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Many symptoms induced by isolation rearing of rodents

may be relevant to neuropsychiatric disorders, including

depression. However, identities of transcription factors

that regulate gene expression in response to chronic social

isolation stress remain elusive. The transcription factor

ATF-7 is structurally related to ATF-2, which is activated

by various stresses, including inflammatory cytokines.

Here, we report that Atf-7-deficient mice exhibit abnormal

behaviours and increased 5-HT receptor 5B (Htr5b) mRNA

levels in the dorsal raphe nuclei. ATF-7 silences the

transcription of Htr5B by directly binding to its 50-regula-

tory region, and mediates histone H3-K9 trimethylation

via interaction with the ESET histone methyltransferase.

Isolation-reared wild-type (WT) mice exhibit abnormal

behaviours that resemble those of Atf-7-deficient mice.

Upon social isolation stress, ATF-7 in the dorsal raphe

nucleus is phosphorylated via p38 and is released from

the Htr5b promoter, leading to the upregulation of Htr5b.

Thus, ATF-7 may have a critical role in gene expression

induced by social isolation stress.
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Introduction

ATF-7 (originally called ATFa) is structurally related to ATF-2

(Hai et al, 1989; Maekawa et al, 1989; Gaire et al, 1990),

a member of the ATF–CREB family of transcription factors.

ATF-2, ATF-7, and CRE-BPa (Nomura et al, 1993) form a

subfamily in the ATF–CREB family. Each of these three

factors contains a transcription-activation domain consisting

of a metal-finger structure and stress-activated protein kinase

(SAPK) phosphorylation sites, and a b-ZIP type DNA-binding

domain. Various stresses, including inflammatory cytokines,

activate SAPKs such as p38 and JNK (Davis, 2000), which

then phosphorylate ATF-2 and activate its trans-activating

capacity (Gupta et al, 1995; Livingstone et al, 1997; van Dam

et al, 1997). ATF-7 is also phosphorylated by p38, but not by

JNK (De Graeve et al, 1999). ATF-2 and ATF-7 can form

homodimers or heterodimers with Jun and bind to cAMP

response element (CRE) (50-TGACGTCA-30) (Chatton et al,

1994).

ATF-7 binds to mouse ATFa-associated modulator (mAM)

which is a component of the ESET complex (De Graeve et al,

2000; Wang et al, 2003). As ESET is a histone methyltransfer-

ase (HMTase) that converts lysine 9 of histone H3 (H3-K9)

from the dimethyl to the trimethyl form, therefore ATF-7 is

thought to support gene silencing by inducing histone H3-K9

trimethylation. Two reports have suggested a role for ATF-2

family transcription factors in epigenetic gene silencing. The

yeast homologue of ATF-2, Atf1, contributes to heterochro-

matin formation independently of the RNAi machinery (Jia

et al, 2004). Vertebrate ATF-2 also interacts with the histone

variant macroH2A, which is enriched in the inactive X

chromosome in female mammalian cells and functions to

maintain gene silencing (Agelopoulos and Thanos, 2006).

Both ATF-7 and ATF-2 are ubiquitously expressed in

various tissues, including the brain (Takeda et al, 1991;

Goetz et al, 1996). Atf-2 null mice die immediately after

birth because of defects in respiration, which appear to be

caused by impaired proliferation of cytotrophoblasts in the

placenta (Maekawa et al, 1999). Atf-2 heterozygotes are

highly prone to mammary tumours in which the expression

levels of Maspin, a tumour suppressor, and Gadd45a, which

is induced by hypoxic stress, are decreased (Maekawa et al,

2007). Both these genes encode the regulators of apoptosis,

suggesting that defects in the apoptotic machinery are linked

to the occurrence of mammary tumours. In contrast, the

physiological role of ATF-7 is unknown, although the Atf-2

and Atf-7 double mutant exhibits embryonic lethality with

abnormalities in the developing liver and heart (Breitwieser

et al, 2007).

Human neuropsychiatric disorders, such as depression,

have multiple-risk factors, including environmental and ge-

netic factors. A loss of social contact is one environmental

factor that appears to be linked to both the onset and relapse
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of depression (Paykel et al, 1980). Long-term social isolation

of rodents after weaning provides a model to study the

behavioural consequences of loss of social interactions.

Many of the symptoms induced by isolation rearing may be

relevant to neuropsychiatric disorders (Rodgers and Cole,

1993). Isolated animals are aggressive and exhibit anxiety-

like behaviours and increased locomotor activity (Rodgers

and Cole, 1993; Blanchard et al, 2001). One of the typical

abnormal behaviour in isolation-reared mice is a deficit in

pre-pulse inhibition (PPI) of the acoustic startle response

(Wilkinson et al, 1994). In fact, isolation-induced disruption

of PPI has been used as a disease model in screening

antipsychotic drugs. In animal studies, isolation stress

changes the activity of brain neurotransmitters (Blanc et al,

1980; Blanchard et al, 2001). In the case of acute stress,

several transcription factors, including c-Fos and corticoster-

oid receptors, are activated and modulate multiple target

genes (Kaufer et al, 1998). However, the transcription factors

that are activated and the regulation of gene expression

patterns in response to a chronic stress, such as social

isolation stress, remain elusive. In addition, as the effect of

social isolation stress on behaviour is long-lived, this stress

may cause epigenetic changes. However, the mechanism by

which epigenetic change is caused by isolation stress remains

unknown.

In this study, we have demonstrated that Atf-7-deficient

(Atf-7�/�) mice exhibit abnormal behaviours reminiscent of

isolation-reared wild-type (WT) mice. Social isolation stress

induced the phosphorylation of ATF-7 and p38 in the dorsal

raphe nuclei, as well as a release of ATF-7 from the promoter

of the 5-HT receptor 5B (Htr5b) gene, leading to an impaired

silencing of this gene.

