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A B S T R A C T   

Status epilepticus (SE) is a neurological emergency, and delayed management can lead to higher morbidity and 
mortality. It is thought that prolonged seizures stimulate stem cells in the hippocampus and that epileptogenesis 
may arise from aberrant connections formed by newly born cells, while others have suggested that the acute 
neuroinflammation and gliosis often seen in epileptic hippocampi contribute to hyperexcitability and epilepsy 
development. Previous studies have identified the expression of homeodomain-only protein (HOP) in the hip-
pocampal dentate gyrus (HDG) and the heart. HOP was found to be a regulator of cell proliferation and dif-
ferentiation during heart development, while it maintains the ‘heart conduction system’ in adulthood. However, 
little is known about HOP function in the adult HDG, particularly in the SE setting. Here, a HOP immunohis-
tochemical profile in an SE mouse model was established. A total of 24 adult mice were analyzed 3–10 days 
following the SE episode, the ‘acute phase’. Our findings demonstrate a significant downregulation of HOP and 
BLBP protein expression in the SE group following SE episodes, while HOP/Ki67 coexpression did not remark-
ably differ. Furthermore, coexpression of HOP/S100β and HOP/Prox1 was not observed, although we noticed 
insignificant HOP/DCX coexpression level. The findings of this study show no compelling evidence of prolifer-
ation, and newly added neurons were not identified during the acute phase following SE, although HOP protein 
expression was significantly decreased in the HDG. Similar to its counterpart in the adult heart, this suggests that 
HOP seems to play a key role in regulating signal conduction in adult hippocampus. Moreover, acute changes in 
HOP expression following SE could be part of an inflammatory response that could subsequently influence 
epileptogenicity.   

1. Introduction 

Status epilepticus (SE) is a common neurological emergency associ-
ated with significant morbidity, such as later development of epilepsy 
(Chin et al., 2006; DeLorenzo et al., 1996). SE is defined as a ‘continuous 
seizure lasting more than 30 min, or two or more seizures without full 
recovery of consciousness between any of them’ (Betjemann and Low-
enstein, 2015; Cherian and Thomas, 2009). Mesial temporal lobe epi-
lepsy is a common form of human epilepsy (Engel J., 2001), and the 
temporal lobes are the most common brain regions to develop epi-
leptogenicity (Blair, 2012), where hippocampal onset accounts for at 

least 80% of all temporal lobe seizures (Tatum, 2012). Although a pre-
vious study showed that prolonged seizure activity stimulates dentate 
granule cell neurogenesis and contributes to hyperexcitability (Parent 
et al., 1997), a recent report showed that the frequency of recurrent 
seizures was not permanently reduced when seizure-induced new neu-
rons were experimentally ablated (Varma et al., 2019). Moreover, glial 
activation and neuronal loss have been remarkably observed in the 
hippocampi of epileptic patients (De Lanerolle, et al., 2010; Scharfman, 
2000). 

The hippocampus is a part of the central nervous system that is 
essential for memory and learning (O’Keefe and Dostrovsky, 1971). 
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Previous reports have shown that a single acute seizure episode can 
impair learning and memory (Holley and Lugo, 2016; Martinos et al., 
2012) and seizure-induced hippocampal injury has been observed using 
different techniques, such as magnetic resonance imaging (Choy et al., 
2010; Scott, 2003). This indicates that even a single episode of status 
epilepticus can have a significant impact on the hippocampus, particu-
larly if not managed in a timely fashion. While neurogenesis is consid-
ered by some researchers to be the underlying epileptogenic mechanism, 
neuroinflammation has also been reported, not only as a neurogenesis 
inducer (Mo et al., 2019) but also as a detrimental cause of neurogenesis 
(Ekdahl et al., 2003), which seems more compatible with the ILAE his-
topathological classification. Neuronal loss seen in surgical hippocampal 
specimens is a hallmark (Blümcke et al., 2013; Dam, 1980). 
Seizure-induced neuroinflammation has been extensively reported using 
standard immunohistochemistry and recent genetic techniques (Dixit 
et al., 2016; Choy et al., 2014; Shapiro et al., 2008; Dhote et al., 2007). 
Some cytokines produced by immune cells, despite their classical role as 
effectors in the immune system, have a significant impact on synaptic 
transmission and neuronal excitability (Vezzani et al., 2016). 

