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Dissociable Memory Traces within the Macaque Medial
Temporal Lobe Predict Subsequent Recognition Performance
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Functional magnetic resonance imaging (fMRI) studies have revealed that activity in the medial temporal lobe (MTL) predicts subse-
quent memory performance in humans. Because of limited knowledge on cytoarchitecture and axonal projections of the human MTL,
precise localization and characterization of the areas that can predict subsequent memory performance are benefited by the use of
nonhuman primates in which integrated approach of the MRI- and cytoarchiture-based boundary delineation is available. However,
neural correlates of this subsequent memory effect have not yet been identified in monkeys. Here, we used fMRI to examine activity in the
MTL during memory encoding of events that monkeys later remembered or forgot. Application of both multivoxel pattern analysis and
conventional univariate analysis to high-resolution fMRI data allowed us to identify memory traces within the caudal entorhinal cortex
(cERC) and perirhinal cortex (PRC), as well as within the hippocampus proper. Furthermore, activity in the cERC and the hippocampus,
which are directly connected, was responsible for encoding the initial items of sequentially presented pictures, which may reflect
recollection-like recognition, whereas activity in the PRC was not. These results suggest that two qualitatively distinct encoding processes
work in the monkey MTL and that recollection-based memory is formed by the interplay of the hippocampus with the cERC, a focal
cortical area anatomically closer to the hippocampus and hierarchically higher than previously believed. These findings will advance the
understanding of common memory system between humans and monkeys and accelerate fine electrophysiological characterization of
these dissociable memory traces in the monkey MTL.

Introduction
For many decades, the medial temporal lobe (MTL) has been
investigated as a critical locus of memory processes (Squire et al.,
2004). A series of human studies using functional magnetic res-
onance imaging (fMRI) have found that fMRI signals recorded
from the MTL during encoding of subsequently recognized stim-
uli (later Hit) significantly differed from those recorded during
encoding of subsequently forgotten stimuli (later Miss). This is
termed the “subsequent memory effect” and has been reported to
be localized in the hippocampus and in the perirhinal and para-
hippocampal cortices within the “parahippocampal region”
(Wagner et al., 1998; Wais, 2008). These memory traces have
been differentiated according to their cognitive functions, in-
cluding recollection/familiarity (remember/know) and source/

item recognition (Strange et al., 2002; Ranganath et al., 2004;
Davachi, 2006). However, it remains difficult to precisely localize
the loci that underlie the subsequent memory effect within the
human parahippocampal region because information on the cy-
toarchitecture and axonal projections in these cortices is limited
in humans, and MRI-based boundary delineation within these
regions has not yet been established (see also Anatomy and no-
menclature of “parahippocampal region” in Materials and Meth-
ods, below) (Insausti et al., 1998).

Studies of nonhuman primate models are beneficial to ad-
dress this difficulty, as a wealth of information is available on the
electrophysiology, histology, and lesion studies (Brown and
Aggleton, 2001; Miyashita, 2004). Especially, the anatomical ref-
erence frame in the parahippocampal region is established in the
macaque monkeys, which would be helpful for fine localization
of memory traces. The macaque perirhinal cortex (PRC) is cyto-
architectonically divided into area 36 and area 35 according to the
presence or absence of layer IV; and based on cytoarchitectonic
criteria, the macaque entorhinal cortex is further subdivided into
six subdivisions, where predominant cortical inputs are differen-
tiated: afferents from the PRC mainly project anteriorly and those
from the parahippocampal cortex (PHC) mainly project posteri-
orly (Suzuki and Amaral, 1994b, 2003b). However, the distribu-
tion of neural correlates of subsequent memory effects has not
been studied in monkeys.

Here, we conducted fMRI experiments using awake macaque
monkeys (Logothetis et al., 1999; Nakahara et al., 2002; Tsao et
al., 2003; Pinsk et al., 2005; Durand et al., 2007; Maier et al., 2008;
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Ford et al., 2009; Kagan et al., 2010; Wang et al., 2013) and
acquired fine, high-resolution functional images that enabled
precise localization of subsequent memory effects. Our high-
resolution mapping allowed us to precisely localize a memory
trace in area 36 within PRC, which is consistent with humans.
However, contrary to predictions from human studies, other
memory trace reflecting recollection-like recognition was local-
ized in the caudal entorhinal cortex (cERC) rather than in the
PHC. These locations were identified by both multivoxel pattern
analysis (Haynes and Rees, 2005; Kamitani and Tong, 2005) (es-
pecially, the “searchlight” method) (Kriegeskorte et al., 2006) and
conventional univariate analysis. These findings, providing pre-
cise localization of memory traces in monkeys, bridge the gap
between imaging studies on humans and anatomical studies on
nonhuman primates and can accelerate fine electrophysiological
characterization of memory traces in the monkey MTL.

