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ABSTRACT  

Objectives. Caspase-1 (casp1), a key protease involved during systemic inflammatory response 

syndrome (SIRS), controls the brain expression of a set of eight genes: Nos2 and Ptgs2 (nitric 

oxide synthase 2 and prostaglandin-endoperoxide synthase 2, two inducible enzymes), Cxcl1 and 

Cxcl10 (C-X-C motif chemokine ligand 1 and ligand 10), Tgtp and Gbp2 (T cell specific GTPase 

1 and guanylate binding protein 2, two GTPases), Adamts1 (a disintegrin-like and 

metallopeptidase with thrombospondin type 1 motif, 1, a metalloprotease), and Il1rn (interleukin 

(IL)-1 receptor antagonist). Our objective was to ascertain whether casp1 also controlled the 

peripheral expression of these genes and, if so, to compare their central vs. peripheral patterns of 

gene expression in immune and endocrine tissues during SIRS.  

Methods. Wild-type (wt) and casp1 knockout (casp1
-/-

) mice were injected with either saline or a 

high dose of endotoxin/lypopolysaccharide (LPS; 800µg/mice i.p). Saline-injected mice were 

immediately euthanized after injection, whereas LPS-injected mice were sacrificed 6 and 12h 

after LPS administration. Hippocampal, splenic and adrenal gene expressions were determined 

by real-time PCR.  

Results. Overall, casp1
-/-

 mice showed a lower inflammatory response than wt mice. The 

expression level of powerful proinflammatory factors such as Nos2 and Ptgs2 was reduced in 

casp1
-/-

 mice. Moreover, a hierarchical clustering analysis aimed at studying patterns of gene co-

expression revealed large alterations in the hippocampal pattern of casp1
-/-

 mice. Surprisingly, 

the expression of Adamts1was increased in the hippocampus and adrenals of casp1
-/-

 mice. 

Conclusions. The resilience of casp1
-/-

 mice to SIRS lethality is associated with a lower 

inflammatory response, loss of hippocampal gene co-expression patterns, and increased 

hippocampal Adamts1 gene expression. The latter might be beneficial for casp1
-/-

 mice, since 
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ADAMTS1 is likely to play a role in neuronal plasticity. The mechanisms described here may 

help the development of either novel biomarkers or therapeutic targets against SIRS/sepsis. 
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INTRODUCTION 

Systemic inflammatory response syndrome (SIRS) defines a serious medical condition of 

extreme and severe generalized inflammation in the absence of infection, whereas infection is the 

underlying process in sepsis [1]. Both SIRS and sepsis are leading causes of death in intensive 

care units [2].  

The molecular mechanisms underlying SIRS remain elusive, and consequently, effective 

therapeutic strategies have not yet been developed. Animal models have been developed to aid 

the elucidation of the pivotal role of the innate immune system on SIRS [3-10], such as the 

administration of endotoxin/lipopolysaccharide (LPS) from Gram-negative bacteria to 

genetically-engineered mouse strains in order to mimic the generalized inflammation present in 

SIRS [11, 12]. One of these strains is the caspase-1 knockout (casp1
-/-

) mouse that is resilient to 

LPS-induced lethality [11]. Casp1 is a cysteine protease that may be a crucial element in SIRS 

lethality. It cleaves pro-interleukin (IL)-1ß and pro-IL-18 into mature biologically active 

cytokines. By submitting casp1
-/-

 mice to LPS-induced SIRS, we previously observed that casp1 

orchestrates the differential expression of eight genes in the central nervous system (CNS): two 

inducible enzymes [nitric oxide synthase 2 (Nos2) and prostaglandin-endoperoxide synthase 

2/cyclooxygenase 2 (Ptgs2)], two chemokines [C-X-C motif ligand 1 (Cxcl1) and 10 (Cxcl10)], 

two GTPases [T-cell specific GTPase (Tgtp) and guanylate nucleotide binding protein 2 (Gbp2)], 

one metalloprotease [A disintegrin-like and metallopeptidase with thrombospondin type 1 

(Adamts1)] and the IL-1 receptor antagonist gene (Il1rn), an endogenous antagonist of IL-1 [12].  

Because SIRS is characterized by an imbalance in the neuro-immuno-endocrine 

derangements leading to death [13-16], we focused our studies on neural (hippocampus), 

immune (spleen) and endocrine (adrenals) tissues of wild-type (wt; control) and casp1
-/-

 mice. 
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The hippocampus was chosen because it is a brain area that plays a decisive role in the regulation 

of the hypothalamic-pituitary-adrenal (HPA) axis during different type of stress [17], including 

immunological challenges [18, 19]. The adrenals are the effector organs of the HPA-axis and 

were studied because of their crucial role in the secretion of corticoids during SIRS, whereas the 

spleen was chosen for being a prominent immune organ.  

