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Abstract
Our previous studies have shown that neonatal exposure to lipopolysaccharide (LPS) resulted in
long-lasting dopaminergic injury and enhanced methamphetamine (METH)-induced increase of
locomotion in the adult male rat. To further investigate the effect of neonatal LPS exposure-
induced dopaminergic injury, we used our neonatal rat model of LPS exposure (1 mg/kg,
intracerebral injection in postnatal day 5, P5, rats) to examine the METH sensitization as an
indicator of drug addiction in the adult rats. On P70, animals began a treatment schedule of 5 daily
subcutaneous (s.c.) administration of METH (0.5 mg/kg) or saline (P70-P74) to induce behavioral
sensitization. Ninety-six hours after the 5th treatment with METH or saline (P78), animals
received a single dose of 0.5 mg/kg METH (s.c.) or saline. Neonatal LPS exposure enhanced the
level of development of behavioral sensitization including distance traveled, rearing events and
stereotypy to METH administration in both male and female rats. Neonatal LPS exposure also
enhanced the reinstated behavioral sensitization in both male and female rats after the
administration had ceased for ninety-six hours. However, neonatal LPS exposure induced
alteration in the reinstated behaviors sensitization of distance traveled and rearing events to METH
administration appears to be greater in male than in female rats. These results indicate that
neonatal brain LPS exposure produces a persistent lesion in the dopaminergic system, as indicated
by enhanced METH-induced locomotor and stereotyped behavioral sensitization in later life.
These findings show that early-life brain inflammation may enhance susceptibility to the
development of drug addiction in later life.
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1. Introduction
Perinatal or early life exposure to an acute immune activation may induce long-lasting
dopaminergic damage and is associated with the subsequent development of motor
disturbances in adults [1–4]. In our previous studies, we developed a neonatal rat model with
central exposure to lipopolysaccharide (LPS), an endotoxin which is a component of the cell
wall of Gram-negative bacteria and responsible for most of the inflammatory effects of
infection from Gram-negative bacteria, in order to study the infection/inflammation-
associated brain injury during the early developmental period (postnatal day 5, P5, 1 mg/kg,
intracerebral injection) [5–7]. In this neonatal rat model we have found that central
inflammation induced by LPS produces lesions in the dopaminergic system such as loss of
dendrites and reduced tyrosine hydroxylase immunoreactivity in the substantia nigra and
ventral tegmental area which is persistent into adult life (P70) [2].

Our previous study also indicates that neonatal LPS-exposure causes an increased locomotor
behavioral response after a single dose challenge of methamphetamine (METH) in adult
male rats [2]. Lesions of the dopaminergic system, such as dysregulation of presynaptic
striatal dopamine, alteration of central dopamine turnover, or dopaminergic receptor
sensitization, were evidenced by enhanced behavioral reaction after METH administration to
the animals [8–10]. To further investigate the effect of neonatal LPS exposure on the
dopaminergic system, the long-lasting changes in the brain reward system were examined by
METH behavioral sensitization. Animals began a treatment schedule of 5 daily
subcutaneous (s.c.) injections of METH (0.5 mg/kg) to induce behavioral sensitization.
Ninety-six hours after the 5th treatment with METH, animals received a single dose of 0.5
mg/kg METH (s.c.) to reintroduce behavioral sensitization. Behavioral sensitization is the
progressive increase in behavioral responses following repeated treatments of a drug, and is
mediated by long-lasting changes in the neural substrates mediating reward and motivation;
namely, the mesolimbic dopamine system, consisting of reciprocal projections between the
ventral tegmental area and the nucleus accumbens [4, 11–13]. Thus behavioral sensitization
resulted from neuroadaptations within the mesolimbic dopamine system caused by repeated
drug exposure can be used as an indicator of drug addiction [4, 11–13].

The aim of this study was to determine whether the brain inflammation early in life leads to
a long-lasting change in the brain reward system which can enhance adult susceptibility to
the development of addictive-like behavior in later life. The craving for addictive METH has
shown gender differences in humans [14]. The second objective of this study was to
determine whether there are any gender differences in early life LPS exposure-enhanced
reinstated behavioral sensitization to methamphetamine.[5–7, 15]

2. Materials and methods
2.1. Chemicals

Unless otherwise stated, all chemicals used in this study were purchased from Sigma (St.
Louis, MO., USA).

2.2. Animals
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. 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. 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
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Medical Center or Fu Jen Catholic University. Every effort was made to minimize the
number of animals used and their suffering.

