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Abstract

Background: Disruption of the blood-brain barrier (BBB) occurs in many diseases and is often mediated by

inflammatory and neuroimmune mechanisms. Inflammation is well established as a cause of BBB disruption, but

many mechanistic questions remain.

Methods: We used lipopolysaccharide (LPS) to induce inflammation and BBB disruption in mice. BBB disruption

was measured using 14C-sucrose and radioactively labeled albumin. Brain cytokine responses were measured using

multiplex technology and dependence on cyclooxygenase (COX) and oxidative stress determined by treatments

with indomethacin and N-acetylcysteine. Astrocyte and microglia/macrophage responses were measured using

brain immunohistochemistry. In vitro studies used Transwell cultures of primary brain endothelial cells co- or tri-cultured

with astrocytes and pericytes to measure effects of LPS on transendothelial electrical resistance (TEER), cellular

distribution of tight junction proteins, and permeability to 14C-sucrose and radioactive albumin.

Results: In comparison to LPS-induced weight loss, the BBB was relatively resistant to LPS-induced disruption.

Disruption occurred only with the highest dose of LPS and was most evident in the frontal cortex, thalamus,

pons-medulla, and cerebellum with no disruption in the hypothalamus. The in vitro and in vivo patterns of

LPS-induced disruption as measured with 14C-sucrose, radioactive albumin, and TEER suggested involvement

of both paracellular and transcytotic pathways. Disruption as measured with albumin and 14C-sucrose, but not TEER,

was blocked by indomethacin. N-acetylcysteine did not affect disruption. In vivo, the measures of neuroinflammation

induced by LPS were mainly not reversed by indomethacin. In vitro, the effects on LPS and indomethacin were not

altered when brain endothelial cells (BECs) were cultured with astrocytes or pericytes.

Conclusions: The BBB is relatively resistant to LPS-induced disruption with some brain regions more vulnerable than

others. LPS-induced disruption appears is to be dependent on COX but not on oxidative stress. Based on in vivo and in

vitro measures of neuroinflammation, it appears that astrocytes, microglia/macrophages, and pericytes play little role in

the LPS-mediated disruption of the BBB.
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Background

The vascular blood-brain barrier (BBB) protects the

central nervous system from blood-borne substances

that are otherwise neurotoxic. Inflammation has long

been known to disrupt the BBB. Skoog in 1937

found that an allergic reaction could disrupt the BBB

[1]. Meningitis, encephalitis, sepsis, and local and

systemic infections have been associated with altered

permeability of the BBB to many substances and

immune cells [2]. Eckman et al. as early as 1958 and

Allen a few years later showed that gram-negative

endotoxin was associated with BBB disruption [3, 4].

Gram-negative endotoxin in its more purified form

of lipopolysaccharide (LPS) is known to disrupt the

BBB and also alters many other aspects of BBB func-

tion, including adsorptive transcytosis, immune cell

trafficking, and various transport functions [5–9].

More recently, a number of diseases that include

multiple sclerosis, Alzheimer’s disease, diabetes mel-

litus, obesity, and stroke have been associated with

both inflammation and BBB disruption [10–14].

The barrier functions of the capillary bed of the

brain are known to arise from three modifications:

the presence of tight junctions between endothelial

cells, a near absence of macropinocytosis, and loss

of fenestrae [15, 16]. Together, these three modifica-

tions prevent the production of an ultrafiltrate by

the brain’s capillary bed. Inflammation can induce

BBB disruption by altering tight junction function,

thus promoting paracellular leakage, and re-inducing

vesicular processes, thus promoting transcytotic leak-

age. In some causes, transcytotic mechanisms may

be the dominant form of BBB disruption [17, 18]

and may precede paracellular opening [19, 20].

Mechanisms by which LPS affects BBB function

are not well understood. The cyclooxygenase (COX)

inhibitor indomethacin reverses some LPS-induced

dysfunctions of the BBB, including in vitro disrup-

tion [21, 22] and in vivo impaired amyloid beta

peptide efflux [23]. However, indomethacin has no

effect on LPS-induced inhibition of P-glycoprotein

activity [24]. The antioxidant N-acetylcysteine (NAC)

protects the brain endothelial cell (BEC) from oxida-

tive stress induced by methamphetamine and anti-

retroviral drugs [25, 26] and reverses the decreased

brain-to-blood transport of amyloid beta peptide

induced by LPS [27]. The effect of NAC on LPS-

induced BBB disruption has not been examined in

vivo.

Here, we further examined the mechanisms by

which LPS induces BBB disruption both in vivo and

in vitro by investigating brain cytokines, prostaglan-

din inhibition, oxidative stress, and astrocyte and

microglial activation.

Methods

Animals

All mice were treated in accordance with NIH Guidelines

for the Care and Use of Laboratory Animals in an

AAALAC-accredited facility and approved by the Institu-

tional Animal Care and Use Committee of the VA Puget

Sound Health Care System. Male CD-1 mice at 6–8 weeks

of age were purchased from Charles River and kept on a

12/12-h light/dark cycle with ad libitum food and water.

Radioactive probes

Sucrose labeled with 14C was purchased from Perkin-Elmer

(Waltham, MA). Bovine serum albumin (BSA) was labeled

with 125I by the chloramine-T method, and the resulting

radioactive albumin (iodine-labeled albumin (I-Alb)) was

purified on a G-10 Sephadex column. BSA was labeled with
99mTc (technetium-labeled albumin (Tc-Alb)) and purified

on a G-10 Sephadex column.

