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Forebrain glutamatergic neuron-specific Ctcf deletion induces 
reactive microgliosis and astrogliosis with neuronal loss in 
adult mouse hippocampus
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CCCTC-binding factor (CTCF), a zinc finger protein, is a tran-
scription factor and regulator of chromatin structure. Forebrain 
excitatory neuron-specific CTCF deficiency contributes to inflam-
mation via enhanced transcription of inflammation-related genes 
in the cortex and hippocampus. However, little is known about 
the long-term effect of CTCF deficiency on postnatal neurons, 
astrocytes, or microglia in the hippocampus of adult mice. To 
address this, we knocked out the Ctcf gene in forebrain gluta-
matergic neurons (Ctcf cKO) by crossing Ctcf-floxed mice with 
Camk2a-Cre mice and examined the hippocampi of 7.5-10- 
month-old male mice using immunofluorescence microscopy. 
We found obvious neuronal cell death and reactive gliosis in 
the hippocampal cornu ammonis (CA)1 in 7.5-10-month-old 
cKO mice. Prominent rod-shaped microglia that participate in 
immune surveillance were observed in the stratum pyramidale 
and radiatum layer, indicating a potential increase in inflam-
matory mediators released by hippocampal neurons. Although 
neuronal loss was not observed in CA3, and dentate gyrus 
(DG) CTCF depletion induced a significant increase in the 
number of microglia in the stratum oriens of CA3 and reactive 
microgliosis and astrogliosis in the molecular layer and hilus 
of the DG in 7.5-10-month-old cKO mice. These results suggest 
that long-term Ctcf deletion from forebrain excitatory neurons 
may contribute to reactive gliosis induced by neuronal damage 
and consequent neuronal loss in the hippocampal CA1, DG, 
and CA3 in sequence over 7 months of age. [BMB Reports 
2021; 54(6): 317-322]

INTRODUCTION

CCCTC-binding factor (CTCF) is a multifunctional nuclear protein 
with 11 zinc finger DNA-binding motifs in mice (1). Neural 
CTCF is linked to neurodevelopment, including neural progenitor 
cell proliferation, differentiation, and survival (2, 3). De novo 
mutations in the human Ctcf gene are associated with phenotypes 
of various neurodevelopmental disorders, including intellectual 
disability, microcephaly, and autism (4, 5). In addition, neural 
CTCF plays an important role in cognitive processes with 
experience-dependent expression of key learning genes, such 
as Arc and brain-derived neurotrophic factor (6) and CTCF- 
mediated gene expression is required for normal functioning 
of the hippocampal-cortical networks for recent and long-term 
memory in adult mice (7). 

Furthermore, CTCF is involved in neuroinflammation and 
neuronal death, which is highly associated with various neuro-
degenerative and neurological disorders (8). Sams et al. found 
that mice with CTCF deficiency in postmitotic excitatory fore-
brain neurons exhibited prominent neuronal apoptosis in the 
hippocampus and finally early death between 3 and 4 months 
of age (6). In contrast, in another study, mice with a deletion of 
Ctcf from the postnatal glutamatergic neurons lived and showed 
the overexpression of inflammation-related genes leading to 
abnormal microgliosis, although not neuronal death in the 
hippocampi of adult mice at 3-4 months of age (9). 

Based on these findings, although it has been reported that 
CTCF regulates age-dependent axonal regeneration and neuro-
degeneration via the physiological downregulation of Pafah1b1, 
which is homologous to a gene mutated in lissencephaly (10), 
the long-term effect of CTCF deficiency in postmitotic excita-
tory neurons on neuronal death and neurodegeneration remains 
elusive. Therefore, in this study, we investigated the role of 
CTCF in cellular senescence or death and explored the neural 
and glial changes that occur in the hippocampi of 7-month-old 
mice and older with Ctcf deletions in the forebrain glutamatergic 
neurons (Ctcf cKO mice).
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Fig. 1. Ctcf deficiency induces apoptotic cell death in pyramidal 
neurons of the hippocampal CA1 in cKO mice at 7.5-10 months 
of age. (A) Immunofluorescence images displaying NeuN (magenta) 
and DAPI (blue) in the CA1 field of CTL and cKO mice. Two 
white dashed lines mark the boundary of stratum pyramidale (SP). 
Scale bars, 100 μm. (B) High magnification images displaying 
NeuN (magenta) and DAPI (blue) in the SP layer of CA1. Scale 
bars, 25 μm. (C) Width and (D) number of NeuN-immunopositive
(NeuN+) neurons per area of SP. Blue and red dots in (C) 
represent the data of individual animals. (E, F) Number of NeuN+

