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Abstract
Much research shows early life manipulations have enduring behavioral, neural, and hormonal
effects. However, findings of learning and memory performance vary widely across studies. We
reviewed studies in which pre-weaning rat pups were exposed to stressors and tested on learning
and memory tasks in adulthood. Tasks were classified as aversive conditioning, inhibitory
learning, or spatial/relational memory. Variables of duration, type, and timing of neonatal
manipulation and sex and strain of animals were examined to determine if any predict enhanced or
impaired performance. Brief separations enhanced and prolonged separations impaired
performance on spatial/relational tasks. Performance was impaired in aversive conditioning and
enhanced in inhibitory learning tasks regardless of manipulation duration. Opposing effects on
performance for spatial/relational memory also depended upon timing of manipulation. Enhanced
performance was likely if the manipulation occurred during postnatal week 3 but performance was
impaired if it was confined to the first two postnatal weeks. Thus, the relationship between early
life experiences and adulthood learning and memory performance is multifaceted and decidedly
task-dependent.
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1. Introduction
Mental health disorders can be extremely debilitating to the individual and their family and
inflict great costs on society. In the United States, the prevalence of having any disorder in a
12-month period is over 26% with 7% of the population classified as having more than one
major disorder (Kessler et al., 2005). Prevention, an effective way to reduce occurrences of
the problems, can be enhanced by identifying risk factors. While genetic factors are
important, the environmental factor of early life trauma increases susceptibility to
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depression (Heim and Nemeroff, 2001), post-traumatic stress disorder (PTSD) (Yehuda et
al., 2001), schizophrenia (Howes et al., 2004), and addiction (Gordon, 2002). Stress affects
neural and hormonal systems that contribute to emotional and cognitive processes associated
with mental disorders. Further, acute stress in adulthood can precipitate or exacerbate
symptoms of mental disorders. The variability in an individual’s response to stress during
adulthood may relate to differences in early life experiences that helped shaped the neural
and hormonal responses to stress. A better understanding of the long-term consequences of
early life stress could improve prevention strategies for mental disorders, particularly for
those that are affected by stress.

Animal models provide an essential tool to understand the mechanisms by which the
enduring effects of early life stress become manifest. Research conducted with animals
allows control over the environmental manipulation of early life stress. This provides the
ability to examine specific parameters of the manipulation, such as the postnatal timing or
duration of the stress, in order to determine the critical factors that contribute to the enduring
effects of the stress. Animal studies have reduced variability because consistency over
factors such as housing or litter size can be maintained and genetic factors controlled by
employing rats of a specific strain. Finally, research with animals allows assessing hormonal
or neural changes such as neurogenesis or effects on protein levels in specific brain regions.
Nonetheless, animal models must be evaluated to ensure their validity because they are only
useful if they produce effects comparable to those seen in humans.

The overall purpose of this review is to synthesize results from the literature on early life
manipulations in rats in order to determine how it affects learning and memory performance
in adulthood. We focus on learning and memory because of the many discrepancies in this
literature. There is a need to understand how early life stress alters these processes because it
will shed light on early trauma as a risk factor for the many mental disorders that associate
with altered learning and memory processing. While other reviews have been written on
early life stress, e.g., (Brunson et al., 2003; Catalani et al., 2011; Francis et al., 1999a;
Kaufman et al., 2000; Kehoe and Shoemaker, 2001; Lehmann and Feldon, 2000; Levine,
2001; Macri and Wurbel, 2006; Meaney et al., 1996), none have had this focus. Thus, this is
a unique perspective to this literature.

Early life manipulations have been reported to enhance, impair, or have no effect on
learning or memory performance in the adult. These inconsistencies may reflect procedural
variations in early life stress models or differences in assessments of learning and memory.
There is a need to find the commonalties and differences within this literature in order to
identify parameters that can explain and predict outcomes from studies and enhance the
validity of the animal models utilized. Some a priori questions examined in this review
include whether brief vs. prolonged manipulations have opposing effects on learning and
memory as suggested for effects on stress hormone systems (Francis et al., 1999a). This
assumption may not hold for learning and memory tasks (Brunson et al., 2003). In addition
to duration, we hypothesize that timing of the manipulation is important in whether learning
or memory is altered. Other factors that may play a role in the effects of early life
manipulations on performance in learning and memory tasks include sex and strain of the
rat. Finally, we deemed that the type of task was important in determining the outcome of
the study.

In this paper, we first present our approach to constructing the review. Second, we describe
the methods of collecting and synthesizing information from the literature. Third, we briefly
describe rat development including maternal effects and changes in stress hormone systems.
Next, we explain the various early life manipulations used in publications discussed herein.
Then, we summarize results reported in the literature on the effects of early life
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manipulations on learning and memory tasks presented by task type category and discuss
unconditioned effects that may have affected outcomes of these studies. Subsequently, we
discuss enduring effects of early life manipulations on the stress hormone and central
nervous systems of adult rats. Finally, we present a model to help synthesize results reported
upon and provide a heuristic to test predictions in future studies.

2. Approach
We gathered as thorough a collection of published papers as possible and then probed for
patterns in the results. A literature search (Medline) of studies published up to January 2012
was performed by combining the key phrases of “early life” or “postnatal stress”, “maternal
separation or deprivation”, “neonatal or postnatal handling” or “isolation”. These results
were crossed with the keywords of “learning, memory, or conditioning” and then crossed
with “rat”. Only studies in which the full article was available in English were included. We
also combed these articles for other references that failed to be included in the search results.
If these studies met the inclusion criteria (see below), they were included.

The following factors were the inclusion and exclusion criteria for articles. The first premise
was that the manipulation was presumed to reflect stress. Second, only studies that utilized
postnatal manipulations performed during the preweaning period were included. Studies
employing prenatal or post-weaning manipulations were not examined unless combined
with such a condition. Note that a prior paper compared effects of postweaning isolation
(isolation rearing) to preweaning manipulations (Hall, 1998). We also excluded studies of
psychoactive drug or toxin administrations in order to concentrate on general stressors.
Thus, most experimental manipulations were considered neonatal handling, maternal
separation, or neonatal isolation. We also included studies of foot shock, stress hormone
exposure, artificial rearing (complete absence of maternal and littermate contacts), and
limited nesting.

Second, with the purpose of having enough results to make reasonable contrasts and
comparisons, we focused on aversive classical/instrumental conditioning, spatial/relational
memory, and latent inhibition tasks. Studies of appetitive learning were limited and mostly
focused on psychoactive drug effects (e.g., drug self-administration). This topic was
discussed in other reviews (Gordon, 2002; Kosten and Kehoe, 2007; Moffett et al., 2007).
However, appetitive memory tasks, such as the radial arm maze, were included because of
its similarity to other spatial tasks, such as Morris water maze. We did not include studies of
non-associative tasks (habituation; sensitization) because they are generally forebrain-
independent. Finally, we limited our assessment to studies that employed adult (>60-days)
rats. Very few mouse studies using early life manipulations exist and we felt it best to not
have species as another variable. Finally, too few studies conducted with infant or juvenile
rats exist so these were not included although studies with aged rats (>9-mos) were.

3. Methods
We gathered results from the papers and tabulated them in the following way. Significant or
trends towards significant findings in specific tasks were categorized as an impairment or an
enhancement, or otherwise considered a non-significant effect. Each experiment within a
paper was a separate study or case. If rats of both sexes or both adult and aged rats were
assessed, these were separate cases. To determine factors that contribute to enduring effects
of early life manipulations on learning and memory, we performed discriminant function
analysis, a classification method in which values on one or more independent variables or
factors are used to predict categorization or group membership in another variable (Cohen
and Cohen, 1983)1. Factors examined are defined in Section 4 and include sex, strain,
duration (brief vs. prolonged), type (isolation vs. separation), test age (adult vs. aged), and
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timing (during post-natal week 3 vs. not2). All factors, except strain, were dichotomous and
used to predict whether enhancements or impairments in performance in the tasks (e.g.,
categorization) were seen. Finally, as described below, the task employed was assigned to
one of three categories (aversive conditioning, inhibitory learning, or spatial/relational
memory) and separate analyses by task category performed.

Results from 231 studies in 77 publications are summarized in Tables 1–3. For ease of
presentation, rats of both sexes per paper are combined with a notation made if there were
sex-dependent effects. Studies from the same paper that tested adult and aged rats or
imposed different early life manipulations are shown on separate lines.

4. Early life manipulations
Various early life manipulations are believed to be stressful. In most cases, the pup is
separated from the dam but may also be isolated from its littermates. Some investigators use
the terms “handling” or “maternal separation” regardless of whether the pup was isolated
individually or remained huddled with littermates. We distinguish between “separation” and
“isolation” such that separation refers to procedures in which pups were allowed to huddle
with littermates and isolation refers to procedures in which the pup was isolated
individually. We make this distinction because a pup can receive tactile and olfactory
stimulation in a huddle and this may ameliorate stress effects of separation from the dam
(Cirulli et al., 1992).

A commonly used procedure, neonatal handling, was developed by Levine and colleagues
(Levine et al., 1956). In this procedure, pups are removed from the dam and cage for short
periods of time. Then, the pups may be placed in another cage or weighed and returned to
the dam and home cage. The most common duration of handling is 15-min as shown in Fig.
1. Some studies used less than 15-min and some, 20- or 45-min. For this review,
manipulations with durations of less than 60-min are defined as “brief”.

Maternal separation is another common early life manipulation. The term “maternal
separation” typically refers to procedures that employ a prolonged duration of pup removal
from the dam and/or littermates. As seen in Fig. 1, there is a range of durations. Note that
the longest duration of 24-hr was only imposed on one or two occasions, whereas with
shorter durations, the manipulations typically took place on several, consecutive days. All
manipulations with durations of 1-hr or more are defined as “prolonged”. In addition to
duration, the manner in which maternal separation is conducted across laboratories differs.
The number of separations and postnatal days on which they occurred vary widely across
studies. These procedural variations may contribute to the discrepancies and inconsistencies
in results reported in the literature (Lehmann and Feldon, 2000; Pryce and Feldon, 2003).

