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Modern neurosciences are now able to open new 
avenues concerning an experimental approach to 
clinical neurosciences and psychiatry. Detection and 
prediction of potential vulnerabilities such as 
behavioral disturbances and neurodegenerative dis- 
eases, are urgent tasks leading to prevention that 
must be encouraged in parallel to the enormous 
efforts displayed for treatments. Besides possible 
genetic origins of diseases, environmental factors 
are now coming under scrutiny, and especially dele- 
terious and challenging life events and stress occur- 
ring during prenatal and postnatal critical periods 
may orient brain functions towards deleterious 
developments. The hypothesis that will be exam- 
ined is that early events might be at the origin of 
pathological transformations and symptoms after 
long periods of apparent normal abilities and behav- 
ioral homeostasis. We used models of prenatal stress 
and postnatal manipulations such as cross-fostering. 
It will be demonstrated that such events induce 
long-term changes, cognitive and emotional modifi- 
cations appearing first, when offspring are adults, 
followed by cognitive defects later in life. Increased 
sensitivity of the hypothalamic pituitary-adrenal 
axis (HPA), the endocrine system controlling the 
secretion of stress hormones (corticoids), appears to 
be a major element of pathogenesis. HPA axis dys- 
function appears very early after birth (3 days) and 
lasts for months. Cumulative exposure to high levels 
of hormones seems to be detrimental for some brain 
regions, especially the hippocampus and major neu- 

rotransmitters systems such as dopamine neurons. 
We evidenced that neuronal modifications in hip- 
pocampal region are correlated with behavioral and 
cognitive defects, relating environment, stress in 
early life, hormonal changes, long-term neuropatho- 
logical processes and impaired cognition in aging. 
Moreover appears in offspring, when adults, a 
proneness to engage in drug dependence. These data 
emphasize the need to consider early environmental 
life events as etiological factors for delayed neu- 
ropsychiatric disturbances, neurodegenerative 
defects included. Moreover, they strengthen the 
interest for a longitudinal approach to promote 
experimental psychopathology. 

I. I N T R O D U C T I O N :  D E V E L O P M E N T A L  

P S Y C H O P A T H O L O G Y  AS A N  E M E R G I N G  
FIELD OF RESEARCH 

By tradit ion the province  of child psychologis ts  

and child psychiatrists,  deve lopmenta l  psycho-  

pathology,  is becoming  a key  discipline of its 

own. It emphas izes  gene-env i ronment  interac- 
tions dur ing  fetal and perinatal  bra in  develop-  
ment ,  and more  generally, the possible defects 
arising in brain morphogenes i s  and  connectivi- 
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ties and all the neuroadaptative processes that 
change the normal course of brain maturation 
(West and King, 1987). While enormous efforts 
are directed to the understanding of the genetic 
disabilities, few is still known concerning the 
pathological effects of perinatal environments, 
prenatal in particular. Within this complex and 
multidimensional landscape, genes and environ- 
ment often conspire to derail normal develop- 
mental pathways; prenatal and perinatal events 
influence individual's vulnerability and suscep- 
tibility to a range of pathological conditions. 
Advances in the developmental neurosciences 
allow now to move to identify specific genetic 
but also epigenetic risk factors and to develop 
animal models (Lekman, 1999) 

Most of the data on the effects of prenatal 
stress in humans come from retrospective stud- 
ies on children whose mothers experienced vari- 
ous forms of life events during pregnancy. These 
stress include familial and marital discord, death 
of the husband, proximity of an airport and the 
unpredictable aircraft noises associated, threat of 
war, etc .... These stimuli, different in nature, 
induced consistent changes in children's behav- 
ior and development (Huttunen and Niskanen, 
1978; Schell, 1981; Stott, 1973). Indeed, children 
displayed long-term behavioral abnormalities 
such as unsociable and inconsiderate behaviors, 
hyperactivity-attentional deficit disorder, sleep 
disturbances and some psychiatric disorders 
including schizophrenic episodes, depressive 
and neurotic symptoms or drug abuse, mood 
and anxiety disorders (Hammen et al 1992; Hut- 
tunen and Niskanen, 1978; Jones and Tauscher, 
1978; Meijer, 1985; Schatzberg and Nemeroff, 
1995; Stott, 1973). 

Recent studies have looked at links between 
various types of antenatal maternal psychologi- 
cal distress and obstetric outcome. Most of these 
studies, although not all (Perkin et al., 1993), 
have pointed in the same direction: mother's 
stress or anxiety are linked with prematurity or 
low birth weight (Pagel et al., 1990; Hedegaard et 
al., 1993; Copper et al., 1996), as well as a lower 
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FIGURE 1 Study of corticosterone secretion after exposure to 
novelty in 3-, 21- and 90-day old rats. Basal levels (TO) of cor- 
ticosterone were no affected by prenatal stress in 3-, 21- and 
90-day old male rats. Conversely, 3 and 21 day-old offsprings 
of stressed mothers exhibited a significant rise in corticoster- 
one after exposure to stress (T30), whereas control 3 day-old 
pups remained unresponsive. At 90 days of age the prena- 
tally stressed animals showed no difference 30 rain after 
stress (T30) however, after 120 min (T 120), corticosterone 
levels remained elevated in prenatally-stressed rats with 
respect,to controls. Eight to 5 animals were used for each 
group, p<0.05; p<0.01; 0 Control; �9 Prenatal stress 