neurons per area in the stratum oriens (SO) layer (E) and the region 
including the stratum radiatum (SR) and stratum lacunosum-moleculare 
(SLM) layers (SR + SLM, F). (G) Images displaying NeuN (magenta) 
and TUNEL immunoreactivity (TUNEL+, green) in the CA1 field of 
7.5-10-month-old control and cKO mice. Scale bars, 100 μm. (H) 
High magnification images for NeuN+ and TUNEL+ neurons in the 
SP layer of CA1. White arrows indicate TUNEL+NeuN+ neurons. 
Scale bars, 50 μm. (I) Number of TUNEL+NeuN+ neurons per 
area in the SP layer of CA1. n.s., not significant; **P ＜ 0.01, 
***P ＜ 0.001.

RESULTS

Ctcf gene deficiency in glutamatergic neurons induces 
neuronal death in the hippocampal CA1, but not in CA3 and 
dentate gyrus (DG), at 7.5-10 months of age
Loss of CTCF expression in the hippocampi of adult Ctcf cKO 
mice was confirmed in a previous study (7). Therefore, we exa-
mined the effect of Ctcf deficiency in the forebrain glutamatergic 
neurons on hippocampal cell distribution in mice over 7 months 
of age. First, immunohistochemistry was performed to label 
neurons with neuronal nuclear antigen (NeuN), a neuronal 
marker, in the hippocampus (Fig. 1A). Interestingly, compared 
to control mice, we observed a visible decrease in the DAPI- 
and NeuN-immunopositive (NeuN+) signals of the stratum 
pyramidale (SP) layer in CA1 (Fig. 1A, B), which is the principal 
cell layer consisting of pyramidal cell somas, in Ctcf cKO mice 
at 7.5-10 months of age, but not at 4-6 months of age 
(Supplementary Fig. 1). For quantitative analysis, we measured 
the width of the SP layer in CA1 and confirmed that it was 
significantly decreased in Ctcf cKO mice compared with control 
(CTL) mice (Fig. 1C; CTL, 77.32 ± 2.55 μm; cKO, 55.83 ± 1.57 
μm; t(8) = 7.161, ***P = 0.000096). Next, we counted the 
NeuN+ neuronal number per area in the SP layer of CA1 and 
found that compared to that in the CTL mice, it was also 

remarkably decreased in the SP layer by approximately 50% 
(Fig. 1D; CTL, 186.1 ± 17.57/111 μm2; cKO, 101.8 ± 7.39/111 
μm2; t(8) = 4.418, **P = 0.0022) with a concomitant decrease 
in the SP layer width in cKO mice at 7.5-10 months of age. 
However, there was no difference in both the width and 
NeuN+ neuronal number of the SP layer in CA1 of cKO mice 
at 4-6 months of age (Supplementary Fig. 1). We then counted 
the number of neurons in the stratum oriens (SO), stratum 
radiatum (SR), and stratum lacunosum-moleculare (SLM) in 
CA1, which is also defined as the infrapyramidal, suprapyramidal, 
and the most superficial region of the hippocampus, respectively. 
Although the SR and SLM have specific physiological charac-
teristics with different afferents in the hippocampus, exact 
differentiation of the SR and SLM layers was not possible in the 
DAPI or NeuN immunofluorescence images. Thus, we counted 
the neuronal number in the SO layer and whole area including 
SR and SLM regions (hereafter, SR + SLM layer), and we did 
not find any differences in the number of NeuN+ neurons per 
area in either SO (Fig. 1E) or SR + SLM layers (Fig. 1F) between 
genotypes at 7.5-10 months of age. 