During embryogenesis, organ formation requires a ‘tightly regulated 
balance between cell proliferation and differentiation to generate and 
maintain the size and shape of the mature organ’ (Shin et al., 2002). 
Members of the homeodomain family play key roles in organogenesis 
(Gehring et al., 1994). The homeodomain family is encoded by a specific 
DNA sequence, the homeobox, that consists of regulatory genes coding 
for specific transcription factors (Shin et al., 2002; McGinnis and 
Krumlauf, 1992). HOP was first reported in developing murine hearts, 
where it is involved in cardiomyocyte proliferation and differentiation 
(Chen et al., 2002; Shin et al., 2002). However, HOP was found to 
regulate the cardiac conduction system in adult murine hearts, and HOP 
knockout experiments in adult mice have shown defects in cardiac 
conduction (Fishman, 2020; Hatcher and Basson, 2009; Ismat et al., 
2005). The adult heart continues to express HOP, which seems to have a 
different function than during embryogenesis. A recent fate-mapping 
report has shown that HOP-expressing cells seen in the mouse neuro-
epithelium are the origin of HOP-expressing cells found in the adult 
dentate gyrus (Berg et al., 2019). Given that little is known about HOP 
function in the adult HDG, particularly in the setting of SE, our hy-
pothesis was that considering its function in the adult heart, HOP could 
also play a key role in regulating signal conduction in adult hippocam-
pus. Moreover, knowing that epilepsy is considered a conduction-related 
disorder and that it has an obvious impact on the hippocampus, we 
investigated HOP protein expression in the hippocampus using a status 
epilepticus model in adult mice. 

2. Experimental procedures 

2.1. Animals 

All procedures involving animals and their care were performed in 
accordance with the policies of the Institutional Animal Care and Use of 
Tokyo Medical University. A total of 24 GFAP-EGFP transgenic mice (n 
= 12 Ctrl; n = 12 SE; age range: P9–11 weeks in all figures) were used to 
identify astrocytes in the hippocampus, where enhanced GFP is char-
acteristically ‘found throughout the cell, even in astrocytic fine pro-
cesses’ (Suzuki et al., 2003). Only male mice were used to avoid any 
hormonal effects during the sampling procedures. No wild type mice 
were used in the present work. The mice were housed under a 12-hour 
light/dark cycle, with ad libitum access to food and water throughout 
the experimental procedures. 

2.2. Status epilepticus ‘acute-phase’ model 

The status epilepticus model was established as described previously 
(Turski et al., 1983), with a slight modification of the drug dosing. 
Briefly, adult male GFAP-EGFP transgenic mice were pretreated with 

atropine methyl bromide (Sigma–Aldrich A6883, dissolved in saline, 5 
mg/kg, intraperitoneally ‘i.p.’) to block the peripheral effects of pilo-
carpine, and ~15 min later, pilocarpine hydrochloride (Sigma–Aldrich 
P6503, dissolved in saline, 280 mg/kg i.p.) was given to induce 
convulsive seizures. Seizure activities were seen within an average of 15 
min following pilocarpine injection. In accordance with the standard 
definition of SE, (Betjemann and Lowenstein, 2015), the seizures were 
terminated ~ 1 hr after pilocarpine injection using diazepam (Wako 
Pure Chemical Industries 045–18901, dissolved in 30% ethanol in sa-
line, 10 mg/kg, i.p.). 

Seizure behaviors were scored using Racine’s scale (Racine, 1972), 
which is divided into 5 stages: (1) Mouth and facial movements. (2) 
Head nodding. (3) Forelimb clonus. (4) Rearing. (5) Rearing and falling. 
Some mice did not show noticeable seizure behavior; thus, only those 
mice that showed continuous, convulsive seizures (stage 4–5) were 
included in our analysis. The control mice received atropine, saline 
instead of pilocarpine, and then diazepam in the same strategy used in 
the ‘pilocarpine’ group. As expected, all control mice showed no 
abnormal behavior. Inflammation in the brain occurs acutely within 1–5 
days following brain injury, including seizure activities (Thelin et al., 
2017; Shapiro et al., 2008). Thus, the acute phase in our study was 
defined by the sacrifice timing. The mice were sacrificed within three to 
a maximum of ten days after the seizure induction session. This 
time-locked approach was meant to investigate the changes in the hip-
pocampus that occurred specifically during the acute phase. 

2.3. Tissue preparation 

Three to a maximum of ten days after the seizure induction session, 
the mice were anesthetized and perfused transcardially with phosphate 
buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in 0.2 M 
phosphate buffer (PB). Their brains were removed, postfixed in 4% PFA 
overnight at 4 ◦C, cryoprotected in 10% sucrose for 6 hr, and then in 
20% sucrose overnight at 4 ◦C. Then, the brains were embedded in O.C. 
T. compound (Sakura Finetek), snap-frozen using liquid nitrogen and 
stored at − 80 ◦C until the cryosection procedure. The hippocampi were 
cut into 40 µm slices perpendicular to the septotemporal axis (coronal 
plane) using a cryostat (CM1850, Leica) and then stored in cryopro-
tectant solution (30% ethylene glycol and 25% glycerin in 0.1 M PB) at 
− 20 ◦C until the immunohistochemistry procedure. 

Table 1 
Antibodies list.  