2.3. Surgery procedures and animal treatment
Intracerebral injection of LPS to 5-day old Sprague-Dawley rat pups of both sexes was
performed as previously described [5–7, 15]. Under light anesthesia with isoflurane (1.5%),
LPS (1 mg/kg, from Escherichia coli, serotype 055: B5) in sterile saline (total volume of 2
μl) was administered to the rat brain at the location of 1.0 mm posterior and 1.0 mm left to
the bregma, and 2.0 mm deep to the scalp at the left hemisphere in a stereotaxic apparatus
with a neonatal rat adapter. The injection was completed in 5 min and the needle was kept in
this position for an additional 2 min and then retrieved slowly out of the brain. The wound
was sutured and the pups were placed on a thermal blanket (34°C-35°C) for recovery before
being returned to their dams. The dose of LPS was chosen based on the previously reported
results which produced reproducible brain injury [5–7]. The injection site was located at the
area just above the left cingulum (white matter). LPS distributed from injection site (left
cingulum) to the right cingulum through the corpus callosum track within 30 minutes. The
control rats were injected with the same volume of sterile saline. All animals survived the
intracerebral 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 after weaning.
Ten rats from each group and each gender were used in the present study.

Ten rats from the LPS- or saline-injected group were further divided into two groups: one
received 5 doses of the subcutaneous (s.c.) injection of methamphetamine (METH) (0.5 mg/
kg) (5 male and 5 female rats) and the other with saline (5 male and 5 female rats) on P70.
Animals began a treatment schedule of 5 daily injections of METH (0.5 mg/kg, s.c.) to
induce behavioral sensitization from P70 to P74. Ninety-six hours after the 5th treatment
with METH, animals received a single dose of 0.5 mg/kg METH (s.c.) to reintroduce
behavioral sensitization on P78.

2.4. Behavioral testing: methamphetamine-induced locomotor and stereotyped behavioral
sensitization

METH-induced locomotor and stereotyped behaviors were performed as previously
described [2, 16] with modifications. All animals were tested and video taped in the same
order once a week from P70 to P78. Male and female rats were tested on different occasions
in chambers with fresh litter to avoid behavioral bias due to the odors or contact with the
opposite sex. Rats received their drug treatments at 9:00 AM on experimental days.
Locomotor activity was measured using the ANY-maze Video Tracking System (Stoelting
Co., Wood Dale, IL, USA). On the experimental day, rats were placed in the activity
chambers (42 × 25 × 40 cm3) in a quiet room with dimmed light 1 hour before the
administration of saline or METH to acclimatize them to their surroundings. Baseline levels
of locomotion were determined during the 10 min prior to METH or saline administration
(−10 to 0 min). After rats received saline or METH (0.5 mg/kg, s.c.), their activities were
recorded for 150 min. The total distance traveled by the animal was determined during every
10-min testing period for 150 min. Rating of rearing events including: exposure rearing
responses (body inclined vertically with hindpaws on the floor of the activity cage and
forepaws on the wall of the chamber) and sniffing-air responses (rearing in the open area of
the active chamber) were determined at the first minute of every 10-min intervals during 150
min after METH or saline administration. The summation of exposure rearing and sniffing-
air responses reflects vertical activity which has been used apart from locomotion [17].
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The stereotyped behaviors including: standing (on all four feet, essentially motionless and
not actively sniffing), grooming (washing the face or any other part of its body with the
forepaws, with the mouth generally in contact with the body), scratching (raising of hindpaw
to touch any part of its body), head-swinging (standing on all four feet, moving its head
from side to side), sniffing (not moving, but sniffing parts of the walls or floor of the
apparatus) and freezing (standing on all four feet, freezing position, completely inactive, i.e.
head oriented forwards and eyes fixed at a point of the upper side of the cage) were
determined at the first minute of every 10-min intervals during 150 min after METH or
saline administration. Quantification of stereotyped behaviors was achieved by counting the
frequency of discrete episodes and the summation of all stereotyped responses during the
testing period was scored for each rat [17–19].

2.5. Data analysis and statistics
The behavioral data were presented as the mean±SEM and analyzed by two-way repeated
measures ANOVA for data from tests conducted continuously at different experimental
times or days or by two-way ANOVA for the behavioral response in specific time intervals
on experimental day followed by Student-Newman-Keuls test.

