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Abstract

It is now well established that acute stress shortly after encoding (i.e., post-encoding stress) can 

benefit episodic memory. In the current paper, we briefly review the human literature examining 

the effects of post-encoding stress on episodic memory, and we relate that literature to studies of 

post-encoding manipulations of cortisol in humans, as well as studies of post-encoding stress and 

administration of corticosterone on analogous memory tasks in rodents. An examination of the 

literature reveals several important gaps in our understanding of stress and memory. For example, 

although the human literature shows that post-encoding stress generally improves memory, these 

effects are not observed if stress occurs in a different context from learning. Moreover, the rodent 

literature shows that post-encoding stress generally impairs memory instead of improving it, and 

these effects depend on whether the animal is habituated to the learning context prior to encoding. 

Although many aspects of the results support a cellular consolidation account of post-encoding 

stress, we present possible modifications, such as a network reset, to better account for the data. 

We also suggest that it is important to incorporate ideas of contextual binding in order to 

understanding the effects of post-encoding stress and glucocorticoids on memory.
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Introduction

The prevalence of stress in our lives has made its effects on episodic memory an area of 

priority for researchers, and a growing body of literature shows that both acute and chronic 

stress can have important effects on memory (for reviews see Conrad, 2010; Roozendaal, 

McEwen, & Chattarji, 2009; Sandi & Pinelo-Nava, 2007; Sauro, Jorgensen, & Teal Pedlow, 

2003; Schwabe et al., 2012). Acute stress refers to stress that occurs over a relatively short 

period of time (e.g., giving a talk in front of a group of people), while chronic stress is 
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measured over the lifetime and includes many repeated exposures to stress. Often the effects 

of stress on memory are deleterious, such as when subjects are stressed when they are 

attempting to retrieve information from memory (for a review see Gagnon & Wagner, 2016). 

However, one finding that has attracted considerable interest is that acute stress shortly after 

learning (i.e., post-encoding stress) can actually be beneficial for memory. For example, in a 

key study by Cahill, Gorski, and Le, (2003), subjects were presented with a series of slides, 

and this was followed either by a non-stressful control task (i.e., holding their arm in 

lukewarm water), or a stressful cold pressor task (i.e., holding an arm in ice water; CPT) 

which produced a significant increase in the endogenous stress hormone cortisol. When 

recall for the slides was tested one week later, subjects who were stressed after encoding 

remembered significantly more information about the studied slides than did the non-

stressed subjects.

The beneficial effects of post-encoding stress on memory in humans have now been well 

established (e.g., Andreano & Cahill, 2006; Beckner et al., 2006; Cahill, Gorski, & Le, 

2003; Smeets, Sijstermans, et al., 2008; Yonelinas et al., 2011), and this is consistent with 

the rodent literature that has shown that post-encoding administration of corticosterone 

improves memory (e.g., Lupien & McEwen, 1997; Oitzl & de Kloet, 1992; Sandi & Rose, 

1994). These results are important in showing that acute stress can impact memory processes 

that occur after the initial event has already been encoded into memory, and together, they 

present a compelling argument for a cellular consolidation account of post-encoding stress, 

whereby glucocorticoids (such as cortisol) bind to glucocorticoid receptors in the amygdala, 

which then over a period of minutes to hours modulates consolidation in other brain regions 

such as the hippocampus (e.g., McGaugh, 2000; McGaugh & Roozendaal, 2002; 

Roozendaal et al., 2009; Schwabe et al., 2012). We note that this form of cellular 

consolidation is distinct from systems consolidation, which refers to the gradual transfer of 

episodic memories from the hippocampus to the cortex, which is thought to take years or 

decades (e.g., Kandel, Dudai, & Mayford, 2014; Dudai, 2004).

However, a growing literature has suggested that the effects of post-encoding stress on 

memory may be more complex, and that they may present important challenges to the 

standard cellular consolidation view. For example, post-encoding stress often impairs 

memory in rodents (e.g., Guercio et al., 2014; Kogan & Richter-Levin, 2010; Li et al., 2012; 

Maroun & Akirav, 2008)—a finding which seems inconsistent with the consolidation 

account. In addition, studies examining the effects of administering glucocorticoids during 

the post-encoding period in humans have yielded inconsistent results. That is, post-encoding 

glucocorticoid administration sometimes improves (e.g., Wilhelm, Wagner, & Born, 2011), 

but sometimes impairs memory (Plihal & Born, 1999; Wilhelm et al., 2011), which also 

complicates the standard cellular consolidation view of post-encoding stress effects. These 

challenges have led some to propose supplementary theoretical accounts of post-encoding 

stress effects (Shields et al., 2017); within this review, we expand on the contextual binding 
account, which posits that the stressor itself serves as a particularly memorable event that 

enhances memory for other events that share the same context. Given all of the above, we 

felt it would be useful to conduct a review of the human and rodent literature on post-

encoding stress, as well as post-encoding administration of cortisol/corticosterone, in order 

to identify the factors that may be responsible for these apparent discrepancies.
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One other challenging finding emerging from the human literature is that the effects of post-

encoding stress appear to be dependent on the spatial context in which the stressor occurs, in 

the sense that post-encoding stress only benefits memory if it occurs in the same spatial 

context as the initial learning experience (for review see Shields et al., 2017). This has led to 

a contextual binding account of post-encoding stress whereby the stressor itself is thought to 

serve as a particularly memorable event that enhances memory for other events that share the 

same context (Shields et al., 2017; Sazma et al., under review). The notion is that episodic 

memory requires the binding of items with the experimental context, and that the post-

encoding stress manipulation itself leads to the formation of a well encoded event, such that 

it facilitates the retrieval of other events that share the same experimental context. In this 

way, post-encoding stress can benefit memory when it occurs in the same spatial or mental 

context as the learning materials, but it can reduce memory it if occurs in a different context. 

This could explain why stress effects can sometimes reverse, and why the effects are 

context-specific. Whether the account is consistent with the rodent literature or the literature 

on the glucocorticoid administration has not yet been carefully considered, and is a question 

we will return to after reviewing that literature.

In the current paper, we will briefly review the human literature, first by examining the 

effects of post-encoding stress on episodic memory, then by surveying the effects of post-

encoding administration of cortisol on episodic memory. Next, we consider the rodent 

studies, beginning again by reviewing the post-encoding stress literature, and then 

examining post-encoding corticosterone administration effects on memory. In order to 

isolate the effects of post-encoding manipulations on memory, we only included studies that 

actively manipulated stress or cortisol/corticosterone shortly after encoding. The stressor 

used must have been established as reliably inducing a cortisol/corticosterone response (or 

include biological measures demonstrating such). We excluded any studies that manipulated 

stress before encoding, as it is impossible to disentangle post-encoding stress effects from 

encoding stress effects in those cases (e.g., stress may enhance or disrupt attention during 

encoding). Additionally, to be included in the current review, retrieval must have occurred 

more than 90 minutes after the stress manipulation to reduce the likelihood of stress 

hormones exerting effects during retrieval. To assess episodic memory, we selected studies 

that included tests of recall and recognition in humans, and analogous tasks in rodents (i.e., 

maze learning tasks that requiring recall of learned locations and object recognition tasks). 

We did not include studies of Pavlovian conditioning because it is less clear how these 

paradigms relate to episodic memory, and as far as we are aware, no human studies of post-

encoding stress have used these paradigms. Nevertheless, we do briefly consider the relevant 

conditioning results when interpreting the rodent literature.

After reviewing the current literature, we then highlight the areas of agreement and 

disagreement across these literatures in order to identify areas in which additional studies 

will be useful in furthering our understanding of the effects of post-encoding stress and 

glucocorticoids on memory. Finally, we consider the challenges that these results present for 

theories of stress and consolidation.
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Human Studies of Post-Encoding Stress

The effects of post-encoding stress on human episodic memory have now been examined in 

a number of studies (for reviews see Schwabe et al., 2012; Wolf, 2009; and for a recent 

meta-analysis see Shields et al., 2017). To select studies for this review, we searched 

PubMed and Google Scholar using the following string ((memory) AND (emotion OR 

positive OR negative OR neutral OR emotional) AND (encoding OR retrieval OR 

consolidation OR pre-encoding OR post-encoding OR storage OR reconsolidation) AND 

(Recognition OR Recall) AND (Stress OR Stressful OR Stressor)), as well as examining 

citations and references. Table 1 lists those studies, along with a number of potentially 

important characteristics of each study. An examination of Table 1 indicates that post-

encoding stress generally leads to an increase in episodic memory, and these effects are quite 

robust (i.e., stress led to an increase in memory in 15 out of 22 independent experiments). 

