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Stress leads to aberrant hippocampal involvement when
processing schema-related information
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Prior knowledge, represented as a mental schema, has critical impact on how we organize, interpret, and process incoming

information. Recent findings indicate that the use of an existing schema is coordinated by the medial prefrontal cortex

(mPFC), communicating with parietal areas. The hippocampus, however, is crucial for encoding schema-unrelated informa-

tion but not for schema-related information. A recent study indicated that stress mediators may affect schema-related

memory, but the underlying neural mechanisms are currently unknown. Here, we thus tested the impact of acute stress

on neural processing of schema-related information. We exposed healthy participants to a stress or control manipulation

before they processed, in the MRI scanner, words related or unrelated to a preexisting schema activated by a specific cue.

Participants’ memory for the presented material was tested 3–5 d after encoding. Overall, the processing of schema-related

information activated the mPFC, the precuneus, and the angular gyrus. Stress resulted in aberrant hippocampal activity and

connectivity while participants processed schema-related information. This aberrant engagement of the hippocampus was

linked to altered subsequent memory. These findings suggest that stress may interfere with the efficient use of prior knowl-

edge during encoding and may have important practical implications, in particular for educational settings.

[Supplemental material is available for this article.]

Our prior knowledge determines how we interpret and process in-
coming information. This preexisting knowledge is organized in
associative structures called “schemas” that are based on multiple
episodes, adapt in light of novel information but lack unit detail re-
lated to specific episodes (Ghosh and Gilboa 2014). It has been
known for long that schemas assist text comprehension as well
as memory encoding and recall (Bartlett 1932; Bransford and
Johnson 1972; Anderson and Pearson 1984). The neural underpin-
nings of schemas and schema-related information processing,
however, have been elucidated only over the past few years.
Converging lines of evidence from rodent studies and human neu-
roimaging and patient studies point to themedial prefrontal cortex
(mPFC) as a key area for detecting schema-related information and
the integration of this information into the neocortical schema
(van Kesteren et al. 2010b; Tse et al. 2011; Ghosh et al. 2014;
Brod et al. 2015). At the same time, the hippocampus, highly rele-
vant for the encoding of novel (i.e., schema-unrelated) informa-
tion (Knight 1996; Eichenbaum 2004), is less involved in the
processing of information for which a relevant schema exists
(Tse et al. 2007; van Kesteren et al. 2012). Although the relevance
of schemas for learning andmemory is widely accepted (Wang and
Morris 2010; Ghosh and Gilboa 2014), the factors that influence
the processing of schema-related information and the efficient
use of prior knowledge are largely unknown.

Stress has a critical impact on a broad range of cognitive func-
tions, from social cognition to learning and memory (Joëls et al.
2006; Diamond et al. 2007; Lupien et al. 2009; Roozendaal et al.
2009; Schwabe et al. 2012a; Sandi and Haller 2015). These effects
of stress are mainly mediated by hormones and neurotransmitters
that are released during stressful events such as glucocorticoids
(cortisol in humans) and catecholamines (Roozendaal et al. 2006;

Hermans et al. 2011; Schwabe et al. 2012a,b). Prefrontal areas, in-
cluding the mPFC, and the hippocampus are among the primary
targets of these stress mediators (de Kloet et al. 2005) and stress
may impair prefrontal and hippocampal functioning (Kim and
Diamond 2002; Diamond et al. 2006; Arnsten 2009; Schwabe
and Wolf 2009, 2012). Based on these findings it can be hypothe-
sized that stress may interfere with the processing of schema-relat-
ed information. Indeed, recent evidence indicated that stress
impairs schema-related learning (Kluen et al. 2017), yet the under-
lying neural mechanisms remain completely unknown. We hy-
pothesized that stress would impair information processing in
the medial prefrontal cortex and the hippocampus, leading to
altered schema-related processing and impaired subsequent
memory.

Thus, the present experiment investigated the impact of acute
stress on the neural processing of schema-related information. To
this end, we exposed healthy individuals to the Trier social stress
test (TSST) (Kirschbaum et al. 1993) or a control manipulation be-
fore they completed, in anMRI scanner, a task that was designed to
activate preexisting knowledge structures and that allowedus to as-
sess the encoding of schema-related information. Specifically, par-
ticipants were first presented with a category word (e.g.,
“bathroom,” Fig. 1) for which all individuals should have prior
knowledge that fulfills the criteria of a schema (Ghosh and
Gilboa 2014). Participants then encoded nouns for which they
were asked to indicate whether the word was related (e.g., “show-
er”) or unrelated (e.g., “kayak”) to the activated schema. In addi-
tion, we presented trials in which participants were required to
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indicate whether a word had six letters or not. This letter control
condition served two purposes. First, it allowed us to compare
the processing of schema-related information to the processing
of information that belongs to a category that does not possess
the features of a schema. Second, we aimed also at examining
the proposed beneficial effect of a schema onmemory and the im-
pact of stress on schema-based memory as assessed during free re-
call and recognition tests 3–5 d after encoding. However, because it
is known that confirming the belongingness of an item to a catego-
ry already facilitates subsequentmemory (Craik and Tulving 1975),
a putative “schema-effect” on memory could simply be owing to
the positive response to the relatedness question during encoding.
The letter control condition, however, enabled us to dissociate
such a confirmation effect from the impact of a schema on
memory.

Results

Successful stress induction prior to schema-related

processing
Exposure to the TSST resulted in a pronounced subjective and
physiological stress response. As expected, participants rated the
TSST as significantly more stressful, difficult, and unpleasant
than the control manipulation (all t > 4, P < 0.001) (Table 1).

