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Abstract In the present study, we examined the effect of
perinatal Escherichia coli lipopolysaccharide (LPS) exposure
on the developing rat cerebellum and tested the hypothesis
that maternal infections impact brain structure and function by
mechanisms involving increase in oxidative stress and
changes in brain type 2 iodothyronine deiodinase (D2)- and
thyroid hormone (TH)-responsive genes. Spontaneously hy-
pertensive rat (SHR) and Sprague–Dawley (SD) rat dams
were challenged with LPS (200 μg/kg body weight) exposure
during pregnancy (G10–G15) and lactation (P5–P10), the
time periods corresponding, respectively, to the first/second
and the third trimesters of human pregnancy. LPS exposure
resulted in a significantly decreased motor learning in SD
male (29.8 %) and in female (55.0 %) pups (p<0.05); changes
in rollover and startle response showed only a trend. The LPS
challenge also resulted in a trend (p=0.09) toward increased
cerebellar levels of the oxidative stress marker 3-nitrotyrosine
(3-NT) in SD male (16.2 %) and female (21.2 %) neonates,
while 3-NT levels were significantly decreased (p<0.05) in
SHR female pups. D2 activity, responsible for local intra-brain
conversion of thyroxine (T4) to the active hormone, 3′,3,5-
triiodothyronine (T3), was significantly (p<0.05) decreased in

LPS-challenged SHR male (40.3 %) and SD female (47.4 %)
pups. Several genes were affected by LPS. Notably, D2
(DIO2) and brain-derived neurotrophic factor (BDNF) were
significantly elevated in SHR females, while transthyretin
(TTR) expression was decreased in both SD males and
females (P<0.05). In vitro chronic exposure of cerebellar
cultures to LPS resulted in decreased arborization of Purkinje
cells while D2 was only increased transiently. Our data dem-
onstrate that perinatal LPS exposure impacts the developing
cerebellum in strain- and sex-dependent manner via complex
mechanisms that involve changes in oxidative stress, enzymes
involved in maintaining local TH homeostasis, and down-
stream gene expression.
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Introduction

Clinical and epidemiological data suggest that maternal
infection during pregnancy and nursing increases the prob-
ability of neonatal brain injury and may have a long-lasting
impact on brain functions. Maternal infection during preg-
nancy has been linked to neurological and neurobehavioral
disorders in humans such as cerebral palsy [1, 2], neonatal
strokes [3], schizophrenia [4, 5], and affective disorders [4].
Animal studies implicate bacterial infection in the pathology
of Parkinson’s disease [6] and, notably, schizophrenia and
autism [7].

Bacterial infection triggers a response that involves produc-
tion of inflammatory mediators - cytokines. The triggering
signals are delivered by the endotoxins lipopolysaccharides
(LPS), major components of the outer membrane of Gram-
negative bacteria. Such responses can be elicited in animals by
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a direct exposure to LPS, thus modeling infection. LPS admin-
istered to the pregnant mother are transferred to the fetus
through the placenta [8] and result in increased cytokines levels
in amniotic fluid [9, 10] and the fetal brain [9]. Bacterial
infection of the lactating mother also results in increased levels
of cytokines in the milk [11].

LPS also triggers increased oxidative stress [12–14].
Experimental evidence suggests that cellular injury during
the inflammatory response is mediated by reactive oxygen
species [15] and that endotoxin-induced excessive free rad-
ical production damages and opens the blood–brain barrier
[16]. Further, LPS is not only a potent trigger of oxidative
stress [12, 16] but also a disruptor of antioxidant defenses
[12]. The combined effect of high levels of free radicals and
low levels of scavengers leads to oxidative stress [17] that
promotes injury in the developing brain. Further, in vitro
addition of LPS to glial cultures increases the production of
free radicals [18], although this effect has been recently
reassigned to the response of microglial cells [19].

LPS also regulates expression of the type 2 iodothyronine
deiodinase (D2), an enzyme that converts the pro-hormone
thyroxine (T4) to the active hormone, 3′,3,5-triiodothyronine
(T3), and is responsible for most of the T3 supply within the
brain [20]. D2 activity is increased in the mediobasal hypo-
thalamus, anterior pituitary, and cerebral cortex after LPS
administration [21]. Furthermore, D2 activity and mRNA
are both increased by LPS exposure in astrocyte culture in
vitro [22]. Furthermore, the induction of D2 activity by cAMP
in in vitro cultures is inhibited by oxidative stress [23]. LPS-
mediated increase in D2 in glial cultures has been shown to be
associated with elevated T3-dependent gene expression in co-
cultured neurons [24], suggesting that LPS-induced changes
in D2 or oxidative stress could impact the developing CNS.

Interestingly, LPS exerts a sex-dependent response [25]
and LPS-induced cytokine expression exhibits a sexually
dimorphic profile [26, 27]. LPS stimulates the production
of the cytokine TNF-α in vivo and in vitro [28], while the
regulation of nitric oxide (NO) synthesis and apoptosis by
TNF-α is estrogen dependent [29]. Further, the actions of
the cytokine IL-1β, which is implicated in cerebrovascular
brain injury, can be modified by estrogen [30]. These obser-
vations underscore the importance of measuring the effects
of LPS treatment separately in both sexes.