Given the fact that many of the proinflammatory factors that are triggered during LPS-

induced SIRS require de novo synthesis, we measured their mRNA expression before (time 0h), 

and after LPS injection (6 and 12h later). We hypothesized that their involvement in SIRS-

induced lethality would be reflected by differential mRNA expression levels between wt 

(control) and casp1
-/-

 mice (resilient to SIRS-induced lethality). 

We also assessed gene-gene interactions in wt and casp1
-/-

 mice, and compared them to 

the patterns of gene expression in the central nervous system (hippocampal). Herein, we present 

evidence that a lower inflammatory response, pattern disruption of hippocampal gene co-

expression of the aforementioned set of eight genes, and activation of hippocampal Adamts1 may 

be key mechanisms underpinning resilience to SIRS lethality in casp1
-/-

 mice. 
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MATERIALS AND METHODS 

Animals. We used virus-and-antibody-free, eight to ten-week-old male wt and casp1
-/- 

mice that 

were bred in the same genetic background (C57BL/6). Casp1
-/-

 mice were created, characterized, 

and generously provided by BASF Bioresearch (Cambridge, MA, USA) [11]. Those mice are 

fertile, develop normally, and have no histopathological abnormalities. It is noteworthy that 

casp1
-/-

 mice are resistant to the lethal effects of LPS [11], as well as to the anorectic effects 

exerted by the central action of LPS-induced cytokines [20]. Mice were kept in a light- (12h 

on/12h off) and temperature-controlled environment, with food and water ad libitum. All 

procedures were performed under established guidelines of humane care and use of animals; they 

were approved by the University of Miami Institutional Animal Care and Use, and the Australian 

National University Animal Experimentation Ethics Committee. Experiments were designed to 

avoid confounding variables such as infection and stress, which could alter mRNA levels. 

Experimental protocol. Wt and casp1
-/-

 mice (n=23 per genotype) were injected with either 

0.9% NaCl (saline) or a lethal dose of LPS [800µg/mice intraperitoneally (ip) from E. coli 

serotype O111:B4 (Merk Millipore, VIC, Australia)] [11]. Control animals were immediately 

euthanized after saline injection ip [0h, wt (n=7) and casp1
-/-

 (n=8) mice], whereas LPS-injected 

mice were euthanized at 6h [wt (n=13) and casp1
-/-

 (n=12)], and 12h [wt and casp1
-/-

 (n=3 per 

genotype)] after LPS injection. We chose to use the specific LPS serotype, dose and 

administration route because this regimen was previously shown to cause 100% lethality in wt 

mice during the first 36h post-injection [11]. Injections were given between 7:00 and 9:00 AM; 

mice were sacrificed by decapitation one at a time in a room distant from the animal holding area 

in a manner to avoid stress triggered by blood scent. Organs were extracted, snap-frozen, and 

stored at -80°C until processed.  
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RNA isolation and reverse transcription. We chose one brain area (hippocampus) and two 

peripheral tissues (spleen and adrenals), respectively, to determine variations in central and 

peripheral mRNA expression levels. Total RNA was extracted from individual tissues using 

RNeasy Lipid Mini Kit including DNase digestion (Qiagen, Germantown, Maryland, USA) and 

quantified using a Nanodrop ND-1000 spectrophotometer (Thermo-Fisher Scientific, Waltham, 

Massachusetts, USA); 1 µg of RNA was reverse transcribed to cDNA with the Omniscript RT 

Kit (Qiagen) using random hexamer primers (Invitrogen, Carlsbad, CA, USA).   

PCR Primers. The genes of interest were selected from our previous microarray study [12]. To 

avoid amplification of genomic DNA traces, forward and reverse primers were designed in 

different exons with Primer Express Software (Applied Biosystems, Foster City, CA, USA). We 

used negative and positive controls (respectively, reverse transcription with genomic DNA and 

cDNA from mouse brain treated with LPS). Table 1 lists our primer pair sequences, which 

amplified cDNA only. 

Quantitative Real-Time PCR. We performed SYBR green-based real-time PCR to determine 

variations in mRNA expression profiles. Standard curves of pooled, serially diluted cDNAs were 

constructed for each primer pair. Experiments were performed using the 7900HT Fast Real-Time 

PCR System (Applied Biosystems). cDNA samples were run in triplicates; SYBR green cycle 

threshold (Ct) values were averaged for each sample, and the RNA input for each target gene 

was calculated using standard curves. Fold-changes were expressed as a ratio to β-actin 

expression for each sample. Each reaction included cDNA from 20 ng of RNA, 4.5 pmol of each 

primer, and 7.5 µL of SYBR green PCR Mastermix (Applied Biosystems) in a final volume of 

15 µL. PCR parameters were: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 sec, 

and 60°C for 1 min.   
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Statistical Analysis.  

