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Exposure to prenatal infections has been widely associ-
ated with the increased risk for neuropsychiatric disor-
ders of developmental origin such as schizophrenia and
autism. Although several behavioral and cognitive
deficits have been detected during adulthood in rodent
models of prenatal infections, early behavioral changes
have not been well characterized. In a prenatal lipopoly-
saccharide (LPS) model, we have previously observed
significant alterations in the neuronal cytoarchitecture
during early postnatal life. In the present study, we aimed
to investigate the potential effects of prenatal immune
activation on early neurophenotypic presentations using
a set of behavioral test battery. Female Sprague-Dawley
rats were administered with 100 mg/kg LPS (intraperi-
toneally) at gestational days 15 and 16. During the first
postnatal week, we found no significant effect on mater-
nal behavior or mother-pup interaction by this treatment.
Also, no major changes in physical developmental
milestones of pups were noted from postnatal (P) days
P6 to P16. Importantly, prenatal LPS-exposed pups
had a significant decrease in the number and duration
of ultrasonic vocalization calls at P3 and P5. Prenatal
LPS treatment also led to impairments in nest-seeking
behavior and odor-stroke associative learning in neonatal
rats at P8 and P9. At the molecular level, we detected
significant decrease in the expression of cortical
5HT1A and 5HT1B messenger RNA at P3. These
data suggest that prenatal exposure to an immune acti-
vator can significantly impair the social/communicative
behavior in the neonate offspring, which may be relevant
to childhood and premorbid abnormalities reported in au-
tism and schizophrenia subjects.
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serotonin/premorbid

Introduction

Epidemiological studies have provided robust evidence
that prenatal and perinatal environmental adversities
such as infections, stress, malnutrition, and birth compli-
cations increase the susceptibility of individuals to neu-
ropsychiatric disorders later in life.1,2,3,4 Enhanced risk
for schizophrenia, a neurodevelopmental psychiatric
disorder with abnormal behavioral and cognitive perfor-
mance, has been reported following prenatal exposure to
viral5,6 and bacterial pathogens7 during first or second
trimester of pregnancy. Prenatal infection has been
also proposed as a potential risk factor for autism, a child-
hood neurodevelopmental disorder with deficits in social
interaction, interpersonal communication, and stereo-
typic behavior.8,9,10 The mechanisms by which prenatal
infections raise the risk for neuropsychiatric illness are
not well understood. However, it is suggested that path-
ogen-induced maternal immune activation and release of
proinflammatory cytokines may be the critical mecha-
nisms affecting the neural development and maturation
in the offspring.11,12 Recent findings in the animal models
of prenatal infection also support this hypothesis because
the rodent offspring prenatally challenged with various
immune activators exhibit behavioral and cognitive
impairments reminiscent of those reported in schizophre-
nia and autism.
Two well-established models of systemic prenatal in-

fection are based on maternal exposure to lipopolysac-
charide (LPS) or polyinosinic:polycytidylic acid
(PolyI:C). LPS is the major component of the outer mem-
brane of gram-negative bacteria and is recognized by
toll-like receptor (TLR) 2 and 4, whereas PolyI:C is a viral
mimic, structurally similar to double-stranded RNA,
which is present in some viruses and is primarily recog-
nized by TLR3. However, upon binding to TLRs, LPS
and PolyI:C both stimulate the production and release
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of several proinflammatory cytokines, including interleu-
kin (IL)-1b, IL-6, and tumor necrosis factor-a.13,14

Maternal administration of the bacterial endotoxin,
LPS, leads to increased amphetamine-induced hyperlo-
comotion,15 increased anxiety,16,17 decreased social inter-
action,16 significant impairments in prepulse inhibition of
acoustic startle,15,18,19 object recognition memory,20 and
spatial learning21,22 in the adult offspring. Similar results
have been reported following gestational exposure to
PolyI:C as well as influenza virus in rodents.23,24,25,26 In
contrast to numerous reports on behavioral changes in
the adult offspring, the behavioral phenotype of the off-
spring at critical early postnatal period has not been ex-
plored yet. Behavioral disturbances in autism begin in
early childhood.27,28 In schizophrenia, convincing evi-
dence suggests that the disorder develops in stages with
subtle deficits in affective behavior and neuromotor func-
tions during childhood and mild psychotic and cognitive
deficits during early adolescent periods recognized as pre-
morbid and prodromal phases, respectively.29,30,31 In ad-
dition, epidemiological studies report a significant decline
in cognitive and neuromotor performance and emergence
of mild psychotic symptoms during childhood and adoles-
cent periods in people with exposure to infections during
prenatal life.32,33,34 Therefore, studies in animalmodels ex-
amining physiological and behavioral functions before
adulthood may provide a better understanding of the de-
velopmental origins of these disorders.
In a previous study, by administration of LPS at mid-

gestation in rat, we found significant changes in neuronal
dendritic arbor and spine structure in the forebrain of
LPS-exposed offspring. Importantly, these changes
were detectable at an early neonatal age, ie, postnatal
(P) day 10. Some of these morphological alterations
(eg, decreased dendrite arbor) persisted through pre-
and postnatal ages while others, like changes in spine
structure in hippocampus, were specific to neonatal
age.35 It is noteworthy to mention that significant
changes in neonatal behaviors have been observed in
some other rodent models of environmental risk factors
such as maternal consumption of sodium valproate,36

prenatal stress,37,38 and malnutrition.39,40

In the present study, we have administered LPS to
pregnant rats at gestational days 15 and 16 to approximate
human epidemiological data as themid-gestation in rat ap-
proximate late first trimester of human pregnancy41,42,43

