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Abstract

Activation of the peripheral immune system elicits a coordinated response from the central 

nervous system. Key to this immune to brain communication is that glia, microglia and astrocytes, 

interpret and propagate inflammatory signals in the brain that influence physiological and 

behavioral responses. One issue in glial biology is that morphological analysis alone is used to 

report on glial activation state. Therefore, our objective was to compare behavioral responses after 

in vivo immune (lipopolysaccharide, LPS) challenge to glial specific mRNA and morphological 

profiles. Here, LPS challenge induced an immediate but transient sickness response with 

decreased locomotion and social interaction. Corresponding with active sickness behavior (2–

12h), inflammatory cytokine mRNA expression was elevated in enriched microglia and astrocytes. 

Although pro-inflammatory cytokine expression in microglia peaked 2–4 h after LPS, astrocyte 

cytokine and chemokine induction was delayed and peaked at 12 h. Morphological alterations in 

microglia (Iba-1+) and astrocytes (GFAP+), however, were undetected during this 2–12 h 

timeframe. Increased Iba-1 immunoreactivity and de-ramified microglia were evident 24 and 48 h 

after LPS but corresponded to the resolution phase of activation. Morphological alterations in 

astrocytes were undetected after LPS. Additionally, glial cytokine expression did not correlate 

with morphology after four repeated LPS injections. In fact, repeated LPS challenge was 

associated with immune and behavioral tolerance and a less inflammatory microglial profile 

compared to acute LPS challenge. Overall, induction of glial cytokine expression was sequential, 

aligned with active sickness behavior, and preceded increased Iba-1 or GFAP immunoreactivity 

after LPS challenge.
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Introduction

Microglia are innate immune cells and are involved in immune surveillance within the 

central nervous system (CNS) (Davalos et al., 2005). For instance, peripheral 

lipopolysaccharide (LPS) challenge activates the innate immune system, which uses several 

neural and humoral pathways to communicate with the neurovascular unit (endothelium), 

brain stem, and circumventricular organs of the brain (Ching et al., 2007; Hansen et al., 

2001; Lacroix et al., 1998; Laflamme et al., 1999). This communication results in the 

propagation of cytokines and chemokines within the brain by microglia (Chen et al., 2012; 

Henry et al., 2009). The activation profile detected is consistent with a M1 profile of 

microglia and macrophages (Mosser and Edwards, 2008). Cytokine induction by microglia, 

including IL-1β, TNFα and IL-6, helps to propagate this immune derived signal within the 

brain and mediate physiological and behavioral responses (Dantzer, 2001; Dantzer et al., 

2008). Chemokine induction by active microglia also transmits neuroinflammatory signals 

and may represent a mechanism by which resident microglia signal to peripheral immune 

cells (Carson et al., 2006; Cazareth et al., 2014; Fenn et al., 2014b; Puntambekar et al., 

2011; Wohleb et al., 2013). In addition, microglial activation following immune challenge is 

associated with an acute phase response, which involves reduced iron bioavailability to limit 

pathogen growth and prevent excess CNS damage after injury (Parrow et al., 2013; 

Sauerbeck et al., 2013). Collectively, peripheral immune challenge elicits transient 

neuroinflammation, which is mediated by microglia, and represents a coordinated response 

between the immune system and brain.

Because of the inflammatory capacity of microglia, these cells are under tight regulation 

provided by anti-inflammatory cytokines, neuropeptides, and hormones (Biber et al., 2007; 

Rivest, 2009). This regulation ensures that activated microglia return to a surveying state 

after the resolution of immune challenge (Norden and Godbout, 2013). While there is 

considerable interest in M1 and M2 (regulation/repair) phases of activation (Mosser and 

Edwards, 2008), it is unclear if a shift from this M1 to M2 profile is required as 

inflammation resolves after immune challenge (Fenn et al., 2012). Another related issue in 

the exploration of microglial activation phases is the reliance on Iba-1 immunoreactivity to 

report on their activation state. While microglia undergo cytoskeletal rearrangements that 

alter their morphology (Davalos et al., 2005), these morphological changes may not 

accurately represent an “active” inflammatory profile. For example, in a model of prion 

disease, LPS injection increased cytokine expression in microglia independent of significant 

differences in microglial morphology (Cunningham et al., 2005b).

Astrocytes are also active participants in propagating and regulating neuroinflammation 

(Farina et al., 2007; Liu et al., 2011; Norden et al., 2014a). Astrocytes are activated by 

inflammatory mediators and cytokines, including IL-1β (Carpentier et al., 2005; John et al., 

2004). Activated astrocytes produce many regulatory factors that may influence CNS 

immunity and provide negative feedback to activated microglia (Min et al., 2006). Thus, a 

secondary phase of activation mediated by astrocytes helps to regulate microglial responses 

after immune challenge. In this regard, microglia and astrocytes both contribute to acute 

phase, inflammatory, and regulatory responses after peripheral immune challenge. Similar to 

assessing microglial activation by morphology, activation states of astrocytes are determined 
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based on increased GFAP labeling. Although the inflammatory potential of astrocytes has 

been assessed after CNS trauma (Myer et al., 2006; Sofroniew, 2005; Voskuhl et al., 2009), 

the activation profile of astrocytes during peripheral immune challenge is less understood.

One consequence of microglia and astrocyte activation after peripheral immune challenge 

with LPS is the induction of sickness behavior. Propagation of cytokines and secondary 

signals leads to physiological and behavioral components of the sickness response, including 

decreased activity and reduced social interaction (Dantzer et al., 2008). These behavioral 

changes are evolutionarily adaptive and necessary to reallocate the host’s resources and to 

fight infection (Berg et al., 2004; Bluthe et al., 2000a). Recent studies also indicate that 

repeated LPS injections enhance neuroprotective properties of microglia during traumatic 

CNS injury, further extending the interest in understanding glial activation profiles (Chen et 

al., 2014; Chen et al., 2012). Overall, a single or repeated LPS i.p. injection can be used to 

examine the biochemical and morphological profiles of astrocytes and microglia in the 

context of functional behavioral responses.

The aim of this study was to compare behavioral responses after LPS challenge to glia 

specific levels of cytokine expression and morphology. We show that increased pro-

inflammatory cytokine expression by microglia correlated with active sickness behavior. 

