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Cumulative lifetime 
stressor exposure impairs 
stimulus–response 
but not contextual learning
Mario Rosero‑Pahi 1,2*, Jamila Andoh 3, Grant S. Shields 4, Alida Acosta‑Ortiz 1, 
Sergio Serrano‑Gomez 1 & George M. Slavich 5

Greater exposure to stressors over the life course is believed to promote striatum‑dependent over 
hippocampus‑dependent learning and memory processes under stressful conditions. However, 
little research in this context has actually assessed lifetime stressor exposure and, moreover, it 
remains unknown whether greater cumulative lifetime stressor exposure exerts comparable effects 
on striatum‑dependent learning and hippocampus‑dependent learning in non‑stressful contexts. 
To investigate this issue, we used the Stress and Adversity Inventory for Adults (Adult STRAIN) and 
Multicued Search Task to investigate the relation between cumulative lifetime stressor exposure and 
striatum‑dependent stimulus–response learning and hippocampus‑dependent contextual learning 
under non‑stressful conditions among healthcare professionals (N = 205; 157 females, 48 males; Age: 
M = 34.23, SD 9.3, range 20–59 years). Individuals with moderate, but not low, cumulative lifetime 
stressor exposure exhibited impaired learning for stimulus–response associations. In contrast, 
learning for context associations was unrelated to participants’ lifetime stressor exposure profiles. 
These results thus provide first evidence that cumulative lifetime stressor exposure may have negative 
consequences on human striatum‑dependent stimulus–response learning under non‑stressful 
environmental conditions.

Stress refers to a state of threatened homeodynamic balance by a wide range of intrinsic or extrinsic, real 
or perceived challenges or stimuli, defined as  stressors1–4. Prolonged exposure to major life stressors exerts 
substantial effects on the basal activity and responsiveness of the stress system that can lead not only to 
neuropsychiatry, neurodegenerative, cardiovascular, endocrine, metabolic, autoimmune, and allergic disorders, 
but also alterations to several cognitive processes including attention, learning, and  memory2,4,5. Although one 
major area of progress in stress research has been in determining the effects of early, chronic (i.e. prolonged 
exposure to a given stress condition), and acute (i.e., stress that is applied transiently) stressor exposure on 
the brain, cognition, and health, more recent attention has been placed on identifying the consequences of 
cumulative lifetime stressor exposure on these  outcomes6–12. Cumulative lifetime stressor exposure is defined 
as the sum of all acute life events and chronic difficulties that a person has experienced over his or her entire 
life. Findings from several studies indicate that chronic stressor exposure throughout one’s lifetime is related to 
hypothalamic–pituitary–adrenal (HPA) axis hypo-activity, resulting from a compensatory adaptation to sustained 
periods of HPA axis hyper-reactivity4,13,14. This downregulation has been interpreted as an improved negative 
feedback regulation of the HPA axis and involves important neuroendocrine changes, including lower circulating 
glucocorticoid levels (cortisol in humans and corticosterone in rodents), altered mineralocorticoid receptor 
(MR) and glucocorticoid receptor (GR) expression and sensitivity and blunted stress reactivity (i.e., capacity 
to respond to a stressor) of the HPA  axis4,15–17). Importantly, some studies have shown that greater cumulative 
lifetime stressor exposure is related to both blunted cortisol response to  stressors6,10,18, and blunted cortisol 
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awakening  response19. Which suggests that cumulative lifetime stressor exposure could alter optimal HPA axis 
activity, resulting in enhanced negative feedback inhibition of the HPA axis, decreased cortisol response and 
reduced basal cortisol secretion.

In addition to the effects of cumulative stress exposure on glucocorticoid availability and signaling, converging 
evidence from rodent and human studies indicate that the engagement of striatum-based and hippocampus-
based memory systems may be influenced by lifetime exposure of stress, and that this influence is mediated 
by glucocorticoid signaling. In dual solution tasks (i.e., tasks that can be solved by different memory systems), 
induction of acute or chronic stress has been shown to promote a shift from hippocampus-dependent learning 
to striatum dependent  learning20–24 via  glucocorticoids25–27. Importantly, pre-learning stress has been related to 
impairment of hippocampus-dependent  memory28–30. On the other hand, under non-stressful environmental 
conditions, lower cortisol levels preferentially lead to the engagement of hippocampal over striatal learning 
strategies, while moderate glucocorticoid elevations have the opposite  effect26,27. Similarly, it has been reported 
that glucocorticoid administration in non-stressed individuals prior to learning enhanced striatum dependent 
stimulus–response S–R  learning31. Furthermore, glucocorticoid administration prior to learning impairs 
hippocampus-dependent memory  processes32,33. Thus, the engagement of the striatal and hippocampal learning 
systems depends on the stress levels, HPA axis stress reactivity, and basal (non-stress) cortisol concentrations. 
In the functional domain, hippocampal and striatal memory systems can operate  independently34,35, 
 synergistically36–38 and  competitively39,40.

Regarding cumulative stress exposure effects on memory systems, some studies suggest that low levels of 
lifetime stress, impair striatum-dependent S–R learning, while hippocampus-dependent learning performance 
remain relatively  unaltered41. Conversely, chronic exposure to stress impairs hippocampus-dependent 
 learning42–44 and promotes the engagement of striatum-dependent S–R  learning44. Although cumulative exposure 
to stress over a long period exerts substantial effects on the basal activity and responsiveness of the stress system, 
which in turn can negatively impact brain systems that support learning and memory, few studies have examined 
long-term effects of cumulative lifetime stressor exposure on the engagement of striatum and hippocampus-
dependent learning regarding basal (i.e., unstressed) conditions.

Importantly, healthcare professionals are more frequently exposed to occupational stress factors, including 
high workloads, long shifts, nonstandard work schedules, administrative burdens and incivility between 
 coworkers45–48. Notably, several studies have found that occupational stress exposure can result in burnout, 
anxiety, depression and post-traumatic stress  disorder48–50. Similarly, it has been reported that occupational 
stress exposure can negatively affect cognitive  performance51–53 and  memory52,54. Consequently, work-related 
stress increases the risk of committing medical and administrative errors in daily practice situations and failing 
to identify life-threatening signs and  symptoms55. Whereas research on stress among healthcare professionals is 
abundant, no studies have examined the long-term effects of cumulative lifetime stressor exposure on contextual 
and S–R learning in healthcare professionals.

The aims of the present study were (1) to describe the mental and physical health, demographic and lifetime 
stressor exposure features of the healthcare professionals’ cohort, (2) to identify latent trajectories of lifetime 
stressors across the lifespan and explore whether latent trajectories of lifetime stressors are associated with 
stress groups and (3) to investigated how cumulative lifetime stressor exposure relates to striatum-dependent 
stimulus–response learning and hippocampus-dependent contextual learning during non-stressful conditions 
in healthcare professionals. We assessed participants’ cumulative exposure to several different types of stressors 
that they could have experienced over the entire life course using the Stress and Adversity for Adults (Adult 
STRAIN)9. In addition, we measured their S–R and context learning using the Multicued Search Task, in which 
the incorporation of S–R and context memory cues results in the formation of representations that can be used 
to guide attention. Importantly, contextual memory-guided attention critically relies on the  hippocampus56–58, 
and S–R and contextual memory-guided attention has been linked to greater striatal and hippocampal blood 
oxygenation level dependent activity,  respectively59. Based on previous findings showing that cumulative lifetime 
stressor exposure can lead to reduced cortisol  response6,10,18 and decreased cortisol  availability19, and considering 
the preferential engagement of hippocampal over striatal learning strategies under both non-stressful conditions 
and lower cortisol  levels26,27, we expected that individuals with moderate, but not low cumulative lifetime stress, 
would exhibit impaired learning for S–R associations, while the memory for context associations would not 
be affected by moderate or low cumulative lifetime stress. However, because previous studies on the effects of 
chronic stress on memory suggest that chronic exposure to stress impairs hippocampus-dependent learning and 
facilitates striatum-dependent S–R  learning44, it was difficult to predict the effects of cumulative lifetime stressor 
exposure on S–R and contextual learning.

Method
Participants
Participants were 205 full-time healthcare professionals (157 females, 48 males; Age: M = 34.23, SD 9.3, range 
20–59 years), with no history of neurological or mental disorder, recruited via e-mails, from five hospital 
units (i.e., Intensive Care, Emergency, Surgery, Hospitalization Unit, and General Outpatient Department) at 
Fundación Oftalmológica de Santander (FOSCAL), Colombia. The Research Ethics Committee of the Fundación 
Oftalmológica de Santander approved the study, and written informed consent was obtained from all persons 
before participation. This study was performed in accordance with the ethical standards of the 1975 Declaration 
of Helsinki and its later amendments in 2013.
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Stress and adversity inventory for adults (adult STRAIN)
A Spanish version of the Adult  STRAIN9 was used to assess participants’ cumulative exposure to several types 
of acute and chronic stressors that they could have experienced over the entire life course (see https:// www. 
strai nsetup. com). The Adult STRAIN was forward translated from English to Spanish and then back translated 
according to established procedures. Specifically, the Adult STRAIN assesses exposure to 55 different lifetime 
stressors, including 26 acute life events and 29 chronic difficulties. These stressors span two stress exposure 
indices, two stress exposure timing categories, two stressor types, 12 primary life domains, and five core social-
psychological characteristics. The Adult STRAIN assesses the severity, frequency, timing, and duration of 
each stressor that is endorsed. The Adult STRAIN takes about 18 min to complete, has excellent psychometric 
properties, and has been well-validated against numerous cognitive, biological, and clinical  outcomes60–63. 
Although we described some of those indices in our analysis, the main stress variable used in analyses was 
participants’ total lifetime stressor count, a reliable measure of the objective aspects of the stress that individuals 
 experience9. We used the total lifetime stressor count because it includes both acute and chronic stressors, and 
offers a more complete view of stressors experienced over the life course. The total lifetime stressor count was 
calculated as the sum of the stressor frequencies. The total lifetime stressor count can range from 0 to 159. In 
addition, cumulative life stressor severity is calculated as the sum of the perceived severities of all reported 
stressors, and can range from 0 to 275. Reported stressors can also be classified according to 12 primary life 
domains (Reproduction, Legal/Crime, Possessions, Work, Education, Financial, Treatment/Health, Housing, 
Death, Life-Threatening Situations, Other Relationships and Marital/Partner) and five core social-psychological 
characteristics (Entrapment, Humiliation, Role Change/Reversal, Physical Danger and Interpersonal Loss).

