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Background: It has been well documented in several studies
that many immunologic parameters are altered in experimen-
tal animals and human subjects who have flown in space.
However, it is not fully known whether these immunologic
changes could result in increased susceptibility to infection.
Hindlimb (antiorthostatic) unloading of rodents has been used
successfully to simulate some of the effects of spaceflight on
physiologic systems.

Objective: The objective of this study was to determine the
effect of hindlimb unloading on the outcome of Klebsiella
pneumoniae infection in mice.

Methods: Hindlimb-unloaded, hindlimb-restrained, and con-
trol mice were intraperitoneally infected with one 50% lethal
dose of K pneumoniae 2 days after suspension. Mortality and
bacterial load in several organs were compared among the
groups.

Results: Unloaded mice showed significantly increased mortal-
ity and reduced mean time to death compared with that seen
in the control groups. Kinetics of bacterial growth with small-
er infective doses revealed that control mice were able to clear
bacteria from the organs after 30 hours. In contrast, unloaded
mice had continued bacterial growth at the same time point.
Conclusion: The results of this study suggest that hindlimb
unloading might enhance the dissemination of K prneumoniae,
leading to increased mortality. The complex physiologic
changes observed during hindlimb unloading, including stress,
have a key role in the pathophysiology of this infection. (J
Allergy Clin Immunol 2002;110:262-8.)
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Research focusing on the influences of stress on the
normal functioning of the immune system and the patho-
genesis of infectious disease has received considerable
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Abbreviations used
CFU: Colony-forming unit
LDsy: 50% lethal dose
TSA: Tryptic soy agar
TSB: Tryptic soy broth

attention in the past few years. Several studies have
increased our understanding of the complex interactions
between the central nervous system and the immune sys-
tem regarding the role of stress in resistance to infec-
tion.!5 Included among those interactions are the link-
ages between the neuroendocrine system and immune
system that occur, especially during spaceflight.2:6-10 It is
well known that immune function is altered as a result of
spaceflight.6-12 The immunologic changes that occur
after spaceflight include changes in immune cell func-
tions (eg, cytokine production), changes in leukocyte dis-
tribution, reduction in proliferation of T lymphocytes
after mitogen stimulation, and reduction in the total
number of leukocytes.6-12 Multiple factors that occur
during spaceflight appear to play a role in the immuno-
logic changes observed after spaceflight, including
stress, exposure to microgravity, and exposure to radia-
tion.6-12 Alterations in the physiology of the host, partic-
ularly the immune system, could have profound effects
on the ability of the host to resist infections. Although
spaceflight exposure results in alterations in immune
responses, the significance of those changes regarding
susceptibility to infection remains to be established.

Because spaceflight experiments are costly and of lim-
ited availability, models have been developed to simulate
some of the conditions that occur during spaceflight. For
rodents, the most widely used model is hindlimb
(antiorthostatic) unloading. Hindlimb unloading of
rodents is a ground-based stress model that resembles
some of the physiologic changes observed during space-
flight.11.13-16 Tn the model rodents are suspended with no
load bearing on the hind limbs and with a head-down tilt
of 15° to 20°.11.13-16 These conditions induce muscle and
bone loss and a fluid shift to the head, which are similar
to changes observed during spaceflight.!3-15.17 Use of
this model has shown functional changes in the immune
system as well. These changes include thymic involu-
tion,!6 decreased interferon production,!® and decreased
bone marrow colony formation.!4
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Klebsiella pneumoniae is a gram-negative bacteria
that is a major pathogen in individuals exposed to stress
and who are immunosuppressed as a result of the stress
exposure, including conditions such as major trauma and
surgery.!® K pneumoniae has played a major role in the
development of sepsis in patients who have experienced
severe trauma, possibly because of translocation of
organisms from the gut to the circulation.!® Therefore it
has the potential of becoming a pathogen for individuals
exposed to spaceflight conditions. The present study was
carried out to determine the effects of exposure of mice
to spaceflight-like conditions of the hindlimb-unloading
model on resistance to infection with K pneumoniae.
Additional studies on the possible mechanisms involved
in hindlimb unloading—induced changes in resistance to
infection were carried out.

METHODS
Bacteria

A clinical isolate of K pneumoniae was obtained from the Clinical
Microbiology Laboratory, Carolinas Medical Center, Charlotte, NC.
Stock cultures of the bacterium were maintained in tryptic soy broth
(TSB) medium plus 10% glycerol and stored at —80°C until use.

