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Abstract

Recent evidence demonstrates that epigenetic regulation of gene transcription is critically involved 

in learning and memory. Here, we discuss the role of histone acetylation and DNA methylation, 

which are two best understood epigenetic processes in memory processes. More specifically, 

we focus on learning-strength-dependent changes in chromatin on the fibroblast growth factor 1 
(Fgf1) gene and on the molecular events that modulate regulation of Fgf1 transcription, required 

for memory enhancement, with the specific focus on CREB-regulated transcription coactivator 1 

(CRTC1).
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1. Introduction

Activity-dependent changes in gene transcription and de novo protein synthesis are required 

for memory processes (Alberini, 2009; Klann and Dever, 2004; Mayford et al., 2012). On 

the other hand, a deficiency in activity-dependent gene transcription is involved in cognitive 

decline prominent in many neuropsychiatric disorders, such as Alzheimer’s disease and 

depression, as well as in memory loss during healthy ageing (Greer and Greenberg, 2008; 

West and Greenberg, 2011). Epigenetic modifications have recently emerged as one of the 

central mechanisms regulating gene transcription in the brain (Day and Sweatt, 2010; Graff 

and Tsai, 2013; Peixoto and Abel, 2013).

The cAMP-responsive element-binding protein (CREB)-dependent gene expression is 

essential for synaptic plasticity, learning and memory (Barco et al., 2002; Barco et al., 2005; 

Bito et al., 1996; Bourtchuladze et al., 1994; Deisseroth et al., 1996; Impey et al., 1998; 

Josselyn et al., 2004; Kida et al., 2002; Kida and Serita, 2014; Mayford et al., 2012; Silva 
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et al., 1998; Suzuki et al., 2011). The CREB-regulated transcriptional coactivators or cAMP­

responsive transcriptional coactivators (CRTCs, also referred to as TORCs) may potentiate 

the interaction of CREB with CBP/p300 (Xu et al., 2007) and significantly increase CREB 

transcriptional activity independently of Ser133 phosphorylation (Conkright et al., 2003; 

Iourgenko et al., 2003) (Fig. 1). CRTC1 is translocated from the synapses/dendrites to the 

nucleus in response to neural activity and learning (Ch'ng et al., 2012; Kovacs et al., 2007; 

Li et al., 2009; Nonaka et al., 2014; Parra-Damas et al., 2017; Uchida et al., 2017a). Some 

reports have shown recently that CRTC1 plays a key role in synaptic plasticity and memory 

formation in rodents (Nonaka et al., 2014; Sekeres et al., 2012; Uchida et al., 2017a; Zhou 

et al., 2006a). Moreover, CRTC1 is associated with memory enhancement and memory 

maintenance via epigenetic regulation of gene transcription (Hirano et al., 2016; Uchida and 

Shumyatsky, 2017; Uchida et al., 2017a).

In this review, we will begin by describing previous studies and recent progress 

demonstrating that histone acetylation and DNA methylation are importnat for memory. 

We will then describe the role of CRTC1-mediated epigenetic regulation of the fibroblast 
growth factor 1 (Fgf1) gene transcription in memory enhancement. We will also address 

how CRTC1 and FGF1 pathways may contribute to the development of memory-related 

disorders.

2. Epigenetic mechanisms in memory formation

An increasing evidence has indicated that epigenetic modifications of histones in neuronal 

cells constitute a powerful mechanism of memory processing (Day and Sweatt, 2010; Graff 

and Tsai, 2013; Peixoto and Abel, 2013).

2.1. Histone acetylation

Among the various types of histone modifications (acetylation, phosphorylation, 

methylation, ubiquitylation, sumoylation, ADP-ribosylation, deamination, proline 

isomerization), histone acetylation is one of the most well studied. In histone acetylation, 

a negatively charged acetyl group is added to lysin (K) residues of histone proteins 

(Graff and Tsai, 2013). Histone deacetylase (HDAC) inhibitors including trichostatin 

A, suberoylanilide, valproic acid, and sodium butyrate ameliorate cognitive deficits and 

improve learning and memory (Alarcon et al., 2004; Bredy et al., 2007; Guan et al., 2009; 

Korzus et al., 2004; Levenson et al., 2004; McQuown et al., 2011; Peleg et al., 2010; 

Wood et al., 2005). The enzymes primarily responsible for reversible histone acetylation 

that control memory are histone acetyltransferase (HAT) CBP/p300 and histone deacetylase 

HDAC2 (Table 1). These two molecules have opposite effects on memory. CBP loss-of­

function mutation in mice shows decreased fear memory (Alarcon et al., 2004; Korzus et 

al., 2004; Wood et al., 2006). Also, p300 is required for long-term recognition memory and 

fear memory (Oliveira et al., 2007). Conversely, HDAC2 knockout mice show increased 

fear memory, whereas HDAC2 overexpression reduces memory (Guan et al., 2009). In 

addition, there is considerable evidence indicating the role of class 1 HDAC family 

(HDAC1, HDAC2, HDAC3, and HDAC8) in memory formation (Table 1). Viral-mediated 

overexpression of HDAC1 in the mouse hippocampus increases fear extinction, whereas 
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pharmacological blockade of HDAC1 leads to impaired extinction (Bahari-Javan et al., 

2012). The same paper also reported that HDAC1 regulates an activity-dependent gene 

