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Abstract

Aging can have a profound effect on the neurobehavioral response to immune activation; aged
subjects are predisposed to greater deficits in performance and cognitive function in conjunction with
an exaggerated neuroinflammatory response. While increased reactivity to an immune insult has
been well characterized in aged subjects, the alterations that may exist by middle-age have not been
thoroughly investigated. The present study compared the reactions of young (4-month) and middle-
age (12-month) male BALB/c mice to an acute or repeated lipopolysaccharide (LPS) challenge(s).
The data suggest that in some respects middle-aged mice are more sensitive to endotoxin exposure,
as they show enhanced weight loss, splenic cytokine levels, and c-fos expression in the brain
following acute LPS administration compared to younger mice. However, acute LPS exposure led
to comparable decreases in locomotor activity in young and middle-aged mice. Following repeated
LPS administration both age groups showed diminished behavioral and neural reactions to the final
LPS challenge, indicating tolerance development. However, the immune system of the middle-aged
mice was still mildly responsive to the final LPS exposure, as splenic levels of IL-13 were
significantly elevated. Collectively, the data suggest that middle-age subjects are more sensitive to
an immune insult.
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1. Introduction

The general health of an organism often decreases as a function of age, with aged individuals
showing increased frequency of infection, poorer outcomes, and increased mortality (Laupland
et al., 2003; Miller, 1996). This increased propensity for illness likely results from a series of
age-related changes in immune function, or immunosenescence, and may vary with the site
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and immune parameters assessed (Aw et al., 2007; Miller, 1996). Corresponding changes also
develop in the central nervous system (CNS), as evidenced by exaggerated neuroinflammatory
responses in aged subjects (Abraham and Johnson, 2009; Chen et al., 2008; Dilger and Johnson,
2008; Godbout et al., 2005; Henry et al., 2009; Terao et al., 2002).

Whereas the focus on altered immune function and subsequent neurobehavioral effects has
largely been placed on elderly subjects (Dilger and Johnson, 2008), alterations in these domains
occurs in middle age (Blalock et al., 2003; Izgut-Uysal et al., 2004; Popp and Francis, 1979;
Rozovsky et al., 1998; Terao et al., 2002; Verbitsky et al., 2004). For example, even in the
absence of an immune stimulus, middle-aged subjects show increased hippocampal expression
of multiple inflammation-associated genes relative to younger subjects (Blalock et al., 2003;
Terao et al., 2002; Verbitsky et al., 2004). Furthermore, whereas the behavioral response of
middle-aged subjects did not differ from younger subjects following a single challenge with
the endotoxin, lipopolysaccharide (LPS; Gram-negative bacteria cell wall) (Kinoshita et al.,
2009; Kohman et al., 2007; Krzyszton et al., 2008; Sparkman et al., 2004), repeated LPS
exposure, a model of chronic inflammation, produced greater cognitive and performance
decrements in middle-aged subjects (Kohman et al., 2007; Sparkman et al., 2004). Therefore,
while less apparent than the effects observed in elderly subjects, the findings suggest that under
certain conditions middle-aged subjects are more vulnerable to the cognitive and behavioral
effects of immune activation.

The exaggerated deficits observed in middle-aged subjects following repeated LPS exposure
(Kohman et al., 2007; Sparkman et al., 2004) may indicate impairments in tolerance
development. Endotoxin tolerance is a temporary decreased responsiveness to LPS, induced
by prior exposure to LPS (Fan and Cook, 2004), and which is an adaptive response that can
protect against the occurrence of septic shock. LPS administration stimulates immune
activation through interactions with toll-like receptor-4 (TLR-4). Tolerance to LPS can develop
through a reduction in TLR expression or signaling capacity, via the production of molecules
such as interleukin-1 receptor associated kinase-M (IRAK-M) that inhibits TLR signaling
(Fan and Cook, 2004; Li et al., 2009; Nomura et al., 2000). Li et al. (2009) demonstrated that
peripheral blood mononuclear cells (PBMCs) from aged (i.e., 24 month-old) rats show
impaired development of endotoxin tolerance, as pre-exposure to LPS failed to decrease
cytokine production in response to a secondary LPS challenge. Further, the aged cells failed
to increase levels of IRAK-M and maintained higher monocyte expression of TLR-4 (Li et al.,
2009). Presently, whether middle-age subjects show similar deficits in endotoxin tolerance is
unknown, though early work by Habicht et al. (1985) found evidence of impaired tolerance to
another immune stimulant, deaggregated human immunoglobulin (DHGG), in aged and
middle-aged subjects.