Antibody/Species Dilution Vendor Cat. 
number 

Mouse anti-HOP 1:200 Santa Cruz Sc398703 
Goat anti-DCX 1:500 Santa Cruz sc-8066 
Chicken anti-GFP 1:1000 abcam ab13970 
Rabbit anti-S100β 1:500 abcam ab41548 
Rabbit anti-Prox1 1:1000 Millipore Ab5475 
Guinea pig anti-BLBP 1:500 Frontier Institute Af291-1 
Rabbit anti-Ki67 1:500 Cell signal D3B5 
Donkey anti-mouse + Alexa 

488 
1:500 Jackson 715-545- 

151 
Donkey anti-mouse + Alexa 

647 
1:500 Jackson 715-606- 

151 
Donkey anti-goat + Alexa 546 1:1000 Life 

Technologies 
A11056 

Donkey anti-rabbit + Alexa 
647 

1:500–1000 Invitrogen A32795 

Donkey anti-rabbit + Alexa 
546 

1:500 Life 
Technologies 

A10040 

Donkey anti-chicken + Alexa 
488 

1:500 Jackson 703-546- 
155 

Donkey anti-guinea pig + Cy3 1:100 Jackson 706-165- 
148  
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2.4. Immunohistochemistry 

Standard immunohistochemistry was performed using the free- 
floating staining method. Briefly, after washing with phosphate-based 
saline (PBS), the tissue sections were first blocked with 1% bovine 
serum albumin in PBS-T (0.5% Triton X-100) for 30 min at room tem-
perature (RT). Next, the sections were incubated with the primary an-
tibodies overnight at 4 ◦C. Following washing, the sections were 
incubated with secondary antibodies for 2 hr at RT. Then, the sections 
were washed and incubated with Hoechst 33342 (1:1000 PBS, Life 
Technologies) for 15 min at RT and mounted on glass slides. The pri-
mary and secondary antibodies were diluted with PBS-T. For the 
detection of all antibodies, no antigen retrieval method was used. The 
antibodies used are listed in Table 1. 

2.5. Image acquisition and analysis 

All images were acquired using a Zeiss confocal microscope (LSM 
700, Carl Zeiss using ZEN black software). In a status epilepticus rat 

model, immunostaining of the proliferating markers did not show a 
qualitative difference among the tissue sections taken from different 
hippocampal regions (Parent et al., 1997). Thus, six randomly selected 
tissue sections from a minimum of three mice per group (SE vs. Ctrl) 
were analyzed and averaged from each animal. Only cells located in the 
innermost edge of the granule cell layer were included in our analysis. 
Thus, this work does not represent a ‘stereological determination of the 
exact cell number’. The images were analyzed and adjusted using the 
Fiji-ImageJ package. To facilitate quantification and data presentation 
of the colocalization profile, some colors seen in the figures have been 
converted digitally (via software) during the image postprocessing step 
(e.g., magenta to green). In all analyses, ‘n’ indicates the number of 
biological repeats (number of animals), and all data are presented as the 
mean ± SEM. Differences between groups (SE vs. Ctrl) were determined 
using unpaired Student’s t-tests, and a p value of less than.05 was 
considered statistically significant. Of note, the present study is a brief 
experimental report that employed standard immunohistochemistry 
only and used a limited number of animals. Moreover, our data analysis 
was performed based on a single optical section approach. Thus, further 

Fig. 1. HOP proliferation rate was not increased following SE (A) Hippocampi of Ctrl and SE adult mice immunostained with antibody against HOP (green), Ki67 
(red), and the nuclei were stained blue with Hoechst 33342 (DAPI) show that HOP is almost exclusively expressed in the innermost edge of granule cell layer in adult 
mice; the so-called subgranular zone (SGZ). Ki67 expression was not increased following SE, and the colocalization with HOP in both SE tissue (upper panel, where c- 
d images are higher magnification of the inset seen in image a) and Ctrl tissue (lower panel, where f-h images are higher magnification of the inset seen in image e) 
seem statistically and biologically insignificant. Note: HOP antibody was originally immuostained with Magenta color and later was converted digitally into Green to 
enhance image visualization. Scale bar (of all images)= 30 µm. (B) Quantification of proliferation (Ki67) and HOP-expressing cells in SGZ per single coronal optical 
section; n = 3 animals/group, two-tailed t-test; data shown represent mean ± SEM. In both cases; total Ki67 and Ki67/HOP colocalization, the p-value were 
insignificant. Abbreviations: HOP: Homeodomain only protein; SE: status Epilepticus tissue; Ctrl: Control tissue. 
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studies overcoming the aforementioned limitations would enhance the 
generalizability of our findings and conclusions. 