The present study was undertaken to address the hypoth-
esis that maternal infection during pregnancy, as modeled by
LPS exposure, could lead to increased oxidative stress
which in turn would inhibit cerebellar D2 activity and result
in an altered pattern of thyroid hormone-dependent gene
expression that would impair cerebellar development and
function. To test this supposition, we examined the effects of
maternal challenge with LPS in two strains of rats with
different thresholds to oxidative stress, spontaneously hy-
pertensive rats (SHR) and Sprague–Dawley (SD) rats, to test

for genetically dependent sensitivity to inflammation, and in
the male and in female neonates, to test for the sex-
dependent nature of these effects. Neurodevelopment was
assessed in terms of milestones such as roll over time and
auditory function, and motor learning. The neurodevelop-
mental findings were correlated with cerebellar levels of the
oxidative stress marker 3-nitrotyrosine (3-NT) and D2 ac-
tivity. We further examined the expression of several thyroid
hormone (TH)-dependent genes and genes implicated in
cerebellar development. We find that maternal challenge
with LPS during the perinatal period leads to deficiencies
in motor learning, which are manifested in a strain- and sex-
dependent manner. These changes are accompanied by a
selective increase in oxidative stress, decreased D2 activity,
and altered expression of cerebellar genes. Furthermore,
chronic exposure of primary cerebellar cultures to LPS in
vitro resulted in abnormal Purkinje cell arborization. While
LPS-exposed cultures showed an initial increase in D2, this
increase was transient and was not observed at later time
following LPS exposure. Using these models, we begin to
unravel the mechanism of LPS-triggered effects on Purkinje
cells and their link to neurodevelopmental changes.

Materials and Methods

Animals and Treatment

The animal experimentation protocols were approved by the
Institutional Animal and Use Committee at Harvard Medical
School and by the Animal Care and Experimentation Com-
mittee, Gunma University, Japan. For all in vitro experiments,
timed pregnant SHR or SD rat dams purchased from Charles
River Breeding Laboratories (Germantown, NY) on gestation-
al day 7 (G7) (G1 defined as the first day after co-housing of
males and females on which the female is found to have either
a sperm plug or a sperm-positive vaginal smear) were indi-
vidually housed under standard vivarium conditions (12:12 h
light cycle, at 21–24 °C). Standard laboratory chow and water
were available ad libitum. Following a period of recovery
from the stress of shipment, selected SHR dams (n=3) and
SD dams (n=6) were challenged with lipopolysaccharides
(LPS; Sigma-Aldrich, St Louis, MO) at a dose of 200 μg/kg
body weight (BW) via subcutaneous injections from G10
through G15 and then again from postnatal day 5 (P5) through
P10; control SHR dams (n=3) and SD dams (n=3) received
an equal volume of saline solution injections (Fig. 1).

Maternal mass was monitored daily during pregnancy in
both control and treatment groups. Neonates were counted,
sexed, and weighed on P1/P2, and their mass was monitored
daily until euthanasia on P21. The pups in LPS-challenged and
control groups were tested for neurodevelopment milestones
and auditory and motor functions between birth and P20.
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Cerebellar tissue derived from these animals on P21 was
analyzed for oxidative stress, D2 activity, and gene expression.

Neurodevelopmental Milestones

Neurodevelopmental milestones were assessed between
birth and P21 (weaning) separately in male and female
offspring derived from LPS-challenged and control dams.
Assessments included testing their righting response (roll-
over time), auditory (startle) response, and eye opening.
Righting response was measured on P3–P5 as the time
required for a rat pup to right itself when placed in a supine
position. Onset of the startle response - a sign of acquiring
hearing ability - was measured on P12–P14 in terms of head
movement response to the sound of pen tapped against a
glass surface performed consistently by a single experiment-
er. Eye opening was recorded between P12 and P14.

Motor Functions

Motor functions were measured using a rotarod. Selected
male and female neonates were tested daily starting on P12
on a rotarod with an accelerating speed setting through P20
according to the procedure described earlier [31, 32]. Using
this paradigm, motor learning was measured by increasing
the speed of rotation and evaluating the same neonates over
time; the pups tested on a rotarod from P12 through P20
represented “trained pups.” The “trained group” included 7
control SHR pups from 3 separate litters (3 males, 4
females), 12 control SD pups from 3 litters (6 males, 6
females), 6 LPS-challenged SHR pups from 3 litters (3
males, 3 females) and 23 LPS-challenged SD pups from 6
litters (11 males, 12 females). Each neonate was subjected to
one trial on a rotarod rotating at incremental speeds in the
range of 2–20 rpm during 5-min intervals. The length of
time the animal remained on the rotarod and the rotational
speed were recorded. If all animals were able to remain on

the rotarod during a 5-min interval, the speed of rotation was
increased. Remaining pups from each exposure group were
kept as rotarod-naïve until P20 and were then tested on a
rotarod set at a maximum speed of 20 rev/5 min. The pups
tested for the first time represented “untrained pups.” The
“untrained group” included 12 control SHR pups from 3
litters (5 males, 7 females), 23 control SD pups from 3 litters
(12 males, 11 females), 15 LPS-challenged SHR pups from
3 litters (9 males, 6 females) and 44 LPS-challenged SD
pups from 6 litters (24 males, 20 females).

Cerebellar Tissue

On P21, all pups were euthanized by decapitation. The
cerebella, from the pups tested on the rotarod only on P20,
including the cerebellum, were rapidly dissected, frozen on
dry ice, and stored at −80 °C for further analysis.

Analysis of Cerebellar 3-Nitrotyrosine [3-NT] Levels

The 3-NT levels were measured in the cerebellar homoge-
nates prepared from frozen tissue according to the procedure
previously described [33]. Briefly, the cerebella were ho-
mogenized in a phosphate buffer containing detergents and
protease inhibitors. The supernatants were collected by cen-
trifugation at 16,000×g for 30 min at 4 °C. 3-NT in the
supernatants was measured using aliquots derived from
∼25 mg tissue and a commercially available 3-NT enzyme-
linked immunosorbent assay (ELISA) kit (Percipio Bio-
sciences, Inc.; Foster City, CA). The ELISA plates were
read at 450 nM. Data on 3-NT levels are expressed in
picomoles per gram of tissue.