The increment of distance traveled, rearing responses, or stereotyped behaviors in LPS-
exposure enhanced METH-increased behavioral responses in male or female rats were
calculated as follows, ΔMale (LPS+METH – Saline+METH) = LPS+METH Male group – saline
+METH Male group; ΔFemale (LPS+METH – Saline+METH) = LPS+METH Female group – saline
+METH Female group. The data for the alteration in the behavioral sensitization (P74) and
reinstated behavioral sensitization (P78) to METH following LPS exposure were presented
as the mean±SEM and analyzed by Student’s t-test. Results with a p<0.05 were considered
statistically significant.

3. Results
3.1. Neonatal LPS exposure enhanced methamphetamine-induced locomotor behavioral
response, behavioral sensitization, and reinstated behavioral sensitization in adult rats

The upper panel of Fig. 1(A & B) shows the total distance traveled by the rats after a single
dose injection of METH which was determined during every 10-min testing period for 150
min. After a single dose injection of METH in the male rats (P70), both groups including
neonatal exposure to saline or LPS showed increased total distance traveled from 10 min to
50 min, and from 10 min to 80 min, respectively [F(3, 319) = 53.848, p<0.001] (P<0.05)
(Fig. 1A). Two-way ANOVA on behavioral data (summation for 120 min) following the
METH challenge showed that adult (P70) METH treatment and the interaction of neonatal
(P5) LPS treatment x adult (P70) METH treatment have significant effects on the total
distance traveled [F(1, 19) = 178.342, p<0.001; F(1, 19) = 13.158, p=0.02, respectively, Fig.
1C]. Consistent with our previous study (Fan et al., 2011), neonatal LPS exposure enhanced
METH (0.5 mg/kg, s.c.)-induced locomotor behavioral response in P70 male rats (p<0.05)
(Fig. 1C). In the female rats, both groups including neonatal exposure to saline or LPS
showed increased total distance traveled from 10 min to 70 min [F(3, 319) = 8.12, p=0.002]
(P<0.05) after a single dose injection of METH (Fig. 1B). However, no difference was
found between subjects with neonatal exposure to LPS and their control counterparts after
increased response to a single METH injection [F(1, 19) = 0.0844, p=0.775] (Fig. 1C).

Repeated administration of METH produced progressively increased behavioral response in
rats (Fig. 2). The METH-induced behavioral sensitization occurred in the day showed
significant greater than that of the results on day 1 (P70). Male subjects exposed as neonates
to LPS showed that the METH induced behavioral sensitization in the total distance traveled
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occurred one day earlier (day 4, P73) than that of the control group (day 5, P74) [F(15, 119)
= 43.346, p<0.001] (p<0.05) (Fig. 2B). The present results also demonstrated that there is a
gender difference in the rate of development of locomotor sensitization to METH. For
females, METH-induced behavioral sensitization was determined on day 2 (P71) [F(15, 119)
= 36.950, p<0.001] (p<0.05) of both neonatal LPS exposure and the control groups (Fig.
2C).

To test whether repeated METH administration produced a long-lasting locomotor
sensitization, animals received a single dose of METH (0.5 mg/kg, s.c.) or saline on P78
(day 9) ninety-six hours after the 5th treatment with METH or saline (day 5, P74). Both
neonatal saline and LPS-treated groups showed increased response to METH challenge on
day 9 (P78) as compared with the response to METH on day 5 (P74) (p<0.05) (Figs. 2B &
2C). Neonatal LPS exposure also enhanced the reinstated behavioral sensitization in both
male and female rats after administration had ceased for ninety-six hours (p<0.05) (Figs. 2B
& 2C). However, neonatal LPS exposure induced alteration in the behavioral sensitization
(P74) and reinstated behavioral sensitization (P78) of total distance to METH administration
that appears to be greater in male rats as compared with that of female rats [P74:
Δ Male (LPS+METH – Saline+METH) = 7467.7±862.3 cm, Δ Female (LPS+METH – Saline+METH) =
4971.2±490.6 cm; t(8) = 2.516, p<0.05] [P78: Δ Male (LPS+METH – Saline+METH) =
8881.4±562.5 cm, ΔFemale (LPS+METH – Saline+METH) = 5843.9±940.6 cm; t(8) = 2.771,
p<0.05] (Fig. 7A).