Materials and Methods
Subjects. All the experimental protocols were in full compliance with the
regulations of the University of Tokyo School of Medicine and with the
National Institutes of Health Guidelines for the Care and Use of Labora-
tory Animals. Two adult monkeys (Macaca fuscata; Monkey A: female, 6
kg; Monkey V: male, 8 kg) participated in the experiment. fMRI experi-
ments were conducted as described previously (Nakahara et al., 2002;
Koyama et al., 2004; Miyamoto et al., 2013). Online behavioral control
and reward delivery were implemented in the presentation platform as
described previously (Miyamoto et al., 2013).

Behavioral tasks. The procedure for the fMRI-modified serial probe
recognition task (see Fig. 1A) has been described in detail previously
(Miyamoto et al., 2013). In brief, each trial began with the presentation of
a fixation point after the monkey pulled the joystick. The four list items
then appeared sequentially. Each item was presented at the center of the
monitor for 1 s, followed by a 1 s interstimulus interval. The items were
selected from a 1000 picture pool in a pseudo-random order. Typically,
each picture was presented in only one trial (two trials at most) during
each session. The last cue item was followed by a delay period that varied
between 7 and 10 s across trials. Finally, the monkey was presented with
one test item at the center of the monitor and two symbols, a triangle and
a cross, on the left and right sides of the image. The assignment of sym-
bols to the left or right side of the screen during each trial was random. In
half of the trials, the test item presented in the choice period was the same
as one of the cue items; in the other half, the item was not presented as a
cue item. Monkeys responded by moving the joystick in direction of the
“seen” symbol (a triangle for Monkey A and a cross for Monkey V) if the
test item was from the cue item list or by moving the joystick in direction
of the “unseen” symbol (a cross for Monkey A and a triangle for Monkey
V) if the test item was not from the cue list. The monkey received juice
drops accompanied by a distinctive secondary visual reinforcement. In-
correct choices resulted in termination of the trial without reward. Trials
were separated by a 4 s intertrial interval, during which the screen was
black. If any limbs moved during the trials, the optic sensors detected the
movement and the trial was aborted immediately. The monkeys also
performed a single-probe recognition task (number of cue items � 1).
The task procedure was the same as described above, but a single item was
used for the cue.

Data acquisition. Functional images were acquired using a 4.7-T MRI
scanner (Biospec 47/40, Bruker) with 100 mT/m actively shielded gradi-
ent coils and a transceiver saddle RF coil (Takashima) (Adachi et al.,
2012; Matsui et al., 2012; Miyamoto et al., 2013). During each session,
functional data were acquired using a gradient-echo echo-planar imag-
ing sequence (1 shot, TR � 2.5 s, TE � 20 ms, 1.25 � 1.5 mm 2 in-plane
resolution, 64 � 96 matrix, slice thickness � 1.5 mm with interslice
gap � 0.25 mm, 27 horizontal slices covering the whole brain).

Multivoxel classification analysis. To localize the regions that were pre-
dictive of subsequent memory performance, the data from the single-
probe recognition task were preprocessed using SPM5 software
(http://www.fil.ion.ucl.ac.uk/spm). Functional images were realigned,

corrected for slice timing, and spatially normalized to the template image
by interpolation to a 1 � 1 � 1 mm 3 space, but without any spatial
smoothing. The template image was constructed from the high-
resolution echo-planar imaging of each monkey by coregistering it to
each monkey’s anatomical template MDEFT image arranged in bicom-
missural space in which the origin was placed at the anterior commissure
(Nakahara et al., 2002; Koyama et al., 2004; Miyamoto et al., 2013).

Subsequent memory prediction was performed using a multivariate
searchlight strategy, which examines the information in the local spatial
patterns surrounding each voxel within the search space limited to the
MTL (Haynes and Rees, 2005; Kamitani and Tong, 2005; Kay et al., 2008;
Mitchell et al., 2008; Hassabis et al., 2009; Johnson et al., 2009; Watanabe
et al., 2011). Before the analysis, time series during the single-probe
recognition and serial probe recognition tasks were separately estimated
for “later Hit” and “later Miss” trials in each session using canonical
hemodynamic response functions. This multivoxel classification analysis
was achieved by splitting the subsequent memory prediction data into a
training set and a test set. The training set was then used to train a linear
support vector machine classifier using the LIBSVM (http://www.csie.
ntu.edu.tw/�cjlin/libsvm/) implementation. A standard k-fold cross-
validation testing regimen was used where k was equal to the number of
estimated time series. The data from each time series were set aside and
used, in turn, as the test data; the remaining data were used as the training
data. This method generated k sets for the linear support vector machine
training and test sets that were used to derive an overall classification
accuracy from the proportion of correct classification guesses across all
k-folds of the cross-validation. This procedure was repeated for each
searchlight sphere (radius � 2 mm), thereby generating a percentage
accuracy value for every single voxel within the search space. Data from
24 sessions (3262 trials) for Monkey A and 26 sessions (1337 trials) for
Monkey V were analyzed. From the map derived for each monkey, the
peaks showing the highest classification accuracy values (listed in Table
1) were extracted and labeled by referring to the atlas of Paxinos et al.
(2008) and the nomenclature of the “parahippocampal region” as de-
scribed below. We determined interareal borders by aligning the ana-
tomical regions defined by Caret software (version 5.61; http://brainvis.
wustl.edu/wiki/index.php/Caret:About) to each monkey’s template
images (see Fig. 2B). For the serial-probe recognition task data, classifi-
cation performance was calculated separately for initial items and middle
items using the k-fold cross-validation. Data from 15 sessions (2108 tri-
als) for Monkey A and 11 sessions (558 trials) for Monkey V were ana-
lyzed. Two-way ANOVA was performed on the classification accuracy
data after arcsine transformation with the factors of position (initial,

