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Abstract

Administration of the proinflammatory molecule lipopolysaccharide (LPS) alters transport rates

for many peptides across the blood-brain barrier (BBB). We and others have previously shown

that effects of LPS on BBB transport are highly dependent on the injection paradigm used, and

timing of the study. Cytokine expression in both brain and serum compartments influence the

BBB response to an inflammatory stimulus, and mediate changes in BBB transport. Here, we used

multianalyte technology to simultaneously determine the responses of 13 cytokines and

chemokines (G-CSF, GM-CSF, IL- 1α, IL-1β, IL-6, IL-10, IL-13, IP-10, KC, MCP-1, MIP-lα,

RANTES, and TNF- α) in brain and blood to single and repeated injections of LPS and path

analysis to determine the major relations among these analytes. Major findings are: 1) in

comparison to measurements taken from a time course after a single injection of LPS, the three

injection regimen of LPS produced significantly higher levels in brain for G-CSF, IL-1 alpha,

IL-6, MCP-1, MIP-1 alpha, and TNF and in serum for G-CSF, IL-6, and GM-CSF and 2) path

analysis distinguished direct from indirect correlations between analyte pairs, with MCP-1, IL-6,

G-CSF, and KC mediating relations among these cytokines both within and between serum and

brain compartments. These results suggest that potentiation of cytokine levels in brain and serum

compartments could play important roles in the regulation of BBB transport, and that our novel

application of an established statistical method can be used to assess direct correlations within

multiplexed datasets.
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Introduction

The blood-brain barrier (BBB) is an important part of the central nervous system whose

primary functions include regulation of the permeation of molecules between the brain and

circulation. The BBB accomplishes this by both restricting passage of potentially harmful

circulating molecules through expression of intercellular tight junctions and lowered rates of

macropinocytosis while promoting passage of nutrients and regulatory peptides through

expression of specific transporters (Abbott et al., 2010). Alterations in BBB transport have

been implicated in a number of diseases affecting the CNS, including obesity, diabetes,

Alzheimer’s disease, and neuro-AIDS (Banks, 2008; Banks et al., 2006; Castaneda et al.,

2010; Horani and Mooradian, 2003; Zlokovic et al., 2010). Many of these transporters also

show altered functions under inflammatory conditions, suggesting that inflammation could

influence the course of disease through its actions at the BBB. Peripheral injection of

lipopolysaccharide (LPS) is one model of systemic inflammation which has routinely been

used to study alterations in BBB transport. We and others have shown that a peripheral

injection of LPS significantly alters BBB transport systems for insulin, leptin, gp120,

amyloid beta peptide, PACAP, P-glycoprotein substrates and TNF-a (Banks et al., 1999;

Jaeger et al., 2009; Jin et al., 2011; Nonaka et al., 2004; Nonaka et al., 2005; Osburg et al.,

2002; Xaio et al., 2001). Notably, temporal patterns of altered transporter function differed

depending on the peptide studied (Nonaka et al., 2004; Xaio et al., 2001). It was also found

in some of these studies that repeated injection of LPS was more effective at altering BBB

transport of these molecules than a single injection (Banks et al., 1999; Nonaka et al., 2005;

Xaio et al., 2001). The mechanisms behind both of these effects remain to be understood,

but likely involve changes in inflammatory mediators such as cytokines and chemokines.

Addressing the question of how cytokines and chemokines could affect BBB transport in

vivo is complex for a number of reasons. First, cytokines and chemokines produced either in

the blood or brain compartments, as well as by brain endothelial cells themselves could

influence BBB function (Verma et al., 2006). This is further complicated by the ability of

the BBB itself to transport cytokines from one compartment to the other (Banks and

Erickson, 2010). This spatial component necessitates measuring cytokines and chemokines

at the protein level in both brain and blood. Second, cytokine signaling is highly dependent

on the context of their receptor environment as well as other pro-inflammatory and anti-

inflammatory signals that are present (Opal and DePalo, 2000). Therefore, measuring panels

of cytokines together may provide a better overall picture of their influence on a

physiological process. Third, cytokines and chemokines show distinct temporal profiles

following an inflammatory insult (Zetterstrom et al., 1998), so timing of the study must also

be taken into consideration.

In this study, we used multianalyte technology to measure simultaneously in mouse brain

and serum levels of granulocyte colony-stimulating factor (G-CSF), granulocyte-

macrophage colony-stimulating factor (GM-CSF), interleukins-lα (IL-lα), -1β (IL-1β), -6
(IL-6), -10 (IL-10), and -13 (IL-13), interferon-inducible protein-10 (IP-10/CXCL10),

keratinocyte chemoattractant (KC/ CXCL1), monocyte chemoattractant protein-1 (MCP-1/

CCL2), macrophage inflammatory protein-lα (MIP-1α/CCL3), regulated upon activation,

normal T-cell expressed, and secreted (RANTES/ CCL5), and tumor necrosis factor-α
(TNF- α) at multiple time points after receiving a single injection or at a single time point

after receiving repeated injections of LPS. These 13 analytes were chosen based on previous

findings that levels were altered in serum after 3 injections of LPS within a 24 hour period

(Jaeger et al., 2009), or based on established roles in the neuroinflammatory process (Roth

and De Souza, 2001; Zetterstrom et al., 1998). This study was designed to address the

following questions: 1) Do changes in temporal patterns of cytokine expression in brain or

serum parallel changes observed for BBB transport, 2) Do cytokine profiles change in brain
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or serum when comparing single to repeated injections, and 3) How do cytokine networks

change within and between serum and brain compartments when comparing single vs.

repeated LPS injections. The first two questions were addressed by generating time curves

for cytokine expression and ANOVA analysis. The third question was addressed by

applying path analysis (Baron and Kenny, 1986) to produce a diagram of direct correlations

between measured analytes in brain and serum compartments. Our results identified

cytokines and chemokines that are temporally matched to changes in BBB transport, as well

as those whose expression significantly changes with one vs. three LPS injections. Path

analysis identified cytokines and chemokines with the most direct connections to other

analytes, and how these connections change when comparing single to repeated LPS

injections. This demonstrates a novel application to an established, relatively simple

statistical method that can be used to better understand cytokine biology in health and

disease.

