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Repetition reveals ups and downs of hippocampal, thalamic, and
neocortical engagement during mnemonic decisions

Zachariah M. Reaghl”, Elizabeth A. Murrayl, and Michael A. Yassal"
1Department of Neurobiology and Behavior and the Center for the Neurobiology of Learning and
Memory; University of California, Irvine, Irvine, CA

Abstract

The extent to which current information is consistent with past experiences and our capacity to
recognize or discriminate accordingly are key factors in flexible memory-guided behavior. Despite
a wealth of evidence linking hippocampal and neocortical computations to these phenomena,
many important factors remain poorly understood. One such factor is repeated encoding of learned
information. In this experiment, participants completed a task in which study stimuli were
incidentally encoded either once or three separate times during high-resolution fMRI scanning. We
asked how repetition influenced recognition and discrimination memory judgments, and how this
affects engagement of hippocampal and neocortical regions. Repetition revealed shifts in
engagement in an anterior (ventral) CA1-thalamic-medial prefrontal network related to true and
false recognition. Conversely, repetition revealed shifts in a posterior (dorsal) dentate/CA3-
parahippocampal-restrosplenial network related to accurate discrimination. These differences in
engagement were accompanied by task-related correlations in respective anterior and posterior
networks. In particular, the anterior thalamic region observed during recognition judgments is
functionally and anatomically consistent with nucleus reuniens in humans, and was found to
mediate correlations between the anterior CA1 and medial prefrontal cortex. These findings offer
new insights into how repeated experience affects memory and its neural substrates in
hippocampal-neocortical networks.

Introduction

The mechanisms underlying the encoding and storage of memories are the subject of
examination both in neurobiology and cognitive science. Despite decades of progress, many
factors governing this process remain poorly understood. One such factor with a great deal
of practical relevance is repeated encounters with the same information. Repetitive encoding
often enhances one's ability to recognize studied stimuli (Ebbinghaus, 1913; Hintzman,
1976), which may be due to the similarity of neural activity gradually increasing with
repeated exposures (Xue et al., 2010). However, beyond simple recognition (endorsing
studied items as old), recent work from our lab suggests that multiple encounters with a
studied stimulus may paradoxically hinder one's ability to discriminate that stimulus from
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similar items in memory (Reagh & Yassa, 2014). The mechanism of such a trade off is
presently unknown.

Studies of amnesic patients (Scoville & Milner, 1957; Reed & Squire, 1998) and
experimental manipulations in animal models (Wang et al. 2009; Ross & Eichenbaum, 2006;
Quinn et al., 2008) have demonstrated that the regions supporting memory encoding and
storage may shift over time, a process that has been termed systems consolidation
(McGaugh, 2000). The hippocampus is critical for the initial formation and storage of new
memories, whereas many have argued that information is gradually stabilized over time for
more permanent storage in the cerebral cortex (Dudai, 2004; McGaugh, 2000; Winocur &
Moscovitch, 2011; Nadel et al., 2012; Meeter & Murre, 2004). This is often framed as a shift
from hippocampus-dependent episodic memory to cortex-dependent semantic memory
(Binder & Desai, 2011). These ideas form the neurobiological instantiation of the
Complementary Learning Systems (CLS) computational model (McClelland, McNaughton,
& O'Reilly, 1995), which has received much empirical support (Norman, 2010; O'Reilly et
al., 2014). If repeated encoding stabilizes memory representations in the brain, this might,
under some conditions, invoke mechanisms of hippocampal-neocortical communication.

It is widely theorized that the hippocampus acts as an index for the neocortex (Teyler &
Discenna, 1986; Teyler & Rudy, 2007), but the nature of this communication is unresolved.
Studies have observed during mnemonic tasks and at rest that activity in anterior and
posterior hippocampal regions correlated with activity in anterior and posterior cortical areas
respectively (Libby et al., 2012; Wang et al., /n press), reflective of differences in structural
connectivity (Aggleton, 2011). Recently, a view has emerged that the posterior hippocampus
and associated cortical areas support fine-grained, specific, detailed information in memory,
whereas the anterior hippocampus and cortices support coarse-grained, gist information that
may generalize across experiences (Poppenk et al., 2013; Strange et al., 2014; Ritchey,
Libby, & Ranganath, 2015). A possible implication is that highly detailed ‘pattern separated’
memories are more likely to be processed by the posterior hippocampus, while more
generalized “pattern completed’ associations are more likely to be processed by the anterior
hippocampus (Schlichting, Mumford, & Preston, 2015). Guided by this work, we
hypothesized that the discrepancy we previously observed between enhanced recognition
and lesser discrimination with repeated study (Reagh & Yassa, 2014) may involve repetition-
related shifts in anterior versus posterior hippocampal-cortical networks.

We tested this hypothesis using a task designed to assess recognition and discrimination
under conditions of single versus multiple study, along with high-resolution fMRI focused
on the medial temporal lobes (MTL), anterior prefrontal cortices including perirhinal cortex
(PRC), anterior cingulate cortex (ACC) and ventromedial prefrontal cortex (vmPFC), and
posterior cortices including the parahippocampal cortex (PHC) and restrosplenial cortex
(RSC). In addition to hippocampal and cortical regions of interest (ROIs), we additionally
considered thalamic nucleus reuniens (NR), which is thought to provide a critical means of
synchrony and information transfer between the prefrontal cortex and the hippocampus
(Varela et al., 2014; Vertes et al., 2007; Griffin, 2015). Recent evidence has suggested that
hippocampal-prefrontal communication is critical for learning and memory (Gonzalez et al.,
2013; Goshen et al., 2011) and may be mediated by NR in the context of fear generalization
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(Xu & Sudhof, 2013) as well as spatial navigation (Ito et al., 2015). However, little if any
evidence exists pertaining to human NR. To examine the role of human thalamic NR in
hippocampal-cortical communication, we used anatomical atlases to define an additional
medial thalamic ROI centered on NR. We hypothesized that NR would mediate the
functional connectivity between anterior hippocampus and ACC/vmPFC during recognition.

Materials and Methods

Participants

Twenty-one participants were recruited from the University of California, Irvine and
surrounding Orange County community. Participants were right-handed adults between 18
and 27 years of age (mean = 21.3, SD = 1.8), and were screened for neurological and
psychiatric disorders. Two participants were excluded due to excessive motion in the MRI
scanner (>3mm displacement at any point in the experiment), one was excluded due to
illness during participation, and one was excluded due to a software malfunction during
scanning. The remaining 17 participants (9 female, age = 22.4, SD = 2.2) were included in
analyses. Though we did not do formal power analyses prior to acquiring these data, this is
considered to be a reasonable sample size for functional MRI studies using an a prioriregion
of interest (ROI) based approach (Zandbelt et al., 2008). Participants gave written informed
consent in accordance with the Institutional Review Board of the University of California,
Irvine, and received monetary compensation for their participation.