General mental and physical health complaints
We used the Kessler 6-Item Psychological Distress Inventory (K-6)64 and the Physical Health Questionnaire 
(PHQ)65 to assess mental health and physical health, respectively, over the past month. The K-6 is a brief 
6-item scale that measures non-specific psychological distress (i.e., as opposed to disorder-specific psychiatric 
diagnoses). The scores for all items were summed (range = 6–30), with higher scores indicating greater mental 
health complaints. The PHQ is a 14-item scale that assesses a variety of physical and somatic symptoms, including 
headaches, upset stomach, and colds. The scores for all items were summed (range = 12–98), with higher scores 
indicating greater physical health complaints. The PHQ shows good convergence with general health and 
divergence with work  stress65.

Multicued search task
Participants completed a version of the Multicued Search  Task59 implemented and executed in MATLAB (2020a, 
Natick, MA, USA). In the Multicued Search Task, the participants were encouraged to search for a target item 
embedded in a spatial array of distractor items. The target was a T stimulus rotated 90 degrees to the right or to 
the left. The distractor stimuli were L-shapes presented randomly in 1 of 4 orientations (0 degrees, 90 degrees, 180 
degrees, 270 degrees). Each display consisted of 16 items (a single target and 15 distractors) randomly positioned 
in an invisible 12 × 8 matrix (37.2 degrees × 28.3 degrees). For No Cue trials, the distractor configurations were 
newly generated in each block. On CC trials (contextually cued), the repeated configuration of distractors 
across blocks cued the target location but did not cue the orientation of the target. In SR trials (probabilistic SR 
association), the color of the items (blue or pink) across blocks cued (80% probability) the location of the target 
and the orientation of the target, Fig. 1B. Configurations of target and distractors were randomly generated for 
each participant. Visual stimuli were presented on a gray background on a 17-inch Dell E2011H LCD monitor. 
Participants were seated 50 cm in front of the computer monitor. The subjects were told to press 1 of the 2 buttons 
(“C” or “M”) on a computer keyboard based on whether the bottom of the T was pointed to the right or to the left. 
Participants were not informed about the different trial types. Each trial consisted of a fixation cross (1–1.5 s), 
followed by a display presentation (for a maximum of 4 s). This was then followed by a feedback screen (0.5 s), 
displaying points earned during the previous search (points were calculated based on RT and accuracy, with 
1–10 points received on accurate responses, 0 for missed responses, -10 for inaccurate responses). Total points 
earned were shown at the end of each block.

An example of the trial sequence is shown in Fig. 1A. Each subject performed 24 blocks (576 trials) of the 
Multicued Search Task with each block containing 24 intermixed trials of 11 No Cue, 8 CC, and 5 SR (4 valid 
and 1 invalid) displays. Importantly, in the invalid SR display, the cue does not predict the quadrant and pointing 
direction of the target. There were rest periods of 10 s between blocks.

After block 24, the participants completed two blocks of the explicit recognition test to assess awareness of 
these mnemonic  associations59,66. In block 1, participants viewed screens from which the target had been removed 
and replaced with a distractor. Participants were instructed to indicate the quadrant in which the target appeared 
when they viewed the screen before responding with 1 of 4 keys. In block 2, participants were instructed to 
indicate the direction the target was pointing by responding with 1 of 2 keys. Importantly, participants were not 
informed at the beginning of the experimental session about the recognition test.

Data analyses
Latent class analysis
The underlying distribution of the overall lifetime stressor count was assessed with a latent class analysis using the 
mclust package, version 5.467. By means of the expectation–maximization algorithm, one through nine Gaussian 
clusters were fit to the lifetime stressor count data, both assuming equal variance and not, modeled between 
clusters, yielding a total of 17 models. The optimal model selected was the model with the best fit according to 
the Bayesian Information Criterion (BIC). BIC values for the models ranged from − 1503.86 to − 1571.96. We 
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used Latent Class Analysis because it permits: (1) to identify a number of classes (subgroups) in the lifetime 
stressor count data that best explains the underlying scoring patterns in the data, (2) calculate the prevalence of 
the subgroups and (3) and estimate the individual’s probability of belonging to each  subgroup68. In this context, 
Latent Class Analysis offers a more complete, nuanced and refined knowledge of participants’ characteristics.

Analysis for lifetime stressor exposure
Descriptive statistics (means, standard errors of mean and ranges) were calculated, Table 1. Pearson parametric 
correlations were used to analyze associations between total lifetime stressor count, total lifetime stressor severity, 

Figure 1.  Experimental paradigm. (A) Representative sequence of trials with their specific timing parameters. 
(B) Illustration of SR (stimulus–response), CC (context cue), and No Cue trials across the blocks. (C) CC and 
SR learning. Left: mean correct response times RTs (Mean ± 1 SEM) for the low lifetime stressor exposure group 
(top) or the moderate lifetime stressor exposure group (bottom) as a function of epoch and cue type. Right: 
mean correct RTs (Mean ± 1 SEM) for the low lifetime stressor exposure group (top) and moderate lifetime 
stressor exposure group (bottom) as a function of cue type during the last two epochs of the experiment (gray 
background). Error bars, ± 1 SEM. **p < 0.0, 1***p < 0.001.

Table 1.  Total lifetime stressor count by participant characteristics. (M = mean; SEM = standard error of the 
mean)

Participant characteristics N (%)

Total Low stress Moderate stress

M (SEM) N (%) M (SEM) N (%) M (SEM)

Gender

 Male 48 (23) 15.20 (1.25) 35 (23) 11.08 (0.77) 13 (25) 26.30 (2.01)

 Female 157 (77) 14.82 (0.83) 119 (77) 10.04 (0.46) 38 (75) 29.78 (1.42)

Age

 18–29 years old 81 (39) 15.77 (1.11) 59 (38) 11.01 (0.63) 22 (43) 28.54 (1.93)

 30–39 years old 68 (33) 14.30 (1.18) 52 (34) 9.88 (0.66) 16(31) 28.68 (1.90)

 40–49 years old 34 (17) 13.82 (1.99) 26 (17) 8.57 (1.05) 8 (16) 30.87 (3.52)

 50+ years old 22 (11) 15.27 (1.88) 17(11) 11.52 (1.10) 5 (10) 28.00 (3.57)

Profession

 Nursing assistant 109 (53) 14.94 (1.06) 81 (53) 9.70 (0.57) 28 (55) 30.10 (1.84)

 Nurse 50 (24) 14.08 (1.28) 39 (25) 10.30 (0.82) 11 (21) 27.45 (2.12)

 Physicians 41 (20) 15.39 (1.24) 31 (20) 11.77 (0.73) 10 (20) 26.60 (2.06)

 Surgical technologist 5 (3) 18.60 (5.31) 3 (2) 10.00 (1.00) 2 (4) 31.50 (1.50)
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mental health complaints and physical health complaints. Differences in mental health complaints and physical 
health complaints between stress groups were assessed using two-sample Kolmogorov–Smirnov tests. In order 
to examine sex differences in the total lifetime stressor count—as well as differences in the total number of 
lifetime stressors experienced between men and women, we ran two-sample Kolmogorov–Smirnov tests. 1-way 
Analysis of variance (ANOVA) were conducted to test whether total lifetime stressor count differed between 
groups, age or profession. Finally, two-sample Kolmogorov–Smirnov tests were carried out to investigate gender 
differences in the total lifetime stressor count across different primary life domains and core social-psychological 
characteristics.

Latent class trajectory modeling
The primary purpose of our latent trajectory analysis was to identify subgroups of individuals based on their 
common growth trajectories over time according to their lifetime stressor count, without a priori knowledge of 
grouping variables. In this context, we conducted a latent trajectory analysis of the stressor data using the Flexmix 
package, version 2.3-13. Parameters were estimated according to the expectation–maximization algorithm and 
random intercepts were fit for each participant. One through ten Gaussian clusters were fit regressing lifetime 
stressor count data onto a seven-degree polynomial; the three-degree polynomial was determined to best fit the 
overall data. To provide a more accurate BIC statistic for each model, each model was estimated two times and 
the average BIC was taken as the BIC value for that model of interest. BIC values for the models ranged from 
15,338.19 to 12,619.61. One-way ANOVA was conducted to evaluate the relationship between latent trajectories 
and participant’s age.

Analysis of the relationship between types of stress exposure and memory‑guided attention
For analysis purposes, accuracy and search reaction times (RTs) for correct trials (trials performed correctly 
within [0.5, 4] s.) of the 24 blocks were grouped into sets of four blocks, yielding six  epochs24,59. Two-sample 
Kolmogorov–Smirnov tests were used to test whether memory accuracy differed between groups. For accuracy, 
we carried out repeated measures ANOVA using Cue (No Cue, CC, and SR trials), Epoch (1–6), as the within-
subject factors and Group (Low Stress vs. Moderate Stress) as the between-subject factor. Additionally, differences 
in total accuracy between groups or cue types were assessed using two-sample Kolmogorov–Smirnov tests.

To test whether RT performance on both CC and SR relative to No Cue trials differed between groups, we 
ran a repeated measures ANOVA using Cue (No Cue, CC, and SR trials) and Epoch (1–6) as the within-subject 
factors and Group (Low Stress vs. Moderate Stress) as the between-subject factor. Furthermore, we performed 
separate repeated measures ANOVAs for each group (i.e., Low Stress, Moderate Stress), using Cue (No Cue, CC, 
and SR trials during the last two epochs) as factor. ANOVAs were conducted to test differences in search RTs 
between CC, SR, and no-cue trials during the last two epochs. In addition, ANOVAs were run to test whether 
profession, gender and age were related to learning of memory cues during the last two epochs. Further, ANOVAs 
were conducted to test whether RT performance on CC, SR, and no-cue trials, during the last two epochs, differed 
between groups.

The magnitude of the cue learning was determined by the percent difference in RTs between trials with 
memory cues (CC or SR) and trials with No Cue, during the last two epochs. Differences in the cue learning 
between groups were evaluated with two-sample Kolmogorov–Smirnov tests.

