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Abstract

Objective: Throughout the world, fetal growth restriction(FGR) is one of the most severe complications occurring during pregnancy.

It is subsequently associated with neurologic abnormalities in chldren. Our aim was to investigate the spatial learning and memory ability
of rat offspring born with FGR. Methods:A rat model of FGR was constructed using the method of passive smoking. Spatial learning and

memory were studied in rat offspring born with FGR by assessing the animals’ performance using the Morris water maze task. Results:

At 1-and 2- months of age, both female and male offspring rats showed impairment of performance, while at 4 months of age, only female
rats showed impaired performance. The FGR offspring spent a longer time swimming and used inefficient strategies(P < 0.05, respectively).
However, there were no significant maze performance FGR effects in the 4 month old male rats. In all groups of FGR offspring, irrespective
of age or sex, the time spent in the platform quadrant by the rat was significantly less than that in the control group(P < 0.05). Conclusion:
The Morris water maze performance decreased in rat offspring born with FGR. It is suggested that FGR can cause impairments of spatial

learning and memory in young animals.
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INTRODUCTION

Worldwide, fetal growth restriction(FGR), also called
intrauterine growth restriction(IUGR), is one of the most
common complications occurring during pregnancy,
with complication rates of up to 6% of all pregnancies™.
FGR is associated not only with a marked increased
risk in perinatal mortality and morbidity, but also with
long-term outcome risks!?. In the survivors there is
increased susceptibility to diabetes and cardiovascular
disease in adulthood®. Therefore, in recent years
obstetricians and pediatricians have paid more atten-
tion to the results of FGR research. During the fetal
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period the central nerve system is developing rapidly
and is easily affected by a variety of factors, which
may lead to abnormal higher nervous system activity in
the offspring. In our research, a FGR model was
constructed. At different postnatal periods the FGR
offspring performed the Morris water maze task and
we investigated the impact of FGR on spatial learning
and on memory capacity.

MATERIALS AND METHODS

The protocol for this study was approved by the
Ethical Committee of the Medical College of Xi’ an
Jiaotong University.

Rat model of FGR

In this study, adult healthy Sprague-Dawley rats were
provided by the Animal Experiment Center of Medical
College of Xi’ an Jiaotong University. The body
weight of the rats ranged from 230 g to 260 g. Animals
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were placed in cages overnight at the ratio 1:2, male to
females. Normal saline vaginal smears were performed
and the presence of sperm was used to designate day 0
of pregnancy. All pregnant rats were individually housed
in our Institute for Laboratory Animal Research, in a
temperature-controlled environment with a controlled
light and dark cycle. Temperature was controlled at the
range of 25-30°C, and the humidity was 85%. The light-
dark cycle was 12:12 h(light on at 7:00 a.m.). All preg-
nant females had ad libitum access to a standard diet
and water throughout all experiments. Twenty preg-
nant rats were chosen randomly to undergo passive
smoking for 1h in a cage at 8:00 a.m. and 4:00 p.m.
from the 1st to the 18th days of pregnancy. Meanwhile,
another 20 pregnant rats were put into a cage to inhale
air under the same conditions as a control group. Deliv-
eries were spontaneous. A neonate from the passive
smoke group was considered to be part of the FGR group
if its body weight was lower than the 10" percentile of
the average value of the air-inhaled group of the same
age(control group). At 1-, 2- and 4-month after delivery,
10 age and sex matched offspring from each group
performed the Morris water maze task.

The detection of Morris water maze

Behavioral tests took place in a water maze using
procedures described by Morris™. A round black tank
(120 cm in diameter and 55 cm in depth) was filled
with water. The pool was divided into four quadrants.
A round plexiglass escape platform (8 cm in diameter)
was placed 1 cm beneath the surface of the water at the
center of a designated quadrant. The distance from the
platform center to the pool edge was 35 cm. The location
of the platform was the same throughout the training
days. Water temperature was maintained at 23 = 1°C
and water was changed and the tank cleaned daily. The
position and orientation of the pool in the testing room
remained unchanged throughout the study, and thus,
both geometric and landmark cues were maintained
constant®!.

