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DNA 修復と神経系

• 神経細胞のように、DNA 複製のない細胞に
おける DNA 修復は未解明な部分が多い。 

• 神経活動に伴う酸素ラジカルが DNA を切断
する？？？ 

• DNA の変化に伴う細胞機能の低下／老化／
細胞死が予想される。

https://www.biorxiv.org/content/10.1101/2024.06.25.600517v2



DNA 修復と神経系
• Atm (毛細血管拡張性運動失調症), Xpa (色素性乾皮症), 

Ercc8/Ercc6 (Cockayne 症候群), Xrcc1/Xrcc4, 
Lig4, Prkdc/Ku70/Ku80 (重症複合免疫不全症), 
Tdp1 (小脳性運動失調)

• これらのノックアウトマウスは脳に表
現型が現れる 

• 夜間の PARP1 蓄積と睡眠



PARP と睡眠
• 覚醒中に DNA 損傷が蓄積 
• 徐々に PARP-1 が集積し、
眠気を誘発 

• 睡眠中に PARP-1 依存的
に DNA 修復 

• 以上をゼブラフィッシュ 
(一部マウス) で示した

(Ray Chaudhuri and Nussenzweig, 2017).
Zada and coworkers observed that
both PARP-1 accumulation and activity
peaked during the activity phase and
reached higher levels in sleep-deprived
larvae. More importantly, the tempera-
ture-induced overexpression of PARP-1
in zebrafish larvae harboring a Parp-1
transgene gene, whose transcription is
under the control of a hsp70 heat shock
promoter, augmented sleep. In keeping
with this observation, Parp-1 loss-of-
function, achieved by the CRISPR/Cas9
technology, reduced sleep toward the
end of the day and during the entire night.
Thus, although increasing sleep pressure
duringwakefulness is probably influenced
bymultiple parameters, the study by Zada
et al. identified PARP-1 as a novel and un-
expected molecular regulator of the sleep

homeostat. The authors extended the sig-
nificance of their findings to adult mice. To
this end, they pharmacologically blunted
PARP-1 activity and monitored the sleep
quantity and quality by polysomnography,
considered to be the ‘‘gold-standard
technology’’ for sleep recording. These
experiments unveiled that the PARP-1 in-
hibitor NU1025 attenuated non-rapid eye
movement (NREM) sleep soon after its
delivery through intraperitoneal injection.
PARP-1 uses the oxidized form of nicotin-
amide adenine dinucleotide (NAD+) as
a substrate for adding poly(ADP-ribose)
tails to itself (Figure 1) and some
other proteins. Interestingly, enzymatic
PARP-1 activity oscillates in mouse liver
as well, and as in neurons of zebrafish
larvae peaks at the onset of the activity
phase (Asher et al., 2010). Therefore, the

PARP-1-dependent repair of DNA may
also be gated to the sleeping period in pe-
ripheral organs.

DNA repair mechanisms are operative
in all three domains of life (bacteria,
archaea, and eukarya). It will thus be
exciting to examinewhether DNAdamage
also modulates activity/inactivity cycles
in lower metazoans like jellyfish and
sponges. If so, sleep homeostasis might
exist even in these primitive critters.
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Figure 1. The accumulation of DNA lesions increases sleep pressure
The electrical activity of neurons induces DNA lesions that progressively accumulate during wakefulness.
PARP-1 recognizes damaged DNA and adds poly(ADP-ribose tails) to itself. This engenders the gradual
recruitment of additional repair factors that restore the DNA intactness during sleep. PARP-1 activity
during the resting phase also enhances chromatin dynamics (indicated by the gray scribble in the nucleus).
The temporal accumulation of DNA lesions and their PARP-1-mediated repair processes are not just gated
by sleep pressure (blue curve) and circadian oscillations (black curve) but they actively participate in the
regulation of sleep homeostasis.
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SUMMARY

The characteristics of the sleep drivers and themechanisms throughwhich sleep relieves the cellular homeo-
static pressure are unclear. In flies, zebrafish, mice, and humans, DNA damage levels increase during wake-
fulness and decrease during sleep. Here, we show that 6 h of consolidated sleep is sufficient to reduce DNA
damage in the zebrafish dorsal pallium. Induction of DNA damage by neuronal activity and mutagens trig-
gered sleep and DNA repair. The activity of the DNA damage response (DDR) proteins Rad52 and Ku80
increased during sleep, and chromosome dynamics enhancedRad52 activity. The activity of the DDR initiator
poly(ADP-ribose) polymerase 1 (Parp1) increased following sleep deprivation. In both larva zebrafish and
adult mice, Parp1 promoted sleep. Inhibition of Parp1 activity reduced sleep-dependent chromosome dy-
namics and repair. These results demonstrate that DNA damage is a homeostatic driver for sleep, and
Parp1 pathways can sense this cellular pressure and facilitate sleep and repair activity.

INTRODUCTION

Sleep, accompanied by reduced responsiveness to external
stimuli, is a vulnerable behavioral state. However, sleep is evolu-
tionary conserved across phylogeny, and all studied animals
with neural networks, including jellyfish, worms, mollusks, flies,
fish, reptiles, birds, rodents, and humans, require sleep (Joiner,
2016; Keene and Duboue, 2018). Sleep disturbances can cause
neural impairment and are associated with neurodevelopmental
and neurodegenerative diseases and aging (Carroll et al., 2016;
Sabia et al., 2021). Although sleep is essential for all animals,
the daily amount of sleep varies significantly between species
(Allada and Siegel, 2008). While adult humans sleep approxi-
mately 7–8 h per day (Hirshkowitz et al., 2015), the owl monkey
sleeps 17 h (Sri Kantha et al., 2009), and free-roaming wild
elephants sleep only 2 h (Gravett et al., 2017). These diverse
sleep requirements raise fundamental questions: what dictates
a species-specific sufficient amount of sleep, and what is the
restorative neural process?
The timing, duration, and quality of sleep are regulated by an

interaction between the circadian clock and homeostatic sleep
pressure, which builds up during extended wakefulness (Bor-
bély, 1982). Homeostatic factors are thought to accumulate
with increasing duration and intensity of wakefulness prior to
sleep (Allada et al., 2017; Eban-Rothschild et al., 2018; Weber
and Dan, 2016). However, the cellular homeostatic mechanisms
that drive sleep needs, as well as the identity of the homeostatic

factors, are unclear. Extensive research has suggested various
possibilities, including accumulation of toxic metabolites (Xie
et al., 2013), an increased cellular need for energy, supplies,
and macromolecules (Mackiewicz et al., 2007), and increased
synaptic number and strength (Tononi and Cirelli, 2014), as
well as elevated neural damage (Singh and Donlea, 2020; Stan-
hope et al., 2020) and cellular stress (Hill et al., 2014; Lenz
et al., 2015).
Enriched wakefulness and neuronal activity induce DNA dou-

ble-strand breaks (DSBs) in mice and flies (Bellesi et al., 2016;
Madabhushi et al., 2015; Suberbielle et al., 2013). The repair of
DNA lesions in neurons is slower than in dividing cells (Barzilai
et al., 2008), suggesting that lesions can be accumulated during
wakefulness. Indeed, we have demonstrated that DSBs accu-
mulate in the neurons of zebrafish larvae while they are awake.
In contrast, sleep increases chromosome dynamics that can
reduce the levels of DNA damage in neurons (Zada et al.,
2019). Similarly, sleep deprivation (SD) can increase DNA dam-
age and decrease the expression of DNA repair genes in human
blood cells (Carroll et al., 2016; Cheung et al., 2019). These
studies suggest that sleep promotes nuclear maintenance, i.e.,
sleep regulates the balance between DNA damage and repair.
Nevertheless, it remains unclear whether the formation of DNA
damage is inhibited, or the activity of the repair systems is
more stimulated, during sleep.
Elucidating the underlying mechanisms that associate sleep,

DNA damage, and repair is challenging. In Caenorhabditis
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マウスで、 PARP 阻害剤は 
NREM 睡眠を減少させる
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Figure 5. Parp1 regulates DNA damage-induced sleep
(A) Representative nuclei in DP neuron stained with DAPI and anti-Parp1 at ZT4 and at the end of the day (ZT14). Dashed circle indicates a single neuron. Scale

bars, 3 mm.

(B) The number of Parp1 foci in single DP neuronal nuclei. Letters indicate significant differences (p < 0.05).

(C) Sleep of 6–7 dpf pT2-hsp70:Parp1-injected and control pT2-hsp70:Gal4-injected larvae, before and following heat shock (see Figure S5C for Parp1

expression levels).

(C0) The average sleep time during portions of daytime and entire nighttime.

(D) Sleep of 6 dpf Parp1-KD larvae and their Ctrl siblings under a 14-h light/10-h dark cycle (see Figure S5C for Parp1 expression levels).

(D0) The average sleep time during the day and the night.

(legend continued on next page)
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脳波を記録



PARP1過剰発現ですぐ眠くなる 
knockdown で寝なくなる 
PARP 阻害剤でも寝なくなる
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Figure 5. Parp1 regulates DNA damage-induced sleep
(A) Representative nuclei in DP neuron stained with DAPI and anti-Parp1 at ZT4 and at the end of the day (ZT14). Dashed circle indicates a single neuron. Scale

bars, 3 mm.

(B) The number of Parp1 foci in single DP neuronal nuclei. Letters indicate significant differences (p < 0.05).

(C) Sleep of 6–7 dpf pT2-hsp70:Parp1-injected and control pT2-hsp70:Gal4-injected larvae, before and following heat shock (see Figure S5C for Parp1

expression levels).

(C0) The average sleep time during portions of daytime and entire nighttime.

(D) Sleep of 6 dpf Parp1-KD larvae and their Ctrl siblings under a 14-h light/10-h dark cycle (see Figure S5C for Parp1 expression levels).

(D0) The average sleep time during the day and the night.

(legend continued on next page)
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Figure 5. Parp1 regulates DNA damage-induced sleep
(A) Representative nuclei in DP neuron stained with DAPI and anti-Parp1 at ZT4 and at the end of the day (ZT14). Dashed circle indicates a single neuron. Scale

bars, 3 mm.

(B) The number of Parp1 foci in single DP neuronal nuclei. Letters indicate significant differences (p < 0.05).

(C) Sleep of 6–7 dpf pT2-hsp70:Parp1-injected and control pT2-hsp70:Gal4-injected larvae, before and following heat shock (see Figure S5C for Parp1

expression levels).

(C0) The average sleep time during portions of daytime and entire nighttime.

(D) Sleep of 6 dpf Parp1-KD larvae and their Ctrl siblings under a 14-h light/10-h dark cycle (see Figure S5C for Parp1 expression levels).

(D0) The average sleep time during the day and the night.

(legend continued on next page)
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Figure 5. Parp1 regulates DNA damage-induced sleep
(A) Representative nuclei in DP neuron stained with DAPI and anti-Parp1 at ZT4 and at the end of the day (ZT14). Dashed circle indicates a single neuron. Scale

bars, 3 mm.

(B) The number of Parp1 foci in single DP neuronal nuclei. Letters indicate significant differences (p < 0.05).

(C) Sleep of 6–7 dpf pT2-hsp70:Parp1-injected and control pT2-hsp70:Gal4-injected larvae, before and following heat shock (see Figure S5C for Parp1

expression levels).

(C0) The average sleep time during portions of daytime and entire nighttime.

(D) Sleep of 6 dpf Parp1-KD larvae and their Ctrl siblings under a 14-h light/10-h dark cycle (see Figure S5C for Parp1 expression levels).

(D0) The average sleep time during the day and the night.

(legend continued on next page)
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この時 (ZT3)、PARP 阻害剤群で 
γH2AX foci が増えている！！ 

DNA 損傷ではなく 
PARP 活性が眠りをさそっている！！

Molecular Cell 81: 4979–4993 (2021)



アルツハイマー病死後脳における DNA 切断の増加

• アルツハイマー病や軽度認知障害の neuron で γH2AX foci 
（DNA 二重鎖切断のマーカー）が増加。astrocyte でも！

and CA1 region (Fig. 2a, b, Additional file 1: Figure S4c).
However, in most neurons this 53BP1 staining was diffuse
and pan-nuclear rather than focal or punctate (Fig. 2a),
similar to what others have observed in neurons of deep
cerebellar nuclei from AD cases [10]. To ensure the target
specificity of this staining, we tested an independent
53BP1 antibody. It yielded a similar staining pattern,
which was eliminated by pre-adsorption of the antibody
with a peptide representing the 53BP1 immunogen
(Additional file 1: Figure S7).
To investigate whether the increased neuronal 53BP1

staining in AD and MCI cases might have emerged post-
mortem, we elicited neuronal DSBs in mice by irradi-
ation and drop-fixed their brains in 10% neutral buffered
formalin for 48 h either immediately after sacrifice or
after different postmortem intervals (PMI). Even after a
PMI of 9 h, irradiated mice showed marked increases in
crisp 53BP1 foci, which co-localized with γH2AX, rather
than pan-nuclear increases in diffuse 53BP1 staining

(Additional file 1: Figure S8). These results make it un-
likely that the increases in neuronal 53BP1 labeling we
and others [10] have detected in humans with AD or
MCI represent a postmortem artifact.
Surprisingly, AD and MCI cases had a lower propor-

tion of GFAP-positive astrocytes with pan-nuclear
53BP1 staining than controls (Fig. 2c, d, Additional file
1: Figure S4d). Although the processes that cause
AD-associated changes in 53BP1 expression remain to
be determined, our results make it likely that they affect
neurons and astrocytes differentially.

Pan-nuclear H2AX phosphorylation in neurons can be
caused by increases in neuronal activity but is unlikely to
represent DSBs
As described above, focal γH2AX immunoreactivity is a
well-established marked of DSBs. While measuring this
marker, we noticed that γH2AX immunostaining labels
the nuclei of some neurons diffusely, in humans as well

a b

c d

Fig. 1 Increased proportion of neurons and astrocytes with γH2AX foci in frontal cortex of cases with MCI or AD. Frontal cortex sections from
cognitively unimpaired controls (Ctl) and from MCI and AD cases were co-labeled for γH2AX (green) and for NeuN (red) (a, b) or the astroglial
marker GFAP (red) (c, d). Nuclei were stained with Hoechst 33342 (blue). a Representative confocal images of neuronal γH2AX staining. b Proportion
(%) of neurons with at least one γH2AX focus. c Representative confocal images of astroglial γH2AX staining. d Proportion (%) of astrocytes with at
least one γH2AX focus. n = 8 Ctl, 7 MCI, and 8 AD cases from Cohort 2. **p < 0.01, ****p < 0.0001 vs. Ctl by one-way ANOVA and Holm-Sidak test. Scale
bars: 10 μm. Bar graphs represent means ± SEM

Shanbhag et al. Acta Neuropathologica Communications            (2019) 7:77 Page 7 of 18
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Toll-like receptors (TLRs)

• もともとショウジョウバエの胚発生における背
腹軸の決定に関わる分子として発見、後に抗菌
反応に関与することが示された。 

• 脊椎動物にも存在し、自然免疫を司る。 

• ヒトでは10種類。



リガンド 局在
TLR1/TLR2  lipopeptides 表面

TLR2 peptidoglycan 表面
TLR3 二本鎖RNA 細胞内小胞
TLR4 LPS 表面
TLR5 flagellin 表面

TLR2/TLR6 lipopeptides 表面
TLR7 一本鎖RNA 細胞内小胞
TLR8 一本鎖RNA 細胞内小胞
TLR9 CpG DNA 細胞内小胞

ヒトの細胞には無い物質か、本来の場所以外にある物質



Cellular and Molecular Immunology 10th ed.

Figure 4.2: Structure, location, 
and specificities of mammalian 
Toll-like receptors.

Note that some TLRs are 
expressed on the cell surface 
and others in endosomes. 
TLRs may form homodimers or 
heterodimers. dsRNA, Double-
stranded RNA; LPS, 
lipopolysaccharide; ssRNA, 
single-stranded RNA; TIR, Toll 
IL-1 receptor; TLR, Toll-like 
receptor.



cGAS-STING 経路
• ウイルス由来 DNA に反応 

• 自己 DNA に反応 (自己炎症性疾患) 

• cGAS が感知して、cGAMP を生成 

• cGAMP を結合した STING が小胞体からゴル
ジ体へ移動、 インターフェロン経路をオンに

In innate immunity, germ-line-encoded pattern recognition
receptors (PRRs) detect pathogen-associated molecular pat-
terns (PAMPs) from pathogens or damage-associated mole-

cular patterns from host cells, thereby activating downstream
signaling to induce the production of inflammatory cytokines and
type-I interferon1,2. Cyclic GMP-AMP synthase (cGAS) is the
cytosolic PRR that recognizes non-self DNAs derived from
invading viruses3–5 or bacteria6–8, as well as self DNAs derived
from damaged mitochondria9 or tumor cells10,11, to produce
cyclic GMP-AMP (cGAMP) from ATP and GTP12. cGAMP
binds to the endoplasmic reticulum–resident membrane protein
STING, thereby inducing the phosphorylation of TANK-binding
kinase 1 (TBK1) and interferon regulatory factor 3 (IRF3), fol-
lowed by the production of interferon-β (IFN-β)13. cGAMP is
composed of adenosine and guanosine, which are linked via two
phosphodiester linkages, and exists as multiple isomers, such as 2′
3′-cGAMP and 3′3′-cGAMP (Fig. 1). Biochemical and structural
studies revealed that cGAS specifically produces 2′3′-cGAMP,
cyclic [G(2′,5′)pA(3′,5′)p], which contains the canonical 3′-5′
and non-canonical 2′-5′ phosphodiester linkages14–17. 2′3′-
cGAMP binds to STING with higher affinity, as compared to 3′
3′-cGAMP, and activates the signaling pathway18.
ENPP1 (Ecto-nucleotide pyrophosphatase phosphodiesterase

1) is a type II transmembrane glycoprotein originally identified as
a negative regulator of bone mineralization19,20. The extracellular
domain of ENPP1 consists of two N-terminal somatomedin B-
like domains (SMB1 and SMB2), a catalytic domain and a
nuclease-like domain (Fig. 2a). ENPP1 is expressed on the cell
surface in mineralizing cells, such as osteoblasts and chon-
drocytes, and hydrolyzes extracellular ATP to produce AMP and
diphosphate, an inhibitor of bone mineralization. ENPP1 is also
expressed in lymphoid organs, and ENPP1-produced AMP is
metabolized by the ecto-5′-nucleotidase CD73 to the immuno-
suppressive adenosine21. ENPP1 hydrolyzes nucleotide tripho-
sphates (NTPs), such as GTP and CTP, in vitro, while it
preferentially hydrolyzes ATP22. The crystal structures of ENPP1
in complex with nucleotide monophosphates revealed the
mechanism of NTP recognition and hydrolysis by ENPP1. A
recent study reported that ENPP1 also hydrolyzes 2′3′-cGAMP,
but not 3′3′-cGAMP, and negatively regulates the cGAS-STING-
dependent immune activation23,24. However, it remains elusive
how ENPP1 hydrolyzes both ATP and 2′3′-cGAMP, and dis-
criminates 2′3′-cGAMP from 3′3′-cGAMP.
Here, we report the crystal structures of ENPP1 in complex

with 3′3′-cGAMP and the reaction intermediate pA(3′,5′)

pG (pApG). The structures provided mechanistic insights into the
specific degradation of 2′3′-cGAMP by ENPP1, and explain how
ENPP1 hydrolyzes ATP and cGAMP to participate in bone
mineralization and innate immunity.

Results
Structural determination. To address the ENPP1-mediated 2′3′-
cGAMP hydrolysis mechanism, we sought to determine the
crystal structure of the extracellular domain of mouse ENPP1 in
complex with cGAMP. The SMB domains are dispensable for
NTP hydrolysis, and are disordered in the previous structures at
moderate (~3 Å) resolutions22, suggesting that the deletion of the
flexible SMB domains could improve the resolution. Thus, we
prepared the mouse ENPP1 protein lacking the SMB domains
(residues 83–169) (hereafter referred to as ENPP1-ΔSMB) (Sup-
plementary Fig. 1a, b). We confirmed that ENPP1-ΔSMB has
in vitro hydrolytic activities toward 2′3′-cGAMP and ATP
comparable to those of wild-type ENPP1 (Supplementary Fig. 1c,
d). To avoid the 2′3′-cGAMP degradation during crystallization,
we replaced the catalytic Thr238 residue with alanine to generate
the ENPP1-ΔSMB T238A mutant (Supplementary Fig. 1a). We
co-crystallized the ENPP1-ΔSMB T238A mutant in the presence
of 2′3′-cGAMP or 3′3′-cGAMP, and determined the crystal
structures at 1.8 and 1.9 Å resolutions, respectively (Fig. 2b;
Table 1). The two structures consist of the catalytic domain
(residues 190–578) and the nuclease-like domain (residues
629–902) (Fig. 2a), and are essentially identical to the ENPP1-
AMP complex structure (PDB ID 4GTW, rmsd= 0.65 Å for 700
Cα atoms) (Supplementary Fig. 2a–c), showing that the trunca-
tion of the SMB domains does not substantially affect the struc-
tures of the catalytic and nuclease-like domains, and resulted in
the improvement of the resolution. In the two structures, we
observed electron densities corresponding to the dinucleotides
bound to the active site in the catalytic domain (Fig. 2c, d). In the
co-crystal structure with 2′3′-cGAMP, a continuous density was
not observed at the 2′-5′ phosphodiester linkage of 2′3′-cGAMP
(Fig. 2c), suggesting that 2′3′-cGAMP was predominantly
degraded to the pApG linear intermediate during crystallization,
although the catalytically inactive ENPP1-ΔSMB T238A mutant
was used for crystallization. This may be due to the slight enzy-
matic activity of the mutant at a high concentration during
crystallization. We concluded that this structure represents a
post-reaction state of the first hydrolysis, and modeled pApG into
the electron density. In contrast, in the co-crystal structure with 3′
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Fig. 1 cGAMP isomer structures. a, b Chemical structures of 2′3′-cGAMP, cyclic [G(2′,5′)pA(3′,5′)p] (a) and 3′3′-cGAMP, cyclic [G(3′,5′)pA(3′,5′)p]
(b). 2′3′-cGAMP contains the non-canonical 2′-5′ and the canonical 3′-5′ phosphodiester linkages, while 3′3′-cGAMP contains the two canonical 3′-5′
phosphodiester linkages
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Figure 4.5: The STING cytosolic 
DNA sensing pathway.
Cytoplasmic microbial DNA and self DNA 
that accumulates in the cytosol activate the 
enzyme cGAS, which catalyzes the 
synthesis of cyclic GMP-AMP (cGAMP) 
from ATP and GTP. cGAMP binds to STING 
in the endoplasmic reticulum membrane, 
causing STING to translocate to the Golgi 
(not shown), and then STING recruits and 
activates the kinase TBK1, which 
phosphorylates IRF3. Phospo-IRF3 moves 
to the nucleus, where it induces type I IFN 
gene expression. Self DNA may be 
produced as a result of genomic or 
mitochondrial damage or from turnover of 
DNA. The bacterial second messenger 
molecules cyclic di-GMP (c-di-GMP) and 
cyclic di-AMP (c-di-AMP) are directly 
sensed by STING. ATP, Adenosine 
triphosphate; cGAS, cyclic GMP-AMP 
synthase; ER, endoplasmic reticulum; GTP, 
guanosine triphosphate; IFN, interferon; 
IRF3, interferon response factor 3.

