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SUMMARY

Despite the critical link between visual exploration and memory, little is known about how neuronal activity in
the human mesial temporal lobe (MTL) is modulated by saccades. Here, we characterize saccade-associated
neuronal modulations, unit-by-unit, and contrast them to image onset and to occipital lobe neurons. We
reveal evidence for a corollary discharge (CD)-like modulatory signal that accompanies saccades, inhibit-
ing/exciting a unique population of broad-/narrow-spiking units, respectively, before and during saccades
and with directional selectivity. These findings comport well with the timing, directional nature, and inhibitory
circuit implementation of a CD. Additionally, by linking neuronal activity to event-related potentials (ERPs),
which are directionally modulated following saccades, we recontextualize the ERP associated with saccades
as a proxy for both the strength of inhibition and saccade direction, providing a mechanistic underpinning for

the more commonly recorded saccade-related ERP in the human brain.

INTRODUCTION

Humans rely on vision to understand their environment,’* and
their primary tool for exploration is the saccade®“—a ballistic
movement of the eyes from one fixation point to another. Given
the importance of saccades, it may seem intuitive that they are
inextricably linked to memory® '? and are associated with prom-
inent electrophysiological responses'®>"® in memory-related,
mesial temporal lobe (MTL) structures. Anatomical connections
between MTL and oculomotor systems have been investi-
gated.'? However, the cellular mechanisms through which ocu-
lomotor structures influence the human MTL remain largely un-
known, hindering the understanding of how eye movements
interact with the memory system. In vision, saccade-related mo-
tor signals, in the form of a corollary discharge (CD), prepare the
brain for the sensory consequences of a planned movement. '®'”
Our and others’ recent intracranial electroencephalographic
(iIEEG) recordings provide preliminary clues that saccade-related
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responses in the human MTL may also reflect a CD-like signal.
Specifically, we previously demonstrated that saccade-related
MTL event-related potentials (ERPs) are unlikely to reflect visual
exafference; visual and saccade-related activity displayed
different oscillatory profiles, and saccade-related modulation
was time locked to the onset of the motor (saccade) initiation
and not the onset of new visual information (fixation).'® More-
over, saccadic modulation of MTL electrophysiology has been
shown to persist in the dark,'®?° again suggesting that the
MTL modulation likely arises from internally generated signals,
like a CD.

In the most rudimentary implementation of a CD, a copy of the
initiating motor command suppresses the sensation produced
by the intended motor action.?'~>® In this implementation, the cir-
cuit motif consists of axon collaterals of primary motor neurons
synapsing onto inhibitory interneurons, which inhibit sensory
neurons during the movement.'®"” Increasingly complex varia-
tions on this motif have been presented for the CD-like
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discharges across the phylogenetic tree; however, inhibition re-
mains a key mechanism by which CDs mediate their effects.'”
Indeed, within the taxonomy for CDs proposed by Crapse and
Sommer, the saccadic inhibition/suppression of visual cortical
excitability’* comports well with the inhibition and sensory
filtering function of a lower-order CD.

This saccadic suppression is considered a requirement for
registering a stable visual percept of the world by blocking noisy
visual input during ballistic eye movements (although alternative
hypotheses exist for the observed saccadic suppression®®). Of
note, one group modified target placements during saccades to
tease apart saccadic suppression’s role in vision, where targets
were displaced during a saccade. Human subjects could only
detect the move if the target is blanked (i.e., briefly removed
from the screen) prior to or during the saccade.’® Additionally,
blinking during a saccade to the displaced target, subjects were
less likely to perceive target differences than when it is exoge-
nously blanked.?” Deubel et al. concluded that internally gener-
ated saccades contain an assumption of visual stability. When
the external blanking condition is introduced, an extra-retinal
signal is recalled to maintain a spatial, temporal relationship be-
tween targets before and after a saccade. Studies such as this
support the functional importance of CD-mediated saccade sup-
pression, in that information retained about the visual world during
a saccade depend on internally and externally generated signals.

CDs may also play a role in amplifying visual responses during
the subsequent fixation, where in the visual cortex enhanced
neuronal activity follows a saccade.?®*° This amplification of sen-
sory responses is not isolated to eye movements. For example,
when a rodent voluntarily initiates a motor act before visual sen-
sory information is available, behavioral performance was also
enhanced.®° The findings support the concept that this copy of
the motor command or CD can amplify behavioral responses.®

Additionally, CDs are thought to help produce a stable visual
percept by dynamically shifting receptive fields in anticipation
of ensuing eye movements (for a full review, see Wurtz®'), sug-
gesting they contain information about the direction and magni-
tude of ensuing saccades. Such a higher-order CD facilitates the
transformation of the motor signal to visual coordinates neces-
sary for anticipatory adjustments of neuronal receptive fields
and updating spatial locations.?' Such a function is well exempli-
fied by its disruption; inhibiting the mediodorsal nucleus, a
known node in a higher-order CD circuit, degraded non-human
primate’s (NHP) conscious perception of a target shift.®

From a pathological perspective, alteration of visual CDs have
been proposed to accompany various neuropsychiatric condi-
tions. Specifically, visual errors appear to correlate with the
severity of the disease. Both delusional states in otherwise
healthy individuals and psychosis in those with schizophrenia
are accompanied by disrupted performance in tasks thought
to involve visual®*=*° and auditory® CDs. In Parkinson’s disease,
disease severity correlated with increased errors during a
saccade task.®” Finally, various studies have even shown that
eye movements may be predictive of different stages of neuro-
logical diseases.*®>° For example, individuals with early stage
Alzheimer’s disease displayed an impaired compensation for
distorted optic flow while making eye movements.*°

Given the functional significance of CDs and only circumstan-
tial iIEEG evidence that a CD mediates saccade-related MTL
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modulations in humans,'*'>*! we seek to provide cellular level

support for this hypothesis.*? For this, we propose a framework
based on the CD literature'"?*%223 15 amass evidence of a CD
in the human MTL. First, since CDs reflect the anticipatory mod-
ulation of sensory and/or higher-order structures, a saccade-
related CD in the MTL must modulate firing rates before or during
the saccade. Second, since most rudimentary CD circuits
involve a prominent inhibition of sensory input, CD-related mod-
ulation of MTL activity should be largely inhibitory, evidenced by
a decreased firing rate of putative pyramidal neurons and/or
increased firing rate of putative inhibitory neurons. Third, there
is extensive evidence of the modulation of single-unit activity
(neuronal activity) in the MTL to visual stimuli.**~*® Thus, any
CD-related modulation of activity in the MTL should be distinct
from the modulation associated with visual input. Finally, as
part of an oculomotor circuit, CDs should represent the direc-
tional parameters of the ensuing movement. Thus, the CD-
related modulation of neuronal activity within the MTL must
demonstrate directional tuning (i.e., dissociable neuronal re-
sponses to ipsiversive and contraversive saccades).

