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Reduced adrenal response and
increased mortality after systemic
Klebsiella pneumoniae infection in
interleukin-6-deficient mice

During bacterial infections, both the immune system and the hypothalamus-

pituitary-adrenal (HPA) axis are activated. The role of IL-6 in the activation of the

HPA axis during bacterial sepsis is not fully understood. The aim of the present

study was to investigate the role of endogenous IL-6 in a potentially lethal

infection with Klebsiella pneumoniae and the concomitant activation of the HPA

en
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axis. We examined the mortality of IL-6-/- and IL-6+/+ mice after intravenous

(i.v.) infection with K. pneumoniae as well as the bacterial outgrowth in several

organs. Subsequently, the influence of endogenous IL-6 on the effect of i.v.

administration of K. pneumoniae on the plasma levels of corticosterone and the

pro-inflammatory cytokines TNF-alpha and IL-1alpha was investigated in these

mice. The present study demonstrates that IL-6-/- mice are more susceptible

than IL-6+/+ mice to a systemic Gram-negative infection with K. pneumoniae,

leading to increased outgrowth of microorganisms in the organs of the mice.

Moreover, this infection is associated with a reduced adrenal response in IL-6-/-

mice. We conclude that IL-6-/- mice are more susceptible to Gram-negative

bacterial infections, which is mainly due to an impaired recruitment of

granulocytes to the site of infection in the absence of IL-6. Furthermore, the

reduced adrenal response may be an explanation for the strong inflammatory

response with higher TNF-alpha plasma levels in IL-6-/- mice.

INTRODUCTION

During bacterial infections, both the immune system and the hypothalamus-

pituitary-adrenal (HPA) axis are activated [1, 2]. Sepsis due to infection with

Gram-negative bacteria is often related to high circulating levels of pro-

inflammatory cytokines, such as tumor necrosis factor alpha (TNF-alpha),

interleukin-1alpha (IL-1alpha) and interleukin-6 (IL-6) [3, 4]. It has been shown

that lipopolysaccharide (LPS) from Gram-negative bacterial cell walls induces

the release of these cytokines [5-7]. Furthermore, LPS induces an increase in

plasma levels of adrenocorticotropic hormone (ACTH) and corticosterone,

which is characteristic of an activated HPA axis [5, 8, 9]. Cytokines and

glucocorticoid hormones are believed to integrate an immuno-regulatory

feedback circuit: TNF, IL-1 and IL-6 stimulate ACTH and corticosterone release

[10-14], whereas glucocorticoids suppress immune cell functions and

production of cytokines, thereby protecting the organism against a harmful

overshoot of immune reactions [10, 15-18].

IL-6 reportedly plays a pivotal role in the interaction between the immune

system and the HPA axis [19]. This pleiotropic cytokine is produced both by

immune cells and by cells in endocrine tissues [20]. IL-6 has an inhibitory effect
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on the secretion of TNF and IL-1 [6, 21], and a direct stimulatory effect on

glucocorticoid release by the adrenal gland [22, 23].

Evidence for a protective role of IL-6 during infection was obtained by

investigating mice that are genetically deficient in the production of IL-6 [24]. IL-

6-deficient (IL-6 ) mice have been shown to be more susceptible than wild-

type (IL-6 ) control mice to infections caused by a variety of microorganisms

[25-30]. In a previous study, we have shown that IL-6  mice were not able to

mount an efficient neutrophil response during the infection with Candida

albicans, explaining why the IL-6  mice are more susceptible to disseminated

candidiasis [30].

The role of IL-6 in the activation of the HPA axis during bacterial sepsis is not

fully understood. The aim of the present study was to investigate the role of

endogenous IL-6 in a potentially lethal infection with K. pneumoniae and the

concomitant activation of the HPA axis. We examined the mortality of IL-6  and

IL-6  mice after an intravenous (i.v.) infection with K. pneumoniae, as well as

the bacterial outgrowth in several organs, and the recruitment of

polymorphonuclear neutrophils (PMN) to the site of Klebsiella injection.

Subsequently, the influence of endogenous IL-6 on the effect of i.v.

administration of K. pneumoniae on the plasma levels of corticosterone, and of

the pro-inflammatory cytokines TNF-alpha and IL-1alpha, was investigated in

these mice.

