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Abstract

We have previously reported that neonatal lipopolysaccharide (LPS) exposure resulted in an
increase in interleukin-1p (IL-1B) content, injury to the hippocampus, and cognitive deficits in
juvenile male and female rats, as well as female adult rats. The present study aimed to determine
whether an antiinflammatory cytokine, interleukin-1 receptor antagonist (IL-1ra), protects against
the neonatal LPS exposure-induced inflammatory responses, hippocampal injury, and long-lasting
learning deficits in adult rats. LPS (1 mg/kg) or LPS plus IL-1ra (0.1 mg/kg) was injected
intracerebrally to Sprague-Dawley male rat pups at postnatal day 5 (P5). Neurobehavioral tests
were carried out on P21, P49, and P70, while neuropathological studies were conducted on P71.
Our results showed that neonatal LPS exposure resulted in learning deficits in rats at both
developmental and adult ages, as demonstrated by a significantly impaired performance in the
passive avoidance task (P21, P49, and P70), reduced hippocampal volume, and reduced number of
Nissl+ cells in the CAL region of the middle dorsal hippocampus of P71 rat brain. Those
neuropathological and neurobehavioral alterations by LPS exposure were associated with a
sustained inflammatory response in the P71 rat hippocampus, indicated by increased number of
activated microglia as well as elevated levels of IL-13. Neonatal administration of IL-1ra
significantly attenuated LPS-induced long-lasting learning deficits, hippocampal injury, and
sustained inflammatory responses in P71 rats. Our study demonstrates that neonatal LPS exposure
leads to a persistent injury to the hippocampus, resulting in long-lasting learning disabilities
related to chronic inflammation in rats, and these effects can be attenuated with an IL-1 receptor
antagonist.
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1. Introduction

It has been suggested that early life central nervous system inflammation during early
neonatal period may cause long-lasting neurological disabilities and lead to development of
cognitive disturbances later in life (Hagberg et al., 2012; VVolpe, 2003). Our recent studies
have shown that intracerebral injection of lipopolysaccharide (LPS), a component of the cell
wall of gram-negative bacteria (Raetz and Whitfield, 2002), into postnatal day 5 (P5) rats
induced a sustained neuroinflammation and hippocampal injury, as well as neurobehavioral
deficits in neonatal rats (Fan et al., 2005, 2008). The latter manifests as learning and
memory deficits in the passive avoidance task, and as less-anxious (anxiolytic-like)
responses in the elevated plus-maze task in the juvenile male and female rats (P21) (Fan et
al., 2005). Although the mechanisms underlying learning and memory deficits remain
unclear, it has been proposed that infection/inflammation-induced chronic cytokine up-
regulation by activated microglia plays an important role (Wang et al., 2013; Williamson et
al., 2011).

In a preliminary experiment, we found that neonatal LPS exposure induced inflammatory
responses and elevation of inter-leukin-1f (IL-10) content in the hippocampus of juvenile
rats (P21). Although physiological levels of IL-1b are necessary for normal memory,
pathological high levels of IL-1p can impair cognition and are associated with Alzheimer's
disease and other neurodegenerative diseases (Rubio-Perez and Morillas-Ruiz, 2012;
Williamson et al., 2011). It has been reported that anti-inflammatory cytokines such as the
IL-1 receptor antagonist (IL-1ra) may protect the brain by suppressing IL-1 production and
blocking IL-1 signaling (Rubio-Perez and Morillas-Ruiz, 2012). Our previous study showed
that IL-1ra attenuated neonatal LPS-induced long-lasting hyper-algesia in adult rats (Wang
etal., 2011). In addition, LPS-induced impairment of contextual fear in rats can be
prevented by IL-1ra (Pugh et al.,1998). These studies suggest that blocking IL-1p activity by
IL-1ra may be an effective approach to attenuate LPS-induced neurological disabilities.

Our previous studies have shown that neonatal LPS exposure induced neurological
impairments are long-lasting, since neuro-behavioral deficits and hippocampal injury are
also observed in adult rats (Wang et al., 2013). In the current study, we further tested
whether IL-1ra could protect against neonatal LPS exposure-induced long-lasting cognitive
deficits and hippocampal injury, by disrupting interactions between microglia and neurons
in which IL-1b is believed to be a critical mediator in adult rats.

