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Abstract

Computational models have proposed that the entorhinal cortex (EC) is well suited for maintaining multiple items in working
memory (WM). Evidence from animal recording and human neuroimaging studies show that medial temporal lobe areas
including the perirhinal (PrC), EC, and CA1 hippocampal subfield may contribute to active maintenance during WM. Previous
neuroimaging work also suggests CA1 may be recruited transiently when encoding novel information, and EC and CA1 may be
involved in maintaining multiple items in WM. In this study, we tested the prediction that a putative WM buffer would
demonstrate a load-dependent effect during a WM delay. Using high-resolution fMRI, we examined whether activity within the
hippocampus (CA3/DG, CA1, and subiculum) and surrounding medial temporal cortices (PrC, EC, and parahippocampal cortex—
PHC) is modulated in a load-dependent manner. We employed a delayed matching-to-sample task with novel scenes at 2
different WM loads. A contrast between high- and low-WM load showed greater activity within CA1 and subiculum during the
encoding phase, and greater EC, PrC, and PHC activity during WM maintenance. These results are consistent with
computational models and suggest that EC/PrC and PHC act as a WM buffer by actively maintaining novel information in a
capacity-dependent manner.
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Introduction

Theoretical models have proposed that the entorhinal cortex (EC)
supports the active maintenance of multiple items during work-
ing memory (WM) (Jensen and Lisman 2005; Koene and Hasselmo
2007). These entorhinal buffer models have proposed that sus-
tained activity in the EC during active maintenance (persistent
spiking in single-unit recordings in rodents) could provide a

buffer for WM that can facilitate hippocampus-dependent en-
coding into long-term memory (Lisman and Idiart 1995; Jensen
and Lisman 1996; Koene et al. 2003; McGaughy et al. 2005).
These models state that intrinsic calcium-dependent afterdepo-
larization currents are activated by cholinergic innervation of EC
neurons. The intrinsic currents support persistent spiking when
synaptic representations outside the medial temporal lobes
(MTLs) do not exist, as is the case for novel stimuli. Support for
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this entorhinal buffer model comes from McGaughy et al. (2005),
who have shown that cholinergic deafferentation of entorhinal
neurons in the rat impairs delayed nonmatching to sample for
novel odors, but not for familiar odors after a 15-min delay. Evi-
dence from unit recordings in monkeys and rats has shown
stimulus-selective and nonselective sustained neuronal firing
in EC neurons during the delay period of delayed-match-to-sam-
ple and delayed nonmatch-to-sample tasks (Suzuki et al. 1997,
Young et al. 1997) that is distractor resistant (Suzuki et al. 1997).
Following depolarization, persistent firing in the absence of
stimulus input has been observed not only within the EC (Klink
and Alonso 1997; Fransén et al. 2004; Tahvildari et al. 2007; Yoshi-
da et al. 2008), but also in the perirhinal cortex (PrC) (Navaroli
et al. 2012), the CA3 subfield (Jochems and Yoshida 2013), and
CA1 subfield (Knauer et al. 2013). Functional neuroimaging stud-
ies have reported delay-period activity in EC, PrC, parahippocam-
pal cortex (PHC), and hippocampus during WM tasks (Pessoa
et al. 2002; Schon et al. 2004, 2013; Nichols et al. 2006; Olsen
et al. 2009; Newmark et al. 2013), and it has been shown that
this delay-period activity can support long-term encoding
(Schon et al. 2004; Ranganath et al. 2005; Nichols et al. 2006),
short-term encoding during WM (Pessoa et al. 2002; Olsen et al.
2009), novelty detection (Ranganath and Esposito 2001; Schon
et al. 2013), and encoding/processing of item similarity, consist-
ent with a proposed pattern separation or disambiguation pro-
cess (Newmark et al. 2013). In particular, Olsen et al. (2009)
demonstrated sustained delay-period activity in EC, PrC, and
anterior hippocampus suggestive of short-term stimulus main-
tenance that is independent from novelty encoding, whereas
delay-period activity in the PHC showed a linear increase sug-
gestive of an anticipatory process. Similarly, while not directly
examining delay-period activity, Fernandez et al. (1999) have
shown that sustained EC activity is correlated with subsequent
cued recall. Recently, we have shown delay-period activity in
CA1 and EC when multiple stimuli with overlapping features
are maintained (Newmark et al. 2013).