MATERIALS AND METHODS

Animals

Breeding pairs from the mixed (C57Bl/6 x 129/Sv) F2 generation of both IL-6-

deficient (IL-6 ) and wild-type control (IL-6 ) mice were obtained from the

Max-Planck-Institut für Immunbiologie, Freiburg, Germany [24]. Homozygous IL-

6  and IL-6  mice were housed under specific pathogen-free conditions

(according to FELASA recommendations [31]), at the Central Animal Laboratory

of the University of Nijmegen.

Only healthy male offspring of 10-16 weeks old, weighing 20-30 grams, were

used. Mice were housed in groups of 4 to 10 animals per cage. Mice were kept

under a 12/12 hours dark/light cycle (lights on at 0700 hours) and received
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acidified water and standard food (Hope Farms, Woerden, The Netherlands) ad

libitum.

Materials

Klebsiella pneumoniae (ATCC 43816), a strain that can produce lethal infection

in mice [21], was cultured overnight, and suspensions were washed in sterile

physiological saline (0.9% NaCl) and subsequently diluted to the appropriate

concentration immediately before use. Lipopolysaccharide (LPS E. coli 0111:B4)

was purchased from Sigma (St. Louis, MO, USA).

Experimental protocols

Lethal K. pneumoniae infection model and lethal endotoxemia model

K. pneumoniae were injected intravenously (i.v., 100 mul) into the retro-orbital

plexus of IL-6  and IL-6  mice under mild ether anesthesia. Doses of either

10 , 10  or 10  colony-forming units (CFU) were injected at 10 a.m. Injections with

sterile physiological saline were used as controls. Survival was assessed twice

daily in 4 to 11 IL-6  or IL-6  mice per group for 14 days. Each experiment was

performed 3 or 4 times.

LPS, dissolved in physiological saline, was injected intraperitoneally (i.p., 200

mul) at 9 a.m. doses of 250, 500, 1,000 or 2,000 mug per mouse. Survival was

assessed daily in 2 to 7 animals per group for 14 days. Each experiment was

performed 2 to 5 times.

Outgrowth of K. pneumoniae in organs and blood

A K. pneumoniae suspension of 10  CFU was injected i.v. (100 mul) into IL-6  and

IL-6  mice (8 or 9 mice per group). After 24 hours, mice were anaesthetized

with ether, a blood sample was taken from the orbital plexus, and organs (liver,

lung, spleen, kidney) were removed aseptically, cleared of adhering fat, weighed,

and homogenized in sterile physiological saline in a tissue grinder. Outgrowth of

the microorganisms in the organs and blood of the animals was quantified by

plating serial dilutions of the homogenized tissues or blood samples on sheep

blood agar plates, and counting the number of CFU after overnight incubation at

37° C.
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Recruitment of neutrophils

To investigate the recruitment of PMN at the site of Klebsiella infection, groups

of four IL-6  and IL-6  mice were injected intraperitoneally with 10  CFU/ml

heat-killed K. pneumoniae. Before injection and 4, 8, and 24 hours thereafter,

peritoneal cells were collected in sterile saline containing 0.38% sodium citrate,

and the total cell number was counted. The percentage and the absolute

number of neutrophils were determined in Giemsa-stained cytocentrifuge

preparations [30].

Plasma glucocorticoid and cytokine levels during K. pneumoniae infection

At 4, 8 or 24 hours after i.v. injection of K. pneumoniae, mice were decapitated to

obtain trunk blood for determination of plasma corticosterone, TNF-alpha and IL-

1alpha levels (7 to 11 mice per group). Blood was collected on ice in (K ) EDTA

Monoject Samplette whole blood collector tubes (Sherwood Medical, St.Louis,

MO) to which 250 KIE aprotinine (25 mul, Trasylol, Bayer AG, Leverkusen,

Germany) was added. Collected blood was centrifuged for 10 min at 1,500 x g (4°

C), and plasma was separated and stored at - 20° C until assayed.

Corticosterone and cytokine assays

Corticosterone levels were determined by radioimmunoassay (RIA) after

extraction with dichloromethane as described before [13]. Mouse TNF-alpha and

IL-1alpha antigen values were measured by specific RIA [32]. The detection limits

of the cytokine assays were 0.04 and 0.02 ng/ml, respectively.

