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Abstract 

Neurons express numerous genes in response to environmental stimuli. This activity-

dependent transcription is vital for neurons to function and, hence, for the brain to perform 

its complex processes. Post-translational modifications of core histones have been 

implicated in the regulation of neuronal activity-dependent transcription. Moreover, 

transcription and repair also involve the exchange of core histones, which regulates 

histone metabolism; however, its involvement in neural activity-dependent transcription 

remains unknown. Here, in mature postmitotic neurons derived from the mouse 

hippocampus, the Hist1h3f gene, which encodes replication-dependent histone H3.2, is 

expressed upon stimulation of glutamine receptors. Salt extraction and metabolic labeling 

of newly synthesized proteins in neurons revealed that core histone proteins are increased 

in terms of their protein levels in response to glutamine receptor stimulation. These results 

suggest that newly synthesized replication-dependent histones play a role in post-mitotic 

neurons. 
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Introduction 

Numerous genes are actively transcribed in response to external stimuli in neurons, 

forming the molecular basis of neuroplasticity. Neuroplasticity is a functional feature of 

the brain that alters its responsiveness in response to external stimuli (Greer and 

Greenberg, 2008; Hardingham et al., 2018; Yap and Greenberg, 2018), alongside 

increasing the binding surface and number of dendritic spines and promoting protein 

synthesis in the formation of long-term memory (Borrelli et al., 2008; Chen et al., 2017; 

Hamilton et al., 2012; West and Greenberg, 2011). Upon stimulation of glutamate 

receptors at the postsynaptic sites, intracellular calcium levels increase (Malgaroli and 

Tsien 1992), leading to calmodulin-dependent protein kinase (CaMK) II/IV activation 

(Impey et al., 2002) and the consequent activation of cAMP response element binding 

protein (CREB) (Kornhauser et al., 2002) and others (Yap and Greenberg, 2018). CREB 

activates the transcription of its target genes with CREB-binding protein, a histone acetyl 

transferase (Bading, 2013; Bito et al., 1996; West and Greenberg, 2011). 

A nucleosome consists of 147 bp of DNA and an octamer of two sets of four types of 



core histones, H2A, H2B, H3, and H4. Each of the four types of core histones forms a 

family, and more than 100 histone genes are found in the mammalian genome (Marzluff 

et al., 2002). There are various types of variants in histones (Martire and Banaszynski, 

2020; Talbert et al., 2012). H3 variants include replication-dependent histones H3.1 and 

H3.2 and replication-independent histone H3.3 (Henikoff and Smith, 2015). Replication- 

dependent histones are used to build chromatin on the nascent strand during S-phase in a 

DNA synthesis-dependent manner, while replication-independent histones are 

incorporated at any stage of the cell cycle (Ray-Gallet et al., 2002; Tagami et al., 2004). 

Although the amino acid sequences of H3.1 and H3.3 differ only in five residues, their 

functions are different; H3.3 is more frequently found and turnover in enhancer and 

regulatory regions of actively transcribed genes than H3.1 and H3.2. This suggests that 

the nucleosomes containing H3.3 are more unstable than those containing H3.1 or H3.2 

(Deaton et al., 2016; Harada et al., 2012). Several factors, such as histone post-

translational modification (Tropberger et al., 2013), chromatin remodelers (Kobor et al., 

2004), and histone chaperones (Goldberg et al., 2010), affect the stability of the 

nucleosome and hence influence the process of histone exchange or turnover. 

In post-mitotic neurons, transcription is active, meaning histone post-translational 

modifications are highly dynamic (Brami-Cherrier et al., 2006). DNA methylation is also 



highly variable; some genomic regions are repeatedly methylated and demethylated in 

response to neural activity, which is enabled by the exchange of nucleic acids (Ma et al., 

2009). It has been suggested that the exchange or turnover of histone variants is important 

for neural activity-dependent gene expression in nervous system cells (Michod et al., 

2012; Santoro and Dulac, 2012; Zovkic et al., 2014). For example, H3.3 increases with 

age in mammalian neurons, in contrast to a marked decrease in H3.1 and H3.2 (Maze et 

al., 2015; Piña and Suau, 1987). In this study, we report the active transcription of genes 

encoding histone H3.2 in post-mitotic neurons. The results indicate that the nature of 

histone turnover is different in the early stages of neuronal development from that in the 

late stages. 