We leverage the unique opportunity of recording neuronal
activity from epilepsy patients undergoing diagnostic stereo-elec-
troencephalography (sEEG) to characterize single-unit firing-rate
changes that accompany saccades. While the participants visu-
ally searched natural scene images, we simultaneously recorded
neuronal activity from the hippocampus and related MTL struc-
tures, along with eye movements. We utilized these recordings
to characterize peri-saccadic neuronal activity according to our
four criteria, both within the MTL and serendipitously obtained re-
cordings from a control region, the occipital lobes, in two patients.
Based on the above criteria and recognizing the limitations of hu-
man-related research, we provide correlative evidence for a
saccade-related CD that modulates neuronal activity in the human
hippocampus and other related MTL structures. From this, we
propose a novel circuit that may underlie the cell-type-specific
saccade-related responses we observe.

RESULTS

Search behavior

We used a task that involved visual search and recognition mem-
ory to elicit saccadic behavior. In this task, there was an encoding
and retrieval session. Neural activity was analyzed during encod-
ing sessions. Each encoding session consisted of 40 trials, start-
ing with a fixation cross (1 s), followed by presenting a scene im-
age. Four copies of one of two unrelated objects, i.e., targets,
were embedded in the scene. Participants were instructed to
view the individual, serially presented scene and find as many tar-
gets within the scene as possible (Figure 1A). During the encoding
sessions, the median saccade duration was 31 ms. The saccade’s
horizontal direction was determined by subtracting its ending
point from the starting point to determine if it was a leftward or
rightward saccade. Saccades direction totals across subjects
were not significantly different (paired t test, p = 0.63) (Figure 1B).

Neuronal activity within the MTL is modulated in the
peri-saccadic interval

We recorded 524 neurons from MTL regions (hippocampus,
amygdala, and parahippocampal cortex) across 11 patients
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(Figure 1C). Table 1 shows the distribution of neurons analyzed
from the different areas. The density of waveforms of some
example neurons is shown in Figure 2B. To determine whether
saccades modulated single-unit activity in the MTL on a unit-
by-unit basis, we analyzed the firing-rate changes in a 400 ms
window surrounding each saccade and compared this activity
with a matching null distribution generated by selecting random
windows throughout the recording session (see Figure 2B and
STAR Methods for details). We categorized single-unit activity
as either increased, decreased, or no modulation in the firing
rate. In doing so, we found that 6.7% (35/524 neurons) of MTL
neurons were strongly modulated by the saccade (Figure S1A),
with the majority demonstrating decreases in firing rates
(81/35; Figure S1B).

In two participants, we had the unique opportunity to simulta-
neously record activity from the occipital lobe (Table 1; Fig-
ure S2). Overall, the various MTL structures presented similar re-
sults and therefore were grouped (Figure S3). Interestingly, a
more significant (Fisher’s exact test, p = 3.72E—24) proportion
of occipital lobe neurons were modulated around the time of sac-
cades (46.4%, 58/125 neurons; Figure S2B). Since we have pre-
viously shown that ERPs related to saccades and image onset
differ, we investigate MTL neurons response between these
two conditions.'®

The units and the response timing of the saccades-
related neuronal activity are distinct from those from
image onset

The distinct nature of the ERPs associated with saccades and
image onsets'® suggests that the neuronal activity associated
with saccades and image onset are likely to be separable. Spe-
cifically, ERPs associated with image onset were of an evoked
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Figure 1. Behavioral task and recording lo-
cations

(A) Visual search task: participants searched for
one of two target images (i.e., Bugs Bunny or Wile
E. Coyote) in a series of pictures with natural
scenes separated by a 1-s inter-trial interval (ITl).
Example of saccade trajectories (arrows) with
saccades classified as leftward (blue) or rightward
(red) during 4 s of image presentation.

(B) Leftward and rightward saccade distributions.
(C) Location of microwire bundles in different
MTL areas. Insert: unit counts: HPC, hippocam-
pus, n = 210; AM, amygdala, n = 186; PHC, par-
ahippocampal cortex, n = 128.

ITl

(1 seq)

Total units in MTL= 524

nature, suggesting that we should
observe increases in neuronal activity

,28(’ RS QQ\(, related to image onset compared to inhi-
Anatomical location bition-dominated changes in neuronal
Right View activity associated with saccades.
<A Furthermore, the image-onset-evoked
e ERP’s temporal evolution was slower,

and thus, we would expect firing-rate
changes to occur later.

To explore the potential differences be-
tween saccades and image onset, we
analyzed peri-image onset responses in
awindow of time between 200 and 1,700 ms after image onset.*’
Neurons were classified as being modulated by image onset if
their firing rate in this window significantly increased or
decreased compared with the corresponding null distribution
(Figure 2C). We found that 13.7% of the recorded MTL units
were modulated by image onset (n = 72/524; 67/524 increase;
5/524 decrease) (Figure 2D) and primarily demonstrated firing
rate increases. Conversely, the majority of units that were modu-
lated by saccades demonstrated decreases in their firing rate
(81/35; Figure S1B).

We additionally found the population of neurons modulated by
image onset to be distinct from those modulated around the
time of saccades (Figure 2E). Furthermore, image-onset-modu-
lated neurons demonstrated a peak increase in firing rates at
650 + 100 ms after image onset, well after the saccade-related
units (Figure S1G). Thus, within the MTL, the units receiving
visual information following image onset appear distinct from
those responding to saccade-related information.

In the occipital cortex, a higher percentage of units than in the
MTL were modulated following image onset (17.6%, n = 22/125
in OC; 13.7%, n 72/524 in MTL) (Figure S2H). This
difference was not significant (p = 0.26). However, a larger pro-
portion of occipital than MTL units were significantly modulated
both following image presentation and during saccades (4%,
n =5/125 in OC; 0%, 0/524 in MTL; p = 2.48E—04).

Taken together, these results demonstrate a dichotomy
between saccade-related and image-onset unit activity in
the MTL, where the former is dominated by inhibition (see
saccade-related modulation varies with direction and is predom-
inantly inhibitory), begins and ends earlier, and is mediated by a
signal that modulates a unique set of neurons. The latter feature
of the saccade-related units in the MTL suggests that the
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Table 1. Patient summary table

ID Sex Age Sessions No. saccades HPC units AM units PHC units OCC units Total units
P89 F 45 1 538 13 14 30 0 57
P90 M 20 1 414 11 22 0 98 131
P91 F 59 1 463 2 3 0 0 5
P100 F 19 1 527 25 1 0 0 26
P101 F 25 1 625 32 6 10 0 48
P103 M 49 1 558 0 0 0 3
P107 F 64 1 641 9 1 0 10
P109 M 28 1 593 36 8 0 0 44
P116 M 28 1 555 21 58 0 0 79
P125 M 24 2 628 14 43 63 21 141
821 8 22 22 6 58
P126 M 25 1 589 45 0 2 0 47
Total = = = = 210 186 128 125 649

Data for each participant are shown in the respective rows. HPC, hippocampus; AM, amygdala; PHC, parahippocampal cortex; OCC, occipital areas.

