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Abstract
Intrauterine inﬂammation is a major risk for oﬀspring neurodevelopmental brain damage and may result in cognitive limitations
and poor cognitive and perceptual outcomes.
Pro-inﬂammatory cytokines, stimulated during inﬂammatory response, have a pleotrophic eﬀect on neurons and glia cells. They
act in a dose-dependent manner, activate cell-death pathways and also act as trophic factors.
In the present study, we have examined in mice the eﬀect of short, systemic maternal inﬂammation on fetal brain development.
Maternal inﬂammation, induced by lipopolysaccharide (LPS) at gestation day 17, did not aﬀect morphogenic parameters and reﬂex
development during the ﬁrst month of life. However, maternal inﬂammation speciﬁcally increased the number of pyramidal and
granular cells in the hippocampus, as well as the shrinkage of pyramidal cells, but not of the granular cells. No additional major
morphological diﬀerences were observed in the cerebral cortex or cerebellum. In accordance with the morphological eﬀects,
maternal inﬂammation speciﬁcally impaired distinct forms of learning and memory, but not motor function or exploration in the
adult oﬀspring. The speciﬁc deﬁciency observed, following maternal inﬂammation, may suggest particular sensitivity of the
hippocampus and other associated brain regions to inﬂammatory factors during late embryonic development.
Ó 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
Intrauterine inﬂammation is a major risk for pre-term
delivery and oﬀspring neurodevelopmental brain damage, which may result in neurological disorders and
mental disability (Dammann et al., 2002; Saliba and
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Henrot, 2001). Maternal intrauterine infection is thought
to aﬀect the immature brain by the induction of proinﬂammatory cytokines. The presence of cytokines in the
three relevant maternal/fetal compartments (uterus, fetal
circulation, and fetal brain) and the ability of the
cytokines to cross boundaries (placenta and bloodebrain
barrier) between these compartments has been conﬁrmed
(Fidel et al., 1994).
The pro-inﬂammatory cytokines, tumor necrosis
factor-a (TNFa), interleukin-1 (IL-1) and IL-6 have been
associated with intrauterine infection, pre-term delivery,
neonatal infections and neonatal brain damage. IL-1,
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IL-6, and TNFa share several biological functions, even
though they are structurally diﬀerent and bind to diﬀerent
receptors (Dinarello, 2000). In the brain, these cytokines
are expressed in both glia cells and neurons. In addition to
their function in the immune response, these cytokines
modulate neuron development and function. TNFa is
involved in the regulation of neurite growth (Neumann
et al., 2002), aﬀect neuronal survival (Yang et al., 2002;
Barker et al., 2001) and regulate AMPA receptors
expression (Beattie et al., 2002). Recently, the involvement of TNFa in the regulation of hippocampal development and function was demonstrated (Golan et al.,
2004; Aloe et al., 1999). IL-1b is involved in the regulation
of synaptic plasticity; the expression of the IL-1beta gene
was speciﬁcally increased during long-term potentiation
(LTP), and the blocking of LTP by NMDA receptor
antagonist prevented the increase in IL-1 beta gene
expression (Schneider et al., 1998). The administration
of lipopolysaccharide (LPS) to pregnant rats increased
the expression of TNFa and IL-1b mRNA in a fetal brain
in a dose-dependent manner and modiﬁed the glia cell
populations a week after the application (Cai et al., 2000).
At gestation day 17 in the mouse fetus most of the brain
regions are already created. At this age in the cerebral
cortex and hippocampus the neurons are already formed,
however, neuronal migration, maturation and synaptogenesis still undergo (Bayer, 1980a,b; Altman and Bayer,
1990).
Based on the above data, we hypothesized that
maternal inﬂammation at gestation day 17, will perturb
oﬀspring accurate neurogenesis and will be reﬂected by
oﬀspring behavioral impairment. We suggest the neurotrophic factors as possible mediators of the inﬂammation
process.
Our results demonstrate that maternal administration
of LPS altered the learning and memory performance in
the adult oﬀspring. This eﬀect was associated with
speciﬁc histopathological damage in the hippocampus
region and with the increased expression of NGF and
BDNF in the thalamus of the adult oﬀspring.

2. Material and methods
2.1. Study design
Pregnant Jackson Black C-57 mice were used. All
pregnant mice were treated at gestation day 17. The mice
were randomly assigned to one of two groups: (1) saline
injections (intraperitoneal; i.p.) e control group, fetus
and newborn examinations; (2) E. coli LPS (Sigma Inc, St.
Louis, MO, USA) injections (0.12 mg/g mouse/100 ml,
i.p.) e study group, fetus and newborn examinations.
The mouse colony was maintained in a 12:12-h light/
dark schedule; food and water were provided ad libitum.
All animal experiments were carried out in accordance
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with the National Institutes of Health Guide for the care
and use of laboratory animals (NIH Publications No.
8023, revised 1978) and the guidelines from the Israeli
Council on Animal Care and approved by the BenGurion University of the Negev Animal Care and Use
Committee.
2.2. Surgical procedure
On gestation day 17 (gestation day 1 was determined
24 h after mating), at 3, 6 and 9 h following treatment, six
mice from each group were anesthetized with Ketamine
concomitantly with Rompun administered (i.p.). After
adequate anesthesia, dissections were performed on the
selected mice and maternal brains and spleens and ﬁve
fetal brains per mouse dissected were isolated and deepfrozen at ÿ80  C for later analysis. The heads of the
remaining fetuses were removed and immersed in 4%
PFA for histological analysis. At postnatal days 1 (P1),
P7, P14, P21 and 8 months, the oﬀspring were anesthetized and dissected. Their brains were rapidly removed
into ice-cold artiﬁcial cerebrospinal ﬂuid (ACSF) and the
brain regions were separated: cortex, hippocampus,
cerebellum and thalamus. Brain tissue was deep-frozen
at ÿ80  C for later analysis. One to seven-day-old mice
were anesthetized by hypothermia, while older mice were
anesthetized by the i.p. administration of Ketamine and
Rompun. For histological analysis, oﬀspring at P1, P7,
P14, P21 and 8 months were anesthetized and transcardially perfused with paraformaldehyde (PFA) 4%.
2.3. Phenotype aspects examined in newborn mice
Two newborns per litter were tested daily during the
ﬁrst month of life for their general phenotypic and
morphogenic aspects, such as: body weight, hair growth,
day of eyelid opening and teething.
2.4. Immunoassay
IL-6, NGF and BDNF were examined in brain
homogenates, brains were homogenized in 1 ml phosphate buﬀer containing protease inhibitor cocktail tables
1836145 complete (Roche Diagnostics, Mannheim,
Germany) using a speciﬁc ELISA (R&D Systems,
Minneapolis, MN, USA). The sensitivity for IL-6 was
32 pg/ml. The sensitivity of the NGF ELISA was 4 pg/ml
and 47 pg/ml for the BDNF. The data were normalized to
protein concentration in the sample, measured by BioRad protein assay (Bio-Rad laboratories).
2.5. Histology
Sections from paraformaldehyde-ﬁxed (4%) paraﬃnembedded tissue were used. Four-micrometer-thick
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sagittal sections 0.5e0.6 mm from the midline were
mounted on saline-coated slides and dried at 37  C.
Afterwards, coded sections were stained by Nissl
staining and images (60 mm ! 60 mm) were sampled in
an Olympus IX-70 microscope equipped with a SuperCam
video camera (Applitec, Israel) by experimenter, blind to
the experimental groups. The analysis was performed
using ‘NIH Image’ software (Wayne Rasband, NINDS,
NIH). The following parameters were measured: cortex
width and length, motor cortex cell density and size,
corpus callosum width, cerebellum area, cerebellum lobe
length, Purkinje cell density, molecular layer thickness,
hippocampus area, granular cell-layer width, length and
cell density, pyramidal cell-layer width, cell density and
cell size.