Variance Analyses. Two-way ANOVA tests were performed to assess the effects of genotype 

(wt or casp1
-/-

) and time (0, 6, or 12 hours), individually and in combination, on gene expression 

levels in adrenal, hippocampus and spleen tissues. Tukey’s honest significant difference (HSD) 

test was used within each gene/tissue combination to perform pair-wise comparisons maintaining 

the family-wise probability of coverage at 95%. We present 95% confidence intervals (CI) for 

the differences and family-wise-corrected P-values to assess statistical significance. All analyses 

were performed in R package version 3.0.2 (R Foundation for Statistical Computing, 2013). 

Correlation analysis. We calculated pair-wise Pearson correlation coefficients to examine the 

relationships between gene expression in wt and casp1
-/-

 mice. As a complementary strategy, 

nonparametric local regressions (LOESS) were fitted to the data to assess the relationship 

between pair-wise gene expression levels. Statistical comparison of the linear correlation 

coefficient was performed based on a normal distribution, and resulting P-values were corrected 

using the False Discovery Rate (FDR) [21]. 

Hierarchical clustering. We used hierarchical clustering to analyze gene co-expression in our 

samples. Hierarchical clustering uses an agglomerative algorithm that joins the most similar 

component features, and then joins the next most similar using the first aggregation as a single 

combined unit. In hierarchical clustering, the clusters were generated via complete linkage. To 

assess the uncertainty of the analysis, approximately unbiased (AU) and bootstrap probability 

(BP) P-values were calculated by pvclust [22], R package version 3.0.2. AU P-values were 

computed by multiscale bootstrap re-sampling, and are a better approximation to unbiased P-

values than BP-based P-values (computed by normal bootstrap re-sampling).  
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RESULTS 

LPS-induced differential temporal gene expression in peripheral and central tissues of wt 

and casp1
-/-

 mice. Our study was conducted up to 12h after LPS injection. The health status of 

mice of both genotypes gradually worsened with the passage of time. Towards the last collection 

point, 12h post-LPS injection, wt mice were quite immobile but without signs of being moribund 

(e.g. hard-labored breathing), whereas casp1
-/-

 mice were less active but still responsive to 

external stimuli such as a gentle tapping and/or shaking the cage. We corroborated the resilience 

of casp1
-/-

 mice to the lethal effects of LPS in a separate experiment. We confirmed that the same 

LPS serotype and dose used in the present studies caused 100% lethality in wt mice (n=4) within 

12–24h post-injection, whereas all casp1
-/-

 mice (n=5) were alive at 24h, which confirmed 

previous results showing that 100% of casp1
-/-

 survived for at least 30h after receiving the same 

i.p. dose and serotype of LPS injection [11] (Table 2). Figure 1 illustrates gene expression level 

changes in the hippocampus, spleen and adrenals.   

In wt and casp1
-/-

 mice, most of the studied genes displayed the highest expression levels 

(23 out of 24 measurements) at 6h post injection (Chi square, P<0.0001), except for adrenal 

Adamts1 which peaked at 12h. In casp1
-/- 

mice, the highest mRNA levels (19 out of 24 

measurements) were also seen at 6h post-injection (Chi square, P<0.01), except for splenic Il1rn, 

Ptgs2, Nos2, and Adamts1, and adrenal Adamts1, which peaked at 12h (Figure 1). We found that 

LPS induced significant increases (above baseline levels observed at time 0h) in the expression 

of most of the eight studied genes in the three tissues of both genotypes, except for the splenic 

expression of Il1rn, Nos2, Ptgs2, and Adamts1 genes in casp1
-/-

 mice, and splenic Il1rn gene in 

wt mice (Figure 1 and Table 3); therefore, four out of the eight genes were not activated in the 

spleen of casp1-deficient mice.  Thus, it appears that the temporal expression of the studied 
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genes mostly followed an early and sharp increase pattern similar to that described for pro-

inflammatory elements during the initial stage of the inflammatory response. A summary of the 

two-way ANOVA significance probabilities for the differential expression of each gene within 

each organ is given in Table 3.  

Below is a brief summary of gene expression changes for each gene: 

Nos2. Nos2 gene expression was significantly lower at 6h in all three casp1
-/-

 mice tissues 

when compared to wt ones; it was 30% lower in the hippocampus (P<0.01), 75% lower in the 

spleen (P<0.001), and 40% lower in the adrenals (P<0.001) (Figure 1a). The LPS-induced 

expression of Nos2 followed a similar pattern in both genotypes, but of decreased magnitude in 

casp1
-/-

 mice. Both genotypes showed activation of gene expression at 6h, and a decrease 

towards baseline at 12h (except for Nos2 expression in wt adrenal, which remained elevated at 

12h; P<0.01 vs. time 0h).  