Table 1. Coordinates of voxels with the highest classification accuracy in the
hippocampus (HC), PRC, and cERC during the single-probe recognition task

x y z Accuracy (%)

Monkey A
PRC

L �11 4 �17 85.5
R 11 3 �18 86.2

cERC
L �7 �7 �15 90.0
R 8 �7 �15 89.4

HC
L �11 �17 2 95.1
R 10 �8 �11 97.7

Monkey V
PRC

L �11 3 �19 61.8
R 11 3 �19 69.0

cERC
L �6 �2 �16 66.4
R 6 �5 �14 62.8

HC
L �14 �5 �12 69.8
R 14 �4 �13 64.6

L, left; R, right.
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middle) and area (2 mm radius sphere around bilateral peaks [listed in
Table 1] within the hippocampus, cERC, and PRC derived from the
multivoxel classification analysis for the single-probe recognition task).
Classification accuracies calculated in each hemisphere were averaged.

Univariate analysis. The encoding success regions were identified by
performing voxelwise general linear model (GLM) analyses in SPM5.
These analyses included the following predictors: (1– 4) the choice onsets
in Hit, Correct Rejection (CR), Miss, and False Alarm (FA) trials; (5–9)
the cue onsets in Hit, CR, Miss, FA, and other (aborted) trials; and (10)
the timing of other types of errors. These events were modeled as �
functions, convolved with the canonical hemodynamic response function
and its temporal and dispersion derivatives. The six parameters of head
motion derived from realignment were also included in the model as cova-
riates of no interest. Data were high-pass filtered using a cutoff of 32 s.

Group analysis of the fMRI data derived from the two monkeys, pre-
processed as above and spatially smoothed with a Gaussian kernel (3 mm
full-width at half-maximum), was conducted using a fixed-effect model.
Functional images from both monkeys were spatially normalized to the
template image derived from Monkey A. Encoding success regions were
identified according to the group analysis map (see Fig. 3A) for the com-
parison of BOLD signals between the “later Hit” (cue onsets in Hit) and
“later Miss” (cue onsets in Miss) trials (Wagner et al., 1998). The coor-
dinates of the activation peaks at which the t value was significant at q �
0.05 with false discovery rate [FDR] correction within the MTL (Geno-
vese et al., 2002) are listed in Table 2. We additionally present the BOLD
time courses for later Hit and later Miss trials to demonstrate the strength of
the activations. Time course data were extracted using the MarsBaR ROI
toolbox for SPM (http://marsbar.sourceforge.net/).

For the serial probe recognition task, voxelwise GLM analyses were
also conducted and significant activation peaks were searched within
each region of interest determined in the GLM analysis for the single-
probe recognition task (see Fig. 3A). The regions of interest for each pair
of bilateral activation peaks within MTL were defined as the significantly
activated voxels within a 2 mm radius (q � 0.05 with FDR correction).
Hit and Miss trials were further classified into three categories according
to the position of the test item in the cue sequence: Hit [Initial, Middle,
Last] and Miss [Initial, Middle, Last]. To examine the effect of test item
position in the cue sequence on the encoding success activity in each
homotopic pair of regions of interest listed in Table 2 (the PRC and
cERC), BOLD signals were separately compared between the “later Hit”
and “later Miss” trials for the initial and middle items in group analysis
(� � 0.05, family-wise error [FWE]-corrected within each pair of regions
of interest). Two-way ANOVA was performed on the activation values of
each monkey with the factors of position (initial, middle) and area (3 mm
radius sphere around bilateral peaks within cERC and PRC where signif-
icant activation [q � 0.05, FDR-corrected] was observed during the single-
probe recognition task).

In addition, we estimated the correlation between accuracy and BOLD
signal in the two regions for the initial and middle items. Atypical ses-
sions, in which task accuracy differed from the average by �20%, were
omitted. Accuracy and brain activity varied across sessions for each mon-
key were Z-transformed before the correlation coefficient was calculated.

