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retrieval
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Previous studies have shown that the ventral medial prefrontal cortex (vmPFC) plays an important
role in schema-related memory. However, there is an intensive debate to what extent the activation
of subregions of the hippocampus is involved in retrieving schema-related memory. In addition, it is
unclear how the functional connectivity (FC) between the vmPFC and the hippocampus, as well as the
connectivity of the vmPFC with other regions, are modulated by prior knowledge (PK) during memory
retrieval over time. To address these issues, participants learned paragraphs that described features
of each unfamiliar word from familiar and unfamiliar categories (i.e., high and low PK conditions)

20 min, 1 day, and 1 week before the test. They then performed a recognition task to judge whether
the sentences were old in the scanner. The results showed that the activation of the anterior-medial
hippocampus (amHPC) cluster was stronger when the old sentences with high (vs. low) PK were
correctly retrieved. The activation of the posterior hippocampus (pHPC) cluster, as well as the vmPFC,
was stronger when the new sentences with high (vs. low) PK were correctly rejected (i.e., CR trials),
whereas the cluster of anterior-lateral hippocampus (alHPC) showed the opposite. The FC of the
vmPFC with the amHPC and perirhinal cortex/inferior temporal gyrus was stronger in the high (vs. low)
PK condition, whereas the FC of the vmPFC with the alHPC, thalamus and frontal regions showed the
opposite for the CR trials. This study highlighted that different brain networks, which were associated
with the vmPFC, subregions of the hippocampus and cognitive control regions, were responsible for
retrieving the information with high and low PK.

Many studies have suggested that information that involves prior knowledge (PK) or schema is more easily
remembered than information that does not'~*. Assimilating new information into a pre-existing neocortical
knowledge system is important for maintaining stable memory representations. The ventral medial prefrontal
cortex (vmPFC) and the hippocampus have been identified as playing important roles in modulating memory
performance that is related to PK**. A prevailing view is that the vmPFC supports encoding and retrieving of
events congruent with PK. Likewise, the vmPFC inhibits hippocampal activation>* or acts as a cortical hub,
interlinking memory representations in other brain regions, to replace the hippocampus and support a stable
memory over time*. With consolidation, memory representations that are congruent with PX are quickly shifted
to the neocortex and do not rely on the hippocampus™®.

Consistent with this view, studies on memory encoding have found that cortical regions, including the vmPFC
and the angular gyrus, are more strongly activated in relation to congruent (vs. incongruent) conditions>*’~'%. The
activation in the hippocampus®'*-1¢ decreases when the information is congruent with PK. In addition, studies of
the functional connectivity (FC) consistently indicated that the vmPFC-cortical coupling increases, whereas that
of the vmPFC-hippocampus decreases during encoding of PK congruent (vs. incongruent) information®!»1317:18,

However, to what extent the hippocampus is differentially involved in retrieval of memories related to PK
is still debated®. Some studies found that activation of the hippocampus decreased in relation to PK'¢19-21,
whereas others showed the opposite?* or failed to find significant medial temporal lobe (MTL) activation
related to PK?*-2. Few studies have explored the connectivity between the vmPFC and the hippocampus during
retrieval over time and the findings are inconsistent!"!?, If the vmPFC inhibits hippocampal activation, the

1School of Psychological and Cognitive Sciences, Beijing Key Laboratory of Behavior and Mental Health, Peking
University, Beijing 100871, China. 2These authors contributed equally: Dingrong Guo and Haoyu Chen. ®email:

yangjj@pku.edu.cn

Scientific Reports|  (2023) 13:13650 | https://doi.org/10.1038/s41598-023-40966-0 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-40966-0&domain=pdf

www.nature.com/scientificreports/

vmPFC-hippocampus coupling should decrease in the condition of high PK, as shown in encoding studies. Some
studies have shown this pattern on both immediate and delayed retrieval'!, whereas others do not*.

In recent years, the distinction between the anterior and posterior hippocampus has provided an intriguing
way to understand the role of PK in memory retrieval?*%’. The anterior hippocampus is more involved in process-
ing gist or schema-related representation, whereas the posterior hippocampus is more involved in processing
perceptually detailed, highly specific representations®. In a study of Guo and Yang®, the anterior hippocam-
pus was more responsible for schema-related and gist-like retrieval, whereas the posterior hippocampus had
the opposite pattern when participants retrieved object-location associations. In addition, there is a dissocia-
tion of the vmPFC coupling with the anterior and posterior hippocampus for retrieving schema-consistent or
-inconsistent memories. Audrain and McAndrews?” also showed that the coupling of anterior hippocampus and
vmPFC during rest was associated with coarse memory in the congruent condition after participants learned
object—scene pairs. The dissociated roles of the anterior and posterior hippocampus in the effect of PK suggest
that subregions of the hippocampus play different roles in retrieving PK-related information. On the other hand,
behavioral studies have shown that PK also facilitates memory with details and perceptual features'”**=2, but
whether the hippocampus is involved in this processing is unclear.

In addition to the vmPFC-hippocampus coupling, the connectivity of other regions with the vmPFC should
be taken into consideration. Based on the schema theories>*®?, because PK facilitates memory integration with
pre-existing knowledge, vmPFC-cortical connectivity should be enhanced due to PK. However, only a few stud-
ies have explored the connectivity associated with cortical regions and the results were inconsistent!"!1%2434,

In contrast to memory encoding, memory retrieval includes various distinct processes®. During memory
retrieval, a cue is first identified, and memory search is responsible for finding appropriate information based on
the cue and the task demand?. Then inappropriate information or interference, such as similar information or
lure options, must be inhibited or overcome by pattern separation and memory control***”. Finally, when a choice
is determined, the post-retrieval process plays its role to judge to what extent the choice is correct or appropri-
ate. For example, compared to judging a stimulus as “old,” correctly rejecting a stimulus as “new” relies more
on top-down control processes to detect novel signals, resolve interference and finally reject lures. So making
a correct “new” response (i.e., CR) may induce more activation in the lateral prefrontal cortex®”~*’. Brod et al.®
showed that dorsolateral prefrontal cortex was more strongly activated when schema-incongruent information
is retrieved. But so far, whether PK moderates vmPFC connectivity with memory control regions is unclear.

In addition, retention interval is an important factor to account for the effect of PK*. Studies have suggested
that the effect of PK is more pronounced after longer intervals?>*”*!. Sweegers et al.'® found that connectivity
between the vimPFC/ACC and hippocampus increased from 30 min to 48 h when the information was related to
PK. The retention interval was minutes after encoding in the study of Guo and Yang®. Both recent and remote
retention intervals (especially longer than 24 h) should be included to clarify the functional connectivity in
schema-related memory retrieval®'!>1%27,

In sum, the objective of the current study was to clarify to what extent the activation of subregions of the
hippocampus, as well as FC between the vmPFC and brain regions including the hippocampus, were modulated
by PK during memory retrieval over time. PK was defined as familiar category knowledge®***2. Sentences were
used as stimuli to describe unfamiliar words, which were selected from familiar and unfamiliar categories (e.g.,
animal as a familiar category and bird as an unfamiliar category®). To explore whether the effect of PK on brain
activation differed over time, three retention intervals (i.e., 20-min, 1-day, and 1-week) were included. Partici-
pants performed a recognition task to distinguish old from new sentences in the fMRI scanner. To dissociate
the process of retrieving old events and rejecting interferences, the Hit and correct rejection (CR) trials were
analyzed separately.

We hypothesized that both the vmPFC and the anterior hippocampus are involved in schema instantiation,
thus they have significant PK effect during memory retrieval. The vmPFC also has significant FC with the sub-
regions of the hippocampus to facilitate retrieving information with high and low PK, separately. In addition,
because PK enhances detailed memory performance and recollection process®”*~*, the activation in the pos-
terior hippocampus is stronger for high vs. low PK condition especially for the CR trials. In regard to cortical
regions, the vmPFC would have stronger FC with control regions such as the lateral prefrontal cortex to facilitate
retrieving information with low vs. high PK* for the CR trials.

Materials and methods

Participants. Twenty-eight right-handed subjects (14 males) with a mean age of 21.23 + 1.94 years partici-
pated in the study. All participants were native Chinese speakers. They provided written informed consent in
accordance with the study approved by the Ethical Review Board of School of Psychological and Cognitive Sci-
ences, Peking University. All methods were performed in accordance with the relevant guidelines and regulation.