(http://www.translatingtime.net). We investigated the po-
tential effects of prenatal LPS administration on the social/
communicative behaviors and associative learning in the
neonate rat offspring using a battery of behavioral tests
designed for neonatal rodents: (1) physical developmental
milestone, (2) nest-seeking behavior, (3) odor-stroke asso-
ciative learning, and (4) isolation-induced ultrasonic vocal-
ization calls (USVs). Maternal-pup interactions and
nursing behavior were also examined in prenatally saline-
and LPS-treated dams during the first postnatal week.

Furthermore, we investigated the messenger RNA
(mRNA) expression of 3 genes that have been previously
implicated in social and communicative behaviors
(5HT1A, 5HT1B, and FoxP2) in the frontal cortex, hippo-
campus, and striatum of neonate offspring. Our data show
that some behavioral and neurochemical changes induced
by prenatal LPS treatment are detectable at first and sec-
ond weeks of postnatal life that may serve as earlymarkers
or substrates for adult phenotype reported in this model.

Materials and Methods

Animals

Timed Pregnant Sprague-Dawley rats (Charles River
Laboratory, Quebec, Canada) were individually housed
in a temperature- and humidity-controlled room on a 12-
hour light/dark cycle with ad libitum access to food and
water. The pregnant rats were injected intraperitoneally
(i.p.) with 100 lg/kg of LPS (Escherichia coli serotype
0111:B4, L-2630, Sigma, Oakville, Ontario, Canada) or
saline once daily at gestational days 15 and 16. All pro-
cedures were carried out according to the guidelines ap-
proved by the Canadian Council on Animal Care and
McGill University Animal Care Committee.

Maternal Behavior. The method was adapted from
Leonhardt et al.44 Briefly, each dam (n = 10–12 per pre-
natal treatment) was observed in her home cage during
a 72-minute observation period: 2 observations during
the light phase (0930–1600) and 2 observations during
the dark phase (2100–0100) on P4 and P5. Within the ob-
servation period, the behavior of each dam was scored
every 3 minute (25 observations per session, total of
100 observations per dam in a day). Dam’s behaviors
were divided into 3 categories: (1) actions related to
the mother (self-grooming, eating or drinking, wandering
active, and wandering passive/sleeping alone), (2) actions
related to the pups (active or arched back nursing, passive
nursing, and pup grooming), and (3) actions related to
nest building. Active nursing was further subdivided
into 2 categories: high and low arch back nursing. The
overall frequency of the behaviors was calculated for
each dam and analyzed using 2-way ANOVA with treat-
ment and behavior as 2 independent variables, followed
by Bonferroni post hoc test. For nest building, we applied
2-tailed Student t test comparing prenatal LPS and saline
mothers in either light or dark cycles. The level of signif-
icance was set at P < .05.

Neonatal Behavior. The prenatal LPS treatment did not
affect the pregnancy length (21–22 d), and we did not find
any significant difference in litter size between prenatal
LPS- and saline-treated dams (litter size: 11–14). All devel-
opmental examinations and neonatal behaviors were per-
formed on the male pups in the light phase (0900–1600) by
a single examiner blind to the treatment conditions.

Neonatal Behaviors in Prenatal Infection Model
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Developmental Milestones The developmental mile-
stone and reflex development were tested in the same litters
that we used for maternal observation (6 litters per treat-
ment, 4–5 pups per litter). In order to avoid disturbing the
nest and affecting maternal behavior, we started monitor-
ing developmental milestones after maternal behavior
observation at P6. The data for physical developmental
parameters such as opening of eyes and ear canals are
presented as the days required for achieving these develop-
mental features. We continued monitoring the milestones
until all pups fulfilled the above markers of physical devel-
opment. The weight of each pup was recorded at birth and
during testing days starting from P6 to P16.