Behavioral task and analysis

A schematic of the task can be viewed in Figure 1a. The experiment was conducted exactly
the same as in our prior work (Reagh & Yassa, 2014). During the encoding phase of the
experiment, participant viewed pictures of 300 common objects (e.g., an apple or a bicycle)
presented in the center of the screen against a white background. Participants made
incidental (non-mnemonic) judgments of whether each object was more commonly found
“indoors” or “outdoors.” Responses were made via button presses on an MRI-compatible
fiber-optic device. Of these images, half were viewed only once (1Enc) and half were
viewed three times (3Enc), randomly interspersed throughout the entire encoding session,
making for a total of 600 trials.

During the test phase, participants were presented with another series of 400 objects
appearing at the center of the screen. Of these 400, 100 objects were exact repetitions
(targets), 100 were entirely novel (foils), and 200 were similar but not identical to items
previously studied (lures). Targets and lures corresponded to the original 300 objects. Half of
the targets and half of the lures were based on studied items that were shown once, and half
were based on studied items that were shown three times. Any given item from encoding
was featured as either a target or a lure at test, but never both. Judgments consisted of simple
“same” or “different” choices with respect to each test object, where a response of “same” to
a target indicates successful recognition and a response of “different” to a lure indicates
successful discrimination (conversely, a response of “same” to a lure is a false alarm). All
images were viewed for 2.5 seconds, with a 0.5 second inter-stimulus interval.
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We conducted pairwise comparisons between 1 vs. 3 conditions for target hits. We used two-
tailed paired t-tests, and results of p < 0.05 two-tailed were reported as significant. For lure
correct rejections, we analyzed data across similarity bins via a 2x5 (repetition by similarity)
repeated measures ANOVA. Post hoc pairwise comparisons were carried out via the Holm-
Sidak method, which controls the familywise error rate over t-tests in a sequentially rejective
manner (Holm, 1979; Abdi, 2007). The Sidak correction is highly similar in both principle
and outcome to the more common Bonferroni correction, but is considered to be more
powerful (i.e., less pessimistic; see Abdi, 2007). Additionally, the Holm procedure adjusts
significance at each comparison via ranking significance values and stepping down
stringency with each evaluation (Holm, 1979). Post hoc contrasts are reported as significant
if they pass this corrected threshold (reported as p < 0.05 corrected). For a summary of the
lure rejection data, we calculated area under the curve (AUC) for each participant to capture
their performance across all lure bins in a single summary measure. This was calculated as
the summed averages of each similarity level added to the prior level such that the ‘curve’
being described is the relative gain in discrimination performance as lure similarity
decreases. AUC values for 1Enc and 3Enc trials were compared via a simple paired t-test.

Decision criterion was calculated as z(Target Hit Rate) — z(Novel Foil False Alarm Rate) for
targets, and z(Lure Rejection Rate) — z(Novel Foil False Alarm Rate) for lures. We used both
the the 1Enc or 3Enc hit and rejection rates and compared between these conditions. We
assessed differences between 1Enc and 3Enc criteria across targets and lures with t-tests, and
took the numerical difference between these criteria to be used as covariates in ANCOVAS
over regional response profiles in the fMRI analyses. Thus, significant main effects and
interactions exist beyond any variance explained by differences in criterion across
participants.

MRI data acquisition

Neuroimaging data were acquired on a 3.0 Tesla Philips Achieva scanner, using a 32-
channel sensitivity encoding (SENSE) coil at the Neuroscience Imaging Center at the
University of California, Irvine. A high-resolution 3D magnetization-prepared rapid gradient
echo (MP-RAGE) structural scan (0.75 mm isotropic voxels) was acquired at the beginning
of each session and used for co-registration. Functional MRI scans consisted of a T2*-
weighted echo planar imaging (EPI) sequence using blood-oxygenation-level-dependent
(BOLD) contrast: repetition time (TR)=2500 ms, echo time (TE)=26 ms, flip angle=70
degrees, 40 slices, 104 dynamics per run, 1.8 x 1.8 mm in plane resolution, 1.8 mm slice
thickness with a 0.2 mm gap, field of view (FOV)=180x77.4x180. Slices were acquired as a
partial axial volume and without offset or angulation (Fig. S4). Four initial “dummy scans”
were acquired to ensure T1 signal stabilization. A total of 10 functional runs were acquired
for each participant, 6 for the encoding phase and 4 for the test phase. Each functional run
lasted 4 minutes and 30 seconds. For each subject, resting state EPI scans were acquired
with the same parameters as the aforementioned task-acquired volumes.

MRI data preprocessing

All neuroimaging data were preprocessed and analyzed using Analysis of Functional
Neurolmages (AFNI) (Cox, 1996) on GNU/Linux and Mac OSX platforms. Analyses
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largely took place in accordance with the standardized afni_proc.py pipeline. Specifically,
data were corrected for motion (3dvolreg) and slice timing shifts (3dTshift), masked to
exclude voxels outside the brain (3dautomask), and were smoothed (3dmerge) to a 2.0mm
using a Gaussian FWHM kernel. Each run was also despiked to further reduce the influence
of mation on the data (3dDespike). Finally, functional data were normalized to percent
change from baseline by subtracting mean signal from each voxel within a volume and
dividing the result by 100 (3dTstat and 3dcalc). Functional scans were aligned to each
subject's skull-stripped MP-RAGE (align_epi_anat.py). We defined ROIs in the medial
temporal lobes (MTL) based on our prior work (Reagh et al., 2014; Yushkevich et al., 2015),
and cortical regions were defined based on the Freesurfer image analysis suite (Dale, Fischl,
& Sereno, 1999; Fischl, Sereno, & Dale, 1999) (available online at http://
surfer.nmr.mgh.harvard.edu/) as well as anatomical atlases of human brain tissue (Mai, \Voss,
& Paxinos, 2008). Our anterior cingulate cortex (ACC) and ventromedial prefrontal cortex
(vmPFC) ROI (ACC/vmPFC) was created based on anatomical atlases (Mai, Voss, &
Paxinos, 2008) and Freesurfer's cingulate label. We combined ACC with a portion of
vmPFC corresponding to Brodmann area 25 (the latter is analogous to agranular medial
prefrontal cortex in rats, see Uylings & van Eden, 1990 and Ongiir & Price, 2000) given the
proximity and contiguity of these cortical regions. We segmented our thalamic nucleus
reuniens (NR) ROI using an anatomical atlas based on human histological atlases (Mai,
\Voss, & Paxinos, 2008). Given the relatively small size of NR, we chose to center our ROI
on the approximate location of NR and liberally include additional thalamic voxels near the
third ventricle (See Fig. 3A). This almost surely includes some thalamic voxels outside NR,
but critically, NR was undoubtedly included in the ROI. We used Advanced Normalization
Tools (ANTS) (Avants et al., 2008) to warp each individual participant's MP-RAGE
structural scan into our custom in-house high-resolution template space using nonlinear,
diffeomorphic transformation. Parameters from these warps were used to also warp
functional scans into template space for group analyses. Masks were resampled to match the
resolution of the fMRI data (1.8x1.8. x2.0mm) and were further masked to exclude partially
sampled voxels within and across runs (3dcalc).

