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1. Background for HDAC family members and HDACi specificity  

HDACs interact with other chromatin-modifying enzymes and co-regulators and play a key role in shaping 

epigenetic landscapes1. There are a total of 18 HDAC enzymes in the mammalian genome and are generally 

divided into four classes including class I, II, III and IV, based on sequence homology to their yeast 

counterparts2.  Among the HDACs, Class I, II and IV HDACs are the zinc-dependent hydrolases. Class I 

HDACs include 1, 2, 3, and 8, which have been well documented to exert deacetylase activity on histone 

substrates as well as non-histone substrates. These family members are all inhibited by the non-selective 

HDAC inhibitor sodium butyrate 3. Class II HDACs can be divided into Class IIa members, which include 

HDAC 4, 5, 7 and 9, and Class IIb members, which include HDAC6 and 10. In the case of HDAC5, a role in 

the brain has been identified in response to both antidepressant action 4 and to chronic emotional stimuli 5. 

However, whether class IIa HDACs themselves have functional histone (or other non-histone) deacetylates 

activity, rather than activity contributed by co-purifying class I HDACs, currently remains unclear 6. Class 

IIb family members, HDAC6 and 10 are mainly localized in the cytoplasm. HDAC6 is unique in the family 

in its possession of two deacetylase domains. HDAC6 has been shown to function as both an α-tublin (K40) 

deacetylase and to regulate ubiquitin-dependent protein degradation by the proteasome 7. In contrast, class III 

HDACs (sirtuins; SIRT1-7) are non-classical, NAD(+)-dependent enzymes, which exhibit a non-overlapping 

sensitivity to most structural classes of inhibitors of zinc-dependent HDACs, including SB. The latter finding 

suggests the sirtuins are not the relevant targets of HDACi induced memory enhancement. 

 

 



 

2. Supplemental Table  1. 

List of neuronal activity regulated genes and genes involved in synaptic plasticity, synaptogenesis and 

memory formation. 

 
Gene name Synaptic 

remodeling 
Expression 
regulated by 
neuronal activity  

Memory 
formation 

Ref. 

BDNF +  +  + 8 9 
PKM zeta +  +  10 
EGR1 + + + 11 12 
CREB +  +  +  13 14 15 16 
CBP +  +  17 
Nrxn1, Nrxn3 +    18 
CaMKIIalpha +  + 19 
CDK5 +   + 20 
EGR2  +  21 
PSD95 +  + 22 
Agrin +    23 
Homer1 + +  +  24,25 
Arc +  +   24,26 
c-fos + +  +    27 28 
AMPA1 +  +  29 
synaptophysin +   30 
Synapsin2 +   31 
Shank3 +  +  32  
P35 +  + 33 
Cpg15 +  +  34 35 
NR2B +  + 36,37 
NR2A +  + 36,38 
GluR2 +  + 39 
SNK + +  40 
     
 



 

3. Supplemental Figure  

 

Supplemental Figure 1. Chronic treatment with HDAC inhibitors increased associative learning in mice. 
(A) Structure of suberoylanilide hydroxamic (SAHA) and sodium butyrate (SB). (B) WT mice were injected with sodium butyrate (SB, 1.2g/kg, i.p., n=10), 
suberoylanilide hydroxamic acid (SAHA, 50mg/kg,i.p., n=8) or saline (n=8) for 21 days. Mice were subsequently subjected to contextual fear conditioning test 24 
hours after training (**,p<0.005; ***, p<0.0005). (C) Western blot analysis of histone preparations revealed increased acetylation of H4K5 in the brain after chronic 
SAHA treatment (50mg/kg, i.p., for 21 days). 
 



 
Supplemental Figure 2. Increased α-Tubulin(K40) acetylation resulting from HDAC6 inhibition does not facilitate associative learning in mice. 