Anatomically, the EC is ideally suited as a buffer for WM, be-
cause of its well-established role as a major interface between the
hippocampus and cortical areas. It receives projections from uni-
modal and polysensory cortical areas via the perirhinal and para-
hippocampal cortices and from orbitofrontal and dorsolateral
prefrontal cortex among other regions (Van Hoesen and Pandya
1975a; Insausti et al. 1987; Suzuki and Amaral 1994). In a promin-
ent hierarchical model of the organization of the cerebral cortex
based on anatomical studies, the EC, together with the hippo-
campus, sit on top of the visual information flow hierarchy (Felle-
man and Van Essen 1991). The EC relays incoming information to
the hippocampus and has direct projections to the DG, CA1, and
CA3 subfields of the hippocampus (Van Hoesen and Pandya
1975b; Witter et al. 1989).

Together, this work suggests that CA1 along with EC and PrC
may act as a WM buffer. Critical features of a WM buffer are the
co-existence of LTM processes, observed, for example, using a
subsequent memory paradigm (Fernandez et al. 1999; Schon
et al. 2004), and WM processes during the delay period, such as
active maintenance that is distractor resistant (Suzuki et al.
1997) or that is modulated by WM load. In this study, we test
the prediction that the WM buffer should show a load-dependent
effect during a WM task delay, that is, delay-period activity
should be modulated by the number of new items held in WM.

WM load-modulated delay-period activity in the MTL, specif-
ically in the hippocampus, has not consistently been observed in
whole-brain fMRI studies (Zarahn et al. 2005; Axmacher et al.
2007; Schon et al. 2009; Kochan et al. 2011). This may be because

whole-brain studies rely on standard normalization techniques
that are often unable to show activity differences in small re-
gions, such as CA1, or in regions with highly variable anatomical
boundaries, such as those between EC and PrC. Recent investiga-
tions in patients with MTL damage have suggested that the
hippocampus in particular should only be recruited when WM
capacity is exceeded (Shrager et al. 2008; Jeneson et al. 2010) or
when active maintenance is impaired through distraction (Shra-
ger et al. 2008). These results remain inconclusive, however, be-
cause patient studies cannot distinguish between transient
contributions to encoding and sustained contributions during
the WM delay.

Another potential candidate for the WM buffer may be a re-
gion of the PHC given the PHC'’s well-established role in scene
processing (Epstein et al. 2007) and mnemonic encoding of
novel visuospatial scenes (Epstein et al. 1999; Schon et al. 2004;
Awipi and Davachi 2008; Preston et al. 2010) and of contextual in-
formation (Diana et al. 2007; Staresina et al. 2011). Critical for a
WM bulffer role, in addition to a role in mnemonic encoding dur-
ing the WM delay, is that this region should also show sustained
activity during brief WM delays that is greater with greater mne-
monic load. Using a delayed matching-to-sample task with un-
familiar scenes, we have shown that delay-period activity in
the PHC is associated with subsequent scene memory, suggest-
ing that this region supports encoding of novel scenes during
the WM task delay (Schon et al. 2004). However, while previous
fMRI studies with two-back task designs have shown greater
PHC activity with greater WM load of spatially complex stimuli
(2-back > 1-back; Lee and Rudebeck 2010), so far there is limited
evidence that the PHC region is modulated by stimulus load dur-
ing the WM task delay (Ranganath et al. 2004; Axmacher et al.
2009). Ranganath et al. (2004) showed that a load effect in this re-
gion during the WM task delay was absent. In contrast, Axmacher
and colleagues observed greater activity in the PHC with “lower”
load. Together, these studies suggest the PHC may not be the
locus of the WM buffer. Given this region’s role in scene process-
ing and mnemonic encoding, we also examined whether activity
in the PHC was modulated by WM load. However, based on the
existing literature, we did not have a specific hypothesis regard-
ing this region’s role as a WM buffer.

Here, we have extended our previous work (Schon et al. 2009;
Newmark et al. 2013) by using high-resolution fMRI and cross-
participant alignment methods optimized for small ROIs (Stark
and Okado 2003; Miller et al. 2005; Yassa and Stark 2009) to differ-
entiate the functional contributions of hippocampal subfields
and parahippocampal regions to WM maintenance at high and
low loads. We predicted that EC and PrC would show increased
activity with higher WM loads during task delay. We also investi-
gated CA1 and PHC activity during the encoding phase and delay
period. We hypothesized that if CA1 and PHC activity was modu-
lated by WM load during the delay, this would suggest a role for
CA1 and PHC as a buffer during WM maintenance. Alternatively,
if CA1 showed increased transient activity during the encoding
phase only, this, together with findings from our previous work
(Schon et al. 2004), may suggest long-term encoding or visual in-
formation processing during WM.