For example, beneficial effects of stress have been observed using a variety of different 

stressors such as skydiving (Yonelinas et al., 2011), the Trier Social Stress Test (Beckner et 

al., 2006; Preuss & Wolf, 2009), as well as the more commonly studied cold pressor task 

(e.g., Andreano & Cahill, 2006; Cahill et al., 2003; McCullough & Yonelinas, 2013; Smeets, 

Otgaar, et al., 2008). In addition, they have been observed for various different materials, 

including words (Smeets, Otgaar, et al., 2008; Zoladz et al., 2015), pictures (Bryant, 

McGrath, & Felmingham, 2013; Cahill et al., 2003; Felmingham, Fong, & Bryant, 2012; 

Felmingham, Tran, et al., 2012; McCullough & Yonelinas, 2013; Preuss & Wolf, 2009; 

Yonelinas et al., 2011), and stories (Andreano et al., 2012; Nielsen, Ahmed, & Cahill, 2014). 

Although some studies have suggested that the effects are larger for emotionally negative 

than neutral materials (Andreano et al., 2012; Bryant et al., 2013; Cahill et al., 2003; 

Felmingham, Tran, et al., 2012; Nielsen et al., 2014; Smeets, Otgaar, et al., 2008), other 

studies have either shown larger effects for neutral materials (McCullough & Yonelinas, 

2013; Preuss & Wolf, 2009; Yonelinas et al., 2011) or similar effects for both types of 

materials (Andreano & Cahill, 2006; Beckner et al., 2006; Felmingham, Fong, et al., 2012; 

Larra et al., 2014; Zoladz et al., 2015). Additionally, stress related improvements in memory 

have been seen in tests of recall (Andreano & Cahill, 2006; Andreano et al., 2012; Bryant et 

al., 2013; Cahill et al., 2003; Felmingham, Fong, et al., 2012; Felmingham, Tran, et al., 

2012; Nielsen et al., 2014; Smeets, Otgaar, et al., 2008; Zoladz et al., 2015) and recognition 

memory (Beckner et al., 2006; Larra et al., 2014; McCullough & Yonelinas, 2013; Smeets, 

Sijstermans, et al., 2008; Yonelinas et al., 2011). Moreover, within recognition, there is 

evidence that post encoding stress benefits familiarity-based responses (McCullough & 

Yonelinas, 2013; Yonelinas et al., 2011), as well as recollection of qualitative information as 

measured by source memory (Smeets, Sijstermans, et al., 2008) and subjective reports of 

remembering (McCullough et al., 2015; Sazma et al., submitted for review).

The beneficial effects of post-encoding stress, however, are critically dependent on a number 

of important factors. Most notably, the spatial context of the stressor is critical in 

determining whether the stress benefits are observed. As can be seen in Table 1, the majority 

of studies that found an enhancing effect of post-encoding stress on memory had stress occur 

in the same context (typically the same room) as learning. In contrast, the studies in which 

participants changed rooms before undergoing the stress task, post-encoding stress tended to 

impair memory (McCullough et al., 2015; Pardilla-Delgado et al., 2016; Trammell & Clore, 
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2014). Moreover, in a recent study, Sazma et al., (submitted for review) directly manipulated 

the stressor context by having subjects stay in the same room or move to another room for 

the stress/control manipulation, while keeping the timing constant between groups. They 

found that stress improved memory when it occurred in the same context as learning, but it 

tended to reduce memory when it occurred in a different context.

Another potentially relevant factor in studies of post-encoding stress is the sex of the 

participants. In our review of the literature, studies that included both males and females 

found significant post-encoding stress effects. Additionally, a meta-analysis found that 

participant sex was not a moderating factor across studies (Shields et al., 2017), although 

several studies have reported larger effects in males than females (Andreano & Cahill, 2006; 

McCullough & Yonelinas, 2013; Yonelinas et al., 2011). These effects are likely due to 

several factors. For example, cortisol responses were found to be reduced in women using 

hormonal contraceptives (Nielsen et al., 2013), and the normal post-encoding stress 

enhancement was not found in women using hormonal contraceptives (Nielsen et al., 2014). 

In addition, the effects of post-encoding stress on memory appear to depend on menstrual 

phase (Zoladz et al., 2015). These results suggest that similar stress effects can be observed 

in males and females, but that they may be more variable in females.

Another important factor to consider in studies of post-encoding stress is the extent to which 

cortisol plays a role, but the relationship between stress, cortisol, and memory is complex. 

Common stress manipulations like the cold pressor and social stress are reliably found to 

lead to increases in salivary cortisol, and more than half of the reported studies have found 

that stress-related increases in cortisol are correlated with memory (see Table 1). However, 

this is often for only a subset of the study sample (e.g., one study finds a correlation between 

cortisol change and memory for males only, another finds it for females and negative items 

only). Moreover, in reviewing the studies of post-encoding stress, Shields et al. (2017) found 

that there was no overall relationship between the magnitude of the stress related cortisol 

increase and the magnitude of the memory effects observed across studies. In addition, there 

is some evidence that there may be nonlinear effects of cortisol on memory. For example, 

Andreano and Cahill (2006) found that cortisol was related to memory in an inverted U-

shape manner, such that subjects showing a moderate stress related increase in cortisol 

showed a benefit in recall, whereas those showing a large increase in cortisol performed 

more poorly. Similarly, McCullough et al. (2015) tested recognition memory and found that 

recollection-based responses also exhibited an inverted U-shaped relationship with cortisol 

change. In contrast, familiarity-based recognition responses were found to exhibit a shallow 

but continuously increasing linear relationship with cortisol. Although addition studies are 

needed, these results suggest that the relationship between cortisol and memory may depend 

critically on the magnitude of the cortisol increase, and the type of memory that is being 

assessed.

Additionally, time-of-day effects are another factor that has been hypothesized to be critical 

for stress effects. Cortisol levels are at their peak in the morning and then decline throughout 

the day. These differing baseline levels of cortisol may mean stress has different effects on 

memory in the morning compared to the afternoon. The recent meta-analysis by Shields et 

al., (2017) found significant post-encoding stress effects regardless of what times the studies 
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began, but they did find that studies that only began after noon showed larger post-encoding 

stress effects on memory than studies that ran participants at any time of day.

Finally, sleep is another factor that is thought to be important for consolidation. (e.g., 

Stickgold, 2005). The majority of studies on post-encoding stress include a delay of at least 

24 hours that naturally includes sleep, however a couple studies have found similar effects 

even with a shorter delay that does not include sleep (Yonelinas et al., 2011; McCullough et 

al., 2013). This indicates that sleep is not necessary for the post-encoding stress effects to 

occur. None the less, the effects of stress may interact with sleep (e.g., Payne & Nadel, 2004; 

Wagner & Born, 2008), so future studies experimentally manipulating both stress and sleep 

will be informative.

In sum, acute stress immediately after encoding improves recognition and recall in humans - 

unless the stressor occurs in a different spatial context from learning. The effects are seen for 

both neutral and emotional materials, and they appear to be similar for both males and 

females, but they may be more variable in females due to variations in menstrual phase and 

hormonal contraceptive use. Finally, the exact relationship between changes in cortisol and 

memory remains elusive, but it may be nonlinear and may be related to the type of memory 

being tested.

Human Studies of Post-Encoding Cortisol

Given that stress leads to an increase in cortisol, several studies have examined the effects of 

administering cortisol immediately after encoding on human memory (see Table 2). We 

searched Google Scholar and PubMed with the following string (cortisol OR corticosterone 

OR “drug administration” OR administration) AND (memory) AND (post-learning OR 

post-encoding OR “after learning OR “after encoding” OR consolidation) AND human), as 

well as examining citations and references for additional relevant studies. Unfortunately, 

there are very few memory studies that administered cortisol after learning, and the results 

are somewhat mixed (i.e., cortisol led to a decrease in memory in 2 cases, an increase in 1 

case, and no effect in 2 other cases), making it difficult to draw any strong conclusions. 