2.6. Behavioral examination
2.6.1. Reﬂex development in newborn mice
Righting reﬂex was measured in seconds, as the time
required for a newborn laying on its back to right itself
on all four limbs (Crawley, 1999). Rotarod (adjusted for
neonates, Golan et al., 2004; Levav et al., 2004) tests the
ability to hold the rotating bar at a rate of four cycles
per minute. The duration on the rotarod prior to the
falls was recorded. Locomotion on inclination, the ability
of newborn mice to climb on an inclined board, was
examined at slopes of 45  , 70  and 90  .
2.6.2. Adult mouse behavior
Open ﬁeld task e performance was tested in an open
ﬁeld arena: a 65 cm diameter gray wall, 30 cm high, over
a period of 5 min. The following variables were observed:
rearing (times), grooming (times), center /perimeter time
and quantity of defecation delivered (Henderson, 1967).
Hole board e the number of holes into which the mice
insert their noses during a given 5-min interval was
measured (Lister, 1987). Hind paw footprint measures
ataxia and gait abnormalities. The hind paws were dipped
in nontoxic black paint. The mice were then placed at one
end of a dark tunnel. The bottom surface of the tunnel was
lined with white paper. The mice walked down the tunnel
leaving their footprints. Stride distance and variability
were measured. Balance beam e a beam, 8 mm in
diameter and 70 cm long, was horizontal and elevated.
Enclosed escape boxes were placed at the ends of the
beam. The mice were placed in the center of the beam.
Three trials were made. The times required to reach the
box, and an upright position and duration on the beam
were measured (Crawley, 1999). Vertical pole e the mice
were placed in the center of grooved wooden poles 12 mm
and 18 mm in diameter and 1 m long. The poles were held
in a horizontal position, then gradually lifted to a vertical
position and were held there for 1 min. The times elapsed
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until the mice fell oﬀ the pole were measured (Crawley,
1999). Smell sensation e a small amount of cheese was
buried in the cage litter. The speed of detection of the
buried food was measured as an index of olfactory ability
(Crawley, 1999). Hot plate e the mice were placed on
a horizontal surface that was heated to 50  , the times were
measured until a rear paw was licked. Three trials were
held at 30 min intervals (Crawley, 1999). Morris water
maze e mice were trained to swim to a hidden platform in
the water maze (Morris, 1984). The maze consisted of
a 150 cm diameter, 40 cm high, circular pool ﬁlled with
milk and maintained at 25e26  C. The 10-cm diameter
platform was 0.5e1 cm below the surface of the milk. The
test was performed as described before (Golan et al.,
2004). Probe test e after the last trial on the third day, the
platform was removed from the pool. The mice were
placed in the pool starting at a location opposite the
platform and were allowed to swim for 60 s. The amount
of time spent swimming in the quadrant where the
platform had been located was recorded as another index
of spatial learning. All the data was recorded on videotape and a blind analysis was done. Visible platform
training e the spatial cues were removed and the location
of the platform was made visible by the use of clear water,
the marking of the platform by a blue ﬂag and its elevation
to 1 cm above the surface of the water. The remaining
details were similar to those described for the hidden
platform test. Object recognition test (Malleret et al.,
2001) e during the training trial, the mice were placed in
a novel environment (55 cm diameter, 20 cm high). Two
(of three possible) plastic toys (between 5 and 7 cm) that
vary in color, shape and texture were placed in speciﬁc
locations in the environment 30 cm apart. Two diﬀerent
combinations of object pairs were used. The test was
performed as described before (Levav et al., 2004).
Passive avoidance (Ader et al., 1972) measures how they
learn to avoid aversive stimuli. The mice were placed on
a vibrating platform 9 cm in diameter. When the mice
stepped oﬀ the platform, a 5 mA, 5 s, foot-shock was
delivered. On the ﬁrst day, the mice were trained until they
achieved 120 s on the platform three times. On the second
day, the mice were placed on the platform and the time
until they stepped oﬀ was recorded. Conditioning was
completed when the mice avoided stepping oﬀ the
platform, based on this criterion, mice were determined
as ‘‘learn’’ or ‘‘do not learn’’.

