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Abstract We have analyzed development of mechan-
ical hyperalgesia after repeated systemic lipopolysac-
charide (LPS) injections and correlated these findings
with stimulation of astrocytes and microglia in spinal
cord. Male Lewis rats received a single or seven intra-
peritoneal injections of LPS. Mechanical hyperalgesia
was measured as rat hindpaw withdrawal thresholds
(PWTs). We observed that a single LPS injection elic-
ited a specific change of PWTs while stimulated spinal
glial activation was identified by immunoreactivities of
specific markers, ED1, P2X4 receptor, endothelial
monocyte activating polypeptide II (EMAP II) and
glial fibrillary acidic protein (GFAP), respectively;
multiple LPS treatments induced tolerance to mechan-
ical hyperalgesia, whereas expression of ED1 and
GFAP were further increased. In conclusion, we have
demonstrated that the number of activated spinal glial
cells was increased as an acute effect of LPS correlating
with increased sensitivity to mechanical stimulation.
However chronic exposure to LPS can develop a toler-
ance to mechanical hyperalgesia despite ongoing signs
of CNS glial activation.

Keywords Microglia - Astrocytes - Inflammatory pain -
Mechanical hyperalgesia - The CNS

L.-H. Guo () - H.J. Schluesener
Institute of Brain Research,

University of Tuebingen, Calwer Str.3,
72076 Tuebingen, Germany

e-mail: lianghao.guo@uni-tuebingen.de

Introduction

Glial cells contribute to the innate immune system of
the central nervous system (CNS), and are active par-
ticipants in neuroinflammation responding to a variety
of stressors to the CNS [18, 23, 39]. Evidence has
recently accumulated that pathological pain, including
neuropathic pain and inflammatory pain, is amplified
as the consequence of spinal cord glial activation,
which is elicited by CNS injury or neuroinflammation
[8, 49-51]. Upon activation, glial cells change their
morphology from a resting, ramified shape into a
hypertrophic and less ramified appearance, and up-reg-
ulate expression of a variety of cell-surface molecules,
including ED1 [7], P2X, receptor (P2X,R) [16, 17],
endothelial monocyte activating polypeptide 11
(EMAP II) (for activated microglia) [42], and glial
fibrillary acidic protein (GFAP) (for activated astro-
cyte). Also, activated glia release proinflammatory
cytokines, which are important in mediating hyperalge-
sia and allodynia [9, 30, 51].

Noxious-stimuli-induced peripheral nerve damages
can elicit pathological pain characterized by hyperalge-
sia [60], which can be produced by an intraperitoneal
(i.p.) injection of proinflammatory cytokines, or a lipo-
polysaccharide (LPS) [26]. LPS, a major component of
the outer membrane of gram-negative bacteria, is an
important ligand of toll-like receptor 4 (TLR4). Sys-
temic administration of LPS mimics many clinical
effects of the bacterial infections including inflamma-
tion, changes in immune functions, and pain [31, 48,
52]. Several studies have shown that an i.p. injection of
LPS enhances pain responsiveness to various somatic
stimuli. Moreover, LPS-induced alterations in nocicep-
tion depend on proinflammatory cytokines released

@ Springer



704

Acta Neuropathol (2006) 112:703-713

from CNS immune cells [52, 58]. While several studies
have established that a single injection of LPS can pro-
duce behavioral hyperalgesia in rodents [52, 58], little
is known about the chronic effect of intermittent expo-
sure to endotoxin on rat behaviors, as well as on spinal
glia fate. In this study, we have compared the effects of
acute and chronic LPS administrations on rat mechani-
cal sensitivity and spinal glia activation.

Materials and methods
Animals

Six-weeks-old male Lewis rats (160-170 g at the first
injection) (Charles River, Sulzfeld, Germany) were
used. The animals were housed at a constant tempera-
ture of 22°C on a 12/12 h light/dark cycle with food and
water ad libitum, and allowed to habituate to the hous-
ing facilities for more than 1 week before the tests. All
experiments were done in accordance with the pub-
lished International Health Guidelines under a proto-
col approved by the Local Animal Care and Use
Committee and the Administration District Official
Committee.