2. Methods and materials

2.1. Chemicals

Unless otherwise stated, all chemicals used in this study were purchased from Sigma (St.
Louis, MO, USA). Recombinant rat IL-1ra was purchased from R&D Systems
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(Minneapolis, MN, USA). Polyclonal rabbit antibodies against ionized calcium binding
adapter molecule 1 (Ibal) was obtained from Wako Chemicals USA (Irvine, CA, USA).
ELISA kits for immunoassay of rat IL-1f (RLB00), interleukin-6 (1L-6) (R6000B) and
tumor necrosis factor-a (TNFa) (RTAO00) were purchased from R&D Systems
(Minneapolis, MN, USA).

Pregnant Sprague-Dawley rats arrived in the laboratory at day 19 of gestation. Animals were
maintained in an animal room on a 12-h light/dark cycle 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 12 pups per litter to minimize the effect of litter size on body weight and brain size. All
litters were weaned at P21 and male rats were housed in groups of 4 animals per cage. The
female rats were used for our other study. 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 either
the University of Mississippi Medical Center or the Fu Jen Catholic University of Taiwan.
Every effort was made to minimize the number of animals used and their suffering.

2.3. Surgical procedures and animal treatment

Intracerebral injection of LPS, or LPS in combination with IL-1ra in 5-day-old male
Sprague-Dawley rat pups was performed as previously described (Cai et al., 2003; Fan et al.,
2011a; Wang et al., 2011, 2013). Under light anesthesia with isoflurane (1.5-5%), LPS (1
mg/kg from Escherichia cali, serotype 055:B5), IL-1ra (0.1 mg/kg), or LPS (1 mg/kg) plus
IL-1ra (0.1 mg/kg) in sterile saline containing 0.1% bovine serum albumin (BSA, total
volume 2 ml) was administered into the rat brain (1.0 mm posterior to and 1.0 mm left of
bregma, and 2.0 mm deep from the skull surface) by using a stereotaxic apparatus with a
neonatal rat adapter. The control rats were injected with the same volume of sterile saline
containing 0.1% BSA. The dose of LPS used here was based on our previous procedures
(Fan et al., 2011a; Wang et al., 2011, 2013). Our previous studies have shown that neonatal
LPS (1 mg/kg) exposure induces long-lasting learning impairment, less anxiety-like
response and hippocampal injury in adult rats (Wang et al., 2013). The dose of IL-1ra was
chosen based on data on peak concentrations of IL-1f3 achieved in the rat pup brain
following LPS administration, as reported previously (Fan et al., 2005; Holmin and
Mathiesen, 2000; Pang et al., 2003). The injection site was located in the area just above the
left cingulum. All animals survived the intracerebral injection procedure.

Each dam had the same litter size (12 pups including 6 males and 6 females) and equal
numbers of saline, saline plus IL-1ra, LPS, and LPS plus IL-1ra-treated rat pups were
included in a litter. The pups were weaned at P21 and rats were housed four per cage after
weaning (one cage each for saline, saline plus IL-1ra, LPS, and LPS plus IL-1ra-treated
rats). The female rats were used for our other study. Ninety-six rats (twenty-four rats from
each group) from 16 litters were used in the present study. One day after injection (P6), six
rats from 6 litters for each group were sacrificed by a decapitation to collect fresh brain
tissues for determination of the levels of cytokines in the hippocampus. Equal numbers of rat
pups (6 pups from 6 litters) were included in saline, saline plus IL-1ra, LPS, or LPS plus
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IL-1ra injection groups for these three sets experiments (P21, P49, and P70). Sixty-six days
after the injection (P71), rats were sacrificed by transcardiac perfusion with normal saline
followed by 4% paraformaldehyde for brain section preparation. Six rats from each group
were used for preparation of free-floating coronal brain sections of 40 mm thickness in a
sliding microtome (Leica, SM 2000R, Wetzlar, Germany) for immunohistochemical staining
and stereological estimates of the size of cerebrum, ventricle, white matter, striatum, and
hippocampus. For determination of the levels of cytokines in the hippocampus, six P71 rats
from each group were sacrificed by a decapitation to collect fresh brain tissues. The rest of
twenty-four rats were used for our other studies.

