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Lipopolysaccharide enters 
the rat brain by a lipoprotein-
mediated transport mechanism in 
physiological conditions
Alejandra Vargas-Caraveo1,2, Aline Sayd1,3, Sandra R. Maus1,3, Javier R. Caso1,3,  
José L. M. Madrigal1,3, Borja García-Bueno1,3 & Juan C. Leza1,3

Physiologically, lipopolysaccharide (LPS) is present in the bloodstream and can be bound to several 
proteins for its transport (i.e.) LPS binding protein (LBP) and plasma lipoproteins). LPS receptors CD14 
and TLR-4 are constitutively expressed in the Central Nervous System (CNS). To our knowledge, LPS 
infiltration in CNS has not been clearly demonstrated. A naturalistic experiment with healthy rats was 
performed to investigate whether LPS is present with its receptors in brain. Immunofluorescences 
showed that lipid A and core LPS were present in circumventricular organs, choroid plexus, meningeal 
cells, astrocytes, tanycytes and endothelial cells. Co-localization of LPS regions with CD14/TLR-4 was 
found. The role of lipoprotein receptors (SR-BI, ApoER2 and LDLr) in the brain as targets for a LPS 
transport mechanism by plasma apolipoproteins (i.e. ApoAI) was studied. Co-localization of LPS regions 
with these lipoproteins markers was observed. Our results suggest that LPS infiltrates in the brain in 
physiological conditions, possibly, through a lipoprotein transport mechanism, and it is bound to its 
receptors in blood-brain interfaces.

LPS molecules are essential outer membrane components of most Gram-negative bacteria. These molecules are 
composed of three distinct domains: the O-specific polysaccharide or O-antigen, the core oligosaccharide and 
the hydrophobic moiety named lipid A1. Lipid A is a glucosamine-based saccharolipid, formed in most of the 
cases by two linked 2-amino-2-deoxy-d-glucopyranose (d-GlcpN) residues, phosphate groups and acylated with 
3-hydroxy fatty acids at positions 2 and 3 of both GlcpN1,2. The acyl chain region of the lipid A moiety from LPS 
is recognized by CD14 and TLR-4/MD-2 receptors in most cells, triggering the innate immune signaling path-
way, inducing NFκB nuclear translocation and in consequence the release of pro-inflammatory cytokines and 
the synthesis of some inducible inflammatory and oxido/nitrosative enzymes. This way, the Lipid A structure 
is related to its endotoxic properties, but some differences in potency have been described, depending on the 
microbial species, environmental conditions such as temperature1–3 and chemical modifications by adding or 
removing acyl chains and phosphate groups3. The hexa-acylated and phosphorylated lipid A from Escherichia coli 
(E. coli) is the strongest Toll-like receptor 4 (TLR-4) ligand, leading to highly efficient synthesis of proinflamma-
tory cytokines3,4. In the absence of infection, levels of LPS in the blood stream are mostly attributed to increased 
intestinal permeability that can be produced or exacerbated by different conditions like a high-fat diet5, physical 
exercise6 and stress7. Pathologies, including atherosclerosis, alcoholism, obesity, chronic fatigue, schizophrenia, 
depression and others have been also associated with inflammation development induced by LPS as a product of 
intestinal permeability8. However, in physiological conditions, LPS blood levels have been detected9–11. In people 
in contact with livestock or animal by-products, an increase in LPS blood levels has been described as a protective 
mechanism for maintaining immune defenses12.

After the translocation of LPS-containing bacteria from the intestinal lumen to the bloodstream, the incor-
poration of LPS into micelles can occur, being then aggregated into chylomicron particles5. But LPS molecules 
may be also found in blood associated with plasma proteins such as LBP (LPS binding protein), soluble CD14 
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or incorporated in lipoproteins through binding to apolipoproteins (Apo). Specifically, the role of LBP has been 
mostly related to beneficial effects because it promotes LPS clearance from blood by transport to the liver and 
bile13. Also, ApoAI and ApoE, present in High-density lipoprotein (HDL) and ApoB, present in Low Density 
Lipoprotein (LDL), have been described to bind with high affinity to LPS14–17. Part of LPS clearance by the liver 
is through lipoprotein particle uptake carried out by several receptors including scavenger receptor class B type I 
(SR-BI) and LDL family receptors expressed in the liver13.

In recent years, some neuropsychiatric diseases such as depression and schizophrenia and related conditions 
such as chronic fatigue syndrome have been related to the increase of plasma LPS levels caused by leaky gut 
syndrome18,19 and the activation of the TLR-4 signaling pathway in the brain20. However, the infiltration of LPS 
into brain tissue has not yet been proved21,22, and it has not yet been clarified how peripheral LPS can stimulate 
the activation of the innate immune response in the brain because of the presence of the blood-brain-barrier 
(BBB)23. Structures lacking the BBB such as the circumventricular organs (CVOs) -including the area postrema 
(AP), Subfornical organ (SFO) and Median eminence (ME)-, choroid plexus and meninges, are proposed as 
neuroinflammatory-sensor areas24,25. These structures rapidly respond to pro-inflammatory stimuli present in the 
bloodstream including LPS and cytokines26,27.