blood circulation in the fetal middle cerebral 
artery that can affect fetal brain development 
(Sjostrom et al., 1997). Prenatal stress also signifi- 
cantly worsened the scores on the neonatal neu- 
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FIGURE 2 Hippocampal type I and type II corticosteroid receptor numbers in 3-, 21- and 90-day-old male rats. The maximal 
binding capacity (Bmax) of type I receptors is indicated in the top of the figure. The Bma x of type II receptors is indicated in the 
bottom of the figure. Type I and type II corticosterone receptor numbers were no different at 3 days of age, but were signifi- 
cantly lower in prenatally-stressed animals compared to controls at 21 and 90 days. At 21 days, type I was -31% and type II 
-18%. At 90 days of age type I was -70% and type I1-30%. For the study at 3 and 21 day, s,of age the number  of animals was 1416 
for group; for the study at 90 days of age 7 rats for group were used. p<0.05; P<0.01; p<0.001; [] Control; �9 Prenatal stress 

rological examination (Lou et al., 1994) and has 
been associated to childhood sleep problems 
(Armstrong et al., 1998) and subsequent 
increased hypothalamic pituitary-adrenal(HPA) 
responsiveness reminiscent of major depression 
in adults (Barden et al., 1995). It is now admitted 
that maternal stress in pregnancy has long-term 
neurodevelopmental effects on the infant, and 
that these may include an increased predisposi- 
tion to later depression (Glover, 1997). 

These behavioral disturbances and psychopa- 
thology reflect neuroadaptive processes that 
have occurred in consequence of such life events. 
Neuroadaptive processes refer to the structural 
and functional changes resulting from environ- 
mental constraints, such that they induce lapses 

of homeostatic processes. These contraints are 
generally repeated or chronic and imposed to 
the organism which cannot cope with the situa- 
tion. The nervous system adapts itself and 
undergoes a change which is frequently long 
lasting if not definitive. In other words the long 
term effects of the physiologic response to stress 
refer to mechanisms now labeled as allostatic 
load. Allostasis is the ability of the organism to 
achieve stability through change (see Koob and 
Le Moal, 1997) and is critical to adaptation and 
to survival. Through allostasis the regulatory 
systems, and primarily the nervous system, pro- 
tect the organism by responding to challenges. 
The price of these transactions and accommoda- 
tion to environmental constraints, can be allosta- 
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FIGURE 3 Percentage of time spent in open arms (open/open + closed) measured in the elevated plus-maze over the 10 min test 
(mean + SEM). Prenatally stressed rats (n-27) had a lower score than that of control (n=61) and handled rats (n-28), whereas the 
score of the handled rats was hi, gher than the one of control rats, indicating that prenatally stressed rats took refuge more than 
the other groups. PS versus C, p<0.01; PS versus H, ~176176 H versus C, p<0.01) 

tis load, "which is the wear and tear that results 
from chronic overactivity or underactivity of 
allostatis systems" (see McEwen, 1998). Many 
methods are used in adult animals to provoke 
these basic changes that place the brain in 
another state: kindling, long-term potentiation, 
sensitization, stress, etc... However new meth- 
odologies are now available to approach in ani- 
mals, long term effects of perinatal stress. 

II. P E R I N A T A L  STRESS M E T H O D O L O G I E S  
IN A N I M A L S  

Offspring stimulations in rats derives of meth- 
ods inaugurated by Joffe (1965, 1969) and Ward 

(Ward 1972, 1984; Ward and Weisz, 1984) for 
prenatal stress and determination of critical peri- 
ods of hormonal systems development in fetuses 
and by Levine (Levine, 1962, Levine and Lewis 
1959, Levine et al, 1967) for post-natal stimula- 
tions sometimes called handling. 

For the experiments that shall be described, 
pregnant female Wistar rats weighing between 
250 g and 300 g were used. Animals were pur- 
chased from Iffa Credo (France) and shipped at 
the third day of pregnancy. The animals were 
individually housed with ad libitum access to 
food and water in a constant dark-light cycle 
(light on 06.00 h, off 18.00 h). The animal house 
was maintained at a temperature of 22~ and 
humidity was controlled (60%). Animals were 



LIFE EVENTS CHANGE NEURODEVELOPMENT 69 

generally divided in 2 groups of 10. One group 
was submitted to restraint stress by placing thern 
for 45 min in a plastic transparent cylinder (6 cm 
diameter, 20 cm long) three times per day (09.00, 
12.00 and 17.00 hr) between the 14 th and the 
21Stdays of pregnancy. The sessions were per- 
formed in a lighted environment. The animals of 
the control group were handled with the same 
schedule. After birth, the litters were reduced to 
8 animals including all the males, who were 
raised by their biological mother until the 21 st 
day of postnatal life. During the third month of 
postnatal life, two male rats were selected at ran- 
dora form each litter to form 2 groups, one con- 
taining animals from stressed mothers (prenatal 
stress group), and the second from control moth- 
ers (control group). This stress procedure was 
chosen as it has an indirect influence on the fetus 
via a direct stress on the mother. We evidenced 
that mother's corticosterone, crossing the pla- 
centa barrier, was the primary agent acting 
directly onto foetus brain and organism (for 
review Maccari et al., 1998). 

An adoption procedure was used as a postna- 
tal challenge. In our hands this method was the 
most accurate to stimulate pups by their mother. 
At birth, half of the pups were raised by their 
biological mother and the other half were 
assigned to either control of prenatally stressed 
foster mothers. The pups were placed in the cage 
of the adoptive mother within the first 3-6 hr 
after birth. During this procedure, the mothers 
were briefly (less than 1 rain) removed from 
their cages. The offspring were weaned 21 days 
after birth, and left undisturbed until testing at 
90 days of age. No more than three male siblings 
per litter were tested in adult life. To study inter- 
actions between adoption and prenatal stress 
necessitated complex experimental design (Mac- 
cari et al., 1995). In addition to the two groups as 
defined above, a third and a fourth groups con- 
tained either control or prenatally stressed rats 
that were raised by an adoptive foster mother of 
the same group. Thus, the third group contained 
prenatally unstressed offspring adopted by a 
control unstressed mother, and the fourth group 