Lipopolysaccharide (LPS) dose response and time studies

Male CD-1 mice aged 6–10 weeks were weighed and

given an intraperitoneal (IP) injection of 0.03, 0.3, or

3 mg/kg LPS from Salmonella typhimurium (Sigma

Aldrich, St. Louis, MO, USA) dissolved in sterile normal

saline. Mice were reweighed about 23 h after the LPS

injection, anesthetized with urethane, and the jugular

veins exposed. The mice were given an iv injection of
14C-sucrose (106 dpm in 0.2 ml of lactated Ringer’s

solution with 1 % BSA) 24 h ± 20 min after the LPS

injection. Arterial blood was collected from a cut in the

descending abdominal aorta. The vascular space of the

brain was washed free of blood by opening the thorax,

clamping the descending thoracic aorta, severing both

jugular veins, and perfusing 20 ml of lactated Ringer’s

solution through the left ventricle of the heart in less

than 1 min. After washout, the mouse was immediately

decapitated and the whole brain was removed and

weighed. Serum was obtained by centrifuging the carotid

artery blood for 10 min at 4000×g. The brains were solu-

bilized, and the level of radioactivity in the brains

and sera were determined in a beta counter.

A subset of mice that received 3 mg/kg of LPS was

studied for 14C-sucrose permeation 4 h after the LPS

injection. Another subset of mice that were studied for
14C-sucrose permeation 24 h after receiving 3 mg/kg of

LPS had their brains dissected into the olfactory bulb,

frontal cortex, parietal cortex, occipital cortex, striatum,

hippocampus, hypothalamus, thalamus, cerebellum,

pons-medulla, and midbrain.

Other mice received an injection of I-Alb instead of
14C-sucrose, but were otherwise treated the same,

receiving 3 mg/kg of LPS and being studied at 24 h.

Levels of radioactivity in the serum and brain were

determined in a gamma counter.
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Results were calculated by dividing the counts per mi-

nute per brain or brain region by the counts per minute

per microliter in the corresponding serum and by the

weight of the brain or brain region. The results were

thus expressed as microliters per gram of brain tissue.

Blood levels were calculated as the percent of the

injected dose present per milliliter of serum (% injec-

tion/ml) by dividing the counts per minute per milliliter

by the cpm injected iv and multiplying by 100.

Administration of NAC or indomethacin

In the NAC study, male CD-1 mice were assigned to one

of four groups. All mice received injections of 100 μl

of saline at −30 min, 0, 6, and 24 h. In groups 1 and

3, the −30-min injection was saline, and in groups 2 and 4,

it was saline containing NAC (100 mg/kg; Sigma Aldrich,

St. Louis, MO). In groups 1 and 2, the remaining injections

(0, 6, 24 h) were saline, whereas in groups 3 and 4, the

saline vehicle contained LPS (3 mg/kg). Four hours after

the last injection, mice received an injection of 106 cpm of
14C-sucrose and were studied as described above.

Indomethacin (5 mg/kg) was studied in the same

design using it in place of NAC. For the first injection,

7 % NaHCO3 was used as the vehicle instead of saline.

Cytokine measurements

Whole brain lysates from mice treated with the

three-injection regimen of LPS described above were

gently homogenized in 150 μl of NP40 buffer (Invi-

trogen, Grand Island, NY). Samples were centrifuged

for 5 min at 4 °C and 12,000×g. Protein content of

the supernatant was then determined according to

the BCA assay protocol supplied by the manufac-

turer. Protein concentrations are attached. A panel

of 23 cytokines (interleukin (IL)-1α; IL-1β; IL-2; IL-3; IL-4;

IL-5; IL-6; IL-9; IL-10; IL-12(p40); IL-12(p70); IL-13; IL-17;

eotaxin (CCL11); granulocyte colony-stimulating factor

(G-CSF); granulocyte-macrophage colony-stimulating

factor (GM-CSF); interferon (IFN)-γ; keratinocyte

chemoattractant (KC) (CXCL1); monocyte chemoattract-

ant protein (MCP)-1 (CCL2); macrophage inflammatory

protein (MIP)-1α (CCL3); MIP-1β (CCL4); regulated

on activation, normal T cell expressed and secreted

(RANTES; CCL5) and tumor necrosis factor (TNF)-α)

were measured in whole brain lysates using a murine

Bio-Plex Pro™ assay kit (Bio-Rad Laboratories, Inc.;

Hercules, CA). All samples were diluted 1:3 in sample di-

luent provided in the kit and processed according to the

manufacturer’s protocol. Plates were read on a Bio-Plex

200 (Bio-Rad Laboratories, Inc.; Hercules, CA).

Immunohistochemistry

Control mice or mice treated with the LPS ± indometh-

acin regimen described above were euthanized, and their

brains removed and fixed in 10 % neutral-buffered

formalin, paraffin-embedded, and sectioned at 5 μm.

Sections were de-paraffinized, blocked in 2 % goat

serum, and exposed to 2–5 μg/ml of mouse anti-F4/80

(Serotec) or rabbit anti-Iba1 (Wako). Sections were then

rinsed in Tris-buffered saline and exposed to 5 μg/ml of

biotinylated anti-mouse or anti-rabbit IgG and then to

Vectastain® avidin-biotin complex (ABC) kit (Vector) in

conjunction with 3,3′-diaminobenzidine (DAB, Vector)

to derive an insoluble stain that could be quantified.

For quantification, a minimum of two digital images

per mouse cerebral cortex were taken at ×20 magnifica-

tion. The images were processed in ImageJ, and the

brightness and contrast adjusted before converting to an

RGB stack image. The threshold of the blue stack image

is adjusted until the stained tissue shows optimal

contrast with highlighting of the DAB stain in red. The

staining area and density were measured, and the result

was expressed as an area fraction, which is the percent

of the enclosed area that is highlighted in red. Relative

staining intensity was then calculated for the cerebral

cortices for each group of mice.

