1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neuroimage. Author manuscript; available in PMC 2017 July 01.

-, HHS Public Access
«

Published in final edited form as:
Neuroimage. 2016 July 1; 134: 261-269. doi:10.1016/j.neuroimage.2016.03.048.

Temporal Context Processing Within Hippocampal Subfields

Fang Wang? and Rachel A. Diana?

aDepartment of Psychology, Virginia Polytechnic Institute and State University, Blacksburg, VA
24061, USA

Abstract

The episodic memory system can differentiate similar events based on the temporal information
associated with the events. Temporal context, which is at least partially determined by the events
that precede or follow the critical event, may be a cue to differentiate events. The purpose of the
present study is to investigate whether the hippocampal dentate gyrus (DG)/CA3 and CA1
subfields are sensitive to changes in temporal context and, if so, whether the subregions show a
linear or threshold-like response to similar temporal contexts. Participants incidentally encoded a
series of object picture triplets and 20 of them were included in final analyses. The third picture in
each triplet was operationally defined as the target and the first two pictures served as temporal
context for the target picture. Each target picture was presented twice with temporal context
manipulated to be either repeated, high similarity, low similarity, or new on the second
presentation. We extracted beta parameters for the repeated target as a function of the type of
temporal context. We expected to see repetition suppression, a reduction in the beta values, in
response to repetition of the target. If temporal context information is included in the
representation of the target within a given region, this repetition suppression should be greater for
target images that were preceded by their original context than for target images preceded by a
new context. Neuroimaging results showed that CA1, but not DG/CA3, modifies the target’s
representation based on its temporal context. Right CA1 did not distinguish high similarity
temporal context from repeated context but did distinguish low similarity temporal context from
repeated context. These results indicate that CA1 is sensitive to temporal context and suggest that
it does not differentiate between a substantially similar temporal context and an identical temporal
context. In contrast, DG/CA3 does not appear to process temporal context as defined in the current
experiment.
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Introduction

The hippocampus as a whole is known to be involved in processing temporal context (Agster
et al., 2002; Ezzyat and Davachi, 2014; Hsieh et al., 2014; Kesner et al., 2002;). In the
current study we investigate how specific hippocampal subfields process temporal context
and how these regions distinguish similar temporal context input. Temporal context is
defined as the information and events surrounding a target event in time. Some studies have
suggested that differing temporal context changes the way a target event is processed. If so,
temporal context may provide a cue to separate the representations of similar events in the
hippocampus (Turk-Browne et al., 2012).

For example, imagine that you teach three sections of the same course. Prior to teaching the
first section, you enjoy a buffet breakfast. Prior to teaching the second and third sections,
you grade quizzes from previous classes. In this example, “eating breakfast” or “grading
quizzes” provides temporal context for each of the three critical events “teaching class”. The
“teaching class” event is similar in all instances (the time of day, material, and classroom are
constant) and therefore it is the differing temporal context that makes the critical events
distinguishable. We might expect the experience of, and therefore the representation of, the
critical event to differ somewhat due to the preceding event. If so, the second and third
teaching events might be more similar to one another than they would be to the first teaching
event. The current study aims to investigate how encoding of an event differs due to changes
in temporal context and how those changes in encoding are modulated by the similarity of
temporal context.

The hippocampus includes the CA subfields (CA1, CA2, and CA3), dentate gyrus (DG), and
subiculum (Amaral and Witter, 1989). Animal studies have shown that “time cells” in CAl
encode temporal information, meaning that the firing pattern of CA1 neurons changes as a
function of time (Kraus et al., 2013; MacDonald et al., 2013; MacDonald et al., 2011,
Mankin et al., 2012;). The firing pattern of CA1 neurons is also affected by the preceding
events, suggesting that CA1 encodes preceding events, perhaps as temporal context for an
event (MacDonald et al., 2011). CA2, in addition to CA1, has also been identified as a
region that processes temporal information (Mankin et al., 2015). In contrast, CA3 neurons
showed highly reproducible firing patterns over time, regardless of temporal context
changes, which suggests that CA3 neurons are not involved in temporal coding (Mankin et
al., 2012).

Although evidence from animal studies strongly suggests that CA1 processes temporal
information, there is little evidence from human studies investigating the role of CA1 in
temporal information processing. For example, studies have shown that CA1, CA2/CA3/DG,
and subiculum represent temporal regularities (Schapiro et al., 2012) and differentiate spatial
and temporal context (Copara et al., 2014). A study by Schlichting and colleagues (2014)
also showed that right CA1 activation was associated with generalization across related
events that occurred at different points in time and, moreover, reinstatement of a CA1
activation pattern predicted successful inference across those events. The accumuluated
evidence thus far in human studies is therefore partially consistent with animal studies in
finding that CA1 and CA2, but not CA3, encode temporal information. The first aim of the
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current study is to further investigate the neural correlates of temporal context processing in
hippocampal subfields in human participants.

An additional question about hippocampal subfield function is how CAl and DG/CA3
respond to similar event information. DG/CAS3 is thought to be involved in pattern
separation which is a process of orthogonalizing similar inputs into distinct outputs such that
any minor change creates a distinct event (Bakker et al., 2008; Duncan et al., 2012;
Guzowski et al., 2004; Lacy et al., 2011; Yassa and Stark, 2011). In contrast, CAl
representations appear to differ linearly with respect to the degree of similarity of
information (Guzowski et al., 2004; Lacy et al., 2011; Leutgeb et al., 2007; Vazdarjanova
and Guzowski, 2004; Yassa and Stark, 2011). That is, minor changes result in minor
differences in the representation.