contained prenatally stressed offspring adopted 
by a stressed mother. The last two groups con- 
tained offspring, either unstressed or stressed 
prenatally, that were adopted by mothers of 
opposite groups. Thus, one group contained pre- 
natally unstressed rats raised by a stressed foster 
mother while the other contained prenatally 
stressed rats adopted by an unstressed foster 
mother. These groups were used to study of the 
effects of prenatal stress, to study the effects of 
adoption per se and its influence on the effects of 
prenatal stress, and to control for the influence of 
the experiences of the foster mother on the out- 
comes of adoption. Maternal behavior was 
observed in specific procedures. Both foster and 
biological mothers were removed from their 
cages for 1 rain, and the pups were distributed 
around the cage. Maternal behavior was 
observed from the moment the mother was 
reintroduced into the cage. The parameters 
recorded were retrieval latency, i.e., time spent 
by the mother to pick up and to place each pup 
in the nest over 30 min, and time of contact, 
measured by the time spent by the mother lick- 
ing and picking up pups over 15 min. These 
parameters provide reliable information on 
maternal behavior and are widely used in stud- 
ies on laboratory rats. 

Postnatal manipulation can also take the form 
of the classic handling procedure (Meaney et al., 
1987). After birth, all the pups were kept 
together with their respective mother. This 
manipulation was performed daily from postna- 
tal day 1 to postnatal day 21 (day of weaning). 
Briefly, pups from each litter were picked up 
and transferred from their home cage to a cage 
containing paper toweling. Separate cages were 
used for each litter throughout the experiment. 
Pups from one litter remained together in the 
cage for 15 rain (at 11.00 h every day) before 
being returned to their home cage. The mother 
was taken out of the home cage, kept alone in 
another cage over the 15 min and was then 
returned to the home cage together with her 
pups. Handling sessions were always performed 
in the same experimenter. 
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FIGURE 4 Longitudinal study of corticosterone secretion at 
4, 16 and 24 months in control (C, n-20), prenatal stress (PS, 
n=12) and handling (H, n-7) animals. The time course of the 
secretion of corticosterone is represented at different times 
following a 30-min restraint stress (black line of abscissa). At 
4 and 16 months, the post-stress secretion of corticosterone, 
at T90 and T120 min, is increased in PS animals in compari- 
son with C and H animals (PS versus C, p<0.05; p<0.02; PS 
versus H, ~ ~176 ~176176 while the secretion 
is decreased in H animals compared with C animals (*p<0.05, 
**p<0.01). At 24 months the recovery of the response to stress, 
2 hrs after the beginning of the stress, differs between 
groups. The secretion is higher in PS animals than in H ani- 
mals (~176176 while it is lower in H animals than in C ani- 
mals (**p<0.01) 

In adults, stress was administered by the 

restraint stress carried out in an identical plastic 

cylinder, for 30 minutes), hormone  levels being 

determined in blood samples wi thdrawn from 

the tail vein. In some cases rats were placed in 

circular corridor, a novel environment  consid- 

ered as a stressful situation. The procedure  used 

for hormonal  and receptor assays have been 

extensively described in details (see Maccari et 

al., 1995). Finally the behavioral measures have 

been described in Vall6e et al. (1997, 1999). 

III. L O N G  TERM H O R M O N A L  

A N D  N E U R O B I O L O G I C A L  C H A N G E S  

AFTER PERINATAL STRESS 

A. Early maturation and feedback defect 
of the HPA axis 

In the adult, the HPA is central for the control of 

the homeostatic disturbances induced by stress 

and the hyperactivity of HPA axis has already 

been associated with behavioral disorders. The 

activity of the HPA axis plays also a critical role 

in the behavioral modifications observed in pre- 

natally-stressed rats. Thus, the development  of 

the HPA axis of the fetus is influenced by 

in-utero exposure to abnormal levels of maternal 

glucocorticoids dur ing stress which are able to 

cross the placental and blood-brain barriers 

(Zorsow et al, 1970, Maccari et al., 1998) and that 

results in long lasting perturbations in the off- 

spring. Literature data show that a prenatal 

stress is able to increase HPA axis reactivity in 

the early stage of life (Takahashi eta., 1992) but it 

was not clear if this manipulat ion was able to 

modify glucocorticoid feedback in the adult  and, 

if so, how. Hippocampal  type I and type II corti- 

costeroid receptors regulate at least in part  the 

negative feedback of the HPA axis in adult  ani- 

mals (for review, see Mc Ewen et al, 1986). We 

investigated the influence of prenatal stress on 

the development  of the HPA axis regulation and 
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corticosteroid receptors density of the offspring 
(Henry et al., 1994). 

As show in fig. 1 maternal stress during preg- 
nancy has short- and long-term effects on HPA 
axis reactivity of the offspring. In 3 and 21-day 
old male rats, the rise in plasma corticosterone in 
response to stress was significantly higher in 
prenatally-stressed pups. Furthermore, control 3 
day-old rats showed no response to nov- 
elty-stress. In control adult rats corticosterone 
levels declined at 120 min, whereas prena- 
tally-stressed subjects still displayed elevated 
levels after the same delay. Moreover, prenatal 
stress decreased type I and type II corticosterone 
receptors in the hippocampus at 21 and 90 days 
of age, whereas the same group studied at 3 days 
after birth did not display any change in receptor 
number (fig.2). No change in receptor affinity 
was encountered in animals examined at 21 and 
90 days of age. Both basal and stress corticoster- 
one levels increase during development. Type II 
hippocampal glucocorticoid receptor density 
appeared to be greater than type I density at 
every age and type I and II receptors reached the 
adult's density at 21 days. Importantly these data 
evidence a possible plasticity of the stress 
hyporesponsive period (SHRP), which is mainly 
based on the lack of corticosterone secretion after 
exposure to various stressors, as we found in 
control 3 day-old rats. Our data evidence that 3 
day-old animals born by mothers stressed dur- 
ing the last week of pregnancy respond to the 
stress procedure, and the prenatally-stressed 3 
day-old rats had the same density of hippocam- 
pal corticosteroid receptors than controls, so that 
the changes in corticosterone secretion appear 
earlier than the changes in corticosteroid recep- 
tors. This disappearance of the SHRP could 
account for the decrease in hippocampal gluco- 
corticoid receptor densities observed in prena- 
tally-stressed 21 and 90 day-old rats. In fact, rats 
treated with glucocorticoids during the first 
week of life have permanently reduced brain 
weights and DNA contents and the effects are 
most profound in those brain regions where 