Resting state functional connectivity analyses proceeded similarly. Briefly, for the specific
steps taken in AFNI, data were despiked (3dDespiked), slice timing corrected (3dtshift),
aligned (align_epi_anat.py), motion corrected (3dvolreg), blurred to 2mm isotropic
(3dmerge) with a Gaussian FWHM kernel, and automasked to exclude voxels outside the
brain (3dautomask). Critically, in accordance with Power et al. (2012), we additionally
regressed signal in white matter and ventricles to account for global signal related to motion
and scanner artifact using ANATICOR (Jo et al., 2010). Once we obtained models of
ongoing BOLD activity per subject (3dDeconvolve), we extracted the average time course
across NR (3dmaskave) and calculated the cross-correlation of the resting state dataset with
the reference time series in NR (3dfim+). The resultant correlation map was z-scored for
each subject (3dcalc), and the z-scored functional connectivity maps were tested against zero
at the group level (3dttest++). A control analysis using these same steps was conducted
using a whole-thalamus mask rather than our specific NR ROI.
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fMRI data analysis: general linear model regression

Only test data are included in the analyses here. For target trials, we constructed a general
linear model (GLM) with regressors for number of exposures (1Enc vs. 3Enc) and accuracy
(hit vs. miss) as fixed factors (given the finite range of levels of the conditions). For lure
trials, a similar GLM was created with regressors for number of exposures (1LEnc vs. 3Enc)
and accuracy (correct rejection vs. false alarm). For both approaches, subject was entered as
a random factor. These analyses were conducted in AFNI using 3dDeconvolve.
Deconvolution of the hemodynamic response was done using tent functions covering
stimulus onset to 15 seconds after onset with 6 estimator functions distributed across this
time window. Motion parameters were entered into the model as explicit regressors to
reduce the influence of motion on task-related parameter estimates. For all functional runs,
TRs with motion exceeding 0.5mm frame displacement (but below our exclusion threshold
of 3mm) were censored from analyses, as well as the immediately preceding and following
TRs. These data scrubbing procedures were employed to rigorously exclude the potential
effects of head motion on activation profiles (Power et al., 2012).

Final parameter estimates entered into second-level analyses consisted of the average of the
first three estimator functions (targeted to capture the peak of the BOLD response). These
parameter estimates were extracted from ROls (note: beta weights converted to percent
signal change via 3dcalc) for quantitative comparisons (3dmaskave). For a schematic of our
ROI masks, see Fig. S1. Differences across conditions were assessed via 2 (1LEnc vs. 3Enc) x
3 (Hits vs. CRs vs. FAs) repeated measures ANCOVASs, where decision criterion differences
were modeled as a covariate. We did not model target misses because too few of these trials
occurred, particularly in the 3Enc condition. Given that our ROIs were determined on purely
anatomical bases, we note that we did not adjust our significance threshold across ROIs.
That is, we did not adjust our critical p-value for each ANOVA performed within each
individual ROI as these tests examined task effects within independently selected regions
(see Poldrack & Mumford, 2009; Vul et al., 2009). We did, however, correct for multiple
comparisons within ROIs such that pairwise comparisons were adjusted via Holm-Sidak
post-hoc tests. In other words, significance thresholds for omnibus F statistics were not
corrected across regions, but the critical alpha of 0.05 was adjusted to account for post-hoc
comparisons within regions.

fMRI data analyses: interregional correlations and interactions

We performed context-dependent correlation analysis, also termed generalized
psychophysiological interaction analysis (PPI) analyses (McLaren et al., 2012) over the test
data for both target recognition and lure discrimination. A detailed walkthrough of these
analysis steps in AFNI can be found here: (https://afni.nimh.nih.gov/sscc/gangc/CD-
CorrAna.html). Briefly, a positive correlation indicates a positive relationship between
significant voxels and a seed region /n a given condition, whereas a negative correlation
indicates a negative relationship. For target recognition, we examined trials in which
correctly identified target items were initially studied once versus three times. We generated
a seed time series in left anterior CA1 (3dmaskave) and detrended the time series
(3dDetrend) (this seed time series features the same data scrubbing steps discussed
previously). After transposing the detrended time series as a column vector (1dtranspose),
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we generated a canonical HRF (waver) and used this to extract the expected contributions of
BOLD signaling to the time series and generate an up-sampled “neural time series”
(3dTfitter). We next multiplied the resulting “neural time series” with stimulus timing files
(timing_tool.py and 1deval), which were finally convolved with the canonical HRF to create
the interaction regressor (waver). This regressor was entered into a GLM (3dDeconvolve),
where the ensuing beta weights reflect the degree of context-dependent correlations with the
seeded region. To limit the impact of voxels on the edge of the functional acquisitions whose
susceptibility to motion and partial volumes can induce spurious correlations, we removed
outermost edge voxels from the correlation maps prior to the regression analysis
(3dZeropad). For lures, the same steps were taken except we seeded left pDG/CAS3 for the
physiological variable, and we used 1Enc and 3Enc correct rejections and 1Enc and 3Enc
false alarms as contextual/psychological variables.

For the purposes of visualizing correlational structures across the brain, PPI analyses (and
resting state analyses) proceeded as voxel-based rather than ROI-based analyses. We note
that in these cases we employed the appropriate statistical corrections. Individual subject
maps were brought together and analyzed at the group level using t-tests (3dttest++). Voxels
in the group analysis were considered significant at p < 0.05 corrected via familywise error
rate (3dClustSim, modeled with 2 mm smoothed voxels yielding a p = 0.05 corrected with a
cluster threshold of 51 contiguous voxels; note that this analysis was performed after the
recent bug fix for 3dClustSim). Illustrative voxels in statistical maps displayed in Figures 3a-
¢ and 6a-c were thresholded as such. We note that, for these analyses, raw beta weights were
used rather than the scaled values reflecting percent change from baseline. While
normalizing to percent signal change does not qualitatively alter the underlying data, we
used raw beta weights here simply to capture the maximal extent of signal variability within
subjects.

For mediation analyses, we modeled with the assumption of directionality from ACC/
vmPFC to NR to aCA1, and from ACC/vmPFC to aCA1 (this assumption of directionality is
a consequence of mediation analysis, and does not necessarily reflect underlying biological
principles). We used the “mediation’ package in R to conduct these analyses, which given
inputs of regression coefficients (raw beta weights, as was used in the PPI analysis) resulting
from univariate GLMs across subjects, modeled the aforementioned pathways. The critical
tests of mediation are (a) that the dependent variable (aCAL1) is correlates with the
independent variable (ACC/vmPFC), (b) that the independent variable correlates with the
mediator (NR), (c) that the mediator correlates with the dependent variable, and finally (d)
that the significance of the correlation between the dependent variable and the independent
variable is contingent on the mediator. ‘Complete’ mediation is a result in which this is the
case, whereas ‘incomplete’ mediation is a result in which the independent and dependent
variables significantly correlate even when the influence of the mediator is accounted for.