3. Results 

3.1. Expression of HOP protein continues in adult HDG 

In the adult mouse hippocampus, HOP-labeled cells are located at the 
innermost edge of the GCL (Berg et al., 2019; Toni et al., 2008). 
Conversely, HOP was not detected in the subventricular zone (SVZ) of 
the lateral ventricle of the adult forebrain (Li et al., 2015; Toni et al., 
2008), although many researchers consider each SGZ and SVZ to be 
‘neurogenic niches throughout life under normal conditions’ (Ming and 
Song, 2011). To first localize HOP expression in the hippocampus of 
adult mice, we performed standard immunohistochemical localization 
of HOP protein. 

In agreement with previous reports (Berg et al., 2019; Li et al., 2015; 
Toni et al., 2008), we found that HOP was strongly expressed in the 
innermost edge of the GCL in adult mice, where approximately every 
2–3 HOP-labeled cells seemed to be juxtaposed and arranged in seem-
ingly irregularly spaced intervals along the entire GCL edge (Fig. 1A). 
Furthermore, we noticed randomly distributed, rather weak expression 
of HOP in the molecular layer of the hippocampus formation (HF). 
Overall, the HOP-labeled cells assumed a seemingly pyramidal-shaped 
cell body that was almost always located in the innermost edge and 
was mostly associated with radially oriented processes of different 
lengths spanning almost the entire width of the GCL. However, no 
discernible processes arising from cell bodies were observed directed 
toward the hilus region in each experimental group (Ctrl and SE). 
Overall, the location and morphology of the HOP-expressing cells in the 
SE tissue sections did not show a noticeable change compared to that in 
the control tissue, suggesting that SE episodes did not cause acute 
structural changes in the HOP-expressing cells. 

3.2. The HOP proliferation rate was not increased following SE 

Neurogenesis entails cell proliferation to maintain stem cell pools, 
while terminal differentiation usually coincides with proliferation arrest 
and permanent exit from the division cycle. Therefore, ‘imbalance be-
tween cell proliferation and proper differentiation are often the hall-
mark of cancer cells’ (Ruijtenberg and van den Heuvel, 2016). 
Currently, it is thought that so-called neural stem cells (NSCs) ‘remain 
quiescent under normal conditions’ (Lugert et al., 2010), whereas sei-
zures stimulate and deplete them (Fu et al., 2019). HOP has been 
described as a quiescent NSC marker in the adult dentate gyrus (Berg 
et al., 2019), while other studies have shown that HOP in the adult 
dentate gyrus did not regulate cell proliferation (Mühlfriedel et al., 
2005; Toni et al., 2008; Li et al., 2015). Thus, we used a status epi-
lepticus model in adult mice as described previously (Turski et al., 1983) 
and analyzed the hippocampal tissue using HOP and Ki67 markers to 
assess the proliferation rate of the HOP-labeled cells, particularly with 
regard to SE. 

Here, we found that HOP-labeled cells in the control tissue were not 
proliferating (Fig. 1A), which is consistent with a previous report, where 

almost all HOP-labeled cells in adult HDG were not proliferating (Li 
et al., 2015; Berg et al., 2019). In our data, the number of Ki67-positive 
cells showed no significant difference in the SE group compared to the 
Ctrl group (Fig. 1B; SE: 16.6 ± 2.36 cells versus Ctrl: 15.2 ± 1.47 cells, 
p = 0.7). Furthermore, SE did not increase the HOP/Ki67 proliferation 
rate (Fig. 1B; SE: 3.44 ± 0.2 cells versus Ctrl: 2.17 ± 0.07 cells, 
p = 0.06), although rare HOP-labeled cells overlapped with Ki67 in both 
the Ctrl and SE tissue (3 out of 16 cells in SE and 2 out of 15 cells in the 
Ctrl group). Furthermore, Ki67 seemed to be slightly more highly 
expressed in SE tissue than in Ctrl tissue if we considered the entire 
hippocampus in the analysis, namely, the molecular layer and hilus re-
gion. However, this issue was out of our present scope. Moreover, 
upregulating Ki67 in SE tissue in regions other than the GCL and the 
cornu ammonis regions could indicate that cells other than neurons 
seem to be introduced, most likely immune cells, since acute microglial 
and astrocyte activation following pilocarpine-induced seizures in rats 
has been reported previously (Shapiro et al., 2008). Together, our data 
suggest that HOP-labeled cells in the SGZ are not proliferating and that 
SE did not increase the HOP/Ki67 proliferation rate. This suggests that 
HOP-expressing cells in adult HDG are possibly mature cells that have 
already exited the cell cycle. 

3.3. HOP in HDG is significantly downregulated following SE 

It has been reported that seizures activate so-called ‘neural stem cell’ 
proliferation and thus deplete their pool (Fu et al., 2019; Jessberger and 
Parent, 2015). In our previous experiments, we found that HOP-labeled 
cells were not proliferating and that no significant proliferation differ-
ence in Ctrl versus SE tissue was observed. Thus, as a follow-up exper-
iment, we further investigated the notion of seizure-induced NSC 
depletion using the GFAP-EGFP mouse line (Suzuki et al., 2003) and 
BLBP (brain lipid-binding protein) for coimmunostaining experiments 
with HOP. 