Western blotting for ZO-1

Individual brain extracts of equivalent total protein

content were resolved by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) (50 μg

total protein/lane) under reducing conditions, trans-

ferred to nitrocellulose, and probed with 1 μg/ml of

rabbit polyclonal antibodies to ZO-1 (Invitrogen).

Blots were then probed with anti-rabbit horseradish

peroxidase-conjugated secondary antibody (Jackson

ImmunoResearch, West Grove, PA) (1 μg/ml) and visual-

ized by enhanced chemiluminescence (GE Healthcare

LifeSciences, Piscataway, NJ). Densities of the bands were

quantified using ImageJ.

Isolation of primary brain microvascular endothelial cells

(BMECs)

Primary brain microvascular endothelial cells (BMECs)

were isolated from 8-week-old CD-1 mice according to

existing protocols [28, 29] with some modifications.

BMECs were cultured in BMEC medium, consisting of

Dulbecco’s modified Eagle’s medium (DMEM)/F12

supplemented with 20 % plasma-derived fetal bovine

serum (Animal Technologies), 1 % GlutaMAX (Life

Technologies), basic fibroblast growth factor (bFGF,

1 ng/ml; Roche Life Sciences), heparin (100 μg/ml),

insulin (5 μg/ml), transferrin (5 μg/ml), selenium (5 ng/ml)

(insulin-transferrin-selenium medium supplement; Life

Technologies), and gentamicin (50 μg/ml; Sigma Aldrich).

Puromycin (4 μg/ml; Sigma Aldrich) is added to the

BMEC medium for the first 48 h after plating to remove

pericytes and increase endothelial cell purity [30]. Cultures
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were maintained at 37 °C in a humidified atmosphere of

5 % CO2/95 % air. The medium is changed 24 h after

plating to remove non-adhering cells, red blood cells, and

debris. At 48 h after plating, the medium was changed

again with a new medium containing all the components

listed above, except puromycin. The purified primary

BMECs were used to construct in vitro models when 80 %

confluent, typically the 5th day after isolation.

Immortalized mouse brain pericytes

Immortalized mouse brain pericytes (ImPCs) were pre-

pared as previously described [31]. ImPCs were grown on

uncoated flasks in low-glucose DMEM supplemented with

2 mM L-glutamine, 10 % fetal calf serum, 1 % non-essential

amino acids (Life Technologies), and interferon gamma

(5.6 ng/ml). ImPCs have been previously characterized [31]

and stain positively for α-smooth muscle actin, CD-13, and

platelet-derived growth factor receptor β and were negative

for factor VIII. ImPCs were used at passages 13–15.

Isolation of primary astrocytes

Mouse cerebral astrocytes were obtained from neonatal

CD-1 mice. The meninges were carefully removed from

cortices using a dissecting microscope. Then, the cleaned

cortices were mechanically dissociated in astrocyte culture

medium. Astrocytes were grown on poly-L-lysine-coated

24-well plates in high glucose DMEM (Life Technologies)

supplemented with 10 % fetal bovine serum.

Construction of in vitro blood-brain barrier model

BMECs were cultured alone (monocultures), co-cultured

with either pericytes or astrocytes, or tri-cultured with

pericytes and astrocytes according to previously pub-

lished methods [32]. The triple-culture method was

adjusted for co-culture and endothelial cell monoculture

variants. In brief, immortalized pericytes (5000 cells/

well), if present, were seeded on the bottom of a polyes-

ter Transwell insert (0.33 cm2, 0.4-μm pore size; Corning

Inc.) and allowed to adhere for 4 h. Endothelial cells

were briefly trypsinized and seeded on the inside of the

Transwell insert, which was coated with fibronectin and

collagen type IV (0.1 mg/ml, each), at a density of 4 × 104

cells per well. The inserts were then placed in a 24-well

plate containing primary astrocytes. The medium used to

plate the cells in the 24-well Transwells contained all the

components of the BMEC medium, listed above, with the

addition of 500 nM hydrocortisone to reinforce tight junc-

tions [33]. The medium in the luminal chamber (or the

inside of the Transwell insert) was changed 24 h after

seeding. BMEC monolayers were cultured for 3 days before

use in experiments.

An EVOM volt ohmmeter equipped with a STX-2

electrode (World Precision Instruments; Sarasota, FL)

was used to measure transendothelial electrical

resistance (TEER, in ohms per square centimeter). The

TEER of cell-free Transwell-clear inserts was subtracted

from obtained values. TEER was measured prior to

treatment and 24 h after treatment. The TEER values re-

ported in all figures are the TEER post-treatment.

Treatment with indomethacin and LPS

Cells were pre-treated with 50 μl BMEC + HC with

or without indomethacin (200 μM). After 30 min,

50 μl BMEC + HC with or without LPS (20 μg/ml)

was added to wells. Cells were treated for 24 h

(indomethacin final concentration: 100 μM, LPS final

concentration: 10 μg/ml).

Transendothelial permeability

For permeability experiments, Transwell inserts were

washed with serum-free BMEC+HC medium +0.1 % BSA.

The same medium was added to the wells of a new 24-well

plate, and the washed inserts were placed in this plate. To

initiate transport experiments, 14C-sucrose (106 cpm/ml) in

medium was added to the luminal chamber. For other

experiments, 99mTc-albumin (106 cpm/ml) was added to

the loading solution in addition to the 14C-sucrose. Samples

(500 μl) were collected from the abluminal chamber at 10,

20, 30, and 45 min, and when samples were removed, an

equal volume of fresh 1 % BSA/serum-free BMEC+HC

medium was immediately added to the abluminal chamber.