De-ramification of microglia and increased Iba-1 immunoreactivity, however, was delayed 

following the LPS injection and corresponded with the resolution phase of microglial 

activation. While mRNA profiling also detected astrocyte activation after LPS challenge, 

morphological alterations in astrocytes (GFAP immunoreactivity) were not detected at any 

time. Repeated LPS injection also increased Iba-1 immunoreactivity that corresponded with 

the resolution of microglial activation.

Materials and Methods

Mice

Adult (3–4 months-old) BALB/c mice were obtained from our breeding colony kept and in 

barrier-reared conditions in a specific-pathogen-free facility at The Ohio State University. 

Mice were individually housed in polypropylene cages and maintained at 25° C under a 12 h 

light/12 h dark cycle with ad libitum access to water and rodent chow. All procedures were 

in accordance with the National Institute of Health Guidelines for the Care and Use of 

Laboratory Animals and approved by The Ohio State University Institutional Laboratory 

Animal Care and Use Committee.

Peripheral injection of LPS

In the first set of studies, adult mice received a single intraperitoneal (i.p.) injection of either 

saline or 10 µg LPS (approximately 0.33 mg/kg). The LPS dosage was selected because it 

elicits a pro-inflammatory cytokine response in the brain resulting in a transient sickness 

response in adult mice (Berg et al., 2004; Godbout et al., 2005). In the second set of studies, 

adult mice received either a single or four repeated (i.p.) injections of saline or 20 µg LPS 

(approximately 0.66 mg/kg). For repeated LPS challenge, mice received one injection of 

LPS every 24 h for four consecutive days. This LPS dosage and time course were selected 
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because they are similar to previous studies that have administered multiple injections to 

investigate microglial activation profiles (Bodea et al., 2014; Cardona et al., 2006; Chen et 

al., 2012; Puntener et al., 2012).

Locomotor activity

Mice were recorded in their home cage for 5 minutes. On the video records, cages were 

divided into 6 identical virtual rectangles, and the number of line crossings was determined 

during the last 3 minutes. Baseline locomotor activity was measured prior to experimental 

treatment (time 0).

Social exploratory behavior

Social exploratory behavior was determined as a measure of sickness behavior as previously 

described (Godbout et al., 2005). A novel juvenile was introduced into the test subject’s 

home cage for 10 min and the cumulative amount of time the experimental subject engaged 

in social investigation of the juvenile (e.g., anogenital sniffing, trailing) was determined. 

Baseline social behavior was measured prior to experimental treatment (time 0). Results are 

expressed as the percent of time engaged in social behavior compared to baseline.

Microglia and astrocyte isolation from brain

Microglia and astrocytes were isolated from brain homogenates using a Percoll density 

gradient as previously described (Henry et al., 2009; Norden et al., 2014a; Sawicki, 2014). 

In brief, the brain was homogenized and cell pellets were re-suspended in 70% isotonic 

Percoll. A discontinuous Percoll density gradient (70%, 50%, 35%, 0%) was layered and 

centrifuged for 20 min at 2000×g. Enriched microglia were collected from the interphase 

between 70% and 50% Percoll, with approximately 90% purity (CD11b+/ CD45low). Less 

than 1.5% of the enriched cells were CD11b+/ CD45high macrophages. Enriched astrocytes 

were collected from the interphase between 50% and 35% Percoll, with approximately 70% 

purity (CD11bneg/GLAST-1+). There was no contamination of endothelial cells (CD31+) in 

either Percoll gradient used for glia separation (data not shown).

Immunohistochemistry and digital image analysis

Mice were deeply anesthetized and transcardially perfused with PBS followed by 4% 

formaldehyde. Brains were post-fixed in 4% formaldehyde for 24 h and cryoprotected in 

20% sucrose in PBS for 48 h. Preserved brains were frozen using dry-ice cooled isopentane 

(−165°C) and sectioned (30 µm) using a Microm HM550 cryostat. Brain sections were 

identified by reference markers in accordance with the stereotaxic mouse brain atlas 

(Paxinos and Franklin, 2004). Iba-1 or GFAP staining was performed as previously 

described (Fenn et al., 2014a). In brief, free-floating sections were blocked and then 

incubated with rabbit anti-mouse Iba-1 antibody (Wako Chemicals) or rabbit anti-mouse 

GFAP antibody (Dako) overnight at 4°C. Sections were washed with PBS and incubated 

with Alexa Flour 488/594 secondary antibodies. Sections were coverslipped using 

Flourmount G.

Fluorescent images were visualized using an epifluorescent Leica DM5000B microscope 

and captured using a Leica DFC300 FX camera and imaging software. Digital image 
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analysis (DIA) (Donnelly et al., 2009) of Iba-1 or GFAP staining was used to quantify the 

phenotypic changes of microglia (frontal cortex and hippocampus) and astrocytes 

(hippocampus). For each mouse, 4–6 representative images (20×) were taken of the PFC, 

and 10–12 representative images (20×) were taken in the dentate gyrus, CA1, and CA3 

regions of the hippocampus. A threshold for positive staining was determined for each 

image that included all cell bodies and processes, but excluded background staining 

(ImageJ). Results were reported as the average percent area in the positive threshold for all 

representative pictures.

Determination of IL-6 protein levels in plasma

IL-6 was determined from plasma using the BD OptEIA Mouse IL-6 ELISA according to 

the manufacturer's instructions (BD Biosciences). In brief, 96-well enzyme immunoassay 

plates were coated with anti-mouse IL-6 capture antibody and incubated overnight at 4°C. 

Samples and standards were added and incubated for 2 h followed by biotinylated anti-

mouse IL-6 antibody for 2 h. Reactions were exposed using streptavidin-horseradish 

peroxidase conjugate followed by tetramethylbenzidine liquid substrate. Reactions were 

terminated and absorbance was read at 450 nm using a Synergy HT Plate Reader (Bio-tek 

instruments). The assay was sensitive to 10 ng/ml IL-6 and the interassay and intra-assay 

coefficients of variation were less than 10%.

RNA isolation and RT-PCR

RNA was isolated from a 1 mm coronal brain section using the Tri-Reagent protocol 

(Sigma-Aldrich). For Percoll enriched microglia and astrocytes, RNA was isolated using the 

PrepEase kit (USB, CA). RNA was reverse transcribed to cDNA and real-time (RT)-PCR 

was performed using the Applied Biosystems Taqman® Gene Expression Assay-on-Demand 

Gene Expression protocol. Target cDNA (e.g., IL-1β, IL-6) and reference cDNA 

(glyceraldehyde-3-phosphate dehydrogenase; GAPDH) were amplified simultaneously 

using an oligonucleotide probe with a 5' fluorescent reporter dye (6-FAM). Fluorescence 

was determined on an ABI PRISM 7300-sequence detection system (Applied Biosystems). 

