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T-box transcription factor 2 (Tbr2) is a member of the T-box family of transcription factors and it plays
an important role in brain development, progenitor cell proliferation, and the modulation of differ-
entiation and function in immune cells, such as CD8+ T cells and natural killer cells. This study aims
to elucidate the involvement of Tbr2 in the pathophysiological events following pilocarpine-induced
status epilepticus in mice. Status epilepticus resulted in prominent neuronal cell death in discrete
brain regions, such as CA3, the hilus, and the piriform cortex. Interestingly, when the immunor-
eactivity of Tbr2 was examined two days after status epilepticus, it was transiently increased in CA3
and in the piriform cortex. Tbr2-positive cells in CA3 and the piriform cortex were double-labeled
with CD11b, a marker of microglia and a subset of white blood cells, such as monocytes, CD8+ T
cells, and natural killer cells. Moreover, the double-labeled cells with Tbr2 and CD11b showed amoe-
boid morphology, and this data indicates that Tbr2-expressing cells may be reactive microglia or in-
filtrating white blood cells. Furthermore, clustered Tbr2-positive cells were observed in the platelet en-
dothelial cell adhesion molecule-1 (PECAM-1)-positive blood vessels near the CA3 area, which sug-
gests that Tbr2-positive cells may be infiltrating the white blood cells. Based on this data, this study
is the first to indicate the involvement of Tbr2 in neuropathophysiology in status epilepticus.
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Introduction

The T-box family of transcription factor genes play an im-

portant role in early embryonic cell fate decisions, develop-

ment of extraembryonic structures, embryonic patterning,

and organogenesis [21]. Among these genes, T-box tran-

scription factor 2 (Tbr2), also known as eomesodermin

(Eomes), comprises the Tbr2 subfamily with Tbr1 and Tbx21

(T-bet), and regulates the differentiation of excitatory projec-

tion neurons and retinal ganglion cells [11, 17]. In addition,

Tbr2 is required for the maintenance of excitatory-inhibitory

balance in the olfactory bulb circuitry [20, 26] and condi-

tional ablation of Tbr2 during development results in the

loss of intermediate progenitor cells, decrease in cortical sur-

face expansion, and thickness with neuronal reduction [27].

Furthermore, in adult mouse hippocampus, Tbr2 protein is

specifically expressed by intermediate-stage progenitor cells,

a type of transit amplifying cells, which respond to neuro-

genic stimuli, such as voluntary wheel running [12].

Tbr2 is also expressed in a subset of white blood cells,

such as CD8+ T cells and natural killer cells. In CD8+ T

cells, Tbr2 with T-bet induces the expression of granzyme

B, perforin, and interferon-γ (IFN-γ), and both transcription

factors are thought to be involved in differentiation of effec-

tor and memory T cells [9, 13, 16, 22]. Interestingly, the

amount of memory CD8+ T cells decreased when Tbr2 gene

was deleted whereas it increased when T-bet was absent [3].

Additionally, Tbr2 expression was promoted by inter-

leukin-2 (IL-2) and Tbr2 expression with T-bet facilitated tu-

mor infiltration by CD8+ T cells [24, 29]. In case of mature

natural killer cells, the deletion of Tbr2 causeed reversion

to a more immature state and deficiency in both T-bet and

Tbr2 resulted in the loss of classical natural killer cell anti-

gens [10]. All these observations indicate that Tbr2 is a crit-

ical transcription factor modulating not only early brain de-

velopment and hippocampal neurogenesis but also the dif-

ferentiation and function of white blood cells.

Although the role of Tbr2 in the peripheral tissues and

during brain development has been well characterized, its

role in the central nervous system under pathological con-

ditions, such as status epilepticus (SE) or stroke is not
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known. SE is a devastating disease, resulting in selective

neuronal cell death, microglial reaction, and recurrent seiz-

ure [6, 7, 14]. Moreover, blood-brain barrier (BBB) leakage

has been reported following pilocarpine-induced SE, which

may provide an environment for peripheral leukocyte

infiltration. On the other hand, when examined 2 days after

SE, pilocarpine-induced SE increased progenitor cell pro-

liferation in the subgranular zone through insulin-like

growth factor-1 (IGF-1)-ERK-MSK signaling pathways [4, 5].

Considering the distinct roles of Tbr2 in proliferation and

differentiation of progenitor cells as well as in the infiltration

of CD8+ T cells and natural killer cells, it may be interesting

to investigate the intervention of Tbr2 in progenitor cell pro-

liferation and/or immune reaction following SE. Thus, this

study was designed to elucidate the involvement of Tbr2

in the pathophysiological events following pilocarpine-in-

duced SE in mice.