Results

Abnormal behaviours of Atf-7�/� mice

We generated Atf-7�/� mice (Supplementary Figure S1), and,

under pathogen-free conditions, Atf-7�/� mice appeared

healthy until at least 12 months of age. As Atf-7 mRNA is

expressed at relatively high levels in parts of the brain (Goetz

et al, 1996), we examined various behaviours originally

using WT and Atf-7�/� littermate mice with a mixed CBA

(25%)�C57BL/6 (75%) genetic background, and later

using C57BL/6 congenic mice. In the marble-burying test,

which is used to examine anxiety-related behaviours

(Spooren et al, 2000), Atf-7�/� mice exhibited increased

marble-burying behaviour compared with WT mice

(Figure 1A and Supplementary Figure S2A). In other tests

of anxiety-related behaviours, such as the amount of time

spent in the centre of an open-field and the elevated plus-

maze test (Spooren et al, 2000), there was no significant

difference between Atf-7�/� and WT mice (Figure 1B and C

and Supplementary Figure S2B). Atf-7�/� mice did exhibit a

significant increase in the startle response to a pulse-alone

stimulus (Figure 1D and Supplementary Figure S2C). PPI, in

which the startle reflex response is attenuated by a pre-pulse,

is an important measure of sensorimotor gating (Geyer et al,

1990). Atf-7�/� mice displayed lower levels of PPI of the

acoustic startle response (Figure 1E and Supplementary

Figure S2D). Although the association between the startle

response and PPI is not currently clear, a negative correlation

between the startle response and PPI in WT mice has been

reported (Egashira et al, 2005). If these two phenomena are

correlated in Atf7�/� mice, an increase in startle reactivity

may lead to decreased PPI. However, we cannot exclude the

possibility that ATF-7 is independently involved in the mod-

ulation of startle response and its PPI.

Figure 1 Abnormal behaviours in Atf-7�/� mice. Wild-type (WT;
þ /þ ) and Atf-7�/� C57BL/6 congenic mice were used for all
assays. Data are mean±s.e.m. (A) Marble-burying test. **Po0.01
(n¼ 10–12 for each group). (B) Center of the open-field test. Time
spent in the center of the test apparatus is expressed as a percent of
total time (10 min). NS, no significant difference (n¼ 13–16 for each
group). (C) Elevated plus-maze test. Mice were observed in an
elevated plus-maze for 5 min. Percentage of entries into open arms
(left) and the time spent in open arms (right) are shown (n¼ 13–16
for each group). (D) Acoustic startle response. Amplitude of the
startle response to a 120 dB acoustic stimulus is shown (n¼ 13–16
for each group). (E) Pre-pulse inhibition of the acoustic startle
response. The response to a white noise stimulus of 120 dB after a
20 ms pre-pulse warning stimulus (70 or 80 dB) is shown (n¼ 13–16
for each group).
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The Atf-7�/� and WT mice responses were indistinguish-

able in other behavioural tests. We examined spontaneous

locomotor activity in a new environment by placing mice in

an open-field chamber and monitoring their behaviour. There

was no significant difference in the locomotor activity of

Atf-7�/� and WT mice on the first and second day of the

trials (Supplementary Figure S3A and B). We also examined

motor coordination using a rotating rod treadmill. Overall,

the amount of time mice spent on the rotarod increased with

training (Supplementary Figure S3C). The retention time of

Atf-7�/� mice on the rod was not significantly different from

that of WT mice at 0 (stationary), 5, or 10 r.p.m. In the

footprint test, there was no significant difference in the stride

length and the step width between mutant and WT mice

(Supplementary Figure S3D).

In the forced swimming test, there was also no difference

between Atf-7�/� and WT mice (Supplementary Figure S4A).

We also examined spatial learning ability using the Morris

Water Maze task. WT and Atf-7�/� mice took similar lengths

of time to reach the visual platform to escape from the water

(Supplementary Figure S4B), thus indicating that Atf-7�/�

mice have normal vision, motor function, and escape beha-

viour in the water maze task. Mice were then trained in a

hidden platform task, in which mice search for a submerged

platform to escape from the water. Atf-7�/� and WT mice

took similar lengths of time over the 7 days of testing to locate

the hidden platform (Supplementary Figure S4C). Thus,

Atf-7�/� and WT mice were able to learn the location of a

hidden platform during the course of the trials. We then

carried out a probe test, in which the platform is removed

from the pool after completion of the hidden platform task,

and the trained mice are allowed to swim freely for 60 s. The

time spent in the target quadrant by Atf-7�/� mice was

similar to that of WT mice (Supplementary Figure S4D).

These results indicate that a normal spatial learning ability

is present in Atf-7�/� mice. The number of crossings of the

hidden platform and the swimming distance of Atf-7�/� and

WT mice was also similar during the probe trial

(Supplementary Figure S4E and F). Thus, the performance

of Atf-7�/� mice in the hidden platform task was indistin-

guishable from WT mice.

Upregulation of the Htr5b gene in the dorsal raphe

nucleus of Atf-7�/� mice

Atf-7 mRNA was detected in the cortex, the cerebellum, the

hippocampus, and the brainstem, including the medulla, the

pons, and the midbrain of WT mice (Figure 2A), but not

of Atf-7�/� mice (Supplementary Figure S5). No obvious

morphological abnormalities were found in these tissues in

Atf-7�/� mice (data not shown). Western blotting indicated

that ATF-7 expression levels varied in these tissues

(Figure 2B). Several studies have linked abnormal marble-

burying behaviour to 5-HT function (Jenck et al, 1998).