To test whether SR associations were particularly elicited by the SR cue, we compared the search RTs between 
SR valid and SR invalid trials using a repeated measures ANOVA with Cue (SR-Valid vs. SR-Invalid) and Epoch 
(1–6) as the within-subject factors and Group (Low Stress vs. Moderate Stress) as the between-subject factor. 
Moreover, we carried out separate repeated measures ANOVAs for each group (i.e., Low Stress, Moderate Stress), 
using Cue (SR-Valid vs. SR-Invalid trials during the last two epochs) as factor.

For the explicit recognition test, the mean for correctly guessing target locations and target directions was 
computed, and the differences were evaluated with a paired t-test.

For all analyses, the alpha level was set to 0.05. Bonferroni‐correction for multiple comparisons was applied 
for cue (No Cue, CC, and SR trials) differences in mean RTs. Similarly, a Bonferroni test for multiple comparisons 
was used for latent trajectory (1–6) differences in participant’s age.

Data are reported as mean ± SEM unless stated otherwise. Throughout these analyses, sphericity violations 
were corrected using Greenhouse–Geisser corrections where appropriate. Alpha was set at 0.05, and partial eta-
squared (ηp2) effect sizes were calculated with values of 0.01, 0.06, and 0.14 reflecting small, medium, and large 
effects, respectively. All analyses and statistical tests were performed in MATLAB (2020a, Natick, MA, USA) 
except where otherwise indicated.

Results
Latent structure of the lifetime stressor data
The latent class analysis (testing the fit of 1–9 latent classes) revealed that, based on BIC, two latent classes best 
fit the underlying distribution of overall lifetime stressor count data—namely, a low stress group (n = 154; total 
lifetime stressor count: M = 10.27, SD = 4.95; range 0–19) and a moderate stress group (n = 51; total lifetime 
stressor count: M = 28.90, SD = 8.47; range 20–53) (see Fig. 2A). In our study, participants in the low stress group 
experienced an average of 10.27 lifetime stressors which correspond to a low level of lifetime stress exposure on 
the STRAIN (M = 13.90, SD = 6.49)9. Conversely, participants in the moderate stress group experienced an average 
of 28.90 lifetime stressors which did not correspond totally to a high level of lifetime stress exposure on the 
STRAIN (M = 41.25 SD = 13.25)9 but, it equates to a moderate level of lifetime stress exposure on the Goldfarb’s 
study (M = 29, range = 18–50)41, which is in line with previous studies of relatively low lifetime stress exposure in 
a similar  population69. We thus refer to these groups as low stress group and moderate stress group, respectively.
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Lifetime stressor exposure
Participants experienced an average of 14.91 stressors over the life course (SEM = 0.70; range 0–53; possible range 
0–166). The overall self-reported severity of these stressors was 33.66 (SEM = 1.64; range 0–126; possible range 
0–265). As we expected, total lifetime stressor count and total lifetime stressor severity were strongly positively 
intercorrelated (r = 0.90, p < 0.001). In addition, lifetime stressor count was significantly associated with more self-
reported current mental health complaints (r = 0.39, p < 0.001), as assessed by the Kessler 6-Item Psychological 
Distress Inventory (M = 10.0, SEM = 0.27; range 6–23). Similarly, greater lifetime stressor count was significantly 
related to greater self-reported general physical health complaints (r = 0.42, p < 0.001), as determined by the 
Physical Health Questionnaire (M = 30.02, SEM = 0.81; range 13–68). Importantly, the low stress group reported 
fewer current mental health complaints than the moderate stress group (Low-Lifetime Stressor Group: M = 9.22, 
SEM = 0.21, Moderate-Lifetime Stressor Group: M = 12.4, SEM = 0.62, two-sample Kolmogorov–Smirnov test: 
D = 0.33, p < 0.001). Furthermore, the low stress group reported fewer general physical health complaints in 
comparison to the moderate stress group (Low-Lifetime Stressor Group: M = 27.93, SEM = 0.88, Moderate-
Lifetime Stressor Group: M = 36.35, SEM = 1.56, two-sample Kolmogorov–Smirnov test: D = 0.31, p < 0.001).

As shown in Table 1, on average, men and women did not differ in the total number of lifetime stressors 
experienced, (Male: M = 15.20, SEM = 1.25, Female: M = 14.82, SEM = 0.83, two-sample Kolmogorov–Smirnov 
test: D = 0.07, p = 0.67). Additionally, in the low stress group, there were no differences in the total number 
of lifetime stressors experienced between men and women (Male: M = 11.08, SEM = 0.77, Female: M = 10.04, 
SEM = 0.46, two-sample Kolmogorov–Smirnov test: D = 0.06, p = 0.81). Similar results were found in the moderate 
stress group (Male: M = 26.30, SEM = 2.01, Female: M = 29.78, SEM = 1.42, two-sample Kolmogorov–Smirnov 
test: D = 0.32, p = 0.10). Moreover, the overall lifetime stressor count was not significantly associated with 
participants’ age; F(3,201) = 0.42, p = 0.73, ηp2 = 0.006. In addition, lifetime stressor count did not vary by age in 
the low stress group F(3,150) = 1.96, p = 0.12, ηp2 = 0.037, or in the moderate stress group F(3,47) = 0.17, p = 0.91, 
ηp2 = 0.010. Further, the total number of lifetime stressors assessed by STRAIN was not significantly associated 
with participants’ profession, F(3,201) = 0.37, p = 0.77, ηp2 = 0.005. Finally, the overall stressor count was not 
associated with participants’ profession in the low stress group F(3,150) = 1.32, p = 0.27, ηp2 = 0.025, or in the 
moderate stress group F(3,47) = 0.59, p = 0.62, ηp2 = 0.036.

Taking a closer look at the stressor exposure categories revealed that, as depicted in Fig. 3A, the life stressors 
most commonly reported were “Other Relationships” (M = 2.23, SEM = 0.17), “Life-Threatening” (M = 2.14, 
SEM = 0.16) and “Marital/Partner” sources (M = 2.10, SEM = 0.16). Remarkably, males reported significantly 
more stressors involving life-threatening situations than females, (Male: M = 2.58, SEM = 0.35, Female: M = 1.96, 
SEM = 0.19, two-sample Kolmogorov–Smirnov test: D = 0.21, p = 0.02). Conversely, males and females did not 
differ in the number of lifetime stressors reported for the other characteristics (two-sample Kolmogorov–Smirnov 
test: ps > 0.16). With respect to the five core social-psychological characteristics, as depicted in Fig. 3B, the 
stressors most commonly experienced were “Interpersonal Loss” (M = 4.08, SEM = 0.18), “Physical Danger” 
(M = 3.24, SEM = 0.23) and “Role Change/Disruption” (M = 2.82, SEM = 0.19). Males and females did not differ 
in the number of lifetime stressors reported for each characteristic (two-sample Kolmogorov–Smirnov test: all 
ps > 0.19).

Figure 2.  Latent structure of the lifetime stressor data. (A) Two latent classes best fit the underlying distribution 
of the overall lifetime stressor count data. On average, the low lifetime stressor exposure group (n = 154) 
experienced 10.27 lifetime stressors (SEM = 0.39), whereas the high lifetime stressor exposure group (n = 51) 
experienced 28.90 lifetime stressors (SEM = 1.18). (B) Left: latent trajectory analysis revealed that six latent 
trajectories best fit the lifetime stressor count data. Individuals in trajectory #1 (n = 18) and trajectory #2 (n = 15) 
showed low levels of stressor exposure through early life, but a substantial increase in stress exposure through 
midlife; Participants in trajectory #3 (n = 59) displayed a moderate increase in stressor exposure through early 
midlife followed by a substantial increase in later midlife; individuals in trajectory #4 (n = 52) showed low levels 
of stressor exposure through midlife, but a slight increase in stressor exposure in later life; and participants in 
trajectory #5 (n = 46) and trajectory #6 (n = 15) displayed very low levels of stressor exposure over the entire life 
course. Right: the lengths of the bars represent the probabilities of a participant with low (blue) or moderate 
(gray) lifetime stressor exposure falling along the corresponding trajectory.
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Latent trajectory analysis of the Lifetime Stressor Data
The latent trajectory analysis revealed that the structure of the lifetime stressor data best fit six distinct trajectories 
over time. As shown in Fig. 2B left, trajectory 3 was the most prevalent trajectory (n = 59, 28.8%). Participants in 
this trajectory showed a moderate increase in stressor exposure through early midlife, followed by a substantial 
increase in later midlife. Individuals on trajectory 1 (n = 18, 8.8%) and trajectory 2 (n = 15, 7.3%) displayed 
low levels of stressor exposure through early life, but a substantial increase in stress exposure through midlife. 
Conversely, participants in trajectory 4 (n = 52, 25.4%) showed low levels of stressor exposure through midlife, 
but a slight increase in stressor exposure in later life. Similarly, individuals in trajectories 5 (n = 46, 22.4%) and 
6 (n = 15, 7.3%) displayed very low levels of stressor exposure over the entire life course. Remarkably, a major 
proportion of participants in the Moderate Lifetime Stressor Group are part of trajectory 3 (43.1%) and trajectory 
1 (27.5%). Furthermore, an important proportion of individuals in the Low Lifetime Stressor Group are part 
of trajectory 5 (28.6%) and trajectory 4 (26.6%), Fig. 2B Right. One-way ANOVA was conducted to evaluate 
the relationship between latent trajectories and participant’s age. There was a statistically significant difference 
between latent trajectories ANOVA (F(5,199) = 14.81, p < 0.001, ηp2 = 0.271). Post-hoc analyses revealed that 
the participant’s age was statistically significantly lower in the trajectory 1 (M = 25.33, SEM = 0.67, ps < 0.001), 
trajectory 2 (M = 29.80, SEM = 0.61, ps < 0.002) and trajectory 3 (M = 30.42 SEM = 0.81, p = 0.034) compared to the 
trajectory 4 (M = 36.46, SEM = 1.32), trajectory 5 (M = 38.84, SEM = 1.51) and trajectory 6 (M = 42.46, SEM = 2.05). 
There was no statistically significant difference in participant’s age between the trajectories 1, 2 and 3 (ps > 0.16), 
or between the trajectories 4, 5 and 6 (ps > 0.10), indicating that participants in the trajectories 1, 2 and 3 tended 
to be younger compared to participants in the trajectories 4, 5 and 6.

