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Abstract
Brain inflammation via intracerebral injection with lipopolysaccharide (LPS) in early life has been
shown to increase risks for the development of neurodegenerative disorders in adult rats. To
determine if neonatal systemic LPS exposure has the same effects on enhancement of adult
dopaminergic neuron susceptibility to rotenone neurotoxicity as centrally-injected LPS does, LPS
(2 μg/g body weight) was administered intraperitoneally into post-natal day 5 (P5) rats and when
grown to P70, rats were challenged with rotenone, a commonly used pesticide, through
subcutaneous mini-pump infusion at a dose of 1.25 mg/kg per day for 14 days. Systemically
administered LPS can penetrate into the neonatal rat brain and cause acute and chronic brain
inflammation, as evidenced by persistent increases in IL-1β levels, cyclooxygenase-2 expression
and microglial activation in the substantia nigra (SN) of P70 rats. Neonatal LPS exposure resulted
in suppression of tyrosine hydroxylase (TH) expression, but not actual death of dopaminergic
neurons in the SN, as indicated by the reduced number of TH+ cells and unchanged total number
of neurons (NeuN+) in the SN. Neonatal LPS exposure also caused motor function deficits, which
were spontaneously recoverable by P70. A small dose of rotenone at P70 induced loss of
dopaminergic neurons, as indicated by reduced numbers of both TH+ and NeuN+ cells in the SN,
and Parkinson’s disease (PD)-like motor impairment in P98 rats that had experienced neonatal
LPS exposure, but not in those without the LPS exposure. These results indicate that although
neonatal systemic LPS exposure may not necessarily lead to death of dopaminergic neurons in the
SN, such an exposure could cause persistent functional alterations in the dopaminergic system and
indirectly predispose the nigrostriatal system in the adult brain more vulnerable to be damaged by
environmental toxins at an ordinarily non-toxic or sub-toxic dose to develop PD-like pathological
features and motor dysfunction.
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Introduction
Increasing evidence has indicated that perinatal infection/inflammation not only is a major
contributor to brain injury in newborns, but also has long-term consequences and could
speculatively modify the risk of a variety of neurological disorders in children and adults
[1]. Animal studies have shown that neuropsychiatric disorders such as schizophrenia and
autism spectrum disorders in children and adults are possibly linked with prenatal infection/
inflammation [2-4]. Maternal injection of an endotoxin, lipopolysaccharide (LPS), has
recently been reported to impair fetal brain development in rats shortly after the exposure [5]
and to alter the neuroimmune response in adult offspring [6]. Although the detailed
mechanisms involved remain unclear, it has also been proposed that early-life occurrence of
inflammation in the brain, as a consequence of either brain injury or exposure to infectious
agents, may play a role in the pathogenesis of Parkinson’s disease (PD) [7, 8], a
neurodegenerative disease typically seen in aged people. Prenatal or early life exposure to
LPS has been shown to increase the risk of dopaminergic disorders in animal models of PD
[9-11]. In utero exposure to LPS in rats was found to be associated with reduced number of
dopaminergic neurons in the substantia nigra (SN) of adult brain and possibly to contribute
to PD [10, 12]. However, in utero LPS exposure does not produce an accelerate rate of
dopaminergic neuron loss [13], rather, progressive dopaminergic neuron loss in rats exposed
to LPS prenatally requires a second dose of LPS challenge [11]. It is unclear whether death
of dopaminergic neurons results from events initiated during development, adulthood, or
represents a cumulative effect across the life span [14, 15].

Our recent studies have shown that neonatal exposure (postnatal day 5, P5) to LPS through
an intracerebral injection in rats can produce injury in the nigrostriatal dopaminergic system,
as indicated by the phenotypic suppression of tyrosine hydroxylase (TH) expression from
neurons in the SN and neurobehavioral deficits in the LPS-exposed rats [16-19]. However,
neonatal LPS exposure did not cause actual death of dopaminergic neurons in the SN and
the LPS-induced motor dysfunction was spontaneously recoverable by adult ages (P70) [18,
19]. On the other hand, when P70 rats were challenged with rotenone, a pesticide used to
induce neuropathological features of PD in animal models [20-23], an ordinarily non-toxic
or sub-toxic dose of rotenone caused actual dopaminergic neuron loss in the SN and PD-like
motor dysfunctions in adult rats that had been exposed to LPS on P5, but not in those
without the LPS injection [19]. These findings suggest that perinatal exposure to LPS may
not directly cause death of dopaminergic neurons, but may indirectly predispose the
nigrostriatal system in the adult brain more vulnerable to be damaged by environmental
toxins at an ordinarily non-toxic or sub-toxic dose. At present, the etiology of sporadic PD
remains largely unknown. The “multiple hit” hypothesis is a currently well-accepted
putative mechanism for sporadic PD [24]. Our findings provide supportive evidence for the
“multiple hit” concept. One caveat of our previous study is that the neonatal LPS exposure
was achieved through intracerebral injection, a scenario rarely happened in human life. In
the present study, we change the route of neonatal LPS exposure to intraperitoneal (i.p.)
injection, a more pathophysiologically relevant approach. The ultimate objective of this
study is to determine if neonatal systemic LPS exposure will also enhance adult
susceptibility to the development of neurodegenerative disorders triggered by environmental
toxins at an ordinarily non-toxic or sub-toxic dose, as centrally-injected LPS does.
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Methods
Chemicals

Unless otherwise stated, all chemicals used in this study were purchased from Sigma (St.
Louis, MO., USA). Monoclonal mouse antibodies against neuron-specific nuclear protein
(NeuN); or phospho-p38 mitogen-activated protein kinase (p-P38 MAPK); or OX42
(CD11b) were purchased from Millipore (Billerica, MA, USA), Cell Signaling (Danvers,
MA, USA), and Serotec (Raleigh, NC, USA), respectively. Polyclonal rabbit antibodies
against tyrosine hydroxylase (TH) or P38 MAPK were purchased from Millipore and Cell
Signaling, respectively. Polyclonal goat antibody against cyclooxygenase-2 (COX-2) was
obtained from Santa Cruz Biotechology (Santa Cruz, CA, USA). ELISA kits for detection of
rat TNFα, IL-1β or IL-6; or LPS were obtained from R&D Systems (Minneapolis, MN,
USA) and MyBiosource (San Diego, CA, USA), respectively. Fluorogold (FG) for
retrograde study was purchased from Fluorochrome (Denver, CO, USA).