Materials. Two within-subjects factors were included in the study: level of PK (high and low) and retention
interval (20-min, 1-day, and 1-week).

The materials were the same as Chen et al.**. We first selected 12 familiar (e.g., vegetable) and 12 unfamiliar
categories (e.g., insect) based on Battig and Montague (1969) and van Overschelde et al.*>*’. The familiarity of
the 24 categories was also rated by 19 participants (13 males, with a mean age of 22.6 +2.58 years) who were not
enrolled in the fMRI scanning and thus pre-determined before the experiment. For each category, the participants
were asked to rate whether they were familiar with its general knowledge®® and whether they could generate
many of its exemplars***” (1 for most unfamiliar and 7 for most familiar). The mean scores for familiar and unfa-
miliar categories were 5.25+0.77 and 3.99 +0.73, respectively. The difference was significant, F (1,18) =256.71,
p<0.001, n?=0.93, which confirmed the validity of category selection. We then selected unfamiliar exemplars
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within each category and generated paragraphs for them. Each paragraph contained the name of the category
the object belongs to, two sentences for perceptual features (e.g., color) and two sentences for functional features
(e.g., usage)*®. Each paragraph during encoding contained 36.36 + 4.64 Chinese characters (including punctua-
tion). Because an old/new recognition test was adopted during the retrieval phase, we also generated incorrect
paragraphs for features with similar aspects (e.g., red vs. yellow in color) to be as foils at the time of tests.

Because the information in each paragraph is semantic-based general knowledge and may be acquired before
the experiment, to reduce the influence of the confound, we controlled for the judgment accuracy for the sen-
tences without learning at chance level (i.e., baseline accuracy). The correct and incorrect sentences were all
presented separately and judged by another 18 participants (seven males, with a mean age of 21.0£2.0 years)
who did not learn the sentences in advance. The average accuracy (0.48 +0.03) was comparable to chance level
(p>0.30). There was no significant effect of PK (p=0.26).

A total of 72 paragraphs were randomly divided into three sets. Half paragraphs described exemplars with
high PK and the other half described exemplars with low PK. The three sets were used as materials for three
retention intervals. Each paragraph was divided into four sentences by two perceptual and two functional features
during retrieval (96 total for each interval), and the average length of the sentence was 9.27 + 1.64 characters.
The three sets had no significant differences in baseline accuracy, exemplar familiarity and sentence length
(ps>0.20). The sets were counterbalanced, and thus, each set had an equal chance of being used in different
retention intervals.

Procedure. The participants learned the paragraphs 20 min, 1 day, and 1 week before the test. They then
performed the recognition test for all the paragraphs in the fMRI scanner 20 min after they learned the 20-min
paragraphs (thus the interval was 20 min, 1 day and 1 week). During each study phase, the participants were
randomly presented with each of the 24 paragraphs for 10 s with the instruction of “reading”, during which
they read the whole paragraph silently (Fig. 1). The same paragraph was then presented for another 10 s with
the instruction of “imagination”, during which they imagined a scene associated with the information that was
described in the paragraph and judged the vividness (1-7, least to most). Within each paragraph, the category
description was located at first, then the four sentences, with the order of the four sentences was counterbalanced
across the participants.

During the test phase in the scanner, two sentences of each paragraph were presented as correct and the other
two were as incorrect. As half sentences had high PK and the other had low PK, there were 24 sentences for each
PK condition at each interval. The category sentences were not presented. Each of the sentences was presented
for 5 s, and the participants were asked to judge whether the description was correct, followed by the confidence
rating from unsure (1) to very sure (4). The sentences were pseudo-randomly presented at each retention inter-
val for each participant so that no more than three sentences for each condition were presented consecutively.
The correct/incorrect sentences and button press for the recognition judgment were counterbalanced across the
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Figure 1. Procedure of the study and test phases. During the study phase, the participants were presented with
paragraphs that described each unfamiliar exemplar from familiar and unfamiliar categories. During the test
phase, the participants were asked to judge whether the sentence was correct followed by the confidence rating.
The Chinese paragraphs are translated into English for illustration purpose.
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participants. The perceptual and functional features in the correct and incorrect sentences were also counterbal-
anced across the participants. The inter-trial interval was adjusted in the event-related design to an average of 7 s
(range: 311 s). The total of 288 trials were randomly divided into six runs, with each run having 48 trials and
totaling 492 s (including the first six repetition times (TRs) for magnetic stabilization).

Before the test phase, the participants were asked to count backward by 7 continuously from 1000 for 5 min
to avoid rehearsal. The participants had separate opportunities to practice study and test trials before the formal
phases.

MRI acquisition. The MRI data were collected on a Siemens Magneton Prisma 3 T scanner (Siemens
Healthcare, Erlangen Germany) with a 20-channel head-neck coil. High-resolution functional images were
acquired using a prototype simultaneous multi-slice echo-planar imaging (EPI) sequence (TR=2000 ms, echo
time [TE] =30 ms, flip angle=90, field-of-view [FOV]=90°, number of slices =64, matrix=112x 112, resolu-
tion=2x2x2 mm?®). This sequence applies a multiband pulse with slice-selective gradient to simultaneously
excite multiple slice planes®. It has an advantage to reduce the scan time without reducing the signal-to noise
rate or spatial resolution. Anatomical images were acquired using a high-resolution T1-weighted magnetization-
prepared rapid gradient-echo (MP-RAGE) sequence (TR=2530 ms, TE=2.98 ms, flip angle=7°, FOV =22 cm,
matrix =256 x 256, resolution =1 x 1 x 1.3 mm?®) after the functional scanning.

Image analysis. The AFNI software package was used for the fMRI analyses*. Using the afni_proc.py, the
preprocessing script was generated. Briefly, the EPI volumes were linearly registered, smoothed with a 3D full-
width at half-maximum (FWHM) of 6 mm, and scaled to a voxel-wise mean of 100. They were then warped into
the Talairach and Tournoux®! atlas before the individual subject analysis (3dDeconvolve). The alignment was
done by align_epi_anat.py in AFNL This script computes the transforms needed to align EPI and anatomical
datasets using a cost function designed for this purpose. The script combines multiple transformations, thereby
minimizing the amount of interpolation applied to the data. In addition, the data was detrended with -polort 3
in the AFNI 3dDeconvolve, which is roughly equivalent to a high-pass filter with a cutoff of 1/D Hz, where 'D’
is the duration of the imaging run.

During 3dDevonlve, estimates of brain activity related to each event for each participant were constructed via
a general linear model. At each time interval, the events were defined as Hit, Miss, CR, and FA. Stimulus-evoked
blood oxygenation level dependent (BOLD) responses to each event were modeled using AFNT’s generalized
additive models (GAM) response function adjusted for a 5-s stimulus duration. Because there were few FA and
Miss trials, they were entered as variables of non-interest; Hit and CR events at each interval were included as
variables of interest. Altogether, 12 regressors of interest (two levels of PK and three retention intervals by two
trial types) and seven regressors of non-interest (six motion parameters and one non-interest variable) were
applied, and the estimated B weights indicated the BOLD response amplitude for each condition. One participant
was excluded because of excessive head motion during scanning (>0.2 mm), and nine were excluded because of
few Hit or CR trials (<9 trials). In the end, data from 18 participants were entered into the fMRI data analysis.

To determine the difference between the experimental conditions, a voxel-wise mixed-effects ANOVA was
performed with PK and retention interval as fixed-effects factors and subject as a random-effects factor. The
group-level effects were identified on Hit and CR trials separately. The effects of PK and retention interval
and their interactions were reported. In addition to cortical activation at the whole-brain level, we focused on
the activation in the hippocampus and the vmPFC. Bilateral hippocampus masks were created using AFNT’s
FS_Desai_PM atlas, which was originally parcellated by FreeSurfer®’. The vmPFC anatomical mask was defined
using the Mackey vimPFC Atlas™. To identify the typical effect of retrieval success (Hit vs. CR)****, a separate
voxel-wise mixed-effects ANOVA was performed with trial type (Hit, CR), PK and retention interval as fixed-
effects factors and subject as a random-effects factor (see Supplementary materials).

