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Abstract

Treatment of cultures with toll-like receptor (TLR) ligands or cytokines has become a popular

approach to investigate astrocyte neuroinflammatory responses and to simulate the neural

environment in various CNS disorders. However, despite much effort, the mechanism of astrocyte

activation such as their responses to the TLR ligands and IL-1 remain highly debated. We

compared highly pure primary mouse and human astrocyte cultures in their ability to produce

proinflammatory mediators (termed “A1”) and immunoregulatory mediators (termed “A2”) in

response to LPS, poly IC and IL-1 stimulation. In human astrocytes, IL-1 induced both A1 and A2

responses, poly IC induced mostly A2, and LPS induced neither. In mouse astrocytes, LPS

induced mostly an A1 predominant response, poly IC induced both A1 and A2, and IL-1 neither.

In addition, mouse astrocytes produce abundant IL-1 protein while human astrocytes did not,

despite robust IL-1 mRNA expression. Of the TLR4 receptor complex proteins, human astrocytes

expressed TLR4 and MD2 but not CD14, while mouse astrocytes expressed all three. Mouse

astrocyte CD14 (cell-associated and soluble) was potently upregulated by LPS. Silencing TLR4 or

CD14 by siRNA suppressed LPS responses in mouse astrocytes. In vivo, astrocytes in LPS-

injected mouse brains also expressed CD14. Our results show striking differences between human

and mouse astrocytes in the use of TLR/IL-1R and subsequent downstream signaling and immune

activation. IL-1 translational block in human astrocytes may be a built-in mechanism to prevent

autocrine and paracrine cell activation and neuroinflammation. These results have important

implications for translational research of human CNS diseases.

Keywords

brain; TLR; innate immunity; poly IC; cytokines; species; inflammation; evolution

INTRODUCTION

Astrocyte cultures derived from neonatal rodent or human fetal brains are readily available

systems that have aided our understanding of astrocyte responses to various insults.

Treatment of cultures with toll-like receptor (TLR) ligands or cytokines has become a

popular approach to investigate astrocyte neuroinflammatory responses and to simulate the
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neural environment in various CNS disorders. Glial innate immune activation is a

mechanism that is elicited in virtually all CNS conditions whereby astrocytes and microglia

play intricate roles in modulating neuronal function and fate. One of the highly debated

issues in glial biology is the context in which astrocytes participate in the innate immune

responses. In particular, astrocyte responses to TLR ligands such as LPS have been debated

for well over two decades. While there are early studies reporting LPS activation of primary

cultures of rodent astrocytes (Chung et al, 1991; Lieberman et al, 1989), these studies were

often suspected of having “contaminating” microglial cells as the source of LPS responses

(Giulian et al, 1986; Holm et al, 2012; Saura, 2007). A number of approaches have been

taken to eliminate microglia in these cultures including the use of L-leucine methyl ester

with or without anti-mitotic agents (Giulian et al, 1986; Hamby et al, 2006; Uliasz et al,

2012), liposomal clodronate (Kumamaru et al, 2012), transgenic expression of a myeloid-

specific suicide gene (Holm et al, 2012), or repeated passage of the mixed culture (Du et al,

2010; Lee et al, 1992). A study comparing four major mouse astrocyte culture protocols

reported that the subculture procedure yielded significantly higher purity than primary or

shaken cultures (Du et al, 2010). The role of “contaminating” microglia issue

notwithstanding, LPS response of (rodent) astrocytes has been reported by numerous groups

using various astrocyte culture protocols (Brahmachari et al, 2006; Galea et al, 1996; Gorina

et al, 2011; Hamby et al, 2006; Hamby et al, 2012; Krasowska-Zoladek et al, 2007; Lange et

al, 2012; Ma et al, 2013; Pang et al, 2001). Most studies reported induction of cytokines,

chemokines and other inflammatory mediators by LPS.

Our laboratories have long been engaged in the study of human astrocyte immune responses

and we have found that human astrocytes are unresponsive to LPS but highly sensitive to

IL-1 (with or without IFNγ). The amounts/types of inflammatory genes induced by IL-1 in

human astrocytes resemble those of LPS-activated human microglia (John et al, 2003; Lee et

al, 1993b; Liu et al, 1996; Tarassishin et al, 2011a), suggesting that astrocytes are capable of

mounting potent immune responses but to different stimuli. Evidence supports that adult

human astrocytes also respond robustly to IL-1 (Krause et al, 2011; Zhao et al, 1998).

However, it is unclear what the effective activating stimuli for rodent astrocytes are, as

stated above. The differences between human and rodent astrocytes in morphology, Ca2+

propagation, and their role in neural processing have been demonstrated (Han et al, 2013;

Oberheim et al, 2009), and recent studies have also demonstrated enhanced learning in

chimeric mice engrafted with human glial progenitor cells through TNFα action (Han et al,

2013).

Given that much of our current knowledge base in neuroscience and glial biology is built on

mice (in vivo and in vitro), the goal of this study was to determine whether significant

species differences exist in astrocyte innate immune responses, by performing side-by-side

comparisons of primary human and mouse cultures. The results show that mouse but not

human astrocytes respond robustly to LPS and that they also respond remarkably differently

to IL-1 and poly IC, indicating that a fundamental shift in the astrocyte innate immune

sensing mechanism has occurred during evolution. These results have important

implications for the translational research of human CNS diseases.
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MATERIALS AND METHODS

Preparation of mouse astrocyte cultures and BV2 cells

Primary mouse astrocyte cultures were prepared by dissociating brains of newborn C57BL6

mice (1–2 days postnatal) by triturating in Hank’s Balanced Salt Solution without calcium or

magnesium (Cellgro). Cell preparations were passed through a 70 μM mylon mesh (BD

Biosciences), pelleted, washed, and then seeded in DMEM containing 10% FCS and

antibiotics (Invitogen)(complete media) in 10 cm tissue culture dishes (BD Biosciences).

Cultures were passaged ~ every 2 weeks into new 10 cm dishes at least 3 times (= G3) to

achieve highly pure astrocyte cultures (Du et al, 2010; Lee et al, 1992). Culture purity was

determined by GFAP (astrocytes) and Iba-1 (microglia) immunostains (see Figure 1), as

well as Western blot and RT-PCR analyses. BV2 cells (Blasi et al, 1990; Henn et al, 2009)

were obtained from Dr Linda Van Eldik (University of Kentucky, Lexington, KY),

maintained in complete media and propagated twice a week.

