody (Active Motif) or no antibody. This was 

followed by incubation with salmon sperm DNA/Protein A agarose (Upstate 

biotechnology, New York, USA) for 2 hr. One µg of rabbit anti-mouse IgG (Euromedex) 

was added for 30 min prior to the salmon sperm DNA/Protein A agarose beads when a 

monoclonal antibody was used. After several wash steps (Low Salt, High salt, LiCl and 

TE buffers), complexes were eluted in 250 µl of buffer (1% SDS, 0.1M NaHCO3). The 

cross-linking was reversed (overnight at 65°C) and the DNA was subsequently purified 

with RNAse (45 min, 37°C), proteinase K (2 hr, 45°C), phenol/chloroform extraction and 

ethanol precipitation. After a last wash with 70% ethanol, pellets were resuspended in 50 

µl of nuclease-free milliQ water. PCR amplification. Semi-quantitative PCR 

amplifications were performed with a PCR/Express from Hybaid (94°C for 2 min, and 

[94°C, 30 s ; 60°C, 30 s ; 72°C, 30 s] for 30-32 cycles). The different primers for 

promoter PCR amplification are described in supplemental material and methods.  
 

Statistical analysis (biochemical studies). Statistical analyses were performed using 

Student t-test (PRISM version 4.0b; GraphPad, San Diego, CA). Data are expressed as 

the mean ± SEM. Differences at p < 0.05 were considered significant. 
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5. Results 
 

Determining the time frame in which an efficient spatial memory is being 
formed during acquisition. 

The aim of this study was to characterize acetylation-related events (histone 

acetylation and HAT expression profiles) associated with spatial memory consolidation. 

To this end, we used a standard reference memory task in the Morris water-maze 

(MWM), in which rats are trained during a 5-day acquisition time-course. The rats from 

the learning group had to search for an escape platform that was hidden at a fixed 

location underneath the water surface (hidden platform, HPf). As memory forms over 

several training periods, we first needed to identify a time-point at which most of the 

signaling corresponds to consolidation-related events. This can be defined by the time at 

which the memory is efficient enough so that there is a marked improvement of 

performance over trials, but before the memory trace is formed and reliably efficient. 

Behavioral data are presented in figure S1 (A, training; B, probe trial; C, typical swim 

tracks). In this spatial learning group (HPf), there was a marked improvement between 

day 1 and 2 (3-day group: p < 0.01; 5-day group, p < 0.001) and an almost maximal 

performance level was reached on day 3 (figure S1A). The 2-way ANOVA (Platform 

visibility X Day) showed a significant interaction between both factors in the 3-day group 

(F(2,16) = 7.02, p < 0.01) and a tendency towards an interaction in the 5-day group (F(4,32) 

= 2.14, p = 0.098). That there was no further improvement of performance between day 

3 and day 5 confirmed that a reliable memory trace was established already during/after 

the third training day. A probe trial was given 1 hr after the last training trial (either VPf or 

HPf) of day 3 to measure rat performances in the MWM. Analysis of the probe trial 

performance after 1 day of training indicated that the memory trace was not established 

yet, as rats performed by chance (i.e., time in target quadrant vs. 15 s: t(4) = 0.7, ns). 

Interestingly, in the 3-day training group, probe trial performance was significantly above 

chance (t(4) = 3.0, p < 0.05), as was also the case in the 5-day group (t(4) = 8.0, p < 

0.01), in which the time spent in the target quadrant was also longer than in the 3-day 

group. Thus, we determined that in our specific experimental conditions (room, pool, 

spatial cues, training schedule…), the critical time frame for efficient memory 
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consolidation is likely to occur during day 3. Therefore, we conducted our investigations 

at the end of a training period of 3 days. The rats were euthanized 1 hr after the last 

training trial in order to allow signal transduction and transcriptional regulations to take 

place, but less than 45 s after a probe trial, thereby minimizing the molecular impact of 

the latter. Thus, at this time-point, we can conceive that the corresponding 

transcriptional events are related to molecular events occurring on day 3 both in terms of 

memory function and cumulative and ongoing changes in consolidation that extended 

over the 3 days of training. The probe trial was given to check for the presence of an 

efficient memory trace. 

To compare the net expression levels measured during the consolidation of the 

memory trace, we formed a control group of rats trained under similar experimental 

conditions, except that they did not have to learn a particular location as they swam to a 

visible platform (VPf). This controls for any molecular modification occurring during the 

water maze task, that is relevant to the context processing (navigation, stress, 

swimming…) but not to spatial learning. Expression levels measured in the HPf group 

relative to the VPf group should thus give a net change relevant to spatial learning. 

For all subsequent experiments focusing on acetylation-dependent regulations, 

we trained 3 different groups of rats using the same 3-day protocol. Results of 

acquisition and retention measured for the first group (n=15/group for histone extractions 

and RNA/Protein experiments) are representative of subsequent trainings and are 

shown in figure 1A. Specific results obtained for the 2 other groups are shown in figure 

S1D (n=8/group for nuclear extractions and ChiP experiments) and S1E (n=5/group for 

immunohistochemistry experiments). With the visible platform (VPf, open circles), 

distance to reach the platform was significantly shorter than with the hidden one (HPf, 

black circles) on day 1 (p < 0.001). In the hidden platform condition (HPf), there was a 

significant improvement of performance over days (p < 0.001). Probe trials showed that 

the HPf rat group performed significantly above chance in the target quadrant, but not 

differently from or even below chance in the other quadrants (time in target vs. 15 s: t(15) 

= 7.3, p < 0.001).  

 
Spatial learning induces differential histone acetylation in the hippocampus. 
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Acetylation levels on different lysine residues of the four core histones were 

measured in our experimental conditions, using histone proteins extracts obtained from 

the dorsal hippocampus (figure 1B) and cerebellum (control structure unrelated to spatial 

memorization; figure S2). At this global level, we detected a significant increase of 

acetylation levels for H2B histone (tetra-acetylated H2BK5K12K15K20; 1.35-fold, p < 

0.01) and H4 (H4K12; 1.38-fold, p < 0.05), but not for H3 (H3K9K14), or for H2A 

(H2AK9) histones, in HPf rats compared to VPf rats (figure 1B). The same results were 

obtained when testing acetylated-H2BK12, which was activated upon learning at about 

the same range, whereas H3K14 and H4K5 acetylation levels remained equivalent to 

those found in the control group (data not shown). No significant changes between the 

two groups were noted in the cerebellum (figure S2). It is noteworthy that, at this global 

level, acetylation induction remained very mild in the dorsal hippocampus of the learning 

group. Observation of acetylated-H2B histone with the neuronal marker MAP2 co-

immunolabelings revealed that acetylated-H2B was present in a larger cell population 

than only hippocampal neurons (figure S3A), suggesting that the specific signal from 

neurons might have been underestimated when tested by western blot analyses.  