 

Materials and Methods 

 

Cell culture and stimulation of hippocampal neurons 
 

All animal experimental procedures were approved by the Animal Care and 

Experimentation Committee of Gunma University. Hippocampal neurons from ICR mice 

at embryonic day (E) 17.5 were cultured as previously described (Kaech and Banker, 

2006) with modifications. Briefly, timed pregnant ICR mice (Japan SLC, City, Country) 



were killed by cervical dislocation. Hippocampi were carefully dissected from embryos 

and washed once in Hanks’ balanced salt solution (HBSS) and were then digested with 3 

mL of papain solution containing 1500 units of DNase I (Sigma-Aldrich, D4527), 1 mg 

of L-cysteine, 25 mg of D (+)-Glucose, 1 mg of bovine serum albumin (BSA) (Invitrogen, 

15260), and 100 μL of papain (Sigma-Aldrich P3125) for 20 min at 37 °C in a water bath. 

The hippocampi were suspended in HBSS with 1 mL of DNase solution containing 500 

units of DNase I and 3 mg of magnesium sulfate heptahydrate. It was then triturated with 

fire-polished Pasteur pipettes and passed through a 70-μm cell strainer (BD-Falcon 

352340) to remove debris. After centrifugation (1050 rpm, 4 °C, 8 min) of the cells in 

PBS with 7.5% BSA, the cells were suspended in alpha-MEM (Invitrogen 11095–080) 

and plated onto poly-L-lysine-coated 10-cm plastic dishes at a density of 1.7 million cells 

per dish. After 4 h, the medium was replaced with Neurobasal medium (Thermo Fisher 

21103-149) with MACS NeuroBrew-21 (Millteny Biotech 130-093-566) and the cells 

were further cultured under 5% O2 conditions (Wright and Shay, 2006). To inhibit the 

proliferation of astrocytes and other proliferating cells on days in vitro 4 (DIV 4), 10 μM 

cytosine β-D-arabinofuranoside (Sigma-Aldrich C1768) was added to the culture media. 

Neurons were depolarized by activation of sub-synaptic glutamate receptors with 50 μM 

bicuculline and 2.5 mM 4-aminopyridine (4-AP), a weak potassium ion (K+) channel 



blocker (Hardingham et al., 2001). When used, cycloheximide, a protein synthesis 

inhibitor, was added to the medium at a final concentration of 100 μM.  

 

Microarrays 
 

Cells were collected at 0, 30, 180, and 300 min after bicuculline and 4-AP stimulation. 

Total RNA was extracted using the RNAeasy kit (Qiagen). RNAs were labeled and 

hybridized on the Mouse Gene ST1.0 array (Affymetrix). Two biological replicates were 

analyzed for each time point. Intensity values after hybridization were normalized to the 

median intensity of the chip, and ratios of the expression levels of 30, 180, and 300 min 

to the 0 min time point were calculated for each gene. Genes showing at least 1.5-fold 

differences at 30 and 180 min are shown in Supplemental Table 1. 

 

RNA isolation and quantitative reverse transcription (RTq)-PCR  
 

Total RNA was extracted with the ToTALLY RNA total RNA isolation kit (Thermo 

Fisher) and then treated with DNase I. Complementary DNA was generated by reverse 

transcription using oligo (dT) primer (Thermo Fisher, 18418012) or random primers 

(Thermo Fisher, 48190011), and SuperScript II Reverse Transcriptase (Thermo Fisher, 

18064022) according to the manufacturer’s instructions. Quantitative real-time PCR 



(qPCR) was performed using the KAPA STBR Fast qPCR Kit (Kapa Biosystems) using 

LightCycler 480 (Roche). Gene expression was normalized to glyceraldehyde-3-

phosphate dehydrogenase (Gapdh) mRNA levels. The following primers were used: 5’-

TTGGAAACAAGGCTTTCAG-3’ and 5’-CCCAAACTGAAGTGCGTACC-3’ 

(Hist1h3f), 5’-AGAACATCATCCCTGCATCC-3’ and 5’-

CACATTGGGGGTAGGAACAC-3’ (Gapdh). 