Further, disruptions in PPI of the startle response are correlated

not only with D2 dopamine and N-methyl-D-aspartate signal-

ling systems, but also with 5-HT (Geyer et al, 2001). Therefore,

we focused our attention on the dorsal raphe nuclei of the

brainstem, where much of the 5-HT in the brain is localized

and relatively high levels of ATF-7 are expressed.

To identify the ATF-7 target genes in the brainstem that

may have a role in the abnormal behaviour in Atf-7�/� mice,

we performed a DNA microarray analysis using RNA from the

brainstem of Atf-7�/� and WT mice. The results indicate that

25 genes were upregulated and 38 genes downregulated by

more than two-fold by the loss of Atf-7. Of these ATF-7 target

genes, the functions of 11 of the upregulated genes are

known, whereas the functions of only 7 of the downregulated

genes have been reported. Among these genes, only the Htr5b

and the ciliary neurotrophic factor receptor (Cntfr) genes

have been associated with neuronal function. As the 5-HT

system appeared to be associated with the abnormal beha-

viour of Atf-7�/� mice as described above, upregulation of

the Htr5b gene may be associated with the phenotype of

Atf-7�/� mice. CNTF is a cytokine that has neurotrophic and

differentiating effects on cells in the central nervous system,

and the CNTF–CNTF receptor system affects motor neurons

(Vergara and Ramirez, 2004). However, there has been no

report demonstrating a connection between the CNTF system

and anxiety-related behaviours. Therefore, we focused our

attention on the Htr5b gene.

As Htr5b is thought to act as an autoreceptor (Serrats et al,

2004), its upregulation may lead to a decrease in the extra-

cellular concentration of serotonin (5-HT). There is abundant

evidence for the role of decreased 5-HT in depression and

anxiety disorders (Artigasa et al, 1996). Selective serotonin

re-uptake inhibitors (SSRIs), which increase the extracellular

concentration of 5-HT in the dorsal raphe nuclei, are widely

used as anti-depressant drugs. Htr5b mRNA levels in the

Atf-7�/� brainstem were approximately 12-fold higher than in

WT (Figure 2C). In situ hybridization showed higher levels of

Htr5b mRNA expression in the Atf-7�/� dorsal raphe nuclei,

which also expressed a serotonin transporter mRNA, than in

the WT (Figure 2D and Supplementary Figure S6). There

appeared to be no obvious difference in the levels of Htr5b

mRNA between WT and Atf-7�/� mice in other regions,

including the hippocampus, the habenular nucleus, and the

inferior olivary nucleus (Supplementary Figure S7).

Among the many reported antagonists of 5-HT receptors,

methiothepin has a relatively high affinity for the 5-HT 5B

receptor, although it also binds to other 5HT receptors,

including the 5-HT 1A receptor (Boess and Martin, 1994).

Injection of methiothepin into Atf-7�/� mice suppressed the

increased marble-burying behaviour, whereas saline-treated

control Atf-7�/� mice still exhibited increased marble-bury-

ing behaviour (Figure 2E). Furthermore, methiothepin also

alleviated the lower levels of PPI in Atf-7�/�mice (Figure 2F).

These results suggest that increased expression of Htr5b

mRNA in the Atf-7�/� brainstem may, at least partly, con-

tribute to their abnormal behaviour, although loss of ATF-7

could cause changes in the expression of other genes in

various regions of the brain and also contribute to abnormal

behaviours.

Silencing of the Htr5b gene by ATF-7 via direct binding

to its 5 0-region

Analysis of the DNA sequence in the 50 region of the mouse

Htr5b gene identified three CRE-like sites at nucleotides

�3374, �3340, and �2325 (where þ 1 is the major transcrip-

tional start site), all of which have only a 1 or 2 bp difference

from the consensus CRE sequence (Figure 3A). Gel mobility-

shift assays were carried out using nine DNA probes, which

cover approximately 4.4 kbp of the 50-region of Htr5b,

and nuclear extracts from 293T cells that were transfected

with a Flag-tagged ATF-7 expression plasmid or control
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Figure 2 Increased levels of 5-HT receptor 5B (Htr5b) mRNA in the Atf-7�/� brainstem. (A) Atf-7 mRNA expression in various regions of the
brain was examined by in situ hybridization with anti-sense and sense probes. Bar, 100 mm. (B) Extracts (20mg of protein) from the indicated
regions of wild-type (WT) or Atf-7�/� brains were used for western blotting with anti-ATF-7. The bands indicated by arrows are the ATF-7
signals. (C) Real-time RT–PCR analysis of Htr5b mRNA levels using total RNA from the brainstem (n¼ 4). ***Po0.001. (D) Htr5b mRNA
expression in the dorsal raphe nuclei was examined by in situ hybridization using probes for Htr5b (green) and the serotonin transporter (5-
HTT, red). Cell nuclei were identified by DNA staining using TOTO-3 (blue). The sections were examined by laser confocal microscopy, and
representative images are presented. The panels at the right show the merged images. Bar, 100mm. The white box indicates a subregion of each
image that is presented at higher magnification below. (E, F) A 5-HT 5B receptor antagonist reduced the abnormal behaviour of Atf-7�/� mice.
Marble-burying behaviour (E) and pre-pulse inhibition (PPI) (F) of WTand Atf-7�/� C57BL/6 congenic mice was examined after administration
of either vehicle or methiothepin (n¼ 10–12 for each group in E, and n¼ 7 for each group in F). *Po0.05.
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empty vector. When the #2 or #4 probes were used, a retarded

band was detected in extracts containing Flag-ATF-7

(Figure 3B). These specific retarded bands were further

shifted when an anti-Flag antibody was added, indicating

that the bands contained Flag-ATF-7. In contrast, no retarded

bands were observed with the other probes (Supplementary

Figure S8). We then used 54 bp and 18 bp oligonucleotides

containing the CRE-like sites derived from the #2 and #4

probes, respectively. The retarded bands generated using

either probe were competed out by excess amounts of un-

labelled competitor oligonucleotide, but not by competitors,

which contained mutated CRE-like sites (Figure 3C). These

results indicate that ATF-7 binds directly to the CRE-like sites

in the 50-region of the mouse Htr5b gene.

