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A B S T R A C T   

Sepsis-associated encephalopathy (SAE) is characterized as diffuse brain dysfunction in patients with excessive 
systemic inflammatory reaction to an infection. In our previous studies using a mouse model of SAE with 
intraperitoneal injection of lipopolysaccharide (LPS), tissue concentrations of various cytokines were elevated in 
the entire brain parenchyma 4 and 24 h following LPS administration. Cytokines elevated at 4 h were produced 
by the choroid plexus, leptomeninges and vascular endothelium, while those at 24 h were produced by astro-
cytes. Interleukin (IL)-1β did not increase in the concentration in the brain parenchyma during the period from 1 
to 24 h following LPS. In the present study, we hypothesized that the intracranial cells that initially respond to 
systemic inflammation are situated in the choroid plexus and produce IL-1β to initiate cytokine-mediated re-
actions. We quantified the transcript levels of related cytokines within the choroid plexus and specified the 
choroid plexus cells that are involved in the immediate cytokine-mediated responses. Mice received LPS or saline 
by intraperitoneal injection. Four hours after treatments, the choroid plexuses were isolated and subjected to 
cytokine gene expression analyses using real-time reverse transcription-polymerase chain reaction. Another 
group of mice was fixed at 1, 4 and 24 h after treatments and the expression of cytokines and receptors was 
studied with double immunohistofluorescence staining. The transcript levels of IL-1β, CC-motif ligand (CCL)2, 
CXC-motif ligand (CXCL)1, CXCL2 and IL-6 in the choroid plexus were significantly increased in mice treated 
with LPS compared to saline control. The IL-1β expression was remarkable in choroid plexus macrophages at 1 
and 4 h but not in the brain parenchyma. Choroid plexus stromal cells expressed IL-1 receptor type 1 (IL-1R1). 
The IL-1R1-bearing stromal cells produced CCL2, CXCL1, CXCL2 and IL-6 at 4 h. Choroid plexus epithelial cells 
expressed CXCR2, a common receptor for CXCL1 and CXCL2. Choroid plexus epithelial cells also expressed CCL2, 
CXCL1 and CXCL2 at 4 h, and IL-1R1-bearing stromal cells expressed CXCR2. Therefore, in response to systemic 
LPS injection, one of the intracranial reactions was initiated within the choroid plexus using IL-1β derived from 
macrophages. The choroid plexus stromal cells subsequently had elevated expression of CCL2, CXCL1, CXCL2 
and IL-6. The choroid plexus epithelial cells also had elevated expression of CCL2, CXCL1 and CXCL2. The 
presence of receptors for these cytokines on both epithelial and stromal cells raised the possibility of reciprocal 
interactions between these cells. The results suggested that the immediate early responses exerted by the choroid 
plexus are relevant to understanding how SAE is initiated in clinical settings.   

1. Introduction 

The brain and immune system interact with each other under in-
flammatory and healthy conditions. In our previous study using bone 
marrow chimeric mice, we determined the intracranial sites for inter-
action between immune cells and brain parenchymal cells. Based on the 
distribution of bone marrow-derived cells in the intracranial space, it 
has been revealed that the leptomeninges, choroid plexus stroma, at-
tachments of choroid plexus, brain parenchymal perivascular space, 

circumventricular organs and astrocytic endfeet are the major histo-
logical architecture that gives a site for cell-cell interaction between 
immune and brain parenchymal cells [1]. It should be noted that the 
density of bone marrow-derived cells (mostly with myeloid differenti-
ation) is highest in the choroid plexus stroma, followed by the lep-
tomeninges [1]. Perivascular, leptomeningeal and choroid plexus 
macrophages transmit immune responses to the brain parenchyma at 
brain boundaries [2]. The choroid plexus also serves as a gateway for 
trafficking immune cells into the cerebrospinal fluid and a regulator for 
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immune cell trafficking in disease and injury [3,4] 
Clinical symptoms of sepsis-associated encephalopathy (SAE), or 

septic encephalopathy, include delirium, cognitive impairment and loss 
of consciousness, which represents diffuse brain dysfunction in patients 
with excessive systemic inflammatory reaction to pathogens [5,6]. SAE 
occurs in the absence of direct brain infection [7,8]. SAE is therefore a 
manifestation of brain-specific responses under peripheral inflammatory 
conditions. In our previous study [9,10], we created SAE models by 
intraperitoneal injection of lipopolysaccharide (LPS; a bacterial endo-
toxin) into mice at a concentration (3.0 mg/kg) known to cause sickness 
behavior [11]. By determining tissue concentrations of multiple cyto-
kines, we reported that entire brain responds to endotoxin-induced 
systemic inflammation in the acute phase (4–24 h) after LPS injection 
with alteration in the concentrations of multiple cytokines that occurred 
in all brain areas. CC-motif ligand (CCL)2, CCL3, CXC-motif ligand 
(CXCL)1, CXCL2, CXCL9, interleukin (IL)-6 and tumor necrosis factor 
(TNF)-α are “early cytokines” whose concentrations increase at 4 h but 
return to ordinary concentrations by 24 h after LPS administration in all 
brain regions. Most of these cytokines are expressed by choroid plexus 
stromal and epithelial cells, leptomeningeal stromal cells, and brain 
parenchymal vascular endothelial cells [9]. Astrocytic endfeet bear the 
receptors for these cytokines. In contrast, CCL11, CXCL10 and G-CSF are 
“late cytokines” that keeps elevated concentrations until 24 h (and 
possibly longer) following LPS administration. These cytokines are 
expressed by astrocytes. Although IL-1β is well recognized as an 
important inflammatory mediator in peripheral tissues, IL-1β does not 
increase in the brain parenchyma in reactions to endotoxin-induced 
systemic inflammation in any brain area from 1 to 24 h after LPS 
administration. 