Data were analyzed using the comparative threshold cycle (Ct) method and results are 

expressed as fold difference.

Statistical Analysis

To ensure a normal distribution, data were subjected to the Shapiro-Wilk test using 

Statistical Analysis Systems (SAS) statistical software (Cary, NC). To determine significant 

main effects and interactions between main factors, single LPS injection data were analyzed 

using one-way (i.e., Saline and LPS) or two-way (i.e., LPS × Time) ANOVA using the 

General Linear Model procedures of SAS. Repeated LPS injection data were analyzed using 

one-way (i.e., Saline and LPS 1× and LPS 4×) or two-way (Group × Time) ANOVA using 

the General Linear Model procedures of SAS. When appropriate, differences between 

treatment means were evaluated by an F-protected t-test using the Least-Significant 

Difference procedure of SAS. All data are expressed as treatment means ± standard error of 

the mean (SEM). Values were considered to be significantly different at p-values < 0.05 and 

a tendency at p-values = 0.06 to 0.1.
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Results

Acute LPS challenge promoted a transient sickness response that was resolved within 48 
h

In glial biology, analysis of morphology is commonly used as a single measure to report on 

the activation state of microglia (de-ramification, Iba-1 labeling) and astrocytes (astrogliosis, 

GFAP labeling). Morphological analysis alone may not be a reliable index of inflammatory 

profile, especially in the context of activation profiles and their influence on behavioral or 

physiological processes. Therefore, the objective of this study was to temporally compare 

behavioral responses after LPS challenge to glial specific levels of cytokine expression and 

morphological profiles.

In the first study, adult male BALB/c mice were injected i.p. with LPS (10 µg), and several 

indices of sickness behavior (e.g., weight loss, lethargy, social interaction) were determined 

over a 72 h time course. Fig.1A shows that single i.p. injection of LPS reduced body weight 

in a time dependent manner (F(5,71)=7.27, p<0.001). Body weight was reduced by 4 h after 

LPS (p<0.01) and mice continued to lose body weight through 48 h. LPS challenge also 

decreased locomotor activity in a time dependent manner (F(6,87)=7.33, p<0.001, Fig.1B). 

For example, LPS injection initially reduced locomotor activity (2–12 h post injection, 

p<0.001), but locomotion steadily increased after 12 h and reached baseline activity by 72 h. 

LPS injection had a similar time dependent effect on social exploratory behavior 

(F(6,74)=5.71, p<0.001, Fig.1C). Social exploratory behavior was most reduced between 2 

and 4 h following LPS (p<0.001, for each) and returned to baseline levels by 24 h. Overall, 

acute injection of LPS induced an active sickness response in which mice recovered to 

baseline social exploration by 24 h and baseline locomotor activity by 48 h.

LPS injection causes the acute phase response with the release of inflammatory cytokines 

into circulation, including IL-6 (Skelly et al., 2013). Therefore, IL-6 was determined in the 

plasma of mice used in the behavioral studies above. Fig.1D shows increased IL-6 in the 

plasma 2–12 h after LPS challenge (p<0.02). IL-6 levels returned to baseline by 24 h after 

LPS and were undetectable 48 and 72 h after LPS (data not shown). Thus, there is a transient 

increase in plasma IL-6 after peripheral LPS injection.

Acute LPS challenge induced concomitant induction of inflammatory, regulatory, and 
acute phase markers in the brain

To assess the overall inflammatory status of the brain, a coronal brain section was collected 

during a similar time course as the sickness behavior (2, 4, 12, 24, and 48 h after LPS 

injection). In these samples, mRNA expression of several inflammatory (IL-1β, IL-6, and 

TNFα), regulatory (IL-4Rα, IL-10, YM-1, TGFβ), and acute phase genes (Serum amyloid 3, 

Ceruloplasmin, Haptoglobin) was determined (Table 1).

The mRNA levels of two markers associated with the identification of microglia (Iba-1) or 

astrocytes (GFAP) were determined. Iba-1 expression was increased in the brain 24 h after 

LPS (p<0.01) and GFAP expression was increased 12–24 h after LPS (p<0.01). Overall, the 

induction of these markers was modest and not detectable until 24 h after LPS.
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There was a significant increase in mRNA levels of IL-1β, IL-6, TNFα beginning at 2 h and 

continued through 4 h for IL-6 and 12 h for both IL-1β and TNFα (p<0.05). Two of the 

regulatory genes had a rapid induction and two had a delayed induction after LPS. Induction 

of IL-10 mRNA began at 2 h (p<0.01), but these levels returned to baseline by 12 h. IL-4Rα 

was also increased by 2 h (p<0.03) and was maintained for 12 h after LPS (p<0.01). The 

induction of the other two regulatory genes associated with an M2 microglial phenotype, 

TGFβ and YM-1, however, was delayed until 12–24 h after LPS (p=0.1). These data are 

consistent with previous findings that astrocytes increase TGFβ mRNA expression during 

resolution of inflammation following LPS (Norden et al., 2014a).

The acute phase proteins Saa3, CerulP, and HaptoG followed a similar time course. Saa3 

was induced at 4 h (p=0.1), peaked at 12 h (p<0.01) and remained elevated 24 h after LPS 

(p<0.05). CerulP and HaptoG were increased by 4 h after LPS (p<0.01) and were 

maintained 24 h later (p=0.08). Overall, inflammatory, regulatory, and acute phase genes 

were all enhanced in the brain by 4 h after LPS. Notably, TGFβ, YM-1, and Saa3 had a 

delayed induction after LPS and were still elevated 24 h later.

Rapid microglial cytokine induction after acute LPS challenge preceded astrocyte cytokine 
expression

We next sought to determine the mRNA profiles of astrocytes and microglia over a 48 h 

time course after a single LPS challenge. Microglia and astrocytes were isolated and 

enriched using a Percoll density gradient (Fig.2A) and mRNA levels of several pro-

inflammatory genes (IL-6, IL-1β, TNFα, CCL2) and anti-inflammatory genes (IL-10 and 

TGFβ) were determined.