Cellular and Molecular Immunology 10th ed.



cGAS-STING 経路

• がん免疫（STINGアゴニストを抗がん剤へ？） 

• 老化における炎症 (transposons？) 

• ALS など神経変性疾患 (transposons？)



contextual fear conditioning (CFC)
• context （場所）やシグナル（音）の組合せに
よって、警戒すべき状況（電気ショック）を記
憶させる実験。

No fear

No fear

No fear

Fear

Fear Fear

Fear

Context encoding

Context conditioning

Signalled

Unsignalled

Contextual retrieval

Nature Reviews | Neuroscience

stimuli within the same enclosure and then exam-
ined the place field in the hippocampus of rats while 
they explored each environment32. Individual neurons 
exhibited a heterogeneous pattern of re-mapping, with 
some neurons maintaining their positional firing pro-
file across all contexts and other neurons re-mapping 
their field or dropping their place field altogether in 
some contexts. This suggests that unique context repre-
sentations are established in the hippocampus and are 
represented by population coding of both the spatial 
properties of the environment and the integration of 
spatial and non-spatial (that is, contextual) stimuli in 
the environment33.

In addition to representing exteroceptive contexts, 
such as the places an animal visits, the hippocampus is 
involved in the learning and retention of interoceptive 
contexts. For example, rats with hippocampal lesions 

have impaired performance in contextual discrimina-
tion tasks in which the animal’s deprivation state (hun-
ger versus satiety) signals when a US (a footshock or 
sucrose) will be delivered34,35. In this case, hippocampal 
lesions might impair either the encoding of interocep-
tive contexts or the ability to use those representations 
to guide memory retrieval. It seems likely that the hip-
pocampus is particularly important for the contextual 
memory retrieval processes that are required to disam-
biguate whether a US will be delivered; indeed, animals 
will have had considerable past experiences of hunger 
and thirst, and those interoceptive states would certainly 
not be uniquely related to task performance. Consistent 
with this perspective, hippocampal neurons have been 
found to encode the relationship between interoceptive 
state (hunger versus thirst) and response–outcome rela-
tionships in instrumental food-motivated tasks36,37. That 
is, hippocampal activity encodes what to do in which 
interoceptive context38.

Animal studies: role of cortical areas. Beyond the hip-
pocampus, there is growing evidence for cortical involve-
ment in encoding context. Lesions in the entorhinal 
cortex, the primary cortical input to the hippocampus, 
produce a pattern of deficits that mirrors those of hip-
pocampal damage itself 39–41. Damage to other para-
hippocampal cortices, including the perirhinal and 
postrhinal cortices, after conditioning also produces 
impairments in contextual fear conditioning and reten-
tion, even when lesions are made as late as 100 days 
after training41. Pharmacological inactivation of the 
retrosplenial cortex also impairs retention of long-term 
context memories42. In addition, the anterior cingulate 
cortex (ACC) may have a role in the storage of contex-
tual memories, insofar as inactivation of this area impairs 
the expression of remote context memory; and anterior 
cingulate neurons exhibit greater activity (as indexed by 
FOS expression (the protein product of an immediate-
early gene that is associated with neural activity)) during 
the retrieval of remote relative to recent context fear 
memories43. Medial prefrontal cortical lesions have 
also been reported to disrupt remote context memo-
ries44. Given the time-limited role of the hippocampus 
in maintaining context memories, as discussed above 
(but see REF. 45), these data suggest that cortical areas 
with which the hippocampus is reciprocally connected 
may be essential for maintaining context representations 
over time.

Human studies: role of the hippocampus. The devel-
opment of in vivo functional neuroimaging has revo-
lutionized the study of cognitive processes, including 
learning and memory, in humans. However, relatively lit-
tle research has directly examined the neural mechanisms 
of contextual processing in humans. One limitation has 
been the inherent difficulty in establishing different ‘con-
texts’ in the functional neuroimaging environment. That 
is, the MRI scanner suite, which itself is the context of 
the neuroimaging experiments it hosts, has posed a chal-
lenge for human studies. As a result, studies of contextual 
representations in humans have primarily manipulated 

Figure 2 | Context encoding, conditioning and retrieval tasks in rodents. There are 
many learning and memory processes involved in acquiring and expressing information 
about contexts. Merely exposing animals to a novel context results in a memory of that 
context, a process called contextual encoding (top panel). If that context is subsequently 
paired with an aversive stimulus, such as an electric footshock (indicated by the lightning 
symbol), it will yield an association between the context and shock; this process is called 
context conditioning (middle panel). Context conditioning occurs with either a signalled 
shock, in which a conditional stimulus (CS), for example, a sound, is paired with the shock 
(the unconditional stimulus (US)) or with an unsignalled shock, in which the US is 
presented without a CS. Contexts can also acquire modulatory properties in which they 
set the occasion for when a CS and US are paired. For example, in a conditional 
discrimination task based on context, a CS is paired with the US in one context but not in 
another context. The context subsequently serves to retrieve the meaning of the CS in 
each context in which it occurs, a process termed contextual retrieval (bottom panel).
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Formation of memory assemblies through 
the DNA-sensing TLR9 pathway

Vladimir Jovasevic1,10, Elizabeth M. Wood2,10, Ana Cicvaric2,10, Hui Zhang2, Zorica Petrovic2, 
Anna Carboncino2, Kendra K. Parker2, Thomas E. Bassett2, Maria Moltesen3,4,5, 
Naoki Yamawaki3,4,5, Hande Login3,4,5, Joanna Kalucka3,4,5, Farahnaz Sananbenesi6,7, 
Xusheng Zhang8, Andre Fischer6,7 & Jelena Radulovic2,3,4,5,9 ✉

As hippocampal neurons respond to diverse types of information1, a subset  
assembles into microcircuits representing a memory2. Those neurons typically 
undergo energy-intensive molecular adaptations, occasionally resulting in  
transient DNA damage3–5. Here we found discrete clusters of excitatory  
hippocampal CA1 neurons with persistent double-stranded DNA (dsDNA)  
breaks, nuclear envelope ruptures and perinuclear release of histone and  
dsDNA fragments hours after learning. Following these early events, some  
neurons acquired an inflammatory phenotype involving activation of TLR9  
signalling and accumulation of centrosomal DNA damage repair complexes6. 
Neuron-specific knockdown of Tlr9 impaired memory while blunting contextual  
fear conditioning-induced changes of gene expression in specific clusters of 
excitatory CA1 neurons. Notably, TLR9 had an essential role in centrosome  
function, including DNA damage repair, ciliogenesis and build-up of perineuronal 
nets. We demonstrate a novel cascade of learning-induced molecular events in 
discrete neuronal clusters undergoing dsDNA damage and TLR9-mediated  
repair, resulting in their recruitment to memory circuits. With compromised TLR9 
function, this fundamental memory mechanism becomes a gateway to genomic 
instability and cognitive impairments implicated in accelerated senescence, 
psychiatric disorders and neurodegenerative disorders. Maintaining the integrity  
of TLR9 inflammatory signalling thus emerges as a promising preventive strategy  
for neurocognitive deficits.

Memories of individuals’ experiences are represented across assem-
blies of neurons in hippocampal and cortical circuits. Several mecha-
nisms of formation and maintenance of these assemblies have been 
proposed. The most prominent such mechanism is stimulus-induced 
long-term potentiation of synaptic connectivity7, an energy-demanding 
process that involves extensive biochemical and morphological adap-
tations at all levels of neuronal function8,9. There is also evidence for 
contributions of pre-existing developmental and other intrinsic pro-
grammes of individual neurons10, including the baseline expression 
of the transcriptional factor CREB11 and lineage of developmental ori-
gin12,13. Recent focus has also been on the role of the interneuronal peri-
neuronal nets (PNNs) in the stabilization of memory circuits through 
tightened control of inhibitory inputs to dedicated neuronal assem-
blies14. Here we explored whether an overarching process could inte-
grate stimulus-dependent and pre-existing mechanisms that underlie 
the commitment of neurons to memory-specific assemblies.

 
CFC increases Tlr9 expression
We first performed an analysis of transcriptional profiles of dorso- 
hippocampal neurons beyond the initial, well-established 24−48 h time 
window when protein signalling, immediate early gene (IEG) expres-
sion and delayed gene expression (for example, growth factors) take 
place15,16. To this end, we performed bulk RNA-sequencing (RNA-seq) 
of total RNA isolated from individual mouse hippocampi obtained 
either 96 h or 21 days after contextual fear conditioning (CFC) (one-trial 
3 min exposure to a context followed by a 2 s, 0.7 mA shock, constant 
current), and noted a robust difference in the gene expression profiles 
for recent relative to remote memory with little within-group vari-
ability (a total of 847, with 440 up-regulated) (Fig. 1a). We previously 
reported that the 21-day gene expression repertoire revolved around 
cilium and extracellular matrix genes needed for PNN formation17, but 
the 96 h gene expression profiles associated with the shaping of recent 
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memory representations remained unexplored. We found that 96 h 
after CFC the majority of differentially expressed genes were immune 
response genes involved in nucleic acid sensing and cytokine release (71 

up-regulated and 11 down-regulated) (Fig. 1a and Extended Data Fig. 1). 
Within immune response genes, the applied analyses identified TLR9 
and its downstream NF-κB signalling pathway18 as the most prominent 
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Fig. 1 | Nucleic acid-sensing activity after CFC. a, Bulk RNA-seq showed 
increased expression of 441 genes in hippocampi obtained 96 h after CFC 
(recent, n = 7 mice) compared with those collected 21 days (remote, n = 5 mice) 
after CFC. Volcano plots demonstrate significant increases in expression of 
genes related to inflammation and TLR signalling. P adj, adjusted P value.  
b, TLR9 protein levels and co-localization of TLR9 with the mature vesicle 
marker LAMP2 at different times after CFC. LAMP2 levels did not fluctuate, 
TLR9 levels and its co-localization with LAMP2 increased 6 h after CFC, peaking 
96 h later (n = 6 mice, 360 neurons per time point; one-way ANOVA; LAMP2: 
P = 0.3104, F(3,19) = 1.278; TLR9: P = 0.0005, F(3,20) = 9.363; co-localization: 
P < 0.0001, F(3,20) = 21.27). c, TLR9 and LAMP2 signals in glial cells (revealed by 
nuclear size), show no significant co-localization (n = 6 mice, 12 glial cells per 
time point; one-way ANOVA; P = 0.8186, F(3,20) = 0.3090). Green arrow, LAMP2; 
orange and white arrows, LAMP2–TLR9 co-localization; red arrow, TLR9. Scale 
bars: left, 25 µm; right, 40 µm. d, TLR9–vesicle pool co-localization 96 h after 

CFC (early endosome: EEA1 and RAB7; recycling endosome: RAB11; late 
endosome: LAMP2) reveals that the highest overlap is with LAMP2 (orange 
arrows; n = 6 mice, 30 neurons per time point; one-way ANOVA; P < 0.0001, 
F(3,20) = 31.53). Note the lack of TLR9 and LAMP2 signals in a glial cell (cyan 
arrow). Data are mean ± s.e.m. Scale bar, 20 µm. e, Hippocampal cytosolic 
dsDNA (naive, 24 h or 96 h after CFC) shows no contamination with nuclear 
DNA, as revealed by lack of ubiquitous amplification of Slc17a7 (which encodes 
vGlut1) (left). Cloning and sequencing identified genomic dsDNA fragments 
enriched with non-coding gene GC sequences 24 h and 96 h after CFC (left 
graph), sized 50–300 bp (right graph). Ctrl, control; miRNA, mitochondrial 
RNA; ncRNA, non-coding RNA; snoRNA, small nucleolar RNA; snRNA, small 
nuclear RNA. f, In vitro imaging of primary hippocampal neurons using 
fluorescent dyes, revealing mobile extranuclear DNA distinct from 
mitochondrial DNA (Supplementary Video 1). Scale bar, 10 µm. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001; NS, not significant; WT, wild type.
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memory representations remained unexplored. We found that 96 h 
after CFC the majority of differentially expressed genes were immune 
response genes involved in nucleic acid sensing and cytokine release (71 

up-regulated and 11 down-regulated) (Fig. 1a and Extended Data Fig. 1). 
Within immune response genes, the applied analyses identified TLR9 
and its downstream NF-κB signalling pathway18 as the most prominent 
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Fig. 1 | Nucleic acid-sensing activity after CFC. a, Bulk RNA-seq showed 
increased expression of 441 genes in hippocampi obtained 96 h after CFC 
(recent, n = 7 mice) compared with those collected 21 days (remote, n = 5 mice) 
after CFC. Volcano plots demonstrate significant increases in expression of 
genes related to inflammation and TLR signalling. P adj, adjusted P value.  
b, TLR9 protein levels and co-localization of TLR9 with the mature vesicle 
marker LAMP2 at different times after CFC. LAMP2 levels did not fluctuate, 
TLR9 levels and its co-localization with LAMP2 increased 6 h after CFC, peaking 
96 h later (n = 6 mice, 360 neurons per time point; one-way ANOVA; LAMP2: 
P = 0.3104, F(3,19) = 1.278; TLR9: P = 0.0005, F(3,20) = 9.363; co-localization: 
P < 0.0001, F(3,20) = 21.27). c, TLR9 and LAMP2 signals in glial cells (revealed by 
nuclear size), show no significant co-localization (n = 6 mice, 12 glial cells per 
time point; one-way ANOVA; P = 0.8186, F(3,20) = 0.3090). Green arrow, LAMP2; 
orange and white arrows, LAMP2–TLR9 co-localization; red arrow, TLR9. Scale 
bars: left, 25 µm; right, 40 µm. d, TLR9–vesicle pool co-localization 96 h after 

CFC (early endosome: EEA1 and RAB7; recycling endosome: RAB11; late 
endosome: LAMP2) reveals that the highest overlap is with LAMP2 (orange 
arrows; n = 6 mice, 30 neurons per time point; one-way ANOVA; P < 0.0001, 
F(3,20) = 31.53). Note the lack of TLR9 and LAMP2 signals in a glial cell (cyan 
arrow). Data are mean ± s.e.m. Scale bar, 20 µm. e, Hippocampal cytosolic 
dsDNA (naive, 24 h or 96 h after CFC) shows no contamination with nuclear 
DNA, as revealed by lack of ubiquitous amplification of Slc17a7 (which encodes 
vGlut1) (left). Cloning and sequencing identified genomic dsDNA fragments 
enriched with non-coding gene GC sequences 24 h and 96 h after CFC (left 
graph), sized 50–300 bp (right graph). Ctrl, control; miRNA, mitochondrial 
RNA; ncRNA, non-coding RNA; snoRNA, small nucleolar RNA; snRNA, small 
nuclear RNA. f, In vitro imaging of primary hippocampal neurons using 
fluorescent dyes, revealing mobile extranuclear DNA distinct from 
mitochondrial DNA (Supplementary Video 1). Scale bar, 10 µm. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001; NS, not significant; WT, wild type.

ヒトには TLR13 はありません
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Extended Data Fig. 1 | Up-regulated genes and pathways during memory 
formation. a Expanded reactome analysis (String database, STRING-db.org) 
outlining individual functional clusters of up-regulated genes enriched in 
inflammation, cytokine release, and cell cycle/DNA repair pathways. b Gene 
ontology analysis showing enrichment of Tlr signaling. c Up-regulation of the 
Tlr9 pathway replicated in a separate set of hippocampi collected 96 h or 28 

days after CFC with qPCR microarrays customized for immune response genes. 
d qPCR comparing the level of selected Tlr (Tlr7, Tlr9, and Tlr13) obtained 24, 
48, or 96 h after CFC relative to naïve samples showing significant up-regulation 
of Tlr9 (n = 5 mice/group; one way ANOVA Tlr7: p = 0.6677, F(3,16) = 0.5306; Tlr9: 
p = 0.0317, F(3,16) = 3.783; Tlr13: p = 0.5903, F(3,16) = 0.6569). Data represented as 
mean ± s.e.m., nsp > 0.05; ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.
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Extended Data Fig. 1 | Up-regulated genes and pathways during memory 
formation. a Expanded reactome analysis (String database, STRING-db.org) 
outlining individual functional clusters of up-regulated genes enriched in 
inflammation, cytokine release, and cell cycle/DNA repair pathways. b Gene 
ontology analysis showing enrichment of Tlr signaling. c Up-regulation of the 
Tlr9 pathway replicated in a separate set of hippocampi collected 96 h or 28 

days after CFC with qPCR microarrays customized for immune response genes. 
d qPCR comparing the level of selected Tlr (Tlr7, Tlr9, and Tlr13) obtained 24, 
48, or 96 h after CFC relative to naïve samples showing significant up-regulation 
of Tlr9 (n = 5 mice/group; one way ANOVA Tlr7: p = 0.6677, F(3,16) = 0.5306; Tlr9: 
p = 0.0317, F(3,16) = 3.783; Tlr13: p = 0.5903, F(3,16) = 0.6569). Data represented as 
mean ± s.e.m., nsp > 0.05; ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.
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TLR9 の後期エンドソーム局在は神経細胞で認められ、
グリアでは認められない
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memory representations remained unexplored. We found that 96 h 
after CFC the majority of differentially expressed genes were immune 
response genes involved in nucleic acid sensing and cytokine release (71 

up-regulated and 11 down-regulated) (Fig. 1a and Extended Data Fig. 1). 
Within immune response genes, the applied analyses identified TLR9 
and its downstream NF-κB signalling pathway18 as the most prominent 
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Fig. 1 | Nucleic acid-sensing activity after CFC. a, Bulk RNA-seq showed 
increased expression of 441 genes in hippocampi obtained 96 h after CFC 
(recent, n = 7 mice) compared with those collected 21 days (remote, n = 5 mice) 
after CFC. Volcano plots demonstrate significant increases in expression of 
genes related to inflammation and TLR signalling. P adj, adjusted P value.  
b, TLR9 protein levels and co-localization of TLR9 with the mature vesicle 
marker LAMP2 at different times after CFC. LAMP2 levels did not fluctuate, 
TLR9 levels and its co-localization with LAMP2 increased 6 h after CFC, peaking 
96 h later (n = 6 mice, 360 neurons per time point; one-way ANOVA; LAMP2: 
P = 0.3104, F(3,19) = 1.278; TLR9: P = 0.0005, F(3,20) = 9.363; co-localization: 
P < 0.0001, F(3,20) = 21.27). c, TLR9 and LAMP2 signals in glial cells (revealed by 
nuclear size), show no significant co-localization (n = 6 mice, 12 glial cells per 
time point; one-way ANOVA; P = 0.8186, F(3,20) = 0.3090). Green arrow, LAMP2; 
orange and white arrows, LAMP2–TLR9 co-localization; red arrow, TLR9. Scale 
bars: left, 25 µm; right, 40 µm. d, TLR9–vesicle pool co-localization 96 h after 

CFC (early endosome: EEA1 and RAB7; recycling endosome: RAB11; late 
endosome: LAMP2) reveals that the highest overlap is with LAMP2 (orange 
arrows; n = 6 mice, 30 neurons per time point; one-way ANOVA; P < 0.0001, 
F(3,20) = 31.53). Note the lack of TLR9 and LAMP2 signals in a glial cell (cyan 
arrow). Data are mean ± s.e.m. Scale bar, 20 µm. e, Hippocampal cytosolic 
dsDNA (naive, 24 h or 96 h after CFC) shows no contamination with nuclear 
DNA, as revealed by lack of ubiquitous amplification of Slc17a7 (which encodes 
vGlut1) (left). Cloning and sequencing identified genomic dsDNA fragments 
enriched with non-coding gene GC sequences 24 h and 96 h after CFC (left 
graph), sized 50–300 bp (right graph). Ctrl, control; miRNA, mitochondrial 
RNA; ncRNA, non-coding RNA; snoRNA, small nucleolar RNA; snRNA, small 
nuclear RNA. f, In vitro imaging of primary hippocampal neurons using 
fluorescent dyes, revealing mobile extranuclear DNA distinct from 
mitochondrial DNA (Supplementary Video 1). Scale bar, 10 µm. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001; NS, not significant; WT, wild type.
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memory representations remained unexplored. We found that 96 h 
after CFC the majority of differentially expressed genes were immune 
response genes involved in nucleic acid sensing and cytokine release (71 

up-regulated and 11 down-regulated) (Fig. 1a and Extended Data Fig. 1). 
Within immune response genes, the applied analyses identified TLR9 
and its downstream NF-κB signalling pathway18 as the most prominent 
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Fig. 1 | Nucleic acid-sensing activity after CFC. a, Bulk RNA-seq showed 
increased expression of 441 genes in hippocampi obtained 96 h after CFC 
(recent, n = 7 mice) compared with those collected 21 days (remote, n = 5 mice) 
after CFC. Volcano plots demonstrate significant increases in expression of 
genes related to inflammation and TLR signalling. P adj, adjusted P value.  
b, TLR9 protein levels and co-localization of TLR9 with the mature vesicle 
marker LAMP2 at different times after CFC. LAMP2 levels did not fluctuate, 
TLR9 levels and its co-localization with LAMP2 increased 6 h after CFC, peaking 
96 h later (n = 6 mice, 360 neurons per time point; one-way ANOVA; LAMP2: 
P = 0.3104, F(3,19) = 1.278; TLR9: P = 0.0005, F(3,20) = 9.363; co-localization: 
P < 0.0001, F(3,20) = 21.27). c, TLR9 and LAMP2 signals in glial cells (revealed by 
nuclear size), show no significant co-localization (n = 6 mice, 12 glial cells per 
time point; one-way ANOVA; P = 0.8186, F(3,20) = 0.3090). Green arrow, LAMP2; 
orange and white arrows, LAMP2–TLR9 co-localization; red arrow, TLR9. Scale 
bars: left, 25 µm; right, 40 µm. d, TLR9–vesicle pool co-localization 96 h after 