According to these findings, there is no clear evidence how peripheral LPS can directly stimulate the brain, 
even though the innate immunity receptor TLR-4 signaling pathway in brain cells can be activated by its pres-
ence. We hypothesized that LPS is able to enter the brain via those structures that are in contact with blood 
components, possibly through a plasma-lipoprotein mediated LPS transport into the brain. Hence, the present 
work is aimed to demonstrate the presence of key elements of LPS, lipid A and core LPS in the brain by immu-
nodetection in physiological conditions and to determine whether this correlates with the TLR-4 signaling path-
way in blood-brain interfaces. Also, to investigate whether the LPS transport mechanism is facilitated by plasma 
lipoproteins and their receptors in the brain. These suggested mechanisms in pshysiological conditions would 
be useful in further studies of the pathophysiology of neuropsychopathologies related to sterile or low grade of 
inflammation.

Results
Lipid A and core LPS immunosignals were observed in blood-brain interfaces.  To identify the 
presence of LPS in the brain, two commercial antibodies were used to recognize two regions of LPS with differ-
ent chemical nature. One polyclonal antibody against lipid A (BP2235, Acris), previously tested in western blot 
assays by Gibson et al.28, and a monoclonal antibody against core LPS region (HM6011, Hycult Biotech), previ-
ously tested in western blot analysis by Tsuneyoshi et al.29 and in immunohistochemistry assays by Estes et al.30. 
The brain structures analyzed were the medulla oblongata adjacent to meninges, blood vessels (the septal vein), 
ventricles (lateral and fourth ventricles) and CVOs (subfornical organ, area postrema and median eminence). 
Our analysis revealed that certain cell types presented immunocolocalization of lipid A and core LPS: (a) In the 
medulla oblongata, ramified astrocyte-like cells as well as meningeal cells presented a strong immunosignal for 
both LPS markers (white arrows in Fig. 1A). (b) The septal vein, located in the ventral commissure of the hip-
pocampus, showed co-localization of lipid A and Core markers occurring in endothelial-like cells (Fig. 1B). (c) In 
the lateral ventricle, structures such as the hippocampal fissure exhibited both immunosignals in astrocyte-like 
cells in the choroid plexus and tanycyte-like cells surrounding the ventricle wall (Fig. 1C). (d) CVOs also revealed 
intense immunoreactivity of both LPS markers, in Fig. 1D several cells can be observed in the subfornical organ 
(SFO), especially ependymal cells in contact with the 3rd ventricle. Supplementary Fig. S1A shows images from 
the central canal where overlapping of lipid A and Core immunosignals in tanycyte-like cells can be observed. 
The area postrema and the fenestrated capillaries of the median eminence also showed immunoreactivity to lipid 
A and Core LPS (see Supplementary Fig. S1B,C).

In order to further confirm the immunosignal of the LPS antibodies against lipid A and core LPS previ-
ously mentioned, a third commercial monoclonal antibody against lipid A (ab8467, Abcam). This antibody 
has been validated by immunocytochemical and western blot techniques in different experimental settings31,32. 
Supplementary Fig. S2 shows lipid A immunosignal of this antibody in ramified astrocyte-like cells and menin-
geal cells in medulla oblongata. Similar patterns of immunoreactivity were observed in the selected brain struc-
tures studied with the other antibodies (data not shown).

Lipid A and core LPS co-localized with CD14, TLR-4 and NFκB immunosignals in blood-brain 
interfaces.  In order to demonstrate whether lipid A, as the endotoxic region of LPS, colocalize with elements 
of the basal innate immune response in the brain, the LPS polyclonal antibody (BP2235, Acris) generated against 
lipid A was used to perform all the following experiments. The immunoreactivity of TLR-4 mediated signaling 
elements (CD14, TLR-4 and NFκB) was compared with that of the lipid A signal. In the medulla oblongata, lipid 
A immunoreactivity in association with CD14, TLR-4 and NFκB was observed in ramified astrocyte-like cells 
and meningeal cells (Fig. 2A–C). In the lateral ventricle, tanycyte-like cells and choroid plexus (Fig. 2D–F), as 
well as endothelial-like cells from the septal vein (Fig. 2G–I), showed immunoreactivity and co-localization of 
lipid A with CD14, TLR-4 and NFκB. In the subfornical organ (Fig. 2J–L). Tanycyte-like cells of the central canal 
and cells of the area postrema and median eminence were positive to the lipid A immunosignal in co-localization 
with CD14, TLR-4 and NFκB (see Supplementary Fig. S3). Interestingly, in most of the cell types observed, such 
as astrocyte-like cells, tanycyte-like cells and cells from the CVOs, the NFκB immunosignal was localized in 
cytoplasm, with no co-localization with the nuclear marker DAPI, suggesting that NFκB nuclear translocation 
did not occur (Fig. 2C’,F’,I’,L’ and Supplementary Fig. S3C,F,I). However, some cells in the choroid plexus and in 
CVOs showed NFκB nuclear translocation (Fig. 2F,F’,L,L’).

In order to confirm the presence of lipid A, as well as the expression of CD14, TLR-4 and NFκB in astro-
cytes of the medulla oblongata, triple immunofluorescences were performed using GFAP, as astrocytic marker 
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(Fig. 3A–C). In the case of the presence of lipid A in co-localization with CD14 and TLR-4, in endothelial cells, 
triple immunofluorescences were performed with the endothelial cell marker RECA-1, (Fig. 3D and E, respec-
tively). A similar immunostaining pattern was observed between lipid A, TLR-4 markers and GFAP; the same 