2.7. Statistical analysis
To evaluate the eﬀect of maternal inﬂammation SPSS
software, diﬀerences between the average values in the
experimental groups were tested using Student t-test, or
analysis of variance (ANOVA), dichotomy variables
such as learn or not learn in the passive avoidance test,
were tested by chi-square test.
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3. Results
3.1. Inﬂammatory response in fetal brains following
maternal inﬂammation
Induction of cytokines in fetus following maternal
administration with LPS was previously demonstrated
(Cai et al., 2000). In the present study we examined the
pro-inﬂammatory cytokine, IL-6 (as a representative of
pro-inﬂammatory cytokines), to conﬁrm the inﬂammatory eﬀect of LPS in our system. We administrated
a single dose of LPS that induced cytokine production in
the fetal brain without inducing pre-term delivery. When
a dose of 0.3 mg/kg of LPS was injected into pregnant
mice at gestation day 17, the average day of delivery was
17 G 0.1 (n Z 6, P ! 0.001) and 19 G 0.1 (n Z 26,
p O 0.05) following an LPS dose of 0.12 mg/kg, compared to 19 G 0.1 (n Z 16) in saline injection. The
administration of 0.012 mg/kg LPS did not inﬂuence the
levels of IL-1b in fetal brain (data not shown).
The number of oﬀspring per litter was similar in both
groups; 7 G 0.4 in the saline injected group compared to
7 G 0.5 in the LPS (0.12 mg/kg) injected group. IL-6 in
the maternal spleen was signiﬁcantly elevated 3 h
following an LPS injection (Fig. 1A) and gradually
declined and returned to control levels after 9 h. A slight

A

The morphogenic development of newborns to mice
injected with LPS was comparable to that of the control
group in body weight, brain weight, hair growth, teething
and eyelid opening. The rates of increase in body and
brain weight during the ﬁrst month of newborns life was
not aﬀected by maternal LPS administration, data are
presented in Table 1. No signiﬁcant diﬀerence was
observed between the oﬀspring of the two examined
groups. The development of motor reﬂexes, as examined
via rotarod and the ability to climb on an inclining slope,
were also similar in both groups. The development of the
righting reﬂex showed a trend of earlier and faster
development during the ﬁrst postnatal week in oﬀspring
belonging to the maternal inﬂammation group, while
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increase in the IL-6 level in the maternal brain was
observed 3 h following the maternal LPS injection
(Fig. 1B). In fetal brains, IL-6 levels were signiﬁcantly
increased 3 h after an LPS treatment. These levels
declined to control levels within 6e9 h (Fig. 1C). Thus,
the injection of 0.12 mg/kg LPS to pregnant mice at
gestation day 17 induced a transient increase of the proinﬂammatory cytokine IL-6 in the embryos brain.
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Fig. 1. Maternal injection of LPS increases maternal and fetal cytokine expression. The eﬀect of maternal injection of 0.12 mg/kg LPS on IL-6
expression in maternal spleen (A), maternal brain (B) and fetal brain (C) was examined 3e9 h following the application. BDNF expression in fetal
brains was also examined at the same time points (D). n Z 3e6 at each point, t-test, *P ! 0.05.
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Table 1
Oﬀspring brain and body weight during the ﬁrst month of development
Age

1

7

14

21

Group

Saline

LPS

Saline

LPS

Saline

LPS

Saline

LPS

Brain weight
Body weight

0.1 G 0.02
1.2 G 0.1

0.1 G 0.01
1.3 G 0.1

0.25 G 0.01
3.4 G 0.1

0.2 G 0.01
3.1 G 0.1

0.4 G 0.01
6.7 G 0.2

0.4 G 0.01
7.2 G 0.2

0.4 G 0.01
7.5 G 0.2

0.4 G 0.01
8.4 G 0.3

Maternal LPS did not inﬂuence brain and body weight in the newborns. Weight is expressed in grams. The values are presented as mean G sem;
n Z 10e34 oﬀspring in each time point for each group.

later, during the second postnatal week, the percentage of
newborns righting themselves and the time required to do
so was equal in both groups (Fig. 2).

3.3. Maternal inﬂammation modulated BDNF and
NGF ontogeny in oﬀspring
The short and long-term eﬀects of maternal inﬂammatory response on the expression levels of BDNF were
examined in fetal brains. Three and six hours following
maternal LPS treatments, the levels of BDNF in fetal
brain homogenate were not aﬀected (Fig. 1D). However,
an increase in BDNF levels was observed 9 h following
the LPS treatment. In a diﬀerent set of experiments, the
brain homogenate of newborns of mice injected with LPS
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on the same date and with the same dosage was examined
for BDNF levels. During postnatal development (P1, P7,
P14, P21 and P270), BDNF levels, in all examined brain
areas, increased with age, as depicted in Fig. 3. In each
brain region, the data were normalized to BDNF levels in
the control group at P7. In the cerebral cortex (Fig. 3A),
an increase in BDNF levels was detected at P21 and P270
in both study groups. In the hippocampus (Fig. 3B),
BDNF levels were stable in both groups during the ﬁrst
two weeks and thereafter became elevated. In both these
areas, at P21 the BDNF levels were signiﬁcantly lower in
the LPS group, compared to the control group. However,
in adult brains, no signiﬁcant diﬀerence in BDNF
levels was observed in those brain areas. In contrast, in
the thalamus (Fig. 3C), higher levels of BDNF were
observed in brains of P270 oﬀspring from the maternal
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Fig. 2. The eﬀect of maternal inﬂammation on newborn motor reﬂex development. The maternal inﬂammation eﬀect on newborn performance in the
rotarod (A), locomotion on inclining slope (B) or righting reﬂex time (C) and the percent of newborn righting (D) was tested during the ﬁrst month of
life: n Z 15e20 at each point.
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Fig. 3. The eﬀect of maternal inﬂammation on BDNF levels in newborn brains. BDNF ontogeny was examined in oﬀspring at P1, P7, P14, P21 and
P270 in the cerebral cortex (A), hippocampus (B), thalamus (C) and cerebellum (D). Data are normalized to BDNF levels in control oﬀspring at P7 in
the particular brain region: n Z 4e8 at each point, t-test, *P ! 0.05.

inﬂammation group, compared to the control group. In
adult oﬀspring from the maternal inﬂammation group,
the level of BDNF was 4 G 0.2 pg/mg protein (n Z 6),
compared to 2 G 0.3 (n Z 4) in the control group
( P ! 0.01, t-test). The levels of BDNF in the cerebellum
(Fig. 3D) increased with age in a similar manner in both
study groups.
The expression of NGF was examined in oﬀspring’s
brain homogenates. We present data of postnatal
oﬀspring, since the NGF levels in the embryos’ brains
were below the detection sensitivity of the kit used. In
the cerebral cortex region, the highest levels of NGF
were measured at P7 (Fig. 4A, data normalized to P7 in
the control group). At P14, newborns from the maternal
inﬂammation group showed signiﬁcantly lower levels of
NGF, compared to the control group, but this diﬀerence
disappeared at the later ages. No diﬀerence in NGF
levels in the hippocampus (Fig. 4B) or cerebellum
(Fig. 4D) was observed between the LPS and control
groups. In the thalamus region, signiﬁcantly elevated
levels of NGF were observed at P7 and in the
adult oﬀspring (P270, Fig. 4C) from the maternal
inﬂammation group (1 G 0.1, n Z 6, P ! 0.01, t-test),
compared to oﬀspring from the control group
(0.6 G 0.1, n Z 4).

