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Prenatal Stress Changes Learning Strategies in Adulthood

Lars Schwabe,'* Veronique D. Bohbot,? and Oliver T. Wolf!

ABSTRACT: It is well known that stressful experiences may shape hip-
pocampus-dependent learning and memory processes. However,
although most studies focused on the impact of stress at the time of
learning or memory testing, very little is known about how stress during
critical periods of brain development affects learning and memory later
in life. In this study, we asked whether prenatal stress exposure may
influence the engagement of hippocampus-dependent spatial learning
strategies and caudate nucleus-dependent response learning strategies in
later life. To this end, we tested healthy participants whose mothers had
experienced major negative life events during their pregnancy in a vir-
tual navigation task that can be solved by spatial and response strat-
egies. We found that young adults with prenatal stress used rigid
response learning strategies more often than flexible spatial learning
strategies compared with participants whose mothers did not experience
major negative life events during pregnancy. Individual differences in
acute or chronic stress do not account for these findings. Our data sug-
gest that the engagement of hippocampal and nonhippocampal learning
strategies may be influenced by stress very early in life. o 2012 Wiley
Periodicals, Inc.

KEY WORDS: prenatal stress; stress; cortisol; learning; navigation;
multiple memory systems; hippocampus; caudate nucleus

INTRODUCTION

Stress is very common in today’s modern societies. We all experience
stress, in varying degrees and forms, every day. The effects of stress are
manifold. Stress affects our health and well-being, our emotions, and
our cognitions. The effects of stress on hippocampus-dependent learning
and memory processes are particularly well documented. Short periods
of stress may enhance or impair episodic or spatial memory, depending
on whether it is experienced within or out of the learning context (Joéls
et al., 2006; Schwabe et al., in press). Prolonged or repeated stress, how-
ever, has mainly detrimental effects on memory (Luine et al., 1994;
Conrad et al., 1996; Wolf, 2008).

Opver the past several years, research has revealed that acute or chronic
stress influences not only how much we learn and remember but also
how we learn, i.e., which strategies we use during learning [for a review,
see (Schwabe et al., 2010b)]. Many tasks can be solved in different
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ways. For example, navigation tasks can usually be
solved by a spatial strategy that makes use of the rela-
tion between multiple landmarks in the environment
to create a “cognitive map" (O’Keefe and Nadel,
1978) or by a response strategy that associates a
response with a single stimulus or a series of turns
from an initial position (O’Keefe and Nadel, 1978;
Packard et al., 1989). These strategies are supported
by distinct brain structures: the spatial strategy is de-
pendent on the hippocampus and the response strat-
egy on the caudate nucleus (Kesner et al., 1993;
McDonald and White, 1993; White and McDonald,
2002; Iaria et al.,, 2003). Moreover, these strategies
differ in the flexibility of the acquired knowledge.
Spatial strategies are associated with the acquisition of
flexible knowledge that can be transferred to novel sit-
uations, whereas response strategies are rather rigid
and inflexible (Mishkin and Petri, 1984; Reber et al.,
1996). Both acute and chronic stress promote the
engagement of simple but rigid response strategies, at
the expense of flexible but cognitively demanding spa-
tial strategies (Kim et al., 2001; Packard and Wingard,
2004; Schwabe et al., 2007, 2008, 2010a).

Although the vast majority of the studies on stress
and memory focused on how acute or chronic stress
adulthood affects hippocampus-dependent
memory, learning and memory may already be shaped

during

by stress experiences made at a much earlier stage of
life, even before birth. If mothers experience stress
during pregnancy, glucocorticoids (cortisol in humans)
and other hormones that are released in response to
stress may influence the development of brain areas
that are critically involved in memory processes, such
as the hippocampus, in the fetus (Lupien et al,
2009). Indeed, rodent studies showed that the expo-
sure to prenatal stress may lead to reduced hippocam-
pal neurogenesis and impaired hippocampus-based
memory processes in later life (Lemaire et al., 2000;
Yang et al., 2006). In line with these findings, adult
offspring of rat dams who consumed ethanol during
pregnancy showed a predominant use of response
learning strategies in a water maze task that could be
solved with the two strategies (i.e., hippocampus-de-
pendent spatial and caudate-dependent response strat-
egies) compared with control rats (Sutherland et al,
2000).

Human studies on the impact of prenatal stress
experiences on learning and memory are largely miss-
ing. Two studies indicated that children whose moth-
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ers were exposed to major stressors during pregnancy had
poorer general intellectual and language abilities (Laplante
et al., 2004; Niederhofer and Reiter, 2004). Moreover, one
recent study suggested that prenatal stress may impair working
memory in adulthood (Entringer et al., 2009a). However,
whether prenatal stress exposure may affect hippocampus-de-
pendent memory or the engagement of different (hippocampal
and nonhippocampal) learning strategies in humans has not
been investigated yet.