However, based on the existing studies it appears that the effects of post-encoding cortisol 

depend on whether the drug is administered during wake or sleep. For example, Wilhelm et 

al. (2011) contrasted the effects of post-encoding administration of cortisol in subjects that 

napped after encoding to those that were kept awake after encoding. In a subsequent 

memory test, they found that cortisol administration led to an increase in temporal order 

memory in the awake subjects, which is consistent with the stress effects described above. In 

contrast, in subjects who were allowed to sleep immediately after the cortisol/placebo 

administration, cortisol was found to decrease memory. Consistent with this, one other study 

examining cortisol during sleep found a negative effect of cortisol on memory (Plihal & 

Born, 1999), although another study found no effect (van Marle et al., 2013). In addition, 

another study examining cortisol during wake found no significant effect on memory (de 

Quervain et al., 2000).

In sum, although post-encoding cortisol can have effects on human memory, it is clear that 

more studies examining these effects are needed since there are only a small number of 

published studies of this type, and the existing results are mixed. Nonetheless, there is some 
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suggestion that post-encoding administration of cortisol may improve memory in awake 

participants, whereas it may disrupt memory during sleep.

Rodent Studies of Post-Encoding Stress

The effects of post-encoding stress on memory have also been examined in studies of rats 

and mice (see Table 3; for an earlier review see Cazakoff, Johnson, & Howland, 2010). We 

used the following string to search PubMed and Google Scholar: (restraint stress OR social 

defeat OR predator stress OR acute stress) AND (“consolidation” OR “post-encoding” OR 

“post-learning” OR “after learning” OR “after encoding”) AND (“object recognition” OR 

“morris water maze” OR “barnes maze” OR “spatial memory” OR “recognition memory” 

OR “odor recognition”), as well as examining citations and references. In contrast to human 

studies, these studies show that post-encoding stress leads to a decrement, rather than an 

improvement, in memory (i.e., stress led to a decrease in memory in 10 cases, an increase in 

memory in 1 case, and it had no effect in 5 cases). The detrimental effects of stress have 

been observed across rodent strains and species. Moreover, they have been observed in 

studies of object recognition (Guercio et al., 2014; Li et al., 2012; Maroun & Akirav, 2008; 

Segev, Ramot, & Akirav, 2012) and spatial water maze tasks (Kogan & Richter-Levin, 2010; 

Li et al., 2012; Vales, Fukuda, & Almeida, 2014). In addition, post-encoding stress 

impairments on memory were found across various stressors, including restraint (Guercio et 

al., 2014; Li et al., 2012; Vales et al., 2014), elevated platform (Maroun & Akirav, 2008; 

Segev et al., 2012), foot shock (Busquets-Garcia et al., 2016; Kogan & Richter-Levin, 2010), 

and tail suspension (Busquets-Garcia et al., 2016) stress paradigms. However, note that the 

only study to use predator odor as the stress manipulation did not find an effect of post-

encoding stress on memory (Homiack et al., 2017). The effects were also reported across 

various durations of the stressor from 2.5min to 90min, and various delays between learning 

and retrieval testing ranging from 4 hours to 28 days.

One variable that appears to play an important role moderating the stress effects observed in 

rodents is whether the animals are habituated to the learning context prior to encoding. In a 

majority of the studies examining post-encoding stress, the rodents were habituated to the 

learning and testing context prior to the encoding phase of the study (typically they were 

familiarized with the context on several days prior to learning), and in most of these studies 

an impairing effect of stress was found. In contrast, when animals were not habituated to the 

learning context, in only 1 out of 4 cases did stress lead to a decrease in memory. In fact, two 

studies directly assessed the effects of habituation (Maroun & Akirav, 2008; Segev et al., 

2012), and found that while stress led to a significant reduction in memory when the animals 

were habituated to the learning context, the effect was not observed when the animals were 

not habituated. One of these studies found a memory increase in the stress group when the 

animals were not habituated (Maroun & Akirav, 2008), while the other found no differences 

in memory when the animals were not habituated (Segev et al., 2012).

Based on the human studies suggesting that the stress effects may depend on sex and on the 

context of the stressor, we also included these two factors in Table 3. All of the studies 

examined used only male rodents, and all of them included a context change between study 

and stress (i.e., the rodents were removed from the learning apparatus in order to administer 
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the stressor), so it is unknown what role sex or context may have played in the observed 

post-encoding stress effects seen in rodents.

It should be noted that a number of studies have examined the effects of post-encoding stress 

on Pavlovian conditioning paradigms in rodents, but those results have been quite mixed, 

with some studies finding post-encoding stress enhances memory but others finding it 

impairs memory (e.g., Sardari, Rezayof, & Khodagholi, 2015; Yang et al., 2013; for a 

review, see Sandi & Pinelo-Nava, 2007). Why the conditioning studies are mixed is not 

clear, and as far as we know no human studies have examined the effects of post encoding 

stress on classical conditioning. Thus, future studies directly contrasting the effects of stress 

on episodic tests of memory to conditioning tasks would be fruitful.

In sum, post-encoding stress generally impairs recognition and spatial memory in rodents. 

However, there is evidence that the negative effects of post-encoding stress can be 

eliminated or reversed if the animals are not habituated to the learning context prior to 

encoding. All of the studies of post-encoding stress in rodents have administered the stressor 

in a different context than the memory materials and have studied only males, so it is unclear 

if these factors impact the stress effects.

Rodent Studies of Post-Encoding Corticosterone

Several studies have examined the effects of corticosterone administered shortly after 

learning on memory in rodents (see Table 4; for an earlier review see Roozendaal, 2002). 

For this review, we used the following string to search Google Scholar and PubMed: 

((“hydrocortisone” OR “corticosterone” OR “dexamethasone” OR glucocorticoid) AND 

(“consolidation” OR “post-encoding” OR “post-learning” OR “after learning” OR “after 

encoding”) AND (“object recognition” OR “morris water maze” OR “barnes maze” OR 

“spatial memory” OR “recognition memory” OR “odor recognition”), as well as examining 

citations and references for additional relevant studies.

Generally, the literature indicates that post-encoding corticosterone administration enhances 

maze learning and recognition memory (i.e., corticosterone produced a significant increase 

in memory in 7 cases, a decrease in only 1 case, and no effect in 3 cases). Note that the 

findings are consistent with studies of Pavlovian conditioning such as fear conditioning and 

avoidance tasks which have also suggested that post-encoding administration of 

glucocorticoids improves conditioning (for reviews see McGaugh, 2000; McGaugh, 2015; 

Roozendaal, Okuda, De Quervain, et al., 2006; Roozendaal, 2002; Roozendaal, 2009).

In addition, there is some evidence that the post-encoding corticosterone enhancement may 

be eliminated if the rodents are habituated to the learning context prior to learning (i.e., in 6 

of the 7 cases that showed positive effects of corticosterone on memory the animals were not 

habituated to the learning context). In addition, one study (Okuda, Roozendaal, & McGaugh, 

2004) found that administration of corticosterone led to a significant increase in object 

recognition in rats that had not been habituated to the learning context prior to encoding, 

whereas it did not impact memory in rats that had been habituated to the learning context. 

This pattern of results was also found in a study by Roozendaal, Okuda, Van der Zee, et al., 

(2006). However, another study found that both habituated and non-habituated rodents 
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showed enhancements in memory when corticosterone was administered after learning 

(Roozendaal et al., 2010). This discrepant result may be the product of using different 

species; in particular, the non-habituated rodents that showed a memory benefit in 

Roozendaal et al.’s (2010) study were mice that needed to be habituated to the environment 

in order to show any memory for the task (Stefanko et al., 2009).

This habituation effect has been taken as evidence that arousal may be necessary for post-

encoding corticosterone to exhibit effects (Roozendaal, Okuda, Van der Zee, et al., 2006). 