See also Figures S2 and S3.

modulating signals associated with saccades within the MTL
target distinct cell populations than units receiving visual input
(Figure 2E; see potential CD circuit for discussion of this).

Saccadic modulation around saccade onset
In addition to the lack of overlap between image and saccade-
related neurons, our previous finding that saccade-related ERPs
are aligned to saccade onset rather than offset,'” as well as the
contemporary understanding of the arrival time of CDs relative
to saccade onset,*’ together suggest neuronal activity should
be modulated before and/or during a saccade.*” To investigate
this, we separated the modulated units in the MTL by their modu-
lation type (increase or decrease). We obtained the maximum
average firing-rate latency in a 400 ms window surrounding
saccade onset for upmodulated units. Similarly, we found the la-
tency of the minimum of the average firing rate in the same window
forthe downmodulated units. In doing so, we found that the trough
of the firing-rate decrease occurred at —11 + 3 ms relative to
saccade onset, whereas the peak of the firing-rate increases
occurred at 0.5 = 12.57 ms relative to saccade onset (Figure S1C,
inset; Table S1). Only downmodulated neurons were significantly
different from zero (upmodulated, t test, p = 0.97; downmodu-
lated, sign rank, p = 0.001), although these latency distributions
were not different from each other (rank-sum, p = 0.33). In sum-
mary, that the peri-saccadic modulation occurs before or during
saccade initiation, well before the hippocampus would be ex-
pected to respond to changes in visual input, is consistent with
a CD-like modulation of MTL units.*®

Similarly, firing-rate troughs and peaks in the occipital lobe
occurred at —11 + 3.2 ms and 0.33 + 15.7 ms, respectively, rela-
tive to saccade onset. However, the rebound increase occurred
at alonger latency (27 + 3 ms; Figure S2E). Thus, saccade-asso-
ciated neuronal activity modulation in both the MTL and occipital
regions occur much earlier than image-onset modulations (see
below and also Mormann et al.*®). This pattern is consistent
with the notion that this modulation of neuronal activity reflects
the influence of a CD-like signal.>®

Saccade-related modulation varies with direction and is
predominantly inhibitory

To determine how MTL neuronal activity is modulated in the peri-
saccade interval, we explored how changes in firing rate are
impacted by direction. We divided each unit into one of three
categories: unmodulated, firing-rate increase, or firing-rate
decrease. Of the saccade-modulated units in the MTL, we found
that most units demonstrated a reduction in firing rate within the
peri-saccadic window (88.6%, n = 31/35), with the small
remainder demonstrating increased firing rate (11.4%; n = 4;
Figure S1B).

In other saccade-related CD circuits, a CD signal conveys in-
formation regarding the ensuing saccade’s direction and magni-
tude, likely facilitating anticipatory remapping of receptive fields
in visual areas.®"* Thus, we would expect that if a CD signal me-
diates the MTL firing-rate modulation, we should observe direc-
tionally selective modulation in the peri-saccade interval. When
separating by direction, a significantly (p = 5.4E—36) larger frac-
tion of modulated neurons were identified (20.4%, n = 107/524)
(Figure 3B), in addition to the 6.7% (n = 35/524) of neurons that
were classified as modulated when collapsing across saccade
direction (Figure S1A), in line with previous work with primates
(~20%).%°

To further characterize this directional modulation, we classi-
fied these effects as (1) lateralized decreases (a decrease in firing
rate for ipsiversive or contraversive saccades and no change for
the opposite direction), (2) lateralized increases (an increase in
firing rate for ipsiversive or contraversive saccades and no
change for the opposite direction), and (3) mixed (increased firing
rate in one direction, and decreased firing rate in the opposite di-
rection). In the MTL, almost 70% of units showed lateralized de-
creases (n = 73/107), consistent with one of our main findings,
that units are largely inhibited in the peri-saccadic interval. A
smaller subset of units had mixed modulation (Figure 3C; n =
23/107). Only a small population of neurons presented lateral-
ized increases (n = 11/107) (Figure 3C). In regard to the timing
of these firing-rate changes, although lateralized decreases
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Figure 2. Categories and distribution of modulated units for saccade and image onset

(A) The relationship between saccades and neuronal activity was investigated by comparing spike counts during the 400 ms (mean of 8 bins of 50 ms each) peri-
saccadic interval (green box) centered on saccade onset (green line) to those in control periods —bootstrapped aleatory 400 ms epochs from each specific unit
(dark blue lines). Insert: null distribution of an example unit (dark blue). The green line represents the mean firing rate during the saccade period of the example
neuron, and the cyan-dotted lines represent 95% confidence intervals from the random time windows. The mean firing rate (green line) is left of the lower
confidence limit (cyan line), demonstrating a significant average decrease in firing rate during the peri-saccadic interval. Therefore, the unit is classified as
“modulated.”

(B) Example of the different types of modulation observed. Modulated units were subdivided into those that (1) decreased their firing rate and (2) increased their
firing rate during the peri-saccadic period (mean of 8 bins of 50 ms each). Firing-rate histograms of example units and mean waveform of each unit. Yellow circle,
decrease trough; red, increase peak. Gray superimposed line indicates probability density (right y axis). Only units with statistically significant firings during the
peri-saccadic periods (green box) were deemed to be modulated. Insets on the right show example spike waveforms represented as density plots.

(legend continued on next page)
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Figure 3. Characteristics of directional modulation in the MTL
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(A) Ipsiversive and contraversive firing-rate changes of an example unit. Units were classified as “modulated by direction” if a significant increase or decrease was
associated with contraversive or ipsiversive saccades. The unit in this example shows a decrease in ipsiversive saccades. Inset shows the distribution of units
during control periods and mean firing rate during the saccadic period (green line).

(B) Venn diagram showing the proportion of units modulated by saccades (green) and the units that showed a directional effect (blue).

(C) Distribution of the different types of directional effects observed in the MTL.

(D) Population activity of neurons having decreasing or increasing effects showing that effects are aligned to saccade onset.
(E) Left: distribution of unit amplitudes (trough-to-peak) separated by directional effect observed in the MTL. Right: distribution of spike amplitude expressed by
peak duration separated by neurons showing lateralized increases or decreases in firing rate.

See also Figures S1 and S2.

and increases did not differ from one another, firing-rate changes
were confined to saccade onset (Figure 3D).

Firing-rate troughs and peaks in the occipital lobe occurred at
—11+3.2msand0.33 + 15.7 msrelative to saccade onset. How-
ever, for units that demonstrated a rebound pattern, the rebound
increase occurred at a longer latency (27 + 3 ms; Figure S2E).

To explore the cell-type specificity of these firing-rate
changes, we classified the units into two groups based on their
waveform width: broad-spiking (putative pyramidal cells) and
narrow-spiking (putative interneurons). Units that increased their
firing rates in the peri-saccadic window were primarily narrow-
spiking units (75%, 3/4) (Figures S1E and S1F). In contrast,
among the more prevalent group with decreased firing rates,
most neurons were broad spiking (74.1%, n = 23/31). Likewise,
most MTL neurons that presented lateralized decreases in firing
were excitatory broad spiking (67.1%, n = 49/73), whereas most

of the neurons that presented a lateralized increase in firing were
inhibitory narrow spiking (63.6%, n = 7/11). The majority of units
displaying mixed directional effects were classified as broad
spiking (65.21%, n = 15/23) (Figure 3E). These findings suggest
that saccades predominantly decrease the activity of putatively
excitatory neurons and predominantly increase the activity of
putatively inhibitory neurons.