(c-fos), suggesting a key role of HDAC1 in transcriptional regulation of memory-related 

genes. Both the focal deletion of HDAC3 in the CA subregion of hippocampus as well as 

HDAC3 inhibition via RGFP136 significantly enhances long-term memory (McQuown et 

al., 2011). Similarly, viral-mediated acute knockdown of HDAC3 in the CA subregion of 

the hippocampus or intra-hippocampal injection of an HDAC3 selective inhibitor leads to 

enhanced contextual fear memory (Uchida et al., 2017a). However, a prolonged HDAC3 

depletion reduces memory (Nott et al., 2016). The discrepancy between these studies may be 

due to the duration of HDAC3 deficiency, but these reports support at least the contribution 

of HDACs to memory formation. In addition to class I HDAC family, HDAC4, belonging 

to class Ha HDACs family (HDAC4, −5, −7 and −9), regulates memory formation (Table 

1). Conditional brain-specific HDAC4 knockout mice showed significant impairments in 

contextual fear and spatial memory (Kim et al., 2012). Given that HDAC4 synapse-to­

nucleus shuttling is regulated in response to neuronal activity (Sando et al., 2012; Uchida 

and Shumyatsky, 2017), learning-dependent relocation of HDACs may have an important 

role for synaptic plasticity and memory.

While we know a lot about the role of HDACs in memory formation, there is scarce 

evidence supporting the role of HATs except for CBP/p300 (Table 1). A recent paper has 

shown that KAT5 (also referred to as Tip60) plays a key role in learning-induced histone 

H4K12 acetylation, a potentially important lysine residue of histone H4 for memory (Guan 

et al., 2009; Peleg et al., 2010), and this mechanism is important for regulation of memory 

enhancement (Uchida et al., 2017a).

A very recent paper has shown that acetyl coenzyme A (acetyl-CoA) synthetase (ACSS2) 

regulates histone acetylation and hippocampal memory (Mews et al., 2017). As mentioned 

above, histones can be modified by acetyl groups, leading to the modulation of gene 

expression. Such acetylation requires a nuclear pool of the metabolite acetyl-CoA (Wellen 

et al., 2009). In mammalian cells, there are two principal enzymes that generate acetyl-CoA 

for histone acetylation: ACSS2 and citrate-dependent ATP-citrate lyase (ACL) (Pietrocola et 

al., 2015). ACSS2 is highly expressed in the mouse hippocampus (Lein et al., 2007). Mews 

et al. demonstrated that ACSS2 is required in the mouse hippocampus for the induction of 

immediate early genes and for long-term spatial memory through the epigenetic regulation 

of transcription dynamics (Mews et al., 2017). Thus, this report provides first evidence for 

metabolic signaling to be involved in chromatin regulation in the brain and show that this 

signaling has a crucial role in memory consolidation.

So far, we summarized the role of HDACs and HATs in epigenetic regulation of gene 

transcription in memory formation, whereas it should be noted that HDACs and HATs have 

multiple functions and substrates instead of histone proteins. For instance, an integrated 

database of Compendium of Protein Lysine Modifications reported that there are 7151 lysine 

acetylation sites in 3311 proteins (Liu et al., 2014). This is supported by experimentally 

that CBP/p300, PCAF, and HDACs have non-histone target proteins, such as transcription 

factors, transcription cofactors, and cytoskeleton (Brochier et al., 2013; Chen et al., 2005; 

Dompierre et al., 2007; Federman et al., 2013; Gaub et al., 2010). Thus, there is a possibility 
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that HATs and HDACs modulate directly the acetylation/deacetylation of transcription 

modulators, which then lead to the regulation of gene transcription without affecting 

histone acetylation. Indeed, HDAC4 regulates synaptic transmission and memory without 

deacetylating histones (Sando et al., 2012). Further studies will be necessary to understand 

the role of epigenetic regulation of gene transcription by HATs and HDACs in memory 

formation and will be required to identify a clear distinction between cause and effect and 

between epigenetics and classical transcription machinery (see (Lopez-Atalaya and Barco, 

2014) for extensive review).

2.2. DNA methylation

DNA methylation is another major epigenetic modification which leads to the addition of a 

methyl group to the 5′ position of a cytosine pyrimidine ring by DNA methyltransferases 

(DNMTs) to form 5-methylcytosine, thereby often modifying the chromatin state and gene 

expression. The vast majority of cytosine methylation occurs as part of a CG dinucleotide 

sequence. Changes in DNA methylation can result from various alterations in cell status, 

including after neuronal activity. Treatment with inhibitor for DNMTs inhibits synaptic 

plasticity and memory formation (Levenson et al., 2006). Contextual fear conditioning 

rapidly (i.e., within 30 min) increases the methylation level of memory suppressor gene 

protein phosphatase 1, while concurrently demethylating the promoter region of the 

plasticity-related gene reelm (Miller and Sweatt, 2007). Contextual fear conditioning 

transiently induces demethylation of the Bdnf exon III and exon IV promoters in the 

hippocampus, and these effects are blocked by application of the NMDA receptor antagonist 

MK801 (Lubin et al., 2008; Mizuno et al., 2012). DNA methylation of the memory 

suppressor gene calcmeurin is increased in the prefrontal cortex seven days following fear 

conditioning (Miller et al., 2010). Infusion of DNMT inhibitors into the anterior cingulate 

cortex prevents memory retrieval 30 days after training. These findings indicate that cortical 