Figure 1.  Lipid and Core LPS were present in blood-brain interfaces. Double immunofluorescence of lipid A 
and Core LPS in rat brain slices were made. (A) Medulla oblongata, (B) lateral ventricle, (C) septal vein and 
(D) subfornical organ. In all cases, red corresponds to lipid A immunosignal, green to Core immunosignal 
and blue DAPI staining in nucleus. Arrows indicate green and red immunosignal overlapping in astrocyte-
like cells (A,B), endothelial-like cells (C) and ependymal cells and (D). Head arrows indicate green and red 
immunosignals overlapping in meninges (A) and tanycyte-like cells (C). Choroid plexus (chp), hippocampal 
fissure (fi), lateral ventricle (LV), subfornical organ (SFO) and septal vein (SV) and ventral hippocampal 
commissure (vhc). Scale bars = 20 µm, 10 µm for inserts.
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Figure 2.  Lipid A was co-localized with the elements of the TLR-4 signaling pathway in blood-brain interfaces. 
Double immunofluorescence of Lipid A and CD14, TLR-4 or NFκB was made in Medulla oblongata (A–C), 
lateral ventricle (D–F), septal vein (G–I) and subfornical organ (J–L). In all cases green corresponds to Lipid 
A immunosignal and blue DAPI staining in nucleus. Red immunosignal corresponds to CD14 (A,D,G,J), 
TLR-4 (B,E,H,K) and NFκB (C,F,I,L, and magnifications C’, F’, I’, L’). Arrows indicate green and red 
immunosignals overlapping in astrocyte-like cells (A–C), tanycyte-like cells from the lateral ventricle (C–E), 
endothelial-like cells (G–I) and ependymal cells from the subfornical organ (J–L). Head arrows indicate green 
and red immunosignals overlapping in meninges (A–C). Asterisks indicate cells with DAPI and NFκB red 
immunosignals overlapping (F,F’,L,L’). Choroid plexus (chp), hippocampal fissure (fi), lateral ventricle (LV), 
subfornical organ (SFO) and septal vein (SV) and ventral hippocampal commissure (vhc). Scale bars = 20 µm 
(A–L), 10 µm (C’,I’,F’L’).
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Figure 3.  Astrocytes and endothelial cells co-localized Lipid A and the elements of TLR-4 signaling pathway. 
Triple immunofluoresences of Lipid A, GFAP and CD14, TLR-4 or NFκB; and Lipid A, RECA-1 and CD14 or 
TLR-4 were made in Medulla oblongata (A–C) and septal vein (D,E). In all cases, green corresponds to Lipid A 
immunosignal. Red corresponds to GFAP (A–C), CD14 (D) and TLR-4 (E) respective immunosignals. Magenta 
corresponds to CD14 (A), TLR-4 (B) and NFκB (C) immunosignals. Blue corresponds to RECA-1 (D,E) 
immunosignal. Arrows indicate green, red and magenta immunosignals overlapping in astrocytes (A–C), and 
green, red and blue immunosignals overlapping in endothelial cells (D,E). Head arrows indicate green, red and 
magenta immunosignals overlapping in meninges (A–C). Septal vein (SV). Ventral hippocampal commissure 
(vhc). Scale bars =20 µm.
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results were obtained in endothelial cells marked with RECA-1, confirming that astrocytes and endothelial cells 
have the ability to bind LPS.

The same experiments were carried out in order to study the co-localization of the core LPS and TLR-4 sign-
aling pathway molecules. The immunoreactivity patterns observed were similar to lipid A in all brain structures 
and cellular types tested (see Supplementary Fig. S4).

Lipoproteins as a possible transport mechanism for LPS to reach the brain parenchyma.  After 
detecting lipid A and core LPS immunosignals in co-localization with TLR-4 pathway elements in the CNS, we 
further investigate how LPS molecules enter the brain parenchyma. First, an immunofluorescence was performed 
to identify the pattern of LBP distribution in all the brain areas and cellular types tested. This molecule was only 
seen in the choroid plexus and with a very slight signal in astrocyte-like cells and meningeal cells in medulla 
oblongata (Fig. 4). Since LPS has also affinity to apolipoproteins, especially those present in HDL and LDL par-
ticles13, the distribution of the lipid A immunosignal in relation to the presence of ApoAI, its receptor SR-BI, 
apolipoprotein E receptor 2 (ApoER2) and low density lipoprotein receptor (LDLr) in the blood-brain interfaces 
were studied. Interestingly, in the medulla oblongata, the immunosignal of lipid A in co-localization with ApoAI, 
SR-BI and ApoER2 was identified in astrocyte-like cells and meningeal cells (Fig. 5A–C). LDLr did not show 
immunoreactivity in these cell types (Fig. 5D). Tanycyte-like cells and the choroid plexus from the lateral ventri-
cle were positive for ApoAI, SR-BI and ApoER2 in co-localization with lipid A (Fig. 5E–G), however, LDLr was 
present only in tanycyte-like cells in this area (Fig. 5H). In endothelial-like cells from the septal vein, the presence 
of ApoAI, SR-BI and ApoER2 were observed in co-localization with lipid A (Fig. 5I–K), but again LDLr was not 
present in this structure (Fig. 5L). In the subfornical organ, several cells showed immunoreactivity to ApoAI, 
SR-BI and ApoER2, particularly, in ependymal cells in co-localization with lipid A (Fig. 5M–O), and only in some 
cases of this cell type had immunoreactivity to LDLr (Fig. 5P).

In the central canal, tanycyte-like cells showed an intense immunosignal for all the lipoprotein markers used 
(see Supplementary Fig. S5A–D). However, in the area postrema and median eminence only ApoAI and SR-BI 
were observed (see Supplementary Fig. S5E–H).