3.2. Neonatal LPS exposure enhanced methamphetamine-induced rearing behavioral
response, behavioral sensitization, and reinstated behavioral sensitization in adult rats

The summation of exposure rearing and sniffing-air responses reflects vertical activity
which has been used apart from locomotion (Antoniou et al., 2004). The upper panel of Fig.
3 shows the rearing events determined at the first minute of every 10-min intervals during
150 min after administration of METH or saline. In male rats, both groups including
neonatal exposure to saline or LPS showed the increased rearing events from 20 min to 40
min, and from 10 min to 70 min, respectively [F(3, 319) = 33.238, p<0.001] (P<0.05) after a
single dose injection of METH (P70) (Fig. 3A). Two-way ANOVA on behavioral data
(summation for 120 min) following the METH challenge showed that adult (P70) METH
treatment and the interaction of neonatal (P5) LPS treatment x adult (P70) METH treatment
have significant effects on the rearing events [F(1, 19) = 86.056, p<0.001; F(1, 19) = 19.506,
p<0.001, respectively, Fig. 3C]. The neonatal LPS exposure enhanced the METH-induced
rearing events in P70 male rats (p<0.05) (Fig. 3C). In the female rats, both groups including
neonatal exposure to saline or LPS showed increased rearing events from 20 min to 80 min
[F(3, 319) = 10.890, p<0.001] (P<0.05) after a single dose injection of METH (Fig. 3B).
However, no difference was found between subjects with neonatal exposure to LPS and
their control counterparts after increased response to a single METH injection [F(1, 19) =
0.0468, p=0.831] (Fig. 3C).

Fig. 4 shows that the repeated administration of METH in rats produced progressively
increased rearing events. In both male and female rats, neonatal exposed to LPS showed that
the METH induced behavioral sensitization in rearing events occurred on day 2 (P71) and
the level was greater than that in the control group [male, F(5, 119) = 47.120, p<0.001;
female, F(5, 119) = 57.347, p<0.001] (p<0.05) (Figs. 4A & 4B).

The reinstated behavioral sensitization was induced by a single dose challenge of METH or
saline after ninety-six hour drug abstinence following the 5th treatment with METH or
saline (day 5, P74). Both neonatal saline and LPS-treated groups showed increased response
to METH challenge on day 9 (P78) as compared with the response to METH on day 5 (P74)
(p<0.05) (Fig. 4). Neonatal LPS exposure enhanced the reinstated behavioral sensitization in
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both male and female rats after administration had ceased for ninety-six hours (Figs. 4A &
4B) (p<0.05). However, neonatal LPS exposure induced alteration in the behavioral
sensitization (P74) and reinstated behavioral sensitization (P78) of rearing events to METH
administration that appears to be greater in male rats as compared with that of female rats
[P74: ΔMale (LPS+METH – Saline+METH) = 77.80±4.47 events,
ΔFemale (LPS+METH – Saline+METH) = 36.40±12.57 events; t(8) = 3.103, p<0.05] [P78:
ΔMale (LPS+METH – Saline+METH) = 93.40±3.11 events, ΔFemale (LPS+METH – Saline+METH) =
58.40±8.08 events; t(8) = 4.044, p<0.05] (Fig. 7B).

3.3. Neonatal LPS exposure enhanced methamphetamine-induced stereotyped behavioral
response, behavioral sensitization, and reinstated behavioral sensitization in adult rats

The rating of stereotyped behaviors including: standing, grooming, scratching, head-
swinging, sniffing and freezing were determined at the first minute of every 10-min intervals
during 150 min after METH or saline administration. In both male and female rats, both
groups including neonatal exposure to saline or LPS showed increased stereotyped
behaviors [male, F(3, 319) = 26.447, p<0.001; female, F(3, 319) = 58.616, p<0.001]
(P<0.05) after a single dose injection of METH (P70) (Figs. 5A & 5B). Two-way ANOVA
on behavioral data (summation for 120 min) following the METH challenge showed that
adult (P70) METH treatment and the interaction of neonatal (P5) LPS treatment x adult
(P70) METH treatment have significant effects on stereotyped behaviors [male, F(1, 19) =
104.207, p<0.001; F(1, 19) = 13.474, p=0.002, respectively, Fig. 5C] [female, F(1, 19) =
166.016, p<0.001; F(1, 19) = 14.010, p=0.002, respectively, Fig. 5C]. The neonatal LPS
exposure enhanced the METH-induced stereotyped behaviors in P70 male and female rats
(p<0.05) (Fig. 5C).