Here, we found almost complete HOP/BLBP overlapping in HDG, 
although not all BLBP were colocalized HOP (Fig. 2A) and a significant 
decrease of HOP/BLBP colocalized cells in SE tissue compared to that in 
Ctrl tissue has been observed (Fig. 2C; HOP/BLBP: SE: 4.78 ± 0.7 cells 
versus Ctrl: 11.2 ± 0.28 cells, p = 0.006). Next, we performed HOP 
coimmunostaining with GFP. In the HDG, HOP colocalized with the 
majority of the GFP (Fig. 2B and C; HOP/GFP: SE: 8.56 ± 0.98 cells 
versus Ctrl: 16.4 ± 1.1 cells, p = 0.01). Interestingly, the total HOP 
count and total BLBP count seemed simultaneously downregulated 
following SE (Fig. 2D; total HOP: SE: 6.33 ± 0.83 cells versus Ctrl: 
14.4 ± 0.35 cells, p = 0.005; total BLBP: SE: 7.67 ± 0.36 cells versus 
Ctrl: 13.4 ± 0.6 cells, p = 0.006). However, in contrast to HOP and 
BLBP, total GFP seemed insignificantly affected by SE (Fig. 2D; total 
GFP: SE: 12.2 ± 1.51 cells versus Ctrl: 15.8 ± 0.79 cells, p = 0.18). 
Together, we found that HOP colocalized with BLBP and the majority of 
GFP, suggesting that these cells possibly represent the same cell popu-
lation, which was found to be significantly and acutely decreased 
following the SE episodes. 

Fig. 2. HOP expression in HDG is significantly downregulated following SE. (A) Hippocampi of adult mice immunostained with antibody against HOP (green) and 
BLBP (red) show that total HOP expression in hippocampal dentate gyrus is significantly downregulated following SE. HOP almost always colocalized BLBP in SGZ. 
Similar to HOP, total BLBP has also been significantly decreased following SE episode. SE tissue seen in the upper panel, where c-d images are higher magnification of 
the inset seen in image a, and Ctrl tissue seen in the lower panel, where f-h images are higher magnification of the inset seen in image e). Note: HOP antibody was 
originally immuostained with Magenta color and later was converted digitally into Green to enhance image visualization. Scale bar (of all images)= 30 µm. (B) 
Hippocampi of adult mice immunostained with antibody against GFAP-GFP (green) and HOP (red) show that almost always colocalized BLBP in SGZ. Similar to HOP 
and BLBP, total GFP has also decreased to a great extent, but not significantly after SE episode. SE tissue seen in the upper panel, where c-d images are higher 
magnification of the inset seen in image a, and Ctrl tissue seen in the lower panel, where f-h images are higher magnification of the inset seen in image e. Scale bar (of 
all images)= 30 µm. (C) Quantification of colocalized HOP/BLBP and HOP/GFP as seen in SGZ per each coronal section; n = 3 animals/group; * P < 0.05, two-tailed 
t-test; data shown represent mean ± SEM. (D) Quantification of total HOP, total BLBP, and total GFP as seen in SGZ per each coronal section; n = 3 animals/group; 
* P < 0.05, two-tailed t-test; data shown represent mean ± SEM. In contrast to HOP and BLBP, total GFP seem not significantly affected by SE. 
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3.4. In SE, HOP rarely colocalized with DCX but never colocalized with 
Prox1 

It has been reported that seizures increase cell neurogenesis in the 
dentate granule cell layer, which contributes to hyperexcitability 
(Morgan and Soltesz, 2008; Parent et al., 1997). However, other evi-
dence has shown that ‘seizure-induced newborn neurons possess anti-
convulsive effects resulting in overall decreased excitability’ (Danzer, 
2019; Jakubs et al., 2006). In the present study, we did not observe 
increased proliferation following SE, although HOP protein was signif-
icantly downregulated. At this point, we were not sure whether the 
HOP-labeled cells had already died and were eliminated or whether they 
had been differentiated into other cell types as a result of the SE effects. 
Thus, we wanted to assess the notion of seizure-induced neuronal 
differentiation. 

To do this, we costained HOP with the commonly used neuronal 
marker Prox1, which is a specific marker for mature dentate granule 
cells (Oliver et al., 1993), and DCX as a marker of migrating neuroblasts, 
although a previous report showed that ‘survival and maturation of 
adult-generated hippocampal neurons’ did not require DCX (Dhaliwal 
et al., 2016; Merz and Lie, 2013). Moreover, DCX is also expressed in 
astrocytes (Verwer et al., 2007). 