Effects of lifetime stressor exposure on memory‑guided attention
Consistent with previous  findings24,59 participants were highly accurate in identifying the orientation of the 
target (M = 93.5%). In overall, accuracy did not differ between the Low and Moderate-Lifetime Stressor Group 
(Accuracy—Low-Lifetime Stressor Group: M = 92.9%, Moderate-Lifetime Stressor Group: M = 95.6%, two-
sample Kolmogorov–Smirnov test: D = 0.15, p = 0.30). Further analyses reveal that there was no main effect of 
Lifetime Stressor Group, F(1, 203) = 3.28, p = 0.07, ηp2 = 0.015. Similarly, there was no significant Lifetime Stressor 
Group × Cue interaction, F(2, 203) = 1.37, p = 0.25, ηp2 = 0.013, Lifetime Stressor Group × Epoch interaction, F(5, 
203) = 0.22, p = 0.95, ηp2 = 0.00 or Lifetime Stressor Group × Cue x Epoch interaction, F(10, 203) = 0.94, p = 0.48, 
ηp2 = 0.044, indicating that differences in RT were not due to speed-accuracy trade-offs.

For search RTs, there was no main effect of Lifetime Stressor Group, F(1, 203) = 0.20, p = 0.65, ηp
2 = 0.000, but 

there was a significant Lifetime Stressor Group × Cue interaction, F(2, 203) = 3.29, p = 0.03, ηp
2 = 0.031, indicating 

that the lifetime stressor groups differed in the use of mnemonic cues. We also found a significant main effect of 
Epoch, F(5, 203) = 7.61, p < 0.001, ηp

2 = 0.157, but no Lifetime Stressor Group × Epoch interaction, F(5, 203) = 0.23, 
p = 0.94, ηp2 = 0.005, indicating that, although the use of mnemonic cues differed for both lifetime stressor groups, 
the search RTs decreased during the task (see Fig. 1C). In addition, there was no significant Lifetime Stressor 
Group × Cue × Epoch interaction, F(10, 203) = 0.20, p = 0.99, ηp2 = 0.009.

Importantly, the Low Lifetime Stressor Group exhibited significant differences in search RTs between CC, 
SR, and no-cue trials during the last two epochs, F(2,306) = 38.70, p < 0.001, ηp

2 = 0.167. Post-hoc analyses 
revealed that the mean RT was significantly faster on both CC (M = 1.002, SEM = 0.016, p < 0.001) and SR trials 
(M = 1.004, SEM = 0.017, p < 0.001) relative to No Cue trials (M = 1.084, SEM = 0.016) (see Fig. 1C), indicating 
that participants in the low stress group showed both significant contextual learning and stimulus–response 

Figure 3.  Lifetime stressor count by stressor category for males (n = 48) and females (n = 157). (A) Stressor Life 
Domains: Females (blue) reported significantly more stressors involving possessions than males (gray), while 
males experienced marginally more work and life-threatening situations stressors. (B) Stressor Core Social-
Psychological Characteristics: Males and females did not differ in the number of lifetime stressors reported for 
each characteristic. *p < 0.05.
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learning. Importantly, post-hoc analyses did not show significant differences in mean RTs between SR and 
CC trials (p = 0.99). Interestingly, profession, gender, and age group were not related to learning of memory 
cues in the Low Lifetime Stressor Group (Cue × Profession: F(6,304) = 0.86, p = 0.51, ηp

2 = 0.016; Cue × Gender: 
F(2,300) = 0.85, p = 0.42, ηp

2 = 0.005; Cue × Age: F(6,300) = 0.47, p = 0.82, ηp
2 = 0.009).

Further, the Moderate Lifetime Stressor Group showed significant differences in search RTs between CC, 
SR and No Cue trials during the last two epochs, F(2,100) = 11.43, p < 0.001, ηp

2 = 0.186 (see Fig. 1C). Post-hoc 
analyses showed that the mean RTs was significantly faster for CC (M = 0.977, SEM = 0.026, p < 0.001) than for 
the No Cue trials (M = 1.062, SEM = 0.024) but no significant difference in mean RTs between SR (M = 1.029, 
SEM = 0.026, p = 0.30) and No Cue trials was found. Notably, post-hoc analyses also showed that the mean RTs 
was significantly faster for CC than for the SR trials (p = 0.04), indicating that participants in the moderate stress 
group showed significant contextual learning but not stimulus–response learning. Again, profession, gender, 
and age were not related to learning of memory cues in the Moderate Lifetime Stressor Group (Cue × Profession: 
F(6,94) = 0.29, p = 0.93, ηp

2 = 0.018; Cue × Gender: F(2,98) = 0.43, p = 0.64, ηp
2 = 0.008; Cue × Age: F(6,94) = 1.85, 

p = 0.09, ηp
2 = 0.105. Further, for search RTs during the last two epochs, we did not observe a significant main 

effect of Lifetime Stressor Group, F(1, 203) = 0.06, p = 0.80, ηp2 = 0.000, or Lifetime Stressor Group × Cue 
interaction (1, 203) = 0.00, p = 0.90, ηp2 = 0.000.

Examining the magnitude of the cue learning revealed that the lifetime stressor groups did not differ in the 
implicit contextual learning performance during the last two epochs (Low-Lifetime Stressor Group: M = 7.70, 
SEM = 0.58, Moderate-Lifetime Stressor Group: M = 8.10, SEM = 1.10, two-sample Kolmogorov–Smirnov test: 
D = 0.09, p = 0.82). In contrast, the SR learning performance was higher for the low lifetime stressor group 
than for the moderate lifetime stressor group (Low-Lifetime Stressor Group: M = 7.02, SEM = 1.04, Moderate-
Lifetime Stressor Group: M = 2.57, SEM = 1.74, two-sample Kolmogorov–Smirnov test: D = 0.22, p = 0.01) (see 
Fig. 4). Taken together, these results suggest that moderate lifetime stressor exposure impaired the learning of 
SR associations but not the implicit contextual learning.

Separate analysis for SR cues revealed that the mean RT was significantly slower for SR Invalid than SR Valid 
trials, (SR Invalid: M = 1.203, SEM = 0.017 SR Valid: M = 1.084, SEM = 0.014, two-sample Kolmogorov–Smirnov 
test: D = 0.23, p < 0.001), indicating that SR associations were specifically evoked by the SR cue. Furthermore, we 
did not observe a significant main effect for Lifetime Stressor Group, F(1, 203) = 0.11, p = 0.73, ηp2 = 0.000, or 
Lifetime Stressor Group × Cue [SR Valid vs. SR Invalid] interaction throughout the experiment, F(1,203) = 3.61, 
p = 0.058, ηp2 = 0.017, suggesting that there were not any statistically significant performance differences between 
low and moderate lifetime stressor participants throughout the experiment. However, we observed a significant 
Group × Cue [SR Valid vs. SR Invalid] interaction during the last two epochs F(1,203) = 5.81, p = 0.01, ηp2 = 0.027, 
showing that SR memory differed between the Moderate and Low-stress groups at the end of the memory test. 
Further analysis indicated that low lifetime stressor participants exhibited slower RTs on SR Invalid trials than on 
SR Valid trials during the last two epochs, F(1,153) = 56.21, p < 0.001, ηp2 = 0.268. Conversely, moderate lifetime 
stressor participants did not show differences in search RTs between SR Invalid and SR Valid trials during the 
last two epochs, F(1,50) = 2.28, p = 0.13, ηp2 = 0.043.

Finally, the explicit recognition test analyses revealed that neither lifetime stressor group differed from chance 
(25%) in recalling the ‘‘T’’ location on CC (Low Lifetime Stressor Group: M = 26.6%, t(153) = − 1.06, p = 0.28; 
Moderate Lifetime Stressor Group: M = 23.7%, t(50) = − 0.55, p = 0.57) or SR trials (Low Lifetime Stressor Group: 
M = 24.1%, t(153) = − 0.68, P = 0.28; Moderate Lifetime Stressor Group: M = 20.1%, t(50) = − 1.64, p = 0.10). In 
addition, participants in the Moderate and Low-stress groups performed at chance levels (50%) memory for 
the cued “T” orientation on CC (Low Lifetime Stressor Group: M = 47.0%, t(153) = − 1.87, p = 0.96; Moderate 
Lifetime Stressor Group: M = 45.1%, t(50) = − 1.77, p = 0.96) or SR trials (Low Lifetime Stressor Group: M = 23.5%, 
t(153) = − 24.24, p = 0.99; Moderate Lifetime Stressor Group: M = 24.0%, t(50) = − 12.40, p = 0.99). Taken together, 
these data suggest that participants in neither group could explicitly recall the learned associations. Participants 
in the Moderate and Low-stress groups performed at chance levels.

Figure 4.  Cue learning. The percent difference between cued trials and trials with no memory cue as a function 
of lifetime stressor exposure group and cue type. Positive values indicate faster reaction time when using a CC 
or SR cue compared with No Cue. CC = context cue; SR = stimulus–response. Error bars, ± 1 SEM. *p < 0.05.



9

Vol.:(0123456789)

Scientific Reports |        (2024) 14:13080  | https://doi.org/10.1038/s41598-024-62595-x

www.nature.com/scientificreports/

Discussion
Although many studies have examined how stressor exposure relates to cognitive processes, no studies have 
examined the long-term effects of cumulative lifetime stressor exposure on memory in healthcare workers. To 
address this issue, we studied how cumulative lifetime stressor exposure related to learning for S–R and context 
associations under non-stressful conditions in healthcare professionals.

On average, healthcare professionals reported approximately 15 stressors over the life course, which is 
in line with previous studies of relatively low overall lifetime stress exposure in similar  populations69, other 
relationships, life-threatening and marital/partner resources were the three life stressors most commonly 
reported by participants, which emphasizes the importance of interpersonal relationships as a source of  stress70. 
Similarly, Interpersonal Loss, Physical Danger and Role Change/Disruption were the three social-psychological 
characteristics most commonly reported. As expected, experiencing more total lifetime stressors was both related 
to experiencing more mental health and physical health complaints, which agrees with recent evidence indicating 
that cumulative lifetime stressor exposure is associated with physical health  problems7–9,11,12 and mental 
 disorders71,72. Importantly, in our sample, the overall lifetime stressor count was not significantly associated 
with participants’ gender, age, or profession.