2.4. Behavioral testing

The behavioral tests were performed as described previously (Fan et al., 2005, 2008, 2011b;
Wang et al., 2013), with modifications. Three groups were included in the present study.
Group 1: sixteen days after the injection (P21), rats (6 rats in each group) were performed by
open field, elevated plus-maze, and passive avoidance (learning trial) tests. The memory
trials were tested on P22, P50, and P71. Group 2: forty-four days after the injection (P49),
rats (6 rats in each group) were performed by open field, elevated plus-maze, and passive
avoidance (learning trial) tests. The memory trials were tested on P50 and P71. Group 3:
sixty-five days after the injection (P70), rats (6 rats in each group) were performed by open
field, elevated plus-maze, and passive avoidance (learning trial) tests. The memory trials
were tested on the next day (P71).

2.4.1. Open-field test—The open field test measures the activity and habituation
responses of animals upon placement in a novel environment (Hermans et al., 1992).
Locomotor activity was measured at P21, P49, or P70, using the Any-Maze™ Video
Tracking System (Stoelting Co., Wood Dale, IL, USA). Pups were placed in the activity
chamber (42 x cm 25 cm x 40 cm) in a quiet room with dimmed light. The total distance
traveled by the animal was recorded during a 10-min testing period (Fan et al., 2008; Tien et
al., 2011; Wang et al., 2013).

2.4.2. Passive avoidance test—Passive avoidance involves the learned inhibition of a
natural response and gives information about learning and memory capabilities (Hermans et
al., 1992; Olton, 1973). The passive avoidance procedure consisted of two sessions (Fan et
al., 2008). In the first session (P21, P49, or P70), rats were trained in a step-down type of
passive avoidance apparatus. The experimental chamber (30 x cm 30 x cm 40 cm) was
made of plexiglass. The oor of the chamber was made of parallel, 2-mm-caliber stainless
steel rods spaced 1 cm apart and connected to an electric shock generator. The safe part of
the camber was provided by a piece of wood board (8 x cm 25 cm x 2.5 cm) placed in a
corner above the metal rods. Each animal was placed initially on the safe platform. When
the rat stepped down onto the floor, a foot shock (stimulus amplitude: 80 V,1 s duration)
was administered using an Isolated Square Wave Stimulator (#7092-611, Phipps and Bird,
Inc., Richmond, VA, USA). Although the rats repeatedly stepped up and down, they
eventually remained on the board. The number of shocks required to retain an individual
animal on the board for 2 min was recorded as a measure of acquisition of passive
avoidance. The second session was carried out 1, 29, or 50 days after the first session (P22,
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P50, or P71). The rat was placed on the safe board but the steel rods were not connected to
the electric shock generator. The retention latency, i.e., the time that elapsed before the rat
stepped down to the grid floor, was recorded as a measure of the retention of passive
avoidance. If the rat did not step down to the grid floor within 2 min, a ceiling score of 2
min was assigned.

2.4.3. Elevated plus-maze test—The elevated plus-maze test is well established to
assess anxiety behavior (Agmo and Belzung, 1998; Schmitt et al., 2002) and performed
described previously (Wang et al., 2013). The plus-maze consists of two open arms (50 cm
x 10 cm x 1.5 cm walls) and two enclosed arms (50 cm x 10 cm % 40 cm high walls)
emanating from a common central platform (10 cm 10 cm) to form a plus shape. The entire
apparatus was elevated to a height of 50 cm above the oor. A charge-coupled device (CCD)
camera and illumination-lamps were mounted on the ceiling. The anxiety-related behaviors
of each animal were recorded at P21, P49, or P71, fora period of 5 min, using a CCD
camera-coupled recording system.

2.5. Estimation of the volumes of cerebrum and hippocampus

Brain injury was estimated based on the results of Nissl staining on consecutive brain
sections prepared from rats sacrificed 66 days (P71) after the intracerebral injection. The
stereological estimates of the total volume of cerebrum, ventricles, white matter, striatum,
and hippocampus were determined using methods described previously (Gundersen and
Jensen, 1987; Wang et al., 2013). The fifty-six equally spaced thick (40 pm) sections that
were to be used in the analysis came from a one-in-six series. Nissl stained sections were
scanned by a densitometer (Bio-Rad Hercules, CA, USA) and the areas of the ventricles,
white matter, striatum, and hippocampus as well as that of the whole brain section
(cerebrum) were outlined and determined using NIH image software in each of the fifty-six
sections (Fan et al., 2011a,b,b; Wang et al., 2013). The Cavalieri principle (Gundersen and
Jensen, 1987) was used to estimate the reference volumes, est V(ref).