Thus, the goal of this experiment was to examine whether
and how prenatal stress influences memory processes and in
particular the engagement of different learning strategies in
later life in humans. Because retrospective stress ratings are of-
ten unreliable, particularly after several decades, we used a
rather conservative strategy to operationalize prenatal stress and
defined it as the presence of major negative life events that
occurred to the mother during her pregnancy (Entringer et al.,
2009a,b, 2011). Our participants performed a learning task
that was explicitly designed to allow the use of both spatial and
response learning strategies. Previous studies that used this task
showed that participants spontaneously adopt one of these two
strategies and that the use of spatial and response strategies is
associated with activity and gray matter of the hippocampus
and the caudate nucleus, respectively (laria et al., 2003; Bohbot
et al., 2007). To exclude the possibility that learning is affected
by individual variations in acute or chronic stress levels, we
included subjective and physiological measures of acute and
chronic stress as control variables. We predicted that prenatal
stress experiences would impede hippocampus-based spatial
learning and thus promote the use of rather rigid response
strategies.

MATERIALS AND METHODS

Participants

Sixty Bochum University students [24 women and 36 men;
age: M = 24.47 yr and standard errors of the mean (SEM) =
0.42 yr] were paid 12€ per hour for participating in this
experiment. Participation was limited to those between 18 and
32 yr of age, without medication intake, and with no reported
history of any psychiatric or neurological disorders. All partici-
pants provided written informed consent in a manner approved
by the local ethics committee.

Prenatal Stress Assessment

Prenatal stress exposure was assessed by means of a semi-
structured questionnaire that was used in previous studies to
measure the occurrence of major negative life events during
pregnancy (Entringer et al., 2009a,b, 2011). This questionnaire
lists a number of events that are considered highly stressful
across individuals (e.g., sudden death of a beloved one, loss of
primary residence, breakup or divorce, and severe illness).

Hippocampus

Moreover, because prenatal stress may be associated with peri-
natal risk factors and increased stress levels during the first year
of life, the questionnaire also assessed whether there were any
problems during birth (requiring, for example, an incubator or
an oxygen tent) or any adverse conditions during childhood
(e.g., death of father or mother, massive financial problems,
and separation from a parent). Participants were asked to com-
plete this questionnaire with their mothers, at home. In retro-
spect, the detailedness of the given answers suggested that par-
ticipants indeed adhered to the instructions. For example, one
participant reported that his father had died 2 months before
the participant was born.

Control Variables: Acute and Chronic Stress

Because acute and chronic stress, as well as elevations in ba-
sal cortisol levels, may influence the engagement of different
learning strategies (Schwabe et al., 2007, 2008; Bohbot et al.,
2011), we took subjective and physiological measures to control
for these influences. Participants completed a German mood
questionnaire [MDBF (Steyer et al., 1994)] that measures sub-
jective feeling on three dimensions (elevated vs. depressed
mood, wakefulness vs. sleepiness, and calmness vs. restlessness)
before the learning task. In addition, participants gave a saliva
sample (with a Salivette™ collection device) from which we an-
alyzed the concentration of the stress hormone cortisol with an
immunoassay.

Moreover, to control for a potential influence of chronic
stress, participants completed a standardized chronic stress
questionnaire [Trier Inventory for Chronic Stress (Schulz and
Schlotz, 1999)] and were asked to collect three saliva samples
at home immediately after awakening in the morning as well as
30 and 60 min after awakening. These saliva samples allow the
assessment of the cortisol awakening response, a strong rise of
cortisol in response to awakening (Pruessner et al., 1997). An
elevated cortisol awakening response has been repeatedly associ-
ated with chronic stress [for a review, see (Chida and Steptoe,
2009)].

Learning Task and Procedure

After participants had collected the saliva sample and com-
pleted the mood questionnaire, they were presented a virtual
radial maze on a computer screen, the four-on-eight virtual
maze (4/8 VM) (Fig. 1a). This maze was made to resemble the
basic structure of the radial maze used for rodents (Olton and
Samuelson, 1976) and has been used in previous studies (laria
et al., 2003; Bohbot et al., 2007). Eight arms originated from
a central platform and each terminated in a staircase leading to
a lowered chamber. The VM was surrounded by two proximal
cues (tree and rock) and two distal cues (mountains and
another tree). Participants could move through the maze by
using the forward, left, and right keys on a keyboard. Before
testing began, participants were allowed to familiarize them-
selves with the keys in a virtual practice room containing a ra-
dial maze without staircases or surrounding landscape. Once
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FIGURE 1. Illustration of the learning task. Participants
moved though a virtual eight-arm maze surrounded by landmarks
and a landscape. (a and b) Screenshot from and scheme of the first
part of a trial in which participants retrieved objects (as indicated
by the x in the scheme) from the ends of the open arms. (c) In the

participants were able to move efficiently with the keys, the
learning task started.