Among our sample, an estimated 16.1% of such healthcare professionals had sustained trajectories of low 
levels of stressor exposure through early life, but a substantial increase in stress exposure through early midlife. 
Additionally, an estimated 28.8% of healthcare professionals had sustained trajectories of moderate increase in 
stressor exposure through early midlife followed by a substantial increase in later midlife. On the contrary, 55.1% 
of healthcare professionals had sustained trajectories of low levels of stressor exposure over the entire life course. 
Our results are in contrast with a recent study in which 82.4% of individuals belonging to the general population 
exhibited low levels of stress exposure over the entire life course, while just 17.6% of individuals exhibited a 
substantial increase in stress exposure over  time9). Taken together, the above suggests that a greater proportion 
of healthcare professionals exhibited low levels of stressor exposure through early life, but a substantial increase 
in stress exposure through midlife in comparison with the general population. Notably, a major proportion of 
healthcare professionals in the Moderate Lifetime Stressor Group (43.1%) had sustained trajectories of moderate 
increase in stressor exposure through early midlife, followed by a substantial increase in later midlife.

As expected, we found that healthcare professionals with moderate cumulative lifetime stressor exposure 
exhibited impaired learning for S–R associations relative to those with low cumulative lifetime stressor exposure. 
In contrast, learning for context associations was not affected in healthcare professionals with low or moderate 
cumulative lifetime stressor exposure. These results are thus the first to show that moderate, but not low, 
cumulative lifetime stressor exposure significantly reduces the engagement of striatum dependent S–R learning 
strategies under non-stressful conditions.

Interestingly, we observed that low cumulative lifetime stressor exposure did not impair the learning 
for context and S–R associations. This finding is consistent with recent reports indicating that, under non-
stressful conditions, healthy individuals can use context hippocampus-based and S–R striatum-based learning 
 strategies24,59. Moreover, the present findings corroborate previous studies showing that, under certain 
circumstances, hippocampal and striatal memory systems can concurrently acquire  information73 and operate 
 independently34,35. However, our current finding might appear to be in conflict with recent data showing that low 
levels of lifetime stress impair striatum-dependent S–R  learning41. These discrepancies are most likely due to the 
differences that exist between the ages of participants. The average age in their  study41 was 19.70 years, 14 years 
younger than the average age in our study sample (34.23 years). Perhaps, the decreasing self-perceived stress 
with  age74, age-related stress-coping  mechanisms75, or endogenous factors may also play a role in the learning 
of striatum-dependent S–R. Future studies that include participants from a broad age range would be valuable. 
Additionally, the missing low cumulative lifetime stressor exposure effect on striatum-dependent S–R learning 
might be also explained by the differences in the number of stressors and stressor severity experienced in the low 
stress group. Compared with the present study, Goldfarb and  colleagues41 was based on a sample with a smaller 
average of stressors experienced (3.66 vs. 10.23 stressors) and lower overall severity (6.46 vs. 24.09). Possibly, 
low and very low cumulative stress exposure could differentially modulate the striatum-dependent S–R learning. 
In this context, it is possible that further segmenting cumulative life stress levels into more narrow intervals 
would reveal interesting differential relationships between levels of cumulative lifetime stressor exposure and 
striatum-dependent S–R learning.

The impairing effect of moderate cumulative lifetime stress on S–R learning, but not on context learning, is 
in line with prior research showing the engagement of hippocampal over striatal learning strategies under both 
non-stressful conditions and lower cortisol  levels26,27. Since high glucocorticoid levels facilitate S–R  learning31 
and low glucocorticoid levels promotes hippocampus-dependent  learning25,35, the negative effects of moderate 
cumulative lifetime stress on S–R striatum-dependent learning observed here may be due in part to the fact 
greater cumulative lifetime stressor exposure can lead to reduced cortisol  response6,10,18 and decreased cortisol 
 availability19, which, in turn, would interfere with S–R learning performance. Accordingly, there is evidence that 
high cumulative stress (e.g., increasing levels of chronic stress over time) is associated with flatter diurnal cortisol 
slopes, reduction in morning cortisol levels and an increase in evening cortisol  levels76. Since our participants 
principally performed the learning task in the morning, then we would expect that participants with moderate 
levels of stress would show lower cortisol levels than those with low stress. It is, however, important to note 
that there are several factors that could influence diurnal cortisol levels in healthcare professionals, including 
misalignment of their cortisol circadian rhythm due to nonstandard work  schedules77,78. Finally, because in our 
study did not include measurements of baseline cortisol levels, it cannot be concluded that decreased cortisol 
availability contributes to performance deficits in individuals with moderate cumulative lifetime stress. Future 
studies are needed to draw firm conclusions.
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Our finding that moderate cumulative lifetime stress impairs S–R learning performance is in disagreement 
to previous reports in which chronic stress exposure facilitates the engagement of striatum over hippocampus-
dependent memory system but were not impaired in  learning44. One reason may be the time-window for 
examining the stressor exposition. In the current study we assessed participants’ cumulative exposure to stressors 
that they could have experienced over the entire life course, whereas in the study that found a facilitating effect 
of high levels of stress exposure on S–R learning, only the stressors experienced by the participants within the 
3 months prior to testing were assessed. Recent life stress exposure may transiently facilitate the expression of 
striatum-dependent strategies, at the expense of hippocampus-dependent strategies, without affecting striatum 
or hippocampus-dependent learning (current chronic stress levels)44, while moderate cumulative lifetime stress 
may exert a perdurable negative effect on striatum-dependent learning (stress history). Importantly, cumulative 
stress exposure tends to be a better indicator of cumulative effect on biological processes that underlie disease 
than chronic stress measured  alone9,10.

Previous studies showed that pre-learning stress impairs hippocampus-dependent  learning28–30. Here, we 
observed that the overall magnitude of contextual learning in individuals with moderate cumulative lifetime 
stress exposure was not significatively different from those who had experienced lower levels of stress. This 
apparent discrepancy can be explained by the timing of the stressor. In the studies that found an impairing 
effect of stress on hippocampus-dependent memory, participants began the memory test minutes after the stress 
manipulation, whereas in the current study, participants began the memory test without stress manipulation, but 
with their long-term history of stress exposure. Since the effects of stress on hippocampus-dependent memory 
rely on the temporal proximity of the stressor to the learning  experience28,29, we do not expect significant effects 
of cumulative lifetime stress exposure on the overall magnitude of contextual learning under non-stressful 
conditions. Additionally, it has been observed that the most pronounced impact of stress on hippocampus is 
during the early life  period79. Because a major proportion of individual in the Moderate Lifetime Stressor Group 
had sustained trajectories of moderate increase in stressor exposure through early midlife, we do not envisage 
impairment of hippocampus-dependent learning.

Since previous studies suggest that cumulative lifetime stressor exposure is related to decreased cortisol 
 response6,10,18 and reduced basal cortisol  secretion19 and consequently, acquisition of context and S–R associations 
could be affected initially biasing the memory expression, we were interested in evaluating the effects of 
cumulative lifetime stressor exposure on learning rather than on memory expression itself. Accordingly, we 
used a dual solution task to measure learning of these associations separately, without using a probe test, in which 
only one memory system drives  performance80. The main advantage of this approach consists in the possibility 
to assess learning for context and S–R associations in the same task and independently of memory expression. 
However, if the task involves concurrent (close temporal proximity) acquisition of context hippocampus-based 
and S–R striatum-based learning, then these systems may couple functionally, and the learning will reflect this 
 coupling81. Importantly, despite that we did not evaluate context and S–R memory, it has been suggested that 
differences in stimulus–response learning are related to differences in stimulus–response memory in the dual-
solution  task41,80.

Finally, some potential limitations of our studies should be acknowledged. First, although we assessed 
cumulative lifetime stressors using a well-validated self-report instrument that has been shown to be insensitive 
to personal processes and social desirability, we cannot rule out the possible influence of self-reporting biases in 
these effects. For example, more recent stressors could still have influenced participants’ reports of the stressors 
they experienced across the lifespan. Future studies should thus prevent the influence of self-reporting biases 
using stress assessment methods that ensure an independent estimation of stressor count. Second, we recruited 
healthcare workers for this sample, and additional research is needed to investigate the generalizability of the 
current results to other populations. Finally, although our results suggest a putative link between cumulative 
lifetime stress and reduced striatum dependent S–R learning, we did not assess S–R learning-related changes in 
cortisol and brain activity. Future research is thus needed to examine how the dissociations reported here are 
both driven by competitive or cooperative interactions between the striatum and hippocampus, and modulated 
by neuroendocrine activity.

Despite these limitations, the present data show that individuals exposed to a moderate number of major life 
stressors over the lifespan exhibit impaired learning for S–R, but not for contextual, associations among healthcare 
professionals. These results thus provide novel evidence that the cumulative lifetime stressor exposure exerts 
a negative effect on human striatum dependent S–R learning under non-stressful environmental conditions. 
Understanding the underlying neuroendocrine mechanisms of this effect may have important implications for 
human cognition and disease.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on 
reasonable request.

Received: 28 November 2023; Accepted: 20 May 2024

References
 1. Chrousos, G. P. The concepts of stress and stress system disorders. JAMA 267(9), 1244. https:// doi. org/ 10. 1001/ jama. 1992. 03480 

09009 2034 (1992).
 2. Chrousos, G. P. Stress and disorders of the stress system. Nat. Rev. Endocrinol. 5(7), 374–381. https:// doi. org/ 10. 1038/ nrendo. 2009. 

106 (2009).

https://doi.org/10.1001/jama.1992.03480090092034
https://doi.org/10.1001/jama.1992.03480090092034
https://doi.org/10.1038/nrendo.2009.106
https://doi.org/10.1038/nrendo.2009.106


11

Vol.:(0123456789)

Scientific Reports |        (2024) 14:13080  | https://doi.org/10.1038/s41598-024-62595-x

www.nature.com/scientificreports/

 3. Ulrich-Lai, Y. M. & Herman, J. P. Neural regulation of endocrine and autonomic stress responses. Nat. Rev. Neurosci. 10(6), 397–409. 
https:// doi. org/ 10. 1038/ nrn26 47 (2009).