Fig.2B shows representative bivariate dot plots of CD11b and CD45 labeling of Percoll 

enriched microglia and CD11b and Glast-1 labeling of Percoll-enriched astrocytes. As we 

have previously reported (Henry et al., 2009; Norden et al., 2014a), isolation from the 70–50 

interphase preferentially enriched (over 85%) for microglia (CD11b+/CD45low). CNS 

macrophages (CD45high) were also present in the 70–50 interphase of Percoll but were less 

than 2% and this percentage was not influenced by LPS injection. Furthermore, isolation 

from the 50–35 interphase of Percoll preferentially enriched (over 70%) for astrocytes 

(CD11b-/Glast-1) and this percentage was not influenced by LPS injection.

In enriched microglia, there was a rapid response to LPS with mRNA induction of several 

pro-inflammatory genes including IL-6, IL-1β, and TNFα (F(5,40)=6.78, p<0.001, for each). 

Fig.2C shows an initial and peak 10-fold induction of IL-6 at 2 h (p<0.01) that was 

maintained at 4 h (p<0.01) but back to baseline expression by 12 h. Likewise, IL-1β mRNA 

induction in enriched microglia was robustly increased 40-fold at 2 h after LPS (p<0.01) and 

80-fold at 4 h (p<0.01, Fig.2D). Microglial IL-1β expression remained elevated 12 h after 

LPS (p<0.05) but was back to baseline by 24 h. Levels of TNFα and chemokine CCL2 

mRNA were also elevated by 2 h in enriched microglia (p<0.01, for each) and were 

maintained up to 12 and 24 h after LPS, respectively (p<0.05, Figs.2E&F). In microglia, the 

peak of pro-inflammatory cytokine expression occurred 2 to 4 h after LPS injection and was 

back to similar levels as saline injected controls by 24 h.
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There was also a rapid response to LPS with induction of the anti-inflammatory cytokine 

IL-10 in enriched microglia. Microglial induction of IL-10 was evident by 2 h after LPS 

(p<0.05), highest at 4 h (p<0.01), and tended to be maintained 24 h after LPS (p=0.10) (Fig.

2G). TGFβ, however, was not induced in enriched microglia at any time point after LPS 

injection (Fig.2H). Thus, there was a concomitant induction of IL-10 mRNA in enriched 

microglia with pro-inflammatory mediators including IL-1β, IL-6, and TNFα.

In enriched astrocytes, LPS challenge increased the mRNA expression of several 

inflammatory genes in a time dependent manner (Figs.2I–K). There was a limited induction 

of IL-6 mRNA in enriched astrocytes that was only elevated 2 h after LPS (p<0.01, Fig.2I). 

IL-1β mRNA in astrocytes was detected by 2 h (p<0.03) and was highest at 12 h (p<0.01, 

Fig.2J). There was also a 15-fold induction of TNFα in enriched astrocytes 12 h after LPS 

(p<0.01, Fig.2K). This increase was maintained at 24 h (p<0.01), but returned to baseline 

expression by 48 h after LPS. Similar to the TNFα induction, there was a 20-fold induction 

of CCL2 in astrocytes at 12 h after LPS (p<0.01) that was maintained at 24 h after LPS 

(p<0.01, Fig.2L).

Enriched astrocytes did not have a significant induction of IL-10 after LPS (Fig.2M). The 

mRNA expression of TGFβ tended to be reduced in enriched astrocytes 2 and 4 h after LPS 

(p=0.1, Fig.2N). At 24 h after LPS, however, the expression of TGFβ was significantly 

increased compared to saline injected controls (p<0.05, Fig.2N). Taken together, the peak of 

pro-inflammatory cytokine and chemokine mRNA expression in enriched astrocytes 

occurred between 12 and 24 h after LPS injection, which was delayed compared to the 

robust induction of cytokines in microglia at 2–4 h.

Iba-1 immunoreactivity of microglia was increased in the cortex and hippocampus 24 and 
48 h after LPS challenge while GFAP immunoreactivity of astrocytes in the hippocampus 
was unaffected

Here we show evidence of glial induction of cytokines within 2 h of a peripheral LPS 

injection that corresponded with active sickness behavior. Therefore, we next sought to 

determine morphological alterations in microglia and astrocytes over the same time course. 

It is important to note that GFAP labels astrocytes in the white matter tracts and the 

hippocampus of mice but does not label astrocytes in the cortex (Zhang and Barres, 2010). 

The hippocampus and cortex were selected for microglial morphological analysis because 

we and others have detected increased Iba-1 immunoreactivity in these regions after 

peripheral LPS challenge (Wohleb et al., 2012). Representative labeling for either Iba-1 

(cortex) or GFAP (hippocampus) is shown 0, 4, 12, 24, 48 and 72 h after LPS injection (Fig.

3A&B). Fig.3A shows that LPS injection was not associated with increased Iba-1 

immunoreactivity at either 4 or 12 h. In fact, these microglia had a similar Iba-1 proportional 

area as the saline controls (Fig.3C). At 24 and 48 h following LPS, however, microglia had 

larger cell bodies and thicker processes, consistent with a de-ramified morphological profile, 

and there was a significant increase in Iba-1 immunoreactivity (p<0.05, Fig.3A&C). Similar 

to the frontal cortex, increased Iba-1 proportional area was evident in microglia of the 

hippocampus 24–72 h after LPS (p<0.05, Fig.3D). For astrocytes, there were neither 

differences in morphology (Fig.3B) nor GFAP immunoreactivity at any time after LPS 
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injection (Fig.3E). Thus, immunoreactivity of Iba-1 was evident 24–48 h after LPS but 

delayed compared to the rapid cytokine mRNA induction. Although there was a detectable 

increase in cytokine expression in enriched astrocytes after LPS, there were no differences 

in GFAP labeling detected in astrocytes over the same time course.

Acute LPS challenge corresponded to a more pronounced active sickness response over 
24 h compared to repeated LPS challenge

Our data indicate that an acute LPS i.p. challenge was sufficient to rapidly activate both 

microglia and astrocytes to induce cytokine expression and promote sickness behavior. 