Preparation of human fetal astrocyte and microglial cultures

Human fetal astrocytes cultures were prepared as previously described (Lee et al, 1992) and

according to the protocols approved by the Albert Einstein College of Medicine Institutional

Review Board. Briefly, brain tissues of abortuses were dissociated by mincing and

trituration and incubated in 0.05% Trypsin-EDTA for 45 min at 37°C. This was followed by

filtering through 270 μM and 130 μM pore nylon meshes. Cells were seeded in complete

media and cultured until monolayer was formed (~ 2 weeks). Thereafter, monolayers were

passaged ~ every 2 weeks at least 3 times (= G3) to enrich for astrocytes. Microglial cultures

were prepared by pooling the medium of monolayer cultures at 2–3 weeks in vitro, as

previously described (Lee et al, 1992; Liu et al, 1996).

Reagents and cell treatment

Mouse and human IL-1α, IL-1β and IFNγ were purchased from PeproTech (Rocky Hill,

NJ) and used at 10 ng/ml unless stated otherwise. Lipopolysaccharides (LPS), both the

smooth strain (S-form) from Escherichia coli 0111:B4 and the rough strain (R-form) from

Escherichia coli EH100 (Ra mutant), as well as and poly IC (PIC) were purchased from

Sigma-Aldrich (St. Louis, MO). The smooth form of LPS was used for experiments, unless

stated otherwise. For standard cell stimulation, LPS was used at 100 ng/ml and poly IC at 10

μg/ml. All culture treatments were done in DMEM containing 0.5% FCS (low serum

medium). Cells/culture supernatants were collected at 6 h and 22 h after cell stimulation for

real-time PCR, western blot and ELISA, and at 1 day (D) - 3 D for Griess reaction, unless

stated otherwise.

Real-time RT-PCR

Cells were collected in TRIzol and total RNA were prepared by chloroform extraction and

isopropanol precipitation according to manufacturer’s recommendations (Invitrogen). cDNA

was synthesized with superscript III Reverse Transcriptase (Invitrogen). Real-time RT-PCR

was performed using a SYBR Green PCR mix and conducted with the ABI Prism 7900HT

(Applied Biosystems). β-Actin, GAPDH or PBDA were used as housekeeping genes. The
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relative amount of target gene expression was calculated as 2ΔCt where ΔCt is the difference

between Ct of housekeeping gene and Ct of target gene. Fold changes were determined by

dividing the 2ΔCt of test sample by 2ΔCt of control sample. The primers were designed using

Primer-BLAST or Primer 3 program. All primer sequences (both murine and human) are

listed in Table 1S as supplemental material.

Reverse transcription (RT)-PCR: Semiquantitative RT-PCR analysis was performed as

described (Brahmachari et al, 2006). Briefly, 1 μg of total RNA was reverse transcribed

using oligo(dT)12–18 as primer and SuperScript III reverse transcriptase (Life Technologies)

in a 20-μl reaction mixture. The resulting cDNA was amplified using platinum PCR

Supermix (Life Technologies) and the following primers. CD11b, sense: 5′-

CAGATCAACAATGTGACCGTATGGG-3′, antisense: 5′-

CATCATGTCCTTGTACTGCCGCTTG-3′; GFAP, sense: 5′-

GGCGCTCAATGCTGGCTTCA-3; antisense: 5′-TCTGCCTCCAGCCTCAGGTT-3′; β-

actin, sense: 5′-ATATCGCTGCGCTGGTCGTC-3′, antisense: 5′-

AGGATGGCGTGAGGGAGAGC-3′. Amplified products were electrophoresed on a 1.5%

agarose gel and visualized by ethidium bromide staining.

Western blotting

Cells were lyzed in PBS buffer containing 0.5% Triton X-100, 0.5% Tween 20 and a

cocktail of protease inhibitors (Roche Diagnostics) for 30 min at 4°C with constant rotation.

The lysates were cleared by centrifugation at 12,000 rpm for 20 min. The samples (40–50 μg

total protein) were run in 10% SDS-polyacrylamide or 4–20% grandient mini-protean

precast gel and the proteins were transferred to PVDF membrane (Bio-Rad). Membranes

were blocked with 5% milk/PBS then incubated with primary antibodies (see below) for 18

h at 4°C with constant rotation and then with secondary antibodies (anti-goat at 1:5,000:

Rockland Immunochemicals; anti-rat at 1:10,000: Pierce/Thermo Scientific; anti-mouse at

1:500: Pierce/Thermo Scientific; or anti-rabbit at 1:500: Pierce/Thermo Scientific) for 1 h at

RT. The signals were detected using West Pico or Femto Chemiluminescent Reagents

(Pierce/Thermo Scientific) or ProtoGlow ECL (National Diagnosctics). Densitometry was

performed with Image J NIH software using β-actin as the loading control.

Antibodies

Primary antibodies for western blot were as follows: anti-MD2 (rabbit polyclonal, Abcam,

1:500), anti-TLR4 (rabbit polyclonal, Santa Cruz, 1:200), anti-GFAP (rat monoclonal,

Invitrogen/Life Technologies, 1:1000), anti-Iba-1 (mouse monoclonal, Abcam, 1:1000),

anti-iNOS (rabbit polyclonal, Novus Biologicals, 1:500), anti-human CD14 that is known to

cross-react with mouse CD14 (rabbit polyclonal, Abcam, 1:200), anti-human CD14 (rabbit

polyclonal, Thermo Scientific, 1:100), anti-human CD14 (rabbit polyclonal, Sigma,

catalogue #HPA001887 at 1:250), anti-mouse CD14 (rat monoclonal, BD Biosciences,

catalogue #553738 at 1:250), and anti-β-actin (mouse monoclonal, Cell Signaling, 1:500).

ELISA

ELISA for mouse and human cytokines was performed using the R&D System DuoSet

antibody kits as previously described (Tarassishin et al, 2011a; Tarassishin et al, 2011b).
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Murine IFNβ ELISA was performed using a kit from PBL Interferon Source (Piscataway,

NJ) with a sensitivity range of 15.6 – 1000 pg/ml. Detection of soluble CD14 (sCD14) was

done using commercial ELISA kits from R&D Systems. The human sCD14 ELISA had the

detection range of 62.5–4,000 pg/ml. The mouse sCD14 ELISA had the dection range of

1.56–100 ng/ml.