When a Htr5b promoter-luciferase reporter containing the

4.4 kb 50-region of the Htr5b gene was cotransfected into

RN46A cells, which are derived from rat medullary raphe

nucleus cells, ATF-7 inhibited luciferase expression by ap-

proximately 70% (Figure 3D). In contrast, mutation of the

three CRE-like sites in this reporter relieved the ATF-7-

dependent silencing. These results suggest that ATF-7 sup-

presses the transcription of Htr5b through interaction with

CRE-like sites.

The results of chromatin immunoprecipitation (ChIP) as-

says using the brainstem chromatin and an anti-ATF-7 anti-

body indicated that ATF-7 bound to the region containing

CRE-like sites of the Htr5b gene, but not to the RNA start site

or the 2nd exon (Figure 4A). Further, the binding of ATF-7 to

this region was not detected using the Atf-7�/� brainstem

chromatin. Binding of ATF-2 to this region was also not

detected (Figure 4B).

ATF-7 mediates histone H3-K9 trimethylation of the

Htr5b promoter region by recruiting the ESET HMTase

The results of ChIP assays using the WT brainstem chromatin

and anti-H3-K9m3 antibodies indicated that histone H3 in the

Figure 3 Binding of ATF-7 to the 5-HT receptor 5B (Htr5b) promoter region leads to silencing. (A) Presence of cAMP response element (CRE)-
like sites in the 50 region of the mouse Htr5b gene. The CRE-like sites in the 50-region of mouse Htr5b, and nine DNA probes used for gel
mobility-shift assays are shown. (B, C) Gel mobility-shift assays were performed using nuclear extracts prepared from 293T cells transfected
with a Flag-ATF-7 expression vector or control empty vector. The #2 and #4 DNA probes were used as the probes in (B). In some lanes, anti-Flag
or control IgG was added. In (C), oligonucleotides containing the two CRE-like sites derived from probe #2 or the one CRE-like site from probe
#4 were used as probes. In some lanes, a 50-fold excess of competitor containing the same sequence as the probe (wild-type (WT)), or a
mutated CRE-like site, was added. Free probe is indicated by a closed arrowhead, whereas ATF-7-bound DNA is shown by an open arrowhead.
The ATF-7-DNA complex, which was super-shifted by the anti-Flag antibody, is indicated by the arrow. (D) ATF-7 represses Htr5b gene
transcription. RN46A cells were transfected with the indicated Htr5b promoter-luciferase construct together with 1 (þ ), 2 (þ þ ), or 3
(þ þ þ )mg of the ATF-7 expression plasmid, or the control empty vector (�), and luciferase activity was measured. Values indicate
mean±s.d. (n¼ 3). *Po0.05, **Po0.01.
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region containing the CRE-like sites, the RNA start site, and

the 2nd exon of Htr5b is trimethylated at K9 (Supplementary

Figure S9A). When the Atf-7�/� brainstem chromatin was

used, similar levels of histone H3-K9 trimethylation were

detected. This result may indicate that Htr5b gene transcrip-

tion is repressed by histone methylation in most cells of the

brainstem with the exception of the dorsal raphe nucleus in

Atf-7�/� mice. To assess the role of ATF-7 in histone H3-K9

methylation, we generated an ATF-7 knock-down (kd)

RN46A cell line by expressing a small hairpin-type double-

strand RNA. The ATF-7 level was approximately one-eighth

that of the parental cell line (Figure 4C). In kd-RN46A cells,

Htr5b mRNA levels increased approximately 2.3-fold com-

pared with the parental cell line (Figure 4D). In ChIP assays,

binding of ATF-7 to the region containing the CRE-like sites of

the Htr5b gene was detected in parental RN46A cells, but not

in the ATF-7 kd-RN46A cells (Supplementary Figure S9B).

Binding of ATF-2 to the same region was not detected

(Supplementary Figure S9C). The degree of histone H3-K9

trimethylation in the region containing the CRE-like sites or

the 2nd exon of Htr5b gene was lower in the kd-RN46A cells

than in parental cells (Figure 4E). Thus, ATF-7 contributes to

H3-K9 trimethylation at the Htr5b gene promoter.

To investigate whether the ESET HMTase is involved in the

silencing of Htr5b by ATF-7, we examined ATF-7–ESET inter-

actions by co-immunoprecipitation. Immunocomplexes pre-

pared from RN46A cell lysates using anti-ATF-7 contained

ESET, whereas immunocomplexes prepared with control IgG

did not contain ESET (Figure 5A). The results of ChIP assays

using the WT brainstem chromatin and anti-ESET antibodies

indicated that ESET bound to the region containing CRE-like

sites of Htr5b, but not to the region containing the RNA start

site or the 2nd exon (Figure 5B). Further, binding of ESET to

this region was not detected using the Atf-7�/� brainstem

chromatin. Similar results were also obtained in ChIP assays

using the parental RN46A and ATF-7 kd-RN46A cells

(Figure 5C).

Members of the ATF-2 subfamily are activated in response

to various stresses, and TNF-a is one of the typical inflam-

matory cytokines which can activate ATF-2 (Brinkman et al,

1999). When RN46A cells were treated with TNF-a, the level

of Htr5b mRNA was gradually increased, by approximately

2.5-fold at 8 h after TNF-a addition (Figure 5D).