Drugs

LPS (E. coli serotype 026:B6, Cat. L-8274) was pur-
chased from Sigma Chemicals (Heidelberg, Germany).
It was dissolved in sterile phosphate-buffered saline
(PBS) at 1 mg/ml concentration and stored at —20°C in
volumes of 1 ml. Sterile PBS was used to establish the
control cohort. In all the experiments, freshly thawed
LPS was administered intraperitoneally at 5 mg/kg
body weight [5, 15, 40, 41].

Behavioral assessment

Mechanical hyperalgesia was measured as rat hindpaw
withdrawl thresholds (PWTs), which were recorded by
aesthesiometry (dynamic plantar aesthesiometer
37400; Ugo Basile, Milan, Italy). Each rat was placed in
a clear plastic compartment of a two-compartment box
with a wire mesh floor, and acclimatized to the new
environment for 10-20 min per day, 3 days before test-
ing. Before each test session, the rats were allowed
to explore the surroundings for 3-5 min until they
adopted a resting position. With the help of an adjust-
able angled mirror, the paw-flick response was elicited
by applying an increased ascending force (measured
in grams) using a steel filament (0.5 mm diameter) on
the middle plantar of both hind paws. The force was
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applied randomly to the left or right hind paw, increasing
from 1 to 50 g (5 g/s increasing rate, max. 20 s/test).
When the rat withdrew its hind paw, the mechanical
stimulus automatically stopped, and the force was
recorded as PWT. The results were calculated as mean
values of four consecutive measurements, which were
separated by 1 min.

The baselines of PWTs were obtained 1 day before
drug injection. According to the baseline, the rats were
stratified into groups so that there were no significant
differences of PWT mean values among groups. Three
groups (six rats each) received either a single or multi-
ple LPS injections, and three other control groups
received PBS injections, respectively.

On the first day of the experiment, all the rats
received either LPS or PBS i.p. injections. PWTs were
measured by the researcher being blind to the treat-
ment from 30 min to 48 h post injection. Then, two
groups of rats were killed 2 days post the single injec-
tion to study the acute effect of the single LPS or the
PBS injection; the two groups were spared to analyze
the chronic effects of a single LPS injection; two other
groups received six more LPS or PBS injections every
second day (multiple treatment groups). The PWT
measurements were done at 24 h post each treatment
and at intervals of 48 h following the last treatment. All
rats were killed 48 h post the seventh injection, i.e.
14 days post the first injection.

Immunohistochemical staining of the spinal cord
sections

After the last behavioral test, three rats per group were
perfused with 50-100 ml of 0.1 M PBS pH 7.4 contain-
ing 4% paraformaldehyde (PFA) under fatal ethyl
ether (Sigma, Seelze, Germany) anesthesia. Spinal cords
were removed and fixed overnight in PBS containing
4% PFA, equilibrated in PBS for more than 8 h and
embedded in paraffin. Immunostaining was done on
3 pum sections.