CFC (early endosome: EEA1 and RAB7; recycling endosome: RAB11; late 
endosome: LAMP2) reveals that the highest overlap is with LAMP2 (orange 
arrows; n = 6 mice, 30 neurons per time point; one-way ANOVA; P < 0.0001, 
F(3,20) = 31.53). Note the lack of TLR9 and LAMP2 signals in a glial cell (cyan 
arrow). Data are mean ± s.e.m. Scale bar, 20 µm. e, Hippocampal cytosolic 
dsDNA (naive, 24 h or 96 h after CFC) shows no contamination with nuclear 
DNA, as revealed by lack of ubiquitous amplification of Slc17a7 (which encodes 
vGlut1) (left). Cloning and sequencing identified genomic dsDNA fragments 
enriched with non-coding gene GC sequences 24 h and 96 h after CFC (left 
graph), sized 50–300 bp (right graph). Ctrl, control; miRNA, mitochondrial 
RNA; ncRNA, non-coding RNA; snoRNA, small nucleolar RNA; snRNA, small 
nuclear RNA. f, In vitro imaging of primary hippocampal neurons using 
fluorescent dyes, revealing mobile extranuclear DNA distinct from 
mitochondrial DNA (Supplementary Video 1). Scale bar, 10 µm. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001; NS, not significant; WT, wild type.
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memory representations remained unexplored. We found that 96 h 
after CFC the majority of differentially expressed genes were immune 
response genes involved in nucleic acid sensing and cytokine release (71 

up-regulated and 11 down-regulated) (Fig. 1a and Extended Data Fig. 1). 
Within immune response genes, the applied analyses identified TLR9 
and its downstream NF-κB signalling pathway18 as the most prominent 
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Fig. 1 | Nucleic acid-sensing activity after CFC. a, Bulk RNA-seq showed 
increased expression of 441 genes in hippocampi obtained 96 h after CFC 
(recent, n = 7 mice) compared with those collected 21 days (remote, n = 5 mice) 
after CFC. Volcano plots demonstrate significant increases in expression of 
genes related to inflammation and TLR signalling. P adj, adjusted P value.  
b, TLR9 protein levels and co-localization of TLR9 with the mature vesicle 
marker LAMP2 at different times after CFC. LAMP2 levels did not fluctuate, 
TLR9 levels and its co-localization with LAMP2 increased 6 h after CFC, peaking 
96 h later (n = 6 mice, 360 neurons per time point; one-way ANOVA; LAMP2: 
P = 0.3104, F(3,19) = 1.278; TLR9: P = 0.0005, F(3,20) = 9.363; co-localization: 
P < 0.0001, F(3,20) = 21.27). c, TLR9 and LAMP2 signals in glial cells (revealed by 
nuclear size), show no significant co-localization (n = 6 mice, 12 glial cells per 
time point; one-way ANOVA; P = 0.8186, F(3,20) = 0.3090). Green arrow, LAMP2; 
orange and white arrows, LAMP2–TLR9 co-localization; red arrow, TLR9. Scale 
bars: left, 25 µm; right, 40 µm. d, TLR9–vesicle pool co-localization 96 h after 

CFC (early endosome: EEA1 and RAB7; recycling endosome: RAB11; late 
endosome: LAMP2) reveals that the highest overlap is with LAMP2 (orange 
arrows; n = 6 mice, 30 neurons per time point; one-way ANOVA; P < 0.0001, 
F(3,20) = 31.53). Note the lack of TLR9 and LAMP2 signals in a glial cell (cyan 
arrow). Data are mean ± s.e.m. Scale bar, 20 µm. e, Hippocampal cytosolic 
dsDNA (naive, 24 h or 96 h after CFC) shows no contamination with nuclear 
DNA, as revealed by lack of ubiquitous amplification of Slc17a7 (which encodes 
vGlut1) (left). Cloning and sequencing identified genomic dsDNA fragments 
enriched with non-coding gene GC sequences 24 h and 96 h after CFC (left 
graph), sized 50–300 bp (right graph). Ctrl, control; miRNA, mitochondrial 
RNA; ncRNA, non-coding RNA; snoRNA, small nucleolar RNA; snRNA, small 
nuclear RNA. f, In vitro imaging of primary hippocampal neurons using 
fluorescent dyes, revealing mobile extranuclear DNA distinct from 
mitochondrial DNA (Supplementary Video 1). Scale bar, 10 µm. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001; NS, not significant; WT, wild type.
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CA1 neuron で γH2AX foci が CFC 1 h 後に増加
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in CA1 dorso-hippocampal neurons of Tlr9 fl/fl mice by locally injecting 
adeno-associated virus (AAV9) expressing Cre recombinase–GFP or GFP 
under control of the human synapsin promoter (Syn) (Fig. 3a, left). The 
Syn-cre-injected mice showed impaired context memory, as revealed by 
significant reduction of freezing behaviour over multiple tests (Fig. 3a, 
middle). The neuron-specific virus expression was shown by differential 
staining for astrocytes and microglia (Fig. 3a, right and Extended Data 
Fig. 4a). Knockdown was validated by quantitative analysis of TLR9 
and RELA (Fig. 3b). The memory deficit was replicated by a different 
approach, using injection of AAV9 expressing Syn-driven Tlr9-targeting 
short hairpin RNA (shRNA) in the hippocampi of wild-type mice (Fig. 3c). 
The hippocampal Tlr9 knockdown (Tlr9-KO) also impaired trace fear 
conditioning (TFC), as shown by reduced freezing during context and 

tone tests, but did not affect delay fear conditioning (DFC), a form of 
hippocampus-independent learning (Fig. 3d). Because viral injections 
are known to cause inflammatory responses of astrocytes and microglia 
(as confirmed in our post-mortem analysis; Extended Data Fig. 4b), 
we also determined the contribution of these cell populations to the 
observed memory deficits. Astrocytic knockdown using GFAP-cre did 
not affect CFC after injection in Tlr9 fl/fl mice (Extended Data Fig. 4c). 
Consistent with previous findings32, microglial depletion was similarly 
ineffective, as determined in both wild-type and Tlr9 fl/fl mice receiving 
a CSF1R inhibitor in their diet or regular diet after injection of Syn-cre 
(Extended Data Fig. 4d,e). Introduction of Syn-cre in the hippocampi 
of WT mice did not affect CFC relative to Syn-GFP-injected wild-type 
controls (Extended Data Fig. 4e, bottom right).
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Fig. 2 | DNA damage and DDR after CFC. a, Left, number of neurons showing 
γH2AX puncta (n = 360 neurons per group; one-way ANOVA, P < 0.0001, 
F(5,30) = 65.09) and size of γH2AX foci (n = 360 neurons per group; one-way 
ANOVA; P < 0.0001, F(5,30) = 38.17) after CFC. Right, localization of γH2AX 
(green arrows) in neurons (marked by NeuN; cyan arrows) relative to astrocytes 
(marked by GFAP; purple arrows) and microglia (marked by IBA1; orange 
arrows) (two-way ANOVA; factor: cell type, P < 0.0001, F(2,90) = 673.8; factor: 
time, P < 0.0001, F(5,90) = 77.73; cell type × time, P < 0.0001, F(10,90) = 77.95). 
Bottom right, number of γH2AX foci. b, Nuclear envelope ruptures coinciding 
with detection of extranuclear γH2AX (red arrows) and DNA (green arrows) 
(n = 6 mice; one-way ANOVA; P = 0.0038, F(5,30) = 4.445). Scale bars: top row, 
25 µm; bottom row, 20 µm. c, Extranuclear γH2AX overlapping with TLR9 
(orange arrows) (n = 120 total, 75% overlap). Scale bar, 20 µm. d, Pericentrosomal 
accumulation of γH2AX shown by co-localization with centrin 2 and γ-tubulin 

(arrowheads). Additional co-recruitment of 53BP1, revealing centrosomal DDR 
(n = 30–131 neurons; two-tailed Chi-square test; χ = 22.98(4)

2 , P < 0.0001; post 
hoc analysis using Bonferroni-corrected α = 0.05, 53BP1: 3 h versus 1 h 
NSP = 0.116, 6 h versus 1 h ****P < 0.0001, 24 h versus 1 h ****P < 0.0001, 96 h 
versus 1 h ****P < 0.0001; centrin 2: 3 h versus 1 h NSP = 0.5061, 6 h versus 1 h 
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adjusted α P < 0.001). e, Co-labelling of γH2AX+ (purple arrows) and Fos+ (green 
arrow) neurons (20%). f, Significantly lower number of γH2AX+ neurons (orange 
arrows) relative to PRAM+ neurons (green arrows) show memory reactivation 
(co-labelling with Fos; purple arrows) (n = 216 neurons; two-tailed Chi-square 
test; χ = 6.518(3)

2 , P = 0.0384; post hoc analysis using Bonferroni-corrected 
α = 0.05, γH2AX+ versus PRAM+ *P = 0.0215, γH2AX+PRAM+ versus PRAM+ 

NSP = 0.1007; adjusted α P < 0.025). Data are mean ± s.e.m. Dox, doxycycline;  
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in CA1 dorso-hippocampal neurons of Tlr9 fl/fl mice by locally injecting 
adeno-associated virus (AAV9) expressing Cre recombinase–GFP or GFP 
under control of the human synapsin promoter (Syn) (Fig. 3a, left). The 
Syn-cre-injected mice showed impaired context memory, as revealed by 
significant reduction of freezing behaviour over multiple tests (Fig. 3a, 
middle). The neuron-specific virus expression was shown by differential 
staining for astrocytes and microglia (Fig. 3a, right and Extended Data 
Fig. 4a). Knockdown was validated by quantitative analysis of TLR9 
and RELA (Fig. 3b). The memory deficit was replicated by a different 
approach, using injection of AAV9 expressing Syn-driven Tlr9-targeting 
short hairpin RNA (shRNA) in the hippocampi of wild-type mice (Fig. 3c). 
The hippocampal Tlr9 knockdown (Tlr9-KO) also impaired trace fear 
conditioning (TFC), as shown by reduced freezing during context and 

tone tests, but did not affect delay fear conditioning (DFC), a form of 
hippocampus-independent learning (Fig. 3d). Because viral injections 
are known to cause inflammatory responses of astrocytes and microglia 
(as confirmed in our post-mortem analysis; Extended Data Fig. 4b), 
we also determined the contribution of these cell populations to the 
observed memory deficits. Astrocytic knockdown using GFAP-cre did 
not affect CFC after injection in Tlr9 fl/fl mice (Extended Data Fig. 4c). 
Consistent with previous findings32, microglial depletion was similarly 
ineffective, as determined in both wild-type and Tlr9 fl/fl mice receiving 
a CSF1R inhibitor in their diet or regular diet after injection of Syn-cre 
(Extended Data Fig. 4d,e). Introduction of Syn-cre in the hippocampi 
of WT mice did not affect CFC relative to Syn-GFP-injected wild-type 
controls (Extended Data Fig. 4e, bottom right).
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Fig. 2 | DNA damage and DDR after CFC. a, Left, number of neurons showing 
γH2AX puncta (n = 360 neurons per group; one-way ANOVA, P < 0.0001, 
F(5,30) = 65.09) and size of γH2AX foci (n = 360 neurons per group; one-way 
ANOVA; P < 0.0001, F(5,30) = 38.17) after CFC. Right, localization of γH2AX 
(green arrows) in neurons (marked by NeuN; cyan arrows) relative to astrocytes 
(marked by GFAP; purple arrows) and microglia (marked by IBA1; orange 
arrows) (two-way ANOVA; factor: cell type, P < 0.0001, F(2,90) = 673.8; factor: 
time, P < 0.0001, F(5,90) = 77.73; cell type × time, P < 0.0001, F(10,90) = 77.95). 
Bottom right, number of γH2AX foci. b, Nuclear envelope ruptures coinciding 
with detection of extranuclear γH2AX (red arrows) and DNA (green arrows) 
(n = 6 mice; one-way ANOVA; P = 0.0038, F(5,30) = 4.445). Scale bars: top row, 
25 µm; bottom row, 20 µm. c, Extranuclear γH2AX overlapping with TLR9 
(orange arrows) (n = 120 total, 75% overlap). Scale bar, 20 µm. d, Pericentrosomal 
accumulation of γH2AX shown by co-localization with centrin 2 and γ-tubulin 

(arrowheads). Additional co-recruitment of 53BP1, revealing centrosomal DDR 
(n = 30–131 neurons; two-tailed Chi-square test; χ = 22.98(4)

2 , P < 0.0001; post 
hoc analysis using Bonferroni-corrected α = 0.05, 53BP1: 3 h versus 1 h 
NSP = 0.116, 6 h versus 1 h ****P < 0.0001, 24 h versus 1 h ****P < 0.0001, 96 h 
versus 1 h ****P < 0.0001; centrin 2: 3 h versus 1 h NSP = 0.5061, 6 h versus 1 h 
NSP = 0.2061, 24 h versus 1 h ####P < 0.0001, 96 h versus 1 h ####P < 0.0001; 
adjusted α P < 0.001). e, Co-labelling of γH2AX+ (purple arrows) and Fos+ (green 
arrow) neurons (20%). f, Significantly lower number of γH2AX+ neurons (orange 
arrows) relative to PRAM+ neurons (green arrows) show memory reactivation 
(co-labelling with Fos; purple arrows) (n = 216 neurons; two-tailed Chi-square 
test; χ = 6.518(3)

2 , P = 0.0384; post hoc analysis using Bonferroni-corrected 
α = 0.05, γH2AX+ versus PRAM+ *P = 0.0215, γH2AX+PRAM+ versus PRAM+ 

NSP = 0.1007; adjusted α P < 0.025). Data are mean ± s.e.m. Dox, doxycycline;  
T, total neurons; R, reactivated neurons. Scale bar, 20 µm.
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CFC 1h 後 neuron nuclear envelope が破裂 
3h 後、γH2AX が細胞質小胞体で TLR9 と共局在
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in CA1 dorso-hippocampal neurons of Tlr9 fl/fl mice by locally injecting 
adeno-associated virus (AAV9) expressing Cre recombinase–GFP or GFP 
under control of the human synapsin promoter (Syn) (Fig. 3a, left). The 
Syn-cre-injected mice showed impaired context memory, as revealed by 
significant reduction of freezing behaviour over multiple tests (Fig. 3a, 
middle). The neuron-specific virus expression was shown by differential 
staining for astrocytes and microglia (Fig. 3a, right and Extended Data 
Fig. 4a). Knockdown was validated by quantitative analysis of TLR9 
and RELA (Fig. 3b). The memory deficit was replicated by a different 
approach, using injection of AAV9 expressing Syn-driven Tlr9-targeting 
short hairpin RNA (shRNA) in the hippocampi of wild-type mice (Fig. 3c). 
The hippocampal Tlr9 knockdown (Tlr9-KO) also impaired trace fear 
conditioning (TFC), as shown by reduced freezing during context and 

tone tests, but did not affect delay fear conditioning (DFC), a form of 
hippocampus-independent learning (Fig. 3d). Because viral injections 
are known to cause inflammatory responses of astrocytes and microglia 
(as confirmed in our post-mortem analysis; Extended Data Fig. 4b), 
we also determined the contribution of these cell populations to the 
observed memory deficits. Astrocytic knockdown using GFAP-cre did 
not affect CFC after injection in Tlr9 fl/fl mice (Extended Data Fig. 4c). 
Consistent with previous findings32, microglial depletion was similarly 
ineffective, as determined in both wild-type and Tlr9 fl/fl mice receiving 
a CSF1R inhibitor in their diet or regular diet after injection of Syn-cre 
(Extended Data Fig. 4d,e). Introduction of Syn-cre in the hippocampi 
of WT mice did not affect CFC relative to Syn-GFP-injected wild-type 
controls (Extended Data Fig. 4e, bottom right).

e

0 h

20 μm 25 μm

γH2AX+

33%
Fos+

20% 

n = 360 CA1 neurons

f

γH2AX Hoechst

24 h6 h

3 h1 h

96 h

1 h

γH2AX IBA1 GFAP NeuN

1 h

96 h

1 h

γH2AX 53BP1 Centrin 2 Hoechst
γH2AX 53BP1 Overlap 

c

γH2AX+ TLR9+ 75% γH2AX+ 33% Ruptures 20%

γH2AX+ puncta (n = 120) CA1 neurons (n = 30)

1 h

3 h

γH2AX TLR9 Hoechst
TLR9 γH2AX Overlap

Centrin 2

20 μm

γH2AX Fos Hoechst

100 μm 20 μm

1 h
WT

γH2AX Fos GFP Hoechst

a

0 h 1, 3, 6, 24, 96 h

WT

b

γH
2A

X 
La

m
in

 B
1 

H
oe

ch
st

0 h 0 h

3 h 6 h

Time after CFC (h)N
o.

 o
f n

uc
le

ar
 ru

pt
ur

es

0

2

4

6

0 1 3 6 24 96

N
o.

 o
f γ

H
2A

X+  
ce

lls
 

0 h
1 h
3 h
6 h
24 h
96 h

0

10

20

30

RT R T R T
γH2AX
PRAM

0

10

20

30

40

Fos

N
o.

 o
f n

uc
le

i 
(n

 =
 1

29
) 

Day

CFC

–1 +2 +4

PRAM–
GFP

–11–10

Context
test

0
Dox ON

d

1 h 96 h

γH2AX Centrin 2 
γ-tubulin Hoechst

γH2AX

γ-tubulinOverlap 

Centrin 2 

γH2AX 53BP1
Centrin 2 Hoechst

20 μm 25 μm

*
NS

********

N
o.

 o
f γ

H
2A

X+  
ne

ur
on

s 

0

20

30

Time after CFC (h)

10

0 1 3 6 2496

****
****

0
2
4
6
8

10

M
ea

n 
di

am
et

er
(μ

m
) p

er
 fo

ci

****
****
****
****

Time after CFC (h)
0 1 3 6 24 96

**

1 h

1 3 6 24 96
0

20
40
60
80

100

Time after CFC (h)

C
ol

oc
al

iz
at

io
n 

w
ith

 γ
H

2A
X 

(%
)

53BP1
Centrin 2

NS NS

****

****
****####

####

NS

Dox ON

+
–

+
– +

–
+
–

+ +
+ +

Neu
ro

ns

Astr
oc

yte
s

M
icr

og
lia

Fig. 2 | DNA damage and DDR after CFC. a, Left, number of neurons showing 
γH2AX puncta (n = 360 neurons per group; one-way ANOVA, P < 0.0001, 
F(5,30) = 65.09) and size of γH2AX foci (n = 360 neurons per group; one-way 
ANOVA; P < 0.0001, F(5,30) = 38.17) after CFC. Right, localization of γH2AX 
(green arrows) in neurons (marked by NeuN; cyan arrows) relative to astrocytes 
(marked by GFAP; purple arrows) and microglia (marked by IBA1; orange 
arrows) (two-way ANOVA; factor: cell type, P < 0.0001, F(2,90) = 673.8; factor: 
time, P < 0.0001, F(5,90) = 77.73; cell type × time, P < 0.0001, F(10,90) = 77.95). 
Bottom right, number of γH2AX foci. b, Nuclear envelope ruptures coinciding 
with detection of extranuclear γH2AX (red arrows) and DNA (green arrows) 
(n = 6 mice; one-way ANOVA; P = 0.0038, F(5,30) = 4.445). Scale bars: top row, 
25 µm; bottom row, 20 µm. c, Extranuclear γH2AX overlapping with TLR9 
(orange arrows) (n = 120 total, 75% overlap). Scale bar, 20 µm. d, Pericentrosomal 
accumulation of γH2AX shown by co-localization with centrin 2 and γ-tubulin 

(arrowheads). Additional co-recruitment of 53BP1, revealing centrosomal DDR 
(n = 30–131 neurons; two-tailed Chi-square test; χ = 22.98(4)

2 , P < 0.0001; post 
hoc analysis using Bonferroni-corrected α = 0.05, 53BP1: 3 h versus 1 h 
NSP = 0.116, 6 h versus 1 h ****P < 0.0001, 24 h versus 1 h ****P < 0.0001, 96 h 
versus 1 h ****P < 0.0001; centrin 2: 3 h versus 1 h NSP = 0.5061, 6 h versus 1 h 
NSP = 0.2061, 24 h versus 1 h ####P < 0.0001, 96 h versus 1 h ####P < 0.0001; 
adjusted α P < 0.001). e, Co-labelling of γH2AX+ (purple arrows) and Fos+ (green 
arrow) neurons (20%). f, Significantly lower number of γH2AX+ neurons (orange 
arrows) relative to PRAM+ neurons (green arrows) show memory reactivation 
(co-labelling with Fos; purple arrows) (n = 216 neurons; two-tailed Chi-square 
test; χ = 6.518(3)

2 , P = 0.0384; post hoc analysis using Bonferroni-corrected 
α = 0.05, γH2AX+ versus PRAM+ *P = 0.0215, γH2AX+PRAM+ versus PRAM+ 

NSP = 0.1007; adjusted α P < 0.025). Data are mean ± s.e.m. Dox, doxycycline;  
T, total neurons; R, reactivated neurons. Scale bar, 20 µm.