Materials and Methods
Participants
We recruited 18 participants (mean age: 20.0 + 2.0 years, 10 fe-

male) from the Boston University community and surrounding
area. Participants gave informed written consent, and the study
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was approved by both the Partners Human Research Committee
and the Boston University Charles River Campus Institutional Re-
view Board. All subjects had normal or corrected vision, and all
reported no history of neurologic or psychiatric disorders and
had no counter indicators for MR imaging. Three participants
were excluded from analyses due to excessive motion and tech-
nical difficulties during scanning.

Task Procedure

Stimuli consisted of 360 color photographs of unfamiliar trial-un-
ique visual outdoor scenes. Stimuli, task design, and procedures
were identical to those used previously in our whole-brain fMRI
study (Schon et al. 2009). During fMRI scanning, subjects per-
formed a Sternberg task (Sternberg 1966) in which 2 or 4 scenes
(Load 2 and Load 4) were sequentially shown (sample; average
duration per scene: 1600 ms followed by a blank screen, average
duration: 400 ms, see Schon et al. 2009; followed by a variable-
length delay period, maintenance: 4, 6, or 8s; followed by a
probe scene, test: 2 s, and a variable intertrial interval: 8, 10, or
12 s; Fig. 1). As in our previous study, sample scene presentations
were variable in duration (mean, 1600 ms; range, 1400-1800 ms)
and were followed by a temporal jitter (mean, 400 ms; range,
200-600 ms, uniform distribution in steps of 100 ms). During
this temporal jitter, the screen was dark. We included this tem-
poral jitter to allow use of the identical task in a magnetoence-
phalography study. At test, participants indicated with a button
press whether the probe was the same as or did not match one
of the sample scenes (50% match, 50% nonmatch trials). The
probe scenes were equally likely to have been shown during the
sample period in any temporal position (shown first or second for
Load 2 trials and shown first, second, third, or fourth for Load 4
trials). All scenes were trial-unique, unless they were seen a
second time at test (match). Variable-length delay periods and
intertrial intervals were chosen to introduce differential overlap
between subsequent sample, delay, and test periods to reduce
collinearity. This approach was used in previous studies (Sakai
and Passingham 2003; Cairo et al. 2004; Ranganath and D’Esposi-
to 2005; Piekema et al. 2006; Schon et al. 2009). Subjects per-
formed a total of 144 trials across 8 runs, with 9 Load 2 trials
and 9 Load 4 trials per run.

fMRI Data Acquisition

Structural and functional imaging data were acquired on a 3.0
Tesla Siemens MAGNETOM Trio™ Tim® System scanner (Sie-
mens AG, Medical Solutions) using a 12-channel Tim® Matrix
head coil at the Athinoula A. Martinos Center for Biomedical Im-
aging, Massachusetts General Hospital, Charlestown, MA, USA.
Structural scans consisted of 2 high-resolution T1-weighted
magnetization prepared gradient echo (MP-RAGE) scans obtained
using generalized autocalibrating partially parallel acquisitions
(GRAPPA; Griswold et al. 2002) (TR =2530 ms, TE = 3.44-3.48 ms,
flip angle =7°, number of slices =176, field of view =256 mm,
and resolution =1 x 1 x 1 mm?). Functional data were acquired
using T2*-sensitive gradient-echo, echo planar imaging (EPI)
blood-oxygen level-dependent (BOLD) scans. Eight runs with
216 images per run were acquired during which subjects
performed the task (TR=2000ms, TE =34 ms, flip angle =90°,
22 interleaved slices, field of view (FoV) = 96 mm, matrix size = 64
x 64, resolution = 1.5 x 1.5 x 1.5 mm?, no interslice skip). A single
T1-EPI scan was also obtained for each subject (TR =18280 ms,
TE =52 ms, flip angle =90°, field of view = 192 mm, matrix size =
128 x 128 mm?, in-plane resolution = 1.5 mm?, slice thickness =

1.5 mm, interslice skip =0.3 mm, 90 interleaved slices, number of
concatenations = 1) using the GRAPPA method. The EPI image
slices were oriented approximately parallel to the long axis of
the hippocampus, allowing inclusion of the hippocampal sub-
fields (CA3/DG, CA1, subiculum), including the hippocampal tail,
and the MTL subregions (EC, PrC, PHC, and amygdala) in the
axial plane.