Spinal cord sections were boiled (in a 600 W micro-
wave oven) for optimized 15 min in citrate buffer (2.1 g
sodium citrate/l, pH6, boiling point about 100°) in
order to retrieve antigens of which epitopes may be
preserved/masked during tissue fixation [44]. Endoge-
nous peroxidase was inhibited by 1% H,O, in metha-
nol for 15 min. Sections were incubated with 10%
normal pig serum (Biochrom, Berlin, Germany) to
block non-specific binding of immunoglobulins, then
with monoclonal antibodies against ED1 (specific
marker for activated microglia/macrophages) (1:100;
Serotec, Paisley, Great Britain), endothelial monocyte
activating polypeptide 11 (EMAP-II) (1:100, BMA,
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Augst, Switzerland), rabbit polyclonal P2X,R antibod-
ies (1:200, Alomone Labs, Jerusalem, Israel) raised
against the P2X,R peptide (KKYKYVEDYEQGLS
GEMNQ), and monoclonal antibody against glial
fibrillary acid protein (GFAP) (1:500; Chemicon Inter-
national, California, US). Antibodies binding to spinal
cord tissues were detected with a biotinylated swine
anti-rabbit IgG F(ab), antibody fragment (DAKO,
Hamburg, Germany) for P2X,R or biotinylated rabbit
anti-mouse IgG F(ab), antibodies fragment (DAKO,
Hamburg, Germany) for ED1, EMAP-II, and GFAP,
followed by incubation with a Streptavidin-Avidin-
Biotin complex (DAKO, Hamburg, Germany) and
development with diaminobenzidine (DAB) substrate
(Fluka, Neu-Ulm, Germany). Finally, sections were
counterstained by hematoxylin. Sections of rat C6 gli-
oma were used as controls [11] for P2X,R and GFAP,
and rat spleen for ED1, and EMAP-II. For negative
controls, the primary antibodies were omitted.

Statistical analysis and evaluation of tissue staining

All statistical comparisons were computed using
GraphPad Prism 4 for Windows. Data are given as
mean values and standard errors of means (mean +
SEM). Behavioral data were analyzed using a two-way
ANOVA followed by Bonferroni’s post hoc evalua-
tion; p < 0.05 was considered significant.

Spinal cord sections were studied by light micros-
copy. Observers were blind to the experimental
groups. The numbers of immunolabeled astrocytes and
microglia of each spinal cord section were counted to
represent the entire spinal cord by using an ocular mor-
phometric grid (Olympus, Hamburg, Germany) in 10
high-power fields (HPF x 200 magnification with an
eyepiece grid representing 0.25 mm?). Only positively
stained cells with the nucleus at the focal plane were
counted. Results are given as mean values of immuno-
reactive cells per HPF and standard errors of means
(mean + SEM). Statistical analysis was performed by a
one-way ANOVA with post-hoc Tukey-HSD test. Sig-
nificance levels were set at p < 0.05.

Results

A single i.p. injection of LPS-induced mechanical
hyperalgesia

Baseline of behavioral data was obtained 1 day before
the LPS injection. Then the rats received an i.p. injec-
tion of either 5 mg/kg LPS (n = 18) or 1 ml of PBS as a
control (n=18). The animals displayed an apparent

sickness behavior (reduced activity, increased defeca-
tion, and piloerection) following the LPS treatments.
There were no mortalities throughout the experiment.
We observed a time-dependent pattern of mechanical
hyperalgesia, which was recorded as a reduction in rat
hindpaw withdrawal thresholds measured from 30 min
to 48 h after the first injection (Fig. 1a). Compared to
the PBS-injected control rats, a single injection of LPS
produced a significant reduction of PWT. The first sig-
nificant decrease was measured at 60 min post-injec-
tion (vs. baseline, p < 0.05; vs. vehicle group, p > 0.05),
and was maximal by 24 h (vs. baseline, p < 0.001; vs.
vehicle group, p <0.001). Therefore, the following
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Fig. 1 Time-dependent reduction of rat hindpaw withdrawal
thresholds. Rats received i.p. injections of either 5 mg/kg LPS
or PBS. Values represent changes of PWTs (mean + SEM) ob-
tained at various times after injection. Acute mechanical hyper-
algesia was seen within 48 h following single LPS injection (a)
(n =18 for each group). No chronic hyperalgesic effect was seen
when PWTs were measured every second day during a 2 weeks
period (b) (n =6 for each group). Statistical analysis was per-
formed by two-way ANOVA with Bonferroni post-tests.
*p < 0.05, **p < 0.01, or ***p < 0.001 denote the significance lev-
els of data from the LPS treated group compared to control group
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PWTs induced by repeated injection were measured
24 h post each treatment. 48 h post injection, PWT val-
ues decreased close to baseline levels (vs. baseline,
p < 0.05; vs. vehicle group, p > 0.05). Thus, mechanical
hyperalgesia induced by LPS injection is an acute
effect. As shown in Fig. 1b, PWT data from rats sam-
pled every 48 h for even a longer period clearly demon-
strated a maximal reduction of PWTs within the first
24 h only (PBS vs. LPS, p < 0.05; n = 6 for each group).
Thereafter, PWT mean values of the LPS group gradu-
ally returned to those of the control (Fig. 1b).