Analysis of Cerebellar D2 Activity

D2 activity in the cerebellum was measured by quantifying
125I-release from a 125I-labeled T4 tracer (5,700 mCi/mg;

LPS INJECTIONS LPS INJECTIONS

Rat          G10                     G15                Birth       P4 P5                     P10      P12      P14          P20   P21         

RO   ST, EO

ROTAROD TR

ROTAROD UNTR
PURKIJE CELL BIRTH                             GRANULE CELL PROLIFERATION  

CRITICAL BRAIN DEVELOPMENT PERIOD       

Human         1st/2nd trimester                                                3rd trimester    

Fig. 1 Schematic representation of LPS exposure and neurobehavioral
testing. Timed pregnant SHR or SD rats received LPS at a dose of
200 μg/kg body weight via subcutaneous injections from G10–G15
and P5–P10; control SHR and SD dams received an equal volume
of saline. Rollover time (RO) was measured on P3–P5; startle
response (ST) and eye opening (EO) were observed on P12–P14.

Male and female pups were tested on a rotarod (RT) either on
P20 to measure spontaneous motor function in untrained group
(ROTAROD UNTR), or daily between P12 and P20 to assess the
learned motor function in trained pups (ROTAROD TR). Animals
were euthanized on P21 and cerebella dissected out for biochemical
analysis
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Perkin Elmer Life Sciences, Boston, MA) as described
previously [34]. For the assays, 50 μg of protein was incu-
bated for 4 h at 37 °C with 1 nM T4, 1 mM propylthiouracil
(PTU), and 20 mM dithiothreitol (DTT). Background levels
of deiodination were determined under identical conditions
using 100 nM unlabeled T4.

Analysis of the Effect of LPS on Cerebellar TH-Dependent
Gene Expression

Cerebellar mRNA was isolated using Trizol (Invitrogen,
Carlsbad, CA) following the manufacturer’s instruc-
tions. Quantitative real-time PCR (qRT PCR) was used
to measure gene expression levels and was performed
as described previously [34] with the following mod-
ifications: SuperScript VILO (Invitrogen, Carlsbad,
CA) was used for cDNA synthesis following the man-
ufacturer’s instructions. Using qRT PCR, we have an-
alyzed the expression of the following TH-dependent
genes: suppressor-of-white-apricot-1 (SWAP-1 [60]),
outer dense fiber of sperm tails 4 (Odf4), type 2
iodothyronine deiodinase (DIO2), cold-inducible RNA
binding protein (Cirbp), and transthyretin (TTR). We
also analyzed genes critically involved in cerebellar
development: Purkinje cell protein 2 (Pcp2), type 3
iodothyronine deiodinase (DIO3), brain-derived neuro-
trophic factor 1 (BDNF-1), reelin (RELN), and Fork-
head box protein 4 (FoxP4); cyclophilin A (CycloA)
gene was used as a housekeeper gene for normaliza-
tion. The primers for each of the genes are presented
in Table 1.

Primary Cerebellar Culture

Timed pregnant Wistar rats were purchased from Japan
SLC, Inc (Hamamatsu, Japan). Rat pups were decapitat-
ed under diethyl ether anesthesia on P1. Cerebellar
cultures were prepared according to the procedure pre-
viously published [35] with some modification. To be
brief, cerebellar tissue was digested with 0.2 U/mL pa-
pain (Worthington. Lakewood, NJ, USA) and filtered
through 70-μm cell strainer (BD Biosciences, USA).
Dissociated cells were suspended in a DMEM/F12me-
dium (1 % penicillin–streptomycin, 100 μg/ml transfer-
rin, 10 μg/ml insulin, 30 nM sodium selenite, and 10 %
FBS) and plated at a density of 3.0×105 cells/mL in
poly-L-lysine-coated wells of chamber slides (NUNC
Lab-Tek, Nalge Nunc International, Rochester, NY,
USA). On the following day, cells were treated with
different concentration of LPS for 24 h (acute exposure)
or continuously from P2 to P17 (chronic exposure); half
of the medium was replaced with fresh medium every
3 days, and cells were cultured for 17 days.

D2 Activity in Cerebellar Cultures

To measure D2 activity in cerebellar cultures, cells were
plated in 6-well plates. At harvesting, the culture medium
was aspirated and cells were rinsed with 2 ml ice-cold PBS
and stored at −80 °C for later analysis. For assay, cells were
collected by scraping in lysis buffer (0.1 M phosphate and
1 mM EDTA at pH6.9 with 10 mM dithiothreitol and
0.25 M sucrose). After sonication, 50 μg protein of each
sample was used for D2 assay as described above [34].
Samples were incubated in a reaction buffer (1 nM T4,
20 mM DTT, 1 mM PTU) with 125I-labeled T4 at 37 °C
for 2 h. The reaction was stopped by TCA precipitation,
with 100 μl of horse serum as the carrier protein, and free
125I in the supernatant was measured by gamma counting.

Immunocytochemical Analysis of Purkinje Cells

Immunocytochemical analysis of cultured cells was per-
formed as described previously [35]. Briefly, cells were
stained with a mouse monoclonal α-calbindin–28K anti-
body (1:1,000; McAB 300; Swant, Bellinzona, Switzerland)
and fluorescein isothiocyanate (FITC)-labeled donkey anti-
mouse antibody (1:200; Molecular Probes, Eugene, OR,
USA). The morphological changes were examined under a

Table 1 Primers for qRT PCR

Gene
name

Gene bank accession
no.