If the loading solution only contained 14C-sucrose, liquid

scintillation fluid was added to each sample and the

radioactivity was measured using a liquid scintillation

counter. If the loading solution contained 99mTc-Alb and
14C-sucrose, each sample was acid precipitated with 30 %

trichloroacetic acid and centrifuged at 5500×g for 10 min

at 4 °C. The pellet was counted in a gamma counter for

presence of 99mTc. The supernatant was removed and

placed into scintillation vials. Liquid scintillation fluid was

added to the supernatant samples after 3 days, allowing

for any unbound 99mTc to decay, and counted in a beta

counter.

The permeability coefficient and clearance of radio-

activity was calculated according to previously published

methods [34]. Clearance was expressed as microliters of

radioactive tracer diffusing from the luminal to ablum-

inal chamber and was calculated using the initial amount

of radioactivity in the loading chamber and the mea-

sured amount of radioactivity in the collected samples.

Clearance μlð Þ ¼ C½ �C � VC= C½ �L;

where [C]L is the initial amount of radioactivity per

microliter of the solution loaded into the insert (in

counts per minute per microliter), [C]C is the radioactivity

per microliter in the collected sample (in counts per

minute per microliter), and VC is the volume of collecting
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chamber (in microliters). The clearance volume increased

linearly with time. The volume cleared was plotted versus

time, and the slope was estimated by linear regression

analysis. The slope of clearance curves for the BMEC

monolayer plus Transwell membrane was denoted by

PSapp, where PS is the permeability × surface area product

(in microliters per minute). The slope of the clearance

curve with a Transwell membrane without BMECs was

denoted by PSmembrane. The real PS value for the BMEC

monolayer (PSe) was calculated from

1 =PSapp ¼ 1 =PSmembrane þ 1 =PSe:

The PSe values were divided by the surface area of

the Transwell inserts to generate the endothelial per-

meability coefficient (Pe, in microliters per minute

per square centimeter).

Immunohistochemistry for BMEC

BMECs grown on Transwell inserts were washed in

phosphate-buffered saline (PBS) and fixed with 4 %

PFA for 10 min at 4 °C. Cells were permeabilized with

0.1 % TRITON-X100, blocked with 5 % BSA, and then

incubated with anti-ZO-1 rat monoclonal antibody

(Millipore, St. Charles, MO, USA), claudin-5 antibody

(Abcam, Cambridge, MA), or occludin antibody (Abcam)

followed by incubation with Alexa Fluor-568-conjugated

secondary antibody (Invitrogen, Grand Island, NY, USA ).

Inserts were mounted in antifade medium containing DAPI

(nuclear) counterstain (Sigma Aldrich) and photographed

with a Nikon ECLIPSE E800 fluorescence microscope.

Soluble TREM2 ELISA

To quantify the concentrations of soluble triggering

receptor expressed on myeloid cells 2 (TREM2) extra-

cellular domain (sTREM2) in mouse EDTA-plasma

samples, we adapted an anti-TREM2 ELISA system

similar to that reported by Kleinberger et al. [35-37].

For the detection of sTREM2, plates were incubated

overnight with polyclonal sheep anti-TREM2 capture

antibody (0.25 μg/ml) (R&D Systems, Minneapolis,

MN). The following day plates were washed three

times with washing buffer (0.05 % Tween 20 in PBS)

and blocked in 5 % BSA and 0.05 % Tween 20 in

PBS (pH 7.4) for 2 h at room temperature. After

blocking, the plates were washed twice and loaded

with 10 μl plasma into 90 μl blocking solution and

incubated overnight (4 °C). A recombinant mouse

TREM2 protein (Life Technologies, Grand Isle, NY)

was diluted in assay buffer in a twofold serial dilution

and used for the standard curve with a concentration

range of 1000, 500, 250, 125, 62, 31, 15, and 0 pg/ml.

The next day, samples were removed and plates were

washed three times for 5 min with washing buffer

before incubation for 2 h at room temperature with

mouse monoclonal anti-TREM2 antibody (1 μg/ml)

(Santa Cruz Biotechnology; B-3) diluted in blocking

buffer. After three additional washing steps, plates

were incubated with anti-mouse HRP-conjugated sec-

ondary antibody (1:4000) and incubated for 1 h before

being washed three times. Following a 30-min incuba-

tion with tetramethylbenzidine, plates were analyzed

by measuring absorbance at 620 nm. Standard curve

linearity and interplate and interday variability for the

sTREM2 ELISA was determined using dedicated

plasma sample anchors for all plates. Repeated freeze-

thaw cycles had no effect on sTREM2 concentrations

in plasma as previously reported [37]. The specificity

of the used ELISA system was further validated by

anti-TREM2 immunoblotting showing a high degree

of correlation between the ELISA readings and immu-

noreactivity on the immunoblot using these antibodies

and an independent anti-TREM2 antibody, mouse

anti-TREM2 2B5 (R&D Systems, Minneapolis, MN).

The plasma was stored at −70 °C until used.

Statistical analysis

All statistical analyses and graphs were generated using

GraphPad Prism® 5.0 (GraphPad Software, Inc., La Jolla,

CA). Error bars represent the standard error of the mean

(SEM). Comparison of two means was made using

Student’s t test. Comparison of more than two groups

was made using one-way analysis of variance (ANOVA)

followed by Newman-Keuls post-test.

Results

Effect of LPS on BBB permeability (single injection)

Mice were studied 24 h after a single IP injection of

LPS. The highest dose of LPS (3 mg/kg) administered

to CD-1 mice produced a significant increase in BBB

permeability as measured with 14C-sucrose (Fig. 1),

whereas the lower two doses were without effect.