2.6. Immunohistochemical studies

For immunohistochemical staining, primary antibodies were used in the following dilutions:
anti-lbal, 1:500. Microglia were detected using Ibal immunostaining, which recognizes
both the resting and the activated microglia. Brain sections were incubated with primary
antibodies at 4°C overnight and subsequently incubated with secondary antibodies
conjugated with uorescent dyes (Alexa Flour 555, 1:500; Invitrogen, Carlsbad, CA, USA),
for 1 h in the dark at the room temperature. 4°, 6-diamidine-2-phenylindole (DAPI, 100
ng/ml) was used simultaneously to stain nuclei, to aid their identification during the final
visualization. Sections incubated in the absence of primary antibody were used as negative
controls.

2.7. Quantification of immunostaining data

Ibal-stained sections were obtained from the hippocampal area of the diencephalon sections
at levels 1/2 and 2/3 rostral from the lambda to the bregma. Most of the immunostaining
data were quantified by counting positively stained cells. When the cellular boundary was
not clearly separated, numbers of DAPI-stained nuclei from the superimposed images were
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counted as the cell number. In the present study, CA1 neuronal changes were primarily
observed in the hippocampus of the diencephalon following LPS exposure. Therefore,
unless otherwise stated, three digital microscopic images were randomly captured in the
CAL1 region of the hippocampus. The number of positively stained cells in the three images
was averaged. Three sections at each of the two section levels were examined by an
observer blind to treatment, and mean value of cell counting was used to represent one
single brain. For convenience in comparing results among different treatment groups, results
were standardized as the average number of Nissl+ cells/mm (CA1) or the average number
of Ibal+ cells/mm? (CAL). In response to LPS challenge, the number of Ibal+ microglia
increased and cells became bigger. We therefore developed a method of quantitatively
measuring these changes that involved using computer software to determine the percentage
of the entire area of the captured image that contained Ibal-positive staining (Fan et al.,
2011b; Wang et al., 2013).

2.8. Determination of IL-1p, IL-6, and TNFa expression by ELISA

The levels of three major cytokines, IL-1f3, IL-6, and TNFa, were determined by ELISA (Rat
IL-1B Immunoassay, #RLB00; Rat IL-6 Immunoassay, #R6000B; Rat TNF Immunoassay,
#RTAO00; R&D Systems Inc., Minneapolis, MN, USA) as previously described (Fan et al.,
2011b; Wang et al., 2013). Briefly, rats were desacribed by a decapitation and the fresh
hippocampal tissues from each rat were collected 1 day (P6) or 66 days (P71) after LPS
injection. Tissues were homogenized by sonication in 1 ml ice-cold PBS (pH 7.2) and
centrifuged at 12,000 g for 20 min at 4°C. The supernatant was collected and the protein
concentration was determined by the Bradford method (Hammond and Kruger, 1988).
ELISA was performed following the manufacturer's instructions and data were acquired
using a 96-well plate reader (Bio-Tek Instruments, Inc., VT, USA). The cytokine contents
were expressed as pg cytokines/mg protein.

2.9. Statistical analysis

3. Results

The behavioral data from open field test and passive avoidance test were presented as the
meanzstand error (SD) and analyzed by the two-way repeated measures analysis of variance
(ANOVA), which is suitable for data from tests conducted continuously at different
postnatal days, followed by the Student-Newman-Keuls test. Data from other behavioral
tests and quantitative analyses were presented as mean+SD and analyzed by the two-way
ANOVA, followed by the Student—Newman—Keuls test. Results with a p < 0.05 were
considered statistically significant.

3.1. Neonatal LPS exposure did not affect locomotor activity

There were no significant differences in the total crossing distance of an individual rat
during a 10-min period in an open field at P21 (~900 cm), P49 (~1200 cm) or P70 (~1300
cm) (Data not shown).
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3.2. IL-1ra improved learning and memory deficits in rats exposure to LPS

LPS treatment significantly increased the number of electric foot shocks required to retain
the rat on the safe board at P21 (p < 0.05) (Fig. 1A, left panel), P49 (p < 0.05) (Fig. 1B, left
panel), and P70 (p < 0.05) (Fig. 1C, left panel) compared with the control group. Co-
administration IL-1ra protected against LPS-induced learning deficits at P21 (p < 0.05) (Fig.
1A, left panel), P49 (p < 0.05) (Fig. 1B, left panel), and P70 (p < 0.05) (Fig. 1C, left panel).