Primers

SWAP-
1

NM_001034924.1 F: GAGGAGCTCGAAGCTAAGCA

R: TGCATCTGGAAGAGGGTTTT

Odf4 NM_001007670.1 F: TTTTCCTCACCCTCCTGTTG

R: TGCAAGTAGCGTTGATGGAG

DIO2 NM_031720.3 F: GATGCTCCCAATTCCAGTGT

R: TGAACCAAAGTTGACCACCA

Cirpb NM_001031347.1 F: TCAGCTTCGACACCAATGAG

R: GTATCCTCGGGACCGGTTAT

TTR NM_012681.2 F: TCGTCAGTAACCCCCAGAAC

R: CCGAGTTGCTAACACGGTTT

Pcp2 NM_001107116.1 F: CATGGATGACCAGCGTGTAA

R: GGTTGAGGGCTGAGTGTCC

DIO3 NM_017210.3 F: CTGTGCTCTGGTTCTGGACA

R: CGCAACTCAGACACCTGGTA

BDNF-
1

EF125680.1 F: GCGGCAGATAAAAAGACTGC

R: GCAGCCTTCCTTCGTGTAAC

RELN NM_080394.2 F: GCCAACTGGTGGACACTTTT

R: AAGGTCACCACAGGAAGTGG

FOXP4 NM_001108788.1 F: TGCCTCCATAGGACCAAGTC

R: CTGGTCAGGGTGTTCTAGGC

CycloA IQ222826.1 F: AGCACTGGGGAGAAAGGATT

R: AGCCACTCAGTCTTGGCAGT
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laser confocal scanning microscope (FV1000D spectral-
type inverted IX81 microscope; Olympus, Tokyo, Japan).
To quantify dendrite arborization, the images were captured
and the outline of the cell and dendritic branches of ran-
domly selected Purkinje cells from each experiment was
traced manually; the area was computed using NIH Image
software (Image J). Data shown represent mean ± SE of one
experiment; a total of three independent experiments were
performed to confirm consistency of the results.

Statistical Analysis

The data presented here are derived from at least three
litters per treatment group; the number of litters and
male and female pups per groups is presented in the
context of each analysis. When applicable, a two-way
ANOVA was run to determine the relationship between
treatment and sex. If a statistically significant interaction
was found, a two-sample t test was carried out. All
values are reported as a mean ± the standard error of
the mean (SEM). For all statistical tests, p<0.05 level
of confidence was considered significant; 0.05<p<0.1
was considered a trend toward significance [36].

Results

Effect of LPS Challenge During Pregnancy on Gain
in Maternal Body Mass

For perinatal exposure, pregnant and lactating dams re-
ceived 12 subcutaneous injections (Fig. 1) for a cumulative
dose of LPS of ∼500 μg/dam. Exposure to LPS during G10-
G15 corresponds to the period of cerebellar Purkinje cell

birth and simulates infection in pregnant women during the
beginning of the second trimester of pregnancy [37]. Chal-
lenge with LPS during P5–P10 corresponds to the period of
granule cells proliferation, a critical period of brain devel-
opment; LPS administration during that time simulates in-
fection during the second and the third trimester of
pregnancy in humans [37, 38].

There were no overt signs of LPS toxicity in dams of
either rat strain challenged during pregnancy (G10–G15).
The relative gain in maternal body mass did not differ
significantly between the LPS challenged and control dams
(data not shown).

Perinatal LPS Challenge Has Little Effect on Neonatal Mass
Gain in SHR and None in SD Strain

SHR pups were much smaller than SD pups at birth
(Table 2), and in general, we observed a much greater
mortality in SHR neonates that was further increased
upon LPS treatment (data not shown). As shown in
Table 2, on P2, the mass of LPS-challenged SHR neo-
nates was slightly increased in both male (4.9 % in-
crease) and female pups (5.3 % increase), but this
difference was not found to be significant. The growth
rate of LPS-challenged SHR pups appeared to be de-
creased, and on P21, the mass of LPS-challenged pups
was slightly lower in both males and females, but this
decrease was again not found to be significant.

In SD neonates, neonatal mass on P2 was not af-
fected by LPS challenge in either males or females
(Table 2). Furthermore, the growth rate of LPS-
challenged SD pups was not affected, and there was
no difference in mass between the LPS-challenged and
control male or female pups on P21.

Table 2 Effect of perinatal LPS challenge on neonatal growth and cerebellar weight

Strain Sex Treatment group Neonatal mass
on P2 (g)

Neonatal mass
on P21 (g)

Relative growth
(P21−P2)/P2 %)

Cerebellar mass
on P21 (mg)

SHR Male C (n=3) 5.33±0.05 27.61±1.17 4.19±0.0.26 161.13±21.38

LPS (n=3) 5.59±0.30+ 26.85±1.59 3.81±0.22 144.31±6.05

Female C (n=3) 5.32±0.12 26.99±0.75 4.08±0.25 153.75.±9.75

LPS (n=3) 5.6±0.17+ 25.26±2.66 3.55±0.61 135.06±4.66

SD Male C (n=3) 10.07±0.39 49.81±1.18 3.95±0.0.08 171.11±6.57

LPS (n=6) 10.04±0.20 49.12±1.16 3.90±0.14 177.39±4.94

Female C (n=3) 9.59±0.25 48.26±0.80 4.04±0.0.08 165.83±10.25

LPS (n=6) 9.58±0.17 48.61±1.39 4.08±0.14 172.00±10.75

There was a trend towards an increase in neonatal mass on P2 (p=0.1), but there was no significant difference in pup mass on P21, and
consequently the growth in LPS neonates challenged with LPS appeared to be decreased on P21 in both males and females, but the decrease was
not significant. In SD pups, body mass on P2 or P21 was not affected in either males or females, and consequently, growth rate was not affected by
LPS exposure. Cerebellar mass appeared to be decreased in both SHR male and female (12.2 % decrease) pups on P21, but the decrease was not
statistically significant. Cerebellar mass was increased in both SD male and in female pups on P21, but the increase was not statistically significant.
C controls; LPS exposed, n number of litters, plus sign 0.05<p<0.1
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LPS Exposure Affects Cerebellar Mass in a Strain-Dependent
Manner

LPS challenge resulted in no significant change in cer-
ebellar mass in SHR pups (Table 2). Similarly, there
was no significant change in cerebellar mass in SD pups
(Table 2).

Effect of LPS Challenge on Rollover Time

The rollover time on P4 appeared to be increased in
LPS-challenged SHR male pups (15.5 %) and in
females (51.3 %; Table 3); however, this effect was
not significant. In the SD strain, average rollover time
was slightly increased in LPS-challenged male (10.4 %)
but decreased in female (18.8 %; Table 2) pups, but
again the differences were not found to be statistically
significant.