In order to confirm the presence of lipid A and ApoAI, as well as the expression of SR-BI and ApoER2 molecules 
in astrocytes of the medulla oblongata, triple immunofluorescences were performed using GFAP (Fig. 6A–C).  
In the case of the presence of lipid A in co-localization with ApoAI, SR-BI and ApoER2 in endothelial cells, 
triple immunofluorescences with RECA-1 were performed (Fig. 6D–F). A similar immunostaining pattern was 
observed for lipid A, lipoprotein markers and GFAP; the same results were obtained in endothelial cells marked 
with RECA-1, confirming that astrocytes and endothelial cells can bind LPS through lipoprotein transport.

Figure 4.  LBP presence in choroid plexus. Double immunofluorescence of core LPS and LBP in the fourth 
ventricle (A) and medulla oblongata (B). In all cases green corresponds to core immunosignal, red to LBP 
and blue DAPI staining in nucleus. Arrows indicate green and red immunosignals overlapping in, choroid 
plexus (A), and in astrocyte-like cells of the medulla oblongata (B). Head arrows indicate green and red 
immunosignals overlapping in tanycyte-like cells from the fourth ventricle (A) and in meninges of the medulla 
oblongata (B). Fourth ventricle (4 V). Scale bars = 20 µm.
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Figure 5.  ApoAI and lipoprotein receptors were co-localized with lipid A in blood-brain interfaces. Double 
immunofluorescence of Lipid A and ApoAI, SR-BI, ApoER2 or LDLr were made in Medulla oblongata (A–D), 
lateral ventricle (E–H), septal vein (I–L) and subfornical organ (M–P). In all cases green corresponds to Lipid 
A immunosignal and blue DAPI staining in nucleus. Red immunosignal corresponds to ApoAI (A, E, I and 
M), SR-BI (B,F,J and N), ApoER2 (C,G,K, and O) and LDLr (D,H,L and P). Arrows indicate green and red 
immunosignals overlapping in astrocyte-like cells (A–D), tanycyte-like cells from the lateral ventricle (E–H), 
endothelial-like cells (I–L) and ependymal cells from the subfornical organ (M–P). Head arrows indicate green 
and red immunosignals overlapping in meninges. Corpus callosum (cc), choroid plexus (chp), hippocampal 
fissure (fi), ventral hippocampal commissure (vhc), subfornical organ (SFO) and septal vein (sv). Scale 
bars = 20 µm.
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Figure 6.  Astrocytes and endothelial cells co-localized Lipid A with ApoAI and lipoprotein receptors. Triple 
immunofluoresences of Lipid A, GFAP and ApoAI, SR-BI or ApoER2; and Lipid A RECA-1 and ApoAI, SR-BI 
or ApoER2 were made in Medulla oblongata (A–C) and septal vein (D–F). In all cases, green corresponds to 
Lipid A. Red corresponds to GFAP (A–C), ApoAI (D), SR-BI (E) and ApoER2 (F) immunosignals. Magenta 
corresponds to ApoAI (A), SR-BI (B) and ApoER2 (C) immunosignals. Blue corresponds to RECA-1 (D–F) 
immunosignal. Arrows indicate green, red and magenta immunosignals overlapping in astrocytes (A–C), and 
green, red and blue immunosignals overlapping in endothelial cells (D–F). Head arrows indicate green, red and 
magenta immunosignals overlapping in meninges (A–C). Septal vein (SV). Ventral hippocampal commissure 
(vhc). Scale bars = 20 µm.
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A parallel series of experiments were carried out to check the co-localization of core LPS and ApoAI, SR-BI, 
ApoER2 and LDLr and similar patterns of immunoreactivity as with lipid A were found in all brain structures and 
cellular types tested (see Supplementary Fig. S6A–D).

LPS antibodies tested in different tissues homogenates by Western blot analysis.  To confirm 
the presence of LPS in brain tissue, as well as demonstrated in immunofluoresce assays, a western blot analysis 
was performed. Purified E. coli LPS used as a positive control in contrast from medulla oblongata and frontal cor-
tex homogenates. Also, LPS positive tissues homogenates were used, such as liver due to its function of LPS clear-
ance and excretion through bile33, and distal colon because of the presence of LPS as a consequence of microbiota 
contribution34. Homogenate samples from distal colon are part from a study recently published of our research 
group35. These samples were obtained from Wistar rats subjected to a chronic mild stress (CMS) protocol with 
or without intestinal antibiotic decontamination (2 mg/mL of streptomycin sulfate and 1500 U/mL of penicillin 
G), and control conditions. Samples derived from animal with intestinal antibiotic decontamination were used as 
negative control of the presence of LPS in a tissue.

As shown in Fig. 7, lipid A and core LPS antibodies were able to recognize purified E. coli LPS, samples of 
distal colon from rats with an antibiotic decontamination treatment showed reduced immunosignal in compar-
ison with control and from CMS condition rats, liver samples showed the most intense immunosignal. Medulla 
oblongata and frontal cortex samples were positive for LPS immunodetection but with less intensity compared 
with positive control tissues. Blots of different molecular weight (MW) were observed in all the tissue samples 
tested compared to purified E. coli LPS that showed a single blot of low MW. Possibly, multiple blots in homogen-
ate tissues are consequence of LPS binding to different MW proteins, it will be discussed further.

Comparative analysis of MW between LPS and TLR-4, SR-B1, CD14 or ApoAI immunoblots in 
tissue homogenates.  In order to identify whether these blots correspond to LPS bound to proteins with 
high affinity to endotoxin, we carried out an experiment consisting in a simultaneous WB analysis to compare the 
MW of proteins of interest with putative binding capacity to LPS with the blots revealed by lipid A antibody in 
samples from brain cortex, medulla oblongata, liver and distal colon (see Methods section for details). As shown 
in Fig. 8, the molecules with affinity for LPS, such as TLR-4 (~90 kDa), SR-B1 (73–82 kDa), CD14 (~40 kDa) and 
ApoAI (~31 kDa), have the same MW that some of the blots present in LPS immunoreactivity in the different 
tissue homogenates. In Supplementary Fig. S7 are shown original images of the immunoblotting analysis.