All testing took place on the same day in one continuous ses-
sion, for a total duration of about 25 min. Participants were pre-
sented three training trials, each consisting of two parts. In the
first part, four of the eight radial maze arms were open and
objects (small golden statues) were placed in the lowered cham-
bers at the ends of these arms; the other four arms were blocked
(Fig. 1b). In the second part, all arms were open but objects were
only present in those arms that were blocked in the first part
(Fig. 1c). Participants were instructed to retrieve the objects in
the open arms in part one and to avoid these arms in part two (in
which they should retrieve the objects from the previously
blocked arms). Entering an arm that had been visited before (ei-
ther in the same part or in the previous part) was counted as an
error. It should be noted that the presence or absence of the
objects could not be seen from the central platform; they could
only be seen upon entry into a given arm. The sequence of acces-
sible and blocked arms was the same in training trials 1 and 3; in
trial 2, a different sequence was used. If participants made an
error in the second part of the third trial, they were given up to
two additional training trials.

Importantly, participants could use spatial or response strat-
egies to learn this task. The used learning strategy was revealed
in a probe trial that was presented immediately after the last

second part of a trial, all arms were open but objects were only
present in the arms that were not accessible in part one. (d)
Screenshot from the second part of the probe trial in which all
spatial cues were removed. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

training trial. The first part of the probe trial was identical to
the first part of the first and third training trial. In the second
part of the probe trial, however, all visual cues (landmarks and
landscape) were removed (Fig. 1d). If participants were using a
spatial strategy, removing the visual cues in the second part of
the probe trial should impair performance. However, if partici-
pants were using a response strategy, their performance should
be less affected by the changes in the probe trial.

After completing the learning task, participants were
instructed to draw a map of the virtual maze including all
landmarks (participants could reach a maximum score of 8 for
a correct and complete map, one point for each of the land-
marks and its correct location). Afterward, participants were
asked to report how they solved the learning task. These
reports were analyzed by two independent raters who catego-
rized participants based on their reports as response or spatial
learners. Participants were categorized as response learners if
they associated the arms with numbers or letters or if they
counted the arms from a single start point that acted as the
stimulus. The response strategy can be egocentric when a par-
ticipant is using his/her own position as a starting position
(e.g., an egocentric response strategy can be done in the dark
or in a virtual environment devoid of landmarks). Note, how-
ever, that the response strategy is not egocentric when an exter-
nal landmark is used as a stimulus (e.g., counting a series of

Hippocampus
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TABLE 1.

Sample Characteristics

Prenatal stress group (n = 19) Comparison group (n = 41)

Number of major negative events during intrauterine life
Perinatal problems
Adverse conditions during childhood
Education of the mother
High school
College graduate
Current
Age
Sex ratio (women/men)
Body mass index (kg/m?)
Education: high school
Current or chronic diseases
Acute stress parameters before testing
Salivary cortisol (nmol/1)
Mood scale: calmness vs. restlessness
Mood scale: sleepiness vs. wakefulness
Mood scale: depressed vs. elevated mood
Chronic stress parameters
Salivary cortisol directly after awakening
Salivary cortisol 30 min after awakening
Salivary cortisol 60 min after awakening
Cortisol awakening response
Chronic stress screening scale

2.74 (0.34) None
10.5% 19.5%
1.26 (0.23) 0.73 (0.19)
95% 93%
28% 25%
25.56 (0.81) 23.96 (0.46)
10/9 14/27
22.72 (0.77) 22.79 (0.36)
100% 100%
None None
8.06 (0.89) 7.73 (0.60)
29.06 (0.96) 31.04 (0.95)
28.42 (1.37) 29.34 (1.05)
31.32 (1.24) 32.93 (0.84)
14.83 (1.29) 15.58 (1.20)
24.24 (1.22) 23.45 (1.16)
22.68 (2.67) 19.20 (1.07)
9.41 (2.05) 7.86 (1.12)
18.88 (2.12) 16.76 (1.54)

Standard errors of the mean are shown in parentheses; Cortisol awakening response is defined as cortisol concentration 30 min after awakening minus cortisol con-

centration directly after awakening.