Animals

Female Swiss/Webster mice (Harlan Sprague-Dawley, Indi-
anapolis, Ind) aged 10 to 11 weeks were housed in barrier condi-
tions with controlled temperature and light cycle and having ad libi-
tum access to food and water. All experiments were approved by the
Atlanta University Center Institutional Animal Care and Use Com-
mittee and were carried out under the supervision of a veterinarian.

Experimental groups

Animals were randomly assigned to 3 groups (n = 8/group): (1)
hindlimb-unloaded mice were suspended by the tail at 15° to 20°
head-down tilt with no load bearing on hindlimb!4; (2) restrained
mice were restrained by the tail parallel to the ground, and all limbs
were allowed to touch the floor of the cage; and (3) control mice were
housed individually in standard caging. Animals in all groups were
infected 2 days after the initiation of treatment. Additional uninfected
control mice were maintained in individual cages. Experiments were
repeated at least twice by using the same experimental conditions.

Inoculum preparation

For infection studies, samples of a previously frozen stock cul-
ture of K pneumoniae were inoculated into 10 mL of TSB medium
for overnight growth at 37°C in 5% CO,. One hundred microliters
of the stationary phase culture of the overnight growth was trans-
ferred to 10 mL of TSB medium, and standard growth curve fits
were prepared by plotting absorbance readings at wavelength 595
versus the corresponding bacterial counts on agar plates; these were
expressed as colony-forming units (CFUs).

For the 50% lethal dose (LDs,) determination, bacteria were
grown to midlog phase in TSB medium for 4 hours at 37°C with
gentle shaking. Cells were harvested and washed twice with PBS by
spinning at 3000g for 10 minutes. Cell pellets were subsequently
resuspended in 10 mL of PBS and serially diluted to the desired
concentrations. Mice were intraperitoneally inoculated with doses
ranging from 1 X 107 to 1 x 103 CFU/mL, and the LDs, was deter-
mined to be 4.6 x 10 CFU/mL by using a Reed-Muench estima-
tion.20 Concentrations were confirmed by plating 10-fold dilutions
of the suspension on tryptic soy agar (TSA) solid medium.
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Experimental infection and survival
evaluation

Each mouse received 100 pL of bacterial suspension containing
the previously determined LDs, dose administered through the
intraperitoneal route 48 hours after suspension and restrain treat-
ments to assess survival of mice in the 3 experimental groups. A
sample of the K pneumoniae suspension was serially diluted and
plated on TSA solid medium to determine the actual dose of bacte-
ria injected into each mouse. Animal survival was assessed twice a
day for 15 days.

Bacterial organ load studies

For bacterial counts, spleen, lungs, liver, and kidneys were asep-
tically removed from dead mice and placed in 5 mL of sterile PBS.
Tissues were homogenized with a tissue homogenizer. One-hun-
dred-microliter samples of three 1:10 serial dilutions were plated in
TSA medium and incubated for 24 hours at 37°C. The number of
CFUs was determined by averaging the number of colonies present
on the 3 replicate serially diluted TSA plates.

Kinetics of bacterial growth in organs

Mice (n = 8/group) were inoculated intraperitoneally with a
lower, nonlethal doses of K pneumoniae (1 x 106 CFU/mL) to deter-
mine the kinetics of bacterial growth and to decrease the rate of
mortality observed after using the LDs, dose. At least 2 mice from
each group were killed by means of cervical dislocation at different
time points (6, 21, and 30 hours) after inoculation. Blood was col-
lected through cardiac puncture, and organs were removed and
processed, as described previously.

Statistical analysis

At least 2 separate experiments for each determination were per-
formed in this study. Data were analyzed by using Statview 5.0.1,
with the significance set at a P value of less than .05. Results were
expressed as percentage of survival at each time point, as deter-
mined with the Kaplan-Meier method. Differences in survival rates
between the groups were compared by using the Mantel-Cox log-
rank test. The Student 7 test was used to test statistical significance
between any 2 groups, and ANOVA was used for differences among
more than 2 groups.