Exposure to inﬂammatory agents at gestation day 17
caused mild long-term consequences to the levels of
BDNF and NGF in the cerebral cortex, hippocampus
and cerebellum regions. A signiﬁcant increase in the
levels of BDNF and NGF was measured in the thalamus
of adult mice oﬀspring from the maternal inﬂammation
group, compared to the control mice.
3.4. Maternal inﬂammation modiﬁed oﬀspring brain
morphology
Sagittal brain sections of newborns from the maternal
inﬂammation group at E17 were examined for the
developmental consequences of the treatment. Gross
measurements of diﬀerent brain areas were analyzed at
P7, P14 and in the adult oﬀspring brains (P270). Results
depicted in Table 2 demonstrate that the left ventricle
area, CC width, cerebral cortex length, width and layer 1
width were similar in both experimental groups, during
development and in the adult oﬀspring (except for
a transient diﬀerence in cerebral cortex length at P14).
The area of the cerebellum region, as well as the length
of cerebellar lobules 2e10, were similar in both groups
(for details see Supplementary data). Moreover, we
measured the thickness of the molecular layer and
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Fig. 4. The eﬀect of maternal inﬂammation on NGF levels in newborn brains. The NGF ontogeny was examined in oﬀspring at P7, P14, P21 and
P270 in the cerebral cortex (A), hippocampus (B), thalamus (C) and cerebellum (D). Data are normalized to NGF levels at the homogenate of control
oﬀspring at P7 in the particular brain region, except for the levels in the hippocampus, which were normalized to control P14 levels: n Z 4e8 at each
point, t-test, *P ! 0.05.

Purkinje cell density in cerebellum lobules 3 and 10 and
found no diﬀerence between the experimental groups in
both parameters at P14 and in the adult mouse brain. In
contrast, developmental diﬀerences were observed in the
dentate gyrus beginning at P14. Speciﬁcally, the length
of granular cell layer (inner and outer blades, Table 2)
was longer and thicker in the adult oﬀspring of the
maternal inﬂammation group, compared to the control
group. In the CA1 region of the hippocampus, developmental consequences of the treatment on pyramidal layer thickness were observed at early ages, P7 and
P14, but not in the adult oﬀspring. To further explore
the source of the diﬀerence observed in cell-layer
thickness of the main excitatory cells of the hippocampus, granular cells and pyramidal cells, we have
examined cell density and size in both the dentate gyrus
and the CA1 region. Pyramidal cell density was higher
in the adult oﬀspring of the maternal inﬂammation
group, compared to the control group, in all three subﬁelds examined. In addition, pyramidal cell size was
smaller, as depicted in Fig. 5. In the dentate gyrus,
although a thicker granular cell layer was measured, no
diﬀerence in cell density or size was detected
(Fig. 5C,D). This may indicate that the change in layer

thickness was a result of the increase in the amount of
cells, rather than a change in single cell parameters.
A detailed analysis of the neurons in three sub-regions
of the motor cortex (M2; layers 2e3, layer 4 and layers
5e6) was performed. A reduced number of neurons was
observed in all layers in the young P14 oﬀspring belonging
to the maternal inﬂammation group, compared to the
controls. However, this diﬀerence did not reach signiﬁcance. In the adult oﬀspring of both groups, a remarkable
reduction in cell number was observed, as a consequence
of developmental selection. Nevertheless, a tendency to
increased cell number in oﬀspring belonging to the
maternal inﬂammation group was observed. A signiﬁcantly higher number of pyknotic cells (type 3) was
counted in layers 2e3, 5e6, but not in layer 4, as
demonstrated in Fig. 6CeE. Cells in oﬀspring from the
maternal inﬂammation group had a tendency to swell, as
reﬂected in cell size. In layers 2e3, the cell area was
251 G 128 mm in oﬀspring of the control group, compared to 269 G 168 in oﬀspring from the maternal
inﬂammation group (P Z 0.09, t-test). In layer 4, the cell
area was 264 G 145 and 290 G 166 mm, respectively
(P Z 0.02, t-test). While the cell areas in layers 5e6,
242 G 130 and 247 G 118 mm in the control and
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Table 2
Maternal inﬂammation eﬀect on the measures of diﬀerent brain regions

CC, corpus callosum; Ctx, cerebral cortex; DG, dentate gyrus. n Z 3e4 animals for each group and age. The numbers in micrometer
presented are mean G sem, statistical signiﬁcance was tested by Student t-test for two populations with diﬀerent variance at signiﬁcance
levels of *P ! 0.01, **P ! 0.05.
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Fig. 5. The eﬀect of maternal inﬂammation on cell number in the hippocampus. Pyramidal cells in the CA1 region of the hippocampus of adult
oﬀspring of saline (A) and maternal inﬂammation groups (B) were analyzed. Cell density, as measured in three sub-ﬁelds of the CA1 region and one
ﬁeld of the DG, are presented (C) and the cell area in the same ﬁelds (D): n Z 3e4 in each group, at each point, *P ! 0.05, #P ! 0.08, t-test.
Calibration bar ÿ10 mm.

maternal inﬂammation groups, respectively, were similar.
Thus, we detected changes in cell size and an increase in
pyknotic cells in the motor cortex following maternal
inﬂammation.
3.5. Behavioral consequences of maternal
inﬂammation in adult oﬀspring
3.5.1. Exploration
Behavior was examined in an open ﬁeld arena in both
experimental groups, in order to search for general
behavioral consequences in adult oﬀspring. The time
mice spent in the arena perimeter vs. time spent in the
center of the ﬁelds was similar in oﬀspring from the
maternal inﬂammation and control groups, 3.44 G 0.38,
n Z 21 and 3.44 G 0.38, n Z 24, respectively (Fig. 7A). A
comparable number of moves in the maternal inﬂammation and control groups, 57 G 3 and 54 G 3, respectively,
were measured. In addition, the number of rearing and
grooming activities in a time period of 5 min was
observed. These results indicate no general diﬀerence in
oﬀspring behavior, exploration or mobility between both
groups. To further explore possible diﬀerences in mouse
exploration following maternal inﬂammation, oﬀspring
were tested on a hole-board. Oﬀspring from the maternal
inﬂammation group explored 31 G 2 holes, compared to

