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Abstract

Episodic memory, the ability to record and relive experiences, is intricately connected to visual
exploration in most humans. This study explores the possibility that eye movements create
physiological states relevant for memory, analogous to those associated with hippocampal theta.
Previous work has demonstrated that saccadic eye movements, which occur roughly at theta
frequency, elicit hippocampal event-related potentials (ERPs). Building on the Separate Phases of
Encoding and Retrieval (SPEAR) model, we asked if the peaks and troughs of this saccadic ERP
are differentially important for memory formation. Specifically, we applied saccade-contingent
hippocampal electrical stimulation at estimated ERP peaks and troughs while individuals with
epilepsy visually explored natural scenes across 59 sessions. We subsequently assessed their
recognition memory for scenes and their recall of associated targets. Results indicate that memory
is robust when stimulation precisely targets the peak or trough, contrasting with impairments
observed with random stimulation. Moreover, memory impairment is prominent when stimulation
is applied within 100 ms of saccade initiation, a time that reflects high medial temporal lobe
inhibition. Our findings suggest that the hippocampus rapidly evolves through memory-relevant
states following each eye movement, while also challenging the assumption that human saccadic
ERP peaks and troughs mirror the encoding and retrieval phases of theta rhythms studied in
rodents. The study sheds light on the dynamic interplay between eye movements, hippocampal
activity, and memory formation, offering theoretical insights with potential applications for

memory modulation in neurological disorders.

Significance Statement (120)

Why do eye-movements enhance memory formation? Here, we causally tested if eye-movements
initiate short-lived states critical for memory formation within the hippocampus, a brain region
known to support memory. We built a system that could precisely apply hippocampal electrical
stimulation at key moments after eye-movements to test how the timing of this stimulation
influenced people’s ability to form memories. We found that stimulation was particularly
disruptive to memory formation when applied within 100 ms of initiating an eye movement. By
contrast, memory was robust to stimulation precisely timed to the peak and trough of
hippocampal eye-movement responses. We interpret this temporal evolution of memory-relevant

states within a prominent model of how theta phases relate to rodent memory.
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Introduction

Since most humans primarily explore their environments visually, it seems intuitive that our eye
movements are linked to what we remember (Hannula et al., 2010; Meister and Buffalo, 2016;
Ryan et al., 2020). For instance, people better recognize images they freely view (Henderson et
al., 2005), even when restricted eye movements are yoked to others’ (Chan et al., 2011).
Additionally, the number of eye movements produced during learning is correlated with
subsequent memory (Kafkas and Montaldi, 2011; Molitor et al., 2014; Olsen et al., 2016;
Fehlmann et al., 2020). The critical question — is why? An evocative possibility is that eye-
movements produce physiological states conducive to encoding in the mesial temporal lobe
(MTL). Specifically, saccadic eye movements generate event-related potentials (ERP) in the
primate MTL (Sobotka and Ringo, 1997; Hoffman et al., 2013; Jutras et al., 2013; Andrillon et al.,
2015; Katz et al., 2020). These ERPs reflect heightened periods of functional connectivity
(Sobotka et al., 2002) and are dominated by activity in the theta range (3-8 Hz) (Hoffman et al.,
2013; Jutras et al., 2013; Katz et al., 2020)—a rhythm linked to memory across species (Buzsaki,
2005; Herweg et al., 2019). Here we causally assess whether the saccadic ERP contains privileged

states for human memory.

Our approach was motivated by the SPEAR (Separate Phases of Encoding and Retrieval) model,
which proposes the hippocampus encodes memories during fissure recorded theta’s troughs and
retrieves them during the peaks! (Hasselmo et al., 2002; Hasselmo and Stern, 2014). This “gating”
function (Womelsdorf et al., 2014) explains why electrical stimulation of the rodent hippocampus
at theta’s troughs induces long-term potentiation (LTP; (Huerta and Lisman, 1995; Holscher et al.,
1997; Hyman et al., 2003; McCartney et al., 2004), while stimulation during the peaks does not
impact plasticity or induces depotentiation (Huerta and Lisman, 1995, 1996a; Holscher et al., 1997,
Hyman et al., 2003; McCartney et al., 2004), with consequences for memory (Siegle and Wilson,
2014; Nokia et al., 2015). Theta phase is also relevant for human memory, with information more
reliably decoded at opposing phases during encoding and retrieval in intracranial hippocampal
recordings (Estefan et al., 2021) and in surface EEG recordings (Kerrén et al., 2018). Perhaps the

L \We will be using orientation with recordings from the hippocampal fissure which is 180 degrees out of phase when
recording from stratum radiatum in CA1 (Buzsaki et al., 1985)
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peak and trough of the saccadic ERP might likewise segregate the encoding and retrieval of visual
information in the human hippocampus? Kragel et al. (2020) provided preliminary support for this
idea by inferring periods of encoding and retrieval from memory-guided eye movements(Kragel
et al., 2020). To date, however, direct manipulations—akin to those instrumental in uncovering

causal mechanisms in rodents—have not been applied in humans to test this relationship.

Here, we assess how electrically stimulating the human hippocampus during the saccadic ERP
influences memory. We built on rodent research(McCartney et al., 2004) using high-frequency
electrical stimulation calibrated to the timing of the peak and trough of the saccadic ERP. We first
computed saccadic ERPs from hippocampal intracranial electroencephalography (iEEG)
recordings in epilepsy patients. We then used real-time eye-tracking to synchronize hippocampal
stimulation with the estimated ERP peaks and troughs while participants visually explored trial-
unique natural scenes with embedded targets. Subsequently, we tested their memory for each scene
and associated target. Randomly timed stimulation reliably impaired memory formation compared
to an unstimulated sham protocol, consistent with the bulk of hippocampal stimulation research
(Lacruz et al., 2010; Jacobs et al., 2016; Goyal et al., 2018). By contrast, memory was robust to
stimulation at both saccadic ERP peaks and troughs. Complementing these robust times, memory
is particularly impaired by stimulation at our shortest saccade delays. Together, these results
suggest that the hippocampus rapidly evolves through states that are especially sensitive or robust

to stimulation following saccades..

