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Minocycline prevents early age-related 
cognitive decline in a mouse model 
of intellectual disability caused by ZBTB18/RP58 
haploinsufficiency
Tomoko Tanaka1,2*, Shinobu Hirai1, Hiroyuki Manabe3, Kentaro Endo4, Hiroko Shimbo1, Yasumasa Nishito4, 
Junjiro Horiuchi4, Hikari Yoshitane2 and Haruo Okado1* 

Abstract 

Haploinsufficiency of the transcriptional repressor ZBTB18/RP58 is associated with intellectual disability. However, 
the mechanisms causing this disability are unknown, and preventative measures and treatments are not available. 
Here, we assessed multiple behaviors in Zbtb18/Rp58 heterozygous-knockout mice, and examined local field poten-
tials, DNA fragmentation, mitochondrial morphology, and performed histochemical and transcriptome analyses 
in the hippocampus to evaluate chronic inflammation. In wild-type mice, object location memory was present 
at a similar level at 2 and 4–5 months of age, and became impaired at 12–18 months. In contrast, Zbtb18/Rp58 hete-
rozygous-knockout mice displayed early onset impairments in object location memory by 4–5 months of age. These 
mice also exhibited earlier accumulation of DNA and mitochondrial damage, and activated microglia in the dentate 
gyrus, which are associated with defective DNA repair. Notably, chronic minocycline therapy, which has neuroprotec-
tive and anti-inflammatory effects, attenuated age-related phenotypes, including accumulation of DNA damage, 
increased microglial activation, and impairment of object location memory. Our results suggest that Zbtb18/Rp58 
activity is required for DNA repair and its reduction results in DNA and mitochondrial damage, increased activation 
of microglia, and inflammation, leading to accelerated declines in cognitive functions. Minocycline has potential 
as a therapeutic agent for the treatment of ZBTB18/RP58 haploinsufficiency-associated cognitive dysfunction.
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Introduction
Intellectual disability (ID) is a neurodevelopmental 
disorder in which deficits in intellectual and adaptive 
function begin during development [1]. Approximately 
1% of the general population has ID. ID can be caused 
by various environmental factors, including traumas 
and neurological, nutritional, and metabolic disorders. 
Genetic factors are also major contributors to ID [2]. 
The 1q43q44 deletion syndrome causes ID, and the 
Zinc finger and BTB domain-containing protein 18 
(ZBTB18/ZNF238/ZFP238/RP58, hereafter referred 
to as RP58) has been identified as one of the genes 
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responsible for 1q43q44 deletion syndrome [3]. RP58 is 
a transcriptional repressor protein with a BTB domain 
in its N-terminus and four Zn finger motifs in its C-ter-
minus [4]. Genome analyses of individuals with ID 
revealed many truncated variants [4] and nonsense and 
missense mutations [5, 6] in the RP58 gene suggesting 
that haploinsufficiency of RP58 causes ID [7]. Thus, it 
is important to establish a strategy for therapy for RP58 
haploinsufficiency-associated ID.

We previously generated Rp58 conventional and con-
ditional knockout (KO) mice and showed that RP58 
plays a critical role in the formation of the cerebral 
cortex [7–12]. RP58 is highly expressed in the neonatal 
brain and its expression continues after brain matura-
tion [13]. Rp58 homozygous-KO mice exhibit a lethal 
phenotype immediately after birth, whereas Rp58 het-
erozygous knockout mice (Rp58 hetero-KO mice) are 
macroscopically indistinguishable from wild-type mice 
after birth [8]. RP58 expression continues into adult-
hood in the glutamatergic neurons of the cerebral 
cortex [13], but its postnatal role is unknown. We pre-
viously showed that RP58 hetero-KO mice can serve as 
a model for human RP58 haploinsufficiency-associated 
ID [14]. However, it is unclear why aberrations in RP58 
cause ID. Moreover, there is no known prevention or 
treatment strategy for this disorder.

It is well known that ID is associated with a suscep-
tibility to dementia [55]. In this study, we focused on 
cognitive dysfunction in ID during adulthood using 
Rp58 hetero-KO mice. Interestingly, Rp58 hetero-KO 
mice showed an acceleration in age-associated impair-
ment in spatial cognition, suggesting that these mice 
may serve as a model for early onset dementia asso-
ciated with ID. We also observed that Rp58 hetero-
KO mice exhibit early accumulation of DNA damage, 
defective DNA repair, and inflammation, suggesting 
that the age-related cognitive impairment associated 
with RP58 haploinsufficiency is caused by neuroinflam-
mation associated with defective DNA repair. The cen-
tral nervous system is particularly susceptible to DNA 
damage repair defects, leading to various neurodevel-
opmental and neurodegenerative disorders, including 
ID [15]. Damaged DNA drives activation of the cGAS-
STING signaling pathway, which induces immune 
responses [16]. Thus, treatments targeting DNA dam-
age and inflammation may be effective for pathologies 
associated with RP58 haploinsufficiency. Interestingly, 
we found that minocycline, which has neuroprotective 
and anti-inflammatory effects [17, 18], attenuated the 
premature age-related phenotypes of Rp58 hetero-KO 
mice, suggesting that it could form the basis of a strat-
egy for the development of therapies of RP58 haploin-
sufficiency-associated cognitive dysfunction.

