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Abstract

Stress is an unavoidable condition in human life. Stressful events experienced during development,
including in utero, have been suggested as one major pathophysiological mechanism for developing
vulnerability towards neuropsychiatric and neurodevelopmental disorders in adulthood. One cardinal
feature of such disorders is impaired cognitive ability, which may in part rely on abnormal structure and
function of the hippocampus. In the hippocampus, the dentate gyrus is a site of continuous neurogenesis,
a process that has been recently implicated in spatial pattern separation, a cognitive phenomenon that
serves to reduce the degree of overlap in the incoming information to facilitate its storage with minimal
interference. We previously reported that adult neurogenesis is altered by prenatal stress allowing us to
hypothesize that prenatal stress may possibly lead to impairment in pattern separation. To test this
hypothesis, both control (C) and prenatally stressed (PS) adult mice were tested for metric and contextual
discrimination abilities. We report for the first time that prenatal stress impairs pattern separation
process, a deficit that may underlie their cognitive alterations and that may result in defective behaviors

reminiscent of psychiatric illness such as post-traumatic stress disorder.
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INTRODUCTION

Early life adversity experienced as early as during the in utero development has repeatedly been
associated with a negative impact on offspring’s health and development (Glover, 2011; Van den Bergh
et al., 2017; Glover et al., 2018) and identified as a risk factor for a wide range of psychiatric disorders
such as depression, anxiety, post-traumatic stress disorder (PTSD) and stress-related or impulse control
disorders (Lupien et al., 2009; Glover et al., 2018). These abnormalities arise from numerous alterations
in brain structures that preferentially target stress/anxiety structures, among which the hippocampus.
Indeed, the hippocampus is a key target of the stress response; it expresses high levels of corticosteroid
receptors in early development (Meaney et al., 1985) and is thus predicted to be especially vulnerable to
the effects of developmental stress. In support of this, meta-analyses report significant associations
between childhood adversity, reduced hippocampal volume and impaired hippocampal function (Calem

et al., 2017).

Although informative, studies in humans do not allow extensive investigation into the underlying
mechanisms of the impact of prenatal stress, and animal models have been developed. It was thus
reported in rodents that prenatal stress, which leads to increased anxiety, anhedonia and severe cognitive
dysfunctions (Weinstock, 2008), can produce significant alterations in the adult hippocampus. In
particular, we and others have reported in rodent and non-human primate models that PS adversely
affects cell proliferation and neurogenesis in the adult brain (Lemaire et al., 2000; Coe et al., 2003;
Mandyam et al., 2008; Zuena et al., 2008; Lucassen et al., 2009; Belnoue et al., 2013; Ortega-Martinez,
2015). Because adult-born dentate granule neurons are essential for dentate gyrus information processing
and are implicated in emotional regulation and mental disorders (Kheirbek et al., 2012a; Yun et al., 2016),
prenatal stress-induced impairments in adult hippocampal neurogenesis and dentate gyrus function are
considered critical pathophysiological factors that negatively affect behavior and leave individuals

vulnerable to developing psychiatric illnesses.

Adult neurogenesis is believed to play a crucial role in a number of hippocampal-dependent
cognitive processes, including spatial learning and behavioral pattern separation (Clelland et al., 2009;
Creer et al., 2010; Sahay et al., 2011a; Kheirbek et al., 2012a; Nakashiba et al., 2012; Tronel et al., 2012).
Pattern separation is a process that is commonly defined as the ability to form separate representations
from highly similar, yet slightly different, events or stimuli. It refers to the computational process that,
after the integration of all sensory inputs (visual, olfactory, vestibular, auditory somatosensory), separates
similar events from each other via an orthogonalization of sensory input information (Rolls & Kesner,

2006; Kesner, 2007). This orthogonalization plays a key role in the match—mismatch process — more
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orthogonolized representation of the changed environment is likely to facilitate detection of mismatch-,
which should help the brain separate individual events that are part of incoming memories (McAvoy et
al., 2015). This process is also believed to facilitate recall, by preserving the uniqueness of a memory

representation.

