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A large body of literature has shown that sensory neurons typically exhibit
adaptation to repetitive stimulation. However, adaptation alone does not
account for the ability of sensory systems to remain vigilant to the environ-
ment in spite of repetitive sensory stimulation. Here, we investigated single
neuron responses to sequences of sounds repeatedly delivered from a parti-

cular spatial location. Instead of inducing adaptation, repetitive stimulation
evoked long-lasting and location-specific facilitation (LSF) in firing rate of
nearly 90% of recorded neurons. The LSF decreased with decreasing pre-
sentation probability and diminished when sounds were randomly delivered
from multiple spatial locations. Intracellular recordings showed that repetitive
sound stimulation evoked sustained membrane potential depolarization.
Computational modeling showed that increased arousal, not decreased inhi-
bition, underlies the LSF. Our findings reveal a novel form of contextual
modulation in the marmoset auditory cortex that may play a role in tasks
such as auditory streaming and the cocktail party effect.

It has been well established that responses of sensory neurons are
influenced by stimulus context. Contextual effects are typically sup-
pressive when the same stimulus is repeatedly presented. For instance,
the presence of a preceding sound usually suppressed a neuron’s
responses to a succeeding sound of the same feature in auditory
cortex' . Similarly, visual cortical neurons exhibited repetition sup-
pression to the image that is presented twice"’. Repetitive whisker
stimulation also reduced the responses of somatosensory neurons®’.
In addition, neural activities in the olfactory pathway habituated
to the repeated odor presentation®’. An important property of repe-
tition suppression in sensory neurons is stimulus-specific adaptation
(SSA) to standard but not deviant stimuli. SSA has been studied
extensively in various modalities, including auditory'®"?, visual®*,
somatosensory™'® and olfactory®” systems. SSA has attracted much
interest due to its potential correlation with mismatch negativity
(MMN)'*!®as well as its role in deviance detection*”, predictive
coding®, and efficient coding®-*.

However, facilitation instead of SSA could be evoked by repetitive
auditory stimuli under certain circumstances®*?*. Facilitation of repe-
ated stimuli has also been reported in the visual system®?® and the
somatosensory system®?%. In the auditory system, studies have

identified different stimulus paradigms that could elicit facilitation to
repetitive or high-probability stimuli (Supplementary Fig. 1). For
example, a stronger response to sequential rather than random sinu-
soidal amplitude-modulated stimuli was observed®**°; a stimulus that
normally evoked below-average response can evoke near-average
responses if this stimulus was presented with a higher probability than
other stimuli*™*% facilitation to particular combinations of masker-
probe stimuli were observed"****; responses to repeated tones were
higher than the responses to random tones*?*. Furthermore, a small
number of inhibitory neurons were found to exhibit facilitation to
repetitive tones>,

Despite this evidence, repetition facilitation in sensory neurons
appears to be a rare phenomenon, as the vast majority (over 90%) of
sensory neurons exhibit repetition suppression. It is also unclear
whether repetition facilitation is neuron-specific or stimulus-specific
and, if it is the latter, which types of repetitive stimuli could evoke
facilitation. In this study, we investigated spatial contextual modula-
tions of auditory cortex neurons in awake marmoset monkeys and
discovered a unique type of repetition facilitation, referred to as
location-specific facilitation (LSF). By stimulating neurons with a
sequence of repetitive sounds delivered from a single spatial location,
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we found, to our surprise, that repetitive stimulation from spatial
locations away from the center of a neuron’s spatial receptive field
evoked long-lasting facilitation instead of adaptation as would be
expected from the well-documented SSA literature. Our results
revealed that nearly 90% of recorded neurons in the marmoset audi-
tory cortex exhibited LSF. In general, repetitive stimulation delivered
from nonpreferred spatial locations increased firing rates, whereas
stimulation from preferred spatial locations decreased firing rates.
Intracellular recordings further showed that repetitive stimulation
from nonpreferred spatial locations evoked sustained membrane
potential depolarization that gave rise to the observed firing rate
facilitation. Computational modeling captured the findings from intra-
and extracellular recordings based on the hypothesis of arousal level
changes, rather than short-term synaptic plasticity. Two behavioral
experiments using the same stimulus paradigms confirmed the mod-
els’ hypothesis. Overall, our findings shed further light on contextual
modulation in the auditory cortex and suggest that this form of spatial
contextual modulation may play a role in functions such as regularity
detection and sound stream segregation.