Materials and Methods

Animals

Male C57BL/6 mice (8 weeks old, Harlan, Indianapolis,

IN) were housed at standard temperature (22±1°C) and hu-

midity (50±1%) levels, and in a light-controlled environment

(lights on from 8:00 a.m. to 8:00 p.m.) with ad libitum access

to food and water. The animal experiments were conducted

in accordance with the National Institutes of Health Guide

for the Care and Use of Laboratory Animals (NIH

Publication No. 80-23, revised 1996). All efforts were made

to minimize animal suffering and to use the minimum num-

ber of animals possible.

Pilocarpine-induced status epilepticus and BrdU

injection

The mice were initially given an intraperitoneal injection

(i.p.) of atropine methyl nitrate (1 mg/kg in saline, Sigma,

St. Louis, MO) and 30 min later, SE was elicited by an intra-

peritoneal injection (i.p.) of pilocarpine (325 mg/kg in saline,

Sigma). SE was defined as a continuous motor seizure per-

sisting for over 3 hr. The control animals were initially in-

jected with atropine methyl nitrate (1 mg/kg) and sub-

sequently with saline, instead of pilocarpine. To label the

proliferating cells, 5-bromo-2´-deoxyuridine (100 mg/kg in

saline, Sigma) was injected (i.p.) 2 hr before sacrifice.

Tissue processing

The mice were anesthetized with 15% chloral hydrate and

transcardially perfused with saline, followed by 4% paraf-

ormaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The

brains of the mice were postfixed for 4 hr and subsequently

cryoprotected in 30% sucrose in 0.1 M PB. A cryotome was

used to prepare sequential coronal sections (30 μm thick)

through the hippocampus.

Immunofluorescence

For immunofluorescence labeling, sections were blocked

with 10% normal goat serum, followed by overnight in-

cubation with rabbit polyclonal anti-Tbr2 antibody (1:500;

Abcam, Cambridge, MA). Next, sections were incubated (2

hr at room temperature) with secondary antibodies con-

jugated with Alexa 488 and Alexa 594 (1:1,000; Invitrogen,

San Diego, CA) and subsequently mounted with Cytoseal

(Richard-Allan Scientific, Kalamazoo, MI). For double label-

ing with BrdU, sections were incubated in 2XSSC/50% for-

mamide for 2 hr at 65°C, followed by incubation in 2 N

HCl at 37°C for 1 hr. After washing with 0.05 M borate buf-

fer (pH 8.5) for 10 min and then washing with PBS, sections

were blocked with 10% normal goat serum, followed by

overnight incubation with rabbit polyclonal anti-Tbr2 anti-

body and rat monoclonal anti-BrdU antibody (1:400;

Accurate Chemical, Westbury, NY). Sections were incubated

(2 hr at room temperature) with secondary antibodies con-

jugated with Alexa 488 and Alexa 594 (1:1,000). For the visu-

alization of the nucleus, 80 μM Hoechst 33342 (Fluka,

Switzerland) was added for 20 min. Fluorescence images

were captured using a Zeiss (Oberkochen, Germany) 510

Meta confocal microscope (2-μm-thick optical section).

Cresyl violet staining

In brief, sections were mounted on gelatin-coated slides

and dried. After dehydrating in a graded alcohol series, sec-

tions were stained (20 min) with 0.1% cresyl violet solution.

After destaining with a solution of 95% ethanol and 0.1%

glacial acetic acid, sections were dehydrated and mounted

with Permount.

Results

Selective cell death following pilocarpine-induced

status epilepticus

The selective neuronal damage in the hippocampus fol-

lowing pilocarpine-induced SE has been well studied.

Previous study shows that neuronal damage can be ob-

served as early as 6 hr post SE in the hilus and later on
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Fig. 1. Status epilepticus by pilocarpine injection induces neuronal cell death in the hippocampus. (A) Cresyl violet histology was

performed to identify cell viability. In saline-injected control animals, cresyl violet-stained neurons were observed throughout

the hippocampus, including the hilus and CA3 regions. (B) Marked cell damage was observed in the CA3 and hilus regions

of the hippocampus when examined at 3 days post SE. Boxed areas in the hilus and CA3 are magnified on the right panel.

Hil: hilus. Scale bar=200 μm (low magnification image), 100 μm (high magnification image).

in CA3 and CA1 [6]. In accordance with these findings, com-

pared to saline-injected control prominent neuronal damage

was observed in the hippocampal CA3 and hilus examined

at 3 days post SE (Fig. 1). In this study, cresyl violet, which

stains viable cells, was used.