Hence, from this experiment, we can clearly confirm that H2B and H4 acetylation 

levels are increased during memory formation. Acetylation of other histones, particularly 

acetylation of H3, is not changed at all upon learning, as previously described in another 

memory context (Levenson et al., 2004). Because the test conditions, especially when 

involving fear, anxiety, navigation and/or physical exercise (swimming), could have 

dramatic repercussion on transcriptional events as well, we then undertook to compare 

H3 and H2B acetylated levels in the dorsal hippocampus of two additional control groups 

that were not subjected to any spatial memorization task: a home cage (HC) control 

group and a group of rat tested with a visible platform (VPf). The rats from the HC 

control group had been manipulated daily for a few minutes over 3 consecutive days 

prior to euthanasia, while the rats from the VPf group received 3-day training in the 

visible platform version of the water maze (same as the control rat group used 

throughout this study, same experimental room). Strikingly, our results show that H3 

acetylation levels were greatly enhanced in the VPf group compared to HC (figure 1C; 

about 2-fold; p = 0.0056), whereas no significant changes were detected for H2B 
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acetylation. It is therefore likely that H3 acetylation levels are already optimal for 

transcriptional processes to occur after 3 days in the water maze, whatever the task, i.e., 

swimming to a visible platform or learning the localization of a hidden platform, and this 

situation appeared very different from that of HC rats (see discussion).  

 
Histone acetylation is differentially enriched on promoters of 

memory/plasticity-related genes upon formation of spatial memory. 
It was important next to establish a functional link between acetylated-histone 

modulations and specific gene transcription. The expression of four genes related to 

synaptic plasticity and/or memory was measured by RT-qPCR in our first groups of 

trained rats (see behavioral data on figure 1A). We measured the expression of bdnf-eIV 

(brain-derived neurotrophic factor, exon IV; Aid et al., 2007), cFos and FosB, as well as 

the well-documented immediate early gene activated during spatial memorization: zif268 

(Egr1, early growth response 1) (Guzowski et al., 2001). They have all been shown to 

bear canonical CREB binding sites (Shieh et al., 1998; Davis et al., 2000; Impey et al., 

2004). Figure 2A shows that transcription of all of these genes was significantly 

increased in the HPf group compared to the control VPf group: 2.32-fold (p < 0.05) for 

bdnf-eIV; 1.50-fold (p < 0.05) for cFos, 1.55-fold (p < 0.05) for FosB and 1.34-fold (p < 

0.05) for zif268. We then sought to determine the enrichment in acetylated-H3, -H4 and -

H2B histones on their proximal promoter (figure 2B). To this end, chromatin 

immunoprecipitation experiments were performed on dorsal hippocampi freshly 

dissociated from newly trained rat groups (see behavior on figure S1D) with antibodies 

directed against the modified histones or a non-related IgG control antibody. Semi-

quantitative PCR results are shown in duplicates and their quantification is presented in 

the table at the bottom of Figure 2B. An enrichment of acetylated-H2B histone was 

clearly detectable on the promoter of the 4 genes (bdnf-pIV: 1.79-fold, cFos: 1.65-fold, 

FosB: 1.45-fold and zif268: 3.61-fold) in the HPf-trained rats compared to the control 

group (VPf). Acetylated-H2B histones are present on the actin promoter, but levels do 

not change upon learning. Acetylated H4 was found enriched on cFos and zif268 only 

(1.66-fold and 1.39-fold, respectively). Acetylated-H3 histone is present on all these 

genes, but no difference was seen between the two groups. This is reminiscent to the 
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fact that global levels of acetylated H3 did not change in the learning HPf group when 

compared to the control VPf group. Altogether, these data show that spatial learning 

induces the transcription of specific memory/plasticity-related genes, in part through a 

differential increase of acetylated-histones onto their proximal promoter. Noteworthy, we 

show for the first time that acetylated-H2B is increased by learning and actually 

participates in this process by binding the promoter of such genes. The further 

characterization of other acetylated-H2B target genes is currently under investigation. 

 

Global HAT expression and activity are upregulated in the dorsal 
hippocampus during the formation of a spatial memory. 

Gene expression was then evaluated for several HATs: p300 (KAT3B), a CBP-

related protein that shares many of its functions, the GNAT family member PCAF 

(p300/CBP associated factor), and the MYST family member Tip60 (KAT5). Results are 

shown in figure 3A. The results of this experiment showed a 1.66-fold (p < 0.05) 

increase of cbp mRNA expression levels in the learning group relative to the control 

group. A moderate but significant increase was also observed for p300: 1.46-fold (p < 

0.01) and PCAF: 1.34-fold (p < 0.05), while no change in Tip60 was measured. Levels of 

the RNA polymerase II subunit, used here as a second internal control, remained 

unchanged. In addition, when measured in a group of rats trained for only 1 day (instead 

of 3) in the MWM, the level of these HATs were not significantly different in the HPf 

group from that in the VPf group (figure S4A), suggesting that increased HAT expression 

is induced and accumulates over repeated training (i.e. reference memory and not 

working memory). 

The different HAT protein levels were measured from total protein extracts and 

nuclear protein extracts prepared from differents animals from the secondly trained 

group (see behavioral data on figure S1D). We found that CBP protein levels 

significantly increased in total extracts (1.68-fold, p < 0.05) and nuclear protein extracts 

(1.86-fold, p < 0.05) from the dorsal hippocampus of learning compared to control rats 

(figure 3B). P300 and PCAF proteins also showed a trend to, but not significant, 

increase in these latter extracts (1.31- and 1.21-fold respectively, figure 3B). No change 

was observed between the HPf and VPf groups in the cerebellum (figure S4B). 
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Interestingly, when tested in an in vitro assay, these nuclear extracts obtained from 

dorsal hippocampus of learning rats diplayed a significant increase in global HAT activity   

when compared to control rats (18,5%, p<0.01). No change was seen between the two 

groups in the cerebellum (figure 3C).  

 

The CBP-dependent pathway is specifically upregulated in the dorsal 

hippocampus during the formation of a spatial memory. 
Because the dorsal hippocampus is a mixture of different cell populations, we 

also investigated CBP localization by immunohistochemistry in normal rats. As revealed 

by co-labeling of CBP (-FITC) with the neuronal marker MAP2 (-Cy3), we observed that 

CBP is expressed at higher levels in pyramidal neurons of the CA1 region (figure S3B), 

and in granular neurons of the dentate gyrus (data not shown), compared to the 

surrounding non-neuronal cells. This suggests that our studies are not particularly 

biased by expression of CBP in non-neuronal cells.  