γH2AX: perinuclear > envelope rapture > ER cytosolic DNA meets with TLR9 at ER
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その後、γH2AX は中心体に移動し、大きく
ぼやけた姿を呈し、53BP1と共局在する
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in CA1 dorso-hippocampal neurons of Tlr9 fl/fl mice by locally injecting 
adeno-associated virus (AAV9) expressing Cre recombinase–GFP or GFP 
under control of the human synapsin promoter (Syn) (Fig. 3a, left). The 
Syn-cre-injected mice showed impaired context memory, as revealed by 
significant reduction of freezing behaviour over multiple tests (Fig. 3a, 
middle). The neuron-specific virus expression was shown by differential 
staining for astrocytes and microglia (Fig. 3a, right and Extended Data 
Fig. 4a). Knockdown was validated by quantitative analysis of TLR9 
and RELA (Fig. 3b). The memory deficit was replicated by a different 
approach, using injection of AAV9 expressing Syn-driven Tlr9-targeting 
short hairpin RNA (shRNA) in the hippocampi of wild-type mice (Fig. 3c). 
The hippocampal Tlr9 knockdown (Tlr9-KO) also impaired trace fear 
conditioning (TFC), as shown by reduced freezing during context and 

tone tests, but did not affect delay fear conditioning (DFC), a form of 
hippocampus-independent learning (Fig. 3d). Because viral injections 
are known to cause inflammatory responses of astrocytes and microglia 
(as confirmed in our post-mortem analysis; Extended Data Fig. 4b), 
we also determined the contribution of these cell populations to the 
observed memory deficits. Astrocytic knockdown using GFAP-cre did 
not affect CFC after injection in Tlr9 fl/fl mice (Extended Data Fig. 4c). 
Consistent with previous findings32, microglial depletion was similarly 
ineffective, as determined in both wild-type and Tlr9 fl/fl mice receiving 
a CSF1R inhibitor in their diet or regular diet after injection of Syn-cre 
(Extended Data Fig. 4d,e). Introduction of Syn-cre in the hippocampi 
of WT mice did not affect CFC relative to Syn-GFP-injected wild-type 
controls (Extended Data Fig. 4e, bottom right).
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Fig. 2 | DNA damage and DDR after CFC. a, Left, number of neurons showing 
γH2AX puncta (n = 360 neurons per group; one-way ANOVA, P < 0.0001, 
F(5,30) = 65.09) and size of γH2AX foci (n = 360 neurons per group; one-way 
ANOVA; P < 0.0001, F(5,30) = 38.17) after CFC. Right, localization of γH2AX 
(green arrows) in neurons (marked by NeuN; cyan arrows) relative to astrocytes 
(marked by GFAP; purple arrows) and microglia (marked by IBA1; orange 
arrows) (two-way ANOVA; factor: cell type, P < 0.0001, F(2,90) = 673.8; factor: 
time, P < 0.0001, F(5,90) = 77.73; cell type × time, P < 0.0001, F(10,90) = 77.95). 
Bottom right, number of γH2AX foci. b, Nuclear envelope ruptures coinciding 
with detection of extranuclear γH2AX (red arrows) and DNA (green arrows) 
(n = 6 mice; one-way ANOVA; P = 0.0038, F(5,30) = 4.445). Scale bars: top row, 
25 µm; bottom row, 20 µm. c, Extranuclear γH2AX overlapping with TLR9 
(orange arrows) (n = 120 total, 75% overlap). Scale bar, 20 µm. d, Pericentrosomal 
accumulation of γH2AX shown by co-localization with centrin 2 and γ-tubulin 

(arrowheads). Additional co-recruitment of 53BP1, revealing centrosomal DDR 
(n = 30–131 neurons; two-tailed Chi-square test; χ = 22.98(4)

2 , P < 0.0001; post 
hoc analysis using Bonferroni-corrected α = 0.05, 53BP1: 3 h versus 1 h 
NSP = 0.116, 6 h versus 1 h ****P < 0.0001, 24 h versus 1 h ****P < 0.0001, 96 h 
versus 1 h ****P < 0.0001; centrin 2: 3 h versus 1 h NSP = 0.5061, 6 h versus 1 h 
NSP = 0.2061, 24 h versus 1 h ####P < 0.0001, 96 h versus 1 h ####P < 0.0001; 
adjusted α P < 0.001). e, Co-labelling of γH2AX+ (purple arrows) and Fos+ (green 
arrow) neurons (20%). f, Significantly lower number of γH2AX+ neurons (orange 
arrows) relative to PRAM+ neurons (green arrows) show memory reactivation 
(co-labelling with Fos; purple arrows) (n = 216 neurons; two-tailed Chi-square 
test; χ = 6.518(3)

2 , P = 0.0384; post hoc analysis using Bonferroni-corrected 
α = 0.05, γH2AX+ versus PRAM+ *P = 0.0215, γH2AX+PRAM+ versus PRAM+ 

NSP = 0.1007; adjusted α P < 0.025). Data are mean ± s.e.m. Dox, doxycycline;  
T, total neurons; R, reactivated neurons. Scale bar, 20 µm.
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 CFC と memory activation 後、 
Fos が制御する遺伝子(immediate early gene: IEG)発現細胞と 

γH2AX－炎症シグナル発現細胞は異なる神経細胞
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in CA1 dorso-hippocampal neurons of Tlr9 fl/fl mice by locally injecting 
adeno-associated virus (AAV9) expressing Cre recombinase–GFP or GFP 
under control of the human synapsin promoter (Syn) (Fig. 3a, left). The 
Syn-cre-injected mice showed impaired context memory, as revealed by 
significant reduction of freezing behaviour over multiple tests (Fig. 3a, 
middle). The neuron-specific virus expression was shown by differential 
staining for astrocytes and microglia (Fig. 3a, right and Extended Data 
Fig. 4a). Knockdown was validated by quantitative analysis of TLR9 
and RELA (Fig. 3b). The memory deficit was replicated by a different 
approach, using injection of AAV9 expressing Syn-driven Tlr9-targeting 
short hairpin RNA (shRNA) in the hippocampi of wild-type mice (Fig. 3c). 
The hippocampal Tlr9 knockdown (Tlr9-KO) also impaired trace fear 
conditioning (TFC), as shown by reduced freezing during context and 

tone tests, but did not affect delay fear conditioning (DFC), a form of 
hippocampus-independent learning (Fig. 3d). Because viral injections 
are known to cause inflammatory responses of astrocytes and microglia 
(as confirmed in our post-mortem analysis; Extended Data Fig. 4b), 
we also determined the contribution of these cell populations to the 
observed memory deficits. Astrocytic knockdown using GFAP-cre did 
not affect CFC after injection in Tlr9 fl/fl mice (Extended Data Fig. 4c). 
Consistent with previous findings32, microglial depletion was similarly 
ineffective, as determined in both wild-type and Tlr9 fl/fl mice receiving 
a CSF1R inhibitor in their diet or regular diet after injection of Syn-cre 
(Extended Data Fig. 4d,e). Introduction of Syn-cre in the hippocampi 
of WT mice did not affect CFC relative to Syn-GFP-injected wild-type 
controls (Extended Data Fig. 4e, bottom right).
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Fig. 2 | DNA damage and DDR after CFC. a, Left, number of neurons showing 
γH2AX puncta (n = 360 neurons per group; one-way ANOVA, P < 0.0001, 
F(5,30) = 65.09) and size of γH2AX foci (n = 360 neurons per group; one-way 
ANOVA; P < 0.0001, F(5,30) = 38.17) after CFC. Right, localization of γH2AX 
(green arrows) in neurons (marked by NeuN; cyan arrows) relative to astrocytes 
(marked by GFAP; purple arrows) and microglia (marked by IBA1; orange 
arrows) (two-way ANOVA; factor: cell type, P < 0.0001, F(2,90) = 673.8; factor: 
time, P < 0.0001, F(5,90) = 77.73; cell type × time, P < 0.0001, F(10,90) = 77.95). 
Bottom right, number of γH2AX foci. b, Nuclear envelope ruptures coinciding 
with detection of extranuclear γH2AX (red arrows) and DNA (green arrows) 
(n = 6 mice; one-way ANOVA; P = 0.0038, F(5,30) = 4.445). Scale bars: top row, 
25 µm; bottom row, 20 µm. c, Extranuclear γH2AX overlapping with TLR9 
(orange arrows) (n = 120 total, 75% overlap). Scale bar, 20 µm. d, Pericentrosomal 
accumulation of γH2AX shown by co-localization with centrin 2 and γ-tubulin 

(arrowheads). Additional co-recruitment of 53BP1, revealing centrosomal DDR 
(n = 30–131 neurons; two-tailed Chi-square test; χ = 22.98(4)

2 , P < 0.0001; post 
hoc analysis using Bonferroni-corrected α = 0.05, 53BP1: 3 h versus 1 h 
NSP = 0.116, 6 h versus 1 h ****P < 0.0001, 24 h versus 1 h ****P < 0.0001, 96 h 
versus 1 h ****P < 0.0001; centrin 2: 3 h versus 1 h NSP = 0.5061, 6 h versus 1 h 
NSP = 0.2061, 24 h versus 1 h ####P < 0.0001, 96 h versus 1 h ####P < 0.0001; 
adjusted α P < 0.001). e, Co-labelling of γH2AX+ (purple arrows) and Fos+ (green 
arrow) neurons (20%). f, Significantly lower number of γH2AX+ neurons (orange 
arrows) relative to PRAM+ neurons (green arrows) show memory reactivation 
(co-labelling with Fos; purple arrows) (n = 216 neurons; two-tailed Chi-square 
test; χ = 6.518(3)

2 , P = 0.0384; post hoc analysis using Bonferroni-corrected 
α = 0.05, γH2AX+ versus PRAM+ *P = 0.0215, γH2AX+PRAM+ versus PRAM+ 

NSP = 0.1007; adjusted α P < 0.025). Data are mean ± s.e.m. Dox, doxycycline;  
T, total neurons; R, reactivated neurons. Scale bar, 20 µm.
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in CA1 dorso-hippocampal neurons of Tlr9 fl/fl mice by locally injecting 
adeno-associated virus (AAV9) expressing Cre recombinase–GFP or GFP 
under control of the human synapsin promoter (Syn) (Fig. 3a, left). The 
Syn-cre-injected mice showed impaired context memory, as revealed by 
significant reduction of freezing behaviour over multiple tests (Fig. 3a, 
middle). The neuron-specific virus expression was shown by differential 
staining for astrocytes and microglia (Fig. 3a, right and Extended Data 
Fig. 4a). Knockdown was validated by quantitative analysis of TLR9 
and RELA (Fig. 3b). The memory deficit was replicated by a different 
approach, using injection of AAV9 expressing Syn-driven Tlr9-targeting 
short hairpin RNA (shRNA) in the hippocampi of wild-type mice (Fig. 3c). 
The hippocampal Tlr9 knockdown (Tlr9-KO) also impaired trace fear 
conditioning (TFC), as shown by reduced freezing during context and 

tone tests, but did not affect delay fear conditioning (DFC), a form of 
hippocampus-independent learning (Fig. 3d). Because viral injections 
are known to cause inflammatory responses of astrocytes and microglia 
(as confirmed in our post-mortem analysis; Extended Data Fig. 4b), 
we also determined the contribution of these cell populations to the 
observed memory deficits. Astrocytic knockdown using GFAP-cre did 
not affect CFC after injection in Tlr9 fl/fl mice (Extended Data Fig. 4c). 
Consistent with previous findings32, microglial depletion was similarly 
ineffective, as determined in both wild-type and Tlr9 fl/fl mice receiving 
a CSF1R inhibitor in their diet or regular diet after injection of Syn-cre 
(Extended Data Fig. 4d,e). Introduction of Syn-cre in the hippocampi 
of WT mice did not affect CFC relative to Syn-GFP-injected wild-type 
controls (Extended Data Fig. 4e, bottom right).
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γH2AX puncta (n = 360 neurons per group; one-way ANOVA, P < 0.0001, 
F(5,30) = 65.09) and size of γH2AX foci (n = 360 neurons per group; one-way 
ANOVA; P < 0.0001, F(5,30) = 38.17) after CFC. Right, localization of γH2AX 
(green arrows) in neurons (marked by NeuN; cyan arrows) relative to astrocytes 
(marked by GFAP; purple arrows) and microglia (marked by IBA1; orange 
arrows) (two-way ANOVA; factor: cell type, P < 0.0001, F(2,90) = 673.8; factor: 
time, P < 0.0001, F(5,90) = 77.73; cell type × time, P < 0.0001, F(10,90) = 77.95). 
Bottom right, number of γH2AX foci. b, Nuclear envelope ruptures coinciding 
with detection of extranuclear γH2AX (red arrows) and DNA (green arrows) 
(n = 6 mice; one-way ANOVA; P = 0.0038, F(5,30) = 4.445). Scale bars: top row, 
25 µm; bottom row, 20 µm. c, Extranuclear γH2AX overlapping with TLR9 
(orange arrows) (n = 120 total, 75% overlap). Scale bar, 20 µm. d, Pericentrosomal 
accumulation of γH2AX shown by co-localization with centrin 2 and γ-tubulin 

(arrowheads). Additional co-recruitment of 53BP1, revealing centrosomal DDR 
(n = 30–131 neurons; two-tailed Chi-square test; χ = 22.98(4)

2 , P < 0.0001; post 
hoc analysis using Bonferroni-corrected α = 0.05, 53BP1: 3 h versus 1 h 
NSP = 0.116, 6 h versus 1 h ****P < 0.0001, 24 h versus 1 h ****P < 0.0001, 96 h 
versus 1 h ****P < 0.0001; centrin 2: 3 h versus 1 h NSP = 0.5061, 6 h versus 1 h 
NSP = 0.2061, 24 h versus 1 h ####P < 0.0001, 96 h versus 1 h ####P < 0.0001; 
adjusted α P < 0.001). e, Co-labelling of γH2AX+ (purple arrows) and Fos+ (green 
arrow) neurons (20%). f, Significantly lower number of γH2AX+ neurons (orange 
arrows) relative to PRAM+ neurons (green arrows) show memory reactivation 
(co-labelling with Fos; purple arrows) (n = 216 neurons; two-tailed Chi-square 
test; χ = 6.518(3)

2 , P = 0.0384; post hoc analysis using Bonferroni-corrected 
α = 0.05, γH2AX+ versus PRAM+ *P = 0.0215, γH2AX+PRAM+ versus PRAM+ 

NSP = 0.1007; adjusted α P < 0.025). Data are mean ± s.e.m. Dox, doxycycline;  
T, total neurons; R, reactivated neurons. Scale bar, 20 µm.
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We next examined the involvement of TLR9 relative to cGAS–STING 
signalling in memory using pharmacological manipulations of these 
pathways. The TLR9 antagonist oligonucleotide ODN2088 signifi-
cantly impaired CFC, whereas the small drug cGAS–STING inhibitors 
RU-521 and H-151 were ineffective relative to vehicle (Extended Data 
Fig. 5a). Consistent with these observations, CFC was intact in mice 
lacking the Sting1 gene relative to wild-type controls (Extended Data 
Fig. 5b). Finally, to test the role of endogenous processing of extranu-
clear dsDNA in memory formation, we also manipulated the levels of 
two DNases controlling cellular DNA sensing. DNase2 digests dsDNA in 
shorter dsDNA fragments required for TLR9 binding and activation33. 
To prevent the generation of TLR9-activating DNA fragments we virally 
overexpressed Dnase2 shRNA or scrambled shRNA in mouse dorsal 

hippocampi. Dnase2 shRNA treatment significantly impaired memory 
formation (Extended Data Fig. 5c). TREX1 is a cytosolic DNase that 
predominantly restricts the activity of the cGAS–STING pathway33. 
We disrupted cGAS–STING-mediated DNA sensing by overexpressing 
TREX1–GFP in the dorsal hippocampus, using GFP overexpression as 
a control. In these mice, context memory formation was not affected 
(Extended Data Fig. 5d). In sum, these experiments provided converging 
evidence for a role of neuron-specific TLR9-mediated but not cGAS–
STING-mediated dsDNA sensing in the formation and persistence of 
context memories.

Tlr9 knockdown disrupts CFC-induced gene expression
To better characterize the effects of CFC and neuron-specific Tlr9-KO 
on gene expression in individual neuronal and non-neuronal hip-
pocampal populations, we performed single-nucleus RNA-sequencing 
(snRNA-seq). For this experiment, we expressed the viral vectors in the 
entire dorsal hippocampus to analyse their effects across all subfields. 
We collected nuclei and prepared libraries (Lib) from 4 groups of mice 
(pooled from 5 mice per group): Tlr9 fl/fl mice injected with Syn-GFP and 
euthanized 96 h after CFC (Lib 1); Tlr9 fl/fl mice injected with Syn-cre 
and euthanized 96 h after CFC (Lib 2); naive Tlr9 fl/fl mice injected with 
Syn-GFP (Lib 3); and naive Tlr9 fl/fl mice injected with Syn-cre (Lib 4). 
Lib 4 was sorted to obtain GFP-positive and GFP-negative nuclei and 
used to determine the cell specificity of cre expression by snRNA-seq 
(Extended Data Fig. 6a), whereas the other samples were analysed for 
CFC-induced (Lib 1 versus Lib 3) and Tlr9-KO (Lib 2 versus Lib 1) effects 
(Fig. 4). An unsupervised algorithm identified 29 clusters, with the 
highest diversity seen among excitatory CA1 neurons (12 clusters) rela-
tive to dentate gyrus granule cells (DGGC) (4 clusters), interneurons 
(4 clusters) and non-neuronal cells (typically 1 cluster each) (Extended 
Data Fig. 6b). Analyses of robust gene expression changes (more than 
1.5-fold) revealed both increases and decreases of gene expression 
in the CFC and Tlr9-KO groups (Fig. 4a and Supplementary Tables 1 
and 2). Tlr9-KO abolished the CFC-induced gene expression but did 
not affect the expression of these genes relative to the naive control 
(Lib 2 versus Lib 3; Supplementary Table 3). An exception was cluster 
26, which showed a paradoxical up-regulation of genes involved in 
axon guidance and adhesion in Tlr9-KO (Extended Data Fig. 7). CFC 
induced a set of highly conserved genes across neuronal clusters and 
occasionally in non-neuronal cells, with most genes associated with 
the endomembrane system and acting as endoplasmic reticulum 
chaperones and regulators of vesicle trafficking and function, and 
with interleukin-6 production (Fig. 4b and Supplementary Tables 4 
and 5). Some of the proteins encoded by these genes mediate TLR9 
folding (HSP90B1) and induce vesicle acidification (ATP6V0C), which 
are critical for TLR9 activation (Fig. 4c and Extended Data Fig. 6c), 
whereas others, such as those associated with interleukin-6 signalling, 
require TLR9 activation. In line with recent reports, we detected many 
doublecortin-positive (DCX+) neurons among CA1 neurons, DGGC and 
interneurons34 (Fig. 4d and Extended Data Fig. 8), and found that the 
conserved gene responses were more pronounced in the DCX+ cluster 
(Fig. 4e). The expression of Dcx in CA1 and up-regulation of Hsp90b1 
after CFC were also confirmed by RNAscope analysis (Extended Data 
Fig. 9). A reactome analysis of broader gene expression profiles (includ-
ing all genes showing a significant increase in expression (P < 0.05) in 
addition to those showing conserved changes) revealed CFC-induced 
gene expression across pathways involved in RNA and protein metabo-
lism, vesicle trafficking, immunity, cell cycle, DNA repair and cilium 
assembly, however in this case, DCX− excitatory CA1 and DGGC neu-
rons were the most affected population (Fig. 4f). Although we did not 
detect low abundance transcripts of immune mediators (such as TLR9 
or RELA), the findings confirmed that 96 h after CFC, neurons acquire 
inflammatory phenotypes associated with TLR signalling, DNA repair, 
ciliogenesis and vesicle trafficking. In addition to the described effects, 

a

AAV9-Syn-GFP
AAV9-Syn-Cre

CFC

Tlr9fl/fl

IBA1 GFP
GFAP Hoechst

Day 1 Day 7 Day 28
0

20

40

60

80

100

Fr
ee

zi
ng

 (%
 ±

 s
.e

.m
.) *** * *

b

TL
R

9 
op

tic
al

 d
en

si
ty

GFP Cre
0

50

100

150

200

250
****

N
o.

 o
f R

EL
A

+  
ne

ur
on

al
nu

cl
ei

 

0

10

20

30

40

50

GFP Cre

**

d

AAV9-Syn-GFP AAV9-Syn-Cre

Context test Tone test
TFC

Tone test
DFC

Fr
ee

zi
ng

 (%
 ±

 s
.e

.m
.)

0

20

40

60

80

100

GFP Cre

24 h

Tlr9fl/fl

TFC4 weeks 4 weeks 

4 weeks 

DFC

GFP Cre GFP Cre

**
***

NS

c

AAV9-Syn-scrRNA
AAV9-Syn-Tlr9 shRNA

WT
CFC

Fr
ee

zi
ng

 (%
 ±

 s
.e

.m
.)

Context test

0

20

40

60

80

100

Day 1 Day 7 Day 28

**** *****

GFP
TLR9 RELA GFP Hoechst

Cre

Fig. 3 | Impaired context memory after neuron-specific deletion of 
hippocampal Tlr9. a, Left, experimental schematic. Middle, persistent 
reduction of freezing during context tests of Tlr9 fl/fl mice injected 
intrahippocampally with Syn-cre (n = 11 mice) compared with the control group 
injected with Syn-GFP (n = 9 mice; two-way ANOVA with repeated measures; 
factor: virus, P = 0.0007, F(1,18) = 16.54; factor: test, P = 0.0007, F(1.936,34.84) = 9.30, 
virus × test, P = 0.4358, F(2,36) = 0.85). Right, lack of co-localization of Syn-cre 
with astrocytic and microglial markers. Scale bar, 40 µm. b, Left, reduction of 
TLR9 levels (mean optical density per neuron, 60 neurons per mouse, 7 mice 
per group; two-tailed unpaired t-test; t12 = 17.4700, P < 0.0001) and RELA 
nuclear signal (60 neurons per mouse, 7 mice per group; two-tailed unpaired 
t-test; t12 = 3.5679, P = 0.0039) after neuron-specific deletion of TLR9. Right, 
representative micrographs. Orange arrow indicates TLR9, red arrow indicates 
RELA. Scale bar, 20 µm. c, Persistent reduction of freezing during context tests 
of wild-type mice injected intrahippocampally with neuron-specific Tlr9 
shRNA (n = 10 mice) compared with scrambled RNA (scrRNA) (n = 8 mice). 
Two-way ANOVA with repeated measures; factor: virus, P < 0.0001, F(1,16) = 35.50; 
factor: test, P = 0.2347, F(2,32) = 1.517; virus × test, P = 0.0027, F(2,32) = 7.168.  
d, After TFC, Tlr9-KO resulted in impaired freezing during context (two-tailed 
unpaired t-test; t15 = 4.362, P = 0.0006) and tone tests after TFC (two-tailed 
unpaired t-test; t15 = 3.899, P = 0.0014) (GFP, n = 9 mice; Syn-cre, n = 7 mice),  
but intact freezing during the tone test after DFC (two-tailed unpaired t-test; 
t14 = 1.214, P = 0.2448). Data are mean ± s.e.m.

Syn: synapsin promoter

Cre-GFP expression 
only in neurons

Extended Data Fig. 4 | Responses of hippocampal astrocytes and microglia 
to viral infusions and diet. a Immunohistochemistry demonstrating lack of 
overlap between GFP signals stemming from Syn-Cre expression and markers 
specific for astrocytes (GFAP) or microglia (Iba1, left). GFAP-driven Cre 
expression was only found in astrocytes (right). b Increased density of the 
microglial protein Iba1 (WT, Syn-GFP, and Syn-Cre, n = 8 mice/group, one-way 
ANOVA, p < 0.0001, F(2,21) = 69.83) and decreased density of astrocytic protein 
GFAP (n = 8 mice/group, one-way ANOVA, p = 0.0006, F(2,21) = 10.65) in mice 
injected with AAV9-Syn-Cre-GFP or control virus AAV9-Syn-GFP when compared 
to naïve WT controls. c Intact CFC after hippocampal astrocytic deletion of 
Tlr9 (left, middle) induced by intrahippocampal injection of astrocyte-specific 
GFAP-Cre in Tlr9flox/flox mice when compared to the control group injected with 
GFAP-GFP (GFAP-GFP and GFAP-Cre n = 9 mice/group, two-way ANOVA RM, 
Factor: Virus, p = 0.9560, F(1,16) = 0.0031, Factor: Test, p = 0.5451, F(1.716,27.46) = 0.572, 
Virus × Test, p = 0.5928, F(2,32) = 0.5315). Micrograph showing viral expression  
in astrocytes (right, labeled by GFAP). d WT and Tlr9flox/flox mice injected 

intrahippocampally with neuron-specific Syn-Cre and fed for 4 weeks with 
regular or microglial depletion diet prior to CFC (WT control and diet, Tlr9 KO 
control and diet n = 9-10 mice/group). While depleting microglia, the diet did 
not affect the Tlr9KO induced freezing impairments (two-way ANOVA, Factor: 
Genotype, p < 0.001, F(1,35) = 25.94, Factor: Diet, p = 0.2611, F(1,35) = 1.305, 
Genotype × Diet, p = 0.9731, F(1,35) = 0.0012). e Decreased density of the 
microglial protein Iba1 after a 4-week diet containing the CSF1R kinase 
inhibitor PLX3397 when compared to regular diet prior to CFC (left). Similar 
reduction was found in WT (control n = 9 mice, diet n = 7 mice) and Tlr9flox/flox 
mice (control n = 8 mice, diet n = 9 mice) injected with Syn-Cre (two-way 
ANOVA, Factor: Genotype, p = 0.1487, F(1,31) = 2.193, Factor: Diet, p = 0.0001, 
F(1,31) = 19.06, Genotype × Diet, p = 0.5433, F(1,31) = 0.3777) (top right). Additional 
control experiment showing similar freezing of WT mice after intrahippocampal 
injection of Syn-Cre and Syn-GFP (n = 10 mice/group; two-tailed unpaired t test, 
t18 = 0.5571, p = 0.5843, bottom right). Data represented as mean ± s.e.m., 
nsp > 0.05; ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.