Many neurons in occipital regions demonstrated a general
decrease in the firing rate, like the modulated MTL neurons
(43.64%, n = 24/55). A large fraction, however, demonstrated a
characteristic rebound activation pattern in the peri-saccadic
window (56.36%, n = 31/55), consisting of a transient decrease
in firing in the peri-saccadic window, followed by a sharp in-
crease (Figure S2C). Only a small subset of the modulated occip-
ital lobe neurons demonstrated an increase in firing rate (5.45%,
n = 3/55) (Figure S2D). Akin to the modulated units in MTL

(C) Histogram of an example unit modulated by image onset noted by the increase in firing rate starting 500 ms after image onset (blue line). Insert shows the spike

waveform and mean firing rate during the analysis period (200-1,700 ms).

(D) Top: distribution of units modulated by saccades. Bottom: proportion of units modulated (purple) by image onset.
(E) Venn diagram of visually modulated units (purple) or peri-saccadic period (green). No intersection was found between the two populations of units.

See also Figures S1 and S2 and Table S1.
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Figure 4. Saccade-related neuronal activity and ERPs are directionally modulated and correlated to one another

(A) ERP from electrodes localized in the MTL associated with ipsiversive and contraversive saccades.

(B) The left graph shows iEEG RMS amplitude separated by the direction of the saccade. RMS amplitudes of ipsiversive and contraversive ERPs are statistically
significantly different (paired t test, *p < 0.05). The right graph shows the percentage modulation of units during the saccade period compared to randomized

control periods.
(C) ERP RMS as function of FR decreases are positively correlated.
See also Figure S4.

structures, units in the occipital lobe that demonstrated firing-
rate increases were mostly narrow spiking (66.7 %, n = 2/3). Inter-
estingly, most rebound-modulated neurons in the occipital lobe
were narrow spiking (80.64%, n = 25/31; Figure S1F). As with the
MTL, most occipital lobe neurons that decreased their firing rate
were broad spiking (87.5%, n = 21/24). Additionally, we investi-
gated the directional modulation of units in the occipital lobe.
Here, 62/125 (49.6%) units were directionally modulated. Unlike
the MTL, there was a smaller overlap between the directionally
modulated units and those units modulated when collapsing
across saccade direction (n = 25 units were common between
both groups) (Figure S2I). Overall, there was significant direc-
tional modulation of single-unit activity in the occipital lobe,
similar to that observed in the MTL.

We also explored saccade amplitude as a proxy for CD spatial
information.*? Supporting this approach, firing rate and saccade
amplitude have been related in V1,°* motor neurons in the brain
stem,>>°® and superior colliculus.®”-*® However, in humans using
behavioral double saccade tasks, saccade amplitude was rele-
vant for diagonal but not horizontal saccades,’® which are a large
portion of our distribution (Figure 1). Perhaps due to this limitation,
we found only 23 of 524 units to have significant correlation with
saccade amplitude, which was not significantly more than chance
(binomial test). This suggests that saccade amplitude may not be
transmitted to MTL structures; however, tasks specifically de-
signed to address this are required to better address this question.

Saccade-related single-unit firing-rate decreases
correlate to post-saccade ERP amplitude

Our previous work identified a short-latency, saccade on-
set aligned ERP in the MTL iEEG."® The combined observation
that post-saccade ERPs align to saccade onset'® and that sin-
gle-unit firing-rate changes are confined to the peri-saccade in-
terval suggests that the single-unit firing-rate changes may be
correlated to ERP generation. If this is so, then the amplitude
of the saccade-related ERP should depend on the saccade’s
direction and be correlated to single-unit firing-rate changes.

3088 Current Biology 32, 3082-3094, July 25, 2022

To explore these possibilities, we calculated the saccade-
aligned ERP for both ipsiversive and contraversive saccades
(Figure 4A). We found that the root mean squared (RMS) values
10-510 ms after saccade onset (corresponding to the significant
portions of the saccade ERP from our previous work) depended
on saccade direction (Figure 4B). Specifically, the ipsiversive
saccade ERP had a significantly greater RMS magnitude than
the contraversive ERP (ipsiversive = 0.09 + 0.019 normalized
amplitude; contraversive = 0.04 + 0.009 normalized amplitude;
p < 0.05; Figure 4B). Although there were no significant differ-
ences for ipsiversive and contralateral saccades, more neurons
were found to be modulated by direction than generally modu-
lated, suggesting the importance of direction in the signal. This
motivated an analysis of how directionally sensitive changes in
firing rate relate to the amplitude of directionally modulated
ERPs.

If the peri-saccadic firing-rate decreases underlie in some way
the generation of the ERP, we would expect correlations be-
tween firing-rate changes and ERP amplitude. To explore this,
we measured firing-rate decreases in the directionally modu-
lated MTL units (contraversive or ipsiversive modulated unit)
and corresponding ERP (contraversive or ipsiversive ERP from
electrode corresponding to the modulated unit) RMS amplitude
for each patient. One patient was eliminated from this analysis as
no modulated units were found. Spearman’s rank correlation be-
tween these measures revealed that firing-rate decreases were
positively correlated to ERP magnitude (Figure 4C). Thus, the
more strongly BS neurons were inhibited—the cell type that
demonstrates the most consistent decrease in firing rate—the
larger the ERP. We infer from this relationship that the post-
saccade ERP'® may be a proxy for the strength of an inhibitory
modulating signal (see discussion).

DISCUSSION

In our previous work,'® we presented iEEG evidence that the
MTL is uniquely modulated around the time of saccades as
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compared to image onset, and the alignment to saccade onset
was suggestive of a CD-like signal. These conclusions com-
ported well with extensive NHP literature regarding the extra-
retinal contributions to the modulation of LFPs in MTL and other
visual areas.' 42041506061 Hara e present six key findings
derived from human single-unit recordings that greatly extend
these findings to provide a plausible mechanism by which ex-
tra-retinal signals accompanying saccades modulate the hippo-
campus and surrounding MTL structures in humans. Our six key
findings are that (1) the peri-saccade interval is dominated by in-
hibition (firing-rate decreases of BS units, firing-rate increases of
NS units), (2) single-unit activity is modulated largely before and
during the saccade, (3) the modulation contained directional in-
formation, (4) distinct population of neurons are modulated by
saccade and image onset, (5) saccadic modulation of occipital
neuronal activity is distinct from MTL neuronal activity modula-
tion, and (6) the amplitude of the post-saccade ERP is correlated
to the magnitude of the firing-rate decrease of BS units in the
peri-saccadic interval. Through the manuscript, we grouped
MTL results because constituent regions showed similar modu-
lation patterns (Figure S3), suggesting a CD-like signal is widely
present within the MTL and, thus, likely generally relevant to
mnemonic processes, albeit through the variable roles served
by the different structures.®®> However, given that the majority
of units we observed within the MTL were from the hippocampus
and the extensive knowledge about hippocampal physiology
and function, we focus our discussion specifically on hippocam-
pal circuitry as an exemplar.