To confirm whether the decrease in the width and neuronal 
number of the SP in CA1 of cKO mice was due to neuronal 
cell death, we investigated the immunoreactivity of TUNEL 
(terminal deoxynucleotidyl transferase dUTP nick end labeling) 
staining, which is most widely used to detect cells undergoing 
apoptotic cell death (11, 12), in NeuN+ neurons of CA1 (Fig. 
1G). As the number of NeuN+ neurons was significantly lower 
in the SP of CA1 in cKO mice than in the SP of CA1 in CTL 
mice (Fig. 1D), we compared the number of NeuN+ neurons 
showing TUNEL immunoreactivity (TUNEL+NeuN+ neurons) 
per area in the SP of CA1 between control and cKO mice at 
7.5-10 months of age. We found a remarkably increased 
number of TUNEL+NeuN+ neurons in the SP layer (Fig. 1H, 
white arrow and Fig. 1I; CTL, 1.39 ± 0.24/67 μm2; cKO, 7.0 ± 
1.10/67 μm2, t(9) = −4.933, **P = 0.0011), suggesting that 
decreases in the neuronal number and width of the SP were 
due to apoptotic neuronal death in 7.5-10-month-old Ctcf cKO 
mice. Next, we examined the neuronal changes in the CA3 
and dentate gyrus (DG) of control and cKO mice (Fig. 2A) 
because Camk2a-cre activity is expressed in both the CA field 
and DG (9). Intriguingly, we did not observe any differences in 
NeuN+ neuronal numbers in the CA3 area (Fig. 2B-E) and DG 
(Fig. 2F-I) of control and Ctcf cKO mice. 

Ctcf gene deficiency in glutamatergic neurons results in 
abnormal microgliosis and astrogliosis in the hippocampal 
CA1 at 7.5-10 months of age
Based on a previous report demonstrating an increase in 
inflammation-related gene expression without hippocampal 
neuronal death in cKO mice at 3-4 months of age (9), we 
hypothesized that neuroinflammatory responses induced by a 
long-term deficiency in CTCF expression of glutamatergic neurons 
would result in neuronal death in the hippocampus of cKO 
mice over 7 months of age. To address this, we investigated 
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Fig. 2. Neither hippocampal CA3 nor dentate gyrus (DG) show 
neuronal changes in Ctcf cKO mice at 7.5-10 months of age. (A, 
B) Immunofluorescence images displaying NeuN (magenta) and 
DAPI (blue) in the hippocampus (A) and CA3 region (B) of CTL 
and Ctcf cKO mice. Scale bars, 500 μm and 100 μm for (A) and 
(B), respectively. (C-E) Number of NeuN+ neurons per area in SO 
(C), SP (D), and the region consisting of the stratum lucidum (SL) 
and SR layers (SL + SR, E). (F) Immunofluorescence images displaying 
NeuN (magenta) and DAPI (blue) in DG. Scale bars, 100 μm. (G-I) 
Number of NeuN+ neurons per area in the molecular layer (ML, 
G), granule cell layer (GCL, H), and hilus (I). n.s., not significant.

Fig. 3. Ctcf deficiency induces reactive microgliosis with altered 
microglial morphologies and astrogliosis in CA1. (A) Immunofluore-
scence images showing Iba1 (green) and DAPI (blue) in the 
hippocampi of 7.5-10-month-old CTL and Ctcf cKO mice. Scale 
bars, 500 μm. (B) Upper panels, images showing Iba1 and DAPI 
in the CA1 field. Two white dashed lines mark the boundary of 
SP. Scale bars, 100 μm. Lower panels, high magnification images 
showing SO, SP, and SR layer. Note the bipolar rod-shaped microglia 
extending their processes into the SP (magenta colors) in the cKO 
mice. Scale bars, 50 μm. (C-E) Numbers of Iba1+ microglia in 
the SO (C), SP (D), and SR + SLM (E) layers of hippocampal CA1. 
(F) Immunofluorescence images showing GFAP (red) and DAPI 
(blue) in the hippocampus. Scale bars, 500 μm. (G) Upper panels, 
images of GFAP and DAPI in CA1 field. Scale bars, 100 μm. Lower 
panels, high magnification images showing the SO, SP, and SR 
layers. Scale bars, 50 μm. (H-J) Numbers of GFAP+ astrocytes in 
the SO (H), SP (I), and SR + SLM layers (J) of hippocampal CA1. 
*P ＜ 0.05, **P ＜ 0.01, ***P ＜ 0.001.