Furthermore, to explore whether the FC of the vmPFC with the hippocampus and other brain regions differed
by PK and retention interval, the psychophysiological interaction (PPI)***” was applied. An independent vmPFC
seed (9, 31,—2)* with a radius of 5 mm was first selected to identify the connectivity between the vmPFC and
other brain regions. To perform the PPI analysis, all the regressors were convolved with the canonical hemody-
namic response function using the AFNI’s GAM response function adjusted for a 5-s stimulus duration®. The
interaction regressors and the seed time-series regressor were then entered into the original univariate design
matrix (i.e., 12 regressors of interest and seven regressors of non-interest). Finally, the p value associated with
each interaction regressor was used in the ANOVA analysis for Hit and CR trials separately®”>’.

The Monte Carlo simulation for the correction was performed with the AFNI program 3dFWHMXx and
3dClustSim®*°!, These versions incorporate a mixed autocorrelation function (ACF) that better models non-
Gaussian noise structure®®®!. The isotropic voxel sizewas 2 x 2 x 2 mm?® in our study. The activation and FC were
determined at the level of voxel-wise p <0.001 in combination with a minimum cluster extent of 67 voxels to
maintain a family-wise error (FWE) rate of p <0.05 in a whole-brain mask®>®. As we have specific predictions
for the hippocampus and the vmPFC, the minimum cluster size for the corrected p of 0.05 (two-tailed) was
determined in the hippocampus (small volume correction, SVC with 60 voxels) and in the vmPFC (SVC with
150 voxels) at the level of voxel-wise p <0.05 for their activations and FC.

Results

Behavioral results. The scores for the Hit rate, CR rate, corrected recognition (Hit-FA), and reaction times
(RTs) were analyzed with a repeated-measures ANOVA with PK and retention interval as within-subjects fac-
tors. For the corrected recognition, the results showed that the sentences with high PK were recognized bet-
ter than those with low PK (F (1,27) =4.53, p=0.04, n?=0.14) (Fig. 2a), and memory performance decreased
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significantly over time (F (2,54) =49.64, p<0.001, n?=0.65). No significant interaction between PK and interval
was found (F (2,54)=0.20, p=0.82, n*=0.007). The RTs were comparable in different PK levels (F (1,27)=0.97,
p=0.33,1>=0.04) (Fig. 2b), and increased over time (F (2,54)=3.51, p=0.04, n>=0.12). No significant interac-
tions were found for the RTs (F (2,54) =0.84, p=0.44, *=0.03).

The Hit rate decreased over time (F (2,54) =20.61, p<0.001, n?=0.43), but did not show a significant PK
effect (F (1,27) =0.009, p=0.92), neither did the interaction between PK and retention interval (F (2,54) =0.91,
p=0.41,1*=0.003) (Fig. 2c). The CR rate decreased over time (F (1,27) =30.93, p<0.001, n?=0.53), and a sig-
nificant effect of PK was observed (F (1,27) =8.71, p=0.006, n?=0.24), showing that the sentences with high PK
had higher CR rates (Fig. 2d). There was no significant interaction between PK and retention interval for the
CR rate (F (2,54)=1.74, p=0.19, n>=0.06). The results confirmed the effect of PK over time with sentences as
material, suggesting that PK provides a structure to enhance memory of detailed information through increasing
the ability to distinguish targets from their lures.

The vividness rating during encoding and the confidence rating during testing were also analyzed. Sentences
with high PK had higher vividness rating scores than those with low PK (F (1,27)=7.72, p=0.01, n*=0.23).
The vividness was comparable during the two intervals (F (1,27)=1.72, p=0.19, n*=0.06), and no significant
interaction between PK and retention interval was found (F (2,54) =1.23, p=0.30, n?=0.05). The confidence
rating during retrieval decreased over time (F (1,27) =95.12, p <0.001, n*=0.78), with higher confidence rating
in high than low PK condition (F (1,27) =25.85, p <0.001, n*=0.49). No significant interaction between PK and
retention interval was found for the confidence rating (F (2,54) = 1.63, p=0.20, n>=0.06).

fMRI results. Hit trials. For the Hit trials, there was no significant effects of PK and retention interval,
neither their interaction in cortical regions at the whole-brain level. For the SVC-corrected regions (i.e., hip-
pocampus and vmPFC), because the hippocampal activity was distributed in separate clusters in this study,
based on recent studies®*=*¢, we functionally defined the hippocampus as three subregions, i.e., anterior-medial
(amHPC), anterior-lateral (alHPC), and posterior (pHPC) hippocampus. The difference between our definition
and that of Poppenk et al.” was that the anterior hippocampus was further differentiated as the amHPC and
alHPC subregions.
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Figure 2. Behavioral results. (a) Corrected recognition. (b) RT. (¢) Hit rate. (d) CR rate. The effect of PK was
manifested in the corrected recognition and CR rate. There were no significant interactions between PK and
interval for these parameters. Error bars represent the standard error of the mean (SEM).
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The results showed that there was a significant cluster in the left amHPC that was modulated by PK
(-23,-5,-20, t(17)=4.18, p<0.001) (Fig. 3a). The sentences with high PK elicited stronger activation in the
amHPC (Fig. 3d), and this pattern did not change significantly over time (p >0.05). In addition, there was a
significant cluster in the right alHPC that had interaction between PK and retention interval (35,- 19, - 14, F(2,
34)=20.49, p<0.001) (Fig. 3b, 3e). Its activation was stronger for the sentences with low PK at the 1-day interval
(37,-17,-14, t(17) =-4.93, p <0.001), but did not show significant PK difference at other intervals (p>0.05).

CR trials. For the CR trials, the ANOVA of PK condition by retention interval was also performed. The cortical
regions showed distinct activation in the high vs. low PK conditions for the CR trials (Table 1) at the whole-brain
level. The inferior frontal gyrus (IFG)/insula, anterior cingulate cortex (ACC), anterior temporal lobe (ATL),
bilateral fusiform gyrus, and bilateral angular gyrus (AG) showed stronger activation in the low than in the
high PK condition (p <0.001). No significant activation was revealed for the effect of retention interval, neither
the interaction between PK and interval (ps>0.05). This suggests that compared to familiar sentences, rejecting
incorrect unfamiliar sentences requires stronger activity in cortical regions that represent semantic knowledge
and cognitive control processing for the CR trials.
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Figure 3. Voxel-wise results for Hit and CR trials in the hippocampus. (a) the cluster of the left amHPC showed
significant effect of PK for the Hit trials. (b) The cluster of the right alHPC showed significant interaction
between PK and interval for the Hit trials. (c) the clusters of the alHPC and pHPC showed different effect of

PK for the CR trials. (d) plots showing signal changes of the hippocampal clusters in different PK condition for
the Hit and CR trials. The data were collapsed across the retention interval. (e) plot showing signal change of
the right alHPC cluster in each condition for the Hit trials. Color bars represent p-values, with the warm colors
representing increased activation and the cold colors decreased activation for the contrast of high vs. low PK in
A and C. The warm color represented interaction between PK and interval in D. The left is on the left side for
each coronal brain slice. Error bars represent the SEM.

Region Peak Voxels | tvalue | p value
Left IFG/insula -33,17,16 95 -7.38 <0.001
Right ACC 19, 39,8 120 -5.68 <0.001
Left AG —33,-57,24 68 -6.00 <0.001

High vs. low PK Right AG 27,-63, 30 104 -6.29 <0.001
Left ATL -35,7,-20 115 -7.60 <0.001
Left fusiform —25,-47,-20 | 333 -7.02 <0.001
Right fusiform 39,-63,-6 77 -6.06 <0.001
Right cerebellum | 55, —45, —28 104 5.74 <0.001

Interaction N/A

Time comparison | N/A

Table 1. Voxel-wise results for the CR trials.

Scientific Reports |

(2023) 13:13650 | https://doi.org/10.1038/s41598-023-40966-0 nature portfolio



www.nature.com/scientificreports/

For the SVC-corrected regions, the cluster in the bilateral alHPC (-28,-11,—- 14, #(17) =-4.61, p<0.001;
35,-19,-14, #(17) =-4.81, p <0.001) showed stronger activation in the low than high PK condition, whereas that
of the left pHPC (- 35,-37,-6, t(17) =7.16, p <0.001) showed the opposite (Fig. 3¢, d). The vmPFC (5, 34,-2,
t(17)=4.23, p<0.001; 12, 34,- 12, t(17) =5.09, p<0.001) also showed stronger activation in the high than low
PK condition (Fig. 4a, b). There was no significant effect of retention interval, neither the interaction between PK
and interval (ps>0.05), which suggests that these patterns do not change over time in the hippocampal clusters
and the vimPFC for the CR trials.