Alterations in spatial and contextual memory abilities (Lemaire et al., 2000; Lee et al., 2011)
together with the altered adult neurogenesis observed after prenatal stress thus led us to hypothesize
that prenatal stress may alter pattern separation abilities. To address this hypothesis, control and
prenatally-stressed adult male mice were challenged in 2 behavioral tasks allowing to assess behavioral
pattern separation: a metric processing task that analyzes the ability to discriminate metric relationships
between objects (Goodrich-Hunsaker et al., 2008; Chen et al., 2012) and a contextual fear discrimination
task that tests mice abilities to discriminate two similar contexts (Tronel et al., 2012). We report that
prenatally-stressed mice are impaired in both tasks, indicating that prenatal stress certainly leads to a

general alteration of pattern separation independently of the tested modality.

MATERIALS AND METHODS

Animals

Eight weeks old female CD1 mice (Charles River, France) were collectively housed under a 12h light/12h
dark cycle (lights on from 8 am to 8 pm) in a temperature- (22+/-3°C) and humidity-controlled facility.
Animals had ad libitum access to food and water. After 10 days of habituation to the housing conditions,
females were mated with CD1 males (Charles River, France) following a 3 females/1 male breeding design.
Pregnancy was determined by the presence of a vaginal plug checked once a day at the beginning of the
light phase. Each female was removed from the breeding couple and individually housed upon plug
detection (gestational day GD 0). All procedures and experimental protocols were approved by the Animal
Care Committee of Bordeaux (CEEA50) and were conducted in accordance with the European
community’s council directive of 24 November 1986 (86/609/ECC) that was in effect at the time of the
experiments. All efforts were made to minimize animal suffering, and reduce the number of animals used.
Gestational stress

Gestational stress was carried out from day 8.5 of gestation until parturition (~GD18-GD19). Females were
restrained in plastic transparent cylinders (in 50 mL centrifuge tubes 3 cm diameter, 11 cm long from
GDS8.5 until GD15; in vials 5.3 cm diameter, 10.5 cm long from GD15 on) for 45 min three times per day

under bright light during the light cycle (9am, 1pm, 5pm). Control mothers were left undisturbed
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throughout gestation. After delivery, dams and pups were left undisturbed, except for cage change, until
weaning (21st day post-partum). At weaning, only males originating from litters containing between 9 and
15 pups (mean pups per litter=12) with a nearly equal distribution between males and females were kept
and group housed with cagemates originating from different mothers. Two groups were thus constituted:
a Prenatally-Stressed group (PS) and a Control group (C).

Behavioral assessment

Two different batches of mice were used. The first one was tested in a metric pattern separation test at 4
months of age; the second one was tested in a contextual discrimination task at 5 months of age. In each
case, mice were individually housed at least 2 weeks before testing, and in order to avoid “litter effect”,
a maximum of 2 mice from the same litter was included into each batch. All the studies were performed
during the first half of the light period.

Metric separation

Behavioral pattern separation was measured in a variation of the metric processing task (Goodrich-
Hunsaker et al., 2008) in which the ability of mice to discriminate the metric relationship between two
objects under challenging conditions is tested (Chen et al., 2012). The test took place in an open-field
(L=100 cm; W=50 cm; walls H = 30 cm) containing two distinct objects (10-15 cm high, 5-8 cm wide).
Objects composing each pair were selected so as to induce similar exploration times in preliminary
studies. In the sample trial, mice were placed in the center of the open-field that contained the two objects
placed 20 cm apart, and they were allowed 20 min of free exploration of the objects (Figure 1A). During a
5 min inter-trial interval they were returned to their homecage and the objects were repositioned at 55
cm (low separation load, easy condition), 45 cm (medium separation load), or 35 cm (high separation load,
difficult condition) apart. After the intertrial interval, mice were returned to the open field for a 5 min test
trial, during which they were able to reinvestigate the objects in their new arrangement. The time that
each mouse spent exploring the two objects was recorded during both the sample and test trials. An
investigation ratio was calculated as: (exploration during the 5 min test trial) / (exploration during the 5
min test trial + exploration during the last 5 min of the sample trial). Each mouse was tested on each of
the object separations, in a counter-balanced design, during different sessions over the course of three
consecutive days.