Phosphorylation of ATF-7 at Thr-53 and of ATF-2 at Thr-71

was also enhanced by TNF-a treatment (Figure 5E). The

gradual increase in ATF-7 and ATF-2 phosphorylation ob-

served here is apparently different from the rapid and tran-

sient induction of ATF-2 phosphorylation in response to

osmotic stress and TGF-b treatment in non-neuronal cells,

in which ATF-2 phosphorylation peaks at 30 min after treat-

ment and then decreases (Sano et al, 1999). TNF-a also

rapidly induces phosphorylation of ATF-2, within 1 h in

non-neuronal cells (Brinkman et al, 1999). Thus, the gradual

response of the p38-ATF-2/7 pathway to TNF-a may be

characteristic of neurons. Furthermore, the results of ChIP

assays using TNF-a-treated RN46A cells indicate that ATF-7

was released from the 50-region of Htr5b by TNF-a treatment

(Figure 5F).

Social isolation stress induces abnormal behaviours

similar to those of Atf-7�/� mice and Htr5b expression

Defects in PPI attenuation of the acoustic startle response are

induced by social isolation stress (Wilkinson et al, 1994),

although isolated animals exhibit a variety of phenotypes,

including aggressive behaviour (Blanchard et al, 2001). This

observation suggests that exposure of WT mice to social

Figure 4 Binding of ATF-7 to the 5-HT receptor 5B (Htr5b) promoter
is correlated with histone H3-K9 trimethylation. (A, B) Chromatin
immunoprecipitation (ChIP) assays were carried out using the
brainstem of wild-type (WT) and Atf-7�/� mice, and anti-ATF-7 (A),
anti-ATF-2 (B), or control IgG (A, B). Extracted DNA was amplified by
real-time PCR using primers that cover the cAMP response element
(CRE)-like sites, the transcription start site, or the 2nd exon of the
Htr5b gene. The relative densities of bands are indicated, and each bar
represents the mean±s.d. (n¼ 3). (C) Generation of an RN46A cell
line in which ATF-7 levels are downregulated (ATF-7 kd-RN46A) by
expression of a small hairpin-type double-stranded RNA. Nuclear
extracts of the parental RN46A cells and the ATF-7 kd-RN46A
cells were used for western blotting to detect ATF-7. (D) Real-time
RT–PCR analysis of Htr5b mRNA levels using RNAs from the parental
RN46A cells and ATF-7 kd-RN46A cells. Values are mean±s.d. (n¼ 3).
(E) ChIP assays were carried out using anti-histone H3-K9m3 and
parental RN46A cells or ATF-7 kd-RN46A cells. Extracted DNA was
amplified by real-time PCR using primers that cover the CRE-like
sites, the transcription start site, or the 2nd exon of the Htr5b gene.
The relative densities of the bands are indicated, and each bar
represents the mean±s.d. (n¼ 3). *Po0.05, **Po0.01, ***Po0.001.
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isolation stress may cause abnormal behaviour and an in-

crease in Htr5b mRNA levels in the dorsal raphe nuclei, both

of which were observed in Atf-7�/� mice. In fact, WT mice

exhibited increased marble-burying behaviour after 1 month

of isolation rearing (Figure 6A). Furthermore, after isolation

rearing of WT mice for 1 month, Htr5b mRNA levels in the

brainstem increased approximately 12-fold (Figure 6B).

In situ hybridization indicated that the level of Htr5b mRNA

in the dorsal raphe nuclei, which also expressed serotonin

transporter mRNA, was enhanced by isolation rearing

(Figure 6C and Supplementary Figure S6C). The result of

ChIP assays using the brainstem from group- or isolation-

reared mice indicated that the degree of histone H3-K9

trimethylation was not affected by isolation stress

(Supplementary Figure S11). This result may indicate that

Htr5b gene transcription is repressed by histone methylation

in most brainstem cells with the exception of the dorsal raphe

nucleus in isolation-reared mice.

When Atf-7�/� mice were exposed to isolation stress,

enhancement of marble-burying behaviour was observed

(Figure 6D). However, Htr5b mRNA levels in the Atf-7�/�

brainstem were not further increased by isolation stress

(Figure 6E). These results suggest that isolation stress

induces abnormal marble-burying behaviour not only by

induction of Htr5b but also by changing the expression of

other genes.

Social isolation stress induces the phosphorylation of

ATF-7 and release of ATF-7 from the Htr5b gene

We examined phosphorylated ATF-7 (P-ATF-7) signals in the

dorsal raphe nucleus of group- and isolation-reared WT mice.

Social isolation stress significantly increased the number of

Figure 5 ATF-7 recruits the ESET HMTase to the 5-HT receptor 5B (Htr5b) gene. (A) Co-immunoprecipitation of ATF-7 and ESET. Whole cell
lysates of RN46A cells were immunoprecipitated with anti-ATF-7 or control IgG, and the immunocomplexes were then analyzed by western
blotting using anti-ESETor anti-ATF-7 antibodies. (B) Recruitment of ESET to the Htr5b gene by ATF-7. Chromatin immunoprecipitation (ChIP)
assays were carried out using anti-ESETand chromatin from wild-type (WT) or Atf-7�/� brainstems. Extracted DNA was amplified by real-time
PCR using primers that cover the cAMP response element (CRE)-like sites, the RNA start site, or the 2nd exon of the Htr5b gene. The relative
densities of the bands are indicated, and each bar represents the mean±s.d. (n¼ 3). (C) ChIP assays were carried out using anti-ESETand the
parental RN46A or the ATF-7 kd-RN46A cells. Extracted DNA was amplified by real-time PCR using primers that cover the ATF-7-binding sites
of the Htr5b gene (n¼ 3). (D) Upregulation of Htr5b mRNA by TNF-a in RN46A cells. Real-time RT–PCR analysis of Htr5b mRNA was
performed using RNAs from RN46A cells treated with TNF-a for the indicated times (n¼ 3). (E) Increase in phosphorylation of ATF-7 in
response to TNF-a. Nuclear extracts were prepared from RN46A cells treated with TNF-a for the indicated times, and used for western blotting
with antibodies that recognize the indicated proteins. We have identified the ATF-7 band by confirming that it was lost in the Atf-7�/� whole
brain nuclear extract (Supplementary Figure S10). (F) Release of ATF-7 from the Htr5b promoter by TNF-a treatment. ChIP assays were carried
out as described above using anti-ATF-7 and RN46A cells treated with TNF-a for the indicated times (n¼ 3). *Po0.05, **Po0.01.
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neurons expressing P-ATF-7 and P-ATF-2 in the dorsal raphe