An additional test used to assess this relationship was the Sobel test (Sobel, 1982).
Generally, this test uses a specialized t-test to assess the extent to which a mediator variable
accounts for variance in the correlational structure between an independent variable and a
dependent variable. The test takes the raw regression coefficients between the independent
variable and the mediator (ACC-vmPFC and NR) and between the mediator and the
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dependent variable (NR and aCA1l), as well as the standard errors of the regression
coefficients. Formally, the test statistic is defined as:

ax*xb

V(02 % 54)+(a? * sp)

where “a’ refers to the independent variable to mediator pathway, ‘b’ refers to the mediator
to dependent variable pathway, and ‘s;” and ‘s’ refer to the respective standard errors of
these pathways. As opposed to the indirect method of assessing the significance of a fit
coefficient before and after accounting for a mediator we previously described, the Sobel test
explicitly probes the extent of mediation.

Statistical analysis

Results

All statistical analyses on voxel-averaged data and data visualizations were conducted in R
(version 3.2.4) and GraphPad Prism (\ersion 6.07). We conducted paired t-tests and factorial
ANCOVAs in R using the t.test and aov functions. These tests are in general appropriate for
conducting pairwise and factorial comparisons, respectively, and their assumptions of
normality and homogeneous distribution of variance are not significantly violated in our data
(Levene's test for equality of variances, all p > 0.05). Mediation analyses were performed in
R using standard routines in the mediation toolbox. Preprocessing and first-level analyses of
neuroimaging data were conducted in AFNI (Version 16.0) using the functions described
throughout the Methods section. All fMRI statistical maps were corrected for multiple
comparisons to an adjusted false positive rate of 5% overall using the familywise error
(FWE) correction. All behavioral analyses were corrected for multiple comparisons using
the Holm stepwise correction, or the Holm-Sidak method (conducted in Prism) where
appropriate.

All analyses we report used established algorithms and programs in R, GraphPad Prism, and
AFNI. Their usage as applied can be found throughout the Methods section. Custom python
scripts (using NumPy and Pandas modules) were used to extract and designate the timing of
stimulus delivery, and to format output files for subsequent analyses.

Repetition increases both target recognition and lure false alarms

A schematic of the task is shown in Figure 1a, and a more detailed description can be found
in the Methods. Briefly, subjects incidentally encoded pictures of common objects once
(1Enc) or three times (3Enc) with “indoor/outdoor” judgments. Afterwards, a surprise test
phase consisting of studied targets, similar (but not identical) lures, and entirely novel foils
was completed with “same/different” judgments. Importantly, targets and lures were divided
evenly into 1Enc and 3Enc trials based on whether the original item was presented only once
or three times during the study phase.

We analyzed behavioral data in terms of proportion of hits (“same”|target) and correct
rejections (“different”|lure). We analyzed simple proportions of correct responses, and
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behavioral results are shown as a replication of our previously reported effect (Reagh &
Yassa, 2014). We used a two-tailed paired t-test to compare target hits between 1Enc and
3Enc conditions. Recognition for 3Enc trials was greater than for 1Enc trials (t(16) = 5.075,
p <0.001) (Fig. 1b). Lures were distributed among 5 lure ‘bins’ corresponding to mnemonic
similarity (with respect to the originally studied item) (Lacy et al., 2011; Yassa et al., 2011).
A 2x5 repeated measures ANOVA (repetitions x lure bins) revealed significant effects of
repetition (F(1,16) = 17.93, p < 0.001) and lure bin (F(4,64) = 97.05, p < 0.001), as well as
an interaction (F(4,64) = 5.795, p < 0.001). Parsing the interaction, post hoc Holm-Sidéak
tests revealed that discrimination performance was better for 1Enc lures than 3Enc lures in
bins 2, 3, and 4 (all p < 0.05 corrected). We also calculated area under the curve (AUC)
summary value for each participant across lure bin performance (see Methods). Overall lure
rejection rates were lower for 3Enc trials than for 1Enc trials (t(16) = 2.524, p = 0.023) (Fig.
1b). Thus, while repeated study enhanced target recognition, it also increased false alarms to
similar lures. We observed a difference in decision criterion applied to target hits (t(16) =
11.11, p < 0.001) and lure rejections (t(16) = 10.51, p < 0.001) as a function of repetition.
While this complicates interpretations about the nature of memory representations in the
task per se, we explicitly covaried this difference in our fMRI analyses such that any
significant effects exist beyond the influence of a possible criterion shift (see Methods)

Hippocampal and neocortical regions sensitive to repetition and memory decision

We examined the neural correlates of the above behavioral effects with high-resolution
fMRI. Briefly, we defined ROIs in the MTL and hippocampal subfields based on our prior
work (Reagh et al., 2014; Yushkevich et al., 2015). Cortical regions were selected from those
described by Ritchey, Libby, and Ranganath (2015), and were defined based on the
Freesurfer image analysis suite (Dale, Fischl, & Sereno, 1999a; Fischl, Sereno, & Dale,
1999b) and anatomical atlases of human brain tissue (Mai, Voss, & Paxinos, 2008). As
previously noted, we additionally included a novel NR ROI, given its purported role in
facilitating communication between the hippocampus and neocortex. ROIs are displayed in
Figure S1.

Data were first analyzed via ROI-specific 2 (1Enc, 3Enc) x 3 (hits, lure correct rejections,
and lure false alarms) repeated measures ANCOVAs with decision criterion as a covariate
(see Methods). All significant effects and comparisons across conditions are summarized in
Table 1, and are displayed in Figures 2 (anterior regions) and 3 (posterior regions).

Anterior hippocampal and cortical ROIs showing significant effects include left PRC, left
NR, bilateral ACC/VmPFC, and left aCAL (Fig. 2). In left PRC, we observed significant
effects of repetition (F(1,16) = 16.69, p < 0.001) and condition (F(2,32) = 4.310, p = 0.022).
In left NR, we observed only a significant effect of repetition (F(1,16) = 14.78, p = 0.001).