Griess reaction

Nitrite production was measured in triplicates using the Griess reaction by mixing 100 μl of

astrocyte culture supernatants with 100 μl of Griess reagent with the known amounts of

sodium nitrite as standards, as previously described (Lee et al, 1993a). OD was measured at

540 nm using a plate reader MRX Revelation (Dynex Technologies).

Immunocytochemistry (tissue culture)

Monolayers were fixed in ice-cold methanol and immunostained as previously described

(Liu et al, 1996). Primay antibodies were: anti-GFAP (rat, 1:100, Invitrogen), anti-Iba-1

(rabbit, 1:500, Wako), anti-mouse IL-1α (goat, 1:100, R&D Systems), and anti-mouse

CD14 (rat, 1:100, BD Biosciences). The detection was performed using anti-rat, anti-rabbit,

anti-mouse ImmPress reagents (Vector Laboratories) following the manufacturer’s

instructions. Double labeling was performed with sequential applications of the goat anti-

IL-1α (1:100) antibody and anti-goat ImmPress reagent labelled with HRP, then rat anti-

GFAP (1:100) antibody and anti-rat IgG conjugated with alkaline phosphatase (AP) at 1:100

(Invitrogen/Life Technologies). Incubation with the primary antibodies was for 1 h at RT

and then overnight at 4°C, and the secondary antibodies was for 1 h at RT. Substates used

were diaminobenzidine (DAB: DAKO) for HRP and BCIP/nitroblue tetrazolium (NBT:

Sigma-Aldrich) for AP.

CD14 immunohistochemistry (IHC) and immunofluorescence (mouse brain)

Formalin-fixed paraffin-enbedded (FFPE) sections of mouse brains that are intracerebrally

injected (i.c.) with LPS or PBS (Suh et al, 2010; Sun et al, 2008) were utilized for this study.

Immunhistochemistry and immunofluorescence were performed as previously described

(Cosenza-Nashat et al, 2006; Cosenza-Nashat et al, 2011), using antigen retreival and

ImmPress secondary antibody methods. Briefly, deparaffinized sections were subjected to

antigen retrieval in citrate buffer, pH 6.1 (Target Retrieval Solution: DAKO, Carpinteria,

CA) at 95 °C for 10 min. The sections were incubated with rat anti-mouse CD14 (1:100)

overnight at 4 °C followed by 2 h at RT. Sections were then incubated with a polymer-based

secondary antibody (ImmPRESS) following the manufacturer’s instructions. Color was

develped using DAB (brown). For double-labeling, CD14 staining was first completed

followed by GFAP staining using the AP-labeled secondary antibody and BCIP/NBT, as

described above. Double immunofluorescence stain was performed by combining the

primary antibodies into a cocktail and incubating the sections in the primary solution (same

concentrations as above) overnight at 4 °C and then 2 h at RT. This was followed by

incubation with a cocktail of alexa fluor® 488 goat anti-rabbit IgG (H+L) and alexa fluor®

568 goat anti-rat IgG (H+L) both at 1:1000 for 2 h at RT. Slides were washed and mounted
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using Vectashield HardSet Mounting Medium containing 4′6-diamidino-2-phenylindole

(DAPI) nuclear counterstain (Vector Laboratories, Ltd.).

TLR4 and CD14 knockdown

Mouse astrocytes were transfected with SmartPool TLR4 siRNA or control siRNA

(Dharmacon/Thermo Scientific) using the transfection reagent TransfectIT-TKO (Mirus Bio

LLC), following the manufacturer’s instructions. The mouse CD14 27mer siRNA duplex

was purchased from OriGene Technologies, Inc., and was transfected using the SiPORT

NeoFX Transfection reagent (Life Technologies/Invitrogen) according to the manufacturer’s

instructions. Cells were first incubated with the siRNA (10 nM) for 48 h, then treated with

LPS or medium alone for 24 h. The knockdown efficiency was determined by western

blotting for TLR4 and CD14.

Statistics

The data shown are representative of 2–5 independent experiments with similar results.

Triplicate samples were run for all ELISAs for each individual experiment and the results

are shown as mean ± SD. Statistics were performed using one-way ANOVA with post-hoc

analysis or Student’s t-test as stated. P values of <0.05 were considered significant. All

statistics were run using the GraphPad Prism 5.0 software.

RESULTS

Purity of the mouse astrocyte cultures

Mouse astrocyte cultures prepared with multiple passages (at least three times = G3)

consisted of virtually pure GFAP+ cells, lacking Iba-1+ or CD11b+ microglia as

demonstrated by immunostain (Figure 1A), western blot (Figure 1B) or RT-PCR (Figure

1C). BV2 cells were used as positive and negative controls for Iba-1/CD11b and GFAP,

respectively. The amount of GFAP immunoreactivity in individual astrocytes varied from

weak to very strong (Figure 1A). In four separate cultures examined, Iba-1 stain failed to

demonstrate positive cells in (G3) astrocyte cultures (not shown). These results demonstrate

that the astrocyte cultures we obtained by repeated passage and used in this study are highly

pure with no contamination by microglial cells.

Purity of the human astrocyte cultures

Using the same protocol, we have obtained highly pure human astrocyte cultures with < 1%

microglia contamination (Lee et al, 1992). Lack of significant microglial contamination is

shown repeatedly by the demonstration that while human microglia robustly respond to LPS,

human astrocyte cultures do not (Lee et al, 1993b; Lee et al, 1993a; Lee et al, 1993c)(data

not shown and this study).

Mouse and human astrocytes respond differently to the TLR ligands and IL-1

We compared highly pure primary murine and human astrocyte cultures in their responses to

LPS (TLR4 ligand), poly IC (TLR3 ligand) and the cytokine (IL-1β) as the three main

immune triggers (Figure 2). The target genes are grouped into NF-κB-dependent
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proinflammatory genes (IL-1β, TNFα, IL-6 and iNOS, termed “A1” response) and IRF3-

dependent immunoregulatory genes (IFNβ, IP-10/CXCL10, RANTES/CCL5, and IL-27,

termed “A2” response) (Grandvaux et al, 2002; Molle et al, 2010) following the M1 and M2

scheme demonstrated for macrophages and microglia (Downer et al, 2011; Grandvaux et al,

2002; Marsh et al, 2009). The proposal for A1 and A2 designations for astrocyte activation

phenotypes and their dependence on IRF3 have been previously published (Tarassishin et al,

2011a; Tarassishin et al, 2011b).