Materials and methods
All experimental procedures were approved by the Ani-
mal Experimentation Ethics Committee of the Tokyo 
Metropolitan Institute of Medical Science (49,040).

Experimental model
Animals
Rp58 KO mice, established in a C57/BL6 background, 
have been previously described [8]. Rp58 hetero-KO 
(RP58 + / −) and C57/BL6 (RP58 + / +) mice, used in 
this study, were maintained under a 12:12 h light/dark 
cycle (lights on at 8:00 AM). Efforts were made to 
minimize the number and suffering of animals used, 
in accordance with the Animal Welfare and Control 
Law of Japan. Experiments were performed on young 
adult (2  months old), adult (4–5  months old), and old 
age  (12–18 months old) animals (Fig. 1A). To rule out 
the effects of the menstrual cycle [19–21], behavioral 
assessments were performed using male mice.

Behavioral assessments
Male mice were habituated to a behavioral room for at 
least 1 h prior to the start of behavioral tests. Mice that 
displayed outlier behavior greater than two standard 
deviations from the mean were not included in behav-
ioral analyses (3–10 in each group).

The object location test consisted of three phases as 
described previously [22]. All phases were performed 
under a light intensity of 10  lx. On day 1, the animals 
were placed in an empty square box (50 × 50  cm2) for 
10 min. On day 2, the animals were placed in the same 
box for 10  min with two identical, unfamiliar, objects. 
The time the animal spent exploring each object was 
measured automatically using a DVTrack video track-
ing system (Muromachi, Tokyo, Japan) and a discrimi-
nation index was calculated as (the time the animal 
spent exploring the object 1)—(the time the animal 
spent exploring the object 2)/ (the time the animal 
spent exploring both objects) during a 10  min testing 
trial. On day 3, the animals were placed in the same 
box, in which object 1 was displaced to a novel loca-
tion, and a discrimination index was again calculated. 
A ∆ discrimination index, which reflects the increase 
in time that an animal spends exploring the displaced 
object compared to the unmoved object was calculated 
by subtracting the day 3 discrimination index from the 
day 2 discrimination index.

For the open field test, each mouse was placed in the 
center of the apparatus (50 × 50  cm2) and was allowed to 
move freely for 30  min under a light intensity of 10  lx. 
Horizontal activity was collected every 10 min using the 
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DVTrack video tracking system (Muromachi, Tokyo, 
Japan).

The rotarod test consisted of five trials with 1 h inter-
vals between trials. Prior to testing, to habituate the mice 
to the rotarod, the animals were placed for five minutes 
on the rotarod (3  cm diameter; MK-660B; Muromachi 
Kikai Co., Ltd., Tokyo, Japan) that was rotating at 1 and 

4  rpm. During testing, to assess motor learning ability, 
the rotarod was accelerated from 1–40 rpm over a period 
of five minutes.

The fear conditioning test consisted of three phases 
as described previously [22]. On day one, animals were 
placed in a triangular box for 5 min under a light intensity 
of 30  l×. On day 2, the animals were placed in a square 

Fig. 1 Spatial memory and hippocampal function in Rp58 hetero-KO mice. A Experimental schedule. B Object location memory in wild-type 
and Rp58 hetero-KO mice at different ages. One of two familiar objects was moved on day 3 and change in time spent exploring the object 
in the new location (∆ discrimination index) was measured (see Materials and Methods for details). *p < 0.05, **p<0.01; n = 12 for both genotypes 
at 2- or 4–5-months of age, n = 10 for 12–18-month-old wild-type mice, and n = 16 for 12–18-month-old Rp58 hetero-KO mice. C Theta power 
in the hippocampal CA1 region of 4–5-month-old wild-type- and age-matched Rp58 hetero-KO mice on day 2 and day 3 of the object location test. 
*p < 0.05, **p < 0.01; n = 5 for each genotype
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box with a stainless-steel grid floor with a light intensity 
of 100 l× and were allowed to explore the box freely for 
2 min. Subsequently, a tone, which served as the condi-
tioned stimulus (CS), was presented for 30 s. During the 
last 1 s of the presentation of the CS, a 0.75 mA electric 
shock was applied, which served as the unconditioning 
stimulus (US). Two more CS-US pairings were presented 
with a 1-min inter-stimulus interval. On day 3, the ani-
mals were placed in the same box used on day 2 for 5 min 
under a light intensity of 100 lx and the percent freezing 
time and distance traveled (cm) were calculated auto-
matically using ImageFZ software (O’Hara & Co., Tokyo, 
Japan).

Electrophysiology
Mice were anesthetized with isoflurane (1.5%) and a cus-
tom-designed electrode consisting of two tetrodes was 
implanted in the CA1 area of the hippocampus (1.8 mm 
anterior to bregma, 1.4  mm lateral to the midline, and 
1.2 mm from the brain surface). Individual tetrodes con-
sisted of four twisted polyimide-coated tungsten wires 
(single wire diameter, 12.7  μm; California Fine Wire, 
Grover Beach, CA). A screw was threaded into the bone 
above the cerebellum as a reference and for grounding. 
The electrodes were connected to an electrode interface 
board (EIB-18, Neuralynx, MT) on a microdrive. Mice 
were allowed to recover from surgery for at least one 
week before behavioral assessments.