CSF1R inhibitor

AAV9-Syn-Tlr9 shRNA -> WT
でも context memory 減弱

microglia depletion は影響なし

Jovasevic et al., Nature 628: 150 (2024)



Tlr9 knockout を TLR9 と RELA タンパク
が減少により確認

RELA: NF-κB を構成する転写活性化サブユニット
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We next examined the involvement of TLR9 relative to cGAS–STING 
signalling in memory using pharmacological manipulations of these 
pathways. The TLR9 antagonist oligonucleotide ODN2088 signifi-
cantly impaired CFC, whereas the small drug cGAS–STING inhibitors 
RU-521 and H-151 were ineffective relative to vehicle (Extended Data 
Fig. 5a). Consistent with these observations, CFC was intact in mice 
lacking the Sting1 gene relative to wild-type controls (Extended Data 
Fig. 5b). Finally, to test the role of endogenous processing of extranu-
clear dsDNA in memory formation, we also manipulated the levels of 
two DNases controlling cellular DNA sensing. DNase2 digests dsDNA in 
shorter dsDNA fragments required for TLR9 binding and activation33. 
To prevent the generation of TLR9-activating DNA fragments we virally 
overexpressed Dnase2 shRNA or scrambled shRNA in mouse dorsal 

hippocampi. Dnase2 shRNA treatment significantly impaired memory 
formation (Extended Data Fig. 5c). TREX1 is a cytosolic DNase that 
predominantly restricts the activity of the cGAS–STING pathway33. 
We disrupted cGAS–STING-mediated DNA sensing by overexpressing 
TREX1–GFP in the dorsal hippocampus, using GFP overexpression as 
a control. In these mice, context memory formation was not affected 
(Extended Data Fig. 5d). In sum, these experiments provided converging 
evidence for a role of neuron-specific TLR9-mediated but not cGAS–
STING-mediated dsDNA sensing in the formation and persistence of 
context memories.

Tlr9 knockdown disrupts CFC-induced gene expression
To better characterize the effects of CFC and neuron-specific Tlr9-KO 
on gene expression in individual neuronal and non-neuronal hip-
pocampal populations, we performed single-nucleus RNA-sequencing 
(snRNA-seq). For this experiment, we expressed the viral vectors in the 
entire dorsal hippocampus to analyse their effects across all subfields. 
We collected nuclei and prepared libraries (Lib) from 4 groups of mice 
(pooled from 5 mice per group): Tlr9 fl/fl mice injected with Syn-GFP and 
euthanized 96 h after CFC (Lib 1); Tlr9 fl/fl mice injected with Syn-cre 
and euthanized 96 h after CFC (Lib 2); naive Tlr9 fl/fl mice injected with 
Syn-GFP (Lib 3); and naive Tlr9 fl/fl mice injected with Syn-cre (Lib 4). 
Lib 4 was sorted to obtain GFP-positive and GFP-negative nuclei and 
used to determine the cell specificity of cre expression by snRNA-seq 
(Extended Data Fig. 6a), whereas the other samples were analysed for 
CFC-induced (Lib 1 versus Lib 3) and Tlr9-KO (Lib 2 versus Lib 1) effects 
(Fig. 4). An unsupervised algorithm identified 29 clusters, with the 
highest diversity seen among excitatory CA1 neurons (12 clusters) rela-
tive to dentate gyrus granule cells (DGGC) (4 clusters), interneurons 
(4 clusters) and non-neuronal cells (typically 1 cluster each) (Extended 
Data Fig. 6b). Analyses of robust gene expression changes (more than 
1.5-fold) revealed both increases and decreases of gene expression 
in the CFC and Tlr9-KO groups (Fig. 4a and Supplementary Tables 1 
and 2). Tlr9-KO abolished the CFC-induced gene expression but did 
not affect the expression of these genes relative to the naive control 
(Lib 2 versus Lib 3; Supplementary Table 3). An exception was cluster 
26, which showed a paradoxical up-regulation of genes involved in 
axon guidance and adhesion in Tlr9-KO (Extended Data Fig. 7). CFC 
induced a set of highly conserved genes across neuronal clusters and 
occasionally in non-neuronal cells, with most genes associated with 
the endomembrane system and acting as endoplasmic reticulum 
chaperones and regulators of vesicle trafficking and function, and 
with interleukin-6 production (Fig. 4b and Supplementary Tables 4 
and 5). Some of the proteins encoded by these genes mediate TLR9 
folding (HSP90B1) and induce vesicle acidification (ATP6V0C), which 
are critical for TLR9 activation (Fig. 4c and Extended Data Fig. 6c), 
whereas others, such as those associated with interleukin-6 signalling, 
require TLR9 activation. In line with recent reports, we detected many 
doublecortin-positive (DCX+) neurons among CA1 neurons, DGGC and 
interneurons34 (Fig. 4d and Extended Data Fig. 8), and found that the 
conserved gene responses were more pronounced in the DCX+ cluster 
(Fig. 4e). The expression of Dcx in CA1 and up-regulation of Hsp90b1 
after CFC were also confirmed by RNAscope analysis (Extended Data 
Fig. 9). A reactome analysis of broader gene expression profiles (includ-
ing all genes showing a significant increase in expression (P < 0.05) in 
addition to those showing conserved changes) revealed CFC-induced 
gene expression across pathways involved in RNA and protein metabo-
lism, vesicle trafficking, immunity, cell cycle, DNA repair and cilium 
assembly, however in this case, DCX− excitatory CA1 and DGGC neu-
rons were the most affected population (Fig. 4f). Although we did not 
detect low abundance transcripts of immune mediators (such as TLR9 
or RELA), the findings confirmed that 96 h after CFC, neurons acquire 
inflammatory phenotypes associated with TLR signalling, DNA repair, 
ciliogenesis and vesicle trafficking. In addition to the described effects, 
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Fig. 3 | Impaired context memory after neuron-specific deletion of 
hippocampal Tlr9. a, Left, experimental schematic. Middle, persistent 
reduction of freezing during context tests of Tlr9 fl/fl mice injected 
intrahippocampally with Syn-cre (n = 11 mice) compared with the control group 
injected with Syn-GFP (n = 9 mice; two-way ANOVA with repeated measures; 
factor: virus, P = 0.0007, F(1,18) = 16.54; factor: test, P = 0.0007, F(1.936,34.84) = 9.30, 
virus × test, P = 0.4358, F(2,36) = 0.85). Right, lack of co-localization of Syn-cre 
with astrocytic and microglial markers. Scale bar, 40 µm. b, Left, reduction of 
TLR9 levels (mean optical density per neuron, 60 neurons per mouse, 7 mice 
per group; two-tailed unpaired t-test; t12 = 17.4700, P < 0.0001) and RELA 
nuclear signal (60 neurons per mouse, 7 mice per group; two-tailed unpaired 
t-test; t12 = 3.5679, P = 0.0039) after neuron-specific deletion of TLR9. Right, 
representative micrographs. Orange arrow indicates TLR9, red arrow indicates 
RELA. Scale bar, 20 µm. c, Persistent reduction of freezing during context tests 
of wild-type mice injected intrahippocampally with neuron-specific Tlr9 
shRNA (n = 10 mice) compared with scrambled RNA (scrRNA) (n = 8 mice). 
Two-way ANOVA with repeated measures; factor: virus, P < 0.0001, F(1,16) = 35.50; 
factor: test, P = 0.2347, F(2,32) = 1.517; virus × test, P = 0.0027, F(2,32) = 7.168.  
d, After TFC, Tlr9-KO resulted in impaired freezing during context (two-tailed 
unpaired t-test; t15 = 4.362, P = 0.0006) and tone tests after TFC (two-tailed 
unpaired t-test; t15 = 3.899, P = 0.0014) (GFP, n = 9 mice; Syn-cre, n = 7 mice),  
but intact freezing during the tone test after DFC (two-tailed unpaired t-test; 
t14 = 1.214, P = 0.2448). Data are mean ± s.e.m.
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astrocyte 特異的 Tlr9 knockout では 
context memory が減弱しない

GFAP promoter Cre-GFP expression 
only in astrocytes

Extended Data Fig. 4 | Responses of hippocampal astrocytes and microglia 
to viral infusions and diet. a Immunohistochemistry demonstrating lack of 
overlap between GFP signals stemming from Syn-Cre expression and markers 
specific for astrocytes (GFAP) or microglia (Iba1, left). GFAP-driven Cre 
expression was only found in astrocytes (right). b Increased density of the 
microglial protein Iba1 (WT, Syn-GFP, and Syn-Cre, n = 8 mice/group, one-way 
ANOVA, p < 0.0001, F(2,21) = 69.83) and decreased density of astrocytic protein 
GFAP (n = 8 mice/group, one-way ANOVA, p = 0.0006, F(2,21) = 10.65) in mice 
injected with AAV9-Syn-Cre-GFP or control virus AAV9-Syn-GFP when compared 
to naïve WT controls. c Intact CFC after hippocampal astrocytic deletion of 
Tlr9 (left, middle) induced by intrahippocampal injection of astrocyte-specific 
GFAP-Cre in Tlr9flox/flox mice when compared to the control group injected with 
GFAP-GFP (GFAP-GFP and GFAP-Cre n = 9 mice/group, two-way ANOVA RM, 
Factor: Virus, p = 0.9560, F(1,16) = 0.0031, Factor: Test, p = 0.5451, F(1.716,27.46) = 0.572, 
Virus × Test, p = 0.5928, F(2,32) = 0.5315). Micrograph showing viral expression  
in astrocytes (right, labeled by GFAP). d WT and Tlr9flox/flox mice injected 

intrahippocampally with neuron-specific Syn-Cre and fed for 4 weeks with 
regular or microglial depletion diet prior to CFC (WT control and diet, Tlr9 KO 
control and diet n = 9-10 mice/group). While depleting microglia, the diet did 
not affect the Tlr9KO induced freezing impairments (two-way ANOVA, Factor: 
Genotype, p < 0.001, F(1,35) = 25.94, Factor: Diet, p = 0.2611, F(1,35) = 1.305, 
Genotype × Diet, p = 0.9731, F(1,35) = 0.0012). e Decreased density of the 
microglial protein Iba1 after a 4-week diet containing the CSF1R kinase 
inhibitor PLX3397 when compared to regular diet prior to CFC (left). Similar 
reduction was found in WT (control n = 9 mice, diet n = 7 mice) and Tlr9flox/flox 
mice (control n = 8 mice, diet n = 9 mice) injected with Syn-Cre (two-way 
ANOVA, Factor: Genotype, p = 0.1487, F(1,31) = 2.193, Factor: Diet, p = 0.0001, 
F(1,31) = 19.06, Genotype × Diet, p = 0.5433, F(1,31) = 0.3777) (top right). Additional 
control experiment showing similar freezing of WT mice after intrahippocampal 
injection of Syn-Cre and Syn-GFP (n = 10 mice/group; two-tailed unpaired t test, 
t18 = 0.5571, p = 0.5843, bottom right). Data represented as mean ± s.e.m., 
nsp > 0.05; ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.
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TLR9 / cGAS-STING 阻害薬 では context 
memory が減弱する / しない

カニューレで海馬に投与 ODN2088: 
TLR9 antagonist

Article

Extended Data Fig. 5 | Effect of pharmacological manipulations of Tlr9 and 
GAS/STING pathways on CFC. a Cannula localization and individual placements 
(left). Dose-dependent impairment of CFC by pharmacological inhibition of 
Tlr9 with ODN2088 (4 nmol/mouse n = 8; 8 nmol/mouse n = 7, vehicle n = 17; 
middle, two-way ANOVA RM, Factor: Drug, p = 0.0238, F(2,29) = 4.2630, Factor: 
Test, p < 0.0001, F(1.860,53.54) = 12.66, Drug × Test, p = 0.0748, F(4,58) = 2.249), and 
lack of effect of the GAS and STING inhibitors RU-521 (n = 8 mice/group) and 
H-151 (n = 8 mice/group), respectively (right, two-way ANOVA RM, Factor: Drug, 
p = 0.1096, F(2,34) = 2.361, Factor: Test, p = 0.1708, F(1,34) = 1.958, Drug × Test, 
p = 0.6029, F(2,34) = 0.5136). b Intact CFC in STING knockout mice (n = 7 mice/
group) versus WT littermates (n = 5 mice/group; two-way ANOVA RM,  

Factor: Genotype, p = 0.5132, F(1,10) = 0.4596, Factor: Test, p = 0.4794, F(1,10) = 0.5398, 
Genotype × Test, p = 0.7141, F(1,10) = 0.1421). c Impaired CFC after dorso- 
hippocampal injection of DNAse2 shRNA (n = 7 mice/group) when compared to 
scrambled shRNA (n = 7 mice/group; two-way ANOVA, Factor: Virus, p < 0.0001, 
F(1,36) = 48.02, Factor: Test, p = 0.3667, F(2,36) = 1.032, Virus × Test, p = 0.6051, 
F(2,36) = 0.5094). d Overexpression of TREX1 (n = 8 mice/group) did not affect 
CFC when compared to the GFP control (n = 7 mice/group; two-way ANOVA, 
Factor: Virus, p = 0.3918, F(1,39) = 0.7500, Factor: Test, p = 0.2407, F(2,39) = 1.478, 
Virus × Test, p = 0.4763, F(2,39) = 0.7559). Data represented as mean ± s.e.m., 
nsp > 0.05; ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.

RU-521, H-151: 
cGAS-STING antagonist

Sting1 KO は memory 正常
Jovasevic et al., Nature 628: 150 (2024)



Dnase2 knockdown で context memory 
が減弱する

Dnase2 は 二本鎖 DNA を分解し、TLR9 に結合で
きる短い DNA 断片を生成するのに必要な酵素

Article

Extended Data Fig. 5 | Effect of pharmacological manipulations of Tlr9 and 
GAS/STING pathways on CFC. a Cannula localization and individual placements 
(left). Dose-dependent impairment of CFC by pharmacological inhibition of 
Tlr9 with ODN2088 (4 nmol/mouse n = 8; 8 nmol/mouse n = 7, vehicle n = 17; 
middle, two-way ANOVA RM, Factor: Drug, p = 0.0238, F(2,29) = 4.2630, Factor: 
Test, p < 0.0001, F(1.860,53.54) = 12.66, Drug × Test, p = 0.0748, F(4,58) = 2.249), and 
lack of effect of the GAS and STING inhibitors RU-521 (n = 8 mice/group) and 
H-151 (n = 8 mice/group), respectively (right, two-way ANOVA RM, Factor: Drug, 
p = 0.1096, F(2,34) = 2.361, Factor: Test, p = 0.1708, F(1,34) = 1.958, Drug × Test, 
p = 0.6029, F(2,34) = 0.5136). b Intact CFC in STING knockout mice (n = 7 mice/
group) versus WT littermates (n = 5 mice/group; two-way ANOVA RM,  

Factor: Genotype, p = 0.5132, F(1,10) = 0.4596, Factor: Test, p = 0.4794, F(1,10) = 0.5398, 
Genotype × Test, p = 0.7141, F(1,10) = 0.1421). c Impaired CFC after dorso- 
hippocampal injection of DNAse2 shRNA (n = 7 mice/group) when compared to 
scrambled shRNA (n = 7 mice/group; two-way ANOVA, Factor: Virus, p < 0.0001, 
F(1,36) = 48.02, Factor: Test, p = 0.3667, F(2,36) = 1.032, Virus × Test, p = 0.6051, 
F(2,36) = 0.5094). d Overexpression of TREX1 (n = 8 mice/group) did not affect 
CFC when compared to the GFP control (n = 7 mice/group; two-way ANOVA, 
Factor: Virus, p = 0.3918, F(1,39) = 0.7500, Factor: Test, p = 0.2407, F(2,39) = 1.478, 
Virus × Test, p = 0.4763, F(2,39) = 0.7559). Data represented as mean ± s.e.m., 
nsp > 0.05; ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.
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Trex1 過剰発現 で context memory が減弱
しない

TREX1 は 細胞質の DNA 分解酵素で 
cGAS-STING 経路を主に抑制する

Article

Extended Data Fig. 5 | Effect of pharmacological manipulations of Tlr9 and 
GAS/STING pathways on CFC. a Cannula localization and individual placements 
(left). Dose-dependent impairment of CFC by pharmacological inhibition of 
Tlr9 with ODN2088 (4 nmol/mouse n = 8; 8 nmol/mouse n = 7, vehicle n = 17; 
middle, two-way ANOVA RM, Factor: Drug, p = 0.0238, F(2,29) = 4.2630, Factor: 
Test, p < 0.0001, F(1.860,53.54) = 12.66, Drug × Test, p = 0.0748, F(4,58) = 2.249), and 
lack of effect of the GAS and STING inhibitors RU-521 (n = 8 mice/group) and 
H-151 (n = 8 mice/group), respectively (right, two-way ANOVA RM, Factor: Drug, 
p = 0.1096, F(2,34) = 2.361, Factor: Test, p = 0.1708, F(1,34) = 1.958, Drug × Test, 
p = 0.6029, F(2,34) = 0.5136). b Intact CFC in STING knockout mice (n = 7 mice/
group) versus WT littermates (n = 5 mice/group; two-way ANOVA RM,  

Factor: Genotype, p = 0.5132, F(1,10) = 0.4596, Factor: Test, p = 0.4794, F(1,10) = 0.5398, 
Genotype × Test, p = 0.7141, F(1,10) = 0.1421). c Impaired CFC after dorso- 
hippocampal injection of DNAse2 shRNA (n = 7 mice/group) when compared to 
scrambled shRNA (n = 7 mice/group; two-way ANOVA, Factor: Virus, p < 0.0001, 
F(1,36) = 48.02, Factor: Test, p = 0.3667, F(2,36) = 1.032, Virus × Test, p = 0.6051, 
F(2,36) = 0.5094). d Overexpression of TREX1 (n = 8 mice/group) did not affect 
CFC when compared to the GFP control (n = 7 mice/group; two-way ANOVA, 
Factor: Virus, p = 0.3918, F(1,39) = 0.7500, Factor: Test, p = 0.2407, F(2,39) = 1.478, 
Virus × Test, p = 0.4763, F(2,39) = 0.7559). Data represented as mean ± s.e.m., 
nsp > 0.05; ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.
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single-nucleus RNA-sequencing (snRNA-seq)

Extended Data Fig. 6 | Bioinformatic analysis of snRNA-Seq data.  
a Unsupervised algorithm identifying 29 cell clusters (left). Nuclei obtained 
from hippocampi Tlr9flox/flox mice injected with Syn-Cre but not exposed to CFC 
were prepared as described in Fig. 4 but separated using fluorescence- 
activated cell sorting (FACS) and the separated populations of GFP+ and GFP− 
nuclei were subjected to snRNA-Seq using the same approaches as described 
for unsorted samples. When compared to the total neuron clusters (left), the 
gene profiles of GFP+ nuclei showed a pattern consistent with neuron-specific 

expression whereas the gene profiles of GFP- nuclei showed a pattern 
consistent with expression in non-neuronal cells (right). b Identification of 
main cell populations based on known markers for neuronal and non-neuronal 
cells. c Examination of cosine similarity of Atp6v0c and Hsp90b1 across 
clusters revealed a coefficient of 0.6 and a significant above chance association 
(p < 0.01), suggesting co-expression across cell types (top). Violin plots 
showing up-regulation of Atp6v0c and Hsp90b1 by CFC and down-regulation 
by Tlr9KO (bottom).

Syn-Cre > Tlr9fl/f , no CFC
[no sorting]

neuron non-neuron
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発現量が変動する遺伝子
by single-nucleus RNA-sequencing (snRNA-seq)

150 | Nature | Vol 628 | 4 April 2024
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CFC and Tlr9-KO induced some unexpected phenotypic changes of 
excitatory neurons, such as fluctuations of vGlut2 and DCX (Extended 
Data Fig. 8).

Given that immune cells express high levels of TLR9 and are also a 
source of circulating, cell-free DNA35, we also examined whether blood-
borne infiltrating cells and DNA from extracellular sources might con-
tribute to the observed up-regulation of TLR9 signalling and memory. 
Such contribution was unlikely, however, given the absence of lympho-
cytic and myeloid cell markers in our samples (Extended Data Fig. 10a). 
Similarly, systemic or intrahippocampal infusions of DNase1 (which 

efficiently degrades cell-free DNA) before and shortly after CFC were 
ineffective (Extended Data Fig. 10b), as was intrahippocampal injec-
tion of DNase1 and S1 nuclease, which degrades single-stranded DNA, 
before the context test.

In summary, the snRNA-seq approach identified ongoing CFC- 
induced cell-specific (mainly neuron-specific) gene expression 
responses and discrete phenotypic changes 96 h after CFC. Tlr9-KO 
blunted the induction of most of the up-regulated genes without affect-
ing CFC down-regulated genes and induced additional, CFC-unrelated 
changes, especially in excitatory cluster 26.
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Fig. 4 | Single-cell changes of gene expression after neuron-specific deletion 
of hippocampal Tlr9. a, Tlr9 fl/fl mice injected with Syn-cre or Syn-GFP were 
trained in CFC or left untrained (naive), and 96 h later, dorsal hippocampal 
nuclei were isolated and processed for snRNA-seq. Robust (more than 1.5-fold) 
changes of gene expression were found after CFC in mice injected with control 
virus (Syn-GFP CFC versus Syn-GFP naive) or Cre virus (Syn-cre CFC versus Syn-GFP 
CFC). b, Gene Ontology (GO) analysis reveals that most genes regulated by CFC 
and Tlr9-KO involve endoplasmic reticulum (ER), mitochondrial function, IL-6 
production and inflammation. CFC induced up-regulation of these genes, 
whereas Tlr9-KO blocked this effect. c, The most conserved genes up-regulated 
by CFC and down-regulated by Tlr9-KO across cell clusters include Atp6v0c and 
Hsp90b1, key regulators of TLR9 function (Extended Data Fig. 6). d, Dcx 
expression superimposed on uniform manifold approximation and projection 

(UMAP) analysis of snRNA-seq data from dorsal hippocampal cells. The 
expression of Dcx in the main neuronal clusters is outlined in orange (excitatory 
CA1), red (inhibitory) and green (DGGC). e, Cell-specific changes in gene 
expression demonstrates dominant effects of CFC and Tlr9-KO on gene 
expression in neurons relative to other cell populations with particularly 
strong effects of Tlr9-KO in DCX+ CA1 neurons. DG, dentate gyrus; oligo, 
oligodendrocyte; OPC, oligodendrocyte precursor cell. f, Reactome analysis 
reveals the major functional gene networks affected by CFC and Tlr9-KO in 
DCX− CA1 and DGGC neurons. Circles are scaled to the percentage effect of 
Tlr9-KO on the gene expression or pathway relative to Syn-GFP with CFC. TLR 
cascades, DDR and cilium assembly are enriched among the pathways that are 
most up-regulated by CFC and down-regulated by Tlr9-KO. RNA Pol II, RNA 
polymerase II.
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CFC and Tlr9-KO induced some unexpected phenotypic changes of 
excitatory neurons, such as fluctuations of vGlut2 and DCX (Extended 
Data Fig. 8).