Other early life manipulations that likely are stressful to the pups or affect stress hormone
levels have been employed. One of the original procedures was foot shock (Ader, 1973;
Levine, 1957, 1962). This was done over a short time (e.g., 3-min) so we classified it as a
brief and isolated manipulation. Another early life manipulation is corticosterone
administration in the drinking water that affects stress hormone levels of the dam (Catalani
et al., 2011). Drinking usually occurs in several bouts throughout the day in the home cage

1Discriminate function analysis (DFA) is the reverse of analysis of variance (ANOVA) and, as such, all assumptions that underlie
ANOVA are applicable to DFA. The difference is that in ANOVA, the independent variables are the groups and the dependent
variables are the predictors. In DFA, this is reversed; the independent variables are the predictors and dependent variables are the
groups.
2Other categorization schemas for timing were assessed including during postnatal week 1 only or during postnatal week 3 only. None
of these analyses were significant.
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and thus we considered it a prolonged duration and a separation type. Other methods of
altering stress hormones used include administering corticotrophin-releasing factor (CRF) or
an antagonist intracerebrally (Brunson et al., 2001). We considered these manipulations to
be prolonged because effects likely lasted for at least 1-hr. Limited nesting material is a
stressor used by Brunson and Baram (Brunson et al., 2005). Nesting material is limited
around the clock on postnatal days (PN) 2–9 and thus considered a prolonged duration and
separation type experience. Tang and colleagues (Tang, 2001; Tang et al., 2006) expose
pups to a novel environment for a brief period. We considered this a brief duration and
isolation type. Finally, we include a study in which artificial rearing, the complete lack of
maternal contact, was employed (Levy et al., 2003). This was defined as prolonged and
isolated. All of these aforementioned techniques are classified as “Other” and tabulated in
Fig. 1.

There is much variability in the days on which manipulations were performed. Often,
separations or isolations took place daily starting on PN 1 or 2 and continued through PN 21,
the usual weaning day. Sometimes, manipulations were restricted to the first two postnatal
weeks and in other cases, the manipulation was imposed only during the postnatal week 3.
Thus, another factor examined was whether the manipulation took place during post-natal
week 3 or not. This specific timing dichotomy was suggested by findings in spatial/
relational task category and was the clearest division to make based on the various ranges of
manipulation timing used. Further, as discussed in Section 12, the first two post-natal weeks
represents a “stress hyporesponsive” period and is a time during which much neuronal
organization takes place.

5. Stress and the developing rat
For many days after birth, altricial rat pups need a great deal of maternal care in order to
survive (Rosenblatt and Snowdon, 1996). Pups actively elicit care from the dam through
olfactory, visual, and auditory cues that prompt her to retrieve and groom them (Brewster
and Leon, 1980; Smotherman et al., 1974; Stern and Johnson, 1989). Pups are active
participants in the licking interaction and nursing that usually follows such grooming (Stern
and Johnson, 1989, 1990). Expression of maternal behaviors varies across strains and
individual dams (Gomez-Serrano et al., 2002; Liu et al., 1997; Moore et al., 1997; Myers et
al., 1989) and these differences can be transmitted across generations (Boccia and Pedersen,
2001; Francis et al., 1999b). Further, maternal behavior is influenced by early life
manipulations (Barnett and Urn, 1967; Bell et al., 1971; Hofer, 1983; Kosten and Kehoe,
2010; Lee and Williams, 1974; Levine, 1987; Liu et al., 1997; Marmendal et al., 2004; Pryce
et al., 2001). In fact, a hypothesis put forth by Levine (Levine, 1962), is that the immediate
and enduring effects of early life manipulations are mediated via the changes such
manipulations induce on maternal behavior.

The maternal mediation hypothesis has been discussed in previous reviews (Macri and
Wurbel, 2006; Smotherman and Bell, 1980). Briefly, interest in maternally-mediated
alterations in mother-pup interactions is due, in large part, to the fact that behavior is linked
to functioning of the hypothalamic-pituitary-adrenal (HPA) axis system of the adult
offspring (Liu et al., 1997). Both natural variations in maternal care or changes in care due
to handling alters HPA axis activity in the adult such that greater arched-back nursing and
licking/grooming received as a pup associates with lower stress responsivity (Francis and
Meaney, 1999; Meaney, 2001). Further, offspring born to a low-licking dam but raised by a
high-licking dam is more similar to pups of high-licking dams than to pups of low-licking
dams (Liu et al., 2000). Thus, maternal behavior shapes the responsivity of the adult
offspring (see (Meaney, 2001).
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Some argue that direct stress effects on the developing pup, in addition to maternally-
mediated effects, are necessary to explain the enduring changes in the adult offspring (Macri
and Wurbel, 2006; Tang et al., 2006). In the adult rat, stress activates two major systems --
the HPA axis and the sympathetic nervous system (SNS). These functionally-related
systems prepare the animal to respond to challenges it faces and then bring the body back to
typical conditions when the threat has passed (Chrousos and Gold, 1992). The HPA axis
consists of a central component in which CRF is released from the hypothalamus and
interacts with receptors in the anterior pituitary. This leads to the synthesis and release of
proopiomelanocortin that cleaves into β-endorphin and adrenocorticotrophin hormone
(ACTH). ACTH stimulates secretion of glucocorticoids (e.g., corticosterone in rats) from the
adrenal cortex that can interact with glucocorticoid (GR) and mineralocorticoid (MR)
receptors in the brain, particularly within the hippocampus where these receptors are quite
abundant (deKloet and Reul, 1987; McEwen and Sapolsky, 1995). When such receptors are
activated, it signals to shut down corticosterone secretion and thus, the hippocampus
provides important negative feedback capacity for the animal (Herman and Cullinan, 1997).
Stress also activates the SNS resulting in release of adrenaline and norepinephrine (NE),
from the adrenal medulla and sympathetic nerves, respectively. A main target of NE is the
brainstem structure, the locus coeruleus (LC). LC has widespread efferent connections
throughout the brain; it activates the amygdala, hippocampus, and prefrontal cortex (PFC),
areas that play pivotal roles in learning and memory. Not surprisingly, stress experience
alters learning and memory performance in adult rats. In general, adult rats show
impairments in hippocampal dependent memory (e.g., spatial/relational memory) but
enhancements in non-hippocampal dependent memory (e.g., aversive Pavlovian
conditioning) after stress (Kim and Diamond, 2002) although exceptions to this pattern exist
(see Section 12).

6. Early life stress effects on learning and memory: Task categorization
We compiled the studies from over 75 papers and classified them into three task types as
seen in Fig. 2. Task categories were initially identified based on known neurobiological and
behavioral distinctions as well as by the manner in which early life stress affected
performance and this categorization was confirmed by discriminant function analysis. The
first category is aversive conditioning. It includes context (CtxF) and cue (CueF) fear
conditioning, inhibitory avoidance (IA), eye-blink conditioning (EBC), fear-potentiated
startle (FPS), and conditioned taste aversion (CTA). The second category is inhibitory
learning and it includes primarily the latent inhibition (LI) tasks. The third category, spatial/
relational memory tasks, includes the Morris water maze task (MWM), radial arm maze
(RAM), circular maze (CM), can test (CT), active avoidance (AA), T-maze (TM), Y-maze
(YM), object recognition (OR), and social memory (SM). AA is in the spatial/relational
memory category because it requires the animals to escape the aversive situation like
MWM.

7. Early life stress effects on learning and memory: Aversive conditioning
tasks

The first category of tasks includes several aversive conditioning procedures. As seen in Fig
2, much of the research that examined aversive conditioning in adult rats with early life
manipulations utilized context or cue fear conditioning procedures (CtxF and CueF). The
other aversive conditioning tasks are inhibitory avoidance, fear-potentiated startle, eyeblink
conditioning, and conditioned taste aversion (CTA). All of these tasks, except CTA, involve
aversive foot shock presentations. The CTA procedures are presumed to involve aversive
effects of a drug (or radiation) exposure because the tastant paired with this exposure is
subsequently avoided.
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7.1 Fear conditioning
Pavlovian fear conditioning is a commonly used aversive conditioning procedure. Typically,
an emotionally neutral light or tone conditioned stimulus (CS) is presented with a mild
footshock (unconditioned stimulus or UCS). After one or more pairings, animals show fear
responses (e.g., freezing) to the CS in the absence of footshock and to the context in which
these pairings occurred. The amygdala is important for fear conditioning and the
hippocampus is also involved in fear conditioning to the context (LeDoux, 2000).

The greatest number of studies that assessed the effects of early life manipulations on
aversive conditioning in adult rats utilized Pavlovian fear conditioning procedures as seen in
Fig. 2 and Table 1. Some papers report results of separate assessments of context- (CtxF)
and cue-induced (CueF) fear. However, in some cases, only CtxF was examined and in one
study, fear responses were assessed during exposure to both context and cue simultaneously
(Madruga et al., 2006). These two procedures are listed separately in Table 1 with the study
that assessed both types of fear conditioning at the same time listed with the CtxF studies.

Among 30 cases from 13 published papers, there are 16 reports of significant or trends
towards significance of impaired CtxF in rats with early life manipulations as seen in Table
1 and in Fig. 2. In some cases, impairments reflect decreased expression of fear responses
(e.g., freezing) upon placement in the context where the foot shocks were delivered (Kosten
et al., 2006; Kosten et al., 2005; Lehmann et al., 1999; Madruga et al., 2006; Meerlo et al.,
1999) and in other cases, impairments reflect enhanced extinction (Guijarro et al., 2007;
Wilber et al., 2009). There are four cases of enhanced CtxF with early life manipulations. In
one report, both male and female rats with prolonged maternal separation showed enhanced
freezing during the context test (Oomen et al., 2010). In another report, female, but not male
rats, with prolonged isolation emitted more ultrasonic vocalizations (USVs) during the
context test although freezing was not altered (Kosten et al., 2005). Finally, male rats with
the same manipulation showed enhanced CtxF if they were stress-exposed a week prior to
training (Imanaka et al., 2006). Isolation experience alone had no effect. Finally, ten studies
from five papers report no effect of early life manipulations on CtxF (Lehmann et al., 1999;
Madruga et al., 2006; Oomen et al., 2011; Pryce et al., 2003; Stevenson et al., 2009).