Ptgs2. The peak Ptgs2 mRNA level at 6h was significantly lower by 25% and 75% in 

casp1
-/-

 mice in the hippocampus (P<0.05) and the spleen (P<0.001), respectively, whereas no 

significant changes were observed within the adrenals of both genotypes (Figure 1b). Ptgs2 

transcriptional patterns were similar to those of Nos2, i.e. Ptgs2 gene expression was increased at 

6h and returned to baseline values at 12h.  

Cxcl1, Cxcl10 and Tgtp. In the two peripheral organs, casp1
-/-

 mice showed significantly 

lower and variable magnitude of increases in these three genes than wt mice;   casp1
-/-

 mice 

displayed 30% to 80% lower mRNA levels (P <0.05 to <0.001) (Figures 1c-e). These genes 

showed similar transcriptional patterns in the three tissues/organs studied from both genotypes. 

At the CNS level, their hippocampal expression showed no significant differences between the 

two genotypes.  
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Gbp2. Adrenal casp1
-/-

 mice mRNA expression of Gbp2 was significantly lower than wt 

mice by 35% at 6h (P<0.001) (Figure 1f); thereafter, Gbp2 expression decreased in both 

genotypes at 12h to similar levels. Hippocampal and splenic Gbp2 expression levels showed no 

genotype differences. 

Il1rn. In the hippocampus of both genotypes, LPS elicited similarly large Il1rn 

expression increases at 6h. At 12h, Il1rn mRNA remained elevated in wt mice and declined by 

70% in casp1
-/-

 mice (P≤0.05) (Figure 1g). Adrenal Il1rn activation for both genotypes was 

similar to that of the hippocampus, reaching significantly larger increases of 40% at 6h (P<0.05) 

and of 115% at 12h (P<0.001) in wt mice. Splenic Il1rn mRNA expression was unchanged in 

both genotypes. 

Adamts1. Surprisingly, hippocampal Adamts1 mRNA expression was of higher 

magnitude in casp1
-/-

 mice, increased 23% at 6h (P≤0.01) and 45% at 12h (P<0.001) (Figure 1h), 

and followed a similar temporal pattern in wt and casp1
-/-

 mice. Adrenal Adamts1 expression was 

also larger in casp1
-/-

mice: they were 50% higher at 6h (P<0.05), and 2.3-fold higher at 12h 

(P<0.001). Splenic Adamts1 mRNA expression increased significantly at 6h and returned to 

baseline levels at 12h in wt mice, whereas no changes above baseline were observed in casp1
-/-

 

mice. Genotype comparison showed that splenic Adamts1 mRNA levels were 70% lower in 

casp1
-/-

 mice at 6h (P<0.001).  

Correlation analysis.  

Hippocampus: All correlations between hippocampal mRNA expression levels of the genes 

studied were significant within each genotype; however, correlation coefficients comparing 

genotypes (wt vs. casp1
-/-

 mice) showed significant differences only between Tgtp/Gbp2 

(PFDR<0.05) and Tgtp/Adamts1 (PFDR<0.01) (Figure 1S). 
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Spleen: In wt mice, correlation analyses of splenic mRNA levels were significant, except for all 

Il1rn correlations (Figure 2S). In casp1
-/-

 mice, most splenic mRNA level correlations were 

significant, and most Il1rn and Adamts1 correlations were not significant except for the 

correlation between Il1rn/Adamts1 which was significant (Figure 2S). Splenic correlation 

coefficients comparing genotype showed that only three coefficient pairs, all related to Adamts1, 

were significantly different: Ptgs2/Adamts1 (PFDR<0.001), Nos2/Adamts1 (PFDR=0.006) and 

Gbp2/Adamts1 (PFDR=0.018) (Figure 2S).  

Adrenals: Correlation analysis of adrenal mRNA levels showed that all correlations were 

significant in wt mice, except for Nos2/Adamts1, whereas six pairs of correlations related to 

Adamts1 were not significant in casp1
-/-

 mice: Ptgs2/Adamts1, Nos2/Adamts1, Cxcl1/Adamts1, 

Cxcl10/Adamts1, Tgtp/Adamts1 and Gbp2/Adamts1. Adrenal correlation coefficients comparing 

genotypes did not show any significant differences (Figure 3S).  

Overall, there was a loss of correlation for the Adamts1 gene in peripheral tissues in 

casp1-deficient mice. 

Hierarchical clustering. This analysis was done to ascertain patterns of gene co-expression 

using clustering strategies by comparing: i) The same tissue between wt and casp1
-/-

 mice, and ii) 

The three tissues within the same genotype (Figure 2).   