Methods

Experimental design

A total of 42 CD-1 mice were separated into six groups of seven, treated with LPS, and their

brains and serum harvested following time points specified in this section. An illustration of

the injection paradigms is shown in Scheme 1. The first group remained untreated, and was

used as the zero time point. The second through fifth groups received a single LPS injection,

and were sacrificed 4, 8, 16, or 28 hours post-injection. The sixth group received three

injections of LPS, with the second and third injections administered 6 and 24 hours after the

first. This group was sacrificed 28 hours after the first injection. For statistical comparisons

between single vs. repeated LPS injections, the three injection group was compared to time

zero as well as single injection times 4 and 28 hours because the endpoint of the three

injection paradigm was 28 hours after the first injection and 4 hours after the last injection.

For the method of path analysis (described in greater detail under “statistical analysis”), XY

pairing of individual cytokine measurements for correlation analysis was done for all

possible analyte combinations within and between brain and serum compartments for

measurements taken from a single animal. This method of analysis was repeated for three

separate data sets. The first included all six groups of injection regimens and time points

studied. The second included time zero and all single injection time points, but excluded the

repeated injection regimen and the third included only the time zero and repeated injection

group.

Animal use and tissue collection

All animal studies were performed under protocols approved by the VA animal care and use

committee, and in accordance with IACUC guidelines. LPS from Salmonella typhimurium

(Sigma, St. Louis, MO) was dissolved in normal saline and administered to 6-8 week-old

male CD-1 mice by giving one or three intraperitoneal injections at a dose of 3 mg/kg per

injection. Single or repeated injections of LPS at this dose produce outward signs of sickness

behavior (Kelley et al., 2003), including significant weight loss (Banks et al., 1999). All

mice receiving a single or repeated LPS injection at this dose survived in the present study,

although mortality occurs occasionally for the three injection regimen at a rate under 5%

(unpublished results). Brains and serum were harvested at specified times following LPS

injection as detailed in the experimental design section. Brains collected were promptly

removed of meninges, cut in half, weighed, and snap-frozen in isopentane. Serum was

collected after centrifuging the blood samples at 1000g for 10 minutes. Both hemibrains and

serum were stored at -80°C until further use.
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Protein extraction from brain tissue

For total protein extraction we used a modified protocol adapted from methods previously

described for analysis of cytokine/chemokine panels in brain (Fox et al., 2005). A single

hemibrain was weighed and homogenized with a polytron bench top homogenizer

(Kinematica, Switzerland) in a 5 X volume of extraction buffer (20mM Tris HCl, 0.15 M

NaCl, 2mM EDTA, 1mM EGTA, and Protease Inhibitor Cocktail; Sigma, St. Louis, MO).

Samples were centrifuged (1,000 x g) for 10 min at 4°C, then the supernatant removed and

centrifuged a second time (20,000 x g for 40 min at 4 °C) to remove any remaining debris.

For all samples, protein levels were quantified with a BCA Protein Assay Kit (Pierce

Biotechnology, Rockford, IL).

Measurement of cytokines and chemokines in serum and brain supernatants

All cytokine and chemokine measurements were performed by Millipore, Inc. (St. Charles,

MO), and the procedure for measuring cytokines in brain tissue has been described

elsewhere (Fox et al., 2005). Concentrations of G-CSF, GM-CSF, IL- 1α, IL-1β, IL-6,

IL-10, IL-13, IP-10 (CXCL 10), KC (CXCL 1), MCP-1 (CCL 2), MIP-1α (CCL 3),

RANTES (CCL 5), and TNF- α were simultaneously determined in brain and serum

samples using a LINCOplexTM mouse cytokine kit. Fluorescent signal was measured with a

Luminex200 reader (Luminex Corp., Austin, TX). Data were calculated by generating a

calibration curve obtained using recombinant cytokines specified above, diluted in kit matrix

for serum samples and extraction buffer for brain samples. Concentrations of cytokines were

calculated using StatLIAs software (Brendan Scientific Corp., Calrsbad, CA) with a five-

parameter logistic curve-fitting method. Cytokine and chemokine concentrations in brain

samples were then normalized to the total protein concentration determined for each sample.

Samples reading out of range for any given cytokine or chemokine (>10,000 pg/ml) were

diluted and re-assayed. Cytokines that were not detected were assigned a value of zero in all

analyses. Information on which cytokines/chemokines were re-assayed and which were not

detected for each time point and injection regimen is provided in supplementary tables 1-4.

Correction of Brain Vascular Space with Radioactive Albumin

Bovine Serum Albumin (BSA, Sigma-Aldrich, St. Louis, MO) was radioactively labeled

with 125I using the chloramine-T method, and purified on a Sephadex G-10 column. Mice

were then injected with 1 × 106 CPM 125I-BSA in the left jugular, and following 5 minutes

of circulation, serum and hemibrains were collected and processed as described above.