Animals and LPS exposure
Timed pregnant Sprague-Dawley rats arrived in the laboratory on day 19 of gestation.
Animals were maintained in a room with a 12-h light/dark cycle and at constant temperature
(22 ± 2°C). The day of birth was defined as postnatal day 0 (P0). After birth, the litter size
was adjusted to twelve pups per litter to minimize the effect of litter size on body weight and
brain size. In order to eliminate a possible gender difference, only male rats were used in the
present study. Intraperitoneal injection of LPS (from Escherichia coli, serotype 055: B5) was
performed in 5-day old male Sprague-Dawley rat pups. In our initial studies rats pups were
injected with LPS at a variety doses (0-3.0 μg/g or 0-9,000 EU/g body weight, ) in sterile
saline (total volume of 100 μl) to determine the dose-response (see results, figure 2), and it
was administered (i.p.) at a dose of 2 μg/g body weight in all other studies. The control rats
were injected with the same volume of sterile saline. All animals survived the injection.
Each dam had the same litter size (12 pups), and equal numbers of LPS-treated and saline-
treated rat pups were included in a litter. The pups were weaned at P21 and four rats (2 LPS-
treated and 2 saline-treated) per cage were housed thereafter. All procedures for animal care
were conducted in accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee at the University of Mississippi Medical Center. Every effort was made to
minimize the number of animals used and their suffering.

Minipump preparation and implantation
Rotenone was administered through a subcutaneous osmotic minipump infusion as
described previously [19]. Briefly, rats pre-treated with LPS or saline (Sal) on P5 were
randomly further divided into two groups at P70: One group received rotenone (Rot)
infusion and the other group received vehicle (Veh) infusion. Thus, four experimental
groups (12 male rats for each group) were included in the rotenone challenge study: Sal/
Veh, Sal/Rot, LPS/Veh and LPS/Rot. Alzet osmotic minipumps (2ML4, Durect Corp,
Cupertino, CA) were aseptically filled one day before implantation with rotenone in equal
amounts of dimethylsulfoxide (DMSO) and polyethylene glycol (PEG-300) [DMSO/
PEG-300 (1:1)] or with DMSO/PEG-300 vehicle alone. The filled minipumps were placed
into sterile 0.9% saline at 37 °C overnight until implantation. Under anesthesia with 2%
isoflurane in oxygen, minipumps were placed into subcutaneous burrows on the dorsal
surface for infusion. The pumps were designed to deliver 1.25 mg rotenone/kg per day or
vehicle for 14 days (from P70 to P84). At the end of 14 days (P84), the pumps were
removed and the skin was closed with wound clips. Animals were allowed to recover for an
additional 14 days (from P85 to P98) to provide sufficient time for the development of a
stable lesion.
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Twelve rats from each group were used in the rotenone challenge study. Behavioral tests
were conducted weekly in these rats from each group from P70 to P98. Rats were sacrificed
on P98 by transcardiac perfusion with regular saline followed by 4% paraformaldehyde for
brain section preparation. In addition to these 48 rats, 36 rat pups were used for the initial
dose-response study and the LPS brain entry study, 30 P6 rats and 48 P70 from the LPS- and
saline-treated group were sacrificed by decapitation or by transcardiac perfusion for fresh
brain tissue collection (10 rats each group for determination of the mitochondrial complex I
activity and western blot analysis) or for brain section preparation (5 rats each group). The
remaining P70 rats (9 each group) were used for electron microscope (EM) study (4 rats
each group), or for FG retrograde study (5 rats each group). The total number of animals
used in this study was 162 male rats from 30 litters.

Immunohistochemistry
For brain section preparation, rats were sacrificed by transcardiac perfusion with normal
saline followed by 4% paraformaldehyde and free-floating coronal brain sections at 40 μm
of thickness were prepared in a freezing microtome (Leica, SM 2000R, Wetzlar, Germany).
Primary antibodies were used in the following dilutions: NeuN (1:200), TH (1:1000),
COX-2 (1:100) and OX42 (1:200). NeuN detects the neuron-specific nuclear protein which
primarily localizes in the nucleus of the neurons with slight staining in the cytoplasm. TH
was used to detect dopaminergic neurons in SN. COX-2 provides selective staining of
inducible cyclooxygenase. Microglia were detected using OX42 immunostaining, which
recognizes both the resting and the activated microglia. Sections were incubated with
primary antibodies at 4°C overnight and further incubated with secondary antibodies
conjugated with fluorescent dyes (Alexa Flour 555, 1:500 or Alexa Flour 488, 1:200;
Invitrogen, Carlsbad, CA) for 1 h in the dark at room temperature. Sections incubated in the
absence of primary antibody were used as negative controls. The resulting sections were
examined under a fluorescent microscope (Olympus, BX60) at appropriate wavelengths.

Surgical procedure of retrograde labeling
Surgical procedure of retrograde study was performed as previously described [25]. Under
light anesthesia with isoflurane (1.5%), five P70 rats from LPS-exposed or the control group
were placed in a stereotaxic apparatus, a dental drill was used to make a small craniotomy in
the skull, and the retrograde tracer (0.6 μl of Fluorogold, 5% solution in distilled water,
Fluorochrome Inc., Denver, CO) was stereotaxically injected into the caudate-putamen
bilaterally at the following coordinates relative to bregma: +0.7 mm antereoposterior, ±3
mm mediolateral, and −5 mm dorsoventral. The mechanical injection with a 10 μl Hamilton
syringe lasted for a period of 20 minutes. Leakage from the tip of the syringe was avoided
by introducing a small air bubble toward the opening of the needle just after tracer was
drawn. After a 4-day survival period, animals were transcardiacally perfused with saline
followed by 3.5% paraformaldehyde. The brains were post-fixed in the same fixative
overnight at 4°C and then transferred to a 20% sucrose/phosphate cryoprotecting solution.
Retrogradely-labeled FG+ neurons were examined in coronal brain section (40 μm) by UV
illumination in a series of sections in combination with stereological cell counting of double-
labeled NeuN+ and TH+ neurons.

Stereological estimates of the total number of neurons in the SN
The stereological estimates of the total number of TH+ and NeuN+ neurons, and COX-2+
neurons (est N) were performed in the SN of P70 and P98 rat brain, respectively, following
the methods described by Ling et al. [26] and Lokkegaard et al. [27]. Nine equally spaced
sections (40 m) in the midbrain level that were to be used in the analysis came from a one in
six series. The total number of TH+, NeuN+ or COX2+ cells (est N) were counted in each of
the nine sections, which cover the entire SN region. Our preliminary study showed that there
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were no differences in the density of TH+ or NeuN+ cells between the left and right sides of
the rat brain. Therefore, stereological cell counting in the present study was conducted only
in the left SN of the rat brain. It has been reported that the loss of TH immunoreactive cells
caused by prenatal LPS exposure or combined prenatal LPS exposure with postnatal
rotenone exposure in rats was primarily observed in the lateral sub-region of the SN [26].
Thus, stereological cell counting in the present study was focused in the SN region (nucleus
A9 cells or cells in both the substatia nigra pars compacta and the substantia nigra pars
reticulate). The Cavalieri principle [28] was used to estimate the reference volumes, est
V(ref), and the volume density, est NV. The product of the two is an estimate of total
number of cells in this region: est V(ref) × est NV = est N [26, 27, 29].