RESULTS
Hindlimb unloading results in decreased sur-
vival of mice infected with K pneumoniae

As shown in Fig 1, intraperitoneal inoculation of mice
with one LDs, of bacteria resulted in a significant
increase of mortality 2 to 4 days after inoculation in
hindlimb-unloaded mice compared with restrained and
normally housed control mice. A cumulative mortality
rate of about 90% was observed by day 4 after infection
in hindlimb-unloaded mice. Mortality rates in the range
of 50% to 60% were observed in restrained and infected
control mice, respectively, 3 days after inoculation. There
were significant differences in the mortality rates
between hindlimb-unloaded mice and both the restrained
and control groups (P < .032). There was no significant
difference in mortality rate between the restrained and
control groups. In addition, the hindlimb-suspended
group showed a significant decrease (P < .0001) in the
mean day of death after infection (4.00 + 0.23) compared
with restrained mice (9.05 + 0.45) and normally housed
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FIG 1. Effect of hindlimb unloading on survival of mice after intraperitoneal administration of K pneumoni-
ae 2 days after treatment. Data were expressed as percentage survival at each time point, as determined by
using the Kaplan-Meier method. Differences in survival among the 3 experimental groups of mice were
compared by using the Mantel-Cox log-rank test. Squares, Hindlimb-unloaded and infected mice; circles,
restrained and infected mice; triangles, normally caged control and infected mice.

TABLE 1. Bacterial load in organs isolated from mice infected with one LDy and subjected to different treatments*

Treatment Spleen Liver Lungs Kidney

Hindlimb-unloaded and infected mice 8.11 +0.167 8.70 +0.12 8.61 +£0.13 8.08 +0.17
Restrained and infected mice 7.94 +0.26 8.71 £0.17 8.68 £0.21 8.19 £ 0.21
Control and infected mice 7.88 +0.19 8.66 = 0.19 842 +0.18 8.01 =0.16

*Hindlimb-unloaded, hindlimb-restrained, and control mice were intraperitoneally infected with K pneumoniae 2 days after the initiation of treatment. After
death, organs were aseptically removed, homogenized in PBS, and plated in TSA solid medium at different dilutions. Bacterial load was determined as CFUs
per milliliter.

FEach value represents the mean of log 10 of the CFUs per milliliter + SE (n = 13 hindlimb-unloaded and infected mice, n = 7 restrained and infected mice,

and n = 9 control and infected mice).

control mice (7.80 + 0.70). No statistical differences
were found in the mean time to death between restrained
mice and normally caged control mice (Fig 2).

Bacterial organ load and bacterial dissemina-
tion in mice that did not survive

Quantitative culture of bacteria from lungs, spleen,
liver, and kidneys removed from mice after death was
carried out (Table I). No significant differences in the
number of bacteria isolated from organs from mice that
succumbed to infection among the 3 groups were detect-
ed. No bacteria were detected in organs of mice that sur-
vived the infection and were killed at the end of the
experimental period.

Elevated bacterial organ load was detected
in the hindlimb-unloaded group mice com-
pared with control subjects 30 hours after
inoculation

The dose of infection was reduced from 4.6 x 10 to 1
% 100 CFU/mL to decrease the rate of mortality to enable
measurement of organ load in infected surviving mice.
Bacterial dissemination in organs of mice from the 3
groups was evaluated as shown in Fig 3, A-F. Rapid bac-
terial spread was observed 6 hours after infection, with
bacteria in the blood, liver, spleen, lungs, kidneys, and
brain in all experimental groups. There were no signifi-
cant differences among the groups at 6 and 21 hours after
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FIG 2. Average period to death of mice after intraperitoneal administration of K pneumoniae 2 days after
hindlimb unloading. Each time point represents the mean + SE, and values are expressed in days. *Statis-

tically significant difference.

infection. However, by 30 hours after infection, a dra-
matic decrease in bacterial counts was observed in
restrained and normally housed control mice, but the
number of bacteria isolated from the organs and blood of
hindlimb-unloaded mice continued to increase.

DISCUSSION

Hindlimb unloading of rodents has been shown to alter
immunologic responses in a similar fashion to space-
flight.14.16.18 Tn fact, hindlimb suspension has been shown to
alter resistance to both viral and bacterial infections in mice,
but the organisms studied were the D variant encephalomy-
ocarditis virus?! and Listeria monocytogenes.?2:23 Neither
of these organisms would be a likely human pathogen to be
encountered during a spaceflight mission.