Materials and Methods

Participants

Eighteen participants completed at least one memory session (40 encoding and 80 retrieval scenes)
while receiving electrical stimulation. Of these participants, 14 received stimulation to their
hippocampus. Other stimulation locations included the amygdala, prefrontal cortex, and
parahippocampal cortex. Here, we report on those who received hippocampal stimulation, the site
of our primary question All participants were implanted with Behnke Fried Macro-Micro
electrodes (Ad-Tech Medical, Racine, MN, nominal diameter 1.28 mm and 5mm between
contacts) to record iEEG, with locations strictly determined by clinical considerations. Participants

were undergoing clinical observations at the epilepsy monitoring unit at Toronto Western Hospital
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to localize epileptogenic regions (Table 1). All participants voluntarily provided written informed
consent, and all research was performed in accordance with protocols approved by the University
Health Network Research Ethics Board.

Experimental Design and Task
Closed-Loop Deep Brain Stimulation System

We developed a closed-loop stimulation system which delivered electrical stimulation following
online detection of eye movements (Figure 1A). We placed an EyeLink Portable Duo (SR
Research Ltd., Osgoode, Canada) at the bottom of the experiment presentation laptop screen to
track eye position at 1000 Hz. We used the EyeLink EDF Event Detector to pre-process eye
position data and then we identified saccades using the Identification by Velocity Threshold (IVT)
algorithm (>30 deg/sec) on a sample-by-sample basis as we have done before (Katz et al., 2022).
The IVT has been shown to be closest to human detection of saccade events (Andersson et al.,
2017). Of note, we required more than 10ms of velocity data following saccade classification to
minimize the chance of triggering stimulation off eye blinks, which are often initially misclassified
as saccades. Once a saccade was detected, we sent a signal to the experiment presentation software
(Presentation™, Neurobehavioral Systems), which then signalled our purpose-specific Arduino to
trigger an Ojemann Grass Stimulator™., This stimulator then applied customized bi-polar
hippocampal electrical stimulation through implanted macroelectrodes. In tandem, iEEG data was
recorded using a 256-channel Neuralynx™ Atlas Data Acquisition System (Neuralynx Inc,
Bozeman, MT) at a sampling rate of 32 kHz, subsampled to 4 kHz with a high pass filter of 0.1
Hz and low pass filter of 1000 Hz. Neural and eye-tracking data were synchronized by sending
TTL triggers from the experiment presentation computer to both the Neuralynx computer and

stimulator using a splitter.
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Intensity (mA) | Custom (Y/N/P) Level of Education

R Temporal RPHC HC WM 149 Y 3(3/3) Bachelor’s Degree 26 14
RAHC HC HC 149 Y 2(2/2)

LAHC . 3(3/3) Associate Degree
R Temporal

Not Temporal . 2(0/2) Unknown

Not Temporal . 3(3/3) High School
2(2/2)

L Temporal . 3(1/0) College

L Temporal . 3(2/2) Junior High

mixed bitemporal . 3(3/3) High School

L Temporal . 3(3/3) College

L Temporal 3(1/1) 12" grade

Bitemporal 2(1/2) 12" grade
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Left Temporal Not
Definitive

L Temporal

3(1/3)

High School

High School

3(2/0)
3(212)

3(211)

College

14l F R L Temporal LPHC HC HC 60 130* 15 3(0/0) College 64 20
16| M R L Temporal RAHC HC HC 78* 130 15 3(3/3) Associate Degree 28 26
27 | M | mixed RAHC HC HC 78* 130 3 3(3/3) High School 25 13
Right temporal
neocortex, not mesialfp A pyof - e HC 78% 130 3 3(33)
temporal
28| M |mixed Bitemporal RPHC HC WM 60 131* 2 3(2/2) High School 28 13

Tablel| Participant Summary Table. This table groups participants according to the timing of their stimulations (see Methods): customized (Dark Grey);

population average (Light Grey); partially customized white, with a * indicating marking the phase (peak or trough) with customized timing. Note that participants

who received stimulation at multiple sites have a row corresponding to each site. Sessions denote the number of complete sessions (40 encoding trials and memory

test), and the parenthetical recognition/target model values correspond to the number of sessions that passed inclusion criteria thresholds and were included in the

recognition and target memory models, respectively. A, Anterior; HC, Hippocampus; L, Left; MTL, Mesial temporal lobe; P, Posterior; R, Right; WM, White

matter.
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Electrode Placement

Depth electrodes were placed stereotactically using either a Leksell frame or robotically (Renishaw
Neuromate). A 4-contact subgaleal electrode was used for ground and reference. This strip was
placed over the parietal midline facing away from the brain. Electrode localization was performed
by co-registering pre-op MRI with post-op CT using the iELVIS toolbox (Groppe et al., 2017).
Only contacts that a neurosurgeon visually verified as being in the hippocampal body were used
as the cathode for stimulation. Anode contact locations were restricted to the hippocampus or

surrounding white matter (Table 1).

Stimulation Patterns and Customization

Each “electrical stimulus” consisted of a train of five 0.1ms biphasic pulses separated by 2ms. We
selected this pattern since, when it is delivered at theta frequency (Larson et al., 1986) to the peak
of theta following a phase-reset (McCartney et al., 2004), it optimally induces LTP (Huerta and
Lisman, 1995, 1996b; Holscher et al., 1997). During the experimental session, we applied four
stimulation protocols as participants encoded information: 1) stimulation at peak of saccade-locked
ERP; 2) stimulation at trough of saccade-locked ERP; 3) sham stimulations (no stimulation); and
4) randomly timed stimuli. The number of stimuli in the random condition were yoked to the
participant’s saccade rate (rounded to the nearest saccade/second), ensuring that stimulation
conditions only vary in the timing of the stimulation. However, they were delivered at random
times throughout each second of the encoding trial using the Box-Muller transform method for
sampling uniform distribution (in this case, milliseconds from each second). We applied each of
the stimulation protocols across a block of 10 trials within a session to reduce carry-over effects,
counterbalancing the order across participants to reduce order effects. Post hoc, we performed
Wilcoxon Ranked Sum Test to confirm that stimulation types did not differ in saccade and

stimulation event counts (Figure 3).