Accordingly, the TSST decreased positive
mood and calmness compared with the
control manipulation (time × treatment:
both F > 7, P≤ 0.001) (Table 1). In addi-
tion, the TSST resulted in increased dia-
stolic and systolic blood pressure
compared with the control manipulation
(time × treatment: both F > 8, both P≤
0.001) (Fig. 2), indicating successful acti-
vation of the autonomic nervous system.
Finally, the TSST led to a marked increase
in salivary cortisol levels (time × treat-
ment: F(2.6,125.5) = 10.75, P < 0.001), sup-
porting a pronounced activation of the
hypothalamus–pituitary–adrenal (HPA)
axis in the stress group. As shown in
Figure 2C, cortisol levels were signifi-
cantly elevated before and throughout
the task.

Behavioral distinction between

schema-related and

schema-unrelated words
As expected, participants in both groups
were well able to dissociate schema-relat-
ed words (96.3% ± 0.73% “related” re-
sponses) from schema-unrelated words
(10.0% ± 1.24% “related” responses,
main effect of relatedness: F(1,48) =
2386.97, P < 0.001). The fact that partici-
pants identified almost all schema-related
words as belonging to the respective
schema underlines that these words rep-
resented indeed characteristic parts of
the schema structure. Similarly, partici-
pants correctly classified words as six
letter- vs. no six letter words in the
letter control condition (88.6% ± 1.39%
vs. 3.9% ± 0.84%, F(1,48) = 2521.12, P <
0.001). Importantly, stress did not affect

participants’ ability to correctly identify words as being related
vs. unrelated to the schema category or as having six vs. more/
less than six letters (all F < 2.2, all P > 0.15).

Neural networks differentiating schema-related and

schema-unrelated words
In line with previous reports (van Kesteren et al. 2010b, 2013; Tse
et al. 2011; van Buuren et al. 2014;Wagner et al. 2015), the presen-
tation of schema-related words compared with schema-unrelated
words led to a pronounced activation of brain regions described
to be involved in schema processing and memory encoding, i.e.,
the mPFC, angular gyrus, precuneus, but also the hippocampus
(all PFWE < 0.05, Fig. 3, for whole-brain results, see Supplemental
Table S1). Moreover, brain regions involved in language processing
such as the inferior and middle temporal gyri were more activated
for schema-related compared with schema-unrelated words (PFWE

< 0.05). In contrast, brain regions involved in salience processing
and working memory functions were more engaged for
schema-unrelated words, i.e. the anterior insula, dorsal anterior
cingulate cortex (ACC), and inferior frontal gyrus (all PFWE < 0.05,
Fig. 3; Supplemental Table S2).

Importantly, the activation of this network for schema-relat-
ed words could not be explained by the mere fact that participants
gave a confirmative answer as shown in the letter control trials. In

Figure 1. Experimental procedure. (A) On day 1, participants underwent either a stress induction or a
control procedure before performing the schema-related processing task in the MRI scanner. In this task,
theywere presentedwithwords that either belonged to a schemaor not (schemacondition) orwords that
consisted of six letters or not (to control for the effect of mere confirmation). Four blocks of the schema
condition with eight schema-related words and eight schema-unrelated words in each block were inter-
mixed with two blocks of the letter control condition (eight words with six letters and eight words with a
different length per block). Three to 5 d later, participants returned for a memory test (free recall and rec-
ognition) and rated all words with respect to arousal and emotional valence. (B) Trial setup and timing for
the schema condition (left) and the letter control condition (right) during day 1.
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these trials, words with six letters (vs. words with more or fewer
letters) did not activate the mPFC, angular gyrus, or precuneus,
but engaged the occipital and temporal gyri, insula, posterior
cingulate, and inferior frontal gyrus (all PFWE < 0.05, Supplemental
Table S3). Moreover, a category × relatedness interaction
([schema-related > schema-unrelated] > [six letters > no six letters])
revealed that the angular gyrus, precuneus, inferior and middle
temporal gyri, occipital cortex (all PFWE < 0.05) (Supplemental
Table S4), and—at trend level—the mPFC (PSVC = 0.065, k = 131,
T = 3.73) were specifically more activated for related words in the
schema condition than for six letter words in the letter control
condition.

Stress increases hippocampal activity during

schema-related processing
In line with our hypothesis, stress had a significant impact on the
neural structures involved in the processing of schema-related
information. Specifically, the stress group showed stronger
hippocampal activation for schema-related compared with
schema-unrelated words than the control group (PSVC = 0.032, k
= 42, T = 3.67) (Fig. 4A). Whereas the control group showed re-
duced hippocampal activity when en-
coding schema-related (vs. schema-
unrelated) words (PSVC = 0.022, k = 51, T
= 3.81) as predicted by previous reports
(van Kesteren et al. 2012), the stress group
showed increased hippocampal activity
for schema-related when compared with
schema-unrelated words (PSVC = 0.001, k
= 196, T = 4.81) (Supplemental Table S1).
Moreover, across groups the hippocampal
activation during the presentation of
schema-related compared with schema-
unrelated words was associated with the
cortisol response to the experimental
treatment (r = 0.338, P = 0.017) (Fig. 4B).
Although this correlation should be treat-
ed with some caution as it did not reach
significance in the stress group alone, pre-
sumably due to a lack of power, our find-
ings suggest that acute stress leads to an
aberrant engagement of the hippocam-

pus during the processing of schema-related information, possibly
driven by heightened levels of cortisol. Notably, the enhancing ef-
fect of stress on hippocampal activity was specific to the schema
condition as indicated by a significant treatment × category × relat-
edness interaction (PSVC = 0.046, k = 20, T = 3.52). Accordingly, the
effect of schema-relatedness on hippocampal activity was stronger
in the schema trials than in the letter control trials in the stress
group (PSVC = 0.030, k = 58, T = 3.69) (Supplemental Table S4),
whereas this was not the case in the control group (no voxel at P
< 0.005, uncorrected). Moreover, we found no effect of stress on
any other ROI (no voxel at P < 0.005, uncorrected) and no effect
of stress on neural activity during letter control trials, supporting
that stress specifically altered hippocampal activity during schema
activation.