Firing-rate decreases dominate the peri-saccade period
The combination of increased NS and decreased BS firing rates
suggests that the incoming saccade-related signal has a net
inhibitory influence. This pattern is consistent with a general
CD motif, in which motor-related signals excite local inhibitory
interneurons, which then inhibit excitatory neurons.’®'” There
are other possibilities. It could be argued that decreases in
BS activity arise from the reductions in afferent visual input dur-
ing saccadic suppression.”®> Arguing against this possibility,
however, BS firing rates change before afferent visual input
would arrive in the MTL.*>%® Moreover, the accompanying in-
creases in NS unit activity would be hard to explain with
decreased afferent drive. Another possibility is direct inhibition
through long-range GABAergic projections. However, the di-
rection of the neuronal activity modulation we observe makes
this unlikely.®*

Beyond eye movements, such an inhibition governed hippo-
campal modulation is well described in response to both alerting
stimuli in rodents (auditory clicks, smell, touching)®>” and elec-
trical stimulation of intrahippocampal pathways.®®"° Consid-
ering these parallels, perhaps eye-movement plans act as an
alerting signal, preparing the hippocampus for important new vi-
sual input. Indeed, hippocampal phase modulation temporally
organizes LTP and LTD periods relative to the stimulus.”
Thus, saccades and a myriad of externally driven salience sig-
nals may leverage a general mechanism—inhibition mediated
modulation—to organize the encoding of new and important in-
formation. This link between active visual sensing and specific
memory processes in mnemonic structures is consistent with
an extensive literature rife with evidence linking saccadic eye
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movements to memory strength (for review, see Meister and Buf-
falo,® Hannula et al.,”* and Ryan et al.”®).

Although we invoke an inhibitory CD circuit motif to explain the
observed firing-rate changes, predictive attentional updating”*
has been proposed as a competing/complementary mechanism
to predictive remapping mediated by a CD.**°" Interestingly
attentional mechanisms are also accompanied by increased
interneuronal activity evidenced as either increased firing rates
of narrow-spiking units”® or increases in gamma band coher-
ence’® that reflect increased spiking of parvalbumin positive in-
terneurons.””"® It is thus possible that the increased firing rates
of narrow-spiking units we observe is a manifestation of atten-
tional updating.”* Unfortunately, our study does not allow the
teasing apart of how attention and visual motor commands
interact, albeit representing an exciting avenue of research into
two processes that are both intimately related to mnemonic pro-
cessing. Of note, the amplitude of the pre-potential from —100 to
0 ms did not correlate with the firing rate (Figure S4). If this pre-
potential represents some form of motor planning/attentional
updating’* signal, it does not seem to be correlated with firing-
rate changes.

Single-unit activity reflects the early arrival of spatial
and temporal parameters of ensuing eye movement

Our finding that MTL single units were predominantly modulated
in the pre-saccadic window comports well with our previous
observation that MTL iEEG modulation is aligned to saccade
onset and not its termination (i.e., fixation).'® Both findings are
consistent with the notion that MTL neurons are likely modulated
by the motor planning of saccades rather than the resulting
change in visual input. We also found strong directional modula-
tion in MTL neuronal activity, with a vast majority of single units
showing directional modulation (107/114, 93.9%). Although di-
rectionally modulated units were also present in the occipital
lobe, they represented a relatively smaller proportion of the total
number of modulated occipital units (62/87, 71%). It has been
suggested that the modulation of units directly receiving visual
information reflects an exafference signal more than the CD
signal.?® Accordingly, the firing-rate changes we observe in
MTL units may reflect the effects of a less adulterated CD,
whereas the occipital lobe saccade modulation is likely the
summed influence of a CD and visual reafference.”!

Role of directional information in the MTL
How might a CD signal be utilized in the MTL? Rather than indis-
criminately inhibiting BS units, our results suggest that the CD
could inhibit (or excite) distinct MTL units depending on the asso-
ciated saccade’s direction. This spatial tuning is reminiscent of
the spatial and directional information that MTL structures in ro-
dents use to create maps of the physical world or cognitive maps
more generally; *%° place cells,”® grid cells,®'®? and head direc-
tion cells®® have been demonstrated in the MTL. Primates, by
contrast, primarily explore their physical world with their eyes.
It is thus unsurprising that spatial information about eye move-
ments should be reflected in primate MTL neuronal
activity.14,18,53,84

Here, we add to this literature by showing that this direction-
ally tuned peri-saccadic modulation is primarily inhibitory, sug-
gesting that its role may be akin to the well-accepted role of
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Figure 5. Proposed pathway involving the MTL in saccadic eye
movements

Modified figure from Berman et al.,>* which is itself a summary of Sommer and
Wurtz,?" to include the novel pathway proposed here (green) from SC to nu-
cleus reuniens (NRe) of the thalamus to area CA1 of the hippocampus. Red
(SC — PI — MT) and blue (SC — MD — FEF) pathways have been well
described. FEF, frontal eye field; SC, superior colliculus; MD, medial dorsal
nucleus; PI, pulvinar; MT, area MT.

CDs in stabilizing visual perception.”'**%° Specifically, CDs are
thought to “unite separate retinal images into a stable visual
scene,” as was beautifully demonstrated in experiments that
inactivate the CD while NHP explore visual scenes.** The result-
ing alterations of visual perception provided early links between
CD and perception. The neuronal mechanism underlying such a
perceptual role for a CD was speculated to be akin to the antic-
ipatory shifting of receptive fields in the lateral interparietal
sulcus during saccadic eye movements.®' Analogously, the
directional information (i.e., the “path” in path integration) we
identify in the human hippocampus could be used to stitch
together sequentially sampled windows into a singular memory
of a scene.®”%¢ Perhaps this mechanism may even generalize
to reflect the hippocampus’ emerging role in encoding “concep-
tual maps.”%%®” Whether initiated by the traversal of visual or
conceptual space, a CD carrying directional information could
facilitate a construction from parts, reminiscent of episodic
memory semanticization,®” through path integration.

Putative CD circuit

Our evidence supporting CD-mediated modulation of MTL sin-
gle units comports well with extensive literature regarding the
extra-retinal modulation of LFPs in MTL and other visual
areas.'®1420:41.50.60.81 Gircyits proposed for these brain regions
include (1) the pathway from the superior colliculus to the
medial dorsal nucleus to frontal eye fields for receptive field re-
mapping®? and (2) a saccadic suppression pathway from supe-
rior colliculus to pulvinar to middle temporal cortex, which may
function to maintain stable visual percepts (Figure 5). For both
these motifs, the thalamus is a common relay between superior
colliculus and cortical regions, but to our knowledge, there is
no currently described pathway from superior colliculus to hip-
pocampus. It is thus possible that the hippocampus inherits the
effects of a CD from other brain regions. Indeed, saccades
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have been shown to be accompanied by modulation of neural
activity in low-level visual areas such as the lateral geniculate
nucleus,®® V1,294"%0 and V4,2 which ultimately project to the
hippocampus via the dorsal stream. However, it should be
noted that we and others observed firing-rate increases in early
visual areas later than saccade-related changes in the MTL,*°
making it unlikely that the firing-rate modulation we observe
before and during the saccade in the MTL is relayed from other
cortical areas.