In a calibration session before the main experiment, we customized two aspects of the electrical
stimuli: the saccade-locked timing and the intensity (Figure 1B). During the calibration session,
participants first received task instructions and then completed an extended practice session.
Mimicking the full task, they visually explored 40 scenes with subsequent testing of their recall
for a subset of them (see Memory Task details below). To calibrate the timing of saccade-locked
theta peaks and troughs, we obtained a saccade initiation-locked ERP for all grey matter electrodes
while participants explored the 40 scenes. We then calculated the timing of statistically significant
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maxima (peak) and minima (trough) using polarity permutation testing (Maris and Oostenveld,
2007). We identified electrodes in the hippocampus that showed a significant peak and trough and
used these times to customize the stimulation timing in the main task (Customized Participants).
Participants who did not show a significant ERP were stimulated with the average peak and trough
timing of previously tested participants (Non-Customized). The average times (50ms and 260ms)
for non-customized participants tested early in the experiment were based on saccade locked ERP
timings from our previous work (Katz et al., 2020). After a sufficient sample was collected on the
current protocol (n=9), we replaced the average times with those derived in this task’s practice
session (60 and 130ms). Specifically, these times were based on the peak and trough of the average

ERP across hippocampal electrodes for all participants collected to that point.

We calibrated the intensity of stimulation with a novel cortico-cortical evoked potentials (CCEPs)
approach. CCEPs measure cortical connectivity (Kubota et al., 2013; Keller et al., 2014; Enatsu et
al., 2015), making them a powerful index of the stimulation's downstream effect. We, thus, inferred
that the minimum current required to elicit a CCEP in any grey matter electrode was sufficient to
evoke presynaptic action potentials that propagated along axons to generate the post-synaptic
CCEP response. We began at 0.5mA of current for each stimulation site, increasing by steps of
0.5mA until a reliable CCEP was observed. For each current level, stimuli were delivered in a train
based on the participant's average saccade rate (rounded to the nearest saccade) during the
calibration session. This stimulation was delivered for 4 seconds with 2-second breaks to match
our task timing. Stimulation intensity did not exceed 8mA (Lacruz et al., 2010) as a safety
precaution, and we expected less than 3mA to be sufficient (Talakoub et al., 2016; Ezzyat et al.,
2017). We initially used 12 bursts of 5 pulses (Participants 1 and 2). We switched to 36 bursts to
ensure reliable ERPs at lower currents for the remaining participants. The lowest current level that
resulted in a significant CCEP identified with permutation testing (Maris and Oostenveld, 2007)
was used for closed-loop stimulation. The average intensity across the sessions were 2.48 mA
+.80.

Memory Task

We developed a memory task that encourages visual exploration during learning to test the effect

of saccade-locked DBS on memory formation.

Stimuli and Apparatus: Images of conceptually distinct outdoor and indoor scenes were used as

stimuli in the memory task. They were collected using Google image search and a database of
7
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scenes (Zhou et al., 2018) standardized to 1400x1000 pixels. Four copies of a target image — either
a cartoon bunny or coyote — were positioned within each of the scenes according to an updated
version of the universal image quality index (UIQI; Wang and Bovik 2002) called the Structural
Similarity Index (SSIM) (Wang et al., 2004). The algorithm compares the target's similarity to
each possible placement within the scene to find locations where it would be camouflaged, and

UIQI has been shown to increase visual search times in camouflage (Lin et al., 2014).

The experiment was presented on a 15-inch laptop using Presentation software
(NeuroBehavioral Systems, Albany, CA, USA). Participants were seated in their hospital beds,
and the laptop was placed in front of them at a comfortable viewing distance. An infrared video-
based eye tracker (EyeLink Duo; SR Research Ltd., Osgoode, Canada), connected to the laptop
with ethernet, was used to monitor and record their eye movements throughout the task. All
participants first underwent a 13-point eye-tracker calibration and 9-point validation test before
starting each day of testing.

Procedure: Each memory task session consisted of an encoding and a retrieval phase. In the study
phase, participants were presented with 40 scene images embedded with four copies of one of two
possible targets (Figure 1C). Participants were instructed to visually search through the image to
find as many of the targets as possible. To increase the depth of their learning, they were instructed
that if they found all four targets to keep exploring the scene and elaborate on what the cartoon
character would do in the scene. Each image was presented for four seconds, after which
participants reported how many targets they found. When it did not interfere with the quality of
eye-tracking data, participants used a keyboard to make responses (27/59 sessions); otherwise,
they responded verbally, and the experimenter pressed the corresponding key. Each response was
followed by a 1-second fixation cross, followed by the next image. To help participants build
associations between scene images and targets, each target was repeated for alternating blocks of
5 trials. Across participants, scene images were consistently paired with the same targets and were
presented in the same order within a session. Stimulation type was counterbalanced across
participants, such that a particular stimulation type was similarly likely to be applied in each

quartile of the encoding session and to each studied scene image.

Immediately following the encoding phase, participants were presented with instructions and the
retrieval phase task was administered. On each of 80 retrieval trials, participants were first

presented with either a scene from the preceding encoding phase or a new, unstudied scene. Target

8
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images were not embedded in these scenes. Participants were first asked to indicate whether they
recognized the scene from the studied set or if they thought it was new. They then rated their
confidence in their recognition judgement on a scale from not sure (1) to very sure (4). Lastly, if
they recognized the scene, they were asked to recall which target was embedded within it.
Participants were given unlimitted time to answer each question. This task was broken into blocks
of three self-contained sessions. If time allowed, different stimulation locations (e.g., anterior or

posterior hippocampus) were tested in a second block.