That is, rodents that are habituated to the learning context are expected to be less aroused 

than non-habituated animals, and so stress after learning may only facilitate memory when 

arousal is present during learning. In support of this possibility Roozendaal, Okuda, Van der 

Zee, et al., (2006) found that the stress effects could be induced in habituated rats if they 

were injected with Yohimbine, which is known to increase arousal. However, another study 

(Sandi, Loscertales, & Guaza, 1997) showed that while post-encoding corticosterone 

improved memory in a standard water maze task, when the water maze task was made more 

arousing and stressful by using cold water, corticosterone no longer had any effect, 

indicating that increasing arousal during encoding sometimes decreases the effects of post-

encoding corticosterone. Another study found that unhabituated, food-deprived rats who 

received corticosterone after encoding showed a decrease in taste memory (Ruetti et al., 

2014). Thus, it is not yet clear whether habituation moderates post-encoding stress effects by 

impacting arousal or via another process.

To our knowledge, only one rodent study has examined the effects of post-encoding 

corticosterone during sleep, but—consistent with the human studies—it found that 

corticosterone during sleep impaired memory in rodents, whereas corticosterone improved 

memory if administered while the rodent was awake (Kelemen et al., 2014). However, it is 

important to note that memory was tested within 90 minutes of corticosterone 

administration, so it is difficult to distinguish post-encoding effects from retrieval effects in 

this study.

In sum, post-encoding administration of corticosterone generally enhances memory in 

rodents. This effect is reduced if the animals are habituated to the learning context prior to 

encoding, which may be related to the amount of arousal the rodents experience at encoding.

Why Does Post-Encoding Stress Improve Memory in Humans and Reduce Memory in 
Rodents?

The empirical literature on stress and memory reveals a number of important regularities, but 

it also points to a number of open questions that will need to be addressed in future studies, 

and it reveals some apparent contradictions in the literature that will need to be reconciled. 

Perhaps the most glaring contradiction in the literature is the fact that in humans, post-

encoding stress generally benefits episodic memory, whereas in rodents, post-encoding 

stress leads to a reduction in memory. One possible account of this discrepancy is that it may 

be due to the different types of memory tasks that have been examined in the different 

species. In humans, stress-induced benefits in memory have been observed in tests of free 

recall and recognition, as well as on both familiarity- and recollection-based judgments 

within recognition. In rodents, stress has been found to impair memory on maze learning 
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tasks as well as object and location recognition. Although we examined the literature in a 

way to make the memory tasks as comparable as possible between rodents and humans, it is 

impossible to rule out the impact of differences in the memory tasks entirely. However, we 

do not think that task differences in themselves account for the discrepancies. First, given 

that the positive effects of stress in humans generalizes across a variety of different tasks, 

and conversely the negative effects of stress in rodents also generalize across a variety of 

tasks, suggests that the patterns of results are not particularly sensitive to specific task 

demands. In addition, the task demands of the recognition memory tests in humans are quite 

similar to those of the recognition tests in rodents, so it would be surprising if stress 

manipulations would have different effects on those tasks in the different species. Finally, 

the existing literature on the human and rodent tests of memory have in general provided 

convergence with respect to the role that different medial temporal lobe structures play in 

supporting these tasks across these species (Eichenbaum, Yonelinas, & Ranganath, 2007; 

Poldrack & Packard, 2003; Squire, 1992) leading one to expect that these different tasks tap 

similar memory processes across species.

Another possible factor that may play a role in the differences in results across species is the 

use of different types of stressors. In humans, stress related memory increases have been 

produced using the cold pressor task, social stress tasks, and skydiving, whereas in rodents, 

stress related reductions in memory have been produced by restraint stress, elevated platform 

stress, and foot shock. The stressors used in human studies tend to be fairly moderate, last 

between 3–20 minutes and result in cortisol levels less than double baseline levels. Some 

rodent stress manipulations are very stressful (e.g., 90 minutes of restraint stress) and 

produce corticosterone levels many times baseline levels. However, other rodent stressors 

are fairly moderate and result in corticosterone levels less than double baseline (e.g., 

elevated platform). An examination of Table 3 shows that the negative effects of stress in 

rodents are not limited to the most stressful tasks, nor is there evidence that more positive 

effects of stress on memory in humans are seen in the less stressful tasks. Thus, differences 

in the stressor severity does not seem to provide a simple explanation for the species 

differences.

A related possibility, however, is that the stressors may have different long-lasting effects on 

memory retrieval in humans and rodents (we thank Brian Wiltgen for pointing this out). That 

is, it is possible that when rodents that were stressed after learning are reintroduced to the 

experimental environment for the memory test, they may experience a stress response again, 

and this increased stress may impair memory retrieval. In this way, any beneficial effect of 

post-encoding stress on memory may be masked by a greater negative effect of stress on 

retrieval. No post-encoding rodent stress studies measured corticosterone at retrieval to see if 

rodents have elevated stress levels at test. In contrast, human subjects that were stressed 

previously may not experience the same stress response at retrieval (due to differing 

expectations or experiences), and so the post-encoding stress enhancement may not be 

masked by a stress retrieval effect. Indeed, many human studies of post-encoding stress have 

tested cortisol before retrieval, and do not find elevated levels (e.g., McCullough et al., 

2015). If the species differences are due to differences in stress responses during the final 

test phase, then the differences may be reduced if there is a longer delay before the final test 

phase. However, an examination of Tables 1 and 3 does not provide any evidence that the 
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direction of the stress effects were influenced by the test delay. Nonetheless, we think that 

this possibility warrants further consideration.

One other difference between the human and rodent studies is that all of the rodent studies to 

date have been limited to testing male animals. Although the human literature suggests that 

the stress effects are sometimes reduced in females compared to males, they are generally 

observed in both sexes. Whether the observed stress effects in rodents are observed in 

females as well as males is not known. Nevertheless, it does not seem like the discrepancy 

between the stress effects in rodents and humans can be attributed solely to differences in the 

sex makeup of these studies, since human males generally show stress related increases in 

memory, whereas rodent males show a decrease.

There is one other major difference between the human and rodent studies of post-encoding 

stress that may well have been responsible for the observed inconsistencies observed across 

species, and that has to do with the context in which the stress manipulation takes place. In 

all of the rodent studies of post-encoding stress, the stress manipulation occurred in a 

different context from the learning phase (e.g., the animals were removed from the learning 

context in order to complete the stress/control phase of the study). In contrast, most human 

studies present the stressor in the same context as the learning materials (i.e., typically the 

stress/control manipulation was conducted in the same room as the study phase). Moreover, 

the human studies that have conducted the stress/control manipulation in a different context 

from the study materials often show that stress either has no effect or it leads to an 

impairment in memory, suggesting that the stress context must be the same as the study 

context before the stress-related benefits in memory are observed. As far as we are aware, no 

rodent studies have directly manipulated the extent to which the learning and stress contexts 

are varied, so rodent studies that directly manipulate the similarity of the study and stress 

contexts will be important in testing the generality of these effects.

What is the Role of Habituation?

The existing rodent literature indicates that post-encoding stress generally leads to an 

impairment in recognition and spatial memory, but that this effect can be eliminated or even 

reversed if the animals are not habituated to the learning context prior to encoding. 

Moreover, directly manipulating post-encoding corticosterone in rodents generally leads to 

an increase in memory, unless the animals are habituated to the learning context. As far as 

we are aware, no human studies have yet examined the effects of habituation on post 

encoding stress effects, so further studies should be aimed at asking whether the human 

stress effects are impacted by habituation.

If the habituation effects can be verified in human studies, how could these effects be 

explained? As discussed earlier, the rodent results have been interpreted as indicating that 

post-encoding administration of glucocorticoids alone may not be sufficient to produce an 

increase in memory consolidation, but rather it may be necessary to increase arousal during 

initial learning as well, and so it is the interaction between the arousal and stress systems 

that is necessary to initiate consolidation (Roozendaal et al., 2004). In this way, because 

habituated animals are not expected to be as aroused during the learning phase, they do not 

show the stress-related increase in memory. However, another possible account—described 
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in detail below—is that habituation might alter the extent to which learning is linked to the 

experimental context.

What Are the Neural Processes Underlying the Effects of Post-Encoding Stress on 
Memory?