32 G 2 holes explored by the control group, indicating no
diﬀerence in exploratory behavior (Fig. 7B).
3.5.2. Motor function
An examination of motor function, coordination and
motor strength was performed. In the ‘balance beam’
test, all the mice from both groups increased their ability
to hold on to the beam and arrived at the escape boxes
with training (Fig. 7D) in a similar manner. An
additional test used for the study of motor function
and strength was the ‘vertical pole’. On poles, 12 mm
and 18 mm in diameter, mice from both groups
performed equally in endurance on the pole and the
percent of mice that succeeded in holding on to the pole
for 60 s (Fig. 7C). A careful analysis of hind paw
footprints showed a similar stride length in oﬀspring
from the maternal inﬂammation and control groups
(681 mm and 651 mm, respectively). However, smaller
variance in the stride length was observed in the
maternal inﬂammation oﬀspring, 8 mm, compared to
13 mm in the control oﬀspring (P ! 0.001, F test).
3.5.3. Sensory function
The accurate development of sensory function in both
study groups was similar for the senses of smell and pain.
In the control group, 71% found the hidden piece of

ARTICLE IN PRESS
DTD 5

10

H.M. Golan et al. / Neuropharmacology

A

Saline

B

LPS

--

(2005)

---e---

C

Layer 2-3

140

Saline Ad
LPS Ad
Saline P14
LPS P14

100

Cells

Layer 2&3

120
80
60
40

*

20
0
type1

D

type 2

type 3

total

Layer 4

120
100

Cells

Layer 4

80
60
40
20
0
type1

E

type 2

type 3

total

Layer 5-6

120

80

Cells

Layer 5&6

100

60

*

40
20
0
type1

type 2

type 3

total

Fig. 6. The eﬀect of maternal inﬂammation on motor cortex (M2) histology. A detailed analysis of cell number in the M2 motor cortex in the brains
of P14 and adult (Ad) oﬀspring of control (A) and the maternal inﬂammation group (B) are demonstrated. The cells in layers 2e3 (C), layers 4 (D)
and layers 5e6 (E) were categorized as neurons (Type 1), epithelia cells (type 2) and pyknotic cells (type 3): n Z 4 animals in each day and group,
three sections from each animal were analyzed. *P ! 0.01, t-test.

cheese, compared to 83% in the maternal inﬂammation
group. Among the oﬀspring that found the cheese, the
time required for oﬀspring of the maternal inﬂammation
group was 38 G 6 s, compared to 38 G 6 s for the control
group. Pain sensation was tested by means of a ‘hot plate’
apparatus. Similar reaction times were recorded for both
groups, 25 G 1 s and 24 G 1 s, for the control and
maternal inﬂammation groups, respectively.
3.5.4. Learning and memory
Oﬀspring were tested by several tasks that examine
aspects of learning and memory. Spatial learning in the
‘Morris water maze’ demonstrated a similar learning
proﬁle for both groups, during the training episodes and
in the retention test, as depicted in Fig. 8A,B. However, in
the cued version of this test, learning the association
between a local cue (ﬂag) and the platform was slower in
the maternal inﬂammation oﬀspring during the ﬁrst two

training days, compared to the controls. In the retention
test, maternal inﬂammation oﬀspring spent a longer time
in the quarter where the platform used to be in previous
days, although the associative cue was not present. This
may indicate that oﬀspring from the maternal inﬂammation group did not memorize the association between the
local cue and the location of the platform (Fig. 8C,D). In
an additional test of memory, ‘Object recognition’, mice
learn to distinguish two objects diﬀerent in size, shape and
color. The memory of the familiar object was examined
24 h later. Oﬀspring from the maternal inﬂammation
group had more interactions with the new object on the
second day, compared to the control group (11 G 1 vs.
9 G 1, LPS, and 8 G 1 vs. 8 G 1, control). This may
indicate that oﬀspring from the maternal inﬂammation
group prefer the new object, compared to the controls.
Fig. 8E shows the ratio between the time mice spent with
the familiar vs. the new object on each test day.
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Fig. 7. The eﬀect of maternal inﬂammation on the exploration and motor function of oﬀspring. The ratio of exploration time on the perimeter vs. the
center, the number of moves in the ‘Open ﬁeld’ arena (A) and the number of holes explored in the ‘Hole-board’ (B) are shown. Motor strength,
balance and coordination were examined via the ‘Vertical pole’ (C) and ‘Balance beam’ (D) tests. The percentages of success in holding vertical poles
(12 and 18 mm wide) and the times required to arrive to the escape box in the ‘Balance beam’ test are shown: n Z 21 and 24, for saline and maternal
inﬂammation groups respectively.

Learning to avoid aversive stimuli was examined in the
‘Passive avoidance’ test. Twenty-four hours following
training, oﬀspring were tested on their memories of footshock avoidance. Fifty-two percent of the oﬀspring in the
control group learned to avoid stepping oﬀ the platform,
compared to 25% of the maternal inﬂammation oﬀspring
(Fig. 8F). To conﬁrm that these diﬀerences were not
aﬀected by a variation in the sensitivity to pain, all the
oﬀspring were tested using the ‘hot plate’, as described
above.
Altogether, the results of these behavioral tests demonstrate that maternal inﬂammation causes a speciﬁc
impairment of distinct categories of learning and
memory.