In group 1 experiment (learning trail at P21 juvenile rats), neonatal LPS treatment
significantly reduced the retention latency to step down from the board the next day at P22
(p < 0.05) (Fig. 1A, right panel) as compared with the control group. IL-1ra protected
against LPS-induced memory deficits at P22 (p < 0.05) (Fig. 1A, right panel). However, all
these rats in the control and treatment groups reduced the retention latency to step down
from the board at P50 and P71 (Fig. 1A, right panel).

In group 2 experiment (learning trail at P49 adolescent rats), neonatal
LPStreatmentsignificantly reducedthe retentionlatency to stepdown from the board the next
dayat P50 (p < 0.05) (Fig.1B, right panel) as compared with the control group. LPS-induced
memory deficits were also observed at P71 (p < 0.05) (Fig.1B, right panel). IL-1ra protected
against LPS-induced memory deficits at P50 (p < 0.05) (Fig. 1A, right panel) and P71 (p <
0.05) (Fig. 1B, right panel).

However, in group 3 experiment (learning trial at P70 adult rats), no significant differences
in the memory (passive avoidance test at P71, Fig. 1C, right panel) were observed between
LPS and the control group.

3.3. IL-1ra ameliorated LPS-induced less anxiety-like behaviors

A higher number of entries into the open arm were observed in the LPS-injected group as
compared with the control group at P21 (p < 0.05) (Fig. 2A, left panel). LPS administration
increased the step-through time spent in the open arm at P21 (p < 0.05) (Fig. 2A, right
panel), while decreasing the step-through time spent in the enclosed arm at P21 (p < 0.05)
(Fig. 2A, right panel). Those changes, however, were not observed at later developmental
stages such as P49 (Fig. 2B) and P70 (Fig. 2C). Therefore, neonatal LPS exposure-induced a
less anxiety-like behavior only detectable at early developmental ages (i.e., in P21) as
detected in the elevated plus-maze test, which could be significantly ameliorated by IL-1ra
treatment (p < 0.05) (Fig. 1A).

3.4. IL-1ra attenuated LPS-induced reduction of hippocampal volume and loss of
hippocampal CAl neurons

Nissl staining showed that neonatal LPS exposure caused persistent dilatation of bilateral
ventricles (p < 0.05) (Fig. 3B and G). LPS exposure decreased the volume of cerebrum (p <
0.05) (Fig. 3G), white matter (p < 0.05) (Fig. 3G), striatum (p < 0.05) (Fig. 3G), and
hippocampus (p < 0.05) (Fig. 3B and G) at P71, as compared with the control group (Fig.
3A, and G). Co-administration of LPS with IL-1ra attenuated LPS exposure-induced
dilatation of lateral ventricles (p < 0.05) (Fig. 3C and G), and LPS-induced decreases in the
volumes of cerebrum (p < 0.05) (Fig. 3G), white matter (p < 0.05) (Fig. 3G), striatum (p <
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0.05) (Fig. 3G), and hippocampus (p < 0.05) (Fig. 3C and G) at P71. LPS exposure induced
a decrease in the number of Nissl-stained neurons in the CA1 region at the middle dorsal
hippocampus (p < 0.05) (Fig. 3E and H), as compared to that of the control group (Fig. 3D
and H). Co-administration of LPS with IL-1ra attenuated the LPS-induced reduction in the
number of hippocampal CA1 neurons (p < 0.05) (Fig. 3F and H).

3.5. IL-1ra significantly suppressed LPS-induced chronic microglial activation

Neonatal LPS exposure resulted in a sustained increase in microglial activation in the P71
rat brain, as indicated by the number and morphology of the Ibal+ cells (Fan et al., 2011a).
In the control rat brain, most of the Ibal+ microglia were in a resting state, as shown by their
small rod-shaped soma and ramified processes (indicated by arrows in Fig. 4A). A
significantly higher number of 1bal+ cells were found in the hippocampal CAL region of the
neonatal LPS-exposed rat brain (p < 0.05) (Fig. 4B and D). Many of these Ibal+ cells
showed typical features of activated microglia, e.g., bright staining of an elongated or round
cell body with blunt or no processes (indicated by arrows in Fig. 4B) (Kreutzberg, 1996).
Higher percentage of Ibal+ immunostaining area was observed in the hippocampal CA1
region of the neonatal LPS-exposed rat brain (p < 0.05) (Fig. 4B and E). IL-1ra significantly
attenuated LPS-induced increases in the number of Ibal+ cells (p < 0.05) (Fig. 4C and D)
and the percentage area that contains Ibal immunostaining in the hippocampal CA1 region
(p < 0.05) (Fig. 4C and E).