Although the effects of post-encoding stress on memory are becoming clearer, less is known 

about the neural processes that produce these effects. For example, although there is 

evidence that stress-related increases in cortisol are related to memory in humans, additional 

studies further clarifying the relation between stress, cortisol, and memory are needed. The 

existing human studies suggest that stress related increases in cortisol can be related to 

increases in memory, but there are conditions in which this relationship appears to be 

nonlinear, and may differ for different forms of episodic memory (e.g., recollection vs 

familiarity). Moreover, although there are rodent studies that have directly manipulated the 

amount of corticosterone to assess its effects on memory (for review see Baldi & Bucherelli, 

2005), the human findings have been correlational, as no studies have directly manipulated 

either cortisol dose or stressfulness and directly related that to memory performance. 

Although there is strong evidence that post-encoding corticosterone in rodents can enhance 

memory, there are far too few analogous studies in humans. Moreover, whether the cortisol/

corticosterone effects are dependent on sleep has not yet been well established.

Also important, will be studies that examine other hormones and immune system processes 

that may play a critical role in producing the stress effects on memory. For example, stress 

upregulates circulating sex hormones in humans (Lennartsson et al., 2012), and post-

encoding administration of estradiol (Inagaki, Gautreaux, & Luine, 2010) and progesterone 

(Harburger et al., 2008) both enhance object recognition memory in rodents. Thus, it is 

possible that enhancing effects of post-encoding stress on memory in humans may be due to 

effects of stress on sex hormones, although research has yet to directly test this possibility. 

Similar to sex hormones, immune system proteins known as cytokines— which primarily 

function as messengers involved in the coordination and maintenance of inflammation—

increase in response to stress (Segerstrom & Miller, 2004; Steptoe, Hamer, & Chida, 2007) 

and influence memory when administered post-encoding (for reviews see Donzis & 

Tronson, 2014; Rachal Pugh, Fleshner, Watkins, Maier, & Rudy, 2001).

In addition, in reviewing the human literature we found only three neuroimaging studies 

examined the neural correlates of the effects of post-encoding stress, and it seems that 

additional studies of this kind will be critical in advancing our understanding of the neutral 

circuitry underlying the stress effects on memory. For example, Ritchey et al., (2017) found 

that for participants showing large cortisol increases in response to stress, memories became 

more correlated with hippocampal and amygdala activity observed during encoding, thereby 

shifting the distribution of recollected events toward those that had elicited relatively high 

activation. The results suggest that stress does not uniformly enhance memory, but instead 

selectively preserves memories that are strongly encoded by the amygdala and hippocampus. 

In addition, de Voogd et al., (2017) looked at post-encoding resting state connectivity and 

found that greater hippocampal-amygdala connectivity was related to better memory, but 

connectivity was not enhanced when subjects were stressed compared to when they were 
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not. Finally, Van Marle et al., (2013) had participants study negative and neutral pictures and 

then administered hydrocortisone immediately afterwards, just before the participants slept. 

The next day they had participants perform a recognition memory test in the scanner, and 

they found that hydrocortisone administration led to an increase in memory for negative 

compared to neutral materials, but led to reduced activity in the amygdala and hippocampus 

for the negative items during the retrieval scan. These results were interpreted as suggesting 

that consolidation of emotional materials may have led to an attenuation of the intrinsic 

levels of arousal that was linked to the emotional memories. Overall, these neuroimaging 

studies suggest that the hippocampus and amygdala are involved in post-encoding stress 

effects, but additional studies of this type will be necessary to verify these results and to 

identify the specific functional roles that these regions play in producing the observed stress 

effects.

Explaining the Effects of Stress in Humans and Rodents

As discussed in the introduction, the initial human findings by Cahill et al. (2003) provided 

support for the rodent pharmacological work that suggested stress-related increases in 

corticosterone may facilitate the cellular consolidation of recently encoded memories 

(McGaugh, 2000; Roozendaal, 2002). As the current review shows, subsequent studies 

provide additional support for this notion in showing that these beneficial effects of stress 

are consistently observed across a wide variety of materials, test procedures, and various 

stress manipulations.

However, other findings appear to complicate the consolidation account considerably. First, 

the finding that stress leads to a reduction in memory when the stressor occurs in a different 

spatial context than learning is not predicted by a general consolidation process. The results 

indicate that stress-related increases in cortisol do not simply facilitate the consolidation of 

recently encoded memories, but instead stress selectively facilitates memory for events that 

occurred in the same context as the stressor. As an additional complication to the standard 

consolidation account, the rodent results indicate that post-encoding stress in rodents 

generally reduces memory, while it benefits memory in humans. It is not clear why post-

encoding stress would facilitate consolidation in humans and disrupt it in rodents. One 

possibility is that these discrepancies may be due to differences in the timing of the stressor 

after the encoding event in the different studies, but the current review provided little support 

for this possibility. Finally, in humans, post-encoding cortisol administration appears to lead 

to a decrease in memory during sleep whereas it leads to an increase in memory during 

wakefulness. Sleep is generally thought to facilitate consolidation rather than inhibit it (e.g., 

Stickgold, 2005), so these findings do not seem consistent with the traditional consolidation 

account. However, it is possible the levels of cortisol that are optimal to promote 

consolidation are fundamentally different during wake compared to sleep. In our view, the 

results seem to present a number of puzzles for the cellular consolidation account of post-

encoding stress, but we do not think that the results directly rule against the account. 

However, we do think the consolidation account does need to be modified considerably to 

address these issues. At present, there is not enough data to be certain of how the 

consolidation account of post-encoding stress should be modified, but we explore some 

possibilities here.
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One possibility is that changing contexts induces a network reset (e.g., Bouret & Sara, 2005) 

that causes a shift away from the neuronal networks that were responsible for learning in the 

previous context. Once in the new context, any stress hormones released will strengthen the 

consolidation of events that occur in the new context, but not for events that occurred before 

the context shift and the resulting network reset. Indeed, both hippocampal (e.g., Smith & 

Mizumori, 2006) and noradrenergic (Bouret & Sara, 2005) activity have been shown to be 

modulated by context, and it is possible that coordinated activity in these systems is 

necessary for glucocorticoids to exert their beneficial effects on consolidation. Switching 

contexts then disrupts the ongoing activity of these systems and subsequent glucocorticoid 

release can no longer benefit consolidation. This theoretical account is an extension of 

existing cellular consolidation theories of post-encoding stress that can account for the data 

reviewed here.

Another possibility is that stress may not be sufficient to promote cellular consolidation 

unless memories have been tagged as particularly relevant (e.g., Frey & Morris, 1997; 

Mather et al., 2016). Although tagging is generally thought to be related to arousal, perhaps 

ongoing context serves as a type of tag that guides molecular mechanisms involved in 

cellular consolidation. Although some early studies reported that stress benefits were only 

observed for emotional materials, and this was taken as support for the notion that 

consolidation may act preferentially preserve arousing memories, subsequent work indicated 

that similar effects could be obtained for both emotional and neutral materials. Thus, context

—perhaps more than arousal—may be involved in this memory tagging.

We have also proposed a contextual binding account whereby the stressor itself serves as a 

memorable event that enhances memory for other events that share the same context 

(Shields et al., 2017; Sazma et al., under review). By this account we assume that that 

episodic memory requires the binding of items with the experimental context, and that the 

post-encoding stress manipulation itself leads to the formation of a well encoded episode. In 

this way, one can explain why stress benefits memory when it occurs in the same spatial or 

mental context as the learning materials, but it can reduce memory it if occurs in a different 

context. Moreover, it can explain why the stress effects can be observed for both emotional 

and neutral materials. In addition, contextual binding may also help explain why rodents do 

not show stress enhancements when they are habituated to the learning context. By this 

account, stress benefits should be most pronounced when the encoding leads to strong 

binding between the items and the experimental context. If the learning context is highly 

habituated prior to encoding, it should become a less salient aspect of the study event, and 

thus less well bound to the study items, and so the beneficial effects of stress should be 

reduced. Similarly, if drugs like Yohimbine lead to an increase in general arousal, this may 

lead to better binding of the items and the context, which would also lead to an increase in 

the observed stress effects. Finally, from the context binding perspective, the different effects 

of cortisol seen during wake and sleep may be explained as reflecting the fact that sleeping 

leads to a change of mental context. Thus, post-encoding administration of cortisol during 

wake may benefit memory because it occurs in a similar context as the learning materials, 

whereas in the sleep conditions, the mental context is quite different from the awake state, 

and so the administration of cortisol is no longer occurring in the same context as the 

learning materials. Finally, we suggest that the contextual binding account may also help 
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explain effects of pre-encoding stress. Although not the focus of the current study, pre-

encoding stress tends to enhance memory if it occurs immediately before encoding, but not 

when it occurs longer before encoding (for review see Shields et al., 2017), as one might 

expect if stress produces a memorable memory that facilitates memory for items that share 

the same context. Future studies that more directly manipulate the context of the stressor in 

pre- and post-encoding studies of stress will be important in testing this approach further.