DNA methylation is triggered by a learning experience and is a perpetuating signal used 

by the brain to help preserve remote memories (Miller et al., 2010). In addition, double 

knockout mice that lack Dnmt1 and Dnmt3a exclusively in forebrain excitatory neurons 

shows abnormal long-term plasticity in the hippocampal CA1 region together with deficits 

in learning and memory (Feng et al., 2010) (Table 1). Moreover, the reduced expression of 

DNA methyltransferase Dnmt3a2 is associated with age-related memory loss, and rescuing 

DNMT3a2 levels in the hippocampus of aged mice restore cognitive function (Oliveira et 

al., 2012). The authors also show that Dnmt3a2 is an immediate-early gene, activity of 

which is partially dependent upon nuclear calcium signaling. These findings suggest that 

activity-dependent DNA methylation may be associated with neurode-generative memory 

loss.

More recent work identified DNA methylation changes that are associated with contextual 

fear memory consolidation and maintenance (Haider et al., 2016). They charted an unbiased 

genome-wide profile of DNA methylation, brain region (hippocampal CA1 and anterior 

cingulate cortex) and cell type specificity (neuron and non-neuron), over time (1 h and 

4 weeks after learning), and found that substantial changes in DNA methylation during 

memory consolidation and maintenance are present at specific inter- and intragenic regions. 

In neurons, differentially methylated regions were preferentially located in inter-genic (64%) 
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and intronic (30%) regions. This evidence is similar to the distribution of differentially 

methylated regions in activity-induced dentate gyrus neurons (Guo et al., 2011a). Moreover, 

associative memory–induced differentially methylated regions significantly colocalized with 

the acetylation of H3K27-positive regions, indicating that 21–29% of the differentially 

methylated regions reside in functional cis-regulatory regions, many of which are intronic. 

These results suggest that a substantial proportion of differentially methylated regions might 

regulate transcription factor binding in cis-regulatory regions. Fischer and Bonn groups also 

demonstrated directly lasting memory-associated changes in DNA methylation in the cortex 

(Haider et al., 2016). Their comprehensive genome-wide assessments strongly support the 

hypothesis that DNA cytosine methylation contributes to long-term memory stabilization 

and storage in vivo. Thus, active methylation of cytosine bases in DNA is required for 

memory formation and maintenance, and neuronal activity and behavioral experiences lead 

to site-specific reorganization of DNA methylation dynamics (Day et al., 2013; Guo et al., 

2011a; Haider et al., 2016; Miller et al., 2010).

A novel epigenetic mark, 5-hydroxymethylcytosine, has been recently shown to be 

important for neuronal function. 5-hydroxymethylcytosine is enriched in the brain 

(Szulwach et al., 2011) and is regulated by neuronal activity through ten-eleven translocation 

proteins (TETs) (Feng et al., 2015; Kaas et al., 2013; Rudenko et al., 2013). TETs 

can convert 5-methylcytosine to 5-hydroxymethylcytosine in mammals. Tet1 knockout 

mice show downregulation of neuronal activity-regulated genes (e.g., Npas4, c-fos) in the 

cortex and hippocampus (Rudenko et al., 2013). Tet1 knockout mice also have abnormal 

hippocampal LTD and impaired memory extinction (Rudenko et al., 2013). Another study 

showed that Tet1 itself can be regulated by neuronal activity and the enhancement of Tet1 

function in the hippocampus leads to contextual fear memory impairment (Kaas et al., 

2013). However the exact roles of 5-hydroxymethylcytosine and TETs in synaptic function 

and memory formation are still insufficient.

Methyl-CpG binding protein 2 (MeCP2) binds to methylated cytosines in DNA and acts 

epigenetically as a transcriptional repressor. Neuronal activity induces the phosphorylation 

of MeCP2 at Ser421 (Chen et al., 2003; Deng et al., 2010; Zhou et al., 2006b) across 

the genome, suggesting that activity-dependent phosphorylation of MeCP2 mediates a 

genome-wide chromatin response to neuronal activity (Cohen et al., 2011) (Fig. 1). MeCP2 

knock-in mice were generated with Ser421 converted to alanine (Ser421Ala), preventing 

phosphorylation (Cohen et al., 2011). These knock-in mutants showed increased dendritic 

complexity and increased inhibitory synaptic strength in the cortex (Cohen et al., 2011). 

The knock-in mice showed abnormal responses to inanimate objects or conspecifics (Cohen 

et al., 2011). These findings suggest that activity-dependent phosphorylation of MeCP2 

regulates synapse development and behavioral responses to environmental stimuli. However, 

MeCP2 Ser421Ala knock-in neurons did not have any changes in activity-dependent target 

gene transcription (Cohen et al., 2011). Thus, it remains to be determined whether activity­

dependent phosphorylation of MeCP2 affects gene transcription and chromatin structure. 