there is extensive postnatal mitosis, such as in 
the hippocampus (Bohn, 1980). Maternal stress 
alters in the long run the reactivity of the HPA 
axis in response to stress and decreases the 
number of type I and II corticosterone receptors 
in the hippocampus of adult rats. 

B. Neuroadaptation within the dopamine 
transmission and increased psychostimulant 
actions 

In another series of experiments we evidenced 
that restraint stress resulted in functional altera- 
tion in the meso-limbic dopaminergic system in 
the offspring (Henry et al., 1995). First, prenatal 
stress induced opposite changes in dopamine D2 
and D3 receptor densities in the nucleus 
accumbens of the adult offspring. The D2 recep- 
tor density increased by 24% in the nucleus 
accumbens, but not in the striatum, while the D3 
receptor density decreased in both the shell 
(-16%) and the core (-26%) of the nucleus 
accumbens. In contrast, no change in dopamine 
receptor density was detected in the striatum, 
and the D1 receptor binding in the nucleus 
accumbens was not significantly affected by the 
prenatal stress. Second, these prenatally-stressed 
animals, with a higher D2 and a lower D3 recep- 
tor density in the nucleus accumbens, were more 
rapidly sensitized to amphetamine, although 
their motor response to the first injection of 
amphetamine was comparable to that of the con- 
trols, indicating that they were not previously 
sensitized to amphetamine. Moreover, there was 
no difference between the prenatally-stressed 
animal and the controls after the injection of 
saline, showing that the basal level of locomotor 
activity was not influenced by prenatal stress A 
complex literature has been devoted to the 
involvement of the meso-accumbens dopaminer- 
gic system in the effects of psychomotor stimu- 
lant drugs, in the sensitization to 
psychostimulant drugs, and in the self-adminis- 
tration of psychostimulants, which are three 
related but distinct processes (for review see Le 
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FIGURE 5 Longitudinal study of the spatial recognition memory in the Y maze at 6, 15 and 21 months in control (C, n=20), pre- 
natal stress (PS, n-12) and handling (H, n-7) animals. Top. Percentage of the number of visits to the novel arm with an 8-h 
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mals versus H animals, ~ Bottom. Percentage of the number of visits to the novel arm with a 24-h ITI. The performance of 
C animals is impaired at 21 months, i.e. they explored the three arms of the maze equally. Prenatal stress increases the 
age-related deficits, as the performance of PS animals is also impaired at 15 months and remains impaired at 21 months. Con- 
versely, postnatal handling inhibits the age-related deficits. H animals recognize the novel arm throughout their lives., and they 
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M o a l  a n d  S imon,  1991). T a k e n  toge ther ,  ou r  da ta  

s u g g e s t e d  of  a co r re l a t ion  (and poss ib ly  a causal  

r e l a t ionsh ip )  b e t w e e n  a pa r t i cu la r  pa t t e rn  of sen-  

s i t iv i ty  to d o p a m i n e  in the n u c l e u s  a c c u m b e n s  

(h igher  D2 and  l o w e r  D3 r ecep to r  dens i ty )  and  a 

capac i ty  for s t i m u l a n t  sens i t iza t ion .  As w e  shall  

see (par t  V) this  acce le ra ted  sens i t i za t ion  to psy-  

c h o s t i m u l a n t s  cou ld  accoun t  for the  inc reased  

p r o p e n s i t y  of  p r ena t a l l y - s t r e s sed  rats to d e v e l o p  

a m p h e t a m i n e  s e l f - admin i s t r a t i on  in  a d u l t h o o d .  

C. Corticosterone-dopamine interactions 

A po ten t i a l  c a n d i d a t e  as m e d i a t o r  of m a t e r n a l  

stress effects on  the  d o p a m i n e r g i c  s y s t e m  of the  
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animals versus PS animals, ~176176 

offspring is an impaired control of corticosterone 
secretion. As evidenced before, corticosterone 
released during stress sessions in the mother 
affects the development of HPA axis in the fetus 
that persists until adulthood. In another study 
we have shown that glucocorticoids promote 
sensitization to amphetamine in rats, mainly 
through type II receptors (Rivet et al., 1989) while 
administration of psychostimulant drugs acti- 
vates the HPA axis; moreover blockade of the 

HPA axis attenuates amphetamine-induced sen- 
sitization without affecting the amplitude of the 
motor response to the first amphetamine injec- 
tion (Cole et al, 1990), while high circulating lev- 
els of corticosterone correlate with an increased 
propensity to amphetamine self-administration 
(Piazza et al, 1991a). The HPA axis thus plays a 
key role in the development of sensitization to 
psychostimulant drugs. This idea is further sup- 
ported by the presence of glucocorticoid recep- 
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tors irL the dopaminergic neurons, within the 
ventral tegmental area, projecting to the nucleus 
accumbens and the observation that glucocorti- 
coids modulate the release of dopamine in the 
mesolimbic system (Piazza and Le Moal, 1997; 
Piazza et al 1996, Harfstrand et al, 1986). 