In left ACC/vmPFC, we observed a significant effect of repetition (F(1,16) = 25.16, p <
0.001), condition (F(2,32) = 7.840, p = 0.002), as well as an interaction (F(2,32) = 11.71, p <
0.001). Right ACC/vmPFC featured a significant effect of repetition (F(1,16) = 5.813, p =
0.028) and an interaction (F(2,32) = 3.703, p = 0.036). Finally, left aCA1 showed significant
effects of repetition (F(1,16) = 10.67, p = 0.005) and condition (F(2,32) = 3.345, p = 0.048).
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Posterior hippocampal and cortical ROIs showing significant effects include bilateral pDG/
CAZ3, bilateral PHC, and left RSC (Fig. 3). In left pDG/CA3, we observed a significant
effect of condition (F(2,32) = 3.517, p = 0.042) and an interaction (F(2,32) = 6.410, p =
0.005). Right pDG/CA3 showed only an interaction (F(2,32) = 3.905, p = 0.031). In left
PHC, we observed significant effects of repetition (F(1,16) = 5.075, p = 0.039) and
condition (F(2,32) = 3.873, p = 0.031), as well as an interaction (F(2,32) = 7.313, p = 0.002).
In right PHC, we found only a significant interaction (F(2,32) = 5.753, p = 0.007). Finally, in
left RSC, we found a significant effect of condition (F(2,32) = 4.752, p = 0.016) and an
interaction (F(2,32) = 5.495, p = 0.009).

Repetition shifts engagement of anterior regions during accurate and inaccurate
recognition (target hits and false alarms)

Having established that subfields of the hippocampus — left aCAL and bilateral pDG/CA3 -
as well as several anterior and posterior cortical regions were sensitive to both repeated
study and retrieval condition, we next examined specific response profiles in post hoc
comparisons. Holm-Sidak tests revealed significant differences between 1Enc and 3Enc
target hits in left PRC, left NR, bilateral ACC/vmPFC, and left aCA1 (p < 0.05 corrected).
We observed increased activation during 3Enc compared to 1Enc target hits in anterior
cortical regions (Fig. 2a-d), and decreased activation in aCA1 (Fig. 2e) in the same
comparison. Additionally we observed increased activation during 3Enc compared to 1Enc
false alarms in left PRC and ACC/vmPFC (p < 0.05 corrected) (Fig. 2a&c). Importantly,
repetition-related increases in activity in anterior regions were similar across target hits and
false alarms, suggesting that they make share common neural correlates. The left PRC and
ACC/vmPFC were additionally more active during 3Enc false alarms compared to 3Enc
correct rejections (p < 0.05 corrected), suggesting that they may contribute to dissociating
well-learned stimuli as well. No anterior ROIs significantly differentiated 1Enc target hits
from lure rejections, but left PRC, left ACC/vmPFC, and left aCA1 did so for 3Enc trials (all
p < 0.05 corrected). Overall, repetition was associated with general increases in activation in
anterior cortical regions including PRC and ACC/vmPFC and decreased activation in the
aCA1 during recognition.

Repetition shifts engagement of posterior regions during lure discrimination

Post hoc Holm-Sidak tests revealed significant differences between 1Enc and 3Enc correct
rejections as well as differences between correct rejections and false alarms in bilateral
pDG/CA3, bilateral PHC, and left RSC (all p < 0.05 corrected). Bilateral pDG/CA3 (Fig.
3a&b) differentiated between correct rejections and false alarms for 1Enc (p < 0.05
corrected), but not for 3Enc trials. Conversely, bilateral PHC (Fig. 3c&d) and left RSC (Fig.
3e) differentiated between correct rejections and false alarms for 3Enc trials (all p < 0.05
corrected) but not for 1Enc trials. Finally, contrasting discrimination versus recognition,
bilateral pDG/CAS3 showed significantly greater engagement during 1Enc correct rejections
than 1Enc target hits, whereas bilateral PHC and left RSC showed greater engagement
during 3Enc correct rejections than 3Enc target hits (all p < 0.05 corrected). Overall,
repetition was associated with decreased activation in pDG/CA3 and increased activation in
posterior cortical areas including PHC and RSC during lure discrimination.
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Response profiles in in pDG/CA3 and PHC are modulated by lure similarity

We next examined the effects of lure similarity (high vs. low, with respect to the original
image) in correct rejections and false alarms across the posterior ROIs discussed above.
These analyses used 2 (repetition) x 4 (condition: hi-sim correct rejections and false alarms,
and lo-sim correct rejections and false alarms) repeated measures ANOVAs followed by post
hoc Holm-Sidék tests (Fig. 3). In left pDG/CA3, we observed significant effects of condition
(F(3,48) = 3.020, p = 0.039) and repetition (F(1,16) = 5.113, p = 0.038), as well as an
interaction (F(3,48 = 2.984, p = 0. 041) (Fig. 3a). Post-hoc comparisons revealed
significantly greater engagement during 1Enc trials than 3Enc trials for hi-sim and lo-sim
correct rejections (p < 0.05 corrected). Moreover, we found greater engagement during hi-
sim and lo-sim correct rejections than false alarms in the corresponding similarity bins (p <
0.05 corrected). In right pDG/CA3, we found significant effects of condition (F(3,48 =
6.194, p = 0.001) and repetition (F(1,16) = 5.721, p = 0.029) (Fig. 3b). In right pDG/CA3,
we found only a significant difference between correct rejections and false alarms for hi-sim
lures (p < 0.05 corrected), though the response profile overall was highly similar to left
pDG/CA3. We found a significant effect of condition in both the left PHC (F(3,48) = 3.283,
p = 0.029) and right PHC (F(3,48) = 4.634, p = 0.006) (Fig. 3c&d). Moreover, in both
regions, we found greater engagement during lo-sim correct rejections compared to lo-sim
false alarms, as well as hi-sim correct rejections in the 3Enc condition (all p < 0.05
corrected). In contrast with the ANOVA collapsed across similarity, we did not observe any
significant effects in left RSC. In sum, these analyses revealed distinct interference-based
response profiles in hippocampal pDG/CA3 and PHC, which were modulated by repetition.
Whereas pDG/CAS3 dissociated correct rejections from false alarms across similarity levels
for singly studied items, this effect was not present for triply studied items. Conversely, in
PHC, only 3Enc items featured a correct rejection versus false alarm dissociation, and only
for low similarity items.