3.6. IL-1ra significantly suppressed LPS-induced expression of inflammatory cytokines

Neonatal exposure to LPS resulted in inflammatory responses in the rat hippocampus, as
evidenced by the elevation of proin-flammatory cytokine levels (Fig. 5A). IL-1f and IL-6
concentrations were significantly increased in the hippocampus of the rat brain 1 day after
LPS injection (p < 0.05) (Fig. 5A), and IL-1f was still significantly increased in the
hippocampus of the rat brain 66 days after LPS injection (p < 0.05) (Fig. 5B). However, the
concentrations of IL-6 and TNFa were not elevated in the hippocampus of the LPS-exposed
rat brain at P71 (Fig. 5B). Co-administration of LPS with IL-1ra reduced LPS exposure-
induced elevation of IL-6 levels at P6 (p < 0.05) (Fig. 5A), and the elevation of IL-15 levels
in the hippocampal region at P71 (p < 0.05) (Fig. 5B).

4. Discussion

Neonatal infection/inflammation has long-term adverse effects on neurodevelopment, which
is associated with the pathogenesis of numerous neurological disorders in later life (Hagberg
etal., 2002, 2012; Volpe, 2003). In the present study, we found that a single neonatal LPS
exposure resulted in chronic neuroinflamma-tory responses (Figs. 4 and 5), which was
associated with hippocampal injury in adult male rats (p70) as well as learning deficits in
rats at both developing and adult ages (p21, P49 and P70) (Fig. 1). As the hippocampus
plays important roles in the process of learning, memory, and anxiety (Spolidorio et al.,
2007; Zarrindast et al., 2012), the hippocampal injury observed in LPS-treated rats might
contribute to their poor performance in the passive avoidance and elevated plus-maze tasks.
It has been shown that in rat, maternal exposure to LPS led to impaired learning and
psychatic-like behavior in offspring, which were associated with aberrant forms of synaptic
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plasticity in the hippocampal CA1 region (Escobar et al., 2011). These early postnatal
changes of synaptic plasticity in hippocampus might contribute to brain dysfunctions such as
learning deficits that occur later in life (Escobar et al., 2011). In our neonatal LPS treatment
model, we also observed memory impairment in rats at P22 (Fig. 1A) and P50 (Fig. 1B), and
less anxiety-like (anxiolytic-like) behaviors at P21 (Fig. 2A). These findings are in line with
previous reports indicating that long-term hippocampal inflammation can induce anxiolytic-
like behavior in rats (Fan et al., 2005, 2008; Hein et al., 2012). Additionally, Rico et al.
(2010) also reported that neonatal exposure to LPS led to heightened exploratory activity in
adolescent rats. Except hippocampus, several brain regions such as the amygdala and
prefrontal cortex are also highly involved in the anxiety-like behavior. Thus, further studies
are needed to clarify the role of LPS in anxiety-like behaviors.

Consistent with our previous studies (Fan et al., 2011b; Tien et al., 2011), neonatal LPS
exposure resulted in hyperactivity in locomotion and stereotyped tasks, and other
disturbances of motor behaviors, although the impaired motor functions were spontaneously
recovered by P70. On the other hand, neonatal LPS-induced injury to the dopaminergic
system such as the loss of dendrites and reduced tyrosine hydroxylase immunoreactivity in
the substantia nigra persisted into adulthood, without discernible DA neuron loss in P70 rats
(Fan et al., 2011b). When challenged with methamphetamine (METH, 0.5 mg/kg)
subcutaneously, rats with neonatal LPS exposure had significantly increased locomotion and
stereotypy behaviors as compared to those without LPS exposure (Tien et al., 2011). These
data indicate that although neonatal LPS-induced motor neurobehavioral impairment is
spontaneously recoverable, injury to the dopaminergic system and neuroinflammation are
long-lasting, suggesting there might be a silent neurotoxicity (Fan et al., 2011b). In the
present study, neonatal LPS exposure led to a persistent hippocampal injury as indicated by
a reduced hippocampal volume and Nissl+ cell numbers in the CA1 region at P71 (Figs. 3
and 4). Therefore, such neuropathological alterations in the hippocampus were likely,
responsible to learning deficits detected by the passive avoidance task (p21, P49, and P70)

(Fig. 1).