Finally, these experiments provide an animal 
model in which an epigenetic factor determines 
individual differences in the ability to develop 
psychostimulant sensitization, concomitant to 
changes in mesolimbic dopamine system that 
may help to understand the neural substrate for 
vulnerability to drug addiction (part V). For a 
large part the profound HPA axis disturbances 
are causal factors for these symptoms. 

IV. E M O T I O N A L  A N D  C O G N I T I V E  

DELETERIOUS C H A N G E S  AFTER 
P E R I N A T A L  LIFE EVENTS : A LIFE-SPAN 

STUDY.  ROLE OF H P A  AXIS ALLOSTASIS  

A. E m o t i o n a l  reactivity and anxiety  

Prenatal stress and postnatal manipulations 
have been associated with an increase (Fride et 
al., 1986) and a decrease (Fride and Weinstock, 
1988; Wakshalk and Weinstock, 1990), respec- 
tively, in emotional behavior. In agreement with 
these findings, a postnatal manipulation, han- 
dling in the first 3 weeks of life, has been 
reported to prevent the change in behavioral 
reactivity observed in adult rats previously sub- 
mitted to a prenatal stress such as restraint stress 
of the dams during gestation (Wakshlak and 
Weinstock, 1990) while others failed to confirm 
these results concerning behavioral reactivity 
(Pfister and Muir; Ogawa et al., 1994). These dif- 
ferences may be attributable to the use of differ- 
ent early manipulations or different behavioral 
tests (see Vall6e et al., 1997). 

We have developed a series of experiments to 
determine the role of epigenetic factors in behav- 
ioral reactivity and emotion (Vall6e et al., 1997). 

The long-term influence of perinatal experiences 
on adult emotional behaviors and their correla- 
tion, as suspected before, with the stress-induced 
corticosterone secretion has been studied. To this 
end, two perinatal environmental modifications 
were used; a prenatal stress, consisting of 
repeated restraint of the mother during the last 
week of pregnancy and a postnatal manipula- 
tion, consisting of daily handling during the first 
3 weeks of life. In the adult offspring of these 
perinatal manipulations, anxiety-like behavior 
has been assessed by evaluating behavioral reac- 
tivity in response to novelty and anxiety tasks, 
using several parameters. Furthermore, to dis- 
criminate exploratory behavior from escape 
behavior, a descriptive analysis of these parame- 
ters has been performed using a principal com- 
ponent analysis (PCA). Finally, a correlation 
between these behavioral responses and 
stress-induced corticosterone secretion in these 
rats has been investigated. 

The results demonstrate that prenatal stress 
and postnatal handling induce opposite behav- 
ioral responses to novelty and opposite neuroen- 
docrine responses to stress in adult offspring. 
Prenatal stress induced a novelty-induced 
escape behavior and a prolonged stress-induced 
corticosterone secretion. The results analysis 
obtained with the PCA show that the behavioral 
reactions to novelty can be dissociated in two 
responses: exploratory and escape. Thus, the 
increased number of visits in a Y-maze test and 
increased distance covered in a open-field test 
during the first 5 min were associated in the 
same factor of the analysis and was interpreted 
as an initial escape behavior in response to nov- 
elty. Furthermore, prenatally stressed rats spent 
less time in the open arms of an elevated 
plus-maze, reflecting an avoidance of anxio- 
genetic places. The postnatal handling manipu- 
lation, in contrast, induced an enhanced 
exploratory behavior in response to novelty and 
a reduced stress-induced corticosterone secre- 
tion. Indeed, handled rats spent more time in the 
open arms of the elevated plus-maze (fig.3) and 
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FIGURE 7 Effects of adoption, on day 1 of the adoption pro- 
cedure, on maternal behavior. Top, Foster mothers (n=15) 
spent longer licking and picking up the pups (contact time) 
than did biological mothers (n=20). Bottom, latency to 
replace all the pups in the nest (retrieval latency) was lower 
in foster than in biological mothers. The duration of observa- 
tion was of 15 min for the contact time and 30 min for the 
retrieval latency. *p<0.05; p<0.01. Errors bars show SEM 

The correlation analysis including all the ani- 
mals showed that both  the number  of visits in 
the Y-maze test dur ing the first 5 min and the 
time spent in the corners of the elevated 
plus-maze were positively correlated with the 
corticosterone secretion after a stress, whereas  
the time spent in open arms of the elevated 
plus-maze was negatively correlated with the 
corticosterone secretion after a stress. In brief our  

data evidenced that animals with high levels of 
corticosterone 2 hr after stress, such as prenatal ly 
stressed animals, have a high escape behavior,  
and animals with a reduced corticosterone secre- 
tion 2 hr after stress, such as postnatal ly handled  
animals exhibits a high exploratory behavior.  

These data evidence that the emotional  pat- 
terns of adults is differentially influenced by  
perinatal experiences. Prenatal stress induces a 
hyper-anxiety,  expressed as an escape behavior,  

which is positively correlated with post-stress 

levels of corticosterone, whereas  early postnatal  
handl ing induces a hypo-anxiety,  expressed as 
an exploration behavior,  negatively correlated 
with post-stress levels of corticosterone. Prenatal 
stress induces a pro longed post-stress corticos- 
terone secretion in adult  rats associated with a 
decreased h ippocampal  corticosteroid recep- 
tors. In the other hand,  early postnatal  handl ing 
induces a decrease in corticosterone secretion in 
response to stress and an increase in the number  
of h ippocampal  receptors in adult  rats, these 
effects persisting in aged rats (Meaney et al., 
1988). Interestingly, these s tudy show that pre- 
natal and postnatal events had opposite  influ- 
ences on regulation of the HPA axis activity 
following stress in adul thood.  

spent  less time in the corners of the open-field 
test. These two behavioral  responses are inter- 
pre ted as a unique behavior,  because they are 

associated in a PCA analysis. They may  repre- 
sent an explorat ion of anxiogenic environment ,  
i.e., the center of the open field and the open 
arms of the elevated plus-maze. 