A. Closed-Loop Setup B. Customized Stimulation

Patient’s Bed

Calibrating Calibrating Calibration Used During
' Stimulation Timing Stimulation Intensity During Memory Session

Practice searching

40 scenes
Patient Task + Online 0.5 mA|

Saccade Detection Saccade ERP

E6 Saccade —
Recording ey Trigger 1.5 mA|
§=k‘éjg{=§l%?” 2.0 mA !

x3 Retrieval
Sessions

A v x3 Encoding Sessions
Cart 2 [Cart1™” T
7 | . ~ Per Stimulation Location
Neuralynx System Stimulator
C. Encoding Session D. Retrieval Session

Recognition
Confidence

- £

o
How many?

) x 80 trials
x 40 trials

Figure 1| Experiment Design: A) Block diagram of the closed-loop stimulation system. Stimulation bursts (orange;
5 pulses; 500 Hz; 0.1ms pulse width) were applied following the online detection saccades to coincide with the
resulting ERP peak or trough. B) Stimulation calibration protocol. Participants practiced 40 encoding trials during
which a saccade-locked ERP was extracted for customized stimulation timing. Then, during the calibration session,
stimulation bursts were applied according to the participant’s saccade rate from the practice session to determine the
minimum intensity needed to elicit a significant response in non-stimulated grey matter electrodes (2.0mA in the
example). The rightmost schematic illustrates an example counterbalancing scheme for stimulation types (different
color panels) during a session. C) Example encoding session trial. D) Example retrieval trial, including scene
recognition judgement, confidence rating, and associative memory probe for the target.
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Data and Statistical Analysis
Behavioural Data Analysis

We used a generalized linear mixed-effect model (Ime4 package; version 1.1.26, (Bates et al.,
2014)) in R programming language (version 1.4.1106; to predict subsequent scene recognition (hit
rate) and associative target memory accuracy on a trial-by-trial basis according to the trial’s
stimulation type. Such models are recommended to account for non-independence of trials within
participants and to account for random effects when dealing with intracranial brain stimulation and
declarative memory (Suthana et al., 2018). We included a random slope for stimulation type and
random intercept grouped by participant. We used a priori data exclusion criteria to restrict
analyses to sessions with reliable memory performance. For the scene recognition model, sessions
were excluded if they had corrected recognition (hit rate — false alarm rate) scores lower than 0.25;
one subject and 17 sessions were excluded based on this criterion. We also excluded recognition
judgements with reaction times greater than 10 seconds. For the associative memory model,
sessions were further excluded if less than 15 old scenes were recognized because participants only
made associative target judgements on the scenes that they recognized; 16 additional sessions were
removed based on this criterion. We further excluded target memory responses longer than 5
seconds; this cut-off was shorter than for recognition judgments because, unlike recognition

judgments, the relevant scene was not visible to guide retrieval during this decision.

To identify potential moderators of stimulation type on memory, we separately included the
interaction of stimulation type (peak, trough, random, sham) with various covariates in distinct
models. These covariates included: location within the hippocampus (anterior, posterior); laterality
(left, right); the number of stimulation events per trial; timing customization; stimulating in the
seizure onset zone; and stimulation intensity. Stimulation intensity was centered across
participants, and number of stimulations was centered within participant. Most of these covariates
did not influence the impact of stimulation type. There was a marginal interaction between seizure
onset zone and stimulation type, where the impact of trough stimulation was marginally less
detrimental to scene memory formation when applied in the seizure onset zone than outside of it
(B = 0.74, SE = 043, t = 1.72, p = 0.09). However, since only stimulation customization
significantly moderated the impact of stimulation type (see Results), the final model was:

Equation 1: RecResp~StimType*StimulationCustomization+(1|Subject)+

(0+StimTypePeak+StimTypeRandom+StimTypeTrough [|Subject)
10
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The emmeans package (version 1.5.5.1) was used to perform follow-up simple effect comparisons
when motivated by an interaction between fixed effects. Lastly, since stimulation customization
proved to be an important factor, we also ran a model predicting sham memory performance based
on customization group (with random intercepts per participant) to determine if memory differed

between groups when no stimulation was applied.

Lastly, we used a mixed linear model to ask how the raw timing of stimulation (regardless of
customization and peak/trough label) influenced memory. This analysis was restricted to peak and
trough protocols because they were the only conditions to use consistent saccade-locked timing
within a trial. Subsequent recognition accuracy (hit rate) for each stimulation session was corrected
by subtracting each participant's hit rate from that session’s sham condition. This corrected hit rate
was then linearly predicted by the delay between saccade initiation and stimulation. The model
was restricted to stimulation conditions applied <150 ms following a saccade, which resulted in
one or two corrected hit rates per session, depending on the timing of peak and trough stimulation
(see Table 1). Note that, since this analysis assessed relationships between continuous variables,

outlying points—identified as having Cook’s Distances above 4/n—were removed.

IEEG Data Analysis

All electrophysiological data was pre-processed by downsampling each trial to 1 kHz, bandpass
filtering between 0.5 and 200 Hz using a second-order Butterworth filter, and notch filtering at 60
Hz to remove line noise. Notch filters were also incorporated at harmonics of 60 Hz up to 200 Hz.
All further analysis was performed using custom-written scripts in MATLAB (The Mathworks
Inc, Natick, MA, USA).

To obtain ERPs for saccade or stimulation onset events, iEEG data from all trials and all relevant
electrodes were aligned to the initial eye movement or electrical stimulation-onset and trimmed to
epochs containing 1.2 seconds of data before and after each event. The ERP for each electrode was
then obtained by taking the mean of these saccade-onset epochs across all trials from all

experimental blocks.