To determine if middle-aged subjects show alterations in endotoxin tolerance development,
the present study compared the behavioral, neural, and immune responses of young and middle-
aged mice following acute or repeated LPS exposure. This study chose to employ a lower dose
of LPS than administered in prior work with middle-aged animals (Chorinchath et al., 1996;
Kinoshita et al., 2009; Kohman et al., 2007; Sparkman et al., 2004). This allowed for the
determination of possible differences in LPS sensitivity and tolerance development between
young and middle-aged subjects, as well as limited the potential loss of middle-aged animals
following repeated administration of higher doses of LPS. Indeed, research with aged (i.e., 24-
month old) subjects has shown a lower threshold for cytokine expression and induction of
endotoxin-induced shock syndrome as well as mortality (Chorinchath et al., 1996; Saito et al.,
2003; Tateda et al., 1996). Though the lethal dose of LPS was shown to be similar between
young and middle-aged subjects (Chorinchath et al., 1996), distinct reactions between these
age groups may be observed at substantially lower doses of LPS. Therefore, in the present
study, we examined whether young and middle-aged subjects would show differential reactions
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to a lower of dose LPS, and hypothesized that middle-aged mice would show delayed tolerance
development as compared to young subjects.

2. Methods

2.1. Experimental subjects

Subjects were 19 four-month-old and 17 twelve-month-old male BALB/c mice that were
purchased from The Jackson Laboratory (Bar Harbor, ME) at 6-8 weeks and aged in our colony
room at Rutgers University. All animals were housed in groups of 3—4 in a standard
polycarbonate mouse cage with food and water available ad libitum. Lights were turned on at
0600 and then turned off at 1800 hrs. Animals were treated in compliance with the Guide for
the Care and Use of Laboratory Animals and the experiment was conducted in accordance
with a protocol approved by the Institutional Animal Care and Use Committee (IACUC) at
Rutgers University.

2.2. Treatment conditions

Mice were divided by age into three treatment groups: LPS-acute (daily saline injections,
followed by a single LPS injection on Day 4), LPS-repeated (LPS given all four days), and
saline control (saline given all four days) for a total of six treatment conditions. LPS
(Escherichia coli serotype 0111:B4, Sigma, St Louis, MO) was administered at a dose of
3ug/mouse in sterile 0.9% saline. Control animals received an equivalent volume injection of
sterile saline. All the animals received a total of four injections, one per day, of either LPS or
saline. Three-hours after the final injection subjects were tested for behavioral alterations and
then sacrificed for tissue collection (as described below).

2.3. Behavioral testing procedure: open field and novel object test

Three hours after the fourth injection of LPS or saline, subjects were tested for locomotor
activity in an open field (56cm x 63.5cm) for 10 min. Dependent measures included total
distance travelled (cm) and the time spent in the center and outer portions of the maze. After
10 min, a novel object (i.e., a silver cylinder) was placed into the center of the arena and the
mice were allowed 5 min to explore the object. Dependent measures included total distance
travelled (cm), number of contacts with novel object, and percent time spent in area surrounding
the novel object. Behavior was recorded and analyzed by a computerized animal tracking
system (Panlab Smart software, San Diego Instruments, San Diego, CA).

2.4, Perfusion and sectioning for immunohistochemistry

Immediately following behavioral testing, mice were given a lethal dose of sodium
pentobarbital (7.5mg/kg) and sacrificed by transcardial perfusion of saline (5 min), followed
by 4% paraformaldehyde (10 min), and a saline wash (5 min). Brains were post-fixed in 4%
paraformaldehyde overnight and then transferred to 30% sucrose solution until sectioning.
Brains were sliced into 30um coronal sections on a freezing microtome and cryopreserved at
-20°C until the staining was performed.