This contextual binding account helps explain a number of results that seem problematic for 

the initial consolidation account, however other results are less well explained. For example, 

the fact that post-encoding stress effects are modulated by sex-related factors like hormonal 

contraceptives or menstrual phase is difficult to explain as reflecting differences in 

contextual binding. The evidence that context is important for post-encoding stress effects is 

mounting, and the contextual binding framework is just one possibility that we are putting 

forth to help explain the literature. Modified cellular consolidation accounts of post-

encoding stress also can also explain the current data equally well, so future studies aimed at 

differentiating these different accounts will be important.

In conclusion, the finding that post-encoding stress can benefit human episodic memory is 

well established, and the conditions necessary to observe these effects are becoming clearer. 

In rodents, post-encoding stress has been established as impairing memory, but there appear 

to be plausible reasons for these opposing results. Although the human findings were 

initially assumed to reflect the operation of a general stress-facilitated consolidation process, 

growing evidence points to the importance of context in producing these effects. Future 

studies designed to further assess these accounts promise to advance our understanding of 

stress and episodic memory.

References

Andreano JM, & Cahill L (2006). Glucocorticoid release and memory consolidation in men and 
women. Psychological Science, 17(6), 466–470. 10.1111/j.1467-9280.2006.01729.x [PubMed: 
16771794] 

Andreano JM, Waisman J, Donley L, & Cahill L (2012). Effects of breast cancer treatment on the 
hormonal and cognitive consequences of acute stress. Psycho-Oncology, 21(10), 1091–1098. 
10.1002/pon.2006 [PubMed: 21874658] 

Baldi E, & Bucherelli C (2005). The Inverted “U-Shaped” Dose-Effect Relationships in Learning and 
Memory: Modulation of Arousal and Consolidation. Nonlinearity in Biology, Toxicology, Medicine, 
3(1), nonlin.003.01.0. 10.2201/nonlin.003.01.002

Beckner VE, Tucker DM, Delville Y, & Mohr DC (2006). Stress facilitates consolidation of verbal 
memory for a film but does not affect retrieval. Behavioral Neuroscience, 120(3), 518–527. 
10.1037/0735-7044.120.3.518 [PubMed: 16768603] 

Bouret S, & Sara SJ (2005). Network reset: a simplified overarching theory of locus coeruleus 
noradrenaline function. Trends in neurosciences, 28(11), 574–582. 10.1016/j.tins.2005.09.002 
[PubMed: 16165227] 

Bryant RA, McGrath C, & Felmingham KL (2013). The Roles of Noradrenergic and Glucocorticoid 
Activation in the Development of Intrusive Memories. PLoS ONE, 8(4), 2–8. 10.1371/journal.pone.
0062675

Busquets-Garcia A, Gomis-González M, Srivastava RK, Cutando L, Ortega-Alvaro A, Ruehle S, … 
Ozaita A (2016). Peripheral and central CB1 cannabinoid receptors control stress-induced 
impairment of memory consolidation. Proceedings of the National Academy of Sciences, 113(35), 
9904–9909. 10.1073/pnas.1525066113

Sazma et al. Page 15

Brain Cogn. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cahill L, Gorski L, & Le K (2003). Enhanced Human Memory Consolidation With Post-Learning 
Stress: Interaction With the Degree of Arousal at Encoding. Learning & Memory, 10(4), 270–274. 
10.1101/lm.62403 [PubMed: 12888545] 

Conrad CD (2010). A critical review of chronic stress effects on spatial learning and memory. Progress 
in Neuro-Psychopharmacology and Biological Psychiatry, 34(5), 742–755. 10.1016/j.pnpbp.
2009.11.003 [PubMed: 19903505] 

de Quervain DJ, Roozendaal B, Nitsch RM, McGaugh JL, & Hock C (2000). Acute cortisone 
administration impairs retrieval of long-term declarative memory in humans. Nature Neuroscience, 
3, 313–314. 10.1038/73873 [PubMed: 10725918] 

de Voogd LD, Klumpers F, Fernández G, & Hermans EJ (2017). Intrinsic functional connectivity 
between amygdala and hippocampus during rest predicts enhanced memory under stress. 
Psychoneuroendocrinology, 75, 192–202. 10.1016/j.psyneuen.2016.11.002 [PubMed: 27837699] 

Donzis EJ, & Tronson NC (2014). Modulation of learning and memory by cytokines: Signaling 
mechanisms and long term consequences. Neurobiology of Learning and Memory, 115(734), 68–
77. 10.1016/j.nlm.2014.08.008 [PubMed: 25151944] 

Dudai Y (2004). The neurobiology of consolidations, or, how stable is the engram?. Annu. Rev. 
Psychol, 55, 51–86. 10.1146/annurev.psych.55.090902.142050 [PubMed: 14744210] 

Eichenbaum H, Yonelinas AP, & Ranganath C (2007). The Medial Temporal Lobe and Recognition 
Memory. Annual Review of Neuroscience, 30(1), 123–152. 10.1146/annurev.neuro.
30.051606.094328

Felmingham KL, Fong WC, & Bryant RA (2012). The impact of progesterone on memory 
consolidation of threatening images in women. Psychoneuroendocrinology, 37(11), 1896–1900. 
10.1016/j.psyneuen.2012.03.026 [PubMed: 22534403] 

Felmingham KL, Tran TP, Fong WC, & Bryant R. a. (2012). Sex differences in emotional memory 
consolidation: the effect of stress-induced salivary alpha-amylase and cortisol. Biological 
Psychology, 89(3), 539–44. 10.1016/j.biopsycho.2011.12.006 [PubMed: 22248928] 

Goshen I, Kreisel T, Ounallah-Saad H, Renbaum P, Zalzstein Y, Ben-Hur T, … Yirmiya R (2007). A 
dual role for interleukin-1 in hippocampal-dependent memory processes. 
Psychoneuroendocrinology, 32(8–10), 1106–1115. 10.1016/j.psyneuen.2007.09.004 [PubMed: 
17976923] 

Guercio GD, Bevictori L, Vargas-Lopes C, Madeira C, Oliveira A, Carvalho VF, … Panizzutti R 
(2014). D-serine prevents cognitive deficits induced by acute stress. Neuropharmacology, 86, 1–8. 
10.1016/j.neuropharm.2014.06.021 [PubMed: 24978104] 

Harburger LL, Pechenino AS, Saadi A, & Frick KM (2008). Post-training progesterone dose-
dependently enhances object, but not spatial, memory consolidation. Behavioural Brain Research, 
194(2), 174–180. 10.1016/j.bbr.2008.07.014 [PubMed: 18687366] 

Homiack D, O’Cinneide E, Hajmurad S, Barrileaux B, Stanley M, Kreutz MR, & Schrader LA (2017). 
Predator odor evokes sex-independent stress responses in male and female Wistar rats and reduces 
phosphorylation of cyclic-adenosine monophosphate response element binding protein in the male, 
but not the female hippocampus. Hippocampus, 27(9), 1016–1029. 10.1002/hipo.22749 [PubMed: 
28599071] 

Inagaki T, Gautreaux C, & Luine V (2010). Acute estrogen treatment facilitates recognition memory 
consolidation and alters monoamine levels in memory-related brain areas. Hormones and 
Behavior, 58(3), 415–426. 10.1016/j.yhbeh.2010.05.013 [PubMed: 20553724] 