Correlations between vmPFC/ACC, NR, and aCA1 during recognition of repeated stimuli

In order to examine functional connectivity among the above hippocampal-neocortical
subregions, we performed a context-dependent correlational analysis, also called
psychophysiological interaction analysis (McLaren et al., 2012) (PPI; see Methods for
details). Using the left ACC/VvmPFC as a seed region and repetition of target hits (1Enc vs.
3Enc) as the contextual variable, we found a significant positive context-dependent
correlation between left ACC/vmPFC and left NR, as well as a negative correlation between
left ACC/vmPFC and left aCA1 during recognition of 3Enc targets (all p < 0.05 corrected)
(Fig. 3a-c). This correlational pattern was not observed during 1Enc target hits, suggesting
that repetition influences coordination of activity. This pattern of enhanced functional
connectivity aligns with the known anatomical connectivity among these regions (Varela et
al., 2014; Vertes et al., 2007; Griffin, 2015). Corroborating this finding, we performed a
similar context-dependent correlation analysis seeding NR, and observed significant task-
related correlations with both aCA1 and ACC/vmPFC (Fig. S2). A control analysis using a
whole thalamus ROI (based on Freesurfer's subcortical aseg protocol) excluding voxels in
the NR ROI did not reveal such correlations. This suggests that this pattern of connectivity is
specific to the NR subregion and not the remainder of the thalamus.
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Prefrontal-hippocampal correlations during recognition of repeated stimuli are mediated

by NR

Given that we observed significant task-related functional connectivity among left ACC/
vmMPFC, NR, and aCA1, we next asked whether — as might be expected from current theories
(Griffin, 2015) — activity in NR influences relationships between medial prefrontal regions
and the hippocampus. To test this, we performed a mediation analysis assuming
directionality from ACC/vmPFC to aCAl in the direct pathway and ACC/vmPFC to NR to
aCALl in the mediated pathway. Importantly, the directionality was necessarily assumed only
for the mediation model and was not intended to be a reflection of true structural anatomical
connectivity. We chose to assess activity in the left hemispheric ROIs given the greater
consistency of effects than those observed in ROIs in the right hemisphere in our data.
Separate analyses were run for 1Enc and 3Enc target hits.

For the 1Enc condition, no regression coefficients modeling influences across ROIls were
significant, though the direct ACC/vmPFC beta was marginal (f = -0.608, t(16) = 1.772,p =
0.097) (Fig. 4d). In contrast, for the 3Enc condition, the modeled connection between ACC/
vmPFC and NR was significantly predictive (p = 1.311, t(16) = 3.077, p = 0.008), as were
those between NR and aCAL (B =-1.077, t(16) = 2.577, p = 0.021) and directly between
ACC/vmPFC and aCA1 when modeled without NR as a mediator (p = -0.843, t(16) = 2.416,
p = 0.028). Critically, however, when accounting for the pathway mediated by NR, the ACC/
vmPFC to aCA1 connection was no longer significant (p = -0.693, t(16) = 1.862), p = 0.081)
(Fig. 4e). Though the latter effect is marginal, warranting cautious interpretation, this
demonstrates that NR significantly mediated the correlational structure of ACC/vmPFC to
aCAL

To further test the extent to which NR might be mediating interactions between ACC/
vmPFC and aCAL, we performed a Sobel test (Sobel, 1982) on the 1Enc and 3Enc
mediation models. Briefly this method uses a specialized t-test to assess the significance of
the influence of the mediator variable (NR) on the dependent variable (aCA1) beyond direct
influences from the independent variable (ACC/vmPFC). This test was not significant during
1Enc target hits (t =-0.627, p = 0.531), but was significant during 3Enc target hits (t =
-2.411, p = 0.016) (Fig. 4d&e). This further demonstrates a role of NR in mediating context-
dependent correlations among ACC/vmPFC and aCAL.

Resting state functional connectivity of NR reveals coupling with ACC/vmPFC and the
hippocampus along its longitudinal axis

To further explore the correlational structure of these regions, we tested functional
connectivity in separate resting state scans collected during the same scan sessions for each
subject using NR bilaterally as a seed region. Briefly, data were preprocessed and were
‘scrubbed’ for motion and scanner related artifacts (Power et al., 2012; see Methods for
further details). Normalized (z-scored) group functional connectivity results are displayed in
Fig. S4. At a corrected threshold (FWE alpha = 0.05, cluster threshold of 51 contiguous
voxels), we observed significant correlations between NR and bilateral ACC/vmPFC, as well
as the hippocampus bilaterally along its longitudinal axis (Fig. 5a). This is in contrast to the
anterior hippocampus-specific effects of repetition we report above, although consistent with
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the fact that NR is anatomically connected along the entire hippocampal axis (Varela et al.,
2014). As a control analysis, we reassessed functional connectivity using a whole-thalamus
mask excluding our NR ROI. This revealed a very different and more widespread
correlational pattern which — even at a liberal threshold of p = 0.05 uncorrected — did not
include the hippocampus or the ventromedial portion of PFC (Fig. 5b).

Enhanced connectivity between pDG/CA3 and posterior areas during lure discrimination,
and anterior areas during false recognition

As we did with recognition, we performed a context-dependent correlational analysis, this
time using pDG/CAS3 as a seed region and 3Enc vs. 1Enc correct rejections and false alarms
as the contextual variables. We focused on left pDG/CA3 (Fig. S3a) given the more
statistically reliable findings in the prior analysis in this ROl compared to the right ROI. For
3Enc false alarms, we found significant negative context-dependent correlations between left
pDG/CA3 and left anterior hippocampus (including CA1 and subiculum) and PRC
(Supplemental Fig. 3b) (p < 0.05 corrected). Conversely, we found significant negative
correlations between left pDG/CA3 and bilateral PHC and RSC during 3Enc lure rejections
(p < 0.05 corrected) (Fig. S3c&d). Thus, with repetition, posterior hippocampal and cortical
regions were negatively correlated during lure discrimination but not during false
recognition, whereas pDG/CA3 correlated negatively with anterior regions. Similar to the
target recognition results, we did not observe significant interregional correlations during
1Enc lure false alarms or rejections, further suggesting that repetition drove the correlational
structure observed here. We note that, despite the observed correlations in BOLD signal,
structural connectivity between the MTL and the RSC occurs largely through the entorhinal
cortex. However, anatomical connections between the hippocampus, PHC, and RCS have
been reported (Sugar et al., 2011). We did not observe significant modulations or
correlations in entorhinal cortex in this dataset, likely due to MRI signal dropout in this
region across a number of the subjects we analyzed.

Discussion

Here, we describe a high-resolution fMRI study designed to assess hippocampal-neocortical
network engagement and connectivity during retrieval of repeatedly studied information.
Replicating our previously reported behavioral effect (Reagh & Yassa, 2014), we found that
repetition led to enhanced recognition memory and poorer lure discrimination performance.
Repetition-related enhancements in target recognition were associated with reduced aCA1l
engagement and increased anterior cortical engagement, including ACC/vmPFC. Repetition-
related decreases in lure discrimination were associated with reduced pDG/CA3 engagement
and enhanced posterior cortical engagement. Moreover, we found task-related functional
interactions among these respective networks, and we report evidence for a functional role of
thalamic NR in mediating hippocampal-prefrontal interactions in humans. Overall, these
data provide novel insight into the way the brain responds to repeated encoding, and
suggests hippocampal-neocortical shifts in distinct networks for recognition and
discrimination judgments.
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Repetition reveals recognition versus discrimination effects in hippocampal-neocortical

networks

A major motivation of this experiment was to determine the neural correlates of the
discrepancy between enhanced recognition and diminished discrimination with repetition.
Though repetition has been studied in the context of discrimination memory, some prior
investigations have not observed such a discrepancy (Hintzman, Caulton, & Levitin; 1998).
Unlike these tasks, which largely use words as stimuli, the objects used in our paradigm may
have featured a perceptual richness that allowed for greater nuance to emerge in terms of
repetition-related effects at retrieval.