Anatomy and nomenclature of the “parahippocampal region.” In the
present study, we focused on the “parahippocampal region,” along with
the hippocampus in the MTL. The parahippocampal region, as is often
referred to in previous studies, comprises the perirhinal, parahippocam-
pal, and entorhinal cortices (Burwell, 2000; Van Hoesen et al., 2000). In
monkeys, these areas are situated on the anterior–ventral portion of the

MTL and surround the amygdala anteriorly and the hippocampus pos-
teriorly (Van Hoesen et al., 2000). Demarcation of the region in the
present study was mostly based on Suzuki and Amaral (Suzuki and Ama-
ral, 1994a, b, 2003a, b).

The monkey PRC is situated lateral to the fundus of the rhinal sulcus
and extends from the posterior border of the rhinal sulcus on the ventral
surface of the temporal lobe to the anterior and the dorsal portion of the
rhinal sulcus on the temporal pole. The perhinal cortex has been further
subdivided into area 35, which forms a long and narrow strip of cortex in
the fundus and lateral bank of the rhinal sulcus, and a larger, more
laterally situated area 36 (Suzuki and Amaral, 1994a, b, 2003b, a). How-
ever, there exist controversies over the nomenclature and border of the
monkey PRC. First, regarding the nomenclature, some investigators de-
fine only the area 35 as the PRC and distinguish it from area 36, which is
labeled as the ectorhinal cortex (Ding and Van Hoesen, 2010; Augusti-
nack et al., 2013). Others have grouped perirhinal (area 35) and entorhi-
nal (area 28) together and referred to it as the rhinal cortex (Murray and
Mishkin, 1986; Meunier et al., 1996). Here, we referred to both areas 35
and 36 as the PRC and distinguished the PRC from the entorhinal cortex
(Suzuki and Amaral, 1994a, b, 2003a, b). Second, regarding the border,
some researchers concern whether the dorsal or ventral temporal pole
adjacent to the rhinal sulcus should also be considered part of the PRC.
Here, we included the ventral temporal pole but excluded the dorsal
temporal pole, in terms of anatomical connections and cytoarchitectonic
features (Suzuki and Amaral, 1994a; Kondo et al., 2003, 2005; Saleem et
al., 2008).

The entorhinal and parahippocampal cortices in monkeys are located
on the parahippocampal gyrus, which is separated from the temporal
polar cortex and the inferior temporal area by the rhinal sulcus anteriorly
and the occipitotemporal sulcus posteriorly. The entorhinal cortex lo-
cates anteriorly in the most sizable part of the parahippocampal gyrus.
The entorhinal cortex forming area 28 has further been subdivided into
six subdivisions based mainly on cytoarchitectonic criteria (Amaral et al.,
1987). In the present study, we referred the caudal division (area EC) and
the caudal limiting division (area ECL) out of the six subdivisions as the
cERC. In general, the monkey entorhinal cortex enjoys the least contro-
versy over the location of its borders, compared with the perirhinal and
parahippocampal cortices. The monkey PHC locates posteriorly on the
parahippocampal gyrus and situated just caudal to both the entorhinal
and PRC. The cortical area is made up of areas TH and TF defined by
cytoarchitectonic features, although a controversy exists over the lateral
border of the area TF (Suzuki and Amaral, 1994b, 2003b; Blatt et al.,
2003; Kondo et al., 2005; Saleem et al., 2008).

In humans, much of the parahippocampal region, including the ento-
rhinal, perirhinal, and parahippocampal cortices, locates on the parahip-
pocampal gyrus (Van Hoesen et al., 2000; Ding and Van Hoesen, 2010).
The parahippocampal gyrus is separated from the temporal neocortex
laterally by the often variant collateral and rhinal sulci in humans (for a
large individual variance in configuration of the human collateral and
rhinal sulci, see Van Hoesen et al., 2000). If the rhinal sulcus is present,
the human PRC is located in its fundus and lateral bank, as is the case for
nonhuman primates, and in the perirhinal gyrus between the rhinal sul-
cus and collateral sulcus. Even if the rhinal sulcus is absent, the PRC
aligns itself with the collateral sulcus and continues posteriorly. MRI-
based boundary delineation between the entorhinal and perirhinal cor-
tices in the human MTL has been proposed (Insausti et al., 1998).
However, the areal demarcation within either the entorhinal or the PRC
for humans has not been examined in the same way as that for monkeys.
On the other hand, although the human entorhinal cortex (area 28) and
PHC (areas TF and TH) are located in the parahippocampal gyrus, pos-
teriorly and ventrally to the primary olfactory cortex, MRI-based bound-
ary delineation between these cortices has not yet been established in
humans.