The architecture comprised of stromal and epithelial cells of the 
choroid plexus, leptomeningeal stromal cells, vascular endothelial cells 
and astrocytic endfeet, as stated previously, serves as the interface 
where systemic inflammation-associated reactions are transmitted to the 
brain parenchyma. Such types of brain–immune interactions occur 
without abundant infiltration of the brain parenchyma by inflammatory 
cells. Rather, they occur by taking advantage of the close anatomical 
apposition of stromal cells of the choroid plexus and leptomeninges as 
well as vascular endothelial cells to astrocytic endfeet [12,13]. How-
ever, it remains to be clarified how systemically administered endotoxin 
induces cytokine-mediated responses of choroid plexus stromal and 
epithelial cells and leptomeningeal stromal cells, which subsequently 
stimulate astrocytes to produce their own cytokines. 

The choroid plexus is situated within the brain ventricle and is well 
known to produce cerebrospinal fluid. During brain organogenesis, 
specialized segments are formed on the neural tube where the ventricle 
is located adjacent to the dorsal border and the brain parenchymal tissue 
becomes very thin. From such special regions, the pia protrudes into the 
ventricle together with subarachnoid tissue containing a convolution of 
fenestrated capillaries and matrix to form the stroma [12,13]. Thus, the 
choroid plexus stroma has the same tissue components as the lep-
tomeninges, a part of which is derived from the neural crest. The choroid 
plexus epithelium, on the other hand, is a monolayered continuation of 
ependyma. The choroid plexus, as a whole, is a convolution consisting of 
highly vascularized leptomeningeal tissue of neural crest and mesen-
chymal origin and monolayered ependymal tissue of neuroectodermal 
origin. Importantly, there are many macrophages in the choroid plexus 
stroma and occasionally on the ventricular side of the choroid plexus 
epithelium (epiplexus cells). 

Macrophages in various organs are the primary responders to 
endotoxin in vivo ([14] and produce IL-1β [15–17]. Systemic adminis-
tration of a pyrogenic dose of endotoxin into rodents has been reported 
to lead to IL-1β expression in the brain [18], especially in macrophages 
of the leptomeninges and choroid plexus, in brain parenchymal peri-
vascular macrophages and cells with ramifying processes surrounding 
the blood vessels corresponding to “vessel-associated microglia” [19], 
and in microglia of the circumventricular organs [20,21]. However, it 

has been controversial whether parenchymal microglia are the initial 
responders to endotoxin-induced systemic inflammation. 

In the present study, based on our previous findings that IL-1β is not 
included in the cytokines produced by the brain parenchyma during the 
acute phase (until 24 h after systemic LPS injection) and the fact that 
resident macrophages respond to endotoxin by producing IL-1β in pe-
ripheral tissues, we formulated the following hypothesis. When the 
intracranial tissues respond to systemically injected endotoxin, the 
initial responder cells are situated in the choroid plexus and lep-
tomeninges and produce IL-1β to stimulate neighboring cells within the 
choroid plexus and leptomeninges. This process leads to subsequent 
changes in the cytokine profile of the brain parenchyma. We examined 
this hypothesis using a mouse model of SAE with real-time reverse 
transcription-polymerase chain reaction (RT-PCR) gene expression 
analysis of isolated choroid plexuses, and with double immunohisto-
fluorescence staining. 

