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Multiple memory systems for efficient temporal order memory
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Abstract

We report distinct contributions of multiple memory systems to the retrieval of the temporal order
of events. The neural dynamics related to the retrieval of movie scenes revealed that recalling the
temporal order of close events elevates hippocampal theta power, like that observed for recalling
close spatial relationships. In contrast, recalling far events increases beta power in the orbitofrontal
cortex, reflecting recall based on the overall movie structure.

Remembering the order of event occurrence is fundamental to episodic memory. Converging
evidence suggests that at least two copies of events are encoded in parallel in distinct

brain regions during memory formationl-3. One system retains events with high fidelity
and is hippocampal-dependent. The other system encodes schematic information and
engages the prefrontal cortex. At recall, memories are reconstructed when we combine

our understanding of the unfolding of events in time with episodic information?. Episodic
memory, especially recalling the temporal order of events, requires the hippocampal
network, evident from the behavior of patients with hippocampal lesions who have
impairments in recalling past events in the same order as they were encountered 56,
Functional MRI and lesion studies suggest that in addition to the hippocampus (HPC), the
orbitofrontal cortex (OFC) is also involved in successful temporal order recall 7:8. However,
the neural mechanisms by which the HPC and the OFC support temporal order memory are
unclear.

Temporal memory, shaped by the relatedness of the sequence of events, can be studied as
the absolute time relative to salient event boundaries ° or as the recency of events relative
to each other 1911, At encoding, both the OFC and HPC track the temporal relatedness of
events 12, and the left HPC is known to represent the temporal approximation of events
13 Temporal order recall is easier for events with distinct contexts occurring far apart
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in time 10, This suggests that the temporal context of far events enables temporal order
judgment without the need to recall the episodic details of an event’s recency. Recalling
memories with high precision engages the HPC 14, however, tracking the temporal order
of long sequences of events with high fidelity would require substantial HPC resources.
Accordingly, we hypothesized that memory systems utilize OFC for recalling the temporal
order of far events, while HPC retrieves the episodic details necessary for recalling the
temporal order of close events.

We investigated the neural dynamics within the HPC and the medial OFC in the left
hemisphere that support recognition of the temporal order of events from long-term memory.
Epileptic patients undergoing seizure monitoring (n=8, 3 female, Table 1) watched a novel
animated movie and, after brief delay including a 2-min rest period, determined the order of
movie frames that were presented in pairs (Figure 1a and 1b). Subjects performed equally
well in recalling close and far events (paired t-test t(7) = 1.7, p = 0.86). However, response
times were longer for close events compared to far events (paired t-test t(7) = 2.64, p = 0.03;
Figure 1c), indicating that temporal order judgement was more demanding for the close
events.

We compared the power spectral density (PSD) for correct temporal judgement of close
and far events during the 2 seconds after the probe onset (i.e., prior to the cue for response
selection). At a group-level analysis, we compared the coefficients of the contrast between
close and far correct temporal judgments against zero (for no differences) in a mixed effect
model due to unequal number of regional contacts across the patients. The results showed
that theta power was higher for recalling the order of close events than for far events in

the HPC (n = 7; 4-8 Hz, peaking at 6.5 Hz, p < 0.001). This effect was also observed in
two additional peaks in a narrow band at 32-42 Hz and a broader high frequency band of
100-170 Hz (p < 0.001). By contrast, beta power in the left OFC was higher for recalling the
order of far compared to close events (n = 6; 20-25 Hz, peaking at 22.5 Hz, p = 0.012, with
no differences observed in frequencies above 30Hz; Figure 2).

Although we observed significant group differences across conditions and contacts, within-
contact contrasts differences were not statistically significant. A power calculation based on
these data recommends at least 50 trials for detecting within-contact differences with 0.9
power, which was more than was feasible in the time available with each participant. An
advantage of the adopted group-level experimental design is that, despite a low number of
trials, the experimental effects can be evaluated across participants. A limitation of the study
is that we are not able to evaluate single trial and single contact responses. The overall
results suggest enhanced theta/alpha-band, low gamma-band, and high frequency power in
the HPC is associated with successful retrieval of episodic information in temporal order
recall, whereas enhanced beta-band power in the OFC supports the temporal order recall of
far events.