There were no obvious differences in training or testing parameters between studies that
reported significant impairments vs. those that did not. In most cases, ten shocks were given
with a duration range of 0.5 to 4 sec at 0.3 to 1 mA intensity. In fact, negative reports came
from papers in which significant effects were seen under the same parameters either with
another early life manipulation or in cue tests. Female rats were as likely to show impaired
CtxF as male rats and both Wistar and Sprague-Dawley rats were more likely to have
impaired CtxF than no effect. All studies were conducted in adult rats. Thus, the factors of
sex, strain, and age did not contribute to outcomes in CtxF studies. Type of manipulation did
not contribute to results seen. Impaired CtxF occurred in studies using either separation or
isolation procedures. However, all four reports of enhanced CtxF were associated with
prolonged manipulations that were confined to the first two post-natal weeks. Thus, duration
and timing of manipulation may have contributed to effects of early life manipulations on
CtxF.

Nine papers with 26 experiments report on effects of early life manipulations on cue-
induced fear (CueF) as seen in Table 1 and Fig. 2. Five studies find impaired acquisition,
expression, or enhanced extinction (Kosten et al., 2006; Pryce et al., 2003; Stevenson et al.,
2009). In some studies, effects on stress hormone or USV levels but not freezing behavior
are seen. There are three cases of enhanced CueF in rats with 24-hr separation experienced
on PN3 (Oomen et al., 2010; Oomen et al., 2011) although the same manipulation on PN4,
9, or 18 had no effect (Lehmann et al., 1999). No CueF effect is seen in 17 studies (Guijarro
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et al., 2007; Kosten et al., 2006; Kosten et al., 2005; Lehmann et al., 1999; Wilber et al.,
2009).

Similar to CtxF studies, outcomes did not appear to reflect training or testing parameters.
There was no pattern suggesting that sex affected the outcome and none of the studies
examined aged rats. The factors of strain, or duration, type, and timing of manipulation may
have contributed to results. All three studies showing enhanced CtxF used Wistar rats and
confined the prolonged separation to the first two post-natal weeks. However, it is difficult
to disentangle these variables and all were from the same laboratory (Oomen et al., 2010;
Oomen et al., 2011). Moreover, Lehmann and colleagues used same manipulation as in the
Oomen studies except it was performed on PN4, 9, or 19 and found no effect on CtxF
(Lehmann et al., 1999).

7.2 Inhibitory avoidance
The inhibitory avoidance (IA) task is an aversive conditioning task in which an animal’s
response (e.g. entering a dark compartment) determines presentation of an aversive stimulus
(e.g. foot shock). The animal’s avoidance of the dark compartment on a subsequent trial is
the measure of IA. Both the amygdala and hippocampus play important roles in modulating
IA memory (Cahill and McGaugh, 1998). Eight studies from three papers report on the
effects of three early life manipulations on IA performance as seen in Table 1 and in Fig 2.
IA performance was impaired under all three conditions including a brief exposure to
isolation or to foot shocks (Ader, 1973; Kosten et al., 2007b) or after prolonged isolation
(Kosten et al., 2007a). Impairments were seen in rats of both sexes. All studies utilized
Sprague-Dawley rats, an isolation manipulation, and standard IA procedures. Six of the
eight studies timed the manipulation to occur during the third post-natal week and six
utilized brief manipulations. Although limited in number, these reports suggest that early life
manipulations impaired IA and that duration, type, and timing of the manipulation, as well
as sex and strain did not contribute to the outcome.

7.3 Fear-potentiated startle
Fear-potentiated startle (FPS) is an aversive conditioning task in which conditioned fear is
measured by elevated startle responses to a loud noise in the presence of a cue previously
paired with footshock. The amygdala plays an important role in FPS (Davis, 1992). Two
studies from one paper report no effect of prolonged separation on FPS as seen in Table 1
and Fig. 2 (deJongh et al., 2005). The manipulation ended prior to the third post-natal week
and used Wistar rats of both sexes. Due to the scarcity of FPS studies, this neither adds to
nor detracts from the notion that early life manipulations impair aversive conditioning.

7.4 Eye-blink conditioning
Eye-blink conditioning (EBC) is an aversive conditioning task in which a neutral CS (e.g.,
light or tone) is paired with an aversive US (e.g., air puff or electric shock) to the eye. While
the cerebellum is essential for EBC (Kim and Thompson, 1997), the amygdala plays a
modulatory role (Lee and Kim, 2004). Two papers report on seven studies of early life
manipulations effects on EBC as seen in Table 1 and Fig. 2. In no case, was enhanced IA
reported. Impaired EBC was seen in four studies and these used either brief or prolonged
manipulations. Male rats show impaired EBC in all cases whereas no effect is seen in female
rats, (Wilber et al., 2007; Wilber and Wellman, 2009). All manipulations were confined to
the first two post-natal weeks and employed Long-Evans rats. Results are consistent with the
notion that early life manipulations impair aversive conditioning.
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7.5 Conditioned taste aversion
Conditioned taste aversion (CTA) is an aversive gustatory conditioning task. If ingestion of
a novel tastant (CS) is followed by an illness-inducing situation (US), the animal avoids the
tastant (Garcia et al., 1974; Garcia et al., 1955). Eight studies from two papers report on
effects of early life manipulations on CTA as seen in Table 1 and Fig. 2. Data suggest that
CTA performance was not altered by any manipulation including brief foot-shock exposure
or isolation (Ader, 1973), handling (Roma et al., 2008), or prolonged separation (Roma et
al., 2008). In all cases, Sprague-Dawley rats of both sexes were employed. Four of the
studies utilized a manipulation that took place during post-natal week 3. However, instead of
the widely employed LiCl, the US used was atypical; cyclophosphamide was used in the
Ader (1973) studies and amphetamine in the Roma et al (2008) studies. These few negative
reports with CTA neither add to nor detract from the generalization that early life
manipulations impair aversive conditioning.

7.6 Summary for aversive conditioning tasks
Collectively, results from the 81 studies of various aversive conditioning tasks suggest that
early life manipulations generally impair acquisition and/or performance of aversive tasks.
We evaluated whether duration (brief vs. prolonged) and type (isolation vs. separation) of
manipulation, as well as sex and strain (Table 4) affected the outcome. Test age was not
included because no aged rats were tested. None of these factors contributed to the outcome
(P’s> 0.10). Both brief and prolonged (Fig. 3) or isolation and separation type manipulations
(Table 5) associated with impaired performance. However, timing of the manipulation did
associate with performance (Fig. 4), F(1,74)=3.99; P<0.05. The only cases of enhanced
effects were seen when the manipulation did not occur during post-natal week 3.

8. Early life stress effects on learning and memory: inhibitory learning
The second category of learning and memory tasks is the inhibitory learning of latent
inhibition (LI) tasks. LI refers to impaired or decreased CR to a CS if the animal was
exposed to it prior to conditioning (Lubow, 1997). Typically, animals are first given
repeated presentations of a light or tone stimulus without US. Then, this stimulus is paired
with a US such as food or shock. Overall, results suggest LI performance is enhanced by
early life manipulations.

Eighteen experiments in six publications examined effects of an early life manipulation on
LI as seen in Table 2 and in Fig 2. Three procedures were used – active avoidance (AA),
conditioned emotional responding (CER), and CTA. Enhanced LI was demonstrated in 16 of
18 cases. This was seen with LI of AA learning (Lehmann et al., 2000; Lehmann et al.,
1998; Weiner et al., 1985; Weiss et al., 2001), CER (Lehmann et al., 2000; Lehmann et al.,
1998; Peters et al., 1991; Weiner et al., 1987), and CTA (Lehmann et al., 1998). None of the
studies report impaired LI and there are two cases of non-significant effects (Lehmann et al.,
1998; Peters et al., 1991).

Enhanced LI was seen in rats with brief or prolonged separations and if the manipulation
took place throughout the preweaning period or on four days during the end of the second
and beginning of the third post-natal week. In some cases, enhanced LI of CTA or CER was
found for male but not for female rats. Yet, LI was enhanced in rats of both sexes using CER
or AA was also seen. The consistent results may reflect that across studies, there was little
variation in many factors. All studies employed a separation procedure imposed during post-
natal week 3 in adult rats. Thus, it is not possible to determine whether factors of age, type
(Table 5) or timing of the manipulation (Fig. 4) affected LI performance. All but one study
used Wistar rats and another study did not report the strain. Thus, a strain effect could not be
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examined either (Table 4). LI methods across studies were similar within each specific
procedure.

9. Early life stress effects on learning and memory: spatial/relational
memory tasks

A vast majority of studies reporting on effects of early life manipulations on learning and
memory utilize spatial or relational memory tasks and most use Morris water maze as
described below and seen in Fig. 2. Other memory tasks include object recognition and other
maze tasks such as radial arm, Y- and T-maze tasks. The memory tasks in this category are
similar in that they evaluated either working or reference memory or both. Working memory
is when the animal acts on information gained during a session such as not re-entering an
arm of a maze in which a food reward had been retrieved. Reference memory is when the
animal acts on information gained in a prior session such as swimming to the location in
which a hidden platform was located during a prior session. Other tasks, such as the social
memory, object recognition, and Y-maze tasks, exploit the animal’s natural tendency to
explore novel conspecifics, objects, or places and use this behavior to assess memory. Some
tasks may use food or water restriction to motivate the animal to move around a maze. Other
tasks expose the animal to stressors, such as forced swim in the Morris water maze, or the
mild stress of placement in a novel environment. Nonetheless, these tasks are similar in that
they assess the spatial or relational memory.

9.1 Morris water maze
Morris water maze (MWM) is a spatial memory task widely used to study hippocampal
function (Morris et al., 1982; Silva et al., 1998). Typically, a rat is placed in a pool of
opaque water that contains a hidden platform. The location of the platform is fixed in
relation to extra maze visual cues so the animal using this information to learn to find the
platform. With repeated trials, rats locate the platform faster. To test for long-term memory,
the rat is usually returned to the maze 24–48 hours after training and given a probe test.
During this test, the platform is removed and the search strategy recorded.