Representative results are shown in Figure 2. In mouse astrocytes (Figure 2A), inflammatory

cytokine genes were induced by LPS or poly IC but not by IL-1. Interestingly, in mouse

astrocytes, LPS induced predominantly A1 response genes, while poly IC induced both A1

and A2 response genes. In contrast to mouse astrocytes, human astrocytes (Figure 2B)

responded robustly to IL-1 but not to LPS. IL-1 activated both A1 and A2 genes but poly IC

activated mostly A2 genes. These results show that mouse and human astrocytes respond

differently to the same TLR/IL-1R ligands, as depicted in Figure 10 (see below).

Different stimuli are involved in mouse vs. human astrocyte TNFα induction

We next investigated the details of astrocyte proinflammatory cytokine protein expression

using TNFα ELISA as the readout. Mouse or human astrocyte cultures were stimulated with

different concentrations of IL-1β (± IFNγ) or with LPS or poly IC and the amount of

secreted TNFα was determined by ELISA. The results are shown in Figure 3. As expected,

human astrocyte TNFα was induced by IL-1 alone in a dose-dependent manner (10 pg/ml to

100 ng/ml) but LPS or poly IC had no effect. Conversely, murine astrocyte TNFα was

induced by LPS or poly IC but not by IL-1 regardless whether IFNγ was present or not.

These results confirm the Q-PCR data in Figure 2. Note that the amounts of TNFα protein

induced in mouse astrocyte cultures were higher than those in human astrocyte culture.
These results show that TNFα induction in mouse and human astrocytes are induced by

activation of TLR3/4 and IL-1R, respectively.

Role of IL-1, IFNγ and TLR ligands in mouse astrocyte iNOS induction

Since the mouse and human iNOS gene promoters display multiple transcription factor-

binding elements including NF-κB, AP-1 and IFNγ-activated site (GAS), we compared

iNOS/nitrite production in mouse astrocyte, mouse microglia (BV2) and human astrocyte

cultures activated with different stimuli. Results are shown in Figure 4. Immunoblotting

with an anti-iNOS antibody showed a single protein band of ~ 130 kDa in LPS-stimulated

mouse astrocytes and BV2 cells (Figure 4A). iNOS activity was determined by measurement

of nitrite in day 1 (1D) and day 3 (3D) culture supernatants by the Griess reaction. The

amount of nitrite was higher in 3D than 1D cultures in all experiments (not shown). While

iNOS was induced only by IL-1/IFNγ in human astrocytes, mouse astrocyte and BV2 iNOS

was induced by all three stimuli with comparable potency (Figure 4B). Furthermore, IL-1β
alone (1 pg/ml to 100 ng/ml) without IFNγ had no effect on mouse astrocyte iNOS

induction (Godoy et al, 2012), in contrast to human astrocytes (Figure 4C). Unexpectedly,

mouse astrocyte iNOS was also inducible by IFNγ alone, similar to the reports in murine

macrophages (see Discussion) (Figure 4D). These results together demonstrate that IL-1

signaling in mouse astrocytes is ineffective, relative to human astrocytes.
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Induction of IL-1α protein in LPS-activated mouse astrocytes

To provide cell-based evidence that mouse astrocytes are responsible for LPS-induced

cytokine production, we performed IL-1α immunocytochemistry (Figure 5). As IL-1

proteins are first produced as intracellular proteins (pro-IL-1α and proIL-1β) before release/

activation, they provide ideal targets for cell-based immunostaining (Dinarello, 1998;

Dinarello, 2010). Figure 5A demonstrates IL-1α positivity in a subset of astrocytes after

LPS stimulation. IL-1α immunoreactivity was present in the cytosol and the nuclear

membrane. ELISA (cell lysates) in Figure 5B demonstrates that LPS and poly IC but not

IL-1/IFNγ induced IL-1α (in nanogram quantities) in mouse astrocyte cultures. These

results are similar to those for IL-1β mRNA by Q-PCR (Figure 2).

In human astrocytes, IL-1α protein was not detectable in any of the cultures including those

stimulated with IL-1/IFNγ (Figure 5C). Similar results were obtained with IL-1β ELISA

(not shown), confirming that human astrocytes fail to produce significant amounts of IL-1

proteins (Liu et al, 1998). This is surprising in light of abundant mRNA induction by IL-1/

IFNγ shown by Q-PCR (Figure 2). Together, these results show that while mouse astrocytes

express IL-1 proteins in response to LPS or poly IC, in human astrocytes IL-1α and IL-1β
expression is blocked at the translational step.

The role of the LPS variant R-LPS in the induction of astrocyte cytokines

Given that LPS variants have been reported to confer differential abilities to activate

macrophages and microglia as well as dendritic cells in various systems (Godowski, 2005;

Regen et al, 2011), we wondered whether astrocytes might respond differentially to the

rough variant of LPS (R-LPS) as compared to the smooth variant (S-LPS). Mouse and

human astrocytes were exposed to R-LPS and S-LPS at 1 ng/ml to 1 μg/ml concentrations

and TNFα protein release was measured as the readout (Figure 6A, B). Human astrocytes

failed to respond to either form of LPS. The lack of response was also demonstrable by IL-8

ELISA (Figure 6C). In contrast, mouse astrocytes responded to both R-LPS and S-LPS to

produce TNFα, with R-LPS being ~ 10-fold less potent than S-LPS (Figure 6A). In contrast

to TNFα production, neither form of LPS was able to induce IFNβ production in mouse

astrocytes (Figure 6D, E). These results demonstrate that the differential response of human

and mouse astrocytes to LPS cannot be attributed to the use of specific LPS variants.