The evidence for these conclusions comes from studies investigating the encoding of similar
events. Gilbert et al. (2001) studied the function of CAl and DG in temporal and spatial
pattern separation. Temporal pattern separation was tested by training rats to select the first
of two open arms after sequential exposure to each of the eight arms in a maze. The two
open arms were separated in time by exposure to 0, 2, 4, or 6 arms. The results showed that
lesions to CA1 resulted in a deficit in distinguishing the sequence of the arms such that rats’
performance decreased as a function of decreased temporal distance. This result suggests
that CA1 is involved in temporal pattern separation. Lesions to DG resulted in a deficit in
distinguishing spatial differences such that rats’ performance decreased as a function of
decreased spatial distance. This result suggests that DG is involved in spatial pattern
separation.

Farovik et al. (2010) studied temporal pattern separation by training rats to distinguish a
learned temporal sequence of odors from the reversed sequence. Similarity was manipulated
by varying the temporal interval between the odors in the study session with a smaller
temporal interval making it more difficult to distinguish the learned from the reversed
sequence. Rats with CA3 lesions failed to distinguish the studied sequence from the reversed
sequence when the inter-odor interval was 3 seconds, whereas CA1 lesions did not affect
rats’ performance. When the interval was extended to 10 seconds, both CA3 and CA1
lesions impaired memory performance. The authors concluded that CA3 was critical for
separating two highly similar inputs, which is consistent with the role of CA3 in pattern
separation. In contrast, CA1 became involved only when the interval was extended and then
inputs were more clearly differentiated.

At least one human study has investigated how hippocampal subfields respond to the degree
of similarity in spatial and temporal input (Azab et al., 2014). Azab et al. (2014) presented
four objects sequentially in different positions on a 3x3 grid. Each trial was presented twice,
in an incidental memory task, either as an identical repetition, spatial position change,
temporal sequence change, or both spatial and temporal changes (spatiotemporal change
condition) and repetition suppression was measured in hippocampal subfields. DG/CA3
showed more adaptation to identical repetitions than to spatial, temporal, or spatiotemporal
change trials with no significant difference between any of the change conditions. These
results suggest that DG/CA3 is a general pattern separator that is sensitive to changes in both
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temporal and spatial information. Left and right CA1 produced different patterns. In left
CALl, identical repetitions produced more adaptation than either temporal or spatiotemporal
change trials, but did not distinguish between identical repetitions and spatial change trials,
suggesting that left CA1 is specialized for detecting temporal changes. In right CAL,
identical repetitions produced more adaptation than either spatial or spatiotemporal change
trials, but did not distinguish between identical repetitions and temporal change trials,
suggesting that right CA1 is specialized for detecting spatial changes.

In summary, both animal and human studies have shown that CA1 contributes to temporal
pattern separation (Azab et al., 2014; Farovik et al., 2010; Gilbert et al., 2001). However,
there is no direct evidence to indicate whether CA1 separates similar temporal context in the
same way it has been shown to separate similar item information. Thus, the current study
will test whether CAL responds to similar temporal context by producing representations
whose similarity is proportional to the similarity of the input.

In contrast to CAL, the studies reviewed above provide inconsistent conclusions regarding
the involvement of DG and CA3 in temporal pattern separation. Gilbert et al.’s (2001) study
showed that CA1, rather than DG, contributed to temporal pattern separation, whereas
Farovik et al. (2010) and Azab et al.’s (2014) studies showed that both CA1 and DG/CA3
contributed to temporal pattern separation. In addition, the temporal pattern separation
function of DG/CAS3 reported in the latter two studies is in conflict with the finding that
DG/CAS3 does not process temporal information (Mankin et al., 2012). One possibility is
that DG/CA3 was responsive to an idiosyncrasy of the paradigm used in Farovik et al.
(2010) and Azab et al.’s (2014) experiments rather than temporal pattern separation in
general. Both of these experiments involved distinguishing a learned sequence from a
changed sequence created from the same set of items [except that Farovik et al. (2010)
trained rats on an explicit version of the task whereas Azab et al. (2014) measured human
brain activation on an implicit version of the task]. In an effort to reconcile the mixed
evidence about DG/CAS3 in temporal context separation, the current study will test how DG
and CAS3 respond to similar temporal input.

In the current experiment, we manipulated the similarity of temporal context information
that preceded a critical event. We used object triplets as stimuli, of which the first two
objects were temporal context for the third “target™ object. Each triplet was presented twice.
During the second presentation of the target object, the preceding temporal context was an
identical repetition (repeated condition), extremely similar to the original temporal context
(high similarity), somewhat similar to the original temporal context (low similarity), or
entirely different from the original temporal context (new condition). In these “repeated
target” conditions the target objects were always identical across the two presentations. We
measured the activation within hippocampal subfields associated with the second
presentation of the target object. Since the target was identical across the two presentations,
any difference in hippocampal subfield activation associated with the repeated target should
be due to manipulation of the temporal context. We propose that if a hippocampal subfield
processes temporal context there will be repetition suppression (less activation) when the
temporal contexts are the same across the two presentations than when the temporal contexts
are entirely different. If a hippocampal subfield separates similar temporal input in a
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thresholded/nonlinear manner, the activation of the subfield should be reduced when the
target object is preceded by repeated temporal context as compared to either high or low
similarity temporal context. In this case, activation should not differ based on whether the
target object follows high similarity, low similarity, or new temporal context. In contrast, if a
hippocampal subfield responds to similar temporal input in a linear way, it should produce
more activation (i.e. less repetition suppression) when the preceded temporal context is less
similar. Therefore the identical repeated context should lead to less activation than a highly
similar context, a high similarity context should lead to less activation than a low similarity
temporal context, and a low similarity temporal context should lead to less activation than a
new temporal context. Based on previous studies, we predicted that CA1 would process
temporal context and separate similar temporal context linearly. In contrast, we predicted
that DG/CA3 would not process temporal context.