Tolerance developed to induction of mechanical
hyperalgesia by repeated LPS treatments

To examine the effects of repeated LPS injections, PBS
or LPS was injected every second day for a total of
seven injections. As shown in Fig. 2a, the first LPS

administration produced a significant reduction in rat
hindpaw withdrawal thresholds as compared to the
control group (see also Fig. 1a). In contrast, the reduc-
tion in PWTs post the seventh injection of LPS was
substantially less than that induced by the first one
(p <0.05 at each time point) (Fig.2a). In detail, we
compared PWT mean values at 100 min, 24 h, 48 h post
every injection (Fig. 2b, ¢, and d respectively). During
the 2 weeks period of this experiment, no significant
changes were measured in PWTs of control rats thus
excluding the habituation effect during the present aes-
thesiometer testing. We observed that hyposensitivity
rapidly developed after repeated LPS injections. At
100 min post injection, the reduction of PWTs was
maximal after the second LPS treatment (Fig. 2b). At
24 h post every LPS injection, the maximal mean val-
ues of PWT reduction were obtained after the first
injection. Then the PWTs values slowly returned to
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Fig. 2 Effects of repeated injection of LPS on rat hindpaw with-
drawal thresholds. Data show PWTs (mean + SEM, six rats per
group) at various times after the first and the last injection of ei-
ther LPS of PBS (a). Significant differences can be seen between
PWTs of the first and the seventh LPS injection. In details, PWTs
values (mean + SEM) at every 100 min (b), 24 h (¢), and 48 h (d)
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24 h post repeated injections

48 h post repeated injections

are shown, showing a reduction of the hyperalgesic effect of LPS
after repeated injections, thus demonstrating the development
of LPS tolerance. Statistical analysis was performed by two-way
ANOVA with Bonferroni post-tests. *p < 0.05 denotes the sig-
nificance level of data from the first compared to the seventh
injection
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baseline levels (Fig. 2¢). In addition, at each 48 h post
injection recording, no significant hyperalgesia could
be detected (Fig. 2d).

Immunoreactivities of specific markers of spinal cord
glia activation following LPS administration

The activation of astrocytes was evaluated as the
immunoreactivity of GFAP (GFAP-IR) in both gray
matter and white matter. In the white matter, differ-
ences of GFAP-IR were not observed (data not
shown). In the gray matter as shown in Figs. 3 and 4a,
the GFAP-IR was significantly elevated in the spinal

Fig. 3 Immunoreactivities of
GFAP and ED1 in the spinal
cord gray matter of LPS treat-
ed rat. Representative micro-
graphs of spinal cord sections
were taken from different LPS
treated rats and controls
(injection of PBS). Astrocytes
were stained with GFAP anti-
body (left column), and micro-
glia were stained with ED1
antibody (right column). As
indicated, two LPS-treated
groups (single injection) were
sampled either at 48 h or

14 days after injection, and
one group received multiple
LPS injections (seven times,
every second day). Arrows
indicate ED17 cells, and
arrowheads indicate peri-
neuronal position of ED1*
cells. Scale bar, 50 pm