Contextual discrimination

The ability to differentiate two similar environments or contexts based on previously acquired memory
for one of the contexts using contextual discrimination fear conditioning tests has been extensively used
as a proxy for contextual pattern separation (McHugh et al., 2007; Sahay et al., 2011a; Kheirbek et al.,

2012b; Nakashiba et al., 2012; Tronel et al., 2012). Overall, in our paradigm adapted from previous studies
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(Lee et al., 2011; Kheirbek et al., 2012b; Tronel et al., 2012), mice were exposed to contextual fear
conditioning in a specific context (A) and we tested their ability to discriminate this context from a very
similar one that shared multiples features (context B) or from a dissimilar one (context C) (Figure 2A). In
context A, the test room was lit with a neon light (600 lux) and the conditioning chamber (30 x 24 x 22 cm)
was lit with an overhead white light; its walls were made of clear Plexiglas; the floor of the chamber
consisted of 42 stainless steel rods, separated by 3 mm, which were wired to a shock generator and
scrambler (Imetronic, Pessac, France). The chamber was thoroughly cleaned with a 1% acetic acid solution
between each mouse. For context B (similar context), the test room was still lit with the neon light (600
lux), the chamber (30 x 24 x 22 cm) was not lit, and the two sidewalls were covered with black panels cued
with black and white patterns; the front and rear walls as well as the floor remained the same as in context
A and a 1% acetic acid solution was also used to clean the chamber between each mouse. For context C
(dissimilar context), the test room was lit with a fluorescent light (40 lux), the chamber (30 x 24 x 22 cm)
was not lit, the side walls were made of dark grey Plexiglas, and the grid floor was covered with a plastic
laminated sheet. A 5% NaOH solution was used to clean the chamber between each mouse.

On day 1 mice were pre-exposed to context A for 10 min, and their baseline freezing behavior
measured over the entire session. On day 2, they were allowed to freely explore context A again for 5 min
upon which five foot shocks (1 mA, 1 s) were delivered at 90 s intervals. Freezing behavior was measured
in the 90 s intervals after every consecutive foot shock. On day 3, the conditioned mice were tested in the
same context for 5 min without any foot shock and their freezing behavior recorded. The next day, animals
were assessed for their discrimination abilities. Mice were placed in context A and were delivered a single
foot shock (1 mA, 1 s) after a 3 min exploration period. Fifteen seconds later, they were returned to their
home cage for a 2 hours rest period upon which half the mice of each experimental group (C vs PS) were
exposed to context B for 3 min and the other half to context C. Freezing behavior in both context A and
context B/C was recorded for the first 3 min. of exposure. Freezing levels are expressed as % of the time
period or as Discrimination ratios calculated as follows: Ratio = (freezing percentage in chamber
A/(freezing percentage in chamber A + B or C) in which values higher than 0.5 indicate that mice are able
to discriminate the 2 contexts.

Statistical analyses

All statistical analyses were performed with Statistica 12.0 software (Statsoft). A two-way repeated-
measures Anova with group (C v sPS) and separation load (low, medium, high) was performed on data
collected during the metric separation task. A combination of Student t-tests with group as main factor,

of two-way repeated measures Anova with (group x shock) or (group x context) as main factors were used
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for comparing freezing levels in C and PS mice. LSD post-hoc analysis was performed when appropriate.

All data are presented as mean + SEM.