Material and methods

2.1 Participants

Twenty-five Virginia Tech community members (18 Female, age: mean 24 years, standard
deviation 3.12, range 20-30 years) participated in the experiment for monetary
compensation. All participants had normal or corrected-to-normal visual acuity. Three
participants were excluded from analysis due to poor resolution in the structural scans
(caused by excessive motion). These participants were excluded prior to mask creation and
data analysis. Two participants were excluded due to excessive movement during the
functional scans. These participants were excluded following inspection with the Artifact
Detection Tools as described below (Mazaika et al., 2005). The final sample size included in
the analyses was 20.

2.2 Procedure

Stimuli consisted of 768 full-color images of easily recognizable objects on a white
background (see Figure 1). 208 pictures were selected from the Bank of Standardized
stimuli (Brodeur et al., 2010) with the rest found online. All pictures were edited to be the
same size (500x500 pixels). Three types of pictures were collected to be used as stimuli: 96
high similarity pairs of pictures, 96 low similarity pairs of pictures, and 576 single pictures.
Similar picture pairs did not include pictures of the same object taken from different
viewpoints but rather were all images of distinct objects. The categorization of high and low
similarity pairs was based on ratings from a separate group of participants in a pilot study. In
the pilot study, 12 participants rated the similarity of 247 pairs of pictures on a scale from 1,
“not very similar”, to 7, “almost identical”. The 96 picture pairs with the highest similarity
ratings were selected as high similarity pairs (Mstandardizeq=0.56 SD=0.31) and the 96
picture pairs with the lowest similarity ratings were selected as low similarity pairs
(Mstandardized=—0.53 SD=0.33). The 576 single pictures were not similar to any of the other
pictures. Pictures were randomly selected from these overall image pools for to form the
experimental trials for each participant.

Pictures were grouped as triplets. In each triplet the third picture served as the target item
and the first two pictures served as temporal context for the target item. The triplets were
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presented twice with the interval between the first and second presentation of each triplet
being 10s to 34s (separated by 1, 2, or 3 triplets). The target (third) item in each triplet was a
repeated item in half of the trials and a new, unrelated item, in the remaining trials. This
manipulation was critical to determining whether any effects of temporal context were
specific to the representation of the target item or whether the effects are due to carryover of
the activation from the first and second items in the triplet. That is, since the first and second
items in the triplet necessarily precede the third item with the same timing on each trial we
could not modify the item order and timing as necessary for a typical fast-event-related
fMRI design. The alternate approach we developed was to compare old targets directly to
new targets with both sets of targts having the same preceding context manipulations. Any
effect of temporal context on representation of the previously encoded item should occur
only for the old targets and not the new targets.

Temporal context was manipulated in one of four ways during the second presentation of the
triplet: repeated temporal context, high similarity temporal context, low similarity temporal
context, and new temporal context. The triplet types (repeated, high similarity, low
similarity, and new) were counterbalanced between the repetition delays within participants.
Repeated temporal context indicates that the first two pictures were identical in both
presentations of the triplet. High similarity temporal context indicates that the first and
second pictures of the triplet during the second presentation of the triplet were highly similar
to the first and second pictures, respectively, during the first presentation. Low similarity
temporal context indicates that the first and second pictures during the second presentation
of the triplet were somewhat similar to the first and second pictures, respectively, in the first
presentation. New temporal context indicates that there was no relationship between the
temporal context for the first and second presentations of the triplets. The same set of
temporal context manipulations also preceded previously unstudied items. These “new
target” trials served as a control for the trials on which the target was repeated (see Figure
1B). The combination of 2 target item manipulations and 4 temporal context manipulations
formed 8 conditions: repeated temporal context/repeated item, high similarity temporal
context/repeated item, low similarity temporal context/repeated item, new temporal context/
repeated item, repeated temporal context/new item, high similarity temporal context/new
item, low similarity temporal context/new item, and new temporal context/new item
condition.

Each of the 6 blocks of the experiment was 9.7 minutes long and included 32 triplets, 4 from
each of the 8 conditions, which were presented twice. Triplets were separated by a fixation
sign presented for a jittered interval pseudorandomly selected to be either 2 (50% chance) or
4 (50% chance) seconds. Pictures were presented one after another in the center of the
screen for 2 seconds. There was no delay between the pictures within a triplet. The jittered
inter-triplet interval and the presentation order of triplets in different conditions were
predetermined in order to improve design efficiency. We chose those designs, from a
randomly generated set, with minimum collinearity between the time series for each
condition (r values <.03).

Participants were instructed to give a “pleasant” or “unpleasant” binary judgment to each
picture during the two seconds that the picture was visible. We used an this incidental
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encoding task in order to exclude the use of non-temporal strategies to encode the temporal
information and thereby decrease contamination from non-temporal memory processes to
our analyses. Participants were told that they would see new pictures, repeated pictures, and
similar pictures in the experiment but were not informed about the specific manipulation of
repeated pictures. They were told that the fixation sign between each triplet was used to give
them a short break between pleasantness ratings. Post-experiment debriefings were used to
determine whether participants noticed the presentation patterns of the triplets. None of the
participants reported awareness of the experimental manipulations.

