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Abstract While inflammatory bowel disease (IBD) might

be a risk factor in the development of brain dysfunctions,

the underlying mechanisms are largely unknown. Here,

mice were treated with 5% dextran sodium sulfate (DSS) in

drinking water and sacrificed on day 7. The serum level of

IL-6 increased, accompanied by elevation of the IL-6 and

TNF-a levels in cortical tissue. However, the endotoxin

concentration in plasma and brain of mice with DSS-

induced colitis showed a rising trend, but with no

significant difference. We also found significant activation

of microglial cells and reduction in occludin and claudin-5

expression in the brain tissue after DSS-induced colitis.

These results suggested that DSS-induced colitis increases

systemic inflammation which then results in cortical

inflammation via up-regulation of serum cytokines. Here,

we provide new information on the impact of colitis on the

outcomes of cortical inflammation.
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Introduction

Crohn disease and ulcerative colitis are the major forms of

inflammatory bowel disease (IBD) [1], characterized by

chronic diarrhea and abdominal pain [2]. However, many

patients develop severe complications over time, such as

cognitive dysfunction and depression [3, 4]. Intestinal

inflammation might be a risk factor for the development of

Parkinson’s disease [5], Alzheimer’s disease [6], and

autism [7, 8], and rats with colitis show increased

hippocampal slice excitability [9]. However, the mecha-

nisms underlying the links between IBD and changes in the

central nervous system (CNS) are largely unknown.

Peripheral inflammation can induce CNS inflammation

[10]. One way for peripheral inflammation to alter function

in the CNS is through disruption of the blood-brain barrier

(BBB) [11]. The BBB is comprised of endothelial cells that

line the capillaries of the brain. Its unique characteristics

include tight junctions (TJs), which may change in the

pathological process [12]. The movements underlying

leukocyte–endothelial cell adhesive interactions are finely

regulated by several cell adhesion molecules (CAMs).

Brain endothelial VCAM-1 is markedly up-regulated in

animals with colitis [13], indicating migration of leuko-

cytes across the BBB. A slight loss in endothelial barrier

antigen immunoreactivity has been reported in dextran

sodium sulfate (DSS)-induced colitis, showing a marker of

BBB disruption [5]. Disruption of the BBB could allow

inflammatory mediators or other circulating products to

enter the brain parenchyma [14].
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Several reports have provided evidence that colitis

disturbs the composition of gut microbiota and increases

the levels of gut microbiota endotoxin [15, 16]. Therefore,

it has been hypothesized that bacterial translocation occurs

due to impaired colonic barrier function, thus leading to a

deleterious pro-inflammatory systemic immune response

[17]. Endotoxin can lead to nuclear factor-kB activation

when gut-derived endotoxin enters the bloodstream [18].

Furthermore, systemic administration of endotoxin can also

induce the expression of pro-inflammatory products, and it

is a general stimulator of microglia in the brain [19, 20].

More importantly, when accompanied by disruption of the

BBB, gut microbiota endotoxin may enter the brain

parenchyma and result in marked neuroinflammation.

Here, we explored whether endotoxin produced by the

gut plays a role in the development of neuroinflammation

under conditions of an impaired BBB in a DSS-induced

colitis model.

Materials and Methods

Mice

Seven- to eight-week-old male C57BL/6 mice weighing 18

± 2 g were housed at a constant temperature under a 12-h

light-dark cycle with unlimited access to a standard diet

and water. The animal studies were approved by the

Animal Care and Use Committee of the Institute of Basic

Medical Sciences.

Induction of Colitis

We used a well-characterized chemical model to initiate

experimental IBD by giving mice access to 5% DSS (MP

Biomedicals, Santa Ana, CA) in drinking water for 7 days.