Clustering comparison between wt and casp1
-/-

 mice. In the hippocampus (Figure 2a), two 

clusters were supported at the 95% CI level in wt animals. The first cluster was comprised of the 

Cxcl10 and Il1rn genes, whereas the second was defined by the Gbp2, Tgtp and Adamts1 genes 

(Figure 2a). Interestingly, no clusters were supported at the 95% level in casp1
-/-

 mice (Figure 

2a). There were qualitative similarities between splenic data of both genotypes (Figure 2b). In 

the spleen of wt mice, all genes except the Il1rn gene formed one cluster (Figure 2b), whereas in 
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casp1
-/- 

mice, two clusters were supported at the 95% level (the Cxcl1 and Cxcl10 cluster and the 

Ptgs2, Gbp2, Nos2 and Tgtp cluster) (Figure 2b, right panel). High similarities were found 

between adrenal data from wt and casp1
-/-

 mice: they had one cluster consisting of six and seven 

genes, respectively, at a 95% significance level. The Ptgs2 (in wt mice) and the Adamts1 (in wt 

and casp1
-/-

mice) were not included in the clusters (Figure 2c, right panel). 

Clustering comparison among tissues. More similarities were found between the two peripheral 

organs (spleen and adrenals) than between those tissues and the hippocampus. In wt mice, five 

genes were co-expressed both within the spleen and adrenals (Gbp2, Tgtp, Cxcl1, Cxcl10, and 

Nos2). In casp1
-/-

 mice, six out of the seven genes that clustered together within the adrenal gland 

were divided into two clusters (one with two genes, Cxcl1 and Cxcl10, and another with four 

genes Ptgs2, Gbp2, Nos2 and Tgtp) in the spleen. Within the hippocampus of wt mice, there 

were two clusters. One of them showed a co-expression of two genes (Cxcl10 and Il1rn) that 

were also shown to be co-expressed in the adrenals of wt mice (Figure 2a and 2c). The other 

cluster within the brain of wt mice displayed three genes that were also shown to be co-expressed 

within the spleen (Figure 2a and 2b). Overall, at the 95% level, Adamts1 did not co-express with 

any gene in casp1
-/-

 mice tissues, while in wt it co-expressed in 2 of the 3 tissues. 
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DISCUSSION 

We used LPS-induced SIRS in casp1-deficient mice to detail patterns of gene expression 

that may contribute to their resilience to LPS-induced lethality, which could lead to the 

development of novel therapeutic targets for SIRS. In this study, we described central and 

peripheral changes in the expression of a set of eight genes in the context of casp1-deficiency 

and a lethal dose of LPS, and showed that endotoxin elicited an inflammatory cascade of much 

lower magnitude in casp1
-/-

 mice. Overall, these changes occurred in a time-dependent manner, 

with peak mRNA expression of most genes occurring 6 hours post LPS injection, and declining 

to baseline levels by 12 hours.  In previous studies, we have shown evidence suggesting that 

activated transcripts during inflammation show 2 types of temporal patterns: transient and 

sustained [23].  With exception of Il1rn, it appears that within the spleen most of the genes 

followed a transient pattern of increase by augmenting at 6h and returning to baseline at 12h, 

whereas most of the genes seemed to follow a more sustained pattern of activation in the 

hippocampus and adrenals, which lasted for at least 12h. 

The most contrasting changes in gene expression between both genotypes occurred in the 

spleen. After LPS injection, the splenic expression of three genes, namely Nos2, Ptgs2, and 

Adamts1, was largely increased in wt mice, whereas it was not significantly altered in casp1
-/-

 

mice. There are a couple of exceptions to the generalized idea that the inflammatory cascade 

elicited by LPS was of a lower magnitude in casp1
-/-

. For instance, we found that the expression 

of Adamts1 remained significantly increased in the hippocampus and adrenals of casp1
-
deficient 

mice.  

Our previous work suggested that the expression of these eight genes was controlled by 

casp1 [12]. In order to study gene-gene interactions, we evaluated their relationship by 
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performing correlation and hierarchical clustering analyses. There was an overall loss of 

correlation for the Adamts1 gene in peripheral tissues of casp1
-/-

 mice. Differences observed in 

the hierarchical clustering analyses seem to support that casp1 deficiency altered the co-

expression of these genes in a more significant manner within the brain than in the peripheral 

organs. Indeed, these analyses revealed similar clusters within the adrenals and the spleen of wt 

and casp1
-/-

 mice, whereas no similarities were evident in the hippocampus of both genotypes. In 

addition, co-expression analyses showed more similarities between peripheral organs (spleen and 

adrenals) than between these peripheral organs and the hippocampus; there was also a tendency 

of co-expression loss for Adamts1 in casp1
-/-

 mice.    