Statistical analysis

Survival data were analyzed using the Kaplan-Meyer log rank test. Differences in

outgrowth of the microorganisms from organs and blood, and for recruitment of

neutrophils, were analyzed using the Mann-Whitney U test. Differences were

considered significant at P < 0.05. For blood sample data for corticosterone,

TNF-alpha and IL-1, a 2-way analysis of variance (2-way ANOVA) was performed

where appropriate. Further comparisons of group means by 1-way ANOVA were

carried out, using Bonferroni corrections to maintain the overall level of

significance at P < 0.05. The statistical analysis package SPSS version 6.1.3

(SPSS, Gorinchem, The Netherlands) was used.
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RESULTS

Lethal K. pneumoniae infection model

Survival after i.v. infection with K. pneumoniae was significantly lower in IL-6

mice when compared to IL-6  mice (Figure 1). After injection of 10  CFU, only

4% of the IL-6  mice survived, whereas survival of IL-6  mice was 43% (P <

0.0001). Mortality in IL-6  mice was 100% within 2 or 3 days after injection of 10

CFU (data not shown). Of the IL-6  mice, however, 27% survived after injection

of 10  CFU (P < 0.0001).

Lethal endotoxemia model

Survival after 14 days did not differ significantly between IL-6  mice and IL-6

mice after i.p. injection of 0.25 mg to 2 mg LPS (Figure 2).

Outgrowth of K. pneumoniae in organs and blood

To assess whether the increased mortality of the IL-6  mice in the lethal K.

pneumoniae infection model was associated with a higher bacterial load in the

organs, groups of IL-6  and IL-6  mice were sacrificed 24 hours after i.v.

injection with 10  CFU of K. pneumoniae. The outgrowth of microorganisms in all

of the specific organs, including peripheral blood, was significantly higher in IL-

6  mice than in IL-6  mice (Figure 3).

Recruitment of polymorphonuclear neutrophils

To investigate the recruitment of neutrophils at the site of a Klebsiella infection,

groups of IL-6  and IL-6  mice were injected intraperitoneally with 10  CFU/ml

heat-killed K. pneumoniae, and exudate peritoneal neutrophils were harvested

and counted before injection, and 4, 8, and 24 hours later. IL-6  mice had a

reduced influx of neutrophils compared with IL-6  mice, most prominently at 8

hours after injection of the microorganisms (P < 0.05; Figure 4).

Plasma glucocorticoid and cytokine levels during K. pneumoniae infection
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To investigate the role of IL-6 in the activation of the HPA axis and in the release

of pro-inflammatory cytokines during an ongoing Gram-negative infection, trunk

blood was collected from IL-6  and IL-6  mice at 4, 8 and 24 hours after i.v.

injection with saline or with 10  CFU of K. pneumoniae. After injection of saline,

plasma corticosterone levels did not differ between the two mouse strains

(Figure 5A). After injection of bacteria into IL-6  mice, corticosterone levels

increased within 4 hours, with highest levels observed at 8 hours, and

subsequently decreased. In IL-6  mice, corticosterone levels were significantly

lower, compared to IL-6  mice, at 4 and 8 hours after the injection of 10  CFU of

K. pneumoniae (P < 0.05). No differences in corticosterone response between

IL-6  and IL-6  mice were found after 24 hours (Figure 5A). TNF-alpha plasma

levels in IL-6  and IL-6  mice, increased within 4 to 8 hours after the onset of

the infection with K. pneumoniae (Figure 5B). IL-6  mice had higher TNF-alpha

levels than IL-6  mice at 8 and 24 hours after injection of K. pneumoniae (P <

0.05). Figure 5C shows that IL-1alpha levels in both mouse strains increased only

marginally after infection with K. pneumoniae.

DISCUSSION

The present study demonstrates that IL-6  mice are more susceptible than IL-

6  mice to a systemic Gram-negative infection with K. pneumoniae, and that

this infection is associated with a reduced adrenal response in IL-6  mice.

Previous studies using Gram-negative bacteria (E. coli) [26], and other

microorganisms (L. monocytogenes, M. tuberculosis, C. albicans, S.

pneumoniae) [25, 27-30], also demonstrated the protective role of IL-6 during

lethal infections. In our study, the increased mortality in IL-6  mice was

accompanied by a 10- to 100-fold increased outgrowth of K. pneumoniae in all of

the organs analyzed. This difference between IL-6  and IL-6  mice was already

found at 24 hours after the i.v. injection of the microorganisms. The outgrowth of

microorganisms in the first 1 to 3 days seems to determine the outcome of the

survival of IL-6  and IL-6  mice after 14 days, in three different infection

models that were studied in our group: K. pneumoniae (present study), C.

albicans [30], and Y. enterocolitica (J.H.A.J. Curfs, F.H.J. van Enckevort, J.F.G.M.