Previous studies reported that male rats are more sensitive to immune challenge by bacterial
infection in early life, while female rats are more sensitive to this challenge in later life
(Bilbo et al., 2012; Schwarz and Bilbo, 2012; Schwarz et al., 2012). One possible
contributing factor for this sex differences in immune response might be different patterns of
microglial colonization of the developing rat brain between males and females, as
demonstrated by studies showing that male rats have more microglia early in neonatal
development (p4), whereas female rats have more micro-glia at juvenile and adult age (p30
to P60) (Bilbo et al., 2012; Schwarz and Bilbo, 2012; Schwarz et al., 2012). Our current and
previous data show that a neonatal LPS exposure causes; (1) sustained inflamma-tory
responses in hippocampus, (2) hippocampal injury, and (3) cognitive deficits in both male
(Fig.1C) and female rats (Wang et al., 2013). However, the neonatal LPS-induced memory
deficits were spontaneously recoverable by the adult stage, also in both male (Fig. 1C) and
female rats (Wang et al., 2013). Our preliminary data indicate there is a sex-dependent
impairment of hippocampal synaptic plasticity in rats exposure to LPS neonatally
(unpublished data, Fan L.W.). As for LPS induced anxiolytic-like behavior, it was noted in
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both male and female rats at P21; however, this effect was only observed in adult female but
not male rats (p70), when assessed by the elevated plus-maze test (Wang et al., 2013). To
clarify whether neonatal LPSexposure produces different effects in different genders on
hippocampal injury and hippocampus-related neurobehavioral deficits, more studies will be
necessary.

Cytokine receptors are distributed throughout the brain and with high density in the
hippocampus (Cunningham and De Souza,1993; Parnet et al., 2002); therefore, the
hippocampus may be particularly vulnerable to infection (inflammation) and therefore
important to the pathology of behavioral and cognitive disorders (Green and Nolan, 2014;
Lynch et al., 2004). Our data demonstrated that IL-1ra was able to not onlysuppress
sustained inflammatory responses, but also attenuated hippocampal injury as well as long-
lasting cognitive deficits induced by neonatal LPS exposure, suggesting that IL-1f might
play a significant role in mediating a sustained neuroinflammation, possibly by maintaining
a feed-forward loop between neurons and microglia. There is evidence suggesting that an
uncontrolled sustained inflammation may lead to production of neurotoxic factors
contributing to the pathogenesis of neurodegenerative diseases such as Alzheimer's disease
and Parkinson's disease (Dutta et al., 2008; Glass et al., 2010; Qian etal., 2010). The
hypothesis that 1L-18 plays a critical role in maintaining such a feed-forward loop, is also
supported by studies demonstrating that blocking IL-1 signaling pathway significantly
attenuated LPS-induced inflammatory cascade and cognitive dysfunction in young adult
(Terrando et al., 2010) as well as aged (Abraham and Johnson, 2009) male mice, and in
addition, by studies showing that intracerebral injection of IL-1ra ameliorated LPS-induced
cytokines induction in the hippocampus (Frank et al., 2012).

5. Conclusion

In summary, the current study demonstrated that neonatal LPS exposure led to chronic
neuroinflammation, persistent neuronal injury in the hippocampus, and long-lasting
cognitive deficits in adult male rats. These compromises in both structures and behaviors
were attenuated by IL-1ra, suggesting that IL-1f plays a critical role in mediating these
pathological changes (Fig. 6). Our findings suggest that targeting IL-1p may be a potentially
novel strategy in developing therapies for neurodegenerative diseases caused by chronic
neuroinflammation.
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IL-1 receptor antagonist attenuated the LPS exposure-induced learning and memory deficit,
as determined by passive avoidance, 16 (P21) (A), 44 (P49) days (B), and 65 days (P70) (C)
after the injection. Three group of experiments were performed: (A) learning trial at P21
juvenile rats; (B) learning trial at P49 adolescent rats; (C) learning trial at P70 adult rats. The
results are shown as the number of electric foot shocks required to retain the rat on the safe
board (left panel) and the retention latency to step down from the board on the next day or
longer (right panel). The results are expressed as the mean£SD of six animals in each group
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and analyzed by the two-way ANOVA (learning, left panel) or the two-way repeated
measures ANOVA for data from tests conducted continuously at different postnatal days
(memory, right panel), followed by the Student— Newman—Keuls test. *p < 0.05 represents
significant difference for the LPS group as compared with the saline group on the same
postnatal day. p < 0.05 represents significant difference for the LPS + IL-1ra group as
compared with the LPS group on the same postnatal day.
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Fig. 2.