right and left turns from a single landmark, such as a tree).
Participants could use each of the landmarks (e.g., tree and
rock) as a stimulus; however, they were categorized as response
learners only if they used a single landmark for navigation. If
participants mentioned at least two spatial landmarks and did
not mention counting open and closed arms, they were catego-
rized as using a spatial strategy. Neuroimaging data confirmed
that response learning and spatial learning as defined above are
associated with increased gray matter and functional magnetic
resonance imaging (fMRI) activity of the caudate nucleus and
the hippocampus, respectively (laria et al., 2003; Bohbot et al.,
2007). Finally, participants were given Salivettes”™ and an
instruction for saliva sampling after awakening, the question-
naire for the assessment of prenatal stress, as well as the chronic
stress questionnaire. Participants were asked to return these
materials to the experimenter within 1 week.

RESULTS

Sample Characteristics

About one-third (z = 19) of the tested participants reported
that their mother had experienced at least one major negative
event during her pregnancy. These participants were assigned to

Hippocampus

the prenatal stress group. The rest of the participants, whose
mothers did not experience any major negative life events dur-
ing their pregnancy, were assigned to the comparison group.
There were no significant differences between the two groups
with respect to age, sex, education (of the participant and their
mother), or body mass index (all 2 > 0.10; Table 1).

Moreover, the prenatal stress group and the comparison
group did not differ in early life stress and acute or chronic
stress parameters at the time of testing (Table 1). Groups did
not differ in perinatal problems or the number of stressors dur-
ing childhood (both P > 0.10). Concentrations of the stress
hormone cortisol as well as the scores on the different dimen-
sions of the mood scale were similar in the two groups before
testing started (all P2 > 0.10). Furthermore, there were no
group differences in the reported level of chronic stress and the
cortisol awakening response (all P > 0.15), a physiological in-
dicator of chronic stress (Chida and Steptoe, 2009). Thus, dif-
ferences between the prenatal stress group and the comparison
group in the learning task cannot be attributed to group differ-
ences in early life and acute or chronic stress.

Identification of Spatial and Response Learning
Strategies

On the basis of their verbal reports, 22 participants were
categorized as using a spatial strategy (spatial learners) and 38
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FIGURE 2. Examples of maps drawn by spatial and response learners. Left column: Scheme

of the maze including all landmarks; middle column: drawn maps of spatial learners; and right
column: drawn maps of response learners. Maps of spatial learners were generally more accurate

than those of response learners.

were categorized as using a response strategy (response learn-
ers). The overlap between the categorizations of the two inde-
pendent raters was very high (95.8%), and discrepancies were
discussed until an agreement was reached.

The categorization of participants as spatial and response
learners was supported by our behavioral data. As expected,
participants categorized as spatial learners were significantly
impaired relative to response learners in the second part of the
probe trial, in which the spatial cues were removed [number of
errors: 1.45 (SEM: 0.30) vs. 0.68 (SEM: 0.18), #(58) = 2.34,
P = 0.023, and 4 = 0.63]. Moreover, the drawn maps of the
maze and its surrounding were significantly more accurate in
spatial learners than in response learners [score: 5.0 (SEM:
0.35) vs. 4.0 (SEM: 0.24; #(58) = 2.44, P = 0.018, and 4 =
0.66]. Examples of maps drawn by spatial and response learners
are shown in Figure 2.

Influence of Prenatal Stress Exposure on
Learning

Most participants learned the task quickly. Only 11 of the
60 participants needed an additional training trial. These 11
participants were evenly distributed across the prenatal stress
group and the comparison group (x*(1) = 0.12 and P =
0.73). Learning performance expressed as the number of errors
made and the time needed to finish a trial was analyzed by
a group (prenatal stress vs. comparison group) X trial ANOVA.
Figure 3 shows that both groups improved significantly across
the training trials (main effect trial for the time to finish a

trial: F(3,174) = 7.88, P < 0.001, and m*> = 0.12) and that
both groups made relatively few errors which tended to increase
in the probe trial (main effect trial for errors: £(3,174) = 1.81,
P = 0.14, and m*> = 0.03). There were no main effects of
group and no group X trial interactions (for errors and time:
all F < 1 and all P > 0.30), suggesting that prenatal stress ex-
posure did not affect learning performance. Performance in the
probe trial was analyzed by a group X part (part one vs. part
two of the probe trial) ANOVA. This analysis also revealed no
significant main effects of group and no significant group X
part interactions (all F < 2.5 and all P > 0.12).