Given that immune cells express high levels of TLR9 and are also a 
source of circulating, cell-free DNA35, we also examined whether blood-
borne infiltrating cells and DNA from extracellular sources might con-
tribute to the observed up-regulation of TLR9 signalling and memory. 
Such contribution was unlikely, however, given the absence of lympho-
cytic and myeloid cell markers in our samples (Extended Data Fig. 10a). 
Similarly, systemic or intrahippocampal infusions of DNase1 (which 

efficiently degrades cell-free DNA) before and shortly after CFC were 
ineffective (Extended Data Fig. 10b), as was intrahippocampal injec-
tion of DNase1 and S1 nuclease, which degrades single-stranded DNA, 
before the context test.

In summary, the snRNA-seq approach identified ongoing CFC- 
induced cell-specific (mainly neuron-specific) gene expression 
responses and discrete phenotypic changes 96 h after CFC. Tlr9-KO 
blunted the induction of most of the up-regulated genes without affect-
ing CFC down-regulated genes and induced additional, CFC-unrelated 
changes, especially in excitatory cluster 26.
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Fig. 4 | Single-cell changes of gene expression after neuron-specific deletion 
of hippocampal Tlr9. a, Tlr9 fl/fl mice injected with Syn-cre or Syn-GFP were 
trained in CFC or left untrained (naive), and 96 h later, dorsal hippocampal 
nuclei were isolated and processed for snRNA-seq. Robust (more than 1.5-fold) 
changes of gene expression were found after CFC in mice injected with control 
virus (Syn-GFP CFC versus Syn-GFP naive) or Cre virus (Syn-cre CFC versus Syn-GFP 
CFC). b, Gene Ontology (GO) analysis reveals that most genes regulated by CFC 
and Tlr9-KO involve endoplasmic reticulum (ER), mitochondrial function, IL-6 
production and inflammation. CFC induced up-regulation of these genes, 
whereas Tlr9-KO blocked this effect. c, The most conserved genes up-regulated 
by CFC and down-regulated by Tlr9-KO across cell clusters include Atp6v0c and 
Hsp90b1, key regulators of TLR9 function (Extended Data Fig. 6). d, Dcx 
expression superimposed on uniform manifold approximation and projection 

(UMAP) analysis of snRNA-seq data from dorsal hippocampal cells. The 
expression of Dcx in the main neuronal clusters is outlined in orange (excitatory 
CA1), red (inhibitory) and green (DGGC). e, Cell-specific changes in gene 
expression demonstrates dominant effects of CFC and Tlr9-KO on gene 
expression in neurons relative to other cell populations with particularly 
strong effects of Tlr9-KO in DCX+ CA1 neurons. DG, dentate gyrus; oligo, 
oligodendrocyte; OPC, oligodendrocyte precursor cell. f, Reactome analysis 
reveals the major functional gene networks affected by CFC and Tlr9-KO in 
DCX− CA1 and DGGC neurons. Circles are scaled to the percentage effect of 
Tlr9-KO on the gene expression or pathway relative to Syn-GFP with CFC. TLR 
cascades, DDR and cilium assembly are enriched among the pathways that are 
most up-regulated by CFC and down-regulated by Tlr9-KO. RNA Pol II, RNA 
polymerase II.
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CFC and Tlr9-KO induced some unexpected phenotypic changes of 
excitatory neurons, such as fluctuations of vGlut2 and DCX (Extended 
Data Fig. 8).

Given that immune cells express high levels of TLR9 and are also a 
source of circulating, cell-free DNA35, we also examined whether blood-
borne infiltrating cells and DNA from extracellular sources might con-
tribute to the observed up-regulation of TLR9 signalling and memory. 
Such contribution was unlikely, however, given the absence of lympho-
cytic and myeloid cell markers in our samples (Extended Data Fig. 10a). 
Similarly, systemic or intrahippocampal infusions of DNase1 (which 

efficiently degrades cell-free DNA) before and shortly after CFC were 
ineffective (Extended Data Fig. 10b), as was intrahippocampal injec-
tion of DNase1 and S1 nuclease, which degrades single-stranded DNA, 
before the context test.

In summary, the snRNA-seq approach identified ongoing CFC- 
induced cell-specific (mainly neuron-specific) gene expression 
responses and discrete phenotypic changes 96 h after CFC. Tlr9-KO 
blunted the induction of most of the up-regulated genes without affect-
ing CFC down-regulated genes and induced additional, CFC-unrelated 
changes, especially in excitatory cluster 26.
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Fig. 4 | Single-cell changes of gene expression after neuron-specific deletion 
of hippocampal Tlr9. a, Tlr9 fl/fl mice injected with Syn-cre or Syn-GFP were 
trained in CFC or left untrained (naive), and 96 h later, dorsal hippocampal 
nuclei were isolated and processed for snRNA-seq. Robust (more than 1.5-fold) 
changes of gene expression were found after CFC in mice injected with control 
virus (Syn-GFP CFC versus Syn-GFP naive) or Cre virus (Syn-cre CFC versus Syn-GFP 
CFC). b, Gene Ontology (GO) analysis reveals that most genes regulated by CFC 
and Tlr9-KO involve endoplasmic reticulum (ER), mitochondrial function, IL-6 
production and inflammation. CFC induced up-regulation of these genes, 
whereas Tlr9-KO blocked this effect. c, The most conserved genes up-regulated 
by CFC and down-regulated by Tlr9-KO across cell clusters include Atp6v0c and 
Hsp90b1, key regulators of TLR9 function (Extended Data Fig. 6). d, Dcx 
expression superimposed on uniform manifold approximation and projection 

(UMAP) analysis of snRNA-seq data from dorsal hippocampal cells. The 
expression of Dcx in the main neuronal clusters is outlined in orange (excitatory 
CA1), red (inhibitory) and green (DGGC). e, Cell-specific changes in gene 
expression demonstrates dominant effects of CFC and Tlr9-KO on gene 
expression in neurons relative to other cell populations with particularly 
strong effects of Tlr9-KO in DCX+ CA1 neurons. DG, dentate gyrus; oligo, 
oligodendrocyte; OPC, oligodendrocyte precursor cell. f, Reactome analysis 
reveals the major functional gene networks affected by CFC and Tlr9-KO in 
DCX− CA1 and DGGC neurons. Circles are scaled to the percentage effect of 
Tlr9-KO on the gene expression or pathway relative to Syn-GFP with CFC. TLR 
cascades, DDR and cilium assembly are enriched among the pathways that are 
most up-regulated by CFC and down-regulated by Tlr9-KO. RNA Pol II, RNA 
polymerase II.
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Extended Data Fig. 7 | Cluster-specific gene expression and presence of 
neuronal markers. a Up-regulation of gene expression after CFC (top) and 
down-regulation after Tlr9KO (middle) is predominant in neuronal clusters.  
A significant correlation was found between CFC increased vs Tlr9 KO decreased 
changes of gene expression by cluster (top corner). A unique pattern opposite 
the effect of Tlr9 KO is seen in cluster 26, showing a strong increase of gene 
expression, most of which were involved in control of axon guidance and 
cell-matrix adhesion. This cluster uniquely expresses Slc17a6 coding for vGlut2 
(see c). Gene ontology analysis revealing similar patterns of up-regulation and 

down-regulation of functional pathways (bottom). b Neuronal phenotyping 
with conserved markers revealing presence of Dcx in several excitatory and all 
inhibitory neuronal clusters in addition to immature DGGC (cluster 25). c The 
expression of excitatory and inhibitory neuron markers as well as d CA and 
DGGC markers were consistent with the clustering method and identified 
clusters 0, 7, 11, 15, 18, 20, 21, 22, 24, 26, 28, and 29 as excitatory CA neurons, 
clusters 1-4 as DGGC, cluster 25 as immature DGGC, and clusters 13, 14, 19, and 
23 as inhibitory neurons.
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CFC and Tlr9-KO induced some unexpected phenotypic changes of 
excitatory neurons, such as fluctuations of vGlut2 and DCX (Extended 
Data Fig. 8).

Given that immune cells express high levels of TLR9 and are also a 
source of circulating, cell-free DNA35, we also examined whether blood-
borne infiltrating cells and DNA from extracellular sources might con-
tribute to the observed up-regulation of TLR9 signalling and memory. 
Such contribution was unlikely, however, given the absence of lympho-
cytic and myeloid cell markers in our samples (Extended Data Fig. 10a). 
Similarly, systemic or intrahippocampal infusions of DNase1 (which 

efficiently degrades cell-free DNA) before and shortly after CFC were 
ineffective (Extended Data Fig. 10b), as was intrahippocampal injec-
tion of DNase1 and S1 nuclease, which degrades single-stranded DNA, 
before the context test.

In summary, the snRNA-seq approach identified ongoing CFC- 
induced cell-specific (mainly neuron-specific) gene expression 
responses and discrete phenotypic changes 96 h after CFC. Tlr9-KO 
blunted the induction of most of the up-regulated genes without affect-
ing CFC down-regulated genes and induced additional, CFC-unrelated 
changes, especially in excitatory cluster 26.
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Fig. 4 | Single-cell changes of gene expression after neuron-specific deletion 
of hippocampal Tlr9. a, Tlr9 fl/fl mice injected with Syn-cre or Syn-GFP were 
trained in CFC or left untrained (naive), and 96 h later, dorsal hippocampal 
nuclei were isolated and processed for snRNA-seq. Robust (more than 1.5-fold) 
changes of gene expression were found after CFC in mice injected with control 
virus (Syn-GFP CFC versus Syn-GFP naive) or Cre virus (Syn-cre CFC versus Syn-GFP 
CFC). b, Gene Ontology (GO) analysis reveals that most genes regulated by CFC 
and Tlr9-KO involve endoplasmic reticulum (ER), mitochondrial function, IL-6 
production and inflammation. CFC induced up-regulation of these genes, 
whereas Tlr9-KO blocked this effect. c, The most conserved genes up-regulated 
by CFC and down-regulated by Tlr9-KO across cell clusters include Atp6v0c and 
Hsp90b1, key regulators of TLR9 function (Extended Data Fig. 6). d, Dcx 
expression superimposed on uniform manifold approximation and projection 

(UMAP) analysis of snRNA-seq data from dorsal hippocampal cells. The 
expression of Dcx in the main neuronal clusters is outlined in orange (excitatory 
CA1), red (inhibitory) and green (DGGC). e, Cell-specific changes in gene 
expression demonstrates dominant effects of CFC and Tlr9-KO on gene 
expression in neurons relative to other cell populations with particularly 
strong effects of Tlr9-KO in DCX+ CA1 neurons. DG, dentate gyrus; oligo, 
oligodendrocyte; OPC, oligodendrocyte precursor cell. f, Reactome analysis 
reveals the major functional gene networks affected by CFC and Tlr9-KO in 
DCX− CA1 and DGGC neurons. Circles are scaled to the percentage effect of 
Tlr9-KO on the gene expression or pathway relative to Syn-GFP with CFC. TLR 
cascades, DDR and cilium assembly are enriched among the pathways that are 
most up-regulated by CFC and down-regulated by Tlr9-KO. RNA Pol II, RNA 
polymerase II.
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Extended Data Fig. 7 | Cluster-specific gene expression and presence of 
neuronal markers. a Up-regulation of gene expression after CFC (top) and 
down-regulation after Tlr9KO (middle) is predominant in neuronal clusters.  
A significant correlation was found between CFC increased vs Tlr9 KO decreased 
changes of gene expression by cluster (top corner). A unique pattern opposite 
the effect of Tlr9 KO is seen in cluster 26, showing a strong increase of gene 
expression, most of which were involved in control of axon guidance and 
cell-matrix adhesion. This cluster uniquely expresses Slc17a6 coding for vGlut2 
(see c). Gene ontology analysis revealing similar patterns of up-regulation and 

down-regulation of functional pathways (bottom). b Neuronal phenotyping 
with conserved markers revealing presence of Dcx in several excitatory and all 
inhibitory neuronal clusters in addition to immature DGGC (cluster 25). c The 
expression of excitatory and inhibitory neuron markers as well as d CA and 
DGGC markers were consistent with the clustering method and identified 
clusters 0, 7, 11, 15, 18, 20, 21, 22, 24, 26, 28, and 29 as excitatory CA neurons, 
clusters 1-4 as DGGC, cluster 25 as immature DGGC, and clusters 13, 14, 19, and 
23 as inhibitory neurons.
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Extended Data Fig. 7 | Cluster-specific gene expression and presence of 
neuronal markers. a Up-regulation of gene expression after CFC (top) and 
down-regulation after Tlr9KO (middle) is predominant in neuronal clusters.  
A significant correlation was found between CFC increased vs Tlr9 KO decreased 
changes of gene expression by cluster (top corner). A unique pattern opposite 
the effect of Tlr9 KO is seen in cluster 26, showing a strong increase of gene 
expression, most of which were involved in control of axon guidance and 
cell-matrix adhesion. This cluster uniquely expresses Slc17a6 coding for vGlut2 
(see c). Gene ontology analysis revealing similar patterns of up-regulation and 

down-regulation of functional pathways (bottom). b Neuronal phenotyping 
with conserved markers revealing presence of Dcx in several excitatory and all 
inhibitory neuronal clusters in addition to immature DGGC (cluster 25). c The 
expression of excitatory and inhibitory neuron markers as well as d CA and 
DGGC markers were consistent with the clustering method and identified 
clusters 0, 7, 11, 15, 18, 20, 21, 22, 24, 26, 28, and 29 as excitatory CA neurons, 
clusters 1-4 as DGGC, cluster 25 as immature DGGC, and clusters 13, 14, 19, and 
23 as inhibitory neurons. Jovasevic et al., Nature 628: 150 (2024)
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Extended Data Fig. 7 | Cluster-specific gene expression and presence of 
neuronal markers. a Up-regulation of gene expression after CFC (top) and 
down-regulation after Tlr9KO (middle) is predominant in neuronal clusters.  
A significant correlation was found between CFC increased vs Tlr9 KO decreased 
changes of gene expression by cluster (top corner). A unique pattern opposite 
the effect of Tlr9 KO is seen in cluster 26, showing a strong increase of gene 
expression, most of which were involved in control of axon guidance and 
cell-matrix adhesion. This cluster uniquely expresses Slc17a6 coding for vGlut2 
(see c). Gene ontology analysis revealing similar patterns of up-regulation and 

down-regulation of functional pathways (bottom). b Neuronal phenotyping 
with conserved markers revealing presence of Dcx in several excitatory and all 
inhibitory neuronal clusters in addition to immature DGGC (cluster 25). c The 
expression of excitatory and inhibitory neuron markers as well as d CA and 
DGGC markers were consistent with the clustering method and identified 
clusters 0, 7, 11, 15, 18, 20, 21, 22, 24, 26, 28, and 29 as excitatory CA neurons, 
clusters 1-4 as DGGC, cluster 25 as immature DGGC, and clusters 13, 14, 19, and 
23 as inhibitory neurons.
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changes of gene expression by cluster (top corner). A unique pattern opposite 
the effect of Tlr9 KO is seen in cluster 26, showing a strong increase of gene 
expression, most of which were involved in control of axon guidance and 
cell-matrix adhesion. This cluster uniquely expresses Slc17a6 coding for vGlut2 
(see c). Gene ontology analysis revealing similar patterns of up-regulation and 

down-regulation of functional pathways (bottom). b Neuronal phenotyping 
with conserved markers revealing presence of Dcx in several excitatory and all 
inhibitory neuronal clusters in addition to immature DGGC (cluster 25). c The 
expression of excitatory and inhibitory neuron markers as well as d CA and 
DGGC markers were consistent with the clustering method and identified 
clusters 0, 7, 11, 15, 18, 20, 21, 22, 24, 26, 28, and 29 as excitatory CA neurons, 
clusters 1-4 as DGGC, cluster 25 as immature DGGC, and clusters 13, 14, 19, and 
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Extended Data Fig. 7 | Cluster-specific gene expression and presence of 
neuronal markers. a Up-regulation of gene expression after CFC (top) and 
down-regulation after Tlr9KO (middle) is predominant in neuronal clusters.  
A significant correlation was found between CFC increased vs Tlr9 KO decreased 
changes of gene expression by cluster (top corner). A unique pattern opposite 
the effect of Tlr9 KO is seen in cluster 26, showing a strong increase of gene 
expression, most of which were involved in control of axon guidance and 
cell-matrix adhesion. This cluster uniquely expresses Slc17a6 coding for vGlut2 
(see c). Gene ontology analysis revealing similar patterns of up-regulation and 

down-regulation of functional pathways (bottom). b Neuronal phenotyping 
with conserved markers revealing presence of Dcx in several excitatory and all 
inhibitory neuronal clusters in addition to immature DGGC (cluster 25). c The 
expression of excitatory and inhibitory neuron markers as well as d CA and 
DGGC markers were consistent with the clustering method and identified 
clusters 0, 7, 11, 15, 18, 20, 21, 22, 24, 26, 28, and 29 as excitatory CA neurons, 
clusters 1-4 as DGGC, cluster 25 as immature DGGC, and clusters 13, 14, 19, and 
23 as inhibitory neurons.
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Tlr9 KO または RelA KO で γH2AX と 
53BP1 との共局在（中心体）が減弱する
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TLR9 controls DDR, ciliogenesis and PNN build-up
To determine the cellular consequences of Tlr9-KO, we collected the 
hippocampi of WT and Tlr9 fl/fl mice 24 h after their last memory test 
following each experiment, and first examined DNA damage and DDR 
response. In addition, we collected hippocampi of Rela fl/fl and interferon 

receptor 1-floxed (Ifnar1fl/fl) mice undergoing the same genetic and 
behavioural manipulations to examine the potential contributions 
of these pathways downstream of TLR9. A control group that was not 
exposed to CFC was also included. We found a significant increase 
of the number of neurons with dsDNA breaks in all mice, including 
wild-type mice, injected with Syn-cre. However, this effect was more 
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Fig. 5 | Impaired DDR, ciliogenesis and PNN formation by neuron-specific 
deletion of hippocampal Tlr9. a, Increased number of neurons showing 
γH2AX signals in mice hippocampally injected with Syn-cre relative to Syn-GFP 
(n = 5 mice (150 neurons) per group; two-tailed Chi-square test; χ = 54.86(4)

2 , 
P < 0.0001; post hoc analysis using Bonferroni correction, α = 0.05; versus GFP: 
WT cre ****P < 0.0001, Tlr9 fl/fl ****P < 0.0001, Rela fl/fl ****P < 0.0001 and Ifnar1 fl/fl 
****P < 0.0001). This effect was further potentiated by injection of Syn-cre in 
hippocampi of Tlr9 fl/fl, Rela fl/fl and Ifnar1 fl/fl mice (versus WT cre: Tlr9 fl/fl 
##P < 0.002, Rela fl/fl ##P < 0.003 and Ifnar1 fl/fl ##P < 0.006; adjusted α P < 0.001). 
The observed genomic instability was accompanied by centrosomal DDR in 
wild-type and Ifnar1 fl/fl mice, but blunted in Tlr9 fl/fl and Rela fl/fl mice injected 
with Syn-cre (n = 5 mice (150 neurons) per group; two-tailed Chi-square test; 
χ = 124.1(4)

2 , P < 0.0001; post hoc analysis using Bonferroni correction α = 0.05; 

versus WT cre: Tlr9 fl/fl ####P < 0.0001, Rela fl/fl ####P < 0.0001 and Ifnar1fl/fl 
NSP = 0.9681). Right, up-regulated γH2AX signals (white arrows) were seen in 
CA1 neurons but not in adjacent astrocytes or microglia. Scale bar, 20 µm.  
b, Illustration of the findings presented in a. To facilitate signal detection of 
γH2AX–53BP1 overlap, 53BP1 images were pseudocoloured with cyan. Scale 
bar, 20 µm. c, Top, whereas Syn-cre injection in wild-type mice and Ifnar1 
deletion did not affect the number of cilia (n = 6 mice per group, 30 neurons per 
mouse) and PNNs (n = 6 mice per group, one slice of dorsal CA1 per mouse), Tlr9 
and Rela knockout impaired ciliogenesis and PNN formation (top; one-way 
ANOVA; ACIII: P < 0.0001, F(4,25) = 97.47; PNNs: P < 0.0001, F(4,25) = 23.31). 
Representative micrographs depicting ACIII signals (middle, red arrows; scale 
bar, 20 µm) and PNNs (bottom, blue arrows; scale bar, 100 µm). Wisteria 
floribunda lectin (WFN). Data are mean ± s.e.m.