2. Experimental procedures 

2.1. Animals 

Eight-week-old male C57BL/6NCrSlc (B6) mice were purchased from 
Japan SLC, Inc. (Hamamatsu, Japan). Mice received intraperitoneal in-
jection of 3 mg/kg LPS from E. coli O55:B5 (Sigma, St. Louis, MO, USA) 
that was dissolved in physiological saline at a total volume of 7.5 mL/kg. 
As the control, mice received intraperitoneal injection of 7.5 mL/kg 
physiological saline. For the real-time RT-PCR, mice were examined at 4 
h after injection of LPS (n = 4) or saline (n = 4). For the double 
immunohistofluorescence staining, they were examined at 1 (n = 12), 4 
(n = 13), and 24 h (n = 8) after LPS injection, and at 1 h after saline 
injection (n = 15). All mice were handled in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory 
Animals (NIH Publications No. 8023, revised 1978). All experiments 
were approved by the Institutional Animal Care and Use Committee of 
the Kyorin University Faculty of Health Sciences (Protocol “I17-08-02”) 

2.2. Extraction of RNA from the choroid plexus 

Individual mice were deeply anesthetized with ketamine (100 mg/ 
kg) and xylazine (10 mg/kg) and blood was flushed by transcardial 
perfusion with nuclease-free phosphate-buffered saline (PBS). After 
brains were removed, the choroid plexuses were dissected out from both 
lateral, third and fourth ventricles on ice, snap frozen in liquid nitrogen 
and stored frozen at − 80 ◦C. The frozen choroid plexus tissues were then 
submerged in RNAlater-ICE Frozen Tissue Transition Solution (Invi-
trogen-Thermo Fisher Scientific, Waltham, MA, USA) and stored frozen 
at − 20 ◦C for 40 h prior to RNA extraction. Total RNA was extracted 
from homogenized choroid plexus tissue using NucleoSpin RNA 
(Macherey-Nagel, Duren, Germany) according to the manufacturer’s 
protocols. 

2.3. Real-time RT-PCR quantification assays 

Two hundred nanograms of total RNA extracted from individual 
choroid plexuses were reverse transcribed to cDNA using SuperScript III 
Reverse Transcriptase (Invitrogen). Real-time quantitative RT-PCR 
(qRT-PCR) was performed using TaqMan Fast Advanced Master Mix 
(Applied Biosystems-Thermo Fisher Scientific) and a TaqMan primer/ 
probe set for each of the following targets (all from Applied Biosystems): 
Il-1b, Mm01336189_m1; Ccl2, Mm00441242_m1; Cxcl1 
Mm04207460_m1; Cxcl2, Mm00436450_m1; Il6, Mm00446190_m1; 
Gapdh, Mm99999915_g1. Reactions were run according to the manu-
facturer’s protocols on a 7500 Fast Real-Time PCR System (Applied 
Biosystems). Gapdh was used as a reference gene. Relative transcript 
levels were analyzed using the ΔΔCT method. Four mice were used per 
group and all samples were assayed in duplicate. 
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2.4. Frozen tissue section preparation 

Mice were deeply anesthetized and blood was flushed by transcardial 
perfusion with PBS. They were then perfused with 120 mL of 4% para-
formaldehyde at a rate of 8 mL/min. Heads of the mice were soaked in 
the same fixative at 4 ◦C overnight. After each brain was removed, the 
cerebrum was coronally sliced so that coronal sections through the 
hippocampus (containing the choroid plexuses of the third and lateral 
ventricles) were obtained. The cerebellum with the brain stem was 
bisected in the sagittal direction so that parasagittal sections through the 
choroid plexus of the fourth ventricle were obtained. The spleens were 
also removed from all mice examined. In addition, the livers were ob-
tained from mice examined at 1 h after treatment with LPS or physio-
logical saline. These tissues were cryo-protected with 30 % sucrose, 
embedded in Tissue-Tek™ Optimal Cutting Temperature Compound 
(OCT, Sakura Finetek Japan, Tokyo, Japan), and frozen in normal hex-
ane cooled with dry ice. The frozen tissue blocks that contained the 
cerebrum, cerebellum and spleen (plus liver in mice at 1 h after treat-
ment) were kept at − 80 ◦C until they were cut into 14-μm thick sections 
using a cryostat (CM3050 S; Leica, Wetzlar, Germany). Immediately 
after sections were mounted on coated slide glasses, they were air-dried, 
then vacuum dried using a Buchi V-100 Vacuum Pump (Fisher Scientific, 
Leicestershire, UK) and stored at − 20 ◦C until use. 

2.5. Immunohistofluorescence staining 

Frozen sections were soaked in Tris buffered saline with Tween 20 
(TBS-T) for 10 min before being subjected to immunofluorescence 
staining. Following preincubation with blocking solution (1% bovine 
serum albumin in TBS-T), sections were incubated with primary anti-
bodies overnight at 4 ◦C. Primary antibodies used are shown in Table 1. 
Primary antibodies combinations for double immunofluorescence 
staining are shown in Table 2. Following the incubation with primary 
antibodies, sections were incubated with donkey anti-goat, anti-rabbit, 

or anti-rat IgG secondary antibodies conjugated with Alexa Fluor 568 or 
488 (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), in 
accordance with the species origin of primary antibodies for 60 min at 
room temperature. 4′, 6-diamidino-2-phenylindole (DAPI) was used for 
nuclear counterstaining. Sections were then coverslipped with Fluores-
cence Mounting Medium (DAKO, Agilent, Santa Clara, CA, USA). Fluo-
rescent images were obtained with a BZ-X710 microscope (Keyence, 
Osaka, Japan) that was equipped with structured illumination. 