Stress leads to enhanced coupling between the

hippocampus and regions involved in schema processing
Next, we investigated functional connectivity of the hippocampal
cluster that showed altered schema-related activity after stress (Fig.
5A), in order to understand if and how stress altered the crosstalk of
the hippocampus with other regions in the brain. A psychophysi-
ological interaction (PPI) analysis investigating enhanced hippo-
campal coupling during schema-related trials when compared
with schema-unrelated trials revealed that stress enhanced
schema-related hippocampal connectivity with brain areas in-
volved in schema processing such as left inferior and superior tem-
poral gyrus, (pre)cuneus (all PFWE < 0.05) (Fig. 5B; Supplemental
Table S5), angular gyrus (PSVC = 0.033, k = 46, T = 3.37), and left
hippocampus (PSVC = 0.038, k = 54, T = 3.57; note that the seed
was in the right hemisphere). In contrast, no brain region showed
stronger schema-related hippocampal connectivity in the control
group compared with the stress group (Supplemental Table S5).
When investigating the control group separately, hippocampal
connectivity during schema activation (when compared with
schema-unrelated trials) was confined to the left hippocampus
(PSVC = 0.046, k = 11, T = 3.50) (Fig. 5C), indicating that the pres-
ence of a schema did not affect hippocampal connectivity with
the schema network. Within the stress group, however, we found
pronounced schema-related hippocampal connectivity to the pre-
cuneus, inferior and superior left temporal gyri (all PFWE < 0.05)
(Fig. 5D), mPFC (PSVC = 0.007, k = 67, T = 4.23), angular gyrus
(PSVC = 0.015, k = 62, T = 3.69; PSVC = 0.044, k = 102, T = 3.53), and
the left hippocampus (PSVC = 0.032, k = 24, T = 3.65), suggesting
that the hippocampus was incorporated into the network

Table 1. Subjective measures of stress on day 1 in both groups

Stress group Control group

Elevated mood
Before treatment 35.16 (0.77) 34.60 (1.04)
After treatment 29.60* (1.31) 34.16 (1.09)
End of day 1 32.44 (1.00) 33.80 (0.80)

Wakefulness
Before treatment 30.04 (0.98) 31.92 (1.23)
After treatment 29.88 (0.94) 31.44 (1.11)
End of day 1 26.08 (1.06) 25.68 (1.16)

Calmness
Before treatment 33.84 (0.81) 32.12 (1.21)
After treatment 27.52** (1.17) 32.36 (1.22)
End of day 1 32.08 (0.98) 33.84 (0.78)

Rating of stressor/control procedure
Difficult 69.20*** (4.00) 32.80 (5.49)
Unpleasant 64.00*** (4.08) 30.00 (5.80)
Stressful 66.40*** (4.51) 26.40 (4.47)

Note: Data represent mean (SEM). In the mood questionnaire, higher scores
represent elevated mood, wakefulness, and calmness, respectively. (***) P <
0.001, (**) P < 0.01, (*) P < 0.05 compared with the control group.

Figure 2. Physiological parameters confirmed successful stress induction. Compared with controls,
participants in the stress group displayed heightened (A) diastolic and (B) systolic blood pressure as
well as (C) a pronounced increase in salivary cortisol levels after the experimental treatment. Data rep-
resent mean ± 1 SEM. (***) P < 0.001, (*) P < 0.05, (#) P < 0.10 compared with the control group.
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processing schema-related and semantic information. For the op-
posite PPI (schema-unrelated > schema-related), the control group
showed enhanced hippocampal connectivity with regions activat-
ed in response to schema-unrelated words, such as the left inferior
frontal gyrus (PSVC = 0.010, k = 54, T = 3.83) (Supplemental Table
S5), and, at trend level, the insula (PSVC = 0.055, k = 43, T = 3.49)
and dorsal ACC (PSVC = 0.079, k = 163, T = 3.64). The stress group,
however, showed no significant enhancement of hippocampal
connectivity when presented with schema-unrelated words
when compared with schema-related words.

To summarize, stress profoundly affected hippocampal activ-
ity and connectivity during schema activation. Participants in the
control group engaged the hippocampus more when presented
with schema-unrelated information as predicted by previous stud-
ies (Tse et al. 2007, 2011; van Kesteren
et al. 2012), but stressed individuals acti-
vated the hippocampus more strongly
in response to schema-related words.
Moreover, the presence of a schema en-
hanced connectivity between the hippo-
campus and the schema network in the
stress group but not the control group.

Stress-induced alterations

of hippocampal activity are

linked to schema-based memory
Because it is known that a schemamay fa-
cilitate the encoding of schema-related in-
formation (Bartlett 1932; van Kesteren
et al. 2014), we investigated in a final
step how the observed stress-induced
changes in hippocampal recruitment dur-
ing the presentation of schema-related
information were associated with subse-
quent memory performance. Important-
ly, before memory testing on day 2 the
groups did not differ in any measure of
stress, thus excluding a direct effect of
the experimental treatment on memory
recall (all P > 0.30) (Table 2). Moreover, va-
lence and arousal ratings did not differ be-
tween targets and lures, schema and letter

control words, or related and unrelated words (all P > 0.10, average
valence ratings between 5.6 and 5.8, average arousal ratings be-
tween 3.4 and 3.6).