The Morris water maze task consisted of two tests.
The place navigation test lasted for four and a half days,
with 2 sessions per day, and each session was comprised
of four trials with an inter-trial interval of 60 s. The
inter-session interval on a single day was 2 h. Tests
were conducted between 8:00 and 12:00 a.m., and between
2:00 and 6:00 p.m. One day before the spatial training
commenced, all rats underwent pre-training to famil-
iarize them with the requirements of the test. During
the trial, each rat was left in the water facing the wall
of the pool and had 120 s in which to find the platform.
If the rat did not find the hidden platform within a
period of 120 s it was gently placed there by the
observer for 10 s and the performance score(escape

latency) was marked as “120 s”. The initial position
in which the animal was left in the tank was one of the
four cardinal compass points of the pool quadrants and
varied among trials in a pseudorandom manner. The
spatial probe test on the afternoon of the fifth training
day was comprised of only one single trial lasting 120 s.
The platform was removed from the pool, and each rat
entered the pool from the quadrant opposite to the one
containing the platform(the “platform” quadrant) in
previous testing sessions.

The swim path of a rat during each trial was recorded
by a video camera mounted above the center of the
pool and connected to a commercial video/computer
system(Beijing Logon Science and Technology). The
escape latency for finding the platform and the follow-
ing four swimming strategies were recorded: Wmarg-
inal: swimming along the pool edge, @random: swim-
ming randomly, @) tendency: swimming around but
generally towards the platform area, and @ straight:
swimming straight towards the platform. In the second
test, the time that the rat spent within 120 s on the
“platform” quadrant was additionally recorded.

Statistical analysis

The results are expressed as means = SEM. Repeated-
measure analysis of variance was used to compare the
latency of different groups. Treatment, age, and sex
were the three between-subject factors. One-Way
ANOVA tests were used to evaluate statistical differ-
ences for the time spent on the “platform” quadrant
among different groups. Swimming strategies were
analyzed by Mann-Whitney non-parametric tests. A 2-
sided P value < 0.05 was considered statistically
significant. Statistical analyses were performed using
SPSS version 13.0 software.

RESULTS

Latencies across sessions for all the animal groups
are shown in Fig. 1. All rats improved in performance
during the tests, as indicated by the progressive reduc-
tion in escaping latencies over the sessions(F= 90.968,
P < 0.05). For the three between-subject factors
(treatment, age, and sex), the interaction of sex X age
was significant(F = 5.223; P< 0.05). However, inter-
actions of treatment X age(F = 0.391, P> 0.05), treat-
ment X sex(F = 0.341, P> 0.05), and treatment X
age X sex(F = 0.285, P> 0.05) were not significant.

To analyze the treatment main effects, we examined
the differences between FGR and control groups for
each age and sex combination. Interactions between
testing sessions and treatment were not significant. The
treatment main effect was significant for the 1-month
male group(F =7.859, P<0.05), 1-month female group
(F =5.015, P<0.05), 2-month male group(F = 5.238,
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P<0.05), 2-month female group(F = 5.984, P< 0.05),
4-month female group(F = 6.607, P < 0.05), but not
for the 4-month male group(F = 0.766, P> 0.05).

Examination of the strategy profiles used by each
animal group revealed that the FGR group rats used
non-effective strategies(random strategy or marginal
strategy) more frequently but less effective strategies
(tendency strategy or straight strategy) less frequently
than control group rats except in the 4-month-old male
group(Fig. 2).