NF-κB シグナルが DNA 修復反応ー＞繊毛形成に必要

WT でも Cre で DNA  切断が起こることに注意！
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Tlr9 KO または RelA KO で neuronal cillia が
減少する

Nature | Vol 628 | 4 April 2024 | 151

TLR9 controls DDR, ciliogenesis and PNN build-up
To determine the cellular consequences of Tlr9-KO, we collected the 
hippocampi of WT and Tlr9 fl/fl mice 24 h after their last memory test 
following each experiment, and first examined DNA damage and DDR 
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behavioural manipulations to examine the potential contributions 
of these pathways downstream of TLR9. A control group that was not 
exposed to CFC was also included. We found a significant increase 
of the number of neurons with dsDNA breaks in all mice, including 
wild-type mice, injected with Syn-cre. However, this effect was more 
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Fig. 5 | Impaired DDR, ciliogenesis and PNN formation by neuron-specific 
deletion of hippocampal Tlr9. a, Increased number of neurons showing 
γH2AX signals in mice hippocampally injected with Syn-cre relative to Syn-GFP 
(n = 5 mice (150 neurons) per group; two-tailed Chi-square test; χ = 54.86(4)

2 , 
P < 0.0001; post hoc analysis using Bonferroni correction, α = 0.05; versus GFP: 
WT cre ****P < 0.0001, Tlr9 fl/fl ****P < 0.0001, Rela fl/fl ****P < 0.0001 and Ifnar1 fl/fl 
****P < 0.0001). This effect was further potentiated by injection of Syn-cre in 
hippocampi of Tlr9 fl/fl, Rela fl/fl and Ifnar1 fl/fl mice (versus WT cre: Tlr9 fl/fl 
##P < 0.002, Rela fl/fl ##P < 0.003 and Ifnar1 fl/fl ##P < 0.006; adjusted α P < 0.001). 
The observed genomic instability was accompanied by centrosomal DDR in 
wild-type and Ifnar1 fl/fl mice, but blunted in Tlr9 fl/fl and Rela fl/fl mice injected 
with Syn-cre (n = 5 mice (150 neurons) per group; two-tailed Chi-square test; 
χ = 124.1(4)

2 , P < 0.0001; post hoc analysis using Bonferroni correction α = 0.05; 

versus WT cre: Tlr9 fl/fl ####P < 0.0001, Rela fl/fl ####P < 0.0001 and Ifnar1fl/fl 
NSP = 0.9681). Right, up-regulated γH2AX signals (white arrows) were seen in 
CA1 neurons but not in adjacent astrocytes or microglia. Scale bar, 20 µm.  
b, Illustration of the findings presented in a. To facilitate signal detection of 
γH2AX–53BP1 overlap, 53BP1 images were pseudocoloured with cyan. Scale 
bar, 20 µm. c, Top, whereas Syn-cre injection in wild-type mice and Ifnar1 
deletion did not affect the number of cilia (n = 6 mice per group, 30 neurons per 
mouse) and PNNs (n = 6 mice per group, one slice of dorsal CA1 per mouse), Tlr9 
and Rela knockout impaired ciliogenesis and PNN formation (top; one-way 
ANOVA; ACIII: P < 0.0001, F(4,25) = 97.47; PNNs: P < 0.0001, F(4,25) = 23.31). 
Representative micrographs depicting ACIII signals (middle, red arrows; scale 
bar, 20 µm) and PNNs (bottom, blue arrows; scale bar, 100 µm). Wisteria 
floribunda lectin (WFN). Data are mean ± s.e.m.
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following each experiment, and first examined DNA damage and DDR 
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behavioural manipulations to examine the potential contributions 
of these pathways downstream of TLR9. A control group that was not 
exposed to CFC was also included. We found a significant increase 
of the number of neurons with dsDNA breaks in all mice, including 
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Fig. 5 | Impaired DDR, ciliogenesis and PNN formation by neuron-specific 
deletion of hippocampal Tlr9. a, Increased number of neurons showing 
γH2AX signals in mice hippocampally injected with Syn-cre relative to Syn-GFP 
(n = 5 mice (150 neurons) per group; two-tailed Chi-square test; χ = 54.86(4)

2 , 
P < 0.0001; post hoc analysis using Bonferroni correction, α = 0.05; versus GFP: 
WT cre ****P < 0.0001, Tlr9 fl/fl ****P < 0.0001, Rela fl/fl ****P < 0.0001 and Ifnar1 fl/fl 
****P < 0.0001). This effect was further potentiated by injection of Syn-cre in 
hippocampi of Tlr9 fl/fl, Rela fl/fl and Ifnar1 fl/fl mice (versus WT cre: Tlr9 fl/fl 
##P < 0.002, Rela fl/fl ##P < 0.003 and Ifnar1 fl/fl ##P < 0.006; adjusted α P < 0.001). 
The observed genomic instability was accompanied by centrosomal DDR in 
wild-type and Ifnar1 fl/fl mice, but blunted in Tlr9 fl/fl and Rela fl/fl mice injected 
with Syn-cre (n = 5 mice (150 neurons) per group; two-tailed Chi-square test; 
χ = 124.1(4)

2 , P < 0.0001; post hoc analysis using Bonferroni correction α = 0.05; 

versus WT cre: Tlr9 fl/fl ####P < 0.0001, Rela fl/fl ####P < 0.0001 and Ifnar1fl/fl 
NSP = 0.9681). Right, up-regulated γH2AX signals (white arrows) were seen in 
CA1 neurons but not in adjacent astrocytes or microglia. Scale bar, 20 µm.  
b, Illustration of the findings presented in a. To facilitate signal detection of 
γH2AX–53BP1 overlap, 53BP1 images were pseudocoloured with cyan. Scale 
bar, 20 µm. c, Top, whereas Syn-cre injection in wild-type mice and Ifnar1 
deletion did not affect the number of cilia (n = 6 mice per group, 30 neurons per 
mouse) and PNNs (n = 6 mice per group, one slice of dorsal CA1 per mouse), Tlr9 
and Rela knockout impaired ciliogenesis and PNN formation (top; one-way 
ANOVA; ACIII: P < 0.0001, F(4,25) = 97.47; PNNs: P < 0.0001, F(4,25) = 23.31). 
Representative micrographs depicting ACIII signals (middle, red arrows; scale 
bar, 20 µm) and PNNs (bottom, blue arrows; scale bar, 100 µm). Wisteria 
floribunda lectin (WFN). Data are mean ± s.e.m.
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To determine the cellular consequences of Tlr9-KO, we collected the 
hippocampi of WT and Tlr9 fl/fl mice 24 h after their last memory test 
following each experiment, and first examined DNA damage and DDR 
response. In addition, we collected hippocampi of Rela fl/fl and interferon 

receptor 1-floxed (Ifnar1fl/fl) mice undergoing the same genetic and 
behavioural manipulations to examine the potential contributions 
of these pathways downstream of TLR9. A control group that was not 
exposed to CFC was also included. We found a significant increase 
of the number of neurons with dsDNA breaks in all mice, including 
wild-type mice, injected with Syn-cre. However, this effect was more 
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Fig. 5 | Impaired DDR, ciliogenesis and PNN formation by neuron-specific 
deletion of hippocampal Tlr9. a, Increased number of neurons showing 
γH2AX signals in mice hippocampally injected with Syn-cre relative to Syn-GFP 
(n = 5 mice (150 neurons) per group; two-tailed Chi-square test; χ = 54.86(4)

2 , 
P < 0.0001; post hoc analysis using Bonferroni correction, α = 0.05; versus GFP: 
WT cre ****P < 0.0001, Tlr9 fl/fl ****P < 0.0001, Rela fl/fl ****P < 0.0001 and Ifnar1 fl/fl 
****P < 0.0001). This effect was further potentiated by injection of Syn-cre in 
hippocampi of Tlr9 fl/fl, Rela fl/fl and Ifnar1 fl/fl mice (versus WT cre: Tlr9 fl/fl 
##P < 0.002, Rela fl/fl ##P < 0.003 and Ifnar1 fl/fl ##P < 0.006; adjusted α P < 0.001). 
The observed genomic instability was accompanied by centrosomal DDR in 
wild-type and Ifnar1 fl/fl mice, but blunted in Tlr9 fl/fl and Rela fl/fl mice injected 
with Syn-cre (n = 5 mice (150 neurons) per group; two-tailed Chi-square test; 
χ = 124.1(4)

2 , P < 0.0001; post hoc analysis using Bonferroni correction α = 0.05; 

versus WT cre: Tlr9 fl/fl ####P < 0.0001, Rela fl/fl ####P < 0.0001 and Ifnar1fl/fl 
NSP = 0.9681). Right, up-regulated γH2AX signals (white arrows) were seen in 
CA1 neurons but not in adjacent astrocytes or microglia. Scale bar, 20 µm.  
b, Illustration of the findings presented in a. To facilitate signal detection of 
γH2AX–53BP1 overlap, 53BP1 images were pseudocoloured with cyan. Scale 
bar, 20 µm. c, Top, whereas Syn-cre injection in wild-type mice and Ifnar1 
deletion did not affect the number of cilia (n = 6 mice per group, 30 neurons per 
mouse) and PNNs (n = 6 mice per group, one slice of dorsal CA1 per mouse), Tlr9 
and Rela knockout impaired ciliogenesis and PNN formation (top; one-way 
ANOVA; ACIII: P < 0.0001, F(4,25) = 97.47; PNNs: P < 0.0001, F(4,25) = 23.31). 
Representative micrographs depicting ACIII signals (middle, red arrows; scale 
bar, 20 µm) and PNNs (bottom, blue arrows; scale bar, 100 µm). Wisteria 
floribunda lectin (WFN). Data are mean ± s.e.m.
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To determine the cellular consequences of Tlr9-KO, we collected the 
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following each experiment, and first examined DNA damage and DDR 
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receptor 1-floxed (Ifnar1fl/fl) mice undergoing the same genetic and 
behavioural manipulations to examine the potential contributions 
of these pathways downstream of TLR9. A control group that was not 
exposed to CFC was also included. We found a significant increase 
of the number of neurons with dsDNA breaks in all mice, including 
wild-type mice, injected with Syn-cre. However, this effect was more 
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Fig. 5 | Impaired DDR, ciliogenesis and PNN formation by neuron-specific 
deletion of hippocampal Tlr9. a, Increased number of neurons showing 
γH2AX signals in mice hippocampally injected with Syn-cre relative to Syn-GFP 
(n = 5 mice (150 neurons) per group; two-tailed Chi-square test; χ = 54.86(4)

2 , 
P < 0.0001; post hoc analysis using Bonferroni correction, α = 0.05; versus GFP: 
WT cre ****P < 0.0001, Tlr9 fl/fl ****P < 0.0001, Rela fl/fl ****P < 0.0001 and Ifnar1 fl/fl 
****P < 0.0001). This effect was further potentiated by injection of Syn-cre in 
hippocampi of Tlr9 fl/fl, Rela fl/fl and Ifnar1 fl/fl mice (versus WT cre: Tlr9 fl/fl 
##P < 0.002, Rela fl/fl ##P < 0.003 and Ifnar1 fl/fl ##P < 0.006; adjusted α P < 0.001). 
The observed genomic instability was accompanied by centrosomal DDR in 
wild-type and Ifnar1 fl/fl mice, but blunted in Tlr9 fl/fl and Rela fl/fl mice injected 
with Syn-cre (n = 5 mice (150 neurons) per group; two-tailed Chi-square test; 
χ = 124.1(4)

2 , P < 0.0001; post hoc analysis using Bonferroni correction α = 0.05; 

versus WT cre: Tlr9 fl/fl ####P < 0.0001, Rela fl/fl ####P < 0.0001 and Ifnar1fl/fl 
NSP = 0.9681). Right, up-regulated γH2AX signals (white arrows) were seen in 
CA1 neurons but not in adjacent astrocytes or microglia. Scale bar, 20 µm.  
b, Illustration of the findings presented in a. To facilitate signal detection of 
γH2AX–53BP1 overlap, 53BP1 images were pseudocoloured with cyan. Scale 
bar, 20 µm. c, Top, whereas Syn-cre injection in wild-type mice and Ifnar1 
deletion did not affect the number of cilia (n = 6 mice per group, 30 neurons per 
mouse) and PNNs (n = 6 mice per group, one slice of dorsal CA1 per mouse), Tlr9 
and Rela knockout impaired ciliogenesis and PNN formation (top; one-way 
ANOVA; ACIII: P < 0.0001, F(4,25) = 97.47; PNNs: P < 0.0001, F(4,25) = 23.31). 
Representative micrographs depicting ACIII signals (middle, red arrows; scale 
bar, 20 µm) and PNNs (bottom, blue arrows; scale bar, 100 µm). Wisteria 
floribunda lectin (WFN). Data are mean ± s.e.m.
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To determine the cellular consequences of Tlr9-KO, we collected the 
hippocampi of WT and Tlr9 fl/fl mice 24 h after their last memory test 
following each experiment, and first examined DNA damage and DDR 
response. In addition, we collected hippocampi of Rela fl/fl and interferon 

receptor 1-floxed (Ifnar1fl/fl) mice undergoing the same genetic and 
behavioural manipulations to examine the potential contributions 
of these pathways downstream of TLR9. A control group that was not 
exposed to CFC was also included. We found a significant increase 
of the number of neurons with dsDNA breaks in all mice, including 
wild-type mice, injected with Syn-cre. However, this effect was more 

a

b c

AAV9-Syn-GFP

CFC

AAV9-Syn-Cre

4 weeks 

4 weeks 

γH2AX/GFP γH2AX/53BP1

C
ol

oc
al

iz
at

io
n 

(%
)

0

20

40

60

80

100

Tlr9fl/fl

Syn-GFP
WT 
Syn-cre

Tlr9fl/fl

Syn-cre
RelAfl/fl

Syn-cre

IFNAR1fl/fl

Syn-cre

GFP 53BP1 HoechstGFP γH2AX Hoechst γH2AX 53BP1

Tl
r9

fl/
fl

S
yn

-G
FP

W
T 

S
yn

-c
re

Tl
r9

fl/
fl

S
yn

-c
re

R
el

A
fl/

fl
S

yn
-c

re
IF

N
A

R
1fl/

fl
S

yn
-c

re

WFA GFP CREB
Tlr9fl/fl Syn-GFPTlr9fl/fl Syn-cre

W
T 

S
yn

-c
re

R
el

A
fl/

fl

S
yn

-c
re

IF
N

A
R

1fl/
fl

S
yn

-c
re

Tl
r9

fl/
fl

S
yn

-c
re

ACIII GFP

Tl
r9

fl/
fl

S
yn

-G
FP

Tlr9fl/fl Syn-GFP WT Syn-cre Tlr9fl/fl Syn-cre
RelAfl/fl Syn-cre IFNAR1fl/fl Syn-cre

N
o.

 o
f c

ili
a 

pe
r

20
 n

eu
ro

ns

N
o.

 o
f P

N
N

s 
pe

r C
A

1

0

5

10

15

20

0

5

10

15

20

Tlr9fl/fl

Syn-GFP Syn-cre
γH2AX GFP IBA1 GFAP Hoechst

Syn-GFP
WT

NS

****
####

####

****
##****

##****
##

****
****

****
****

Fig. 5 | Impaired DDR, ciliogenesis and PNN formation by neuron-specific 
deletion of hippocampal Tlr9. a, Increased number of neurons showing 
γH2AX signals in mice hippocampally injected with Syn-cre relative to Syn-GFP 
(n = 5 mice (150 neurons) per group; two-tailed Chi-square test; χ = 54.86(4)

2 , 
P < 0.0001; post hoc analysis using Bonferroni correction, α = 0.05; versus GFP: 
WT cre ****P < 0.0001, Tlr9 fl/fl ****P < 0.0001, Rela fl/fl ****P < 0.0001 and Ifnar1 fl/fl 
****P < 0.0001). This effect was further potentiated by injection of Syn-cre in 
hippocampi of Tlr9 fl/fl, Rela fl/fl and Ifnar1 fl/fl mice (versus WT cre: Tlr9 fl/fl 
##P < 0.002, Rela fl/fl ##P < 0.003 and Ifnar1 fl/fl ##P < 0.006; adjusted α P < 0.001). 
The observed genomic instability was accompanied by centrosomal DDR in 
wild-type and Ifnar1 fl/fl mice, but blunted in Tlr9 fl/fl and Rela fl/fl mice injected 
with Syn-cre (n = 5 mice (150 neurons) per group; two-tailed Chi-square test; 
χ = 124.1(4)

2 , P < 0.0001; post hoc analysis using Bonferroni correction α = 0.05; 

versus WT cre: Tlr9 fl/fl ####P < 0.0001, Rela fl/fl ####P < 0.0001 and Ifnar1fl/fl 
NSP = 0.9681). Right, up-regulated γH2AX signals (white arrows) were seen in 
CA1 neurons but not in adjacent astrocytes or microglia. Scale bar, 20 µm.  
b, Illustration of the findings presented in a. To facilitate signal detection of 
γH2AX–53BP1 overlap, 53BP1 images were pseudocoloured with cyan. Scale 
bar, 20 µm. c, Top, whereas Syn-cre injection in wild-type mice and Ifnar1 
deletion did not affect the number of cilia (n = 6 mice per group, 30 neurons per 
mouse) and PNNs (n = 6 mice per group, one slice of dorsal CA1 per mouse), Tlr9 
and Rela knockout impaired ciliogenesis and PNN formation (top; one-way 
ANOVA; ACIII: P < 0.0001, F(4,25) = 97.47; PNNs: P < 0.0001, F(4,25) = 23.31). 
Representative micrographs depicting ACIII signals (middle, red arrows; scale 
bar, 20 µm) and PNNs (bottom, blue arrows; scale bar, 100 µm). Wisteria 
floribunda lectin (WFN). Data are mean ± s.e.m.
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Fig. 5 | Impaired DDR, ciliogenesis and PNN formation by neuron-specific 
deletion of hippocampal Tlr9. a, Increased number of neurons showing 
γH2AX signals in mice hippocampally injected with Syn-cre relative to Syn-GFP 
(n = 5 mice (150 neurons) per group; two-tailed Chi-square test; χ = 54.86(4)

2 , 
P < 0.0001; post hoc analysis using Bonferroni correction, α = 0.05; versus GFP: 
WT cre ****P < 0.0001, Tlr9 fl/fl ****P < 0.0001, Rela fl/fl ****P < 0.0001 and Ifnar1 fl/fl 
****P < 0.0001). This effect was further potentiated by injection of Syn-cre in 
hippocampi of Tlr9 fl/fl, Rela fl/fl and Ifnar1 fl/fl mice (versus WT cre: Tlr9 fl/fl 
##P < 0.002, Rela fl/fl ##P < 0.003 and Ifnar1 fl/fl ##P < 0.006; adjusted α P < 0.001). 
The observed genomic instability was accompanied by centrosomal DDR in 
wild-type and Ifnar1 fl/fl mice, but blunted in Tlr9 fl/fl and Rela fl/fl mice injected 
with Syn-cre (n = 5 mice (150 neurons) per group; two-tailed Chi-square test; 
χ = 124.1(4)

2 , P < 0.0001; post hoc analysis using Bonferroni correction α = 0.05; 

versus WT cre: Tlr9 fl/fl ####P < 0.0001, Rela fl/fl ####P < 0.0001 and Ifnar1fl/fl 
NSP = 0.9681). Right, up-regulated γH2AX signals (white arrows) were seen in 
CA1 neurons but not in adjacent astrocytes or microglia. Scale bar, 20 µm.  
b, Illustration of the findings presented in a. To facilitate signal detection of 
γH2AX–53BP1 overlap, 53BP1 images were pseudocoloured with cyan. Scale 
bar, 20 µm. c, Top, whereas Syn-cre injection in wild-type mice and Ifnar1 
deletion did not affect the number of cilia (n = 6 mice per group, 30 neurons per 
mouse) and PNNs (n = 6 mice per group, one slice of dorsal CA1 per mouse), Tlr9 
and Rela knockout impaired ciliogenesis and PNN formation (top; one-way 
ANOVA; ACIII: P < 0.0001, F(4,25) = 97.47; PNNs: P < 0.0001, F(4,25) = 23.31). 
Representative micrographs depicting ACIII signals (middle, red arrows; scale 
bar, 20 µm) and PNNs (bottom, blue arrows; scale bar, 100 µm). Wisteria 
floribunda lectin (WFN). Data are mean ± s.e.m.
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Fig. 5 | Impaired DDR, ciliogenesis and PNN formation by neuron-specific 
deletion of hippocampal Tlr9. a, Increased number of neurons showing 
γH2AX signals in mice hippocampally injected with Syn-cre relative to Syn-GFP 
(n = 5 mice (150 neurons) per group; two-tailed Chi-square test; χ = 54.86(4)

2 , 
P < 0.0001; post hoc analysis using Bonferroni correction, α = 0.05; versus GFP: 
WT cre ****P < 0.0001, Tlr9 fl/fl ****P < 0.0001, Rela fl/fl ****P < 0.0001 and Ifnar1 fl/fl 
****P < 0.0001). This effect was further potentiated by injection of Syn-cre in 
hippocampi of Tlr9 fl/fl, Rela fl/fl and Ifnar1 fl/fl mice (versus WT cre: Tlr9 fl/fl 
##P < 0.002, Rela fl/fl ##P < 0.003 and Ifnar1 fl/fl ##P < 0.006; adjusted α P < 0.001). 
The observed genomic instability was accompanied by centrosomal DDR in 
wild-type and Ifnar1 fl/fl mice, but blunted in Tlr9 fl/fl and Rela fl/fl mice injected 
with Syn-cre (n = 5 mice (150 neurons) per group; two-tailed Chi-square test; 
χ = 124.1(4)

2 , P < 0.0001; post hoc analysis using Bonferroni correction α = 0.05; 

versus WT cre: Tlr9 fl/fl ####P < 0.0001, Rela fl/fl ####P < 0.0001 and Ifnar1fl/fl 
NSP = 0.9681). Right, up-regulated γH2AX signals (white arrows) were seen in 
CA1 neurons but not in adjacent astrocytes or microglia. Scale bar, 20 µm.  
b, Illustration of the findings presented in a. To facilitate signal detection of 
γH2AX–53BP1 overlap, 53BP1 images were pseudocoloured with cyan. Scale 
bar, 20 µm. c, Top, whereas Syn-cre injection in wild-type mice and Ifnar1 
deletion did not affect the number of cilia (n = 6 mice per group, 30 neurons per 
mouse) and PNNs (n = 6 mice per group, one slice of dorsal CA1 per mouse), Tlr9 
and Rela knockout impaired ciliogenesis and PNN formation (top; one-way 
ANOVA; ACIII: P < 0.0001, F(4,25) = 97.47; PNNs: P < 0.0001, F(4,25) = 23.31). 
Representative micrographs depicting ACIII signals (middle, red arrows; scale 
bar, 20 µm) and PNNs (bottom, blue arrows; scale bar, 100 µm). Wisteria 
floribunda lectin (WFN). Data are mean ± s.e.m.



Tlr9 KO または RelA KO で perineuronal net (PNN) 
が減弱する

perineuronal net: 神経細胞の細胞体と樹状突起を覆う細胞外マトリックス。神経可塑性やシナプスの安定化に
関与。含まれる糖鎖 N-アセチルガラクトサミンが Wisteria floribunda lectin (WFA) と結合する。

Extended Data Fig. 12 | Low magnification images demonstrating the 
extent of genotype-dependent effects of Syn-Cre on ciliogenesis and PNN 
formation. a Genotype-dependent effects of Syn-Cre on ciliogenesis showing 
lack of cilia (ACIII labeled filaments, red arrows) in Tlr9 KO and RelA KO 
hippocampi. b Genotype-dependent effects of Syn-Cre on PNN formation 

(orange arrows depict individual PNNs, magenta arrows indicate dsDNA 
breaks) revealing disappearance of PNNs in Tlr9 KO and RelA KO hippocampi.  
c PNN formation around CA1 clusters of intact WT mice exhibiting dsDNA breaks 
during memory consolidation (3 h after CFC) indicated with arrows depicting 
γH2AX and WFA signals according to the immunolabeling color code.