Results
Behavioral results
We conducted fMRI studies on two macaque monkeys that were
performing a single-probe recognition task with one cue item
and a serial probe recognition task with four cue items in each list

Table 2. Brain regions activated in “later Hit” > “later Miss” contrasts in the MTL
during the single-probe recognition taska

x y z T Area

L �8 2 �17 4.18 PRC
R 10 2 �16 3.42 PRC
L �4 �6 �15 4.86 cERC
R 11 �10 �15 3.61 cERC
aUnivariate analysis. Significant peaks with a voxel level of p � 0.05 (corrected by false discovery rate) within the
MTL. L, left; R, right.
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(Fig. 1A) (Miyamoto et al., 2013). During these tasks, the mon-
keys were required to judge whether or not the item in the choice
period was seen during the preceding cue period. In the serial
probe recognition task, consistent with previous studies in hu-
mans and monkeys (Wright et al., 1985), U-shaped serial posi-
tion curves representing the percentage of correct responses were
obtained in both monkeys, indicating the presence of both pri-
macy and recency effects (Miyamoto et al., 2013). In the present
study, we focused on the encoding processes of initial or middle
cue items, which are considered to be dependent on the long-
term memory process (Wright et al., 1985; Miyamoto et al.,
2013). Retrieval of the last items on the list is related to the re-
cency effect and is considered to reflect working memory process
rather than long-term memory process. For this reason, we ex-
cluded the last item on the list from the analyses. The corrected
recognition rate (defined as “Hit rate” � “FA rate”) for each
position of the cue item (initial, middle) was significantly positive
for both monkeys (� 2 test; p � 0.05, for each item for both
monkeys). The accuracy was significantly higher for the initial list
position than for the middle list positions (� 2 test; Monkey A: p �
0.04; Monkey V: p � 0.001; Fig. 1B).

Decoding memory traces in the monkey MTL using
multivariate classification
To localize the neural correlates of the subsequent memory effect in
the monkey MTL, we applied the searchlight method, a multivariate
decoding technique that is based on a linear support vector machine,
to the fMRI signals recorded from the MTL during cue periods in the
single-probe recognition task. We generated an accuracy map, in

which every cluster in the MTL contained
the information about the classification ac-
curacy of the subsequent recognition per-
formance, that is, whether the monkey
remembered (later Hit) or forgot (later
Miss) (Fig. 2A). In the parahippocampal re-
gion, the bilateral significant peaks of classi-
fication accuracy common to both monkeys
were located within area 36 of the PRC and
within the cERC (Fig. 2A,B). The pattern of
activity in these two cortices and the hip-
pocampus predicted subsequent recogni-
tion performance with significantly high
accuracy (PRC, Monkey A: p � 6 � 10�9,
Monkey V: p � 0.003; cERC, Monkey A:
p � 6 � 10�9, Monkey V: p � 0.003; hip-
pocampus, Monkey A: p � 4 � 10�12,
Monkey V: p � 0.01; Table 1).

Prediction of subsequent memory
performance by the hippocampus,
cERC, and PRC activity differentially
depends on the list position of the cue
item
Next, we examined whether the depen-
dency of decoding accuracy on the posi-
tion of the cue items in the serial probe
recognition task differed across the hip-
pocampus, PRC, and cERC (Fig. 3A).
Two-way ANOVA (two positions [initial,
middle] � three areas) identified a signif-
icant interaction between position and
area (F(2,2) � 41.7, p � 0.02), although
neither position (F(1,1) � 57.4, p � 0.08)

nor area (F(1,2) � 0.15, p � 0.5) showed a significant main effect.
The three areas were then dissociated to determine their contri-
bution to encoding items in different positions in the cue list.
Tests for simple main effects revealed that the decoding accuracy
of the cERC (F(1,3) � 74.4, p � 0.003) and the bilateral hip-
pocampi (F(1,3) � 16.1, p � 0.02) was significantly higher for
initial items than for middle items, whereas the accuracy of the
PRC was significantly higher for middle items than for initial
items (F(1,3) � 38.3, p � 0.008). The accuracy maps in the serial
probe recognition task, which were generated separately for en-
coding of the initial or middle items, jointly overlapped with the
accuracy maps from the single-probe recognition task (Fig. 3B).
These results indicate that the PRC and the cERC along with the
hippocampus were engaged in two distinct encoding processes
that worked differentially depending on the position of the item
in the memorized list.