Increased expression of Tbr2 in the CA3 area

following pilocarpine-induced status epilepticus

Tbr2 expression was examined by immunofluorescence

with anti-Tbr2 antibody. As shown in Fig. 2A, under normal

conditions, the Tbr2 expression level was minimal in the

hippocampus. However, at 2 days after SE, a high density

of Tbr2-expressing cells was observed in the CA3 region

where prominent neuronal cell death was also observed, and

Tbr2 signaling was almost disappeared at 7 days after SE.

Pilocarpine-induced SE also caused neuronal loss in the piri-

form cortex and an emergence of Tbr2-expressing cells at

2 days post SE (Fig. 2B). These spatial and temporal ex-

pression profiles may indicate that Tbr2-expressing cells ap-

pear in regions that are vulnerable to pilocarpine-induced

SE.

Induction of Tbr2 in CD11b-immunoreactive cells

As mentioned earlier, Tbr2 is a marker of intermediate-

stage progenitor cells. Thus, BrdU, a thymidine analogue,

was administered to mice to label actively proliferating pro-

genitor cells and the animals were sacrificed 2 hr later.

However, as shown in Fig. 3, there were no double-labeled

cells with Tbr2 and BrdU in both CA3 and piriform cortex.

This indicates that Tbr2-positive cells in CA3 and piriform

cortex may not be intermediate-stage progenitor cells.

Next, to elucidate the cells that express Tbr2, Tbr2 was

double labeled with CD11b, a marker of microglia, mono-

cytes, natural killer cells, and a subset of CD8+ T cells [25].

Surprisingly, as shown in Fig. 4, CD11b-positive cells in CA1

area were not double labeled with Tbr2. On the other hand,

a large population of CD11b-positive cells in CA3 and piri-

form cortex was double labeled with Tbr2. Moreover, the

morphology of Tbr2-positive cells was different from that

of the Tbr2-negative cells. In CA1 area, CD11b-positive cells

have a ramified shape, which is a typical morphological

characteristic of inactive microglia. However, double-labeled

cells with Tbr2 and CD11b in CA3 and piriform cortex have

an amoeboid or round shape, which can be observed in acti-

vated microglia and migrating immune cells, such as mono-

cyte, CD8+ T cells, and natural killer cells [15, 28]. Further,

even in CA3 and piriform cortex, CD11b-positive cells with

ramified morphology do not express Tbr2 (arrows). This in-
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Fig. 2. Tbr2 expression in the CA3 and piriform cortex at 2 days post SE. (A) Representative images of Tbr2 (green) in the hippocampus

in saline-treated control (Con) animals at 2 days or 7 days post SE. Hoechst staining was used to visualize hippocampal

cells. The image shows minimal immunoreactivity in saline-treated control animals. However, marked Tbr2-expressing cells

were observed in CA3, and Tbr2-expressing cells almost disappeared at 7 days post SE. The boxed areas in each image

are magnified below. Scale bar=250 μm (low magnification image), 50 μm (in A3). (B) Tbr2 expression at 2 days post SE

in the piriform cortex. Tbr2 immunoreactive cells were also observed in the piriform cortex at 2 days post SE. In this region,

Tbr2 immunoreactive cells were not observed in saline-treated control animals at 7 days post SE. Scale bar=50 μm.

formation indicates that Tbr2 is expressed in CD11b-positive

amoeboid cells in the hippocampal CA3 and piriform cortex,

at 2 days post SE.

Induction of Tbr2 in infiltrating white blood cells

Considering the distribution and morphology of

Tbr2-positive cells, it is conceivable that Tbr2-positive cells

are infiltrating white blood cells. To confirm this, Tbr2 was

double labeled with PECAM-1. PECAM-1 is constitutively

expressed on vascular cells; therefore, it is used as a marker

of blood vessels. As shown in Fig. 5, clustered Tbr2-positive

cells were observed inside the blood vessels in the CA3 area,

with scattered distribution pattern in the parenchyma at 2

days post SE. Taken together, these data strongly suggest

that Tbr2-positive cells in hippocampal CA3 region follow-

ing SE are infiltrating CD11b-positive white blood cells.
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Fig. 3. Double labeling with Tbr2 and BrdU. Double immunofluorescence labeling with Tbr2 (green) and BrdU (red), a marker

of actively proliferating cells, was performed at 2 days post SE. (A) In the CA3 region, there were no double-labeled cells

with Tbr2 and BrdU. (B) In the piriform cortex, double-labeled cells with Tbr2 and BrdU were not observed. This data

suggests that Tbr2-expressing cells in the CA3 and piriform cortex are not actively proliferating cells. For this study, BrdU

was administered to mice at 2 days post SE and the mice were sacrificed 2 hr later. Scale bar=50 μm.