(n =3 per group)
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48 h post
single LPS

single LPS

14 days post

Multiple LPS

GFAP

L

cord sections following the LPS administration as com-
pared to the control rats. In these spinal cords mild
GFAP-IR (Fig. 3, left column) was observed. In the rat
spinal cords sampled at 48 h post a single LPS injection,
the GFAP-IR was increased, and an activation of astro-
cytes was further evident by a hypertrophic morphology
(Fig. 3, left column). The number of immunostained
cells was significantly higher than that of the control
group (1.4-fold increase vs. vehicle group; p < 0.01,
n = 3) (Fig. 4a). This activation appears to be transient,
and 14 days post injection, no increased numbers of
GFAP" astrocytes could be demonstrated (vs. PBS,
p >0.05, n =3) (Fig. 4a), although the GFAP staining
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Fig. 4 Increased glial activation in rat spinal cord gray matter
after a single or repeated LPS injections. Spinal cord sections of
three rats per group were used for immunostaining. Two LPS
treated groups (single injection) were sampled at 48 h or 14 days
after injection. One group received multiple LPS injections (sev-
en times, every second day). Statistical analysis was performed by
evaluating the changes in numbers of GFAP* (a), or ED1* cells
(b). Results are given as mean values of numbers of positive cells
per HPF (mean &+ SEM). Statistical analysis was performed by
one-way ANOVA with post-hoc Tukey-HSD test. **p < 0.01,
***p < 0.001 denote significance levels of comparison of data of
each LPS treated group to its respective control group; ***
p <0.001 denotes the significance level of data from of LPS
groups

revealed still an activated astrocytic morphology
(Fig. 3, left column). After multiple LPS injections, i.e.
seven times, the spinal GFAP-IR was further increased
(1.9-fold increase vs. the PBS group; p < 0.001, n = 3)
(Fig. 4a) (see also Fig. 3, left column). Interestingly, no
changes of GFAP* cell numbers were recorded
between groups which were sampled at 48 h or 14 days
after a single LPS injection (p > 0.05), or between 48 h
after a single LPS or multiple LPS treated groups
(p >0.05); whereas, significant differences between
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repeatedly treated group and 14 days post single LPS
treated group can be seen (p < 0.001) (Fig. 4a).

Activated microglia/macrophages were indicated
by the immunoreactivity of ED1 (ED1-IR) in both
gray matter and white matter. Few ED1" cells were
homogeneously distributed throughout the spinal
gray or white matter in all controls spinal cords
(Fig. 3, right column). Sections of PBS-treated con-
trol rats did not show any ED1-IR changes through-
out the experiment (n = 3 for each group). After the
first LPS injection, the ED1* cells exhibited a hyper-
trophic morphology but not a rounded, amoeboid
shape, and numbers of parenchymal ED1* cells
increased significantly (2.4-fold increase vs. vehicle
group; p<0.001, n=3) (Fig.4b). However no
changes of EDI1-IR on perivascular cells were
observed and no perivascular accumulation was seen
(data not shown), indicating that recruitment of mac-
rophages was not prominent. Peri-neuronal staining
can be seen (Fig.3, right column, arrowhead);
14 days after a single LPS treatment, numbers of spi-
nal ED1* microglia were still higher than that of the
control group (2.6-fold increase versus vehicle group;
p <0.001, n =3). Repeated LPS injections induced a
considerable increase in numbers of ED1* cells. The
numbers of ED1* microglia in spinal cords of repeat-
edly LPS treated rats were significantly higher than
that after a single LPS treatment (1.6-fold increase
vs. single LPS group sampled at 48 h, p <0.001;
1.8-fold increase vs. single LPS group sampled in
14 days, p < 0.001), as well as higher than control
groups (3.6-fold increase vs. PBS group; p <0.001)
(see also Fig. 3, right column).