There was a significant decrease in the amount of
14C-sucrose in the serum (12.4 ± 3.9 % injection/ml to

8.4 ± 3.4 % injection/ml), indicating an increased leakage

of peripheral capillary beds. In contrast to effects on BBB

permeability, all doses of LPS produced a decrease in body

weight (Fig. 2a). No dose of LPS had an effect on brain

weight (Fig. 2b). The increase in 14C-sucrose was evident

24 h, but not 4 h, after a dose of 3 mg/kg of LPS (Fig. 2c).

LPS also increased BBB permeability to albumin (Fig. 2d).

The effect of LPS differed among brain regions (Table 1).

Eight of 11 brain regions showed a statistically signifi-

cant increase in BBB permeability to 14C-sucrose, but

the hypothalamus, olfactory bulb, and occipital cortex

had arithmetic increases that did not reach statistical

significance (Table 1). All other studies used the three-

injection regimen of LPS.
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Effect of NAC and indomethacin on LPS-induced BBB

permeability

To determine whether the increased BBB permeability

induced by LPS could be blocked by the administration

of the antioxidant NAC or the COX inhibitor indometh-

acin, we administered these agents intraperitoneally

30 min prior to the injections of LPS. For these studies,

the three-injection regimen was used so as to match

previously published BBB studies [6, 7, 38, 39]. As

shown in Fig. 3, indomethacin (panel A), but not NAC

(panel B), inhibited the LPS-induced increase in BBB

permeability to 14C-sucrose. Indomethacin also prevented

the LPS-induced decrease in body weight (data not

shown) as has been previously reported [6]. Neither LPS

nor indomethacin has an effect on ZO-1 protein levels as

measured by Western blotting (data not shown).

Effects of LPS and indomethacin on brain cytokines

The effects of LPS and indomethacin on brain cytokines

were measured using a Bio-Plex cytokine assay kit. Of the

23 cytokines analyzed, only G-CSF and KC were not

detectable. LPS produced a statistically significant increase

in brain levels for eight of the cytokines (Table 2). Indo-

methacin prevented an LPS-induced increase of only two

of these (IL-1β and IL-9) but further increased levels for

four of them (IL-1α, IL-4, IL-6, and MIP-1). For five

cytokines (IL-6, INF-γ, MIP-1α, MIP-1β, and RANTES),

the LPS + indomethacin, but not the LPS-only group, had

increased values as compared to controls.

Microglial and astrocytic activation

Figure 4 shows the results of immunohistochemical

staining for microglia/macrophages (Iba1 and F4/80)

Fig. 1 Dose-dependence of LPS on BBB permeability to 14C-Sucrose.

Only the 3 mg/kg dose increased BBB permeability.

**p < 0.01, n = 9/group

Fig. 2 Effects of LPS on body weight, brain weight, and BBB permeability. Panel a shows that all doses of LPS had a significant effect on body

weight (n = 6/group). Panel b shows no dose of LPS had an effect on brain weight (n = 6/group). Panel c shows that BBB permeability was

increased to 14C-sucrose 24 but not 4 h after 3 mg/kg of LPS (n = 3–4/group). Panel d shows that 3 mg/kg LPS increased BBB permeability to

albumin (n = 3/group). *p < 0.05; ***p < 0.001
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and astrocytes (glial fibrillary acidic protein (GFAP)).

The lower panels of Fig. 4 show the quantification of

Iba1, F4/80, and GFAP staining. LPS increased staining

for Iba1 and F4/80 staining, an effect not blocked by

indomethacin. LPS also increased staining for GFAP, but

this effect was blocked by indomethacin.

Peripheral macrophage/monocyte activation

Figure 5 shows the effects of LPS and indomethacin on

plasma levels of TREM2, a cell surface signaling molecule

for macrophages/monocytes that regulates proinflamma-

tory responses and phagocytosis [40, 41] and is increased

with LPS treatment [42]. LPS induced an increase in levels

of plasma TREM2 that was blocked by indomethacin.

LPS and indomethacin effects on in vitro monolayers of

BMECs

All studies were done in duplicates, and to reduce

interday variation, results were expressed as percent of

control. Figure 6a, b show that LPS had a dose-

dependent response on TEER after 24 and 48 h of

exposure. Figure 6c–f show a dose-dependent effect

on the cytoarchitecture of the tight junction protein

ZO-1, with higher concentrations of LPS producing

increasing amounts of ZO-1 protein distributed away

from the edges of the brain endothelial cells resulting

in a hazy appearance in the cytoplasm. LPS produced

a similar altered cytoarchitecture for occludin (Fig. 6i, j)

but not for claudin-5 (Fig. 6g, h). LPS applied to mono-

cultures of BECs induced BBB disruption as shown by

increased 14C-sucrose penetration (Fig. 7a) and increased

TEER (Fig. 7b). Indomethacin partially blocked the

LPS-induced BBB disruption to 14C-sucrose but had no

effect on disruption as measured by TEER. Co-cultures

of BECs and astrocytes (Fig. 7c, d) or BECs and peri-

cytes (Fig. 7e, f ) or tri-cultures of BECs, pericytes, and

astrocytes (Fig. 7g, h) did not produce results different

Table 1 Effects of LPS on BBB disruption by brain region. Mice were studied 24 h after a 3 mg/kg dose of LPS given IP. Means ± SEM

Region Control (n = 9; in units of μl/g) LPS (n = 10; in units of μl/g) % Change Significancea