Mice were sacrificed on days 3 and 7 after the beginning of

DSS administration in some experiments. Four indepen-

dent experiments were carried out (4–6 mice/group in each

experiment). Both the cortex and the hippocampus from

each group were isolated for protein and RNA analysis All

samples were run individually. Trunk blood was collected

and circulating cytokines were measured in the serum

using ELISA (Neobioscience Technology Co, Ltd, Shen-

zhen, China). Exogenous endotoxin was measured in the

plasma using Limulus amebocyte lysate (LAL; Lot No:

170908; Chinese Horseshoe Crab Reagent Manufactory

Co., Ltd, Xiamen, China). Additional groups of DSS-

treated and control mice (5 mice/group) were sacrificed on

day 7 and perfused with paraformaldehyde (4% in 0.1 mol/

L phosphate buffer, pH 7.4) for immunofluorescence and

confocal laser-scanning studies.

Lipopolysaccharide (LPS) Administration

In a separate experiment, the mice were given an intraperi-

toneal (i.p.) injection of a certain concentration of 0.5 mg/

kg LPS (Sigma, St. Louis, MO) diluted in normal saline.

Mice were sacrificed at 6 h and 24 h, and brain and trunk

blood from each group were collected for LAL tests. This

experiment was carried out twice.

Quantitative Real-Time PCR

Total RNA was extracted from cortical and intestinal tissue

homogenates using TRIzol reagent (Invitrogen, Carlsbad,

CA). cDNA was synthesized using an MLV (Murine

Leukemia Virus) reverse transcription kit (TaKaRa,

Kusatsu, Shiga, Japan) according to the manufacturer’s

instructions. Real-time PCR was performed with SYBR

Green master mix (Applied Biosystems, Waltham, MA)

using a real-time PCR detection system as recommended

by the manufacturer. The specific primers used were as

follows: b-actin: forward: 50-ACTGTCGAGTCGCGTCC
A-30, reverse: 50-GTCATCCATGGCGAACTGGT-30; IL-
1b: forward: 50-TTCAGGCAGGCAGTATCACTC-30,
reverse: 50-GAAGGTCCACGGGAAAGACAC-30; IL-6:

forward: 50-AGTCCTTCCTACCCCAATTTCC-30,
reverse: 50-TTGGTTAGCCACTCCTTC-30; tumor necro-

sis factor (TNF)-a: forward: 50-CCCTCACACTCAGAT-
CATCTTCT-30, reverse: 50-GCTACGACGTGGGCTAC
AG-30. Gene-specific expression was normalized to b-actin
expression.

Measurements of Serum IL-1b, IL-6, and TNF-a

ELISA analyses were performed to quantify the levels of

inflammatory cytokines and interleukins in mouse serum.

Blood samples were clotted for 2 h at room temperature

before centrifugation (4�C, 2000 g, 30 min). The concen-

trations of IL-1b, IL-6, and TNF-a in the resulting

supernatants were measured using a Quantikine ELISA

kit (Neobioscience Technology Co, Ltd, Shenzhen, China)

following the manufacturer’s protocol. The results are

shown as the concentration of cytokine per milliliter of

serum. The samples were aliquoted and stored at - 80�C.

LAL Assay for Endotoxin

Brain and plasma endotoxin concentrations were measured

using the LAL kit (Lot No: 170908; Chinese Horseshoe

Crab Reagent Manufactory). Total protein was extracted

from half of the mouse brain samples which were

homogenized in 1 mL endotoxin-free water. The clear

supernatants were collected for LAL assays. For plasma

analysis, the collected blood was added to an equal volume
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of heparin anticoagulant before centrifugation for 2 min at

3000 rpm. Samples of the resulting plasma were diluted in

pyrogen-free water. The concentration of endotoxin that

remained was quantified by coagulation of the LAL

reagent. The samples were incubated at 70�C for 10 min

to inactivate endogenous inhibitors of the LAL test, prior to

the LAL assay. The concentrations of bacterial endotoxin

were determined using the LAL kit according to the

manufacturer’s protocol.