2.6. Statistical analysis 

Relative transcript levels of cytokines were analyzed with non- 
repeated two-way analysis of variance (ANOVA) using STATISTICA 
(StatSoft, Tulsa, OK, USA). The mean ΔCT values were compared with 
the statistical design in which the main effects were cytokine species 
(Il1b, Ccl2, Cxcl1, Cxcl2 and Il6) and treatments (saline and LPS). Post- 
hoc tests were performed using Tukey’s procedure. 

3. Results 

3.1. Endotoxemia-induced changes in the cytokine transcript levels of the 
choroid plexus 

Our qRT-PCR study indicated that the relative transcript levels of IL- 
1β increased approximately 170-fold in the choroid plexus at 4 h after 
intraperitoneal LPS injection compared to saline injection (Fig. 1). 
Approximately 1900-fold increase, 9900-fold increase, 6700-fold 

Table 1 
List of antibodies.  

Antibody 
against 

Description Host Dilution Source 

α-SMA smooth muscle 
cell 

rabbit 1:100 AnaSpec (Fremont, CA, 
USA) 

CCL2 cytokine rabbit 1:100 abcam (Cambridge, 
UK) 

CD31 vascular 
endothelium 

rat 1:200 BMA Biomedicals 
(Augst, Switzerland) 

CXCL1 cytokine goat 1:100 R&D Systems 
(Minneapolis, MN, 
USA) 

CXCL2 cytokine rabbit 1:100 AbD Serotec, Bio-Rad 
(Hercules, CA, USA) 

CXCR2 cytokine 
receptor 

rat 1:50 R&D Systems 

ER-TR7 fibroblast rat 1:200 abcam 
F4/80 macrophage rat 1:100 abcam 
Iba-1 microglia rabbit 1:1000 Wako (Osaka, Japan) 
IL-1R1 cytokine 

receptor 
goat 1:20 R&D Systems 

IL-1RAcP receptor 
accessory 
protein 

goat 1:100 Santa Cruz 
Biotechnology (Dallas, 
TX, USA) 

IL-1β cytokine goat 1:200 R&D Systems 
IL-6 cytokine rabbit 1:100 Bioss (Woburn, MA, 

USA) 
IL-6R cytokine 

receptor 
goat 1:20 R&D Systems 

NG2 pericyte rabbit 1:100 Merck Millipore 
(Burlington, MA, USA) 

S-100 arachnoid cell rabbit 1:100 gift from Dr. K Katoh 
transthyretin choroid plexus 

epithelium 
rabbit 1:200 Proteintech (Rosemont, 

IL, USA)  

Table 2 
Combinations of primary antibodies for double immunofluorescence staining.  

Antibody for cytokine (host) Antibodies for cell markers (host) 
IL-1β (goat) F4/80 (rat) 
IL-1β (goat) Iba-1 (rabbit) 
IL-1β (goat) transthyretin (rabbit) 
IL-1β (goat) CD31 (rat) 
IL-1β (goat) NG2 (rabbit) 
Antibody for receptor (host) Antibodies for cell markers (host) 
IL-1R1 (goat) transthyretin (rabbit) 
IL-1R1 (goat) ER-TR7 (rat) 
IL-1R1 (goat) S100 (rabbit) 
IL-1R1 (goat) NG2 (rabbit) 
IL-1R1 (goat) F4/80 (rat) 
IL-1R1 (goat) α-SMA (rabbit) 
IL-1R1 (goat) CD31 (rat) 
IL-1R1 (goat) Iba-1 (rabbit) 
Antibodies for receptors (host) Antibodies for cytokines (host) 
IL-1R1 (goat) IL-6 (rabbit) 
IL-1R1 (goat) CCL2 (rabbit) 
IL-1R1 (goat) CXCL2 (rabbit) 
IL-1RAcP (goat) CXCL2 (rabbit) 
CXCR2 (rat) CXCL1 (goat) 
Antibody for receptor (host) Antibody for receptor (host) 
IL-1R1 (goat) CXCR2 (rat)  

Fig. 1. Changes in cytokine transcript levels. To visually compare the LPS- 
treated group with the saline control group, the transcript levels of five cyto-
kines are graphically represented with average relative normalized fold 
expression and error bars (based on SEM of ΔCT) according to the previously 
described method [40]. n = 4 per experimental group, **p < 0.001. 
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increase and 2700-fold increase in the transcript levels of CCL2, Cxcl1, 
Cxcl2 and Il6, respectively were detected in choroid plexuses isolated 
from LPS-treated mice compared with saline control (Fig. 1). All of these 
systemic inflammation-induced changes in cytokine gene expression 
levels were statistically significant. 