nucleus (Figure 7A). As the amino-acid sequence of the p38

phosphorylation site is highly conserved between ATF-7 and

ATF-2, antibodies to P-ATF-7 also recognize P-ATF-2.

However, the results of western blotting using extracts from

the brainstem indicated that the phosphorylation of ATF-7

increased under social isolation stress conditions, whereas

the phosphorylation of ATF-2 did not (Figure 7B). The results

of ChIP assays using the brainstem chromatin of group- and

isolation-reared WT mice, and anti-ATF-7, indicated that

binding of ATF-7 to the 50-region of Htr5b was lost by social

isolation stress (Figure 7C). These data suggest that social

isolation stress induces a release of ATF-7 from the Htr5b

promoter. Social isolation stress also significantly increased

the number of neurons expressing phosphorylated, active

p38 in the dorsal raphe nuclei (Figure 7D).

Discussion

This study suggests that ATF-7 may contribute to the forma-

tion of a heterochromatin-like structure in the Htr5b promoter

via histone H3-K9 trimethylation. The effect of isolation-

rearing on behaviour is long-lived, suggesting that epigenetic

changes may have occurred. In the absence of stress, silen-

cing of Htr5b may be maintained via ATF-7-mediated histone

H3-K9 trimethylation. Phosphorylation of ATF-7 may disrupt

interactions with histone methyltransferase and enhance the

association with co-activators containing histone acetyltrans-

ferase and/or histone demethylase, leading to disruption of

the heterochromatin-like structure. The resulting transcrip-

tionally active chromatin structure may be stable for a

relatively long time. Mechanisms by which transcriptionally

active memory can be modulated without affecting DNA

methylation remain elusive, but a recent report showed that

the epigenetic memory of an active state can be established

by histone H3.3 deposition (Ng and Gurdon, 2008).

Although at present the mechanism by which isolation

stress induces phosphorylation of ATF-7 is unknown, isola-

tion stress increases the peripheral tissue levels of TNF-a (Wu

et al, 1999), which may move into the brain and be involved

in the onset of depression (Connor and Leonard, 1998). Both

isolation stress and TNF-a increased ATF-7 phosphorylation

and Htr5b mRNA levels, which are accompanied by a release

of ATF-7 from the Htr5b promoter. The mechanism by which

the phosphorylation of ATF-7 causes a release of ATF-7 from

target sites is unknown. The phosphorylation-induced release

of ATF-7 from DNA could be caused by changes in interac-

tions between ATF-7 and uncharacterized factors that en-

hance ATF-7 affinity for DNA. ATF-7 is highly homologous to

ATF-2, but there are differences between the two proteins. In

luciferase reporter assays, ATF-2 activated transcription from

the CRE-containing promoter, but ATF-7 did not, even in the

presence of active p38. This result suggests that ATF-7 may

have a role primarily in transcriptional repression. As we

have observed that ATF-7 forms a heterodimer with ATF-2

(data not shown), further study is required to compare the

function of ATF-7 and ATF-2 homodimers and ATF-7–ATF-2

heterodimers.

Our results suggest that upregulation of Htr5b may partly

contribute to the abnormal behaviour of Atf-7�/� mice. The

rodent 5-HT5 receptor family consists of two receptors, 5-HT

5A and 5B (Htr5a and Htr5b), which share 69% amino acid

identity and have 23–34% homology with other 5-HT recep-

tors (Plassat et al, 1992). Htr5a has been identified in mouse,

rat, and human. Mouse and rat have a functional Htr5b gene,

whereas the human coding sequence is interrupted by stop

codons (Grailhe et al, 2001). Thus, humans do not have a

functional Htr5b, and, therefore, another subtype, such as

Htr5a, could be upregulated and has a role in response

to social isolation stress in humans. Htr5a-deficient mice

Figure 6 Social isolation stress increases marble-burying beha-
viour and induces 5-HT receptor 5B (Htr5b) mRNA expression.
(A) Marble-burying behaviour of group- and isolation-reared WT
mice was examined (n¼ 10–12 of C57BL/6 congenic mice for each
group). (B) Real-time RT–PCR analysis of Htr5b mRNA was per-
formed using RNAs from the brainstem of group- and isolation-
reared WT mice (n¼ 3). (C) Htr5b mRNA expression in the dorsal
raphe nuclei of group- and isolation-reared WT mice was examined
by in situ hybridization, as described in Figure 2D. (D) The group-
reared WTand Atf-7�/�mice, and the isolation-reared Atf-7�/�mice
were used for marble-burying tests (n¼ 10–12 of C57BL/6 congenic
mice for each group). (E) Real-time RT–PCR analysis of Htr5b
mRNA was performed using RNAs from the brainstems of the
mice described in D (n¼ 3). **Po0.01, ***Po0.001.
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display increased exploratory activity when exposed to new

environments, suggesting that Htr5a modulates the activity of

neural circuits involved specifically in exploratory behaviour

(Grailhe et al, 1999). However, there has been no report of a

mouse knockout of Htr5b.