However, the morphological changes lagged the mRNA activation profile. Other studies 

have used a repeated LPS injection paradigm (i.e., LPS pre-conditioning) with four 

injections to investigate microglial activation and neuroprotective properties (Cardona et al., 

2006; Chen et al., 2014; Chen et al., 2012). Therefore, we next sought to determine the 

degree to which an acute LPS injection differed from the repeated LPS injection in the 

context of sickness behavior, glial cytokine induction, and morphological changes. To be 

consistent with other studies using repeated LPS injections, a higher dosage of LPS (20 µg 

per mouse) was used (Bodea et al., 2014; Cardona et al., 2006; Chen et al., 2012; Puntener et 

al., 2012). This dose was twice as high as the LPS dosage used in Figs.1–3. The diagram 

provided (Fig.4A) outlines that mice received either one (LPS 1×) or four daily injections 

(LPS 4×) of LPS (20 µg) and behavior and mRNA/morphological analyses were determined 

24 h after the last LPS injection.

The percentage of body weight loss was determined over the 4 days of repeated LPS 

injections. Mice injected repeatedly with LPS lost body weight (p<0.01, Fig.4B). During the 

course of four daily injections, however, loss of body weight occurred only during the first 

two days and was maintained during the subsequent two days of LPS injections. Social 

exploratory behavior was determined at baseline and again 4, 12 and 24 h after the last LPS 

injection. Similar to the behavioral response induced by10 µg of LPS (Fig.1D), social 

exploratory behavior was reduced 4 and 12 h after LPS (p<0.01, for each) but was resolved 

by 24 h after LPS 1× injection (Fig. 4C). In the LPS 4× mice, however, there was no 

significant reduction in social exploratory behavior 4, 12, or 24 h after the last LPS 

injection.

To assess the peripheral cytokine response, IL-6 levels were determined in the plasma 24 h 

after the last injection of LPS. Plasma IL-6 levels were elevated in LPS 1× mice compared 

to saline controls (p<0.01, Fig.4D). Plasma IL-6 levels in LPS 4× mice, however, were 

decreased and not different from saline controls. Overall, LPS 1× mice had evidence of 

“active sickness response” 4–12 h later but these differences in behavioral and were no 

longer evident after the 4th repeated injection of LPS.

A more pronounced active inflammatory response was evident in the brain 24 h after acute 
LPS challenge compared to repeated LPS challenge

After completion of the behavioral testing (24 h), a coronal brain section was collected to 

assess the overall inflammatory status of the brain (Fig.5A). In these samples, mRNA 

expression of several pro-inflammatory (IL-1β and TNFα), regulatory (IL-4Rα, YM-1, 
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TGFβ), and acute phase genes (Saa3, CerulP, HaptoG) were determined. Fig.5A&B shows 

that mRNA levels of IL-1β and TNFα were elevated in LPS 1× mice (p<0.01) but were 

attenuated in LPS 4× mice (p<0.01). The regulatory gene, IL-4Rα, was also highest in the 

LPS 1× mice compared to all other groups (p<0.01). YM-1 and TGFβ were increased 

following both one and four injections of LPS (p<0.01). Similarly, acute phase genes, Saa3, 

CerulP, and HaptoG, were increased in the brain 24 h after the last injection of LPS 1× and 

LPS 4× mice (p<0.05, for all).

Next, mRNA expression of two inflammatory mediators (IL-1β and TNFα), two regulatory 

genes (IL-4Rα and YM-1), and one acute phase gene (HaptoG) were determined in Percoll-

enriched microglia. IL-1β mRNA was elevated at 24 h in LPS 1× mice (p<0.01) but these 

IL-1β levels were attenuated in LPS 4× mice (p=0.06, Fig.5B). In addition, TNFα was still 

increased 24 h after LPS 1× (p<0.03), but was no longer increased 24 h after the last 

injection of LPS in LPS 4× mice (Fig.5C). Similarly, Fig.5D shows that IL-4Rα was still 

elevated 24 h after LPS in LPS 1× mice (p<0.04) but these levels were attenuated in LPS 4× 

mice. YM-1 mRNA levels tended to be increased 24 h after LPS in 1× mice (p=0.1), and 

these levels were further elevated in LPS 4× mice compared to all other treatment groups 

(p<0.02, Fig.5E). The acute phase gene HaptoG was also elevated in both LPS 1× (p<0.02) 

and LPS 4× mice, and these levels were significantly increased in LPS 4× mice compared to 

all other treatment groups (p<0.01, Fig. 5F). Taken together, the expression of pro-

inflammatory genes was decreased in microglia from mice with repeated LPS injections 

while the mRNA expression of YM-1 and HaptoG were enhanced.

Increased Iba-1 immunoreactivity of microglia in the cortex and hippocampus 24 h after 
acute and repeated LPS challenge with no change of GFAP immunoreactivity of astrocytes

The behavioral data indicate that the LPS 4× mice do not have an active sickness response 

and the microglia of LPS 4× mice have more of a resolution phase mRNA profile compared 

to the LPS 1× mice. Next we sought to determine the degree to which morphology 

differences correlated with the resolution phenotype. The morphological profile of microglia 

(Fig.6A) and astrocytes (Fig.6B) was assessed 24 h after the last LPS injection. Fig.6A 

shows representative Iba-1 labeling in the cortex of saline (0 h) and LPS (1×, 4×) injected 

mice 24 h after the final LPS injection. Microglia of both LPS 1× and LPS 4× mice had 

larger cell bodies and thicker processes. There was a significant increase in Iba-1 

immunoreactivity of microglia following either LPS 1× or LPS 4× injection in both the 

frontal cortex (p<0.05, Fig.6C) and hippocampus (p<0.05, Fig.6D) 24 h after the last LPS 

injection. There was no difference in Iba-1 immunoreactivity of microglia between mice 

injected one or four days with LPS. Therefore, independent of repeated injection, microglia 

24–48 h after LPS had increased Iba-1 immunoreactivity.

Fig.6B shows representative GFAP labeling in the hippocampus of saline (0 h) and LPS (1×, 

4×) injected mice 24 h after the last LPS injection. Again, there was no difference in GFAP 

morphology or immunoreactivity of astrocytes following one or four repeated LPS 

injections (Fig.6B&E). Overall, these data show that while there were behavioral and 

mRNA profile differences between one and four repeated LPS injected mice, there were no 

detectable differences in glial morphology.
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Discussion

There is significant interest in understanding the role of glial cells under homeostatic and 

inflammatory conditions. Emerging evidence indicates that microglia and astrocytes have 

specific and dynamic roles during immune activation. One issue in glia biology, however, is 

that morphological analysis alone is used to report on the activation state of microglia and 

astrocytes. Here we show that elevated cytokine expression by microglia correlates to active 

sickness behavior and precedes alterations in glial morphology. For example, microglia had 

increased inflammatory cytokine mRNA expression during the active sickness behavior 

phase (Fig.7). Increased Iba-l immunoreactivity and morphological alterations in microglia, 

however, were delayed and were only evident during the resolution/recovery phase. While 

astrocytes also had increased inflammatory mRNA expression, these were delayed 

compared to microglia and there was no increase in GFAP immunoreactivity at any time 

point after LPS. Moreover, cytokine induction in glia also did not correlate with 

morphological changes after repeated LPS challenge. Taken together, Iba-1 and GFAP 

labeling alone were unreliable readouts of “glial activation” in the context of LPS-induced 

sickness behavior. Thus, this study highlights the importance of using a multi-pronged 

approach to report on activation states of glia.