glial cells associated with neuroinflammation in the hippocampus 
of 7.5-10-month-old cKO mice. As expected, reactive microgliosis 
was clearly observed in all layers of CA1 in Ctcf cKo mice (Fig. 
3A, B). Generally, reactive microgliosis during neuroinflamma-
tion is highly associated with an increase in the number of 
ionized calcium-binding adapter protein-1 (Iba1)+ microglia 
(13). We found that the number of microglia (Iba1+ cells) per 
area in cKO mice was dramatically increased in the hippocampal 
CA1 including the SO (Fig. 3B, C; t(4.421) = −23.678, ***P = 
0.0000079), SP (Fig. 3B, D; t(8) = −13.038, ***P = 0.0000011), 
and SR + SLM (Fig. 3B, E; t(8) = −11.902, ***P = 0.0000022), 
compared with those in CTL mice. Interestingly, in cKO mice, 
many of the microglia in the suprapyramidal SR layer of 
hippocampal CA1 exhibited a bipolar rod shape (Fig. 3B, the 
lower panel in cKO), extending their processes into the SP 
layer, which showed neuronal loss (Fig. 1A, B). Finally, we 
examined astrocytes, which play a role in forming a glial scar 
in damaged nervous tissues (14). As observed in the microglia, 
we observed dramatic reactive astrogliosis in all layers of the 
CA1 area in cKO mice compared to control mice (Fig. 3F). In 
the quantitative analysis, we found increased numbers of glial 
fibrillary acidic protein (GFAP)+ astrocytes per area in the whole 
area of CA1 in Ctcf cKO mice: SO (Fig. 3G, H; t(5.301) = 
−3.906, *P = 0.0101), SP (Fig. 3G, I; t(4.826) = −4.039, *P = 
0.0106), and SR + SLM layers (Fig. 3G, J; t(8) = −4.301, **P = 
0.0026). Thus, our findings showing bipolar rod-shaped micro-
glia (Fig. 3B, lower panels) and hypertrophic astrocytes (Fig. 
3G, lower panels) near the SP layer are suggestive of ongoing 
immune surveillance.

Abnormal microgliosis and astrogliosis occurs prior to 
neuronal loss in the hippocampal CA3 and DG of Ctcf cKO 
mice at 7.5-10 months of age
Next, we examined the changes in glial cells in the hippocampal 
CA3 and DG of cKO mice, which did not show any neuronal 
loss compared to the CTL (Fig. 2). Surprisingly, cKO mice 
exhibited abnormal gliosis in both regions of the hippocampus. 
In CA3, only reactive microgliosis was observed in the SO 
layer of cKO mice (Fig. 4A, B; t(8) = −2.503, *P = 0.0367) 
and we found neither abnormal microgliosis in the SP, stratum 
lucidum (SL), and SR layers (Fig. 4A, C, D) nor astrogliosis in 
SO, SP, SL, and SR layers (Fig. 4E-H). Unlike CA3, dramatic 
reactive microgliosis (Fig. 4I) and astrogliosis (Fig. 4M) were 
visible in the molecular layer (ML) and hilus of DG and quanti-
tative analysis of cell number per area revealed significant 
increases in Iba1+ microglia (Fig. 4J for ML: t(8) = −6.634, 
***P = 0.00016; Fig. 4L for hilus: t(4.175) = −3.068, *P = 
0.0353) and GFAP+ astrocytes (Fig. 4N for ML: t(8) = −9.717, 
***P = 0.0000105 ; Fig. 4P for hilus: t(8) = −2.997, *P = 
0.0171) in ML and hilus, but not the granule cell layer (GCL) 
(Fig. 4K, O) of DG in cKO mice. However, in contrast with 
CA1, bipolar rod-shaped microglia was not prominently 
observed in CA3 and DG of cKO mice at the same age 
(Supplementary Fig. 2). As a result, these findings indicate that 
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Fig. 4. Ctcf deficiency induces reactive microgliosis and astrogliosis 
in CA3 and DG over 7.5 months of age. (A, E) Immunofluore-
scence images showing Iba1 (green, A), GFAP (red, E), and DAPI 
(blue) in the hippocampal CA3 of CTL and Ctcf cKO mice. Scale 
bars, 100 μm. (B-D) Number of Iba1+ microglia per area signifi-
cantly increased in the SO (B), but not in the SP (C) and SL + SR 
(D) layers of CA3 in cKO mice compared with those in the CTL. 
(F-H) Number of GFAP+ astrocytes per area in the SO (F), SP 
(G), and SL + SR (H) layers of CA3. (I, M) Immunofluorescence 
images showing Iba1 (green, I), GFAP (red, M), and DAPI (blue) 
in the DG. Scale bars, 100 μm. (J-L) The number of Iba1+ microglia 
per area significantly increased in the ML (J) and hilus (L), but not 
in the GCL (K) of DG in cKO mice. (N-P) The number of GFAP+