Overall, memory performance was relatively low (Table 3),
most likely due to the rather long study-test delay and the fact
that the 96 words were only presented once which made the task
rather difficult. Nonetheless, we observed striking schema effects
on free recall and recognition performance. During free recall, par-
ticipants remembered significantly more schema-related words
than schema-unrelated words (t(49) = 7.02, P < 0.001). In the letter
control condition, however, there was no difference in memory
for six letter vs. no six letter words (t(49) = 1.12, P = 0.267, category ×
relatedness interaction: F(1,48) = 39.77, P < 0.001), suggesting that
the mere confirmative answer during encoding cannot explain
the enhanced memory for schema-related words. Likewise, partic-
ipants mentioned more schema-related but incorrect (new) words
than schema-unrelated new words (t(49) = 2.43, P = 0.019). Stress,
however, did not affect free recall performance (all P > 0.20).

In the recognition test, participants were also better at recog-
nizing schema-related old words than schema-unrelated old words
(t(49) = 7.80, P < 0.001) and this effect was less pronounced in the
letter control condition (t(49) = 2.29, P = 0.026, category × related
interaction: F(1,48) = 4.11, P = 0.048). Finally, participants commit-
ted more schema-related false alarms than schema-unrelated false
alarms (t(49) = 7.32, P < 0.001), an effect that was not present in
the letter control condition (t(49) = 0.19, P = 0.847; category × relat-
ed interaction: F(1,48) = 31.36, P < 0.001).

On the group level, we did not find any effects of the experi-
mental treatment on schema-related hits (all P > 0.15), possibly
due to the rather low overall memory performance. In a next
step, we thus focused on inter-individual differences. Across sub-
jects the stress-induced hippocampal activation for schema-related
items was associated with impaired memory performance.
More precisely, although we found no association between
schema-related brain activity and schema-related hits, we found
a positive correlation across groups between hippocampal
schema-related activity (schema-related > schema-unrelated) and

Figure 4. Stress affected hippocampal activity during schema-related processing. (A) Stress increased
hippocampal activity during the presentation of schema-related when compared with
schema-unrelated words. Whereas the control group engaged the hippocampus more for
schema-unrelated words, the stress group showed higher hippocampal activation for schema-related
words. (B) Across all participants, this schema-related hippocampal activity (cluster shown in A, top
slice) was positively correlated with the cortisol response to the experimental treatment as reflected in
the area under the curve with respect to the increase (AUCi). Images are displayed at P < 0.005, uncor-
rected, for illustrative purposes.

Figure 3. Brain regions differentiating schema-related and
schema-unrelated words. Across groups, brain regions responding more
to the presentation of schema-related words included the precuneus,
angular gyrus, temporal gyrus, medial prefrontal cortex, and hippocam-
pus. In contrast, brain regions activated in response to schema-unrelated
words included the insula, dorsal anterior cingulate, and inferior frontal
gyrus. Images are displayed at P < 0.005, uncorrected, for illustrative
purposes.
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schema-related false alarms at recognition onday 2 (PSVC = 0.047, k
= 13, T = 3.53 [right]; PSVC = 0.048, k = 29, T = 3.51 [left], Fig. 6).
This suggests that individuals with stronger hippocampal
schema-related activation were impaired in determining which
schema-related words were presented on day 1 and which ones
were schema-related but not shown. The correlation was specific
to schema-related false alarms as the mean activity in these hippo-
campal clusters was not associated with schema-unrelated false
alarms (r = 0.212, P = 0.139 [left] and r = 0.101, P = 0.483 [right]).
However, we found no significant correlation between cortisol
(area under the curve) and schema-related false alarms (r =
−0.176, P = 0.222).

Next, we investigated whether the stress-induced changes in
hippocampal connectivity were also related to memory perfor-
mance. Indeed, we found a positive association between
schema-related hippocampal connectivity with the left inferior
temporal gyrus and more schema-related false alarms at recogni-
tion (PSVC = 0.022, k = 21, T = 3.59) (Fig. 6), suggesting that a closer
interaction between the hippocampus and regions involved in
semantic processing leads to increased schema-related false alarm
rates. Moreover, we found a negative association between hippo-
campus–mPFC connectivity and the number of schema-related
false alarms at recognition (PFWE < 0.05) (Fig. 6), suggesting that en-
hanced coupling between the hippocampus and themPFC aids the
suppression of false alarms at later recognition.

Finally, we explored whether gender affected the effect of
stress onmemory performance. Whereas free recall was unaffected
by gender (all P > 0.10), we found gender differences in stress ef-
fects on hits during the recognition test such that performance

was affected by stress in females only (gender × treatment × catego-
ry × relatedness interaction, F(1,46) = 11.533, P = 0.001). However,
considering that our sample size was rather small to investigate
gender differences, this finding should be interpreted with some
caution. Details on the exploratory analysis of gender differences
are reported in the Supplemental Material.

Discussion

Prior knowledge, represented as mental schema, allows us to form
expectations and hence makes the world around us more predict-
able. Schemas further help us to organize, interpret, and remember
information, thus making efficient schema-related processing es-
sential for education. In a previous study, we demonstrated that

Figure 5. Stress changed hippocampal connectivity during schema-related information processing. (A) Seed region taken from the stress effect on
schema-related hippocampal activity (also shown in Fig. 4A, top) for a psychophysiological interaction analysis contrasting schema-related and
schema-unrelated word presentation. (B) Stress increased schema-dependent hippocampal connectivity with the cuneus (draining into the precuneus),
temporal gyrus, angular gyrus, and hippocampus. (C) The control group showed schema-related hippocampal connectivity only with the left hippocam-
pus (note that the seed was in the right hemisphere), but displayed enhanced connectivity between the hippocampus and the dorsal anterior cingulate,
the insula, and the inferior frontal gyrus when presented with schema-unrelated words. (D) The stress group integrated the hippocampus into the network
for schema and semantic processing (angular gyurs, precuneus, medial prefrontal cortex, and temporal gyrus) during presentation of schema-related
words, but showed no significant connectivity enhancement during schema-unrelated word processing. Images are displayed at P < 0.005, uncorrected,
for illustrative purposes.