We further investigated two other markers, P2X4R
and EMAP-II, for activated microglia/macrophages.
In PBS-treated rats spinal cords, both P2X4R (P2X4R-
IR) and EMAPII immunoreactivity (EMAPII-IR)
were occasionally seen on single perivascular cells
(Fig.5, arrows), but rarely in spinal parenchyma. As
there were no differences among the control groups,
we grouped all data together. Following the LPS
injection, activated microglia cells were indicated
by an increase in the number of P2X4R-IR and
EMAPII-IR and by morphological criteria—the
development of a hypertrophic morphology with
thick processes but not in the rounded, amoeboid
macrophage-like shape (Fig.5, higher magnifica-
tions). After a single LPS or PBS injection, P2X,R*
cells were still rarely seen in the white matter. The
numbers of P2X,R"* cells in gray matter were consider-
ably higher than that in the vehicle spinal cord sections
(each single LPS group vs. PBS group: p < 0.05, n = 3)
(Fig. 6a) (see also Fig. 5, left column), irrespective of
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Fig. 5 Activated microglia
were identified by P2X4R-IR
and EMAPII-IR. Spinal cord
sections of three rats per
group were used for immuno-
staining. Representative
photographs of spinal cord
sections showed immunoreac-
tivities for two activated
microglia markers, P2X4R
(left column), EMAP-II (right .
column) (a). Control group
(PBS injection); the other
three groups received injec-
tions of LPS. Two LPS treated
groups (single injection) were e
sampled either at 48 h or

14 days later. One group re- "
ceived multiple LPS injections i
(seven times, every second
day). Arrows indicate single
positive cells in spinal cords of
control rats. Higher magnifi-
cations indicate that both %
P2X4R" and EMAP-II* cells L
showed typical hypertrophic
microglial morphology. Scale
bar, 25 pm for lower magnifi-
cation, and 10 pm for higher
magnification

Vehicle

Multiple LPS

Higher Magnification
-

single or repeated LPS injections (p > 0.05). The
repeated LPS treatment up regulated the P2X4R
expression significantly (multiple LPS treated group
vs. vehicle group: p < 0.001, n = 3), and the differences
between any single LPS injected group and multiple
LPS injected group were significant (multiple LPS
treated group vs. each single LPS group: p < 0.001,
n=3) (Fig.6a). EMAPII-IR produced a similar
expression pattern as P2X,R-IR (Fig.5, right col-
umn). Briefly, in the control rats, few EMAPII" cells
were seen in the gray and white matter. An increase
of EMAP-II* microglia was detected after single and
repeated LPS injections (Fig. 6b). In addition, there
were no changes of P2X,R-IR or EMAP-II on peri-
vascular staining and no perivascular accumulation
was seen.

Discussion

Here we show that a single LPS injection elicited a
mechanical hyperalgesia accompanied by spinal glia
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activation. The repeated LPS injections induced
tolerance to the development of hyperalgesia, but
astrocytes and microglia were further stimulated.
Hyperalgesia is an important feature of pathological
pain. So far, the exact mechanism of pain facilitation
remains unresolved. However most recently, spinal
cord glia, including microglia and astrocytes, has been
recognized as an active participant in the creation and
maintenance of pain facilitation induced by inflamma-
tion and damage to peripheral tissues, peripheral
nerve, spinal nerves and spinal cord [29, 49, 54, 55]. In
the present work, we observed that spinal cord glial
cells, both astrocytes and microglia, were stimulated by
a single LPS injection, which elicited a behavioral
hyperalgesia. After peripheral nerve injury, both neu-
ral noxiously or non-noxiously, it is demonstrated that
glial activation booms at late phases, generally 24 or
48 h post injury [17, 43]. In the present manuscript, rat
spinal cords were sampled 48 h post each treatment
[20]. The spinal cord astrocytes up regulated the GFAP
expression, and became hypertrophic and less ramified
in response to the systemic LPS. This is in line with the
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Fig. 6 P2X4R" and EMAP-II* microglia in spinal cord gray mat-
ter of LPS treated rats. Three rats per group were used for immu-
nostaining. Control group (PBS injection); the other three groups
received injections of LPS. Two LPS treated groups (single injec-
tion) were sampled either at 48 h or 14 days later. One group re-
ceived multiple LPS injections (seven times, every second day).
Statistical analysis was performed by evaluating the changes in
numbers of P2X4R" (a), or EMAP-II* cells (b). Results are given
as mean values of numbers of positive cells per HPF
(mean + SEM) as determined by one-way ANOVA with post-
hoc Tukey-HSD test. *p < 0.05, ***p <0.001 denote the signifi-
cance levels when each LPS treated group was compared to its
respective control group; *** p <0.001 denotes the significance
level of data from LPS groups