The Effect of LPS Challenge on the Onset of the Auditory
Response

The maturation of auditory function was tested by startle
response. The percent of the responding male and female
pups per litter was recorded and the mean per litter calcu-
lated (Table 3). In the SHR pups challenged with LPS the
startle response, measured in terms of a decrease in percent
of responders per litter on P14, showed no significant
change (Table 3). In the SD strain, LPS-challenged male
pups were not affected, while the startle response was de-
creased in female pups by 23.1 % (Table 3), although this
was not statistically significant.

Effect of LPS Challenge on Spontaneous Motor Function
on P20

To assess spontaneous motor behavior, a subset of rotarod
“naïve” rats was tested on P20 on a rotarod set to a maximum
setting of 20 rpm/5 min; this subset is referred to as “untrained
pups” (Fig. 2). LPS challenge did not affect falling latency in
untrained SHR male (Fig. 2a) or female pups (Fig. 2b).
Similarly, LPS challenge did not affect falling latency in
untrained SD male (Fig. 2c) or SD female pups (Fig. 2d).

Effect of LPS Challenge on Motor Learning Is Strain
Dependent

To assess the effect of LPS challenge on motor learning,
selected male and female neonates from each litter were tested
on a rotarod daily commencing on P12 and continuing until
P20; this subset is referred to as “trained pups” (Fig. 2).

Overall, SHR pups showed improvement in rotarod per-
formance with age, but their falling latency was shorter than
that observed in SD pups at P20. Further, SHR showed little
improvement in rotarod performance with training (Fig. 2).
The LPS challenge did not affect learned motor behavior
(measured in terms of falling latency) in SHR male or
female pups (Fig. 2a, b).

On the other hand, SD pups showed improvement in their
rotarod performance with both age and training. Notably,
the LPS challenge induced significant impairment in motor
learning in SD pups of both sexes. The mean falling latency
in LPS-challenged male pups was 60.1 % of that observed
in control male pups (p<0.05; Fig. 2c), while in LPS-
challenged female pups it was 54.0 % of that observed in
control female pups (p<0.05; Fig. 2d).

LPS Challenge Alters Cerebellar Levels of Oxidative Stress
Marker, 3-Nitrotyrosine (3-NT) in a Strain- and Sex-Dependent
Manner

The levels of the oxidative stress marker 3-NTwere quantified
in cerebellar tissue obtained from LPS-challenged male and
female SHR and SD rat pups on P21 (Fig. 3). The levels of
3NT were significantly (p<0.05) decreased only in females
(Fig. 3b) SHR pups challenged with LPS, while there was no
change in 3-NT levels in male pups. In contrast, the challenge
with LPS in SD rats resulted in increased 3-NT levels in both
male (16.2 %; Fig. 3c) and in female (21.2 %; Fig. 3d) pups,
but the difference was not found to be statistically significant.

LPS Challenge Alters Cerebellar D2 Activity
in a Strain- and Sex-Dependent Manner

The levels of D2 activity were quantified in cerebellar tissue
from control and LPS-challenged P21 male and female SHR

Table 3 Effect of perinatal LPS challenge on neurodevelopmental
milestones

Strain Sex Treatment
group

Rollover
time (s)

Startle response
(% responders/litter)

SHR Male C (n=3) 14.15±6.96 73.34±6.67

LPS (n=3) 16.34±4.25 68.89±17.36

Female C (n=3) 14.59±2.94 87.5±12.50

LPS (n=3) 22.08±3.98 76.67±14.53

SD Male C (n=3) 7.14±2.77 74.07±25.92

LPS (n=6) 7.88±1.89 73.06±6.0

Female C (n=3) 11.43±1.96 90.47±9.53

LPS (n=6) 9.28±1.55 69.58±10.10

The rollover time on P4 appears to be increased in SHR LPS-chal-
lenged male and in female pups, but the effect is not statistically
significant; it was not affected in SD pups. LPS challenge decreased
the number of SHR male and female neonates responding to auditory
stimulus, but changes were not statistically significant; in SD strain,
LPS decreased the number of females responding to auditory stimulus,
but not males; none of the changes were significant. C controls, LPS
exposed, n number of litters
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and SD rat neonates (Fig. 4). Perinatal challenge with
LPS resulted in a significant (p<0.05) decrease in cer-
ebellar D2 activity in male (40.3 %; Fig. 4a), while the
decrease in female SHR pups (Fig. 4b) was not found
to be significant. In SD pups, LPS challenge did not
affect D2 activity in males (Fig. 4c), but resulted in a
significant (p<0.05) reduction (47.4 %; Fig. 4d) in D2
activity in female SD pups.

LPS Exposure Disrupts Cerebellar Gene Expression

The decrease in D2 activity observed in SHR male (Fig. 4a)
and SD female (Fig. 4b) neonates suggests that there may be
less local T4 to T3 conversion in the cerebellum of these
animals, resulting in a decreased T3 content within this
tissue. To assess if this affects downstream T3-regulated
gene expression, we determined the mRNA levels of several
genes negatively regulated by T3 [39, 40]. A number of
genes negatively regulated by T3 have been found to be
significantly increased in D2KO mice [41]. Consistent with
this hypothesis, we observed a small increase in SWAP gene
expression in SHR male pups, which was not found to be

significant, while SWAP expression in female pups (Fig. 5a,
b) was not affected. Interestingly, we observed a significant
(p<0.05) increase in DIO2 gene expression in SHR female
pups (Fig. 5b) although the activity of D2 enzyme was not
altered. However, the expression of the T3-responsive genes
Odf4, Cirbp, and TTR remained unchanged in LPS chal-
lenged SHR males and females (Fig. 5a, b). In SD rats, we
observed a significant decrease (p<0.05) in TTR expression
in both male (Fig. 5c) and female (Fig. 5d) pups.