2.5. Immunohistochemistry: c-fos detection

Brain sections were incubated for 48hrs with rabbit anti-rat c-fos (1:15,000, Calbiochem PC38,
San Diego, CA) antibody in 0.4% Triton X-100 in potassium phosphate buffered saline (KPBS,
pH 7.4; Sigma, St. Louis, MO). Following a series of KPBS washes the sections were then
incubated for 2hrs at room temperature with biotinylated goat anti-rabbit antibody (1:500;
Vector Laboratories, Burlingame, CA) in 0.4% Triton X-100 in KPBS. After washing out the
secondary antibody, sections were incubated for 1hr at room temperature with an avidin-biotin-
peroxidase complex solution from Vector Elite ABC kit (Vector Laboratories), followed by a
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series of washes in KPBS and 0.175M sodium acetate (NaOAc). The enzyme-substrate reaction
was generated by adding a 3,3-diaminobenzadine (DAB) substrate solution of 0.2mg/ml DAB
in 0.175M NaOAc with hydrogen peroxide (H,O5). The enzyme-substrate reaction was
terminated by a series of washes in 0.175M NaOAc solution and then in KPBS. Tissue was
mounted on Superfrost Plus slides (Fischer Scientific) allowed to dry and then counter stained
with 0.5% methyl green and coverslipped using Permount (Fischer Scientific). Confirmation
of non-specific reactivity was determined by omission of the primary antibody. Furthermore,
this staining procedure has consistently yielded positive c-fos results in this laboratory (Shurin
etal, 1997; Rossi-George et al, 2005; Cooper & Kusnecov, 2007), with confidence in the non-
specificity of this staining was initially confirmed using an isotype specific control (Rabbit
1gG), which produced no subsequent reactions. Images of c-fos slides were captured at 20x
magnification with the average of three sections per region per subject used for analysis. C-
fos levels were assessed in paraventricular hypothalamic nucleus (PVN), central nucleus of
the amygdala (CeA), paraventricular thalamic nucleus (PV), and the granular cell layer of the
dentate gyrus (GrDG). Brain regions were identified based on the mouse brain atlas of Paxinos
and Franklin (2003). C-fos was quantified with ImageJ 1.4 software (available at
http://rsb.info.nih.gov/ij/ NIH, USA) and counts were confirmed by spot checking with hand
counts.

2.6. Splenic cytokine levels

Immediately prior to the infusion of saline during the perfusion procedure, spleens were
removed and frozen for analysis of cytokine levels. Spleens were homogenized in 1mM
phenylmethanesulfonyl fluoride (PMSF) in 0.1M phosphate buffer, centrifuged (4000rpm for
30min at 4°C), and supernatants collected. Splenic cytokine levels were measured by enzyme-
linked immunosorbant assays (ELISA), according to the manufacturer's instructions (BD
Biosciences, San Diego, CA). Total protein content for the spleen samples was determined by
BCA protein assay (Pierce, Rockford, IL), according to the manufacturer's instructions.
Cytokine data are expressed as pg/mg of protein.

2.7. Statistical analyses

3. Results

The data were analyzed with Age (middle-aged and young) x Treatment (LPS-acute, LPS-
repeated, and saline) factorial ANOVAS. Since body weight was measured daily the data were
analyzed by a repeated measure ANOVA with Test day as the repeated measure. To determine
if any differences in initial body weight existed between the age groups a one-way ANOVA
was conducted on Day 1 (prior to treatment) body weights. An alpha level of 0.05 was the
criterion for rejection of the null hypothesis. Differences between Treatment and Age groups
were assessed by Fischer PLSD post hoc test only if the omnibus F was significant.