Figure 7.  Specific antibodies against lipid A and Core LPS regions can detect the LPS in brain tissue 
homogenates. (A) Western blot of lipid A LPS region in medulla oblongata, frontal cortex (FC), liver and distal 
colon (DC). (B) Western blot of Core LPS region in medulla oblongata, frontal cortex (FC), liver and distal 
colon (DC). Purified E. coli LPS (E. coli LPS), Control distal colon (ctrl DC), medulla oblongata (medulla), 
frontal cortex (PFC), Antibiotic decontamination treatment and chronic mild stress condition distal colon 
(ATB/ CMS DC), chronic mild stress condition distal colon (CMS DC).
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LPS levels in basal conditions.  As a previous question, and in order to clearly establish basal conditions of 
all the animals used, LPS levels in drinking water, food and plasma were measured by LAL test. LPS levels in drink 
water were 1.245 (±0.09946) EU/mL, food 443.8 (±119.7) EU/mL and plasma were 0.2528 (±0.02652) EU/mL.

Discussion
The present study describes the co-localization of lipid A and core LPS with key elements of the TLR-4 sig-
naling pathway and their distribution in the main blood-brain interface regions in physiological conditions. 
Lipoproteins and their receptors are also present in brain areas and cellular types displaying immunoreactivity for 
both LPS regions, suggesting a putative mechanism of transport of LPS from the periphery to brain parenchyma. 
In particular, LPS was found mainly in astrocytes adjacent to meninges and meningeal cells in the medulla oblon-
gata, tanycyte-like cells along the ventricular system, choroid plexus, endothelial cells and CVOs, and always 
appeared in co-localization with CD14, TLR-4 and NFκB.

In our study, we demonstrated the presence of basal levels of LPS in the plasma by LAL assay, as well as detect-
able levels of LPS in drinking water and food provided to the rats. In agreement with this, measurable plasma LPS 
levels of control animals have been detected in other studies7,35, as well as in healthy human plasma and tissues8,9. 
Furthermore, the constitutive expression of CD14 and TLR-4 in the CNS has been reported36 without any direct 
evidence of LPS presence in brain as a regulator of their expression and activity. In this way, several attempts to 
study how peripheral LPS enters the brain used fluorescent21 or radioactively labeled LPS molecules22 but none 
of them were able to clearly prove its presence in brain tissue. Some of these studies state that LPS does not cross 
the BBB and that the neuroinflammation caused by peripheral LPS is mediated by secondary inflammatory mol-
ecules, such as nitric oxide (NO) and interleukin 1 (IL-1) released by endothelial cells in brain vessels23. However, 
all of these studies searched for the whole LPS molecule inside the brain instead of the lipid A, which is the main 
stimulator of the innate immune system through TLR-41. The present series of results indicates that at least lipid 
A and core LPS can reach the brain, after confirming with three specific antibodies against these two LPS regions, 
and all of them previously used in different studies with western blot and immunofluorescence techniques as 
mentioned above in results section.

Both lipid A and core LPS bind to the CD14/TLR-4 complex in different cell types in structures with the pres-
ence of BBB, such as astrocytes in the medulla oblongata, tanycytes in ventricular walls, and endothelial cells in 
the ventral hippocampal commissure. All these cell types form the blood-brain interface: (a) astrocytes as part of 
immunologic functional barriers at interfaces between non-neural tissue and CNS parenchyma37. (b) tanycytes 
are considered specialized astrocytes38 in direct contact with the cerebrospinal fluid (CSF) along the ventricular 
walls and CVOs regulating the exchange between the blood, brain and CSF39. Finally, (c) endothelial cells in 

Figure 8.  Multiple blots in LPS detection in tissue homogenates by western blot are LPS bound to proteins. 
Simultaneous western blot analysis for lipid A and CD14, TLR-4 ApoAI or SR-B1 detection in cortex, medulla, 
liver and distal colon tissue homogenates from rats under control conditions. MWM: molecular weight marker. 
Arrows indicate blots of similar MW for lipid A and target protein (CD14, TLR-4 ApoAI or SR-B1). Each 
cropped blot image corresponds to different simultaneous Western blot analysis, individually made for each 
lipid A and target protein comparison (See original immunoblots in Supplementary Fig. S7).
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brain vessels arbitrate a neuroimmune communication by actively responding to immune challenges such as LPS 
through the release of cytokines and other mechanisms40.

Areas lacking the BBB, such as CVOs, can immediately develop a pro-inflammatory response against LPS 
since they are in direct contact with blood25,41. Similarly, the choroid plexus and meninges have been described 
as having basal expression of TLR-4 that can be activated by LPS administered intraperitoneally42 and lipid A 
administered intracerebroventricularly43. For a long time, it has been investigated and discussed how CVOs 
respond against a peripheral stimulus24. However, this work demonstrates for the first time, to our knowledge, 
the presence of LPS in these structures. The observation of lipid A and Core LPS immunosignals in tanycyte-like 
cells from the lateral ventricles and central canal, choroid plexus and CVOs demonstrate that LPS is present along 
the ventricular system.