PPlresults. To explore whether the FC between the vmPFC and brain regions differed by PK and retention
interval, an independent seed of the vmPFC? was selected (Fig. 5). As there were no significant effects or the
interaction in brain regions for the Hit trials, only the results for the CR trials were reported. For the SVC-cor-
rected regions, the results showed that the FC between the vmPFC and the cluster in the amHPC (33,-7,- 14,
#(17)=3.51, p<0.001) was significantly stronger in the high than low PK condition, whereas the FC between the
vmPFC and the cluster in the alHPC (-23,-21,-6, #(17) =4.78, p <0.001) was significantly stronger in the low
than high PK condition (Fig. 5a, ¢). There was no significant effect of retention interval, neither the interaction
between PK and interval (ps>0.05).

At the whole-brain level, the FC of the vmPFC-PRC/inferior temporal gyrus (ITG) (-23,-7,-34, t(17) =6.80,
p<0.001) was significantly stronger in the high than low PK condition (Fig. 5b, d). In contrast, the FC of the
vmPFC-thalamus (left: - 5,- 21, 6, #(17) =6.66, p <0.001; right: 17,-19, 12, #(17) =6.73, p <0.001) was signifi-
cantly stronger in the low than high PK condition (Fig. 5b, d). There was no significant effect of retention inter-
val, neither the interaction between PK and interval (ps>0.05). In addition, the FC between the vmPFC and
the left insula (- 39,-23, 2, #(17) =6.33, p<0.001), cingulate cortex (CC) (11, 7, 40, t(17) =7.00, p <0.001), left
middle frontal lobe (MFG) (35, 29, 38, (17) =6.90, p <0.001) (Fig. 5b, d), right middle temporal gyrus (MTG)
(49,-51, 6, t(17)=4.97, p<0.001), and precuneus (9,-57, 52, t(17) =6.74, p <0.001) were stronger in the low
than in the high PK condition.

Discussion

The objective of this study was to explore to what extent the activation of the hippocampus, as well as the FC
associated with the vmPFC was modulated by PK during memory retrieval over time. There were three main
findings. First, the activation of the amHPC (for the Hit trials) and pHPC (for the CR trials) clusters was stronger
when sentences with high (vs. low) PK were retrieved. The alHPC cluster showed the opposite pattern. Second,
The FC of the vmPFC with the amHPC and alHPC clusters were dissociated in retrieving sentences in high and
low PK conditions for the CR trials. Third, The FC of the vmPFC with PRC/ITG was stronger in the high (vs.
low) PK condition, whereas the FC of the vmPFC with the thalamus, insula and prefrontal regions showed the
opposite for the CR trials. These results highlighted that different brain networks, which were associated with the
vmPFC and subregions of the hippocampus, as well as cognitive control regions, were responsible for retrieving
the information with high and low PK.

Long axis of the hippocampus and PK-related memory retrieval. Previous studies are inconsistent
on to what extent the hippocampus is involved in retrieving information related to PK. A sentence recognition
task in which the words were from either familiar or unfamiliar categories was used in this study. The materi-
als were analogue to those were used in the classroom and our daily lives. The results showed that the amHPC
and pHPC clusters elicited stronger activation related to PK, but their activation differed in retrieving old and
rejecting new information. In contrast, the alHPC cluster showed stronger activation for retrieving sentences
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Figure 4. Voxel-wise results in the vmPFC for CR trials. (a) the vmPFC showed significant effect of PX for the
CR trials. (b) plot showing signal change of the vmPFC in different PK condition for the CR trials. The data were
collapsed across the retention interval in B. Color bars represent p-values, with the warm colors representing
increased activation and the cold colors decreased activation for the contrast of high vs. low PK. Error bars
represent the SEM.
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Figure 5. PPI results with the vmPFC as a seed. (a) The clusters in the amHPC and alHPC showed different
effect of PK in the CR trials (right). The hippocampal activation is SVC-corrected. (b) The PRC/ITG showed
stronger connectivity with the vmPFC for high vs. low PK condition, whereas the bilateral thalamus and
cognitive control regions showed stronger connectivity with the vmPFC for low vs. high PK condition at the
whole-brain level. (c) Plots showing the connectivity of the vmPFC with the hippocampal cluster in high and
low PK conditions. (d) Plots showing the connectivity of the vmPFC with other regions in high and low PK
conditions. The data were collapsed across the retention interval in C and D. Color bars represent p-values, with
the warm colors representing increased activation and the cold colors decreased activation for the contrast of
high vs. low PK. The left is on the left side for each coronal brain slice. Error bars represent the SEM.

that were incongruent with PK. Moreover, the FC between subregions of the hippocampus and the vmPFC was
functionally dissociated because of PK. The functional dissociation of hippocampal subregions and vmPFC—
hippocampus connectivity appeared at shorter and longer intervals.

The results generally align with the view that subregions of the hippocampus play different roles in retrieving
PK-related information. Previous studies have shown that the anterior and posterior hippocampus are separately
associated with retrieving memory in regard to PK*. In addition, the anterior hippocampus and mPFC coupling
was stronger for coarser memory as early as post-encoding” and retrieval?”®®, Cowan et al.*? showed that the
hippocampus-vmPFC connectivity was modulated by the type of retrieved detail (i.e., object-word or scene-word
associations). Consistently, we found that the amHPC cluster was more strongly activated when old sentences
with high PK were correctly recognized, whereas the alHPC cluster showed the opposite, especially when new
sentences with low PK were correctly rejected. Our study provided further evidence that the long axis of the
hippocampus and their connectivity with the vmPFC is differentially involved in retrieving verbal information
with high and low PK from 20-min to 1-week.

Although the functional distinction of anterior and posterior hippocampus has been used in recent
years®”7%72, inconsistent findings are found especially for the anterior hippocampus®%7>74, For example, Thorp
et al.% showed that anterior-posterior parcellation may not sufficient to account for functional organization of
the hippocampus. By data-driven approach, they found that the inter-voxel similarity (IVS) of the hippocampus
is U-shaped, i.e., decreased along the medial-lateral axis of the anterior hippocampus but increased from anterior
to posterior®. The results suggest that the hippocampal organization is complex and the anterior hippocampus
could be differentiated as at least anterior-medial and anterior-lateral part. Different from previous studies that
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found anterior/posterior hippocampal distinction*?’, sentences were used as stimuli in this study. Whether the

functional organization of the hippocampus is associated with materials needs further clarification.

The pHPC cluster showed stronger activation in the high vs. low PK condition for the CR trials. Our behav-
ioral results showed that the CR rate was significantly higher in the high vs. low PK condition. Studies have
suggested that when participants had to distinguish old and similar information, the ability to inhibit interfer-
ence from lures is required’>”°. The direct comparison of Hit vs. CR in this study (see Supplementary materials)
showed that compared to the Hit trials, the CR trials elicited stronger activation in the bilateral PFC and SMG,
as well as the ventral part of the vmPFC. The results confirmed that correctly rejecting new information require
top-down processes and recollection contributions®»*”-377-%, Similarly, the pHPC is identified to be associated
with recollecting detailed information and inhibiting lures®!, and having higher PK would facilitate the above
processes. Behavioral studies have shown that information with PK not only enhances gist or conceptual-based
memory, but also enhances detailed and perceptual-based memory'”*-** and depends on recollection rather than
familiarity process**8283. The pHPC is thus more involved in retrieving memory to help with the discrimina-
tion of old sentences from lure sentences in the high (vs. low) PK condition for the CR trials. This suggests that
PK facilitates memory representations transferred from detailed/specific to coarser or more gist-like on the one
hand, the nature of specific information influence the extent the hippocampus is involved in schema-related
retrieval on the other hand***.

Therefore, although the participants remembered sentences associated with both familiar and unfamiliar cat-
egories at 1 week, the mechanisms may differ. Retrieving sentences with low PK is more associated with alHPC.
In contrast, retrieving sentences with high PK is more associated with both the amHPC and pHPC.

Connectivity of the vmPFC/hippocampus with other brain regions in PK-related memory
retrieval. One novel finding of our study was that for the CR trials, the vmPFC-PRC/ITG coupling was
stronger in the high vs. low PK condition, whereas the vmPFC-thalamus and vmPFC- lateral PFC coupling
showed the opposite.