3.1. Body weight

Comparison of the subjects body weight prior to treatment, on Day 1, revealed there was no
significant difference between the age groups, both young and middle-aged mice weighed an
average of 30 grams (F(1,30)=2.1, ns). Change in body weight following LPS administration
was analyzed by repeated measures ANOVA that included the mice given repeated LPS or
saline injections. Mice in the LPS-acute condition were not included given that LPS-induced
weight loss is not observed until the following day. A significant Age x Treatment x Test day
interaction (F(1,40)=4.16, p<0.05, see Figure 1) revealed that middle-aged mice showed a
significant decrease in their weight 24hrs after the first LPS injection (p<0.05). Although the
young mice showed some reduction in weight 24hrs after the initial LPS challenge, they did
not differ from saline controls. No differences in weight were observed in either age group
following the 2" or 3™ LPS injection (i.e., Day 3 and Day 4, respectively).
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3.2. Open field and novel object tests

Open field—Mice were observed for 10min in the open field following acute or repeated LPS
administration. Middle-aged mice traveled a shorter distance than young mice (main effect of
Age, F(1,30)=5.54, p<0.05, see Figure 2A). Additionally, middle-aged mice spent more time
in the outer ring and consequently less time in the center compared to young mice (main effects
of Age, F(1,30)= 13.19, p<0.005; F(1,30)=13.95, p<0.005, respectively, see Figure 2B).
Regardless of age, acute, but not repeated, LPS administration decreased total distance traveled
in both young and middle-aged mice (main effect of Treatment, F(2,30)=7.12, p<0.005, see
Figure 2A). A single LPS challenge increased time spent in the outer ring and decreased time
spent in the center of the field (main effects of Treatment, F(2,30)=4.12, p<0.05; F(2,30)=4.19,
p<0.05, respectively, data not shown).

Novel object—Following the open field, a novel object (i.e., a silver cylinder) was placed in
the center of the field and the subject's behavior was recorded for an additional 5min. Similar
to the open field test, the middle-aged mice traveled a significantly shorter distance than young
mice (main effect of Age, F(1,30)=12.61, p<0.005, see Figure 2C). In addition, the middle-age
mice, regardless of their treatment condition, made fewer entries into and spent less time in
the area immediately surrounding the novel object than younger subjects (main effects of Age,
F(1,30)=8.35, p<0.01; F(1,30)=4.78, p<0.05, respectively, see Figure 2D). Following acute or
repeated LPS administration mice showed a significant decrease in total distance traveled
relative to saline-treated subjects (main effect of Treatment, F(2,30)=7.38, p<0.005, see Figure
2C), this response was not influenced by the subject's age.

3.3. Immunohistochemistry: c-fos

The number of c-fos positive cells were assessed in paraventricular hypothalamic nucleus
(PVN), central nucleus of the amygdala (CeA), paraventricular thalamic nucleus (PV), and the
granular cell layer of the dentate gyrus (GrDG). No significant age or treatment differences
were found in the PV or GrDG (see Figures 3C and 3D). However, for both the PVN and CeA
the middle-aged mice had significantly higher c-fos levels in response to acute, but not repeated,
LPS administration as compared to saline controls (Age x Treatment interactions, F(2,30)
=4.13, p<0.05; F(2,30)=8.39, p<0.005, respectively, see Figures 3A, 3B, and 4). In the young
mice, acute or repeated LPS administration failed to induce c-fos expression in the regions
assessed; young LPS-treated mice did not differ from saline controls.

3.4. Splenic cytokine levels

Interleukin-1B—A single LPS injection significantly increased splenic levels of IL-1p in
both age groups, but the increase was greater in the middle-aged mice (Age x Treatment
interaction, F(2,30)=43.13, p<0.001, respectively, see Figure 5A). Repeated LPS injections
increased splenic IL-1p levels in the middle-aged, but not the young, mice relative to saline-
treated mice (p<0.05), though this effect was attenuated relative to that seen with an acute LPS
challenge.

Interleukin-6—Acute LPS increased splenic levels of IL-6 in the middle-aged, but not the
young, mice (Age x Treatment interaction, F(2,30)=3.51, p<0.05, see Figure 5B).