 

Protein extraction from salt-treated nuclei 
 

Hippocampal cultured neurons were washed once with ice-cold PBS, scraped off, and 

collected in falcon tubes. Cells were resuspended in 600 μL buffer A (15 mM Tris-HCl 

pH 8, 15 mM NaCl, 60 mM KCl, 1mM EDTA pH 8, 0.5 mM EGTA, and 0.5 mM 

spermidine) with protease inhibitor (Nacalai Tesque 25955–11) after centrifugation at 

8000 × g for 10 min at 4 °C, and the cell suspension was incubated in an equivalent 

amount of buffer A added with 0.2% NP-40 (Wako 599–05781) on ice for 10 min 

occasionally mixed gently upside-down. After centrifugation at 500 × g for 10 min at 4 °C, 

cell pellets were treated with 100 mM NaCl and rotated at 4 °C for 1 h. Supernatants were 

incubated at 95 °C for 5 min with 6 × sodium dodecyl sulfate (SDS) sample buffer, 7 mL 

of 0.5 M Tris-HCl pH 6.8, 1 g SDS, 3 mL of glycerol, 1.2 mg bromophenol blue, and 10 



μM dithiothreitol (DTT) after centrifugation at 15000 × g for 10 min at 4 °C and stored 

at –30 °C. The insoluble fraction was stored with SDS sample buffer as described above. 

 

Western blot 
 

Western blotting was performed using Trans-Blot Turbo Systems (Bio-Rad) with 4% 

gradient gels. Membranes were probed with anti-H3 (Abcam ab1791), streptavidin 

(stAv)-HRP (GE Healthcare RPN 1231V), or anti-H3.3 (Rat moAb 0.23 mg/mL, a kind 

gift from Professor Yasuyuki Ohkawa, Department of Advanced Medical Initiatives, JST-

CREST, Faculty of Medicine, Kyusyu University, Fukuoka, Japan). Signals were detected 

with horseradish peroxidase (HRP)-conjugated anti-rabbit (GE Healthcare NA934V), 

HRP-conjugated anti-mouse (GE Healthcare NA93), and HRP-conjugated anti-rat (GE 

Healthcare NA935V) using an ECL prime kit (GE Healthcare RPN2132). 

 

Non-radioactive labeling of newly synthesized proteins 
 

Labeling of newly synthesized proteins was carried out as previously described (Deal et 

al., 2010) with a slight modification. In brief, on DIV 10, neurons were washed twice 

with methionine (Met)-free DMEM (Gibco 21013–024) and incubated at 37 °C for 30 to 

60 min in Met-free medium. After replacing the medium with Met-free DMEM again, 4 



mM azidohomoalanine (Aha; Anaspec 63669), a methionine analogue, was added to the 

culture medium, and the cells were further incubated for 3 h. The cells were collected, 

washed once in ice-cold PBS, and suspended in buffer A with a 1% protease inhibitor 

cocktail. An equal volume of buffer A with 0.2% NP-40 was added and placed on ice for 

10 min. The cell suspension was incubated on ice for 10 min with occasional stirring. 

After centrifugation (500 × g, 4 °C, 10 min), the supernatant was discarded and nuclei 

pellets were washed in buffer A and then centrifuged again. The nuclei were resuspended 

in HB125 buffer (0.125 M Sucrose, 15 mM Tris-HCl [pH 7.5], 15 mM NaCl, 40 mM KCl, 

0.5 mM spermidine, and 0.15 mM spermine), and Aha-incorporated proteins were labeled 

with biotin by incubation at 4 °C overnight in the presence of 0.5 mM biotin-alkyne 

(Invitrogen B10185), 1 mM CuSO4, and 50 mM ascorbic acid. Biotin-labeled cell nuclei 

were resuspended in MNase buffer (10 mM Tris-HCl [pH7.4], 15 mM NaCl, 60 mM KCl, 

0.15 mM spermine, 0.5 mM spermidine with 2000 gel unit MNase [New England Biolabs 