Meis, CGJ Sweep, A.R.M.M. Hermus, J.A.A. Hoogkamp-Korstanje, Yersinia

enterocolitica infection in IL-6-deficient mice. Abstract 13th British Scandinavian

Conference on Infectious Diseases, 1997). In general, the early host response

during the first days of bacterial and fungal infection is mediated by neutrophils,

and a defective response may be explained by either a reduced recruitment of
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neutrophils at the site of infection or an impaired phagocytosis and intracellular

killing of the organism. In the present study, the IL-6  mice displayed a reduced

capacity to recruit neutrophils to the site of a Klebsiella injection. This is in

agreement with earlier observations, showing that the recruitment of

neutrophils is dependent on IL-6 in models of C. albicans infection [30] or

peritoneal infection with S. epidermidis [33].

The infection with K. pneumoniae was accompanied by higher levels of the pro-

inflammatory cytokine TNF-alpha in IL-6  mice than in IL-6  mice, at 8 and 24

hours of the infection. Firstly, this could be explained by the diminished adrenal

response in the first 8 hours in IL-6  mice, resulting in a reduced glucocorticoid

suppression of immune cell functions and production of cytokines. Secondly, in

the absence of endogenous IL-6 in these mice, a putative, direct inhibiting effect

of IL-6 on the release of TNF-alpha and IL-1alpha is absent [6, 21], leading to

higher levels of cytokines during the course of the infection. Thirdly, during

sepsis and endotoxic shock, macrophage migration inhibitory factor (MIF) is

induced, which acts to override the glucocorticoid inhibition of the production of

cytokines (TNF-alpha, IL-1alpha and IL-6) in macrophages and T cells [34-36]. As

IL-6 is an inhibitor of the release of MIF, we suggest that in IL-6  mice MIF levels

are higher, which also may account for a reduced inhibition of cytokines by

endogenous glucocorticoids in IL-6  mice. Most importantly, the higher

bacterial load in IL-6  mice found at 24 hours of the infection may account for

inducing more TNF-alpha and IL-1alpha.

The role of IL-6 in the activation of the HPA axis during septic shock or bacterial

sepsis is not fully understood. In a previous study we showed that IL-6

deficiency in mice results in a reduced adrenal response after injection with a

single dose of purified LPS, although the plasma levels of TNF-alpha and IL-

1alpha did not differ between IL-6  and IL-6  mice in that model [37]. Injection

of a single dose of LPS resulted in a fast cytokine response with a peak of TNF-

alpha within 1 hour. The present results show a diminished corticosterone

response until 8 hours after infection with K. pneumoniae, accompanied by

higher TNF-alpha levels in IL-6  mice. However, at 24 hours of infection,

corticosterone levels were equally high in IL-6  mice and in IL-6  mice, where

corticosterone levels had already started to decrease, while TNF-alpha levels

were still higher in IL-6  than in IL-6  mice. On the basis of these results we

suggest that IL-6 is important in the response of the HPA axis, and is a distinct

mediator of the cytokine response to an infection with live microorganisms.
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To assess whether the increased bacterial outgrowth per se, or the associated

bacterial endotoxins induce the higher mortality of IL-6  mice during the

infection with K. pneumoniae, purified LPS was injected into IL-6  and IL-6

mice. In contrast to infection with K. pneumoniae, injection of mice with doses of

1 or 2 mg LPS led to no difference in mortality rates between IL-6  and IL-6

mice, which is in accordance with the study by Dalrymple et al. [26]. Moreover, in

contrast to the higher levels of TNF-alpha found in IL-6  mice during the

infection reported here, no difference in TNF-alpha levels was found between IL-

6  and IL-6  mice after injection of LPS [37]. Therefore, the difference in

mortality between the two mouse strains during the infection with K.

pneumoniae is not mediated by LPS. Rather, the impaired neutrophil

recruitment, leading to increased outgrowth of microorganisms in the absence

of endogenous IL-6 is the main cause of the increased mortality in IL-6  mice.

CONCLUSION

We conclude that IL-6  mice are more susceptible to Gram-negative bacterial

infections and to infections with live microorganisms in general, due to a

defective migration of neutrophils to the site of infection and increased

outgrowth of microorganisms in the organs of the mice. Furthermore, the

reduced adrenal response may be an explanation for the strong inflammatory

response with higher TNF-alpha plasma levels in IL-6  mice.
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