Data Preprocessing

Structural and functional data were preprocessed with SPM8
software (Wellcome Department of Cognitive Neurology) and
MATLAB (MathWorks) routines. The images were reoriented
such that the origin was 8 mm ventral to the anterior commis-
sure. Preprocessing of BOLD data included correcting differences
in slice timing, re-aligning to the first image collected within a
series (motion correction), and unwarping to correct for image
distortions due to susceptibility by movement interactions. The
MP-RAGE structural and BOLD scans were coregistered to the
T1-EPL These preprocessing steps were then followed by cross-
participant alignment of anatomical and BOLD images.

Cross-Participant Alignment

ROI-based regional cross-participant alignment (ROI-AL) proce-
dures were used to optimize regional alignment of the hippocam-
pal subfields and MTL cortices across all participants. This
procedure allowed precise localization within these anatomically
defined ROIs (Stark and Okado 2003; Miller et al. 2005; Yassa and
Stark 2009). We used the same ROI-AL procedure and manual
tracing protocol as in our previous work (Newmark et al. 2013).
Hippocampal subfields (CA3/DG, CA1, subiculum) and extrahip-
pocampal MTL regions (EC, PrC, PHC, and amygdala) were first
manually delineated on each subject’s anatomical MP-RAGE
scan using techniques adapted for the visualization of these
structures (Insausti et al. 1998; Pruessner et al. 2000, 2002).

Hippocampal boundaries included the fimbria, the inferior
horn of the lateral ventricle, the uncus, and the quadrigeminal
cistern. The subfields of the hippocampus were defined bilaterally
using previously published methods (Kirwan and Stark 2007;
Kirwan et al. 2007) and the Duvernoy atlas (Duvernoy 2005).
The CA3 and dentate gyrus were combined to create the CA3/
DG subfield, as the anatomical border could not be anatomically
distinguished. Eight coronal slices identical or very similar to
those depicted and described in the Duvernoy atlas were selected
on each participant’s average anatomical MR image for manual
segmentation. Segmentation continued in 1-mm steps in both
anterior and posterior direction from each of the 8 initial slices
so that a smooth transition was created between slices. Land-
marks for the delineation of the PrC, EC, and PHC included the
gyrus of Schwalbe, the collateral sulcus, and the splenium of
the corpus collosum.

Statistical Data Analysis

Our statistical analysis was identical to that of our previous
whole-brain study using this task (Schon et al. 2009). Repeated-
measures ANOVAs were used to investigate main effects of WM
load (Load 2 and Load 4) and trial type (match and nonmatch)
and interactions between WM load and trial type on behavioral
performance (% correct, reaction time for correct trials). In add-
ition, we also examined main effects of delay length and interac-
tions between load and delay length on behavioral performance
using repeated-measures ANOVAs. For analysis of BOLD activity
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Load 4 trials

Figure 1. WM Task. During fMRI scanning, subjects performed a Sternberg task consisting of 72 trials per condition (Load 4 and Load 2) in each of 8 runs. Subjects viewed
either 2 or 4 sequentially presented images of outdoor scenes (encoding phase), maintained the scenes across a 4- to 8-s variable-length delay period (maintenance
phase), and determined whether a probe scene matched one of the previous images seen during that trial or was a nonmatch (test phase). Each trial ended with a

variable-length fixation/ITIL.

within the MTL, 16 regressors were created and convolved with
the canonical hemodynamic response function for each combin-
ation of load (Load 2 and Load 4), event (encoding, maintenance,
retrieval, and ITI/fixation), and accuracy (correct and incorrect).
Delay periods were modeled as in Schon et al. (2009). Delay peri-
ods were modeled as short events of 4, 6, or 8-s duration. Addition-
ally, the 6 movement parameters from the motion correction step
were added as covariates to account for residual movement-re-
lated spurious activity. WM load effects were assessed by compar-
ing Load 4 versus Load 2 for each phase of the task (encoding,
maintenance, and retrieval) for correct trials only. Second-level
analysis involved creating group-averaged SPMs by entering the
contrast images into one-sample t-tests using subjects as a ran-
dom factor. To correct for multiple comparisons, a cluster extent
threshold of 20 contiguous voxels for a corrected threshold (P <
0.05) was determined using the AlphaSim algorithm (Forman
etal. 1995) by running 10 000 Monte Carlo simulations at an uncor-
rected voxel-wise P-value of P <0.01. Parameter estimates were
extracted from peaks of regional activity using the Volumes
toolbox extension for SPM5 and selectively averaged by load
(Load 2 vs. Load 4) and by event (encoding vs. maintenance vs.
retrieval) [http:/sourceforge.net/projects/spmtools (Last accessed
21 January 2015)]. For visualization of parameter estimates, we
averaged the extracted beta values across participants.