To determine the statistical significance of each ERP, a surrogate distribution of ERP maxima and
minima was obtained for each electrode/ERP using non-parametric permutation testing with

randomized polarity inversions (3000 permutations). ERP values were deemed significant if they
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fell above the 97.5" percentile of the distribution of maxima or below the 2.5" percentile of the

distribution of minima.

Results

During 59 sessions, we stimulated in 19 hippocampal locations (Figure 2A) across 14 participants.
We leveraged the robust hippocampal ERPs elicited by eye movements (Katz et al., 2020) to
stimulate the hippocampus during different post-saccade electrophysiological states. For contacts
that showed statistically significant saccadic ERP peaks or troughs during the practice session, we
customized stimulation timing (fully customized: 24/59 sessions; peak only customized: 9/59
sessions; trough only customized: 6/59; Figure 2B). For sessions where the corresponding peak or
trough did not reach statistical significance, the Non-Customized average timing (Figure 2C) was
used (fully non-customized: 20/59 sessions). To verify the timing of our customization, we
visualized when stimulation would have been delivered with respect to the saccadic ERP from all
sham trials — the trials with no stimulation artifact. As visualized in an example participant in
Figure 2D, the peak and trough times calibrated during the practice session remained aligned to
the peak and trough of the saccadic ERP during experimental sessions.

12
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Figure 2| Extracting timing of stimulation. A) Demonstrates the location of the cathode for electrical stimulation.
Each colour is a different subject for that hippocampal location*. B) Example saccade-locked ERP from Non-
Customized and Customized timing participants recorded during the practice session. The yellow and red bars mark
statistical thresholds. C) When no significant ERP was elicited in a Non-Customized participant, the stimulation were
based on group-average ERPs (peak=50ms, trough=260ms for first 9 participants; peak=60ms, trough=130ms for later
participants, shown in figure). D) Verification of customized timing. Example customized participant saccade-locked
ERP from sham trails. Arrows designate peak (blue) and trough (purple) stimulation times calibrated during the
practice session, demonstrating that the customized timing remained accurate throughout the stimulation sessions.
*Participant 2’s stimulation location is omitted because it was corrupted on the research files which enable
visualization in this capacity

Eye movements and stimulation

We confirmed that stimulation protocols did not differ in their rate of stimulation events.
Specifically, the number of stimulation events applied during the sessions included in recognition
analyses did not significantly differ between peak, trough, and random protocols (|z| < 1.53, all p
>0.127, uncorrected; Figure 3a). This consistency was because the saccade rates also did not differ
across all four protocols (|z| < 1.65, all p > 0.100, uncorrected; Figure 3b). Participants made an
average of 3.65 +£0.59 saccades/second across all the sessions that were included in the recognition
memory model.
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Figure 3| Stimulation and Saccade Event Distributions Based on Stimulation Type: A) Number of stimulation
events administered per session did not significantly differ across stimulation types. B) Number of saccades produced
also did not differ between different stimulation types. Small dots indicate average rate per participant; large dots

indicate the group average and surrounding lines reflect the bootstrapped 95% confidence intervals.

Overall Memory Performance

Overall, 4.21 + 2.01 sessions were performed by each participant. An average of 62.5% (SE=8%)
of old scenes were recognized (hits), and 22% (SE=5%) of new scenes were falsely endorsed as
being studied (false alarms), leading to an average corrected recognition rate of 0.404, which was
well above chance (t(13) = 7.4, p < 0.5*10°°). Associative memory was not above chance across
all participants 54.0% (t(13) =1.5976, p = 0.134). However, when the analysis was restricted to
those with a sufficient number of associative judgements, performance was above chance (54.87%;
t(13) = 2.52, p = 0.026). We also confirmed that fully customized and non-customized participants
did not significantly differ in their memory performance for sham (baseline) trials (Recognition: 8
=-0.042, SE = 0.085, t = -0.492, p = 0.627; Associative memory: p = 0.056, SE = 0.08, t = 0.70,
p = 0.50) or in their customized stimulus intensity (B = 0.33, SE = 0.42, t = 0.79, p = 0.44).
Likewise, the intensity of stimulation was not associated with sham memory performance
(Recognition: B = 0.0525, SE = 0.0428, t = 1.227, p = 0.225; Target memory: 3 = 0.0248, SE =
0.0476 t = 0.522, p = 0.603). Thus, the impact of these stimulation parameters on memory is more
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likely to reflect their direct impact on memory rather than any pre-existing differences that

influenced their customization.

Effect of stimulation types on memory across the group.

Across the 42 sessions (13 participants) included in the recognition memory model, stimulation
appeared to hinder memory performance (Figure 4). Participants were less likely to later recognize
scenes that were studied during peak (p=-0.46, SE=0.17, z=-2.8, p=0.006) and random stimulation
(B=-0.70, SE=0.17, z =-4.2, p=2.8*10-5) as compared to sham. Trough stimulation similarly
trended towards decrements (=-0.42, SE=0.23, z=-1.9, p=0.063). All stimulation types resulted
in significantly worse memory than sham when all sessions were included in the model (See
Supplemental Data 4B). Consistent with prior research (Lacruz et al., 2010; Jacobs et al., 2016;
Goyal et al., 2018), these results suggest that applying electrical stimulation to the hippocampus
disrupts memory formation, regardless of its timing. By contrast, stimulation did not influence the
likelihood of participants later being able to recall the associated cartoon character, with no
difference when comparing sham stimulation to peak (f=-0.13, SE=0.16,z=-.81, p=0.41), trough
(B=-0.034, SE=0.16, z=-.20, p=0.84), or to random (p=-0.002, SE=0.17, z= .01, p=0.99) (Figure
4). However, this lack of effect could reflect near floor performance and low statistical power, as
only a small number of trials and sessions were included in this analysis. Accordingly, we focussed

on recognition memory for the remainder of the analyses.