RESULTS

Metric separation is altered in PS mice

Behavioral pattern separation was first measured with a variation of a metric spatial-processing task
(Goodrich-Hunsaker et al., 2008) in which animals are exposed to changes in the metric relationships
between 2 objects. Three conditions with different levels of difficulty were tested (Figure 1A): an easy
condition where objects relocation (55 c¢cm) is very different from their initial position (20 cm) (pattern
separation load is low), a medium condition, and a difficult one where the change in objects metric
configuration (35 cm) is subtle compared to the initial position (20 cm) (pattern separation load is high).
All mice displayed habituation to the objects during the sample phase of the trial as demonstrated by a
decrease in investigation duration during the 20 min interval (data not shown). Analysis of the
investigation ratio indicated that mice from both groups showed a decreased performance when task
difficulty was increased from low to high pattern separation load (Figure 1B; load effect F,s6=5.924,
p=0.004). Although this decrease was similar for both group (group x load interaction F,,5c=0.098, p=0.9),
PS mice showed an overall lower ability to detect changes in objects’ positions compared to C mice

(F1,28=4.639, p=0.03), thereby indicating a deficit in metric separation abilities.

Contextual discrimination is altered in PS mice

To test contextual discrimination, mice of C and PS groups were divided into two subgroups (Figure 2A):
a similar context one (tested in similar contexts A and B; Figures 2B to 2F) allowing to measure behavioral
pattern separation abilities and a different context one (tested in contexts A and C; Figures 2G to 2K)
allowing to control for coarse discrimination abilities. On the first day, during context A pre-exposure,
both C and PS mice freely explored the fear arena without any significant difference in their baseline
freezing levels, which remained very low (similar contexts group: Figure 2B, t,0=0.730, p=0.47; different
context group: Figure 2G, t10=0.948, p=0.36). During conditioning the following day, we observed as
expected a significant increase in mice freezing behavior for every consecutive foot shock without any
significant difference between C and PS animals (similar context group: Figure 2C, group effect: F1,20=0.15,
p=0.69; training effect: F45=18.18, P<0.001; group X training interaction: F430=0.87,p=0.48; different
context group: Figure 2H, group effect: F1,10=0.13, p=0.72; training effect: F440=9.20, p<0.001; group X

training interaction: Fs40=0.49, p=0.74). When their contextual fear memory was tested in the
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conditioning context A twenty-four hours later, both C and PS mice showed an increase freezing response
compared to baseline but they did not significantly differ from each other suggesting that PS does not
affect formation of fear memory related to contextual information (similar context group: Figure 2D,
120=0.90, p=0.37; different context group: Figure 2I, t;0=-0.01,p=0.99). Subsequently on the next day, mice
from the similar context subgroups were tested in a new context B which was highly similar to A. As shown
in Figure 2E, only C mice exhibited a significant discrimination across the two contexts with a higher
freezing in A than in B, whereas PS mice were generalizing the two contexts (group effect: F;20=0.05,
p=0.81; context effect: F120=2.52, p=0.12; group x context interaction: F;20=6.16, p<0.01; LSD post hoc
test: freezing in A # B in control mice (p=0.015) and not in PS mice (p=0.49)). As a consequence C and PS
mice differed in their discrimination ratio (Figure 2F, t,0=1.95, p=0.05), which was different from 0.5 (the
0.5 value reflects the absence of discrimination) in C mice only (ts=4.62, p=0.001 for C, t13=-0.12, p=0.90
for PS). To determine whether the deficit in PS mice was specific to the discrimination of closely related
contexts or extended to that of different contexts, which does not require pattern separation,
discrimination between different contexts A and C was also tested. Whatever their life history, mice
showed no deficit in distinguishing A from C (Figure 11 F; group effect: F;110=0.94, p=0.35; context effect:
F1,0=28.85, p<0.001; group X context interaction: F1,10=3.54, p=0.08). Consequently, discrimination ratios
did not differ between C and PS mice (Figure 2K, t10=-1.31, p=0.21), and were different from 0.5 for both
groups (te=2.92, p=0.03 for C, ts=14.12, p<0.001 for PS).

DiscussioN

The present study demonstrates that prenatal stress has a profound negative impact on pattern
separation abilities tested in adult male CD1 mice in two tasks requiring different modalities.

Indeed, in our metric separation test that require animals to process metric spatial information in order
to detect changes in the arrangements of objects (Goodrich-Hunsaker et al., 2008; Chen et al., 2012), PS
mice were impaired compared to control mice at all discrimination distances tested, whether the pattern
separation load was high (task is more difficult) or low (task is easier). As expected performances of both
control and PS mice decreased with increased complexity.