4. Discussion
The short, systemic maternal inﬂammation by the i.p.
administration of LPS at E17 produced particular longterm eﬀects in the adult oﬀspring, as detected by speciﬁc
alterations in hippocampus histology and the impairment
of distinct aspects of learning and memory. These ﬁndings
may result from a variation in the sensitivity of diﬀerent
regions in the fetal brain to products of the inﬂammatory
response. Among the proteins produced by the inﬂammatory response are the pro-inﬂammatory cytokines,

such as TNFa, IL-1 and IL-6. In addition to the
stimulation of a cell-death program in the neurons, both
TNFa and IL-1 were shown to aﬀect neuron survival
(Yang et al., 2002), growth (Neumann et al., 2002) and
AMPA receptor expression (Beattie et al., 2002), as well as
synaptic plasticity (Cunningham et al., 1996; Tancredi
et al., 1992, 2000; Schneider et al., 1998). Moreover, we
have previously demonstrated the involvement of TNFa
in morphological aspects of hippocampal development in
TNFa-KO mice (Golan et al., 2004). In the present study,
exposure of the developing brain to increased levels of the
pro-inﬂammatory factors IL-6 was limited in time
(Fig. 1). Although the inﬂammatory response may last
for additional hours or days, its intensity declined in
the absence of continuous stimulation of the immune
response.
The inﬂammatory response may induce cell death in
the developing brain (Cai et al., 2000; Dammann et al.,
2002). Neurotrophic factors, such as NGF and BDNF,
are known for their protective action against cell death
and their expression is up-regulated in response to injury
(Van Eden and Rinkens, 1994; Sofroniew et al., 2001;
Zhou and Shine, 2003). The increase in BDNF levels,
observed 6 h following the elevation of IL-6 in fetal
brains, may be part of the regenerative response
stimulated by the cell-death signals (Chaisuksunt et al.,
2003) or a result of a direct regulation by cytokines
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Fig. 8. Maternal inﬂammation modiﬁes speciﬁc forms of learning and memory. Spatial learning in the ‘Morris water maze’ is deﬁned as the time
taken to ﬁnd the platform (A) and the time spent in the quarter where the platform was located in the probe test (B). Associative learning in the
‘Morris water maze’ is deﬁned as the time taken to ﬁnd the platform during the days of training (C) and the time the mice searched in the quadrant
where the platform was located in absence of the local cue in the probe test (D). Oﬀspring performance in the ‘Object recognition’ test is given as the
percent of interactions with the novel vs. novel objects in the ﬁrst day and the percent of interactions with the new vs. the familiar object in the second
day (E). (F) The percent of oﬀspring that learned to avoid stepping oﬀ the platform in the ‘Passive avoidance’ test: n Z 21 and 24, in saline and
maternal inﬂammation groups, respectively. *p ! 0.05 and **p ! 0.001, t-test, #P ! 0.06, chi-square test.

(Rothwell and Hopkins, 1996; Juric and Carman-Krzan,
2001; Villoslada and Genain, 2004). However, three
days following the inﬂammatory response (in P1), we
could not detect any eﬀects on BDNF levels in any
of the examined brain regions. It is possible that the

elevated levels of NGF, in the thalamus region of
maternal inﬂammation oﬀspring at P7, are also a regenerative response of the tissue. Overall, maternal
inﬂammation did not aﬀect the developmental proﬁle
of BDNF and NGF in newborn brains. Long-term
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modulation of these factors following maternal inﬂammation was restricted to the thalamus region.
Although the examined neurotrophic factors in the
hippocampus region of the oﬀspring were not aﬀected
by maternal inﬂammation, consistent impairment of the
morphological parameters in the hippocampus was
observed throughout development and clearly in the
adult hippocampus. At the age of E17, the CA1 region
had already accomplished cell proliferation and the
neurons had undergone extensive maturation, dendrite
formation, synaptogenesis (Bayer, 1980a,b; Altman and
Bayer, 1990; Tyzio et al., 1999) and spinogenesis (Sorra
and Harris, 2000). LPS and the induced pro-inﬂammatory cytokines were expected to trigger programmed cell
death in the fetal brain (Bell and Hallenbeck, 2002; Cai
et al., 2000). However, we observed an increase in the
number of cells in both CA1 and dentate gyrus in
the treated group. This may reﬂect a stimulation of the
regeneration process in the injured tissue, resulting in
enhanced cell proliferation or reduced developmental
apoptosis, which may be regulated by increased levels of
BDNF (Cheng et al., 1997; Han et al., 2000). The
enhancement of astroglia proliferation, but not microglia, was demonstrated 8 days following a higher dose of
maternal (E18) LPS administrated to rats (Cai et al.,
2000). Whereas we do not have a quantiﬁcation of direct
neuronal staining, we assume, based on cell structure
and the layer organization, that the vast majority of cells
counted in the CA1 pyramidal cell layer were neurons.
Moreover, diﬀerences in pyramidal cell size in the CA1
region may indicate diﬀerences in the microenvironment
surrounding the cells. In the DG, the addition of new
granular cells is a continuing process in the developing
and adult hippocampus (Gould et al., 1998; Van Praagh
et al., 2002). We found an expanded number of granular
cells that may be either an immediate or a long-term
response to maternal inﬂammation. A twofold increase
in the number of granular cells in the DG were observed
in mice overexpressing the anti-apoptotic human gene
Bcl-2 (Rondi-Reig et al., 2001). This ﬁnding supports
the possibility that the increased number of granular
cells emerge from the stimulation of the regeneration
program. In contrast to the CA1 region, the cell size in
the DG was not aﬀected. A diﬀerent sort of change was
observed in the motor cortex; the increased number of
pyknotic cells in layers 2, 3 and 4 of the maternal
inﬂammation group may be a result of the long-term
modulation of death signals in these cells. The lack of
diﬀerence in the levels of the neurotrophic factors may
indicate no involvement of their signaling activity.
In accordance with our morphological analysis in the
secondary motor cortex, CC and cerebellum, maternal
inﬂammation did not aﬀect motor reﬂex development,
exploratory behavior, sensory gain and motor function.
Speciﬁc behavioral deﬁciencies were observed in learning
and memory tasks, depending on the neuronal circuitry of
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the hippocampus in association with the related brain
region, such as the hippocampus and amygdala in the
passive avoidance task and the hippocampus and frontal
cortex regions in the cued version of Morris water maze
(Morris et al., 1982; Morris, 1984, Phillips and LeDoux,
1992). We were surprised to ﬁnd that learning and
memory, which predominantly depend on the hippocampal neuronal circuitry, such as spatial learning in the
‘Morris water maze’ and ‘object recognition’ (Morris
et al., 1982; Sutherland et al., 1983; Morris, 1984;
Eichenbaum et al., 1989; Steckler et al., 1998; Giese
et al., 2001; D’Hooge and De Deyn, 2001), were not
disturbed or even improved in the maternal inﬂammation
oﬀspring, compared to the control oﬀspring. Distinct
eﬀects of diﬀerent learning tasks were also observed in the
Bcl-2 transgenic mice, which have numerous cells in the
DG, but not in the CA1 region (Rondi-Reig et al., 2001).
They found impairment to be correlated with the diﬃculty
of the tests, which is not true in our study.
In conclusion, the systemic maternal inﬂammation by
the i.p. administration of LPS at E17, speciﬁcally
impairs distinct forms of learning and memory in mice
oﬀspring, due to the dependence on the association
between the hippocampus and additional brain circuits,
that may be a result of perturbed morphogenesis in the
hippocampus region.