Isolation-rearing was recently reported to reduce

(27.0–60.9%) transcription of many postsynaptic 5-HT recep-

tors in the prefrontal cortex and the 5-HT 1B, 2A, and 2C

receptors in the hypothalamus and the midbrain, whereas

5-HT 6 receptor mRNA levels increased (52.5%) in the

hippocampus (Bibancos et al, 2007). Htr5b expression was

not examined. The fold change in mRNA level of these 5-HT

receptors was much lower than the change in Htr5b mRNA

described herein (12-fold). We have also examined the ex-

pression level of 5-HT receptors other than 5B in Atf-7�/�

mice. Slight decreases in the 2A and 2C receptors in the

hypothalamus and 1A and 1B receptors in the cortex were

observed in Atf-7�/� mice, whereas the levels of 2A and 3A

receptors in the cortex increased slightly (Supplementary

Figure S12). However, the degree of these changes was

much lower than the change in Htr5b in the brainstem in

response to social isolation rearing. There was no difference

in the Htr5b mRNA levels in the hypothalamus and in the

cortex between WT and Atf-7�/� mice. Thus, the degree of

change in the Htr5b mRNA levels in the brainstem in

response to loss of ATF-7 or social isolation stress is dramatic,

suggesting a unique role for Htr5b. However, it is also likely

that loss of ATF-7 changes the expression of multiple genes in

various regions of the brain that may also contribute to

abnormal behaviours.

Figure 7 Social isolation stress induces ATF-7 phosphorylation and release of ATF-7 from the 5-HT receptor 5B (Htr5b) promoter. (A) Brain
sections containing dorsal raphe nuclei of group- or isolation-reared wild-type (WT) mice were stained with antibodies which recognize
P-ATF-7 and P-ATF-2 (green), or NeuN (red), a neuronal specific nuclear protein. DNA was stained with TOTO-3 (blue). The merged images are
shown in the right panels. The average number of neurons expressing P-ATF-7 or P-ATF-2 in three independent experiments is indicated by the
bar graph±s.d. (B) Nuclear extracts were prepared from the brainstem of group- or isolation-reared WT mice, which were perfused with PFA,
and analyzed by SDS–PAGE after decrosslinking, followed by western blotting with anti-P-ATF-2/7, anti-ATF-7, and anti-ATF-2. The ratio of the
density of each band in isolation-reared mice to that in group-reared mice is indicated in the bar graph. (C) Release of ATF-7 from the Htr5b
promoter by isolation stress. Chromatin immunoprecipitation (ChIP) assays were carried out using chromatin from the brainstem of group- or
isolation-reared WT mice, and anti-ATF-7. Extracted DNA was amplified by real-time PCR using primers that cover the ATF-7-binding sites of
Htr5b (n¼ 3). (D) Brain sections containing dorsal raphe nuclei of group- or isolation-reared WT mice were stained with antibodies that
recognize P-p38, as described above. The number of neurons expressing P-p38 is quantified at the right (n¼ 3). *Po0.05, **Po0.01.
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Materials and methods

Animals
All mice used were 2–6-month-old males. In the original behaviour
tests, immunohistochemistry, RNA analysis, and ChIP assays, the
littermate mice, which were generated by mating Atf-7 hetero-
zygotes with a mixed CBA (25%)�C57BL/6 (75%) genetic back-
ground, were used. To confirm some behavioural abnormalities of
Atf-7�/� mice, C57BL/6 congenic mice, which were generated by
backcrossing onto a C57BL/6 genetic background for 7 generations,
were used. Both WT and Atf-7�/� mice were maintained in a
temperature and humidity-controlled room with free access to food
and water. Animals were maintained on a 12-h-light and 12-h-dark
cycle (lights on at 0800 h, lights off at 2000 h). For social isolation
stress, mice were group-housed until 1-month old and then housed
individually for 1 month before the start of the experiments.
Experiments were conducted in accordance with the guidelines of
the Animal Care and Use Committee of the RIKEN Institute.

Behavioural analysis

Marble-burying test. The marble-burying behaviour tests were
carried out using C57BL/6 congenic mice (Figures 1A and 2E) or
mice with a mixed CBA (25%)�C57BL/6 (75%) genetic back-
ground (Supplementary Figure S2A) as described (Yamada et al,
2002). The mice were placed individually in plastic cages
(20�14� 22 cm3) for 30 min (habituation trial) and then returned
to their home cages. Twelve clean, coloured glass marbles (10 mm
in diameter) were evenly spaced 3–5 cm apart on 5 cm deep
sawdust in the habituation cages. Mice were then re-introduced
into these cages without food and water (each test mouse was
returned to the same cage in which they had been habituated).
The results of marble-burying behaviour were expressed as the
number of marbles, at least, two-thirds buried within 30 min.