In the last test, we observed that the times spent in
the “platform” quadrant by the rats in FGR groups
were significantly less than those in the control groups
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(Table 1).
DISCUSSION

FGR is an important cause of perinatal mortality and
morbidity™ and is subsequently associated with neuro-
logic abnormalities”®.. Obstetricians and pediatricians
have a great interest in the impact of FGR on the
offspring. Since ethical and methodological constraints
limit experimental studies of human pregnancy, animal
models of FGR have been used in many research studies.
The passive smoking model of FGR in rats was used in
this study, and an impact of FGR on the neural devel-
opment of the offspring was detected.
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Fig. 1 Average escape latency during the 9 testing sessions for FGR(filled squares) and normal(open squares) offspring
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Fig. 2 Average incidence of each of the four strategies used by the FGR group(solid bars) and control group(open bars)
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Table1 Average time spentin the platform quadrant in the Morris water maze probe tests(means = SEM)

Group N 1-month 2-month 4-month

Male Female Female Male Female
FGR 10 31.85 £ 2.38" 31.22 £ 2.05" 31.52 £ 1.36% 34.45 £ 2.15* 33.65 = 1.22% 35.18 £ 2.08*
Control 10 41.15 £ 2.70 40.69 + 2.68 46.97 = 3.66 47.72 £ 3.21 41.85 £ 2.11 43.88 £ 1.27

“P< 0.05, #P < 0.01, vs control group.

In this study, we first investigated the effects of FGR
on the spatial learning and memory ability of 1-, 2- and
4-month-old offspring rats. We found that with the 1-
and 2-month-old FGR offspring groups, of either sex,
the latency to find the platform in the water maze task
was longer than for the corresponding control group.
In addition, FGR offspring were inclined to using
ineffective strategies(random or marginal strategy), and
less inclined to use effective strategies(tendency or
straight strategy). However, in 4-month-old offspring,
such an effect was only observed in females. These results
indicate that FGR impairs the learning ability of the
offspring. Our conclusion is similar to that of Leitner®
and his coworkers, whose research showed that spatial
orientation in [UGR children(6-years-old) was inferior
to their age-matched controls, and they thought this
possibly contributed to their potential learning
difficulties. Learning difficulties are frequently diag-
nosed in children born with FGR. A study by Geva et
al' showed learning difficulties accompanied by lower
academic achievement were more prevalent in children
with IUGR. Recently, other reports showed that
children born with FGR had long-term cognitive
impairments and learning difficulties in school'!"131,

The present data also show that FGR can impair the
memory capacity of offspring. The staying times spent
in the “platform” quadrant by rats in the FGR groups
were shorter than those in control groups. A few recent
studies have provided similar results on memory abili-
ties in FGR offspring. Black er all'Ystudied recognition
memory in FGR neonates. Frisk and colleagues™ exam-
ined working memory in children, and Isaacs et all'®
evaluated daily memory in adolescents born with FGR.
Those studies are agreement with our results. Recently,
research by Geva and colleagues!” found that children
with IUGR had short-term memory difficulties that
hindered both the serial verbal processing system and
simultaneous processing of high-load visuo-spatial
stimuli. However, a systematic evaluation of the vari-
ous memory systems in children with FGR has not yet
been conducted.

It is of interest that we observed a difference in the
learning ability of male and female 4-month-old FGR
offspring. FGR had a marked effect on the cognitive
performance of 4-month female rat offspring. These
female animals used inefficient strategies and spent a
longer time to find the platform compared to their

control counterparts. No significant effects were obse-
rved in the 4-month-old male groups. Similarly, pre-
vious studies have reported a sex-dependent difference
in the response to harmful prenatal environments.
Exposure to harmful factors such as alcohol, toluene,
or MR during pregnancy caused poor performance in
the water maze, but only in the female offspring of the
exposed rats'®2], It has been proposed that males gener-
ally use a single type of cue(geometric) in spatial learn-
ing, while females depend on multiple cue types®. Thus,
strategies used by males are considered less complicated
than those used by females and therefore the perfor-
mance of males in the water maze may be better than
that of females. This difference between the sexes is
not apparent in younger rats. It has been reported that
sexual development of female rats occurs later than that
of males®?!! and estrogen has been closely associated with
the neural plasticity that occurs during learning®!. The
more prolonged sexual maturation in females may lead
to a higher sensitivity to FGR, and the consequences
are more obvious when females have just become sexu-
ally mature.