Local field potential (LFP) recordings were obtained at 
a sampling rate of 30  kHz using open-source hardware 
(Open Ephys, Cambridge, MA) while mice were engaged 
in the object location test. For synchronization with 
behavioral data, a transistor-transistor logic pulse was 
used. After recordings, electrode lesions were induced 
with direct current (20 μA) stimulation for 10 s using one 
of the four tetrode leads.

Analysis of electrophysiology data
All data analyses were performed using the built-in soft-
ware in MATLAB (MathWorks, Inc., MA). LFPs were 
down-sampled to 1,000 Hz and the data from 1 s before 
to 1 s after contact with the objects were extracted. Theta 
power was calculated as the mean value of the power 
spectrum between 4 and 8 Hz. This value was normalized 
to the theta power of mice during walking.

Immunohistochemistry
Young adult, adult, and old age  male and female mice 
were anesthetized with isoflurane, and sequentially 
transcardially perfused with phosphate-buffered saline 
(PBS) and 4% paraformaldehyde (PFA) in PBS. Brains 
were removed, post-fixed, cryoprotected in 20% sucrose 
overnight and then in 30% sucrose for two days at 4  °C, 

embedded in optimal cutting temperature compound, 
and frozen at − 30  °C. 20  μm coronal sections were 
obtained using a cryostat. Free-floating sections contain-
ing the hippocampus were incubated in HistoVT One 
(Nakalai, Kyoto, Japan) at 70  °C for 20  min, incubated 
in 0.4% Block Ace diluted in PBS containing 0.2% Tri-
ton X-100 (DS Pharma Biomedical, Osaka, Japan) in PBS 
at room temperature (RT) for 20 min, and then incubated 
with primary antibodies (Supplemental Table 1). Primary 
antibodies were diluted 1:500 in PBS containing 0.3% Tri-
ton X-100. Sections were then incubated with secondary 
antibodies (Jackson, ME) diluted 1:500 in PBS containing 
0.3% Triton X-100.

For GluR2, Rp58, and parvalbumin (PV) triple staining, 
50  μm tissue sections were incubated at RT for 20  min 
in 1%  H2O2 after incubation with HistoVT  One. After 
further incubation in PBS containing 1% Block Ace and 
0.2% Triton  X-100, sections were incubated with rab-
bit anti-GluR2 (1:500), chicken anti-RP58 (1:1000), and 
goat anti-PV antibody (diluted 1:1000 in PBS contain-
ing 0.4% Block Ace) and then incubated with secondary 
antibody (diluted 1:1000 in PBS). To enhance the GluR2 
signal, a biotinylated anti-rabbit secondary antibody 
was used, and the biotin was labeled with horseradish 
peroxidase (HRP) using the VECTASTAIN Elite ABC-
HRP Kit (Vector #PK-6100). GluR2 was detected using 
Tyramide Signal Amplification (TSA) Cyanine 3 (Perkin 
Elmer #FP1046). Tissue sections were incubated with 
DAPI (Nacalai Tesque, Kyoto, Japan) for nuclear staining. 
Micrographs of immunofluorescence-stained sections 
were captured and digitized using a FluoView® FV3000 
confocal laser scanning microscope (Olympus, Tokyo, 
Japan).

Analysis of immunostaining
To quantify single-stranded DNA (ssDNA) and gamma 
H2AX in cells, the number of cells with five or more 
nuclear ssDNA foci or gamma H2AX foci was counted 
[23]. For the analysis of microglia states, immunostain-
ing with an antibody against CD68 was performed. CD68 
is a lysosomal-associated protein found in macrophages/
microglia and is associated with phagocytic cells. An 
Iba1 antibody was used as a marker for both resting and 
activated microglia. Microglia with aggregated CD68 
expression were categorized as reactive, and the percent-
age of reactive microglia was compared between groups 
[24, 25]. Antibody information is provided in the Key 
Resources table.

Irradiation
Animals were irradiated with a dose of 0.3 Gy. At 1-, 6-, 
or 24 h after irradiation, mice were anesthetized with iso-
flurane and transcardially perfused with PBS followed by 
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4% PFA in PBS. Subsequent steps were described earlier 
under immunohistochemistry.