3.2. Time-dependent changes in IL-1β expression following LPS challenge 

Our immunohistofluorescence study indicated that the intracranial 
expression of IL-1β was remarkable in the choroid plexus and lep-
tomeninges but not in the brain parenchyma. IL-1β expression in the 
choroid plexus appeared 1 and 4 h after LPS injection and then dis-
appeared by 24 h (Fig. 2). This time course was the same as in the spleen 
(Fig. 2). There was no IL-1β expression in the choroid plexus, spleen or 
liver after saline injection. The cell type identification of choroid plexus 
cells was performed with immunohistofluorescence staining for choroid 
plexus epithelial cells (transthyretin as a marker), arachnoid cells (S- 
100β), reticular fibroblastic cells (ER-TR7), vascular endothelial cells 
(CD31), pericytes (NG2), smooth muscle cells (α-smooth muscle actin, 
α-SMA) (Fig. 3A–F, respectively) and macrophages (Iba-1 and F4/80). 
The choroid plexus cells that produced IL-1β were macrophages, as 
evidenced by the double immunofluorescence for IL-1β and F4/80 or IL- 
1β and Iba-1 (Fig. 4). As in the spleen and liver, choroid plexus macro-
phages responded immediately with IL-1β production (Fig. 4). Other 
choroid plexus cells rarely expressed IL-1β in response to systemic LPS 
injection (Supplementary Fig. 1). 

3.3. Expression of IL-1β receptor 

Immunofluorescence staining revealed the presence of cells that 
expressed IL-1 receptor type I (IL-1R1) and IL-1 receptor accessory 
protein (IL-1RAcP or IL-1R3) in the choroid plexus stroma (Fig. 5). The 
morphology and distribution of IL-1R1-immunopositive cells and IL- 
1RAcP-immunopositive cells were similar. IL-1R1 expression was 
constitutively seen in both LPS- and saline-injected mice. We tried to 
determine the cell type for IL-1 receptor-bearing choroid plexus cells 
using double immunofluorescence staining. However, neither macro-
phages nor epithelial cells nor any of the stromal cells examined were 
immunopositive for IL-1R1 or IL-1RAcP (Supplementary Fig. 2). 
Therefore, the exact cell type of stromal cells that expressed IL-1R1 or IL- 
1RAcP remains to be identified. 

3.4. Cytokine expression at 4 h after LPS challenge 

CCL2, CXCL1 and CXCL2 were expressed by both epithelial and 
stromal cells of the choroid plexus 4 h after LPS injection (Fig. 6). IL-6, in 
contrast, was expressed chiefly by stromal cells of the choroid plexus 
(Fig. 7B). Double immunofluorescence analysis revealed that IL-1R1- 
bearing choroid plexus stromal cells were immunopositive for CCL2, 
CXCL2 and IL-6 (Fig. 7). 

3.5. Expression of cytokine receptors other than IL-1R1 

IL-6 receptor α subunit (IL-6Rα) expression was detected in choroid 
plexus epithelial cells and was more marked on the basal side (stromal 
side), which contrasted with the IL-6 expression by the stromal cells 
(Fig. 8A). This suggested that choroid plexus stromal cells expressing IL- 
6 could perform cell-cell interactions with epithelial cells via IL-6-IL-6 
receptor signaling. 

CXCR2, a common receptor for both CXCL1 and CXCL2, was most 
frequently expressed by choroid plexus epithelial cells (Fig. 8B). CXCR2 
was less frequently expressed by choroid plexus stromal cells. CXCR2 
and its ligand CXCL1 were expressed in close apposition to each other, 
suggesting that CXCL1 and CXCR2 can bind within the choroid plexus. 
In addition, CXCR2-expressing stromal cells were sometimes immuno-
positive for IL-1R1, indicating the presence of stromal cells that bear 
both receptors for IL-1 and for CXCL1 or CXCL2 (Fig. 8C). 

4. Discussion 

4.1. Contribution of the choroid plexus to initial responses to systemic 
inflammation 

We modeled SAE by injecting a pyrogenic dose of endotoxin intra-
peritoneally into mice. In the choroid plexuses isolated at 4 h after LPS 
injection, transcript levels of IL-1β, CCL2, CXCL1, CXCL2 and IL-6 were 
significantly elevated in response to endotoxin-induced systemic 
inflammation. The intracranial protein expression of IL-1β was 
remarkable in the choroid plexus and leptomeninges but not in the brain 
parenchyma. IL-1β expression in the choroid plexus appeared 1 and 4 h 
after systemic endotoxin injection and then disappeared by 24 h. The 
time course was the same as in the spleen. Macrophages in the choroid 
plexus stroma expressed IL-1β and served as one of the immediate re-
sponders to acute systemic inflammation, as in the spleen and liver. IL- 
1β expression by macrophages was also remarkable in the 