Interestingly, in LPS-positive cells, most of the NFκB immunosignal was detected in cytoplasm. Having 
designed the experiment in naturalistic conditions, without manipulation of animals in the animal facility, it can 
be assumed that the control, physiological levels of LPS might bind to the constitutive, sentinel innate immune 
receptor TLR-4 in the CNS36 without activating a real inflammatory intracellular pathway. Taking into account 
that lipid A from different bacteria has different endotoxic properties, depending on their effects as weak TLR-4 
agonists and/or antagonists2,3,8,44, the lack of NFκB activation in control conditions might reflect a possible mech-
anism for protecting against toxicity from opportunistic bacteria that deserve further studies.

After having described the presence of particular regions of LPS molecule in different brain structures, a big 
issue is how LPS is transported to the brain. The best-characterized mechanism is the binding protein LBP. In our 
naturalistic experimental conditions, LBP immunofluorescence was found in the choroid plexus and with a very 
slightly signal in astrocytes. Taking into account other proposed alternative transport mechanisms for LPS such 
as plasma lipoproteins45, we have analyzed their possible role as transporters for reaching tanycytes, astrocytes 
and endothelial cells in the experimental conditions used here, carrying out several immunofluorescence exper-
iments to detect ApoAI, which is the main Apo in plasma HDL particles, its receptor SR-BI, and two of the main 
lipoprotein receptors in the brain, ApoER2 and LDLr. The results presented here confirm that there is a possible 
lipid A transport mechanism in the brain mediated by plasma lipoproteins.

The binding of lipoproteins to LPS has been explained as a beneficial homeostatic mechanism because it 
contributes to neutralizing and clearing LPS toxicity by eliminating LPS through the liver and bile15. A patho-
physiological role has also been proposed, since a high-fat diet can promote LPS translocation by chylomicron 
binding, contributing to chronic diet-induced inflammation46. On the other hand, the presence of LPS in plasma 
induces hyperlipidemia by increasing the synthesis of VLDL and promoting pro-inflammatory cytokine pro-
duction in different tissues47. However, HDL is one of the plasma lipoproteins with high affinity for LPS and has 
anti-inflammatory properties13,47,48. By experiments of binding and affinity among HDL particles and different 
lipid A moiety molecules, it was demonstrated that the phosphates and the diglucosamine backbone functional 
groups from lipid A interact with HDL49. The main apolipoprotein present in HDL particles is ApoAI and is con-
sidered the major contributor to HDL-anti-endotoxin function by the ability to bind lipid A in the amphipathic 
alpha-helix domains, neutralizing LPS toxicity50,51. It has been reported that ApoAI transports LPS into hepat-
ocytes for its metabolic degradation, reducing the interaction of LPS with phagocytic cells and, in consequence, 
preventing pro-inflammatory cytokine synthesis52. Another apolipoprotein characterized by its ability to bind 
LPS is ApoE, present in almost all the lipoproteins, from chylomicrons to LDL, but in rodents is mainly associated 
with HDL53,54. The increase of ApoE in plasma has been reported during infections and sepsis, in animal models 
and patients, related with a LPS-clearance effect14,55. In the case of LDL, its ability to bind LPS by ApoB100 has 
been also demonstrated56.

The role of lipoproteins in the brain differs from the rest of the body; the brain has the ability to produce its 
own nascent lipoproteins, mainly produced by glial cells, and only small particles of plasma HDL have the ability 
to cross the BBB57. There is also evidence confirming the entry of LDL by transcytosis through the BBB58. Some 
authors affirm that the only plasma HDL-contained apolipoprotein able to cross the BBB is ApoAI, while ApoE 
and ApoB cannot. The main lipoprotein receptor for ApoAI is SR-BI59, involved in the regulation of the inflam-
matory response against LPS in macrophages60. In the brain, HDL particles are up-taken through SR-BI, which is 
expressed in endothelial61 and glial cells62. Plasma HDL particles containing ApoAI can lead the formation of new 
nascent HDL-like lipoproteins by acquiring ApoE, synthesized by glial cells62,63. As occurs in plasma, remodeling 
and maturation in the brain of these new lipoproteins derived from plasma HDL need the participation of several 
proteins such as cholesteryl ester transfer protein, lecithin:cholesterol acyltransferase and phospholipid transfer 
protein (PLTP)63,64. The latter is another protein with binding ability to LPS molecules that belongs to the LPS 
binding protein family. In plasma, a PLTP has been described that promotes disaggregation of LPS and transfers 
it to HDL and between HDL and LDL64–66. Mature HDL-like particles can bind to neurons or astrocytes through 
the binding of ApoE to LDLR family receptors, including ApoER262,63, one of the major lipoprotein receptors 
expressed in the brain67. Astrocytes and neurons are able to express ApoER2 on their membrane surface57, espe-
cially astrocytes from the medulla68.

Taking all these evidences together, we hypothesized three possible mechanisms for a lipoprotein-mediated 
transport of LPS into the brain across the BBB. First: plasma ApoAI-HDL-bound LPS can cross the BBB via 
SR-BI-mediated uptake in endothelial cells, tanycytes and/or meninges. Second: ApoAI-HDL-bound LPS can 
become part of a new nascent lipoprotein with ApoE in astrocytes and then the ApoE of this mature lipoprotein 
binds to ApoER2. Third: LPS from plasma ApoAI-HDL might be transferred to ApoE by proteins like PLTP, and 
then mature ApoE-lipoprotein binds to ApoER2. In relation to plasma ApoE-lipoprotein-bound LPS, the possi-
bility of the ApoER2 uptake by endothelial cells cannot be discarded, as we have demonstrated the expression of 
this receptor in this cell type.