M0247]) and incubated for 1 h at 25 °C. MNase reactions were quenched by adding 2 

mM EDTA and pelleting nuclei by centrifugation at 500 × g for 10 min at 4 °C. Nuclei 

were resuspended in 300 µL CSB 350 buffer (1 × PBS, 350 mM NaCl, 2 mM EDTA, 

0.1% Triton X-100) and rotated at 4 °C for 16 h. The soluble chromatin was centrifuged 

at 4 °C for 5 min at 13000 × g. The supernatants were incubated at 55 °C for 2 h to 



denature the non-nucleosomal proteins (Tachiwana et al., 2010). After centrifugation 

(10,000 × g, 4 °C, 5 min), the supernatant was collected. For the input, one-fifth of the 

volume of the supernatant was used. M280 Streptavidin-Dynabeads (Invitrogen 112.05D) 

was added to the remaining supernatant and rotated at 4 °C for at least 1.5 h. stAv-beads 

were collected on a magnet rack, and beads were resuspended in Urea wash buffer (4 M 

Urea, 0.3 M NaCl, 20 mM Tris-HCl [pH 8]) for 5 min at 4 °C to remove other histone 

H2A/ H2B or DNA binding proteins (Yamasu’, 1990). Beads were collected as described 

above and prepared for western blotting. 

 

RI in situ hybridization 

 

The DNA template (plasmid DNA; pGEMT-easy vector and inserted DNA) was 

amplified by PCR. The PCR reaction was performed as follows: 94 °C, 5 min, (94 °C, 1 

min + 53 °C, 1 min + 72 °C, 4 min) × 30 cycles, 72 °C, 7 min, 10 °C, hold. The PCR 

products were electrophoresed, and the gels were purified using GENECLEAN Kit (Q-

Bio gene 1001–200) and phenol extraction. The PCR fragments were stored at –30 °C. 

S35– riboprobes were prepared as previously described (Chen et al., 2012; Horita et al., 

2012, 2010). The PCR DNA (0.2–0.3 μg/μL) fragment was incubated with 2 μL of 5 × 

optimized transcription buffer (Promega), 100 mM DTT, 0.3 μL of RNasin (Promega 



N251B), 1.5 μL of 10 mM of each AGC mix, 10 μL of 100 mM ATP (Roche 1140965) + 

90 μL of pure water, 10 μL of 100 mM GTP (Roche 1140957) + 90 μL pure water, 10 μL 

of 100 mM CTP (Roche 1140922) + 90 μL of pure water, 4.5 μL of S35-UTP 

(PerkinElmer NEG-039H), and 1 μL of RNA polymerase (Promega) for 2 h at 37 °C. 

Next, up to 50 μL with 40 μL of pure water was added, and the solution was further 

incubated with 2.5 μL of 5 M NaCl and 125 μL of 100% EtOH at –80 °C for at least 15 

min. After centrifugation at 15,000 rpm at 4 °C for more than 15 min, the supernatant was 

rinsed with 70% EtOH and centrifuged again. The precipitate was dissolved with 10 μL 

of pure water and incubated at 65 °C for 5 min, then immediately chilled on ice. For each 

probe, the probe was mixed with 40 μL of hybridization solution (5 mL of 100% 

formamide, 600 μL of 5 M NaCl, 100 μL of 1 M Tris-HCl [pH 8], 240 μL of 0.5 M EDTA 

[pH 8], 200 μL of 50 × Denhart’s solution, 100 μL of 1 M DTT, 250 μL of 20 mg/mL 

tRNA [Roche 109495], 1 g SDS). Next, the tubes were incubated at 65 °C in water baths 

for 5 min and immediately chilled on ice. The slides were covered and placed in small 

plastic racks at 65 °C. The slides were hybridized at room temperature for 12–15 h. 