One important component of this study is that LPS-induced sickness behavior is cytokine 

(IL-1, IL-6, TNF) mediated, (Bluthe et al., 2000a; Bluthe et al., 2000b; Laye et al., 2000; 

Skelly et al., 2013) so it provides a functional basis to compare glial mRNA, morphological, 

and behavioral profiles to each other. Notably, activation of the neurovascular unit 

(endothelial cells) is a key component to how the induction of a peripheral innate immune 

response communicates to the brain (Ching et al., 2007; Gosselin and Rivest, 2008; Serrats 

et al., 2010; Skelly et al., 2013; Wohleb et al., 2014). Once that signal gets to the brain, it is 

propagated by cytokine production from perivascular macrophages and microglia (Henry et 

al., 2009; Norden et al., 2014a; Serrats et al., 2010; Zamanian et al., 2012). Thus, this is a 

complex and highly coordinated interaction between several cell types within the CNS. Here 

we show that genes associated with M1 (IL-1β, TNFα, IL-6), M2 (IL-10, IL-4Rα, YM-1) 

and acute phase (Saa3, CerulP, HaptoG) responses were increased following LPS injection 

in coronal brain sections. Consistent with previous studies, M2 markers IL-4Rα and IL-10 

were significantly increased concomitant with the induction of pro-inflammatory markers 

during active sickness behavior 2–4 h (Fenn et al., 2012; Henry et al., 2009; Sierra et al., 

2007). There was not a clear shift from M1 to M2 profile with the resolution of LPS-induced 

sickness behavior. Nonetheless, there was a time dependent transition from an active to a 

resolution phase of glial activation, which is outlined in Fig.7. For example, there was a 

persistence of regulatory factors including IL-10, YM-1 and HaptoG in microglia and TGFβ 

in astrocytes during the resolution phase. Despite these data, understanding differences in 

M1 and M2 activation profiles of microglia is relevant in neurotrauma, aging, and disease 

(Cunningham, 2013; Kumar et al., 2013; Norden et al., 2014b). For instance, an enhanced 

M1 profile of microglia with age or after TBI was detrimental to recovery from LPS 

challenge and was associated with exaggerated microglial activation and prolonged sickness 

and depressive-like behaviors (Fenn et al., 2014a; Godbout et al., 2005; Godbout et al., 

2008; Wynne et al., 2010). In addition, a reduced M2 profile of microglia and macrophages 
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after TBI or SCI was associated with more tissue damage and reduced functional recovery in 

aged rodents (Fenn et al., 2014b; Kumar et al., 2013). Overall, we show that active sickness 

behavior after LPS was associated with parallel induction of M1 and M2 related genes.

Our data also show the direct association between microglial specific expression of pro-

inflammatory cytokines and the induction and maintenance of sickness behavior. As 

expected, LPS i.p. injection (10 or 20 µg) elicited a transient sickness behavioral response 

evident within 2 h and resolved by 24 h (Berg et al., 2004). Sickness behavior at the acute 

time points (2–4 h) corresponded with robust pro-inflammatory cytokine (IL-1β, TNFα) 

expression specifically by microglia (and not astrocytes). Notably, significant microglial 

depletion with CSF1R antagonist attenuated LPS-induced IL-1β and TNFα expression in the 

brain (Elmore et al., 2014). These data are consistent with a study using minocycline, a 

purported microglia inhibitor, which reduced microglia, attenuated IL-1 and TNF 

expression, and facilitated the recovery from LPS induced sickness behavior (Henry et al., 

2008). Although mRNA expression was determined in this study, we have previously 

detected correspondingly higher protein levels of IL-1β and IL-4Rα in microglia 4 h after 

LPS (Henry et al., 2009)(Fenn et al., 2012). In addition, we have reported a robust reduction 

of CX3CR1 (fractalkine receptor) on the surface of microglia at 4 h after LPS (Wynne et al., 

2010). Furthermore, CX3CR1 surface expression on microglia of adult mice returned to 

baseline at 24 h, parallel with resolution of pro-inflammatory cytokine expression and the 

recovery from sickness behavior (Wynne et al., 2010). Overall, the timing of microglial pro-

inflammatory cytokine expression reflects active sickness behavior induced by LPS 

challenge.

Novel data also shows that the peak of inflammatory cytokine expression by astrocytes 

(IL-1β, CCL2, TNFα) occurred 12 h after LPS. Notably this induction of CCL2 and TNFα 

was delayed compared to the rapid and robust cytokine induction by microglia. These data 

are interpreted to indicate sequential glia activation with microglia becoming activated first, 

and then astrocytes are activated. It is unclear, however, if this sequential cytokine induction 

by astrocytes 12–24 h after LPS represents an inflammatory or regulatory response. For 

example, the timing of the astrocyte peak expression of cytokine mRNA corresponds with 

the resolution of sickness behavior and microglial activation. Moreover, this secondary 

activation of astrocytes was associated with higher TGFβ mRNA induction. This is relevant 

because our previous work indicates that IL-10 produced by microglia stimulates astrocytic 

TFGβ, which provides negative feedback on microglial activation and attenuates sickness 

behavior (Norden et al., 2014a). Here, delayed induction of TGFβ mRNA was detected in 

astrocytes, but no relative induction in microglia. Also consistent with our previous study, 

microglia had strong induction of IL-10 after LPS, but IL-10 was not increased in astrocytes. 

Overall, there is key differential expression and timing of cytokine expression of microglia 

and astrocytes that are interpreted to indicate sequential activation and evidence of dynamic 

communication between two cell types.