astrocytes per area increased in the ML (N) and hilus (P), but not 
in GCL (O) of DG in cKO mice compared with those in the 
CTL. n.s., not significant; *P ＜ 0.05, ***P ＜ 0.001.

neuroinflammatory responses to potent neuronal damage induced 
by Ctcf gene deficiency in glutamatergic neurons occur much 
earlier and more intensively in DG than CA3.

DISCUSSION

In a previous report, 3-4-month-old Ctcf cKO mice demonstrated 
abnormal microgliosis without astrogliosis and neuronal cell 
death in the CA1 of the hippocampus (9). However, in the 
current study, we propose that a prolonged CTCF deficiency in 
postmitotic glutamatergic neurons induces neuroinflammation 
in parallel with reactive microgliosis as well as astrogliosis and 
consequent excitatory neuronal loss specifically in the CA1 of 
the hippocampus over 7 months of age because we did not 
find any neuronal loss in the CA1 of cKO mice at 4-6 months 
of age. On the basis of the previous data showing a significant 
decrease in dendritic spine density of pyramidal neurons and 
remarkable increase in inflammation-related gene expression 
such as toll-like receptor 2 as an activator of microglia within 
the CA1 of 3-4-month-old cKO mice (9), CTCF deletion-induced 
neuronal damage and consequent neuroinflammatory responses 
with inflammatory gene expression may induce reactive gliosis 
prior to neuronal loss in cKO mice over 7 months of age.

Interestingly, we observed abnormal microgliosis and astrogliosis 

in the DG and only microgliosis in CA3 without neuronal loss 
in 7.5-10-month-old cKO mice. Based on these findings, we 
speculate that neuronal damage induced by the depletion of 
CTCF causes abnormal gliosis of microglia, followed by reactive 
astrogliosis and neuronal death in hippocampal CA1 at 3-10 
months of age. Furthermore, neuronal damage and neuroinflam-
mation occur first in the hippocampal CA1 and next in the 
DG, and finally in the CA3 of Ctcf cKO mice. We speculate 
that the relatively high resistance of DG and CA3 against CTCF 
deficiency-induced neuronal damage may be associated with 
neurogenesis-related capability in the DG and recurrent excita-
tory circuit in the CA3 because synaptic activity can have an 
influence on neuronal survival. However, we cannot rule out 
the different efficiency of CTCF deletion caused by the different 
expression of Cre recombinase in the hippocampal subfields of 
adult Camk2a-Cre mice and further studies are needed to 
elucidate an exact mechanism underlying different phenotypes 
between hippocampal subregions.