Discussion

In this study, the initial and unexpected finding was that

Tbr2 is transiently expressed in the hippocampal CA3 region

at 2 days after pilocarpine-induced SE. Double immunolabel-

ing with several kinds of markers revealed that Tbr2-ex-

pressing cells are CD11b positive. In addition, these dou-

ble-labeled cells have amoeboid morphology, indicating that

they are reactive microglia or infiltrating white blood cells,

such as monocytes, CD8+ T cells, or natural killer cells. On

the contrary, in the CA1 area, CD11b-positive cells, which

were not colabeled with Tbr2, have a ramified shape, indicat-

ing resting microglia. Further, clustered Tbr2-positive cells

were found in the blood vessels near the CA3 area. This

information reveals that Tbr2 is transiently expressed in in-

filtrating white blood cells in vulnerable brain regions fol-

lowing SE.

Tbr2 shows highly restricted spatiotemporal expression

patterns during development. For example, Tbr2 is ex-

pressed in multipotent trophoblast stem cells (TSCs) from

early postimplantation stages, and Tbr2-positive TSCs con-

stitute the cellular source for the embryonic part of the pla-

centa [23]. In developing neocortex, Tbr2 is upregulated dur-

ing transition from radial glia to intermediate progenitor

cells, which provide neurons of almost all cortical layers [8].

Recently, the function of Tbr2 during early brain develop-

ment was well characterized by conditional inactivation [1].

Briefly, loss of Tbr2 leads to a reduced number of proliferat-

ing cells in the subventricular zone concomitant with mark-

edly reduced brain size, in cortex and olfactory bulbs, but

without any influence on apoptosis.

In this study, the major and unexpected finding was that

SE induces Tbr2 expression prominently in CA3 and piri-

form cortex. Previously, it was reported that acute BrdU in-

corporation (30 min before cervical dislocation) results in

~20% of double-labeled cells with BrdU and Tbr2 among

BrdU-labeled cells [8]. Therefore, although hippocampal

CA3 and piriform cortex are not known as neurogenic re-

gions in the adult brain, we employed BrdU to label actively

proliferating cells, thereby clarified the possibility of Tbr2

expression in intermediate progenitor cells. However, in our

study, although the subset of Tbr2-positive cells was co-la-

beled with BrdU in the subgranular zone (data not shown),

there were no double-labeled cells in CA3 and piriform cor-
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Fig. 4. Double labeling with Tbr2 and CD11b. Double immunofluorescence labeling with Tbr2 (green) and CD11b (red), a marker

of microglia and a subset of white blood cells, such as monocytes, CD8+ T cells, or natural killer cells, was performed

at 2 days post SE. (A) In the hippocampal CA1 area, CD11b-positive cells were not colabeled with Tbr2. (B) In the CA3

area CD11b-positive cells were co-labeled with Tbr2. (C) In the piriform cortex, CD11b-positive cells were colabeled with

Tbr2. Moreover, double-labeled cells in the CA3 and piriform cortex have amoeboid or round morphology, suggesting reactive

microglia or infiltrating white blood cells, such as monocytes, CD8+ T cells, or natural killer cells. Please note the existence

of ramified CD11b-positive cells, which are not double-labeled with Tbr2, in CA3 and piriform cortex (arrows). Scale bar=20

μm.

tex, which suggests that Tbr2-positive cells in CA3 and piri-

form cortex are not intermediate progenitor cells. Instead,

almost all Tbr2-positive cells in CA3 and piriform cortex

were CD11b positive. CD11b is a marker of microglia, natu-

ral killer cells, and a subset of CD8+ T cells and monocytes.

Natural killer cells can be classified into four main devel-

opmental stages according to their surface markers;

CD11b+CD27+ and CD11b+CD27- natural killer cells are clas-

sified as mature cells. In addition, CD8
+
CD11b

+
T cells com-

prise less than 3% of naïve mouse splenocytes and its pop-

ulation increases with viral infection [18]. Therefore, one po-

tential inference is that CD11b-positive cells in CA3 and piri-

form cortex could be reactive microglia and/or infiltrating

white blood cells such as CD8+ T cells, natural killer cells

or monocytes.