Fig. 2. Time-dependent changes in IL-1β expression following LPS injection. Photomicrographic images of immunohistofluorescence staining for IL-1β in the 
choroid plexus (A-D) and spleen (E-H) of mice treated with saline (A and E) or LPS (B-D and F-H) are shown. In the choroid plexus, no cells expressed IL-1β in saline- 
treated mice (A), whereas IL-1β expression appeared 1 h after LPS injection (B), lasted up to 4 h (C) and then disappeared by 24 h (D). This time course was the same 
as in the spleen. There were no IL-1β-expressing cells (E), whereas IL-1β expression appeared 1 h (F) and 4 h (G) after LPS injection and then disappeared by 24 h (H). 
Bars =50 μm. 
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leptomeninges, which is reasonable because the tissue components are 
shared by leptomeninges and choroid plexus stroma as stated previously 
[13]. Endotoxin-induced IL-1β expression by macrophages of the 
choroid plexus and leptomeninges as well as perivascular macrophages 
of the brain parenchyma has been reported to occur 4 h after endotoxin 
injection [22]. Although the same researchers reported that some 
parenchymal microglia also expressed IL-1β at 8 and 24 h after endo-
toxin administration, the present study indicated that parenchymal 
microglial reaction with IL-1β expression did not occur until 24 h after 
endotoxin administration. Since it has been reported that the elevation 
of IL-1β in the brain occurs 28 h after endotoxin administration [11], we 

consider that the production of IL-1β by brain parenchymal microglia 
could occur later than the time window examined in the present study. 

Located in close apposition to macrophages, stromal cells were 
observed to express IL-1R1 and IL-1RAcP, indicating that these receptor- 
bearing stromal cells can be stimulated by IL-1β-expressing macro-
phages. Although the exact cell-typing of IL-1R1-bearing cells was not 
successful in the present study, these cells were different from smooth 
muscle cells, vascular endothelial cells, reticular fibroblastic cells and 
arachnoid cells. Importantly, IL-1R1-bearing stromal cells increased 
their expression of IL-6, CCL2, CXCL1 and CXCL2 at 4 h after systemic 
endotoxin administration, which occurred later than the time point at 

Fig. 3. Cell type identification of choroid plexus cells. Immunohistofluorescence staining was performed to identify choroid plexus epithelial cells (transthyretin, 
TTR as a marker; A), arachnoid cells (S-100β; B), reticular fibroblastic cells (ER-TR7; C), vascular endothelial cells (CD31; D), pericytes (NG2; E) and smooth muscle 
cells (α-smooth muscle actin, α-SMA; F). Bars =20 μm for A-E and 50 μm for F. 

Fig. 4. Cell type identification of IL-1β expressing cells. Double immunohistofluorescence staining for IL-1β (red) and F4/80 (green) confirmed that cells expressing 
IL-1β in response to systemic LPS injection were macrophages in the spleen (A) and choroid plexus (B), and Kupffer cells (or macrophages) in the liver (C). These cells 
expressed IL-1β 1 h after LPS injection. Note the high rate of IL-1β-immunopositive cells among all macrophages in all three different tissue types. Bars =20 μm. 

Fig. 5. Presence of IL-1β receptor-expressing cells in the choroid plexus stroma. Immunohistofluorescence staining revealed that some choroid plexus stromal cells 
expressed IL-1 receptor type I (IL-1R1) (A, arrows) and IL-1 receptor accessory protein (IL-1RAcP or IL-1R3) (B and C, arrows). The morphology and distribution of IL- 
1R1-immunopositive cells and IL-1RAcP-immunopositive cells were similar. The photomicrographic images were taken using sections from mice fixed 4 h after LPS 
injection. Nuclei were counterstained with DAPI. Bars =20 μm. 
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Fig. 6. Cytokines expressed in the choroid plexus 4 h after systemic endotoxin injection. Immunohistofluorescence staining revealed that CCL2 (A), CXCL1 (B) and 
CXCL2 (C) were expressed by both epithelial cells and stromal cells of the choroid plexus 4 h after LPS injection. The majority of epithelial cells were immunopositive 
for these cytokines. Stromal cells were occasionally immunopositive (arrow heads). Nuclei were counterstained with DAPI. Bars =20 μm. 

Fig. 7. Cytokine expression of IL-1R1-bearing 
stromal cells of the choroid plexus. 
Double immunofluorescence staining revealed 
that IL-1R1-bearing stromal cells of the choroid 
plexus expressed IL-6 (A–C), CCL2 (D–F) and 
CXCL2 (G–I) 4 h after LPS injection. Note that 
almost no epithelial cells expressed IL-6, 
whereas CCL2 and CXCL2 were expressed in 
both epithelial and stromal cells of the choroid 
plexus. Nuclei were counterstained with DAPI. 
Bars =20 μm.   