MRI data were acquired at the Virginia Tech Carilion Research Institute Human
Neuroimaging Lab using a 3T Siemens Tim Trio scanner equipped with a 12-channel head
coil. Prescreening interviews ensured safety in the scanner. Headphones and earplugs were
provided to attenuate scanner noise. Padding and adjustable head restraints minimized head
movement. High resolution functional MRI scanning took place during all six blocks of the
experiment. Functional images were acquired with a T2*-weighted EPI sequence (repetition
time/TR, 2000 ms; echo time/TE, 30 ms; field of view, 220 mm). Each volume included
partial coverage of the head, parallel to the hippocampus, across 28 slices with
1.77x1.77x2.25 mm voxels. Six anatomical images were collected for each participant: three
using an MPRAGE T1-weighted sequence (voxel size=0.599x0.599x0.6 mm) and another
three using a T2-weighted scan sequence (voxel size=0.599x0.599%0.6 mm).

2.3 fMRI data analysis

All anatomical images were co-registered to the first T2-weighted image. To improve the
resolution of the anatomical image, averaged T2-weighted anatomical images were obtained
by averaging the three T2-weighted images and averaged T1-weighted anatomical images
were obtained by averaging the three T1-weighted anatomical images. CA1 and DG/CA3
were manually segmented on the averaged high-resolution structural image for each
participant according to the Duvernoy (2005) hippocampus atlas and Yushkevich et al.’
(2009) segmentation guidelines (Figure 2). The volume of each hippocampal subfield was
calculated in MarsBaR (Matthew et al., 2002) and the means across participants are reported
in Table 1.

Minimal preprocessing of the functional data was performed using Statistical Parametric
Mapping (SPM8) software. T2*-weighted EPI data were slice-time corrected with sinc
interpolation to account for differences in the timing of slice acquisition. The functional
images for a single participant were brought into spatial alignment by using a six-parameter,
rigid-body transformation (realignment). Following realignment, the EP1 images for each
participant were co-registered to the averaged T2-weighted structural image for each
participant. First-level general linear model (GLM) analyses of the fMRI functional data
were conducted using SPM8. Outliers were identified at the individual-subject level using
the Artifact Detection Tools (http://gablab.mit.edu/index.php/software) in SPM8 with
thresholds for global signal intensity (z=5), translational movement (0.5 mm), and rotational
movement (0.005 rad). TRs identified as outliers were modeled as covariates of no interest.

The GLM included fourteen covariates of interest that were convolved with the
hemodynamic response function. Eight of the covariates were used for the analyses reported
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below: (1) repeated target pictures preceded by the same temporal context, (2) repeated
target pictures preceded by a high similarity temporal context, (3) repeated target pictures
preceded by a low similarity temporal context, (4) repeated target pictures preceded by a
new temporal context, (5) new target pictures preceded by the repeated temporal context, (6)
new target pictures preceded by a high similarity temporal context, (7) new target pictures
preceded by a low similarity temporal context, (8) new target pictures preceded by a new
temporal context. The rest of vectors represented new pictures (images being presented for
the first time not otherwise captured in the covariates of interest listed above), repeated
temporal context pictures (the first two images presented in the triplet), high similarity
temporal context pictures, low similarity temporal context pictures, new temporal context
pictures in the second presentation, and fixation were not included in subsequent analyses.
Beta values were extracted from CA1 and DG/CA3 for each of the 8 covariates of interest,
all of which include only the presentation of the target (third) picture in each triplet, and
assigned an alpha level of 0.05. A 2x2x4 repeated-measures ANOVA was applied to the beta
values produced by presentation of the repeated target to test for effects of hemisphere,
hippocampal subfield, and temporal context conditions. Planned comparisons with paired
samples t-test were then conducted to evaluate differences between the four temporal context
conditions.

3.1 Behavioral results

The pleasantness rating task was used to encourage participants to attend to each picture and
responses were subjective. Results showed that 98% of the pictures were given pleasantness
ratings. An average of 63% (SD=.02) of the target pictures were rated as pleasant. There was
no pleasantness rating difference between any of the eight conditions of interest (F(7,
312)=1.04, p=.41), thus any brain activation difference associated with the target pictures in
different conditions should not be due to the pleasantness responses.

3.2 fMRI results

A repeated measures ANOVA with a Greenhouse-Geisser correction examining the beta
values associated with presentation of repeated targets showed that there was no main effect
for hemisphere (F(1,19)=0.83, p=.38), hippocampal subfield (F(1,19)=1.64, p=.22), or
temporal context condition (F(3,57)=0.54, p=.66). However, there was a significant
interaction of hemisphere (left, right), hippocampal subfield (CA1, DG/CA3), and temporal
context condition (repeated, high similarity, low similarity, and new temporal context)
(F(2.036, 38.685)=4.04, p=.03). This indicates that CA1 and DG/CA3 responded differently
to the manipulation of temporal context similarity and there was a hemispheric difference.
Therefore, we analyzed left and right CA1 and DG/CA3 separately.