Reflex Development Neonatal reflexes were studied
by applying a standard battery of tests developed by
Fox.45 Five rats per litter were evaluated daily starting
from P6. The following parameters were tested every
day in the same pup until P14:
Righting reflex (P6–9) The neonate pup was placed on

its back on a flat surface. The righting reflex was defined
as the time required for the pup to return to its 4 limbs.
The cutoff time was 30 seconds.
Forelimb grasp reflex (P6–10) The reflex was considered

fully developed when the pups grasped the barrel of the
16-gauge needle as the barrel was rubbed against the
palm of the forepaw.
Cliff avoidance (P6–10) The time required for each pup

to retract from the edge of a flat surface while its snout
and forepaw were placed over the cliff (;70 cm height).
Negative geotactic reaction (P6–11) The pups were placed

head down on an inclined surface (45 degrees) covered with
wiredmesh. Each pupwas observed for 180 seconds to turn
and move toward the upper end of the surface.
Auditory startle (P11–14) The ability of the pup to

show whole-body startle response when a loud snap of
the fingers occurs approximately 10 cm away.
Grip strength response (P6–13) The pups were

encouraged to suspend themselves by their forepaws
from a horizontal rod (40 cm above a thick bed of
wood shavings) (for minimum time of 5 s).

Analysis of Data Each litter was considered as one ex-
perimental unit. The litter performance was considered as
the mean of the values determined in 4–5 pups. For right-
ing reflex, cliff avoidance, and grip strength response, the
analysis was done on the time required for each pup to
carry out the task. The mean of the values obtained on
the 4–5 pups per litter was considered the litter perfor-
mance. For the rest of the tests, the data are presented
as the percentage of the pups per each litter that could
perform the task. The variables (treatment condition
and time) were analyzed using 2-way ANOVA with
time as the repeated measure. The level of significance
was set at P < .05.

Locomotion (P6–10) Following the method de-
scribed by Altman and Sudarshan,46 each pup was placed
in the center of an open field (50 3 50 cm plywood sur-

face, subdivided into 25 squares for scoring purposes).
Twenty-four to 27 pups in each group (n = 6 litter per
treatment) were observed for 3 minutes by an examiner
blind to treatment conditions. The scoring was done
based on the number of line crossings by each subject.
The data were analyzed using 2-way ANOVA with
time as repeated measurement.

Nest-Seeking Behavior (Olfactory Discrimination)
(P8) The method was modified from Antonelli
et al.47 Briefly, the testing box consisted of a rectangular
polycarbonate cage (403 203 18 cm) divided into 3 equal
compartments by a permanent ink marker: a central
arena and 2 side compartments, one side containing
nest bedding from the test pup’s home cage (age of
home bedding was balanced across the subjects) and
the same quantity of fresh clean bedding on the opposite
side. Each pup was placed in the central arena; for nest-
seeking behavior, crossing of the line toward nest com-
partment with the forepaws and head was considered
a positive entry. For nest exploration, crossing of the
line plus sniffing and exploration of the nest were consid-
ered a positive score (cutoff time, 60 s). Each pup (n = 16–
20 per treatment) was assigned to 2 trials (intertrial inter-
val, 30 s; observation time, 60 s). The orientation in the
center was also counterbalanced in-between trials. The
data were analyzed by 2-tailed Student t test.

Odor-Stroke Associative Learning Test (P8–9) The
method described by Roth and Sullivan48 was followed.
In a pilot study, we first investigated if there was any in-
nate preference of the pups for the peppermint odor used
in this study. We could not detect any significant differ-
ence in number of choices toward peppermint odor in
naive rat pups.
Training Eight-day-old pups were randomly assigned

to the following training conditions: (1) paired odor-
stroke (n = 10–11), (2) unpaired odor-stroke (n = 8–9),
and (3) odor only (n = 8–10). Each pup was placed in
a 500-ml glass beaker under the hood and the beaker
was placed on a heating pad in order to maintain
proper temperature during testing period. After
habituation (5 min), each pup received 10 presentations
of peppermint odor (50 ll of peppermint scent on
a piece of Kim wipe tissue paper). The stroke, with
a small painter brush, was delivered in a rostral to
caudal direction on the dorsal surface of the pup’s body.
There was a 4-minute interval between each trial. Paired
odor-stroke group received pairings of 30 seconds of
odor with strokes during the last 20 seconds of the odor
presentation. Unpaired pups received the strokes 2
minutes after the 30 seconds of odor presentation,
whereas the odor-only group received 30 seconds of
odor presentation.
Testing The next day, each pup was removed from

home cage and tested in the same testing apparatus
used for nest-seeking behavior test. While one side
contained fresh clean bedding, the peppermint scented
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bedding (200 ll of peppermint odor on clean wood
shavings) was placed at the opposite end. Each pup was
assigned to 2 trials in order to make a choice between
the odor and fresh bedding side (intertrial interval, 30 s;
observation time, 60 s). The orientation of the pup in
the center was counterbalanced between trials. The data
analysis was done using 2-way ANOVA with treatment
and training condition as independent variables.