The effects of early life manipulations on MWM performance were assessed in 62 studies
from 36 papers as seen in Table 3 and in Fig 2. Across cases, 28 showed enhanced and 19
showed impaired MWM performance. Enhanced performance was seen as decreased latency
to reach the platform (Catalani et al., 2002; Catalani et al., 1993; Fenoglio et al., 2005;
Frisone et al., 2002; Lehmann et al., 2002a; Stamatakis et al., 2008; Tang et al., 2006),
shorter distance to reach the platform (Pryce et al., 2003), or both (Escorihuela et al., 1995;
Fernandez-Teruel et al., 1997; Meaney et al., 1988) across trials. In other cases, enhanced
memory was demonstrated by greater time spent in the former quadrant location of the
platform on a probe test in addition to decreased latency to reach the platform during initial
tests (Garoflos et al., 2005; Pham et al., 1997; Stamatakis et al., 2008; Tang, 2001). Finally,
enhanced effects of prolonged separation were seen as better reversal learning (Lehmann et
al., 1999; Levy et al., 2003). Among studies that report impaired MWM performance, these
reflect either increased latency and greater distance to reach the platform (Garner et al.,
2007; Huang et al., 2002; Huot et al., 2002; Noschang et al., 2010; Oitzl et al., 2000; Oomen
et al., 2010), lower swim distance or time in the former location of the platform during a
probe test (Aisa et al., 2009a; Aisa et al., 2009b; Aisa et al., 2007; Brunson et al., 2001;
Brunson et al., 2005; Hui et al., 2011; Ivy et al., 2010; Solas et al., 2010), or impaired
reversal learning (Ivy et al., 2010; Lehmann et al., 1999; Oitzl et al., 2000). No effect of
early life manipulations on MWM was seen in 15 studies (Choy et al., 2008; Gibb and Kolb,
2005; Huot et al., 2002; Ivy et al., 2010; Lai et al., 2006; Oitzl et al., 2000; Oomen et al.,
2011; Pryce et al., 2003; Vallee et al., 1999; Vallee et al., 1997).
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Most studies utilized standard MWM procedures in which rats were given multiple trials to
find the hidden platform over several days. After acquisition, researchers would either run
probe tests or reversal tests in which the platform was moved to a new location. A few
studies used a procedure in which the platform was moved each session (Tang, 2001; Vallee
et al., 1999; Vallee et al., 1997). Yet, none of these differences explain discrepant findings.

Strain and sex of rat did not influence the outcomes. Five different strains were employed
and, while most studies utilized only male rats, there were 17 studies that tested female rats
or did not specify sex and were assumed to include females. Enhanced or impaired or no
effect on MWM performance was just as likely to be seen regardless of sex or strain. Effects
of early life manipulations in aged rats were assessed in 15 studies. Eight of these studies
showed decreased age-induced impairments, four reported impaired MWM, and two showed
no effect.

There were several variations in parameters of the early life manipulations such as duration,
type, and timing of manipulation as well as the days on which they occurred. In addition to
the more commonly used procedures of handling and maternal separation, effects of
exposure to limited nesting (Brunson et al., 2005; Ivy et al., 2010) or to novel environments
(Tang et al., 2006), stress hormone manipulations (Brunson et al., 2001; Fenoglio et al.,
2005; Ivy et al., 2010), or artificial rearing (Levy et al., 2003) manipulations were used.
Type of manipulation did not affect MWM performance; enhanced or impaired MWM was
just as likely to be seen if the manipulation was of the separation type or of the isolation
type. Two factors, duration and timing of the early life manipulation, were important. First,
brief manipulations associated with enhanced MWM performance as seen in 13 of 22 such
studies. Ten studies, all with aged rats, showed no effect, and one reported impaired effects
(see Table 3). In contrast, 18 of 37 studies employing prolonged manipulations reported
impairments and 15, enhanced effects. Second, manipulations conducted in post-natal week
3 associated with enhanced MWM as seen in 23 of 38 studies in contrast to only six reports
of impaired performance (see Table 3). If the manipulation was confined to the first two
post-natal weeks, impaired MWM performance is reported in 13 of 24 studies. Five studies
report enhanced effects and six find no effect. In a prior review of early life manipulations,
Hall (Hall, 1998) proposed that isolation during the post-weaning period had effects
opposite to isolation experienced during the pre-weaning period. Results discussed herein
suggest that prolonged manipulations late in the pre-weaning period may be akin to
manipulations experienced during the early post-weaning period.

9.2 Radial arm maze
The radial arm maze (RAM) is designed to measure spatial learning and memory in rodents
(Olton and Samuelson, 1976). The maze has several arms radiating from a small central
platform. Animals use visual and spatial cues to learn to retrieve food rewards located at the
end of some arms. The animal’s ability to remember visited arms during a session can
measure working memory whereas long-term or reference memory is assessed when the
animal returns to arms baited in previous sessions.

RAM performance was assessed in seven studies from five papers as seen in Table 3 and in
Fig 2. Four early life manipulations were used. Brief separation reduced impaired working
memory in aged male rats (Vallee et al., 1999). Working memory was better during initial
trials in adult rats with early corticosterone exposure (Roskoden et al., 2005a). However,
impaired working memory was seen in male, but not female, rats with prolonged isolation
experienced during post-natal week 3 (Sandstrom, 2005; Sandstrom and Hart, 2005).
Finally, artificial rearing led to shorter latencies during initial test days in female rats (Levy
et al., 2003).
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These studies utilized standard RAM procedures with either an 8-arm or a 12-arm maze and
training trials given for 10 to 30 days. In some cases, all arms were baited (Levy et al., 2003;
Vallee et al., 1999) so reference memory could not be assessed explicitly. In all but one
study (Levy et al., 2003), rats were food-restricted during the training. In one study,
decreased latency was seen during initial sessions and in three studies, early life
manipulations improved working memory. In contrast, two studies report impaired memory
with prolonged isolation although prolonged corticosterone exposure had the opposite effect
and the absence of maternal care had no effect on RAM performance.

Three different strains were employed with no consistent pattern seen. The limited number
of studies also makes it difficult to ascertain whether the factor of sex affects outcomes.
And, only one study examined RAM in aged rats and this was the only study utilizing a brief
manipulation. While it is not possible to determine if duration of manipulation is important
for RAM performance, the type of manipulation is important. All 3 cases of separation
showed enhanced RAM whereas isolation impaired, enhanced, or had no effect on RAM
performance. Finally, timing of the manipulation appeared to contribute to results seen. Two
of the three studies that confined the manipulation to post-natal week 3 showed impaired
RAM, an outcome not seen in the studies in which the manipulation occurred during the first
two post-natal weeks. Thus, the results from the RAM studies are consistent with those of
MWM and with the notion that duration and timing of manipulations are important (see
Figs. 3 and 4).

9.3 Circular maze
In the circular maze (CM) or Barnes maze task, bright illumination in an elevated, dry
circular maze motivates rats to escape into one of the dark holes located in the maze
periphery (Barnes et al., 1994). Two studies using brief isolation found no effect on CM
performance in rats of both sexes (Kosten et al., 2007b). The limited use of CM in early life
manipulation studies does not add nor detract from overall findings with spatial/relational
tasks.

9.4 Can test
The “can” test (CT) was developed by Cannizzaro and colleagues (Cannizzaro et al., 2005;
Cannizzaro et al., 2006) to test place or object memory without the use of aversive stimuli.
Instead, cues are paired with the presence of a reward (Popvic et al., 2001). Specifically,
aluminum soda cans are inverted so that the well-shaped bottoms can be utilized to hold
water. The cans can be positioned within a large space and made distinct (visually or
tactilely). Much like RAM, specific cans are baited during training and latency, correct
responses, and errors measured to assess working and reference memory during test
sessions. Brief isolation throughout the post-weaning period enhanced reference and
working memory in adult rats (Cannizzaro et al., 2006) whereas only working memory was
enhanced in aged rats (Cannizzaro et al., 2005). CT results are consistent with RAM data in
that a brief manipulation decreases working memory errors in aged, male rats. While the
data extend the finding to show enhancements in male Wister rats, there are no data on
effects of prolonged or separated manipulations or those confined to the first two post-natal
weeks. There are also no studies with females or rats of other strains.

9.5 Active avoidance
Active avoidance (AA) is a task in which an animal can avoid an aversive stimulus by
making an instrumental response. Typically, an experiment uses a rectangular chamber
divided into two compartments with an opening between them to allow the animal to move
between sides. A light or tone signals a footshock delivery in one compartment and the
animal can avoid shock by moving to the other compartment (Domjan, 2004).
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Twenty-two experiments reported upon in 11 papers examined the effects of early life
manipulations on AA performance as seen in Table 3 and Fig 2. Twelve experiments
showed enhanced AA performance. This was evidenced by greater avoidance responses
during testing in most cases (Catalani et al., 2002; Catalani et al., 2000; Lehmann et al.,
2000; Nunez et al., 1995; Pryce et al., 2003). In one report, brief manipulation led to shorter
escape latencies (Powell and North-Jones, 1974) while another reports enhanced conditioned
avoidance responses while escape latencies were unaffected by prolonged separation
(Schable et al., 2007). Impaired AA performance was demonstrated in five studies. Two
studies (one per sex) report impairments in rats with prolonged separation (Weiss et al.,
2001). Another report found impaired performance in male rats that experienced 24-hr of
separation on PN4 only (Lehmann et al., 1999). However, if this separation occurred on
PN9, male rats showed enhanced AA performance whereas separation on PN18 had no
effect. Females were not affected by this manipulation on any of these days. Another study
found no effect of prolonged isolation on AA performance in male rats with (Toth et al.,
2008). Finally, brief isolation led to lower corticosterone levels when placed in the AA
context (Weinberg and Levine, 1977). We considered this to represent two cases of impaired
responding (one per sex) assuming that a decreased corticosterone response reflects an
impaired response.

There was some variability in the parameters of the AA procedure across studies. Some
utilized a light CS and others, a tone, while other studies used a combination of light plus
tone. The shock US intensity ranged from 0.2 to 0.8 mA with a range of 2–30 sec duration.
Yet, none of these parameters or the number of training trials (range = 75– 250) affected the
outcome. Both studies of aged rats report enhanced AA but this was the most common
outcome so it is not possible to assess whether age is an important factor. It is unlikely that
strain or sex of the rat contributed to the different findings. Most studies employed Wistar
rats and only one of these 15 experiments showed impaired AA while four reported non-
significant results. Of the four studies that employed Sprague-Dawley rats, two showed
impaired AA, one showed enhanced AA performance, and one non-significant effects. Both
male and female rats were more likely to show enhanced rather than impaired AA. Thus, it
seems unlikely that the ability of early life manipulations to enhance AA is strain- or sex-
dependent. The factors of duration and type of manipulation did not affect AA performance.
Both brief or prolonged manipulations and separated or isolated procedures were more
likely to lead to enhanced vs. impaired AA performance. In contrast, timing of the
manipulation contributed to AA performance. If the manipulation took place during post-
natal week 3, enhanced rather than impaired AA performance was likely to be seen (Fig. 4).
Eleven of 17 studies in which the early life manipulation took place during post-natal week
3 reported enhanced AA. No effect on AA was the most likely outcome in studies in which
the manipulation was confined to the first two post-natal weeks.