Although prenatal stress did not influence quantitative task
performance, it changed the way how participants learned the
task (Fig. 4). Prenatal stress exposure biased learning toward
more response strategies: the use of a response strategy
increased from 54 to 84% and the use of a spatial strategy
decreased from 46 to 16% in participants that were exposed to
prenatal stress compared with participants whose mothers had
not been exposed to major negative events during pregnancy
[¥* (1) = 5.52 and P = 0.022].

In a next step, we tested the effect of negative life events
during intrauterine life on the used learning strategies when
controlling for the influence of perinatal problems, adverse con-
ditions during childhood, acute and chronic stress, as well as
participants’ age and sex. We conducted a stepwise multiple
regression analysis with the used learning strategy as the de-
pendent variable. We entered our control variables in a first
step and the number of negative life events during pregnancy
in a second step into the regression model. The overall regres-

Hippocampus
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sion was significant for the second model [R> = 0.29, F(7,49)
= 2.78, and P =0.027] but not for the first model [R* = .21,
F(7,49) = 1.60, and P = 0.16]. The number of negative life
events that occurred to participants’ mothers during their preg-
nancy predicted the used learning strategy, even when control-
ling for perinatal and early life stress, acute stress, chronic

stress, age, and sex (B = 0.33 and P = 0.042).

DISCUSSION

Our data demonstrate that prenatal stress exposure affects
learning and memory processes in later life. Specifically, we
show that young adults whose mothers had experienced major
negative life events during their pregnancy used the simple,
caudate nucleus-dependent response strategy significantly more
often than the cognitively demanding, hippocampus-dependent
spatial learning strategy in a navigation task, compared with
young adults whose mothers had no such negative experiences
during their pregnancy. Individual differences in acute or
chronic stress levels at the time of testing cannot explain these
findings as the effect of prenatal stress remained when we con-
trolled for acute and chronic stress influences.

How can prenatal stress affect the engagement of different
learning strategies in adulthood? Previous studies with the same
learning protocol demonstrated that the response strategy is
supported by the caudate nucleus, whereas the spatial strategy
relies on the hippocampus (laria et al., 2003; Bohbot et al.,
2007). Thus, the observed effect of prenatal stress may be due
to an enhancement of caudate-based learning or to an impair-
ment of hippocampus-based learning (or both). In light of the
existing literature, the most likely explanation appears to be
that prenatal stress impaired hippocampus-dependent spatial
learning. The hippocampus is one of the most stress-sensitive
areas of the brain (de Kloet et al., 2005). It expresses stress hor-
mone receptors at a very high density and is affected by stress
during critical periods of (brain) development (de Kloet et al.,
2005; Lupien et al., 2009). In other words, prenatal stress may

Hippocampus

“preprogram” the functioning of the hippocampus in later life.
This idea is supported by studies in rodents and non-human
primates showing that prenatal stress exposure reduced hippo-
campal neurogenesis and performance in hippocampus-depend-
ent tasks in later life (Lemaire et al., 2000; Coe et al., 2003;
Yang et al., 2006).

Prenatal stress biased learning strategies toward more cau-
date-based response learning but did not affect learning per-
formance per se. This finding is in line with rodent data
showing that adult offspring of rats who consumed ethanol
during pregnancy favored response over spatial learning strat-
egies but were not impaired in learning (Sutherland et al.,
2000). The same pattern of results was found in humans who
were exposed to an acute stressor or experienced chronically
high levels of stress (Schwabe et al., 2007, 2008). Together,
these data suggest that individuals can make use of multiple
parallel (hippocampus and caudate-based) learning systems,
which are equally able to support performance. These inde-
pendently functioning parallel systems can appear to compete
or to cooperate. They appear to compete when the systems
generate different behaviors [e.g., in a fixed location-visible
platform water maze task, see (Kim et al., 2001)]. They
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FIGURE 4. Strategies used in the learning task. The reported

learning strategies were validated by performance during the probe
trial.



appear to cooperate when the two systems generate the same
solution to a task (e.g., in the present 4/8 VM). Such “coop-
eration” may allow one system to compensate for (relative)
dysfunctions of the other, for example, in consequence of pre-
natal stress exposure, to maintain performance (see also, Voer-
mans et al., 2004).