 4. Agorastos, A. & Chrousos, G. P. The neuroendocrinology of stress: The stress-related continuum of chronic disease development. 
Mol. Psychiatry 27(1), 502–513. https:// doi. org/ 10. 1038/ s41380- 021- 01224-9 (2022).

 5. Ginty, A. T., Kraynak, T. E., Fisher, J. P. & Gianaros, P. J. Cardiovascular and autonomic reactivity to psychological stress: 
Neurophysiological substrates and links to cardiovascular disease. Auton. Neurosci. 207, 2–9. https:// doi. org/ 10. 1016/J. AUTNEU. 
2017. 03. 003 (2017).

 6. Lovallo, W. R., Farag, N. H., Sorocco, K. H., Cohoon, A. J. & Vincent, A. S. Lifetime adversity leads to blunted stress axis reactivity: 
Studies from the Oklahoma family health patterns project. Biol. Psychiatry 71(4), 344–349. https:// doi. org/ 10. 1016/J. BIOPS YCH. 
2011. 10. 018 (2012).

 7. Seo, D., Tsou, K. A., Ansell, E. B., Potenza, M. N. & Sinha, R. Cumulative adversity sensitizes neural response to acute stress: 
Association with health symptoms. Neuropsychopharmacology 39(3), 670–680. https:// doi. org/ 10. 1038/ npp. 2013. 250 (2014).

 8. Toussaint, L., Shields, G. S., Dorn, G. & Slavich, G. M. Effects of lifetime stress exposure on mental and physical health in young 
adulthood: How stress degrades and forgiveness protects health. J. Health Psychol. 21(6), 1004–1014. https:// doi. org/ 10. 1177/ 13591 
05314 544132 (2016).

 9. Slavich, G. M. & Shields, G. S. Assessing lifetime stress exposure using the stress and adversity inventory for adults (adult STRAIN): 
An overview and initial validation. Psychosom. Med. 80(1), 17–27. https:// doi. org/ 10. 1097/ PSY. 00000 00000 000534 (2018).

 10. Lam, J. C. W., Shields, G. S., Trainor, B. C., Slavich, G. M. & Yonelinas, A. P. Greater lifetime stress exposure predicts blunted 
cortisol but heightened DHEA responses to acute stress. Stress Health 35(1), 15–26. https:// doi. org/ 10. 1002/ smi. 2835 (2019).

 11. Levinsky, M. & Schiff, M. Lifetime cumulative adversity and physical health deterioration in old age: Evidence from a fourteen-year 
longitudinal study. Soc. Sci. Med. 289, 114407. https:// doi. org/ 10. 1016/J. SOCSC IMED. 2021. 114407 (2021).

 12. McLoughlin, E., Fletcher, D., Slavich, G. M., Arnold, R. & Moore, L. J. Cumulative lifetime stress exposure, depression, anxiety, 
and well-being in elite athletes: A mixed-method study. Psychol. Sport Exerc. 52, 101823. https:// doi. org/ 10. 1016/J. PSYCH SPORT. 
2020. 101823 (2021).

 13. Fries, E., Hesse, J., Hellhammer, J. & Hellhammer, D. H. A new view on hypocortisolism. Psychoneuroendocrinology 30(10), 
1010–1016. https:// doi. org/ 10. 1016/J. PSYNE UEN. 2005. 04. 006 (2005).

 14. Trickett, P. K., Noll, J. G., Susman, E. J., Shenk, C. E. & Putnam, F. W. Attenuation of cortisol across development for victims of 
sexual abuse. Dev. Psychopathol. 22(1), 165–175. https:// doi. org/ 10. 1017/ S0954 57940 99903 32 (2010).

 15. Raison, C. L. & Miller, A. H. When not enough is too much: The role of insufficient glucocorticoid signaling in the pathophysiology 
of stress-related disorders. Am. J. Psychiatry 160(9), 1554–1565. https:// doi. org/ 10. 1176/ appi. ajp. 160.9. 1554 (2003).

 16. Sarapultsev, A. et al. Low glucocorticoids in stress-related disorders: The role of inflammation. Stress 23(6), 651–661. https:// doi. 
org/ 10. 1080/ 10253 890. 2020. 17660 20 (2020).

 17. Turner, A. I. et al. Psychological stress reactivity and future health and disease outcomes: A systematic review of prospective 
evidence. Psychoneuroendocrinology 114, 104599. https:// doi. org/ 10. 1016/J. PSYNE UEN. 2020. 104599 (2020).

 18. Elzinga, B. M. et al. Diminished cortisol responses to psychosocial stress associated with lifetime adverse events. 
Psychoneuroendocrinology 33(2), 227–237. https:// doi. org/ 10. 1016/j. psyne uen. 2007. 11. 004 (2008).

 19. Knauft, K., Jiang, Y., Shields, G., Slavich, G. M. & Zilioli, S. Lifetime stressor severity and diurnal cortisol in Older African American 
Adults: An examination of three theoretical models. Psychoneuroendocrinology 160, 106758. https:// doi. org/ 10. 1016/J. PSYNE UEN. 
2023. 106758 (2024).

 20. Packard, M. G. & Wingard, J. C. Amygdala and “emotional” modulation of the relative use of multiple memory systems. Neurobiol. 
Learn Mem. 82(3), 243–252. https:// doi. org/ 10. 1016/J. NLM. 2004. 06. 008 (2004).

 21. Wingard, J. C. & Packard, M. G. The amygdala and emotional modulation of competition between cognitive and habit memory. 
Behav. Brain Res. 193(1), 126–131. https:// doi. org/ 10. 1016/J. BBR. 2008. 05. 002 (2008).

 22. Ferragud, A. et al. Enhanced habit-based learning and decreased neurogenesis in the adult hippocampus in a murine model of 
chronic social stress. Behav. Brain Res. 210(1), 134–139. https:// doi. org/ 10. 1016/j. bbr. 2010. 02. 013 (2010).

 23. Taylor, S. B. et al. Chronic stress may facilitate the recruitment of habit- and addiction-related neurocircuitries through neuronal 
restructuring of the striatum. Neuroscience 280, 231–242. https:// doi. org/ 10. 1016/J. NEURO SCIEN CE. 2014. 09. 029 (2014).

 24. Goldfarb, E. V., Mendelevich, Y. & Phelps, E. A. Acute stress time-dependently modulates multiple memory systems. J. Cogn. 
Neurosci. 29(11), 1877–1894. https:// doi. org/ 10. 1162/ jocn_a_ 01167 (2017).

 25. Kim, J. J., Lee, H. J., Han, J.-S. & Packard, M. G. Amygdala is critical for stress-induced modulation of hippocampal long-term 
potentiation and learning. J. Neurosci. 21(14), 5222–5228. https:// doi. org/ 10. 1523/ JNEUR OSCI. 21- 14- 05222. 2001 (2001).

 26. Schwabe, L. et al. Stress modulates the use of spatial versus stimulus-response learning strategies in humans. Learn. Memory 
14(1–2), 109–116. https:// doi. org/ 10. 1101/ lm. 435807 (2007).

 27. Schwabe, L., Oitzl, M. S., Richter, S. & Schächinger, H. Modulation of spatial and stimulus–response learning strategies by 
exogenous cortisol in healthy young women. Psychoneuroendocrinology 34(3), 358–366. https:// doi. org/ 10. 1016/J. PSYNE UEN. 
2008. 09. 018 (2009).

 28. Zoladz, P. R. et al. Pre-learning stress differentially affects long-term memory for emotional words, depending on temporal 
proximity to the learning experience. Physiol. Behav. 103(5), 467–476. https:// doi. org/ 10. 1016/J. PHYSB EH. 2011. 01. 016 (2011).

 29. Quaedflieg, C. W. E. M., Schwabe, L., Meyer, T. & Smeets, T. Time dependent effects of stress prior to encoding on event-related 
potentials and 24 h delayed retrieval. Psychoneuroendocrinology 38(12), 3057–3069. https:// doi. org/ 10. 1016/J. PSYNE UEN. 2013. 
09. 002 (2013).

 30. Guenzel, F. M., Wolf, O. T. & Schwabe, L. Sex differences in stress effects on response and spatial memory formation. Neurobiol. 
Learn Mem. 109, 46–55. https:// doi. org/ 10. 1016/J. NLM. 2013. 11. 020 (2014).

 31. Guenzel, F. M., Wolf, O. T. & Schwabe, L. Glucocorticoids boost stimulus-response memory formation in humans. 
Psychoneuroendocrinology 45, 21–30. https:// doi. org/ 10. 1016/J. PSYNE UEN. 2014. 02. 015 (2014).

 32. de Quervain, D.J.-F., Roozendaal, B., Nitsch, R. M., McGaugh, J. L. & Hock, C. Acute cortisone administration impairs retrieval 
of long-term declarative memory in humans. Nat. Neurosci. 3(4), 313–314. https:// doi. org/ 10. 1038/ 73873 (2000).

 33. De Quervain, D.J.-F. et al. Glucocorticoid-induced impairment of declarative memory retrieval is associated with reduced blood 
flow in the medial temporal lobe. Eur. J. Neurosci. 17(6), 1296–1302. https:// doi. org/ 10. 1046/j. 1460- 9568. 2003. 02542.x (2003).

 34. Knowlton, B. J., Mangels, J. A. & Squire, L. R. A neostriatal habit learning system in humans. Science 273(5280), 1399–1402. https:// 
doi. org/ 10. 1126/ scien ce. 273. 5280. 1399 (1996).

 35. Packard, M. G. & McGaugh, J. L. Inactivation of hippocampus or caudate nucleus with lidocaine differentially affects expression 
of place and response learning. Neurobiol. Learn. Mem. 65(1), 65–72. https:// doi. org/ 10. 1006/ NLME. 1996. 0007 (1996).

 36. Mattfeld, A. T. & Stark, C. E. L. Striatal and medial temporal lobe functional interactions during visuomotor associative learning. 
Cereb. Cortex 21(3), 647–658. https:// doi. org/ 10. 1093/ cercor/ bhq144 (2011).

 37. Brown, T. I., Ross, R. S., Tobyne, S. M. & Stern, C. E. Cooperative interactions between hippocampal and striatal systems support 
flexible navigation. Neuroimage 60(2), 1316–1330. https:// doi. org/ 10. 1016/j. neuro image. 2012. 01. 046 (2012).