Fig. 8. Expression of cytokine receptors other than IL-1R1 in the choroid plexus. 
(A) Immunohistofluorescence staining revealed that IL-6 receptor α subunit (IL-6Rα) expression was detected in choroid plexus epithelial cells, especially on the basal 
side (or stromal side) (arrow heads). 
(B) Double immunohistofluorescence staining revealed that CXCR2, a common receptor for both CXCL1 and CXCL2, was most frequently expressed by choroid plexus 
epithelial cells (arrows). CXCR2 was less frequently expressed by choroid plexus stromal cells (arrow heads). CXCL1 was expressed chiefly by choroid plexus 
epithelial cells. Note that CXCR2 and its ligand CXCL1 were expressed in close apposition to each other. 
(C) Double immunohistofluorescence staining revealed that IL1R1-bearing stromal cells were sometimes immunopositive for CXCR2, indicating the presence of 
stromal cells that bear both IL-1R1 and CXCR2 (arrow). 
Nuclei were counterstained with DAPI for A–C. Bars =20 μm for A-C. 
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which macrophages started to express IL-1β. CCL2, CXCL1 and CXCL2 
were also expressed by choroid plexus epithelial cells 4 h after endotoxin 
injection. 

CCL2, previously known as monocyte chemoattractant protein-1 
(MCP-1), serves as a chemokine that recruits monocytes/macrophages 
from the blood stream. Previous studies have indicated that the direct 
recruitment of monocytes into the brain in West Nile encephalitis is 
dependent on the expression of CCR2, a receptor for CCL2, on mono-
cytes [23]. Choroid plexus CCL2 may be a link between blood-borne 
pro-inflammatory mediators and the brain during peripheral inflam-
mation [24]. Thus, an increased number of monocytes may have been 
recruited from the blood stream to the choroid plexus stroma in the 
present mouse model of SAE, with some being further attracted by 
epithelial cells to become epiplexus cells. 

CXCR2, a common receptor that binds to both CXCL1 and CXCL2, 
was expressed by choroid plexus epithelial cells. The proximity of re-
ceptors and ligands guaranteed the potential intercellular interaction 
between the choroid plexus epithelial and stromal cells via CXCL1- 
CXCR2 signaling. It is known that choroid plexus epithelial cells 
possess the capacity to produce CXC chemokines including CXCL1 and 
CXCL2, which is enhanced by IL-1β and other mediators in neuro-
inflammatory conditions [25]. Thus, we consider that the 
endotoxin-induced expression of CXCL1 and CXCL2 by choroid plexus 
epithelial cells is a manifestation of immunological activation of the 
choroid plexus. Interestingly, the choroid plexus stromal cells bearing 
IL-1R1 occasionally expressed CXCR2 at the same time. Therefore, some 
stromal cells that were activated by macrophages via IL-1β-IL-1R1 
signaling and subsequently stimulated epithelial cells via CXCL1-CXCR2 
signaling may also have been stimulated by epithelial cells in a recip-
rocal manner. 

IL-6Rα was chiefly expressed on the stromal side of choroid plexus 
epithelial cells, which suggested that epithelial cells were stimulated by 
stromal cells expressing IL-6 via IL-6-IL-6 receptor signaling. It is well 
known that IL-6 is promptly and transiently produced in response to 
tissue injuries, and contributes to acute phase immunological reactions 
[26]. Thus, we consider that the endotoxin-induced expression of IL-6 by 
choroid plexus stromal cells is another manifestation of immunological 
activation of the choroid plexus. 

The data from the present study are consistent with the following 
events (Fig. 9). When endotoxin is injected systemically, macrophages of 
the choroid plexus stroma are some of the initial cells that responded to 
endotoxin stimulation. Macrophages produce IL-1β, which may stimu-
late neighboring stromal cells via IL-1R1. Stimulated stromal cells pro-
duce CCL2, CXCL1, CXCL2 and IL-6. CXCL1, CXCL2 and IL-6 can bind to 
receptors on choroid plexus epithelial cells, which also produce CCL2, 
CXCL1 and CXCL2. At least CXCL1 and CXCL2, produced by the 
epithelial cells, can reciprocally activate stromal cells via ligand- 
receptor signaling. These potential stromal-epithelial interactions may 
contribute to keeping the choroid plexus immunologically activated 
until the brain parenchymal astrocytes receive cytokines derived from 
the choroid plexus and leptomeninges. Thereafter, astrocytes become 
activated to change the brain parenchymal cytokine microenvironment 
as we previously reported [9]. The potential routes along which the 
immunologically activated choroid plexus could stimulate parenchymal 
astrocytes are discussed elsewhere [9,12,13]. 