Olfactory bulb 34.5 ± 3.4 43.5 ± 3.8 26 t

Frontal cortex 6.6 ± 0.8 10.3 ± 1.0 55 *

Occipital cortex 11.5 ± 0.9 13.9 ± 1.2 20 NS

Parietal cortex 9.2 ± 0.6 12.5 ± 0.8 36 **

Striatum 14.0 ± 0.8 19.9 ± 2.0 42 *

Midbrain 10.6 ± 0.6 15.0 ± 1.2 41 **

Thalamus 8.6 ± 0.5 13.4 ± 0.9 56 ***

Cerebellum 9.4 ± 0.6 14.3 ± 1.2 52 **

Pons-medulla 12.2 ± 0.6 18.8 ± 1.4 54 ***

Hippocampus 10.0 ± 0.6 15.0 ± 1.2 50 **

Hypothalamus 27.2 ± 2.9 30.5 ± 3.8 12 NS

aSignificance: NS = not significant; t = 0.1 > p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001

Fig. 3 Effects of indomethacin and N-acetylcysteine on LPS-induced

BBB disruption. Panel a shows that pre-treatment with indomethacin

prevented LPS-induced BBB disruption (n= 7–8/group), whereas panel

b shows that N-acetylcysteine was without effect (9–10/group). *p< 0.05;

**p< 0.01; ****p< 0.001
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from those of a monoculture of BECs. Figure 8 shows

that LPS also induced disruption to Tc-Alb in BEC

monocultures and that this disruption was partially

blocked by indomethacin.

Discussion

Inflammation, including inflammation induced by LPS,

has long been known to disrupt the BBB [3, 4, 43]. How-

ever, many aspects of inflammation-induced BBB

disruption remain unexplored. Here, we examined

mechanisms that underlie inflammation-related BBB

disruption, beginning with a characterization of that

disruption. We found that in comparison to induction

of weight loss, a high dose of LPS was required to

induce in vivo BBB disruption. Specifically, 3 mg/kg,

but not 0.3 nor 0.03 mg/kg, disrupted the BBB. In

contrast, all doses of LPS, including the very low dose

of 0.03 mg/kg, induced loss of body weight. By this

measure, the BBB is resistant to LPS-induced disrup-

tion in that a relatively high dose was needed to

induce disruption. This shows that LPS can activate

neuroimmune pathways and processes such as sick-

ness behavior without inducing or being dependent

on BBB disruption.

In comparison to the relative sensitivity to body

weight loss, brain weight was not affected even by the

dose that disrupted the BBB. This is not altogether ex-

pected as brain disruption underlies vasogenic edema;

therefore, a disruption of the BBB, if prolonged, would

be expected to lead to brain edema and, hence, an

increase in brain weight.

BBB disruption as measured by the increase in sucrose

space was not uniform throughout the brain but varied

among brain regions. The hypothalamus, olfactory bulb,

and occipital cortex had small increases that did not

reach statistical significance, whereas the thalamus,

frontal cortex, cerebellum, and pons-medulla had in-

creases of over 50 %. This pattern differs from other

causes of disruption. For example, in diabetes mellitus,

BBB disruption first occurs in the midbrain with the

cerebellum being an area resistant to diabetes-induced

BBB disruption [44]. This shows that regional vulnerabil-

ities exist among regions of the BBB but suggests that

those regions vary as a function of insult.

We found the BBB was disrupted to both albumin and

sucrose. BBB integrity is induced by three modifications

of the capillary bed: an induction of tight junctions that

prevents intercellular (paracellular) leakage, a decrease

Table 2 Effects of indomethacin on LPS-induced changes in cytokine levels in the brain. Values are means ± SEM in units of

pg/mg protein (n)

Cytokine Saline (3) LPS (3) LPS + indo (4) Saline vs LPS Saline vs LPS + indo LPS vs LPS + indo

IL-1α 2.5 ± 0.3 12.7 ± 1.9 17.9 ± 1.5 ** *** * (indo increases)

IL-1β 19.7 ± 2.9 120.3 ± 39.8 34.6 ± 3.2 * NS *(indo decreases)

IL-2 15.8 ± 2.8 17.8 ± 2.1 27.3 ± 3.3 NS NS NS

IL-3 1.4 ± 0.2 2.1 ± 0.03 2.6 ± 0.16 * ** NS

IL-4 0.34 ± 0.02 0.92 ± 0.08 1.1 ± 0.05 *** *** * (indo increases)

IL-5 0.93 ± 0.07 1.2 ± 0.16 1.1 ± 0.1 NS NS NS

IL-6 1.5 ± 0.12 29.7 ± 16.5 72.8 ± 13.1 NS * * (indo increases)

IL-9 75.0 ± 3.1 156.9 ± 16.4 89.2 ± 7.0 ** NS **(indo decreases)

IL-10 6.3 ± 0.1 9.0 ± 0.3 10.4 ± 0.6 ** ** NS

IL-12(p40) 8.5 ± 1.9 1084 ± 648.4 385.2 ± 81.8 NS NS NS

IL-12(p70) 72.5 ± 6.5 102.1 ± 3.1 97.6 ± 10.3 NS NS NS

IL-13 38.1 ± 2.3 40.0 ± 3.5 27.7 ± 3.5 NS NS NS

IL-17 19.4 ± 2.3 24.8 ± 1.6 20.5 ± 0.9 NS NS NS

Eotaxin 2213 ± 131.5 2671 ± 99.8 2165 ± 144.3 NS NS NS

GM-CSF 28.6 ± 2.5 47.1 ± 1.3 43.9 ± 2.1 ** ** NS

IFN-γ 16.1 ± 2.1 20.6 ± 1.1 22.9 ± 1.3 NS * NS

MCP-1 33.0 ± 4.6 1550 ± 300.6 1612 ± 275.1 ** ** NS

MIP-1a 6.8 ± 0.7 128.3 ± 36.1 465.2 ± 108.4 NS * * (indo increases)