Blood-brain barrier (BBB) is the most important vascular

structure of the central nervous system. The BBB regulates

the trafficking of immune cells and prevents free movement

of cytokines between the brain and the blood. Recently, in-

creasing evidences indicate that the intensity of BBB is dis-

rupted by various pathological events, including stroke and

SE [2, 19]. In addition, compelling evidence suggests that



1538 생명과학회지 2013, Vol. 23. No. 12

                          Tbr2                   PECAM-1                 Merged

Fig. 5. Double labeling with Tbr2 and PECAM-1. Double immunofluorescence labeling with Tbr2 (green) and platelet endothelial

cell adhesion molecule-1 (PECAM-1; red), a marker of blood vessels, was performed at 2 days post SE. In the hippocampal

CA3 region, clustered Tbr2-positive cells were observed inside the blood vessels labeled PECAM-1. Scale bar=20 μm.

BBB leakage may be an etiological event contributing to the

development of seizure [14]. Interestingly, several in-

dependent research findings indicate that although some

leukocytes are present in the vicinity of blood vessels after

an acute seizure, leukocytes are not observed in the paren-

chyma [14]. However, whether white blood cells, such as

monocytes, CD8+ T cells, or natural killer cells, infiltrate into

the brain following SE is still unclear; therefore, further

study is required to clarify the identity of Tbr2-expressing

cells in CA3 and piriform cortex following SE.

Next, the role of Tbr2 in the brain during inflammation

is unknown. In the peripheral tissues, however, Tbr2 is re-

portedly involved in the function of CD8+ T cells and natu-

ral killer cells. Under normal conditions, low, but detectable,

levels of Tbr2 mRNA were reported in naïve CD8+ T cells.

However, mice infected with lymphocytic choriomeningitis

virus showed high levels of Tbr2 mRNA in CD8+ T cells,

but low levels of Tbr2 in activated CD4+ T cells [22]. The

major function of CD8+ T cells is to lyse target cells by se-

creting granules containing perforin and granzymes.

Interestingly, it was reported that the production of IFN-γ,

perforin, and granzyme B in CD8+ T cells and natural killer

cells was impaired by the loss of the Tbr2 function, suggest-

ing that Tbr2 plays a critical role in directing the lytic effector

differentiation of CD8+ T cells [22]. Similarly, another study

indicated that mice with compound mutations in Tbr2 and

T-bet were nearly devoid of memory CD8+ T cells and ma-

ture natural killer cells [13]. Given the proposed roles played

by Tbr2 in peripheral tissues, elucidating the role of Tbr2

in neuronal damage, glial reaction, epileptogenesis, and even

leukocyte infiltration following SE will provide a new in-

sight into understanding epileptic events and development

of new therapeutic tools.

In summary, this study is the first to reveal the involve-

ment of Tbr2 in pilocarpine-induced SE and further studies

will be required to clarify the identity of Tbr2-expressing

cells and its role of in neuropathology by SE.
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초록：Pilocarpine에 의한 경련중첩증 후 해마에서 Tbr2 발현에 관한 연구

최윤식*

(대구가톨릭대학교 제약산업공학과)

Tbr2는 T-box family 전사인자의 하나로써 뇌의 발달, 전구세포의 증식, 그리고 CD8+ T 세포와 자연살상세포

의 분화와 기능에 중요한 역할을 하는 것으로 알려져 있다. 본 연구는 마우스에서 pilocarpine을 이용하여 경련중

첩증을 유도한 후 나타나는 병리기전에 Tbr2의 연관성을 확인하였다. 경련중첩증은 해마의 CA3, hilus 그리고 조

롱박피질 등에서 뚜렷한 신경세포의 손상을 유발하였다. 흥미롭게도 Tbr2를 이용한 조직 염색에서 경련중첩증

2일 후에 CA3와 조롱박피질에서 면역반응성이 뚜렷하게 증가하는 것을 관찰하였다. 또한 CA3와 조롱박피질에서

Tbr2를 발현하는 세포는 미세아교세포와 단핵구, CD8+ T세포 또는 자연살상세포 등 백혈구의 표지물질인 CD11b

와 이중염색되는 것을 발견하였다. Tbr2와 CD11b에 동시에 염색된 세포는 아메바 모양의 형태를 갖추고 있는

것을 발견하였다. 게다가 혈관 내피세포에서 발혈되는 platelet endothelial cell adhesion molecule-1(PECAM-1)과

이중 염색한 결과 Tbr2를 발현하는 세포가 CA3 지역의 혈관내에 다량 존재하는 것을 확인하였다. 이상의 결과를

종합할 때 Tbr2를 발현하는 세포는 뇌 조직으로 이주하는 백혈구일 가능성이 높음을 보여준다. 이러한 결과는

경련중첩증에 따른 신경병리기전에 Tbr2가 관여할 가능성이 높음을 처음으로 제시하였다.
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