In order to quantify CBP levels between both groups (VPf and HPf) at the sub-

region level of the dorsal hippocampus (CA1 versus dentate gyrus, DG), CBP 

immunohistochemical staining followed by DAB labeling was performed in a last rat 

group (see behavioral data on figure S1E). A typical labeling is presented in figure 4A. 

Densitometry counting is shown in figure 4B. A 2-way ANOVA of the optical densities 

(ODs) of CBP immunoreactivity in CA1 (left panel) and in the dentate gyrus (right panel) 

revealed a significant effect of platform visibility (F(1,9) = 17.6, p < 0.01) and an overall 

effect of the region (F(1,9) = 91.1, p < 0.001) that was due to stronger ODs in CA1 as 

compared to the dentate gyrus; the interaction between both factors was not significant 

(F(1,9) < 1.0, ns). Multiple comparisons showed that the ODs were significantly larger in 

learners (HPf) versus controls (VPf) in each region (p < 0.01). In a control structure, the 

auditory cortex, we found similar CBP levels in both groups (HPf = 100.4 ± 6.6 versus 

VPf = 100.5 ± 5.2; F(1,9) < 1, ns), confirming the region-specific enhancement of CBP 

immunoreactivity in the dorsal hippocampus during learning. 

If cbp transcription was significantly enhanced in the hippocampus of learning 

rats, there should be changes at the chromatin levels of its promoter. We tested this 

using chromatin immunoprecipitations (ChIP) experiments with the different acetylated 
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histones on the cbp promoter. Primers were designed spanning 110 bp of the proximal 

region of the rat cbp promoter sequence (see material and methods) and we found a 

strong enrichment of acetylated H2B in this region in HPf versus VPf groups (figure 4C). 

In addition, there was a moderate enrichment of H4 in HPf as compared to VPf rats, as 

for the other target genes tested, and no enrichment of H3; yet the binding was already 

strongly detected in the VPf control situation (figure 4C). These results are in line with 

our previous data showing differential acetylation of histones in response to learning 

(figure 1B) at specific genes (figure 2B) and further outline that the cbp promoter is 

favorable to transcriptional up-regulation of the cbp gene at that time of memory 

formation. Finally, we expected to be able to immunoprecipitate the different HATs, but 

could get reliable results only for CBP (figure 4D). We found a differential CBP 

occupancy on the different genes. Surprisingly, bdnf-pIV, one of the most activated gene 

in the HPf conditions (see qPCR results on figure 2A) displayed a very moderate 

enrichment of CBP occupancy upon learning. A possibility is that CBP could also be 

present on the bdnf promoter IV of rats swimming to the visible platform and that another 

HAT (such as p300 or PCAF) has increased histone acetylation on the bdnf promoter IV 

in relation to the memory of the platform location (see discussion). Again, the result 

obtained for zif268 is very surprising as CBP occupancy is clearly decreased in the 

learning group, while this same promoter region displayed a strong acetylated H2B 

enrichment (see figure 2B). By contrast, CBP occupancy is increased on both cFos and 

FosB gene promoters. These interesting results emphasize a model in which several 

HATs are in play for modulation of specific memory/plasticity-related genes. This 

interplay between the different HATs that control such gene expression needs further 

investigation. 

Overall, these experiments point to a functional increased expression of several 

HATs that can regulate specific gene transcription via H2B and H4 acetylation during an 

ongoing process of spatial memory formation and suggest that these newly formed HAT 

molecules could contribute to the consolidation of the trace by inducing new genetic 

programs. 
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The CBP/acetylation pathway is downregulated after hippocampal 
denervation inducing spatial memory deficits. 

If our data obtained on the CBP/histone acetylation-dependent signaling pathway 

are relevant to memory formation and consolidation, one should expect to find them 

altered in an animal model in which consolidation is impaired. Traissard et al. (2007) 

recently reported on a rat model that is completely unable to learn a reference memory 

task in the MWM (Traissard et al., 2007). These rats are double-lesioned on brain 

regions that typically degenerate during the early course of Alzheimer’s disease, a 

neurodegenerative disease characterized, at the cognitive level, by progressive memory 

disruption ending up in dementia. Of note, spatial memorization processes are also 

particularly affected in this disease. Lesioned regions in the rat model include the 

cholinergic component of the basal forebrain (BF) and the connections between the 

entorhinal cortex (EC). Verification of the lesions in Lesion or Sham-operated rats are 

presented in figure 5A and behavioral scores (training and probe trial) are shown in 

figure 5B. 

At the anatomical level, intraseptal injections of 192 IgG-saporin induced a 

massive decrease of AChE activity in the posterior hippocampus (figure 5A: a, b), as 

well as of the number of ChAT positive neurons in the medial septum (figure 5A: c, d) 

and, although to a much lesser extent, in nucleus basalis magnocellularis (figure 5A: e, 

f). We also performed semi-quantitative assessment of the optical density of AChE 

staining in several brain structures and found a specific and significant decrease (-47%) 

in the ODs in the posterior hippocampus (figure S5A). Likewise, the number of ChAT- 

positive neurons was significantly decreased in the basal forebrain (-85 and -83% in the 

medial septum and the diagonal bad of Broca respectively, -31% in the nucleus basalis 

magnocellularis) while Parv-immunopositive neurons (and thus GABAergic) were only 

significantly decreased (-48%) in the diagonal band of Broca (see figure S5A). The 

lesion extent within the medial and lateral entorhinal cortex, as well as in surrounding 

regions, was evidenced on sections from the posterior region of the cortex that were 

immunostained for NeuN (figure 5A: g, h). Basically, the EC lesions were very similar in 

location and extent to those reported by Traissard et al. (2007); both the hippocampus 

and the septal region showed evidence for extensive cholinergic damage.  
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At the behavioral level, the capacity of sham-operated versus lesioned rats to 

swim to a visible platform was evaluated on the first day. The average performance over 

4 consecutive trials did not differ significantly between the two groups, although a 

tendency to higher distance to reach the platform was evidenced in the Lesion group as 

compared to Sham-operated rats (Figure S5B, p = 0.06). Both groups, however, showed 

a trial-dependent decrease in the distance to platform as expected, although in the 

Lesion group the distance was moderately but significantly increased (p < 0.005) on the 

4th trial as compared to Sham (Figure S5B). These data showed that Lesion rats 

presented no major deficit in navigation, motivation and/or sensorimotor aspects in a 