Immunofluorescence Staining

The mice were anesthetized with 1% sodium pentobarbital

through intraperitoneal injection and perfused with chilled

0.9% saline to wash out circulating blood, followed by 4%

paraformaldehyde. After each brain was dehydrated and

frozen-sectioned at 40 lm, the sections were blocked with

5% donkey serum (0.2% PBST containing 5% donkey

serum and 5% BSA) for 30 min at 37�C and then incubated

with specific primary antibody (Iba-1, 1:400, WAKO,

Tokyo, Japan) overnight at 4�C before incubation with

secondary antibody (Alexa Fluor 594, 1:500, Thermo,

Waltham, MA) for 120 min at 37�C. Images were captured

using a scanning confocal microscope (Nikon, Tokyo,

Japan).

Western Blot

Whole protein extracts were prepared from mouse cortex

and hippocampus, and the total protein content was

quantified. A total of 20 lg protein from each sample

was loaded onto an SDS-PAGE gel and separated by

electrophoresis. Then, the proteins were transferred to

nitrocellulose membranes, followed by blocking in 5%

non-fat dry milk in PBST for 2 h at room temperature. The

specific primary antibodies (zonulae occludentes, ZO-1,

1:2000, Invitrogen, CA; occludin, 1:2000, Invitrogen;

claudin-5, 1:2000, Thermo; caspase3, 1:1000, Abcam,

Cambridge, UK; b-actin, 1:10000, Sigma) were applied

overnight at 4�C. After washing, the membranes were

incubated with HRP-conjugated goat-anti-rabbit (Bio-Rad,

Hercules, CA) or goat-anti-mouse secondary antibody

(Bio-Rad) for 2 h at room temperature. The specific bands

were revealed using an ECL detection kit (Bio-Rad).

Determination of BBB Permeability

Mice were given a caudal vein injection of Evans blue

dissolved in saline (4 mg/kg body weight) 4 h before

sacrifice. All mice were anesthetized with 1% sodium

pentobarbital through intraperitoneal injection and per-

fused; the samples were dissolved in formamide and bathed

in water (55�C, 24 h), and then the samples were

centrifuged (12000 g, 30 min). Measurements were made

at 620 nm.

Hematoxylin-Eosin (HE) Staining

Mice were anesthetized with 1% pentobarbital sodium (40

mg/kg. i.p.) and sacrificed before the colon was isolated

and sectioned. The intestines were washed in ice-cold PBS

and soaked overnight in paraformaldehyde (4% in 0.1 mol/

L phosphate buffer, pH 7.4). After immersion in absolute

ethyl alcohol through a graded alcohol series, the tissues

were embedded in paraffin, sectioned, and stained with HE.

Then, the sections were imaged under a microscope

(Olympus, Tokyo, Japan).

Statistical Analysis

All experiments were repeated at least 3 times. The data are

presented as the group mean values with standard errors of

the mean (SEM), and were analyzed with one-way

ANOVA followed by Dunnett’s test, two-way ANOVA

followed by Bonferroni’s post hoc test for multiple

comparisons, or t-tests. For all analyses, P \ 0.05 was

considered statistically significant.

Results

Intestinal Inflammation in DSS-Treated Mice

The acute colitis mouse model was induced by treatment

with 5% DSS in the drinking water for 7 days, as

previously described [21]. The mice exhibited bloody

diarrhea (data not shown) and weight loss, as well as

decreased colon length, as the colitis progressed (Fig. 1A–

C). Histological analysis of the colons from the DSS-

treated mice revealed cellularity and disorganization as

well as infiltration of granulocytes in the mucosa (Fig. 1D).

In addition, the pro-inflammatory cytokines IL-6, IL-1b,
and TNF-a, were detected in the colonic tissues. The

mRNA levels of IL-1b and IL-6 were significantly

increased in the distal colon of mice administered with

DSS (Fig. 1E). Thus, the mice exposed to 5% DSS for 7

days developed acute colitis.