Alternatively, we propose a speculative circuit that is homolo-
gous to known CD circuits within the visual system (Figure 5). It
potentially explains (1) how the output from the superior collicu-
lus arrives in the hippocampus, (2) how the ERP is generated and
the expected firing changes in different cell types, (3) how a CD
arising from the superior colliculus could uniquely mediate its ef-
fects through inhibition within the hippocampus, and (4) why
units that are modulated by saccades are different from those
modulated by image onset.

The nucleus reuniens (Figure 5; adapted from Berman
et al.’¥) is a midline thalamic relay nucleus® with direct input
to the hippocampus, where it synapses exclusively on inhibi-
tory interneurons in the CA1 region.”"*> Requiring experimental
evidence, reuniens’ role in mediating a CD from superior colli-
culus to the hippocampus is well supported by anatomical
and functional data. Specifically, (1) superior colliculus motor
neurons have direct projections to reuniens;**°* (2) reuniens
stimulation can drive CA1 interneurons to threshold and not py-
ramidal cells;*>9>°° (3) reuniens axons synapse exclusively on
NGF interneurons, and thus reuniens exerts its effects primarily
via inhibition;*"%* and (4) reuniens has directional information®”
that is likely transmitted to the hippocampus and entorhinal
cortices.?>°8 This circuit motif thus potentially explains the di-
chotomy that we see between units that are modulated with
saccades and units that are modulated by image onset since
the reuniens pathway is highly specific for interneurons. How-
ever, additional empirical investigations are required to sub-
stantiate this proposal, ideally including causal manipulations
to these candidate pathways that are not feasible to perform
in humans.

Furthermore, in the context of this putative circuit (Figure 5),
we propose that the saccade-related ERP is generated by
both post-synaptic potentials generated in interneurons® and
the subsequent alteration of the phase of ongoing spiking
through a pause-rebound mechanism.' This would be analo-
gous to how brief stimulation of the perforant path yields a lasting
firing-rate  modulation at theta frequency via inhibition.®®
Notably, the saccade-related ERP we observed need not reflect
the modulation of ongoing oscillations. This is an important
consideration, since continuous oscillations like theta are not
prominent in the primate hippocampus'®'~'%® and are certainly
not continuous like those in the rodent.'®* Nonetheless, it is still
possible that a theta phase reset is a mechanism by which a CD
operates. 1919 However, here, we delve deeper, specifically
into a potential circuit that might underlie the results we observe.
This circuit also potentially explains the correlation between sin-
gle-unit inhibition and ERP amplitude (Figure 4C), since both sig-
nals would be related to the magnitude of PSPs in interneurons
and, consequently, the increased probability of consistently
timed rebound spikes.'*°
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Limitations of study

Given that our work was in humans, we could not perturb nodes
of the proposed CD circuit, a critical step in determining if a CD
causally drives firing-rate modulations we observe in the MTL.
Despite this limitation, we believe our findings can serve as a ba-
sis for work where such investigations are undertaken, as has
been done for other CD circuits.*

If the peri-saccade modulation is solely a result of extra-
retinal signals, it should persist in darkness. Although the re-
strictions of our clinical setting precluded our test of this hy-
pothesis, previous work with human and NHPs suggests that
both saccade-related ERPs and neuronal activity modulation
are observed in darkness and/or blank screens'®2%%° (but
see Hoffman et al.’®). For example, in humans, rapid eye move-
ments in sleep and wakefulness generated both ERPs and
neuronal activity modulations in the peri-saccadic period. The
pattern was also characteristic of decreases in single-unit firing
rates before the rapid eye movement with increases afterward
in all cases other than awake non-visual stimulation.?® Their
observed rebound pattern is reminiscent of the firing-rate
change observed exclusively in occipital lobe units (Figure 1),
a result that might have arisen from averaging of up- and down-
modulated units.

By contrast, a recent NHP study demonstrated no appreciable
modulation in hippocampal population activity following sac-
cades on a blank background, despite saccade-associated
phase clustering in the iIEEG.° However, this analysis approach
averaged across all units, rather than focusing on the small pro-
portion of modulated units, as we and others have done. Had this
more sensitive approach been used, neuronal activity modula-
tion may have been observed while looking at a blank screen.
Relatedly, our initial investigations only revealed phase clus-
tering when exploring images, not during saccades on a dark
screen.'* However, this lack of clustering was based on sac-
cades made during a blank screen in the inter-trial interval imme-
diately following reward delivery, rather than longer periods of
complete darkness outside the task regime. Also only iEEG
data were analyzed without single-unit activity, and the analysis
was from data collected from a single NHP. Thus, although there
is some heterogeneity in the literature, a large body of work sup-
ports the hypothesis that saccadic modulation of activity in the
MTL persists in the absence of visual input, further supporting
the notion that this type of modulation arises from an extra-retinal
signal.

Conclusion

In summary, we characterize neuronal activity in MTL and occip-
ital lobe structures to explore the hypothesis that a saccade-
related CD-like signal exists in mnemonic structures of the hu-
man brain. Employing a unit-by-unit analysis of firing-rate
changes, we provide evidence that saccades are associated
with a modulating influence characterized largely by inhibition
and containing directional information. We show that saccade-
related modulation is more inhibitory and directionally tuned in
the MTL than in the occipital lobe units. All these distinctions
are consistent with MTL neurons receiving a saccade-related
CD signal. We additionally propose a novel circuit underlying
our findings where the nucleus reuniens of the thalamus—a
key hub for memory processes®®®> %719 _plays a central
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role in transmitting the output from motor layers of the superior
colliculus®°*11° to the MTL.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB R2020 The MathWorks RRID: SCR_001622; http://www.mathworks.com/
products/matlab/

Data Viewer SR Research RRID: SCR_009602; https://www.sr-research.com/

Custom MATLAB scripts for analysis and statistical This paper Code is available via github: https://github.com/

tests katzchai/CD_saccade_related_inhibition_MTL https://

zenodo.org/badge/latestdoi/495560699

RESOURCE AVAILABILITY

Lead contact
Further information and requests should be directed to and will be fulfilled by the Lead Contact, Taufik Valiante (tauifik.valiante@uhn.ca).

Materials availability
This study did not generate new unique reagents

Data and code availability

All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOlIs are listed in the key
resources table.