Electron microscopy
Adult male and female mice were anesthetized with iso-
flurane and transcardially perfused with saline followed 
by 2% PFA and 2.5% glutaraldehyde in 0.1  mol/L phos-
phate buffer (pH 7.4). Brains were removed, post-fixed, 
and coronal sections containing the dentate gyrus were 
obtained using a VT1200S microtome (300  μm) (Leica, 
Wetzlar, Germany). Micro-dissected areas were post-
fixed for 2 h at 4 °C in 2% osmium tetroxide in 0.1 mol/L 
cacodylate buffer. Tissue blocks were dehydrated sequen-
tially in 50% ethanol for 5 min, 70% ethanol for 15 min, 
80% ethanol for 15 min, 90% ethanol for 15 min, and in 
100% ethanol at RT for 20 min. Tissues were then infil-
trated with propylene oxide three times for 10 min each, 
treated with a 1:1 solution of propylene oxide:epoxy 
resin for 2  h, and incubated in epoxy resin overnight. 
Each block was placed flat on glass microscope slides 
and horizontally mounted on gelatin capsules (Lilly, IN). 
After embedding, each block was polymerized in epoxy 
resin (EPON 812, TAAB, Berkshire, England) at 60  °C 
for 48 h. Polymerized blocks were trimmed to a section 
containing the dentate gyrus using an ultramicrotome 
PowerTomeX (RMC Boeckeler, AZ). 1  μm semi-thin 
sections were stained with toluidine blue and used to 
guide further cutting of the specimen block to ultra-thin 
Sects.  (50–80  nm). Ultra-thin sections were placed in 
formvar-coated single-slot grids. After staining with ura-
nyl acetate and lead citrate, sections were observed under 
a JEM-1400 transmission electron microscope (JEOL, 
Tokyo, Japan) equipped with a bottom-mounted charge-
coupled device camera and subsequently processed using 
ImageJ.

Quantification of ultrastructural defects: Quantifica-
tion of mitochondrial ultrastructural defects was per-
formed on transmission electron microscopy images 
acquired at a magnification of 10,000 × . Although mito-
chondria are sparse within astrocytic processes of the 
dentate gyrus, the criteria used by Sisková et al. [26] for 
the identification of astrocytes and neuronal cells were 
applied to ensure that neuronal mitochondria were 
observed. Every mitochondrion of neuronal origin was 
analyzed and, based on its ultrastructural appearance, 
classified into one of the following categories according 
to Sisková et al. [27]. At least 14 mitochondria from each 
region were analyzed per animal.

Drug treatment
Minocycline was administered in drinking water to wild-
type and Rp58 hetero-KO mice from weaning to the day 
before the behavioral test or perfusion. Minocycline was 

dissolved at a concentration of 0.015  mg/mL in filtered 
water.

Maicroarray analysis
Three independent total RNA samples from hippocampi 
of mice in each group were purified using a RNeasy Plus 
Universal Kit (Qiagen, Hilden, Germany). RNA quality 
was assessed using a 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA). Cy3-labeled complemen-
tary RNA was prepared using a Low Input Quick Amp 
Labeling Kit (Agilent Technologies) in accordance with 
the manufacturer’s protocol. Samples were hybridized to 
the SurePrint G3 Mouse Gene Expression v2 Microar-
ray (G4852B; Agilent Technologies). Thereafter, the array 
was washed and scanned using the SureScan Microar-
ray Scanner (Agilent Technologies). Microarray images 
were analyzed using Agilent’s Feature Extraction soft-
ware (Agilent Technologies) with default settings for all 
parameters. Data from each microarray analysis were 
normalized by shifting to the 75th percentile without 
baseline transformation. Microarray results were depos-
ited in the Gene Expression Omnibus database under the 
accession number GSE207955.

Statistical analysis
Group data are presented as the means ± SEMs. The sta-
tistical significance of ∆ discrimination index scores and 
total horizontal activities were assessed using two-way 
ANOVA followed by uncorrected Fisher’s LSD for object 
location tests, two-way ANOVA followed by uncorrected 
Fisher’s LSD were used for theta power in the hippocam-
pal CA1 region, immunostaining experiment for minocy-
cline treatment, two-way repeated ANOVA was used for 
open field, rotarod, and fear conditioning tests, Student’s 
t-tests were used for immunostaining experiments other 
than minocycline treatment, Pearson’s chi-squared tests 
were used for electron microscopy. Statistics were calcu-
lated using Prism (GraphPad Software, MA).

Results
Rp58 heterozygous‑KO mice exhibit early‑onset cognitive 
decline
We investigated whether Rp58 hetero-KO mice had 
behavioral deficits by conducting multiple tests. They 
exhibited impairments in object location tests at 4-5 
months of age  (Fig.  1B), suggesting a defect in spatial 
learning. We investigated whether this spatial learn-
ing defect was age-dependent. Mice at 2-, 4–5, and 
12–18-months of age were used as young adult, adult, 
and old age  mice, respectively. Wild-type mice at 
2  months of age spent more time exploring a familiar 
object in a novel location to one at a familiar location, 
as demonstrated by a positive  Δ discrimination index. 
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The Δ discrimination index in 4–5-month-old wild-
type mice was similar to that in mice at 2 months of age, 
while the Δ discrimination index at 12–18-months of 
age was significantly lower, indicating an age-depend-
ent impairment in spatial learning or memory (Fig. 1B). 
Rp58 hetero-KO mice exhibited the same level of object 
location memory as wild-type mice at 2-months of age. 
However, at 4–5-months of age, the Δ discrimination 
index was significantly reduced, indicating early-onset 
cognitive impairment. None of the mice used in the 
object location test showed significant differences in 
distance travelled (Supplemental Fig.  1-A), indicating 
that there is no difference in locomotor performance 
between wild-type and Rp58 hetero-KO mice. Since 
Rp58 hetero-KO mice at 4–5  months of age did not 
show significant behavioral effects in other behavioral 
tests: open field, rotarod, and fear conditioning tests 
(Supplementary Fig. 1-B, C, D), spatial learning seems 
to be specifically impaired in Rp58 hetero-KO.