Jovasevic et al., Nature 628: 150 (2024)
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behavioural manipulations to examine the potential contributions 
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exposed to CFC was also included. We found a significant increase 
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Fig. 5 | Impaired DDR, ciliogenesis and PNN formation by neuron-specific 
deletion of hippocampal Tlr9. a, Increased number of neurons showing 
γH2AX signals in mice hippocampally injected with Syn-cre relative to Syn-GFP 
(n = 5 mice (150 neurons) per group; two-tailed Chi-square test; χ = 54.86(4)

2 , 
P < 0.0001; post hoc analysis using Bonferroni correction, α = 0.05; versus GFP: 
WT cre ****P < 0.0001, Tlr9 fl/fl ****P < 0.0001, Rela fl/fl ****P < 0.0001 and Ifnar1 fl/fl 
****P < 0.0001). This effect was further potentiated by injection of Syn-cre in 
hippocampi of Tlr9 fl/fl, Rela fl/fl and Ifnar1 fl/fl mice (versus WT cre: Tlr9 fl/fl 
##P < 0.002, Rela fl/fl ##P < 0.003 and Ifnar1 fl/fl ##P < 0.006; adjusted α P < 0.001). 
The observed genomic instability was accompanied by centrosomal DDR in 
wild-type and Ifnar1 fl/fl mice, but blunted in Tlr9 fl/fl and Rela fl/fl mice injected 
with Syn-cre (n = 5 mice (150 neurons) per group; two-tailed Chi-square test; 
χ = 124.1(4)

2 , P < 0.0001; post hoc analysis using Bonferroni correction α = 0.05; 

versus WT cre: Tlr9 fl/fl ####P < 0.0001, Rela fl/fl ####P < 0.0001 and Ifnar1fl/fl 
NSP = 0.9681). Right, up-regulated γH2AX signals (white arrows) were seen in 
CA1 neurons but not in adjacent astrocytes or microglia. Scale bar, 20 µm.  
b, Illustration of the findings presented in a. To facilitate signal detection of 
γH2AX–53BP1 overlap, 53BP1 images were pseudocoloured with cyan. Scale 
bar, 20 µm. c, Top, whereas Syn-cre injection in wild-type mice and Ifnar1 
deletion did not affect the number of cilia (n = 6 mice per group, 30 neurons per 
mouse) and PNNs (n = 6 mice per group, one slice of dorsal CA1 per mouse), Tlr9 
and Rela knockout impaired ciliogenesis and PNN formation (top; one-way 
ANOVA; ACIII: P < 0.0001, F(4,25) = 97.47; PNNs: P < 0.0001, F(4,25) = 23.31). 
Representative micrographs depicting ACIII signals (middle, red arrows; scale 
bar, 20 µm) and PNNs (bottom, blue arrows; scale bar, 100 µm). Wisteria 
floribunda lectin (WFN). Data are mean ± s.e.m.
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Fig. 5 | Impaired DDR, ciliogenesis and PNN formation by neuron-specific 
deletion of hippocampal Tlr9. a, Increased number of neurons showing 
γH2AX signals in mice hippocampally injected with Syn-cre relative to Syn-GFP 
(n = 5 mice (150 neurons) per group; two-tailed Chi-square test; χ = 54.86(4)

2 , 
P < 0.0001; post hoc analysis using Bonferroni correction, α = 0.05; versus GFP: 
WT cre ****P < 0.0001, Tlr9 fl/fl ****P < 0.0001, Rela fl/fl ****P < 0.0001 and Ifnar1 fl/fl 
****P < 0.0001). This effect was further potentiated by injection of Syn-cre in 
hippocampi of Tlr9 fl/fl, Rela fl/fl and Ifnar1 fl/fl mice (versus WT cre: Tlr9 fl/fl 
##P < 0.002, Rela fl/fl ##P < 0.003 and Ifnar1 fl/fl ##P < 0.006; adjusted α P < 0.001). 
The observed genomic instability was accompanied by centrosomal DDR in 
wild-type and Ifnar1 fl/fl mice, but blunted in Tlr9 fl/fl and Rela fl/fl mice injected 
with Syn-cre (n = 5 mice (150 neurons) per group; two-tailed Chi-square test; 
χ = 124.1(4)

2 , P < 0.0001; post hoc analysis using Bonferroni correction α = 0.05; 

versus WT cre: Tlr9 fl/fl ####P < 0.0001, Rela fl/fl ####P < 0.0001 and Ifnar1fl/fl 
NSP = 0.9681). Right, up-regulated γH2AX signals (white arrows) were seen in 
CA1 neurons but not in adjacent astrocytes or microglia. Scale bar, 20 µm.  
b, Illustration of the findings presented in a. To facilitate signal detection of 
γH2AX–53BP1 overlap, 53BP1 images were pseudocoloured with cyan. Scale 
bar, 20 µm. c, Top, whereas Syn-cre injection in wild-type mice and Ifnar1 
deletion did not affect the number of cilia (n = 6 mice per group, 30 neurons per 
mouse) and PNNs (n = 6 mice per group, one slice of dorsal CA1 per mouse), Tlr9 
and Rela knockout impaired ciliogenesis and PNN formation (top; one-way 
ANOVA; ACIII: P < 0.0001, F(4,25) = 97.47; PNNs: P < 0.0001, F(4,25) = 23.31). 
Representative micrographs depicting ACIII signals (middle, red arrows; scale 
bar, 20 µm) and PNNs (bottom, blue arrows; scale bar, 100 µm). Wisteria 
floribunda lectin (WFN). Data are mean ± s.e.m.
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behavioural manipulations to examine the potential contributions 
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Fig. 5 | Impaired DDR, ciliogenesis and PNN formation by neuron-specific 
deletion of hippocampal Tlr9. a, Increased number of neurons showing 
γH2AX signals in mice hippocampally injected with Syn-cre relative to Syn-GFP 
(n = 5 mice (150 neurons) per group; two-tailed Chi-square test; χ = 54.86(4)

2 , 
P < 0.0001; post hoc analysis using Bonferroni correction, α = 0.05; versus GFP: 
WT cre ****P < 0.0001, Tlr9 fl/fl ****P < 0.0001, Rela fl/fl ****P < 0.0001 and Ifnar1 fl/fl 
****P < 0.0001). This effect was further potentiated by injection of Syn-cre in 
hippocampi of Tlr9 fl/fl, Rela fl/fl and Ifnar1 fl/fl mice (versus WT cre: Tlr9 fl/fl 
##P < 0.002, Rela fl/fl ##P < 0.003 and Ifnar1 fl/fl ##P < 0.006; adjusted α P < 0.001). 
The observed genomic instability was accompanied by centrosomal DDR in 
wild-type and Ifnar1 fl/fl mice, but blunted in Tlr9 fl/fl and Rela fl/fl mice injected 
with Syn-cre (n = 5 mice (150 neurons) per group; two-tailed Chi-square test; 
χ = 124.1(4)

2 , P < 0.0001; post hoc analysis using Bonferroni correction α = 0.05; 

versus WT cre: Tlr9 fl/fl ####P < 0.0001, Rela fl/fl ####P < 0.0001 and Ifnar1fl/fl 
NSP = 0.9681). Right, up-regulated γH2AX signals (white arrows) were seen in 
CA1 neurons but not in adjacent astrocytes or microglia. Scale bar, 20 µm.  
b, Illustration of the findings presented in a. To facilitate signal detection of 
γH2AX–53BP1 overlap, 53BP1 images were pseudocoloured with cyan. Scale 
bar, 20 µm. c, Top, whereas Syn-cre injection in wild-type mice and Ifnar1 
deletion did not affect the number of cilia (n = 6 mice per group, 30 neurons per 
mouse) and PNNs (n = 6 mice per group, one slice of dorsal CA1 per mouse), Tlr9 
and Rela knockout impaired ciliogenesis and PNN formation (top; one-way 
ANOVA; ACIII: P < 0.0001, F(4,25) = 97.47; PNNs: P < 0.0001, F(4,25) = 23.31). 
Representative micrographs depicting ACIII signals (middle, red arrows; scale 
bar, 20 µm) and PNNs (bottom, blue arrows; scale bar, 100 µm). Wisteria 
floribunda lectin (WFN). Data are mean ± s.e.m.
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To determine the cellular consequences of Tlr9-KO, we collected the 
hippocampi of WT and Tlr9 fl/fl mice 24 h after their last memory test 
following each experiment, and first examined DNA damage and DDR 
response. In addition, we collected hippocampi of Rela fl/fl and interferon 

receptor 1-floxed (Ifnar1fl/fl) mice undergoing the same genetic and 
behavioural manipulations to examine the potential contributions 
of these pathways downstream of TLR9. A control group that was not 
exposed to CFC was also included. We found a significant increase 
of the number of neurons with dsDNA breaks in all mice, including 
wild-type mice, injected with Syn-cre. However, this effect was more 
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Fig. 5 | Impaired DDR, ciliogenesis and PNN formation by neuron-specific 
deletion of hippocampal Tlr9. a, Increased number of neurons showing 
γH2AX signals in mice hippocampally injected with Syn-cre relative to Syn-GFP 
(n = 5 mice (150 neurons) per group; two-tailed Chi-square test; χ = 54.86(4)
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P < 0.0001; post hoc analysis using Bonferroni correction, α = 0.05; versus GFP: 
WT cre ****P < 0.0001, Tlr9 fl/fl ****P < 0.0001, Rela fl/fl ****P < 0.0001 and Ifnar1 fl/fl 
****P < 0.0001). This effect was further potentiated by injection of Syn-cre in 
hippocampi of Tlr9 fl/fl, Rela fl/fl and Ifnar1 fl/fl mice (versus WT cre: Tlr9 fl/fl 
##P < 0.002, Rela fl/fl ##P < 0.003 and Ifnar1 fl/fl ##P < 0.006; adjusted α P < 0.001). 
The observed genomic instability was accompanied by centrosomal DDR in 
wild-type and Ifnar1 fl/fl mice, but blunted in Tlr9 fl/fl and Rela fl/fl mice injected 
with Syn-cre (n = 5 mice (150 neurons) per group; two-tailed Chi-square test; 
χ = 124.1(4)
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versus WT cre: Tlr9 fl/fl ####P < 0.0001, Rela fl/fl ####P < 0.0001 and Ifnar1fl/fl 
NSP = 0.9681). Right, up-regulated γH2AX signals (white arrows) were seen in 
CA1 neurons but not in adjacent astrocytes or microglia. Scale bar, 20 µm.  
b, Illustration of the findings presented in a. To facilitate signal detection of 
γH2AX–53BP1 overlap, 53BP1 images were pseudocoloured with cyan. Scale 
bar, 20 µm. c, Top, whereas Syn-cre injection in wild-type mice and Ifnar1 
deletion did not affect the number of cilia (n = 6 mice per group, 30 neurons per 
mouse) and PNNs (n = 6 mice per group, one slice of dorsal CA1 per mouse), Tlr9 
and Rela knockout impaired ciliogenesis and PNN formation (top; one-way 
ANOVA; ACIII: P < 0.0001, F(4,25) = 97.47; PNNs: P < 0.0001, F(4,25) = 23.31). 
Representative micrographs depicting ACIII signals (middle, red arrows; scale 
bar, 20 µm) and PNNs (bottom, blue arrows; scale bar, 100 µm). Wisteria 
floribunda lectin (WFN). Data are mean ± s.e.m.

Nature | Vol 628 | 4 April 2024 | 151

TLR9 controls DDR, ciliogenesis and PNN build-up
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following each experiment, and first examined DNA damage and DDR 
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behavioural manipulations to examine the potential contributions 
of these pathways downstream of TLR9. A control group that was not 
exposed to CFC was also included. We found a significant increase 
of the number of neurons with dsDNA breaks in all mice, including 
wild-type mice, injected with Syn-cre. However, this effect was more 
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Fig. 5 | Impaired DDR, ciliogenesis and PNN formation by neuron-specific 
deletion of hippocampal Tlr9. a, Increased number of neurons showing 
γH2AX signals in mice hippocampally injected with Syn-cre relative to Syn-GFP 
(n = 5 mice (150 neurons) per group; two-tailed Chi-square test; χ = 54.86(4)

2 , 
P < 0.0001; post hoc analysis using Bonferroni correction, α = 0.05; versus GFP: 
WT cre ****P < 0.0001, Tlr9 fl/fl ****P < 0.0001, Rela fl/fl ****P < 0.0001 and Ifnar1 fl/fl 
****P < 0.0001). This effect was further potentiated by injection of Syn-cre in 
hippocampi of Tlr9 fl/fl, Rela fl/fl and Ifnar1 fl/fl mice (versus WT cre: Tlr9 fl/fl 
##P < 0.002, Rela fl/fl ##P < 0.003 and Ifnar1 fl/fl ##P < 0.006; adjusted α P < 0.001). 
The observed genomic instability was accompanied by centrosomal DDR in 
wild-type and Ifnar1 fl/fl mice, but blunted in Tlr9 fl/fl and Rela fl/fl mice injected 
with Syn-cre (n = 5 mice (150 neurons) per group; two-tailed Chi-square test; 
χ = 124.1(4)

2 , P < 0.0001; post hoc analysis using Bonferroni correction α = 0.05; 

versus WT cre: Tlr9 fl/fl ####P < 0.0001, Rela fl/fl ####P < 0.0001 and Ifnar1fl/fl 
NSP = 0.9681). Right, up-regulated γH2AX signals (white arrows) were seen in 
CA1 neurons but not in adjacent astrocytes or microglia. Scale bar, 20 µm.  
b, Illustration of the findings presented in a. To facilitate signal detection of 
γH2AX–53BP1 overlap, 53BP1 images were pseudocoloured with cyan. Scale 
bar, 20 µm. c, Top, whereas Syn-cre injection in wild-type mice and Ifnar1 
deletion did not affect the number of cilia (n = 6 mice per group, 30 neurons per 
mouse) and PNNs (n = 6 mice per group, one slice of dorsal CA1 per mouse), Tlr9 
and Rela knockout impaired ciliogenesis and PNN formation (top; one-way 
ANOVA; ACIII: P < 0.0001, F(4,25) = 97.47; PNNs: P < 0.0001, F(4,25) = 23.31). 
Representative micrographs depicting ACIII signals (middle, red arrows; scale 
bar, 20 µm) and PNNs (bottom, blue arrows; scale bar, 100 µm). Wisteria 
floribunda lectin (WFN). Data are mean ± s.e.m.
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To determine the cellular consequences of Tlr9-KO, we collected the 
hippocampi of WT and Tlr9 fl/fl mice 24 h after their last memory test 
following each experiment, and first examined DNA damage and DDR 
response. In addition, we collected hippocampi of Rela fl/fl and interferon 

receptor 1-floxed (Ifnar1fl/fl) mice undergoing the same genetic and 
behavioural manipulations to examine the potential contributions 
of these pathways downstream of TLR9. A control group that was not 
exposed to CFC was also included. We found a significant increase 
of the number of neurons with dsDNA breaks in all mice, including 
wild-type mice, injected with Syn-cre. However, this effect was more 
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Fig. 5 | Impaired DDR, ciliogenesis and PNN formation by neuron-specific 
deletion of hippocampal Tlr9. a, Increased number of neurons showing 
γH2AX signals in mice hippocampally injected with Syn-cre relative to Syn-GFP 
(n = 5 mice (150 neurons) per group; two-tailed Chi-square test; χ = 54.86(4)

2 , 
P < 0.0001; post hoc analysis using Bonferroni correction, α = 0.05; versus GFP: 
WT cre ****P < 0.0001, Tlr9 fl/fl ****P < 0.0001, Rela fl/fl ****P < 0.0001 and Ifnar1 fl/fl 
****P < 0.0001). This effect was further potentiated by injection of Syn-cre in 
hippocampi of Tlr9 fl/fl, Rela fl/fl and Ifnar1 fl/fl mice (versus WT cre: Tlr9 fl/fl 
##P < 0.002, Rela fl/fl ##P < 0.003 and Ifnar1 fl/fl ##P < 0.006; adjusted α P < 0.001). 
The observed genomic instability was accompanied by centrosomal DDR in 
wild-type and Ifnar1 fl/fl mice, but blunted in Tlr9 fl/fl and Rela fl/fl mice injected 
with Syn-cre (n = 5 mice (150 neurons) per group; two-tailed Chi-square test; 
χ = 124.1(4)

2 , P < 0.0001; post hoc analysis using Bonferroni correction α = 0.05; 

versus WT cre: Tlr9 fl/fl ####P < 0.0001, Rela fl/fl ####P < 0.0001 and Ifnar1fl/fl 
NSP = 0.9681). Right, up-regulated γH2AX signals (white arrows) were seen in 
CA1 neurons but not in adjacent astrocytes or microglia. Scale bar, 20 µm.  
b, Illustration of the findings presented in a. To facilitate signal detection of 
γH2AX–53BP1 overlap, 53BP1 images were pseudocoloured with cyan. Scale 
bar, 20 µm. c, Top, whereas Syn-cre injection in wild-type mice and Ifnar1 
deletion did not affect the number of cilia (n = 6 mice per group, 30 neurons per 
mouse) and PNNs (n = 6 mice per group, one slice of dorsal CA1 per mouse), Tlr9 
and Rela knockout impaired ciliogenesis and PNN formation (top; one-way 
ANOVA; ACIII: P < 0.0001, F(4,25) = 97.47; PNNs: P < 0.0001, F(4,25) = 23.31). 
Representative micrographs depicting ACIII signals (middle, red arrows; scale 
bar, 20 µm) and PNNs (bottom, blue arrows; scale bar, 100 µm). Wisteria 
floribunda lectin (WFN). Data are mean ± s.e.m.



まとめ
• 記憶形成(CFCに関わる)に核膜破裂、 DNA の流出と TLR9 
-> NF-κB (RELA) 活性化が必要 

• DNA切断＆修復を行う細胞は immediate early gene (IEG, 
Fos) 発現 を示す細胞とは別。 

• NF-κB 活性化の下流で繊毛 ＆ PNN 形成が起こる 
• 今後解明されるべきは： 
• 中心体/γH2AX/53BP と繊毛形成の関係 
• DNA 切断メカニズム 
• 記憶できる回数は有限？ 
• ODN2088 は記憶定着を阻害？PTSD の予防薬？



本研究のその後
• 19の論文で引用（PMID: 38712188, 38632491, 38920491, 38849394, 39000135, 39063016, 

39063148, 39123407, 39095921, 39315362, 39457754, 39354711, 39483923, 39518906, 39468666, 39364746, 
39300271, 39511426, 38979269, ） 

• そのうちの一つ、
Li et al. Translational Neurodegeneration           (2024) 13:39  
https://doi.org/10.1186/s40035-024-00427-8
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Neuronal double-stranded DNA 
accumulation induced by DNase II 
deficiency drives tau phosphorylation 
and neurodegeneration
Ling-Jie Li1,2†, Xiao-Ying Sun1†, Ya-Ru Huang1, Shuai Lu1, Yu-Ming Xu3, Jing Yang3, Xi-Xiu Xie1, Jie Zhu1,2, 
Xiao-Yun Niu1,4, Dan Wang5, Shi-Yu Liang1,2, Xiao-Yu Du1,2, Sheng-Jie Hou1,2, Xiao-Lin Yu1* and Rui-Tian Liu1* 

Abstract 
Background Deoxyribonuclease 2 (DNase II) plays a key role in clearing cytoplasmic double-stranded DNA (dsDNA). 
Deficiency of DNase II leads to DNA accumulation in the cytoplasm. Persistent dsDNA in neurons is an early patho-
logical hallmark of senescence and neurodegenerative diseases including Alzheimer’s disease (AD). However, it 
is not clear how DNase II and neuronal cytoplasmic dsDNA influence neuropathogenesis. Tau hyperphosphorylation 
is a key factor for the pathogenesis of AD. The effect of DNase II and neuronal cytoplasmic dsDNA on neuronal tau 
hyperphosphorylation remains unclarified.

Methods The levels of neuronal DNase II and dsDNA in WT and Tau-P301S mice of different ages were measured 
by immunohistochemistry and immunolabeling, and the levels of DNase II in the plasma of AD patients were meas-
ured by ELISA. To investigate the impact of DNase II on tauopathy, the levels of phosphorylated tau, phosphokinase, 
phosphatase, synaptic proteins, gliosis and proinflammatory cytokines in the brains of neuronal DNase II-deficient WT 
mice, neuronal DNase II-deficient Tau-P301S mice and neuronal DNase II-overexpressing Tau-P301S mice were evalu-
ated by immunolabeling, immunoblotting or ELISA. Cognitive performance was determined using the Morris water 
maze test, Y-maze test, novel object recognition test and open field test.

Results The levels of DNase II were significantly decreased in the brains and the plasma of AD patients. DNase II 
also decreased age-dependently in the neurons of WT and Tau-P301S mice, along with increased dsDNA accumula-
tion in the cytoplasm. The DNA accumulation induced by neuronal DNase II deficiency drove tau phosphorylation 
by upregulating cyclin-dependent-like kinase-5 (CDK5) and calcium/calmodulin activated protein kinase II (CaMKII) 
and downregulating phosphatase protein phosphatase 2A (PP2A). Moreover, DNase II knockdown induced and sig-
nificantly exacerbated neuron loss, neuroinflammation and cognitive deficits in WT and Tau-P301S mice, respectively, 
while overexpression of neuronal DNase II exhibited therapeutic benefits.
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AD 患者の神経細胞で DNase II 減少。 
DNase II 減少は CDK5, CaMKII, PP2A により tau リン酸化を促進。 
マウスで DNase II KD は神経細胞喪失、神経炎症、認知障害を誘導し、
DNase II 強制発現はこれらを改善した。 
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C a n c e r  i m m u n o t he ra p y  b y  blockade 

is  a  m e mbrane receptor molecule  that w a s  accidentally  discovered by Ishida et al. in  19 9 2  when they used 
subtraction hybridization to isolate a  c DN A  whose expression is induced by cell death in the thymus. After  that. 
Nishimura et al. analyzed PD- l  knockout mice and discovered that  is an immunoinhibitory molecule.  In 2002. 
Iwai  et al. discovered that monoclonal  antibodies that block PD-1  signaling activate  the immune system and  are 
effective in the treatment of diseases such as viral  infections and cancer. In  a  joint study with the Department of 
Gynecology and Obstetrics at Kyoto University. w e  found a  remarkable correlation between the prognosis of ovarian 
cancer and ligand expression in tumor c ells. This meant that  P D-1  ligand expression by a  tumor w a s  associated 
with a  poor prognosis. leading the team to hypothesize that these tumors might have some mechanism for avoiding 
attacks  by killer T  cells. In light of these findings. w e  met with a  pharmaceutical company to  propose that  they 
develop human monoclonal antibodies to treat cancer and convinced the company to start  the process 

Through this collaboration. a  human anti-PD-1 monoclonal antibody w a s  generated using human antibody production 
technologies in 2006. Phase 1  clinical studies of the antibody conducted in the United States and Japan demonstrated 
the tolerability and efficacy of the antibody in patients with a  variety  of cancers. T o  build o n  these findings. the 
Translational Research Center at Kyoto University started a  phase 11 clinical  study that exclusively enrolled ovarian 
cancer patients in the winter of 201 1. After that. clinical studies  continued. and the  antibody  w a s  approved 
by the P M D A  for the indication of melanoma in June  2014. Nearly 2 0 0  clinical studies of antibodies against  
various types of cancers are currently being conducted all over the world.  and their  results demonstrate the efficacy 
of the antibodies. It will be interesting to see h o w  Japanese com panies will  aid  in the development of the next  
generation of n e w  drug candidates discovered through  academic research in the future 
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AID expression history in the Peyer's patch 
by lineage tracing (LacZ)

LacZ LacZ + phase contrast 
x 100木下　未発表データ Aicda-cre + R26R-LacZ, female, 25 weeks



AID expression history in the brain 
by lineage tracing (LacZ)

LacZ LacZ + phase contrast 
x 100木下　未発表データ Aicda-cre + R26R-LacZ, male, 63 weeks



AID expression in the brain 
by lineage tracing (LacZ)

LacZ LacZ + phase contrast 
x 400木下　未発表データ Aicda-cre + R26R-LacZ, female, 25 weeks