It has been demonstrated that LPS from lipoprotein particles is able to bind to its receptors CD14 and TLR-
4, as has been seen to occur in different experimental settings. Lipoproteins have the ability to bind to several 
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receptors at the same time (i.e. CD14/TLR-4 and SR-BI or ApoER2) as occurs in the LPS-LDL complex in mac-
rophages and hepatocytes, where this complex can bind to scavenger receptors, LDLRs and LPS receptors56,69. 
It could be possible that this mechanism can occur also in the SNC. However, it is important to point out the 
necessity of further studies to elucidate the presence of LPS in the brain using germ free animals and/or knock out 
animals for the studied molecules of interest.

Finally, another alternative possibility, of special interest in areas lacking the BBB, like CVOs, is that the trans-
port of LPS could be also mediated by supramolecular aggregate structures that can be formed by an amphiphilic 
molecule like lipid A in an aqueous environment70,71, such as in the blood stream72. Then LPS can reach the recep-
tors without the necessity of being transported by a binding protein or lipoprotein. However, this possibility needs 
different chemical/structural approaches.

The immunoblotting analysis carried out to confirm the presence of LPS in brain tissues, demonstrated that 
in all cases it was identified similar blot pattern among all the tested tissue samples (brain cortex, medulla oblon-
gata, liver, and distal colon) proving that at the same protein concentration (20 µg) liver and distal colon, which 
are the LPS positive tissues, present higher LPS immunosignal than brain cortex and medulla oblongata tis-
sues. Furthermore, the multiple blot observed in LPS detection by this technic, can be caused by LPS molecules 
bound to proteins of different MW present in tissue homogenates. This hypothesis can be supported by previous 
evidence demonstrating that LPS can be bound by a wide range of proteins, mainly, to proteins with cationic 
profile73–75. Unlike, the positive control of E. coli LPS, a highly purified molecule dissolved in water, without any 
other molecule being able to bind, could tend to form supramolecular aggregates in the aqueous environment70,71, 
showing a single blot of low MW compared to tissue homogenates. In consequence, this could reflect that the 
levels of free LPS in the different tissues tested are very low, and possibly under the detection limits of the Western 
Blot method here used. Our experiment of simultaneous western blot to compare blots of similar MW between 
LPS and target proteins with LPS affinity such as CD14, TLR-4, ApoAI and SR-B1 support the possibility that LPS 
is bound to these proteins in the tissues tested. This event was previously demonstrated in a study by LPS binding 
assays from cells incubated with LPS, where it was observed by immunoblotting LPS binding activity in several 
proteins such as TLR-4/MD2 complex and CD1429.

In conclusion, the results indicate a role for LPS in physiological circumstances as an intermediate between 
microbiota and brain. We have found a particular methodology for detecting LPS in the CNS that could be used 
to further study the innate immunity driven neuroinflammatory response elicited in different pathological con-
ditions in which peripheral LPS levels vary, such as infections and stress-related neuropathologies. In addition, 
we outlined a lipoprotein-related mechanism of transport of LPS into the CNS although its apparent complexity 
requires further studies to fully characterize and to investigate its potential pathological or therapeutical role.

Methods
Animals.  Eleven male Wistar Hannover rats, weighing 250–280 g were used. All experimental protocols 
adhered to the guidelines of the Animal Welfare Committee of the Universidad Complutense de Madrid in 
accordance with European Legislation (2010/63/EU) and Dept. Health & Human services, NIH USA, (statement 
of compliance of standards OLAW: #A5635-01) (The ethics committee of Universidad Complutense de Madrid 
approved the study, ref. PROEX 421/15, Feb 10th 2016). The rats were housed individually (cage type 1000, 
215 × 465 × 145 mm, 1000 cm2, Panlab, Spain) with standard temperature and humidity conditions and in a 12-h 
light/ dark cycle (lights on at 8:00 h) in wood bedding (ECO-PURE chips, Datesand, Manchester, UK, autoclaved) 
with free access to food (Teklad Global protein rodent diet 2018, Envigo, Spain) and water (tap water, filtered 
5 µm). All the animals were maintained under standard conditions seven days prior to the experiment.

Preparation of biological samples.  All animals were euthanized with sodium pentobarbital (320 mg/Kg 
i.p.) at 9:00–10:00. Blood samples, for plasma determinations, were obtained by cardiac puncture using a syringe 
loaded with 3.15% (w/v) trisodium citrate solution, and then plasma was separated by centrifugation at 402 g for 
10 min at 4 °C. Samples were stored at -80 °C until assayed. Seven animals were employed for transcardial per-
fusion performed through the left ventricle with 200 mL sterile saline solution, and the right atrium was opened, 
next 200 mL of 4% paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4). Brains were dissected and post-fixed in 4% 
PFA overnight at 4 °C, then were equilibrated in 30% sucrose at 4 °C until precipitate, around 48 h. Brains were 
embedded in optimum cutting temperature (O.C.T. tissue tek) and frozen at −20 °C to obtain 15 μm coronal sec-
tions using a cryostat (Leica CM1950). Consecutive sections were obtained from three regions of the brain where 
CVOs and other blood-brain interfaces are present: the SFO (between Bregma −0.84 and −1.08 mm), the ME 
(between Bregma −1.80 and −2.04 mm) and AP (between Bregma −13.68 mm to 14.16 mm), using a rat brain 
stereotaxic atlas as reference76. Sections were collected and mounted onto slides with adherent coating. All brain 
tissue sections were maintained at −40 °C until use. Four animals were used in order to obtain medulla oblongata, 
frontal cortex, and liver right lobule homogenates. These tissue samples were excised, frozen and stored at −80 °C 
before assays. Samples were homogenized by sonication in phosphate buffer saline (pH 7) and adding protease 
inhibitor cocktail (Complete, Roche, Madrid, Spain), homogenates were centrifuged at 12000 g for 10 min, 4 °C. 
Supernatants were separated and stored at −80 °C before assays.