Table 2. Subjective and physiological measures of stress on day 2
in both groups

Stress group Control group

Elevated mood 35.28 (0.52) 34.88 (0.94)
Wakefulness 29.96 (1.29) 31.60 (1.03)
Calmness 33.80 (0.75) 33.24 (0.97)
Systolic blood pressure (mmHg) 120.14 (4.04) 116.10 (2.72)
Diastolic blood pressure (mmHg) 78.70 (1.99) 80.78 (1.63)
Salivary cortisol (nmol/L) 4.94 (0.94) 4.56 (0.68)

Note: Data represent mean (SEM). In the mood questionnaire, higher scores
represent elevated mood, wakefulness, and calmness, respectively.
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stress impairs schema-related learning (Kluen et al. 2017). Here, we
examined the impact of acute stress on the underlying neural
mechanism. Stress increased the recruitment of the hippocampus
in schema-related processing and led to an aberrant involvement
of the hippocampus in the schema network during schema activa-
tion. Although there was no stress effect on memory at the group
level, which might be due to a lack of statistical power, these
stress-induced alterations in schema-related processing were asso-
ciated with increased false alarms during recognition.

Weuseda schemaconcept thatwas leanedon theclassical cog-
nitive psychological schema literature (Bartlett 1932; Rumelhart
1980; Brewer and Treyens 1981). This schema concept and the
way it was operationalized differs from schema conceptualizations
used in rodents andotherneuroimagingstudies (Tse et al. 2007;van
Kesteren et al. 2010a, b; Tse et al. 2011; Brod et al. 2015). In the cur-
rent study, we compared multiple words that were all related to a
certain category with words that were not related to that category
or to the other words presented. Nonetheless, the neural structures
activated during the presentation of schema-relevant words were
similar towhathas been reported in these previous studies, suggest-
ing that the processing of schema-related information involves a
specific network of areas, irrespective of the very specific features
of the activated schema. In line with previous studies (van
Kesteren et al. 2010a, b, 2012; Tse et al. 2011; Brod et al. 2015),
we observed activation of the mPFC, precuneus, and angular gyrus
during the processing of schema-related information. Notably, by
means of our letter control condition we could demonstrate that
this network is not activatedwhenpresented stimulimerely belong
to anyarbitrary categorybut that it appears tobe specifically recruit-
ed when information is processed for which an associative knowl-
edge structure exists that was built over multiple episodes (i.e., a
schema). Likewise, information that is unrelated to a schema acti-
vated other brain regions, such as the dorsal ACC, the anterior
insula, and the inferior frontal gyrus, that are involved in salience,
conflict processing, or general working memory (Courtney et al.
1997; Botvinick et al. 1999; Menon and Uddin 2010).

Most important, the brain areas involved in schema-related
processing were affected by stress. Participants in the control con-

dition showed increased activity of the schema network (mPFC,
precuneus, angular gyrus) but not the hippocampus when process-
ing schema-related information. Furthermore, hippocampal con-
nectivity with this network was unaffected by the presence of a
schema in controls. This pattern is in line with a recent model of
schema-related processing that postulates that if a relevant schema
exists, information processing is mainly guided by the mPFC com-
municating with neocortical areas representing the schema,
whereas the hippocampus and its detailed episodic processing is
less involved (van Kesteren et al. 2012). When stressed, however,
the hippocampus was activated by schema-related information
and incorporated into the schema network during schema-related
trials. The involvement of an area specialized for detailed episodic
processing of novel information (Knight 1996; Eichenbaum 2004)
may likely interfere with the more abstract, knowledge-based
schema-related processing and indeed our data show that the activ-
ity of the hippocampus in schema-related processing was associat-
edwith impairedmemory (see below).Moreover, the activity of the
hippocampus in schema-related processing was correlated with
cortisol levels across all participants (but not in the stress group
alone), suggesting that this major stress hormone might play a
role in the aberrant engagement of the hippocampus in schema-
related processing. Interestingly, a very recent behavioral study
demonstrated that both stress and the administration of hydrocor-
tisone resulted in a learning impairment for schema-related items
(Kluen et al. 2017), which is in line with our current finding.
Furthermore, our results concur with previous reports that identi-
fied glucocorticoids as a major modulator of prefrontal and hippo-
campal functioning (de Quervain et al. 2003; Roozendaal et al.
2004; Wiegert et al. 2006; Henckens et al. 2011, 2012; Schwabe
et al. 2012b). Cortisol exerts its actions in the brain through min-
eralocorticoid and glucocorticoid receptors (MR and GR, respec-
tively) (de Kloet et al. 1986). Based on accumulating evidence
thatmembrane-boundMRmediate rapid, nongenomic glucocorti-
coid actions (Joëls et al. 2012) and that that these receptors are im-
plicated in how we approach a situation and to what extent we
utilize available information (Oitzl and de Kloet 1992; Schwabe
et al. 2010; Vogel et al. 2016), it is tempting to speculate that
membrane-bound MR were also involved in stress and cortisol ef-
fects on neural schema-related processing. The correlation with
cortisol, however, should not be taken as evidence that cortisol act-
ed in isolation. For instance, there is compelling evidence that
glucocorticoids act synergistically (or antagonistically) with cate-
cholamines to affect cognition and its neural underpinnings
(Roozendaal et al. 2004, 2006, 2009; Schwabe et al. 2012b;
Hermans et al. 2014).