Kandel ER, Dudai Y, & Mayford MR (2014). The molecular and systems biology of memory. Cell, 
157(1), 163–186. 10.1016/j.cell.2014.03.001 [PubMed: 24679534] 

Kelemen E, Bahrendt M, Born J, & Inostroza M (2014). Hippocampal corticosterone impairs memory 
consolidation during sleep but improves consolidation in the wake state. Hippocampus, 24(5), 
510–515. 10.1002/hipo.22266 [PubMed: 24596244] 

Klenerová V, Jurčovičová J, Kaminský O, Šída P, Krejčí I, Hliňák Z, & Hynie S (2003). Combined 
restraint and cold stress in rats: Effects on memory processing in passive avoidance task and on 
plasma levels of ACTH and corticosterone. Behavioural Brain Research, 142(1–2), 143–149. 
10.1016/S0166-4328(02)00401-1 [PubMed: 12798275] 

Sazma et al. Page 16

Brain Cogn. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kogan I, & Richter-Levin G (2010). Emotional Memory Formation Under Lower Versus Higher Stress 
Conditions. Frontier in Behavioral Neuroscience, 4(December), 1–7. 10.3389/fnbeh.2010.00183

Larra MF, Schulz A, Schilling TM, Ferreira de Sá DS, Best D, Kozik B, & Schächinger H (2014). 
Heart rate response to post-learning stress predicts memory consolidation. Neurobiology of 
Learning and Memory, 109, 74–81. 10.1016/j.nlm.2013.12.004 [PubMed: 24333648] 

Lennartsson A-K, Kushnir MM, Bergquist J, Billig H, & Jonsdottir IH (2012). Sex steroid levels 
temporarily increase in response to acute psychosocial stress in healthy men and women. 
International Journal of Psychophysiology, 84, 246–253. 10.1016/j.ijpsycho.2012.03.001 
[PubMed: 22407091] 

Li S, Fan YX, Wang W, & Tang YY (2012). Effects of acute restraint stress on different components of 
memory as assessed by object-recognition and object-location tasks in mice. Behavioural Brain 
Research, 227(1), 199–207. 10.1016/j.bbr.2011.10.007 [PubMed: 22008382] 

Lupien SJ, & McEwen BS (1997). The acute effects of corticosteroids on cognition: Integration of 
animal and human model studies. Brain Research Reviews, 24(1), 1–27. 10.1016/
S0165-0173(97)00004-0 [PubMed: 9233540] 

Maroun M, & Akirav I (2008). Arousal and stress effects on consolidation and reconsolidation of 
recognition memory. Neuropsychopharmacology, 33(2), 394–405. 10.1038/sj.npp.1301401 
[PubMed: 17429409] 

McCullough AM, Ritchey M, Ranganath C, & Yonelinas A (2015). Differential effects of stress-
induced cortisol responses on recollection and familiarity-based recognition memory. 
Neurobiology of Learning and Memory, 123, 1–10. 10.1016/j.nlm.2015.04.007 [PubMed: 
25930175] 

McCullough AM, & Yonelinas AP (2013). Cold-pressor stress after learning enhances familiarity-
based recognition memory in men. Neurobiology of Learning and Memory, 106(1), 11–17. 
10.1016/j.nlm.2013.06.011 [PubMed: 23823181] 

McGaugh JL (2000). Neuroscience - Memory - a century of consolidation. Science, 287(5451), 248–
251. 10.1126/science.287.5451.248 [PubMed: 10634773] 

McGaugh JL (2015). Consolidating Memories. Annual Review of Psychology, 66(1), 1–24. 10.1146/
annurev-psych-010814-014954

McGaugh JL, & Roozendaal B (2002). Role of adrenal stress hormones in forming lasting memories in 
the brain James L McGaugh and Benno Roozendaal. Cognitive Neuroscience, 205–210. 10.1016/
S0959-4388(02)00306-9

Nielsen SE, Ahmed I, & Cahill L (2014). Postlearning stress differentially affects memory for 
emotional gist and detail in naturally cycling women and women on hormonal contraceptives. 
Behavioral Neuroscience, 128(4), 482–493. 10.1037/a0036687 [PubMed: 24841741] 

Nielsen SE, Segal SK, Worden IV, Yim IS, & Cahill L (2013). Hormonal contraception use alters 
stress responses and emotional memory. Biological Psychology, 92(2), 257–266. 10.1016/
j.biopsycho.2012.10.007 [PubMed: 23131613] 

Oitzl MS, & de Kloet ER (1992). Selective corticosteroid antagonists modulate specific aspects of 
spatial orientation learning. Behavioral Neuroscience, 106(1), 62–71. 10.1037/0735-7044.106.1.62 
[PubMed: 1313244] 

Okuda S, Roozendaal B, & McGaugh JL (2004). Glucocorticoid effects on object recognition memory 
require training-associated emotional arousal. Proceedings of the National Academy of Sciences, 
101(3), 853–858. 10.1073/pnas.0307803100

Pardilla-Delgado E, Alger SE, Cunningham TJ, Kinealy B, & Payne JD (2016). Effects of post-
encoding stress on performance in the DRM false memory paradigm. Learning & Memory (Cold 
Spring Harbor, N.Y.), 23(1), 46–50. 10.1101/lm.039354.115

Payne JD, & Nadel L (2004). Sleep, dreams, and memory consolidation: the role of the stress hormone 
cortisol. Learning & Memory, 11(6), 671–678. 10.1101/lm.77104 [PubMed: 15576884] 

Plihal W, & Born J (1999). Memory consolidation in human sleep depends on inhibition of 
glucocorticoid release. NeuroReport, 10(13), 2741–2747. 10.1097/00001756-199909090-00009 
[PubMed: 10511433] 

Sazma et al. Page 17

Brain Cogn. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Poldrack RA, & Packard MG (2003). Competition among multiple memory systems: converging 
evidence from animal and human brain studies. Neuropsychologia, 41(3), 245–251. 10.1016/
S0028-3932(02)00157-4 [PubMed: 12457750] 

Preuss D, & Wolf OT (2009). Post-learning psychosocial stress enhances consolidation of neutral 
stimuli. Neurobiology of Learning and Memory, 92(3), 318–26. 10.1016/j.nlm.2009.03.009 
[PubMed: 19362598] 

Rachal Pugh C, Fleshner M, Watkins LR, Maier SF, & Rudy JW (2001). The immune system and 
memory consolidation: a role for the cytokine IL-1β. Neuroscience & Biobehavioral Reviews, 
25(1), 29–41. 10.1016/S0149-7634(00)00048-8 [PubMed: 11166076] 

Ritchey M, McCullough AM, Ranganath C, & Yonelinas AP (2017). Stress as a mnemonic filter: 
Interactions between medial temporal lobe encoding processes and post-encoding stress. 
Hippocampus, 27(1), 77–88. 10.1002/hipo.22674 [PubMed: 27774683] 

Roozendaal B (2002). Stress and Memory: Opposing Effects of Glucocorticoids on Memory 
Consolidation and Memory Retrieval,. Neurobiology of Learning and Memory, 78(3), 578–595. 
10.1006/nlme.2002.4080 [PubMed: 12559837] 

Roozendaal B, Hahn EL, Nathan SV, de Quervain DJ-F, & McGaugh JL (2004). Glucocorticoid effects 
on memory retrieval require concurrent noradrenergic activity in the hippocampus and basolateral 
amygdala. The Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 
24(37), 8161–9. 10.1523/JNEUROSCI.2574-04.2004 [PubMed: 15371517] 

Roozendaal B, Hernandez A, Cabrera SM, Hagewoud R, Malvaez M, Stefanko DP, … Wood MA 
(2010). Membrane-Associated Glucocorticoid Activity Is Necessary for Modulation of Long-Term 
Memory via Chromatin Modification. Journal of Neuroscience, 30(14), 5037–5046. 10.1523/
JNEUROSCI.5717-09.2010 [PubMed: 20371824] 

Roozendaal B, McEwen BS, & Chattarji S (2009). Stress, memory and the amygdala. Nature Reviews 
Neuroscience, 10(6), 423–433. 10.1038/nrn2651 [PubMed: 19469026] 