Results

Behavioral Results

There was no difference in accuracy (percent correct) between
lower load trials and higher load trials (Mean + Standard Error,
Load 2 trials: 92.26 +2.21%, Load 4 trials: 91.04 +2.18%; F; 14 =1.13,
P=0.3). As expected, reaction time analysis showed that partici-
pants answered faster to lower load trials than to higher load
trials (Load 2 trials: 953.23 + 34.0 ms; Load 4 trials: 1004.9 + 30.6
ms; Fy14=6.62, P=0.022). Participants performed better on non-
match trials compared with match trials (Mean + Standard
Error, Nonmatch trials: 94.78 + 2.07%, Match trials: 88.52 + 2.34%;
F114=24.89, P<0.01), but there was no significant reaction time

difference between nonmatch trials compared with match trials
(Mean + Standard Error, Nonmatch trials: 958.7 + 32.6 ms, Match
trials: 999.5+32.4 ms; F; 14=3.38, P=0.08). Additionally, there
were no significant interactions between WM load and trial
type (match/nonmatch) for reaction time and accuracy (reaction
time: F; 55 =0.002, P = 0.966; accuracy: F, ,5 = 1.13, P = 0.31). We also
conducted two-factor repeated-measures ANOVAs of load effects
(Load 2 vs. Load 4) by delay length (4 s vs. 6 s vs. 8 s) for RT (correct
trials) and accuracy to examine behavioral differences as a
function of delay length. There were no main effects of delay
length for both RT (F,13=0.840, P=0.45) and accuracy (F;13=
0.093, P=0.912). In addition, there were no main effects of load
for RT (F1,14=0.412, P=0.53) and accuracy (F1,14=1.215, P=0.29).
Critically, the load effect by delay length interaction was
not significant for both RT (F,,5=0.128, P=0.88) and accuracy
(F2,26 =0.060, P =0.94), suggesting that any fMRI effects observed
for load should be independent of behavioral performance and
of delay length.

fMRI Results

Load Effect during the Encoding Phase in CA1

When correct Load 4 trials were contrasted with correct Load 2
trials during the encoding phase (Fig. 2: Load 4 > Load 2, encoding
phase), the group analysis showed significant activity within left
CA1 (2 peaks: T=6.44, Z=4.40; T=4.55, Z=13.55, P < 0.01c0p), and
right subiculum (T =4.87, Z=3.71, P <0.01c0n). Additional areas
activated for this contrastincluded left amygdala (T =4.16; Z = 3.34,
P <0.01¢0y,) and right amygdala (T =4.84, Z=3.70, P < 0.01¢oy). To il-
lustrate the direction of the load effect in these regions during the
encoding phase, we extracted parameter estimates (beta weights)
from the peaks of these activation clusters and sorted them by en-
coding phase, delay period, and retrieval phase. These are shown
in Figure 2.

Parahippocampal Areas but not Hippocampus Showed a Load Effect
during the WM Delay

When correct Load 4 trials were contrasted with correct Load 2
trials during the maintenance phase (delay period) (Fig. 3: Load
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Figure 2. CA1 and subiculum show functional contribution while encoding a greater WM load (Load 4 > Load 2; encoding). The above images show thresholded statistical
parametric maps for group-level activity superimposed on the representative structural template image, the corresponding segmented image, and graphs showing
parameter estimates (beta weights) for Load 2 (blue) and Load 4 (red) for the encoding, maintenance, and retrieval (test) phases. The model segmentation is displayed
to indicate the location of CA1 (light green), the subiculum (red), EC (light blue), PrC (violet), and PHC (dark green). Note that numbers correspond to y-coordinates,
that is, the distance of each slice from the anterior commissure in millimeter (AC, y =0 mm in Talairach coordinates; that is, regions posterior to the AC have negative
y-values) and are indicated for each slice. Note that the coordinates describe a subject-specific space and are not in MNI or Talairach space. Images are displayed in
“radiological” convention, with the right hemisphere displayed on the left side of the image.

4 > Load 2, delay), the group analysis showed significant activity
within the right PHC (3 peaks: T=5.45, Z=3.99; T=4.61, Z=3.58;
T=4.36, Z=3.45; P <0.01cry) and within a region composed of
both the left PrC and EC (T=4.12, Z=3.32, P <0.01.0p). Activity
in these areas was greater for Load 4 than that for Load 2. To illus-
trate the direction of the load effect in these regions during the
WM delay, we extracted parameter estimates (beta weights)
from the peaks of these activation clusters and sorted them by
encoding phase, delay period, and retrieval phase. These are
shown in Figure 3.