Although prenatal stress did not affect learning performance,
the observed shift in the engaged learning strategies reflects a
change in the quality of learning. Spatial but not response
learning allows the flexible use of the acquired knowledge and
the transfer to novel situations (Mishkin and Petri, 1984; Reber
et al., 1996). It remains to be seen whether the prenatal stress-
related bias toward more rigid response learning would emerge
also in other tasks than spatial navigation [for acute stress there
is such evidence from an instrumental learning task, see
(Schwabe et al., in press)]. If people constantly engage rather
rigid learning strategies, at the expense of flexible strategies, this
may hinder adaptation to ever-changing environments and can
thus have unfavorable consequences in the long run, for exam-
ple, in social, educational, or work-related settings. Moreover, a
predominance of rigid, inflexible learning may also increase the
risk for psychiatric disorders such as drug addiction (Robbins
and Everitt, 1999; Schwabe et al., 2011). Because response
strategies were previously associated with lower fMRI activity
(laria et al., 2003) and lower gray matter in the hippocampus
(Bohbot et al., 2007), consequently, predominance of rigid,
inflexible learning associated with response strategies may also
increase the risk of neurological and psychiatric disorders
associated with lower gray matter in the hippocampus such
as schizophrenia (Pantelis et al., 2003), post-traumatic stress
disorder (Gilbertson et al., 2002), depression (Amico et al.,
2011), and Alzheimer’s disease (Apostolova et al., 2006). Ani-
mal studies suggest that early postnatal manipulations can
ameliorate the negative effects of prenatal stress (Morley-
Fletcher et al., 2003; Lemaire et al., 2006). How to counter-
act the disadvantageous effects of prenatal stress on learning
and memory in humans is an important question for future
research.

Our behavioral data parallel those previously reported in rats
(Sutherland et al., 2000). As previously shown in rats, prenatal
stress had no effect on learning curves but instead led to an
increased probability of rigid response strategies. Despite these
parallels, important methodological differences between rodents
and humans should be considered. First, although our partici-
pants completed only three to five trials, presented one after
another on the same day, rats were trained in more than 40 tri-
als over a period of 12 days. Another major methodological
difference that can explain the different learning curves between
rodents and humans is that humans are given verbal instruc-
tions, whereas rodents must learn the task by trial and error.
Moreover, the water maze task that was used is aversive and the
escape platform acted as a negative reinforcer. Our task, how-
ever, is appetitive because most individuals consider navigating
in a virtual environment to be pleasant. Therefore, our partici-
pants may have differed in their emotional and motivational
states relative to rodents. These differences may be important
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and may affect learning processes. Nevertheless, pharmacologi-
cal and lesion data in rodents (McDonald and White, 1993;
Packard and Teather, 1998) and human neuroimaging data
(laria et al., 2003) suggest that the same brain areas are
involved in spatial vs. response learning strategies in rats and
humans.

The fact that stress, whether acute or chronic, affects learn-
ing strategies is well documented [for a review, see (Schwabe
et al., 2010b)]. The present data suggest that stressful experien-
ces during intrauterine life may influence how we learn a task
as adults. Prenatal stress exposure increased the engagement of
caudate nucleus-based response learning strategies at the
expense of hippocampus-based spatial learning strategies. This
shift in the used learning strategies may have negative conse-
quences for the flexibility with which the acquired knowledge
can be used (Mishkin and Petri, 1984; Reber et al., 1996).
Although there is hope that the adverse effects of prenatal stress
can be counteracted later on (Morley-Fletcher et al., 2003;
Lemaire et al., 2006), our findings show that some of the inter-
individual differences in learning and memory may have their
roots very early in life.

Acknowledgments

The authors thank Kyoko Konishi for her help with the task
and Florian Watzlawik and Ewald Bormann for their help with

data collection.

REFERENCES

Amico F Meisenzahl E, Koutsouleris N, Reiser M, Méller HJ, Frodl
T. 2011. Structural MRI correlates for vulnerability and resilience
to major depressive disorder. ] Psychiatry Neurosci 36:15-22.

Apostolova LG, Dutton RA, Dinov ID, Hayashi KM, Toga AW,
Cummings JL, Thompson PM. 2006. Conversion of mild cogni-
tive impairment to Alzheimer disease predicted by hippocampal at-
rophy maps. Arch Neurol 63:693-699.

Bohbot VD, Lerch J, Thorndycraft B, Iaria G, Zijdenbos AP. 2007.
Gray matter differences correlate with spontaneous strategies in a
human virtual navigation task. ] Neurosci 27:10078-10083.

Bohbot VD, Gupta M, Banner H, Dahmani L. 2011. Caudate nu-
cleus-dependent response strategies in a virtual navigation task are
associated with lower basal cortisol and impaired episodic memory.
Neurobiol Learn Mem 96:173-180.

Chida Y, Steptoe A. 2009. Cortisol awakening response and psychoso-
cial factors: A systematic review and meta-analysis. Biol Psychol
80:265-278.