 38. Ferbinteanu, J. Contributions of hippocampus and striatum to memory-guided behavior depend on past experience. J. Neurosci. 
36(24), 6459–6470. https:// doi. org/ 10. 1523/ JNEUR OSCI. 0840- 16. 2016 (2016).

 39. Poldrack, R. A. & Packard, M. G. Competition among multiple memory systems: Converging evidence from animal and human 
brain studies. Neuropsychologia 41(3), 245–251. https:// doi. org/ 10. 1016/ S0028- 3932(02) 00157-4 (2003).

https://doi.org/10.1038/nrn2647
https://doi.org/10.1038/s41380-021-01224-9
https://doi.org/10.1016/J.AUTNEU.2017.03.003
https://doi.org/10.1016/J.AUTNEU.2017.03.003
https://doi.org/10.1016/J.BIOPSYCH.2011.10.018
https://doi.org/10.1016/J.BIOPSYCH.2011.10.018
https://doi.org/10.1038/npp.2013.250
https://doi.org/10.1177/1359105314544132
https://doi.org/10.1177/1359105314544132
https://doi.org/10.1097/PSY.0000000000000534
https://doi.org/10.1002/smi.2835
https://doi.org/10.1016/J.SOCSCIMED.2021.114407
https://doi.org/10.1016/J.PSYCHSPORT.2020.101823
https://doi.org/10.1016/J.PSYCHSPORT.2020.101823
https://doi.org/10.1016/J.PSYNEUEN.2005.04.006
https://doi.org/10.1017/S0954579409990332
https://doi.org/10.1176/appi.ajp.160.9.1554
https://doi.org/10.1080/10253890.2020.1766020
https://doi.org/10.1080/10253890.2020.1766020
https://doi.org/10.1016/J.PSYNEUEN.2020.104599
https://doi.org/10.1016/j.psyneuen.2007.11.004
https://doi.org/10.1016/J.PSYNEUEN.2023.106758
https://doi.org/10.1016/J.PSYNEUEN.2023.106758
https://doi.org/10.1016/J.NLM.2004.06.008
https://doi.org/10.1016/J.BBR.2008.05.002
https://doi.org/10.1016/j.bbr.2010.02.013
https://doi.org/10.1016/J.NEUROSCIENCE.2014.09.029
https://doi.org/10.1162/jocn_a_01167
https://doi.org/10.1523/JNEUROSCI.21-14-05222.2001
https://doi.org/10.1101/lm.435807
https://doi.org/10.1016/J.PSYNEUEN.2008.09.018
https://doi.org/10.1016/J.PSYNEUEN.2008.09.018
https://doi.org/10.1016/J.PHYSBEH.2011.01.016
https://doi.org/10.1016/J.PSYNEUEN.2013.09.002
https://doi.org/10.1016/J.PSYNEUEN.2013.09.002
https://doi.org/10.1016/J.NLM.2013.11.020
https://doi.org/10.1016/J.PSYNEUEN.2014.02.015
https://doi.org/10.1038/73873
https://doi.org/10.1046/j.1460-9568.2003.02542.x
https://doi.org/10.1126/science.273.5280.1399
https://doi.org/10.1126/science.273.5280.1399
https://doi.org/10.1006/NLME.1996.0007
https://doi.org/10.1093/cercor/bhq144
https://doi.org/10.1016/j.neuroimage.2012.01.046
https://doi.org/10.1523/JNEUROSCI.0840-16.2016
https://doi.org/10.1016/S0028-3932(02)00157-4


12

Vol:.(1234567890)

Scientific Reports |        (2024) 14:13080  | https://doi.org/10.1038/s41598-024-62595-x

www.nature.com/scientificreports/

 40. Kosaki, Y., Poulter, S. L., Austen, J. M. & McGregor, A. Dorsolateral striatal lesions impair navigation based on landmark-goal 
vectors but facilitate spatial learning based on a “cognitive map”. Learning Memory 22(3), 179–191. https:// doi. org/ 10. 1101/ lm. 
037077. 114 (2015).

 41. Goldfarb, E. V., Shields, G. S., Daw, N. D., Slavich, G. M. & Phelps, E. A. Low lifetime stress exposure is associated with reduced 
stimulus–response memory. Learning Memory 24(4), 162–168. https:// doi. org/ 10. 1101/ lm. 045179. 117 (2017).

 42. Kleen, J. K., Sitomer, M. T., Killeen, P. R. & Conrad, C. D. Chronic stress impairs spatial memory and motivation for reward without 
disrupting motor ability and motivation to explore. Behav. Neurosci. 120(4), 842–851. https:// doi. org/ 10. 1037/ 0735- 7044. 120.4. 
842 (2006).

 43. Lupien, S. J., Maheu, F., Tu, M., Fiocco, A. & Schramek, T. E. The effects of stress and stress hormones on human cognition: 
Implications for the field of brain and cognition. Brain Cogn. 65(3), 209–237. https:// doi. org/ 10. 1016/J. BANDC. 2007. 02. 007 (2007).

 44. Schwabe, L., Dalm, S., Schächinger, H. & Oitzl, M. S. Chronic stress modulates the use of spatial and stimulus-response learning 
strategies in mice and man. Neurobiol. Learn Mem. 90(3), 495–503. https:// doi. org/ 10. 1016/J. NLM. 2008. 07. 015 (2008).

 45. Moustaka, E. & Constantinidis, T. C. Sources and effects of work-related stress in nursing. Health Sci. J. 4(4), 210–216 (2010).
 46. Oyeleye, O., Hanson, P., O’Connor, N. & Dunn, D. Relationship of workplace incivility, stress, and burnout on nurses turnover 

intentions and psychological empowerment. JONA J. Nursing Administration 43(10), 536–542. https:// doi. org/ 10. 1097/ NNA. 0b013 
e3182 a3e8c9 (2013).

 47. Coelho, J. et al. Sleep timing, workplace well-being and mental health in healthcare workers. Sleep Med. 111, 123–132. https:// doi. 
org/ 10. 1016/j. sleep. 2023. 09. 013 (2023).

 48. Fond, G. et al. Association between physical activity and health in healthcare professionals: Results from the nationwide AMADEUS 
survey. Rev. Epidemiol. Sante Publique 71(6), 102183. https:// doi. org/ 10. 1016/j. respe. 2023. 102183 (2023).

 49. Gómez-Urquiza, J. et al. Prevalence, risk factors, and levels of burnout among oncology nurses: A systematic review. Oncol. Nurs. 
Forum. 43(3), E104–E120. https:// doi. org/ 10. 1188/ 16. ONF. E104- E120 (2016).

 50. Lucas, G. et al. Risk factors for burnout and depression in healthcare workers: The national AMADEUS study protocol. Encephale 
48(3), 247–253. https:// doi. org/ 10. 1016/J. ENCEP. 2021. 06. 001 (2022).

 51. Österberg, K., Karlson, B. & Hansen, Å. M. Cognitive performance in patients with burnout, in relation to diurnal salivary cortisol. 
Stress 12(1), 70–81. https:// doi. org/ 10. 1080/ 10253 89080 20496 99 (2009).

 52. Deligkaris, P., Panagopoulou, E., Montgomery, A. J. & Masoura, E. Job burnout and cognitive functioning: A systematic review. 
Work Stress 28(2), 107–123. https:// doi. org/ 10. 1080/ 02678 373. 2014. 909545 (2014).

 53. Farahat, S. A., Amin, O. R., Hamdy, H. S. & Fouad, M. M. The impact of work-related stress on the cognition domain of executive 
functioning of health care workers during the COVID-19 pandemic. Int. Arch. Occup. Environ. Health 95(5), 1079–1090. https:// 
doi. org/ 10. 1007/ s00420- 021- 01814-8 (2022).

 54. LoMauro, A. et al. EEG evaluation of stress exposure on healthcare workers during COVID-19 emergency: Not just an impression. 
Front. Syst. Neurosci. https:// doi. org/ 10. 3389/ fnsys. 2022. 923576 (2022).

 55. Karimi, A., Adel-Mehraban, M. & Moeini, M. Occupational stressors in nurses and nursing adverse events. Iran J. Nurs. Midwifery 
Res. 23(3), 230. https:// doi. org/ 10. 4103/ ijnmr. IJNMR_ 253_ 15 (2018).

 56. Chun, M. M. & Phelps, E. A. Memory deficits for implicit contextual information in amnesic subjects with hippocampal damage. 
Nat. Neurosci. 2(9), 844–847. https:// doi. org/ 10. 1038/ 12222 (1999).

 57. Greene, A. J., Gross, W. L., Elsinger, C. L. & Rao, S. M. Hippocampal differentiation without recognition: An fMRI analysis of the 
contextual cueing task. Learning Memory 14(8), 548–553. https:// doi. org/ 10. 1101/ lm. 609807 (2007).

 58. Rosero, M. A. et al. Memory-guided attention: Bilateral hippocampal volume positively predicts implicit contextual learning. Brain 
Struct. Funct. 224(6), 1999–2008. https:// doi. org/ 10. 1007/ s00429- 019- 01887-9 (2019).

 59. Goldfarb, E. V., Chun, M. M. & Phelps, E. A. Memory-guided attention: Independent contributions of the hippocampus and 
striatum. Neuron 89(2), 317–324. https:// doi. org/ 10. 1016/J. NEURON. 2015. 12. 014 (2016).

 60. Sturmbauer, S. C., Shields, G. S., Hetzel, E.-L., Rohleder, N. & Slavich, G. M. The stress and adversity inventory for adults (adult 
STRAIN) in German: An overview and initial validation. PLoS One 14(5), e0216419. https:// doi. org/ 10. 1371/ journ al. pone. 02164 
19 (2019).

 61. Cazassa, M. J., Oliveira, M. S., Spahr, C. M., Shields, G. S. & Slavich, G. M. ‘The stress and adversity inventory for adults (adult 
STRAIN) in Brazilian Portuguese: Initial validation and links with executive function, sleep, and mental and physical health. Front. 
Psychol. https:// doi. org/ 10. 3389/ fpsyg. 2019. 03083 (2020).

 62. Senft Miller, A., Nop, O., Slavich, G. M. & Dumas, J. A. Lifetime stress exposure, cognition, and psychiatric wellbeing in women. 
Aging Ment. Health 26(9), 1765–1770. https:// doi. org/ 10. 1080/ 13607 863. 2021. 19581 44 (2022).