We also examined the expression of several genes
positively regulated by TH and/or which are critically
involved in cerebellar development. The expression of
the Pcp2 gene was not changed in SHR male or female
pups (Fig. 5a, b). The expression of BDNF was signif-
icantly (p<0.05) upregulated in SHR females (Fig. 5b).
The expression of DIO3 showed a small decrease only
in females (Fig. 5b), which was not found to be signif-
icant. The expression of RELN and FoxP4 genes was
not affected by LPS challenge in SHR pups, while in
SD rats there was a small decrease in RELN gene
expression in females (Fig. 5d), but again this difference
was not found to be significant.
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Fig. 2 LPS exposure impairs motor learning in a strain-dependent
manner. Motor performance is presented as falling latency on the
rotarod apparatus (seconds). Data are expressed as mean ± SEM. To
assess the spontaneous motor behavior, a subset of rotarod “naïve” rats
was tested on P20 on a rotarod set to a maximum setting of 20 rpm/
5 min; this subset is referred to as “untrained pups” (P20-UNTR). The
untrained pups are represented by: a C, 3 litters, 3 males; LPS, 3 litters,
3 males. b C, 3 litters, 3 females; LPS, 3 litters, 3 females. c C, 3 litters,
12 males; LPS, 6 litters, 30 males. d C, 3 litters, 10 females; LPS, 6
litters, 24 females. Perinatal LPS exposure did not affect spontaneous
falling latency in SHR males (a) or female pups (b). Similarly, perina-
tal LPS exposure did not affect spontaneous falling latency in SD male

(c) or SD female pups (d). To assess the effect of LPS on motor
learning, selected male and female neonates from each litter were
tested on a rotarod daily commencing on P12 neonates and continued
until P20 (P20-TR). The trained pups are represented by: a C, 3 litters,
3 males; LPS, 3 litters, 3 males. b C, 3 litters, 4 females; LPS, 3 litters,
3 females. c C, 3 litters, 18 males; LPS, 6 litters, 41 males. d C, 3
litters, 16 females; LPS, 6 litters, 36 females. The mean “learned”
falling latency in SHR was not affected in LPS-exposed male or
female. The mean falling latency in LPS-exposed SD male pups was
60.1 % of that observed in control male pups (c; *p<0.05), and in LPS-
exposed SD female pups, it was by 54.0 % of that observed in control
female pups (d; *p<0.05)
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Effect of Chronic Versus Acute LPS Exposure
on the Cerebellar Cultures

We next assessed the effects of LPS exposure on Pur-
kinje cell development in primary mixed cerebellar cul-
tures. Chronic LPS exposure of cultures for 17 days
resulted in a significant decrease (p<0.05) in Purkinje
cell arborization by approximately 40–60 % beginning
at concentrations of 10−8M LPS, with an additional
decrease in dendritic area at LPS concentrations of
10−6M (Fig. 6a, b). Treatment with 10−8 to 10−5M
LPS for 24 h significantly increased D2 activity in these
cultures from 1.5- to 2-fold (p<0.05) (Fig. 6c). However, no
increase in D2 activity was found after 17 days of continuous
LPS treatment (data not shown).

Discussion

Maternal infection during pregnancy affects the health
of both the mother and the unborn child, has been
associated with both the developmental disorders such
as autism [7], and has been identified as a major risk
factor in schizophrenia [4, 5] and cerebral palsy [1, 2].
It has been hypothesized that maternal infection affects
the developing brain and several studies have confirmed
the developmental impact of LPS challenge on brain and
behavior [42]. LPS challenge has been reported to be

associated with decreased neurogenesis [43], increased apo-
ptosis [44], and disruption of the blood–brain barrier [45].

LPS is a major component of the outer membrane of
Gram-negative bacteria that triggers the infectious response;
the challenge of experimental animals with LPS is a com-
mon model of infection. LPS is transferred to the fetus
through the placenta, as shown by the presence of radioac-
tive LPS in the fetus following the administration to the
dams [8], and also acts indirectly via the cytokines present
in amniotic fluid [9, 10]. Although the presence of LPS has
not been reported in milk, following maternal bacterial
infection there is an increased level of cytokines present in
the milk [11]. LPS accumulates in the fetal brain [9] and
thus can affect both fetal and neonatal CNS development
and behavior.

In the present study, we used several parameters, such as
surface righting (rollover time), auditory maturation, and
motor learning, to assess the consequences of LPS challenge
on the neurobehavioral development of the offspring. Our
studies indicate that the rollover time, an early index of
motor maturation, was not significantly changed by LPS
challenge in either strain or gender. This contrasts with a
previously reported study of LPS effect in Fischer 344 rats
where the surface righting response was accelerated in the
LPS-exposed pups [46].

LPS-treated SHR pups, both male and female, showed a
tendency towards delayed auditory maturation, while only
SD female pups showed a similar tendency; it has been

A. SHR-MALES B. SHR-FEMALES

C. SD-MALES D. SD-FEMALES

0

50

100

150

200

250

300

3-
N

T
 (

pm
ol

/g
)

CONTR                  LPS

0

50

100

150

200

250

300

350

3-
N

T
 (

pm
ol

/g
)

CONTR                 LPS

0

50

100

150

200

250

300

350

3-
N

T
 (

pm
ol

/g
)

CONTR                    LPS

0

50

100

150

200

250

300

3-
N

T
 (

pm
ol

/g
)

CONTR                LPS

*

+
+

Fig. 3 LPS exposure results in
altered cerebellar 3-NT levels.
Cerebellar 3-NT levels are
presented as picomoles per gram
of tissue. a C, 3 litters, 6 males;
LPS 3 litters, 14 males. b C, 3
litters, 7 females; LPS, 3 litters, 7
females. c C, 3 litters, 7 males;
LPS, 6 litters, 16 males. d C, 3
litters, 6 females; LPS, 3 litters,
15 females. Data are presented as
mean ± SEM. The levels of 3NT
were significantly (*p<0.05)
decreased in both SHR male (a;
34.7 %) and SHR female (b)
exposed to LPS. Exposure to
LPS in SD rats resulted in a trend
(+p=0.09) towards increase in 3-
NT levels in male (c; 16.2 %
increase) and in female (d;
21.2 % increase) pups, but the
difference was not found to be
statistically significant
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previously reported that an LPS challenge reduced the star-
tle response in adult Long–Evans rats [47]. Furthermore, a
congenital hearing loss has been linked to inflammation
caused by bacterial infection [48].