Brain sample preparation for electron microscopic study
Brain samples for the EM study were prepared following the procedure described previously
[19]. Briefly, four P70 rats from each group were transcardiacally perfused with saline
followed by 3% paraformaldehyde plus 0.5% glutaraldehyde in 0.1 M PBS. Brains were
post-fixed in the same fixative overnight at 4°C and then cut coronally into 50-100 μm
sections with a vibratome (Lancer). A small area/block (~1 mm × 1 mm) in the SN was
dissected out with a No. 10 blade. Typically, two to three blocks were dissected from each
brain. Blocks were processed using standard EM osmication with en bloc staining
procedures, flat embedded in epon, attached to beam capsules, trimmed and cut into
ultrathin sections. Sections were collected onto grids coated with formvar, and then further
stained with lead citrate and uranyl acetate. Materials were examined and photographed with
a Leo Biological transmission electron microscope by an investigator blind to the treatment.

Determination of mitochondrial complex I activity
Complex I activity was determined by a spectrophotometric assay as previously described
[19], based on the quantification of the rate of oxidation of the complex I substrate NADH to
ubiquinone [30, 31]. Rats were sacrificed by decapitation one day (P6) or 65 days (P70)
after the LPS injection, and bilateral regions of the striatum, substantia nigra and ventral
tegmental area were isolated, frozen in liquid nitrogen, and stored at −80°C. Brain tissues
were homogenized in 10 mM Tris-HCl buffer (pH 7.2), containing 225 mM mannitol, 75
mM saccharose and 0.1 mM EDTA, sonicated on ice, and centrifuged at 4°C (600 ×g, 20
min). The optical density of the supernatants (40 μg sample protein) in 1 ml of an assay
mixture was spectrophotometrically recorded at a wavelength of 340 nm for 200 seconds at
37°C. The assay mixture was a potassium phosphate buffer (25 mM, pH 7.5) containing 2
mM potassium cyanide, 5 mM magnesium chloride, 2.5 mg/ml bovine serum albumin, 2 μM
antimycin A, 100 μM decylubiquinone and 300 M NADH. The proportion of NADH
oxidation sensitive to an excess of rotenone (10 μM) was attributed to the complex I. The
specific activity (nmol NADH oxidation/min/mg protein) of Complex I (NADH-ubiquinone
oxidoreductase) was calculated using a molar extinction coefficient ε340nm = 6.22
mM−1cm−1 [32]. Enzyme activities were expressed as nmol/min/mg of brain tissue.
{Complex I activity = [Rate (min−1) / ε340nm (6.22 mM−1cm−1)] / 0.040 mg}

Immunoblotting and ELISA
Protein expression of TH, P38 MAPK and p-P38 MAPK was determined in the P6 rat brain
and the SN and the striatum (ST) of P70 rat brain by western blotting. Brain tissues were
homogenized in an extraction buffer (Biosource, Camarillo, CA, USA) added with a mixture
of protease inhibitors (Calbiochem, La Jolla, CA) and 1 mM PMSF. Protein levels of
homogenates were determined by the Bradford method. The homogenates were diluted with
1:2 (v/v) Laemmli sample buffer plus 5% (w/v) β-mercaptoethanol and boiled for 5 minutes.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 3.75%
stacking/10% running gel was performed with an equal amount of protein from each sample
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(20 μg/10 μl). The separated proteins were transferred electrophoretically to PVDF
membranes (Bio-Rad Laboratories, Hercules, CA, USA) at 100V for one hour. The blots
were incubated with a blocking solution containing 5% non-fat milk and 0.1% Tween-20 in
Tris-buffered saline (TBS) for one hour before incubation with the primary antibody (TH,
1:4000; P38 or p-P38, 1:1000) in the blocking solution overnight at 4°C. The blots were
then incubated with peroxidase-conjugated antibodies in the blocking solution (1:4000) for
one hour at room temperature. The immunoreactivity were detected by the Enhanced
Chemiluminescence Plus or advanced ECL system (GE Healthcare, Piscataway, NJ) and
then determined with the Molecular Imager® ChemiDoc™ XRS+ system followed by
quantification using Quantity One software (both from Bio-Rad Laboratories, Hercules, CA,
USA). To ensure that equal amounts of protein were applied to the immunoblot, the
membranes were stripped with a stripping buffer (Thermo Scientific, Rockford, IL, USA)
and re-probed for β-actin (1:4,000) to normalize the results.

Protein expression of TNFα, IL-1β and IL-6 in the P6 rat brain and the SN and ST of P70 rat
brain as well as the concentration of LPS in the rat brain were determined by ELISA kits as
described previously [18] or following the manufacturer’s instruction (LPS).

Behavioral testing
Behavioral tests sensitive to varying degrees of dopamine loss in the ST and SN were used
in this study to assess motor function [21, 33]. These tests included the vibrissa-elicited
forelimb-placing test, pole test, and tapered/ledged beam walking test. All animals were
tested and video-taped in the same order once a week from P14 to P98 by a person blinded
to treatment groups. Since recovery or development of lesion following rotenone
administration may vary with time, behavioral tests were performed on the same day for all
animals, i.e. P70, P77, P84, P91 and P98. Details of these tests have been described in our
previously study [18].

Vibrissa-elicited forelimb-placing test—This test is used to measure forelimb placing
deficit upon stimulation of the rat’s vibrissae to trigger a placing response [34, 35]. Rats use
their vibrissae to gain bilateral information about the proximal environment and this
information is integrated between the hemispheres. In the cross-midline test of forelimb
placing, the animal was gently held by its torso, but was turned sideways so that the
vibrissae were perpendicular to the surface of the table. The downwardly oriented limb was
gently restrained by the experimenter as the downwardly oriented vibrissae were brushed
against a table edge once per trial for 10 trials. The percentage of trials in which the rat
successfully places its other forepaw onto the tabletop was recorded for each side. Intact
animals place the forelimbs of both sides quickly onto the counter top with 100% success in
this test from P21. If an animal struggled during testing, the data were not included in the
overall analysis. Damages to the nigrostriatal system lead to a decrease in the successful rate
of placing in the contralateral limb in this test. Due to the bilateral effect of rotenone,
percentage of successful placing response for both forelimbs were averaged together to
create one score.