Expression of CD14 and other LPS-receptor and associated proteins in human and mouse
astrocytes

To understand the reasons for the different responses to LPS in mouse and human

astrocytes, we examined the level of expression of various molecules involved in the LPS

response including CD14, TLR4 and MD2. CD14 is a GPI (glycosyl-phosphatidylinositol)-

anchored cell membrane protein that binds to LPS, TLR4 is the recently identified signaling

receptor for LPS, and MD2 is the required co-protein necessary for TLR4 signaling. By

Western blot analysis, mouse astrocytes expressed all three proteins (Figure 7A). CD14

expression was examined in both mouse and human astrocytes in detail by Western blot

analysis using several different commercial antibodies. Known amounts of recombinant

mouse CD14-Fc fusion protein and recombinant human CD14 protein were run in parallel as

positive controls. A rabbit IgG against human CD14 which also cross-reacts with mouse
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CD14 (“dual-specific antibody” from Abcam) recognized multiple bands including the one

corresponding to the recombinant CD14 at ~ 50 kDa (not shown). A rabbit IgG against

human CD14 from Thermo Scientific (formerly Pierce, Rockford IL) also recognized

multiple bands (not shown). A rat monoclonal IgG against mouse CD14 (BD Bioscience)

demonstrated a single protein band of ~ 50 kDa in mouse samples only. A rabbit polyclonal

IgG against human CD14 (Sigma) also demonstrated a single protein band of ~ 50 kDa in

human samples only. Therefore, the mouse and human samples were run separately with the

known amounts of recombinant CD14 proteins using the last two antibodies. Results

representative of at least five independent experiments are shown in Figure 7. In mouse

astrocytes, CD14 was readily detectable and the levels were further upregulated following

stimulation with LPS. In contrast, human astrocytes lacked CD14 expression in either

condition (Figure 7B). Both mouse and human astrocytes expressed TLR4 and MD2

proteins whose level did not change significantly after LPS exposure (Figure 7A, B, and

data not shown).

In addition to western blot analysis, we also utilized species-specific ELISAs (R&D

Systems) to determine the production of soluble CD14 (sCD14) in these cultures (Figure

7C). BV2 cells and human microglial culture supernatants were used as internal controls.

The results show that both mouse microglia (BV2) and human microglia produce large

amounts of sCD14 which is significantly upregulated by LPS. Mouse astrocytes produce

very low levels of sCD14 (below the detection limit of the ELISA, 1.56 ng/ml), which was

also highly upregulated by LPS. sCD14 was not detectable in either the control or LPS-

stimulated human astrocyte cultures using ELISAs with lower limit sensitivity of 62.5

pg/ml. These results together demonstrate that mouse but not human astrocytes express

significant amounts of CD14.

Role of TLR4 and CD14 in mouse astrocyte LPS response

We next examined the role that TLR4 and CD14 play in LPS-induced TNFα production in

mouse astrocytes (Figure 8). Astrocytes were treated with siRNA specific to TLR4 or CD14

(or control siRNA, siCtr) as described in Methods. The amount of gene silencing was

determined by Western blot (Figure 8A, B). The results show that TLR4-specific siRNA

strongly inhibited astrocyte TNFα production compared to control siRNA (Figure 8C). Two

independent experiments showed 81% and 91% suppression. CD14 siRNA also significantly

inhibited LPS-induced TNFα production (Figure 8D), but to a lesser degree than TLR4

siRNA (65% and 49% inhibition in two independent experiments, see Discussion). These

results demonstrate that mouse astrocytes respond to LPS through CD14 and TLR4. The

possibility that LPS that we used triggered non-TLR4 response due to impurity is unlikely

because of the high degrees of inhibition conferred by CD14 siRNA, as well as the complete

lack of response of human astrocytes to LPS (John et al, 2003; Lee et al, 1993b; Lee et al,

1993a; Lee et al, 1993c; Tarassishin and Lee, 2013)(data not shown and this study).

Astrocytes in LPS-injected mouse brains express CD14

Since the rapid upregulation of CD14 in LPS-stimulated astrocytes was unexpected, we next

examined whether astrocytes in vivo can also upregulate CD14 in response to LPS. We

obtained brain sections of mice that were injected with LPS or PBS intracerebrally (i.c.) and

Tarassishin et al. Page 9

Glia. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



immunostained them using the rat monoclonal antibody against mouse CD14. Additional

controls included uninjected brains, as well as brains of mice injected with LPS

intraperitoneally (i.p.). Results show that whereas PBS-injected brains (and all other

controls) showed no parenchymal CD14+ staining, robust CD14 immunoreactivity was

found in the brains of LPS-i.c. injected mice (Figure 9A, B). Specifically, the deep gray

matter including the thalamus and basal ganglia (site of injection) showed diffuse, strong

staining, whereas the cortex and hippocampus lacked staining (not shown). Rare non-

parenchymal (perivascular or intravascular) CD14+ cells were noted in some brains (Figure

9C). High power magnification demonstrated CD14 staining of cell bodies with processes

resembling reactive glial cells (Figure 9A). Double labeling immunohistochemistry for

CD14 (brown) and GFAP (astrocytes, blue) demonstrated that some of CD14+ cells were

also GFAP+ (Figure 9D, arrows). In control PBS-injected mice, only GFAP staining is

noted without parenchymal CD14 stain (Figure 9E). The identity of CD14+ cells was also

investigated using double-label immunoflurescence as previously described (Cosenza-

Nashat et al, 2011) (Suh et al, 2010) utilizing cell-specific markers, Iba-1 (microglia, green)

and GFAP (astrocytes, green). As shown in Figure 9F and G, the identity of CD14+

parenchymal cells was observed to be both microglia and astrocytes. These results confirm

that local LPS injection upregulates CD14 protein expression in vivo including diffuse

(likely representing sCD14) and cell-associated forms, in both microglia and astrocytes.

Summary and Hypothesis

Based on the data presented in the current work, we propose a simplified scheme that

summarizes the differential responses of mouse and human astrocytes to IL-1 or TLR

ligands (Figure 10).

DISCUSSION

Several pieces of evidence support the conclusion that mouse astrocytes directly respond to

LPS. (1) Mouse astrocyte cultures after repeated trypsinizations were virtually devoid of

microglia (Iba-1 negative) but still responded to LPS. (2) Human fetal astrocytes obtained

following the same protocol were completely refractory to LPS (i.e., lacked microglia). (3)

The magnitude of responses (the amount of cytokine, nitrite or sCD14 production) of mouse

astrocytes were in the same order as BV2 cells and reported primary microglia, excluding

minor contaminating microglial cells as the source of LPS response.

In addition to the contrasting responses to LPS, our study also revealed another important

distinction between mouse and human astrocytes, i.e., their differential responses to IL-1.