Morris water maze, that could impact performance in the Hidden PF condition. Rats 

were then trained for 3-day in reference memory. Analysis of the training scores showed 

no significant Group effect (F(1,19) = 0.03), a significant Day effect (F(2,38) = 13.6, p < 

0.001), and there was a strong tendency towards a significant interaction between both 

factors (F(2,38) = 2.9, p = 0.06). There was an overall improvement (both groups 

collapsed) due to performances that were better on days 2 and 3 as compared to day 1 

(p < 0.001 for each comparison). However, rats bearing the combination of both lesions 

did not remember the platform location in the probe trial performed after a 1-hr delay, 

whereas Sham rats still remembered it (Figure 5B, below). During this trial, their time in 

the target quadrant was significantly above chance (i.e., 15 s; t(10) = 4.7, p < 0.001) 

conversely to the time recorded in the Lesion rats; in fact, the latter did not differ 

significantly from chance level (t(9) = 1.7, ns). Furthermore, the scores of Sham rats were 

significantly above those found in Lesion rats (F(1,19) = 19.6, p < 0.001). Typical swim 

tracks observed in the probe trial after the 3-day training session are presented in figure 

S5C. These analyses clearly show that while Lesion rats seemed to improve 

performance during the training phase, there was no evidence for memory consolidation. 

The functional response of the CBP/histone acetylation pathway was then 

evaluated in such a pathological rat lesion model. We first verified the levels of histone 

acetylation in basal conditions (i.e. home cage) in the sham-operated rats versus the 

lesioned ones. Figure 5C (upper panel) shows that, in the dorsal hippocampus, there 

were no significant modifications at the global level on the ratio of acetylated/total 

histone acetylation for H3 or H2B. Similar results were obtained in cerebellum extracts 
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from the same rats (figure S6, upper panel). These data suggest that the combination of 

the two lesions did not impact on basal hippocampal (or cerebellar) functions regulated 

by these specific histone acetylation modifications. Second, we investigated these 

regulations in Sham and Lesion rats that had been subjected to the learning task. We 

found that acetylated-H2B histone levels remained significantly lower by almost 50% (p 

< 0.01) in the Lesion group, compared to the Sham group (figure 5C, lower panel). This 

clearly shows that the dynamic regulation of H2B acetylation cannot occur normally in 

the denervated hippocampus. Noteworthy, acetylated levels of H3 histone, even if not 

statistically significant, also tended to decrease in the Lesion compared to Sham rats 

(26%, ns; figure 5C). These data suggest that BF cholinergic and EC glutamatergic 

projections to the hippocampus interfered with the acetylated histone regulation induced 

by the MWM tasks (context processing and learning of the task). Importantly, such 

alterations in H2B and H3 acetylation levels found in the rat dorsal hippocampus were 

not observed in control cerebellar tissue of the rats which had learnt the task (figure S6, 

lower panel), evidencing a lack of histone acetylation regulation specifically in the 

denervated hippocampus. We can thus conclude that histone acetylation regulation 

necessary for memory functions (at least for H2B and H3) in the hippocampus is under 

the dynamic control of at least one of both BF cholinergic and EC glutamatergic 

projections. 

Subsequently, CBP levels, target gene expression and acetylated H3/H2B 

histone enrichment on their promoter were verified after training in the MWM (figure 6). 

In the Lesion group, CBP was not up-regulated at the mRNA level (CBP levels are 37% 

lower in Lesion compared to Sham group, p < 0.05; figure 6A), nor at the protein level 

(29% lower in Lesion compared to Sham group, p < 0.01; figure 6B) upon spatial 

learning, relative to the Sham group. Bdnf-eIV and zif268 mRNA levels were not induced 

in the Lesion group in response to spatial training (respectively: 40% lower than in the 

Sham rats, p < 0.001 and 54%, p < 0.05; figure 6C). This was further supported by ChIP 

experiments (figure 6D) showing that acetylated-H2B histone levels were dramatically 

reduced on their promoters (bdnf-pIV: 66% and zif268: 64%). These data indicate that, 

in this lesion model, signaling in the dorsal hippocampus is not sufficient to achieve the 

gene regulation necessary for memorization. This is consistent with our previous 
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findings and further supports the importance of the CBP/acetylation signaling pathway 

for memory consolidation. In addition, acetylated-H3 histone enrichment was also 

decrased on these genes, suggesting that the denervated hippocampus could not 

integrate context processing-dependent acetylation either. Intriguingly, acetylated-

histone occupancy was reduced on actin, cFos and FosB, while their expression levels 

were not significantly altered (figure 6B and C). A possible explanation could be that in 

such situation, the transcription of these genes is less dependent on histone acetylation. 

ßActin may also be more stable. The molecular mechanisms by which this happens 

remain unclear, but it is noteworthy that if they could compensate for actin, cFos and 

FosB regulations, they could not compensate for the specific regulations on Bdnf-eIV 

and zif268 engaged during memory formation. 

Downregulation of the CBP/histone acetylation-dependent pathway is observed in 

a rat model in which consolidation of a spatial memory is compromised. This probably 

underlies the lack of proper transcriptional regulation of specific memory genes, as we 

show for the bdnf and zif268 genes. We hypothesize that a specific genetic program 

necessary for or underlying memory consolidation is not recruited because a certain 

HAT/acetylation threshold has not been achieved in the Lesion rat (see model on figure 

7). In addition, these data point to the importance of the EC glutamatergic and BF 

cholinergic projections role in controlling CBP/histone acetylation-dependent regulations 

in the context of (spatial) memory formation. 
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6. Discussion: 
 

These experiments reveal three fundamental points in memory formation and 

consolidation that suggest promising therapeutic strategies. First, there is a differential 

regulation of the histone acetylation profile in the hippocampus of normal rats while a 

trace memory is being established. We report for the first time, an increase in acetylation 

of the H2B histone during spatial learning, which can be functionally related to activated 

memory/plasticity gene transcription. Conversely, H3 acetylation appeared reactive to 

the environmental context rather than to the spatial learning task itself. This means that 

H2B acetylation could represent an epigenetic marker of long-term memory for spatial 

information. Second, we found that several HATs were up-regulated at the 

transcriptional levels in the dorsal hippocampus during the ongoing process of memory 

formation. Notably, CBP protein levels were increased after repeated trainings, 

suggesting a potential role in controlling the length and intensity of specific genetic 

programs during memory consolidation. Third, we found that the CBP/histone 

acetylation pathway had lost its responsiveness to training in a rat model that mimics 

some of the lesions described in Alzheimer’s disease (AD), thus accounting for impaired 

memory function and consolidation processes in particular. Currently, there is a great 

deal of research on therapeutic strategies for memory enhancers based on acetylation 

modulators, notably with the use of HDAC inhibitors. These findings could have 

interesting therapeutic repercussions for treating neurodegenerative disorders such as 

Alzheimer’s disease and other memory-related disorders, as they bring compelling 

evidence predicting that agents able to increase HAT/CBP expression will be more 

specific than HDAC inhibitors. 