MIP-1b 56.6 ± 3.5 128.9 ± 15.7 190.5 ± 37.0 NS * NS

RANTES 1.5 ± 0.3 154.8 ± 37.7 280.1 ± 57.3 NS ** NS

TNF-α 459.9 ± 34.3 482.1 ± 21.3 432.2 ± 16.7 NS NS NS

*p < 0.05; **p < 0.01; ***p < 0.001
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in macropinocytosis, and a loss of intracellular pores

and fenestrae. Disruption of the BBB can be caused by

reversal of any or all of these modifications. Sucrose,

with a molecular weight of 342 Da, is the smallest of the

classical vascular markers and thus is the most sensitive

for detecting BBB disruption. Albumin at about 65 kDa

is the largest of the classical vascular markers used to

measure BBB disruption and thus requires a major

disruption for detection. TEER, which can be used in

vitro, requires a patent channel for the exchange of elec-

trolytes between the luminal and abluminal chambers. A

small amount of sucrose crosses the BBB independently

of BBB disruption by the mechanism of transcellular

diffusion, and a small amount of albumin enters the

CNS primarily through the extracellular pathways [45].

Hence, control values for neither sucrose nor albumin

are zero, and the values obtained here in control mice

are those expected based on their entry rates of about 10
−4 ml/g-min for sucrose and 10−5 to 10−6 ml/g-min for

albumin. Here, we found significant disruptions of the

BBB as assessed by both sucrose and albumin in vivo

and by TEER, sucrose, and albumin in vitro. Previous

work has suggested that BBB disruption to smaller mole-

cules, but not larger molecules, is indicative of opening

of the paracellular route only, whereas disruption to lar-

ger and smaller molecules is suggestive of opening of

Fig. 4 Effects of LPS and indomethacin on microglial/macrophage and astrocytic activation. Microglial/macrophage activation was increased by

LPS but not blocked by indomethacin as assessed by Iba1 (left-hand panels) and by F4/80 (middle panels) immunohistochemistry.

Astrocytic activation was increased by LPS and blocked by indomethacin as assessed by GFAP staining (right-hand panels). The bottom

three panels show quantification of Iba1 (n = 5–6/statistical cell), F4/80 (n = 5–6), and GFAP (n = 4–5) immunohistochemical staining.

*p < 0.05, **p < 0.01, ***p < 0.001, Mag = ×20
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both the paracellular and the transcellular routes [17,

18]. Cytoarchitectural translocation of the tight junction

proteins ZO-1 and occludin also support an increase in

paracellular permeability. Claudin-5 did not show a

change with LPS treatment, but this may be because it is

the most deeply embedded of these tight junction pro-

teins [46] so that it would be the last to be translocated

in a sequential disassembly of tight junctions. Taken to-

gether, the in vivo studies finding disruption to both su-

crose and to albumin and the in vitro studies assessing

TEER, tight junction protein analysis, and the perme-

ability to sucrose and to albumin suggest that LPS re-

sults in disruption by both the paracellular and the

transcellular pathways.

We found that BBB disruption was present 24 h after

injection of a single dose of 3 mg/kg of LPS, but not 4 h

after the injection. A recent study has characterized the

effect of a similar regimen of LPS on the levels of 13

cytokines in the brain and blood and can be used to

indicate which cytokines are less likely to be involved in

BBB disruption [47]. It is likely that those brain

cytokines not elevated at either 4 or 24 h (IL-1α, IL-13,

IP-10, KC, TNF-α, GM-CSF) are less likely to be

involved in disruption than those elevated at either 4 or

Fig. 5 Effects of LPS plasma TREM2. Plasma TREM2 levels are increased

by LPS, an effect blocked by treatment with indomethacin

(n = 8/group). *p < 0.05

Fig. 6 Effects of LPS on TEER of BMECs and cytoarchitecture of ZO-1, claudin-5, and occludin. Panels a and b show that LPS added either 24 or

48 h earlier to monocultures of BMECs decreased their TEER in a dose-dependent manner, consistent with disruption of the BBB. Immunostaining

for ZO-1 shows increasing dose-dependent cytoarchitectural disorganization for ZO-1 (panels c–f). Immunostaining for claudin-5 (panels g and h)

does not clearly show such disorganization, whereas immunostaining for occludin does (panels i and j). *p < 0.05; ***p < 0.001
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Fig. 7 (See legend on next page.)
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24 h (IL-1β, IL-6, IL-10, G-CSF, RANTES, MCP-1, MIP-

1α). Likewise, those brain cytokines found here in which

the indomethacin + LPS group did not differ from the

LPS-only group (Il-2, Il-3, Il-5, Il-10, Il-12(p40), Il-

12(p70), Il-13, Il-17, eotaxin, TNF, GM-CSF, interferon-

gamma, MCP-1, MIP-1β, RANTES) are unlikely to be

involved in mediating BBB disruption.

We then determined the effects of the antioxidant

N-acetylcysteine (NAC) and the nonsteroidal anti-in-

flammatory drug indomethacin on LPS-induced BBB dis-

ruption. NAC rapidly crosses the BBB [27, 48], protects

BEC from oxidative stress induced by methamphetamine

and antiretroviral drugs [25, 26, 48], and reverses the

decreased brain-to-blood transport of amyloid beta pep-

tide induced by LPS [27]. Indomethacin as a COX inhibitor

decreases prostaglandin, prostacyclin, and thromboxane

syntheses and allows through mass action an increase in

leukotrienes [49]. It also reverses the effect of LPS on

amyloid beta peptide efflux [23] and potentiates LPS-

enhanced transport of gp120 across the BBB [50] but is

without effect on LPS-induced inhibition of P-glycoprotein

function [24]. Here, we found that NAC was without

effect but that indomethacin prevented LPS-induced

BBB disruption to 14C-sucrose.