Neural correlates of subsequent memory effects in the
monkey MTL identified by univariate analysis
We next examined whether the results of the multivoxel pattern
analysis were consistent with those of conventional univariate
analysis. To identify the regions that predicted subsequent recog-
nition performance, we compared activity levels during cue peri-
ods in which monkeys remembered (later Hit) the item presented
during the choice period to activity levels during cue periods in
which monkeys forgot (later Miss) the item presented during the
choice period in the single-probe recognition task (Fig. 4A; later
Hit vs later Miss). In the MTL, significant peaks were detected
bilaterally in the PRC (p � 0.05, FDR-corrected within the MTL)

Figure 1. Serial probe recognition task and behavioral performance of monkeys. A, Trial structure for the serial probe recogni-
tion task. The monkey pulled the joystick to initiate each trial (Warning). Four cue items (i.e., objects) to study were then presented
sequentially (Initial, Middle, and Last items). After a 7–10 s delay (Delay), two choice symbols were presented along with a test
item (Choice). The symbols, a triangle and a cross, were differentially defined as “seen” and “unseen” for each monkey (see inset
table). Monkeys were required to select the “seen” (or “unseen”) symbol if the test item was (or was not) included in the studied list
of items. The classification of the Hit and CR trials for Monkey A is shown here. B, The percentage of correct (filled bars) and incorrect
(open bars) responses made by each monkey when the test item was the first object presented in the list (Initial) or the second or
third items presented in the list (Middle) in the serial probe recognition task during the scanning sessions. *p � 0.05 (� 2 test).
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and the cERC (p � 0.05; Table 2). Time courses of BOLD signal
for later Hit and later Miss trials confirmed that these two areas
show responses predictive of subsequent memory perfor-
mance (Fig. 4B). The activation patterns around the peak in
the PRC and cERC detected by the univariate analysis (Table

2) also adequately predicted subsequent memory performance
by the multivariate decoding analysis (PRC, Monkey A: 70%,
Monkey V: 66%, p � 0.01 for both; cERC, Monkey A: 66%,
Monkey V: 63%, p � 0.05 for both; Fig. 4C). However, the
univariate analysis was not sufficiently sensitive to identify the

Figure 2. Prediction maps showing the accuracy of the classification of “later Hit” and “later Miss” trials during the single-probe recognition task for each monkey (A) and anatomical partitioning
by Paxinos et al. (2008) (B) superimposed on coronal sections. HC, Hippocampus.

Figure 3. Differential predictability of subsequent memory performance according to multivoxel classification. A, Classification accuracy of the initial (filled bars) and middle (open bars) items
within a picture list for each monkey in the serial probe recognition task. The decoding accuracy of the hippocampus (HC) and the cERC was higher for initial items than for middle items, whereas the
accuracy of the PRC was higher for middle items than for initial items. *p � 0.05. **p � 0.01. Dashed line indicates significant prediction accuracy with p � 0.01 (binominal test, population
analysis). E represents Monkey A, and � represents Monkey V. B, Prediction maps showing the accuracy of the classifications during the serial probe recognition task for each monkey. Regions
enclosed in green represent significantly high predictability in the single-probe recognition task.
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bilateral hippocampi as loci that predicted subsequent mem-
ory performance.

Functional dissociation between PRC and cERC during
memory encoding ascertained by univariate analysis
Finally, we examined whether the functional dissociation be-
tween the PRC and cERC in the serial probe recognition task,
whereby the prediction of subsequent memory performance was
differentially affected by the position of the cue item in the list,
was also detected by univariate analysis (Fig. 4D). A subsequent

memory effect on the brain activity was significantly observed in
the cERC during the encoding of initial items (p � 0.03, FWE-
corrected, small volume correction [SVC]), but not during the
encoding of middle items (p � 0.35). Significant subsequent
memory-related activity was observed in the PRC during the en-
coding of middle items (p � 0.03), but not during the encoding
of initial items (p � 0.5). Two-way ANOVA (two positions [ini-
tial, middle] � two areas [cERC, PRC]) identified a significant
interaction between position and area (F(2,2) � 4.06 � 10 4, p �
0.003), although neither position (F(1,1) � 7.17, p � 0.22) nor

Figure 4. Differential subsequent memory effects between macaque MTL regions identified by univariate analysis. A, Activation maps (later Hit� later Miss) for the single-probe recognition task
superimposed on coronal sections (t � 3.1, p � 0.001). B, Percentage signal change is graphed for later Hit and later Miss trials across 17.5 s (7 time points) after trial onset in the cERC and PRC. Bar
graphs represent the parameter estimates. Error bars indicate SEM (across sessions). C, Classification accuracy in the activated regions in a 2 mm radius sphere around the peak detected by univariate
analysis in the single-probe recognition task (Table 1). Dashed line indicates significant prediction accuracy with p � 0.01 (binominal test, population analysis). E represents Monkey A, and �
represents Monkey V. D, Activation values for the “later Hit” trials compared with those in the “later Miss” trials for initial items and middle items in the serial probe recognition task in the cERC
(yellow) and the PRC (blue). The activation value of the cERC was higher for initial items than for middle items, whereas the value of the PRC was higher for middle items than for initial items. †p �
0.05 (FWE-corrected, SVC within each area). *p � 0.05. **p � 0.01.E represents Monkey A, and � represents Monkey V.
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area (F(1,2) � 0.02, p � 0.5) showed a sig-
nificant main effect. The cERC and PRC
were then dissociated to determine their
contribution to encoding items in differ-
ent positions in the cue list. Tests for sim-
ple main effects revealed that the
activation value of the cERC (F(1,2) � 39.0,
p � 0.02) was significantly higher for ini-
tial items than for middle items, whereas
the value of the PRC was significantly
higher for middle items than for initial
items (F(1,2) � 134, p � 0.007). These re-
sults reproduced the observations from
the multivariate decoding analysis (Fig.
3A).