A: stimulation Effects on Scene Recognition B: Stimulation Effects on Associated Target Recall

0.5
0.4
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Hit Rate (Sham Corrected)
=
;
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Peak Trough Random Peak ) Troygh Random
Stimulation Type Stimulation Type

Figure 4| Group memory performance: Average hit rate (A) and target memory accuracy (B) for each stimulation
condition when sham is used as a baseline. Small dots indicate average rates per session; large dots indicate the group
average and surrounding lines reflect the bootstrapped 95% confidence intervals. Note that data is averaged within the
session and sham corrected for ease of visualization, but reported statistics reflect interactions in the associated mixed

model, which was estimated across trials. * p < 0.05; *** p < 0.0001
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The moderating effect of timing customization

We next determined whether each stimulation protocol’s effect on recognition memory was
moderated by the specificity of its timing, i.e., whether stimulation was delivered at Customized
peak and trough times or simply the Non-Customized average times. Specifically, we included
customization (fully non-customized vs. fully customized) and stimulation type and their
interaction in one model predicting subsequent recognition memory (Figure 5). Much like in the
full sample, we found that stimulation compromised memory formation during Non-Customized
sessions: Non-Customized participants were less likely to later recognize scenes presented with
peak (B =-0.90, SE = 0.28, z = -3.2, p = 0.0012) or random stimulation as compared to sham
stimulation (B = -0.85, SE = 0.28, z = -3.07, p = 0.0022), with a trend for the trough comparison
(p=-0.69, SE=0.41,z=-1.71, p = 0.087). However, there was a significant interaction between
customization and stimulation type. Specifically, the impact of peak stimulation depended on
whether its timing was customized (f = 0.96, SE = 0.38, z = 2.55, p = 0.011). This interaction was
driven by the timing of the stimulation mattering for the Customized group’s memory; stimulation
that was precisely timed to the peak yielded stronger memories than random stimulation ($=0.54,
SE=0.25, z =2.22, p = 0.026), and precisely timed trough stimulation trended toward showing
similar benefits (B = 0.67, SE = 0.39, z= 1.71, p = 0.087). Like Non-Customized participants,
Customized participants were significantly less likely to recognize images encoded under random
as compared to sham stimulation (B = -0.48, SE = 0.24, z = -1.99, p = 0.047). We also ran this
model including Partially Customized participants, labeling each peak and trough stimulation
according to its respective customization. See Figure 5 Supplement for a similar pattern of results.
Thus, applying stimulation to the hippocampus tends to disrupt memory formation unless it is

precisely aligned to physiologically meaningful states following a saccade.
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Figure 5| The moderating effects of customized stimulation timing on recognition memory: Average hit rate for
Non-Customized (left) and Customized (right) sessions. Sham is used as a baseline for all stimulation types. Small
dots indicate average rates per session; large dots indicate the group average and surrounding lines reflect the
bootstrapped 95% confidence intervals. Note that data is averaged within sessions and sham corrected for ease of
visualization, but reported statistics reflect interactions in the associated mixed model and follow-up contrasts
performed with emmeans, which were estimated across trials. Colored significance markers denote differences from
sham (baseline); markers contained in black bars mark differences between active stimulation conditions. Note that
this analysis was motivated by the significant interaction between customization and stimulation type (peak vs. sham).
*p <0.05; ** p<0.005

The effect of raw stimulation timing

Lastly, we explored if there were particularly disruptive times to stimulate the hippocampus with
respect to eye movement initiation. We recently characterized how individual medial temporal
lobe neurons change their firing rates around saccades (Katz et al., 2022). We found that putative
excitatory units decreased their firing rates during the perisaccadic interval, while putative
inhibitory units increased their firing rates. The net effect of this pattern likely reflects a period of
inhibition starting shortly before the initiation of the saccade and lasting for around 100 ms.
Accordingly, we asked if stimulating during this early, inhibitory phase would especially impair
memory. Leveraging the natural variability in stimulation timing across people, we analyzed
subsequent memory performance as a function of stimulation timing, focussing on times that were

under 150 ms from the saccade onset. We found a roughly linear relationship between memory
17


https://doi.org/10.1101/2024.04.09.588460
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.09.588460; this version posted April 13, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

and stimulation time, with performance steadily increasing with the delay from saccade initiation
(B = 0.002, SE = 0.0008, t(34.8) = 2.52, p = 0.02; Figure 6). Notably, this linear relationship did
not extend to later delays when the same model extended to include all peak and trough sessions
(B =0.0003, SE =0.0003, t(58.4) = 0.85, p = 0.40). The relation was also unlikely to be driven by
customization as there was a mix of customized and non-customized sessions at early and late
delays. Instead, it was likely driven by images being particularly hard to remember when electrical

stimuli fell within the inhibitory period that follows saccades.

Stimulation and Timing Effects
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Figure 6| Subsequent recognition depends on raw stimulation timing. Y-axis depicts Sham corrected subsequent
hit rates for sessions (dots) as a function of the stimulation timing (relative to saccade onset) used during encoding.

Note the mix of customized(dark) and non customized (light) sessions at shorter and longer stimulation delays.

Discussion

Why does visual exploration improve memory formation (Meister and Buffalo, 2016)? Here, we
explore the possibility that eye movements create physiological states relevant for memory
formation, analogous to those created by resetting hippocampal theta phase (Hasselmo et al., 2002;
McCartney et al., 2004). We timed hippocampal electrical stimulation to target the peak and trough
of people's saccade-related ERPs while they formed memories. Stimulation generally impaired
subsequent recognition memory without altering the number of eye movements produced.
However, memory recovered to baseline levels when peak and trough were precisely targeted,

suggesting that the generating brain states are similarly robust to perturbation. By contrast,
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stimulating within 100 ms of saccade initiation—when the MTL is usually inhibited (Katz et al.,
2022)—rparticularly disrupted later recognition. Thus, the hippocampus may rapidly cycle through

states that are robust and vulnerable to perturbations following each eye movement.