Pole Test—The rat was confronted with a situation in which it had to turn around and
climb down a pole (diameter: 3 cm, length: 50 cm). The animal was placed under a cork ball
installed at the top of the pole with its head held upwards. Each animal was given three trials
weekly and the time to turn around and to reach the platform at the bottom was measured as
performance latency (cut-off time: 60 sec).

Tapered/ledged beam walking test—Rats were allowed to transverse a tapered beam
with underhanging ledges on each side to permit foot faults without falling. The rats’
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performance was video-taped and later analyzed by calculating the slip ratio of the hindlimb
(number of slips/number of total steps). The time spent on the beam for each animal that
traversed the beam was recorded. The slip ratios for both hindlimbs were averaged to create
one score. The mean of three trails was used for statistical analyses.

Quantification of data and statistics
Semi-quantification of OX42+ cell density at the SN was performed in three consecutive
brain sections at the SN by an observer blind to the treatment as described previously [18].
Three digital microscopic images were randomly captured in each of the three sections and
the number of positively stained cells in the three images was counted and averaged (cells/
mm2). The mean value of cell counting from the three brain sections was used to represent
one single brain. For convenience of comparison among the treatment groups, results were
standardized as the average number of cells/mm2 in SN. In response to LPS challenge, the
number of OX42+ microglia increases and the soma of these cells become larger. In addition
to cell density, the OX42 immunoreactivity was also quantified using our previously
developed method [18, 33], i.e, using computer software to determine the percentage area
that contains OX42 positive staining in the entire area of the captured image. This method
has also been successfully used to quantify the OX42 staining in the SN [18, 19] and the
density of cortical serotonin transporter-immunoreactive fiber networks [36].

Data from stereological cell counting, mitochondrial complex I activity, immunoblotting
analysis, immunostaining, and ELISA were presented as the mean±SEM and analyzed by
one-way ANOVA followed by Student-Newman-Keuls test. The behavioral data were
presented as the mean±SEM and analyzed by two-way repeated measures ANOVA (for tests
conducted continuously at different days), followed by Student-Newman-Keuls test. Results
with a p<0.05 were considered statistically significant.

Results
Peripherally injected LPS can enter the neonatal brain and result in acute and chronic
brain inflammation

Endogenous LPS concentration in the rat brain was very low, but it quickly increased to the
range of 50-90 pg/mg protein in the rat brain 2-24 hr after i.p. injection of LPS (Fig. 1),
suggesting that peripherally administered LPS can reach the neonatal rat brain. Systemic
exposure to LPS resulted in acute and chronic inflammation in the rat brain, as evidenced by
the immediate and sustained elevation of inflammatory cytokine levels (Fig. 2). Six hr
following LPS injection (2 μg/g, i.p.), TNFα and IL-1β concentrations in the serum of LPS-
exposed rats were dramatically increased (2789.8±245.7 and 4290.8±506.2 pg/ml,
respectively) as compared to those in the saline injected rats (5.6±2.2 and 2.1±0.7 pg/ml,
respectively). TNFα and IL-1β concentrations in the LPS-exposed rat brain were also
significantly increased (10.6±0.2 and 32.9±4.2 pg/mg protein, respectively) as compared to
those in the control rat brain (0.2±0.1 and4.8±0.9 pg/mg protein, respectively). As shown in
Figs. 2A-2C, concentrations of TNFα, IL-1β and IL-6 in the serum of LPS-exposed rats
were still significantly higher than those in the control rats 24 hr following LPS injection at
a dose of 2-3 μg/g body weight. Regardless of the LPS dose, concentrations of TNF and
IL-6 in the rat brain returned to the control level 24 hr after the LPS exposure. However,
IL-1β concentration in the LPS-exposed rat brain remained elevated at 24 hr, when LPS was
administered at a dose of 1-3 μg/g body weight. More impressively, concentrations of IL-1β
in various regions of the LPS-exposed rat brain were persistently increased even at 65 days
(P70) after the initial i.p. injection (Fig. 2D). Since LPS at a dose of 2 μg/g body weight was
sufficient to induce chronic brain inflammation, this dose was selected in all further
experiments.
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Systemic LPS exposure-induced brain inflammation was also evidenced by the increased
microglia activation, as indicated by the increased number of OX42+ cells and the increased
OX42+ immunoreactive areas at 24 hr (data not shown) and at P70 (Fig. 3). Most detected
OX42+ cells in the control rat brain were at a resting status with a small rod shaped soma
and fine, ramified processes (Fig. 3A). In contrast, numerous OX42+ cells in the SN of LPS-
exposed P70 rat brain had an altered morphology, i.e. brightened staining with an enlarged
cell body and blunt processes (Fig. 3B). At P70, both OX42+ cell density and OX42+
immunostained area in the SN of LPS-exposed rat brain were significantly higher than that
in the control rat brain (Fig. 3C).

Neonatal systemic LPS exposure did not cause actual death of dopaminergic neuron, but
enhanced vulnerability of adult rats to neurotoxicity of rotenone

As shown in Fig. 4, neonatal systemic LPS exposure suppressed TH expression in the SN as
indicated by the reduced number of TH+ neurons in the P70 rat brain (Fig. 4B&4C).
However, the total number of NeuN cells in the same area was not significantly different
between the LPS-exposed group and the control group (Fig. 4A&4C). Since majority
neurons in the SN (85-90%) are TH+ dopaminergic neurons, the unaltered number of NeuN
+ cells indicated that neonatal LPS exposure may result in losses of TH immunoreactivity in
dopaminergic neurons in the SN rather than actual cell death. The reduced TH expression in
the LPS-exposed P6 rat brain as well as in the SN and ST of LPS-exposed P70 rat brain are
shown with western blots (Fig. 4D&E), supporting the TH+ cell counting data (Fig. 4C).

After challenging with a small dose of rotenone, the total numbers of TH+ and NeuN+ cells
in the SN were stereologically estimated in P98 rat brain. In the P98 saline+vehicle rat brain,
TH positive cells were more predominant in the SN (Fig. 5E&5M). Neonatal LPS exposure
significantly reduced the number of TH positive neurons in the SN of P98 rat brain (Fig. 5G,
5O, and 5Q). The rotenone treatment at a relatively low dose (1.25 mg/kg per day for 14
days) also slightly decreased the number of TH positive neurons in the SN in the saline-
exposed P98 brain (Fig. 5F, 5N, and 5Q). Neonatal LPS exposure enhanced rotenone-
induced decrease in the number of TH positive neurons in the SN (p<0.05) (Fig. 5H, 5P and
5Q) as compared to the LPS+vehicle group (Fig. 5G&5O).