To ensure that this functional differen-
tiation between PRC and cERC could not
be simply explained by a gross difference
in memory recognition accuracy (Fig.
1B), or memory strength, we also esti-
mated the correlation between the behav-
ioral performance on each day and brain
activity in the two regions (the initial and
middle items were analyzed separately)
(Fig. 5). The fMRI signal in the cERC
showed a significant positive correlation
with the memory recognition accuracy
across the sessions for the initial items
(r � 0.45, p � 0.02), but not for the mid-
dle items (r � � 0.08, p � 0.5). In con-
trast, the fMRI signal in the PRC showed a
significant positive correlation with the
memory recognition accuracy across ses-
sions for the middle items (r � 0.39, p � 0.04), but not for the
initial items (r � � 0.01, p � 0.5). In summary, the activity of
the cERC or PRC was predicted by memory recognition accu-
racy only when monkeys encoded the initial or middle items,
respectively. These results corroborate the existence of two
qualitatively distinct encoding processes in the MTL (Fig. 6).

Discussion
The present study is the first to identify the locus of memory
formation in macaque monkeys using fMRI. Multivoxel pattern
analysis and conventional univariate analysis identified encoding
success regions that showed a subsequent memory effect in the
hippocampus, PRC, and cERC. Moreover, these areas were func-
tionally differentiated and responsible for encoding items in dif-
ferent positions.

Our results indicated that the hippocampus was responsible for
encoding the initial item in the list, which is related to the primacy
effect. The result is consistent with observations in studies of
humans that suggest that damage to the bilateral hippocampi
specifically impairs primacy effect (Baddeley and Warrington,
1970). Electrophysiological recordings in the macaque monkeys
have shown that the hippocampus predicts subsequent recogni-
tion memory performance (Jutras et al., 2009) and especially
plays a role in the encoding of contextual information (Suzuki
and Eichenbaum, 2000; Brown and Aggleton, 2001), including
spatial location (Rolls, 1999) and temporal order (Naya and Su-
zuki, 2011). Lesion studies in rats also support these recollection-
like roles of the hippocampus (Fortin et al., 2004; Crystal et al.,
2013). In psychological models of the serial position effect, the
primacy effect for the initial item and the decline of performance

for the middle items are thought to result from association of
each list item with some representation of the start-of-list con-
text, with the strength of association decreasing with list position
(Page and Norris, 1998; Farrell and Lewandowsky, 2002). There-
fore, contextual processing is considered to have a greater effect
on the encoding of the initial item than the middle items. Indeed,
involvement of the human hippocampus in contextual and pri-
macy effect-related processing (Baddeley and Warrington, 1970;
Rugg and Yonelinas, 2003) supports this idea. The encoding suc-
cess regions that were localized within the hippocampus in this
monkey fMRI experiment may reflect contextual processing that
effectively works during encoding of the initial item, which is the
most distinctive item in a list.

We localized an encoding success region within the cERC in
monkeys. The cERC is known to strongly project to the hip-
pocampus and to receive major cortical input from parahip-
pocampal and retrosplenial cortices rather than from the PRC
(Amaral et al., 1987). The observation that the cERC, along with
the hippocampus, was functionally differentiated from the PRC
during memory encoding is consistent with the literature on
brain anatomy of macaque monkeys (Amaral et al., 1987).

Unlike the hippocampus, involvement of the cERC in mem-
ory encoding has rarely been reported in humans, likely because
the precise demarcation of the entorhinal cortex located on the
human parahippocampal gyrus from other cortices is difficult
because of the scarcity of MRI-based boundary delineations in
the gyrus (for anatomy and nomenclatures of these regions, see
Materials and Methods). Recent human fMRI studies have
shown that the middle parahippocampal gyrus is responsible for
contextual or scene processing, whereas the anterior parahippocam-

Figure 5. Intersession correlation between memory accuracy and subsequent memory effect. Intersession brain activity in the
cERC for initial item retrieval and in the PRC for middle item retrieval was positively correlated with performance. The x-axis
indicates the memory recognition accuracy (z-transformed), and the y-axis indicates the encoding success activity (z-transformed).
E represents Monkey A, and � represents Monkey V.
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pal gyrus is not (Staresina et al., 2011; Hannula et al., 2013). The
present monkey study suggests a possibility that the middle part of
parahippocampal gyrus in humans, which is repeatedly referred to as
the “PHC,” corresponds to the macaque cERC. In monkeys, the
entorhinal cortex distributes at a higher level than the PHC in the
hierarchical processing network that is shaped by anatomical con-
nectivity patterns (Felleman and Van Essen, 1991). Therefore, the
process of encoding recollection-based memory may occur in an
area anatomically closer to the hippocampus and hierarchically
higher than previously believed (Fig. 6). This would redefine the
memory encoding network in the primate MTL.