Radioactivity was quantified in aliquots of both hemibrain extracts and serum suspensions

using a gamma counter. Total protein concentration in the hemibrain extract was quantified

using a BCA protein assay kit (Thermo Scientific, Rockford, IL). The percent contribution

of serum CPM to final hemibrain extract CPM was then calculated by determining the

tissue-serum ratio in units of milliliters per mg total protein. All brain values were then

corrected for individual serum measurements using the following equation:

Statistical Analysis

Concentrations of analyte from brain and blood samples at each time point following single

injections were compared to time zero for time-course analysis and the single injection time

points specified in the experiemental design section were compared to each other and the

group receiving three LPS injections. Significant differences between groups were found

using one-way ANOVA and Dunnett’s or Neuman-Keuls multiple comparisons tests for
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time course and repeated vs. single injection comparisons respectively. A normal

distribution of data was assumed for the above analysis. Correlation analyses were

performed on cytokine pairs measured in an individual animal using three datasets as

described under experimental design. Spearman correlation coefficients were used so that

results from analyte pairings were not heavily dependent on linear relationships or outliers.

The level of statistical significance based on the Bonferroni correction for 300 comparisons

was adjusted to a p = 0.0002 (r = 0.545). Prism 5 software (GraphPad Inc, San Diego, CA)

was used for all statistical analyses described above.

Path analysis based on methods as outlined by Baron and Kenney (Baron and Kenny, 1986)

was used to further explore relations among cytokines. All analyses described using this

method were done in Excel and by hand. First, the statistically significant correlation

coefficients (r) derived from the simple correlations of all cytokine/chemokine pairings in

each data set (Table 3) were ranked in order from high to low. Starting with the pairs with

the highest correlation coefficients, pairs in which the correlation coefficient was

statistically significant were graphed (see Figure 4) unless the cytokines were already

connected indirectly through other pairings. Violation of this rule would create a chain

passing through a cytokine more than once and was most easily noted visually in figure 4 in

that it would produce a closed loop. The cytokines producing this indirect pathway are

termed mediators. To determine the extent to which the mediators accounted for the

correlation between the pair producing the violation (i.e., closing the loop), the correlation

coefficients of all the mediators were multiplied and subtracted from the correlation

coefficient of the violating pair. If the residual (direct) correlation coefficient remained

statistically significant, then it was deemed that the pair was directly connected and not just

related through the mediating cytokines.

Results

Temporal expression patterns following a single LPS injection

Following initial measurement of cytokines and chemokines in brain and serum, many

analytes either read above the standard curve range or were not detected (supplementary

table 1). To determine the potential contribution of serum retained in the brain vasculature to

the levels of cytokines and chemokines in brain, bovine serum albumin (BSA), a commonly

used marker of vascular space, was labeled with 125I and injected intravenously. After 5

minutes of circulation, serum and brains were collected and processed identically to samples

used for cytokine analysis. The radioactivity in brain homogenate was corrected for protein

concentration, and the volume of serum per milligram of protein in brain extract was

calculated to be 0.20 ± 0.06 μl (n=4, SD). Therefore, 0.02% of the analyte value for serum is

predicted to contribute to the value for brain in Figure 1. For example, a serum value of 2

(106) pg/ml for G-CSF would account for 400 pg/mg of the G-CSF found in brain and

60,000 pg/ml of IL-6 in serum would account for about 12 pg/mg of IL-6 in brain. To

eliminate the possibility of serum values influencing the results for brain analytes in this

study, we subtracted the calculated serum contamination from brain values for each

individual mouse used in this study prior to analysis.

Cytokine and chemokine levels were measured in serum and brain at 0 (no LPS treatment),

4, 8, 16, and 28 hours following a single LPS injection of 3mg/kg. Expression patterns of all

cytokines and chemokines measured after this single injection are shown in Figure 1. Brain

and blood showed similar temporal patterns for G-CSF, IL-6, IL-10, and KC, whereas brain

patterns were distinct from those of serum for the remainder of the cytokines and

chemokines measured. Levels in brain and serum tended to move in different directions for

IL-13 and TNF. Peaks in serum preceded peaks in brain for IL-1α, IL-1β, MCP-1,

RANTES, IP-10, and TNF-α. MIP-lα showed an early peak in brain that corresponded
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temporally to a peak in serum but subsequently showed a peak in brain with no

corresponding peak in serum. GM-CSF was not detected in brain for any of the time points

or injection paradigms used in these studies, and therefore only serum values are shown.

Cytokines which remained significantly elevated in brain at 28 h were IL-1β, MCP-1,

MIP-1a, and RANTES.

Single vs. repeated injections of LPS

To determine whether brain and serum cytokine and chemokine profiles differed in mice

receiving a single LPS injection compared to multiple LPS injections, cytokine and

chemokine levels in brain and serum at 0, 4, and 28 hours following a single injection of

LPS were compared to levels in brain and serum from mice treated with three injections of

LPS over a 24 hour period (Figure 2). The 4 and 28 hour time points in the single injection

group were chosen for comparison because mice receiving repeated LPS injections were

sacrificed 28 h after receiving their first injection, a time point that was also 4 hours after

receiving their third, final injection (Scheme 1). Analysis of these groups showed that

cytokine or chemokine levels after repeated injections of LPS demonstrated distinct patterns

compared to single injection time points that were dependent on the analyte measured as

well as the tissue source. These patterns were categorized into four groups, shown in Table

1: those in which the 3 injection value i) did not differ from the 4 or 28 h single injection

values nor from the 0 time (control) value, ii) differed from the 0 (control) value, iii)

differed from the 4 h single injection value, iv) differed from the 28 h single injection value;

the latter 3 categories are not mutually exclusive. In serum, G-CSF, GM-CSF and IL-6 were

significantly elevated compared to the two single-injection time points and to the control

value. In brain, 3 injections of LPS elevated G-CSF, IL-lα, IL-6, MCP-1, MIP-lα, and TNF-

α compared to controls and the values for a single LPS injection. Notably, cytokines and

chemokines from the three-injection group showing significant increases compared to 0, 4,

and 28 hours also showed significant increases compared to 8 and 16 hour single injection

time points (data not shown). The injection time point/paradigm showing the greatest

magnitude of change compared to time 0 for each cytokine/chemokine in each compartment

is shown in Table 2.