As shown in the P70 LPS-exposed rat brain (Fig. 4), neonatal LPS exposure did not
significantly alter the total number of NeuN positive cells in the SN of P98 rat brain (Fig.
5K, 5O, and 5Q). However, rotenone treatment resulted in a significant decrease in the total
number of NeuN positive cells in the SN of P98 rat brain with neonatal LPS exposure
(p<0.05) (Fig. 5L, 5P and 5Q), but not in those without the neonatal LPS exposure (Fig. 5J,
5N, and 5Q). These data suggested that loss of TH immunoreactivity may represent a
functional alteration while loss of NeuN+ neurons may represent actual cell death in the SN.

To further address possible functional changes, as shown in Fig. 6, neonatal systemic LPS
exposure –induced motor behavioral deficits such as prolongation of the movement time
(determined by pole test, Fig. 6B; and tapered/ledged beam walking test, Fig. 6C&6D) and
prolongation of the reaction time (determined by vibrissa-elicited forelimb-placing test, Fig.
6A), were spontaneously reversible, and by P70 all of the tested behaviors in the LPS-
injected group reached the level of the control group. The rotenone treatment at P70 through
subcutaneous mini-pump infusion at a relatively low dose of 1.25 mg/kg per day for 14 days
resulted in neurobehavioral impairments in rats with the neonatal LPS exposure, but not in
those without the neonatal LPS exposure (Fig. 6).

Vibrissa-elicited forelimb-placing test—Regardless of neonatal exposure to LPS or
vehicle, rats from all groups succeeded in vibrissa-elicited forelimb-placing test (~100%) on
P70 (Fig. 6A). However, the success rate of the vibrissa-elicited forelimb-placing test in the
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LPS+rotenone group was significantly lower than that in the others from P77 to P98
(p<0.05) (Fig. 6A).

Pole test—On P70, rats from both saline- and LPS-exposed groups succeeded in the pole
test (100%) and the performance latency in the pole test was around 5~9 sec (Fig. 6B).
Rotenone treatment produced a longer performance latency in the pole test in rats with the
neonatal LPS exposure from P77 to P98 (p<0.05), but not in those without the neonatal LPS
exposure (Fig. 6B).

Tapered/ledged beam walking test—All P70 rats from either the saline- or the LPS-
exposed group succeeded in the tapered/ledged beam walking test in less than 10 sec with no
foot-faults (slips) made by the hindlimbs, measured as an index of hindlimb function (Fig.
6C&6D). The rotenone treatment significantly increase the number of hindlimb foot-faults
in rats with the neonatal LPS exposure from P77 to P98 (p<0.05), but not in those without
the neonatal LPS exposure (Fig. 6C). Following rotenone treatment, rats with the neonatal
LPS exposure also needed longer time to complete the task (beam walking latency) from
P77 to P98 (p<0.05), as compared to those without the neonatal LPS exposure (Fig. 6D).

The enhanced vulnerability to rotenone neurotoxicity was associated with persistent
functional alterations induced by neonatal systemic LPS exposure

In investigating potential mechanisms involved in the enhanced vulnerability to rotenone
neurotoxicity in adults with neonatal systemic LPS exposure, our data revealed that the
enhanced vulnerability was associated with several persistent functional alterations
following neonatal LPS exposure, in addition to the sustained elevation of IL-1β level in that
rat brain (Fig. 2D).

Fluorogold (FG) retrograde labeling pattern was used to examine dopaminergic nigrostriatal
connectivity. Examples of photomicrographs of retrogradely labeled FG positive neurons in
the SN of P70 rats with or without the neonatal LPS exposure are presented in Figs. 7A&7B.
In the control animals, numerous brightly FG labeled nigro-striatal projection neurons with
extensive dendritic processes were observed (Fig. 7A). In contrast, less FG retrogradely
labeled nigro-striatal projection neurons were observed in LPS-exposed animals and they
tended to have fragmented dendritic processes (Fig. 7B). These findings suggest that nigro-
striatal dopaminergic neurons remain connected to the striatum, but may not function
properly and that the dopaminergic system in LPS-exposed rat brain was in a “sub-optimal”
status. The nigra dopaminergic dendrites were further examined using an electron
microscopy. Intriguingly, LPS-exposed nigral dendrites (labeled with letter d in Figs.
7C&7D) often exhibited rather sparse internal contents. Those disintegrated dendrites
contain numerous vacuoles (arrow indicated in Fig. 7D) and even myelinated axon
inclusions (marked with a ‘*’), as well as lack of mitochondria (Fig. 7D). Normal dendrites
with internal structures such as mitochondria (as indicated by an arrow head in Fig. 7C) and
synaptic contacts (pointed by white arrows) are noted in saline-treated control animals (Fig.
7C). Interestingly, these alterations in the dopaminergic system were closely associated with
lasting changes in mitochondria complex I activity. Following LPS exposure at a dose of 2
μg/g (i.p.) on P5, mitochondria complex I activity was significantly decreased in the P6
whole rat brain and the SN of P70 rats, respectively (Figs. 7E&7F).

The “sub-optimal” dopaminergic system following neonatal systemic LPS exposure was
also reflected by the altered expression of COX-2 and p-P38 MAPK in the P70 rat brain
(Fig. 8). Increased expression of COX-2, the inducible cyclooxygenase, in the brain is
thought to play important roles in PD neurodegeneration [37]. Neonatal systemic LPS-
exposure resulted in sustained inflammatory responses, as indicated by the increase in the
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number of COX-2+ cells in the SN of P70 rat brain (Figs. 8B&8C) as compared to that in
the control rat brain (Figs. 8A&8C). Double labeling data showed that most COX-2+ cells in
the SN were NeuN+ neurons (Fig 8B), but very few of them were TH+ neurons (data not
shown). In addition, a few COX-2+ cells were also OX42 expressing microglia, but no
astrocytes were found to express COX-2 (data not shown). As a downstream event of IL-1
signaling, P38 MAPK plays important roles in dopaminergic neuron death in animal models
of PD [38]. In the current study, p-P38 MAPK, but not P38 MAPK expression was
significantly increased in P6 and the SN and ST of P70 LPS-exposed rat brain (Figs.
8D&8E), suggesting that P38 MAPK in the SN may function abnormally following neonatal
LPS exposure.