Another relevant aspect of this study is the lack of connection between the morphological 

profile of glia and the corresponding increased inflammatory mRNA profile after LPS 

challenge. Importantly, neither behavior nor mRNA profiles of microglia corresponded with 

the increased de-ramified Iba-1 morphology of microglia. During the active cytokine 

Norden et al. Page 12

Glia. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression phase 2–12 h after LPS, microglia from saline and LPS injected mice displayed 

similar Iba-1 immunoreactivity. Increased Iba-1 immunoreactivity and de-ramification was 

not detected in the hippocampus and cortex until 24–48 h after LPS. On an mRNA level, 

Iba-1 expression also had a delayed induction following LPS (24–48 h). These data are 

consistent with a previous study using LPS injection in a model of preclinical prion disease 

where differential cytokine induction was detected independent of morphological 

differences (Cunningham et al., 2005b). Similar to the microglial assessments, astrocytes 

had an increased mRNA expression profile associated with activation but did not have a 

corresponding increase in GFAP immunoreactivity. Furthermore, incongruence between the 

activation mRNA profile of glia and morphological changes was also evident in the repeated 

LPS challenge. LPS (10 µg), LPS (20 µg), and LPS 4× (20 µg) all had different mRNA 

profiles but the same level of Iba-1 and GFAP immunoreactivity 24 h after the last LPS 

injection. Thus, morphological analysis alone would not provide a representative assessment 

of activation following acute or repeated LPS challenge. Our collective data indicate that the 

de-ramified morphology after a peripheral challenge with LPS represents a resolution phase 

of microglia cytokine induction and corresponding sickness behavior.

Our study highlights the limitations of myriad studies that only use Iba-1 and GFAP labeling 

and report on the “inflammatory” states of glia. Indeed, the data from our time course 

provided in this study show the importance of using multiple approaches (behavior, glial 

specific mRNA, morphology) when reporting on the level of microglial activation. We 

acknowledge that when microglia are chronically activated in neurodegenerative disease 

(Cameron et al., 2012; Cunningham et al., 2005a), CNS infection (Nayak et al., 2013), 

traumatic CNS injury (Cao et al., 2012; Detloff et al., 2008; Kumar et al., 2013), or stress 

(Kreisel et al., 2014; Wohleb et al., 2011) a de-ramified Iba-1 profile of microglia is likely a 

good representation of a pro-inflammatory profile. In addition, other more sensitive 

morphological approaches that include analysis of glial soma area, cell length, cell 

perimeter, process length and size may be more revealing about activation state (Kongsui et 

al., 2014). Although, based on how rapidly active microglia express cytokines, there will be 

a significant time lag between activation and the detection of any of these morphological 

differences.

Another important finding is that repeated LPS injections did not amplify the response to 

LPS in the context of sickness behavior and biochemical or morphological analysis of glia. 

Four repeated injections of LPS (provided every 24 h) led to immune tolerance and an 

overall less inflammatory profile in the brain compared to 24 h after an acute injection of the 

same LPS dose. In support of this idea, LPS 4× mice showed no sickness behavior 24 h after 

the last injection. In addition, plasma IL-6 levels were no longer elevated 24 h after the 

fourth injection of LPS. These data are consistent with studies showing that multiple 

exposures to the same stimuli lead to immune tolerance of peritoneal macrophages (Biswas 

and Lopez-Collazo, 2009), which are the cells responding to the i.p injection of LPS. 

Notably, LPS 1× and LPS 4× mice had a similar de-ramified morphology of microglia. 

Enriched microglia from LPS 4× mice, however, had lower inflammatory cytokine mRNA 

expression and maintained higher levels of YM-1 (M2) and HaptoG (acute phase) 

expression compared to microglia from LPS 1× mice. It is important to mention that the 

amplified YM-1 mRNA induction in microglia in LPS 4× mice compared to LPS 1× mice 
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was not reflected in the coronal brain section. Thus, YM-1 was specifically upregulated in 

enriched microglia. Overall, this anti-inflammatory profile of microglia associated with 

repeated LPS challenges is proposed to be neuroprotective (Chen et al., 2014). For example, 

repeated LPS injection prior to brain injury was associated with reduced cell death and 

lesion volume induced by cryogenic brain injury (Chen et al., 2012). Similar to our data, at 

24 h after the last injection of LPS, microglia had pronounced de-ramified morphology, 

higher YM-1 and IL-4Rα, and a lower M1 profile (Chen et al., 2012). This increased 

microglial expression of YM-1 is important as it represents an enhanced M2a and repair 

supportive profile (Colton, 2009). Similar to repeated LPS injections, YM-1 expression was 

also enhanced in microglia by the anti-inflammatory agent minocycline (Fenn et al., 2012) 

and by IL-4 administration (Pepe et al., 2014). The maintenance of elevated HaptoG 

expression in microglia may represent a profile consistent with neuroprotection and iron 

sequestration following CNS injury (Zhao et al., 2009). Overall, repeated injections of LPS 

did not amplify the inflammatory response, however, it may shift the microglia profile 

towards neuroprotection.

The data collected in this repeated LPS paradigm was during the resolution phase of 

microglial activation (24 h). Thus, the potential neuroprotective properties of microglia after 

inflammatory resolution are likely time dependent and not solely an effect of repeated LPS 

injections. In fact, studies have also reported less extensive injury when pre-treated with 

acute LPS 24–72 h prior to CNS injury (Hayakawa et al., 2014; Stevens et al., 2011). At the 

height of inflammation, however, the potential of microglia to be neuroprotective may be 

altered. For instance, cytokine levels in the brain were elevated after 2 injections of LPS 

compared to 1 injection at an acute time point after LPS (3 h) (Puntener et al., 2012). While 

we report on repeated injections being immune tolerant, another study showed that microglia 

were more activated following four repeated injections of LPS (1µg/gbw) compared to one 

injection (4µg/gbw) (Bodea et al., 2014). In this study, however, microglia were analyzed by 

Iba-1 immunoreactivity 4 days after the single injection and only 24 h after the 4th repeated 

injection. Overall, our study is consistent with the notion that the resolution phase of 

microglial activation, independent of acute or repeated LPS challenge, is potentially 

neuroprotective.

In summary, neither Iba-1 nor GFAP immunoreactivity alone adequately informed on the 

pro-inflammatory state of microglia or astrocytes. In the context of a peripheral LPS 

challenge, Iba-1 immunoreactivity 24–48 h after LPS corresponded with the resolution 

phase of the cytokine and behavioral response. We also provide evidence of a delayed 

response of astrocytes that may correspond with anti-inflammatory feedback on microglia. 