The hippocampus (HPC) is connected to the medial OFC both directly and indirectly
through the entorhinal cortex and para-hippocampus gyrus 1°. The entorhinal cortex -
specifically the lateral entorhinal cortex along with the neighboring perirhinal cortex —
has been implicated in the precision of recalling the time of an event relative to the task
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onset (a salient event boundary) 16 and these cortical regions have direct connections to
both HPC and the OFC 15. Far events are more likely to have an intervening salient event
boundary during encoding, raising the possibility that the order of far events can be inferred
relative to the event boundaries and the gist of the movie structure without the need for
hippocampal input. However, HPC is essential for temporal order memory of close events
that are not anchored to the boundaries of a sequence 17. In the spatial domain, the absence
of fine-resolution para-hippocampal representation disturbs the resolution of hippocampal
spatial representation for places that are away from the salient boundaries 18. Similarly,

we hypothesize that, in parallel to the spatial neural mechanism, input from the entorhinal
cortex to HPC may support recalling the temporal order of close events in fine detail. The
present study did not include eye-tracking data but, given the known relationship between
saccadic eye-movements and hippocampal activity 1920, an interesting area of future study
would be to examine hippocampal theta-band oscillations and eye movements during the
recall of close vs far events.

The OFC represents the gist structure of the flow of events that strengthens with
consolidation 21, such as learning a reward value that follows an event 22, In contrast,

HPC activity corresponds to the detailed order of events that closely follow each other 23:24,
We propose that at retrieval, HPC provides a signal of the temporal order of close events
following the top-down signal from the OFC, congruent with reports from rodents 2°. Given
the known role of hippocampal-cortical interaction in support of memory consolidation, an
interesting area for future study would be to examine changes in these temporal memory
signals with longer retrieval delays, such as after a night of sleep. Converging evidence
suggests that the existence of multiple traces of memory benefits long-term memory
consolidation 1-3. Here, we show that, in a short time after encoding, multiple memory traces
in HPC and OFC support efficient temporal order memory, enabling recall of far events with
the support of the OFC and close events with hippocampal activity.

Methods and methods:

Participants

The study protocol was approved by the Office for the Protection of Human Subjects of
the University of California, Berkeley, the University of California, Irvine, and Stanford
University. All patients provided written informed consent before participating and all
methods were performed in accordance with the relevant guidelines and regulations. The
movie and the data that support the findings of this study are openly available in OSF.10 at
DOI 10.17605/0SF.10/932A5.

Eight participants (3 female, 5 right-handed, mean age = 38.8, sd = 14.3, range = 20-58)
were implanted stereotactically with depth electrodes to localize the seizure onset zone for
subsequent surgical resection (Table 1). All participants had normal or corrected normal
vision. No seizures occurred during task administration. The signal for the epochs with
interictal epileptiform activity was discarded. Only 3 of the participants had coverage for
simultaneous recording from the general OFC and the HPC areas, which is too limited for
conclusive across regions connectivity analysis.
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Experimental design

Participants were instructed to carefully watch a short mute animation (around 3 minutes
long) knowing that we would ask questions about the movie (Jafarpour et al, 2019 JoCN;
available in OSF.IO at DOI 10.17605/0OSF.10/932A5). Then, after a brief delay of 3-5
minutes with distractions, the participants were instructed to perform a temporal order
recognition test. This test required the participants to determine the order of two movie
frames that were shown side by side. Each test trial started with a fixation point for two
seconds, then two scenes of the movie were shown side by side for 3 sec. Right after,

a probe appeared on top of the two frames, asking which frame occurred earlier or later
(Figure 1). The probe was selected pseudo-randomly so that in half of the trials the earlier
scene asked for the earlier scene. The test consisted of 35 trials that were split into an
approximately equal number of trials with far and close probes (table 2). Participants

used left or right arrow keys and had 4 sec available to respond. The experiment was
designed to separate the process of retrieving the temporal order of events from picking

an answer. The tested movie scenes were between 1.6 to 60 seconds apart allowing us to
study the differences between temporal order recognition of events that were close in time
and those that were far apart. The accuracy of temporal order recognition for three people
who did not watch the movie and guessed the order showed that an accurate performance
required watching the movie. The close probes were less than 11 seconds apart (table 2). An
independent group of (n=80) people determined the event boundaries in the movie, meaning
when a new event started. The number of determined events in between the movie frames
reflects the distinctness of the movie frames 12. In this task, the number of determined event
boundaries between the close probes (M = 0.45, SD = 0.45) was less than between the far
probes (M = 2.6, SD = 1; t(33) = 7.1, p < 0.001), as defined by an independent larger
non-patient group.

EEG data collection and preprocessing

Intracranial EEG data were acquired using the Nihon Kohden recording system, analog-
filtered above 0.01 Hz, and digitally sampled at 5 kHz or 10 kHz. A photodiode was
recorded to track the flow of the experiment as it appeared to the participant. All EEG
analyses were run in Matlab 2014a, EEGLAB, and Fieldtrip offline. Fieldtrip was used

for electrode localization 2. The electrodes’ anatomical locations were determined by

a neurologist’s team in the native space. The EEG recorded during the retrieval was de-
trended (i.e., the mean value of the entire signal at each contact was subtracted for the

value at each time point). Then the EEG was high-pass filtered at 0.5 Hz using a zero-phase
delay finite impulse response filter with Hamming window, and then down-sampled to 1
Khz using Matlab’s resample() function. Independent component analysis of the signal of all
recording channels with neuronal data was used for removing the common noise 27 — akin to
a weighted common average re-referencing. The EEG was cropped around the onset of the
probes when two movie frames were shown side by side with no instruction. Trials with the
interictal epileptiform that a neurologist identified were discarded (Table for the number of
trials per participant).
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Power Spectral Density