Immunofluorescence.  Double and triple, simultaneous or sequential immunostainings were performed 
in at least three consecutive sections for each structure. Sections were washed with KPBS 0.02 M (pH 7.4) for 
5 min, treated with 0.1 M glycine during 20 min to eliminate autofluorescence, two washes of 5 min with KPBS, 
then blocking process for 30 min with 10% BSA, 0.1% triton 100x in KPBS (blocking solution). The incubation 
with primary antibodies, diluted in blocking solution, was for 2 h at room temperature (all primary antibodies 
used are listed in Supplementary Table S1). Sections were washed in KPBS three times for 5 min each. The incu-
bation with secondary antibodies, diluted in blocking solution, was for 1 h at room temperature (all secondary 
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antibodies used are listed in Supplementary Table S2). Thereafter, sections were washed three times in KPBS for 
5 min each. One last wash was done with deionized water alone, for 5 min. Finally, 4′,6-diamidino-2-phenylindole 
dihydrochloride (DAPI) containing Fluoroshield® (Sigma Aldrich) mounting medium was added on the slides 
for the double immunostaing procedure. Fluoroshield® alone was used in the triple immunostaining procedure. 
Sections were coverslipped and frozen at −20 °C or immediately visualized on a high-performance Nikon Eclipse 
Ti Series TI-FL Epi-fl Illuminator® epi-fluorescence microscope. Confocal images were obtained in the confocal 
Olympus microscope FV1200. Images were processed for adjust brightness, contrast and merge images in the 
processing package “Fiji”. In order to corroborate if unspecific binding of fluorescent secondary antibodies was 
present, negative controls were carried out, for each antibody, using the sample protocol, instead of primary anti-
body incubation, tissue was maintained with blocking solution during this time.

Western blot analysis for LPS antibodies validation.  Protein levels were determined using Bradford 
analysis77 of the homogenates from distal colon, liver, medulla oblongata and brain frontal cortex. Homogenates 
were mixed with Laemmli sample buffer (Bio-Rad, USA) (SDS 10%, distilled H2O, 50% glycerol, 1 M Tris HCl, 
pH 6.8, dithiothreitol and Bromophenol Blue) with β-mercaptoethanol (50 µL/mL Laemmli), 20 µl (1 µg/µL) and 
LPS purified from E. coli (E. coli serotype 0111:B4, ref. L2630 from Sigma-Aldrich, Spain) 1 µg, dissolved in 
endotoxin free water, were loaded too into a 18% SDS-polyacrylamide electrophoresis gel (SDS-PAGE). Once 
separated on the basis of MW gels were blotted onto nitrocellulose membrane with a trans-blot turbo transfer sys-
tem (Bio-Rad®). Membranes were incubated with specific antibodies, goat polyclonal anti-lipid A IgG (BP2235, 
Acris) used at a 1:500 dilution and mouse monoclonal anti-core IgG2A (HM6011, Hycult Biotech) used at a 1:500 
dilution, overnight at 4 °C. Goat polyclonal anti-lipid A IgG was recognized with a horseradish peroxidase-linked 
anti-goat IgG, incubated for 60 min at room temperature and revealed by ECL™-kit following manufacturer’s 
instructions (Amersham Ibérica, Spain). Blots were imaged using an Odyssey® Fc System (Li-COR Biosciences). 
Membranes incubated with mouse monoclonal anti-core IgG2A were recognized in a sequential secondary anti-
body incubation for being reveled, first primary antibody was recognized with goat polyclonal anti-mouse IgG2A 
(A21131, Life Technologies) in an incubation for 60 min at room temperature, and then reveled with horseradish 
peroxidase-linked anti-goat IgG incubated for 60 min at room temperature. β-actin was used as loading control.

Simultaneous western blot analysis for corresponding LPS and CD14, TLR-4, ApoAI or SR-B1 blots.  
Tissue homogenates samples of brain cortex, medulla oblongata, liver and distal colon from non-treated animals, 
were run on a SDS-PAGE. Loading order was performed as follow: sample 1/MWM/sample 1, in three consec-
utive lanes. After transfer step, nitrocellulose membrane was cut vertically half the MWM lane, obtaining two 
membrane sections. Each membrane section was incubated separately, one for lipid A detection and the other 
one for target protein (CD14, TLR-4, ApoAI or SR-B1). Image acquisition after reveal step was performed placing 
two membrane sections together, using as reference MWM blots. 18% polyacrylamide gels were used for Lipid A/
CD14 and lipid A/ApoAI Western blos. 8% polyacrylamide gels were used for Lipid A/TLR-4 and lipid A/SR-B1 
Western blots.

LPS levels.  Drinking water and food pellets from the cages in which the animals used in the study as well as 
plasma from animals were evaluated to determine LPS levels through Limulus amebocyte lysate (LAL) test, using 
commercially available kits following the manufacturer’s instructions (Hycult Biotech, Uden, The Netherlands). 
100 mg of food pellet were suspended in 1 mL of sterile saline solution and incubated at 37 °C for 10 min, in order 
to soften the sample, then homogenized and finally centrifuged at 3000 rpm for 5 min. Supernatant was recovered 
for analysis.
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