Correlations among cytokine expression and path analysis

To determine correlative relationships within cytokine/chemokine networks and how these

change according to injection paradigm, three data sets were used. The first included all

injection regimens and time points, the second included only time points after single

injections or time zero, and the third only time points after repeated injections or time zero.

Analytes within each data set were then paired to all other analytes within the same data set

that were measured in the same animal at the same time point. This included pairings within

and between brain and serum compartments. Analyses were carried out using Spearman

correlations and significant r values for all correlations after Bonferroni correction are

presented in table 3. Of 300 pairings, 93 were statistically significant. Correlation analysis

showed that all cytokines and chemokines were found to be correlated with at least one other

substance with the exception of brain GM-CSF for which levels were not detectable in brain

and brain IL-10. Representative XY pairings from the first data set are shown in figure 3.

Graphical models of analyte correlations within and between brain and serum compartments

for each data set were then constructed by hand based on the method of path analysis, as

described in methods. Figure 4 shows the graphical results of our models for each data set.

Path analysis found no residual correlation to be statistically significant after Bonferroni

correction. Two groupings were found in all datasets: brain IL-13 correlating with brain IL-1

beta formed one group in figures 4 a and b and brain IL-10 correlating with brain IL-1 beta

in figure 4c; all other correlated cytokines were connected in the second group for all three
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figures. The serum IL-13 correlation with brain KC in all datasets was the only inverse

relation. In the data set including all treatments, 21 connections were found within and

between brain and serum compartments. Six pairs connected brain and serum compartments:

brain KC correlated with serum KC, serum IL-13, and serum G-CSF. Serum G-CSF also

correlated with brain IL-1 alpha and brain GCSF, and serum IL-10 correlated brain MIP-1

alpha. Eight pairs connected analytes within serum compartments and seven connected

analytes within brain. The cytokines involved in the greatest correlative complexity were

serum IL-6, and brain KC, which were connected to 5 and 4 other cytokines respectively.

The greatest complexity relating brain and serum compartments was for serum G-CSF and

for brain KC, each of which connected to 3 other cytokines in the opposing compartment.

Changes in cytokine relationships in path analysis from single injections or repeated

injections were then compared to the dataset using all injection groups. For single injections

(Figure 4b), 18 connections were formed, with 5 between brain and serum compartments, 7

in serum, and 7 in brain This was accounted for by a loss in connects between serum IL-10

and brain MIP-1a, and IL-6 and TNF-a in brain, as well as new connections formed which

are indicated in black. For repeated injections (Figure 4c), 23 connections were formed, with

4 between brain and serum compartments, 10 between serum compartments, and 9 between

brain compartments. This was accounted for by a loss of connects between serum IL-10 and

brain MIP-1a, as well as new connections formed which are indicated in black.

Discussion

From comparisons of cytokine and chemokine expression in serum and brain at different

times following a single LPS injection, we first found that cytokines in the blood

compartment can achieve such high levels that they significantly contribute to measurements

in the brain compartment. We therefore corrected all of our measurements in brain to

account for serum artifact. This emphasizes the importance of considering concentrations of

analytes in the blood when measuring them in brain. Second, we found that cytokines and

chemokines could be grouped based on their expression in brain relative to serum. Profiles

of G-CSF and KC in brain were well-matched to those in serum, which suggests that they

are expressed at the same time in brain and serum compartments, and/or that these analytes

in serum can cross the BBB to significantly contribute to brain levels. Many saturable

transport systems at the BBB for cytokines have been identified (Banks, 2005), and BBB

transport has been previously described for G-CSF (Zhao et al., 2007). We found no

published results, however, addressing whether KC has a saturable transport system at the

BBB. Analytes which peaked after serum were IL-1a, IP-10, IL-6, IL-1b, MCP-1, RANTES,

and MIP-1a. These results support findings that the immune response in the brain is latent

compared to that in the periphery, and that expression of these cytokines in the brain likely

require initiation of signaling pathways and transcriptional events within the CNS (Tonelli

and Postolache, 2005). In addition to finding cytokines and chemokines in brain which

peaked after serum, it was also found that levels of IL-1b, MCP-1, MIP-1a and RANTES

were significantly elevated above baseline levels 28 hours after LPS injection. Only IL-10 in

serum remained significantly elevated above baseline at 28 hours post-injection, which

supports its anti-inflammatory role in the response to a systemic insult (Conti et al., 2004).

These data also show unique temporal patterns within critical time points found for changes

in BBB peptide transport. For example, following a single LPS injection, transport of insulin

into the brain was found to significantly increase, with a peak between 16 and 24 hours. In

contrast, transport of leptin into the brain was found to be maximally suppressed between 6

and 12 hours following a single LPS injection (Nonaka et al., 2004; Xaio et al., 2001).