Products of three out of the eight genes reported here, specifically the Nos2, Ptgs2 and 

Il1rn genes, have been pharmacologically targeted in preclinical and clinical trials of 

SIRS/sepsis.  The inhibition of nitric oxide (NO) synthesis, a free radical largely synthesized by 

NOS2 during SIRS/sepsis, improved hemodynamic parameters in immunologically-challenged 

rodents and septic patients [24-30]. However, multicenter randomized placebo-controlled studies 

showed that the mortality rate of septic shock patients treated with NOS inhibitors was not 

improved [29, 30]. Similarly, preclinical studies largely support the concept that pharmacological 

inhibition of cyclooxygenase and/or genetic ablation of PTGS2 resulted in beneficial effects on 

mortality [31]. Unfortunately, the beneficial effects of cyclooxygenase inhibition observed in 

preclinical studies have not been convincingly and consistently translated into the clinical setting 

so far [32-34]. Only a sub-study from one clinical trial showed a significant reduction in the 30-

day mortality rate of sepsis [35]. Studies involving IL-1ra also yielded promising outcomes in 

preclinical trials [36]. Likewise casp1
-/-

, mice overexpressing IL-1ra have also shown resilience 

to LPS-induced lethality [36]. In both casp1
-/-

 and IL-1ra overexpressing mice, the resilience to 
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LPS-induced lethality was observed for at least 6 and 7 days, respectively, indicating that in 

these two strains of mice the improvement in survival was long-lasting [11, 36]. However, these 

results could not be effectively translated into the clinical setting as rhIL1ra failed to reduce 

sepsis mortality [37, 38]. 

The contribution of the products of the other five genes that were also differentially 

expressed between wt and casp1
-/-

 mice has not been clearly ascertained in preclinical/clinical 

studies of SIRS/sepsis.  Two of them are chemokines Cxcl1 and Cxcl10. Chemokines and their 

receptors are expressed in immune and endothelial cells, and play a fundamental role in 

recruiting immune cells into the inflammatory site [39, 40]. Therefore, the reduced expression of 

Cxcl1 and Cxcl10 observed in casp1
-/-

 mice could have contributed to a better outcome against 

LPS-induced lethality, due to decreased immune cell recruitment.  

We also investigated the expression of the GTPases Tgtp and Gbp2, another two genes 

that were differentially expressed between casp1
-/-

 and wt mice. These two interferon-induced 

GTPases are expressed in immune cells, but their roles in SIRS/sepsis have not been clearly 

ascertained [41-43].  Overall, guanylate binding proteins have been characterized as downstream 

effectors of the interferon signaling pathway [44]. They play essential roles in fighting 

intracellular pathogens [44]. A recent study, showed that intracellular LPS from Gram-negative 

bacteria activated guanylate binding proteins, which in turn participated in a programmed cell 

death pathway termed pyroptosis [45].  Since we employed a large dose of LPS, it is likely that 

increased cytosolic accumulation of endotoxin could activate guanylate binding protein-induced 

pyroptosis. Thus, their decreased expression in casp1
-/-

 mice could result in decreased 

inflammation, and consequently in improved survival after being exposed to a lethal dose of 
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endotoxin. However, further studies need to be performed to elucidate the roles of GBP2 and 

TGTP during SIRS. 

Finally, ADAMTS1, an enzyme that belongs to the family of the metalloproteases, was 

also differentially expressed between the two genotypes. ADAMTS1 is necessary for normal 

growth, female fertility, and kidney, adrenal and female reproductive organ structure and 

function [46].  Recently, it was shown that LPS dramatically increased the synthesis of 

ADAMTS1 within the splenic lymph and interstitial fluid to a concentration that was much 

higher than that of plasma, suggesting that the spleen is a major source of ADAMTS1, and that 

this metalloprotease is involved in the endotoxin-induced disease process [47].  Within the brain, 

metalloproteases play a key role in controlling blood brain barrier permeability during LPS-

induced inflammation, and ADAMTS1 may have a role in regulating neural plasticity, as null 

female mice have a selective decline of synaptic protein levels in the frontal cortex [48]. 

There are apparent discrepancies between our current and previous studies. In our 

previous study, the transcriptional differences between both genotypes appeared to occur 

specifically within the brain, and not in the periphery, since both wt and casp1
-/-

 showed similar 

LPS-induced increases in their expression level within the spleen [12]. In this study, we found 

that only the hippocampal transcriptional expression of two out of the eight genes, Nos2 and 

Ptgs2, showed similar differences to those previously reported in the whole brain of both 

genotypes [12]. These differences could be due to the fact that we previously employed a lower 

dose and less inflammatory serotype of LPS (e.g. Escherichia Coli 055:B5, 25 mg/kg) than the 

one employed at present [12]. The previous dose and serotype of LPS was shown to cause a 

slower progression towards death in wt mice (100% mortality after 5 days of injection) [49], than 

the LPS dose and serotype reported here (100% mortality within approximately 1.25 days) [11].  
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Furthermore, in our previous studies we employed whole brains [12], whereas here we used 

hippocampi. Moreover, we studied a small group of mice at 12h post-LPS injection, and this 

could have lowered the statistical power to detect differences at that particular time-point.  