IL?1 receptor antagonist attenuated the LPS exposure-induced less anxiety-like behavioral,
as determined by the elevated plus-maze test, 16 days (P21) (A), 44 days (P49) (B), and 65
days (P70) (C) after the injection. The results are shown as the numbers of open arm or
enclosed arm entries (left panel) and the percentage of time spent in open arms or enclosed
arms (time spent in open arms or enclosed arms divided by the sum of time spent in either
arm) (right panel). The results are expressed as the mean+SD of six animals in each group
and analyzed by the two-way ANOVA, followed by the Student—-Newman-Keuls test. *p <
0.05 represents significant difference for the LPS group as # compared with the saline
group. p < 0.05 represents significant difference for the LPS + IL-1ra group as compared
with the LPS group.
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Representative photomicrographs of Nissl staining in the rat brain 66 days (P71) after LPS
injection. The diencephalon sections including hippocampus at a level 1/2 rostral from the
lambda to the bregma (A-C) were used. (A) Nissl stained brain sections show normal
morphology from the control group. (B) LPS exposure resulted in enlarged ventricles and a
decreases size of hippocampus in LPS group. (C) Co-administration of LPS with IL-1ra
attenuated LPS exposure-induced enlarged ventricles and a decreases size of hippocampus
in LPS + IL-1ra group. (G), stereological estimates of the volume of cerebrum and different
regions were performed as described in Section 2. LPS exposure induced a decrease in
number of Nissl stained neurons in the hippocampal CA1 region at the middle dorsal
hippocampus level (E), as compared with that in the control rat brain (D). Co-administration
of LPS with IL-1ra attenuated LPS exposure-induced decreases in the number of Nissl+
cells in the hippocampal CAL1 region in LPS + IL-1ra group (F). (H) Quantitation of Nissl+
cells, was performed as described in Section 2. The results are expressed as the mean+SD of
six animals in each group and analyzed by the two-way ANOVA, followed by the Student-
Newman-Keuls test. *p < 0.05 represents significant difference for the LPS group or LPS +
IL-1ra group as compared with the saline group. #p < 0.05 represents significant difference
for the LPS + IL-1ra group as compared with the LPS group. The scale bars shown in (A)
and (D) represent 500 um and 50 pm, respectively.
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Fig. 4.

Regpresentative photomicrographs of microglia (A—C) in the rat brain 66 days (p71) after
LPS injection. As shown by Ibal immunostaining (A) in CA1 region at the middle dorsal
hippocampus, a few microglia at the resting status with a small rod shaped soma and
ramified processes were found in the hippocampal CAL region of the control rat brain (the
arrow shown in (A)). Numerous activated microglia (the arrow shown in (B)) with a round
or elongate shaped cell body and blunt processes were observed in the hippocampal CAl
region of the rat brain with neonatal LPS exposure. Co-administration of LPS with IL-1ra
attenuated LPS-induced increases in the number of activated microglia in the hippocampal
CALl region in LPS + IL-1ra group (C). Quantitation of the number of Ibal+ cells (D) and
the percentage area of image that contained Ibal staining in the hippocampal CA1 region
(E) were performed as described in Section 2. The results are expressed as the mean SD of
six animals in each group and analyzed by the two-way ANOVA, followed by the Student—
Newman—Keuls test. *p < 0.05 represents significant difference for the LPS group or LPS +
IL-1ra group as compared with the group. #p < 0.05 represents significant difference for the
LPS + IL-1ra group as compared with the LPS group. The scale bar in (A) represents 50 um.
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Fig. 5.

ILgl receptor antagonist attenuated the LPS exposure-induced increases in cytokines in the
rat brain 1 day (A) and 66 days (B) after LPS injection. The results are expressed as the
mean SD of six animals in each group and analyzed by the two way ANOVA, followed by
the Student—-Newman—Keuls test. *p < 0.05 represents significant difference for the LPS
group or LPS + IL-1ra group as compared with the saline group. #p < 0.05 represents
significant difference for the LPS + IL-1ra group as compared with the LPS group.
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Fig. 6.
Neonatal LPS exposure leads to chronic neuroinflammation, persistent neuronal injury in the

hippocampus, and long-lasting cognitive deficits in adult male rats. These compromises in
both structures and behaviors were attenuated by IL-1 receptor antagonist.
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