well-recognized importance of astrocytes in response
to immune and inflammatory cascades in the CNS [2].
However, 48 h post injection, a single LPS did not
induce a prolonged increase of GFAP-IR. Similar
results have been reported from other inflammation
models, which are produced by formalin or zymosan
administration [40].

LPS activates microglia in a concentration-depen-
dent manner [22]. LPS can also attract circulating
monocytes into the brain but it is not clear as to what
extent circulating monocytes entered the spinal cord in
our experiments, as there are no reliable cell markers
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that distinguish macrophages from microglia. In the
present work, we observed that LPS-activated microg-
lial cells exhibited hypertrophic morphology but not a
round, amoeboid shape, also a perivascular accumula-
tion typical of recruited macrophages was not seen.
This suggests, therefore, that microglia, but not
recruited macrophages, play a role in the LPS-induced
hyperalgesia tolerance. Microglial activation occurs
in response to CNS trauma, ischemia, tumors, neu-
rodegeneration and immunogenic components of
viruses and bacteria [23]. LPS is a widely used stimula-
tor of microglial activation in vivo and in vitro. We
have observed a significant up regulation of ED1-IR in
acute and chronic phases of LPS-stimulation that rep-
resented spinal microglia activation [7]. A single LPS
injection elicited increased ED1-IR and development
of mechanical hyperalgesia. This could indicate that
activation of microglia might at least correlate with
inflammation-induced changes in sensitivity to mechani-
cal stimuli. At the same time, ED1* cells were observed
in perineuronal/axonal positions, implicating that neu-
ron-glial signaling might be associated with hyperalge-
sia [5, 34]. However, at later stages, ED1" cells were
seen even 14 days after a single LPS injection, when
behavioral sensitivity was reduced to control level.
This persistence, which was not observed in GFAP-IR,
is in line with previous observations in other pathologi-
cal pain models, that the number of activated microg-
lial cells keeps at submaximal levels 2 weeks after
peripheral neural damages [13, 17, 43]. These observa-
tions implicate that activated microglia might have
distinct roles in acute and chronic stages of inflamma-
tory pathologies. In the chronic stage, microglial acti-
vation may reflect an increased response to tissue
damages that is not associated with hyperalgesia [13].
Interestingly, according to our data, LPS tolerance was
clearly seen in behavioral analysis but not in the
expression of glial activation markers. Particularly,
ED1-IR was even significantly higher than the response
to a single LPS injection. In this case, the stimulation
of microglia was independent of behavioral hyperalge-
sia. It could be presumed that microglia might have a
putative role in response to the chronic noxious CNS
stimuli that strategically differ from that of the acute
phase. The time and distribution patterns of ED™ cells
held also true for P2X4R-IR and EMAPII-IR, two
specific markers of activated microglia [16, 42]. P2X,R
is an ATP-gated ion channel and involved in initiating
certain primary afferent signals [38]. Recently, P2X,R
has been defined a sensor role in pathological pain [47].
Our previous studies demonstrated that the expres-
sion of this receptor paralleled ED1" cells in either
spinal cord injury or formalin-induced inflammatory
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pain [17, 43]. EMAP-II has emerged as a potential
proinflammatory mediator with the ability to stimu-
late chemotaxis of mononuclear phagocytes and poly-
morphonuclear leukocytes [21]. EMAPII-IR is a tool
to stage activation and differentiation of rat microg-
lial cells [32, 42]. We confirmed in the present study
the expression of EMAP-II by activated microglial
cells in different stages of LPS-induced inflammation.
Moreover, a pronounced increase of numbers in
P2X,R* and EMAP-IT* microglia following single and
multiple LPS treatments suggests both P2X,R and
EMAP-II might have a role in LPS tolerance in the
CNS.