All data reported in this paper that can be will be shared by the lead contact upon request and in accordance with the REB pro-
tocol.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Eleven individuals with medically refractory epilepsy participated in this study (Table 1). As part of their clinical assessment, sEEG
electrodes (Ad-Tech Medical, WI, USA) were implanted in clinically-determined sites to assess their candidacy for surgical resection
of an epileptogenic focus. If patients provided written research consent to microwire recordings, then the sEEG macro-electrodes
were supplemented with microwires (Ad-Tech Medical, WI, USA). Microwire implants and all recordings were approved by the
Research Ethics Board of the University Health Network

METHOD DETAILS

Experimental design
The terms "neuron” and "unit" are used interchangeably. To characterize neuronal activity in the time interval surrounding saccades,
we developed a task that involved image presentation and target search (Figure 1A) to engage participants in generating saccades.
The encoding session was divided into 40 trials, each consisting of a fixation cross (1 second), followed by presenting a scene image.
Each scene contained four copies of one of two unrelated objects, i.e., targets, that were unrelated to the scene. Participants were
instructed to view the individual, serially-presented scene and find as many targets within the scene as possible. If they found all four
targets, participants were instructed to continue to move their eyes through the scene to remember and associate the target with the
scene. Each scene image was presented for four seconds, after which participants were asked how many targets they found. The
trials were grouped into blocks of five trials, with each block having the same embedded target. Following the encoding session,
participants were presented with instructions on the ensuing retrieval session. The data presented here is based solely on eye move-
ments during the encoding session.

Patients reclined upright in their clinical beds with a laptop computer placed at a comfortable viewing distance in front of them.
An infrared, video-based eye-tracker (EyeLink Duo; SR Research, Osgoode, Canada) was used to monitor and record their eye
movements throughout the task (see below for details on eye-tracking).
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Electrophysiology

Acquisition and localization

Each commercially —available, Behnke-Fried Macro-Micro electrode (Ad-Tech Medical, Racine, MN) had 8 or 9 macro electrodes
along the electrode shaft and a bundle of 8 embedded microwires plus one ground/reference microwire protruding from the
tip."!" Patients with MTL electrodes with or without electrodes in other anatomical locations specified by the pre-implantation hy-
pothesis were included in this study. Data were recorded with a 128-channel Neuralynx Atlas Data Acquisition System (Neuralynx,
Bozeman, MT). The microelectrodes were sampled at 32kHz, with a 16-bit resolution and were bandpass filtered in hardware be-
tween 0.1 and 8kHz. Each microwire signal was re-referenced locally to one of the eight wires on the same bundle as we have
done previously.'"? Electrode localization was performed by co-registering pre-op MRI with post-op CT using the iELVIS toolbox."'®
Electrodes were localized and visualized in the MTL structures across patients (Figure 1C; For occipital localizations, see Figure S2A).
Spike detection and sorting

For offline spike detection, all microelectrode channels were bandpass filtered between 300-3000Hz. Spikes were subsequently de-
tected using local energy measurement threshold crossings, calculated by convolving the raw signal with a kernel with an approx-
imate width of an action potential.’'* All detected spikes were sorted using the open-source, semiautomatic template-matching al-
gorithm OSort, which has been used extensively in the literature.”'" Briefly, spikes are detected using threshold crossings of a
bandpassed filtered signal. For each spike, 2.5ms is extracted and upsampled with interpolation. A residual sum of squares is calcu-
lated to measure distance between neurons and cluster them for separation of units. Similar to our previous work,”"">® we classified
clusters as putative single neurons using the following criteria: (1) minimal/no violation of refractory period; (2) shape of the inter-spike
interval distribution (units with more than 3% of their ISI distribution below 3ms were rejected); (3) shape of the waveform; (4) sep-
aration from other clusters; and, (5) stability of firing rate (assessed by comparing the average firing rate of the neuron to multiple null
distributions obtained by randomly sampling 400ms and 5s epochs from each neuron’s spike train). Groups that appeared similar to
one another were merged. For extra quality control, neurons with firing rates lower than 0.07Hz were subsequently removed. Clusters
that were either contaminated with noise or failed to meet the criterion described above were rejected. For the accepted clusters, the
individual waveforms, along with the timestamp of each spike and its cluster definition, were saved. The insert of Figure 1C shows the
total cells from each location detected in MTL (neuronal activity from occipital locations is shown in Figure S2A).

Waveform analysis

The shape of a waveform suggests which type of neuron produced it. Narrow spiking is typically attributed to inhibitory parvalbumin
expressing neurons, and while there are broad spiking inhibitory neurons that express other markers, pyramidal neurons make up the
large proportion of all broad spiking neurons.”® For each neuron, we calculated the spike width by measuring the trough-to-peak
timed as the duration between the first negative peak of the mean waveform (‘trough’) and the first positive peak after the trough.*°
The mean waveform is obtained by averaging all the waveforms assigned to a particular cluster. We classified the neurons as broad
and narrow spiking using an approach previously described by Gomez-Torres et al. 2020.""° In this approach, we fit our distribution of
spike-widths with a Gaussian Mixture model with a number of gaussians that minimized the Akaike Information Criterion (5 Gaussians
in this case Figure S5). We chose the cut-off as the inflection point between the first gaussian and the remainder of the distribution.
This resulted in a cut-off value of 0.453ms. We classified all neurons with a peak to trough width lower than 0.453ms as narrow and the
rest as broad spiking. It should be noted that the broad spiking neurons had a multimodal spike-width distribution, likely due to a
heterogeneity of neurons that contributed to this category. For instance, in addition to pyramidal neurons, previous studies have
found that parvalbumin negative interneurons can also have broad spikes.'"® For the purpose of our investigation, we did not further
classify the sub-groups within the broad spiking category.

Analysis of eye-tracking data

The SR Research eye-tracking system was used to track participants’ eye movements. The eye-tracker was placed at the bottom of
the screen and connected via ethernet to a separate laptop running the behavioural task using Presentation software
(NeuroBehavioral Systems, Albany, CA, USA). All participants first underwent a 13-point calibration and 9-point validation test
(EyeLink Portable Duo sampled at 1000Hz, from SR Research).

Eye movements were detected using SR Research’s built-in software that uses an Identification by Velocity-Threshold (IVT) algo-
rithm. This algorithm is a velocity-based method that separates fixations and saccades based on the distance between the current
and next points."'” To be considered a saccade, the velocity between points must exceed 30 deg/sec. When ten eye-tracking algo-
rithms’ accuracy at detecting saccades on a sample-by-sample basis (as we do here) were compared, the IVT algorithm was second
closest to human detection for saccade events.''® An example of saccades and an image is presented in Figure 1A.

The saccade’s horizontal direction was determined by subtracting its ending point from the starting point. We coded the top left of
an image as the origin, so if the saccade’s ending point was less than the starting point (a negative value), it was considered leftward.
In contrast, if it was positive, it was considered rightward (Figure 1B).