It was recently shown that casp1-targeted mice carry a 129 ES cell-derived mutation in 

the casp11 gene, which appeared to be involved, at least in part, in their resilience to LPS-

induced lethality [50]. The synergistic key role of two of the downstream effectors controlled by 

casp1, namely IL-18 and IL-1ß, during LPS-induced lethality was recently shown [51]. The 

survival rate of casp1/11
-/- 

was very similar to that of IL-1ß/IL-18-deficient mice after receiving a 

LD100 of LPS of the same serotype as the one used in the present studies [51].  The latter results 

clearly highlight the relevance of the casp1-orchestrated pathway during LPS-induced SIRS. 

However, when casp1/11
-/- 

and IL-1ß/IL-18-deficient mice were subjected to other 

immunological challenges such as the cecal ligation and puncture (CLP) procedure, or the 

administration of a lethal dose of tumor necrosis alpha (TNF-α), casp1/11
-/-

 displayed a lower 

survival rate than IL-1ß/IL-18-deficient mice, indicating that targeting downstream effectors 

could be more efficacious than inhibiting the upstream activators CASP1 or CASP11[51].  

In summary, we described tissue and time-dependent expression profiles of a set of genes 

regulated by casp-1, after LPS-induced SIRS. Our data suggest that three elements may 

contribute to casp1
-/-

 mice resilience to SIRS-induced lethality: 1) a decreased inflammatory 

cascade due to a lower expression of casp1-orchestrated genes and a faster resolution of the pro-

inflammatory process, 2) increased Adamts1 activation in the hippocampus, which could 

potentially increase neural plasticity, and 3) loss of gene-gene interaction in the hippocampus.  

Future studies need to confirm whether changes in CNS gene-gene interactions or ADAMTS1 

biological activity are associated with the increased survival of casp1
-/-

 mice after a lethal dose of 
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LPS. Additionally, we will examine whether inhibitors of casp1 activity promote similar changes 

in genetic expression. The elucidation of these transcription pattern changes could provide a 

foundation for the development of molecular biomarkers and therapeutic targets against 

SIRS/sepsis.  
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Legend to tables and figures.  

Table 1. List of real-time PCR primers used to determine the gene expression levels of all the 

eight selected genes. 

Table 2. Survival rate of wt and casp1
-/-

 mice after receiving a LD100 of LPS. 100% of wt mice 

(n=4) died at 24h whereas 100% of casp1
-/-

 (n=5) were still alive. 

Table 3. Two-way ANOVA summary. The significance of the major three components 

(genotype, time and interaction) is shown for the eight genes in each one of the tissues studied. 

P-values are familywise corrected.  The comparison among time-points within genotypes is also 

shown for wt and casp1
-/-

 mice. Statistically significant differences between time-points are 

shown: * = P<0.05,  ** = P<0.01 and *** = P<0.001, ns = not significant. Bold “ns” show genes 

that did not show increased expression when compared with time 0h. For example, splenic 

expression of Nos2, Ptgs2 and Adamts1 remained significantly unchanged in casp1
-/-

 mice, 

whereas the splenic expression of Il1rn remained significantly unchanged in both genotypes. 

Figure 1. mRNA expression pattern of the eight selected genes in the hippocampus, spleen 

and adrenals of wt and casp1
-/-

 mice. In this figure, the time-dependent pattern of expression of 

each gene (rows a-h) is shown for hippocampal, (left panels), splenic (center panels) and adrenal 

tissues (right panels). The mean expression levels at 0, 6 and 12h post-LPS injection are 

represented by white and black columns, respectively for wt and casp1
-/-

 mice; the line above 

represents one standard error of the mean (SEM). Statistically significant differences between wt 

and casp1
-/-

 at the same time-point are shown: * = P<0.05,  ** = P<0.01 and *** = P<0.001. 

Figure 2. Hierarchical cluster analysis of gene expression levels with AU- and BP-based P-

values (in red and green, respectively). The vertical distance between the gene expression levels 

indicate how dissimilar they are. Results for (a) hippocampus, (b) spleen and (c) adrenal tissues 



26 

 

are presented.  The genes shown inside the red boxes clustered together according to an 

approximately unbiased (AU) probability set at ≥95% level, after bootstrap re-sampling. 

Supplementary Figures Legends 

Figure 1S. Pair-wise Pearson correlation coefficients and LOESS analysis assessing gene co-

expression patterns in the hippocampus of wt and casp1
-/- 

mice.  