Acknowledgments
We thank Prof. Ora Kofman from the Behavioral
Sciences Department in Ben-Gurion University for her
help with the passive avoidance and hot plate tests.
This study was supported by the Goldman foundation
in the Faculty of Health Sciences, Ben-Gurion University
of the Negev, Israel to Dr. Golan and partially supported
by BSF grant to Dr. Huleihel and Dr. Hallak.

Appendix A. Supplementary information (data)
Supplementary information(data) for this manuscript
can be downloaded at doi: 10.1016/j.neuropharm.2004.
12.023.

References
Ader, R., Wejnen, J.A.W.M., Moleman, P., 1972. Retention of
a passive avoidance response as a function of the intensity and
duration of electric shock. Psychon. Sci. 26, 125e128.
Aloe, L., Properzi, F., Probert, L., Akassoglou, K., Kassiotis, G.,
Micera, A., Fiore, L., 1999. Learning abilities, NGF and BDNF
brain levels in two lines of TNFalpha transgenic mice, one
characterized by neurological disorders, the other phenotypically
normal. Brain Res. 840 (1e2), 125e137.

ARTICLE IN PRESS
DTD 5

14

H.M. Golan et al. / Neuropharmacology

Altman, J., Bayer, S.A., 1990. Prolonged sojourn of developing
pyramidal cells in the intermediate zone of the hippocampus and
their settling in the stratum pyramidale. J. Comp. Neurol. 301,
343e364.
Bayer, S.A., 1980a. Development of the hippocampal region in the rat.
I. Neurogenesis examined with [3H]thymidine autoradiography.
J. Comp. (Lond.) 416, 303e325.
Bayer, S.A., 1980b. Development of the hippocampal region in the rat.
II: Morphogenesis during embryonic and early prenatal life.
J. Comp. Neurol. 190, 115e134.
Barker, V., Middleton, G., Davey, F., Davies, A., 2001. TNFa
contribute to the death of NGF-dependent neurons during
development. Nat. Neurosci. 4 (12), 1194e1198.
Beattie, E., Stellwagen, D., Morishita, W., Bresnahan, J., Ha, B., Von
Zastrtrow, M., Beattie, M., Malenka, R., 2002. Control of synaptic
strength by glial TNFa. Science 295, 2282e2285.
Bell, M.J., Hallenbeck, J.M., 2002. Eﬀects of intrauterine inﬂammation on developing rat brain. J. Neurosci. Res. 70 (4), 570e579.
Cai, Z., Pan, Z.L., Pang, Y., Evans, O.B., Rhodes, P.G., 2000.
Cytokine induction in fetal rat brains and brain injury in neonatal
rats after maternal lipopolysaccharide administration. Pediatr. Res.
47 (1), 64e72.
Chaisuksunt, V., Campbell, G., Zhang, Y., Schachner, M.,
Lieberman, A.R., Anderson, P.N., 2003. Expression of regeneration-related molecules in injured and regenerating striatal and
nigral neurons. J. Neurocytol. 32 (2), 161e183.
Cheng, Y., Gidday, J.M., Yan, Q., Shah, A.R., Holtzman, D.M., 1997.
Marked age-dependent neuroprotection by brain-derived neurotrophic factor against neonatal hypoxiceischemic brain injury.
Ann. Neurol. 41 (4), 521e529.
Crawley, J.N., 1999. What’s wrong with my mouse? Behavioral
phenotyping of transgenic and knockout mice. Wiley-Liss, New
York. pp. 39e41.
Cunningham, A.J., Murray, C.A., O’Neill, L.A.J., Lynch, M.A.,
O’Connor, J.J., 1996. IL-1beta and TNF inhibit LTP in the rat
dentate gyrus in vitro. Neurosci. Lett. 203, 17e20.
Dammann, O., Kuban, K.C.K., Leviton, A., 2002. Perinatal infection,
fetal inﬂammatory response, white matter damage and cognitive
limitation in children born preterm. Ment. Retard. Dev. Disabil. 8,
46e50.
D’Hooge, R., De Deyn, P.P., 2001. Applications of the Morris
water maze in the study of learning and memory. Brain Res. Rev.
36, 60e90.
Dinarello, C.A., 2000. Proinﬂammatory cytokines. Chest 118, 503e
508.
Eichenbaum, H., Mathews, P., Cohen, N.J., 1989. Further studies of
hippocampal representation during odor discrimination learning.
Behav. Neurosci. 103, 1207e1216.
Fidel Jr., P.L., Romero, R., Wolf, N., Cutright, J., Ramirez, M.,
Araneda, H., Cotton, D.B., 1994. Systemic and local cytokine
proﬁles in endotoxin-induced preterm parturition in mice. Am. J.
Obstet. Gynecol. 170 (5 Pt 1), 1467e1475.
Giese, K.P., Friedman, E., Telliez, J.B., Fedorov, N.B., Wines, M.,
Feig, L.A., Silva, A.J., 2001. Hippocampus-dependent learning and
memory is impaired in mice lacking the Ras-guanine-nucleotide
releasing factor 1 (Ras-GRF1). Neuropharmacology 41, 791e800.
Golan, H., Levav, T., Mendelsohn, A., Huleihel, M., 2004. TNF alpha
involvement in hippocampus development and function. Cereb.
Cortex 14, 97e105.
Gould, E., Tanapa, P., McEwen, B.S., Flugge, G., Fuchs, E., 1998.
Proliferation of granule cell precursors in the dentate gyrus of adult
monkeys is diminished by stress. Proc. Natl Acad. Sci. U.S.A. 95
(6), 3168e3171.
Han, B.H., D’Costa, A., Back, S.A., Parsadanian, M., Patel, S.,
Shah, A.R., Gidday, J.M., Srinivasan, A., Deshmukh, M.,
Holtzman, D.M., 2000. BDNF blocks caspase-3 activation in
neonatal hypoxiaeischemia. Neurobiol. Dis. 7, 38e53.