 

A potential link between H2B acetylation and memory formation? 

Specific epigenetic tagging of the genome in relation with long-term memory is an 

intriguing hypothesis (Wood et al., 2006b; Sweatt, 2009) and different works have 

focused on histone post-translational modifications, mainly acetylations, during task 

acquisition (reviewed in Barrett and Wood, 2008). Recent studies have also evidenced 

changes in histone methylation, at a site marking gene activation, during contextual fear 
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memory (Gupta et al., 2010). We show that, while no change in acetylation levels was 

detected on H3 and H2A histones, the acetylated forms of H2B and H4 histones were 

significantly increased in the dorsal hippocampus of rats during spatial memory 

formation. H3 acetylations were up-regulated after 3 days of training in the MWM (HPf 

and VPf) as compared to untrained controls. This up-regulation could be a consequence 

of adaptations to the testing situation, rats having to cope with stress, fear, swimming 

and other basic navigation-related processes in both task versions. Accordingly, H3 

acetylation might have epigenetically tagged the genome in order to promote 

transcription of specific genes recruited by such adaptive processes, or to prepare the 

chromatin for the subsequent gene transcription required in memorization processes 

(i.e., bring a first degree of chromatin opening). Nevertheless, in the same experimental 

conditions, H2B acetylation levels remained unchanged (figure 1C), supporting that the 

increase observed between learning and control rats (figure 1B) was highly relevant to 

the acquisition of a spatial memory.  

This is the first work describing H2B acetylation modulation in mammals during a 

physiological process. Indeed, so far, functional studies on acetylation of H2B have 

been mostly limited to yeast (review by Wyrick and Parra, 2009). Early biochemical 

experiments showed that acetylation of the histone H2A-H2B dimer facilitated 

transcription in vitro (Puerta et al., 1995). H2B bears a conserved repression (HBR) 

domain for specific gene transcription and acetylation of the N-terminal lysines of H2B 

can partially overcome this repression (Parra et al., 2006). Our prime interest is now to 

identify acetylated-H2B target genes and their relevance to spatial memory consolidation 

in hippocampal neurons. Interestingly, a downregulation of only H2B histone acetylation 

was found in the hippocampus of cbp+/- mice (Alarcon et al., 2004), and H2B was also 

identified as a substrate for p300 and PCAF, but not Tip60 (Roth et al., 2001; Allis et al., 

2007). At the mechanistic level, a recent paper described the acetylation of H2B in 

response to depolarization in hippocampal slices in vitro (Maharana et al., 2010). This is 

in line with our study enlightening the implication of glutamatergic – at least in part with 

cholinergic - projections in the control of H2B acetylation and further strengthened its 

potential role in memory formation. We show that acetylated-H2B are enriched at 

selected gene promoters related to (spatial) memory function (figure 2B), as well as to 
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the cbp gene itself (figure 4C). Recently, the HDAC2 isoform was shown to regulate 

memory formation and synaptic plasticity through deacetylation at some of these gene 

promoters (Guan et al., 2009). Interestingly, among the 4 core-histones, H2B and H4, 

but not H3 and H2A, were hyperacetylated in hippocampal histone extracts from HDAC2 

knock-out mice (Guan et al., 2009). Our findings showing the dynamic H2B/H4 

acetylation regulation during spatial memory consolidation add up to the challenging 

hypothesis that a specific epigenetic code (specific histone modifications marks) could 

participate in the regulation of specific memory formation (see reviews, Wood et al., 

2006b; Sweatt, 2009). 

 

Increased HATs expression and memory formation. 
The importance of HAT activity in the formation of long-term memory is well 

documented (reviewed in Barrett and Wood, 2008). However, all studies so far reported 

were performed on mutated mice, and none of them focused on regulations in the 

normal hippocampus during memory formation. Interestingly, we measured a significant 

increase in several HATs expression and activity in hippocampal extracts during 

memory acquisition (figure 3B,C). It was shown that spatial memorization deficits 

present in conditional mice expressing a HAT deficient CBP molecule could be 

counteracted by extended training (Korzus et al., 2004) and that spatial deficits due to 

brain damage could be reduced by environmental enrichment that correlated with 

increased histone-tail acetylation (Fischer et al., 2007). It is thus possible that upon 

certain signals, co-activators like CBP, p300 and PCAF might be able to compensate for 

each other in spatial learning. Unexpectedly, we found that CBP occupancy was not 

maximal on memory-related genes (such as bdnf-pIV), and was even decreased on the 

zif268 promoter, otherwise clearly enriched in H2B acetylation (figure 4). These results 

suggest an interaction between these related HATs (CBP, p300, PCAF) during memory 

formation to orchestrate the modulation of specific memory/plasticity genes necessary 

for long-term memorization processes. Notably, p300 plays a critical role in long-term 

recognition memory, but not in spatial memory formation (Oliveira et al., 2007), while 

PCAF-KO mice present short and long-term memory deficits in spatial memorization 

(Maurice et al., 2008). Thus, the way the different HATs actually interfere with each 
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other during (spatial) memorization processes remains an open question. Further 

investigation is needed with development of additional technical tools (e.g., ChIP 

antibodies) and studies in other experimental situations (investigation of other memory 

tasks and time courses).  

The final outcome of HAT activation is the induction of histone acetylation on 

specific genes, which is possible to perform with the use of deacetylase inhibitors. The 

potential beneficial role of HDACi has been shown in diverse forms of memory formation 

(Levenson et al., 2004; Alarcon et al., 2004; Bredy et al., 2007; 2008; Lattal et al., 

2007;Vecsey et al., 2007; Fischer et al., 2007; Grissom and Lubin, 2009; Stefanko et al., 

2009). Recently, such molecules have also been successfully tested in animal models of 

Alzheimer’s disease (Fischer et al., 2007; Ricobaraza et al., 2009 ; Francis et al., 2009 ; 

Kilgore et al., 2010). In spite of the clinical trials of HDACi in cancer therapeutics, there 

are widespread speculations regarding the target specificity of these molecules. The 

histone deacetylases are functional as a class of proteins and not as individual 

members, and most often they have been shown to compensate for each other’s 

function. In addition, the use of pan-HDACi, by leading to a global increase in 

acetylation, would produce an imbalance in acetylation levels within the cells. Most 

importantly, the use of HDACi might also lead to a loss in the tissue-specific and signal-

specific responses. Hence, several strategies targeted towards direct activation of 

acetyltransferases have to be attempted. Indeed, by directly placing the correct 

acetylation marks on chromatin at specific target genes, as we show this is the case 

during memory formation in this study, these molecules should be able to promote or 

improve memory consolidation processes necessary for long-term memorization with 

more specificity than HDAC inhibitors. Interestingly, potent permeable HAT activating 

molecules are being developed (Selvi et al., 2008). 