Tumor necrosis factor-a—A single LPS injection, but not repeated injections, increased

splenic levels of TNF-a (main effect of Treatment, F(2,30)=7.53, p<0.005, see Figure 5C).
Analysis did not reveal an Age effect.
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Discussion

Age-related alterations in the inflammatory and neurobehavioral responses to an immune
stimulus have been well characterized in elderly subjects (Abraham and Johnson, 2009; Aw
et al., 2007; Barrientos et al., 2006; Godbout et al., 2005; Godbout et al., 2008; Krabbe et al.,
2005; Miller, 1996). However, the onset and trajectory of these age-related changes in
sensitivity to immune activation have not been fully elucidated. As an attempt to identify earlier
age-associated changes that may precede the effects observed in elderly subjects, the present
study compared the responses of young and middle-aged subjects following LPS
administration. The results suggest that differential reactivity exists between these age groups,
as middle-aged subjects show increased sensitivity to acute LPS administration. Specifically,
middle-aged subjects mounted enhanced neural and immune responses to acute LPS
administration compared to the younger subjects. In addition, body weight was monitored as
an index of sickness, and in agreement with Kinoshita et al. (2009), middle-aged subjects
showed greater weight loss compared to younger subjects following acute LPS administration.
These data provide evidence of enhanced sensitivity to immune activation in middle-aged
subjects.

With respect to neuronal c-fos expression, it was noted that after a single injection of LPS, the
numbers of c-fos immunoreactive cells in the PVN of the hypothalamus and the central nucleus
of the amygdala (CeA) were significantly augmented in 12-month-old middle-aged mice
relative to young mice. This is consistent with a previous report showing that much older 22-24
month-old BALB/c mice showed greater overall c-fos positive numbers of cells in the PVN
and CeA in response to LPS (Gaykema et al, 2006). Interestingly, in this latter study a higher
dose of LPS (10ug/mouse) was used, which activated strongly neural structures in young mice.
In contrast, young mice in the present study failed to show an increase in the number of c-fos
expressing PVN and CeA neurons. This was likely due to the lower LPS dose of 3ug/mouse,
and highlights the apparent development of increased neuronal sensitivity to LPS challenge by
middle age.

Overall, the present data stand in contrast to prior reports that have shown limited differences
between young and middle-aged subjects following acute LPS treatment (Chorinchath et al.,
1996; Kinoshita et al., 2009; Kohman et al., 2007; Krzyszton et al., 2008; Sparkman et al.,
2004; Terao et al., 2002). The difference in findings likely results from the higher dose of LPS
employed in prior reports (Chorinchath et al., 1996; Kinoshita et al., 2009; Kohman et al.,
2007; Krzyszton et al., 2008; Sparkman et al., 2004; Terao et al., 2002). Whereas, in the present
study, the use of a lower dose discriminated between younger and middle-aged subjects,
revealing that the latter animals have a lower threshold for activation of the immune system.
As aresult of this heightened sensitivity, the frequency of inflammatory episodes may increase
in middle-age which has the potential to adversely impact neural function and general well
being.

In terms of the behavioral response, prior reports have found limited age-related differences
in sickness associated behaviors between young and middle-aged subjects following a single
challenge with LPS (Kinoshita et al., 2009; Kohman et al., 2007; Krzyszton et al., 2008;
Sparkman et al., 2004). In agreement, we report that acute LPS administration produced a
similar decrease in locomotor behavior in both age groups (Kinoshita et al., 2009). This lack
of a difference is not surprising, given prior findings (Kinoshita et al., 2009; Kohman et al.,
2007; Krzyszton et al., 2008; Sparkman et al., 2004). Further, adult mice show reductions in
activity in an open field and burrowing behavior following administration of very low doses
of LPS (e.g., 0.5 and 1ug/kg) (Teeling et al., 2007). Given that behavior can be suppressed in
response to a sub-pyrogenic dose of LPS (Teeling et al., 2007), alterations in activity levels
may not be useful in identifying changes in sensitivity to an immune stimulus. Rather, direct
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measures of inflammation may better dissociate the age-related differences that exist by
middle-age.