Ultrasonic Vocalization The test was based on the
method described by Hofer et al.49

Isolation-induced USVs (P3, 5, 9, and 11) On the testing
day, the dam was removed from the home cage and kept
apart from the litters in another room. A thermoregulated
heating pad was placed under the cage, and the litters
remained undisturbed for 15 minutes. Three pups per
litter were tested for isolated induced USV calls. The
pup was placed in the test chamber (18 3 21 3 20 cm,
made of Plexiglas), which was surrounded by a sound-
attenuated box. A Mini-3 tunable bat detector was
suspended approximately 15 cm above the test chamber
floor. The detector’s frequency range was set at
50 kHz, and the ultrasonic calls were recorded for
3 minutes. The detector was connected to an audio
filter that sent signals to a PC as long as the pup
emitted sound within the defined frequency range. The
testing chamber was cleaned with 20% alcohol between
the subjects. The USVs were analyzed by UltraVox
software (Noldus Information Technology, Leesburg,
VA) that converts the signal to onset and offset times
of vocalization (filter setting: on, 5 ms; off, 1 ms). The
number of vocalizations, total duration, and mean
duration of each vocalization episode were obtained for
each pup using descriptive statistics provided by the
Noldus software and further analyzed using 2-way
ANOVA with age as repeated measure.
Maternal potentiation of USVs (P9 and 11) At the end of

the initial isolation period and isolation-induced USV
measurements, the pups were transported to the dam-
holding cage and remained in close contact with the
dam for 8 minutes. Then the pups were isolated for
the second time and placed in the test chamber. To
observe the maternal potentiation of USV response,
we recorded pups’ ultrasonic calls for 3 minutes, and
the data were analyzed as described above.

Quantitative Real-Time Polymerase Chain Reaction
Prenatal LPS- and saline-treated animals were generated
as described in animal preparation section. The pups
were sacrificed by decapitation at P3 (n = 6 pups per
group). Thick brain sections were prepared using a mouse
brain block, and tissues from the frontal cortex, hippo-
campus, and striatum were punched in RNAase-free con-
dition. The tissue was homogenized with a Polytron
homogenizer in 1 ml QiAzol Lysing Reagent (QIAGEN,
Germantown,MD), and total RNAwas purified and con-
centrated with the QIAGEN RNeasy lipid tissue kit

according to the manufacturer’s protocol. RNA was
stored at �80�C. The cDNA was synthesized using the
High Capacity cDNAReverse TranscriptionKit (Applied
Biosystems, Streetsville, Ontario, Canada). Quantitative
real-time polymerase chain reaction (qRT-PCR) was per-
formed for 5HT1A, 5HT1B, and FoxP2 genes using pre-
optimized primer mixture (TaqMan Gene Expression
Assays FAM dye labeled, Applied Biosystems) and
TaqMan universal PCR master mix (Applied Biosystems)
in a 96-well reaction plate. The assay IDs for the genes
are as follows—5HT1A: Rn00561409_s1, 5HT1B:
Rn00573666_s1, FoxP2: Rn01456154_m1. The amplifica-
tions were performed in an Applied Biosystems 7500 PCR
machine. Universal thermal cycling conditions were as fol-
lows: 2 minutes at 50�C and 10 minutes at 95�C, followed
by 40 cycles of denaturation at 95�C for 15 seconds, and
annealing and extension at 60�C for 1 minute. ThemRNA
expression levels between samples were normalized using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
endogenous control (Vic dye labeled; Cat: 4352338E, Ap-
plied Biosystems). The quantification of mRNA expres-
sion in the LPS sample relative to the saline control
(fold change) was done using 2�DDCT method. Statistical
significance of changes in individual genes was obtained
using 2-tailed Student t tests on DCT values of the genes
(Ct value of the LPS � Ct value of the saline group)
(P < .05 considered significant).50

Results

Maternal Behavior

We comparedmaternal behavior in prenatally saline- and
LPS-treated dams at days P4–P5 in dark and light phases.
At first, we analyzed the maternal behavior at P4 and 5
separately. Because we could not detect any significant
difference between these 2 days, we pooled the data
for the final analysis. The exposure to prenatal LPS
does not significantly change maternal behavior toward
pups because the frequency of active and passive nursing
and pup grooming remained comparable in the LPS and
saline groups (figures 1A and 1B). Furthermore, no sig-
nificant differences were detected in the frequency of sub-
types of active nursing behavior (high arch back and low
arch back nursing) in either light or dark cycles (figures
1C and 1D). The frequency of dam-related behaviors
(self-grooming, eating and drinking, and wandering ac-
tive or passive) in LPS-treated dams was also comparable
to saline-treated dams (figures 1E and 1F). Finally, the
frequency of nest-building activity was similar in LPS-
and saline-treated mothers (figures 1G and 1H).

Neonatal Behaviors

Developmental Milestones. A 2-way ANOVA of post-
natal weight of the prenatal LPS- and saline-treated
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Fig. 1. Effect of Prenatal Lipopolysaccharide (LPS) Treatment onMaternal Behavior at Days P4–P5 During Light Phase (Left Panel) and
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pups (P0–P6–P16) showed a significant main effect of
treatment (F(1,539) = 4.497, P = .0390), time (F(11,539) =
5761, P < .0001) and significant interaction between
time 3 treatment (F(11,539) = 4.109, P < .0001). However,
Bonferroni post hoc test did not detect any specific time
point of difference between LPS- and saline-treated pups
(figure 2A). The timings of the opening of the eyes and ear
canals were also unaffected by prenatal LPS treatment
(figures 2B and 2C).