 63. Mayer, S. E. et al. Intergenerational effects of maternal lifetime stressor exposure on offspring telomere length in Black and White 
women. Psychol. Med. 53(13), 6171–6182. https:// doi. org/ 10. 1017/ S0033 29172 20033 97 (2023).

 64. Kessler, R. C. et al. Short screening scales to monitor population prevalences and trends in non-specific psychological distress. 
Psychol. Med. 32(6), 959–976. https:// doi. org/ 10. 1017/ S0033 29170 20060 74 (2002).

 65. Schat, A. C. H., Kelloway, E. K. & Desmarais, S. The physical health questionnaire (PHQ): Construct validation of a self-report 
scale of somatic symptoms. J. Occup. Health Psychol. 10(4), 363–381. https:// doi. org/ 10. 1037/ 1076- 8998. 10.4. 363 (2005).

 66. Chun, M. M. & Jiang, Y. Implicit, long-term spatial contextual memory. J. Exp. Psychol. Learn Mem. Cogn. 29(2), 224–234. https:// 
doi. org/ 10. 1037/ 0278- 7393. 29.2. 224 (2003).

 67. L. Scrucca, M. Fop, B. Murphy, & A. E. Raftery (2016) ‘mclust 5: Clustering, classification and density estimation using gaussian 
finite mixture models. R J. 8(1), 289. https:// doi. org/ 10. 32614/ RJ- 2016- 021.

 68. Kongsted, A. & Nielsen, A. M. Latent class analysis in health research. J. Physiother. 63(1), 55–58. https:// doi. org/ 10. 1016/j. jphys. 
2016. 05. 018 (2017).

 69. Olvera Alvarez, H. A. et al. Stress and health in nursing students. Nurs. Res. 68(6), 453–463. https:// doi. org/ 10. 1097/ NNR. 00000 
00000 000383 (2019).

 70. Shier, M. L., Graham, J. R. & Nicholas, D. Interpersonal interactions, workplace violence, and occupational health outcomes among 
social workers. J. Social Work 18(5), 525–547. https:// doi. org/ 10. 1177/ 14680 17316 656089 (2018).

 71. Brownlow, J. A., Zitnik, G. A., McLean, C. P. & Gehrman, P. R. The influence of deployment stress and life stress on Post-Traumatic 
Stress Disorder (PTSD) diagnosis among military personnel. J. Psychiatr. Res. 103, 26–32. https:// doi. org/ 10. 1016/j. jpsyc hires. 2018. 
05. 005 (2018).

 72. Cooper, D. K., Bachem, R., Meentken, M. G., Aceves, L. & Perez Barrios, A. G. Cumulative lifetime adversity and depression among 
a national sample of US Latinx immigrants: Within-group differences in risk and protective factors using data from the HCHS/
SOL sociocultural ancillary study. J. Latinx Psychol. 8(3), 202–220. https:// doi. org/ 10. 1037/ lat00 00145 (2020).

 73. Foerde, K. & Shohamy, D. Feedback timing modulates brain systems for learning in humans. J. Neurosci. 31(37), 13157–13167. 
https:// doi. org/ 10. 1523/ JNEUR OSCI. 2701- 11. 2011 (2011).

 74. Johnson, M. D., Krahn, H. J. & Galambos, N. L. Perceived stress trajectories from age 25 to 50 years. Int. J. Behav. Dev. 47(3), 
233–242. https:// doi. org/ 10. 1177/ 01650 25422 11508 87 (2023).

 75. Seiffge-Krenke, I., Aunola, K. & Nurmi, J. Changes in stress perception and coping during adolescence: The role of situational and 
personal factors. Child Dev. 80(1), 259–279. https:// doi. org/ 10. 1111/j. 1467- 8624. 2008. 01258.x (2009).

 76. Herriot, H., Wrosch, C., Hamm, J. M. & Pruessner, J. C. Stress-related trajectories of diurnal cortisol in older adulthood over 12 
years. Psychoneuroendocrinology 121, 104826. https:// doi. org/ 10. 1016/j. psyne uen. 2020. 104826 (2020).

https://doi.org/10.1101/lm.037077.114
https://doi.org/10.1101/lm.037077.114
https://doi.org/10.1101/lm.045179.117
https://doi.org/10.1037/0735-7044.120.4.842
https://doi.org/10.1037/0735-7044.120.4.842
https://doi.org/10.1016/J.BANDC.2007.02.007
https://doi.org/10.1016/J.NLM.2008.07.015
https://doi.org/10.1097/NNA.0b013e3182a3e8c9
https://doi.org/10.1097/NNA.0b013e3182a3e8c9
https://doi.org/10.1016/j.sleep.2023.09.013
https://doi.org/10.1016/j.sleep.2023.09.013
https://doi.org/10.1016/j.respe.2023.102183
https://doi.org/10.1188/16.ONF.E104-E120
https://doi.org/10.1016/J.ENCEP.2021.06.001
https://doi.org/10.1080/10253890802049699
https://doi.org/10.1080/02678373.2014.909545
https://doi.org/10.1007/s00420-021-01814-8
https://doi.org/10.1007/s00420-021-01814-8
https://doi.org/10.3389/fnsys.2022.923576
https://doi.org/10.4103/ijnmr.IJNMR_253_15
https://doi.org/10.1038/12222
https://doi.org/10.1101/lm.609807
https://doi.org/10.1007/s00429-019-01887-9
https://doi.org/10.1016/J.NEURON.2015.12.014
https://doi.org/10.1371/journal.pone.0216419
https://doi.org/10.1371/journal.pone.0216419
https://doi.org/10.3389/fpsyg.2019.03083
https://doi.org/10.1080/13607863.2021.1958144
https://doi.org/10.1017/S0033291722003397
https://doi.org/10.1017/S0033291702006074
https://doi.org/10.1037/1076-8998.10.4.363
https://doi.org/10.1037/0278-7393.29.2.224
https://doi.org/10.1037/0278-7393.29.2.224
https://doi.org/10.32614/RJ-2016-021
https://doi.org/10.1016/j.jphys.2016.05.018
https://doi.org/10.1016/j.jphys.2016.05.018
https://doi.org/10.1097/NNR.0000000000000383
https://doi.org/10.1097/NNR.0000000000000383
https://doi.org/10.1177/1468017316656089
https://doi.org/10.1016/j.jpsychires.2018.05.005
https://doi.org/10.1016/j.jpsychires.2018.05.005
https://doi.org/10.1037/lat0000145
https://doi.org/10.1523/JNEUROSCI.2701-11.2011
https://doi.org/10.1177/01650254221150887
https://doi.org/10.1111/j.1467-8624.2008.01258.x
https://doi.org/10.1016/j.psyneuen.2020.104826


13

Vol.:(0123456789)

Scientific Reports |        (2024) 14:13080  | https://doi.org/10.1038/s41598-024-62595-x

www.nature.com/scientificreports/

 77. Niu, S.-F. et al. Differences in cortisol profiles and circadian adjustment time between nurses working night shifts and regular day 
shifts: A prospective longitudinal study. Int. J. Nurs. Stud. 52(7), 1193–1201. https:// doi. org/ 10. 1016/j. ijnur stu. 2015. 04. 001 (2015).

 78. Boivin, D. B., Boudreau, P. & Kosmadopoulos, A. Disturbance of the Circadian System in Shift Work and Its Health Impact. J. Biol. 
Rhythms 37(1), 3–28. https:// doi. org/ 10. 1177/ 07487 30421 10642 18 (2022).

 79. Lupien, S. J., McEwen, B. S., Gunnar, M. R. & Heim, C. Effects of stress throughout the lifespan on the brain, behaviour and 
cognition. Nat. Rev. Neurosci. 10(6), 434–445. https:// doi. org/ 10. 1038/ nrn26 39 (2009).

 80. Goldfarb, E. V. & Phelps, E. A. Stress and the trade-off between hippocampal and striatal memory. Curr. Opin. Behav. Sci. 14, 
47–53. https:// doi. org/ 10. 1016/j. cobeha. 2016. 11. 017 (2017).

 81. Ferbinteanu, J. Memory systems 2018—Towards a new paradigm. Neurobiol. Learn Mem. 157, 61–78. https:// doi. org/ 10. 1016/j. 
nlm. 2018. 11. 005 (2019).

Author contributions
All authors made substantial contributions to the study conception and design. Conception and design of the 
study: M.R., G.M.S., G.S., A.A., J.A. and S.S. Sample collection and data management: A.A. and M.R. Study 
management and coordination: M.R. and G.M.S. Statistical methods and analysis: M.R., G.S., G.M.S. and S.R. 
Interpretation of results: M.R., G.M.S., G.S. and J.A. Manuscript writing (first draft): M.R., G.M.S., and G.S. 
Critical revision of the manuscript: M.R., G.M.S., and J.A.

Funding
G.M.S. was supported by Grant #OPR21101 from the California Governor’s Office of Planning and Research/
California Initiative to Advance Precision Medicine. A.A. was supported by Grant #848 from the Ministry of 
Science, Technology and Innovation (Minciencias). The findings and conclusions in this article are those of 
the authors and do not necessarily represent the views or opinions of these organizations, which had no role in 
designing or planning this study; in collecting, analyzing, or interpreting the data; in writing the article; or in 
deciding to submit this article for publication.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.R.-P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1016/j.ijnurstu.2015.04.001
https://doi.org/10.1177/07487304211064218
https://doi.org/10.1038/nrn2639
https://doi.org/10.1016/j.cobeha.2016.11.017
https://doi.org/10.1016/j.nlm.2018.11.005
https://doi.org/10.1016/j.nlm.2018.11.005
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Cumulative lifetime stressor exposure impairs stimulus–response but not contextual learning
	Method
	Participants
	Stress and adversity inventory for adults (adult STRAIN)
	General mental and physical health complaints
	Multicued search task
	Data analyses
	Latent class analysis
	Analysis for lifetime stressor exposure
	Latent class trajectory modeling
	Analysis of the relationship between types of stress exposure and memory-guided attention


	Results
	Latent structure of the lifetime stressor data
	Lifetime stressor exposure
	Latent trajectory analysis of the Lifetime Stressor Data
	Effects of lifetime stressor exposure on memory-guided attention

	Discussion
	References