9.6 T-maze
In the T-maze (TM), one of two short ends is baited with food and the animal is placed in
the long end. Studies reported herein utilized a delayed alternation procedure in which the
correct response was to enter the end not baited on the previous trial.

None of eight experiments from four papers reported impaired performance as seen in Table
3 and in Fig 2. All brief manipulations enhanced performance (Wong and Judd, 1973; Zhang
and Cai, 2008). Prolonged separation did not alter TM performance (Choy et al., 2008;
Garner et al., 2007) unless rats experienced tactile stimulation during 1-hr isolation on either
PN 2-9 or PN 10-17. In those cases, enhanced performance was found (Zhang and Cai,
2008).
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With one exception, all studies used adult male rats and one of two strains, Wistar and
Long-Evans. Due to limited variation in these factors, it was not possible to assess effects of
strain, sex, or age. Timing of the manipulation could not be assessed either because, in most
cases, manipulations were confined to the first two post-natal weeks. However, duration and
type of manipulation affected TM performance. All experiments utilizing brief
manipulations found enhanced performance, while two studies of prolonged separation
showed enhanced effects and two reported negative findings. The two negative findings
were seen in the only two studies that used a separation procedure in contrast to findings of
enhanced TM in all six isolation type studies.

9.7 Y-maze
The Y-maze (YM) has three arms forming a Y-shape and is surrounded by visual cues. It is
akin to TM and measures similar effects. Studies reported here used a procedure that utilized
animal’s preference for a novel place by exposing it to two of the arms but not the third.
Subsequently, time spent in the novel arm was measured.

Eight studies reported upon in four papers utilized the YM test as seen in Table 3 and Fig 2.
Three of the seven studies utilizing brief manipulations reported enhanced YM performance
while one reported impaired performance. The one prolonged separation study found no
effect (Choy et al., 2008). YM performance was enhanced in male rats (Daskalakis et al.,
2009) and aged, male rats had decreased age-induced memory impairments (Vallee et al.,
1999) although no effect in non-aged, male rats was reported as well (Vallee et al., 1999;
Vallee et al., 1997). Two studies with female rats showed either impairments or no effect
(Daskalakis et al., 2009). It was not possible to ascertain whether factors of sex, strain, or
duration or type of manipulation affected the results.

9.8 Object recognition
The object recognition (OR) task uses the animal’s natural tendency to prefer novel objects
and assesses recognition memory by measuring its preference for a novel object (Ennaceur
and Delacour, 1988). When the rat spends more time exploring a new object in the presence
of a familiar object, it is inferred that the rat has a memory for the familiar object. Both the
hippocampus and the perirhinal cortex contribute to object recognition memory (Baker and
Kim, 2002; Broadbent et al., 2009; Winters et al., 2008).

Fifteen experiments reported upon in 11 papers assessed OR as seen in Table 3 and in Fig 2.
All three brief manipulation studies reported enhanced OR memory in rats of both sexes
when tested either 3- or 24-hr after the initial exposure (Fenoglio et al., 2005; Kosten et al.,
2007b). Enhanced OR was seen in one of the 12 studies utilizing prolonged manipulations
(Fenoglio et al., 2005) yet the same manipulation, CRH antagonist exposure on PN10-17,
had no effect in aged males (Ivy et al., 2010). Ten prolonged manipulation studies showed
impaired OR memory (Aisa et al., 2007; Benetti et al., 2009; Brunson et al., 2001; Brunson
et al., 2005; deLima et al., 2011; Kosten et al., 2007a; Solas et al., 2010). In some cases, OR
memory was not impaired after a short delay but most studies showed impaired OR with a
24-hr delay.

Type of manipulation does not contribute to the results. There is too little variation in sex,
strain, or age parameters to determine if any one affected results. Four studies assessed OR
performance in aged male rats but all other studies employed non-aged rats. Most studies
utilized Sprague-Dawley, male rats only. Only two studies included female rats and five,
male Wistar rats. Duration of manipulation appears important for OR performance. All three
brief manipulations enhanced OR and all but two prolonged manipulation cases reported
impaired OR. Timing of manipulation also affects OR performance. Seven of eight studies
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in which the manipulation was confined to the first two PN weeks report impaired
performance and the eight reports enhanced OR performance. Among seven studies in
which the early life manipulation took place during post-natal week 3, three report impaired,
three report enhanced, and one found no effect on OR performance.

9.9. Social memory
Like OR and YM tasks, social memory (SM) capitalizes on the animal’s tendency to
decrease its investigative behaviors (e.g., sniffing) towards a conspecific after exposure.
Thus, it is inferred that a lack of decrease in such behaviors reflects impaired social
recognition memory (Thor and Holloway, 1982).

There are six studies of SM from five papers (see Table 3 and Fig. 2). One study shows
enhanced SM, three shows impaired SM, and two reports no effect. The one finding of
enhanced SM was found in rats that experienced a brief manipulation (Reeb-Sutherland and
Tang, 2011) yet, the other two brief manipulation studies show no effect (Todeschin et al.,
2009). All three prolonged manipulation studies report impaired SM (Benetti et al., 2009;
Levy et al., 2003; Lukas et al., 2011). Only one of the six studies used an isolation type
procedure and two performed the manipulation during PN week 3. Two studies were
conducted with females and four used Wistar rats. While it appears that prolonged early life
manipulations impair SM, it is not possible to tell if any other parameter (strain, sex, timing
or type of manipulation) affected the outcome.

9.10 Summary for spatial/relational memory tasks
Results from the 132 studies of spatial/relational memory suggest that whether enhanced or
impaired performance occurs depends upon some specific parameters of the early life
manipulation. Factors of sex, age, and strain (Table 4) did not contribute to results seen on
these tasks (P’s>0.10). Type of manipulation did not affect outcomes either (Table 5;
P>0.10). However, duration of manipulation does affect results as seen in Fig 3. While rats
exposed to prolonged manipulations are as likely to show either enhanced or impaired
performance, only four of the 50 brief manipulation studies report impaired performance on
any of these tasks. In fact, almost two-thirds of these studies report enhanced performance.
This statement is supported by the significant duration effect, F(1,124) = 7.41; P<0.001.
Finally, timing of the manipulation is important as seen in Fig. 4. Rats exposed to
manipulations during post-natal week 3 show enhanced performance, whereas rats not
exposed to manipulations at that time show impaired performance, F(1,124) = 3.25; P<0.05.
Analyzing both duration and timing factors together suggests that timing is the more
important factor of the two, P<0.005.

10. Unconditioned effects that may influence learning/memory performance
Learning and memory performance may be altered by early life manipulations due, in part,
to primary effects on unconditioned behaviors reflective of fear or anxiety. Although it is
beyond the scope of this paper to review this literature, we examined results from the papers
discussed in the current review (see Table 6). Two procedures used often are elevated plus
maze (EPM) and open field (OF). In EPM, time spent in or entries into open arms reflect
decreased unconditioned anxiety. Typical assessments in OF are activity or ambulation and
time spent in the center. Increases in these measures reflect decreased unconditioned fear.

One of our original goals was to determine if brief vs. prolonged manipulations had
opposing effects on learning and memory because a commonly held belief is that brief
manipulations decrease fear and anxiety whereas prolonged manipulations enhance these
effects. There were 21 studies reported upon in the papers in this review that assessed
anxiety in EPM (Table 6). Five EPM studies utilized brief manipulations and all but one
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(Cannizzaro et al., 2005) reports it decreased anxiety (Cannizzaro et al., 2005; Meerlo et al.,
1999; Nunez et al., 1995; Vallee et al., 1997). Only one study, using a prolonged
manipulation, reports decreased anxiety (Catalani et al., 2000) whereas, three report
increased anxiety (Aisa et al., 2007; Imanaka et al., 2006; Wigger and Neumann, 1999). No
effect of prolonged manipulations on EPM was seen in 11 studies (Brunson et al., 2005;
Catalani et al., 2002; Lehmann et al., 1999; Oomen et al., 2010; Oomen et al., 2011). These
results support the notion that brief manipulations decrease anxiety because this was shown
in over 3/4 of the studies. However, the converse, that prolonged manipulations increase
anxiety, is not supported. Over 2/3 of studies with prolonged manipulations report no
significant EPM effects.

Of the 14 OF studies in rats with brief manipulations, five studies report increased activity
or time in the center (Cannizzaro et al., 2005; Madruga et al., 2006; Nunez et al., 1996;
Nunez et al., 1995; Pham et al., 1997) whereas the other nine studies report non-significant
findings (Gibb and Kolb, 2005; Meerlo et al., 1999; Nunez et al., 1996; Powell and North-
Jones, 1974; Solas et al., 2010; Stevenson et al., 2009; Vallee et al., 1997) as seen in Table
6. Fourteen studies examined OF in rats with prolonged manipulations and most report no
effect (Aisa et al., 2007; Garner et al., 2007; Imanaka et al., 2006; Kosten et al., 2005;
Lehmann et al., 1999; Madruga et al., 2006; Stevenson et al., 2009). One study of prolonged
isolation reports increased time spent in the OF center (Toth et al., 2008) that presumably
reflects decreased fear. While brief manipulations appear to decrease fear, prolonged
manipulations have little effect on OF.

Results from studies using brief manipulations may have been affected, in part, by decreased
unconditioned fear or anxiety. However, such effects would likely differ across task types.
Some aversive conditioning tasks (e.g., CtxF, IA) use measures of movement (e.g., freezing
or latency to move), whereas other tasks (e.g., EBC, CTA) do not. Yet, impaired
performance is seen in most brief manipulation studies of aversive conditioning. Alterations
in unconditioned fear or anxiety may have contributed to effects seen in spatial/relational
memory tasks but probably does not affect inhibitory learning since LI tasks do not use
movement measures to assess learning. Enhanced spatial/relational memory performance is
often seen in rats with brief manipulations. A number of these tasks assess latency of the
animal to move to a goal (e.g., MWM; RAM). Under some situations decreased fear could
appear as improved memory. However, measures of memory in other tasks (e.g., OR, TM)
are not based on activity levels and results with these tasks are highly consistent with results
from MWM and RAM. Thus, the contributions of alterations in unconditioned fear or
anxiety are probably not an important factor for most studies of learning and memory.