(A) Structure of WT-161. (B) Selectivity of WT-161 (2 µM) for increasing acetylated α-tubulin(K40) over total acetylated lysine (Ac-lysine) measured in 
human MM1.S cells treated for 16 hrs and assessed for hyperacetylated histones and/or α-tubulin(K40) using quantitative immunofluorescence 
imaging. Data presented are derived from a primary screen of a library of compounds biased for deacetylase function (J.E.B, manuscript in preparation). 
(C) Immunostaining of acetylated α-tubulin(K40) in area CA1 of hippocampus from mice treated with WT-161 or SAHA (both conditions in 25mg/kg, 
i.p., 10 days) or saline. Acetylated a-tubulin(K40) immunoreactive intensity signals in area CA1 were quantified (n=9, for each group). **, p<0.005. (D) 
Memory test of WT mice injected with SAHA (25mg/kg) or WT-161 (25mg/kg) for 10 days. Mice were subjected to contextual fear conditioning 
training 24 hours before test (WT, n=20; SAHA, n=20; WT-161, n=10; ***, p<0.0005, student t-test).  



 
Supplemental Figure 3. Characterization of HDAC1OE mice and  HDAC2OE mice 
 (A) Targeting strategy to insert the HDAC1 or HDAC2 cDNA. (B) Southern blot analysis of targeted mice (ki/+). (C) Representative immunostaining images 
showing the expression of HDAC2 and HDAC1 in area CA1 of hippocampus from WT, HDAC2OE(ki/ki) and HDAC1OE(ki/ki) group. Scale bar, 100 µm. (D) 
Acetylation levels in hippocampal CA1 neurons. Immunostaining images for NeuN and Ac-lysine shows significantly decreased acetylation in the nucleus of 
pyramidal neuron of HDAC1OE mice (n=15, p=0.0298) and HDAC2OE mice (n=9, p=0.0128), when compared to WT mice (n=12). Optical intensity of Ac-
lysine-immunoreactive signal was quantified in the pyramidal layer. Scale bar, 80 µm. *, p<0.05;  student t-test, error bars are SEMs.   



 

 
 
Supplemental Figure 4. Expression and distribution of HDAC1 and HDAC2 in HDAC1OE and HDAC2OE mouse brains. 
(A) Representative immunostaining images showing the expression of HDAC1 in the WT and HDAC1OE mice brain. Note that in WT brain, HDAC1 expression 
level is relatively higher in dentate gyrus than other areas of the brain. Increased HDAC1 signal in HDAC1OE brain is detected not only in the hippocampus but 
also in the cortex, amygdala (indicated with dashed lines) and basal forebrain. (B) Representative immunostaining images showing the expression of HDAC2 in 
WT and HDAC2OE mouse brains. Scale bar, 400 µm. Scale bar for insertion, 100 µm 



 
 
Supplemental Figure 5. Brain morphology of HDAC1OE and HDAC2OE mice 
NeuN staining showed no obvious changes in brain architecture or neuron numbers in 6-month-old HDAC1OE and HDAC2OE mice. Scale bars, 100µm.  
 



 

 
Supplemental Figure 6. HDAC2KO mice exhibit enhanced memory in behavior tasks.   
(A) Escape latency of WT, HDAC1OE and HDAC2OE mice in the visible platform water maze test.  Mice were trained in the swimming pool with a visible 
platform for 3 days, with two trials per training day. The latency for mice to reach the platform was quantified (n=8 for each group). All three groups of mice 
reached the platform with similar escape latencies on the first day. No significant difference in escape latency was detected between the three groups of mice during 
the 3 days of training. (B) Swimming speed in the water maze pool (n=8 for each group). (C-D) Short-term memory test for WT, HDAC1OE and HDAC2OE mice 
in contextual- and tone-dependent fear conditioning paradigms  (WT, n=9; HDAC2OE, n=9; HDAC1OE, n=8). No significant difference was detected between the 
WT group and the HDAC1/2OE mice. (E-F) Short-term memory test for HDAC2KO mice in contextual- and tone-dependent fear conditioning paradigms (WT, 
n=8; HDAC2KO, n=9). HDAC2KO mice showed significantly increased freezing in contextual fear conditioning (p=0.0100, compared to WT littermates), but not 
in tone-dependent fear conditioning (p= 0.1439). (G) Mean percent correct responses for WT (n=8) and HDAC2KO mice (n=10) during spatial non-matching to 
place testing on the elevated T-maze. HDAC2KO mice showed significant higher accuracy during the training period (Block 2, p=0.044, Block 3, p=0.0087, student 
t-test; between genotypes, p=0.0252, two-way ANOVA). (H) Mean percent correct responses for WT (n=8), HDAC1OE (n=7) and HDAC2OE (n=9) mice during 
spatial non-matching to place testing on the elevated T-maze. HDAC2OE mice showed significant defects in accuracy during training trail block 2 (p= 0.0452, 
student t-test). 