The recognition memory impairments observed in most stimulation conditions align with and
extend the literature. Prior work has also reports memory formation impairments when
stimulating the hippocampus (Halgren and Wilson, 1985; Halgren et al., 1985; Coleshill et al.,
2004; Jacobs et al., 2016; Merkow et al., 2016; Goyal et al., 2018; Kucewicz et al., 2018b,
2018a). However, these studies stimulate the hippocampus continuously for seconds, whereas we
used 10 ms bursts, leaving it unmodulated for most of the encoding period. The marked
impairments caused by brief bursts are even more striking when considering their timing.
Specifically, since participants saccade around 4 times per second, peak and trough protocols
approximated theta-burst stimulation (TBS). TBS can improve human memory formation (Miller
etal., 2015; Titiz et al., 2017; Inman et al., 2018; Mankin et al., 2021), perhaps by eliciting
endogenous plasticity mechanisms (Larson et al., 1986). Differences in the tissue targeted may
explain why our stimuli did not also enhance memory. Locations connected to the
hippocampus—not hippocampal grey matter—were stimulated in studies showing enhancements
(Miller et al., 2015; Titiz et al., 2017; Inman et al., 2018; Mankin et al., 2021). Direct stimulation
of the hippocampus in protocols like ours may produce “informational lesions” because
hippocampal neurons are driven by artificial (and arbitrary) stimulation rather than their
(informative) inputs (Lowet et al., 2022) (Hampson et al., 2018). Thus, we add to mounting
evidence that hippocampal stimulation impairs memory formation (Lacruz et al., 2010; Jacobs et
al., 2016; Goyal et al., 2018) by showing that even brief bursts are sufficient to disrupt the
fidelity of encoding.

In contrast to these near ubiquitous memory impairments, the hippocampus was robust to direct
stimulation at the peak and trough of the saccadic ERP. But these robust states seem to be short-
lived. Specifically, they were only observed when precisely calibrating to participants’ own peak
and trough, and not when using the group-averaged times for Non-Customized participants. While
informative, the observed group interaction was not by design. In fact, we included Non-
Customized participants to maximize data collection, reasoning that group timing would
approximate their (hard to measure) peak and trough. But the impairments suggest that group
timing missed the short-lived mark. Alternatively, since only Customized sessions showed more

reliable saccadic ERPs, they may be the only ones with robust enough states at the peaks and
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troughs to withstand the impact of stimulation. These possibilities could be directly arbitrated by

varying the precision of stimulation timing in sessions with strong saccadic ERPs.

Why are the peaks and troughs of saccadic ERPs robust to stimulation? We draw inspiration from
the prominent SPEAR model (Hasselmo et al., 2002; Hasselmo and Stern, 2014), reasoning that
the phases of hippocampal saccadic ERPs—suggested to reflect a theta reset (Hoffman et al., 2013;
Jutras et al., 2013; Katz et al., 2020)—may share properties with the phases of better-studied theta
rhythms. The SPEAR model proposes that encoding and retrieval tend to occur during the trough
and peak of hippocampal theta, respectively. Accordingly, we predicted that stimulating saccadic
ERP peaks would leave memory formation relatively unchanged if these peaks likewise
corresponded to periods of retrieval. Our prediction was confirmed. Conversely, we predicted that
trough stimulation would influence encoding: enhancing memory if the stimulus timing fostered
meaningful plasticity or impairing it if stimulation created “informational lesions.” This prediction
was not supported. Perhaps the divergent possible effects—enhanced plasticity and informational
lesions—canceled out. Yet, a more parsimonious explanation would be that, unlike the phases of
rodent hippocampal theta, the peaks and troughs observed during human visual exploration are not
differently tuned to encoding and retrieval. Before embracing this conclusion, though, we

mechanistically examine the assumptions behind our initial reasoning.

First, our initial predictions naively assumed that subsequent memory only depends on encoding
operations. A more nuanced proposal argues that strong memories derive from rapidly switching
between encoding and retrieval during visual exploration, as people generate and test predictions
about the scene (Kragel and VVoss, 2022). More abstractly, participants might bolster their learning
of commonplace environments by retrieving related experiences and using this knowledge to
scaffold their memory (Gilboa and Marlatte, 2017; Bellana et al., 2021). If participants relied on
both encoding and retrieval to form robust memories, stimulating during retrieval (peak) and
encoding (trough) phases could yield similar subsequent memory outcomes in our task.

Alternative insights come from the mechanisms motivating the SPEAR model. Starting with
circuit configurations, inputs from area CA3 vs. entorhinal cortex predominately drive CAl
neurons at the peak and trough of theta, respectively. If the peak and trough of the saccadic ERPs
and theta share similar circuit configurations, perhaps the dominance of individual pathways at
these moments create particularly stable circuits compared to the transitions between motifs. We

recently identified such a parallel, inspired by the corollary discharge-like properties of
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hippocampal saccadic responses (Katz et al., 2022). Saccadic corollary discharges involve circuits
that run from the superior colliculus to the thalamus, to the inhibited cortical region (Sommer and
Wurtz, 2002; Berman et al., 2017). Following this pattern, the thalamic nucleus reunions could
likewise relay saccade planning signals to neurogliaform (NGF) inhibitory interneurons in area
CA1 (Dolleman-Van Der Weel et al., 1997; Krout et al., 2001; Morales et al., 2007; Eleore et al.,
2011; Scheel et al., 2020). Crucially, NGF interneurons selectively disengage entorhinal input to
area CA1l, allowing CA3 input to dominate (Sakalar et al., 2022). This mirrors how medial septum
neurons—which set the pace of hippocampal theta—drive interneurons to shift CA1 toward CA3
and away from entorhinal input (Hasselmo et al., 2002; Leéo et al., 2012). Thus, a thalamic relay
engaged during saccade initiation could generate circuit motifs that parallel those produced across

theta phases; motifs that may be particularly robust to perturbation.