The present study was designed to assess the effects of
hindlimb suspension on resistance of mice to K pneumo-
niae, a potent human pathogen that has been shown to
cause infections in individuals exposed to severe stress,
including sepsis in individuals exposed to severe trauma. !9
Additional studies were carried out to determine potential
mechanisms involved in hindlimb unloading—induced
alterations in resistance to infection. The results indicate
that infection of hindlimb-unloaded mice with K pneumo-
niae enhanced the development of sepsis and death caused
by systemic infection. It is clear that all mice in all groups
died from the same type of infectious process but that
hindlimb-suspended mice had much greater susceptibility
to the infectious process. Infected mice that succumbed
could not clear the infection, and hindlimb-unloaded mice
were much less likely to clear the infection than restrained
or normally housed mice.

It is well documented that the innate host immune
response is a very important host defense mechanism
against bacterial pathogens, including K pneumoniae. Sev-
eral chemokines and cytokines, such as IL-6 and
macrophage inflammatory protein 2, are crucial for migra-
tion of leukocytes to infections sites and for bacterial
clearance.?4 In addition to the immune system, the liver
plays a major role in the clearance of bacterial pathogens
from the host.25 In the present study the effect of hindlimb
unloading on infection and survival was targeted, but the
mechanisms by which hindlimb unloading affects the
immune system, resulting in increased mortality after
infection, remain to be established. The present study sug-
gests that hindlimb-unloaded mice might have compro-
mised function of the immune system, especially in the
recruitment and influx of granulocytes and activation of
macrophages. Impairment of protective host immunity in
suspended mice could be due to alteration in neutrophil
and Kupffer cell interactions,?5 alteration of adherence
molecules on the vascular endothelium,?¢ activation of
complement,?’ release of chemokines-cytokines,24 and
use of toll-like receptors.28 Another possible mechanism
that might contribute to the enhanced mortality and elevat-
ed bacterial growth is hepatic dysfunction from systemic
endotoxemia and release of toxic mediators of inflamma-
tory cytokines and oxidants of Kupffer cells resulting from
hindlimb unloading.2® Furthermore, hindlimb unloading
might also lead to systemic endotoxemia, which could
contribute to perturbation of cell membrane integrity and
intestinal permeability and result in bacterial translocation
from the gut. This could activate the Kupffer cells to
release toxic mediators that would alter bacterial clearance
and killing processes in the host.30
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FIG 3. Organ distribution of K pneumoniae in mice 2 days after hindlimb unloading. CFU counts in bloods
(A), liver (B), spleen (C), lung (D), kidney (E), and brains (F). Each time point represents the mean + SE of
CFUs per milliliter of 2 or more mice. Squares, Hindlimb-unloaded and infected mice; circles, restrained and

infected mice; triangles, normally caged control and infected mice.

ters,!3 and this could certainly contribute to the
decreased resistance to infection observed in the
hindlimb-unloaded mice. It is possible that cytokines and
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other neuroendocrine stress hormones are involved. It
has been recently shown that IL-6 is crucial for an effi-
cient defense against severe infections with gram-nega-
tive bacteria, including K pneumoniae.3! Hindlimb
unloading has also been shown to alter cytokine produc-
tion.23 The influence of hindlimb unloading might have
led to a lack of recruitment and activation of inflamma-
tory cells by chemotactic factors. It is possible that the
increased resistance to K pneumoniae infection and the
capacity of the control mice and all survivors to clear
bacteria and resolve the infection resulted from a normal
activity of macrophages and neutrophils.

Additional direct effects of neuroendocrine hormones on
bacterial growth and expression of virulence factors could
play a role. Catecholamine levels have been shown to be
increased in individuals who have undergone space-
flights.32 Catecholamines have also been shown to directly
enhance the growth and expression of virulence factors of
a variety of gram-negative bacteria, including K pneumoni-
ae. 3341 Additionally, in vitro growth in spaceflight condi-
tions has been shown to affect virulence of gram-negative
bacteria.42 It is possible that a combination of suppression
of immune responses and enhancement of bacterial growth
and virulence could play a role in the compromised resis-
tance of hindlimb-unloaded mice to infection.

It is likely, however, that stress alone cannot account for
the compromised resistance to infection of the hindlimb-
unloaded mice. Mice that were restrained in the current
study did not show compromised resistance to infection.
The hindlimb-unloading model, with its simulation of
some spaceflight conditions, including muscle and bone
loss and fluid shift to the head, was required to compro-
mise resistance to infection. Therefore it is possible that
spaceflight conditions combine with stress to result in
compromised resistance to infection. This is certainly an
area worthy of further study to insure the safety of poten-
tial space travelers, particularly as more flight opportuni-
ties develop with much longer exposure times to space-
flight conditions in the International Space Station era.
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