 
Supplemental Figure 7. Characterization of HDAC2KO mice. 
(A) Schematic representation of the murine Hdac2 genomic locus. Gray filled boxes indicate exons. Black arrowheads indicate loxP positions. P14F, P15R and P2 
are oligo DNA primers used for genotyping. (B) Westernblot analysis of protein lysates obtained from wild-type, Hdac2L/+ and Hdac2L/L MEFs infected with either 
vector (V) or Cre-recombinase expressing retroviruses, using HDAC2 specific antibodies. Cdk4 served as a loading control. (C) Observed and expected numbers 
and frequencies of wild-type, Hdac2+/- and Hdac2-/- mice obtained from multiple Hdac2+/- intercrosses. (D) Western blot analysis of HDAC1 and HDAC2 
expression levels in the brain lysate from the Hdac2-/- mouse and WT littermate. Note that HDAC1 expression level was increased in Hdac2-/-  mice. 
 
 
 



 
Supplemental Figure 8. Brain morphology of HDAC2KO mice 
(A) NeuN and DAPI staining showed no obvious changes in brain architecture of 6-month-old HDAC2KO mice. Scale bar, 200µm (B) Synaptophysin staining in 
the amygdala (AMG) showed increased synapse numbers in HDAC2KO mice and decreased numbers in HDAC2OE mice (WT, n=5; HDAC2KO, n=6; 
HDAC1OE, n=5; HDAC2OE, n=5; *, p<0.05; **, p<0.005; student t-test).  Scale bar, 80 µm. 



 
Supplemental Figure 9.  HDAC1OE mice are similar with WT in synapse number and synaptic plasticity. 
(A) Golgi impregnation showed no obvious differences in dendritic spine density in hippocampal area CA1 of HDAC1OE mice compared to WT (WT, n=19 
dendrites; HDAC1OE, n=23 dendrites, p= 0.9835). (B) Synaptophysin staining in hippocampal CA1 area showed similar synapse number in HDAC1OE mice and 
WT (WT, n=6; HDAC1OE, n=8). Scale bar, 80 µm. (C) Long-term potentiation (LTP) was induced by two trains of HFS stimulation (2 x 100Hz, 1s) in area CA1 
of the hippocampal slices prepared from 6 month old HDAC1OE mice or  WT littermates. Forty min after the stimulation, the fEPSPs from HDAC1OE mice 
remained potentiated (132.8± 5.8 % compared with baseline), similar to the fEPSPs from the hippocampal slices prepared from control mice (135.8± 5.5 % 
compared with baseline). 



 
Supplemental Figure 10. HDAC2 is preferentially enriched in the promoter of genes associated with memory formation. 