B. Cognitive evaluation after perinatal stress: 
a life-span study 

In contrast, neither prenatal  stress nor  handl ing 

changed spatial learning and m e m o r y  perform- 

ance in adult  rats. Indeed, in the water  maze, the 
distance and latency measures did not  differ 
among the groups in the learning and reversal 
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phases. Moreover, in the two trials memory test, 
the number of visits and time spent in the novel 
arm were not different among the groups. 

The HPA axis plays a role in cognitive mecha- 
nisms. For example, in humans, a negative rela- 
tionship between stress-induced cortisol levels 
and memory performance has been reported in 
healthy adults and administration of glucocorti- 
coid agonists induces memory impairments in 
humans as well as in animals (for review, see 
McEwen and Sapolsky, 1995; Kirschbaum et al., 
1996; Vall6e et al. 1997), while glucocorticoids are 
involved in the regulation of memory storage 
(McGaugh, 1989). However effect of prenatal 
and postnatal experiences on cognition has been 
studied to a lesser extent than anxiety and emo- 
tion and the behavioral effects reported are not 
unequivocally related to cognitive functions. 

No study had investigated whether these 
opposite effects persisted throughout the entire 
life of the animals. Moreover these data led open 
the question of the evolution of cognitive abili- 
ties in a context of an increased stress axis reac- 
tivity through life, leading to allostasis load. As 
shown, this axis is one of the neurobiological 
substrates of the behavioral consequences of 
perinatal stressful events. The glucocorticoid 
cascade hypothesis (Sapolsky et al., 1986, McE- 
wen and Sapolsky, 1995) postulates that during 
ageing, glucocorticoids might be involved in 
cognitive alterations. Thus, elevated circulating 
glucocorticoids levels are related to memory 
impairments in elderly subjects (Lupien et al., 
1994, 1998), as well as in old rats (Landfield, 
1978; Issa et al., 1990). Although these studies 
pointed to the existence of a subpopulation of 
aged subjects differing in HPA activity and cog- 
nitive efficiency, they did not test for the impact 
of altered glucocorticoid secretion through life 
on memory performance in later life. More 
importantly, in these cross-sectional studies, 
relationships have been evaluated in different 
animals across different age ranges and many 
have focused only on aged rats. So that it was of 
importance to develop investigations aimed at 

the understanding of co-evolution of the 
age-related HPA activity and behavioral alteration. 

We investigated the long-term consequences 
of a prenatal or postnatal stress in rats upon the 
HPA activity and cognitive performance, with a 
particular interest in relationships between a 
hyper- or hypo-secretion of glucocorticoids and 
the age-related learning and memory perform- 
ance (Vall6e et al., 1999). In brief the data show 
that prenatal stress and postnatal handling 
induced opposite neuroendocrine responses to 
stress throughout the life of the offspring, associ- 
ated with opposite cognitive effects in later life. 
In control rats, both basal and stress-induced 
corticosterone secretion increased with age. The 
elevated basal secretion was observed in old but 
not in middle-aged rats. However, the stress 
response was enhanced in middle-aged rats and 
further accentuated in the old rats. These results 
corroborates data reported in humans. 

As shown in fig.4 early stressful experiences 
have opposite influences on the age-related glu- 
cocorticoids secretion of the animals. Conversely 
postnatal handing prevents the age-induced 
impairment in HPA axis function. The fact that 
the HPA activities of old control rats and old 
prenatal stress rats are similar could be 
explained by a "ceiling effect" due to the age of 
the animals (Sapolsky, 1992). We also showed 
that these data were largely related to corre- 
sponding changes in hippocampal receptors 
densities and binding, mainly of type II category. 
If the mechanisms by which prenatal 
stress-induced increased in maternal glucocorti- 
coids impairs the offspring axis are well estab- 
lished (Barbazanges et al., 1996a), few is 
understood for the postnatal effect. 

Although the perinatal manipulations had no 
effect on the learning and memory capacities in 
young rats, they had a strong impact on the cog- 
nitive performance in old animals. Prenatal 
stress increases risk factors related to ageing and 
enhances age-related memory impairments. This 
alteration became apparent in middle-aged, i.e., 
16-18 months for rats. Prenatal stress rats exhib- 
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ited an impaired recognition memory in the Y 
maze compared with controls. Moreover, the 
prenatal stress induced further deficits in old 
rats. This was observed for recognition memory 
in the Y maze (fig.5) and working memory in the 
radial maze (fig.6). Conversely, we also observed 
that postnatal handling can prevent memory 
deficits in old rats in the Y maze and radial 
maze. No deficits in recognition memory of the 
novel arm in the Y maze with a 24-h intertrial 
interval were observed for the aged handled rats 
in contrasts to the aged control rats who 
explored the three arms of the maze at random. 
In addition, in the radial maze the aged handled 
animals made significantly fewer errors than did 
the aged controls. Interestingly, the memory per- 
formance of aged handled rats did not differ 
from that of young control naive rats. These 
results strongly suggest that age-related learning 
and memory deficits can be prevented by post- 
natal handling. Taken together these results indi- 
cate that perinatal manipulations failed to alter 
the spatial memory function at 6-7 months old. 
The difference emerged over time as a function 
of an interaction with age risk factors. Thus, the 
differences observed in memory performance 
could be explained by an inhibition of the ageing 
process induced by postnatal handling, while 
the prenatal stress increased this process. 

In summary, our results provide evidence that 
environmental manipulations occurring early in 
life induce changes in the HPA axis activity that 
endure throughout the life (allostasis load) of the 
organism and occur before effects on cognitive 
functions. These results suggest that prenatal 
stress could be a useful model for studying age 
neurodegeneration, especially for understanding 
mechanisms underlying the role of glucocorti- 
coids in cognitive disorders. 