The hippocampal CA1 region is crucial for spatial 
learning and theta power is associated specifically with 
the encoding of new information [28]. Thus, we next 
recorded the theta power in the CA1 region of the 
hippocampus (Fig.  1C). In 4–5-month-old wild-type 
mice, average theta power level increased significantly 
compared to baseline in a time window encompassing 
one second before to one second after contact with an 
object. This increase was observed both when animals 
were first introduced to the objects on day two, and 
when animals were reintroduced to the objects on day 
3. In 4–5-month-old Rp58 hetero-KO mice, the theta 
power increase was not only attenuated on day 3, but 
was already significantly attenuated on day 2 compared 
to wild-type. These results demonstrate that the object 
recognition defects in Rp58 hetero-KO mice are corre-
lated with decreased theta power and may be caused by 
a defect in learning the location of an object rather than 
in memory recall.

Rp58 heterozygous‑KO mice show early accumulation 
of DNA damage in mossy cells of the dentate gyrus
Spatial learning is dependent on hippocampal function. 
To identify the cells in the hippocampus that contrib-
ute to the deficits in spatial memory in Rp58 hetero-KO 
mice, we examined the localization of RP58 protein in the 
hippocampus. Consistent with previous work [14], RP58 
was expressed in CA1-CA3 pyramidal cells and dentate 
gyrus granule cells. Furthermore, in the hilus of the den-
tate gyrus, we found that RP58 was highly expressed in 
GluR2 (glutamate ionotropic receptor AMPA type subu-
nit 2)-positive mossy cells [29], but not in PV-positive 
GABAergic neurons (Fig.  2A). Thus, RP58 is expressed 
not only in CA1-3 pyramidal neurons of the hippocam-
pus and granule cells of the granular layer, but also in 
mossy cells of the hilus region. The expression of RP58 
in these neurons prompted us to investigate the possi-
bility that early cognitive decline is caused by damage to 
these neurons in Rp58 hetero-KO mice. RP58 has been 
proposed to protect against DNA damage and contrib-
ute to cell survival [8]. Thus, we examined the presence 
of ssDNA, a marker of DNA damage, in hippocampal 
neurons, and detected ssDNA immunoreactivity in the 
nuclei and cytosol of many mossy cells. DNA normally 
resides in the nucleus and mitochondria, so its presence 
in the cytoplasm serves as a danger-associated molecu-
lar pattern [30]. Mossy cells play a crucial role in spatial 
memory by receiving convergent excitation from granule 
cells and returning bilateral, widespread, and divergent 
excitatory outputs to granule cells [31, 32]. In wild-type 
mice, the number of ssDNA-positive neurons gradually 
increased from 2-months of age to 12–18-months of age 
(Fig.  2B). 2-month old Rp58 hetero-KO and wild-type 
mice had similar numbers of ssDNA-positive neuron, 
but at 4–5 months of age, the number of ssDNA-positive 
neurons in Rp58 hetero-KO mice significantly increased 
compared to age-matched control. This demonstrates 
that Rp58 hetero-KO mice show an acceleration of DNA 

(See figure on next page.)
Fig. 2 Cellular mechanisms of DNA damage in Rp58 hetero-KO mice. A Localization of RP58 protein in the hippocampal formation in adult 
mice. Triple staining for RP58, GluR2, and PV indicates that RP58 is expressed in pyramidal cells of hippocampal CA1-CA3, granular neurons, 
and hilar mossy cells (indicated by arrowheads) of the dentate gyrus, but not in PV-positive GABAergic neurons (indicated by arrows). Scale 
bar (left) = 200 µm; scale bar (right) = 50 µm. B Accumulation of ssDNA (indicated by arrows) as a marker of DNA damage in neurons in the dentate 
gyrus of wild-type- and Rp58 hetero-KO mice. *p < 0.05; n = 3 for both genotypes at 2- or 12–18 months of age, and n = 4 for both genotypes 
at 4–5 months of age. scale bar = 20 µm. C Accumulation of gamma-H2AX protein (indicated by arrows) as a marker of DNA damage in neurons 
in the dentate gyrus of wild-type and Rp58 hetero-KO mice. n = 3 per group. scale bar = 20 µm. D Microglia, detected using anti-Iba1 antibody 
(magenta), and activated microglia, detected using anti-CD68 antibody (cyan), in the dentate gyrus of wild-type- and Rp58 hetero-KO mice. 
*p < 0.05; n = 3 for both genotypes at 2- or 12–18-months of age, and n = 4 for both genotypes at 4–5-months of age. scale bar in top = 20 µm, 
scale bar in bottom = 10 µm. E Morphological abnormalities of neuronal mitochondria in the dentate gyrus of wild-type- and Rp58 hetero-KO 
mice. Mitochondria were classified according to their ultrastructural appearance into one of four categories as previously described [27]. Granule 
cell layer: chi-square = 284.837, degrees of freedom (df ) = 3, p < 0.001; hilus: chi-square = 359.525, df = 3, ***p < 0.001; n = 3 per group. scale 
bar in right = 0.2 µm
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Fig. 2 (See legend on previous page.)
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damage accumulation in mossy cells compared to wild-
type. Early accumulation of DNA damage in heterozy-
gous mice was further confirmed using another marker 
of DNA damage, gamma-H2AX, a form of H2AX protein 
phosphorylated at Ser139 [33] (Fig.  2C). Cytoplasmic 
H2AX has been reported to be important for cell death 
upon DNA damage [34], suggesting that  RP58 may be 
important in preventing the accumulation of DNA dam-
age and cell death in mossy cells in the dentate gyrus, 
thereby preserving spatial learning.