In left CA1 (Figure 3), none of the four conditions were significantly different from one
another (ps>.05). There was an overall adaption effect such that the repeated targets
(collapsed across all four temporal context conditions) produced significantly lower beta
values than did the new targets (Meanyepeated target=—0-38, Meanney target=—0.09, t(19)=1.73,
p=.04).
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In right CA1 (Figure 3), the beta values for the repeated targets were significantly lower, and
therefore indicated greater adaptation, when the target was presented after a repeated
temporal context than when it was presented after a new temporal context (t(19)=-2.41, p=.
01). The beta values for the repeated targets presented after a high similarity temporal
context were not significantly different from the beta values for the repeated temporal
context/repeated target condition (t(19)=-0.24, p=.41), but were significantly lower than the
beta value for the new temporal context/repeated target condition (t(19)=-1.79, p=.04).
These findings suggest that right CA1 did not separate the representation of an object that
followed a highly similar temporal context from an object that followed an identical
temporal context. The beta values for the repeated targets were significantly higher, and
therefore indicated less adaptation, when the target followed a low similarity temporal
context than when it followed a repeated temporal context (t(19)=-1.89, p=.04), and did not
differ significantly from the beta values for the new temporal context/repeated target
condition (t(19)=-0.95, p=1.73). These findings suggest that right CA1 did separate the
representation of an object that followed a similar but easily distinguishable temporal
context from an object that followed the original temporal context.

In left DG/CA3 (Figure 3), the difference in the beta values for repeated targets following a
repeated temporal context and those following a low similarity temporal context approached
statistical significance (t(19)=-1.5, p=.08)-. In right DG/CA3 (Figure 3), the difference
between the repeated temporal context/repeated target condition and both the new temporal
context/repeated target conditions (t(19)=-1.4, p=.09) and the high similarity temporal
context/repeated target conditions (t(19)=-1.36, p=.09) approached significance. There was
no statistically significant difference in any of the other comparisons within left and/or right
DG/CAS3: repeated temporal context/repeated target vs new temporal context/repeated target
(tLet(19)=-.79, p=.22), repeated temporal context/repeated target vs high similarity
temporal context/repeated target (t f:(19)=—-1.17, p=.13), repeated temporal context/
repeated target vs low similarity temporal context/repeated target (trjgnt(19)=-.57, p=.29),
high similarity temporal context/repeated target vs low similarity temporal context/repeated
target (tLeft(19)=-.37, p=.36, tright(19)=.64, p=.26), high similarity temporal context/
repeated target vs new temporal context/repeated target (t_eft(19)=.28, p=.39, tright(19)=—.
003, p=.50), low similarity temporal context/repeated target vs new temporal context/
repeated target(t_e(19)=.80, p=.22, tright(19)=—.92, p=.18). These findings suggest that left
DG/CA3 may not have separated the representations for the first and second presentations of
an object when it follows an identical temporal context but did separate the representations
of objects that followed any change in temporal context. Right DG/CA3 was able to
distinguish repeated temporal context from both new and highly similar temporal context.
However, these findings cannot be confidently interpreted without considering whether a
carryover in adaptation from the repeated temporal context pictures to the repeated target
picture was responsible for the differences in beta values.

In order to control for any BOLD signal carryover, we included four control conditions in
the experiment with the same temporal context manipulations as those described above but a
new target picture as the third item during the second presentation of each object triplet. Any
differences in adaptation for these new target items must be based on carryover from the
preceding temporal context items rather than adaptation of the ROI to the object itself. We
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subtracted the beta values for new targets with repeated, high similarity, low similarity, and
new temporal context from the corresponding beta values for repeated targets. This
subtraction (repeated minus new) should reflect temporal context processing without the
contamination of BOLD signal carryover from previous repeated pictures.

In right CA1 (Figure 4), the subtraction of beta values for the new targets from repeated
targets produced the same pattern as the initial analyses. The subtracted beta values for the
repeated temporal context condition were significantly lower, indicating greater adaptation,
than the subtracted beta values for the new temporal context condition (t(19)=-2.23, p=.02).
There was no significant difference between the subtracted beta values for the repeated
temporal context and high similarity temporal context conditions (t(19)=0.02, p=.49), but the
subtracted beta values for the high similarity temporal context condition were significantly
lower than those for the new temporal context condition (t(19)=2.92, p=.004). There was no
significant difference between the subtracted beta values for the low similarity temporal
context condition and the new temporal context condition (t(19)=-0.26, p=.39). The
difference between the subtracted beta values for the low similarity temporal context
condition and the repeated temporal context condition approached significance (t(19)=-1.54,
p=.07). Finally, the subtracted beta values for the high similarity temporal context condition
were significantly lower than those for the low similarity temporal context condition (t(19)=
-1.89, p=.04). These results suggest that right CA1 processes temporal context. When there
is similar temporal context input, right CA1 does not distinguish it from repeated temporal
context as long as the similarity level is high. When the similarity decreases, right CA1
distinguishes similar temporal context from repeated temporal context and separates the
representation of the object following the low similarity temporal from the previous
presentation.

In contrast to right CA1, in left and right DG/CAS the subtraction of beta values for the new
target from the beta values for the repeated target did not produce the same pattern as the
original analyses (Figure 4). In the subtraction analysis, there was no significant difference
between any of four conditions for left and right DG/CA3 (ps>.05). These null results
observed in DG/CA3 were not due to manipulation failure because we observed an adaption
effect in left DG/CA3 when comparing the repeated target to the new target collapsed across
the four temporal context conditions (Mean efy/repeated target=—0-34, M€an eftnew target=0-19,
t(19)=-1.88, p=.037, Meangight/repeated target=—0.21, MeanRight/new target=0.06, t(19)=-1.32,
p=.10). That is, repeating an object image produced repetition suppression in left DG/CA3
but that repetition suppression did not vary according to the nature of the stimuli preceding
the target. Therefore, these results indicate that DG/CA3 does not rely on temporal context
to differentiate object representations. Rather, repeated items are recognized as such,
regardless of the preceding items, and therefore show reduced activation compared to new
items. Both old and new targets show decreased activation in DG/CA3 when presented
following a series of repeated items, due to carryover of the BOLD signal from the
preceding images.