11. Enduring hormonal and neural effects of early life manipulations in the
adult rat

Because the hippocampus develops and differentiates during the postnatal period in rodents
(Altman and Bayer, 1990), early life manipulations may cause enduring effects on cellular
or intracellular factors in this region. Indeed, the hippocampus (or amygdala) is well-known
for contributing to learning and memory as well as to stress responsivity (Kim and Diamond,
2002; Kim and Jung, 2006; Lupien and McEwen, 1997). In addition to effects on
neurochemical and neurohormonal systems, other known effects of chronic stress exposure
in adulthood in these areas are decreased long-term potentiation (LTP), and increased long-
term depression (LTD), synaptic models of memory, as well as morphological changes such
as altered dendritic area and capacity for neurogenesis and increased necrosis. All these
effects are consistent with impaired hippocampal-dependent memory. Because results of
spatial/relational memory tasks related to duration and timing of the early life manipulations,
we concentrate the discussion of this literature on these two factors. Due to limited
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variations in these factors in studies of other brain regions, much of this discussion focuses
on hippocampus, amygdala, and cortex, as well as on HPA axis hormone effects.

11.1 HPA axis
Most early life manipulations discussed herein are considered stressors that activate the
HPA axis in adulthood. There are excellent reviews on the effects of early life manipulations
on the HPA axis (Catalani et al., 2011; Francis et al., 1999a; Levine, 2001; Macri and
Wurbel, 2006; Meaney et al., 1996). A common belief is that brief manipulations reduce
stress responsivity and there is much support for this assertion. It is also commonly believed
that prolonged manipulations enhance stress responsivity (Francis et al., 1999a; Meaney,
2001). However, these data are quite conflicting.

Brief manipulations during most of the preweaning period either lower basal corticosterone
levels or blunt the response to stress (Ader and Grota, 1969; Hess et al., 1969; Lehmann et
al., 2002a; Levine, 1962; Meaney et al., 1989; Meerlo et al., 1999; Papaioannou et al.,
2002b; Vallee et al., 1999; Vallee et al., 1997; Weinberg and Levine, 1977). Such
manipulations prolong the rise in corticosterone or increase negative feedback sensitivity to
glucocorticoid administration (Guijarro et al., 2007; Meaney et al., 1989; Viau et al., 1993).
In contrast, brief exposure to novelty during the entire preweaning period increase
corticosterone response to surprise (Tang et al., 2006). Despite this discrepancy and only
two non-significant findings (Durand et al., 1998; Fenoglio et al., 2005), we conclude, as
others have (Macri and Wurbel, 2006), that brief early life manipulations lead to HPA axis
function more adapted to cope with stressors later in life. Timing of the early life
manipulation does not influence HPA axis function. Most reports are based on studies of rats
subjected to brief manipulations throughout most of the preweaning period. However, the
few studies in which the manipulation did not extend into postnatal week 3 reports
decreased HPA axis function as well (Macri et al., 2004; Plotsky and Meaney, 1993).

Prolonged separation throughout most of the preweaning period increased plasma
corticosterone and ACTH levels after an acute swim stress (Aisa et al., 2007) or exposure to
a shock-associated context (Guijarro et al., 2007) although no effect of restraint was seen in
aged rats (Lehmann et al., 2002a). Basal corticosterone levels were increased in adult male
rats with prolonged separation although no effect was seen in aged rats (Solas et al., 2010)
or in rats with CRH antagonist exposure during PN10-17 (Fenoglio et al., 2005). A single
24-hr separation episode on PN3 also increased basal levels of these hormones (Rots et al.,
1996) yet in response to novelty stress, corticosterone response was attenuated in young and
aged rats (Workel et al., 2001). This latter finding is consistent with the decreased
corticosterone response to stress seen in rats exposed to corticosterone during the entire
preweaning period (Catalani et al., 2000; Catalani et al., 1993). Further, restraint stress
lowered plasma corticosterone levels and produced a greater inhibition of corticosterone
response to dexamethasone in rats with prolonged separations experienced during the entire
postweaning period (Muneoka et al., 1994; Ogawa et al., 1994). CRH-induced changes in
corticosterone secretion were not altered by prolonged separation (Ogawa et al., 1994).
Overall, results do not support the notion that prolonged manipulations affect the HPA axis
in a manner opposite to brief manipulations.

Discrepancies among these prolonged manipulation studies cannot be explained by timing of
the manipulation. Prolonged isolation experienced during postnatal week 3 only increased
plasma corticosterone (Sandstrom and Hart, 2005). Yet, increased HPA axis function was
also seen in studies in which the early life manipulation did not occur during postnatal week
3 (Lehmann et al., 2002b; Penke et al., 2001; Rots et al., 1996; Wigger and Neumann,
1999). On the other hand, decreased or no effect on HPA axis function was reported in
studies in which the prolonged separation did not continue into postnatal week 3 (Macri et
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al., 2004; Marais et al., 2008; Workel et al., 2001). Plasma corticosterone levels and adrenal
weights were enhanced immediately following termination from prolonged limited nesting
on PN 10, but these effects did not endure into adulthood (Brunson et al., 2005). Thus, the
only reliable and consistent effect of early life manipulations on HPA axis function is that
brief manipulations decrease the responsivity of this system to stress exposure in adulthood.

11.2 Corticosteroids and CRH
Brief manipulations across most of the preweaning period increased GR immunoreactivity
or mRNA levels (Garoflos et al., 2005; O’Donnell et al., 1994; Stamatakis et al., 2008) and
enhanced GR binding in hippocampus under basal conditions or after an acute stress
exposure (Meaney et al., 1985a; Meaney et al., 1985b; Meaney et al., 1989) but not in all
cases (Durand et al., 1998). Increased hippocampal GR levels were more likely to be seen if
the manipulation occurred earlier rather than later in the preweaning period (Meaney and
Aitken, 1985). Levels of MR immunoreactivity were lower in CA1 and CA2 regions under
basal conditions but not after acute restraint in rats with brief separations (Garoflos et al.,
2005; Stamatakis et al., 2008). Yet, other studies report no effect of brief manipulations on
MR levels (Durand et al., 1998; Meaney et al., 1989; O’Donnell et al., 1994). Increased GR
or MR likely reflects an enhanced ability to cope with stress and this is consistent with
increased HPA axis function often seen in rats with brief early life manipulations (see
above). Results of these studies of corticosteroid receptors in rats with brief manipulations
are fairly consistent; most studies show increased GR levels in hippocampus.

Results from studies utilizing prolonged manipulation are not consistent. Limited nesting on
PN2-9 or CRH administration on PN10 increased hippocampal CRH mRNA levels
(Brunson et al., 2001; Ivy et al., 2010). CRH administration during the last 2 postnatal
weeks increased GR mRNA expression in the CA1 and dentate gyrus (Fenoglio et al., 2005)
whereas prolonged maternal separation throughout the preweaning period decreased
hippocampal GR density in adult but not aged rats (Aisa et al., 2009b; Aisa et al., 2007;
Solas et al., 2010). Another study showed no change in hippocampal GR mRNA levels in
rats with prolonged limited nesting on PN2-9 (Brunson et al., 2005). Hippocampal GR
binding levels were unaffected in rats with prolonged separation or corticosterone treatment
throughout the preweaning period (Catalani et al., 2002; Catalani et al., 2000; Muneoka et
al., 1994). Neither GR nor MR mRNA levels were altered by a single 24-hr separation
imposed on PN 3, 5, or 14 (Penke et al., 2001; Rots et al., 1996) although GR binding was
reduced in young and aged rats that experienced this separation on PN3 (Workel et al.,
2001). However, corticosterone administration throughout the preweaning period increased
hippocampal MR binding levels in male but not in female rats (Catalani et al., 2002;
Catalani et al., 2000). Timing of manipulation does not explain the discrepancies seen.
Although GR concentrations increased in hippocampus of pups during the first postnatal
week of brief separation with no effect during the third postnatal week (Meaney and Aitken,
1985), GR and MR levels in adulthood are not altered when the manipulation was confined
to the first two postnatal weeks (Brunson et al., 2005; Penke et al., 2001; Rots et al., 1996).

There was no effect of handling during the first two postnatal weeks on GR levels in
amygdala or cortex (Meaney and Aitken, 1985). Yet, a similar type manipulation increased
GR expression in infralimbic and prelimbic regions of PFC but not in amygdala (Wilber et
al., 2009). However, numbers of CRH-immunopositive neurons in the central nucleus of the
amygdala (CeA) were decreased in adult rats that had corticosterone administration during
the first two postnatal weeks (Roskoden et al., 2005b).
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11.3 Neurochemical effects
Prolonged separation during the entire post-weaning period increased NE content in
hippocampus in response to a swim stress (Aisa et al., 2007) and elevated basal NE levels in
dorsal hippocampus in female, but not male, rats (Matthews et al., 2001). Yet, neither brief
nor prolonged isolations extending into postnatal week 3 altered hippocampal beta-
adrenoreceptors (Hilakivi-Clarke et al., 1991). A brief manipulation confined to the first
postnatal weeks decreased 5-HT2 concentrations with no change in binding in hippocampus
(Smythe et al., 1994). If the brief manipulation extended into post-natal week 3, increased 5-
HT1A density in hippocampus was seen (Garoflos et al., 2005) although it did not alter 5-
HT2 binding or 5-HT levels (Durand et al., 1998; Papaioannou et al., 2002a). Rats with
prolonged separation that occurred across the three postnatal weeks showed reduced 5-HT
levels in dorsal hippocampus in (Matthews et al., 2001). Results for amygdala and PFC are
similar to findings in hippocampus. Prolonged separation throughout the three postnatal
weeks increased NE content in PFC in response to a swim stress (Aisa et al., 2007).
Prolonged separation across the three postnatal weeks reduced 5-HT levels in PFC of male,
but not female rats (Matthews et al., 2001) and 5-HT2 concentrations in PFC were decreased
with no change in binding in rats that experienced brief manipulations confined to the first
postnatal week (Smythe et al., 1994).