More recently, phosphorylation of MeCP2 at Thr308 was reported to be induced by neuronal 

activity and MeCP2 T308 knock-in mice showed altered activity-dependent gene expression 

(e.g., Bdnf, Arc, Fos, Npas4) (Ebert et al., 2013). Another study with knock-in mice that 

carry point mutations in the endogenous Mecp2 gene locus that abolish phosphorylation at 
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both S421 and S424 (Mecp2f421A:S424A/y mice) showed enhanced hippocampus-dependent 

contextual fear and spatial memory (Li et al., 2011). These mutants also display enhanced 

synaptic plasticity (long-term potentiation (LTP)) and synaptogenesis. Moreover these 

knock-in mice have increased Bdnf transcription. Mice expressing a truncated Mecp2 
variant, which lacks the carboxy-terminal region, exhibit deficiency in learning and memory, 

as well as synaptic plasticity (Moretti et al., 2006). These mice showed deficits in 

hippocampus-dependent spatial memory, contextual fear and social memory (Moretti et al., 

2006).

Recent evidence suggests that MeCP2 acts not only as a transcription repressor but also 

as transcription activator in a complex with CREB in vitro (Chahrour et al., 2008) and in 

vivo (Uchida et al., 2011), regulating a complex transcription program following neuronal 

activation. Indeed, MeCP2 can interact not only with transcriptional (co)-activators (e.g., 

CREB, CBP) but also transcriptional (co)-repressors (e.g., REST, HDACs). Furthermore, 

MeCP2 can bind to 5-methylcytosine- and 5-hydroxymethylcytosine-containing DNA with 

similar affinity in the mouse brain (Mellen et al., 2012). Thus, MeCP2 regulation is activity­

dependent and complex, which might explain inconsistent results between the studies. In 

addition to CpG methylation, a recent report has shown that adult mouse dentate gyrus 

neurons consist of both CpG and CpH (H = A/C/T) methylation (Guo et al., 2014). This 

neuronal CpH methylation is conserved in human brain, enriched in regions of low CpG 

density and negatively correlates with gene expression. MeCP2 binding is greatly enhanced 

when CpG and CpH methylation are adjacent to each other. Although it is still unclear 

whether CpH methylation is involved in synaptic plasticity and memory formation, CpH 

methylation is a new layer of epigenetic modulation of the neuronal genome.

3. CRTC1-CREB signaling in memory enhancement

Transcription factors such as CREB and C/EBP are known to regulate gene transcription 

essential for synaptic plasticity and memory formation (Alberini and Chen, 2012) (Fig. 

1). More recently, transcription cofactor CRTC1 has emerged as novel transcriptional 

regulators of essential biological functions, including brain plasticity and memory formation 

(Escoubas et al., 2017; Saura and Cardinaux, 2017; Uchida and Shumyatsky, 2017). 

Nuclear-cytoplasmic redistribution of CRTCs is dependent on their activity-regulated 

phosphorylation status (Altarejos and Montminy, 2011). Calcium signals promote nuclear 

translocation of CRTC1 via activation of calcineurin, which directly dephosphorylates 

CRTC1 at Ser151 (Bittinger et al., 2004; Ch'ng et al., 2012; Screaton et al., 2004). A 

recent report has shown that two phosphorylation sites (S151 and S245) contribute to 

nuclear import of CRTC1 (Nonaka et al., 2014). The nuclear transport of CRTC1 is 

observed in the CA1 and CA3 pyramidal neurons, but not in the dentate gyrus granule 

neurons, of the hippocampus following multiple behavioral tasks, including contextual fear 

conditioning (CFC), novel object location and Morris water maze (Parra-Damas et al., 2017; 

Uchida and Shumyatsky, 2017; Uchida et al., 2017a). Importantly, strong training of CFC 

induces much greater CRTC1 nuclear accumulation than weak CFC training (Uchida et al., 

2017a), suggesting an association of CRTC1 nuclear translocation with memory strength. 

Moreover, CRTC1 nuclear accumulation is specific for learning, but as this accumulation 

is not observed in context-only or immediate-shock exposure (Uchida et al., 2017a). This 
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learning-dependent nuclear accumulation of CRTC1 also occurs in the basolateral amygdala 

following CFC (Nonaka et al., 2014). Viral-mediated enhancement of CRTC1 function in 

the CA area of hippocampus increases CFM (Nonaka et al., 2014; Uchida et al., 2017a). 

Conversely, shRNA-mediated knockdown of CRTC1 in the CA region of hippocampus 

(Uchida et al., 2017a) or basolateral amygdala (Nonaka et al., 2014) leads to decreased CFM 

along with decreased CREB-mediated gene transcription. Furthermore, increased CRTC1 

function promoted spine enlargement in the CA1 pyramidal cells (Nonaka et al., 2014) 

and the loss-of-function CRTC1 disrupted LTP in CA1 (Uchida et al., 2017a; Zhou et al., 

2006a), clearly suggesting that CRTC1 is involved in structural and synaptic plasticity.

One step downstream of the activation of CRTC1 is regulation of the expression of its target 

genes. In the nucleus, CRTC1 increases the expression of a subset of CREB target genes, 

including c-fos, Arc, Nr4a1, Bdnf (Ch'ng et al., 2012; Fukuchi et al., 2015; Nonaka et al., 

2014; Parra-Damas et al., 2017; Parra-Damas et al., 2014; Zhou et al., 2006a) (Fig. 1). 

Although all of these activity-regulated genes have been involved in synaptic plasticity and 

memory, the molecular mechanism underlying CRTC1-mediated memory enhancement has 

not been completely investigated. One of CRTC1-CREB target genes, brain-specific isoform 

B of Fgf1 (Fgf1b), was recently identified (Uchida et al., 2017a).