Reflex Development. Reflex development and neuro-
muscular maturation were monitored in prenatally
LPS- and saline-treated offspring from days P6 to P14.
Prenatal LPS treatment led to a significant 1-day delay
in the appearance of forelimb grasp reflex in the neonate
offspring. We detected significant interaction between
time and treatment condition (F(4,32) = 12.61, P <
.0001), and Bonferroni post hoc showed significant effect
of LPS treatment at P8 (*P < .05) (figure 2D). For grip
strength response, there was no significant difference be-
tween the LPS and the saline groups when we analyzed
the percentage of the pups per litter that could success-
fully perform the task (figure 3A). However, looking
at the duration of time that each pup could hold on to

the metal bar, we found significant effect of LPS treat-
ment (F(1,336) = 6.150, P = .01670) and an interaction be-
tween time 3 treatment (F(7,336) = 2.043, P = .0493), and
Bonferroni post hoc showed significant difference at P13
(P < .05) (figure 3B). Prenatal LPS treatment did not sig-
nificantly affect other reflexes studied (righting reflex,
negative geotactic reaction, startle response, and cliff
avoidance) during early postnatal life (figures 3C–F).
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Locomotion. As was expected, the locomotor activity of
the pups increased with age. Comparing prenatal treat-
ments, the LPS-treated offspring showed increase in lo-
comotor activity. A 2-way ANOVA of the data (P6–10)
revealed a significant main effect of treatment (F(1,192) =
4.999, P = .0301) and time (F(4,192) = 67.41, P < .0001).
However, the interaction was not significant (figure 4A).

Nest-Seeking Behavior. As illustrated in figure 4B, pre-
natal LPS-treated pupsmade significantly fewer entries to-
ward maternal nest compared with prenatal saline group
(mean 6 standard error of the mean, saline: 1.625 6 0.154
vs LPS: 1.200 6 0.1376; P = .048). The maternal nest ex-
ploration activity in LPS group appears to be decreased
but was not statistically significant (P = .0692) (figure 4C).

Odor-Stroke Associative Learning Test. A 2-way
ANOVA of the data on the pups’ choice of conditioned

odor indicates a significant main effect of training condi-
tion (F(2,49) = 4.264, P = .0196) and interaction between
prenatal treatment and training condition (F(2,49) = 3.494,
P = .0381). Post hoc tests revealed that the training par-
adigm led to a significant odor-stroke conditioning in
prenatal saline-treated odor-stroke paired pups because
they made significantly more entries toward the side of
conditioned odor compared with unpaired or odor-
only groups (P < .01 and P < .05, respectively). This
odor-stroke conditioned learning was not detectable in
prenatal LPS group because there was no significant dif-
ference in the performance of the pups in the 3 training
conditions. Interestingly, comparing the performance of
paired odor-stroke prenatal saline andLPS pups, the LPS
pups made significantly fewer choices toward condi-
tioned odor (P < .05) (figure 4D), suggesting an impair-
ment in associative learning.

Ultrasonic Vocalization. The number of USVs was sig-
nificantly decreased in LPS-treated pups at P3 while the
total duration and mean duration of calls were signifi-
cantly reduced at P5. No significant difference was
detected at P9 or 11. A 2-way ANOVA of the number
of USVs revealed significant interaction between treat-
ment and age of testing (F(3,107) = 2.899, P = .0384)
and significant main effect of age (F(3,107) = 10.71, P <
.0001). Post hoc tests showed that, at P3, prenatally
LPS-exposed offspring emitted significantly fewer isola-
tion calls compared with the saline group (P< .05) (figure
5A). For total duration of vocalizations, we found a sig-
nificant main effect of prenatal treatment (F(1,107) = 4.870,
0.0295) and age (F(3,107) = 28.56, P < .0001) with no sig-
nificant interaction. At P5, prenatal exposure to LPS led
to a significant decrease in total duration of calls com-
pared with the prenatal saline-treated pups (P < .05) (fig-
ure 5B). The analysis on the mean duration of calls
showed significant main effect of prenatal treatment
(F(1,107) = 5.221, 0.0243), age (F(3,107) = 42.23, P <
.0001), and significant interaction (F(3,107) = 3.254,
0.0246). Again, post hoc test showed significant reduc-
tion inmean duration of calls in prenatal LPS-treated off-
spring at P5 (P < .001) (figure 5C). We also investigated
the effect of a brief maternal contact in potentiating ul-
trasonic vocalizations following second isolation at P9
and P11. The data revealed that both prenatal saline-
and LPS-treated pups exhibited significant increase in
the number of USVs after second isolation (P < .05) (fig-
ure 5D), but we did not detect any significant difference
in the maternal potentiation response between LPS- (iso-
lation: 84.736 12.8, potentiation: 148.06 22.2) and saline
(isolation: 106.9 6 14.2, potentiation: 167.5 6 14.2)-
treated pups at P9 (figure 5D) and P11 (data not shown).