An increase in activated microglia and chronic 
inflammation in Rp58 heterozygous‑KO mice
We subsequently focused on microglia in the hilar region 
of the dentate gyrus because activated microglia are 
known to accumulate at the periphery of neurons with 
DNA damage [35]. We immunostained hippocampal 
slices with CD68 antibody to detect activated microglia 
and Iba1 antibody to detect total microglia. In wild-type 
mice, the percentage of activated microglial cells gradu-
ally increased between the ages of 2 and 12–18 months 
(Fig. 2D). Rp58 hetero-KO mice had a similar percentage 
of activated microglia as wild-type at 2  months of age, 
but showed a significant increase in activated microglia 
at 4–5  months of age compared to age-matched con-
trols. This early increase in activated microglia raised 
the possibility that chronic inflammation in the brain 
may be induced at earlier ages in Rp58 hetero-KO mice. 
To test this possibility, we examined gene expression 
profiles in the hippocampus of 4  month old wild-type, 
4  month old Rp58 hetero-KO, and 12–18-months-old 
wild-type mice. Among 668 genes whose expression 
was reduced in 12–18  month old wild-type mice com-
pared with 4–5-month-old wild-type mice, 341 were also 
reduced in 4–5-month-old Rp58 hetero-KO mice. Con-
versely, expression of 103 genes was increased in both 
4–5-month-old Rp58 hetero-KO and aged wild-type 
mice when compared with 4–5-month-old wild-type 
mice (Supplemental Fig. 2A). Pathway enrichment analy-
sis revealed that these 103 up-regulated genes included 
Cxcl10, Oas2, Oas1a, and Oasl2 (Supplemental Fig. 2B), 
which are associated with a pathway of immune response 
interferon gamma action on extracellular matrix and cell 
differentiation (Supplemental Fig. 2C).

Ultrastructural changes in the mitochondria of Rp58 
hetero‑KO mice
We also examined mitochondrial changes in Rp58 het-
ero-KO mice. Mitochondria have a crucial role in anti-
gen presentation and innate immune reactions [36, 37] 
and aging has been shown to increase mitochondrial 
abnormalities [38]. In the current study, we catego-
rized the mitochondrial structure into four types, intact 

mitochondria with normal-appearing cristae (Type I), 
abnormal mitochondria with either swollen, irregular, or 
whirling cristae (Type II), mitochondria with a discon-
tinuous outer membrane or deficient cristae (Type III), 
and mitochondria with both swollen and deficient cristae 
or with both a discontinuous outer membrane and swol-
len cristae (Type IV). In 4–5-month-old Rp58 hetero-KO 
mice, the majority of mitochondria in neurons in the 
granule cell layer and in the hilar region were categorized 
as Types III and IV, whereas the majority of mitochondria 
in age-matched controls were categorized as Types I to 
III (Fig. 2E). It should be emphasized that Type IV mito-
chondria, which show (i) swollen and deficient cristae or 
(ii) swollen cristae and a discontinuous outer membrane, 
were detected only in Rp58 hetero-KO mice (Fig. 2E).

DNA repair is impaired in Rp58 hetero‑KO mice
The accelerated accumulation of DNA damage in 
Rp58 hetero-KO mice described earlier could be due 
to impaired DNA repair [39, 40]. Thus, we monitored 
the recovery of Rp58 hetero-KO mice from irradiation-
induced DNA damage (Fig. 3A). ssDNA-positive neurons 
were not detected in non-irradiated 2-month-old wild-
type mice (Fig. 2B), but they were detected in the granule 
cell layer of the dentate gyrus one hour after irradiation 
(1 dose, 0.3 Gy) (Fig. 3B). The number of ssDNA-positive 
neurons gradually decreased between 1 and 24  h after 
irradiation in wild-type mice (Fig.  3B), demonstrating 
the occurrence of DNA repair. In Rp58 hetero-KO mice, 
a similar extent of ssDNA accumulation was observed 
1 h after irradiation. However, the percentage of neurons 
with ssDNA damage maintains significantly higher levels 
24 h after irradiation compared to wild-type mice, indi-
cating that DNA damage was not being repaired. This 
result was confirmed using another marker of DNA dam-
age, gamma-H2AX (Fig.  3C). Moreover, while the per-
centage of activated microglia was high in wild-type mice 
1 h after irradiation, it decreased within 24 h after irra-
diation. In contrast, the percentage of activated microglia 
was high 1  h after irradiation in Rp58 hetero-KO mice 
and remained significantly higher levels for at least 24 h 
compared to wild-type mice (Fig. 3D). These data support 
the idea that RP58 activity is important for DNA repair 
and suppression of microglial activation. Thus, the accel-
erated accumulation of DNA damage in Rp58 hetero-KO 
mice is likely caused by a defect in the DNA repair.