We contrasted the power spectrum density (PSD) of signals that were elicited by the far
versus close probe onset. The power spectrum density was summarized after transformation
of the signal round the probe onset into time and frequency 3 to 30 Hz with steps of 0.5 Hz
using Morlet wavelet with 7 cycles. The power at every frequency was averaged for the first
two seconds after the probe onset and contrasted between far and close trials using a linear
regression. The coefficient of the contrast (Beta values) of each electrode in one region
were pooled and averaged to have one value per region and patient for every frequency.

The coefficients of the contrasts (beta-coefficients) of each electrode in one region were
pooled. The aggregated coefficients were then compared against zero using a mixed-effect
model with the patient number as a random factor. The p-values were adjusted to account
for the False Discovery Rate (FDR) related to multiple comparisons of far and close trials
at every frequency 28. We accepted p<0.025 because we repeated the comparison in two
regions. We only reported the FDR-corrected p-values. Although the analysis is done in high
frequency resolution, for visualization purposes, Figure 2 shows a summary of the relative
power differences in a frequency band, formulated as (close - fan/(close + far).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments:

This research was supported by the National Institute of Health, National Institute of Mental Health,
K99MH120048-01 (A.J.), and the National Institute of Neurological Disorders and Stroke, 1U19NS107609
(E.A.B.) and R37NS21135 (R.T.K.).

Data Availability Statement:

The movie and the data that support the findings of this study are openly available in OSF.10
at DOI 10.17605/0OSF.10/932A5.

References

1. Nadel L, Samsonovich A, Ryan L & Moscovitch M Hippocampus 10, 352-368 (2000). [PubMed:
10985275]

2. Sutherland RJ, Lee JQ, McDonald RJ & Lehmann H Hippocampus 30, 842-850 (2020). [PubMed:
31584226]

3. Tse D et al. Science 333, 891-895 (2011). [PubMed: 21737703]
4. Bartlett FC Cambridge University Press (1932).d0i:10.1111/].2044-8279.1933.tb02913.x

5. Downes JJ, Mayes AR, MacDonald C & Hunkin NM Neuropsychologia 40, 853-861 (2002).
[PubMed: 11900736]

6. Dede AJO, Frascino JC, Wixted JT & Squire LR Proceedings of the National Academy of Sciences
113, 13480-13485 (2016).

7. Duarte A, Henson RN, Knight RT, Emery T & Graham KS Journal of Cognitive Neuroscience 22,
1819-1831 (2009).

8. Johnson EL et al. Current Biology 32, R410-R411 (2022). [PubMed: 35537388]

9. Montchal ME, Reagh ZM & Yassa MA Nature Neuroscience 22, 284-288 (2019). [PubMed:
30643291]

Hippocampus. Author manuscript; available in PMC 2024 October 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jafarpour et al.

10.

11.

12.

13.
14.

15.

16.

17.
18.

19.
20.

21.
22.
23.
24.
25.

26.
27.
28.

Page 6

DuBrow S & Davachi L Neurobiology of Learning and Memory 134, 107-114 (2016). [PubMed:
27422018]

Jafarpour A, Buffalo EA, Knight RT & Collins AGE iScience 25, 103902 (2022). [PubMed:
35252809]

Jafarpour A, Griffin S, Lin JJ & Knight Robert T Journal of Cognitive Neuroscience 31, 874-884
(2019). [PubMed: 30883290]

Ezzyat Y & Davachi L Neuron 81, 1179-1189 (2014). [PubMed: 24607235]

Bookheimer SY, Engel SA, Knowlton BJ, Furmanski CS & Eldridge LL Nature neuroscience 3,
1149-1152 (2000). [PubMed: 11036273]

Aggleton JP Neuroscience and Biobehavioral Reviews 36, 1579-1596 (2012). [PubMed:
21964564]

Montchal ME, Reagh ZM & Yassa MA Nature Neuroscience 22, 284-288 (2019). [PubMed:
30643291]

Heuer E & Bachevalier J Behavioural Brain Research 239, 55-62 (2013). [PubMed: 23137699]

Mallory CS, Hardcastle K, Bant JS & Giocomo LM Nature Neuroscience 21, 270-282 (2018).
[PubMed: 29335607]

Jutras MJ & Buffalo EA Proceedings of the National Academy of Sciences 107, 401-406 (2010).

Jutras MJ, Fries P & Buffalo E. a Proceedings of the National Academy of Sciences 110, 13144—
13149 (2013).