Concentrations of Endotoxin and Pro-Inflammatory

Cytokines in the Plasma of Mice with DSS-Induced

Colitis

Colitis can disturb the composition of gut microbiota and

increase their endotoxin levels [22]. Therefore, it has been

hypothesized that bacterial translocation occurs due to an

impaired colonic barrier, leading to endotoxemia [23],
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However, the changes in endotoxin are still unknown in the

colitis model. To explore whether endotoxin plays a direct

or indirect role in DSS-induced nervous system inflamma-

tion, mice were sacrificed on days 3 and 7 after DSS

administration. To our surprise, we did not find a signif-

icant increase in endotoxin in the plasma or in the brain on

days 3 and 7 (Fig. 2A, B). In another independent

experiment, the mice were injected with LPS (0.5 mg/kg

i.p., 6 h and 24 h), which causes marked systemic

inflammation, and then we measured the endotoxin content

in the brain and plasma. The results showed that the LPS

concentrations at both 6 h and 24 h were significantly

increased, and the endotoxin content in the plasma was

increased 25-fold (Fig. 2C). However, the levels of endo-

toxin in the brain did not increase after LPS injection

(Fig. 2D). We concluded that plasma endotoxin transloca-

tion does not easily cause an elevation in the endotoxin

levels in brain tissue under such conditions.

We also analyzed the activation of systemic inflamma-

tion in the colitis mouse model. On day 7 after DSS

treatment, the level of IL-6 in the serum was markedly

elevated, while the levels of IL-1b and TNF-a did not

change (Fig. 2E). This suggested that acute colitis induced

the activation of systemic inflammation.

Activation of Microglia and Increased Pro-Inflam-

matory Cytokines in Cortical Tissue in DSS-Induced

Colitis Model

The above results indicated that the endotoxin levels in

both the plasma and the brain did not increase in the colitis

mouse model. We then investigated whether a rise in

plasma pro-inflammatory cytokines would result in neu-

roinflammation and brain injury after DSS-induced colitis.

To evaluate brain inflammation in this model, we per-

formed immunofluorescence staining for Iba-1 and ana-

lyzed the microglial population in the cortex. This

population increased significantly after DSS-induced colitis

(Fig. 3A, B). Next, we measured the expression of pro-

inflammatory cytokines in the brain on day 7 of DSS-

induced colitis. The level of IL-6 increased*2-fold on day

7 compared with the control (Fig. 3C). In addition, the

level of TNF-a mRNA in the brain also increased in the

DSS group, while the level of IL-1b did not change as

much (Fig. 3C). These results demonstrated that the

peripheral inflammation involved in the colitis model

triggered cortical inflammation.

Fig. 1 Mouse model of colitis induced by 5% DSS after 7 days.

A Cumulative changes in body weight in the course of DSS treatment.

Note that severe weight loss was seen in the DSS-treated mice on

days 6 and 7 (***P \ 0.001; n = 10/group). B Representative

photographs of intestinal mucosal congestion and shortened colon

length. C Shrinkage of the colon in the DSS-treated mice occurred on

day 7 (***P\ 0.001; n = 5/group). D Pathological changes in HE-

stained proximal, middle, and distal colon sections. Leukocyte

infiltration into the mucosa and damage to the bowel wall are evident

in the DSS-induced group. E Real-time PCR analysis of changes in

the inflammatory cytokines IL-1b, IL-6, and TNF-a in the distal colon

tissue in the mice. The increases in IL-1b (***P\0.001; n = 5/group)

and IL-6 (***P\ 0.001; n = 5/group) were significant.
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Reduction in Occludin and Claudin-5 Expression

in Brain After DSS-Induced Colitis

It has been reported that peripheral inflammation can

induce neuroinflammation in the CNS via disruption of the

BBB [22], The unique characteristics of this barrier include

tight intercellular junctions. We therefore isolated hip-

pocampal and cortical tissues and analyzed the expression

of TJ proteins. We found that the expression of occludin

and claudin-5 was markedly downregulated in the cortex

and the hippocampus of the group treated with DSS

(Fig. 4A–D). The expression of cleaved caspase3 in the

cortex was also up-regulated, suggesting the occurrence of

apoptosis in the brain after the DSS treatment (Fig. 4E, F).