11.4 Cellular changes
Brief manipulations imposed across the entire post-weaning period decreased the rate of
aging-induced hippocampal cell loss (Meaney et al., 1988). Both brief and prolonged
manipulations during the entire preweaning period reduced CA-field volume but did not
alter hippocampal volume (Hui et al., 2011; Lehmann et al., 2002a). Decreased cell numbers
and density in dentate gyrus as well as altered dendritic arrangement was seen in rats
subjected to a 24-hr maternal separation on postnatal day 3 (Oomen et al., 2011). Limited
nesting during the first two post-natal weeks caused dendritic atrophy in CA1 region of adult
rats (Ivy et al., 2010) and an expansion and extension of hippocampal mossy fibers in aged
rats (Brunson et al., 2005). Hippocampal mossy fiber density was reduced in rats subjected
to prolonged separation during the same time frame (Huot et al., 2002). Yet, corticosterone
treatment during the same period produced no changes in density or size of the mossy field
terminal fields in hippocampus (Roskoden et al., 2005a). A brief manipulation in the first
two postnatal weeks increased basal PFC activity (Stevenson et al., 2009). Yet, if it extended
into postnatal week 3, numbers of c-fos-positive cell nuclei in hippocampus and CeA of
male rats decreased after an acute stress (Abraham and Kovacs, 2000).

11.5 Synaptic and intracellular effects
The presynaptic marker, GAP-43, was not altered in hippocampus by a prolonged
manipulation imposed across the entire preweaning period; however, the postsynaptic
substrate, neurogranin, increased in various hippocampal areas (McNamara et al., 2002).
Spatial learning-induced increases in expression of neural cell adhesion molecule (NCAM)
and three of its isoforms in hippocampus were blunted in rats with prolonged separations
throughout the preweaning period (Aisa et al., 2009a). Prolonged isolation during the first
two postnatal weeks increased levels of breakdown products of spectrin, a cytoskeletal
protein, (Kosten et al., 2007a) and decreased pCREB (Huang et al., 2002; Lai et al., 2006) in
hippocampus. Yet, neither brief nor prolonged separations during this time frame altered
hippocampal or cortical CREB and ΔFosB levels (Lippmann et al., 2007).

Studies of the NMDA/glutamate system showed some consistent results; prolonged
manipulations reduced receptors in hippocampus but not in other brain regions.
Hippocampal GluR1 and GluR2 levels were decreased by prolonged isolation or separation
with no effect in cortex (Kosten et al., 2007a; Pickering et al., 2006). Prolonged separation
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also lowered hippocampal levels of two NMDA receptor subunits, NR-2A and NR-2B, but
did not affect levels of NR-1 or any subunit in cortex (Pickering et al., 2006; Roceri et al.,
2002). Brief manipulations increased NR-2B levels in dorsal CA1 and CA3 regions but did
not affect NR-1 or NR-2A levels (Stamatakis et al., 2009). Yet, NR-1, NR-2A, and NR-2B
expression was decreased in PFC while unaffected in amygdala (Roceri et al., 2002; Wilber
et al., 2009). However, levels of NR-2B in amygdala were increased in female, but not male
rats (Stamatakis et al., 2009). Further, female, but not male rats, with a similar early life
experience showed decreased nitric oxide (NO) production in hippocampus (Noschang et
al., 2010).

11.6 LTP
Long term potentation (LTP) is a model of synaptic plasticity often linked to memory
(Lynch et al., 1988; Martin and Morris, 2002). We expected that manipulations that impair
spatial memory performance to decrease LTP and vice versa. One study reported that brief
novelty exposure throughout the preweaning period enhanced LTP of both population spikes
and EPSPs in CA1 (Tang and Zou, 2002). The prolonged manipulation of limited nesting on
PN2-9 reduced LTP stimulated in stratum radiatum and recorded in CA1 and CA3 in aged,
but not in adult rats (Brunson et al., 2005; Ivy et al., 2010). In contrast, prolonged isolation
performed during the same time frame as limited nesting enhanced LTP induced in the
medial perforant pathway and recorded in dentate gyrus (Kehoe and Bronzino, 1999) and
enhanced LTP and LTD in the BLA-dentate gyrus pathway (Blaise et al., 2008). Similarly,
separation for 24-hr on PN 3 led to a corticosterone-induced enhancement in LTP recorded
from dentate gyrus in male, but not female rats (Oomen et al., 2010; Oomen et al., 2011).
Yet, inhibition of corticosterone-induced suppression of LTP stimulated in Schaffer
collaterals and recorded in the CA1 region was greater in rats with brief novelty exposure
throughout the preweaning period (Zou et al., 2001). Timing of the early life manipulation
may be important. The serotonergic agonist, tandospirone, blocked LTP in the CA1 field in
rats that received foot shock during the third postnatal week and this inhibition effect was
not seen in rats that received the foot shock during the second postnatal week (Matsumoto et
al., 2005). Across studies, findings are not consistent but the variability in test parameters
makes it difficult to find patterns or to explain discrepancies.

11.7 Neurotrophic factors and neurogenesis
Levels of the neurotrophins, NGF and NT-3, were downregulated in ventral hippocampus
but upregulated in dorsal hippocampus in rats with a prolonged manipulation experienced
during the first two postnatal weeks (Marais et al., 2008; Reus et al., 2011). A prolonged
manipulation that extended into post-natal week 3 also decreased NGF levels in CA1, CA3,
and dentate gyrus and reduced NGF and NT3 levels in amygdala with no effect in cortex
(Aisa et al., 2009a). Yet, hippocampal NT3 levels were not altered in rats with 24-hr
separation on PN9 (Roceri et al., 2002). Finally, brief manipulations throughout the
preweaning period did not alter hippocampal NGF levels (Pham et al., 1997)..

Several studies reported on the effects of early life manipulations on levels of brain derived
neurotrophic factor (BDNF). Brief manipulations did not alter BDNF levels in hippocampus,
amygdala, or cortex (Garoflos et al., 2005; Lippmann et al., 2007). In contrast, many studies
of prolonged manipulations showed decreased BDNF mRNA or protein levels in
hippocampus (Aisa et al., 2009a; deLima et al., 2011; Lippmann et al., 2007; Roceri et al.,
2002; Solas et al., 2010) or found it blocked the stress-induced increases in BDNF (Roceri et
al., 2004; Roceri et al., 2002). Yet, there were a few reports of no effects of prolonged
manipulations (Reus et al., 2011; Roceri et al., 2004) and one finding of increased BDNF
protein levels (Greisen et al., 2005). While no effect of prolonged manipulations on BDNF
levels in amygdala were reported (deLima et al., 2011; Lippmann et al., 2007), one study
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showed decreased protein in amygdala (Reus et al., 2011) and another found increased
expression in CeA (Chung et al., 2009). Decreased mRNA or protein levels of BDNF and
blunted stress-induced increases (Burton et al., 2007; Roceri et al., 2004) were seen in
frontal cortex of rats with prolonged manipulation experience and although other studies
reported no effect in this region (deLima et al., 2011; Greisen et al., 2005; Lippmann et al.,
2007; Roceri et al., 2002).

Adult neurogenesis in hippocampus was reduced in rats with prolonged manipulations
experienced throughout the first two postnatal weeks (Hulshof et al., 2011; Mirescu et al.,
2004) and in male rats exposed to a single 24-hr of separation on PN 3 (Oomen et al., 2010)
as indicated by lower levels of cell proliferation, cell survival, or neuronal differentiation.
Cell proliferation was also reduced in rats subjected to prolonged separation throughout the
entire preweaning period (Aisa et al., 2009a). On the other hand, hippocampal neurogenesis
increased in females that had 24-hr separation on PN 3 (Oomen et al., 2011). Male rats with
brief vs. prolonged separations during the first two post-natal weeks showed no difference in
neurogenesis in hippocampus or PFC (Greisen et al., 2005).

11.8 Summary of enduring effects of early life manipulations on HPA axis and CNS
Overall, one effect -- decreased HPA axis reactivity -- appears to be specific to brief
manipulations whereas decreased synaptic plasticity appears to be specific to prolonged
manipulations. Although data are limited, none of these neural markers seems to relate to the
timing of manipulation across the preweaning period.

12. Conclusions
The main findings of this analysis of the literature on the effects of early life manipulations
on learning and memory is that the factors of duration and timing of the manipulation
contribute to performance in spatial memory tasks in adult rats. Performance in aversive
conditioning tasks is impaired in most cases but this effect is less likely to be seen if the
manipulations extend into the third post-natal week. Enhanced performance in inhibitory
learning is seen regardless of these factors. The convergence of the influences of these
factors on spatial memory task performance is depicted in the scheme presented in Fig. 5. As
seen in Fig. 5, as duration of the manipulation increases, performance decreases. But, as
timing extends to later in the preweaning period, performance increases. Importantly, these
relations would not have been seen had the various learning and memory tasks not been
classified into the three categories. Indeed, this analysis has demonstrated that the enduring
effects of early life manipulations are decidedly task-dependent.

The amygdala, hippocampus, and PFC are important brain regions that contribute to
learning and memory processes and they are modulated by stress exposure. The
hippocampus is strongly associated with spatial/relational memory tasks and the amygdala
with Pavlovian conditioning tasks, especially aversive ones. Yet, the amygdala has
important connections to hippocampus that help mediate the effects of stress on the
hippocampus. As expected, the effects of stress exposure on the SNS and HPA axis in the
rat pup differ from that in the adult because many neural and hormonal systems are still
developing during the early postnatal period (Levine, 2001; Rice and Barone, 2000;
Sapolsky and Meaney, 1986). From about PN3 to PN15, ending about 1 week prior to
typical weaning date, rat pups show attenuated stress hormonal responses to stimuli that
normally elicit strong elevations in corticosterone levels in the adult. This period has been
characterized as the stress hyporesponsive period (Levine, 2001; Rice and Barone, 2000;
Sapolsky and Meaney, 1986). Sapolsky and Meaney (1986) reviewed the literature and
suggest several factors that contribute to this hyporesponsive corticosterone response. These
include lower hippocampal GR and MR concentrations, lower hypothalamic CRH content,
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and lower pituitary ACTH content of the rat pup. Levine (2001) points out that early in life,
suppression of HPA axis activation is under maternal control. That is, if a pup has contact
with its dam, stress evokes minimal ACTH response (Stanton et al., 1988; Suchecki et al.,
1995). However, pups do show HPA axis activation after 24-hr of separation (Smith et al.,
1997). Some effects are ameliorated by tactile stimulation or feeding, but not by suppressing
corticosterone secretion, suggesting that components of maternal behavior suppress HPA
axis activation (vanOers et al., 1998). Sapolsky & Meaney (1986) propose that lower level
of corticosterone secretion in the pup may help protect structures, such as the hippocampus,
that are still developing at this time, from damage. Indeed, the stress hyporesponsive period
is a time of rapid brain growth, including neural migration and differentiation,
synaptogenesis, gliogenesis and myelination, and maturation of many neurotransmitter
systems as well as apoptosis to remove neurons (Dobbing and Sands, 1979; Dumas, 2005;
Rice and Barone, 2000). The hippocampus is going through these processes during the first
two postnatal weeks whereas the amygdala is more fully developed at this postnatal time.
And, the PFC develops later in the post-weaning period.