Here, we found that HOP rarely colocalized with DCX in Ctrl tissue 
and it was even rarer in SE tissue (Fig. 3A). Moreover, no significant 
difference was observed in the SE versus Ctrl tissue (Fig. 3C; SE: 
1.89 ± 0.25 cells versus Ctrl: 2.67 ± 0.15 cells, p = 0.1), which is 
consistent with a previous report, where no DCX- or T-box brain protein 
2 (Tbr2)-expressing cells colocalized with HOP in the SGZ (Li et al., 
2015). Furthermore, HOP/Prox1 colocalized cells were never observed 
in the present study, in either SE or Ctrl tissues (Fig. 3B), and to our 
knowledge, no data on the Prox1/HOP colocalization pattern in the 
adult hippocampus has been reported previously. The HOP did not 
proliferate or colocalize with neuronal markers. Instead, HOP was 
colocalized with glial markers, namely, BLBP and GFAP-EGFP. This 
suggests that HOP-expressing cells represent mature cells that are 
obviously distinctive from the neuronal cell population, particularly 
granule cells. Moreover, an acute single episode of SE did not cause 
neuronal differentiation and HOP-expressing cells are not stem cells or 
neurons but are most likely a unique terminally differentiated glial 
subtype. 

3.5. S100β expression was not significantly affected by SE 

A previous study showed that S100β expression defines a ‘late 
developmental stage after which GFAP-expressing cells lose their NSC 
potential’ (Raponi et al., 2007). Moreover, S100β is more suitably used 
to visualize the overall distribution and changes in the number of as-
trocytes throughout the CNS (Zhang et al., 2019). Thus, to further 
explore the identity and fate of S100β-expressing cells, we coimmu-
nostained S100β with BLBP and GFAP-EGFP. 

Here, we found that S100β in the HDG rarely colocalized with GFP 
(Fig. 4A) and that the SE episode did not cause significant changes in this 
colocalization pattern (Fig. 4C; S100β/GFP; SE: 1.72 ± 0.28 cells versus 
Ctrl: 2.72 ± 0.12 cells, p = 0.08). BLBP was extensively expressed in the 
HDG but rarely colocalized with S100β (Fig. 4B and C; S100β/BLBP; SE: 
1.67 ± 0.27 cells versus Ctrl: 2.61 ± 0.12 cells, p = 0.08), suggesting 
that S100β seems to represent an almost distinct cell population separate 

from the BLBP and GFP cell populations. Moreover, a single episode of 
SE seems insufficient to differentiate GFP and BLBP into any other cell 
type, including S100β-labeled cells. Although rare S100β/GFP and 
S100β/BLBP might be considered differentiated cells, this is not neces-
sarily due to the side effects of SE given that no significant difference in 
SE tissue was observed compared to that in control tissue. Collectively, 
SE did not cause acute differentiation of GFAP-EGFP and BLBP into 
S100β, although such differentiation might occur chronically since 
‘S100β-immunoreactive astrocytes have been found to be threefold 
higher in patients with intractable epilepsy than that found in control 
patients’ (Griffin et al., 1995). 

4. Discussion 

A previous study described HOP as a marker of quiescent neural stem 
cells (NSCs) in the adult HDG (Berg et al., 2019) and found that seizures 
activate the NSC pool and increase adult-born neurons in the HDG 
(Parent et al., 1997). Here, we found that HOP-expressing cells in the 
HDG did not proliferate or coexpress neuronal antibodies following SE 
episodes, while HOP expression was acutely downregulated compared 
to that in control mice. Moreover, HOP-expressing cells in the HDG seem 
to be a unique terminally differentiated, highly specialized glial subtype. 
Given that acute seizure activity can trigger inflammatory responses 
within the brain (Rana and Musto, 2018; Dey, et al., 2016; Shapiro et al., 
2008), in addition to the role of HOP in regulating the cardiac conduc-
tion system, we speculate that HOP seems to be closely involved in such 
inflammation processes and that HOP protein could play a critical role in 
regulating signal conduction in adult hippocampus given the effect of 
inflammation on the electrical behavior of cardiac tissue (Zhou and 
Dudley, 2020). 

HOP is a critical transcription factor widely expressed in a variety of 
tissues, where it plays an indispensable role throughout life (Hng et al., 
2020; Friedman et al., 2018; Jones et al., 2015). HOP was initially re-
ported in the heart and brain, among other organs, during the devel-
opmental stage (C. H. Shin et al., 2002; Chen et al., 2002) and it 
continues to be expressed in the heart and brain in adulthood (Li et al., 
2015; Risebro et al., 2012; Ismat et al., 2005). Previous studies have 
shown that HOP is expressed in cardiac tissue and ‘subserves at two 
stages: expansion of the ventricular myocardium during the embryonic 
period and later restriction of cardiomyocyte proliferation’ (Friedman 
et al., 2018). Recently, HOP has gained further attention in the neuro-
science field following a report showing that ‘HOP retains common 
molecular signatures across development’ (Berg et al., 2019). The 
functionality of HOP has been investigated in different settings. How-
ever, to our knowledge, the present study is the first to investigate HOP 
expression changes in a seizure setting. Consistent with previous studies, 
we found that HOP was specifically expressed in the innermost GCL in 
adult mice. Moreover, the expression pattern of HOP protein in SE tissue 
did not discernibly differ from that in Ctrl tissue. 