The PRC is regarded as a higher visual region that is associated with processing semantic knowledge. It is also
involved in episodic retrieval of known statements and item information®*¢. Other work shows that the mPFC is
directly and bidirectionally connected to the PRC, lateral entorhinal cortex and MTG, which in turn is strongly
connected bidirectionally with the anterior hippocampus?¥. In addition, the lateral temporal gyrus is important
for storing content of semantic representation®-°. This region, including the ITG and MTG, has been involved
in higher level of conceptual knowledge processing®. Our result of stronger coupling of the vmPFC and cortical
regions in the higher PK condition was consistent with previous findings. For example, studies have shown that
the connectivity of the vmPFC-precuneus/angular gyrus was enhanced in successful retrieval of the schema vs.
non-schema map'"*!. The vmPFC-fusiform gyrus coupling also increased for rule-based face-location memory
at 48 h'°. Thus, the coupling of the vmPFC—PRC/ITG is responsible for retrieving semantic representations that
have been assimilated into the pre-existing knowledge system?’.

In contrast, the vmPFC-thalamus coupling was stronger in the low vs. high PK condition. Previous studies
have suggested that the thalamus is involved in recollecting memory representations and contextual memory
encoding and retrieval®*~%. Animal studies have shown that nucleus reuniens of the thalamus supports hip-
pocampus-dependent encoding and retrieval of precise contextual memory®”*%. Damage to the thalamus led to
severe recall deficit in brain-lesioned patients®1. Thalamic nuclei are in the center of the vmPFC-hippocam-
pus connectivity'*>!?, mediating both hippocampal-vmPFC and vmPFC-posterior cortex connectivity during
memory encoding, consolidation, and retrieval®”?#°¢1%4, A study found that through the thalamic pathway, the
vmPFC exerts top-down control of the hippocampus in retrieving context-appropriate memories and suppressing
competing, context-inappropriate memories®’. Our study further showed that the thalamus mediates the pro-
cess that is more associated with low PK knowledge, especially for rejecting new information (in the CR trials).

In addition to the increased coupling of the vmPFC-thalamus in the low PK vs. high condition, our study
showed that the couplings between the vmPFC and cognitive control regions such as the lateral PFC were also
stronger in the low vs. high PK condition. The lateral prefrontal cortex is associated with semantic elaboration
and integration'®. In addition, the lateral prefrontal cortex, insula and the cingulate cortex are important for
exerting processes for memory encoding and retrieval®”!%. It seems that the schema-related network is different
from the memory control network, although they are both involved in memory retrieval processes***1°%1%, Brod
et al.?® also found the vmPFC and lateral prefrontal cortex were dissociated in retrieving schema-congruent or
-incongruent information. When the information has less PK, the brain regions responsible for semantic elabo-
ration and memory control may work with the vmPFC to support memory retrieval.

Therefore, PK not only modulates the connectivity of vmPFC and subregions of the hippocampus, but also
modulates the connectivity of vmPFC with other regions, including those are responsible for semantic processing,
contextual and memory control processing. Different networks support successful memory retrieval whenever
the information has stronger or weaker connections with PK.

Stable memory representations and brain connectivity resulting from PK. In this study, to clar-
ify whether the brain activation and connectivity resulting from PK changed over time, three retention intervals
were included, i.e., 20-min, 1-day, and 1-week. But there were no significant interaction between PK and reten-
tion interval for most behavioral and fMRI results. One exception was that the activation in the alHPC cluster
showed stronger activation in the low (vs. high) PK condition at the 1-day for the Hit trials, which was similar to
that of the alHPC cluster for the CR trials.

The finding of stable memory representation and brain connectivity resulting from PK in this study was
different from those in some previous studies. In general, retrieval purely based on schema would be faster and
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less effortful®®. One difference between our finding and others'®**?” is that the CR rate was significantly higher

in the high versus low PK condition, but the RTs in the two conditions were comparable®>. Our results suggest
that the memory related to PK is enhanced through rejecting the interference more for schema-related infor-
mation in our paradigm. As long as the memory representation retains its specificity, the correct recognition of
old or new sentences that are associated with PK requires stronger hippocampus-vmPFC coupling, regardless
of retention interval. The results supported the view that hippocampal activation is sustained when memory
retrieval requires details*®71-109-112,

In addition, the PK-related sentences in our study were more semantic and were associated with pre-existing
rather than training-based information, although they differ in familiarity. This may lead to fast consolidation,
even right after encoding. Studies have suggested that consolidation is modulated by memory type (with item
memory enhanced by PK after 20 h), but associative memory is enhanced right after the encoding’. It is suggested
that PK or schema as the organizing scaffold serves to accelerate consolidation and neocortical integration of
related memories?”**?!. If schema is manipulated as congruent to an existing or established knowledge system,
memory representation could be rapidly formed to facilitate memory retrieval or predict incoming information.

Nevertheless, we are cautious to conclude that the effect of PK did not change over time. Although the interac-
tion between PK and retention interval was not significant in our study, the RK difference between each interval
varied in magnitude especially for the hippocampal activation and the connectivity between vmPFC and control
system. Further study could enroll a larger sample of participants to replicate the findings.

Memory retrieval related to PK over time. Combining the results of FC of vmPFC, our results showed
that two distinct networks appeared to be associated with retrieving information related to PK. The network of
the vmPFC, the amHPC, pHPC and the PRC/ITG was more responsible for retrieving information that had high
(vs. low) PK, whereas the network of the vmPFC, the alHPC, thalamus and cognitive control regions was more
responsible for retrieving information that had low (vs. high) PK. Among the two networks, the vmPFC may be
located in a central position to coordinate the retrieval of information with high and low PK*>*°'. Consistent with
the influential framework proposed by van Kesteren et al.%, the vmPFC is involved in assimilating a schematic
or general representation into the pre-existing system and quickly consolidating them soon after encoding. At
retrieval, schema instantiation directs a strategic memory search and provides a template for subsequent moni-
toring to ensure that the retrieved memory is consistent with the goals of the task**>7"1.

On the other hand, the model highlights that memory performance is a function of congruency, with better
memory for incongruent information mediated by MTL?. The connectivity between the mPFC and MTL is also
predicted to be inhibited during retrieval of congruent information. Different from the predictions, we found
stronger activation of the amHPC cluster and stronger FC between the vmPFC and the amHPC cluster for high
than low PK condition. It suggests that the dissociation of subregions of hippocampal function in PK-related
memory retrieval should be considered. Particularly, the anterior part of the hippocampus is involved in memory
retrieval by constructing a coherent scene or context®*% especially when the existing knowledge system is avail-
able. Recent studies*>*” %8, including the current study, thus extend the framework by differentiating the involve-
ment of the hippocampus subregions and vmPFC-lateral PFC connectivity in PK-related processing. When a
memory retrieval begins, the vmPFC, as a schema detector, is responsible for activating the appropriate context
during schema reinstatement and instantiation through biasing posterior neocortical regions representing the
exemplars related to appropriate PK**!'>114, At this stage, the coupling of the vmPFC-amHPC, and vmPFC-PRC/
ITG may be more involved in retrieving gist-based information or the information with high PK?*°!. At the same
time, the stronger couplings of the vmPFC-alHPC, vmPFC-thalamus and vmPFC-cortical regions are more
responsible for the retrieval of information with low PK or recovering perceptually representations of the event.

In contrast to the vmPFC networks, the contribution of the pHPC may work in a later stage of memory
retrieval. Gurguryan et al.''> showed that the vmPFC—anterior hippocampus connectivity supports initial epi-
sodic construction of an autobiographical memory when it is first retrieved, and regions such as the pHPC sup-
port subsequent retrieval shortly thereafter. So it is possible that after a memory schema or representation has
been constructed, the pHPC may contribute to memory retrieval through recollecting details and contextual
information and inhibiting interference.

Limitations. There are some limitations that can be addressed in future investigations. First, we found a
significant effect of PK only on behavior for the CR trials. The behavioral features may influence the activation
and FC results by emphasizing the processes such as detecting novel information and rejecting interference.
Whether Hit-related memory retrieval resulting from PK is different from that of CR-related retrieval in the
hippocampus and the related connectivity needs further clarification. Individual-based familiarity manipulation
may be helpful to address this issue. Second, one limitation of fMRI technique is its relatively lower temporal
resolution. Our study suggests that PK modulates both memory retrieval and memory control systems, but the
assumption that the two mechanisms are coordinated in time scale needs to be tested in future studies. Third, in
recent years, there are debates on whether the long axis of the hippocampus is functionally distinct or gradually
changes®*¢7°. In addition to the level of PK, other factors such as level of details and material type may also be
associated with the hippocampal activation and connectivity in the hippocampal subregions. Future study could
directly manipulate these factors to address this issue.