Effects of WM Load during Retrieval in CA1

In our previous fMRI investigation that assessed WM load effects
across the whole brain using the same task, but different sub-
jects, we observed a load effect (Load 4 > Load 2) in a left anterior
MTL region during retrieval (Schon et al. 2009). Greater activity
during retrieval of the larger WM load (Load 4) compared with re-
trieval of the smaller WM load (Load 2) in that region was driven
by nonmatch trials. Here, we examined whether we could repli-
cate this result and extend it to the subfield level.

Across match and nonmatch trials, the load effect contrast at
test (Load 4 > Load 2, retrieval) showed no significant areas of
activity within the MTL. However, a load effect contrast for
nonmatching scenes at test (Load 4 > Load 2, nonmatch, retrieval)
showed significant activity within the right PHC (2 peaks: T=11.13,
Z=5.58;,T=5.12,Z=3.78; P <0.01c0n), the left PHC (3 peaks: T=7.41,
Z=465;T=5.70,Z=4.03; T=5.33,Z=3.87; P <0.01.0y), and a region
extending into right CA1 and CA3/DG (T =4.09, Z = 3.26). A contrast
of match trials (Load 4 Match > Load 2 Match, P < 0.01¢.y,) showed
no significant activity within the MTL.

WM Load-Independent Effects

We also compared activity during the encoding, delay, and re-
trieval phases of the Sternberg task with that of the ITI (fixation)
separately for each load. A contrast between Load 2 > ITI during
the encoding phase showed activity within the PrC and PHC,
whereas a contrast between Load 4 > ITI showed activity in the
hippocampus (CA3/DG, CA1, and subiculum) as well as the EC,
PrC, and PHC. During the delay period, both sets of contrasts
showed activity within the EC, PrC, and PHC. During the retrieval
phase, both sets of contrasts showed activity within the hippo-
campus (CA3/DG, CA1, and subiculum) as well as the EC, PrC,
and PHC. Please see Supplementary Table 1, online, for details.

Discussion

Aload effect during the WM task delay has previously been asso-
ciated with a “limited-capacity” WM buffer linked to prefrontal
and posterior cortical regions (Braver et al. 1997; Rypma et al.
1999; Jha and McCarthy 2000; Druzgal and D’Esposito 2003; see
Schon et al. 2009, for a whole-brain study using the same cogni-
tive task used here). In addition to these prefrontal and parietal
contributions to WM, computational models have suggested
that MTL regions also can act as a WM buffer (Lisman and Idiart
1995; Jensen and Lisman 1996, 1998, 2005; Koene and Hasselmo
2007). We examined activity within hippocampal subfields
(CA3/DG, CA1, and subiculum) and neighboring medial temporal
areas (PrC, EC, and PHC) while participants encoded, maintained,
and retrieved information at 2 different WM loads. As predicted,
we observed a WM load effectin CA1. We found that this WM load
effect in CA1 was transient and did not sustain into the delay
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Figure 3. The entorhinal, perirhinal, and parahippocampal cortices show functional contribution while maintaining a greater WM load (Load 4 > Load 2; maintenance).
The picture shows statistical parametric maps for group-level activity superimposed on the representative structural template image, the corresponding segmented
image, and graphs showing parameter estimates (beta weights) for Load 2 (blue) and Load 4 (red) for encoding, maintenance, and retrieval (test) phases. The model
segmentation is displayed to indicate the location of CA1 (light green), the subiculum (red), EC (light blue), PrC (violet), and PHC (dark green). Note that numbers
correspond to y-coordinates, that is, the distance of each slice from the anterior commissure in millimeter (AC, y =0 mm in Talairach coordinates; that is, regions
posterior to the AC have negative y-values) and are indicated for each slice. Note that the coordinates describe a subject-specific space and are not in MNI or Talairach
space. Images are displayed in “radiological” convention, with the right hemisphere displayed on the left side of the image.

period. In contrast, we found sustained delay-period activity
within the EC, PrC, and PHC with greater WM load, consistent
with our predictions.