5HT1A, 5HT1B, and FoxP2 Gene Expression at P3. Ap-
plying the comparative method of analysis for qRT-PCR
data,50 after normalizing the expression of each gene with

Locomotion

6 7 8 9 10
0

2

4

6

8

10

12

14

Saline
LPS

(A)

days

n
u

m
b

er
 o

f 
sq

u
ar

es

Nest seeking behavior

Saline LPS
0

1

2
Saline

LPS

*

(B)

n
u

m
b

er
 o

f 
ch

o
ic

es

Nest exploration

Saline LPS
0

1

2 Saline

LPS

(C)

n
u

m
b

er
 o

f 
ch

o
ic

es

0

1

2
*
**

Saline LPS

Paired

Unpaired

Odor

#

(D)
Odor- stroke conditioning

ch
o

ic
es

 t
o

w
ar

d
 o

d
o

r

Fig. 4. (A) Locomotor activity (n5 24–27 per treatment): the scoring
was donebased on the number of line crossings by eachpupduring 3-
minute observation period. The data were analyzed using 2-way
ANOVA with time as repeated measurement. (B) Nest-seeking
behavior (n 5 16–20 per treatment): data presented as number of
approaches toward maternal nest (observation time: 60 s). Each pup
was assigned to 2 trials. The data were analyzed by 2-tailed Student t
test (*P < .05). (C) Nest exploration: number of choices toward
maternal nest plus exploration of the nest was considered a positive
score and analyzed by 2-tailed Student t test (P 5 .0692). (D) Odor-
strokeassociative learning:numberofchoices towardtheconditioned
odor at day P9 in saline- and lipopolysaccharide (LPS)-treated
offspring that received either paired odor-stroke (n 5 10–11) or
unpaired odor-stroke (n5 8–9) or odor-only (n5 8–10) presentation
on the training day (P8). Two-way ANOVA of data showed that in
saline group, odor-stroke paired pups made more entries toward the
side of conditioned odor compared with unpaired or odor-only
groups (*P < .05 and **P < .01, respectively). Furthermore, within
paired group, the LPS-treated pups made significantly fewer choices
toward conditioned odor comparing to saline (#P < .05).
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endogenous marker GAPDH, we found a significant
downregulation in the expression of 5HT1A and
5HT1B mRNAs in the frontal cortex of prenatally
LPS-treated pups comparing to saline group (�1.84-
fold, P = .020 and �1.35-fold, P = .021 respectively),
while FoxP2 mRNA level was not significantly altered
in frontal cortex. No significant changes in the expression
of 5HT1A, 5HT1B, and FoxP2 mRNAs were detected in
hippocampus and striatum as well (table 1).

Discussion

Our results indicate that prenatal exposure to an immune
activator at mid-gestation leads to the emergence of sev-
eral behavioral abnormalities in the rat offspring during
early postnatal days. Gestational treatment with LPS re-
duced the number and duration of isolation-induced
USVs, decreased nest-seeking response mediated by ol-
factory cues, and impaired odor-stroke associative learn-
ing. We did not observe any significant changes in the

maternal behavior or dam-pup interaction following
LPS administration. At the molecular level, we found
a significant decrease in the expression of 5HT1A and
5HT1B genes in the frontal cortex of prenatally LPS-trea-
ted neonate. Looking at postnatal physical milestones
and reflex development, we did not detect any major dif-
ference in the time of appearance of neonatal reflexes or
performance of the LPS- and saline-treated pups. How-
ever, locomotor activity was significantly increased in
prenatal LPS-treated offspring monitored from P6 to
10. Similar to our results, Poggi et al51 also reported
no change in the postnatal reflex development following
intrauterine administration of LPS in the rat model of ce-
rebral palsy.
Early-life dam-pup interactions in rodents are known

to be significant predictors of certain behavioral and
brain developmental features of the offspring.52–54 Fur-
thermore, significant impairments in maternal-pup inter-
actions have been reported in several animal models of
prenatal insult.55,56 Thus, we decided to observe maternal
behavior during the first week of postnatal life in order to
rule out the possibility that aberrant maternal behavior
might be the underlying mechanism in early behavioral
changes. Our results showed that the maternal-pup inter-
actions and nursing behaviors are similar in prenatal LPS
and saline treatment groups in both dark and light
phases. However, some other changes such as maternal
milk, postnatal ventral temperature and/or odor, pat-
terns of nursing bouts, and maternal sleep patterns
were not addressed in this study that possibly may con-
tribute to changes in neonate behavior as well. In the cur-
rent study, in order to better isolate the specific effect of
prenatal infection on neonatal behaviors, we did not
control the litter size at birth and we also avoided