The enhanced vulnerability to rotenone neurotoxicity in LPS-exposed rats was also found to
be linked with an enhanced activation of microglia triggered by a small dose of rotenone.
Similar to the P70 data shown in Fig. 3, most detected OX42 positive cells in the SN of P98
control rat brain were at a resting stage with a small rod shaped soma and fine, ramified
processes (Figs 9A&9G), while neonatal LPS exposure resulted in a sustained increase in
microglial activation in the P98 rat brain, as indicated by the increased OX42+ cell density
(Figs. 9B & 9E) or the increased OX42+ staining area (Fig. 9F), as well as altered
morphology of the OX42 positive cells. For example, numerous OX42+ cells in the SN of
LPS-exposed rat brain showed typical features of activated microglia, i.e. bright staining
with an elongated cell body and blunt processes (Fig. 9H) [39]. With rotenone exposure
only, increased OX42+ cell density and staining area in the SN of the saline+rotenone group
was noted as compared to the control (Figs. 9C, 9E and 9F, p<0.05). Interestingly, the
morphology of these OX42+ cells was similar to those in the LPS+vehicle group (Fig. 9H).
On the contrary, the same dose of rotenone triggered a much stronger response of microglia
in the SN with neonatal LPS exposure, suggesting further inflammatory responses. The
density of OX42+ cells or the OX42+ staining area in the SN of the LPS+rotenone group
was further significantly increased as compared to that in the LPS+vehicle group (Figs. 9D,
9E and 9F, p<0.05). Under such treatments, the soma of OX42+ cells was further enlarged
(Fig. 9I) and exhibited rather round-shaped body with minimum processes (Fig. 9J).

Discussion
The major finding of the present study is that systemically administered LPS can penetrate
into the neonatal rat brain and cause acute and chronic brain inflammation. Our results have
further demonstrated that as does LPS exposure through intracerebral injection [19],
although neonatal systemic LPS exposure may not necessarily lead to death of dopaminergic
neurons in the SN, such an exposure could cause persistent functional alterations in the
dopaminergic system and indirectly predispose the nigrostriatal system in the adult brain
more vulnerable to be damaged by environmental toxins at an ordinarily non-toxic or sub-
toxic dose to develop PD-like pathological features and motor dysfunction.

Perinatal or early life exposure to an endotoxin, LPS, has been shown to increase the risk for
dopaminergic disorders in animal models of PD [9, 10]. However, the question of how
perinatal LPS exposure could lead to the development of neurodegenerative diseases such as
PD in late life remains to be answered. Prenatal exposure (E10.5) to LPS in rats reduces the
number of dopaminergic neurons in the SN of adult brain, indicating that prenatal CNS
inflammation, such as that which is caused by exposure to LPS, may contribute to the
development of PD later in life [10]. Following prenatal LPS exposure, however,
progressive dopaminergic neuron loss, as observed in human patients with PD, requires a
second dose of LPS challenge in adult rats [11]. Data from our previous [17, 19] and current
studies suggest that neonatal exposure to LPS in P5 rat brain results in lesions in the
nigrostriatal dopaminergic system and functional injury, but does not cause actual
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dopaminergic neuron death. The different exposure time (i.e., pre- vs post-natal) may
explain such differences between our study and that reported by Ling et al. [10]. The rat
dopaminergic system develops both pre- and postnatally, with dopaminergic neuron birth,
specification and migration to their final position occurring prenatally and its receptor
development and the establishment of contact between the SN and other neural nuclei
largely occurring postnatally [40, 41]. It is likely that LPS exposure on E10.5, when
dopaminergic neurons are born [40], might impair their neurogenesis and thus reduce their
numbers, while either systemic or central [19] LPS exposure on P5, when birth of
dopaminergic neurons is already completed, may result in partial degeneration rather than
true neuron death. Results from the present study are consistent with the synergic effects
between LPS and rotenone reported by Ling et al., [26] that rotenone potentiates
dopaminergic neuron loss in animals exposed to LPS prenatally. However, in that reported
study, prenatal LPS already results in dopaminergic neuron death and rotenone is considered
to enhance the LPS-induced neuron death. There might be different mechanisms involved in
the synergic effects between LPS and rotenone reported in this study as compared to that
reported by Ling et al., [26].

Data from the present study indicate that even in the presence of dopaminergic system
partial degeneration in the adult rat brain that has been systemically exposed to LPS on P5,
along with development the neonatal LPS exposure-induced motor function deficits could
spontaneously recover by P70 (Fig. 6), while the dopaminergic system in these rat brain was
more susceptible to be further injured. These results suggest that neonatal systemic LPS
exposure may result in a state of silent neurotoxicity in the adult brain [42, 43], rather than
neuronal death. Although it is unknown if the observed neuroinflammation and
mitochondrial complex I inhibition in the LPS-exposed P70 rat brain might be sufficient to
cause dopaminergic neurodegeneration in very aged rats, data from the present study
indicate that the pre-existing brain injuries may not be severe enough to cause apparent
neurological deficits or could be functionally compensated, but they may lead to much
severer damages upon further stimuli, which is ordinarily none harmful. In the current study,
P70 rats, in which neonatal systemic LPS exposure-induced motor deficits were already
recovered, were challenged with a relatively low dose of rotenone (1.25 mg/kg per day, 14
days). Severe damages to the dopaminergic system such as actual loss of dopaminergic
neurons (Fig. 5) and PD-like neurobehavioral dysfunctions (Fig. 6) were observed only in
those exposed to LPS on P5, but not in those without the neonatal LPS exposure. Our
findings strongly support the notion that a silent neurotoxic state induced by neonatal brain
inflammation may enhance susceptibility in adults to the development of neurodegenerative
disorders, such as PD, triggered by environmental toxins at an ordinarily non-toxic or sub-
toxic dose. Perinatal infection and inflammation occurs frequently in both preterm and full
term infants. Increasing evidence indicates that neonatal brain injury is commonly
associated with infection/inflammation [1, 44]. If findings from the current study are proven
to be valid in humans and then, the silent neurotoxic state may exist in many survivors with
perinatal brain injury following systemic infection/inflammation. Such a population may be
at a high risk for development of neurodegenerative disorders in their late life when they are
exposed to environmental toxins, such as pesticides and herbicides, which may be
commonly present at a very minimum level in our daily life and are considered not harmful
to ordinary individuals. Thus, whether the potential silent neurotoxic state exists in human
population and its prevention are certainly worth further investigation.

Although factors involved in the enhanced vulnerability of the dopaminergic system in the
rat brain with a neonatal LPS exposure remain unclear, several sustained functional
alterations in the adult rat brain with neonatal systemic LPS exposure might contribute to the
enhanced vulnerability of the dopaminergic system. The essential mechanism of rotenone
neurotoxicity is its inhibitory effects on mitochondria respiratory chain [45]. Our previous
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studies show that mitochondrial complex I activity in the SN of P70 rat brain with neonatal
central LPS exposure was significantly reduced as compared to that in the control group [18]
and a challenge with an ordinarily sub-toxic dose of rotenone resulted in dopaminergic
neuron death in the SN along with significant further decreases in mitochondrial complex I
activity [19]. Chronic inhibition of the mitochondrial complex I has been shown to
selectively damage dopaminergic neurons despite being uniformly distributed throughout
the brain [46]. Therefore, persistently compromised mitochondrial function in the SN
following neonatal systemic LPS exposure in our study could contribute to the enhanced
vulnerability of the dopaminergic systems in this animal model.