To further describe alterations in the permeability of the

BBB after DSS treatment in mice, we quantified the

permeability using Evans blue dye. but did not find clear

BBB disruption based on leakage and extravasation of

Evans blue into the parenchyma (Fig. 4G, H). These results

suggested that although DSS-induced colitis can generate

mild brain injury by reducing TJ-related protein expres-

sion, it is not due to a severe increase in BBB permeability.

Discussion

Here, we provide new information regarding the impact of

DSS-induced colitis on the outcomes of neuroinflamma-

tion. The data showed that the endotoxin content was not

increased in the plasma or in the brain on either day 3 or

day 7 of the DSS-induced colitis model, whereas the serum

levels of IL-6 increased and were accompanied by

activation of microglia and an elevation in IL-6 and

TNF-a expression levels in brain tissue during the DSS-

induced colitis. Furthermore, DSS-induced colitis could

generate a mild brain injury by reducing the TJ-related

protein expression but not by severely increasing BBB

permeability. In the light of this, the DSS-induced colitis

model activated the population of microglia and changed

the levels of pro-inflammatory cytokines, in addition to

causing TJ injury, which may result in nonspecific CNS

damage (Fig. 5).

Peripheral inflammation can affect neuroinflammation

in several ways. Peripheral inflammation signals the brain

through the vagus nerve [24] and through cytokines in the

systemic circulation that access the brain [25]. Engagement

of the immune system-to-brain communication ultimately

Fig. 2 Effect of colitis on the endotoxin concentration in plasma and

brain. A Plasma endotoxin levels after DSS treatment (n = 6/group);

the endotoxin content in the plasma was not significantly increased on

day 3 or 7. B Brain endotoxin levels after DSS treatment (n =

6/group); the endotoxin content in the brain showed a rising trend, but

no significant difference was found on either day 3 or day 7 (n =

6/group). C Plasma endotoxin levels measured using a Limulus assay

(LAL). LPS (0.5 mg/kg i.p.) increased plasma endotoxin levels at 6 h

and 24 h (***P\ 0.001; n = 5/group for both). D LAL analysis of

brain endotoxin after LPS injection, showing that the LPS-treated

mice had a rising trend, but no significant difference was found at

either 6 h or 24 h (n = 5/group). E Changes in the serum levels of the

pro-inflammatory cytokines IL-1b, IL-6, and TNF-a, showing that IL-
6 (**P\0.01; n = 5/group) was higher in the DSS-induced group on

day 7 after DSS treatment.
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leads to the activation of resident microglia. By producing

a variety of pro-inflammatory and neurotoxic factors [26],

activated microglia can cause CNS damage [27, 28], but

the mechanisms underlying the link between IBD and CNS

changes are largely unknown. One way for peripheral

inflammation to alter function in the CNS is through

disruption of the BBB [29]. Such BBB disruption has been

reported in 2,4,6-trinitrobenzenesulfonic acid (TNBS)-

induced colitis [14]. IL-6 has been implicated in inflam-

matory processes and its elevation is associated with BBB

disruption [30, 31]. In our study, we also found that

elevated IL-6 levels induced a decrease of occludin and

claudin-5 expression in mice with colitis. However, in this

model, we did not find BBB disruption based on extrava-

sation of Evans blue into the brain parenchyma, and

staining for endogenous IgG proteins (Fig. S1). Several

reports have emphasized that the BBB changes are

transient; the extent of fluorescein leakage is limited to

the first 2 days and only then in restricted regions despite

the ongoing colitis. However, in our experiment, mice were

treated with DSS for 7 days, so no leakage of Evans blue

was observed in the brain. Importantly, the disruption of

the BBB is always mild, which may explain why the

leakage of Evans blue was not markedly changed under our

experimental conditions [5, 14]. Though we found a

decrease in occludin and claudin-5 expression, we cannot

Fig. 3 Activation of microglia and increased pro-inflammatory

cytokines in cortical tissue in mice with DSS-induced colitis. A,
B Representative images (A) and statistics (B) of microglial