Differences in transport of these two peptides could be explained by differences found in

cytokine profiles in either time window, although future studies would be required to

substantiate this claim. However, cytokines or chemokines whose peak changes are

temporally matched to changes observed in BBB transport would serve as ideal targets to
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study inflammatory regulation of these transporters. Together, our data from this section

first support the important concept that the inflammatory response in the brain initiates later

and resolves more slowly than peripheral inflammatory responses, as has been shown by

other groups (Qin et al., 2007; Weberpals et al., 2009) and may be mediated in part by

differences in TLR4 signaling in the CNS vs. periphery (Chakravarty and Herkenham, 2005;

Steiner et al., 2006), as well as restricted access of LPS to the CVOs of the brain due to

minimal penetration of LPS across the BBB (Banks and Robinson, 2009; Banks and

Robinson, 2010) Although we did not detect sustained changes in brain for all cytokines

previously reported such as TNF-a, this may be due to enhanced sensitivity of detecting

mRNA expression over protein signal. Furthermore, protein signal is likely a more accurate

indicator of cytokine activity than message, especially since cytokines such as TNF-a

require post-transcriptional and translational events for their activity (Moro et al., 2003;

Stamou and Kontoyiannis, 2010). Second, we have outlined cytokine targets which might

mediate LPS-induced alterations in BBB transport.

After assessing expression of cytokines at various time points after a single LPS injection,

we determined whether a three LPS injection paradigm showed significant differences when

compared to a single injection. Our findings were that IL-6, G-CSF, and GM-CSF in serum

and RANTES, G-CSF, IL-1a, IL-6, MCP-1, MIP-1a, and TNF-a in brain were significantly

increased compared to a single LPS injection. Given the increased levels of cytokines in

serum and brain, we first concluded that our three injection model was distinct from models

of endotoxin tolerance, where depressed peripheral proinflammatory cytokine responses are

typically observed (Cavaillon et al., 2003) (Baykal et al., 1999; Erroi et al., 1993). In

addition to our findings, others have also measured cytokine profiles in serum and brain

using repeated LPS dosages (Chen et al., 2005; del Rey et al., 2009; Erroi et al., 1993). It is

important, however, to distinguish that these studies used different doses of LPS, and

different paradigms for repeated LPS injections. Therefore, cytokine profiles evoked in

response to repeated inflammatory insults such as LPS injections are highly dependent on

the dose, timing of administration, and duration of the study. This further emphasizes the

necessity of our study in understanding cytokine regulation of blood-brain barrier transport.

Due to our findings that BBB transport of peptides such as insulin and gp120 is potentiated

using repeated vs. single LPS injections, we predict that cytokines found in our study to

change significantly with three injections could mediate these effects.

Third, we determined which cytokines correlated both within and between the brain and

serum compartments. Following Bonferroni correction, correlations that remained

significant were used to produce a structural model of the relations among cytokines by path

analysis. This model is based on the strength of statistical associations and not on

preconceived relations, nor did we make a priori assumptions about directionality or cause

and effect. Path analysis using our three data sets comparing cytokine measurements for all

groups, time zero and single injections only, or time zero and repeated injections illustrated

that shifts occur in cytokine correlation networks depending on the data set analyzed. Direct

relationships which were preserved in all three models were MCP-1 and IL-6 and IL-6 and

TNF-a in serum, brain KC and serum G-CSF, serum IL-13 and brain KC, and G-CSF and

RANTES, RANTES and MIP-1a, and MCP-1 and IL-6 in brain. This suggests that these

cytokines influence each other regardless of LPS injection paradigm used. Likewise,

changes which were observed in cytokine connections between models suggest that altered

cytokine pairings are driven by the injection paradigm used.

One advantage of this analysis is that it eliminates many pairs of cytokine correlations that

can be explained by indirect correlations between other cytokines. For example, in our data

set using all paradigms of LPS injections, serum TNF and serum MCP-1 were highly

correlated with an r of 0.921 (Table 3). However, serum IL-6 had a higher r with both serum
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TNF (r = 0.930) and serum MCP-1 (r = 0.932) that were, according to this analysis, primary

correlations. Therefore, TNF would be expected to be indirectly correlated with MCP-1

through IL-6. The strength of the indirect correlation can be calculated by multiplying the r

of its components: 0.932 × 0.930 = 0.867. Subtracting this indirect r from the r correlating

TNF and MCP-1 (0.921 − 0.867) left a residual or direct r for the MCP-1 vs. TNF

correlation of 0.054; as this r value is not statistically significant, the model would suggest

that MCP-1 and TNF are correlated indirectly through the mediation of IL-6 rather than

directly to one another. Such modeling can indicate the relative strength of cytokine

relations and which of those relations may be direct and which indirect. In this case,

modeling eliminated most cytokine correlations as indirect. One limitation of the application

of our model in the present study is that it may miss important cytokine relationships that are

temporally mismatched. Cross-time correlations were not possible in this study or any study

where only endpoints may be measured. This is because criteria for matching are restricted

to analytes measured in a single animal. Cross-time correlation analysis over a time-course

following an inflammatory stimulus would be possible, however, if serial collection of tissue

such as serum was incorporated into the design. Inferences on directionality can be made in

our data set using a different approach. In figure 4b, the same data set used to generate time

curves was used for path analysis. Although many correlations from this data set may be

explained by time-matched peaks in expression, others which correlate show a mismatch in

peaks. For example, brain KC shows a peak at 16 hours whereas serum MCP-1 peaks at 4

hours. Therefore, the inference can be made that this relationship is largely driven by serum

MCP-1. Another limitation of our study is that our analysis cannot rule out the real

possibility that there may be unmeasured intermediates between two cytokines. Introduction

of additional cytokines could substantially shift the relationships of the model. Likewise, it

is possible that treatments other than LPS could produce other models of relationships. Main

uses of the model are to provide a simpler schema explaining relations among cytokines and

a hypothetical, working basis for testing relations among cytokines. For example, it could be

conjectured based on the model shown in figure 4a that suppression of serum IL-6 levels

would disrupt the relationships among serum IL-1 alpha, serum TNF, serum KC, and serum

MCP-1 much more drastically than the relations among serum MCP-1, serum IL-1 beta,

serum IP-10, and serum MIP-1 alpha.