 

CBP expression and sensitivity in neuronal functions. 
 We show that hippocampal CBP levels increased over the acquisition of a memory 

task using different techniques (figures 3 and 4). This appears to be the first report 

describing a physiological regulation of CBP expression at the system level, which could 

be relevant to memory formation. So far, CBP up-regulations were only described in 
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pathological conditions in some forms of cancer (Karamouzis et al., 2002; Comuzzi et 

al., 2004). In fact, CBP levels must be finely tuned as a lowered CBP expression level is 

deleterious: embryos nullizygous for cbp die by embryonic day 10.5 (Oike et al., 1999). 

In humans, the monoallelic mutation of the CBP locus is the genetic basis for 

Rubinstein-Taybi syndrome (Petrij et al., 1995). In mature neurons, loss of the CBP 

protein or inactivation of its enzymatic activity is a mark of neurodegenerative condition 

(Rouaux et al., 2004; Saha et Pahan, 2006). Thus, competition for recruitment of CBP 

might provide a potential mechanism for cross-talk between different neuronal functions 

based on the idea that CBP levels are present in limited concentrations in the cells (Vo 

and Goddman, 2001).  

 We propose that increasing CBP amount during memory formation will increase 

the CBP-binding possibilities to other transcription factors, thereby widening the 

expression profile to other target genes, likely to contribute to memory trace 

consolidation (see model, figure 7). Moreover, it might increase CBP stability over time, 

allowing activation of target genes over lengthened delays. The presence of bdnf, 

peaking 12hr after a one-trial acquisition (inhibitory avoidance), is an example of late 

molecular activation necessary for consolidation (Bekinschtein et al., 2007). Its specific 

promoter regulation requires histone acetylation modulation (Bredy et al., 2007; Lubin et 

al., 2008).  

In this report, we show that the CBP/histone acetylation-dependent pathway, at 

all levels assessed is no longer recruited during a learning task after a combination of 

cholinergic and glutamatergic hippocampal denervations, suggesting an active role of 

these projections in regulating neuronal HAT activity and histone acetylation during 

memory formation. The combination of these lesions impairs declarative-like memory 

functions in rats and models aspects of anterograde amnesia, as described in 

Alzheimer’s disease (AD) patients (Cassel et al., 2008). Thus, any method of 

physiologically modulating CBP levels is of prime interest for memory-related diseases. 

Indeed, drugs targeted to increase specific CBP expression could reach the threshold of 

CBP molecules necessary to activate correct genetic programs with more precisions 

than solely modulating histone acetylation levels. Pharmacological modulation of CBP 

levels has been recently reported (Saha et al., 2009): preconditioning of neurons with 
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TNF-alpha protected them from degenerative conditions (and particularly Aß toxicity) 

through a neuron-specific increase of CBP expression. The authors suggested that an 

“adequate” amount of CBP is required at a basal level to ensure pro-survival functions. 

We have previously shown that CBP was a caspase-6 substrate (Rouaux et al., 2003), a 

caspase that is activated in AD and MCI patients neurons, as well as during aging (Guo 

et al., 2004; Albrecht et al., 2007; 2009). Herein we report that the formation of a new 

memory is accompanied by dynamic regulations of CBP levels – as well as several other 

related HATs - in the hippocampus. These data may suggest that CBP levels could 

actually be modulated throughout our lifetime by environmental cues (including long-

term memory formation), thus enabling normal transcriptional processes required for 

survival and memory functions. 

Epigenetic deregulations are increasingly associated with cognitive disorders 

(Graff and Mansuy, 2009), including AD (Chouliaras et al., 2010). HAT activating 

molecules, not only at the level of their activity but also at that of their expression, could 

result in significant advances in theurapeutic strategies aimed at tackling the problem of 

pathological aging. These discoveries may be particularly important in treatment of AD-

associated illnesses, since therapies that delay memory impairment will decrease 

healthcare costs and increase quality of life.  
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10. Tables 
 

11. Titles and legends to figures. 
 
Figure 1: Specific increase of H2B/H4 acetylation levels in rat hippocampus during 
spatial memory formation.  

(A) Water maze performance in rats trained over 3 consecutive days (4 trials/day) 
for spatial reference memory. Control rats had to swim towards a visible platform (VPf) 

whose location was changed from trial to trial. Learning rats had to swim to a hidden 

platform (HPf) at a fixed location. Left: Acquisition data are expressed as the mean (± 

SEM) distances to reach the platform. HPf rats showed a marked improvement between 

day 1 and day 2. * p < 0.001. Right: Probe trial performance in the HPf rats given as the 

mean time in the far quadrants (± SEM); performance was significantly above chance 

level (i.e., 15 s) only in the target quadrant, whereas time in the three other quadrants 

was either at chance level or significantly under chance. * p < 0.05, significantly different 

from chance. (B) Changes in histone acetylation levels during the formation of a 
spatial memory. Acetylated (Ac) and total (Tot) histone levels were measured by 

Western blot analyses for each histone core in histone extracts obtained from the dorsal 

hippocampus of 3-day trained rats (HPf versus VPf; n = 7 per group). Lysine 

acetylations measured here are H3K9K14, H4K12, H2AK9 and H2BK5K12K15K20. 

Typical western blots are represented in duplicates. Quantified results are represented 

as fold induction of the Ac/Tot ratio for each histone, the ratio obtained in the control 

condition being arbitrarily set at 100%. Student t-test:  ** p <0.01; * p <0.05; as 

compared to VPf group. Significant increases in acetylation of H2B (1.35-fold) and H4 

(1.38-fold) levels, but not of H3 and H2A, were measured in the rat hippocampus after 3 

days of spatial learning. (C) Histone acetylation level comparison between home 

cage (HC) versus VPf control rats. Rats were either trained in the visible version of the 

water maze (VPf, n=6) or left in their home cage (HC, n=5) - but manipulated daily for a 

few minutes - over 3 consecutive days. Histone extracts were prepared and the 

acetylated and total histone levels are shown in duplicate for H3K9K14 and 

H2BK5K12K15K20. A significant increase in H3 acetylation is measured between both 
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groups (2-fold), while H2B acetylation ratio remains unchanged. Student t-test:  ** p 

<0.005, as compared to the HC group. 