4.2. Choroid plexus macrophages versus brain parenchymal microglia 

Although previous studies have reported that brain parenchymal 
microglia express toll-like receptor (TLR)4 ([27], it has been contro-
versial whether microglia are the initial responders to 
endotoxin-induced systemic inflammation. In the very acute phase of 
endotoxemia, endotoxin enters the tissue of various organs and stimu-
lates macrophages via TLR4. In the present study, the liver Kupffer cells 
and spleen macrophages clearly expressed IL-1β. However, the brain 
microglia did not express IL-1β, consistent with our previous study that 
revealed no increase in the brain parenchymal tissue concentration of 
IL-1β before 24 h after endotoxin injection [9]. This is understandable, 
given that the endotoxin does not cross the blood brain barrier (BBB) 
[28]. As such, at least during the acute phase (1–24 h) following a single 
shot of endotoxin, it is unlikely that the endotoxin directly stimulates the 
brain parenchymal microglia. Rather, one of the initial responder cells 
was the tissue resident macrophages that populated the choroid plexus 
and leptomeninges. The findings are consistent with the literature 
indicating that TLR4 expression is maximal in the choroid plexus and 
leptomeninges ([27], although TLR4 is expressed to some extent in brain 
parenchymal perivascular cells and microglia, especially in the cir-
cumventricular organs. 

4.3. IL-1 receptors in choroid plexus cells versus brain parenchymal 
microglia 

The intracranial responder cells could also be stimulated by circu-
lating IL-1β, rather than by endotoxin [29]. This is unlikely, however, 
since IL-1β cannot passively transported across the BBB given the mo-
lecular size and hydrophilic property. Instead, peripheral IL-1β needs to 
cross the BBB actively to bring about sickness behavior [30]. The cell 
types that express IL-1R1 in rodents have been controversial. The 
presence of IL-1R1 on microglia in vitro has been reported in several 
studies [31,32] but has not been replicated in other studies [33,34]. 
IL-1R1 expression by hippocampal neurons has been reported in some 
studies [35] but not in others [36,37]. It has been reported that IL-1R1 
exists on brain endothelial cells [37] and selected neurons in the hy-
pothalamus and circumventricular organs [36,38]. In a recent study, 
researchers created genetically modified mouse lines in which IL-1R1 
receptors were overexpressed or deleted in a brain cell-type-specific 
manner. The study suggested that the IL-1R1 expression by glia and 
neurons is limited to low levels [39]. More importantly, these previous 
studies have consistently revealed that the IL-1R1 is most remarkably 
expressed in the choroid plexus and leptomeninges, followed by brain 
parenchymal perivascular macrophages and vascular endothelial cells 
[38,39]. In the present study, we observed that brain parenchymal 
vascular endothelial cells exhibited relatively weak IL-1R1 expression 
and that there was no obvious IL-1R1 immunoreactivity in hippocampal 

Fig. 9. Possible cytokine-mediated reactions by the choroid plexus stroma 
and epithelium in response to LPS-induced systemic inflammation. 
When LPS was injected systemically, macrophages of the choroid plexus stroma 
initially responded to endotoxin by producing IL-1β. IL-1β potentially stimu-
lated neighboring stromal cells via receptors (the presence of IL-1R1 and IL- 
1RAcP on stromal cells was observed in the present study). IL-1R1-bearing 
stromal cells produced CCL2, CXCL1, CXCL2 and IL-6. These cytokines were 
potentially received by epithelial cells via receptors (the presence of CXCR2 and 
IL-6Rα on epithelial cells was observed). Epithelial cells also produced CCL2, 
CXCL1 and CXCL2. Epithelial cell-derived cytokines potentially stimulated 
stromal cells in a reciprocal fashion via ligand-receptor signaling (the presence 
of CXCR2 on IL-1R1-bearing stromal cells was observed). 

A. Shimada and S. Hasegawa-Ishii                                                                                                                                                                                                          



Toxicology Reports 8 (2021) 520–528

527

neurons or in parenchymal microglia, probably because the expression 
level in these cells was not sufficiently high to be detected by immu-
nohistofluorescence. Therefore, we consider it important to note that the 
choroid plexus and leptomeninges, as opposed to the brain parenchyma, 
are the major sites for the initial responder macrophages to generate 
acute reactions to endotoxin-induced systemic inflammation. 

4.4. Conclusion 

When endotoxin is injected systemically, an immediate intracranial 
reaction is initiated within the choroid plexus via increased expression 
of IL-1β by macrophages, which occurs 1 h after endotoxin injection. 
Neighboring stromal cells of the choroid plexus are able to receive IL-1β, 
and such stromal cells subsequently have elevated expression of CCL2, 
CXCL1, CXCL2 and IL-6 at 4 h after endotoxin injection. At the same 
time, the choroid plexus epithelial cells also have elevated expression of 
CCL2, CXCL1 and CXCL2. The presence of receptors for IL-6, CXCL1 and 
CXCL2 on epithelial cells as well as the presence of receptors for CXCL1 
and CXCL2 on stromal cells raises the possibility of cytokine-mediated 
reciprocal interactions between stromal and epithelial cells. Given that 
brain parenchymal concentrations of CCL2, CXCL1, CXCL2 and IL-6 are 
elevated at 4 h after endotoxin injection and astrocytes bearing re-
ceptors for these cytokines are activated at 24 h after endotoxin injec-
tion, the immediate early responses to systemic inflammation exerted by 
the choroid plexus are relevant to understanding how SAE is initiated in 
clinical settings. 
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