Though the behavioral response to a single LPS challenge is comparable in young and middle-
aged subjects, divergent results on the effects of repeated LPS exposure on activity have been
reported (Kinoshita et al., 2009; Kohman et al., 2007; Sparkman et al., 2004). For example,
repeated LPS caused a prolonged decrease in swim speed in middle-aged female mice in the
water maze (Sparkman et al., 2004), whereas no difference was found in activity in an open
field (Kinoshita et al., 2009, Figure 2). The present data confirm prior reports that show
development of tolerance to the behavioral effects of LPS administration (Engeland et al.,
2001; Kinoshita et al., 2009). Additionally, our data suggest that tolerance to the LPS-induced
reductions in locomotor/exploratory behavior develops in both young and middle-aged
subjects.

A central feature of endotoxin tolerance is a reduction in the inflammatory response to
subsequent endotoxin administration (Fan and Cook, 2004). Assessment of splenic cytokine
levels revealed that middle-aged subjects retain some immunoreactivity to the last (i.e., fourth)
LPS exposure, with the IL-1p response showing an apparent slower dissipation. Prior work in
adult animals has shown a similar cytokine profile in response to repeated high dose LPS
exposure, wherein tolerance develops more quickly with TNF-a and IL-6 production than with
IL-1pB (Nagano etal., 1999; Pacheco-Lopez et al., 2008). However, at a lower LPS dose, young
mice appear to develop tolerance faster than middle-aged subjects, as demonstrated in the
present study. This difference in rate of tolerance development may be related to the initial
reaction to LPS exposure. Given that the middle-aged subjects showed augmented cytokine
production in response to acute LPS, as compared to the young mice, the response may be
slower to dissipate.

In conclusion, it has been demonstrated that numerous age-related changes in immune function
occur around middle-age and likely continue to progress with further aging (Aw et al., 2007;
Miller, 1996). One implication of this appears to be increased sensitivity to immune activation.
Though at higher doses of LPS no differences exist between young and middle-aged subjects
(Kinoshita et al., 2009; Kohman et al., 2007; Krzyszton et al., 2008; Sparkman et al., 2004);
although the current data should be extended to a direct dose-response comparison, they
nonetheless suggest that middle-aged subjects are more responsive to a lower dose of
endotoxin. These data also suggest that tolerance development to repeated LPS exposure may
be slower in middle-age subjects when using a low dose of endotoxin. Additional investigation
of the immune changes present in middle-age subjects will help clarify the progression of age-
associated immune alterations that exist during later stages of life.
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Figure 1.

Middle-aged, but not young, mice showed a significant decrease in body weight 24hrs after a
single LPS challenge. Subsequent LPS injections had no effect on weight, as there were no
differences between LPS- and saline-treated mice on Days 3 or 4. Data are expressed as mean
change in body weight £SEM. * indicates a significant difference from saline controls.
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Figure 2.
Acute LPS administration decreased activity in both the open field (A) and novel object test

(C) the reduction was comparable in the young and middle-aged mice. Middle-aged mice,
regardless of their treatment condition, spent more time in the outer annulus and less time in
the center of the open field (B; data collapsed across treatment condition). Additionally,
middle-age mice made fewer entries into the area immediately surrounding the novel object
(D; data collapsed across treatment condition). Data are expressed as means £SEM. * indicates
a significant difference from saline controls. + indicates a significant difference from young

mice.
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In response to acute LPS administration, middle-aged showed an increase in c-fos positive
cells inthe PVN (A) and CeA (B) as compared to saline controls, whereas younger mice failed
to show a response in these regions following LPS administration. No differences were
observed in the PV of the thalamus (C) or the granular cell layer of the dentate gyrus (D) for
either age group. Data are expressed as means +SEM. * indicates a significant difference from

saline controls.
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Figure 4.
Representative photomicrographs of c-fos levels in the central nucleus of the amygdala (CeA)

and the paraventricular nucleus of the hypothalamus (PVN).
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Figure 5.

As expected, acute LPS administration increased splenic levels of IL-1p in both age groups,
but the increase was greater in middle-aged mice (A). Though attenuated relative to acute
treatment, middle-aged mice showed increased levels of IL-1p following repeated LPS
administration. Only middle-aged mice showed significantly elevated splenic levels of IL-6
(B), whereas both age groups showed similar levels of TNF-a following acute LPS
administration (C). Data are expressed as means SEM. * indicates a significant difference
from saline controls.
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