Given the robust responses of human astrocytes to IL-1 (John et al, 2003; Lee et al, 1993b;

Liu et al, 1996; Tarassishin et al, 2011a), the lack of response of mouse astrocytes to IL-1 in

our study (such as lack of TNFα and nitrite production) was surprising. When cytokine

mixture (IL-1/IFNγ) was used, iNOS was induced in mouse astrocytes in magnitudes

similar to LPS stimulation. However, further examination revealed that mouse iNOS was

induced by IFNγ alone, but not by IL-1 alone and that IL-1 in the presence of IFNγ acted as

a priming agent. This situation is directly opposite of human astrocytes in which IL-1 alone
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(but not IFNγ alone) induces TNFα or iNOS with IFNγ acting as a priming agent (Hua et

al, 2002; Liu et al, 1996).

The ability of IFNγ to induce cytokine genes such as TNFα is an important early response

in the activation of macrophages and microglia, both murine and human (O’Connell et al,

2007)(and data not shown). IFNγ also plays a significantly different role in CNS immunity

between humans and rodents. For example, IFNγ administration to patients with multiple

sclerosis (MS) proved harmful, yet in mice with experimental autoimmune

encephalomyelitis (an animal model of MS), IFNγ gene deletion made the disease worse

(Steinman, 2008a; Steinman, 2008b). These results together suggest that species-dependent

astrocyte immune activation mechanisms may play a significant role in the species-

dependent CNS immune responses.

The mechanism underlying the meager IL-1 response in mouse astrocytes is unknown, but

previous studies of rat astrocytes have indeed reported LPS ≫ IL-1 potency in cytokine

activation (Gottschall et al, 1994), as well as lack of effect (alone) or even downregulation

of LPS/IFNγ-induced iNOS by IL-1 (Godoy et al, 2012). Additional requirements such as

adhesion to extracellular matrix have been reported for IL-1β action (Summers et al, 2010),

as well. These findings together show a significant shift that has occurred in the astrocyte

activation mechanisms during evolution. Whereas rodent astrocytes have overlapping

mechanisms with myeloid cells, human astrocytes have evolved to utilize distinct

mechanisms.

Additional intriguing points raised in our study included that while LPS was effective in

inducing proinflammatory (“A1”) genes in mouse astrocytes, it was ineffective in inducing

anti-inflammatory or immunoregulatory (“A2”) genes. Furthermore, poly IC, a synthetic

double stranded RNA (dsRNA) that activates IRF3 through TLR3 or other cytosolic dsRNA

sensors (Hiscott et al, 2006; Tarassishin et al, 2013), induced both A1 and A2 type genes in

mouse astrocytes. Our results are corroborated by previous studies of rat astrocytes which

showed that both LPS and poly IC induced proinflammatory (“A1”) mediators with similar

potency, but only poly IC (and not LPS) induced IFNβ (“A2”) (Krasowska-Zoladek et al,

2007). Another recent study showed that LPS activated MyD88-dependent (“A1”) but not

MyD88-independent (“A2”) genes in rodent astrocytes (Gorina et al, 2011).

These results taken together demonstrate differential innate immune activation pathways for

human and mouse astrocytes, as summarized in Figure 10. The IL-1R and TLRs have the

same intracellular domain called TIR (TLR/IL-1R domain) which recruits MyD88 as the

adaptor activating the downstream NF-κB pathway. Activation of the MyD88-independent

pathway involves the adaptor TRIF and the transcription factor IRF3. The central dogma in

the field is that TLR4 activates both the MyD88 and non-MyD88 (TRIF) pathways and

TLR3 activates only the TRIF pathway (Akira et al, 2001; Akira et al, 2006; Kawai et al,

2001). However, in the case of mouse astrocytes, our data suggest that this is not the case.

While investigating the mechanisms underlying all of the stimulus- and species-dependent

innate immune activation is clearly beyond the scope of this study, we were most intrigued

by the contrasting roles that LPS played in the activation of human and mouse astrocytes.
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Our initial analysis of the expression of TLR4-associated molecules revealed that while both

human and mouse astrocytes expressed TLR4 and MD2, a clear difference existed in their

expression of CD14. Employing various detection methods including several anti-CD14

antibodies, we found that CD14 expression is (virtually) absent in human astrocytes but it is

readily detectable in mouse astrocytes, especially after LPS stimulation. We also found that

the mouse astrocyte LPS response (TNFα production) is dependent on TLR4, and to a lesser

degree on CD14, indicating that these receptor components are functional in mouse

astrocytes. The differential inhibition also suggests that CD14 may not be absolutely

required for the LPS response (see below).

CD14 serves as a high affinity receptor for LPS and is expressed primarily in cells of

monocyte and macrophage lineage (Pugin et al, 1993; Wright et al, 1990; Ziegler-Heitbrock

and Ulevitch, 1993). In non-myeloid cells, expression of CD14 (by plasmid transfection) has

been shown to increase LPS response by as much as 1,000-fold. CD14 exists as a GPI-

anchored membrane protein as well as a soluble protein (sCD14) both of which can activate

TLR4 signaling. In mouse macrophages, CD14 appears to play a differential role in TLR4

signaling. For example, CD14 is required for MyD88-independent but not MyD88-

dependent TLR4 signaling (Godowski, 2005; Jiang et al, 2005), and CD14 is required for

the response to S-but not R-chemotype (R-LPS can activate MyD88 in CD14−/−

macrophages) (Jiang et al, 2005). In B cells and mast cells (that normally lack CD14

expression), R-LPS can trigger much higher responses than S-LPS (Huber et al, 2006;

Minguet et al, 2008). However, the extent to which these findings extend to astrocytes is

unclear, since we found that mouse astrocytes responded to both LPS chemotypes (S > R),

while human astrocytes responded to neither, indicating that more complex mechanisms are

operative.

The significance of tissue culture-derived data can be questioned, as both human and mouse

astrocyte cultures are derived from immature brain (fetal and neonatal, respectively) and

their purity, while convenient, also poses as a problem of lifting cell-cell inhibition and other

contextual influences in vivo. Since robust CD14 expression by mouse astrocytes was

unexpected, and since LPS-induced upregulation of CD14 appears to be central to TLR4

signaling in vivo (Fearns et al, 1995; Fearns and Loskutoff, 1997; Xia et al, 2006), we

wished to examine whether astrocytes in vivo can express CD14. Using a specific antibody,

we demonstrated that CD14 expression (immunoreactivity) is de novo induced following

LPS injection to brain. In addition to diffuse immunoreactivity, cell-associated CD14 was

also induced in astrocytes as well as in microglia. These observations are in keeping with the

well-established fact that LPS injection to mice induces CD14 expression in (systemic)

epithelial cells as well as myeloid cells (Fearns et al, 1995; Fearns and Loskutoff, 1997).