Fig. 5. Isolation-Induced Ultrasonic Vocalization Calls (USVs)
During 3-min Observation Time (n 5 12–18 Per Treatment).
(A)Number ofUSVcalls of the pups isolated from theirmother and
littermates at days P3, P5, P9, and P11. Number of USVs was
significantly reduced in lipopolysaccharide (LPS)-treated pups at
day P3 (*P < .05). (B) Total duration of USV calls for each pup at
days P3, P5, P9, and P11. Total duration of calls was significantly
decreased in LPS-treated offspring at day P5 (***P < .001).
(C)MeandurationofUSVs for eachpupatdaysP3,P5,P9,andP11.
The mean duration of each was also reduced in LPS-treated
offspring at day P5 (***P < .001). (D) Total number of USV calls
during first isolation and second isolation right after brief maternal
contact in prenatal saline- and LPS-treated offspring at day P9 (n5
12 per treatment). All the data are presented as mean 6 standard
error of the mean (*P < .05 and ***P < .001).

Table 1. Expression of 5HT1A, 5HT1B, and FoxP2 Genes in
Frontal Cortex, Hippocampus, and Striatum of Neonate
Offspring (P3) Following Prenatal Treatment With
Lipopolysaccharide or Saline

Fold Changes Compared
With Endogenous Control P Value

5HT1A
Frontal cortex �1.84 .020*
Hippocampus �1.61 .081
Striatum 1.02 .337

5HT1B
Frontal cortex �1.35 .021*
Hippocampus �1.14 .263
Striatum �1.15 .226

FoxP2
Frontal cortex �1.26 .191
Hippocampus ND ND
Striatum �1.04 .483

Note: ND, not detectable.
*P < .05.
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cross-fostering because early-life adoption can signifi-
cantly alter some of the neonatal behaviors such as the
generation of isolation-induced calls.57

Next, we assessed pups’ olfactory discrimination of
home bedding or nest-seeking behavior, which is based
on the ability of the offspring to use olfactory orientation
cues in order to locate maternal nest. A similar approach
has been used in animal models of prenatal insult such as
gestational exposure to sodium valproic acid,36 drugs of
abuse,58,59 as well as prenatal malnutrition model for
schizophrenia.40,60 Despite increased ambulatory activ-
ity, LPS-exposed offspring made fewer choices toward
nest compartment compared with saline controls, indi-
cating decreased preference toward maternal nest. Inter-
estingly, a recent article on prenatal influenza virus model
in rhesus monkey also showed attenuated pattern of ma-
ternal-infant bond and attachment. At early postnatal
months, the virus-exposed offspring spent significantly
less time with their biological mother, which was also in-
dependent from motor maturity and overall activity.61

We investigated the effect of prenatal LPS treatment on
a neonatal learning task using an olfactory conditioning
paradigm.48 In this test, pups learn a classical olfactory con-
ditioning task when an olfactory cue is paired with a stroke
stimulus similar to maternal tactile stimulation. Sensory
stimuli that are supplemented with the maternal odor
are important determinants of infant physiology and per-
ceptual and behavioral development in both human and
rodents.53,62,63 Our data show that prenatal LPS leads to
a deficit in performing this task because the paired odor-
stroke LPS offspring made fewer choices toward the con-
ditioned odor. Comparing the performance of odor-stroke
paired pups with the 2 control conditions (unpaired and
odor only), we did not detect any significant differences
in performance of the LPS-treated pups, but as expected,
prenatal saline-treated odor-stroke paired pups mademore
choices toward the conditioned odor compared with con-
trol conditions. Similar to our results, Harmon et al37

reported that prenatally stressed pups that were condi-
tioned with positive stimuli (odor þ sensory stimulation
from the dam) failed to showpreference for the conditioned
odor during testing sessions. Several neurotransmitter sys-
tems such as serotonin,64,65 opioids,48 and norepinephrine66

have been implicated in mediating odor-stroke associative
learning in the rat neonates. Significant increase in neural
activity in the locus coeruleus, olfactory bulb, and piri-
form cortex has been observed during classical olfactory
conditioning in rat neonates.67,68 In the LPS model, there
is a possibility that prenatal immune activation interrupts
the above-mentioned circuitry by interfering within the
neurotransmitter systems that are involved in this pro-
cess. In the prenatal influenza model, significant upregu-
lation in norepinephrine transporter gene was detected in
the brains of P0 pups69 that indicates some interaction
between prenatal immune activation and norepinephrine
system at very early age.