Here, consistent with predictions from computational model-
ing work (Lisman and Idiart 1995; Jensen and Lisman 1996, 1998,
2005; Koene and Hasselmo 2007), we show that areas EC, PrC, and
PHC are involved in active maintenance during WM in a load-
dependent manner. Our findings extend other studies that use
complementary techniques for investigating the neural corre-
lates of WM maintenance. Single-unit recording studies have
shown persistent neuronal firing in the EC indicating an import-
ant WM mechanism (Fransén et al. 2002; Hasselmo and Stern
2006). Furthermore, findings from cellular recording studies in
animals have shown that persistent firing within the EC may
underlie active maintenance across a brief delay period (Young
et al. 1997; Egorov et al. 2002; Fransén et al. 2004; Yoshida et al.
2008). Additionally, using intracranial EEG, Axmacher et al.
(2007) detected increased activity within the rhinal cortex during
the maintenance of multiple items in subjects performing a
Sternberg WM task. Complementary to our results, previous
fMRI investigations have shown that sustained EC and PrC
(Schon et al. 2004) and PHC activity (Schon et al. 2004; Axmacher
et al. 2008) during the WM delay is associated with subsequent
long-term memory performance. Based on this literature and the
results presented here, we propose a role for the EC, PrC, and
PHC in both WM maintenance and long-term memory encoding
and suggest that these regions may serve as a buffer facilitating
the transition of information from WM into long-term memory.

Previous findings from intracranial EEG recordings (Mainy
et al. 2007) and an fMRI investigation (Kochan et al. 2011) have

indicated that the hippocampus is recruited for encoding greater
WM loads. We extend these findings to the subfield level by dem-
onstrating a load-dependent activation in CA1 and subiculum
during the encoding phase, suggesting a transient recruitment
of these regions. The EC-CA1 pathway may play a role in episodic
encoding when binding is required over brief temporal lags (Ryan
and Cohen 2004; Hannula and Ranganath 2008; for review, see
Langston et al. 2010). CA1 may have contributed to intraitem con-
tent binding when complex visual scenes were presented se-
quentially. A recent study using high-resolution fMRI has
documented a linear increase in CA1 activity associated with
novel features within an environment (Duncan et al. 2012), sug-
gestive of a stimulus encoding and binding signal. Our work is
consistent with a role of CA1 in encoding and feature binding.
Such a binding signal in CA1, supportive of subsequent recollec-
tion, is consistent with the role of the hippocampus in binding
item and context (reviewed in Diana et al. 2007). While this
could not be tested here, a role for CA1 in binding item with con-
text is consistent with our results given that we used complex
visual scenes composed of items associated with the same con-
text as stimuli. An alternative interpretation for this encoding
load effect in CA1 and subiculum is that it may be influenced
by differences in visual information processing or time on task
rather than being purely due to encoding or intraitem content
binding. We cannot distinguish between these alternative inter-
pretations because we did not equate visual information process-
ing by including 2 “filler” stimuli for the Load 2 condition, such as
scrambled scenes. Both interpretations (encoding/intraitem con-
tent binding and visual information processing) are consistent
with the idea that CAl and subiculum are recruited when
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participants attend to the distinctiveness of the stimuli during
encoding (Carr et al. 2013).The results presented here suggest
the EC/PrC and PHC, but not CA1, contribute to the active main-
tenance of higher WM loads. Previous fMRI studies have reported
an absence of hippocampal activity while maintaining greater
WM loads (Axmacher et al. 2007; Schon et al. 2009; Kochan
et al. 2011). It is unclear whether the absence of a hippocampal
load effect represents a true finding, because null results in
fMRI studies could be due to poor model fit or use of spatial nor-
malization techniques that align BOLD images to a standard tem-
plate space without taking into account interindividual
anatomical variations in small areas of interest, such as the
hippocampus. In contrast to these studies, there is experimental
evidence from intracranial EEG (van Vugt et al. 2010) and fMRI
studies (Rissman et al. 2008) in support of such a role for the
hippocampus. Our results demonstrate that the hippocampus
was recruited in a load-dependent manner during the encoding
phase but showed no sustained load-modulated activity during
the delay. It may be possible that the hippocampus supports
maintenance of multiple items only under some circumstances,
for example, when interference between the stimuli that need
to be maintained during the WM task delay is high. Reducing
interference in the context of memory encoding is thought to de-
pend on pattern separation, a hippocampus-dependent com-
putational process (O’Reilly and McClelland 1994). Consistent
with this idea, van Vugt et al. (2010) used highly similar synthetic,
repeating faces as stimuli and observed a load effect during
the delay period in the hippocampus, whereas the stimuli used
in Axmacher et al. (2007), Schon et al. (2009), and Kochan et al.
(2011) were more visually distinct or were novel, and none of
these studies observed a load effect during the delay period in
the hippocampus. WM for visually distinct stimuli or for those
that are trial-unique or novel may not require pattern separation,
because interference among the stimuli should be low. When
interference among the stimuli that need to be maintained in
WM is low, hippocampal activity may not change as a function
of load. However, it is possible that functional connectivity be-
tween the hippocampus and extrahippocampal regions changes
as a function of stimulus load to support long-term encoding
without modulating hippocampal activity per se. If so, such a
change would not be detectable with standard univariate statis-
tical models such as those used in the studies cited earlier
(Axmacher et al. 2007; Schon et al. 2009; Kochan et al. 2011) and
used here. Support for this idea comes from a study by Rissman
et al. (2008), who have shown that functional connectivity during
the delay period between the fusiform face area and the hippo-
campus increased with increasing stimulus load for novel, dis-
tinct, face stimuli. It should be noted that the stimuli used in
our current paradigm were unfamiliar outdoor scenes that likely
did not require pattern separation or disambiguation as in our
previous work (Newmark et al. 2013), where we observed delay-
period activity in hippocampal subfields. Therefore, it may be
possible that while the PrC/EC region and PHC are recruited to
maintain a greater WM load of novel information, delay-period
activity in CA1 and/or other hippocampal subfields may be
modulated by WM load only if stimuli have overlapping features
or are highly similar.