 

Figure 2: Several memory/plasticity-related genes present an acetylated-H2B/H4 
enrichment on their promoters during the consolidation of a spatial memory. 
 (A) mRNA expression levels of several CBP/memory-related genes: Bdnf-eIV, cFos, 

FosB and zif268 were evaluated by RT-qPCR in the dorsal hippocampus of control 

(Visible platform, VPf) and learning (Hidden platform, HPf) groups trained for 3 days. 

RNA pol II was tested as an internal negative control. Values were normalized to the 

18S ribosomal subunit. Data are represented ± S.E.M. (n=6 per group) as percentage 

relative to the control group (VPf) arbitrarily set at 100%. Fold inductions are indicated 

above histograms. Student t-test: * p <0.05, as compared to VPf. (B) Chromatin 

immunoprecipitation were performed on 3 day-trained rats from the VPf and HPf groups 

(n=3). Semi-quantitative PCR were performed to analyze the presence of Bdnf-pIV, 

cFos, FosB, zif268 proximal promoters in the immunoprecipitates. Controls for 

imunoprecipitation were performed with an unrelated control antibody (Ct-IgG) or no 

antibody (noAb). Input DNA corresponding to the total of chromatin before 

immunoprecipitation was run in parallel as positive control. Representative results are 

shown in duplicate for each gene tested. ßActin was used as internal control. Bands 

were quantified (ImageJ) and fold inductions (f.i.) are indicated in the table below. An 

activation score was arbitrarily affected the HPf versus VPf condition: (+++) when 

f.i.>2.00; (++) when f.i.> 1.50; (+) when f.i.>1.25; (=) when -0.25<f.i.>+0.25; acH3: 

acetylated K9, K14 H3 histone; acH4: acetylated K12 H4 histone; acH2B: acetylated 

K12, K15 H2B histone. Bdnf-eIV: bdnf exon IV; bdnf-pIV: bdnf promoter IV. 

 
Figure 3: Increased expression level of several HATs and their activity during 

consolidation of a spatial memory. 
(A) HAT gene expression. mRNA expression levels of different genes were evaluated 

by RT-qPCR in the dorsal hippocampus of control (Visible platform, VPf) and learning 

(Hidden platform, HPf) groups (n = 5/group). Values were normalized to the 18S 

ribosomal subunit and the fold inductions and p values are presented. Student t-test: * p 
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< 0.05; ** p <0.01, ns: non significant. Cbp, p300, PCAF mRNA levels are significantly 

increased in the hippocampi of learners (HPf). CBP, CREB-binding protein; p300, E1A 

binding protein p300; PCAF, p300/CBP-associated factor; Tip60, HIV-1 tat interactive 

protein and RNA pol II, polymerase (RNA) II. The new nomenclature of HATs as 

Lysine(K)-acetyltransferases (KATs) is mentioned in brackets (Allis et al., 2007). (B) 
HAT protein expression. HAT levels were assessed by western blot in nuclear protein 

extracts obtained from the dorsal hippocampus of rats trained as in (A). Typical blots are 

shown in duplicates. Blots were quantified (n=7 per group) and results normalized 

against actin are shown (right). * p<0.05, as compared to VPf. VPf, visible platform; HPf, 

hidden platform. CBP was increased by 1.86-fold in the dorsal hippocampus during 

consolidation of spatial learning. P300 and PCAF show a non significant trend to 

increase in the same conditions. (C) HAT activity. The same nuclear protein extracts as 

in (B) were used. HAT activity was measured on 30 µg of dorsal hippocampus or 

cerebellum nuclear protein extracts from the two rat groups (VPf and HPf). HAT activity 

is expressed in nmol/min/µg protein according to A = εLC. No significant change is found 

in the cerebellum, while global HAT activity was increased in the dorsal hippocampus. ** 

p<0,01, HPf vs. VPf.  

 
Figure 4: CBP-dependent regulations in the rat dorsal hippocampus during the 
formation of a spatial memory. 
(A) Representative images of CBP immunoreactive staining revealed with DAB staining 

in regions CA1 (a, b) and in the dentate gyrus (dg; c, d) of the dorsal hippocampus in 

representative VPf rats (a, c) and HPf (b, d) rats. Pyr: pyramidal neuron layer; sr: 

stratum radiatum; dg: dentate gyrus. Scale bar: 250 µm. (B) Mean (± SEM) optical 

density of CBP immunoreactive staining in the CA1 pyramidal cell layer (CA1) and in the 

dentate gyrus granular layer (DG). In HPf rats (n = 5), whatever the region, the optical 

density of CBP immunoreactivity was significantly larger than in VPf rats (n = 5). * p < 

0.05. (C) Chromatin immunoprecipitation of acetylated histones were performed on 

chromatin obtained from 3 day-trained rats from the VPf and HPf groups (n=3). Semi-

quantitative PCR were performed to analyze the presence of cbp proximal promoter in 

the immunoprecipitates. Controls for imunoprecipitation were performed with an 
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unrelated control antibody (Ct-IgG) or no antibody (noAb, not shown). Representative 

results are shown in duplicate for each gene tested. Bands were quantified (ImageJ) and 

fold inductions (f.i.) are indicated in the table below. acH3: acetylated K9, K14 H3 

histone; acH4: acetylated K12 H4 histone; acH2B: acetylated K12, K15 H2B histone. (D) 
Chromatin immunoprecipitation of CBP were performed on chromatin obtained from 3 

day-trained rats from the VPf and HPf groups (n=3). Semi-quantitative PCR were 

performed to analyze the presence of Bdnf-pIV, cFos, FosB, zif268 and cbp proximal 

promoters in the immunoprecipitates. Controls for imunoprecipitation were performed 

with an unrelated control antibody (Ct-IgG, shown in simplicate) or no antibody (noAb, 

not shown). Representative results are shown in duplicate for each gene tested. Bands 

were quantified (ImageJ) and fold inductions (f.i.) are indicated in the table on the right. 

Bdnf-eIV: bdnf exon IV; bdnf-pIV: bdnf promoter IV. (C, D) Input DNA corresponding to 

the total of chromatin before immunoprecipitation was run in parallel as positive control. 

An activation score was arbitrarily affected the HPf versus VPf condition: (+++) when 

f.i.>2.00; (++) when f.i.> 1.50; (+) when f.i.>1.25; (=) when 1.25<f.i.>0.75; (-) when f.i.< 

0.75.  

 

Figure 5: Histone acetylation levels in a cognitively impaired rat model. 