LPS is recognized by toll-like receptor 4 (TLR4),
which is involved in controlling the innate immune
response to initiate an intracellular signaling pathway
[28, 37, 57]. In the CNS, LPS is capable of stimulating
in vitro and in vivo expression of a large number of
cytokines [12, 26, 52], which can initiate a persistent
activity in small primary afferents that in turn evoke a
cascade leading to a decreased response threshold, and
results into a behaviorally defined hyperalgesia [14, 26,
52]. In the present work, a mechanical hyperalgesia
developed as soon as 60 min post systemic LPS injec-
tion correlating with other known effects of a single
LPS like fever and anorexia, which likewise occur rap-
idly and coincide with release of immune mediators
[34, 35]. We also found that a single LPS administra-
tion produced a unique time-dependent mechanical
hyperalgesia, which persisted longer (> 24 h) than the
documented increases in production of cytokines [22].
It suggests that LPS-stimulated immune responses
might attend the initiation rather than maintenance of
hyperalgesia. On the other hand, we have demon-
strated a tolerance to the hyperalgesic effect of
repeated LPS treatments. To date, the molecular
mechanisms of endotoxin tolerance of pain related
behaviors remain unclear. Generally, LPS tolerance
has been termed as a reduced in vivo or in vitro capac-
ity of the host to respond to LPS activation [1, 11]. We
observed that LPS tolerance resulted in a reduction of
behavioral hyperalgesia and similar observations have
been reported in the development of fever, anorexia,
and lethality as well [3, 4, 36]. The possible interpreta-
tion of our results may be manifold and might include
enhanced LPS binding protein synthesis and increase
clearance of circulating LPS that lead to dramatic
reduction of proinflammatory cytokines synthesis [27,
54, 59, 61]. However, although our data suggest that
spinal glia may attend the inflammatory pain induced
by a single noxious stimulus, multiple LPS induced
immunoreactivities of glial activation markers did not
correlate with hyperalgesia.

Many factors influence pain sensitivity. The genetic
background influences pain sensitivity, which is widely
variable among species and strains. Genetic origin of
pain has been investigated and the underlying genes
have been tentatively characterized as quantitative
trait loci (QTL) only [10, 14, 56]. Strain differences of
QTL influences involved in nociceptive process have
been mostly discussed in mice, which are rather more
sensitive to LPS than rats. The Lewis rat strain is fre-
quently use for study of immune regulation, particu-
larly autoimmune diseases [25, 53], in which the role of
glial cells are widely investigated. This is mainly due to
peculiarities of MHC-associated antigen recognition
but it has been reported that this and other rat strains
are over-reactive to immune stimuli [24]. The role of
genetic traits in LPS responsiveness in ongoing and
cannot be addressed in this study. Over the last few
years, the role of spinal glia as a significant contributor
to the initiation and maintenance of pain states is
becoming more and more evident and thus, they are
considered drugs target in the development of new
pain therapeutics [29, 51]. Repeated exposure to bacte-
rial infection well mimics clinical chronic inflammation
[37]. In the present study, therefore, we have achieved
this condition and investigated glial activation during it
in Lewis rats. Generally, the neuroprotective or neuro-
toxic functions of activated microglia and astrocytes
should be discussed under different stimuli and patho-
logical conditions [33]. Taken together, the present
data suggest that under chronic stimulation, expression
of glial activation marker might correlate with inflam-
mation rather than chronic pain state. The fate of
microglia and astrocytes in the relationship between
inflammatory pain and chronic inflammation needs to
be carefully addressed.
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