A post-hoc analysis was done to investigate the involvement of parahippocampal cortex
(PHc) in temporal context processing. The beta values in an anatomically-defined PHc ROI
were significantly higher in the repeated temporal context/repeated target condition than in
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the new temporal context/repeated target condition (t(19)ef=2.72, p=.007; t(19)right=3.04,
p=.003). The effect when comparing the high smiliarity temporal context/repeated target
condition to the new temporal context/repeated target condition was also statistically
significant (t(19)jef=3.25, p=.002; t(19)righ=2.69, p=.007). The effects for repeated targets
did not appear to be driven by carryover effects based on the finding that new target items
following repeated context or high similarity items produced less activation than did old

target items (t(19)jefyrepeated temporal context=1-38, P=.09; t(19)right/repeated temporal context=0-77,

p=.22; 1(19)iefyhigh similarity temporal context=1-36, p=.09;
t(19)right/high similarity temporal context=0-92, p=.18). Note that the effects found in PHc are in

the opposite direction to the effects in right CA1 such that PHc did not show adaptation but
rather increased activation for repeated or highly similar temporal context. An old target that
was preceded by either repeated or high similarity temporal context items led to greater PHc
activation than did an old target that was preceded by either low similarity or new temporal
context items.

Discussion

In the current study, we investigated the involvement of hippocampal subfields CA1 and
DG/CAS3 in distinguishing the representations of items with varying temporal context. We
compared the beta values associated with repeated target pictures when those targets were
preceded by repeated, high similarity, low similarity, and new temporal context.
Hippocampal subfields that use temporal context as a cue when representing events should
show increased repetition suppression (and therefore reduced activation) when target
pictures are preceded by repeated temporal context as compared to new temporal context. In
addition, differences in repetition suppression based on the similarity of new temporal
context to the original temporal context should provide information about the role of
hippocampal subfields in separating similar events. As the beta values associated with target
pictures might be contaminated by fMRI signal carryover from preceding temporal context
pictures, we included a set of control conditions in which the manipulation of temporal
context was the same as the experimental conditions except that the target pictures were new.
Any beta value differences among new target pictures preceded by repeated, high similarity,
low similarity, and new temporal context can only reflect signal carryover from preceding
pictures. After removing any carryover signal, the beta values associated with repeated
targets should reflect the influence of temporal context only.

Our results indicated that right CA1 was sensitive to temporal context when representing an
object image. Right CA1 appears to be involved in temporal context processing because
target pictures preceded by repeated temporal context produced significantly lower beta
values in this ROI than did target pictures preceded by new temporal context. In contrast,
DG/CAS3 was not sensitive to repeated temporal context when representing an object image
since there was no difference between the beta values for target pictures following repeated
or new temporal contexts. (Note that our conclusions with respect to DG/CA3 are based on a
null effect and therefore should not be considered definitive.) DG/CA3 was sensitive to
repetition of items themselves as seen in carryover effects from repeated temporal context
items to both old and new target items. In these item-level adaptation effects, DG/CA3
distinguished between repeated images and high similarity replacements of those images.

Neuroimage. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang and Diana

Page 12

This finding replicates previous studies which have demonstrated that DG is involved in
pattern separation of similar information.

We did not find any differences between conditions in left CA1 and thus our conclusions are
specific to right CA1. Interestingly, some prior work on human hippocampal subfields
suggests that right CA1 and not left CAL is critical for generalizing across events from
different time points, which is consistent with our results (Schlicting et al., 2014). In
contrast, Azab and colleagues (2014) found that right CA1 was specifically sensitive to
spatial changes whereas left CA1 was sensitive to temporal changes. Although this is now
the third study with human participants that differentiates right and left CA1 function, the
inconsistencies in identifying those functions make it difficult to conclude that the roles of
left and right CA1 in temporal context processing are qualitatively different. Further study is
required.

The finding that CAL, but not DG/CAS3, processes temporal information and bridges events
across time is somewhat suprising. DG is often described as the area responsible for pattern
separation, which would suggest that DG distinguishes between similar events regardless of
the dimension upon which those events differ. However, our finding that DG does not
separate similar temporal information is consistent with findings from the animal literature,
which has primarily identified pattern separation in DG for similar spatial information
(Leutgeb et al, 2007). In addition, Gilbert and colleagues (2001) specifically compared the
responses of CA1 and DG to similar spatial and temporal information and found that DG
distinguishes similar spatial representations but only CA1 distinguished similar temporal
representations.