Astrocyte expression of CD14 mRNA was also found in a recent study of LPS injected mice

(Zamanian et al, 2012). In contrast to astrocytic expression of CD14 in mice, CD14

expression in human CNS appears limited to macrophages and microglia, as shown in

several clinical situations (Beschorner et al, 2002a; Beschorner et al, 2002b; Cosenza et al,

2002). These results suggest that the differential innate activation mechanisms that we see in

cultured mouse (rodent) and human astrocytes may apply to the in vivo situation.
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Additional unexpected findings in our study include the contrasting roles that human and

murine astrocytes have in the production of IL-1 α/β proteins. Whereas mouse astrocytes

produced large amounts of IL-1 when stimulated with LPS (or poly IC), human astrocytes

did not produce IL-1 proteins despite high levels of IL-1 mRNA (induced by IL-1). IL-1 is

another myeloid-lineage restricted protein, being expressed exclusively by macrophages and

microglia in the human CNS (Griffin et al, 1995; Liu et al, 2001; Zhao et al, 2001). Given

the powerful role of IL-1 in the activation of human astrocytes, this IL-1 “translational”

block may represent a built-in mechanism that protects astrocytes from autocrine/paracrine

activation, thereby protecting the brain from perpetuating neuroinflammation.

Our results provide some answers to decades-long debates regarding the mechanism of

astrocyte activation. The rather unexpected but striking species-dependent differences that

we observe reinforce the notion that astrocytes may contribute to the uniqueness of the

human brain. Our study adds significantly to the recent reports which showed morphologic

and functional distinctions of human astrocytes in comparison to murine astrocytes (Han et

al, 2013) and further shows that the differences may extend to the immunologic responses as

well. These studies have significant implications for translating astrocyte data derived from

rodents to humans.
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Figure 1. Purity of mouse astrocyte culture
(A) Characterization of the mouse astrocyte cultures used to investigate their immune

responses. Newborn pup - derived mixed CNS cell cultures were serially passaged at least

three times until non-astrocytic cells are almost absent. The cultures are immunostained for

GFAP and Iba-1 and show that Iba-1+ microglia are absent. Control cultures consisted of

BV2 mouse microglial cell lines which are negative for GFAP but positive for Iba-1. (B)

Western blot analysis of the mouse astrocyte cultures for GFAP and Iba-1 confirming the

purity of the culture. β-actin was used as the protein loading control. There was no change in

the amount of GFAP or Iba-1 expression after LPS stimulation. BV2 cells were used as

controls. (C) RT-PCR analysis of mouse astrocyte (m.A.) and BV-2 cultures for GFAP,

CD11b and β-actin, confirming the absence of CD11b mRNA expression in astrocyte

cultures.
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Figure 2. Q-PCR analysis of astrocyte gene expression
(A) Mouse astrocytes and (B) human astrocyte cultures were stimulated with LPS (100 ng/

ml), poly IC (PIC, 10 μg/ml) or cytokines (recombinant murine or human IL-1β at 10 ng/ml)

for 22 h, then real-time PCR was performed for select cytokines, chemokines and iNOS

using mouse and human-specific primers, as described in the Materials and Methods. Values

(mean ± SD, n = 3) are normalized to those in control, unstimulated cultures (Ctr = 1) (ns =

not significant, *p<0.05, **p<0.01, ***p <0.001 vs. Ctr). Data are grouped into NF-κB-

dependent proinflammatory genes (“A1”, iNOS, TNFα, IL-1β and IL-6) and IRF3-

dependent immunoregulatory genes (“A2”, IFNβ, IP-10, RANTES and IL-27). See text for

detailed interpretation of the results. Data are representative of multiple (2–5) independent

experiments with similar results.
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Figure 3. TNFα is induced by different stimuli in murine and human astrocyte cultures
Cultures of mouse (A) and human (B) astrocytes were stimulated with different

concentrations of recombinant human or murine IL-1β (± human or murine IFNγ at 10 ng/

ml), LPS (100 ng/ml) or poly IC (PIC, 10 μg/ml) for 24 h and the amounts of released TNFα
in the culture supernatants were determined by ELISA. Data shown are mean ± SD from

triplicate cultures. ** p <0.01, *** p <0.001 and n.s. = not significant vs. Ctr. The results

show that while human astrocyte TNFα was induced by IL-1 in a dose-dependent manner,

LPS or poly IC had no effect. Conversely, murine astrocyte TNFα was induced by LPS or

poly IC, but not by IL-1 (with or without IFNγ). Data are representative of three

independent experiments.
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Figure 4. iNOS expression by mouse astrocytes
The effect of different stimuli on astrocyte iNOS induction was examined by Western blot

(A) and the Griess reaction (nitrite: B, D). (A) Western blot analysis shows that LPS induces

iNOS in both mouse astrocytes and BV2 cells. (B) Responses of mouse astrocytes, BV2

cells and human astrocytes stimulated with IL-1/IFNγ, LPS or poly IC (PIC) were

determined by the Griess reaction. Both mouse astrocyte and BV2 cell iNOS was induced by

all three stimuli, while human astrocyte iNOS was induced only by IL-1/IFNγ. (C) Detailed

dose analyses showed that IL-1 alone (up to 100 ng/ml) had no effect on mouse astrocyte

iNOS induction, while IL-1 (0.1 ng/ml or above) was effective on human astrocyte iNOS.