We confirmed this deficit in a contextual discrimination task based on fear conditioning in which
the capacity of mice to recognize two similar contexts is tested. Results from this study indicate that
whereas control mice are capable of dissociating the context in which they have received foot-shocks
from a very similar one, showing less freezing in the latest, PS mice showed the same level of response in

the 2 contexts, indicating their incapacity to detect the subtle changes that differentiate the conditioning
8
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context from a similar one. On the opposite, both C and PS mice showed good performances at
dissociating the conditioning context from a quite different one, indicating that the deficit observed in PS
mice is restricted to similarity detection. This study also revealed that PS mice were not impaired in
contextual fear memory, which is in accordance with previous studies performed in prenatally-stressed
rats (Markham et al., 2010; Wilson et al., 2013). There is however a strong discrepancy in studies analyzing
fear conditioning after prenatal stress, as some studies also reported specific impairments in contextual
fear memory in rats and mice (Griffin et al., 2003; Lee et al., 2011; Chavez et al., 2021). It is likely that
species/strain differences, varied prenatal stress protocols and contextual fear memory-testing paradigms
can partly explain these discrepancies.

Behavioral pattern separation has been consistently shown to rely on adult hippocampal
neurogenesis, whether it was tested through spatial discrimination abilities using a delayed-non-
matching-to-place task in a eight arm radial maze or a touchscreen-based task- (Clelland et al., 2009; Creer
et al., 2010; Nakashiba et al., 2012) or through contextual discrimination abilities using a fear-conditioning
based task (Sahay et al., 2011a; Nakashiba et al., 2012; Tronel et al., 2012). As we and others have
previously reported, prenatal stress is associated with a sharp decrease in cell proliferation over the
course of life, leading to deficits in adult neurogenesis (Lemaire et al., 2000; Mandyam et al., 2008; Zuena
et al., 2008; Lucassen et al., 2009; Belnoue et al., 2013; Ortega-Martinez, 2015). It is thus very likely that
alteration in adult neurogenesis represents a core mechanism of PS-induced deficits in pattern separation.
Interestingly, pre-pubertal stress, which decreases adult neurogenesis as well, was also found to disrupt
spatial discrimination tested in an object location recognition paradigm slightly different from ours
(Brydges et al., 2018). Taken together with our results, this observation reinforces the hypothesis that
altered hippocampal neurogenesis may be at the core of early life stress-induced disruptions in pattern
separation. As to the best of our knowledge this study is the only one with ours testing the impact of early
life stress on behavioral pattern separation, this hypothesis awaits further consideration.

Although studies on pattern separation after early life adversity are sparse, prenatal stress has
been shown to impair several other hippocampus-dependent functions such as spatial learning and
memory or object location memory (Lemaire et al., 2000; Ishiwata et al., 2005; Lee et al., 2011; Schulz et
al., 2011), all abnormalities that could actually stem from the deficits in pattern separation that we
observed. Indeed, learning and recalling spatial knowledge was shown to depend upon proper topological
and metric spatial information processing, the lasted relying on pattern separation (Goodrich-Hunsaker
et al., 2008). Furthermore, the ability to disentangle incoming information by separating events based on
their spatiotemporal similarities, as is performed in behavioral pattern separation, was proposed to serve

as decreasing interference (Marr, 1971; McClelland et al., 1995; Rolls, 1996), and alteration in the
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sensitivity to memory interference could explain the deficits in spatial relational memory that are
observed after prenatal stress in the water maze procedure (Lemaire et al., 2000). In this task, animals
released from different starting points need to acquire different spatial representations of the
environment in order to locate the hidden platform. Memory impairment could thus result from an
increase in interference between these different representations that are juxtaposed.