activation in cortex on day 7 after DSS treatment (***P \ 0.001;

n = 4/group). C Effects of DSS-induced colitis on the mRNA levels of

IL-1b, IL-6, and TNF-a in cortex. Increases in IL-6 (***P\0.001; n =

5/group) and TNF-a (*P\0.05; n = 5/group) occurred on day 7 after

DSS treatment.
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exclude the possibility that other TJ molecules that may

play decisive roles in maintaining the integrity of the BBB

were also affected. These data extend our knowledge

regarding the disruption of the BBB during colitis and

provide evidence that peripheral inflammation-induced

neuroinflammation results in a mild disruption of the

BBB. Colitis inducers, such as TNBS, DSS, and a high-fat

diet, can increase gastrointestinal permeability, disturb the

composition of gut microbiota, and increase their LPS

levels [32, 33]. Previous studies have shown that treatment

with LPS isolated from feces significantly increases

nuclear factor-kappa B activation and TNF-alpha levels

in TNBS-induced colitis [33]. In our study, at day 7, we

also found that the serum levels of IL-6 were elevated in

the DSS-treated animals, indicating the presence of sys-

temic inflammation, together with the increased population

of microglia as well as IL-6 and TNF-a mRNA levels in

the brain. We hypothesized that endotoxin may play a

direct role in DSS-induced nervous system inflammation.

Then we measured the concentrations of endotoxin in the

brain and plasma produced by gut microbiota in mice with

DSS-induced colitis, but did not find a significant increase

Fig. 4 Reduction of occludin

and claudin-5 expression, while

the BBB permeability was not

increased in the DSS-induced

colitis model. A–D Western

blots (A, B) and analysis (C,
D) showing the down-regulation

of occludin (***P\ 0.001; n =

3/group) and claudin-5 (***P\
0.001; n = 3/group) in the hip-

pocampus (A, C) and cortex (B,
D) in the DSS-induced group.

E, F Western blots (E) and
analysis (F) showing up-regula-

tion of cleaved caspase-3 in the

cortex after DSS treatment

(***P\ 0.001; n = 3/group). G,
H Photographs of brains

(G) and statistics (H) showing

no increase in the concentration

of Evans blue in the brain after

DSS treatment on day 7.
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in blood endotoxin production – on the other hand, TNBS-

induced colitis leads to endotoxin and bacterial transloca-

tion – this difference may have been due to the animal

model used. In our experiments, DSS was administered

orally, while TNBS is administered intrarectally [34]. In

addition, in accord with previous reports, DSS-induced

colitis is characterized by low circulating endotoxin levels

[35]. This could be explained by the disruption degree of

BBB, which prevents endotoxin from entering the brain. In

another independent experiment, we injected LPS

intraperitoneally then investigated the endotoxin content

in the brain and plasma. The results showed that intraperi-

toneal LPS significantly increased the endotoxin content in

the plasma of mice, while there was no change in brain

endotoxin. We conclude that blood endotoxin transloca-

tion, under certain conditions, does not easily cause an

elevation in brain endotoxin level, while the role of brain

endotoxin cannot be excluded completely. Our present data

did not support the conclusion that the presence of systemic

endotoxin plays a major role in the outcome of neuroin-

flammation in the DSS mouse model. Nevertheless, it is

hard to exclude a role of endotoxin in DSS-induced

neuroinflammation.

In conclusion, 5% DSS administration for 7 days

increases gastrointestinal inflammation, resulting in corti-

cal inflammation in mice and leading to mild disruption of

the BBB. Colitis may have an impact on the formation of

blood and brain endotoxin related to the outcomes of

cortical inflammation. However, further work is required to

identify whether other colitis models, such as TNBS can

cause a marked increase in blood and brain endotoxin.
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