It has been reported that HOP-expressing cells in the HDG represent 
quiescent stem cells since they coexpress Sox2, GFAP, BLBP, and Nestin 
(Berg et al., 2019; Braun et al., 2003). However, other reports showed 
that not all Sox2 + cells in the SGZ expressed HOP (Li et al., 2015; 
Zweifel et al., 2018). Similarly, our data showed that not all HOPs in the 
SGZ expressed BLBP, suggesting that HOP-expressing cells that colo-
calized with BLBP seem to be a different cell subpopulation than those 
that did not. The concept of cell quiescence means that the cells can be 

Fig. 3. Following SE, HOP rarely colocalized DCX, and never colocalized Prox1. (A) Hippocampi of Ctrl and SE adult mice immunostained with antibody against DCX 
(red) and HOP (green) show that HOP was almost did not colocalized DCX. These finding were seen in both Ctrl and SE tissue with no difference. SE images seen in 
the upper panel, where c-d images are higher magnification of the inset seen in image a, while Ctrl tissue images shown in the lower panel, where f-h images are 
higher magnification of the inset seen in image e. Scale bar (of all images)= 30 µm. (B) Hippocampi of Ctrl and SE adult mice immunostained with antibody against 
Prox1 (red) and HOP (green) show that HOP has never colocalized Prox1, and this staining pattern was seen in both Ctrl and SE tissue with no difference. Scale bar (of 
all images)= 30 µm. Note: HOP antibody in Figs. A and B was originally immuostained with Magenta color and later was converted digitally into Green to enhance 
image visualization. (C) Quantification of co-localized HOP/DCX as seen in SGZ per each coronal section; n = 3 animals/group; two-tailed t-test; data shown 
represent mean ± SEM. No count for HOP/Prox1 was performed since colocalization in both SE and Ctrl tissues was obviously not observed. 
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Fig. 4. S100b expression are not significantly affected by SE, (A) Hippocampi of adult mice immunostained with antibody against GFAP-GFP (green) and S100b 
(Red) show that S100b has almost never co-localized GFP, particularly in SGZ (arrowheads), although rarely colocalized pattern seen in other regions, such as 
molecular layer and upper part of granular layer (arrows). SE episode did not cause a significant change on this colocalization pattern. Scale bar (of all images)=
30 µm., (B) Hippocampi of adult mice immunostained with antibody against BLBP (Red) and S100b (Green) show that S100b were rarely co-localized BLBP and that 
SE, episode did not cause a significant change on this colocalization pattern. Note: S100b antibody in Fig. B was originally immuostained with Magenta color and 
later was converted digitally into Green to enhance image visualization. Scale bar (of all images)= 30 µm. (C) Quantification of co-localized S100b/BLBP and S100b/ 
GFP as seen in SGZ per each coronal section; n = 3 animals/group; two-tailed t-test; data shown represent mean ± SEM. In both cases, no statistical difference 
was observed. 
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activated and regain their proliferation capacity. Using Ki67, we did not 
identify proliferating HOP/Ki67 cells in either the Ctrl or SE tissues. In 
contrast, another study showed that BrdU colocalized with neuronal 
markers in the GCL, and this was increased in an animal model of status 
epilepticus (Parent et al., 1997). However, we see no obvious conflict 
with this finding since we studied the acute phase of changes following 
SE, while Parent et al. (1997) investigated the chronic phase, although 
proliferation seems unlikely to occur in a delayed fashion. However, 
Parent et al. (1997) reported that the ‘number of BrdU-labeled cells in 
the SGZ returned to baseline approximately 1 month following SE’. 
Collectively, this is questioning their role in epileptogenesis and syn-
aptic reorganization. However, investigating HOP protein in the chronic 
phase following SE could provide further insight using endogenous an-
tigens such as Ki67, which has most of the benefits of BrdU and none of 
its costs (Kee et al., 2002). 

In our data, only a few overlapping HOP/Ki67 cells were noticed, 
with a similar level in the SE and Ctrl tissue, suggesting that SE has less 
of an effect on the overall proliferation level, particularly HOP- 
expressing cells. Not only does the average of 2–3 cells that showed 
HOP/Ki67 overlap seem biologically insignificant, but there is also a 
strong possibility that this rare overlap could in fact be due to high 
background autofluorescence on confocal microscopy. Collectively, 
HOP expression in adult HDGs does not seem to be involved in main-
taining cell stemness. Instead, HOP has been described as a ‘negative 
regulator of hippocampal stem cell survival’ (Toni et al., 2008). Astro-
cyte and microglial proliferation and subsequent glial scarring along 
with neuronal degeneration have been previously reported following 
seizures in a temporal lobe epilepsy animal model (Guo et al., 2017; 
Loewen et al., 2016; Shapiro et al., 2008). Thus, we speculate that 
dysregulation of HOP expression, if recurrent and chronic, could lead to 
such a result, and future works might prove this. 