Although this study focused mainly on schema-related pro-
cessing and itsmodulation by stress, we also found better free recall
and recognition performance for items that were schema-related
compared with schema-unrelated items, which corroborates previ-
ous reports of schema-based memory (Bartlett 1932; van Kesteren
et al. 2010b). Using the letter control condition, we could show
that this memory enhancement for schema-related items was in-
deed due to the existing schema and not just to the relation to
any arbitrary category or the mere positive response to the related-
ness question. The schema-effect on memory, however, was not
only reflected in superior memory for the schema-related items
that were presented during encoding but also in more incorrect
memories of or false alarms to items that were related to the sche-
mas activated during encoding, providing further evidence that a
schema may also bias remembering (Bartlett 1932; Brewer and
Treyens 1981; Roediger and McDermott 1995). Our fMRI data re-
vealed that this schema-related enhancement of false alarms was
negatively correlated with hippocampal–mPFC crosstalk. In other
words, the efficient use of an existing schema, leading to specific
memories, appears to require communication between the mPFC

Table 3. Memory performance on day 2

Stress
group

Control
group

Correct free recall
Schema-related (%) 12.0 (2.3)*** 9.3 (1.6)***
Schema-unrelated (%) 3.4 (0.9) 1.6 (0.5)
Letter control: 6-letter words (%) 2.3 (1.4) 1.3 (0.5)
Letter control: no 6-letter words (%) 1.0 (0.5) 0.8 (0.5)

Incorrect free recall
Schema-related (N) 2.8 (0.6) 3.0 (0.5)*
Schema-unrelated (N) 2.2 (0.5) 1.8 (0.4)

Recognition: hits
Schema-related (%) 48.8 (4.7)*** 51.9 (3.5)***
Schema-unrelated (%) 34.0 (3.7) 35.6 (3.7)
Letter control: six-letter words (%) 35.3 (4.8) 39.8 (4.6)*
Letter control: no six-letter words
(%)

30.3 (3.9) 30.0 (4.0)

Recognition: false alarms
Schema-related (%) 49.8 (4.0)*** 53.1 (3.9)***
Schema-unrelated (%) 31.0 (2.6)° 40.5 (3.5)
Letter control: six-letter words (%) 36.0 (3.5) 34.5 (3.7)
Letter control: no six-letter words
(%)

29.8 (3.5)# 39.8 (3.8)

Note: Data represent mean (SEM). (***) P < 0.001, (**) P < 0.01, (*) P < 0.05
compared with the unrelated condition (schema-unrelated or no-6-letter
words, respectively). (°) P < 0.05, (#) P < 0.10 compared with the control
group.

Schema-related processing under stress

www.learnmem.org 26 Learning & Memory

 Cold Spring Harbor Laboratory Press on December 17, 2017 - Published by learnmem.cshlp.orgDownloaded from 

http://learnmem.cshlp.org/
http://www.cshlpress.com


and hippocampus. Despite the fact that PPI data provide no in-
sights into the direction of communication, this finding is general-
ly in line with the view that the mPFC, as the schema-relevance
detector, needs to communicatewith the hippocampus to allow ef-
ficient use of the schema (van Kesteren et al. 2012). Hippocampal
crosstalk with inferior temporal cortices implicated in semantic
processing and visual memory (Miller et al. 1991; Vandenberghe
et al. 1996), however, was associated with a reduced specificity of
the memory for schema-related information that was actually pre-
sented. Considering that themPFC and the inferior temporal gyrus
are both considered to be part of the same network, the opposing
relationships between their connectivity with the hippocampus
and schema-related false alarm rates are somewhat surprising.
Future studies focusing on the specific roles of each of the nodes
of the network activated by schema-related information may
shed more light on the precise mechanisms underlying these
associations.

Whereas the current project focused primarily on the effects
of stress on the (neural) processing of schema-related and
schema-unrelated information, another interesting question
would be if and how stress affects the initial acquisition of a
schema. While this topic was beyond the scope of our project, pre-
vious studies on stress-induced changes in learning and memory
suggest that stress effects on schema acquisition would likely
depend on different factors such as the valence of the schema
(Schwabe et al. 2008; Zoladz et al. 2011) or the timing of the acqui-
sition relative to the stressful encounter (Joëls et al. 2006; Zoladz
et al. 2011; Schwabe et al. 2012a; Vogel and Schwabe 2016).
According to these reports, stress is expected to enhance learning
when the task rapidly follows the stressful encounter and even
more so for emotional learningmaterial. In contrast, schema learn-
ing should be impaired if the learning task is delayed bymore than
75 min.

To conclude, we show here that stress alters hippocampal ac-
tivity and connectivity when participants process schema-related
information and that these changes may translate into impaired

schema-based learning. These findings converge with recent evi-
dence suggesting that stress makes memories more rigid, hamper-
ing the flexible use of previously acquired or currently available
information (Dandolo and Schwabe 2016; Vogel et al. 2016). Our
findings may have important implications for educational con-
texts in which students frequently encounter stressful events
(Vanelst et al. 2012) and learning of information that is congruent
with prior knowledge is crucial.Moreover, ourfindingsmayaid our
understanding of stress-relatedmental disorders inwhich informa-
tion processing against the background of preexisting knowledge is
impaired (Beck and Clark 1988; Moritz and Woodward 2005).

Materials and Methods

Participants and experimental design
Fifty healthy, right-handed volunteers (25men, 25 women) partic-
ipated in this experiment. All participants had normal or
corrected-to-normal vision (mean age ± SEM: 25 ± 0.5 yr) and
were screened for the following exclusion criteria: current nonad-
missibility to the MRI scanner, current medication intake, lifetime
history of any neurological or psychiatric disorders, regular smok-
ing, and use of hormonal contraceptives. The study protocol was
approved by the review board of the German Psychological
Society (LS 062014_B). All participants provided written informed
consent and received a moderate monetary compensation for
study participation.

In a mixed design with the within-subjects factor schema-
relatedness (related vs. unrelated words) and the between-subjects
factor treatment (stress vs. control manipulation), participants
were randomly assigned to the stress (13 females, 12males) or con-
trol condition (12 females, 13 males) while balancing for gender.
No participant was excluded prior to analyses.