Subsequent washing steps were performed as follows. The slides were washed twice with 

chloroform and then placed into 2 × SSPE; 3 M NaCl, 0.2 M NaH2PO4 ・H2O (pH 7.4)) 

+ 0.1% β-mercaptoethanol solution. The glass slides were rinsed in 2 × SSPE + 0.1% β-



mercaptoethanol solution immediately and incubated in 2 × SSPE + 0.1% β-

mercaptoethanol solution for 30 min at room temperature, with gently swinging. The 

slides were incubated at 65 °C in a pre-warmed 50% formamide, 2 × SSPE, and 0.1% β-

mercaptoethanol solution for 1 h, with occasional gentle swinging. The slides were 

incubated twice in pre-warmed 50% formamide, 2× SSPE, and 0.1% β-mercaptoethanol 

solution for 30 min, occasionally gently swinging. Finally, the sections were dried in 50%, 

70%, 95%, and 100% EtOH for 2 min and then exposed to X-ray film (Bio-Max MR 

Kodak, Rochester, NY). 

 

Animal treatment and behavioral experiments 
 

For in situ hybridization, the control brain was assessed over the course of an 8–10 h 

photoperiod. Metrazol (GABAa receptor antagonist) was administered at 15 mg/mL for 

1 h, confirming the induction of an epileptic condition. Forced running mice were housed 

with running wheels (Fast-Trac, BioServ K3250) and forced to run for 1 h. For voluntary 

running, C57/BL6 male mice at postnatal day 28 were individually housed in plastic cages 

with free access to water and pellet diet according to a 12 h light and dark cycle. The mice 

were housed with running wheels and allowed to run freely in their cage for 

approximately 2 months. 



Results 
 

Activity-dependent expression of H3.2 genes in hippocampal neurons 

 

We assessed the activity-dependent transcription in hippocampal neurons in a genome-

wide manner using a microarray. We found that Hist1h3f, which encodes a replication-

dependent core histone, H3.2, was increased in depolarized neurons (Figure 1A). Because 

replication-dependent histones are synthesized during the S-phase to rapidly package the 

newly replicated genome DNA as chromatin in proliferating cells, we further investigated 

this unexpected induction of H3.2 expression in post-mitotic neurons. We next performed 

RT-qPCR to confirm the microarray results. Histone H3.2 is encoded by nine genes that 

house only one similar exon each in mice (Pandey et al., 1990) (Figure 1B), all of which 

do not undergo poly-A tail modification, but instead have a conserved stem-loop structure 

(Marzluff et al., 2008). Among the nine genes, Hist1h3f and Hist1h3e share unique longer 

3’ UTR sequences (Figure 1B). We designed primer pairs for this shared 3’ UTR. With 

these primers, Hist1h3f and Hist1h3e are distinguished from other H3.2 genes, but not 

from each other. The expression of Hist1h3f and Hist1h3e mRNA gradually increased in 

response to bicuculline and 4-AP -induced depolarization (Figure 1C). It is worth noting 

that reverse transcription with oligo (dT) primers also resulted in an increase. This 

indicated that Hist1h3f and Hist1h3e had a poly A tail in post-mitotic neurons. These 



results indicate that histone genes encoding H3.2 are expressed in post-mitotic neurons 

in an activity-dependent manner.  



 

H3.2 expression in the adult mouse brain 

 

We next assessed the expression of Hist1h3f and Hist1h3e in the brain. Expression 

patterns of Hist1h3f or Hist1h3e mRNA were detected in the hippocampus, cerebellum, 

and olfactory bulb in the adult brain by in situ hybridization (Figure 2A). Cells that 

express the genes included neurons, as assessed based on expression patterns across brain 

regions. Expression was also assessed in a gray matter, representing expression patterns 

in other types of cells. The expression of Hist1h3f or Hist1h3e mRNA was observed in 



normal conditions, the levels of which remained constant or slightly increased either after 

a GABAa receptor antagonist treatment, which induced convulsions, or after 1 hour of 

forced running (Figure 2A). We next quantitated Hist1h3f or Hist1h3e mRNA expression 

in the adult brain by RT-qPCR. The mRNA expression was detected both in the cortex 

and hippocampus and increased after housing mice in a voluntary running condition for 

2 months (Figure 2B, 2C).  

 

Increase in H3 expression after depolarization 

 

We examined whether H3 is increased at the protein level in hippocampal neurons. 