In the present monkey study, no significant activation peaks
(p � 0.5) related to subsequent memory effect were identified
within the PHC (area TH and TF) in the group analysis map of
the two monkeys in the univariate analysis. Classification accu-
racy for memory retrieval performance predicted by activity pat-
terns within the PHC was different between subjects: for Monkey
A, memory retrieval performance was predicted by voxel patterns
within the PHC (accuracy peaks; L: [x, y, z] � [�13, �16, �10],
accuracy � 82.1%, p � 0.001; R: [x, y, z] � [13, �13, �13],
accuracy � 77.8%, p � 0.001), but this was not the case for
Monkey V (L, R: accuracy in all the voxels in the PHC � 55.4%,
p � 0.24). Therefore, the PHC in monkeys does not predict sub-
sequent memory performance better than the cERC where robust
memory traces were identified in all the analyses. The intersubject
difference in classification accuracy in the PHC may be the result
of the different levels of memory performance in the two mon-
keys (Fig. 1B).

We also localized an encoding success region within area 36 of
the PRC. The PRC was responsible for encoding items presented
in the middle of the cue list. For these middle items, the monkeys
may have adopted encoding strategies based on familiarity rather
than recollection because they were less likely to use distinctive-
ness within a picture list, or contextual information, to encode
middle items than they were to encode initial items. Electrophys-
iological studies in monkeys have shown that area 36 contains
neurons that represent visual long-term memory (Miyashita,
1988) and that the activity of these neurons was different for
familiar and new stimuli (Li et al., 1993; Xiang and Brown, 1998).
The encoding success regions localized within the PRC in this
monkey fMRI study may reflect neuronal correlates such as these.

All items in the cue picture list might be subject to both con-
textual encoding and familiarity-based encoding. However, our

results show differential activity patterns (Figs. 3 and Fig. 4D) and
differential correlations with behavior (Fig. 5) for the encoding of
initial and middle items. These results suggest the existence of
two qualitatively distinct encoding processes, and biases in the
contribution of such processes, for initial and middle items. Ac-
cording to the psychological models (Page and Norris, 1998; Far-
rell and Lewandowsky, 2002), contextual encoding processes are
considered to work better for initial items than middle items,
even if familiarity signals were produced in parallel. By contrast,
familiarity-based encoding processes without contextual infor-
mation may work relatively better for middle items than for ini-
tial items. Retrieval of the last items on the list is related to the
recency effect and is considered to reflect working memory pro-
cess rather than long-term memory process. Actually, the activa-
tion related to the encoding success effect during encoding of the
last item was not significant in either the PRC (p � 0.81) or the
cERC (p � 0.13). These results support the idea that the memory
encoding processes for the last item are different from those for
the initial or middle items. Other explanations for the observed
differential activation patterns may be possible. For instance, dif-
ferences in the correct response rate between monkeys, or differ-
ences in the extent to which the monkey intensively encoded the
item, might explain the difference; however, these explanations
are not consistent with the fact that the cERC activity during
encoding was significantly positive for the initial items but not for
last items, despite a similar correct response rate.

In the present study, we have interpreted results from mon-
keys by comparison to those from humans. We compared time
courses during encoding obtained from monkeys (Fig. 4B) to
those from humans (Staresina and Davachi, 2006) and found that
the time courses for later Hit and later Miss trials in the PRC and
cERC were more similar to those in the human MTL than to those
in the human prefrontal cortex (inferior frontal gyrus). This ob-
servation also suggested the interspecies similarity of encoding
success effect-related activity in the MTL.

In this study, we precisely localized and characterized the
MTL sites responsible for memory encoding in monkeys and,
consequently, propose a new interspecies correspondence in the
MTL between humans and monkeys. Our findings using monkey
fMRI will advance the understanding of primate memory systems
by bridging the gap between imaging studies in humans and elec-
trophysiological studies in monkeys.

Figure 6. New insights into the primate memory-encoding system obtained from the present study. A, The distribution of regions within the MTL (blue represents PRC; yellow, ERC; green, PHC)
in monkey brain. Modified from Mayford et al. (1997). R, rostral; C, caudal. B, Schemata of the primate memory-encoding processes proposed according to results of the present monkey fMRI study.
This view of the primate memory-encoding system suggests that memory traces related to initial items are formed in the hippocampus and the caudal ERC, whereas memory traces related to middle
items are formed in the PRC. This is consistent with the literature on anatomy of monkeys, which has reported that the hippocampus has major reciprocal direct connections with the caudal ERC but
not with the PRC.
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