Coe CL, Kramer M, Czeh B, Gould E, Reeves AJ, Fuchs E. 2003.
Prenatal stress diminishes neurogenesis in the dentate gyrus of juve-
nile rhesus monkeys. Biol Psychiatry 54:1025-1034.

Conrad CD, Galea LAM, Kuroda Y, McEwen BS. 1996. Chronic
stress impairs rat spatial memory on the Y maze, and this effect is
blocked by tianeptine treatment. Behav Neurosci 110:1321-1334.

de Kloet ER, Joels M, Holsboer F. 2005. Stress and the brain: From
adapration to disease. Nat Rev Neurosci 6:463-475.

Entringer S, Buss C, Kumsta R, Hellhammer D, Wadhwa PD, Wiist
S. 2009a. Prenatal psychosocial stress exposure is associated with
subsequent working memory performance in young women. Behav
Neurosci 123:886-893.

Hippocampus



8 SCHWABE ET AL.

Entringer S, Kumsta R, Hellhammer DH, Wadhwa PD, Wiist S.
2009b. Prenatal exposure to maternal psychosocial stress and HPA
axis regulation in young adults. Horm Behav 55:292-298.

Entringer S, Epel ES, Kumsta R, Lin J, Hellhammer DH, Blackburn
EH, Wiist S, Wadhwa PD. 2011. Stress exposure in intrauterine
life is associated with shorter telomere length in young adulthood.
Proc Natl Acad Sci USA 108:E513-E518.

Gilbertson MW, Shenton ME, Ciszewski A, Kasai K, Lasko NB, Orr SB,
Pitman RK. 2002. Smaller hippocampal volume predicts pathological
vulnerability to psychological trauma. Nat Neurosci 5: 1242-1247.

laria G, Petrides M, Dagher A, Pike B, Bohbot V. 2003. Cognitive
strategies dependent on the hippocampus and caudate nucleus in
human navigation: Variability and change with practice. ] Neurosci
23:5945-5952.

Joéls M, Pu Z, Wiegert O, Oitzl MS, Krugers HJ. 2006. Learning
under stress: How does it work? Trends Cogn Sci 10:152-158.
Kesner R, Bolland B, Dakis M. 1993. Memory for spatial locations,
motor responses, and objects: Triple dissociation among the hippo-
campus, caudate nucleus, and extrastriate visual cortex. Exp Brain

Res 93:462-470.

Kim J, Lee H, Han ], Packard M. 2001. Amygdala is critical for
stress-induced modulation of hippocampal long-term potentiation
and learning. J Neurosci 21:5222-5228.

Laplante DP, Barr RG, Brunet A, Fort GGD, Meaney M]J, Saucier J-F,
Zelazo PR, King S. 2004. Stress during preganancy affects general
intellectual and language functioning in human toddlers. Pediatr
Res 56:400—410.

Lemaire V, Koehl M, Le Moal M, Abrous DN. 2000. Prenatal stress pro-
duces learning deficits associated with an inhibition of neurogenesis
in the hippocampus. Proc Natl Acad Sci USA 97:11032-11037.

Lemaire V, Lamarque S, Le Moal M, Piazza PV, Abrous DN. 2006.
Postnatal stimulation of the pups counteracts prenatal stress-
induced deficits in hippocampal neurogenesis. Biol Psychiatry
59:786-792.

Luine V, Villegas M, Martinez C, McEwen BS. 1994. Repeated stress
causes reversible impairments of spatial memory performance.
Brain Res 639:167-170.

Lupien SJ, McEwen BS, Gunnar MR, Heim C. 2009. Effects of stress
throughout the lifespan on the brain, behavior and cognition. Nat
Rev Neurosci 10:434—445.

McDonald RJ, White NM. 1993. A triple dissociation of memory sys-
tems: Hippocampus, amygdala, and dorsal striatum. Behav Neuro-
sci 107:3-22.

Mishkin M, Petri HL. 1984. Memories and habits. Some implications
for the analysis of learning and retention. In: Squire LR, Butters
N, editors. Neuropsychology of Learning and Memory. New York:
Guilford Press. pp 287-296.

Morley-Fletcher S, Rea M, Maccari S, Laviola G. 2003. Environmen-
tal enrichment during adolescence reverses the effects of prenatal
stress on play behavior and HPA axis reactivity in rats. Eur J Neu-
rosci 18:3367-3374.

Niederhofer H, Reiter A. 2004. Prenatal maternal stress, prenatal fetal
movements and perinatal temperament factors influence behavior and
school marks at the age of 6 years. Fetal Diagn Ther 19:160-162.