What mechanisms underlie this phenomenon? As repetition increased both true and false
recognition, and given that these judgments coincided with engagement of anterior cortices,
our data are consistent with a shift towards a familiarity-based retrieval process (Yonelinas,
2002). Indeed, it has been previously reported that repeated study shifts response
contingencies from “remember” (a behavioral proxy for detailed ‘recollection’) to “know” (a
behavioral proxy for familiarity) (Reder et al., 2000). PRC has been particularly related to
mnemonic decisions guided by familiarity and memory strength in the absence of distinctive
information about items (Jenkins & Ranganath, 2016). Unlike anterior regions we examined,
posterior cortices showed repetition-related enhancements specific to discrimination
memory. Accumulating evidence favors a view that anterior and posterior brain systems
serve distinct roles in memory (Ritchey, Libby, & Ranganath, 2015). In particular, such
theories have largely proposed that anterior brain regions serve generalized processing,
whereas posterior regions operate over finer-grained representations. Discriminating a
present stimulus from a related stimulus in memory likely relies on a more detailed
representation than lumping that stimulus into an existing category (Van Kesteren et al.,
2012). Thus, our results of anterior recognition signals and posterior discrimination signals
in cortical areas are highly consistent with extant frameworks.

The hippocampus is thought to participate in the encoding of ‘episodes’ consisting of
interlinked features. Over time, information from hippocampus-dependent episodes is
thought to become incorporated into cortical networks (Winocur & Moscovitch, 2011; Nadel
et al., 2012). This likely occurs by extracting categories and regularities, or ‘schemas,’
across episodes (van Kesteren et al., 2012). Recent studies in rodent models (Tse et al.,
2007; Tse et al., 2011) and humans (van Kesteren et al., 2009; van Kesteren et al., 2013;
Sommer, 2016) suggest that novel information can more be more readily encoded using
existing neocortical traces if the information is schema-consistent, which furthermore
accords with the CLS model of the roles of the hippocampus and neocortex (McClelland,
2013).

Given that our stimuli are common objects that are consistent with many existing schemas
(e.g., ‘telephone’), it is possible that repeated study facilitated an accelerated acquisition by
neocortical areas supporting memory for the objects in the task (though the extent to which
this process may be obligatory or automatic is unclear). Moreover, as discussed above, the
regions of the hippocampus and neocortex involved in this representational shift may depend
on the type or scale of information being remembered. The hippocampus is also thought to
exhibit a gradation of scale/precision of representation along its longitudinal axis (Poppenk
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et al., 2013; Strange et al., 2014), and our dissociation of recognition engaging the anterior
hippocampus and discrimination engaging the posterior hippocampus (which may reflect an
increased demand on pattern separation; see Schlichting, Mumford, & Preston, 2015) is
consistent with this perspective. In sum, repeated study may shift largely hippocampus-
mediated representations to neocortical regions, and this may differ regionally as a function
of precision or detail. In terms of cognitive or behavioral consequences, this shift towards
cortical engagement manifests as an increased reliance on a familiarity-based process
supported by anterior cortices, whereas posterior cortices supporting ‘recollection’ increase
their involvement in facilitating discrimination memory (Jacoby, Wahlheim, & Yonelinas,
2013).

The role of human thalamic NR in mediating anterior CA1-ACC/vmPFC connectivity

A key finding of the current study is that thalamic NR mediated connectivity between CAl
and ACC/vmPFC during recognition of repeated stimuli. In our data, we observed a positive
correlation between ACC/vmPFC and NR, and a negative correlation between these regions
and aCAL. This may indicate coordination between ACC/vmPFC and NR under conditions
of repeated study that relates to the reduced engagement we observed in aCAl. As NR is
thought to be a critical means of information transfer between the prefrontal cortex and
hippocampus (Varela et al., 2014; Vertes et al., 2007; Griffin, 2015), our results are
consistent with known anatomical and functional roles. Importantly, this circuit has been
implicated in memory transformation or “consolidation” in the context of animal studies
(Goshen et al., 2011) and computational models (Ketz, Jenson, & O'Reilly, 2015). It has also
been implicated in generalization of fear responses (Xu & Sudhof, 2013) as well as spatial
navigation (Ito et al., 2015). It is likely that this circuit is involved in several aspects of
memory processing and is central to how hippocampal-neocortical traces are established and
altered over time. To our knowledge, these results are among the first evidence in humans
that the thalamic NR is an important region in this memory network.

It bears mentioning that our PPI results showed only anterior hippocampal correlations with
NR, whereas resting state functional connectivity showed correlations with the hippocampus
along its entire longitudinal axis. There are in fact anatomical connections along the entire
hippocampal extent with NR in rodents, though projections are densest in the anterior
(ventral) hippocampus (Vertes et al., 2007). The emphasis on the anterior hippocampus in
the PPI results is likely due to the fact that 3Enc target hits were specifically being modeled.
As can be seen from our univariate fMRI results, target hits involved the anterior but not the
posterior portion of the hippocampus (Fig. 2).

Limitations of the current study

A limitation of our study imposed by the nature of the BOLD response is that increases and
decreases in activity cannot be taken to exclusively reflect the degree to which a brain region
is involved in a specific process. For example, the increase in cortical involvement —
seemingly at the expense of hippocampal involvement — can arise from two main
possibilities: 1) sharpening of hippocampal representations used to index neocortical areas
(from the perspective of BOLD fMRI, an apparent decrease in hippocampal engagement), or
2) an actual and not merely apparent decrease in hippocampal engagement. In the absence of
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a more sensitive measure of the activity of discrete neuronal ensembles from techniques
such as high-density array neurophysiology, we cannot adjudicate between these
possibilities.

It is important to note that we did find evidence for a difference in decision criterion applied
to target hits and lure rejections as a function of repetition. The difference we observed
implies that, although encoding was incidental, repetition was associated with a systematic
shift toward endorsing multiply studied items as old for both targets and lures at test.
Though this limits strong interpretations of how the behavioral results bear on memory
representations, the net result of an increased tendency to endorse any repeated information
as being old is an interesting mnemonic phenomenon. Furthermore, we note that by
covarying the criterion difference across conditions in our neuroimaging analyses, we have
accounted for this effect in assessing task-associated effects across brain regions. Thus,
response profiles across brain regions are assessed and reported in a way that accounts for
the influence of any systematic differences in behavior.