QUANTIFICATION AND STATISTICAL ANALYSIS

All analyses were performed offline using custom scripts in MATLAB.
Nonparametric bootstrapping was performed for neural modulation. Statistical tests on neural latencies were either parametric
(paired t test, one sample t tests) or non-parametric (Wilcoxon Signed-Rank Test or Wilcoxon Rank-Sum Test), based on the results
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of the Lilliefors normality test. A binomial test was used to determine the significance of modulation of neurons and directional neu-
rons from the overall number of neurons. A Fisher’s exact test was used to compare the distribution of modulated neurons to deter-
mine significance.

Analysis of electrophysiological data

Analyzing saccade onset responses

Spike timestamps from offline sorted neurons were used to create binary spike trains. We then extracted 2-second epochs centred
on each saccade onset for each of the sorted neurons. The spike counts were binned into 50ms bins to extract the instantaneous
firing rate. The average firing rate in the perisaccadic intervals (i.e. average across all saccades and surrounding 400ms around
saccade onset consisting of 8 bins of 50ms each) were used to assess modulation (Figure 2A).

To determine the statistical significance of the average peri-saccadic firing rates, we used a non-parametric permutation method.
More specifically, for each session, we extracted the same number of 400ms epochs (four example intervals in dark blue shown in
Figure 2A) as the number of saccades in the session, only at random time points. By averaging across these epochs, and then aver-
aging across time within the 400ms average epoch (i.e. across the 8 bins of 50ms each), we calculated a single shuffled peri-saccadic
firing rate. We repeated this process 1000 times to create a shuffled null distribution of mean peri-saccadic firing rates. If the actual
mean perisaccadic firing rate for a given neuron exceeded the 97.5™ percentile of the shuffled null distributions, it was considered a
significant perisaccadic increase. Similarly, if the actual mean perisaccadic firing rate for a given neuron was lower than the 2.5
percentile of the control null distribution, it was considered a significant perisaccadic decrease (Figure 2A, inset).

As a result, neurons were classified into one of three groups — (1) non-modulated (no significant increase or decrease in firing rate
during the perisaccadic interval), (2) perisaccadic increase (significant increase in firing rate during the perisaccadic interval), and (3)
perisaccadic decrease (significant decrease in firing rate during the perisaccadic interval (Figure 2B). The population activity was
calculated by averaging all modulated neurons’ average firing rate aligned to saccade onset, separately for each category (decrease
or increase). The percent change was calculated based on the ratio of the average firing rate per neuron during the saccade period,
divided by the mean firing rate in the randomized control periods (Figure S1C). Then that percent change was averaged across all
neurons. We also calculated the perisaccadic firing probability density by fitting all spike timestamps in 2 seconds around each
saccade with a kernel distribution with a bandwidth of 50ms. This probability density was then upsampled (using a bicubic spline
interpolation) to obtain a 1ms resolution. The maxima and minima of this upsampled firing probability density were used to calculate
the peak and trough latency of the firing rate increases and decreases, respectively, for the saccade-modulated units (Figure S1C,
insert). A histogram of the latencies is also presented in Figure S3C and Table S1.

Although the interest in the present study focused on single unit saccadic modulation of MTL structures, in two participants, we had
the unique opportunity to record activity from the occipital cortices (OCC) simultaneously. Therefore, we performed a unit-by-unit
analysis from neurons acquired in this area, shown in the supplementary material, in a manner identical to that previously described
for MTL neurons. However, we added a fourth classification for OCC neurons: rebound modulation. Neurons classified as having
rebound modulation demonstrated a significant decrease in firing rate followed by a significant increase in firing rate. To evaluate
significant decreases and increases within the 400ms perisaccadic window, we created a shuffled null distribution of maxima and
minima values. This was done by extracting 400ms epochs at random times, matching the number of saccades in each session.
We averaged these epochs to obtain a mean 400ms epoch. The maximum value across the 400ms (i.e. one of the eight 50ms
bins) in this mean epoch was added to the maxima null distribution, and the minimum value across the 400ms was added to the
minima null distribution. This process was repeated 1000 times to generate a complete maxima and minima null distribution. We
identified if any of the eight 50ms bins in the actual mean peri-saccadic firing rate exceeded the 97.5" percentile of the maxima
null distribution and if any of the 50ms bins fell below the 2.5 percentile of the minima null distribution. Neurons that demonstrated
significant decreases followed by significant increases were marked as rebound neurons. Note that the classification as a rebound
neuron superseded the other classifications. It should also be noted that in the rebound classification, multiple comparisons were not
necessary since we compared the eight 50ms bins with a distribution of maxima and minima across the 400ms windows. This com-
parison is conservative since each of the eight bins is compared to the null distribution corresponding to its position in the 400ms
window and the maximum and minimum values across the entire 400ms window in the shuffled null distribution. Note that none
of the MTL units demonstrated a characteristic rebound firing.

To determine if the amplitude of the post-saccade event-related potentials (ERPs)'® was related to firing rate changes, post-
saccade ERPs were computed from voltage traces of the most distal macroelectrode (i.e., the one closest to the corresponding mi-
crowires). Each macroelectrode had a 200Hz lowpass filter and was downsampled to 1000Hz. A 60 Hz notch filter was applied to
reduce environmental noise from the signal. Each macroelectrode ERP was normalized by dividing by the standard deviation of
the voltage trace of that electrode during the entire recording. The ERPs found to have a reversed polarity were flipped to obtain
a positive waveform (MTL= 1/58; OCC= 5/8). We eliminated responses from electrodes with large artifacts in the ERP and, therefore,
considered open or broken channels (MTL= 4/58; OCC= 0). The subsequent average from all electrodes was calculated and plotted
for MTL (Figure S1D) and occipital electrodes (Figure S2G). The root mean squared (RMS) amplitude of the normalized ERP was then
calculated from 10ms-510ms post saccade onset. This time was chosen as it is in line with the significant portions of the saccade
ERP from our earlier work."®

Previous iEEG work has identified differences in responses based on the direction of saccade relative to recording location,* even
as it relates to potential oculomotor artifact."'® Therefore, we further labelled saccades as ipsiversive if the saccade’s direction was
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towards the side of the recording electrode’s hemisphere or contraversive if the saccade’s direction towards the opposite hemi-
sphere. We repeated the categorization and ERP analyses described above, now separating events based on the saccade direction.
Additionally, a paired t test was used to compare ipsiversive to contraversive saccade RMS distributions. Finally, separating ipsiver-
sive and contraversive saccades, we calculated the Spearman rank correlation between the ERP RMS amplitude and the percent
change in firing (decreases only) of the corresponding modulated neurons close to those electrodes. Single unit modulation was
similar across the MTL structures, so they were grouped together for further analysis (Figure S3).

Analyzing Image Onset Responses

Single unit responses to image onset were analyzed in a window between 200 and 1700ms after image onset, in line with previous
single-unit literature.”® Neurons were marked as modulated by image onset if their mean firing rate in this window significantly
increased or decreased compared to the corresponding null distribution (Figure 2C). Control null distributions for image onset anal-
ysis consisted of 1500ms periods of spike trains at randomized timepoints. The population activity was also calculated for neurons
that increased or decreased their firing rate to image onset (Figure S1G).
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