4. Fgf1b, a CRTC1-CREB target gene required for memory consolidation, 

promotes memory enhancement

Fgf1b, has been recently identified as a target gene of CRTC1/CREB-mediated transcription 

during memory consolidation in mice (Uchida et al., 2017a). In addition to neurotrophic 

factors (e.g., BDNF) and growth factors (e.g., IGF-II) (Chen et al., 2011; Finsterwald and 

Alberini, 2014; Tyler et al., 2002) (Fig. 1), the FGF signaling has recently emerged as a 

new key player in synaptic plasticity and memory (Bookout et al., 2013; Kang and Hebert, 

2015; Owen et al., 2013; Turner et al., 2012; Wu et al., 2012). In mammals, the FGF family 

consists of 22 members, of which FGF1 is predominantly expressed in neurons (Elde et al., 

1991). It was earlier reported that Fgf1b is induced in the mouse hippocampus immediately 

following electroconvulsive stimulation (Ma et al., 2009), suggesting that FGF1 signaling 

can be regulated by activity and possibly involved in synaptic plasticity.

Confirming this possibility, Uchida et al. recently reported that persistent expression of the 

Fgf1b gene following learning within the CA region of the hippocampus is associated with 

an increase in memory strength (Uchida et al., 2017a). Intriguingly, Fgf1b expression is 

briefly increased within 1 h and returns to the baseline 2 h after “weak” (single-shock) 

training in CFC, while it is elevated 2h following “strong” (three-shock) training. There is 

no effect of learning on Fgf1b expression in the dentate gyrus of hippocampus. These data 

suggest that persistent expression of Fgf1b is CA-region-specific in the hippocampus and 

might be involved in establishing memory strength in the CA region. Injection of FGF1 

increase memory after weak training (Fig. 2A). By contrast, an FGF receptor antagonist 

disrupted memory after strong training (Fig. 2B), suggesting that FGF1 signaling is required 

for memory consolidation. Moreover, FGF1 knockdown reduced long-term memory (Fig. 

2C) following strong training. Similar to fear memory, object location memory (OLM), 
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which is also hippocampus-dependent, is modulated by FGF1 (Uchida et al., 2017a). These 

results further confirm that FGF1 signaling in the CA subregion is required for memory 

consolidation. It should be noted that the FGF1 enhances the transient potentiation induced 

by weak high-frequency stimulation (1 × HFS) (Fig. 2D). Strong high-frequency stimulation 

(3 × HFS) elicits robust LTP and is attenuated by FGF1 antagonist (Fig. 2E). Thus, FGF1 

appears necessary for the switch from transient plasticity to strong enduring plasticity, 

suggesting an interesting mechanism for memory consolidation.

5. CRTC1-dependent switch of histone acetyltransferases on the Fgf1b 

promoter following learning

How is Fgf1b transcription involved in memory encoding? Recent work has shown that 

CRTC1 regulates two waves Fgf1b transcription and enhances memory strength (Uchida 

et al., 2017a). During the first wava, the acetylation levels of H3K9 and H3K14, but 

not of H4K8 or H4K16, are significantly increased on the Fgf1b gene promoter 0.5–1 h 

after both strong and weak fear conditioning (Fig. 3A and B). By contrast, acetylation 

of H4K5 and H4K12 is increased 1–2 h after strong training only, suggesting that these 

latter histone modifications are important for long term memory encoding and memory 

enhancement. Strong but not weak training induced progressive dissociation of HDAC3 and 

corepressor N-CoR from the Fgf1b promoter (Fig. 3C and D), suggesting that basal Fgf1b 
transcription is suppressed by recruitment of HDAC3-N-CoR to its promoter (Uchida et 

al., 2017a). This hypothesis is supported by pharmacological and genetic studies (Uchida 

et al., 2017a): mice injected bilaterally with T247, a potent and selective HDAC3 inhibitor 

(Suzuki et al., 2013), into the hippocampus show an increase in Fgf1b expression, H3K14 

acetylation at the Fgf1b promoter and exhibit increased freezing 24 h after weak training. 

Similarly, mice with a HDAC3 knockdown in the CA subregion exhibit enhanced long-term 

memory (Uchida et al., 2017a). These results suggest that HDAC3-mediated regulation of 

Fgf1b transcription is involved in memory formation, in agreement with a previous report 

demonstrating that HDAC3 negatively regulates long-term memory (McQuown et al., 2011). 

Moreover, homozygous knock-in mice expressing mutant N-CoR lacking HDAC3 binding 

capacity show deficient long-term OLM (McQuown et al., 2011), again consistent with a 

role for HDAC3 in memory consolidation via its interaction with N-CoR. These results 

suggest that HDAC3 activity is important for epigenetic silencing of Fgf1b and HDAC is a 

negative regulator of long-term memory formation.