Results

Repetitive sound stimulation evoked neural firing facilitation
We tested a total of 123 single neurons in the auditory cortex on four
hemispheres of three awake marmosets using wideband stimuli,
including wideband noises, amplitude-modulated wideband noises,
and marmoset vocalizations. Each neuron was extensively studied
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Fig. 1| Speaker layout and equal-probability sound stimulation. a Fifteen
equally spaced speakers were placed on a semi-spherical surface centered around
the animal’s head and above the horizontal plane. View from the front, lateral 35°
and elevated 30° (left), and view from directly on top (right). Red dots indicate six
front speakers, green dots indicate five midline speakers and brown dots indicate
four back speakers. b Three-dimensional front-back space was projected to a two-
dimensional plane around the midline for displaying purposes. ¢ Spatial receptive
field of example Unit M43S-383. The white semicircle is the boundary of the front-
back space. The black line is the threshold which is defined as the half-maximum
firing rate. Black dots indicate fifteen speaker locations.

using the techniques previously described®. The stimulus duration
was fixed in each session to a value between 200-2200 ms (200 ms in
> 80% of the sessions). We placed fifteen equally spaced speakers on a
semi-spherical surface centered around an animal’s head and above
the horizontal plane (Fig. 1a, b).

In each test session, we first delivered a wideband noise stimulus
from each speaker location in a randomly shuffled order. We refer to
this stimulation paradigm as the “equal-probability presentation”
mode for which all locations have the same occurrence probability of
1/15. Stimuli were repeated at least 5 times at each location (median: 25
repetitions). A spatial receptive field (SRF) was constructed for each
neuron using the averaged firing rate of the responses to wideband
noises in the equal probability presentation mode. Figs. 1c and 2a show
the responses of an example neuron obtained in the equal-probability
presentation mode. This neuron had an SRF centered around speaker
#7 (Fig. 1c) and responded to this location with sustained firing
throughout the stimulus duration, and to other locations with onset or
transient firing (Fig. 2a). We ranked 15 speakers based on their firing
rates obtained in the equal-probability presentation mode. The
speaker with the highest (lowest) firing rate was ranked 1st (15th).
Fig. 2b shows the firing rate versus speaker number and speaker rank
number for this neuron obtained in the equal-probability presentation
mode. Speaker #7 evoked the highest firing rate (38.5 spikes/sec),
followed by speaker #8 (10.5 spikes/sec). Speakers #14, #13, #9, and #11
evoked a near-zero firing rate, and a negative firing rate was observed
for speakers #2, #4, and #5. Because the firing rate was calculated by
subtracting the spontaneous firing rate from the total firing rate, a
negative firing rate indicated inhibition.

After the characterization of a neuron’s SRF, we further tested
each neuron with the “100%-probability presentation”mode in which a
stimulus was repeatedly delivered from a single target speaker loca-
tion (at least 50 times, median: 200 repetitions), with each repetition
separated by an inter-stimulus interval of fixed or variable length
(range: 500-5200 ms, see below). Fig. 2¢, d show the responses of the
same neuron depicted in Fig. 2a, b to 300 repetitions of a 200 ms
wideband noise stimulus delivered from speaker #14 in the 100%-
probability presentation mode. Speaker #14 evoked 0.8 spikes/sec
firing rate in the equal-probability presentation mode (Fig. 2b, blue
dot) which was considered as the baseline firing rate of this speaker
location. In contrast to the expectation from previous auditory cortex
literature on adaptation, the response of this neuron to the repeated
presentations of a wideband noise stimulus from the same speaker
#14 showed epochs consisting of consecutive trials with substantially
higher firing rates than the baseline firing rate (median: 16 spikes/sec,
Fig. 2d). Elevated firing rates above the baseline could be observed in
trials long after the first trial (e.g., between 150th and 250th trials). Also
note that during the trials with elevated firing rates, the firing patterns
were sustained throughout the stimulus duration. Fig. 2e~h shows
responses of another example neuron which displayed four epochs of
elevated firing rate in the 100%-probability presentation mode.