(A) Chromatin immunoprecipitation (ChIP) with anti-HDAC2 antibody showed strong signals with memory associated genes in WT but not in HDAC2 KO 
mouse samples. (B) Chromatin immunoprecipitated samples were extracted from mouse hippocampi and subjected to real-time, quantitative PCR (qPCR).  
(C) CREB expression in area CA1 of the HDAC overexpression mice. CREB-like immuno-reactive signal in the pyramidal layer was quantified. HDAC2OE 
mice showed less CREB expression in the pyramidal neurons compared to WT mice. No significant difference was detected between HDAC1OE and WT 
mice (WT mice, n=8; HDAC2OE mice, n=8; HDAC1OE mice, n=14, ***p<0.0005). Scale bar, 80µm (D) Western blot analysis of protein expression in the 
hippocampi of HDAC1OE, HDAC2OE and HDAC2KO mice. Signals from 3 independent experiments were quantified (*, p<0.05;  student t-test, error bars 
are SEMs). (E) Western blot analysis of protein expression in HDAC2OE mice. SAHA (25mg/kg, i.p., n=3) was injected for 10 days. 
 



 
Supplemental Figure 11. HDAC2 regulates CREB target gene expression in mouse brain and in dissociated neurons. 
(A-B) Expression of c-FOS and EGR1 are reduced in HDAC2OE mice and increased in HDAC2KO mice in area CA1 and cortical areas.  Arrowheads indicate the 
EGR1-expressing neurons (*, p<0.05; **, p<0.005; ***, p<0.0005, student t-test, error bars are SEMs). Scale bar, 100 µm. (C-D) Quantitative assay for SAHA 
effects in dissociated cortical neurons from EGR1-GFP mice. All data were normalized to control group, which was treated with culture medium.  (C) Inhibition of 
HDAC activity by SAHA pre-treatment potentiated KCl- (55mM) or forskolin- (50µM) induced EGR-1 expression in dissociated cortical neurons (treated with 
40µM NBQX and 100µM AP5). (D) Dose-response curve of SAHA pre-treatment effect on EGR-1 expression with or without BDNF (50ng/ml) induction in 
dissociated cortical neruons. (E) Dose-response curve of SAHA pre-treatment effect on BDNF- (50ng/ml) induced Ac-lysine-histone 3/ 4 levels. SAHA 
pretreatment increased both Ac-H3 and Ac-H4 levels, which is comparable to its effect on potentiation of BDNF-induced EGR-1 expression. 3,000-5,000 cells were 
measured for each point on the assay. Error bars represent SEMs. 
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Supplemental Figure 12. Evaluation of brain morphology, neuronal fate and distribution of HDAC1OE, HDAC2OE and HDAC2KO mice. 
(A-C). Cortical layering markers were used to examine the integrity of cortical lamination in HDAC1OE, HDAC2OE and HDAC2KO mice. Dashed lines show the 
distribution of immuno-positive neurons. Scale bar, 200 µm (A)Brn-1 labels layer II-V neurons. TLE4 labels deep layer neurons. No significant difference was 
found among HDAC1OE, HDAC2OE and HDAC2KO mice. (B) CDP(cux-1) labels layer II-IV neurons. No significant difference was detected among the 3 strains 
of mice. (C) ER-81 labels layer V and NeuN labels all neurons in the cortex. No obvious difference was detected among these mice. (D) Bright field images of 
coronal and sagittal sections of HDAC1OE, HDAC2OE and HDAC2KO mice. (E) DAPI staining of coronal and sagittal sections of HDAC1OE, HDAC2OE and 
HDAC2KO mice. 
 



 
Supplemental Figure 13. SAHA treatment facilitates LTP in WT but not HDAC2KO hippocampus. 
(A-B) One-month-old HDAC2KO mice and WT littermates were injected with SAHA (25 mg/kg, i.p.) or saline for 10 days.  An additional injection was introduced 
30 minutes before sacrifice. Long-term potentiation (LTP) was induced by one HFS stimulation (1 x 100Hz, 1s) of Schaffer collaterals. (A) A significant increase in 
the magnitude of LTP was observed in the SAHA treated WT mice when compared to the saline group. (B) No significant difference in the magnitude of LTP was 
detected between SAHA and saline-treated HDAC2KO mice (**, p<0.005, two-way ANOVA). 