Conclusions

In sum, the current study found that subregions of the hippocampus and their FC with the vmPFC showed dif-
ferent patterns in regard to PK. In addition, the coupling of the vmPFC-PRC/ITG and vmPFC-thalamus was
stronger when new information was rejected in the high or low PK condition. This study highlighted that different
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brain networks, which were associated with the vmPFC and subregions of the hippocampus, were responsible
for retrieving the information with high and low PK. PK also enhanced vmPFC-cortical FC, to exert top-down
control to signal the need for interference resolution.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on reason-
able request.

Received: 26 February 2023; Accepted: 19 August 2023
Published online: 22 August 2023

References
1. Alba, J. W. & Hasher, L. Is memory schematic?. Psychol. Bull. 93,203-231 (1983).
2. van Kesteren, M. T. R,, Ruiter, D. ], Fernandez, G. & Henson, R. N. How schema and novelty augment memory formation.
Trends Neurosci. 35,211-219 (2012).
3. Gilboa, A. & Marlatte, H. Neurobiology of schemas and schema-mediated memory. Trends Cogn. Sci. 21, 618-631 (2017).
4. Nieuwenhuis, I. L. & Takashima, A. The role of the ventromedial prefrontal cortex in memory consolidation. Behav. Brain Res.
218, 325-334 (2011).
5. Tse, D. et al. Schemas and memory consolidation. Science 316, 76-82 (2007).
6. Sommer, T. The emergence of knowledge and how it supports the memory for novel related information. Cereb. Cortex 27,
1906-1921 (2017).
7. van Kesteren, M. T. R,, Rijpkema, M., Ruiter, D. J. & Fernandez, G. Consolidation differentially modulates schema effects on
memory for items and associations. PLoS ONE 8, e56155 (2013).
8. van Kesteren, M. T, Rijpkema, M., Ruiter, D. J., Morris, R. G. & Fernandez, G. Building on prior knowledge: Schema-dependent
encoding processes relate to academic performance. J. Cogn. Neurosci. 26, 2250-2261 (2014).
9. Schlichting, M. L. & Preston, A. R. Hippocampal-medial prefrontal circuit supports memory updating during learning and
post-encoding rest. Neurobiol. Learn. Mem. 134, 91-106 (2016).
10. Liu, Z. X,, Grady, C. & Moscovitch, M. Effects of prior-knowledge on brain activation and connectivity during associative
memory encoding. Cereb. Cortex 27,1991-2009 (2017).
11. Bonasia, K. ef al. Prior knowledge modulates the neural substrates of encoding and retrieving naturalistic events at short and
long delays. Neurobiol. Learn. Mem. 153, 26-39 (2018).
12. Brod, G. & Shing, Y. L. Specifying the role of the ventromedial prefrontal cortex in memory formation. Neuropsychologia 111,
8-15 (2018).
13. Sommer, T, Hennies, N., Lewis, P. A. & Alink, A. The assimilation of novel information into schemata and its efficient consolida-
tion. J. Neurosci. 42, 5916-5929 (2022).
14. Dennis, N. A,, Turney, I. C., Webb, C. E. & Overman, A. A. The effects of item familiarity on the neural correlates of successful
associative memory encoding. Cogn. Affect. Behav. Neurosci. 15, 889-900 (2015).
15. Brod, G., Lindenberger, U., Wagner, A. D. & Shing, Y. L. Knowledge acquisition during exam preparation improves memory
and modulates memory formation. J. Neurosci. 36, 8103-8111 (2016).
16. van der Linden, M., Berkers, R., Morris, R. G. M. & Ferndndez, G. Angular gyrus involvement at encoding and retrieval is
associated with durable but less specific memories. J. Neurosci. 37, 9474-9485 (2017).
17. Bein, O., Reggev, N. & Maril, A. Prior knowledge influences on hippocampus and medial prefrontal cortex interactions in
subsequent memory. Neuropsychologia 64, 320-330 (2014).
18. van Kesteren, M. T, Fernandez, G., Norris, D. G. & Hermans, E. J. Persistent schema-dependent hippocampal-neocortical con-
nectivity during memory encoding and postencoding rest in humans. Proc. Nat. Acad. Sci. 107, 7550-7555 (2010).
19. Sweegers, C. C., Takashima, A., Fernandez, G. & Talamini, L. M. Neural mechanisms supporting the extraction of general
knowledge across episodic memories. Neuroimage 87, 138-146 (2014).
20. Hennies, N. L., Ralph, M. A., Kempkes, M., Cousins, J. N. & Lewis, P. A. Sleep spindle density predicts the effect of prior knowl-
edge on memory consolidation. J. Neurosci. 36, 3799-3810 (2016).
21. McAndrews, M. P, Girard, T. A., Wilkins, L. K. & McCormick, C. Semantic congruence affects hippocampal response to repeti-
tion of visual associations. Neuropsychologia 90, 235-242 (2016).
22. Webb, C. E,, Turney, I. C. & Dennis, N. A. What’s the gist? The influence of schemas on the neural correlates underlying true
and false memories. Neuropsychologia 93, 61-75 (2016).
23. Guo, D. & Yang, J. Interplay of the long axis of the hippocampus and ventromedial prefrontal cortex in schema-related memory
retrieval. Hippocampus 30, 263-277 (2020).
24. van Buuren, M. et al. Initial investigation of the effects of an experimentally learned schema on spatial associative memory in
humans. J. Neurosci. 34, 16662-16670 (2014).
25. Brod, G., Lindenberger, U., Werkle-Bergner, M. & Shing, Y. L. Differences in the neural signature of remembering schema-
congruent and schema-incongruent events. Neuroimage 117, 358-366 (2015).
26. Wagner, 1. C. et al. Schematic memory components converge within angular gyrus during retrieval. Elife 4, €09668 (2015).
27. Audrain, S. & McAndrews, M. P. Schemas provide a scaffold for neocortical integration of new memories over time. Nat. Com-
mun. 13,5795 (2022).
28. Robin, J. & Moscovitch, M. Details, gist and schema: Hippocampal-neocortical interactions underlying recent and remote
episodic and spatial memory. Curr. Opin. Behav. Sci. 17, 114-123 (2017).
29. DeWitt, M. R., Knight, J. B., Hicks, J. L. & Ball, B. H. The effects of prior knowledge on the encoding of episodic contextual
details. Psychon. Bull. Rev. 19, 251-257 (2012).
30. Chen, H., Ning, X., Wang, L. & Yang, J. Acquiring new factual information: Effect of prior knowledge. Front. Psychol. 9, 1734
(2018).
31. Ning, X. L, Li, C. H. & Yang, J. ]. Word familiarity modulated the effects of category familiarity on memory performance. Front.
Psychol. 9, 1429 (2018).
32. Ferreira, C. S., Charest, I. & Wimber, M. Retrieval aids the creation of a generalised memory trace and strengthens episode-
unique information. Neuroimage 201, 115996 (2019).
33. Gilboa, A. & Moscovitch, M. Ventromedial prefrontal cortex generates pre-stimulus theta coherence desynchronization: A
schema instantiation hypothesis. Cortex 87, 16-30 (2017).
34. van Kesteren, M. T., Rijpkema, M., Ruiter, D. J. & Fernandez, G. Retrieval of associative information congruent with prior
knowledge is related to increased medial prefrontal activity and connectivity. J. Neurosci. 30, 15888-15894 (2010).
35. Renoult, L., Irish, M., Moscovitch, M. & Rugg, M. D. From knowing to remembering: the semantic-episodic distinction. Trends

Cogn. Sci. 23, 1041-1057 (2019).

Scientific Reports |

(2023) 13:13650 |

https://doi.org/10.1038/s41598-023-40966-0 nature portfolio



www.nature.com/scientificreports/

36.

37.

38.

39.
40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Bein, O., Reggev, N. & Maril, A. Prior knowledge promotes hippocampal separation but cortical assimilation in the left inferior
frontal gyrus. Nat. Commun. 11, 4590 (2020).