Quantification of facilitation trials evoked by repetitive
stimulation
To quantify the facilitated response in the 100%-probability pre-
sentation mode, trials with a firing rate exceeding a facilitation
threshold were considered facilitation trials. We defined the facilita-
tion threshold as one standard deviation (o) above the baseline mean
firing rate (W). In Fig. 3a, we marked the facilitation threshold and
facilitation trials in the responses of the two example neurons shown in
Fig. 2d and h. Note that both neurons exhibited consecutive long-
lasting facilitation trials (Fig. 3a). We computed the proportion of
facilitation trials in each of the 725 sessions (Fig. 3b and Supplemen-
tary Fig. 2).

We also identified facilitation trials using the thresholds of 0.5, 1.5,
or 2 standard deviations (o) above the mean (p) firing rate of the same
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Fig. 2 | Repetitive sound stimulation evoked neural facilitation. a Spike raster
plot of the previous example unit M43S-383 at fifteen speaker locations under
equal-probability presentation mode. Stimuli at each speaker location (i.e., dots in
different X-axis positions but within two vertical gray bars) were randomly pre-
sented ten times. b Firing rate versus speaker number (top row) and speaker rank
number (bottom row). The blue dot indicates the target speaker (i.e., the same

O Trial #

stimuli were delivered from the same speaker location under two presentation
modes) (speaker #14, ranked 9th). Stimuli at each location were presented ten
times. ¢ Spike raster tested at speaker #14 ranked 9th under the 100%-probability
presentation mode. d Trial-by-trial firing rate. e-h Similar to (a-d), but for a dif-
ferent unit M43S-374. All stimuli are wideband noise.

speaker location in the equal-probability mode (Supplementary Fig. 2).
We computed the proportion of facilitation trials of each session for
each firing rate threshold. There were more sessions in the 100% than
in the equal-probability mode when the proportion of facilitation trials

was larger than 25% (Fig. 3b, threshold of p + 16), and 40%, 15% and 10%
(Supplementary Fig. 2, thresholds of p+0.50, p+1.50, and p+20).
Furthermore, the summed proportion of sessions in the 100%-prob-
ability mode when the proportion of facilitation trials were larger than
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Fig. 3 | Quantification of facilitation trials evoked by repetitive stimulation.

a Trial-by-trial firing rate of two example units in 100%-probability presentation
mode (same as Figs. 2d and h). The orange bar indicates the facilitation threshold
(mean + one standard deviation). Red dots and lines indicate the long-lasting
facilitation (i.e., at least five consecutive trials with firing rates exceeding the
facilitation threshold). b Number of sessions that have the proportion of facilitation
trials (round to nearest 5%) at the threshold of one standard deviation for the 100%-
(solid lines) and equal- (dashed lines) probability presentation modes. Stimuli
either come from a single target speaker (100%-probability) or all 15 speakers
(equal-probability) in one session. For measuring the proportion of facilitation
trials in the equal-probability mode, we generated firing rate distributions that have
the same mean and standard deviations of the firing rate of the target speaker in

equal-probability mode and have the same number of trials as the corresponding
100%-probability mode. Note that in the Gaussian distribution, there are 16% of
points are above one standard deviation. Consistent with this, over 400 sessions in
the equal-probability mode have 15% of facilitation trials. Values at 0% and above
50% in the X-axis are truncated for display purposes. Supplementary Fig. 2 displays
similar plots but have four thresholds with full-range X-axis. ¢ Histogram of the
number of sessions (Y-axis, linear) versus minimum length of consecutive facilita-
tion trials (X-axis) at the threshold of one standard deviation. The gray line connects
two bars at #1 and #15 trials. Blue lines measure the perpendicular distance from the
peak of the thirteen bars (#2 to #14) to the gray line. The thick blue line at the #5
trial has the longest distance. d Similar to (b) but only includes 129 sessions that
have at least five consecutive facilitation trials.

40, 25, 15, and 10% was similar among four thresholds (24, 27, 25, and
23%). Thus, the threshold affects the proportion of facilitation trials in
each session but not the proportion of sessions that display more
facilitation in the 100%-than-equal-probability mode. We focused on
the threshold of p + 10 in the further analyses.