Because the amino acid sequences of H3.1 and H3.2 differ only by one residue, there is 

no antibody that selectively recognizes H3.2, but not H3.1. Therefore, we used an 

antibody that recognizes pan-H3 proteins. Initially, we assessed an increase in the total 

amount of histone H3 in whole nuclear lysates, but were unable to detect an increase due 

to the large quantity of existing histones that were incorporated into the chromatin. 

Therefore, we next quantified levels of histone H3 that were not incorporated into or 

loosely bound to chromatin using a salt extraction technique that extracts proteins that are 

loosely bound to chromatin (Meshorer et al., 2006). In the supernatant from cell nuclei 

after treatment with a 100 mM NaCl solution, H3 was increased in neurons 



simultaneously stimulated with bicuculline and 4-AP (Figure 3A). The increase 

disappeared by inhibiting protein synthesis with cycloheximide. These results indicated 

that the increase was due to protein synthesis rather than the release of existing H3 from 

chromatin (Figure 3B). The H3.3 variant was not detected in the same salt-extracted 

fraction, indicating that H3.3 was not synthesized under these conditions. 

 

 

 

Metabolic labeling of newly synthesized proteins 

 

To directly determine whether H3 is translated in an activity-dependent manner, we next 



performed metabolic labeling of newly synthesized proteins in neurons using Aha (Figure 

4A). The smear band was detected both in the bicuculine- and 4-AP-treated or untreated 

neurons and was hardly detected in cycloheximide-pretreated neurons, indicating that the 

newly synthesized proteins were effectively labeled (Figure 4B). We next enriched the 



chromatin fraction after MNase treatment after metabolic labeling and collected newly 

synthesized biotinylated proteins with stAv-beads. Next, precipitates were subjected to 

western blotting with an antibody against histone H3 (Figure 4C). H3 was readily detected 

in polarized neurons compared to non-polarized neurons or CHX-treated neurons. The 

results suggested that H3 was synthesized and possibly partially incorporated into 

chromatin in a neural activity-dependent manner (Figure 4C).  

 

Discussion 

 

We demonstrated that the levels of Hist1h3f and Hist1h3e, which encode a replication-

dependent core histone, H3.2, were increased in mouse hippocampal neurons in an 

activity-dependent manner. Using salt extraction and metabolic labeling, we also found 

that the replication-dependent core histone H3 was increased at protein levels in an 

activity-dependent manner in post-mitotic neurons.  

In proliferating cells, the transcription of replication-dependent histones is 

restricted to the S-phase and its products lack a poly A tail (Dominski and Marzluff, 1999). 

Lyons et al. reported that a subset of replication-dependent histone mRNAs are 

polyadenylated in terminally differentiated tissues (Lyons et al., 2016). Our results 

indicated that Hist1h3f and Hist1h3e cDNAs were detected after reverse transcription 



with oligo dT primers, indicating that at least some fractions of mRNAs of these genes 

were polyadenylated in terminally differentiated post-mitotic neurons. 

Many neuronal activity-dependent genes are transcribed through CREB activation 

(Hardingham et al., 2001; Hong et al., 2008; Kornhauser et al., 2002). Indeed, there exists 

a CRE, a CREB-binding sequence, on the promoter region of the Hist1h3f gene, which 

might be relevant to its activity-dependent transcription.  

Hist1h3f and Hist1h3e were expressed in the adult mouse hippocampus. Their 

expression was rather constant under convulsive conditions or forced running. This 

appeared inconsistent with the results obtained for primary cultured neurons. One 

possible explanation for this is the difference in developmental stages between brain 

slices and cultured neurons. It is difficult to pinpoint which developmental stage cultured 

neurons belong to; however, these were prepared from embryos. The cells are postmitotic 

and, while considered morphologically mature, may still be in the early developmental 

stages. We speculated that Hist1h3f and Hist1h3e are expressed robustly in an activity-

dependent manner in the early stages, while they are expressed more statically in the later 

stages.  