Fig. 6 shows that the repeated administration of METH in rats produced progressively
increased stereotyped behaviors. In both male and female rats, neonatal rats exposed to LPS
showed that the METH-induced behavioral sensitization in stereotyped behaviors occurred
one day earlier (day 2, P71) than that of the control group (day 3, P72) [male, F(5, 119) =
112.327, p<0.001; female, F(5, 119) = 190.355, p<0.001] (p<0.05) (Figs. 6A & 6B).

Both neonatal saline and LPS-treated groups showed increased stereotyped behaviors to
METH challenge on day 9 (P78) as compared with the response to METH on day 5 (P74)
(p<0.05) (Fig. 6). Neonatal LPS exposure enhanced the reinstated behavioral sensitization of
stereotyped behaviors in both male and female rats after administration had ceased for
ninety-six hours (Figs. 6A & 6B) (p<0.05). The neonatal LPS exposure induced alteration in
the behavioral sensitization (P74) and reinstated behavioral sensitization (P78) of
stereotyped behaviors to METH and showed no difference between male and female rats
[P74: ΔMale (LPS+METH – Saline+METH) = 68.00±6.37 events,
ΔFemale (LPS+METH – Saline+METH) = 73.60±2.58 events; t(8) = −0.815, p=0.439] [P78:
ΔMale (LPS+METH – Saline+METH) = 120.20±4.33 events, ΔFemale (LPS+METH – Saline+METH) =
113.40±4.76 events; t(8) = 1.057, p=0.321] (Fig. 7C).

4. Discussion
Perinatal or early life infection/inflammation has been shown to increase the risk for central
nervous system disorders in human (as indicated by epidemiological studies) and animal
models of Parkinson’s disease, schizophrenia, autism and cerebral palsy [1, 20–22]. We
have recently reported that exposure to LPS (P5, 1 mg/kg, intracerebral injection) in white
matter during early development produced not only white matter injury around the ventricle
areas [6, 24], but also dopaminergic neuronal injury and chronic inflammation in the adult
rat brain [2]. We also found that there was a functional disability in juvenile rats, suggesting
possible involvement of dopaminergic impairment in this neonatal rat model of central
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inflammation-induced neurological dysfunction [15, 23–24]. METH-induced locomotion is
used to assess the dopaminergic function as a behavioral indicator of activity in the
dopamine pathway [8–9, 25]. Consistent with our previous studies [2]; the P70 male rats
with neonatal LPS exposure enhanced the METH (0.5 mg/kg, s.c.)-induced locomotor
behavioral responses, including distances traveled and rearing events, and stereotyped
behaviors as compared with those without LPS exposure (Figs. 1A, 3A & 5A). Similarly,
the neonatal LPS exposure enhanced the METH (0.5 mg/kg, s.c.)-induced stereotyped
behaviors in P70 female rats (Fig. 5B). Another study also reported that maternal exposure
to LPS during pregnancy enhances amphetamine (a METH analog)-induced locomotion in
adult rat offspring [3]. These results suggest that the dopaminergic system in the LPS-
exposed rat brain is more sensitive to METH stimulation. The enhanced METH-induced
reaction in the LPS-exposed animal observed in these studies suggests the existence of
functional alterations in the dopaminergic system of the LPS-exposed rat brain.

To further investigate the effect of neonatal LPS exposure on the dopaminergic system, the
long-lasting changes in the brain reward system were examined by METH behavioral
sensitization. Behavioral sensitization is the progressive increase in the behavioral responses
following repeated treatments of a drug, such as METH, and is mediated by long-lasting
changes in the neural substrates mediating reward and motivation (Anderson and Pierce,
2005; Robinson and Berridge, 1993, 2008; Tenk et al., 2007). METH behavioral
sensitization resulting from neuroadaptations within the mesolimbic dopamine system
caused by repeated METH exposure can be used as an indicator of drug addiction [3–4, 11–
13]. The present data indicate that neonatal LPS exposure enhanced the level of
development of behavioral sensitization including distances traveled, rearing events and
stereotypy to 5 treatments of METH administration (from P70 to P74) in both adult male
and female rats. Neonatal LPS exposure enhanced reinstated behavioral sensitization in both
adult male and female rats after METH administration had ceased for ninety-six hours
(P78). These results show that neonatal brain LPS exposure produces a persistent lesion in
the dopaminergic system and enhances METH-induced locomotor and stereotyped
behavioral sensitization in later life. Therefore, these findings indicate that brain
inflammation early in life leads to a long-lasting change in the brain reward system which
may enhance susceptibility to the development of addictive-like behavior in later life.