Another important point of consideration is the combination of CA3 and DG into a single
mask in this experiment. The current technology in human fMRI makes it difficult to
reliably separate CA3 and DG. Therefore, our findings in this ROl are likely to represent an
amalgamation of the functions of CA3 and DG. Past findings have consistently shown that
neurons in CA3 are not responsive to temporal context changes (Mankin et al., 2012)
whereas the firing patterns of CA1 neurons appear to record elapsed time (Kraus et al.,
2013; MacDonald et al., 2013; MacDonald et al., 2011; Mankin et al., 2012). Therefore, the
results from the current study are largely consistent with previous studies of pattern
separation in animal populations (Eichenbaum et al., 1999; Lee et al., 2004; Moser et al.,
2008) and with the limited available evidence from human populations. CA1 provides
binding of item information with its context in both the temporal and spatial dimensions
(Mankin et al., 2015). DG and CA3 appear to bind item information with context
information that occurs during the same temporal window but not outside of that temporal
window.

The involvement of CA1 but not DG/CA3 in temporal context processing sheds light on how
temporal information is transmitted within hippocampal subfields. There are two well
identified circuits in the hippocampus (Witter, 1993; Lavenex and Amaral, 2000). One
projection originates from cells in layer 11 in entorhinal cortex and sends information to
CA3, then CA1, and back to the deep layer of entorhinal cortex. A second projection arises
from cells in layer 111 in entorhinal cortex, sends information to CA1 directly, and then back
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to the deep layer of entorhinal cortex. Since CA3 does not appear to be involved in
processing temporal context, temporal information is likely conveyed to CA1 by the second
pathway, via direct projections from layer I11 of the entorhinal cortex. At least one prior
study provides evidence to support this conclusion by showing that inhibition of the direct
pathway from entorhinal layer 111 to CA1 impairs animals’ ability to associate events across
time (Suh et al., 2011).

The current study also investigated the nature of hippocampal subfield responses to similar
temporal input. This question builds upon the first set of findings about whether CA1 and
DGJ/CAS are sensitive to temporal context at all. Because DG/CA3 were not responsive to
temporal context we would not expect to find modulations in DG/CA3 activation based on
varying similarity of that temporal context. Because right CA1 was sensitive to temporal
context in general, we can further explore the nature of its response to temporal context of
varying similarity. It should be noted that fMRI data cannot reveal whether the hippocampal
subfields we investigated are critical fortemporal context processing and episodic separation
but only whether they are sensitive to the nature of temporal context.

We found that right CA1 failed to distinguish high similarity temporal context from repeated
temporal context when representing an object. In this experiment, high similarity temporal
context took the form of objects whose differences were so minor, in comparison to the
objects used during the first presentation of the triplet, that it was unlikely participants were
consciously aware that the images were new. On the other hand, right CA1 was able to
distinguish low similarity temporal context from repeated temporal context when
representing an object. Low similarity temporal context took the form of objects that would
receive the same verbal label as the objects presented previously but that could be easily
identified as different objects. Although the beta values in right CAL for the low similarity
temporal context condition were lower than those for the new temporal context condition
this difference was not statistically significant. These results show that right CA1 does not
produce a linear response to temporal context based on its similarity with previous events.
There was almost no numerical difference between the target items following repeated and
high similarity temporal context and the difference between the target items following low
similarity and new temporal context was not significant. The relationship between changes
in temporal input and output in CA1 resembles a sigmoid function: when there were small
changes in temporal input, CA1 processed the highly similar temporal context as though it
were a repeated temporal context. When the changes in temporal input increased, CA1 was
able to identify that the low similarity temporal context was not repeated and process it as
new temporal context. This finding is consistent with previous evidence that CA1 was not
involved in distinguishing a learned versus reversed sequence of events when the inter-event
interval was short. CA1 became involved only when the interval was extended, which
indicates that CA1 primarily distinguishes temporal information when it differs
substantially. (Farovik et al., 2012).

In contrast to its role as a pattern separator in item and spatial context processing, DG/CA3
did not show a pattern separation effect intemporal context processing for repeated targets as
opposed to new targets. Rather, DG/CAS3 appeared to distinguish identical from high
similarity items preceding a target regardless of the status of the target itself. Since neither
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DG/CA3 nor CAL appeared to distinguish highly similar temporal input, a remaining
question is whether any hippocampal subfield or brain region outside of the hippocampus
distinguishes highly similar temporal input. CA2 is a one candidate for a region that
provides this function. Although CA2 was included in the CA1 mask in the current study,
and therefore the effects reported in CA1 also reflect the influence of CA2, it’s possible that
effects in CA2 were overshadowed by the pattern in CA1. Previous research has found that
the firing pattern of CA2 neurons becomes progressively dissimilar over time and that of
CA2 neurons are more involved in temporal information processing than either CA1 or
DGJ/CAS3 neurons (Mankin et al., 2015). However, the anatomical and physiological features
of CA2 are less well understood (Jones and McHugh, 2011). We could not specifically test
the involvement of CA2 in the current study due to limitations in the resolution of structural
image that we collected.