Acoustic startle response. The acoustic startle response was
measured using specific startle chambers (O’Hara & Co. in
Figure 1D and E, or SR-LAB, San Diego Instruments in Supplemen-
tary Figure S2C and D). The startle chamber consisted of a Plexiglas
cylinder 3.5 or 3.8 cm in diameter, resting on a sensor block or on
a Plexiglas frame in a sound-attenuated, ventilated enclosure.
Acoustic bursts were presented through a loudspeaker mounted
25 or 29 cm above the cylinder. A piezoelectric transducer mounted
below the sensor-block/frame detected motion of the animal in the
cylinder. Stabilimeter readings were rectified and recorded by a
microcomputer and interface ensemble (O’Hara & Co. or San Diego
Instruments). One mouse was placed in each chamber and allowed
to acclimate for 10 min and then the experimental session was
started. Background noise was set at 65 dB white noise throughout
both the acclimation period and the session. In a session, 10 trials
for three types of stimuli each (total of 30 trials) were given in
pseudo-random order after three initial startle-stimuli (20-ms burst
of 120 dB white noise), which were given to avoid the effect of high
responses to initial stimulations in the experiments. One type of
trial was a pulse-alone (P alone) trial, which involved a 20-ms burst
of 120 dB white noise, and the other two types of trials were
pre-pulse and pulse (PP70 & P and PP80 & P) trials, in which a
20-ms burst of 70 or 80 dB white noise, respectively, was followed
by a 20-ms burst of 120 dB white noise 100 ms later. The inter-trial
intervals averaged 40 s (20–60 s) and were pseudo-randomized.
The startle response was measured for 300 ms (Figure 1D and E) or
100 ms (Supplementary Figure S2C and D) from the beginning
of pulse presentation, and the largest value was defined as
the startle amplitude. The startle amplitudes of the animal in
response to repetitions of each trial type were averaged across the
session. The experimental schedule was controlled by a micro-
computer.

Methiothepin treatment. Methiothepin mesylate salt (Sigma-
Aldrich) (0.1 mg/kg weight) and saline (Otsuka) were administered
by intra-peritoneal injection. Tests were conducted 1 h after drug
administration.

Histological analysis and immunohistochemistry
Tissues were fixed by perfusion with 4% PFA, dehydrated, and
embedded in paraffin. Sections (5 mm) were stained with hematox-
ylin and eosin according to standard procedures. Frozen sections

(10mm) were used for immunohistochemistry. For indirect im-
munofluorescent staining, anti-p71-ATF-2 (#922, Cell Signaling),
anti-p180/p182-p38 MAPK (#4631, Cell Signaling), anti-NeuN
(MAB377, Chemicon), and TOTO-3 (Invitrogen) were used. The
frozen sections were washed twice with Tris-buffered saline
(144 mM NaCl, 10 mM Tris–HCl, pH 7.6) and incubated overnight
at 41C with primary antibody. Biotin-conjugated anti-rabbit IgG
antibody served as the secondary antibody and was incubated at
room temperature for 2 h and further incubated with streptavidin
Alexa Fluor 488 (Molecular Probes) and Alexa Fluor 546 anti-mouse
IgG at room temperature for 2 h.

Luciferase reporter assay
The Htr5b promoter-luciferase reporter, in which a 4.4 kb mouse
Htr5b promoter DNA fragment (from �4182 to þ 243) was linked to
the luciferase gene, was constructed. The mutant construct contain-
ing mutated CRE-like sites was constructed by replacing the 42-bp
region containing the two CRE sites upstream (�3374B�3333) with
the 6-bp sequence (GAGCTC) of a SacI linker, whereas the 8-bp
sequence of the third CRE site downstream (�2325B�2318) was
replaced by the 8-bp sequence (AACGCGTT) of a MluI linker. To
generate the ATF-7 expression vector, pact-ATF-7, the human ATF-7
cDNA was inserted into the chicken cytoplasmic b-actin promoter-
containing vector. RN46A cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) and F-12 HAM (D8062, Sigma-Aldrich)
(1:1 mixture) supplemented with 10% FBS at 331C in 5%
CO2. RN46A cells were transfected using Lipofectamine Plus
(Invitrogen) with 0.1mg of the Htr5b promoter-luciferase reporter,
various amounts of the ATF-7 expression plasmid or the control
empty vector (0–3mg), and 1mg of the internal control pras-b-gal,
in which the b-galactosidase gene was linked to the human c-Ha-ras
promoter. At 48 h post-transfection, luciferase activity was measured
and normalized for transfection efficiency by b-galactosidase
activity.

ChIP assays
The brain tissues were prepared essentially as described by
Tsankova et al (2004). The brainstem was removed by gross
dissection, minced into B0.3 mm pieces, and immediately cross-
linked in 1.5% formaldehyde for 15 min at room temperature. After
addition of glycine to a final concentration of 0.125 M to quench the
crosslinking reaction, the chromatin was solubilized and extracted
with lysis buffer, and sheared to 400–600 bp fragments by
sonication. ChIP assays were carried out essentially as described
by Jin et al (2006). Immunoprecipitation was carried out for 4–10 h
at 41C with anti-ATF-7 (2F10 or 1A7), anti-histone H3 K9-m3
(ab8898, Abcam), anti-ESET (Upstate #07-378), or normal mouse or
rabbit IgG as negative controls. The immunocomplexes were
washed and incubated at 651C in 100 ml of IP elution buffer (1%
SDS, 0.1 M NaHCO3, 250 mM NaCl, 200mg/ml proteinase K, 10 mM
DTT) to release proteins. The free precipitated DNA was further
purified using a QIAquick PCR Purification Kit (Qiagen) and eluted
in 30ml sterile water. Eluted DNA samples were used for real-time
PCR (7500 Real Time PCR System, Applied Biosystems). ChIP
assays using RN46A cells were carried out essentially as described
by Jin et al (2006). The primers and TaqMan probes (Qiagen) used
for amplification are described in Supplementary Table S1.

Co-immunoprecipitation assay
For co-immunoprecipitation assays of endogenous ATF-7 and ESET,
RN46A cells were lysed by mild sonication in NETN buffer (20 mM
Tris–HCl, pH 8.0, 1 mM EDTA, 0.5% NP40, 400 mM NaCl). Lysates
were immunoprecipitated using anti-ATF-7 (1A7) or control
IgG. Immunocomplexes were resolved on 10% SDS polyacrylamide
gels, and analyzed by western blotting with anti-ESET (Upstate
#07-378).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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