One interesting suggestion of the models shown in figure 4 is a relative importance of brain-

serum interactions. Brain KC and serum G-CSF as well as brain KC and serum IL-13 are

present in all three models generated by path analysis, suggesting they may be especially

important brain-peripheral tissue communication. There are many known routes by which a

cytokine or chemokine in one of these compartments can influence another (Kelley et al.,

2003; Stefani and Liguri, 2009). For example, cytokines in the peritoneal cavity can

stimulate vagal afferent fibers to induce the release of cytokines in brain(Goehler et al.,

1999), circulating cytokines can induce endothelial or tanycytic barrier tissues to release

cytokines or cytokine-releasing substances into brain (Blatteis, 1992; Komaki et al., 1992),

and isolated BBB endothelial cells can themselves respond to LPS directly by secreting

cytokines into either the vascular or CNS compartment (Verma et al., 2006). Microglia and

tanycytes in circumventricular organs such as the area postrema (Komaki et al., 1992;

Wuchert et al., 2008) likely participate in a relay of signals between the circulation and the

regions of the brain behind the BBB. Some cytokines such as IL-6, IL-1 alpha and beta, and

TNF can cross the BBB (Banks et al., 1994; Banks et al., 1991; Gutierrez et al., 1993).

Furthermore, transport of cytokines across the BBB may be regulated by binding proteins

and/or receptor antagonists present in the circulation (Banks, 2005), as well as by the

function of BBB transporters, which have been shown to be altered with LPS (Pan et al.,

2008) and under conditions related to inflammation, such as opiate use and spinal cord

injury (Lynch and Banks, 2008; Pan et al., 1997). The current analysis found brain-serum

correlations for G-CSF and for KC; such relations could be caused by their BBB transport
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(Zhao et al., 2007) or through one of the other mechanisms discussed above. For example,

serum and brain IL-6 were highly correlated with an r = 0.545, but the model suggests this

correlation is better explained by mediation involving brain and serum KC and G-CSF and

brain MCP-1.

In conclusion, cytokines and chemokines play important roles in the brain during normal

function as well as in disease states. Alterations in their expression centrally and/or

peripherally have been shown in a number of neurodegenerative diseases including

Alzheimer’s disease, neuro-aids as well as diseases that show CNS complications such as

diabetes (Craft, 2009; Marcondes et al., 2007; Mrak and Griffin, 2001; O’Connor et al.,

2008; Reale et al., 2009)with evidence suggesting that peripheral inflammatory events can

promote disease progression as well as exacerbate disease pathology (Combrinck et al.,

2002; Jaeger et al., 2009). In many of these disease conditions, alterations in BBB functions

are also observed, suggesting that the BBB/immune interaction is important in a spectrum of

CNS diseases. Although much work has been done to elucidate the roles of individual

cytokines and chemokines in the CNS, the growing use of multianalyte technology allows

for higher throughput assessment of how panels of cytokines and chemokines change at the

protein level under various treatments and disease states, and is even capable of measuring

analytes in discrete brain regions (Abazyan et al., 2010; Brown et al., 2010; Datta and Opp,

2008). A combined strategy of analysis of multiple cytokines combined with powerful

techniques for analyzing the relationships among those cytokines will be useful in determing

the roles that cytokines play in health and disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Time curves of 13 cytokines and chemokines quantified in serum and brain 0, 4, 8, 16, and

28 hours following a single injection of LPS. Data were analyzed by one-way ANOVA

followed by Dunnett’s multiple comparisons test. Individual points were plotted as mean ±

SEM, n = 7 per time point, * p≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 compared to t=0.
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Figure 2.
Comparison of cytokines and chemokine levels in brain A) and serum B) 4 and 28 h after a

single and after repeated LPS injections. The value for repeated injections (given at 0, 6, and

24 h) was taken 4 h after the last injection which also corresponds to 28 h after the first

injection (see scheme 1). Data were analyzed by one-way ANOVA followed by Newman-

Keuls multiple comparisons test. Graphs plotted as mean ± SEM. * p ≤ 0.05, ** p ≤ 0.01,

*** p ≤ 0.001 compared to 0 Hour; # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001 compared to 3

Injections; ◆ p ≤ 0.05, ◆◆ p ≤ 0.01, ◆◆◆ p ≤ 0.001 between groups indicated, n= 7

per group.
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Figure 3.
Individual correlation graphs of selected cytokine pairs in serum (A), brain (B) or between

serum and brain (C) compartments. These data were taken from correlation analysis of all

injection paradigms. Specific pairings were chosen to show both direct (i) and indirect (ii)

relationships, as determined by path analysis in Figure 4a. The number of pairings per

correlation graph was 42.
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Figure 4.
Determination of relations among brain and blood cytokine and chemokine correlations by

path analysis. Brain levels were corrected for vascular space contamination. Numerical

values near lines are r values and statistical significance set at p = 0.0002 after Bonferroni

correction. The inverse correlation between serum IL-13 and brain KC is indicated by the

negative r value. Path analysis was applied to a) correlations of all cytokines from all groups

b) correlations of only time zero and single injections, and c) correlations of only time zero

and repeated injections. Black lines in b) and c) indicate a shift in analyte relationships as

compared to the data set in a).
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Scheme 1.
Injection and Sampling Regimens. Single injection regimen: Blood and brain were sampled