Our results indicate that a perinatal LPS challenge did not
affect the spontaneous motor coordination needed for bal-
ancing on a rotarod in pups of either strain or sex. Sponta-
neous motor coordination increased with age in both strains
and sexes and was further improved with training in SD, but
not SHR, rats. In the SHR pups, which appear to be less
coordinated overall, LPS exposure did not affect motor
learning in SHR male or female pups. On the other hand,
in SD rats, LPS challenge led to significantly impaired
motor learning in both male and female pups. While com-
parative studies on the effect of LPS on motor learning are
lacking, the LPS-induced deficit in learning and memory in
SD rat pups [49] and memory acquisition [50] have been
previously reported. Tests including the beam walking, the
pole test, the passive avoidance test, and the elevated plus-
maze test were used to assess LPS-induced hippocampal
injury in SD rats; LPS impaired learning on the beam
walking test, the pole test, the passive avoidance test, and
the elevated plus-maze test. Interestingly, no difference was
found between the male and female rats [49]. Impaired
learning on the passive avoidance test was observed in
Wistar rats, although sex of the animals was not indicated
in these experiments [50].

Our results indicate that the perinatal LPS challenge
reduced cerebellar levels of the oxidative stress marker, 3-

NT in female SHR pups, which are characterized by high
endogenous levels of 3-NT. On the other hand, 3-NT levels
showed a trend towards increased levels in SD pups of both
sexes. LPS is a known potent trigger of oxidative stress
[12–14, 16] and also a disruptor of antioxidant defenses
[12]. In response to maternal infection, there is an increase
in brain oxidative stress [17], including lipid peroxidation
[14] and reduced GSH [51].

While the effects of maternal challenge with LPS during
pregnancy on brain biochemistry and behavior of offspring
have been examined, little is known about its effect on
thyroid hormone (TH) metabolism. D2, a selenoenzyme that
converts the pro-hormone thyroxine (T4) to the active hor-
mone, 3′,3,5-triiodothyronine (T3), is responsible for most
of the T3 supply within the brain [20]. Acute LPS exposure
in rats increases D2 activity in the mediobasal hypothala-
mus, anterior pituitary, and cerebral cortex [21]. Chronic
exposure to LPS, examined in the present study, took place
during G10 through G15, a period corresponding to the
beginning of the second trimester of pregnancy in humans
and a period of Purkinje cell birth, and P5–P10,
corresponding to the critical period of brain development
and granule cell proliferation [52]. It has been previously
observed that deficiency of T3 during early postnatal peri-
ods impacts the migration of granule cells [53]; thus,
changes in D2 activity and consequently T3 levels in LPS-
exposed rat pups may impact the developing brain.

Alternatively, oxidative stress has been found to decrease D2
activity in several cellular models both through transcriptional
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Fig. 4 LPS exposure results in
altered cerebellar D2 activity.
Cerebellar D2 activity is
presented in femtomoles per
minute per milligram of tissue.
a C, 3 litters, 5 males; LPS, 3
litters, 14 males. b C, 3 litters,
8 females; LPS, 3 litters, 7
females. c C, 3 litters, 4 males;
LPS, 6 litters, 8 males. d C, 3
litters, 4 females; LPS, 6 litters,
5 females. Data are expressed
as mean ± SEM. Perinatal
exposure to LPS resulted in a
significant (a; *p<0.05)
decrease (40.3 %) in cerebellar
levels of D2 in SHR male,
while the decrease in SHR
female pups (b) was not found
to be significant. In SD rats, D2
was not affected in LPS-
exposed SD males (c) but was
significantly decreased in SD
female pups (d; *p<0.05)
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Fig. 5 The effect of LPS
exposure on cerebellar gene
expression. Cerebellar gene
expression was measured by
quantitative RT-PCR and was
normalized to cyclophilin A
expression. a SHRmales, b SHR
females, c SD males, d SD
females. CycloA gene was used
as a housekeeper gene for
normalization, and data are
presented as a relative gene
expression (mean±SEM;
*p<0.05)
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and post-transcriptional mechanisms [23, 54]. Thus, LPS-
mediated effects that result in changes in oxidative stress levels
could also modulate D2 activity. We observed that the LPS
challenge significantly decreased cerebellar D2 activity in the
SHRmale pups and showed a tendency to deceased D2 activity
in female SHR pups. In the SD strain, LPS challenge did not
affect D2 activity in male pups, but resulted in a significant

reduction of D2 activity in female pups. However, these
changes only correlate with increased 3-NT in female SD pups,
thus indicating that there may be other factors that can regulate
D2 activity under these conditions. While the mechanism by
which D2 activity is decreased in LPS-challenged pups is
unclear, it is possible that it could be modulated by low seleni-
um levels accompanying sepsis both in terms of a direct effect
on the production of the D2, a selenoenzyme, and also in terms
of susceptibility of the cell to oxidative stress [55].

A decrease in D2 activity within the cerebella of LPS-
challenged SHR male and SD female neonates could result
in local cerebellar “hypothyroidism” and significant changes
in the pattern of gene expression. Consistent with this, the
impairment of auditory and the motor functions is also
observed in propylthiouracil (PTU)-induced hypothyroid
conditions in rats [39]. Furthermore, mice with a global
targeted disruption of the Dio2 gene (D2KO mice) have
∼50 % less T3 content in their cerebral cortex, cerebellum,
and hypothalamus. Neurological functions in D2-deficient
D2KO mice were examined using a rotarod apparatus (with
learning over time component), vertical pole, the Morris
water maze, the elevated plus maze, and the open field
[40]. Compared to WT mice, no differences were observed
in D2KO except for small difference in performance on a
vertical pole. Interestingly, no differences in either sponta-
neous or learned performance on a rotarod were observed in
D2KO mice [40]. On the other hand, performance on a
rotarod in the hypothyroid Crl(CD)SD P30 male rats was
significantly impaired [56]. Similarly, performance on a
rotarod was significantly impaired in hypothyroid (hyt/hyt
) as compared to phenotypically normal mice; both male and
female (hyt/hyt )mice showed a more gradual improvement
in their ability over time and overall lower level of their
performance on the rod [57]. Auditory impairment can be
observed in D2 knockout mice; however, this is due to
defects in cochlear development [58].