Although widely considered to be NSC markers, GFAP is also used as 
a ‘routine identifier of astrocytes in the healthy CNS’ (Lewis et al., 1984). 
Variable upregulation of GFAP expression was also observed in reactive 
astrogliosis (Sofroniew, 2009). In fact, a previous study found that 
reactive astrogliosis seems to be the cause of the development of spon-
taneous astrogliosis-associated seizures (Robel et al., 2015). GFAP was 
found to ‘label astrocytes in the hippocampus’ (Zhang et al., 2019) and 
has long been recognized as an astrocyte maturation marker (Gomes 
et al., 1999). In the hippocampus, HOP is expressed in mature astrocytes 
(Li et al., 2015). 

Likewise, BLBP has also been used as a marker for mature astrocytes. 
Although some authors have reported that some cells resemble radial 
glial cells in morphology and express BLBP, these cells gradually 
differentiated into mature astrocytes, ‘while few if any neurons appear 
to be derived from radial glial cells’ (McDermott et al., 2005). 
Furthermore, BLBP (aka, FABPB or B-FABP) was observed to be local-
ized primarily to astrocytes in the adult brain; thus, it has been used as a 
marker of mature astrocytes (Owada et al., 2006). Pathologically, BLBP 
is expressed in glioma cells (Tian et al., 2018; Han et al., 2017), and 
intrinsic astrocyte heterogeneity significantly contributes to glioma 
pathogenesis (Irvin et al., 2017). Moreover, BLBP-expressing astrocytes 
have also been detected in experimental autoimmune encephalomyelitis 
(Kipp et al., 2011). 

In our data, we found that HOP in the HDG almost always colocalized 
with BLBP, and similarly, the majority of GFP colocalized with HOP. 
These findings suggest that these three markers, namely, HOP, BLBP, 
and GFAP-EGFP, do not seem to be specific markers for the so-called 
NSCs, and their expression variation appears to reflect astrocytic het-
erogeneity across HDGs. The simultaneous downregulation of HOP, 
BLBP and, to a large extent, GFP, suggests that these markers may be 
part of the overlapping signaling pathway that is somehow involved in 
regulating the acute inflammatory response, particularly when it is 
triggered by seizure activities. HOP-expressing cells in the HDG could 
represent a unique glial subtype. 

HOP protein downregulation seen in our findings following SE 

episodes might indicate that some of these downregulated cells might 
already be differentiated into glial cells or into neuronal committed 
cells. However, DCX rarely colocalized with HOP, with no significant 
differences observed in the SE group compared to the Ctrl group. This 
suggests that DCX seems not to be affected by a single episode of SE. 
Similarly, HOP never colocalized with Prox1, suggesting that HOP did 
differentiate into neurons or migrating neuroblasts and the rarely 
colocalized HOP/DCX seen in our data could represent cell types other 
than migrating neuroblasts. This possibility is supported by a previous 
report, where ‘DCX identified a range of morphological cell types in 
temporal lobe epilepsy, including immature populations, glial and 
microglial cell types’ (Liu et al., 2018). Similarly, we found rare in-
stances of colocalized HOP/S100β in the HDG following SE episodes. It 
is highly possible that these rare HOP/S100β cells seen following SE 
episodes could represent acute pathologic expression of the S100β pro-
tein in certain vulnerable glial cells, resulting in gliosis. Interestingly, 
gliotic scarring or so-called hippocampal sclerosis is commonly 
described in the hippocampi of epileptic patients (Thom et al., 2009; 
Gates and Cruz-Rodriguez, 1990). 

In conclusion, the present study shows that HOP was acutely 
downregulated following seizure activity and that subsequent epilepsy 
development could be explained, at least in part, as a consequence of 
chronic HOP downregulation. Given that previous reports have pre-
sented a compelling set of evidence that HOP is involved in regulating 
the cardiac conduction system, we speculate that HOP protein also 
seems to be a regulator of the hippocampal signal conduction, which 
would support the recently emerging neurocardiology field. Moreover, 
HOP-expressing cells seem to be a unique terminally differentiated 
highly specialized glial subtype located exclusively at the innermost 
edge of the adult HDG. Such a unique location of the HOP protein could 
also explain its functionality. Impaired HOP regulation seems to be a 
critical factor in the development of convulsions, and further investi-
gation of HOP regulation mechanisms in the adult hippocampus will 
contribute to the development of new strategies for investigating and 
treating epileptic disorders. Moreover, HOP protein could also be 
helpful for classifying epileptic surgical specimens as a novel tool in the 
epilepsy neuropathology field. 
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