Chronic treatment with minocycline prevents 
early‑impaired aging phenotypes in Rp58 hetero‑KO mice
Minocycline is a tetracycline antibiotic that has recently 
been shown to have neuroprotective [18] and anti-
inflammatory effects [17] on the progression of several 
neurodegenerative disorders. In order to determine 
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whether minocycline may ameliorate the DNA repair 
and behavioral defects of Rp58 hetero-KO mice, we 
administered minocycline in the drinking water of wild-
type and Rp58 hetero-KO mice from 1 month of age to 
4–5  months of age (Fig.  4A). Chronic treatment with 
minocycline prevented the increase of ssDNA-positive 

and/or gamma-H2AX-positive neurons in the dentate 
gyrus of 4–5-month-old Rp58 hetero-KO mice (Fig. 4B, 
C). Furthermore, it prevented the early increase in acti-
vated microglia found in the dentate gyrus of Rp58 
hetero-KO mice (Fig.  4D). We also examined the effect 
of minocycline on the impairment of object location 

Fig. 3 DNA repair dysfunction in Rp58 hetero-KO mice. A Sampling schedule after irradiation. B Accumulation of irradiation-induced ssDNA 
as a marker of DNA damage (magenta) in neurons in the dentate gyrus of wild-type and Rp58 hetero-KO mice. *p < 0.05; n = 3 per group. scale 
bar = 20 µm. C Irradiation-induced accumulation of gamma-H2AX protein (gray) as a marker of DNA damage in neurons in the dentate gyrus 
of wild-type- and Rp58 hetero-KO mice. **p < 0.01; n = 3 per group. scale bar = 20 µm. D Microglial activation detected by labeling microglia 
with Iba1 and CD68 in the dentate gyrus of wild-type- and Rp58 hetero-KO mice. *p < 0.05; n = 3 per group. scale bar in left = 20 µm, scale 
bar in right = 10 µm
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memory in 4–5-month-old Rp58 hetero-KO mice and 
found that it prevented cognitive dysfunction in Rp58 
hetero-KO mice (Fig.  4E). Taken together, our results 
suggest that  RP58  is involved in DNA damage repair 
and its reduction induces inflammation, activation of 
microglia, and impaired cognitive function. They further 
suggest that minocycline may have potential as a thera-
peutic strategy for the amelioration of cognitive impair-
ments associated with RP58 haploinsufficiency through 
its ability to prevent DNA damage accumulation and an 
increase in activated microglia.

Discussion
In this study, we analyzed Rp58 hetero-KO mice to 
obtain insights into the pathogenesis of ZBTB18/RP58 
haploinsufficiency-associated ID and identify preven-
tive treatment methods. Rp58 hetero-KO mice showed 
accelerated age-associated impairment of spatial cogni-
tion, accumulation of DNA damage in neurons in the 
hippocampal dentate gyrus hilus, and an increase in 
activated microglia. In the dentate gyrus hilus, RP58 was 
strongly expressed in mossy cells but not in PV-positive 
cell GABAergic neurons, suggesting that heterozygous 
loss of RP58 induces abnormalities in mossy cells. Physio-
logical analyses revealed that the normal increase in theta 
power in the hippocampal CA1 region that occurs dur-
ing object location learning is attenuated during adult-
hood in Rp58 hetero-KO mice; theta power in the CA1 
region is involved in dentate granule cell activity, which is 
regulated by mossy cell circuitry [41]. Therefore, we pro-
pose that dysfunction of mossy cells in Rp58 hereto-KO 
mice contributes to the impairment of theta power in the 
CA1 region, leading to impaired spatial cognition. Mice 
with RP58 heterozygous deletions also show an acceler-
ated accumulation of DNA damage in a group of neurons 
in the hippocampal dentate gyrus hilus, and these mice 
are deficient in DNA repair compared to wild-type mice, 
suggesting that RP58 insufficiency induces dysfunction in 
mossy cells by inhibiting DNA repair pathways.