Simons, J. S. & Spiers, H. J. Prefrontal and medial temporal lobe interactions in long-term memory. Nat. Rev. Neurosci. 4, 637-648
(2003).

Shing, Y. L. et al. Episodic memory across the lifespan: The contributions of associative and strategic components. Neurosci.
Biobehav. Rev. 34, 1080-1091 (2010).

Preston, A. R. & Eichenbaum, H. Interplay of hippocampus and prefrontal cortex in memory. Curr. Biol. 23, R764-773 (2013).
Moscovitch, M., Cabeza, R., Winocur, G. & Nadel, L. Episodic memory and beyond: The hippocampus and neocortex in trans-
formation. Annu. Rev. Psychol. 67, 105-134 (2016).

Lewis, P. A. & Durrant, S. J. Overlapping memory replay during sleep builds cognitive schemata. Trends Cogn. Sci. 15, 343-351
(2011).

Ghosh, V. E. & Gilboa, A. What is a memory schema? A historical perspective on current neuroscience literature. Neuropsycho-
logia 53, 104-114 (2014).

Long, D. L. & Prat, C. S. Memory for Star Trek: The role of prior knowledge in recognition revisited. J. Exp. Psychol. Learn. Mem.
Cogn. 28, 1073-1082 (2002).

Brandt, K. R., Cooper, L. M. & Dewhurst, S. A. Expertise and recollective experience: Recognition memory for familiar and
unfamiliar academic subjects. Appl. Cogn. Psychol. 19, 1113-1125 (2005).

Chen, H., Zhou, W. & Yang, ]. Dissociation of the perirhinal cortex and hippocampus during discriminative learning of similar
objects. J. Neurosci. 39, 6190-6201 (2019).

Battig, W. F. & Montague, W. E. Category norms for verbal items in 56 categories -A replication and extension of connecticut
category norms. J. Ex. Psychol. 80, 1-000 (1969).

van Overschelde, J. P, Rawson, K. A. & Dunlosky, J. Category norms: An updated and expanded version of the Battig and
Montague (1969) norms. J. Mem. Lang. 50, 289-335 (2004).

McRae, K., Cree, G. S., Seidenberg, M. S. & McNorgan, C. Semantic feature production norms for a large set of living and
nonliving things. Behav. Res. Methods 37, 547-559 (2005).

Feinberg, D. A. & Setsompop, K. Ultra-fast MRI of the human brain with simultaneous multi-slice imaging. J. Mag. Reson. 229,
90-100 (2013).

Cox, R. W. AFNI: Software for analysis and visualization of functional magnetic resonance neuroimages. Comput. Biomed. Res.
29, 162-173 (1996).

Talairach, J. & Tournoux, P. Co-Planar stereotaxis atlas of the human brain: An approach to cerebral imaging. Direct 270, 132
(1988).

Fischl, B. & Dale, A. M. Measuring the thickness of the human cerebral cortex from magnetic resonance images. Proc. Natl.
Acad. Sci. 97, 11050-11055 (2000).

Mackey, S. & Petrides, M. Architecture and morphology of the human ventromedial prefrontal cortex. Eur. J. Neurosci. 40,
2777-2796 (2014).

Wagner, A. D., Shannon, B. J., Kahn, I. & Buckner, R. L. Parietal lobe contributions to episodic memory retrieval. Trends Cogn.
Sci. 9, 445-453 (2005).

Simons, J. S., Ritchey, M. & Fernyhough, C. Brain mechanisms underlying the subjective experience of remembering. Ann. Rev.
Psychol. 73, 159-186 (2022).

Friston, K. J. et al. Psychophysiological and modulatory interactions in neuroimaging. Neuroimage 6, 218-229 (1997).
McLaren, D. G., Ries, M. L., Xu, G. & Johnson, S. C. A generalized form of context-dependent psychophysiological interactions
(gPPI): A comparison to standard approaches. Neuroimage 61, 1277-1286 (2012).

Gitelman, D. R., Penny, W. D., Ashburner, J. & Friston, K. J. Modeling regional and psychophysiologic interactions in fMRI: The
importance of hemodynamic deconvolution. Neuroimage 19, 200-207 (2003).

Cisler, J. M., Bush, K. & Steele, J. S. A comparison of statistical methods for detecting context-modulated functional connectivity
in fMRI. Neuroimage 84, 1042-1052 (2014).

Eklund, A., Nichols, T. E. & Knutsson, H. Cluster failure: Why fMRI inferences for spatial extent have inflated false-positive
rates. Proc. Natl. Acad. Sci. 113, 7900-7905 (2016).

Cox, R. W, Chen, G,, Glen, D. R,, Reynolds, R. C. & Taylor, P. A. FMRI clustering in AFNI: false-positive rates redux. Brain
Connect. 7,152-171 (2017).

Chen, G., Taylor, P. A. & Cox, R. W. Is the statistic value all we should care about in neuroimaging?. Neuroimage 147, 952-959
(2017).

Flandin, G. & Friston, K. J. Analysis of family-wise error rates in statistical parametric mapping using random field theory. Hum.
Brain. Mapp. 40, 2052-2054 (2017).

Zeidman, P, Lutti, A. & Maguire, E. A. Investigating the functions of subregions within anterior hippocampus. Cortex 73,
240-256 (2015).

Zeidman, P. & Maguire, E. A. Anterior hippocampus: The anatomy of perception, imagination and episodic memory. Nat. Rev.
Neurosci. 17, 173-182 (2016).

Thorp, J. N., Gasser, C., Blessing, E. M. & Davachi, L. Data-driven clustering of functional signals reveals gradients in processing
both within the anterior hippocampus and across its long axis. J. Neurosci. 42, 7431-7441 (2022).

Poppenk, J., Evensmoen, H. R., Moscovitch, M. & Nadel, L. Long-axis specialization of the human hippocampus. Trends Cogn.
Sci. 17, 230-240 (2013).

Frank, L. E., Bowman, C. R. & Zeithamova, D. Differential functional connectivity along the long axis of the hippocampus aligns
with differential role in memory specificity and generalization. J. Cogn. Neurosci. 31, 1958-1975 (2019).

Cowan, E. et al. Sleep spindles promote the restructuring of memory representations in ventromedial prefrontal cortex through
enhanced hippocampal-cortical functional connectivity. . Neurosci. 40, 1909-1919 (2020).

Strange, B. A., Witter, M. P, Lein, E. S. & Moser, E. I. Functional organization of the hippocampal longitudinal axis. Nat. Rev.
Neurosc. 15(10), 655-669 (2014).

Sekeres, M. J., Winocur, G. & Moscovitch, M. The hippocampus and related neocortical structures in memory transformation.
Neurosci. Lett. 680, 39-53 (2018).

Brunec, I. K. et al. Multiple scales of representation along the hippocampal anteroposterior axis in humans. Curr. Biol. 28, 2129-
2135.¢6 (2018).

Daugherty, A. M., Yu, Q., Flinn, R. & Ofen, N. A reliable and valid method for manual demarcation of hippocampal head, body,
and tail. Int. J. Dev. Neurosci. 41, 115-122 (2015).

Stark, S. M., Frithsen, A. & Stark, C. E. L. Age-related alterations in functional connectivity along the longitudinal axis of the
hippocampus and its subfields. Hippocampus 31, 11-27 (2021).

Gallo, D. A, Kensinger, E. A. & Schacter, D. L. Prefrontal activity and diagnostic monitoring of memory retrieval: fMRI of the
criterial recollection task. J. Cogn. Neurosci. 18, 135-148 (2006).

Cohn, M. & Moscovitch, M. Dissociating measures of associative memory: Evidence and theoretical implications. J. Mem. Lang.
57, 437-454 (2007).