Neuronal death following sequential microgliosis and astro-
gliosis was also observed in the anterior cingulate cortex (ACC) 
of cKO mice. Indeed, our previous study on the ACC demonstrated 
apoptotic cell death of cortical neurons in cKO mice over 5 
months of age, subsequent to age-dependent aggravation in 
reactive gliosis at 4 months of age (15). However, in the present 
study, we found that hippocampal neuronal damage and death 
induced by CTCF deficiency occur later than cortical neuronal 
death of the ACC and we assume that it might attribute to 
enrichment of neurogenesis-related genes in the hippocampus. 

We also found microglia with a bipolar rod shape, which is 
considered a transitional stage between the ramified microglia 
for immune surveillance (16) and amoeboid microglia for phago-
cytosis (17), specifically in the SR layer of the CA1, but neither 
CA3 nor DG, in 7.5-10-month-old cKO mice. In humans, the 
presence of rod-shaped microglia in the hippocampus is directly 
associated with age-dependent increases in senescence and 
neurodegeneration-related pathologies, such as dementia and 
senile plaque formation in the brain (18). In addition, CTCF 
itself as an epigenetic factor has known to play a pivotal role 
in transcriptional regulation of huntingtin (19), TMEM106B 
(20), and amyloid precursor protein (21), which are highly 
associated with neurodegeneration. Therefore, more detailed 
studies to investigate direct pathophysiological evidence of 
neuronal senescence and neurodegeneration in the hippocampus 
of cKO mice will provide insight into the age-dependent role of 
CTCF in the neuroinflammation processes of neurodegenera-
tive diseases in the future. 

MATERIALS AND METHODS

Animals 
Ctcfloxp/loxp mice and Camk2α-Cre mice were described previously 
by Heath et al. (22) and by Madisen et al. (23), respectively. 
Ctcfloxp;Camk2α-Cre+ mice were described elsewhere in Kim 
et al. (7) and Kwak et al. (15). Littermates without the Cre 
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transgene or the floxed Ctcf gene were used as controls (CTL). 
The Animal Care and Use Committee of Kyungpook National 
University approved the animal protocols. The following are 
the number of animals and brain slices for immunohisto-
chemistry: CTL 5 (brain slices 10), and Ctcf cKO 5 (brain slices 
10) for NeuN-, GFAP-, and Iba1-expressing cells and TUNEL+ 
cells.

Immunohistochemistry, TUNEL staining, and imaging 
Brain sample preparation and immunohistochemistry were 
performed as previously described (24). After tissue preparation 
(coronal slices, 40 μm thickness), the brain sections were 
incubated with the following primary antibodies at 1:1,000 
dilution: mouse anti-NeuN (MAB377; Merck Millipore, Burlington, 
MA, USA), rabbit anti-GFAP (Z0334; Dako, Glostrup, Denmark) 
overnight at 4oC, and goat anti-ionized calcium-binding adapter 
protein-1 (Iba1) (NB100-1028; Novus Biologicals, Littleton, CO, 
USA) for 2 days at 4oC. The sections were then incubated with 
the following secondary antibodies at 1:200 dilutions for 3 h at 
room temperature: Cy5-conjugated anti-mouse (for anti-NeuN), 
Alexa Fluor 546 donkey anti-rabbit IgG (for anti-GFAP), and 
Alexa Fluor 488 donkey anti-goat IgG (for anti-Iba1). For 
TUNEL assay, sections were labeled with an in situ cell death 
detection kit following the manufacturer’s instructions (Roche 
Applied Science, no. 11684795910) at 37oC for 1 h 30 min. 
TUNEL+ cells were indicated by green fluorescence. After 
incubation with DAPI at 1:20,000 dilutions, images of the 
immunostained sections were acquired with a Zeiss (Thornwood, 
NY, USA) confocal microscope and an LSM5 EXCITER, version 
4.2 (25). Fluorescence images were analyzed using ImageJ 
(NIH, Bethesda, MD, USA) and MATLAB (Mathworks, Natick, 
MA, USA). 

Experimental design and statistical analysis
All experiments were performed in a blinded fashion, with the 
minimum number of mice required to achieve statistical validity. 
Data are shown as the mean ± standard error of the mean. For 
each variable, two groups were compared using a two-tailed 
t-test if the data were normally distributed. Statistical significance 
was set at P ＜ 0.05.
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