(S) 4, 8, 16, and 28 h after a single injection (I) of LPS at 0 h. Three injection regimen: LPS

injections were given at 0, 6, and 24 h. Brain and blood were sampled 28 h after the 1st

injection (4 h after the last injection).
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Table 2

Cytokine and chemokine levels in brain and serum compartments at all time points following single injections,

as well as from the three injection model were compared to time zero. Time points showing the greatest

magnitude of change compared to time zero are indicated, and magnitude changes +/- standard error of the

mean are shown above. Data were ranked from greatest to least magnitude of change. Letters preceding

cytokine/chemokine abbreviations denote brain or serum origin (B- and S- respectively).

Cytokine Time point Mag. Change SEM

S-G-CSF 3 inj. 10268984.0 2278000.0

S-IL-6 3 inj. 217445.0 96881.0

S-KC 3 inj. 159138.9 82761.2

S-MCP-1 4 hrs. 27361.0 8493.0

B-G-CSF 3 inj. 3694.6 854.1

S-RANTES 8hrs. 1980.8 584.1

S-IP-10 4hrs. 1582.0 270.7

S-IL-10 3 inj. 1306.6 543.0

B-KC 16 hrs. 1306.0 245.3

S-GM-CSF 3 inj. 1207.1 600.2

S-MIP-1a 4 hrs. 854.4 171.6

B-MCP-1 3 inj. 271.6 51.0

B-IL-6 3 inj. 170.8 49.5

B-IP-10 16 hrs. 141.0 55.1

S-TNF-a 3 inj. 117.5 38.6

S-IL-13 8, 16, 28 hrs. -52.7 14.1

B-MIP-1a 3 inj. 43.6 9.8

S-IL-1a 3 inj. 29.6 6.1

S-IL-1b 3 inj. 29.0 10.3

B-IL-1a 3 inj. 26.5 7.5

B-IL-10 4 hrs. 11.8 6.6

B-IL-1b 28 hrs. 9.7 2.9

B-IL-13 4 hrs. 8.4 6.7

B-RANTES 3 inj. 6.6 1.6

B-TNF-a 3 inj. 1.6 0.6

Brain Behav Immun. Author manuscript; available in PMC 2012 November 01.



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Erickson and Banks Page 25

T
a
b

le
 3

S
p
ea

rm
an

 r
- 

v
al

u
es

 o
f 

si
g
n
if

ic
an

t 
co

rr
el

at
io

n
s 

u
se

d
 f

o
r 

p
at

h
 a

n
al

y
si

s 
in

 f
ig

u
re

 4
a 

fo
ll

o
w

in
g
 B

o
n
fe

rr
o

n
i 

co
rr

ec
ti

o
n
 (

p
 =

 0
.0

0
0
2
, 
r 

=
 0

.5
4
5
) 

b
et

w
ee

n

cy
to

k
in

es
 m

ea
su

re
d
 i

n
 s

er
u
m

 o
n
ly

 A
),

 b
ra

in
 o

n
ly

 B
),

 o
r 

se
ru

m
 a

n
d
 b

ra
in

 C
).

 L
et

te
rs

 p
re

ce
d
in

g
 c

y
to

k
in

e/
ch

em
o
k
in

e 
ab

b
re

v
ia

ti
o
n
s 

d
en

o
te

 b
ra

in
 o

r 
se

ru
m

o
ri

g
in

 (
B

- 
an

d
 S

- 
re

sp
ec

ti
v
el

y
).

A
) 

Se
ru

m
-s

er
um S-

G
-C

SF
S-

G
M

-C
SF

S-
IL

-1
a

S-
IL

-1
b

S-
IL

-6
S-

IL
-1

0
S-

IL
-1

3
S-

IP
-1

0
S-

K
C

S-
M

C
P

-1
S-

M
IP

-1
a

S-
R

A
N

T
E

S
S-

T
N

F
-a

S
-G

-C
S

F
1

N
S

N
S

N
S

0
.5

7
8
3

N
S

N
S

N
S

0
.7

7
7
0

N
S

N
S

N
S

0
.5

7
1
4

S
-G

M
-C

S
F

1
N

S
N

S
0
.6

2
8
0

N
S

N
S

N
S

N
S

0
.5

9
5
5

0
.7

0
3
2

N
S

0
.6

0
9
9

S
-I

L
-1

a
1

N
S

0
.8

2
3
4

N
S

N
S

0
.7

1
0
2

0
.6

7
5
1

0
.8

2
1
0

0
.6

5
6
8

0
.6

5
6
7

0
.7

6
6
2

S
-I

L
-1

b
1

N
S

N
S

N
S

N
S

N
S

N
S

N
S

N
S

N
S

S
-I

L
-6

1
N

S
N

S
0
.7

8
5
9

0
.7

8
2
1

0
.9

3
2
3

0
.7

9
3
9

0
.7

3
0
8

0
.9

2
9
9

S
-I

L
-1

0
1

N
S

N
S

N
S

N
S

N
S

N
S

N
S

S
-I

L
-1

3
1

-0
.5

4
8
9

N
S

N
S

N
S

-0
.5

7
5
0

N
S

S
-I

P
-1

0
1

0
.6

4
8
8

0
.7

9
7
7

0
.7

0
4
4

0
.8

5
5
9

0
.7

8
1
0

S
-K

C
1

0
.7

5
1
2

0
.5

7
6
8

0
.6

7
7
7

0
.7

5
3
3

S
-M

C
P

-1
1

0
.8

4
2
4

0
.7

4
4
6

0
.9

2
1
2

S
-M

IP
-1

a
1

0
.6

9
4
3

0
.8

1
4
7

S
-R

A
N

T
E

S
1

0
.7

0
8
3

S
-T

N
F

-a
1

B
) 