Learning and memory are essential brain functions,
and the hippocampus is known to play an important
role in many types of both functions. Recent reports
point to an increased susceptibility to learning and
memory deficits among children born prematurely who
had been diagnosed with [IUGR. As is known, FGR has
a negative effect on brain development™ 2! but the
pathogenic mechanisms are not clear. The deficits in
learning and memory abilities in FGR offspring are
associated with abnormalities of the brain, especially
the hippocampus. Multiple studies have documented the
adverse effects of FGR on the hippocampus and
surrounding structures. FGR can affect brain develop-
ment in a way which could lead to neurological and
behavioral deficits in the postnatal animal. Models of
various animal species with FGR were studied and
demonstrated specific susceptibility and alterations of
the hippocampal formation and its related neural
structures. Mallard et al®®* found that the number of
neurons was reduced in the hippocampus and the
cerebellum in the postnatal guinea-pig following IUGR.
Tatli®' and colleagues proved that FGR decreased brain
weights of offspring rats and increased oxidative
damage to lipids and proteins from some CNS areas.
Additionally, experimental studies in different animal
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models of FGR have shown neuronal degeneration in
the hippocampal pyramidal neurons and loss of den-
dritic branches and density of granular neurons in the
dentate gyrus, with an overall reduction of cellularity
by 30%"=", which resulted in a reduced overall hip-
pocampal volume when measured by MRI™%,

In summary, our research shows that FGR impairs
spatial learning and memory ability of the offspring,
and that the observed impairments are gender-and
age-specific. The mechanism of these impairments
probably relates to abnormalities in the hippocampus.
The results of the present study point to the need for
further research to elucidate the neuromolecular and
neurocellular bases of these effects, and perhaps provide
clues for possible preventive measures against these
impairments.

References

[1] Gagnon R. Placental insufficiency and its consequences. Eur J
Obstet Gynecol Reprod Biol 2003; 110 Suppl 1: S99-107.

[2] Karowicz-Bilinska A, Szczerba A, Kowalska-Koprek U,
Nawrocka-Kunecka A. The evaluation of selected indices of
apoptosis in placentas from pregnancies complicated by fetal
growth restriction. Ginekol Pol 2007; 78: 521-6.

[3] Eleftheriades M, Creatsas G, Nicolaides K. Fetal growth restri-
ction and postnatal development. Ann N Y Acad Sci 2006;
1092: 319-30.

[4] Morris RGM. Spatial localization does not require the presence
of local cues. Learning and Motivation 1981; 12: 239-60.

[5] Roof RL, Stein DG. Gender differences in Morris water maze
performance depend on task parameters. Physiol Behav 1999;
68: 81-6.

[6] Aucott SW, Donohue PK, Northington FJ. Increased morbidity
in severe early intrauterine growth restriction. J Perinatol 2004;
24: 435-40.

[7] Bergvall N, Iliadou A, Johansson S, Tuvemo T, Cnattingius S.
Risks for low intellectual performance related to being born
small for gestational age are modified by gestational age. Pedi-
atrics 2006;117:460-7.

[8] Tolsa CB, Zimine S, Warfield SK, Freschi M, Sancho Rossignol
A, Lazeyras F, et al. Early alteration of structural and func-
tional brain development in premature infants born with intrau-
terine growth restriction. Pediatr Res 2004; 56: 132-8.

[9] Leitner Y, Heldman D, Harel S, Pick CG. Deficits in spatial
orientation of children with intrauterine growth retardation.
Brain Res Bull 2005; 67: 13-8.

[10] Geva R, Eshel R, Leitner Y, Valevski AF, Harel S. Neuropsy-
chological outcome of children with intrauterine growth
restriction: a 9-year prospective study. Pediatrics 2006; 118:
91-100.

[11] Camm EJ, Gibbs ME, Cock ML, Rees SM, Hardin R. Assess-
ment of learning ability and behaviour in low birthweight
lambs following intrauterine growth restriction. Reprod Fertil
Dev 2000; 12: 165-72.