While shifts in synaptic plasticity across theta-phases are harder to map onto the saccadic ERP,
new discoveries warrant their discussion. The proposal that Schaffer collateral LTP is best induced
at theta’s troughs was based on studies that applied multiple bursts of TBS, beginning at either the
trough or peak of ongoing rhythms. More recently, however, Law and Leung (Law and Stan
Leung, 2018) induced LTP using a single high-frequency burst (5 pulses, like in our protocol) at
many phases of mouse hippocampal theta. Rather than one optimal phase, they identified two: one
at the rising phase of theta and one at the falling phase. Notably, the electrical burst did not elicit
LTP at either the peak or trough of theta. This raises the intriguing possibility that saccadic peaks
and troughs were so robust to stimulation because they were periods of low plasticity, leaving the
patterns of neural activity encoded during non-stimulation times free of noise. However, much

work is needed to determine how plasticity changes across the phases of the saccadic ERP.

More broadly, understanding how DBS timing influences memory outcomes has clinical
implications (Kocabicak et al., 2015). Indeed, closed-loop stimulation can boost memory by
stimulating the brain at the right time for memory (Ezzyat et al., 2018; Hampson et al., 2018). We
add to this work by targeting two theoretically motivated points on the saccadic ERP. A more data-
driven exploration of more points across the full ERP might uncover key times for stimulation that
likewise benefit memory. Alternatively, using saccadic-timing to deliver stimulation to areas
connected to the hippocampus formation (Miller et al., 2015; Titiz et al., 2017; Inman et al., 2018;
Mankin et al., 2021)—rather than hippocampal grey matter—could benefit memory by amplifying
modulatory inputs when the hippocampus is primed to receive them. Indeed, local theta phase

modulates the amplitude of human hippocampal potentials evoked by stimulating connect regions
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(Lurie et al., 2022), suggesting that hippocampal responsiveness to input varies across hundreds
of milliseconds. Thus, the saccadic stimulation protocol presented here provides another avenue

in the pursuit of alleviating memory disorders.

Conclusion

In summary, we charted how direct hippocampal stimulation influences human memory formation
at critical moments following a saccade. Our results suggest that memory is particularly vulnerable
to stimulation immediately following saccade initiation, potentially reflecting the consequence of
exciting hippocampal neurons during what is usually an inhibited period (Katz et al., 2022).
Critically, this vulnerable period was followed by two states in which memory was particularly
robust to stimulation—precisely at the peak and trough of participants’ personal saccadic ERPs.
These discoveries, along with our approach, have important implications for understanding the
timing of human memory. Specifically, hippocampal temporal dynamics have largely been
conceived through the lens of rodent physiology, which shows well-defined, continuous theta
rhythms (Buzsaki et al., 1985; Buzsaki, 2002). By contrast, theta is more ephemeral in the primate
hippocampus (Green and Arduini, 1954; Stewart and Fox, 1991; Bush et al., 2017; M. Aghajan et
al., 2017), which instead shows pronounced saccadic responses (Sobotka and Ringo, 1997;
Hoffman et al., 2013; Jutras et al., 2013; Andrillon et al., 2015; Katz et al., 2020; Mao et al., 2021).
Accordingly, the saccadic responses that steadily punctuate hippocampal physiology may be a
more meaningful timekeeper for primates. By causally assessing how human memory is
perturbed—or rescued—across this saccadic response, we hope to inspire others to mechanistically

explore how visual exploration coordinates human memory.
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Figure 1 Supplement Related to Figure 4| Group memory performance: Average hit rate (A) for each stimulation
condition when sham is used as a baseline. Small dots indicate average rates per session; large dots indicate the group
average and surrounding lines reflect the bootstrapped 95% confidence intervals. Note that data is averaged within the
session and sham corrected for ease of visualization, but reported statistics reflect interactions in the associated mixed
model, which was estimated across trials. Participants were less likely to later recognize scenes that were studied
during peak (p=-0.35, SE=0.16, z= -2.2, p=0.027), trough ($=-0.55, SE=0.17, z= -3.16, p=0.0016), and random
stimulation (B=-0.62 SE=0.14, z=-4.46, p=8.3*10-6) as compared to sham. * p < 0.05; ** p < 0.01; *** p < 0.0001.
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Figure 2 Supplement Related to Figure 5| Model including Partially Customized sessions, labeling each peak
and trough stimulation according to its respective customization. Average hit rate for Non-Customized (left) and
Customized (right) sessions. There was a significant interaction between customization and stimulation type.
Specifically, the impact of peak stimulation depended on whether its timing was customized (f =0.93, SE =0.35,z =
2.63, p = 0.008), and there was a similar trend for customization moderating the effect of trough stimulation ( = 079,
SE =0.45, z= 1.78, p = 0.08). Within the customized group, only random stimulation resulted in worse memory than
sham (B = -0.49, SE = 0.24, z = -2.0, p = 0.045). Indeed, memory was superior in the peak compared to random
stimulation conditions (B = -0.51, SE = 0.24, z = -2.17, p = 0.03). Sham is used as a baseline for the visualization of
all stimulation types. Small dots indicate average rates per session; large dots indicate the group average and
surrounding lines reflect the bootstrapped 95% confidence intervals. Note that data is averaged within sessions and
sham corrected for ease of visualization, but reported statistics reflect interactions in the associated mixed model and
follow-up contrasts performed with emmeans, which were estimated across trials. Colored significance markers
denote differences from sham (baseline); markers contained in black bars mark differences between active stimulation
conditions. * p < 0.05; ** p < 0.005; *** p < 0.0001
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