O’Keefe J, Nadel L. 1978. The Hippocampus as a Cognitive Map.
Oxford: Clarendon Press.

Olton DS, Samuelson RJ. 1976. Remembrance of places passed: Spa-
tial memory in rats. J Exp Psychol 2:97-115.

Packard MG, Wingard JC. 2004. Amygdala and “emotional” modula-
tion of the relative use of multiple memory systems. Neurobiol
Learn Mem 82:243-252.

Hippocampus

Packard MG, Hirsh R, White NM. 1989. Differantial effects of fornix
and caudate nucleus lesions on two radial maze tasks: Evidence for
multiple memory systems. ] Neurosci 9:1465-1472.

Packard MG, Teather LA. 1998. Amygdala modulation of multiple
memory systems: hippocampus and caudate-putamen. Neurobiol
Learn Mem 69:163-203.

Pantelis C, Velakoulis D, McGorry PD, Wood SJ, Suckling J, Phillips
L], Yung AR, Bullmore ET, Brewer W, Soulsby B, Desmond P,
McGuire PK. 2003. Neuroanatomical abnormalities before and af-
ter onset of psychosis: A cross-sectional and longitudinal MRI com-
parison. Lancet 361:281-288.

Pruessner JC, Wolf O, Hellhammer D, Buske-Kirschbaum A, von
Auer K, Jobst S, Kaspers F, Kirschbaum C. 1997. Free cortisol lev-
els after awakening: A reliable biological marker for the assessment
of adrenocortical activity. Life Sci 61:2539-2549.

Reber PJ, Knowlton BJ, Squire LR. 1996. Dissociable properties of
memory systems: Differences in the flexibility of declarative and
non-declarative knowledge. Behav Neurosci 110:861-871.

Robbins TW, Everitt BJ. 1999. Drug addiction: Bad habits add up.
Nature 398:567-570.

Schulz P, Schlotz P 1999. Trierer Inventar zur Erfassung von chroni-
schem Stress (TICS): Skalenkonstruktion, teststatistische Uberpru-
fung und Validierung der Skala Arbeitsiiberlastung. Diagnostica
45:8-19.

Schwabe L, Oitzl MS, Philippsen C, Béhringer A, Richter S, Wippich
W, Schichinger H. 2007. Stress modulates the use of spatial and
stimulus-response learning strategies in humans. Learn Mem
14:109-116.

Schwabe L, Dalm S, Schachinger H, Oitzl MS. 2008. Chronic stress
modulates the use of spatial and stimulus-response learning strat-
egies in mice and man. Neurobiol Learn Mem 90:495-503.

Schwabe L, Schichinger H, de Kloet ER, Oitzl MS. 2010a. Cortico-
steroids operate as switch between memory systems. ] Cogn Neuro-
sci 22:1362-1372.

Schwabe L, Wolf OT, Oitzl MS. 2010b. Memory formation under
stress: Quantity and quality. Neurosci Biobehav Rev 34:584-591.
Schwabe L, Dickinson A, Wolf OT. 2011. Stress, habits and drug
addiction: A psychoneuroendocrinological perspective. Exp Clin

Psychopharmacol 19:53-63.

Schwabe L, Joéls M, Roozendaal B, Wolf OT, Oitzl MS. Stress effects
on memory: An update and integration. Neurosci Biobehav Rev.
doi: org/10.1016/j.neubiorev.2011.07.002.

Steyer R, Schwenkmezger P, Notz B, Eid M. 1994. Testtheoretische
Analysen des  Mehrdimensionalen  Befindlichkeitsfragebogens
(MDBF). Diagnostica 40:320-328.

Sutherland RJ, McDonald R]J, Savage DD. 2000. Prenatal exposure to
moderate levels of ethanol can have long-lasting effects on learning
and memory in adult offspring. Psychobiology 28:532-539.

White NM, McDonald R]. 2002. Multiple parallel memory systems
in the brain of the rat. Neurobiol Learn Mem 77:125-184.

Voermans NC, Petersson KM, Daudey L, Weber B, van Spaendonck
KP, Kremer HPH, Fernandez G. 2004. Interaction between the
human hippocampus and the caudate nucleus during route recog-
nition. Neuron 43:427-435.

Wolf OT. 2008. The influence of stress hormones on emotional mem-
ory: Relevance for psychopathology. Acta Psychol (Amst) 127:513—
531.

Yang J, Han H, Cao J, Li L, Xu L. 2006. Prenatal stress modifies hip-
pocampal synaptic plasticity and spatial learning in young rat off-

spring. Hippocampus 16:431-436.