 
 

 
Supplemental Figure 14. Association of HDAC1 and HDAC2 with co-repressors. 
 (A-B) GFAP staining is in green and HDAC staining is in red. Arrows point to the pyramidal neurons in area CA1, arrowheads point to glial cells labeled by 
GFAP. Note that HDAC2 was primarily localized to the nucleus of pyramidal neurons, whereas HDAC1was detected in both neurons and glia. HDAC1 signal was 
higher in glia than in neurons. Scale bar, 100 µm.  



 
Supplemental figure 15. Characterization of dendritic spines in mouse models  
(A-B) The length and density of dendritic spines, and the percentage of mushroom spines in HDAC2OE and HDAC2KO mice were measured in mouse brains by 
labeling neurons with tdTomoto using recombinant HSV. Changes in spine density could be detected in both area CA1 and dentate gyrus(DG). Spine length was 
reduced in area CA1 but not in DG of HDAC2OE mice. No change in spine length was detected in HDAC2KO mice. Percentage of mushroom spines decreased in 
area CA1 but not in DG. No significant change in the percentage of mushroom spine was detected in HDAC2OE mice in area CA1 and DG. Confocal stack images 
were 3D-reconstructed and all dendritic spines were analyzed using Image-J. For each genotype and each region, more than 12 segments of dendrites and all spines 
on the dendrites were analyzed and quantified (* p<0.05;**, p<0.005, ***, p<0.001, student t-test). 
Thus, in area CA1, HDAC2OE mice exhibited a significant reduction in spine length, while no significant change was detected in HDAC2KO mice.  Conversely, 
the percentage of mushroom spines was reduced in HDAC2KO mice, although no difference in mushroom spines was detected in HDAC2OE mice. Interestingly, in 
the DG, no significant changes in the spine length and proportion of mushroom spines were noted. As in the HDAC2OE and KO mice, changes in HDAC2 
expression occur in all neurons; thus the discrepancies in the spine length and shape in different hippocampal areas suggest that HDAC2 may indirectly regulate 
spine morphology. 



 
 

 
Supplemental figure 16. Dose response of HDAC inhibitors in cultured neurons and mice. 

(A-B) Dose response curve of SAHA or WT-161 pre-treatment induced EGR1 expression in dissociated cortical neurons (treated with 40µM NBQX and 100µM 
AP5) with or without the induction of BDNF (50 ng/ml). With or without BDNF treatment, the EC50 of SAHA (~500 nM) is much lower than that of the EC50 WT-
161 (>10 uM). (C) Memory test of WT mice injected with high dosage (25mg/kg) or low dosage (16.6 mg/kg) SAHA for 10 days. Mice were subjected to 
contextual fear conditioning training 24 hours before test (saline , n=20; SAHA (16.6mg/kg) (n=10, p=0.02, v.s. saline student t-test ); SAHA (25 mg/kg), (n=10; 
p=0.001, student t-test). (D) Memory test of WT mice injected with SAHA (25mg/kg) for 2 days. Mice were subjected to contextual fear conditioning training 24 
hours before test. (saline, n=10; SAHA, n=10) Saline group and SAHA group showed similar freezing levels in the memory test. 
 
 
 



 
 

Supplemental figure 17. HDAC2 regulates learning and memory by suppressing neuronal gene expression 
HDAC2 is present in the transcriptional repressor complexes containing CoREST and targets activity regulated genes.  HDAC2 is the main target of HDAC 
inhibitors (HDACi) that facilitate memory formation by de-repressing HDAC2 target genes.  HDACi treatment can lead to increased histone acetylation locally, 
resulting in relaxed chromatin structure and increased accessibility for transcription activation factors, such as CREB/CBP complexes. Transcriptional activation of 
CREB/CBP may further facilitate the expression of neuronal genes functioning in synaptic plasticity, learning and memory in part through its associated histone 
acetyltransferase activity.. 
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