In addition to explain some learning and memory dysfunctions, the altered pattern separation
observed in prenatally-stressed mice bears significant relevance for psychiatric illness. Indeed, in utero
stress in humans has been suggested to be a major risk factor for developing post-traumatic stress
disorder (PTSD) in adulthood (Heim et al., 1997; Schwabe et al., 2012); one prominent feature of PTSD
patients is their specific and paradoxical memory alteration in which co-exist recurrent emotional
hypermnesia for salient trauma-related cues, and amnesia for the surrounding traumatic context (Brewin
et al., 1996), ultimately impairing their ability to differentiate the correct predictors of threat from the
false predictors in order to restrict their fear response only to the correct place and cues. As a result, these
patients show excessive generalization of fear to “innocuous” environments that share some aspects of
the previously confronted aversive event, provoking them to initiate inappropriate fear responses (Sahay
et al., 2011b). This feature of PTSD is highly reminiscent of the behavioral profile exhibited by prenatally-
stressed mice and suggests a core involvement of pattern separation deficits, and by extension of adult
hippocampal neurogenesis deficits. Although such hypothesis is currently not possible to test in humans
due to the lack of appropriate tools, we hope that further analysis of these processes and links in our mice
model may shed light on some of the pathophysiological mechanisms involved in the development of

PTSD.
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FIGURE LEGENDS

Figure 1: Prenatal stress alters mice abilities to perform metric separation. A) Experimental design of the
task. All mice were tested in the three objects arrangements according to a counter-balanced design over
3 consecutive days. B) Investigation ratio calculated as time investigating the 2 objects during the test
phase / (time investigating the 2 objects during the test phase + during the last 5 min). Control group (C,

n=15); Prenatally-stressed group (PS, n=15); *p<0.05.

Figure 2: Prenatal stress alters mice abilities to discriminate similar contexts. A) Experimental design of
the task. B) to F) freezing responses of mice exposed to the similar contexts A and B; G) to K) freezing
responses of mice exposed to the different contexts A and C. B) G) baseline freezing levels of C and PS
mice during pre-exposure to a neutral A context. C) H) freezing response to the conditioning footshocks.
D) I) freezing behavior recorded upon re-exposure of mice to the conditioning context A. E) freezing levels
of C and PS mice exposed to the conditioning context A (ctx A) and to a similar context B (ctx B). J) freezing
levels of C and PS mice exposed to the conditioning context A (ctx A) and to a different context C (ctx C).
F) Comparison of discrimination ratios calculated as freezing in ctxA / freezing in ctx A + ctx B between C
and PS mice. K) Comparison of discrimination ratios calculated as freezing in ctxA / freezing in ctx A + ctx
C between C and PS mice. Similar contexts groups (C n=9; PS n=13); Different contexts groups (C n=6; PS

n=6); * different from control at p<0.05; # different from 0.5 at p<0.05.
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Figure 1: Prenatal stress alters mice abilities to perform metric separation. A) Experimental design of the

task. All mice were tested in the three objects arrangements according to a counter-balanced design over

3 consecutive days. B) Investigation ratio calculated as time investigating the 2 objects during the test

phase / (time investigating the 2 objects during the test phase + during the last 5 min). Control group (C,

n=15); Prenatally-stressed group (PS, n=15); *p<0.05.
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Figure 2: Prenatal stress alters mice abilities to discriminate similar contexts. A) Experimental design of
the task. B) to F) freezing responses of mice exposed to the similar contexts A and B; G) to K) freezing
responses of mice exposed to the different contexts A and C. B) G) baseline freezing levels of C and PS mice
during pre-exposure to a neutral A context. C) H) freezing response to the conditioning footshocks. D) 1)
freezing behavior recorded upon re-exposure of mice to the conditioning context A. E) freezing levels of C
and PS mice exposed to the conditioning context A (ctx A) and to a similar context B (ctx B). J) freezing
levels of C and PS mice exposed to the conditioning context A (ctx A) and to a different context C (ctx C). F)
Comparison of discrimination ratios calculated as freezing in ctxA / freezing in ctx A + ctx B between C and
PS mice. K) Comparison of discrimination ratios calculated as freezing in ctxA / freezing in ctx A + ctx C
between C and PS mice. Similar contexts groups (C n=9; PS n=13); Different contexts groups (C n=6; PS
n=6); * different from control at p<0.05; # different from 0.5 at p<0.05.
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