Correlation analysis between mRNA expression levels of tested genes (All correlations were 

significant).  

Significant hippocampal correlation coefficient differences between genotypes are shown: * = 

P<0.05, and ** = P<0.01. P-values were corrected using the FDR procedure. 

Figure 2S. Pairwise Pearson correlation coefficients and LOESS analysis assessing gene co-

expression patterns in the spleen of wt and casp1
-/- 

mice. 

◦ = Correlation analysis between mRNA expression levels of tested genes that were not 

statistically significant within each genotype.  

Significant splenic correlation coefficient differences between genotype are shown: * = P<0.05, 

** = P<0.01, and *** = P<0.001. P-values were corrected using the FDR procedure. 

Figure 3S.  Pairwise Pearson correlation coefficients and LOESS analysis assessing gene co-

expression patterns in adrenal tissue of wt and casp1
-/- 

mice. 

◦ = Correlation analysis between mRNA expression levels of the tested genes that were not 

statistically significant within each genotype. 

Significant spleen correlation coefficient differences between genotype were not found. 



Table 1. 

Gene  Forward Reverse NCBI Ref. Seq. 

ββββ-actin 5-CCTAGGCACCAGGGTGTGAT-3 5-CATGTCGTCCCAGTTGGTAACA-3 NM_007393 

Ptgs2 5-TGGGCCATGGAGTGGACTT-3 5-GGATGTGAGGAGGGTAGATCATCT-3 NM_011198.3 

Nos2 5-AAGGCCACATCGGATTTCAC-3 5-TGTTCCTCTATTTTTGCCTCTTTAAAG-3 NM_010927.3 

Cxcl1 5-ACCGAAGTCATAGCCACACTCA-3 5-CACCTTTTAGCATCTTTTGGACAA-3 NM_008176.3 

Cxcl10 5-CTGGGTCTGAGTGGGACTCAA-3 5-TCATTGCCACGATGAAAAAGAAT-3 NM_021274.1 

Tgtp 5-CACCACTGCTGAGCTTCTACCATA-3 5-TCGATGTCTCTCAGTACCTTTTCAA-3 NM_011579.3 

Gbp2 5-TTGAGAAGGGTGACAACCAGAA-3 5-TGGTTCCTATGCTGTTGTAGATGAA-3 NM_010260.1 

Il-1ra 5-CCAGCTGGAGGAAGTTAACATCA-3 5-ACGGTCAGCCTCTAGTGTTGTG-3 NM_031167.5 

Adamts1 5-GACAATAACGGAAAAACGTTCAGA-3 5-GTGAGCTTGCACCTGTCCTTT-3 NM_009621.4 

 



Table 2.   

 n 12h-Post LPS injection 24h-Post LPS Injection 

Wt 4 100% 0% 

Casp1
-/-

 5 100% 100% 



Table 3. Summary Two-way ANOVA 

Organ Gene 
Component WT casp1-/- 

Genotype Time Interaction 6 vs. 0h 12 vs. 0h 12 vs. 6h 6 vs. 0h 12 vs. 0h 12 vs. 6h 

HC Nos2 *** *** ns *** ns *** *** ns ** 

  Ptgs2 ** *** * *** ns * *** ns * 

  Cxcl1 ** *** ns *** *** ns *** ns ** 

  Cxcl10 ns *** ns *** *** ns *** * ns 

  Tgtp ns *** ns *** ** ns *** ns *** 

  Gbp2 ns *** ns *** *** ns *** *** ns 

  Il1rn *** *** * *** *** ns *** ns * 

  Adamts1 *** *** *** *** *** ns *** *** ns 

Spleen Nos2 *** *** ** *** ns ** ns ns ns 

  Ptgs2 *** *** ** *** ns ** ns ns ns 

  Cxcl1 *** *** ** *** ns ** ** ns ns 

  Cxcl10 ** *** ns *** ns *** *** ns ** 

  Tgtp ** *** * *** ns *** ** ns ns 

  Gbp2 ns *** ns *** ns ns *** ns ns 

  Il1rn ns ns ns ns ns ns ns ns ns 

  Adamts1 *** * * * ns ns ns ns ns 

Adrenals Nos2 *** *** * *** ** ns *** ns * 

  Ptgs2 ns *** * ** ** ns *** ns ns 

  Cxcl1 *** *** ** *** *** ns *** ns ns 

  Cxcl10 *** *** * *** * ns *** ns * 

  Tgtp *** *** * *** ns ns * ns ns 

  Gbp2 *** *** ** *** *** ns *** ns ** 

  Il1rn *** *** ns *** * ns *** ns ns 

  Adamts1 *** *** *** ns * ns *** *** *** 
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Fig. 1S.  Hippocampus 
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Fig. 3S.  Adrenals 
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