--

(2005)

---e---

Henderson, N.D., 1967. Prior treatment eﬀects on open ﬁeld behavior
of mice: a genetic analysis. Anim. Behav. 15, 364e376.
Juric, D.M., Carman-Krzan, M., 2001. Interleukin-1b, but not IL1a,
mediates nerve growth factor secretion from rat astrocytes via type
I IL-1 receptor. Int. J. Dev. Neurosci. 19, 675e683.
Lister, R.G., 1987. Interaction of Ro 15-4513 with diazepam sodium
pentobarbital and ethanol in the holeboard test. Pharmacol.
Biochem. Behav. 28, 75e79.
Malleret, G., Haditsch, U., Genoux, D., Jones, M.W., Bliss, T.V.,
Vanhoose, A.M., Weitlauf, C., Kandel, E.R., Winder, D.G.,
Mansuy, I.M., 2001. Inducible and reversible enhancement of
learning, memory, and long-term potentiation by genetic inhibition
of calcineurin. Cell 104, 675e686.
Levav, T., Saar, T., Berkovitch, L., Golan, H., 2004. Perinatal
exposure to GABA-transaminase inhibitor impaired psychomotor
function in the developing and adult mouse. Int. J. Dev. Neurosci.
22 (3), 137e147.
Morris, R., 1984. Development of water-maze procedure for
studying spatial learning in the rat. J. Neurosci. Methods 11,
47e60.
Morris, R.G.M., Garrud, P., Rawlins, J.N.P., O’Keefe, J., 1982. Place
navigation impaired in rats with hippocampal lesions. Nature 297,
681e683.
Neumann, H., Schweigreiter, R., Yamashita, T., Rosenkranz, K.,
Wekerle, H., Barde, Y., 2002. Tumor necrosis factor inhibits
neurite outgrowth and branching of hippocampal neurons by Rhodependent mechanism. J. Neurosci. 22 (3), 854e862.
Rondi-Reig, L., Lemaigre-Dubreuil, Y., Montecot, C., Muller, D.,
Martinou, J.C., Caston, J., Mariani, J., 2001. Transgenic mice with
neuronal overexpression of Bcl-2 gene present navigation disabilities in a water task. Neuroscience 104 (1), 207e215.
Phillips, R.G., LeDoux, J.E., 1992. Diﬀerential contribution of
amygdala and hippocampus to cued and contextual fear conditioning. Behav. Neurosci. 106 (2), 274e285.
Rothwell, N.J., Hopkins, S.J., 1996. Cytokines and the nervous
system. II: Actions and mechanisms of action. Trends Neurosci. 18,
130e136.
Saliba, E., Henrot, A., 2001. Inﬂammatory mediators and neonatal
brain damage. Biol. Neonate 79, 224e227.
Schneider, H., Pitossi, F., Balschun, D., Wagner, A., Del Roy, A.,
Besedovsky, H.O., 1998. A neuromodulatory role of interleukin1beta in the hippocampus. Proc. Natl Acad. Sci. U.S.A. 95, 7778e
7783.
Sofroniew, M., Howe, C., Mobley, W., 2001. Nerve growth factor
signaling, neuroprotection, and neural repair. Annu. Rev. Neurosci. 24, 677e736.
Sorra, K.E., Harris, K.M., 2000. Overview on the structure,
composition, function, development, and plasticity of hippocampal
dendritic spines. Hippocampus 10 (5), 501e511.
Steckler, T., Drinkenburg, W.H., Sahgal, A., Aggleton, J.P., 1998.
Recognition memory in rats e II. Neuroanatomical substrates.
Prog. Neurobiol. 54 (3), 313e332.
Sutherland, R.J., Wisshaw, I.Q., Kolb, B., 1983. A behavioural
analysis of spatial localization following electrolytic, kainate- or
colchicine-induced damage to the hippocampal formation in the
rat. Behav. Brain Res. 7, 133e136.
Tancredi, V., D’Arcangelo, G., Grassi, F., Tarroni, P., Palmieri, G.,
Santoni, A., Eusebi, F., 1992. Tumor necrosis factor alters synaptic
transmission in rat hippocampal slice. Neurosci. Lett. 146 (2),
176e178.
Tancredi, V., D’Antuono, M.D., Caf’, C., Giovedi, S., Bue, M.C.,
D’Arcangelo, G., Onofri, F., Benfenati, F., 2000. The inhibitory
eﬀect of interleukin-6 on synaptic plasticity in the rat hippocampus
are associated with an inhibition of mitogen-activated protein
kinase ERK. J. Neurochem. 75, 634e643.
Tyzio, R., Represa, A., Jorquera, I., Ben-Ari, Y., Gozlan, H.,
Aniksztejn, L., 1999. The establishment of GABAergic and

ARTICLE IN PRESS
DTD 5

H.M. Golan et al. / Neuropharmacology
glutamatergic synapses on CA1 pyramidal neurons is sequential
and correlates with the development of the apical dendrite.
J. Neurosci. 19 (23), 10372e10382.
Van Eden, C.G., Rinkens, A., 1994. Lesion induced expression of lowaﬃnity NGF-binding protein (p75) immunoreactivity after neonatal and adult aspiration lesions of the rat dorsomedial prefrontal
cortex. Brain Res. Dev. Brain Res. 82 (1e2), 167e174.
Van Praagh, H., Schinder, A.F., Christie, B.R., Toni, N.,
Palmer, T.D., Gage, F.H., 2002. Functional neurogenesis in the
adult hippocampus. Nature 415, 1030e1034.

--

(2005)

---e---

15

Villoslada, P., Genain, C.P., 2004. Role of nerve growth factor and
other trophic factors in brain inﬂammation. Prog. Brain Res. 146,
403e414.
Yang, L., Lindholm, K., Konishi, Y., Li, R., Shen, Y., 2002. Target
depletion of distinct tumor necrosis factor receptor subtype reveals
hippocampal neuron death and survival through diﬀerent signal
transduction pathways. J. Neurosci. 22 (8), 3025e3032.
Zhou, L., Shine, H.D., 2003. Neurotrophic factors expressed in both
cortex and spinal cord induce axonal plasticity after spinal cord
injury. J. Neurosci. Res. 74 (2), 221e226.