Ultrasonic vocalization test has been used as a reliable
tool to monitor the early communicative behaviors of
pups with mothers. Impairment in the generation of
USV calls is an important indicator of an aversive affec-
tive state in the neonate rodents.49,70 Maternal separa-
tion–induced USVs of pups are considered to be
distress calls,71 and it follows an ontogenic profile—
usually starts at first day of life, reaches a peak by
PD7, and then begins a gradual decline until PD18–
20.72 USV paradigm has been frequently used to investi-
gate early neurophenotyping in the genetic- and
epidemiology-driven models of neurodevelopmental dis-
orders such as schizophrenia and autism.38,73–75 In our
studies, prenatal LPS-treated pups emitted fewer num-
bers of USVs at P3 and showed a significant decrease
in the total duration and mean duration of USV calls
at P5. No significant change was detected at the second
week of life.
Suppression of isolation-induced calls or decreased

preference for dam-associated cues may reflect a physical
growth abnormality and developmental shift in LPS-
treated offspring. However, in the present study, besides
some minor differences (eg, increased grip strength),
LPS- and saline-treated pups did not differ in their early
postnatal developmental milestones. This attenuated dis-
tress response indicates that prenatal LPS may specifi-
cally interact with the neural circuitry/neurotransmitter
systems mediating communicative behavior in the critical
periods of early postnatal life. Results from pharmaco-
logical experiments71,76 and mutant models77,78 have
shown that the generation of USV calls in the neonate
rodents is under significant regulation of serotonergic
system. Other neurotransmitter systems such as cannabi-
noids, gamma amino butyric acid, opioid, and oxytocin
have been also implicated in the modulation of USV
calls.79 In addition, there is some evidence suggesting
that USV response in the neonate rats is under influence
of the forebrain afferent neurons80 and thermal cues.81

USV test in the neonate rodents is an important predictor
of anxiety response at the adult age.82,83 Similar to what
we found in prenatal LPS model, decreased number of
USV calls have been specifically reported in animal mod-
els of autism.84,85 A brief recontact with the dam after
initial isolation leads to an increase in USVs (maternal
potentiation), which starts at the second week of life.70

However, we could not detect any significant difference
in maternal potentiation response between LPS- and sa-
line-treated offspring at P9 or P11.
We studied the expression of 5HT1A, 5HT1B, and

FoxP2 genes in hippocampus, frontal cortex, and stria-
tum of neonate offspring following prenatal treatment
with LPS or saline. These genes have been implicated
in the social and communicative behaviors of rodents
during neonatal period.74,77,78 Imbalance in serotonin
neurotransmitter has been implicated in the pathophys-
iology of neurodevelopmental disorders such as
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autism86,87 and schizophrenia.88,89 During early develop-
ment, serotonin is a key indicator of social and emotional
behavior because 5HT1A78 and 5HT1B77 knockout mice
generate fewer number of USV calls during maternal iso-
lation period similar to our observations in prenatal LPS
model. Serotonin transmission is also among the impor-
tant neural mediators for odor-stroke association learn-
ing task.64,65 Interestingly, in prenatal LPS-treated
offspring, we found a significant decrease in the cortical
expression level of 5HT1A and 5HT1BmRNA at day P3.
This suggests that some of the behavioral deficits ob-
served in the immune-challenged offspringmay be related
to deficits in serotonin neurotransmission. Significant
imbalances in serotonergic system have been reported
in other prenatal infection models as well. For example,
significant decrease in serotonin content in hippocampus
and nucleus accumbens has been reported in prenatal
PolyI:C–treated offspring during adulthood.90 We could
not detect any significant alterations in the mRNA ex-
pression of FoxP2 in the forebrain and striatum of neo-
nate offspring, although this transcription factor has
been related to communicative behaviors including
USVs,74,91 and significant changes in the FoxP2 gene ex-
pression have been already reported in prenatal influenza
model.92,93

We found significant decrease in expression of 5HT1A
receptor gene, which may contribute to the behavioral
changes we detected in the neonate offspring. However,
other neural mechanisms such as stress reactivity and al-
tered hypothalamic-pituitary-adrenal axis activationmay
have also contributed to these changes. More systematic
investigations need to be done in order to explore the neu-
ral substrates of these specific intermediate phenotypes.
In conclusion, our results are compatible with the neu-

rodevelopmental hypothesis, suggesting that neuropsy-
chiatric disorders such as schizophrenia and autism
may be caused by an aberration in early brain develop-
ment.94–96 If later abnormal cognition and behavior orig-
inates from early developmental changes, one can expect
some intermediate phenotype be present at the early
stages of postnatal life. Noted by Walker et al,97,98 child-
hood precursors for schizophrenia are manifested as
subtle deficits in affective behavior and neuromotor func-
tions long before the emergence of clinical symptoms at
adulthood. Some other nonspecific symptoms such as
anxiety, social withdrawal, and lower cognitive perfor-
mance have been also recognized in the prodromal stage
of schizophrenia.98–101 This period has been extensively
investigated due to its significant predictive value102

and importance in long-term prognosis.103 It also pro-
vides a sensitive time window for application of effective
preventive measures such as pharmacological and psy-
chosocial interventions.104–106

Thus, our observations indicating attenuation in ma-
ternal bonding, communicative behaviors, and associa-
tive learning in prenatal LPS-treated rats suggest that

prenatal infections may have significant neural effects
even during early developmental periods. These behav-
ioral changes may be useful as markers and/or predictors
of adult behavioral changes. Furthermore, these data add
to the relevance of prenatal infection models in under-
standing the neural mechanisms in autism and premorbid
psychopathology of schizophrenia.
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