Activity during the shortest delay periods (4-s duration) may
not be separable from sample-period activity due to collinearity
between the sample phase and the delay period. A potential over-
lap between sample and delay periods is consistent with the idea
of a WM buffer, because such a buffer should show ongoing en-
coding. We define ongoing encoding as stimulus encoding that
starts during stimulus presentation and persists into the delay

period. Consistent with the idea of ongoing encoding, Ranganath
et al. (2005) have shown long-term memory effects during the
early part of brief WM delays in the hippocampus, but not during
the late part of these WM delays. Future studies are needed to
examine time courses associated with ongoing encoding in re-
gions supporting the putative WM buffer (EC/PrC, PHC).

Our results indicate that not only the EC/PrC region but also
the PHC may act as a WM buffer based on our observation that ac-
tivity in this region was increased with greater WM load during
the WM task delay. While we did not have specific predictions re-
garding the role of this region as a WM bulffer, it is not surprising
given the role of the PHC and parahippocampal place area (PPA)
in processing and mnemonic encoding of spatial scenes (Epstein
etal. 1999, 2007; Awipi and Davachi 2008; Preston et al. 2010). The
observed load effect in the PHC is inconsistent with previous neu-
roimaging studies (Ranganath et al. 2004; Axmacher et al. 2009;
Schon et al. 2009). It may be possible that a load effect (high
WM load > low WM load) is observed in the PHC only when the
WM task requires encoding of spatial layouts or contextual infor-
mation, as is the case for the complex visual scenes used in our
study. Consistent with this idea, the PHC has been shown to re-
spond more strongly to scenes than to faces or objects (Epstein
and Kanwisher 1998; but see Diana et al. 2008). While Ranganath
et al. (2004) and Schon et al. (2009) also used scenes as stimuli,
their studies may not have been sensitive to a load effect given
these 2 studies used a whole-brain approach that was not opti-
mized for the MTL. A recent whole-brain fMRI study suggests
delay-period activity in MTL cortex may be stimulus specific
(Libby et al. 2014). Libby et al. (2014) reported delay-period activity
in PrC and PHC supporting selective processing of object and spa-
tial information embedded in complex visual scenes, respective-
ly, although delay-period activity in the PrC was only marginally
significant. Future studies are needed to determine the separate
contributions of EC, PrC, PHC, and PPA subregion of the PHC to
buffering different types of stimulus material (e.g., scenes vs.
objects vs. faces) in WM.

Additionally, our results show that when nonmatch lures
were identified at higher WM loads (Load 4 > Load 2, nonmatch
retrieval), CA1, CA3/DG, and PHC showed increased activity.
This result is consistent with our previous whole-brain fMRI study
(Schon et al. 2009) that showed activity in a left anterior MTL area
for this contrast. The results presented here extend these previous
findings to the subfield level. Because the observed WM load effect
at retrieval was specific to nonmatch trials, our results are also con-
sistent with the purported role of the hippocampus in mismatch de-
tection (Kumaran and Maguire 2007; Duncan et al. 2012) and suggest
that successful lure rejection at higher loads may require scanning
and comparing a presented item with multiple items represented
within a WM buffer (see Schon et al. 2009).

Consistent with computational models (Jensen and Lisman
2005; Koene and Hasselmo 2007), we demonstrated that 1) load-
dependent activity in CA1 and subiculum during WM is transient
and that 2) EC, PrC, and PHC support the maintenance of higher
cognitive loads across a brief temporal delay. This WM load effect
in EC, PrC, and PHC implicates these regions in active mainten-
ance, a WM process previously attributed to prefrontal and pos-
terior association cortices. These results suggest a role for the
EC/PrC and PHC as a WM buffer.
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