In normal Sprague-Dawley rats, the METH and amphetamine induced behavioral responses
are greater in adult female than male rats [26]. Female rats are more vulnerable to the
acquisition of METH self-administration, and they are more motivated to self-administer
METH as compared with that of male rats [27]. The current study shows that P70 female
rats without LPS treatment display greater distance traveled and rearing events to a single
dose injection of METH (0.5 mg/kg, s.c.) than that of male rats. P70 female rats without
LPS treatment performed a greater behavioral sensitization and reinstated behavioral
sensitization of distance traveled and rearing events to METH than that of male rats (Figs.
7A & 7B). However, the neonatal LPS exposure (P5) induced alteration in the behavioral
sensitization and reinstated behavioral sensitization of distance traveled and rearing events
to METH that appears to be greater in male than in female Sprague-Dawley rats (Figs. 7A &
7B). This result indicates that there are gender differences in early life LPS exposure-
enhanced behavioral sensitization and reinstated behavioral sensitization to METH. The
present finding also shows that female rats were more sensitive to METH sensitization in the
absence of LPS pretreatment and neonatal exposure to LPS diminished this difference
between male and female. The male METH users showed a longer craving period for METH
than females in abstinent METH [14]. Craving for addictive drugs may predict relapse in
abstinent addicts [14]. Therefore, the present rat model may be useful to investigate the
addiction and relapse in abstinent addicts with the gender differences. The male METH
users showed greater amphetamine-stimulated dopamine release than female, but the female
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METH users showed a decreased degree of toxicity [28]. The present rat model may be also
useful to investigate the pattern of male versus female differences in the METH-induced
toxicity in the doparminergic system. In contrast, another study indicated that systemical
neonatal LPS (50 mg/kg) treatment (P3 and P5) potentiated both the level and the rate of
development of locomotor sensitization to quinpirole (0.5 mg/kg, s.c., a dopamine D2/D3
agonist) administration in adult female Long-Evans rats, but not in males [4]. These
conflicting finding may be because of rat strain differences (Sprague-Dawley rats or Long-
Evans rats), route differences (central LPS exposure or systemically LPS exposure),
treatment differences (METH, a psychostimulant; or quinpirole, a dopamine D2/D3 agonist),
or other factors between this and other studies. Both the results from our current study and
Tenk’s study may further implicate that neonatal LPS exposure causes dopaminergic injury
including the long-lasting changes in the brain reward system with sex differences.
However, further studies are necessary.

We have reported that neonatal LPS exposure produces dopaminergic injury and chronic
inflammation in the adult rat brain [2]. Lesions of the dopaminergic system, such as
dysregulation of presynaptic striatal dopamine, alteration in central dopamine turnover, or
dopaminergic receptor sensitization, were evidenced by enhanced behavioral reaction after
METH administration in the animals [3, 8–10, 25]. Therefore, the present results of
enhanced behavioral sensitization and reinstated behavioral sensitization to METH indicate
that exposure to LPS in the early developing brain may induce long-lasting dopaminergic
injury in later life. Besides the dopaminergic injury, perinatal LPS exposure also causes a
long-lasting increase in inflammatory cytokines including interleukin-1β (IL-1β) and IL-6 in
the adult rat brain [2, 29]. Systemic treatment with IL-6 produces long-lasting sensitization
to the locomotor-stimulating effects of amphetamine [30]. The prenatal inflammation alters
the dopaminergic function to produce greater response to a single injection of amphetamine
and enhanced behavioral sensitization following repeated exposure to amphetamine in the
adult offspring rat [31]. Therefore, the above findings suggest that perinatal inflammation
may have direct effects on the dopaminergic system mediating behavioral sensitization and
the detailed mechanisms involved need to be further investigated.