(A) Histological verification of the location and extent of cholinergic and 
entorhinal cortex (EC) lesions. a, c, e, g are representative pictures of one sham-

operated rat; b, d, f, h of one rat subjected to the double lesions. a, b are typical 

examples of AChE-positive staining in the posterior hippocampus as observed at about -

5.5 mm from Bregma (notice the marked decrease of dark staining accounting for 

cholinergic denervation in b); c, d are typical examples of ChAT-positive immunostaining 

in the medial septum at about +0.2 mm from Bregma (notice the dramatic reduction in 

d); e, f are examples of ChAT-positive immunostaining in the nucleus basalis 

magnocellularis and the substantia innominata (in f, notice that the decrease is much 

less pronounced than in the septal region). g, h are examples of NeuN-positive staining 

in the posterior region of the cortex (coronal sections) illustrating the lesion extent in the 

medial and lateral entorhinal cortex at about Bregma – 7.6 mm (in h, notice the almost 

total loss of neuronal staining within the area delimited by the stippled line).  All 
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coordinates indicated in this caption are according to Paxinos and Watson (1998). Scale 

bar = 1000 µm in a, b, g, h, and 500 µm in c, d, e, f. (B) Effects of double lesions on 

water maze performance. Upper panel:  Acquisition data during the 3 day-training 

period are expressed as the mean (± SEM) of the distances to reach the platform in rats 

subjected to a lesion of septal cholinergic neurons and a fiber-sparing lesion of neurons 

in the entorhinal cortex (Lesion, n = 10) as compared to performance in the sham-

operated controls (Sham, n = 11). Lower panel: Probe trial performance indicated as 

the mean time in the far quadrants (± SEM); Sham-operated control rats showed a 

performance in the target quadrant, that was significantly above chance (i.e., 15 s). In 

contrast, the double lesion affected spatial memory functions, as the lesioned rats did 

not focus their search in the appropriate quadrant. * p < 0.05, significantly above 

chance. (C) Acetylated (Ac) and total (Tot) histone levels were measured by Western 

blot analyses for H3 and H2B histones in total extracts obtained from the dorsal 

hippocampus of home cage rats (Basal conditions; Sham, n=6; Lesion, n=8) or of 

trained rats (Learning conditions: HPf group during 3 days for all rat groups; Sham, n=7; 

Lesion, n=7). Lysine acetylations measured are H3K9K14 and H2BK5K12K15K20. 

Typical western blots are represented in duplicates. Quantified results are represented 

as fold induction of the Ac/Tot ratio for each histone. The ratio obtained in the control 

condition is arbitrarily set at 100%. Sham, Sh; Lesion, Les. Student t-test: ** p <0.01. A 

significant decrease in acetylation of H2B is observed in the hippocampus of trained 

rats, but not in that of home cage rats. Acetylated-H3 levels tend to decrease as well 

only in learning conditions. 

 

Figure 6 : CBP- and histone acetylation- dependent regulations during formation 
of a spatial memory in a cognitively impaired rat model. 
Cbp transcripts (A) were evaluated by real time RT-PCR (n = 5) and CBP protein (B) by 

western blot analyses (n = 7) in the dorsal hippocampus from sham-operated (Sham) or 

double lesion (Lesion) rats group after a 3 day-training period. CBP levels were not 

increase by the spatial memory training in Lesion rats, * p <0.05, ** p <0.01; as 

compared to Sham (C) Real Time RT-PCR analysis of Bdnf-eIV, zif268, cFos and FosB 

genes in the same conditions as in A; * p <0.05; *** p <0.001; as compared to Sham (n = 
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5) (D) Chromatin immunoprecipitation were performed on 3 day-trained rats from Sham 

and Lesion groups in the HPf version of the water maze (n = 3/group). Semi-quantitative 

PCR were performed to analyze the presence of Bdnf-pIV, cFos, FosB, zif268 proximal 

promoters in the immunoprecipitates. Controls for imunoprecipitation were performed 

with an unrelated control antibody (Ct-IgG) or no antibody (noAb). Input DNA 

corresponding to the total of chromatin before immunoprecipitation was run in parallel as 

positive control. Representative results are shown in duplicate for each gene tested. 

ßActin was used as internal control. acH3: acetylated K9, K14 H3 histone; acH2B: 

acetylated K12, K15 H2B histone. Bdnf-eIV: bdnf exon IV; bdnf-pIV: bdnf promoter IV. 

After 3 days of spatial training, none of the promoters are enriched in acetylated-H2B, 

nor -H3 histones in the Lesion rat group as compared to sham-operated rats. 

 
Figure 7: Hypothetical model of molecular interplay underlying consolidation of 
spatial memory.  

Hypothetical model of molecular interplay underlying consolidation of spatial memory. 

During the initial steps of a training aimed at acquiring a spatial task, the memory trace 

is progressively setup following a cascade of intracellular signals involved in short-term 

memory (STM) processing. These processes are non-transcriptional events (Kandel, 

2001; Medina et al, 2008) as existing co-activators (HATs, basal levels) and transcription 

factors present in neurons are likely in sufficient quantities to promote a genetic program 

necessary for early consolidation signals. Here we show that, while training is pursued, 

the expression of several HATs (CBP, p300, and p300/CBP-associated factor (PCAF)) 

is increased, thus generating new HAT molecules (HATs, high level)Fand CBP in 

particularFduring a critical time window of spatial memory formation. We propose that 

reaching a new HAT threshold could allow a widening of HAT-binding partners to a 

larger panel of transcription factors and/or increase HAT stability over time, thereby 

potently triggering extended and/or sustained specific genetic programs for late 

consolidation. We showed that repetition of training (‘sustained training’) is associated 

with increased HAT activity and new chromatin marking: histone H3 is acetylated in 

response to context-related processing (visible platform), whereas H2B histone is 

acetylated during spatial learning (hidden platform). H4 histone acetylation is also 
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increased during the late consolidation phase. Each acetylation step can be reversed 

under the action of histone deacetylase (HDAC) enzymes, probably underlying the 

memory enhancer effect of some HDAC inhibitors (HDACi) (for reviews see, Barrett and 

Wood, 2008). Taken together, our results suggest that an epigenetic tagging of the 

genome takes place under the influence of HAT expression at specific memory/plasticity 

genes throughout the formation of spatial long-term memory (LTM). They also 

emphasize that directly promoting this chromatin marking pattern with HAT activators 

could be a new therapeutic strategy for memory enhancers, potently more specific than 

HDAC inhibition. Ac, acetylated; hist., histone; HATa, HAT activator; TF, transcription 

factor. 
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