Scientific Reports |

(2023) 13:13650 |

https://doi.org/10.1038/s41598-023-40966-0 nature portfolio



www.nature.com/scientificreports/

77. Cabeza, R., Ciaramelli, E., Olson, I. R. & Moscovitch, M. The parietal cortex and episodic memory: An attentional account. Nat.
Rev. Neurosci. 9, 613-625 (2008).
78. Gilboa, A., Alain, C., He, Y., Stuss, D. T. & Moscovitch, M. Ventromedial prefrontal cortex lesions produce early functional
alterations during remote memory retrieval. J. Neurosci. 29, 4871-4881 (2009).
79. Sestieri, C., Shulman, G. L. & Corbetta, M. The contribution of the human posterior parietal cortex to episodic memory. Nat.
Rev. Neurosci. 18, 183-192 (2017).
80. Gilmore, A. W, Nelson, S. M. & McDermott, K. B. A parietal memory network revealed by multiple MRI methods. Trends Cogn.
Sci. 19, 534-543 (2015).
81. Yassa, M. A. & Stark, C. E. Pattern separation in the hippocampus. Trends Neurosci. 34, 515-525 (2011).
82. Yamada, R. & Itsukushima, Y. The effects of schema on recognition memories and subjective experiences for actions and objects.
Jpn. Psychol. Res. 55, 366-377 (2013).
83. Bellana, B., Mansour, R., Ladyka-Wojcik, N., Grady, C. L. & Moscovitch, M. The influence of prior knowledge on the formation
of detailed and durable memories. J. Mem. Lang. 121, 104264 (2021).
84. Liu, Z. X,, Grady, C. & Moscovitch, M. The effect of prior knowledge on post-encoding brain connectivity and its relation to
subsequent memory. Neuroimage 167, 211-223 (2018).
85. Wang, W. C., Brashier, N. M., Wing, E. A., Marsh, E. J. & Cabeza, R. Knowledge supports memory retrieval through familiarity,
not recollection. Neuropsychologia 113, 14-21 (2018).
86. Ranganath, C. & Ritchey, M. Two cortical systems for memory-guided behaviour. Nat. Rev. Neurosci. 13, 713-726 (2012).
87. Eichenbaum, H. Prefrontal-hippocampal interactions in episodic memory. Nat. Rev. Neurosci. 18, 547-558 (2017).
88. Buckley, M. J. & Gaffan, D. Impairment of visual object-discrimination learning after perirhinal cortex ablation. Behav. Neurosci.
111, 467-475 (1997).
89. Barsalou, L. W. Perceptions of perceptual symbols. Behav. Brain Sci. 22, 637-660 (1999).
90. Binder, J. R. et al. Toward a brain-based componential semantic representation. Cogn. Neuropsychol. 33, 130-174 (2016).
91. Gilboa, A. & Moscovitch, M. No consolidation without representation: Correspondence between neural and psychological
representations in recent and remote memory. Neuron 109, 2239-2255 (2021).
92. Aggleton, J. P, Dumont, J. R. & Warburton, E. C. Unraveling the contributions of the diencephalon to recognition memory: A
review. Learn. Mem. 18, 384-400 (2011).
93. Carlesimo, G. A., Lombardi, M. G. & Caltagirone, C. Vascular thalamic amnesia: A reappraisal. Neuropsychologia 49, 777-789
(2011).
94. Xu, W. & Sudhof, T. C. A neural circuit for memory specificity and generalization. Science 339, 1290-1295 (2013).
95. van Wagner, I. C., Buuren, M. & Fernédndez, G. Thalamo-cortical coupling during encoding and consolidation is linked to durable
memory formation. Neuroimage 197, 80-92 (2019).
96. Geier, K. T, Buchsbaum, B. R., Parimoo, S. & Olsen, R. K. The role of anterior and medial dorsal thalamus in associative memory
encoding and retrieval. Neuropsychologia 148, 107623 (2020).
97. Ramanathan, K. R., Ressler, R. L., Jin, J. J. & Maren, S. Nucleus reuniens is required for encoding and retrieving precise,
hippocampal-dependent contextual fear memories in rats. J. Neurosci. 38, 9925-9933 (2018).
98. Tome, D. E, Sadeh, S. & Clopath, C. Coordinated hippocampal-thalamic-cortical communication crucial for engram dynamics
underneath systems consolidation. Nat. Commun. 13, 840 (2022).
99. van der Werf, Y. D., Witter, M. P, Uylings, H. B. M. & Jolles, J. Neuropsychology of infarctions in the thalamus: A review. Neu-
ropsychologia 38, 613-627 (2000).
100. Pergola, G. et al. Recall deficits in stroke patients with thalamic lesions covary with damage to the parvocellular mediodorsal
nucleus of the thalamus. Neuropsychologia 50, 2477-2491 (2012).
101. Danet, L. et al. Medial thalamic stroke and its impact on familiarity and recollection. Elife 6, €28141 (2017).
102. Vertes, R. P. Interactions among the medial prefrontal cortex, hippocampus and midline thalamus in emotional and cognitive
processing in the rat. Neuroscience 142, 1-20 (2006).
103. Ketz, N. A, Jensen, O. & O’Reilly, R. C. Thalamic pathways underlying prefrontal cortex-medial temporal lobe oscillatory
interactions. Trends Neurosci. 38, 3—-12 (2015).
104. Thielen, J. W,, Takashima, A., Rutters, E, Tendolkar, I. & Fernandez, G. Transient relay function of midline thalamic nuclei
during long-term memory consolidation in humans. Learn. Mem. 22, 527-531 (2015).
105. Murray, L. ]. & Ranganath, C. The dorsolateral prefrontal cortex contributes to successful relational memory encoding. J. Neurosci.
27, 5515-5522 (2007).
106. Molnar-Szakacs, I. & Uddin, L. Q. Anterior insula as a gatekeeperof executive control. Neurosci. Biobehav. Rev. 139, 104736
(2022).
107. Zeithamova, D. et al. Brain mechanisms of concept learning. J. Neurosci. 39, 8259-8266 (2019).
108. Muller, N. C. J. et al. Medial prefrontal decoupling from the default mode network benefits memory. Neuroimage 210, 116543
(2020).
109. Moscovitch, M. et al. Functional neuroanatomy of remote episodic, semantic and spatial memory: A unified account based on
multiple trace theory. J. Anat. 207, 35-66 (2005).
110. Winocur, G. & Moscovitch, M. Memory transformation and systems consolidation. J. Int. Neuropsychol. Soc. 17, 766-780 (2011).
111. Sheldon, S. & Levine, B. The role of the hippocampus in memory and mental construction. Ann. N. Y. Acad. Sci. 1369, 76-92
(2016).
112. Grady, C. L. Meta-analytic and functional connectivity evidence from functional magnetic resonance imaging for an anterior
to posterior gradient of function along the hippocampal axis. Hippocampus 30, 456-471 (2020).
113. Romero, K., Barense, M. D. & Moscovitch, M. Coherence and congruency mediate medial temporal and medial prefrontal
activity during event construction. Neuroimage 188, 710-721 (2019).
114. Giuliano, A. E., Bonasia, K., Ghosh, V. E., Moscovitch, M. & Gilboa, A. Differential influence of ventromedial prefrontal cortex
lesions on neural representations of schema and semantic category knowledge. J. Cogn. Neurosci. 33, 1928-1955 (2021).
115. Gurguryan, L., Rioux, M. & Sheldon, S. Reduced anterior hippocampal and ventromedial prefrontal activity when repeatedly
retrieving autobiographical memories. Hippocampus 31, 869-880 (2021).
Acknowledgements

The work was supported by a grant from the National Natural Science Foundation of China (32071027, J. Yang).
The funder had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Author contributions

All authors contributed to the study conception and design. Material preparation, data collection and analysis
were performed by D.G, H.C. and L.W. The first draft of the manuscript was written by J.Y., D.G. and H.C. All
authors commented on previous versions of the manuscript. All authors read and approved the final manuscript.

Scientific Reports |

(2023) 13:13650 |

https://doi.org/10.1038/s41598-023-40966-0 nature portfolio



www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-40966-0.

Correspondence and requests for materials should be addressed to J.Y.
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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:13650 | https://doi.org/10.1038/s41598-023-40966-0 nature portfolio


https://doi.org/10.1038/s41598-023-40966-0
https://doi.org/10.1038/s41598-023-40966-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of prior knowledge on brain activation and functional connectivity during memory retrieval
	Materials and methods
	Participants. 
	Materials. 
	Procedure. 
	MRI acquisition. 
	Image analysis. 

	Results
	Behavioral results. 
	fMRI results. 
	Hit trials. 
	CR trials. 

	PPI results. 

	Discussion
	Long axis of the hippocampus and PK-related memory retrieval. 
	Connectivity of the vmPFChippocampus with other brain regions in PK-related memory retrieval. 
	Stable memory representations and brain connectivity resulting from PK. 
	Memory retrieval related to PK over time. 
	Limitations. 

	Conclusions
	References
	Acknowledgements