Indomethacin acts by blocking COX activity, thus redu-

cing prostaglandin production. This strongly indicates that

LPS induces BBB disruption through a COX-dependent

pathway, possibly one that involves secretion of cytokines

from the BECs. Release of prostaglandins from BECs is

known to mediate the fever induced by LPS, and indo-

methacin attenuates that fever by blocking prostaglandin

synthesis [51, 52].

That LPS is acting directly on BECs to induce

disruption and that no other cell type is required for

LPS to produce disruption under the conditions of

these experiments are clearly shown in the in vitro

studies. As shown in Fig. 6, LPS disrupted mono-

layers of BECs; no cell other than BECs was incu-

bated in those monolayers. Therefore, LPS must be

able to disrupt the BBB by acting directly on BECs.

LPS is also known from other studies to induce

neuroinflammation [53]; we also saw LPS-induced

neuroinflammation here as evidenced by increases in

Iba1, GFAP, and F4/80 immunostaining and in brain

levels of eight cytokines. Therefore, it is reasonable

to assume that other components of the neurovascu-

lar unit, such as astrocytes or pericytes, would be

involved in promoting the LPS-induced disruption of

the BBB. However, we found that adding neither

(See figure on previous page.)

Fig. 7 Effect of LPS and indomethacin (Indo) on TEER and 14C-sucrose permeability in monolayers of BEC monocultures (EOO, n = 10), BEC + astrocyte

co-cultures (EOA, n = 5), BEC + pericyte co-cultures (EPO, n = 5), and BEC + pericyte + astrocyte tri-cultures (EPA, n = 10). Panel a shows that

in monocultures of BECs, LPS increased permeability to sucrose and that indomethacin partially blocked this effect. Panel b shows that LPS increased

permeability of monolayer monocultures of BEC as measured by TEER and that indomethacin had no effect on LPS-induced permeability. Co-cultures

of BECs with astrocytes (panels c and d) or pericytes (panels e and f) or tri-cultures of BECs with pericytes and astrocytes (panels g and h)

did not produce results substantially different from those obtained with monocultures of BECs. Y-axis is %Control of Pe in units of microliters per minute

per square centimeter. *p < 0.05, ***p < 0.001; without bar compares to respective 0 value; with bar compares LPS 10 μg/ml without indo-

methacin to LPS 10 μg/ml with indomethacin

Fig. 8 Effect of LPS and indomethacin on 14C-sucrose (upper panel)

and Tc-Alb permeabilities (lower panel) in monocultures of BECs.

Results show that indomethacin partially blocked the LPS-induced

permeability for both sucrose and albumin. *p <0.05, ***p <0.001;

without bar compares to respective 0 value; with bar compares

indicatedgroups
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pericytes nor astrocytes altered the response of BECs

to LPS. This suggests that BECs alone are involved

in BBB disruption in our in vitro model, although it is still

possible that other cells contribute to neuroinflammation-

induced BBB disruption under other experimental condi-

tions. In comparison to LPS-induced disruption of the

BBB, LPS-induced enhancement of insulin transport

across the BBB involves nitric oxide release from non-BBB

cells [54] and LPS-enhanced transport of HIV-1 is

enhanced by the presence of pericytes [50].

Indomethacin had mixed effects on LPS-induced in-

flammation. Indomethacin did decrease the LPS-induced

elevation in brain levels of IL-1β, IL-9, and plasma

TREM2, the latter used as a measure of peripheral in-

flammation. Indomethacin decreased the LPS-induced

increase in GFAP, suggesting a role for COX in astro-

cytic activation, but had no effect on the LPS-induced

increase in Iba1 or F4/80 staining, suggesting that activa-

tion of microglia/macrophages is independent of COX.

Additionally, indomethacin further increased over LPS

alone the levels of four other cytokines.

Likewise, indomethacin had a mixed effect on BBB

disruption as measured in vitro, having no effect on disrup-

tion as measured by TEER, but partially blocking disruption

as measured by sucrose and albumin. BBB disruption as

measured by TEER is more associated with paracellular

pathways, whereas BBB disruption as measured by sucrose

and albumin is associated with transcytosis. This suggests

that although LPS induces disruption by both paracellular

and transcytotic pathways, the paracellular pathway is me-

diated through COX-independent mechanisms.

There are several implications of this work. First,

although LPS is not a true sepsis model, it does suggest

that COX inhibition would be protective against the

BBB disruption seen in sepsis and in other inflammatory

states. Additionally, it is increasingly clear that LPS

enters the circulation not only in disease states such as

the leaky gut of AIDS [55] but also under more physio-

logic conditions, such as after ingestion of a high-fat

meal or marathon running [56, 57]. The latter studies

suggest that LPS may have roles in neuroimmune modu-

lation that are not strictly pathological. For example,

LPS is likely one of the mediators responsible for the

differential response of tissues, including the brain, to

healthy and pathologic microbiomes [58, 59]. These

studies found that high doses of LPS are required to

disrupt the BBB when the LPS exposure is acute but did

not investigate the effects of chronic, low-dose exposure

to LPS on BBB integrity.

Conclusions

These results show that the BBB is relatively resistant to

disruption by LPS in comparison to another classic

effect of LPS, that of weight loss. Not all regions of the

BBB are equally sensitive to LPS-induced BBB disrup-

tion, involvement of non-BECs is not required for LPS

to induce disruption, and disruption occurs through

both paracellular and transcytotic mechanisms with

transcytotic disruption being prostaglandin-dependent.
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