In addition, mice with repeated LPS injections had a similar morphological profile of 

microglia as acute LPS injected mice but had reduced inflammatory mRNA profile and 

attenuated sickness behavior. Collectively, these data indicate that multiple approaches 

(behavior, glial specific mRNA, and morphology) are required to provide a reliable 

interpretation of the inflammatory profile and the activation state of glia.
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Main points

Increased pro-inflammatory cytokine expression by microglia correlated with active 

sickness behavior. Increased morphological activation was delayed following the LPS 

injection and corresponded with a resolution phase of microglia activation. Microglial 

Iba-1 or astrocytic GFAP immunoreactivity are unreliable indicators of activation and a 

multipronged approach is necessary to report on the activation state of glia.
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Figure 1. Acute LPS challenge promoted a transient sickness response that was resolved within 
48 h
Adult BALB/c mice were injected (i.p.) with saline or LPS (10 µg). Over a 72 h time course, 

A) body weight, B) locomotor activity, and C) social exploratory behavior were determined. 

D) IL-6 protein levels were determined in plasma collected 2, 4, 12, 24, and 48 h later. Data 

expressed as percent change from baseline. Means with (*) are different from saline controls 

(p<0.05) and means with (+) tend to be different from saline controls (p=0.06–0.10).
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Figure 2. Rapid microglial cytokine induction after acute LPS challenge preceded astrocyte 
cytokine expression
Adult mice received (i.p.) saline or LPS (10 µg) and A) astrocytes and microglia were 

isolated and Percoll-enriched 2, 4, 12, 24, and 48 h later. B) Representative bivariate dot 

plots of CD11b and CD45 labeling of microglia and CD11b and Glast-1 labeling of 

astrocytes collected after Percoll enrichment. Levels of C) IL-6, D) IL-1β, E) TNFα, F) 

CCL2, G) IL-10, and H) TGFβ mRNA were determined in enriched microglia. The 

expression levels for I) IL-6, J) IL-1β, K) TNFα, L) CCL2, M) IL-10, and N) TGFβ were 
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determined in enriched astrocytes. Means with (*) are different from saline controls 

(p<0.05) and means with (+) tend to be different from saline controls (p=0.06–0.10).
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Figure 3. Iba-1 immunoreactivity of microglia increased 24 and 48 h after acute LPS challenge 
while GFAP immunoreactivity of astrocytes was unaffected
Brains were collected and Iba-1 and GFAP immunoreactivity was determined 4, 12, 24, 48, 

and 72 h after saline or LPS (10 µg) injection. Representative images of labeling for A) 

Iba-1 (cortex) and B) GFAP (hippocampus) are shown. White arrows indicate the enlarged 

insert of a representative cell. Proportional area of Iba-1 in the C) frontal cortex and D) 

hippocampus. E) Proportional area of GFAP in the hippocampus. *p<0.05 from saline.
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Figure 4. Acute LPS challenge corresponded to a more pronounced active sickness response over 
24 h compared to the behavioral response 24 h after the last injection of repeated LPS
A) Experiment schematic injection paradigm for the single- and four repeated-injections of 

LPS. Adult BALB/c mice were injected i.p. with saline, 1× LPS (20 µg), or 4× LPS (20 µg). 

In LPS 4× mice, the four repeated LPS injections were provided in 24 h increments. B) Over 

the LPS 4× injection time course, body weight was determined daily. C) Social exploratory 

behavior was determined prior to injections and 4–24 h after the last injection of LPS. D) 

Plasma IL-6 levels were determined at 24 h after the last LPS injection. *p<0.05 from saline.
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Figure 5. A more pronounced active inflammatory response was evident in the brain 24 h after 
acute LPS challenge compared to repeated LPS challenge
Adult BALB/c mice were injected (i.p.) with saline, LPS 1× (20 µg), or LPS 4× (20 µg), and 

a 1 mm coronal brain section was collected 24 h after the last injection. A) mRNA 

expression of several inflammatory (“Inflam”), “Regulatory,” and “Acute Phase” markers 

were determined. In the same mice, mRNA levels of B) IL-1β, C) TNFα, D) IL-4Rα, E) 

YM-1, and F) HaptoG were determined in enriched microglia. Means with (*) are different 

from saline controls (p<0.05). Means with (‡) are different from LPS 1× mice (p<0.05).
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Figure 6. Increased Iba-1 immunoreactivity of microglia 24 h after acute and repeated LPS 
challenge with no change of GFAP immunoreactivity
Adult BALB/c mice were injected i.p. with saline, LPS 1× (20 µg), or LPS 4× (20 µg). After 

24 h, brains were collected and Iba-1 and GFAP immunoreactivity was determined. 

Representative images of labeling for A) Iba-1 (cortex) and B) GFAP (hippocampus) are 

shown. White arrows indicate the cell represented in the inset. Proportional area of Iba-1 in 

the C) frontal cortex and D) hippocampus. E) Proportional area of hippocampal GFAP 

labeling. *p<0.05 from saline.
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Figure 7. Time course of biochemical and morphological alterations of microglial and astrocyte 
activation in the context of LPS-induced sickness behavior
This illustration summarizes the biochemical and morphological alterations of microglia and 

astrocytes after peripheral LPS challenge. Activation: Microglia were rapidly and robustly 

activated at 2–4 h after LPS to express cytokines, chemokines and acute phase markers. This 

microglial activation was associated with a ramified Iba-1 morphology and an active 

sickness behavioral response. At 2–4 h astrocytes had a down regulation of TGFβ, limited 

cytokine induction and no alteration in GFAP morphology. Transition: By 12 h after LPS, 

the profile of microglia was attenuated. This change was associated with a ramified Iba-1 

morphology and a resolving sickness behavioral response. Astrocytes had a peak activation 

of cytokine and chemokine expression 12 h after LPS but no alteration in GFAP 

morphology. Resolution: By 24–48 h after LPS microglia had baseline expression of 

cytokines and chemokines, but also had some level of maintenance of IL-10, YM-1 and 

acute phase genes in acute and repeated LPS injection. This regulatory profile, however, was 

augmented by repeated LPS injection. In both cases, microglia resolution was associated 

with de-ramified Iba-1 morphology and resolved sickness behavior. Astrocytes had an 

altered gene expression profile after LPS with increased TGFβ, but no changes were 

detected in their GFAP morphology.
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