The phosphorylated form of CREB at Seri 33 occupies the promoter of Fgf1b following 

both weak and strong training in contextual fear (Fig. 3C and D) and the recruitment 

of CRTC1 and CBP enhances the acetylation of H3K14, which is one of the substrates 

of CBP (Peixoto and Abel, 2013), leading to Fgf1b gene transcription. This molecular 

event is transient: CREB phosphorylation and CBP are not observed on the Fgf1b gene 

promoter 1 h after weak training. By contrast, strong training elicits prolonged (up to 

2h) CRTC1 recruitment on the Fgf1b gene promoter and is associated with long-lasting 

upregulation of H4K12 acetylation, which is not observed following weak training. This 

sustained transcription following strong training is mediated at least in part by substitution 

of histone acetyltransferase KAT5 for CBP in a CRTC1-dependent manner (Fig. 3C and 
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D). Strong training maintains upregulation of Fgf1b transcription 2h after learning by 

recruiting KAT5 to the promoter region independently of CREB phosphorylation, enhancing 

H4K12 acetylation. Given that increased H4K12 acetylation might be associated with 

memory enhancement (Guan et al., 2009; Peleg et al., 2010), nuclear translocation of 

CRTC1 and subsequent initiation of KAT5-dependent enhancement of H4K12 are critical 

for enduring synaptic plasticity and memory enhancement. This switching of histone 

acetyltransferases (CBP to KAT5) may be an important molecular mechanism underlying 

memory enhancement.

Importantly, CRTC1 knockdown suppresses KAT5 recruitment and subsequent H4K12 

acetylation on Fgf1b promoter following strong training (Uchida et al., 2017a), indicating 

that CRTC1 is critical for sustained epigenetic regulation of Fgf1b transcription, required 

for memory enhancement. Given that deregulation of H4K12 acetylation is involved in 

age-associated memory loss (Peleg et al., 2010), it is possible that aberrant CRTC1-CREB­

KAT5-mediated regulation of H4K12 acetylation may be involved in the pathophysiology 

of age-related cognitive disorders. Another study has also shown that the transition from 

memory formation to maintenance is mediated by H4K16 acetylation and shifting the 

transcriptional complex from CREB/CBP to CREB/CRTC1 in Drosophila (Hirano et al., 

2016). This study also reported that KAT5-dependent histone acetylation is required for 

memory maintenance. These reports suggest that memory formation and maintenance 

are distinct processes, and involve a shifting array of transcription factors, coactivators 

and HATs. Thus, CRTC1 is a key molecule for memory enhancement and maintenance, 

and shows a sustained translocation to the nucleus in time-limited and learning-strength­

dependent manner, which is associated with dynamic alteration of histone acetylation in the 

nucleus. Future studies aiming to understand these molecular mechanisms should lead to 

better insight into the involvement of CRTC1 in epigenetic regulation of gene transcription 

required for memory.

In addition to histone modification, DNA methylation is reported to be involved in 

Fgf1b transcription. Synchronous activation of adult hippocampal neurons in vivo by 

electroconvulsive stimulation leads to CpG demethylation of Fgf1b promoters in these 

neurons within 4 h after the activation (Ma et al., 2009). AAV-mediated overexpression 

of TET1 leads to significant decreases in the CpG methylation levels at Fgf1b in the 

hippocampus, and this is accompanied by a significant upregulation in transcription level 

(Guo et al., 2011b). Thus, endogenous TET1 is required for neuronal activity-induced 

active DNA demethylation and gene expression for Fgf1b in the adult hippocampus. Further 

studies will be necessary to clarify the role of DNA (de)methylation of Fgf1b in learning and 

memory.

6. Retrieval-induced reconsolidation for memory enhancement

In addition to pharmacological and genetic approaches, there are a number of behavioral 

manipulations found to be effective for memory enhancement (e.g., reconsolidation, 

exercise, and environmental enrichment). For example, memory can be enhanced by 

targeting retrieval-induced reconsolidation (Dudai and Eisenberg, 2004). Following retrieval, 

a once consolidated memory destabilizes and again requires gene transcription changes 
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in order to re-stabilize (Nader et al., 2000; Suzuki et al., 2004). It should be noted 

that chromatin histone modifications are suggested to be involved not only in memory 

consolidation but also in memory reconsolidation (Hemstedt et al., 2017; Jarome and Lubin, 

2014; Lattal and Wood, 2013). Importantly, CRTC1 overexpression enhanced both memory 

consolidation and reconsolidation (Sekeres et al., 2012). Increasing CRTC1 function is 

sufficient to enhance the strength of new, as well as established reactivated, memories. 

Similarly, CREB and CBP have shown as key modulators for memory reconsolidation (Kida 

et al., 2002; Maddox et al., 2013; Sekeres et al., 2012), suggesting that CRTC1/CREB/CBP 

complex-mediated epigenetic regulations of gene transcription also regulate memory 

reconsolidation. Indeed, recent evidence suggests that epigenetic histone modifications are 

associated with memory reconsolidation (Bredy and Barad, 2009; Graff et al., 2014; Lubin 

and Sweatt, 2007; Villain et al., 2016), but further studies are necessary to reveal how 

CRTC1 influences gene transcription during and after memory retrieval.

7. Possible involvement of CRTC1 and FGF1 in memory-related disorders

Alzheimer’s disease is a neurodegenerative disorder, characterized by progressive decline 

in memory, cognitive functions, and changes in behavior and personality (Mattson, 2004; 

Reddy and Beal, 2008). There are two major features observed in postmortem brains from 

patients with Alzheimer’s disease: 1) intracellular neurofibrillary tangles and 2) extracellular 

amyloid beta (Aβ) deposits in the regions of the brain that are responsible for learning 

and memory. Alzheimer’s disease is also associated with the loss of synapses, synaptic 

function and neuronal loss. It is interesting to note that CREB/CRTC1-mediated regulation 

of gene expression in the hippocampus of a mouse model of Alzheimer’s disease is changed 

not only in naïve conditions but also in response to learning (Parra-Damas et al., 2014). 