Our study is the first investigation to examine the effect of neonatal LPS exposure on the
persistent lesion in the dopaminergic system as determined by the METH induced
behavioral sensitization in the adult rats. These results indicate that neonatal brain LPS
exposure enhanced METH-induced locomotor and stereotyped behavioral sensitization in
the adult rats. These findings show that early-life brain inflammation may enhance
susceptibility to the development of drug addiction such as METH in later life. In addition,
this study also implicates that there are gender differences in early life LPS exposure-
enhanced behavioral sensitization to METH.
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Research Highlights

1. Neonatal LPS exposure enhanced the behavioral sensitization to METH in both
male and female rats.

2. Neonatal LPS exposure enhanced the reinstated behavioral sensitization to
METH in both male and female rats.

3. Neonatal LPS exposure induced alteration in the reinstated behaviors
sensitization to METH is greater in male than in female rats.
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Fig. 1.
Effect of neonatal LPS-exposure on METH-induced locomotor activity, as determined by
the total distance traveled in the open field test in the P70 male (A) and female (B) rats. A &
B, average values for the distance traveled by the P70 rats after saline or METH (0.5 mg/kg)
treatment. Each point represents the cumulative distance (cm) traveled in 10-min intervals
for a total duration of 150 min. C, bar graphs represent the average values for the distance
traveled by P70 rats in specific time intervals from 0 to 60 min, 61 to 120 min, and 0 to 120
min, after saline or METH (0.5 mg/kg) treatment. The results are expressed as the mean
±SEM of five animals in each group and analyzed by two-way repeated measures ANOVA
for data from tests conducted continuously at different experimental times or by two-way
ANOVA for the behavioral response in the specific time intervals followed by Student-
Newman-Keuls test. * P<0.05 represents significant difference for the saline+METH group
as compared with that of the saline+saline group. # P<0.05 represents significant difference
for the LPS+METH group as compared with that of the LPS+saline group. & P<0.05
represents significant difference for the LPS+METH group as compared with that of the
saline+METH group.
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Fig. 2.
Effect of neonatal LPS-exposure on METH-induced behaviors sensitization (from P70 to
P74) and reinstated behavioral sensitization (P78), as determined by the total distance
traveled in the open field test in the male (B) and female (C) rats. A, treatment procedure.
Repeated administration of METH in rats developed behavioral sensitization as indicated by
the progressively increased behavioral response of the total distance traveled as compared
with the data of day 1 (P70). After 5 injections from P70 to P74 (day 1 to day 5), animals
received a single injection of saline or METH after ninety-six hour drug abstinence from the
5th injection of METH to assess the reinstated behavioral sensitization (P78, day 9). Each
point represents the cumulative distance (cm) traveled for a total duration of 120 min on the
different experimental day. The results are expressed as the mean±SEM of five animals in
each group and analyzed by two-way repeated measures ANOVA for data from tests
conducted continuously at different experimental day followed by Student-Newman-Keuls
test. * P<0.05 represents significant difference for the experimental day as compared with
the data of day 1 in the saline+METH group. # P<0.05 represents significant difference for
the experimental day as compared with the data of day 1 in the LPS+METH group. &
P<0.05 represents significant difference for the LPS+METH group as compared with that of
the saline+METH group in the same experimental day. $ P<0.05 represents significant
difference for the day 9 as compared with the data of day 5 in the saline+METH or LPS
+METH group.
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Fig. 3.
Effect of neonatal LPS-exposure on METH-induced rearing responses in the P70 male (A)
and female (B) rats. A & B, average values for rearing responses by the P70 rats after saline
or METH (0.5 mg/kg) treatment. Each point represents the cumulative rearing events
determined at the first minute of every 10-min intervals during 150 min. C, bar graphs
represent the average values for rearing events by P70 rats in specific time intervals from 0
to 60 min, 61 to 120 min, and 0 to 120 min, after saline or METH (0.5 mg/kg) treatment.
The results are expressed as the mean±SEM of five animals in each group and analyzed by
two-way repeated measures ANOVA for data from tests conducted continuously at different
experimental times or by two-way ANOVA for the behavioral response in the specific time
intervals followed by Student-Newman-Keuls test. * P<0.05 represents significant
difference for the saline+METH group as compared with that of the saline+saline group. #
P<0.05 represents significant difference for the LPS+METH group as compared with the
LPS+saline group. & P<0.05 represents significant difference for the LPS+METH group as
compared with the saline+METH group.
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Fig. 4.
Effect of neonatal LPS-exposure on METH-induced behaviors sensitization (from P70 to
P74) and reinstated behaviors sensitization (P78), as determined by rearing events in the
male (A) and female (B) rats. Repeated administration of METH in rats developed