Kitamura T et al. Science (New York, N.Y.) 356, 73-78 (2017). [PubMed: 28386011]

Rich EL & Wallis JD Nature Communications 8, 1139 (2017).

Karlsson MP & Frank LM Nature Neuroscience 12, 913-918 (2009). [PubMed: 19525943]
Kornysheva K et al. Neuron 101, 1166-1180.e3 (2019). [PubMed: 30744987]

Place R, Farovik A, Brockmann M & Eichenbaum H Nature Neuroscience 19, 992-994 (2016).
[PubMed: 27322417]

Stolk A et al. Nature Protocols 13, 1699-1723 (2018). [PubMed: 29988107]
Michelmann S et al. Journal of Neuroscience Methods 307, 125-137 (2018). [PubMed: 29960028]

Benjamini Y & Hochberg Y Journal of the Royal Statistical Society Series B ( Methodological )
57, 289-300 (1995).

Hippocampus. Author manuscript; available in PMC 2024 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Jafarpour et al. Page 7

a
encoding retrieval

ry

earlier?

- -
3 sec up to 4 sec
3 .
G patient
3 25 -8
2 | ~6
£ 2 =
et 5
8 I\x =
p S 15 = i l 3
ar o R — |
§ 1} \H -]
=
< 05/
| 0
close far
probe type

Figure 1. Experimental design and behavior.
(a) At encoding, participants watched a novel animation (3 minutes long) and were informed

that memory would be assessed. At retrieval, participants performed a temporal order
recognition task. Each temporal order retrieval trial started with a fixation point to draw
attention to the middle of the screen. Then, two frames of the movie were shown side

by side. After 3 seconds, an instruction appeared asking about the order of the probes.
Pseudo-randomly, the instruction was split to ask for selection of the earlier or later frame.
This design allowed us to study the neural mechanism of memory recall that is separate from
preparing for the response. (b) An example of the c/ose (top) and far (bottom) prompts. The
close probes were neighboring movie frames that were visually distinct, while the far probes
were between 12 to 60 seconds apart and were more contextually distinct than the close
events (see the supplemental methods). (c) It took longer to correctly recall the temporal
order of close events than far events. Patients’ responses are color-coded and numbered
according to (table S1). The error bars show S.E.M.
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Figure 2. Hippocampal and OFC power differences between close and far events.
(a) HPC theta-band (4-8 Hz) power was higher for close compared to far temporal memory

recall (top). This effect was reversed for beta-band power in the OFC (20-25 Hz; bottom).
*p <0.005 and n.s. for p > 0.05. Error bars indicate S.E.M. (b) The coefficient for the
comparison between recalling close and far events shown in the HPC (in theta-band) and

in the OFC (in beta-band). A positive coefficient supports higher power in recalling close
compared to far events; whereas a negative coefficient supports higher power in recalling far
compared to close events. (c) Example of the PSD in one contact in the OFC (top) and one
contact in the HPC (bottom). The shaded area shows S.E.M.
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Table 1:

The demography diagnosis and the number of trials and contacts per patient. The table includes the age,
gender, and dominant hand, as well as the diagnosed seizure onset zone. The diagnosis for the seizure onset
zone was at L (left), R (right), or B (bilateral) temporal lobe; N/A is for not available. The table also includes
the number of contacts in the HPC and mOFC and the number of trials that were contributed by each patient.

Number of contacts
patient | Age(year) | gender | dominant hand | diagnosis
HPC mOFC

1 50 M R RTL 7

2 20 M R N/A 8
3 40 F L RTL 2 2
4 58 F R LTL 3 2
5 31 M L N/A 4
6 34 M R BTL 1
7 55 F L RTL 2

8 23 M R RTL 6 3
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Table 2:

The table lists the number and the temporal distances of far and close probes, as well as the hit rate after
discarding epileptic epochs. All participants had a hit rate higher than the 50% chance as calculated both
before and after cleaning.

_ , N“mbe'rggrfggdpf'”gjegtage) of deﬁiﬁgﬁﬁf(?r?g ;? gbsé?ner?ﬁa[:gral
patient | Hitrate distance in seconds
far close far close
1 69% 17 (94%) 16 (94%) 34 (16) 4 (4)
2 85% 16 (89%) 15 (88%) 34 (16) 4(4)
3 80% 18 (100%) 17 (100%) 34 (15) 4(4)
4 60% 17 (%94) 13 (76%) 34 (16) 5 (4)
5 67% 7 (39%) 9 (53%) 27 (10) 5 (4)
6 70% 6 (33%) 9 (53%) 39 (13) 3(2)
7 70% 10 (56%) 13 (76%) 43 (14) 4 (8)
8 96% 15 (83%) 11 (65%) 34 (17) 3(3)
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