It has been previously reported that the immune activa-
tion by LPS selectively alters the expression of specific
genes involved in interneuronal migration and oxidative
stress [59]. It has also been shown that the expression of
genes negatively regulated by T3 was preferentially upregu-
lated in D2KO mice [41]. Thus, we assumed that that LPS-
induced changes in D2 expression resulting in decreased
cerebellar T3 levels would result in an activation of genes
negatively regulated by TH. Contrary to our expectations,
we found limited LPS-associated changes in the expression
of these genes. We did find that expression of SWAP, a gene
negatively regulated by T3, showed a tendency to be in-
creased in SHR males. Elevated SWAP expression during
critical developmental periods in the hypothyroid brain may
be reflected downstream by increased pre-mRNA splicing
and generation of additional neural-specific transcripts [60].
Elevation in SWAP expression following LPS exposure may
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thus contribute to increased splicing and possibly lead to
distinctive splicing patterns during the development of rat
cerebellum [61].

TTR gene is also negatively regulated by TH expression
and upregulated in PTU-treated mouse cortex [62]; howev-
er, paradoxically, we observed a decrease in TTR expression
in SD male and female pups. TTR protein is a T4 carrier
protein both in plasma and the cerebrospinal fluid; however,
TTR KO mice do not have decreased T3 content in their
brains [63], and thus, this mechanism is unlikely to
contribute to the observed neurodevelopmental changes
in LPS-exposed pups. TTR protein also has neuropro-
tective properties [64]; thus, LPS treatment could be
affecting neuronal survival.

We have also examined several genes positively regulat-
ed by TH and of special relevance to cerebellar develop-
ment. Pcp2 is involved in neuronal differentiation [65], and
T3 upregulates the expression of Pcp2 gene during the first
2 weeks of rat neonatal life [66]; however, we saw no
significant changes in the expression of this gene. Cerebellar
BDNF expression is decreased in PTU-treated hyperthyroid
mice during postnatal development [67] and increased by
TH in several regions of the developing brain [68]. Howev-
er, we did not find decreased expression of BDNF in any of
the conditions we studied, and in fact, BDNF was upregu-
lated in LPS-challenged SHR female pups. Expression of
the Dio3 gene that encodes the T3 inactivating enzyme type
3 deiodinase (D3) is also positively regulated by T3 [69]; it
showed a tendency towards inhibition only in LPS-
challenged SHR female pups. Interestingly, Dio2 gene ex-
pression was significantly elevated in SHR female pups,
suggesting that a compensatory mechanism might be in
play. RELN is a gene involved in neuronal migration that
is downregulated by methiamazole-induced hypothyroidism
[70], and this gene was found to be decreased in SD female
pups. However, while the pattern of expression of some T3-
regulated genes is consistent with intra-cerebellar D2 defi-
ciency and a local hypothyroidism, when our data are taken
together as a whole, it appears to be unlikely that local
hypothyroidism in the cerebellum provides exclusive
mechanism responsible for neurological impairments ob-
served in LPS rats on P21. On the other hand, due to
nature of our experimental design, we cannot discount
an early transient increase in D2 activity and T3 levels
immediately following the periods of LPS exposure that
may contribute to the observed neurodevelopmental
changes. In this regard, previous studies in rats have
also shown that maternal hyperthyroidism results in
changes in offspring that suggest accelerated neuronal
development [71].

In vitro, chronic exposure to LPS resulted in decreased
Purkinje cell arborization. However, while acute LPS expo-
sure in cerebellar cultures in vitro resulted in an increase in

D2 activity, as has also been previously reported for astro-
cytes [22], this increase appears to be transient, observed
within the first 24 h following LPS exposure, and was not
observed after chronic LPS exposure. Previous work using a
co-culture system has shown that an LPS-mediated in-
duction of D2 in glial cells in the presence of T4 can
increase neuronal T3-dependent gene expression [24].
Further, induction of hyperthyroidism in pregnant rats
leads to accelerated differentiation of neurons [71]. Tak-
en together, this indicates that the transient increase in
D2, along with other factors to be yet defined, could
play a role in the decreased arborization of Purkinje
cells after chronic LPS exposure.

The effect of the LPS challenge is clearly different in
SHR and SD rat strains, consistent with other studies that
have reported strain differences in response to LPS chal-
lenge [72]. This difference may be attributed to the individ-
ual, genetically determined specificity of inflammatory
response and sensitivity to environmental triggers. Our
results show higher levels of the brain oxidative stress
marker 3-NT in SHR than in SD rats, as others have reported
[73–75], that may be due, at least in part, to a different
degree of activation of inflammatory processes between
the two strains [76]. In addition to strain specificity of LPS
effect, our behavioral and biochemical data indicate that the
consequences of perinatal LPS challenge are sex-dependent,
in agreement with earlier observations of sex-dependent
response to inflammatory challenge [77].

Conclusions

Our data suggest that maternal infection exerts a negative
neurodevelopmental impact in the offspring and that the
effect appears to be both strain and sex dependent. Impaired
motor learning, but not spontaneous motor skills, is most
consistently observed following the maternal LPS chal-
lenge. Factors that may contribute to altered neonatal be-
havior include changes in cerebellar oxidative stress, D2
activity, and alterations in gene expression that could be,
in part, the result of local changes in thyroid hormone
availability. LPS exposure affects Purkinje cell arborization
through mechanism(s) yet to be defined that may involve
transient, but not chronic, alterations in D2. However,
additional studies will be needed to further address the
link between perinatal infection and neurodevelopmental
abnormalities.
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