Experimental procedure and behavioral task
Participantswere tested on two experimental days, with an interval
of 3–5 d (mean delay 3.7 d, median 3 d). All testing took place be-
tween 1 and 8 p.m.

Figure 6. Hippocampal activity and connectivity during schema-related information processing predicted false alarm rates. (A, left and B, right) hippo-
campal activity in response to schema-related words was associated across groups with increased schema-related false alarms on day 2. (C) Schema-related
hippocampal connectivity to the semantic network enhanced schema-related false alarms at recognition. Please note that removing the participant with
the highest connectivity estimates did not change the result. (D) In contrast, schema-related hippocampal connectivity to the medial prefrontal cortex
(mPFC) was associated with fewer schema-related false alarms. Images are displayed at P < 0.005, uncorrected, for illustrative purposes.
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Day 1
Upon their arrival at the MRI scanning facility of the University
Medical Center Hamburg-Eppendorf, participants provided a sal-
iva sample for subsequent cortisol analysis (see below), their vital
signs (blood pressure, heart rate) were measured using a blood
pressure monitor with arm cuff (Omron Healthcare), and they
completed a German questionnaire assessing subjective mood
on three scales: depressed vs. elevated mood, sleepiness vs. wake-
fulness, and restlessness vs. calmness (MDBF) (Steyer et al. 1994).
After these baseline measurements, participants underwent either
the TSST (TSST) (Kirschbaum et al. 1993) or a nonstressful control
procedure. The TSST is a standardized 15-min protocol to induce
stress in laboratory settings in humans. It resembles a job inter-
view consisting of a preparation phase, a public speech about
the participant’s eligibility for a job tailored to their interests,
and a difficult mental arithmetic task (counting backward from
2043 in steps of 17). Throughout the TSST, participants were vid-
eotaped and evaluated by two strict, nonreinforcing committee
members. In contrast, the control procedure entailed a private
speech about a topic of the participant’s choice followed by a sim-
ple mental arithmetic task (counting forward from 0 in steps of
15), without being videotaped or evaluated by a committee.
Afterwards, participants’ vital signs were measured again, they
provided another saliva sample, completed the MDBF again,
and rated the difficulty, unpleasantness, and stressfulness of the
experimental treatment on a scale from 0 (“not at all”) to 100
(“very much”). Participants were then prepared for scanning
and gave another saliva sample. In the scanner, they first per-
formed an unrelated task that is beyond the scope of the present
manuscript and will be described elsewhere. About 45 min after
the stressor/control manipulation, when cortisol levels were ex-
pected to have reached their peak, participants gave another sal-
iva sample and the schema activation task started. In this task
(Fig. 1), participants were first presented with the name of a cat-
egory (e.g., “bathroom”) for which most likely every individual
has prior knowledge that fulfills the criteria of a schema (Ghosh
and Gilboa 2014). The category name was followed by 16 com-
mon nouns which were either category-related (e.g., “shower,”
eight words per category) or not (e.g., “kayak,” eight unrelated
words; word length was equated between category-related and
category-unrelated words, word order was randomized). Each
word was presented for 3 sec and participants were instructed
to memorize the word and to indicate by pressing one of two but-
tons whether the word was related to the presented category or
not; the assignment of buttons to answer options was random-
ized over trials. Between words, there was a jittered interval of
2–3 sec with the random jitter uniformly drawn from this range.
Between categories, a jittered fixation cross (2–3 sec) was present-
ed. In total, four categories were shown (bathroom, garden, office,
restaurant), each followed by eight related and eight unrelated
words, resulting in 32 schema-related and 32 schema-unrelated
words. The assignment of words as schema-related and -unrelated
was based on a pilot study (n = 12), in which we also confirmed
that the words of the different categories as well as the words
used in the letter control condition (see below) were comparable
in terms of emotionality. Because it is known that a confirmative
answer results in better memory for the respective stimulus, irre-
spective of any schema-effects (Craik and Tulving 1975), we addi-
tionally included two blocks with a confirmation control. In
these blocks, participants saw the cue “letter condition” followed
by 16 words, should also try to memorize the words, and decide
whether the words had six letters or not. The timing for
these “letter blocks” was identical to the timing for the schema
blocks. Block order was random except that the two letter control
blocks were separated by at least one schema block. Finally, an
anatomical scan was obtained and participants could leave the
scanning facility after a last saliva sample, vital signs, and mood
measurement.

Day 2
Three to 5 d after day 1, participants came to the laboratory and
again provided a saliva sample, vital signs measurement, and com-

pleted the MDBF. Next, they were asked to freely recall all the
words they had seen on day 1. In a subsequent recognition test,
participants were presented with all 96 old words that were pre-
sented on day 1 and 96 new lures (32 related and 32 unrelated to
the schemas presented on day 1, 16 words with 6 letters, and 16
words with more or fewer than 6 letters) and asked to decide
whether a word was old (presented on day 1) or new. Each word
was displayed individually for a maximum of 3 sec on a computer
screen. Word order was randomized. If the participants answered
“old,” they were further asked to indicate their confidence on a
scale from 1 (“not sure at all”) to 4 (“very sure”). As the number
of targets and lures differed between the schema condition and
the letter control condition, all hits and false alarm rates were
then transformed to percentages.

The assignment of words to targets (i.e., encoding on day 1) or
lures (presented as new words during recognition testing) was
counterbalanced across participants. Finally, participants were
asked to rate the subjective valence and arousal of all words (targets
and lures) on two scales ranging from1 (“very negative”/“not at all
arousing”) to 9 (“very positive”/“very arousing”).

Saliva sampling and analysis
Participants collected six saliva samples using Salivette (Sarstedt)
collection devices. The samples were stored at −18°C (−0.4°F) at
the end of each test day and thawed for analyses at the end of
data acquisition. From saliva, we analyzed the fraction of free
cortisol using a commercially available chemiluminescence im-
munoassay (IBL, Tecan) with a lower detection limit of 0.33
nmol/L. All intra- and inter-assay coefficients of variance were be-
low 10%.