behavioral sensitization as indicated by the progressively increased behavioral response of
the rearing events as compared with the data of day 1 (P70). After 5 injections from P70 to
P74 (day 1 to day 5), animals received a single injection of saline or METH after ninety-six
hour drug withdrawal from the 5th injection of METH to assess the reinstated behaviors
sensitization (P78, day 9). Each point represents the cumulative rearing events of 120 min
(first minute of every 10-min intervals during 120 min) on the different experimental day.
The results are expressed as the mean±SEM of five animals in each group and analyzed by
two-way repeated measures ANOVA for data from tests conducted continuously at different
experimental day followed by Student-Newman-Keuls test. * P<0.05 represents significant
difference for the experimental day as compared with the data of day 1 in the saline+METH
group. # P<0.05 represents significant difference for the experimental day as compared with
the data of day 1 in the LPS+METH group. & P<0.05 represents significant difference for
the LPS+METH group as compared with that of the saline+METH group in the same
experimental day. $ P<0.05 represents significant difference for the day 9 as compared with
the data of day 5 in the saline+METH or LPS+METH group.
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Fig. 5.
Effect of neonatal LPS-exposure on METH-induced stereotyped behaviors in the P70 male
(A) and female (B) rats. A & B, average values for stereotyped behaviors by the P70 rats
after saline or METH (0.5 mg/kg) treatment. Each point represents the cumulative
stereotyped behaviors determined at the first minute of every 10-min intervals during 150
min. C, bar graphs represent the average values for stereotyped behaviors by P70 rats in
specific time intervals from 0 to 60 min, 61 to 120 min, and 0 to 120 min, after saline or
METH (0.5 mg/kg) treatment. The results are expressed as the mean±SEM of five animals
in each group and analyzed by two-way repeated measures ANOVA for data from tests
conducted continuously at different experimental times or by two-way ANOVA for the
behavioral response in the specific time intervals followed by Student-Newman-Keuls test. *
P<0.05 represents significant difference for the saline+METH group as compared with that
of the saline+saline group. # P<0.05 represents significant difference for the LPS+METH
group as compared with that of the LPS+saline group. & P<0.05 represents significant
difference for the LPS+METH group as compared with that of the saline+METH group.
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Fig. 6.
Effect of neonatal LPS-exposure on METH-induced behaviors sensitization (from P70 to
P74) and reinstated behaviors sensitization (P78), as determined by stereotyped behaviors in
the male (A) and female (B) rats. Repeated administration of METH in rats developed
behavioral sensitization as indicated by the progressively increased behavioral response of
the stereotyped behaviors as compared with the data of day 1 (P70). After 5 injections from
P70 to P74 (day 1 to day 5), animals received a single injection of saline or METH after
ninety-six hour drug withdrawal from the 5th injection of METH to assess the reinstated
behavioral sensitization (P78, day 9). Each point represents the cumulative stereotyped
behaviors of 120 min (first minute of every 10-min intervals during 120 min) on the
different experimental day. The results are expressed as the mean±SEM of five animals in
each group and analyzed by two-way repeated measures ANOVA for data from tests
conducted continuously at different experimental day followed by Student-Newman-Keuls
test. * P<0.05 represents significant difference for the experimental day as compared with
the data of day 1 in the saline+METH group. # P<0.05 represents significant difference for
the experimental day as compared with the data of day 1 in the LPS+METH group. &
P<0.05 represents significant difference for the LPS+METH group as compared with that of
the saline+METH group in the same experimental day. $ P<0.05 represents significant
difference for the day 9 as compared with the data of day 5 in the saline+METH or LPS
+METH group.
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Fig. 7.
Effect of neonatal LPS-exposure induced alteration in METH-induced behavioral
sensitization (P74) and reinstated behavioral sensitization (P78), as determined by the total
distance traveled (A), rearing responses (B), and stereotyped behaviors (C) in the male and
female rats. The results are expressed as the mean±SEM of five animals in each group and
analyzed by two-way ANOVA for the behavioral response followed by Student-Newman-
Keuls test. * P<0.05 represents significant difference for the saline+METH group as
compared with that of the saline+saline group. # P<0.05 represents significant difference for
the LPS+METH group as compared with that of the LPS+saline group. & P<0.05 represents
significant difference for the LPS+METH group as compared with the saline+METH group.
The narrow bars represent the increment in LPS-exposure enhanced METH-induced
behaviors responses in male or female rats. $ P<0.05 represents significant difference
between the increment of distance traveled or rearing responses in LPS-exposure enhanced
METH-increased behavioral responses in male rats as compared with that of the female rats.
NS represents no significant difference between the increment of stereotyped behaviors in
LPS-exposure enhanced METH-increased behavioral responses in male rats as compared
with that of the female rats.
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