Expression of COX-2 has been shown to be specifically induced in dopaminergic neurons in
the SN in post-mortem PD subjects and in the MPTP mouse model of PD [47]. Increased
susceptibility to excitotoxicity in COX-2 over-expressing neurons and neuroprotection by
COX-2 inhibition has been shown in several experimental PD models [48]. Therefore,
increased expression of COX-2 in the brain is considered to play important roles in PD
neurodegeneration [37]. In the present study, persistently increased expression of COX-2 in
the SN neurons was found in P70 rat brain following neonatal LPS exposure (Fig. 8) and
thus, it could also be a potential contributor to the enhanced vulnerability of the
dopaminergic systems in this animal model.

Chronic activation of microglia in the SN following neonatal LPS could be another
contributor to the enhanced vulnerability of the dopaminergic systems. Post-mortem
analyses [49, 50] and in vivo imaging studies using PET ligands [51] have shown microglial
activation in the SN of patients with PD. Activation of microglia is known to play an
important role in initiation and progression of PD [45, 52, 53]. Microglial activation
involves not only increases in the number of microglia, but also the elevation of
inflammatory molecules released from the activated microglia, such as cytokines,
chemokines, reactive oxygen and nitrogen species [53, 54], which can directly lead to the
dysfunction and degeneration of dopaminergic neurons [55]. The current study indicates that
chronically activated microglia alone in the LPS-exposed P70 is not associated with actual
dopaminergic neuron death and the associated neurological deficits, but it did link with a
sustained elevation of IL-1β and phosphorylation of P38 MAPK, a downstream event of
IL-1signaling which is known to play important roles in death of dopaminergic neurons in
animal models of PD [38] (Figs. 2&8). It appears that the effects of chronically activated
microglia and the additional outcomes triggered by a small dose of rotenone are synergetic
or additive. Neonatal LPS-induced chronic activation of microglia alone may not trigger
severe enough adverse effects on the dopaminergic system, but neonatal LPS exposure may
prime the microglia [56], and upon the rotenone further challenge at late life, the primed
microglia may then produce severe enough responses to induce actual dopaminergic neuron
loss and PD-like neurological deficits, as we reported here and previously [19]. An
interesting finding in the present study is the morphology of many chronically activated
microglia in LPS-exposed rat brain, which have an elongated cell body with shorter
processes (Fig. 9H) as compared to those in the control rat brain (Fig. 9G). Recent studies
have shown that microglia can be activated to different stages according to their
morphology, expressed markers, and secreted products [39, 57], and that activation of
microglia may have dual effects following brain injury, either detrimental or beneficial [58].
Only microglia at certain stages may play critical roles in degeneration of dopaminergic
neurons [39]. In the present study, whether the shape of chronically activated microglia
represents a specific activation stage or a feature of primed microglia as well as exact roles
of these microglia in the enhanced vulnerability of the dopaminergic system are worth
further investigations.
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In brief, the persistent functional or structure alterations following neonatal systemic LPS
exposure may individually or collectively contribute to the enhancement of susceptibility of
adult brain to development of neurodegenerative disorders upon challenge with
environmental toxins at a normally non-toxic dose, but further investigations regarding
biological mechanisms are warranted. Although results from the present study are
introductive, rather than conclusive, our animal model has provided an opportunity to
explore the potential relationship between early life brain inflammation and the occurrence
of neurodegenerative diseases in later life. Such investigations may help us to better
understand some mechanisms involved in the pathogenesis of non-familial PD and other
neurodegenerative diseases.
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Figure 1.
Concentrations of LPS in the rat brain after systemic administration of LPS in P5 rats. LPS
(from Escherichia coli, serotype 055: B5) was intraperitoneally injected to P5 rats at a dose
of 2 μg/g of body weight and the control rats were injected with the same volume of sterile
saline. Concentrations of LPS in the rat brain were determined with an ELISA kit at
designated time points. The results are expressed as the mean±SEM of 4 animals in each
group, and analyzed by one-way ANOVA. *P<0.05 different from the saline-injected group.
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Figure 2.
Concentrations of inflammatory cytokines in the rat brain and serum 24 hr (A, B, and C) or
65 days (P70, D) after the i.p. injection with LPS at different doses in P5 rats. The control
rats were injected with the same volume of sterile saline. Inflammatory cytokines were
determined by ELISA kits. Twenty four hr after LPS administration at a dose of 2 or 3 μg/g
body weight, serum levels of TNFα (A), IL-1β (B) and IL-6 (C) were still elevated as
compared with the saline-injected group. Regardless of LPS doses, concentrations of TNFα
(A) and IL-6 (C) in the rat brain were not different from that in the control rat brain 24 hr
after LPS injection, but IL-1β (B) concentration in the LPS-exposed rat brain remained
increased as compare with that in the control rat brain. Sixty-five days (P70) after i.p.
injection with LPS at 1 or 2 μg/g body weight, concentrations of IL-1β in a variety of brain
regions remained significantly higher than that in the control rat brain (D). The results are
expressed as the mean±SEM of 4 animals in each group, and analyzed by one-way
ANOVA. *P<0.05 different from the saline-injected group.
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Figure 3.
Sustained microglial activation in the P70 rat brain after the i.p. injection of LPS on P5.
Representative images of microglial immunostaining (OX42+) in the SN of P70 control or
LPS-exposed rats are shown in A and B, respectively. Most microglia in the P70 control rat
brain were weakly stained and at a resting status with a small rod shaped soma and fine,
ramified processes, while many OX42+ cells in the SN of LPS (1 or 2 μg/g body weight)-
exposed P70 rat brain had bright staining of an enlarged cell body(arrows indicated) with
blunt processes (B). Semi-quantification in terms of either OX42+ cell density or OX42+
stained area showed that microglia activation was persistently increased in the LPS-exposed
rat brain (C). The results in C are expressed as the mean±SEM of 5 animals in each group,
and analyzed by one-way ANOVA. *P<0.05 different from the saline-injected group.
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Figure 4.
Suppression of TH expression in neurons from the SN of P70 rats with neonatal LPS
exposure. Representative merged photomicrographs of TH+ (red) and NeuN+ (green) cells
in the SN of the rat brain from the control group and the LPS-exposed group are shown in A
and B, respectively. Stereological cell counting showed that neonatal LPS exposure reduced
number of TH+ cells, but not NeuN+ cells in the SN of P70 rats (C), suggesting that
neonatal LPS exposure suppressed TH expression, but did not cause significant neuronal