B
ra

in
-b

ra
in

B
-G

-C
SF

B
-I

L
-1

a
B

-I
L

-1
b

B
-I

L
-6

B
-I

L
-1

0
B

-I
L

-1
3

B
-I

P
-1

0
B

-K
C

B
-M

C
P

-1
B

-M
IP

-1
a

B
-R

A
N

T
E

S
B

-T
N

F
-a

B
-G

-C
S

F
1

0
.7

2
0
1

N
S

0
.7

6
3
6

N
S

N
S

N
S

0
.7

2
3
4

0
.8

2
0
8

0
.7

1
1
0

0
.8

5
2
8

0
.5

4
5
6

B
-I

L
-1

a
1

N
S

0
.6

2
7
8

N
S

N
S

N
S

0
.7

1
2
6

0
.6

5
2
4

0
.7

6
8
7

0
.6

7
0
3

N
S

B
-I

L
-1

b
1

N
S

N
S

0
.6

1
9
6

N
S

N
S

N
S

N
S

N
S

N
S

B
-I

L
-6

1
N

S
N

S
0
.5

7
6
0

0
.6

6
2
4

0
.9

1
0
9

0
.6

2
5
8

0
.6

6
7
4

0
.7

0
2
0

B
-I

L
-1

0
1

N
S

N
S

N
S

N
S

N
S

N
S

N
S

B
-I

L
-1

3
1

N
S

N
S

N
S

N
S

N
S

N
S

B
-I

P
-1

0
1

0
.7

5
4
5

0
.7

1
1
2

N
S

N
S

N
S

B
-K

C
1

0
.7

5
2
4

0
.5

6
7
8

0
.6

9
2
8

N
S

B
-M

C
P

-1
1

0
.6

5
8
7

0
.7

3
3
7

0
.6

0
7
0

Brain Behav Immun. Author manuscript; available in PMC 2012 November 01.



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Erickson and Banks Page 26

B
) 

B
ra

in
-b

ra
in

B
-G

-C
SF

B
-I

L
-1

a
B

-I
L

-1
b

B
-I

L
-6

B
-I

L
-1

0
B

-I
L

-1
3

B
-I

P
-1

0
B

-K
C

B
-M

C
P

-1
B

-M
IP

-1
a

B
-R

A
N

T
E

S
B

-T
N

F
-a

B
-M

IP
-1

a
1

0
.8

1
8
8

0
.5

8
7
5

B
-R

A
N

T
E

S
1

N
S

B
-T

N
F

-a
1

C
) 

Se
ru

m
-b

ra
in S-

G
-C

SF
S-

G
M

-C
SF

S-
IL

-1
a

S-
IL

-1
b

S-
IL

-6
S-

IL
-1

0
S-

IL
-1

3
S-

IP
-1

0
S-

K
C

S-
M

C
P

-1
S-

M
IP

-1
a

S-
R

A
N

T
E

S
S-

T
N

F
-a

B
-G

-C
S

F
0
.9

1
3

N
S

N
S

N
S

N
S

N
S

N
S

N
S

0
.6

9
5

N
S

N
S

N
S

N
S

B
-I

L
-1

a
0
.7

7
3

N
S

N
S

N
S

N
S

N
S

N
S

N
S

0
.5

8
5

N
S

N
S

N
S

N
S

B
-I

L
-1

b
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S

B
-I

L
-6

0
.7

4
4

N
S

N
S

N
S

0
.5

4
5

N
S

N
S

N
S

0
.6

3
2

0
.5

6
0

N
S

N
S

0
.5

6
1

B
-I

L
-1

0
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S

B
-I

L
-1

3
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S

B
-I

P
-1

0
N

S
N

S
N

S
N

S
N

S
N

S
N

S
0
.5

9
4

N
S

0
.5

4
6

N
S

N
S

N
S

B
-K

C
0
.8

0
9

N
S

0
.6

9
3

N
S

0
.7

6
0

N
S

-0
.5

7
5

0
.6

0
7

0
.7

8
5

0
.7

6
2

0
.5

5
5

N
S

0
.7

3
5

B
-M

C
P

-1
0
.7

9
4

N
S

N
S

N
S

0
.5

8
2

N
S

N
S

N
S

0
.6

7
2

0
.6

1
6

N
S

N
S

0
.5

7
1

B
-M

IP
-1

a
0
.6

6
4

N
S

N
S

N
S

N
S

0
.5

6
7

N
S

N
S

N
S

N
S

N
S

N
S

N
S

B
-R

A
N

T
E

S
0
.8

3
2

N
S

N
S

N
S

N
S

N
S

N
S

N
S

N
S

N
S

N
S

N
S

N
S

B
-T

N
F

-a
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S
N

S

Brain Behav Immun. Author manuscript; available in PMC 2012 November 01.