The relationship between conscious detection of differences in stimuli and representation of
those stimuli in hippocampal subregions cannot be determined definitively from our data but
we speculate that our high similarity images were unlikely to be consciously identified as
different from one another whereas our low similarity images are likely to be identified as
different. If this speculation is correct, we propose that stimuli that are not distinguished
consciously are likely to be represented as the same items in CA1. We found that right CA1
did not distinguish between repeated context and high similarity context, which indicates
that the representation of high similiarity context images were comparable to the
representation of the original context images. In contrast, the implications of our findings in
DG/CAS3 with respect to this question are less clear. We found that left and right DG/CA3
produce less activation to both old and new targets that followed repeated temporal context
items than those targets that followed high similarity, low similarity, or new temporal context
items. This finding suggests that DG/CA3 may in fact distinguish between similar items that
are not consciously identified as new (such as our high similiarity items) but only at the item
level and not at the level of temporal context. Finally, the current study suggests that
different neural mechanisms underlie the processing of temporal and non-temporal (i.e.
spatial) context within hippocampal subfields. Temporal context is different from other types
of episodic context (i.e. spatial context) in that temporal context occurs at a different time
point (before or after) than the critical event (Kahana, 2002; Polyn and Kahana, 2008). Non-
temporal context happens during the same time window as the critical event. Both temporal
and non-temporal context processing involve the hippocampus (Agster et al., 2002; Davachi,
2006; Davachi et al., 2003; Diana et al., 2007; Eichenbaum et al., 2007; Eichenbaum et al,
1994; Ezzyat and Davachi, 2014; Hsieh et al., 2014; Kesner et al., 2002), but it seems that
subfields within the hippocampus play different roles in associating item information with
these categories of context. It has been well established in the animal and human literatures
that CA1 and DG/CAS bind an item with its spatial context. The current study provides
some of the first evidence in humans that only CA1 associates events with their temporal
context. Even though CAL1 participates in both temporal and non-temporal context
processing, it appears to respond in a different manner to similar temporal and non-temporal
context inputs. CAL transforms similar spatial context input into dissimilar output linearly
(Guzowski et al., 2004; Lacy et al., 2011; Leutgeb et al., 2007; Vazdarjanova and Guzowski,
2004; Yassa and Stark, 2011). However, the current study found that CA1 does not
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transform similar temporal input into dissimilar output linearly. The nonlinear relationship
seen in the current experiment could be driven by the nature of our context similarity
manipulation and therefore more evidence is needed in order to definitively conclude how
CAL1 processes similar temporal contexts.

The findings for the PHc ROI may seem contradictory to the hippocampal findings at first
glance. however we think they provide a clear replication and extension of a previous study
(Diana et al., 2013). In Diana and colleagues’ 2013 study, context features were reinstated
prior to presentation of an item memory probe. This paradigm was similar in many respects
to the organization of the trials in the current experiment. The 2013 study found that
increased PHc activation during reinstatement of context features predicted successful
recollection of the item probe. The current study can be viewed in a similar light: PHc
activation during the second presentation of temporal context items serves as a measure of
successful context reinstatement. The current study also extends previous PHc findings by
suggesting that PHc representations of context do not differentiate between repeated
information and highly similar information.

Although we have also previously found adaptation in PHc in relation to repetition of
context information (Diana et al., 2012), the adaptation paradigm required immediate
repetition of stimuli such that no intervening items interrupted encoding of the first and
second study events. In a sense, the 2012 findings can be viewed as habituation whereas the
current findings can be viewed as context reinstatement and retrieval/expectation of the
target picture induced by that context reinstatement. With respect to the wider literature on
temporal context, our PHc findings do not replicate Turk-Browne et al. (2012), which may
be related to the use of scene images in that study, but are consistent with Hsieh et al.’s
findings (2014) that PHc is sensitive to temporal position but not the specific surrounding
events.

Conclusions

The current study investigated the role of hippocampal subfields CA1 and DG/CAS3 in
processing temporal context as well as the responses of these subfields to similar temporal
context inputs. We found that right CA1, but not DG/CA3, processed temporal context and
was sensitive to temporal context when representing events. CA1 was not able to distinguish
highly similar temporal contexts from repeated temporal contexts. However, right CA1 did
distinguish low similarity temporal contexts from repeated temporal contexts and recognized
these low similarity temporal contexts as new contexts.
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Highlights

Right CAL representation of an event was affected by the event’s temporal
context.

Right CAL did not distinguish high similarity temporal context from
repeated context.

Right CAL did distinguish low similarity temporal context from repeated
context.

DG/CA3 was not sensitive to temporal context when representing an event.
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Figure 1.
Experimental procedure. Each triplet was presented twice, with a 10 to 34 second interval,

filled by presentation of other triplets, between the two presentations. The temporal contexts
were either repeated in identical form to the first presentation, high similarity, low similarity,
or unrelated across the two presentations of a triplet. (a) Repeated target conditions in which
target pictures were identical in both presentations of the triplet. (b) New target conditions in
which target pictures were unrelated in the two presentations of the triplet. These conditions
served as a control for BOLD signal carryover from the preceding context pictures. Images
were presented in full color in the experiment.
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Figure 2.
Hippocampal segementation. Coronal slices along the anterior-posterior axis.

Neuroimage. Author manuscript; available in PMC 2017 July 01.

Page 20



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang and Diana

Left CA1 Right CA1  Left DG/CA3 Right DG/CA3

Figure 3.

Page 21

ORepeated temporal
context/repeated target
OHigh similarity temporal
context/repeated target
Low similarity temporal
context/repeated target

@ New temporal
context/repeated target

Beta values to repeated target images following temporal context that was an identical repeat
(white bars), high in similarity to the original temporal context (grey bars), low in similarity
to the original temporal context (striped bars), or unrelated to the original temporal context

(dotted bars). Error bars indicate the standard error of the means.
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Figure 4.

Subtracted beta values. The new target betas in each condition are subtracted from the
repeated target betas shown in Figure 3. Error bars indicate the standard error of the means.
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Table 1
Mean Volume and Standard Deviation in Left and Right CA1 and DG/CA3

Mean (mm3)  SD

Left CAl 310.21 76.20
Right CAl1 327.70 94.21
Left DG/CA3 169.03 61.75

Right DG/CA3 178.78 51.02
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