The general principle, stated by Rice & Barone (2000), is that environmental factors will
have the greatest impact if they occur during the cascade of these developmental processes
as opposed to occurring before or after the structure has developed to adult conditions. Thus,
we expect that early life stress to have enduring effects on hippocampus and consequently
modify performance on tasks to which these structures contribute more so than structures
like amygdala, that is developed, and PFC, that continues to develop beyond the preweaning
period. This is particularly relevant for the first two postnatal weeks. However, early life
manipulations may affect the amygdala indirectly by altering the dynamics of its interactions
with the developing hippocampus.

A striking observation of this analysis of early life manipulations is that they appear to have
the opposite effects to those induced by stress experience in adulthood. In general, stress in
adulthood impairs spatial memory (e.g., (deQuervain et al., 1998) but enhances aversive
conditioning (e.g., (Cordero et al., 2003). Yet, early life manipulations impair aversive
conditioning under most situations whereas spatial memory performance can be impaired or
enhanced depending upon the timing and duration of the manipulation (see Fig. 5). Another
contrast to adult stress exposure is the failure to find a significant effect of sex on
performance in any of the three task types. Indeed, stress experienced in adulthood enhances
performance in aversive conditioning tasks and impairs performance in spatial memory tasks
in male rats whereas stress has the opposite effects in female rats (Bowman et al., 2003;
Conrad et al., 2003; Luine, 2002; Shors et al., 2000; Wood and Shors, 1998). The female
pattern of stress effects on learning and memory by task type is similar to effects of brief
early life manipulations. This may suggest that brief manipulations alter brain regions that
modulate aversive conditioning and spatial memory to become more “female-like”.
Alternatively, these brain regions may be “female-like” when the manipulation was imposed
and prevent these regions from becoming “masculinized” (Shors and Miesegaes, 2002).
Either scenario would result in “female-like” performance in aversive conditioning and
spatial memory tasks during adulthood in rats of both sexes that have had brief early life
experiences.

Prolonged manipulations impaired performance both on aversive conditioning and on
spatial/relational memory tasks. The former effect is “female-like” and may reflect that the
amygdala becomes feminized or it is prevented from becoming masculinized possibly by
altering its efferent effects on the developing hippocampus. The latter effect is “male-like”.
Yet, the probability of showing impaired or enhanced spatial/relational memory with
prolonged manipulations is about the same (Fig. 3). Impaired vs enhanced performance in
these tasks is more clearly seen with the timing factor (Fig. 4). If the manipulation is
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confined to postnatal weeks 1–2, then impairment is likely whereas if the manipulation
extends into postnatal week 3, enhancement tends to be seen, a female-like effect.

The model shown in Fig. 6 recaps the main findings of this analysis of the effects of early
life manipulations on learning and memory. For sake of clarity, we simplified the roles of
the three task types so that they reflect mainly amydala for aversive conditioning,
hippocampus for spatial memory, and PFC for inhibitory learning. These three brain regions
are shown with relative size depicting their stage of development. The amygdala is the most
developed of the three and thus, it is depicted larger than the other two structures across the
three scenarios. The hippocampus undergoes major development during postnatal weeks 1
and 2 and thus, it is small for the two scenarios in which the manipulation was confined to
these two postnatal weeks and larger for the scenario in which the manipulation expanded
into postnatal week 3. The PFC is not developed during the entire 3-week preweaning period
of the rat and for this reason, it is depicted as small across the three scenarios. The state of
development is depicted by the fill of the ovals representing these three brain structures.
That is, the amygdala is developed and its ovals are gray-filled. The PFC is yet to develop
and its ovals are open (white-filled). Because the hippocampus is in state of development
during postnatal weeks 1 and 2 and environmental factors have the greatest impact on a
structure when it is undergoing development (Rice and Barone, 2000), we have depicted this
structure with wavy-lined fill for the first two scenarios. Finally, the model assumes brief
manipulations to not be a “stress” to the pup because the dam modulates its HPA axis
responses. Prolonged durations of the manipulations is likely stressful.

One pattern seen in this figure is that if the early life manipulation occurs at a time when a
structure is more developed, impaired performance is seen. For example, the amygdala is the
most developed and impairments in aversive conditioning tasks are seen regardless of the
timing of the manipulation. In contrast, the PFC is at an early stage of development across
the three postnatal weeks and performance on inhibitory learning tasks is enhanced. The
hippocampus is developing during the first two postnatal weeks and when the manipulation
is brief and possibly, not stressful, enhanced performance is seen in spatial/relational tasks.
However, the hippocampus receives amygdalar input the degree of this input likely varies
depending on the stage of hippocampal development and whether the manipulation is
stressful (prolonged) or not (brief). That is, the presumed relatively greater input from
amygdala to hippocampus when the hippocampus is developing and the manipulation is
prolonged leads to impaired performance whereas, enhanced performance in spatial/
relational memory tasks is seen when the manipulation is brief. Or, these experiences during
development may heighten the ability to process spatial information perhaps due to
increased GR levels in this region although other processes are likely involved as well. A
similar explanation fits the findings of enhanced performance in inhibitory learning
regardless of duration or timing of the manipulation as this would reflect that the PFC is
developing across the entire preweaning time.

This model is based on a wealth of information (results from over 230 studies) and the
synthesis of this information into a manageable schematic that not only describes and
explains the data but also provides a method to predict new findings. This heuristic will be
valuable for future research on the effects of early life manipulations on learning and
memory. It is our hope that the model will be tested and refined further.
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*Highlights

1. Analyzed over 230 studies from 77 papers and classified into 3 task categories

2. Duration (brief or prolonged) has opposing effects on spatial/relational memory
tasks only.

3. Timing (during postnatal week 3 or not) led to opposing outcomes on spatial/
relational tasks only.

4. Performance was impaired in aversive conditioning and enhanced in inhibitory
learning tasks by early life stress.

5. Explained discrepancies in literature on early life stress and learning and
memory.
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Fig. 1.
Numbers of studies conducted by duration of early life manipulation are presented by
duration type (brief vs. prolonged). Brief is defined as <60-min and prolonged is defined as
1-hr or longer. “Other” includes limited nesting, artificial rearing, and corticosterone or
CRH administrations, all of which are considered “prolonged: manipulations.
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Fig. 2.
Numbers of studies reported upon in this review are presented by task and task category.
Abbreviations: CtxF=context-induced fear; CueF=cue-induced fear; IA=inhibitory
avoidance; FPS=fear-potentiated startle; EBC=eyeblink conditioning; CTA=conditioned
taste aversion; LI=latent inhibition; MWM=Morris water maze; RAM=radial arm maze;
CM=circular maze; CT= can test; TM=T-maze; YM=Y-maze; SM= Social memory;
OR=object recognition; AA=active avoidance.
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Fig. 3.
Proportion of studies categorized as aversive conditioning, inhibitory learning, or spatial/
relational memory tasks that showed enhanced (solid bars) or impaired (open bars)
performance by duration of manipulation and task type. Durations were either brief (<60-
min) or prolonged (≥1-hr). Duration has opposing effects on performance in spatial memory
tasks but did not affect aversive conditioning or inhibitory learning task performance.
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Fig. 4.
Proportion of studies categorized as aversive conditioning, inhibitory learning, or spatial/
relational memory tasks that show enhanced (solid bars) or impaired (open bars)
performance by timing of manipulation and task type. Timing refers to manipulations that
did not occur during postnatal week 3 (No PN Wk3) or did occur during postnatal week 3
(PN Wk3). Timing has opposing effects on performance in spatial memory tasks but did not
affect inhibitory learning task performance. Enhanced aversive conditioning was only seen
if the manipulation did not extend into post-natal week 3.
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Fig. 5.
A schematic to explain the competing effects of duration and timing of postnatal
manipulation on performance in spatial/relational memory tasks is presented. Performance
on these tasks is enhanced (+) when the duration of the manipulation is short (<1-hr). But, as
the duration increases (≤1-hr), performance on the task is impaired (−). When the
manipulation is not imposed during postnatal week 3, performance is impaired (−). But,
performance is enhanced (+) if the timing of the manipulation includes postnatal week 3.
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Fig. 6.
A model of how varying the duration and timing of postnatal manipulations may affect
amygdala, hippocampus, and prefrontal cortex to respectively alter performance in aversive
conditioning, spatial/relational memory tasks, and inhibitory learning is presented. Ovals
represent the brain regions of amygdala (A), hippocampus (H), and prefrontal cortex (PFC)
and oval size reflects the degree of development of the structure (small = less developed;
large = more developed). Environmental factors have the greatest impact if they occur
during the cascade of developmental processes and not before or after (Rice and Barone
2000). Thus, the fill of each brain region oval differs depending upon its state of
development. Gray-filled ovals reflect that the structure has developed (e.g., amygdala).
Open-filled ovals reflect that the structure is not in a developing state (e.g., PFC). The wavy-
lined fill of the hippocampus for the two scenarios in which the manipulation is confined to
the first two postnatal weeks depicts that this structure is in a developing state. Note that this
structure has a gray-fill (depicting that it is developed) for the scenario in which the
manipulation extended into postnatal week 3. Arrow sizes depict the degree of effect. The
larger arrows from amygdala to hippocampus for the two scenarios in which the
manipulation is confined to the first two postnatal weeks reflects the greater input from
amygdala to hippocampus that would likely occur due to the differences in their states of
development.
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