Roozendaal B, Okuda S, De Quervain DJF, & McGaugh JL (2006). Glucocorticoids interact with 
emotion-induced noradrenergic activation in influencing different memory functions. 
Neuroscience, 138(3), 901–910. 10.1016/j.neuroscience.2005.07.049 [PubMed: 16310958] 

Roozendaal B, Okuda S, Van der Zee E. a, & McGaugh JL (2006). Glucocorticoid enhancement of 
memory requires arousal-induced noradrenergic activation in the basolateral amygdala. 
Proceedings of the National Academy of Sciences, 103(17), 6741–6746. 10.1073/pnas.
0601874103

Ruetti E, Justel N, Mustaca A, & Boccia M (2014). Corticosterone and propranolol’s role on taste 
recognition memory. Pharmacology Biochemistry and Behavior, 127, 37–41. 10.1016/j.pbb.
2014.09.013

Sandi C, Loscertales M, & Guaza C (1997). Experience-dependent Facilitating Effect of 
Corticosterone on Spatial Memory Formation in the Water Maze. European Journal of 
Neuroscience, 9(4), 637–642. 10.1111/j.1460-9568.1997.tb01412.x [PubMed: 9153570] 

Sandi C, & Pinelo-Nava MT (2007). Stress and memory: Behavioral effects and neurobiological 
mechanisms. Neural Plasticity, 2007 10.1155/2007/78970

Sandi C, & Rose SPR (1994). Corticosterone enhances long-term retention in one-day-old chicks 
trained in a weak passive avoidance learning paradigm. Brain Research, 647(1), 106–112. 
10.1016/0006-8993(94)91404-4 [PubMed: 8069692] 

Sardari M, Rezayof A, & Khodagholi F (2015). Hippocampal signaling pathways are involved in 
stress-induced impairment of memory formation in rats. Brain Research, 1625, 54–63. 10.1016/
j.brainres.2015.08.015 [PubMed: 26301822] 

Sauro MD, Jorgensen RS, & Teal Pedlow C (2003). Stress, Glucocorticoids, and Memory: A Meta-
analytic Review. Stress, 6(4), 235–245. 10.1080/10253890310001616482 [PubMed: 14660056] 

Schwabe L, Joëls M, Roozendaal B, Wolf OT, & Oitzl MS (2012). Stress effects on memory: An 
update and integration. Neuroscience & Biobehavioral Reviews, 36(7), 1740–1749. 10.1016/
j.neubiorev.2011.07.002 [PubMed: 21771612] 

Segerstrom SC, & Miller GE (2004). Psychological Stress and the Human Immune System: A Meta-
Analytic Study of 30 Years of Inquiry. Psychological Bulletin, 130(4), 601–630. 
10.1037/0033-2909.130.4.601 [PubMed: 15250815] 

Sazma et al. Page 18

Brain Cogn. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Segev A, Ramot A, & Akirav I (2012). Stress hormones receptors in the amygdala mediate the effects 
of stress on the consolidation, but not the retrieval, of a non aversive spatial task. PLoS ONE, 7(1), 
1–9. 10.1371/journal.pone.0029988

Shields GS, Sazma MA, McCullough AM, & Yonelinas AP (2017). The effects of acute stress on 
episodic memory: A meta-analysis and integrative review. Psychological Bulletin, 143, 636–675. 
10.1037/bul0000100 [PubMed: 28368148] 

Smeets T, Otgaar H, Candel I, & Wolf OT (2008). True or false? Memory is differentially affected by 
stress-induced cortisol elevations and sympathetic activity at consolidation and retrieval. 
Psychoneuroendocrinology, 33(10), 1378–86. 10.1016/j.psyneuen.2008.07.009 [PubMed: 
18790572] 

Smeets T, Sijstermans K, Gijsen C, Peters M, Jelicic M, & Merckelbach H (2008). Acute consolidation 
stress enhances reality monitoring in healthy young adults. Stress, 11(3), 235–245. 
10.1080/10253890701754076 [PubMed: 18465470] 

Smith DM, & Mizumori SJ (2006). Hippocampal place cells, context, and episodic memory. 
Hippocampus, 16, 716–729. 10.1002/hipo.20208 [PubMed: 16897724] 

Squire LR (1992). “Memory and the hippocampus: A synthesis from findings with rats, monkeys, and 
humans”: Correction. Psychological Review, 99(3), 582–582. 10.1037/0033-295X.99.3.582

Stefanko DP, Barrett RM, Ly AR, Reolon GK, & Wood MA (2009). Modulation of long-term memory 
for object recognition via HDAC inhibition. Proceedings of the National Academy of Sciences, 
106(23), 9447–9452. 10.1073/pnas.0903964106

Steptoe A, Hamer M, & Chida Y (2007). The effects of acute psychological stress on circulating 
inflammatory factors in humans: A review and meta-analysis. Brain, Behavior, and Immunity, 
21(7), 901–912. 10.1016/j.bbi.2007.03.011

Stickgold R (2005). Sleep-dependent memory consolidation. Nature, 437(7063), 1272–1278. 10.1038/
nature04286 [PubMed: 16251952] 

Trammell JP, & Clore GL (2014). Does stress enhance or impair memory consolidation? Cognition & 
Emotion, 28(2), 361–74. 10.1080/02699931.2013.822346 [PubMed: 23895111] 

Vales L. D. F. M. dos, Fukuda MTH, & Almeida SS (2014). Effects of acute stress on learning and 
memory processes of malnourished rats. Psicologia: Reflexão E Crítica, 27(4), 784–793. 
10.1590/1678-7153.201427419

van Marle HJF, Hermans EJ, Qin S, Overeem S, & Fernández G (2013). The effect of exogenous 
cortisol during sleep on the behavioral and neural correlates of emotional memory consolidation in 
humans. Psychoneuroendocrinology, 38(9), 1639–1649. 10.1016/j.psyneuen.2013.01.009 
[PubMed: 23484632] 

Wagner U, Born J (2008). Memory consolidation during sleep: Interactive effects of sleep stages and 
HPA regulation. Stress, 11(1), 28–41. 10.1080/10253890701408822 [PubMed: 17853075] 

Wagner U, Degirmenci M, Drosopoulos S, Perras B, & Born J (2005). Effects of cortisol suppression 
on sleep-associated consolidation of neutral and emotional memory. Biological Psychiatry, 58(11), 
885–893. 10.1016/j.biopsych.2005.05.008 [PubMed: 16005438] 

Wilhelm I, Wagner U, & Born J (2011). Opposite Effects of Cortisol on Consolidation of Temporal 
Sequence Memory during Waking and Sleep. Journal of Cognitive Neuroscience, 23(12), 3703–
3712. 10.1162/jocn_a_00093 [PubMed: 21736452] 

Wolf OT (2009). Stress and memory in humans: twelve years of progress? Brain Research, 1293, 142–
54. 10.1016/j.brainres.2009.04.013 [PubMed: 19376098] 

Yang C, Liu JF, Chai BS, Fang Q, Chai N, Zhao LY, … Wang JS (2013). Stress within a Restricted 
Time Window Selectively Affects the Persistence of Long-Term Memory. PLoS ONE, 8(3), 37–
40. 10.1371/journal.pone.0059075

Yonelinas AP, Parks CM, Koen JD, Jorgenson J, & Mendoza SP (2011). The effects of post-encoding 
stress on recognition memory: Examining the impact of skydiving in young men and women. 
Stress, 14, 136–144. 10.3109/10253890.2010.520376 [PubMed: 21034295] 

Zoladz PR, Peters DM, Cadle CE, Kalchik AE, Aufdenkampe RL, Dailey AM, … Rorabaugh BR 
(2015). Post-learning stress enhances long-term memory and differentially influences memory in 
females depending on menstrual stage. Acta Psychologica, 160, 127–133. 10.1016/j.actpsy.
2015.07. [PubMed: 26233730] 

Sazma et al. Page 19

Brain Cogn. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights:

• Post-encoding stress benefits memory in humans, but is context dependent

• Post-encoding stress impairs memory in rodents, but is dependent on 

habituation

• Post-encoding cortisol in humans improves or impairs memory dependent on 

sleep

• Post-encoding corticosterone benefits memory in rodents, dependent on 

habituation
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