C. Interactions between pre and postnatal 
events 

Although prenatal and postnatal events can 
have different behavioral consequences, they 

may also impinge on the same behavioral 
response, and postnatal manipulations can 
reverse the behavioral effects of prenatal stress. 
For example, postnatal handling can reverse the 
increase in emotional reactivity induced by pre- 
natal and reduces stress-induced corticosterone 
secretion in adult and aged individuals, proba- 
bly by strengthening corticosterone feedback. It 
was of interest to examine the influence of post- 
natal experiences or prenatal stress deleterious 
effects. 

We thus assessed stress-induced corticoster- 
one secretion and hippocampal corticosteroid 
receptors in adult rats that had been submitted 
to prenatal and/or  postnatal manipulations. 
Again repeated restraint of the mother during 
the last week of pregnancy was used as prenatal 
stressor, while adoption at birth was used to 
change the postnatal environment. Adoption is, 
in our hands, another way to stimulate the 
mother -offspring diadic relationship and an 
consequence to stimulate the pups with a minor 
intervention of the experimenter, than through 
handling procedure. Measures of mother's 
behavior evidence that foster mothers displayed 
more contact time and lickings with the pups 
and far less retrieval latencies after separation 
(fig.7). As explained before (past II), such experi- 
ments required a complex design with several 
experimental groups in order to evaluate the role 
of each components, stress, state of the mothers, 
adoption, and interactions. Our results (Maccari 
et al., 1995) demonstrate (fig.8) that 1) prenatal 
stress decreases central corticosteroid receptors, 
and prolongs stress-induced corticosterone 
secretion in adult male rats, 2) adoption at birth, 
independently by the stress experience of the 
foster mother, reverses the effects of prenatal 
stress, 3) adoption per se modifies maternal 
behavior, increasing pup-directed behavior in 
foster mothers, and decreases the stress-induced 
corticosterone secretion peak in the adult off- 
spring. The interaction of adoption with prenatal 
stress and the biological effects of adoption per se 

were not influenced by the treatment received by 
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adoptive mothers during pregnancy (not 
shown). Similar results were observed whether 
the foster mother was stressed or not during 
pregnancy. Adoption also enhanced maternal 
behavior as the foster mothers devoted more 
attention to the pups than did the biological 
mothers. 

In conclusion these data demonstrate the com- 
plexity of environmental actions when they 
occurred at different periods of development. 
These actions are long-lasting anf might be at the 
source of neurodegenerative processes observed 
during aging. Importantly, some of these envi- 
ronmental actions might have protective effects. 

V. PROPENSITY FOR INTRAVENOUS 
PSYCHOSTIMULANT 
SELF-ADMINISTRATION IN ADULT 
OFFSPRING OF STRESSED MOTHERS 

Although recent years have seen a significant 
change for the understanding of the neurobio- 
logical substrates of dependence, the psychobio- 
logical determinants of drug addiction are still 
largely unknown. However, clinical and psycho- 
logical studies indicate that one of the main fac- 
tors conditioning the development of addiction 
is the peculiar sensitivity of some individuals to 
the reinforcing effects of these addictive drugs. 
Comprehension of the origin of such differences 
should, therefore, throw light on the etiology of 
addiction (for review, Koob and Le Moal, 1997). 
In brief why some individual will succomb and 
others not, why some organisms are more vul- 
nerable is still unknown. 

In previous studies using intravenous drug 
self-administration (SA), a widely used experi- 
mental model of drug addiction, we found that 
laboratory animals exhibited important individ- 
ual differences to self-administer drug of abuse. 
At low drug doses, only some rats developed 
SA. These animals were characterized by three 
main features. First, they had functional imbal- 
ances in the mesocorticolimbic dopaminergic 

(DA) network, reflected by higher DA utilization 
in the nucleus accumbens and a lower utilization 
in the prefrontal cortex (Piazza et al, 1991b). Sec- 
ond, they had a higher behavioral and endo- 
crinological reactivities to stress with a higher 
locomotor reactivity and a longer corticosterone 
secretion in response to exposure to a mild stress 
novelty (Piazza et al., 1991a). The longer corticos- 
terone secretion showed by these animals was 
due to a lower affinity of hippocampal corticos- 
teroid receptors. Third, they had a higher loco- 
motor reactivity to an intravenous or 
intraperitoneal injection of psychostimulant 
(Piazza et al, 1991c). 

Given these pathophysiological determinants, 
it was of interest to investigate whether offspring 
of stressed mothers were more vulnerable to 
drug addictive effects, and in the same time, to 
contribute to open a new window on the contro- 
versial problems concerning the origins of indi- 
vidual vulnerabilities and subsequent 
predispositions to enter in an addictive cycle 
(Koob and Le Moal, 1997). It is well established 
that exposure of adult animals to stress pro- 
foundly influence the predisposition to 
self-administer drugs (for review, Piazza and le 
Moal, 1998). Moreover observations suggest that 
prenatal stress could have an influence on 
amphetamine self-administration. Prenatal 
stress has been found to have long-term effects 
on the activity of the DA system and on 
DA-related behaviors (Moyer et al, 1978; Fride 
and Weinstock, 1989). Moreover, we have evi- 
dence that prenatal stress increases and prolongs 
corticosterone secretion in response to stress 
(Henry et al., 1994). 