Moreover, disrupted memory and diminished induction of activity-dependent genes Nr4a1 
and Nr4a2 following learning in mice lacking the Alzheimer’s disease-linked presenilin 

genes (presenilin conditional double knockout mice) are rescued by CRTC1 overexpression 

in the dorsal hippocampus (Parra-Damas et al., 2017), suggesting an impairment in activity­

dependent gene regulation in Alzheimer’s disease. Analysis of human patients shows a 

reduction of both total and phosphorylated CRTC1 in human hippocampus at Braak IV 

and V–VI pathological stages of Alzheimer’s disease (Parra-Damas et al., 2014). More 

recently, DNA methylation at the CRTC1 promoter was reported to be significantly lower 

in the hippocampus samples of patients with Alzheimer’s disease (Mendioroz et al., 2016), 

suggesting a potential role of DNA methylation in the pathophysiology. In addition to 

CRTC1, there are also reports suggesting a possible role of FGF1 in Alzheimer’s disease. 

Genetic studies indicate significant association of single nucleotide polymorphisms (SNPs) 

within the FGF1 gene (Tao et al., 2014; Yamagata et al., 2004). In addition, the number 

of FGF1-immunolabeled neurons is reduced in patients with Alzheimer’s disease (Thorns 

et al., 2001; Thorns and Masliah, 1999). Taken together, deficiency in the CRTC1-FGF1 

pathway might be associated with the pathophysiology of Alzheimer’s disease.

Meta-analysis has revealed significant relationship between depression and memory 

impairment (Kizilbash et al., 2002). Also, symptoms of depression are present in a 

significant proportion of Alzheimer’s disease patients (Cerejeira et al., 2012). While, 

pathophysiology of depression remains poorly understood, aberrant epigenetic regulation of 
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gene transcription has been suggested in patients with major depression as well as in animal 

models of depression (Consortium, 2015; Robison and Nestler, 2011; Sun et al., 2013; 

Uchida et al., 2017b). Several of the activity-dependent transcription factors and cofactors 

have been associated with depression, including CREB (Carlezon et al., 2005), MeCP2 

(Hutchinson et al., 2012; Uchida et al., 2011) and CRTC1 (Meylan et al., 2016a; Meylan et 

al., 2016b). These findings suggest that aberrant epigenetic regulation of gene transcription 

mediated by CRTC1 pathway may also account at least in part for the pathophysiology of 

Alzheimer’s disease as well as depression.

8. Conclusion

In conclusion, this review shows that epigenetic mechanisms are involved in the memory 

consolidation and memory enhancement. The challenge for the translational field is 

to develop the therapeutic agents for treatment of memory-related conditions, such as 

Alzheimer’s disease. As recombinant FGFs have been applied in clinical settings to treat 

multiple disorders (Beenken and Mohammadi, 2009), FGF1 could be a novel target for 

cognitive enhancement. In addition, although it is still debated whether HDACs and HATs 

are directly modulate histone acetylation during memory formation, the development of 

drugs targeting transcriptional modulators, such as HDAC3 or KAT5, may have the potential 

as a treatment of memory-related symptoms.
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Fig. 1. 
Learning-dependent gene expression program required for memory formation.

Activation of L-type voltage-sensitive calcium channel (L-VGCCs) and NMDA receptors 

(NMDARs) triggers calcium influx and induce calcium-dependent signaling molecules 

such as calcineurin (CaN) and Ca2+/cal-modulin-dependent protein kinases (CaMKs). 

Calcium influx also activates cAMP signaling pathway such as protein kinase (PKA) 

via Ca2+-sensitive adenylate cyclase (ACs). These molecules regulate the activity of 

transcription modulators (CREB, CBP, HDACs, CRTC1, and MeCP2) via phosphorylation 

and dephosphorylation. These transcriptional modulators contribute to the control of 

activity-dependent gene transcription which is required for synaptic plasticity and memory 

formation. Ac: acetylation: P: phosphorylation; M: DNA methylation.
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Fig. 2. 
FGF1 is essential for memory enhancement.

(A) Effect of recombinant FGF1 post-treatment on weak training of contextual fear 

conditioning. Mice were injected 1 h after 1-shock contextual fear conditioning and memory 

assessed 24 h later. *p < 0.05 vs. vehicle-treated group.

(B) Effect of PD173074 pretreatment on conditioned fear memory. Mice were injected with 

PD173074 into the hippocampus 1 h after 3-shock training, and memory was assessed 24 h 

later. *p < 0.05 vs. vehicle-treated group.

(C) Mice co-injected with AAV-shFGF1 and AAV-GFP showed decreased long-term (24 

h) contextual fear memory following 3-shock training of contextual fear conditioning. This 

reduction was not observed in mice coinjected with AAV-shFGF1 together with shRNA­

resistance Fgf1 (AAV-FGF1res). *p < 0.05.

(D) Effect of recombinant FGF1 on weak stimulus (1 × HFS)-evoked LTP. HFS: high 

frequency stimulation. *p < 0.05.

(E) Effect of the FGF receptor antagonist PD173074 on 3 × HFS-evoked LTP at CA3-CA1 

synapses. *p < 0.05.