(D) IFNγ alone also induced nitrite in mouse astrocytes, although it was less potent than

when IL-1 was present in the stimulating media. Human astrocytes did not respond to IFNγ
alone. Mean ± SD from triplicate cultures. *p<0.05, **p <0.01 and ***p<0.001 vs. Ctr. All

data are from 3 day samples and are representative of three independent experiments.
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Figure 5. Induction of IL-1α protein in LPS-activated mouse astrocytes
(A) Mouse astrocyte cultures were stimulated with LPS or not (Ctr) and subjected to

immunostaining for IL-1α (brown, top row) or IL-1α (brown)/GFAP (purple) double

labeling (bottom row). IL-1α staining was noted in a subpopulation of LPS-stimulated

astrocytes in the nuclear membrane and the cytosol. Double labeling confirms their identity

as astrocytes (IL-1α+GFAP+). (B) The amount of cell-associated IL-1α production was

determined by ELISA in mouse astrocyte cultures. The results confirm that IL-1 was

induced by both LPS and poly IC (PIC) but not by IL-1/IFNγ. (C) Human astrocytes fail to

produce IL-1 protein regardless of which stimuli are applied (see text for details).
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Figure 6. The role of the LPS variant R-LPS in the induction of astrocyte cytokines
(A, B) Mouse or human astrocytes were stimulated with indicated amounts of rough (R)

LPS and their responses were compared with those to smooth (S) LPS (or “LPS”) by TNFα
ELISA. The results show that human astrocytes respond to neither form of LPS. Mouse

astrocytes responded to both R- and S-LPS, except that R-LPS had the potency of ~ one

order of magnitude lower than S-LPS. (C) IL-8 ELISA was performed in human astrocyte

samples to confirm that the lack of response to LPS was not limited to TNFα. (D, F) Mouse

astrocytes treated as above were examined for IFNβ mRNA and protein expression by Q-

PCR and ELISA. The results show that neither variants of LPS nor IL-1 induced IFNβ,

while poly IC induced IFNβ. Data are representative of two independent experiments with

similar results.
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Figure 7. Differential expression of cell-associated and soluble CD14 in mouse and human
astrocytes
(A) Western blot analysis of total cell lysates from mouse astrocyte cultures (Ctr or LPS)

demonstrating expression of CD14 protein. Mouse astrocyte CD14 expression is greatly

upregulated following LPS stimulation (22 h). The blot was incubated with a rat IgG against

anti-mouse CD14 (BD Biosciences) showing a single band of ~50 kDa protein. Positive

control (Std.CD14, first lane “S”) was 4 ng of mouse CD14-Fc fusion protein (85–95 kDa,

R&D Systems). In addition, mouse astrocytes also expressed MD2 (~ 26 kDa, predicted size

18 kDa) and TLR4 (~ 95 kDa), the amounts of which did not change after LPS stimulation

(right panel). (B) Western blot analyses of human astrocyte cultures (± LPS) show lack of

CD14 expression. The blot was incubated with a rabbit polyclonal IgG against anti-human

CD14 (Sigma) showing a single band of ~50 kDa protein. Positive control was 5 ng of

recombinant human CD14 (R&D Systems, first lane “S”), as well as control and LPS-

stimulated primary human fetal microglia (last two lanes). MD2 and TLR4 protein

expression was also detectable in human astrocytes (right panel). β-actin was used to ensure

equal amounts of protein loading. (C) ELISA was performed to determine the amounts of

sCD14 in culture supernatants of mouse astrocytes and BV2 cells (left panel) and human
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astrocytes and microglia (right panel), using two separate commercially available ELISAs

(R&D Systems, see Materials and Methods). Data shown are mean ± SD (n = 3). Mouse

astrocyte sCD14 is barely detectable but shows significant increase after LPS stimulation.

BV2 cells show large amounts of basal production of sCD14 which is increased after LPS

stimulation (** p <0.01 vs. Ctr). ELISA for human sCD14 was performed using culture

supernatants of human astrocytes and microglial cultures and this shows detectable sCD14

only in microglial cultures. Human microglial sCD14 production is also significantly

increased after LPS stimulation (* p<0.05). Results are representative of three independent

experiments.
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Figure 8. Role of TLR4 and CD14 in LPS-induced mouse astrocyte TNFα production
Mouse astrocyte cultures were treated with siRNA specific for TLR4 or CD14, or with non-

specific control siRNA (siCtr) and then treated with LPS or not (Ctr), as described in the

Materials and Methods section. (A, B) Western blot for TLR4 and CD14 demonstrate the

efficiency of RNAi. (C, D) The amount of TNFα protein release in each culture was

measured by ELISA and this demonstrated that LPS-induced mouse astrocyte TNFα
production was significantly inhibited by TLR4 siRNA. Less robust, but significant

inhibition was observed with CD14 siRNA. ***p<0.001 and * p <0.05 (vs. siCtr). Results

are representative of two independent experiments.
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Figure 9. Astrocytes in vivo expression CD14 in LPS-injected mouse brains
CD14 immunohistochemistry of the mouse brains that are injected with LPS (left column) or

PBS (right column) 24 h prior to sacrifice. Robust CD14 immunoreactivity is observed in

the brains of LPS-injected mice (A) at the site of injection (deep gra matter, thalamus and

basal ganglia) whereas PBS injected brains showed no parenchymal CD14+ staining (B).

Rare vessel-associated CD14+ cells are also noted (C). Double labeling with GFAP (blue)

shows some of the CD14+ cells (brown) are also GFAP+ (D: arrows). Double labeling of

PBS-injected mouse brain showing only GFAP stain (E). (F, G) Double label

immunofluorescence shows both microglia and astrocytes are CD14+ in intracerebral LPS-

injected mice: Immunofluorescence stain for CD14 (red) and cell specific markers, GFAP

(astrocytes, green) or Iba-1 (microglia, green), was performed on paraffin-embeded sections

of mouse brains injected with LPS, as described in the Materials and Methods section.

Shown are examples of astrocytes (GFAP+) and microglia (Iba-1+) that also label for CD14

in these brains. DAPI (blue) was used for nuclear staining. CD14 immunoreactivity appears

cytoplasmic, membrane, as well as granular in these cells. Scale bars represent 20 μm in A,

B, D and E, 5 μm in C, and 25 μm in G.
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Figure 10. Summary and hypothesis
(A) Mouse astrocytes and (B) human astrocytes appear to have distinct intracellular

signaling mechanims in response to IL-1 or TLR ligands. LPS activated mouse astrocytes

only. While human astrocytes responded robustly to IL-1, mouse astrocytes lacked similar

responses to IL-1. In addition, mouse and human astrocytes also showed significant

differences in their responses to poly IC. Poly IC induced high levels of TNFα and iNOS

(“A1” genes) in mouse astrocytes, but not in human astrocytes. Remarkably, LPS induced

little or no immunoregulatory genes (IFNβ, IP-10, RANTES and IL-27: “A2” genes) in

mouse astrocytes, many of which are IRF3-dependent. Instead, these genes were robustly

induced by poly IC, as in human astrocytes. See Figure 2 and also text for details.
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