Statistical analysis of physiological and behavioral data
Data onmood, vital signs, and salivary cortisolwere analyzed using
mixed-design analyses of variance (ANOVA) with the between-
subjects factor treatment (TSST vs. control manipulation) and
the within-subjects factor time after stress/control manipulation
onset to test whether the stress induction was successful. T-tests
were used to investigate post hoc group differences, to analyze
group differences in the ratings of the stress/control manipulation,
and to test for differences in stress measures on day 2. Performance
on day 1 (judging whether words were schema-related or not, or
had six letters or not, respectively) was averaged over trials and sub-
jected to mixed-design ANOVAs with the between-subjects factor
treatment and the within-subjects factors relatedness (related vs.
unrelated) and category (schema vs. letter control). Similar
ANOVAs were implemented to analyze correctly mentioned words
at free recall, hits, and false alarms during recognition. Incorrectly
mentioned words during free recall were classified as schema-relat-
ed words (belonging to one of the conceptual schemas presented
on day 1) or schema-unrelated words and analyzed using
ANOVAs with the between-subjects factor treatment and the
within-subjects factor relatedness. Valence and arousal ratings
were analyzed using mixed-design ANOVAs with the between-
subjects factor treatment and the within-subjects factors related-
ness, category, and memory (old vs. new). All analyses were per-
formed in SPSS Statistics 22 (IBM), the α-level was set to 0.05
(two-tailed), and Greenhouse–Geisser correction was applied
when necessary.

MRI data acquisition and analysis
During task performance, MRI measurements were obtained using
a 3T Skyra scanner (Siemens) equipped with a 32-channel coil. A
sequence sensitive to the blood-oxygenation level dependent
(BOLD) responsewas used tomeasure brain activity during schema
activationwith the following parameters: 27 transversal slices, slice
thickness = 3 mm, distance factor 20%, repetition time (TR) = 2.00
sec, echo time (TE) = 30 msec, effective voxel size = 3.0 × 3.0 × 3.0
mm. We also acquired magnetic (B0) field maps to unwarp the
functional images and a high-resolution T1-weighted anatomical
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image (TR = 2.5 sec, TE = 2.12 msec, 256 slices, voxel size = 0.8 ×
0.8 × 0.9 mm).

All fMRI data were visually inspected for artifacts and then
preprocessed and analyzed in SPM12 (Wellcome Trust Centre for
Neuroimaging) using general linear modeling (GLM). The first
three functional images were discarded to allow for T1 equilibra-
tion. Remaining functional images were spatially realigned and
unwarped, coregistered to the structural image, normalized to
MNI space, and spatially smoothed using the default 8 mm
FWHM Gaussian kernel. No participant moved 3 mm (voxel size)
or more. To assess neural activity related to schema activation
and the effects of treatment, we used a model including separate
3-sec-boxcar regressors for the presentation of schema-related
and schema-unrelated words, as well as six-letter words and
no-six-letter words in the letter control blocks. Moreover, we in-
cluded 3-sec-boxcar regressors for the presentation of thewords de-
scribing the category/letter control condition and spikes for button
presses. All regressors were convolved with the canonical hemody-
namic response function and six realignment parameters were
added to account for residual motion. Full-factorial designs were
used to test for activation differences depending on schema-relat-
edness, category, and treatment. Behavioral covariates were added
to the second-level GLMs where indicated to assess the relation-
ship between neural activation and performance.Moreover, to cor-
relate brain activity with the cortisol response to treatment, we
calculated the area under the curve with respect to the increase
during day 1 (AUCi) (Pruessner et al. 2003) and extracted parame-
ter estimates from the functional region of interest showing
stress-induced activity enhancement for schema-related words
(right hippocampus, see Results and Fig. 4A), averaging over all sig-
nificant voxels at P < 0.005, uncorrected, using MarsBaR. To inves-
tigate the effects of stress on hippocampal connectivity during
schema-related processing, we used the “Psycho-Physiological
Interaction” tool as implemented in SPM12 assessing connectivity
which was stronger for schema-related than schema-unrelated
words. The seed region was the same right hippocampal cluster
showing stress-induced activity enhancement for schema-related
words. Again, a full-factorial design was used to test for group dif-
ferences. For all whole-brain analyses, we used a cluster-defining
threshold of P < 0.001 and a cluster-probability of P < 0.05 family-
wise error (FWE) corrected for multiple comparisons (complete
whole-brain results are provided in the Supplemental Material).
For our regions of interest (ROIs, hippocampus, angular gyrus, pre-
cuneus, mPFC, left inferior frontal gyrus, left inferior temporal gy-
rus, and insula), we implemented small volume correction (SVC)
using an initial threshold of P < 0.005, uncorrected to enhance sen-
sitivity, followed by voxel-wise FWE-correction (P < 0.05) for mul-
tiple comparisons within ROIs. The results obtained by SVC are
indicated by “PSVC,” all other results are based onwhole-brain anal-
yses. We used only anatomical masks for SVC, taken from the
Harvard-Oxford atlas using a probability threshold of 50%. For
the mPFC, we used the masks for frontal medial cortex and ACC.
All images are displayed at P < 0.005, uncorrected, for illustrative
purposes.

Finally, we tested whether there were differences in scan-
to-scan motion between groups that may have affected our con-
nectivity analyses. We thus calculated framewise displacement
(FD) using the BRAMILA tools (Power et al. 2012). Importantly, av-
erage FDwas overall rather small and did not differ between groups
(control group mean FD ± SD: 0.19 ± 0.6 mm; stress group: 0.20 ±
0.11 mm, P = 0.533). Potential group differences in functional
connectivity are therefore unlikely to be driven by differences in
motion.
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