Indeed, it has been shown that protein levels of H3.1 and H3.2 decreased with aging 

in the rodent brain, whereas H3.3 levels increased with an inverse relationship to age 



(Maze et al., 2015; Piña and Suau, 1987; Tvardovskiy et al., 2017). Remarkably, H3.3 

was incorporated into the gene body of transcriptionally active genes in post-mitotic 

neurons, and its load increases with aging. In addition, the knockdown of genes that 

encode H3.3 in mouse neurons causes cognitive and learning deficits (Maze et al., 2015). 

This suggests that the expression of histone variant H3.3 and its replacement with existing 

replication-dependent core histones may be associated with functional changes in neurons 

underlying neuronal plasticity. Our current finding demonstrating the expression of H3.2 

at early developmental stages indicates that H3.2 may have a similar role in developing 

neurons.  

Histone chaperones such as Daxx (Michod et al., 2012) and HIRA (Maze et al., 

2015) have been shown to play a role in H3.3 incorporation into chromatin in a neural 

activity-dependent manner. However, the histone chaperone that regulates the 

incorporation of H3.2 into chromatin has not been identified so far (Hammond et al., 

2017). Shedding light on H3.2 incorporation into chromatin and its underlying 

mechanisms in the future will be of great interest in terms of H3 metabolism in neurons 

and, thus, in brain neuroplasticity specifically during development. 
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Figure captions 

Figure 1. mRNA expression of Hist1h3f and Hist1h3e in vitro. (A) Activity-dependent 

mRNAs expression analysis with microarray at 10 days in vitro (DIV) primary cultured 

hippocampal neurons. These genes’ expression levels increased over 1.5 times in 180 min 

after depolarization. The level of Hist1h3f, one of the replication-dependent histone genes 

in mice, was increased. (B) Genes that encode H3.2 mRNA in mouse. Arrows point to 

primers designed at the unique 3’ UTR region of Hist1h3f and Hist1h3e. (C) qRT-PCR of 

Hist1h3f and Hist1h3e mRNA. RNA molecules were collected from hippocampal 

neurons cultured for 10 days in vitro after being treated with 50 μM bicuculline and 200 

μM 4-aminopyridine (4-AP) at different time points, and reverse transcribed with either 

oligo(dT) or random hexamer primers to synthesize cDNA. The expression levels of 

Hist1h3f and Hist1h3e mRNA were normalized to Gapdh.  

 

Figure 2. Hist1h3f and Hist1h3e mRNA expression in vivo. (A) Hist1h3 and Hist1h3e 

mRNA expression patterns in adult mouse brains were analyzed by in situ hybridization. 

Brain slices from control (top), 1-h metrazole (15 mg/mL) treatment (middle), and 1-h 

forced running (bottom) were subjected to in situ hybridization to mRNA of Hist1h3f and 

Hist1h3e. CB; Cerebellum, HC; Hippocampus, ST; Striatum, OB; Olfactory Bulb. Scale 



bar: 2 mm. Inset indicates enlarged view of the hippocampus (dotted rectangles in the left 

panels). (B) Design of gene expression experiments. (C) Effect of voluntary running on 

mRNA levels of Hist1h3f and Hist1h3e in the cortex and hippocampus.  

 

Figure 3. H3 proteins in salt-extracted supernatants. (A) Western blot analysis with 

antibodies against total H3 (upper two rows) and H3.3 (bottom two rows). Nuclei were 

isolated from depolarized hippocampal neurons, and re-suspended in 100 mM NaCl, and 

incubated at 4 ˚C for 1 h with rotating. The supernatants (sup) and whole nuclear lysates 

(input) were subjected to western blotting. Cycloheximide (CHX, 100 μg/mL) was added 

for 20 min. (B) Quantification of H3. 

 

Figure 4. Metabolic labelling of newly synthesized protein in neurons. (A) Schematic 

depiction of the labeling of newly synthesized proteins in primary hippocampal neurons. 

(B) Chromatin fractions prepared from nuclei after metabolic labelling were 

electrophoresed and blotted with streptavidin (stAv)-HRP. (C) Biotin-labelled proteins 

were immunoprecipitated (IP) with streptavidin-beads and subjected to western blotting. 

Antibody against pan-H3 antibody was used. Bic, bicuculline; 4-AP, 4-aminopyridine; 

CHX, Cycloheximide. 
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