Adapted from Uchida et al. (2017a).

Uchida and Shumyatsky Page 20

Brain Res Bull. Author manuscript; available in PMC 2018 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
CRTC1 modulates the epigenetic regulation of Fgf1b transcription.

(A) Putative CRE sites within the mouse Fgf1b promoter. Arrows indicate major 

transcription start sites.

(B) Summary of the data showing H3K9ac, H3K14ac, H4K5ac, H4K8ac, H4K12ac, and 

H4K16ac occupancy on the Fgf1b promoter following weak (single-shock) or strong (three­

shock) CFC.

(C) Summary of the data showing the occupancies of transcription factor, transcription 

cofactors, HDACs, and HATs (CREB, pCREB, HDAC3, N-CoR, CRTC1, CBP, and KAT5) 

on the Fgf1b promoter following weak (single-shock) or strong (three-shock) CFC.

(D) Proposed model for memory enhancement. Under basal conditions, CRTC1 is 

phosphorylated and anchored to the synapses and dendrites. In the nucleus, HDAC3­

N-CoR complex represses Fgf1b transcription. Upon learning, Ca2+ signals potentiate 

CRTC1 dephosphorylation via activation of calcineurin (CaN). Dephosphorylated CRTC1 

translocates to the nucleus, where it binds to phosphorylated CREB (pCREB) and histone 

acetyltransferases (CBP) and enhances Fgf1b gene transcriptional activity by increasing 

the acetylation of H3K14 on its promoter. Strong training (e.g., three foot-shock CFC) 

maintains nuclear localization of CRTC1 and upregulates Fgf1b transcription independently 

of pCREB even 2 h after learning by enhancing H4K12 acetylation via KAT5 recruitment 

to its promoter region. Learning-induced KAT5 recruitment acetylates H4K12 on the Fgf1b 
promoter, thereby enhancing synaptic plasticity and memory formation. Ac: acetylation, P: 

phosphorylation.
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Adapted from Uchida and Shumyatsky (2017).
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Table 1

Brief summary of the role of HDACs/DNMTs/TET1 in memory formation.

Molecules Findings References

HDACs HDAC1 Hippocampal HDAC1 is required for extinction learning via H3K9 deacetylation. Bahari-Javan et al. (2012)

HDAC2 HDAC2 deficiency causes increased synapse number and memory facilitation.
HDAC2 overexpression decreases dendritic spine density, synaptic plasticity, and 
memory formation.
S-nitrosylation of HDAC2 is involved in recent memory updating.

Guan et al. (2009)
Graff et al. (2014)

HDAC3 Focal deletion of HDAC3 in hippocampal CA1 region of adult mice enhances 
long-term memory.
A prolonged HDAC3 depletion in forebrain reduces memory.
HDAC3 knockdown in hippocampal CA region of adult mice enhances long-term 
memory.
Enzymatic activity of HDAC3 is required for long-term memory formation

McQuown et al. (2011)
Nott et al. (2016)
Uchida et al., (2017a)

HDAC4 HDAC4 regulates synaptic transmission and memory without deacetylating 
histones.
Selective loss of HDAC4 in brain results in impairments in hippocampal-dependent 
memory and long-term synaptic plasticity.

Sando et al. (2012)
Kim et al. (2012)

HDAC5 Loss of HDAC5 does not impact learning and memory.
HDAC5 deficiency leads to spatial memory impairment. Kim et al. (2012)

Agis-Balboa et al. (2013)

HDAC7 HDAC7 in the hippocampus is involved selectively in the consolidation of 
contextual fear memory.

Jing et al. (2017)

HATs CBP/p300 CBP +/− mice show impairments of chromatin acetylation, synaptic plasticity, and 
memory.
HAT activity of CBP is required for memory consolidation.
CREB-binding domain of CBP is required for memory formation.
p300 is required for the formation of long-term memory.
HAT activity of p300 is required for memory formation.

Alarcon et al. (2004)
Korzus et al. (2004)
Wood et al. (2006)
Oliveira et al. (2011)
Oliveira et al. (2007)

PCAF PCAF KO animals show memory deficits.
PCAF activator treatment enhances memory for fear extinction and prevents fear 
renewal.

Maurice et al. (2008)
Wei et al. (2012)

KAT5 (Tip60) KAT5 is required for H4K12 acetylation, synaptic plasticity, and memory 
enhancement.
KAT5 is required for long-term memory maintenance via H4K16 acetylation.

Uchida et al. (2017a)
Hirano et al. (2016)

DNMTs DNMT1 DNMT1 knockout mice show normal memory. Morris et al. (2014)

DNMT1/3a Double knockout mice show abnormal long-term plasticity in the hippocampal 
CA1 region together with deficits in learning and memory.

Feng et al. (2010)

DNMT3a DNMT3a knockout mice show reduced memory and abnormal synaptic plasticity. Morris et al. (2014)

DNMT3a2 Reducing hippocampal Dnmt3a2 levels in young adult mice impairs memory 
formation.
Restoring hippocampal Dnmt3a2 levels in aged mice rescues cognitive ability.

Oliveira et al. (2012)

TETs TET1 TET1 deficiency leads to abnormal hippocampal long-term depression and 
impaired memory extinction
Hippocampal TET1 overexpression leads to impairment of contextual fear memory.

Rudenko et al. (2013)
Kaas et al. (2013)
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