death in the SN of P70 rat brain. Western blots for TH expression in the whole brain of P6
rats or in the SN or ST of P70 rats (D) and quantification of the blotting data (E) are
consistent with immunohistochemistry results. The results in C and E are expressed as the
mean±SEM of 5 animals in each group, and analyzed by t-test. *P<0.05 different from the
saline-injected group.
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Figure 5.
Neonatal systemic LPS exposure enhanced rotenone effects on the number of TH+ or NeuN
+ cells in the SN of P98 rat brain. Representative photomicrographs of TH+ cells (red) at
low magnification (A-D) or high magnification (E-H), NeuN+ cells (green, I-L), and the
merged images (M-P) in the SN of rat brain are shown here. Representative images for the
saline+vehicle group are shown in A, E, I and M; those for the saline+rotenone group in B,
F, J and N; those for the LPS+vehicle group in C, G, K and O; and those for the LPS
+rotenone groups in D, H, L and P. Neonatal LPS alone reduced the number of TH positive
cells (G) in the SN of P98 rat brain, but did not alter the number of NeuN positive cells (K)
in the same area. Rotenone treatment in adult life also slightly decreased the number of TH
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positive cells (F), but not the number of NeuN positive cells (J) in the saline+roptenone rat
brain. Rotenone treatment resulted in not only a further decreased number of TH positive
cells (H), but also a significant loss of NeuN positive cells (L), indicating actual death of
dopaminergic neurons in the SN. The scale bar shown in A (for A-D) represents 200 μm and
that in E (for all other images) 50 μm. Stereologic cell counting data of the number of TH+
cells and the number of NeuN+ cells in the SN area are shown in Q. The results are
expressed as the mean±SEM of five animals in each group, and analyzed by one-way
ANOVA. *P<0.05 different from the Sal+Veh group; ** P<0.05 different from for the LPS
+Veh group.
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Figure 6.
Neurobehavioral tests in rats following neonatal systemic LPS exposure and rotenone
infusion in adult life. A, the vibrissa-elicited forelimb-placing test. B, the pole test. C, slip
step ratio and D, performance latency in the tapered/ledged beam walking test. Neonatal
LPS exposure resulted in motor dysfunction detectable in all the behavioral tests, but the
motor deficits in LPS-exposed rats were recovered by P56-P70. Following rotenone
challenge (indicated by an arrow in each panel), impaired motor performances were
observed only in rats that had been exposed to LPS on P5, but not in other groups. The
results are expressed as the mean±SEM of twelve animals in each group, and analyzed by
two-way repeated measures ANOVA. *P<0.05 different from all other groups on the same
postnatal day.
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Figure 7.
Neontal systemic LPS exposure resulted in long-lasting damage to dopaminergic neuronal
connectivity determined by FG retrograde labeling in the rat brain and to mitochondrial
function. FG retrogradely labeled nigro-striatal dopaminergic neurons in control rats were
rather bright and containing extensive smooth dendritic processes (A). In contrast, number
of FG labeled dopaminergic neurons in LPS-exposed animals tended to be less and
fragmented dendritic processes were observed (B). Ultrastructural characteristics of
neuroprofiles in the SN of P70 control and LPS-exposed rat brain are shown in C and D,
respectively. Dendrites (labeled with letter d in C and D) with internal structures such as
mitochondria (as indicated by an arrow head in C) and synaptic contacts (pointed by white
arrows in C) were noted in saline-treated control animals (C). Dendrites in the LPS-exposed
rats often had sparse internal contents and contained many vacuoles (arrow indicated in D)
and even myelinated axon inclusions (marked with a ‘*’), and were lack of mitochondria
and lost synaptic contacts. Neonatal LPS exposure significantly reduced mitochondrial
complex I activity (nmol NADH-Ubiquinone Oxidoreductase /min /mg protein) in the P6 rat
brain (E) and the SN of P70 rat brain (F). Scale bar in A (for A and B) represents 50 μm, and
in C (for C and D) represents 500 nm. The results in E and F are expressed as the mean
±SEM of five animals in each group, and analyzed by one-way ANOVA. * P<0.05 different
from the saline group.
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Figure 8.
Neonatal LPS exposed persistently increased COX-2 expression and phosphorylation of P38
MAPK in the P70 rat brain. Representative photomicrographs of COX-2+ (red) and NeuN+
(Green) cells in the SN of P70 control rat brain and LPS-exposed rat brain are shown in A
and B. Increased COX-2+ cells were observed in the SN of LPS-exposed rat brain, while
almost no COX-2+ cells were found in the control rat brain (A). Many COX-2+ cells found
in the LPS-exposed rat brain were NeuN+ neurons (arrows indicated in B). Stereological
cell counting data of COX-2+ cells are shown in C. Western blot analysis (D) showed that
neonatal LPS significantly increased P38 phosphorylation in the P6 rat brain and the SN and
ST of P70 rat brain. Semi-quantification of the blotting data is shown in E. The results in C
and E are expressed as the mean±SEM of five animals in each group, and analyzed by t-test.
* P<0.05 different from the saline group
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Figure 9.
Neonatal LPS exposure enhanced microglia activation triggered by a small dose of rotenone
in the P98 rat brain. Representative photomicrographs of OX42 (red) and NeuN (green)
immunostaining in the SN are shown for the saline+vehicle group (A); the LPS+vehicle
group (B); the saline+rotenone group (C); and the LPS+rotenone group (D). The
quantitative data of microglia activation are presented as the density of OX42 positive cells
in the SN (E) or the percentage area that contains OX42 positive staining in the images (F).
Microglia at a resting status with a small rod shaped soma and ramified processes (G) were
detected in the SN of the saline+vehicle group (A). Neonatal LPS exposure resulted in
chronic activation of microglia in the SN of the LPS+vehicle group, as indicated by the
increased density of OX42+ cells (E) or increased percentage area containing OX42 staining
(F) and the altered cell morphology (elongated cell body with blunt processes, as shown in
H). Rotenone treatment at adult life also activated microglia in the SN of the saline
+rotenone group (C), as indicated by the increased density of OX42+ cells (E) and OX42+
stained area (F). But morphology of OX42+ cells in this group remained similar to those in
LPS+vehicle group. Activation of microglia triggered by this dose of rotenone was enhanced
in LPS+rotenone group (D), as indicated by the further increased density of OX42+ cells (E)
or further increased percentage area containing OX42 staining (F) as compared to that in the
LPS+vehicle group. The soma of OX42+ cells in this group was further enlarged and many
of them lost processes (I) or even became round-shaped (J). The scale bar in A represents 50
μm. The results in E and F are expressed as the mean±SEM of five animals in each group,
and analyzed by one-way ANOVA. * P<0.05 different from the Sal+Veh group; & P<0.05
different from the Sal+Rot group; and # P<0.05 different from the LPS+Veh group.
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