We studied (Demini6re et al, 1992) SA in the 
offspring of mothers submitted to a restraining 
procedure during the last week of pregnancy. 
These animals were also tested for locomotor 
reactivity to novelty and to stimulant, since these 
behaviors are characteristically enhanced in ani- 
mals spontaneously predisposed to SA (Piazza et 
al, 1989). In brief, (see Demini6re and al., 1992, 
for methods) animals from control, non stressed 
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FIGURE 8 Plasma corticosterone secretion after novelty exposure (top) and type I and type II (Bmax) corticosteroid receptors 
(bottom) in adult prenatally unstressed rats raised by their biological mother (C, n=7), adult prenatally stressed rat raised by 
their biological mother (S, n-6), adult prenatally stressed rats adopted by a controI unstressed mother (SC, n=5), and adult pre- 
natally stressed rats adopted by a mother stressed during pregnancy (SS, n=6). Top: Prenatally stressed animals (S) displayed 
higher corticosterone levels than those of those of control rats (C) after 120 min of novelty exposure. Animals that were both 
stressed and adopted did not differ from controls, either if the adoptive mother was unstressed (SC) or stressed (SS) during 
pregnancy. Bottom: Type I corticosteroid receptors were reduced by prenatal stress and this effect was totally reversed by adop- 
tion in both SC and SS groups. Neither prenatal stress nor adoption significantly modified type II corticosterone receptors. The 
affinities of type I or type II receptors were not influenced by any of the experimental conditions studied. **p<0.01 (prenatal 
stress vs control). Error bars show SEM 
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FIGURE 9 Left: Effect of prenatal stress on the locomotor response to novelty. Compared to control animals (Control, n=18) the 
prenatal stress rats (Prenatal Stressed, n=14) showed a higher locomotor response to novelty (P=0.02). Right: Effect of prenatal 
stress on the locomotor response to amphetamine 0.3 rag /kg  i.v.). Control and prenatal stress group differed in their response 
to amphetamine over time (P<0.001). The prenatal stress group showed a higher locomotor response (P=0.01) during the first 
hour of testing 

mothers, and from stressed mothers groups 
were implanted with intracardiac catheters. A 
low dose of amphetamine was used, which had 
been found to discriminate between animals 
with different propensities to self-administer 
amphetamine (Le Moal et al, 1979). A logarithmic 
transformation was used to normalize the distri- 
bution of raw data of self-administration. The 
total activity of prenatal-stressed animals was 
approximately 50% higher than that of the con- 
trols. Prenatal stress animals also had a 
increased locomotor reactivity to amphetamine 
(fig. 9). The prenatal stressed animals showed a 
higher locomotor reactivity to amphetamine 
over the first hour of testing. Prenatal stress was 
found to induce a faster response to ampheta- 
mine. In the first 10 min after the injection, the 
response of the stressed group was nearly dou- 
ble that of the controls. Furthermore, prenatal 
stress influenced the propensity to develop 

amphetamine self-administration (fig. 10). While 
control and stressed animals did not differ dur- 
ing the first day of testing, animals in the prena- 
tal stress group showed a higher intake of 
amphetamine on subsequent days. The two 
groups of animals did not differ for the number 
of nose-pokes in the inactive hole and both 
groups made, over the 5 days of testing, more 
nose-pokes in the active hole that in the inactive 
one. 

As noticed before, modifications of the activity 
of the dopaminergic (DA) system may account 
for the behavioral changes induced by our stress 
procedure. Several classic observations support 
this idea (for review: Le Moal and Simon, 1991). 
DA projections to the nucleus accumbens are 
thought to be the major neurophysiological sub- 
strate of the response to novelty and ampheta- 
mine-induced locomotor behaviors and 
psychostimulants SA. Moreover, animals that 



LIFE EVENTS CHANGE NEURODEVELOPMENT 81 

are spontaneously predisposed to develop 
amphetamine self-administration have higher 
DA activity in the nucleus accumbens. Finally, 
prenatal stress may modify the activity of the 
DA system in the prefrontal cortex and in the 
nucleus accumbens. Although the DA system is 
a good candidate for the neurobiological sub- 
strate of prenatal stress action, the involvement 
of other systems cannot be ruled out. Indeed, 
other neuronal systems, such as the GABAergic 
and serotoninergic are modified by prenatal 
stress and may influence the response to 
amphetamine. 

Finally, whatever the neurotransmitters 
involved, dopamine being a good candidate, 
early stress axis deregulation might be the pri- 
mary cause of these deleterious effects. 

VI. CONCLUSION 

Although the development of an organism car- 
ries a strong genetic component, its early envi- 
ronment has long lasting influence. Both 
components shape psychobiological tempera- 
ments and are at the origin of individual differ- 
ences. Moreover, both components can equally 
at the origin of vulnerabilities for ulterior delete- 
rious life events, and at the origin of neurode- 
generative processes. 

Both prenatal and postnatal events may mod- 
ify the activity of the HPA axis, albeit in opposite 
directions, and early postnatal adoption has 
been found to suppress the biological effects of 
prenatal stress, probably by increasing maternal 
behavior. Our results also show the major role 
played by maternal glucocorticoids on the devel- 
opment of endocrine function in the offspring. In 
fact, high level of maternal glucocorticoids dur- 
ing prenatal stress has marked long-term reper- 
cussions on the efficiency of the offspring's HPA 
negative feedback mechanisms. The recognized 
influence of HPA axis activity on behavioral 
adaptation suggests that a modification of corti- 
costerone secretion could be a biological sub- 
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FIGURE 10 Influence of prenatal stress on amphetamine 
self-administration (30 ~tg/injection). Prenatal stress animals 
(PS, n=14) significantly increased the intake of amphetamine 
over the 5 days of testing (P-0.03), compared to control (C, 
n=17) 

strate of the long-term behavioral effects of 
prenatal and postnatal events. 

Finally the data presented illustrate the fact 
that, beyond homeostasis, when the organism is 
subjected to non-controlled pressures, an allosta- 
sis state develops that has its our logic : a new 
equilibrium that is not health anymore, but vul- 
nerability to disease. 
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