Another limitation is that, although our high-resolution functional scans captured the
majority of the brain (Fig. S4), several memory-related regions were outside the field of
view, including some of the dorsolateral prefrontal cortices and the superior parietal lobules.
These regions could potentially show response profiles comparable to the regions we
examined here, but our field of view was too restricted to examine them. Finally, as
previously noted, the object stimuli used in our task likely have existing ‘schemas’ already
associated with them. Though we cannot address this in the present data, an interesting
future experiment would be to examine, both behaviorally and neurally, how repetition may
affect the encoding of abstract objects (e.g. kaleidoscopic stimuli) for which there is not an
existing ‘schema.’

These results provide novel evidence for distinct brain circuits and networks underlying
enhanced recognition and diminished discrimination memory with repeated study. We
demonstrate that repeated study can, even in a brief period of time (under an hour), shift the
relative balance of hippocampal-neocortical engagement, depending on the specificity of the
associated mnemonic judgment, and that the shift is distributed across the hippocampal long
axis. Finally, we demonstrate novel evidence for a functional memory-related role of
thalamic NR in the human brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Repetition increases target hit rate and lure false alarm rate
(a) Schematic of the task. Participants first completed an encoding task with an incidental

“Indoors or Outdoors” judgment, during which half of the objects were studied once (1Enc)
and the other half three times (1Enc). Subsequently, a surprise test phase was conducted
during which participants observed novel foils, identical targets, and similar lure items.
Targets could have been studied once or three times. Lures were similar but not identical to
an item that could have been studied once or three times. Subjects were asked to judge
“Same or Different,” the former judgment accurately identifying targets and the latter
accurately rejecting lures. (b) Mean target hit rate is increased for 3Enc targets, as is lure
false alarm rate (i.e., diminished lure rejection rate) for 3Enc lures at intermediate levels of
similarity (bins 2-4). Overall lure rejection rate is diminished with repetition via the area
under the curve (AUC) summary value. (1Enc = singly studied items; 3Enc = triply studied
items; * indicates significance at p < 0.05 two-tailed; error bars are mean +/- SEM.)
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Figure 2. Repetition-related facilitation in anterior cortical regions, and suppression in anterior
hippocampal CA1 during target recognition

3Enc targets elicited greater engagement than 1Enc targets in left PRC (a), left NR (b), and
left ACC/VmPFC (c), and right ACC/vmPFC (d). Left anterior CA1 showed lower
engagement during 3Enc targets than during 1Enc targets (e), the opposite of anterior
cortices. Moreover, Left PRC (a) and ACC/vmPFC (c) showed a similar repetition
enhancement for 3Enc false alarms. (1Enc = singly studied items; 3Enc = triply studied
items; PRC = perirhinal cortex; NR = nucleus reuniens; ACC/vmPFC = anterior cingulate
cortex/ventromedial prefrontal cortex;. * indicates significance at p < 0.05 corrected, two-
tailed; error bars are mean +/- SEM.)
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Figure 3. Repetition facilitates lure-related signals in posterior cortices, but diminishes responses
in posterior DG/CA3

Unique CR > FA response pofiles for 1Enc lures were observed in both left (a) and right
pDG/CA3 (b). This was not observed in these regions for 3Enc lures. Left pDG/CA3 also
showed a 1Enc CR > 3Enc CR difference. Conversely, we observed CR > FA response
profiles for 3Enc lures in left (c) and right PHC (d), and left RSC (e). All cortical regions
showed 3Enc CR > 1Enc CR differences. (1Enc = singly studied items; 3Enc = triply studied
items; CR = correct rejection; FA = false alarm; pDG/CAS3 = dentate gyrus/CA3 in the
posterior hippocampus; PHC = parahippocampal cortex; RSC = retrosplenial cortex; *
indicates p < 0.05 in a Holm-Sidak post-hoc test, corrected for multiple comparisons; error
bars are mean +/- SEM.)
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Figure 4. Posterior DG/CA3 is sensitive to high and low similarity lures, whereas PHC is
sensitive only to low similarity lures

(a) Left pDG/CA3 showed greater engagement during 1Enc CRs than 1Enc FAs and 3Enc
CRs across both high and low similarity levels. (b) Right pDG/CAS3 showed only a
significant difference between 1Enc CRs and FAs at high similarity levels, though the
overall pattern is qualitatively similar to left pDG/CAS3. Both left (c) and right (d) PHC
showed significantly greater engagement during 3Enc CRs than FAs at low similarity levels.
Moreover, engagement was greater for low similarity 3Enc CRs than high similarity 3Enc
CRs. (1Enc = singly studied items; 3Enc = triply studied items; Hi = high similarity; Lo =
low similarity; CR = correct rejection; FA = false alarm; pDG/CA3 = dentate gyrus/CA3 in
the posterior hippocampus; PHC = parahippocampal cortex; RSC = retrosplenial cortex; *
indicates p < 0.05 in a Holm-Sidak post-hoc test, corrected for multiple comparisons; error
bars are mean +/- SEM.)
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Figure 5. Anterior network functional connectivity during recognition of repeated stimuli
(a) Representative view of the left ACC/vmPFC ROI (in blue). (b) Significant positively

correlated voxels from the PPI analysis (in yellow) are shown in left NR. (c) Negatively
correlated voxels (in red) are shown in left (and right) aCA1. Correlation maps were
thresholded via familywise error correction (p < 0.05, 51 contiguous voxels). (d) Mediation
analyses revealed no significant connectivity for 1Enc target hits. (¢) Conversely,
connectivity between left ACC/vmPFC, left NR, and left aCA1 was significant during 3Enc
target hits. The significant direct connectivity between left ACC/vmPFC and left aCAl is
eliminated when modeling left NR, indicating mediation is occurring to a significant degree.
Critically, Sobel's test demonstrated evidence of mediation in the 3Enc condition, but not the
1Enc condition. (1Enc = singly studied items; 3Enc = triply studied items; PPl =
psychophysiological interaction; NR = nucleus reuniens; ACC/vmPFC = anterior cingulate
cortex/ventromedial prefrontal cortex; aCA1 = CA1 in the anterior hippocampus; green text
indicates the left ACC/vmPFC to left aCA1 pathway without modeling left NR as a
mediator, and red text indicates this pathway with NR mediation.)
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Significant Voxels

p < 0.05 corrected : p < 0.05 uncorrected

Figure 6. Resting state functional connectivity dissociates NR from the rest of the thalamus
(@) Using the NR ROI as a mask reveals significant resting state functional connectivity with

the ventromedial portion of the PFC and the hippocampus along its longitudinal axis. This is
displayed at a familywise error corrected threshold (p < 0.05 corrected, 51 contiguous
voxels). (b) Using a whole thalamus ROI minus the NR ROI reveals a strikingly different
connectivity pattern, with widespread connectivity excluding ventromedial PFC and the
hippocampus. This is displayed at an uncorrected threshold of p < 0.05 to illustrate the
extent to which these regions are absent. (NR = nucleus reuniens; ROI = region of interest.
PFC = prefrontal cortex.)
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