[12] Hollo O, Rautava P, Korhonen T, Helenius H, Kero P, Sillanpaa

M. Academic achievement of small-for-gestational-age

children at age 10 years. Arch Pediatr Adolesc Med 2002; 156:
179-87.

[13] O’ Keeffe MJ, O’ Callaghan M, Williams GM, Najman JM,
Bor W. Learning, cognitive, and attentional problems in adole-
scents born small for gestational age. Pediatrics 2003; 112:
301-7.

[14] Black LS, deRegnier RA, Long J, Georgieff MK, Nelson CA.
Electrographic imaging of recognition memory in 34-38 week
gestation intrauterine growth restricted newborns. Exp Neurol
2004; 190 suppll: 72-83.

[15] Frisk V, Amsel R, Whyte HE. The importance of head growth
patterns in predicting the cognitive abilities and literacy skills
of small-for-gestational-age children. Dev Neuropsychol 2002;
22: 565-93.

[16] Isaacs EB, Lucas A, Chong WK, Wood SJ, Johnson CL, Marshall
C, et al. Hippocampal volume and everyday memory in children
of very low birth weight. Pediatr Res 2000; 47: 713-20.

[17] Geva R, Eshel R, Leitner Y, Valevski AF, Harel S. Memory
functions of children born with asymmetric intrauterine growth
restriction. Brain Res 2006; 1117: 186-94.

[18] Blanchard BA, Riley EP, Hannigan JH. Deficits on a spatial
navigation task following prenatal exposure to ethanol.
Neurotoxicol Teratol 1987; 9: 253-8.

[19] Hougaard KS, Hass U, Lund SP, Simonsen L. Effects of prena-
tal exposure to toluene on postnatal development and behavior
in rats. Neurotoxicol Teratol 1999; 21: 241-50.

[20] Jiang ML, Han TZ, Pang W, Li L. Gender- and age-specific
impairment of rat performance in the Morris water maze follo-
wing prenatal exposure to an MRI magnetic. Brain Res 2004;
995: 140-4.

[21] Cimadevilla JM, Gonza’ lez-Pardo H, Lo’ pez L, Di” az F,
Cueto EG, Garci’ a-Moreno LM, et al. Sex-related differ-
ences in spatial learning during the early postnatal develop-
ment of the rat. Behav Processes 1999; 46: 159-71.

[22] McEwen B. Estrogen actions throughout the brain. Recent
Prog Horm Res 2002; 57: 357-84.

[23] Huizinga CT, Engelbregt MJ, Rekers-Mombarg LT, Vaessen
SF, Waal HAD, Fodor M. Ligation of the uterine artery and
early postnatal food restriction-animal models for growth
retardation. Horm Res 2004; 62: 233-40.

[24] Tan TY, Yeo GS. Intrauterine growth restriction. Curr Opin
Obstet Gynecol 2005; 17: 135-42.

[25] Mallard C, Loeliger M, Copolov D, Rees S. Reduced number
of neurons in the hippocampus and the cerebellum in the post-
natal guinea-pig following intrauterine growth-restriction.
Neuroscience 2000; 100: 327-33.

[26] Tatli M, Guzel A, Kizil G, Kavak V, Yavuz M, Kizil M. Compar-
ison of the effects of maternal protein malnutrition and intrau-
terine growth restriction on redox state of central nervous system
in offspring rats. Brain Res 2007, 1156: 21-30.

[27] Uno H, Lohmiller L, Thieme C, Kemnitz JW, Engle MJ, Roecker
EB, et al. Brain damage induced by prenatal exposure to dexam-
ethasone in fetal rhesus macaques. I. Hippocampus. Brain Res
Dev Brain Res 1990; 53: 157-67.

[28] Uno H, Eisele S, Sakai A, Shelton S, Baker E, DeJesus O, et al.
Neurotoxicity of glucocorticoids in the primate brain. Horm
Behav 1994; 28: 336-48.