Consistent with previous studies showing that mino-
cycline selectively inhibits microglial activation [17, 42], 
our data demonstrate that minocycline inhibits micro-
glial polarization to a proinflammatory state in Rp58 

hetero-KO mice. Microglia change from a ramified mor-
phological state to a de-ramified spheroid structure with 
abnormal processes upon aging [43]. In our study, we 
find an increase in activated microglia in 12–18-month-
old wild-type mice that is accelerated in Rp58 hetero-KO 
mice and present at 4–5-months of age. While microglia 
protect neurons via inflammatory responses and phago-
cytosis in early phases of activation, they have detrimen-
tal effects at late phases. Our results suggest that the 
accelerated accumulation of activated microglia is det-
rimental to neurons in the hippocampal dentate gyrus 
hilus. It was recently reported that RP58 in hepatocytes 
regulates activity of the NLRP3 inflammasome in mac-
rophages and inflammation in the liver [44]. Similarly, 
RP58 haploinsufficiency in mossy cells may cause activa-
tion of microglia via the NLRP3 inflammasome, inducing 
neuroinflammation and damaging neurons. Support-
ing this idea, minocycline has been reported to inhibit 
activity of the NLRP3 inflammasome [42, 45–48], sug-
gesting that minocycline inhibits microglial activation in 
Rp58 hetero-KO mice through inhibition of the NLRP3 
inflammasome.

Minocycline is also known to positively regulate 
FOXO-dependent autophagy [50], and RP58 has been 
reported to cooperate with FOXO1 [49]. RP58 is a 
transcription factor that represses transcription of 
genes that represses autophagy [51]. RP58 expression 
decreases upon aging [52] and the resultant decrease in 
autophagy is thought to be one of the causes of accumu-
lating DNA damage [53]. We propose that the reduced 
RP58 in Rp58 hetero-KO mice also reduces autophagy, 
leading to accumulation of DNA damage in mossy cells. 
Damaged mossy cells release chemokines including 
damage-associated molecular patterns(DAMPs), which 
activate microglia via the NLRP3 inflammasome [16]. 
Thus, RP58 insufficiency may cause neuronal dam-
age and memory defects by increasing inflammasome 
activity and/or decreasing autophagy. Further studies 
are needed to elucidate the mechanism by which RP58 
regulates DNA damage repair. Altogether, our results 
suggest that minocycline has potential as an agent for 
the treatment of patients with ZBTB18/RP58 haploin-
sufficiency. Minocycline is already used as a treatment 

(See figure on next page.)
Fig. 4 Minocycline for the treatment of age-related phenotypes in Rp58 hetero-KO mice. A Experimental schedule of drug intervention. 
B The effect of minocycline on ssDNA accumulation (a marker of DNA damage) in neurons in the dentate gyrus of Rp58 hetero-KO mice. 
*p < 0.05, **p < 0.01; n = 4 for both genotypes with normal water, and n = 3 for both genotypes with minocycline. scale bar = 20 µm. C The effect 
of minocycline on gamma-H2AX protein accumulation in neurons in the dentate gyrus of Rp58 hetero-KO mice. *p < 0.05; n = 3 per group. 
scale bar = 20 µm. D The effect of minocycline on microglial activation in the dentate gyrus of Rp58 hetero-KO mice. *p < 0.05, **p < 0.01; n = 4 
for both genotypes with normal water, and n = 3 for both genotypes with minocycline. scale bar in left = 20 µm, scale bar in right = 10 µm. E 
The effect of minocycline on the impairment of spatial memory in Rp58 hetero-KO mice. *p < 0.05; n = 8 for 4–5-month-old wild-type mice 
with minocycline, and n = 13 for 4–5-month-old Rp58 hetero-KO mice with minocycline. In this figure, the data from Figs. 1 and 2 has been reposted 
to show the control conditions (normal water)
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Fig. 4 (See legend on previous page.)
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for inflammatory diseases, and clinically, drug reposi-
tioning is easier than drug development.
Rp58 hetero-KO mice have the same level of cogni-

tive function as wild-type mice at 2 months, but not at 
4–5  months, suggesting that the 4–5-month-old mice 
may have dementia, an acquired cognitive impair-
ment, as well as ID, an inherent cognitive impairment. 
Dementia is an established comorbidity in persons with 
ID [54], and ID itself is an established risk factor for 
dementia [55]. RP58 expression is markedly reduced in 
the cerebral cortex of elderly humans [52], suggesting 
that RP58 expression may be useful as a biomarker for 
cognitive changes during aging.

Early cognitive decline in Rp58 hetero-KO mice was 
associated with impaired DNA repair, and many early 
aging syndromes, such as Werner syndrome, are known 
to be caused by mutations in DNA repair-related genes 
[56]. In the present study, we reported mitochondrial 
defects in RP58 hetero-KO mice in adulthood. Nuclear 
DNA damage is known to spill over into mitochondria, 
triggering mitochondrial damage and furthermore, 
this damage increases with aging [57]. These findings 
are consistent with the idea that reduced expression 
of RP58 induces cognitive declines that increase with 
age. Thus, RP58 hetero-KO mouse may be useful as a 
model animal to analyze the relationship between ID 
and dementia.

We should note that we did not observe significant 
behavioral defects in open field, rotarod, and fear con-
ditioning tests in 4–5 month-old Rp58 hetero-KO mice, 
suggesting that not all features of age-associated brain 
dysfunction are accelerated in these mice. However, RP58 
hetero-KO mice may exhibit other behavioral abnormali-
ties in addition to that of object location memory at dif-
ferent ages. Altogether our findings suggest that RP58 
activity-dependent pathways for DNA repair and inhibi-
tion of immune system function may be important for 
the development and maintenance of cognitive function 
in mammals.
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