Consecutive facilitation trials were observed in a number of ses-
sions tested by the 100%-probability mode. The number of sessions (y-
axis) at a given number of minimum consecutive facilitation trials (x-
axis) is shown at the thresholds of p + 10 (Fig. 3¢) and p + 0.50, 1 +1.50
and P+ 20 (Supplementary Fig. 3a), respectively. To examine whether
the consecutive facilitation trials evoked by the repetitive stimuli
resulted from random fluctuations in a neuron’s firing, we shuffled the
trial sequence and counted the number of consecutive trials where the
firing rates surpassed the thresholds. We found that shuffling the firing
rates markedly reduced the proportion of sessions that have a mini-
mum number of consecutive facilitation trials (Supplementary Fig. 4).
For further analyses (Supplementary Figs. 5, 6), we focused on the
sessions that exhibited at least five consecutive facilitation trials
(129 sessions from 51 neurons). We chose five based on the “elbow”
in Fig. 3c, where the number of sessions (y-axis) shows a smaller de-
crease after #5 when we further increased the number of consecutive
facilitation trials (x-axis). Population statistics of the length
of the consecutive facilitation trials are shown in Supplementary
Fig. 3b which shows that consecutive facilitation trials could persist as
long as 45 trials. In the majority of sessions, 200 trials were tested

(Supplementary Fig. 3c). In most sessions, it took fewer than 100 trials
to achieve the first neural facilitation that lasting at least five con-
secutive trials (median: 44 trials) (Supplementary Fig. 3d).

There were more sessions in the 100%- than in the equal-
probability mode when the proportion of facilitation trials was 10, 5,
and 0% (Fig. 3b, thick line on the left and Supplementary Fig. 2). This
was consistent with previous studies which showed that auditory
neurons mainly exhibit suppression (adaptation) to repetitive sound
stimulation>*. However, for the 129 sessions with at least five con-
secutive facilitation trials (Fig. 3c), there were more sessions in the
100%-probability mode than in the equal-probability mode only when
the proportion of facilitation trials was larger than 25% (Fig. 3d, 99 out
of 129 sessions, thick line). Notice that our threshold, a single occur-
rence of five consecutive facilitation trials (65 out of 129 sessions), did
not guarantee a higher proportion of facilitation trials because it only
contributed to 2.5% (5 out of 200 median trials) of facilitation trials in
one session. Therefore, long-lasting neural facilitation defined here
generally excluded sessions with repetition suppression.

We also tested the effects of different inter-stimulus intervals (ISI).
Neural facilitation was observed at both short ISI (e.g., Fig. 2, 700 ms)
and long ISI (e.g., Supplementary Fig. 6g, 1500 ms). In addition to ISI
with a fixed length, we also tested random ISIs in a subset of sessions.
An example is shown in Supplementary Fig. 5a. This neuron not only
showed facilitation at three constant ISIs but also at random ISIs.
Across all 129 test sessions, three groups of ISIs were tested: short
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(500 ms and 700 ms, 78 sessions), long (>1000 ms, 36 sessions), and
random (700 ms to 2200 ms, 15 sessions). The proportion of facilita-
tion trials was similar among the three ISI groups (Supplementary
Fig. 5b; 35%, 41%, and 34%, p = 0.1244, one-way ANOVA).

We conducted control tests to see if the observed facilitation
depended on visual inputs. We found that the facilitation was not
limited to speakers located within a marmoset’s visual field (<90
degrees)” and could be induced from speaker locations both in front
and behind an animal (Supplementary Fig. 6a—c). Across all 129 test
sessions, the proportions of facilitation trials were similar between the
front (64 sessions) and back (65 sessions) speaker locations (Supple-
mentary Fig. 6d; 38% vs. 35%). The facilitation could still be observed
when an animal was tested in the darkness (7 sessions) (Supplementary
Fig. 6e-g). These results suggest that visual inputs are not required to
induce the facilitation. Interestingly, compared to “simple” stimuli
(wideband noises), a slightly larger proportion of facilitation trials was
observed with “complex” stimuli (amplitude-modulated wideband
noises or marmoset vocalizations) (Supplementary Fig. 6h; 30% vs.
41%, p = 0.0054, rank-sum test).

To investigate whether neural facilitation altered a neuron’s SRF,
we compared the SRF measured before and after repetitive stimuli. An
example neuron is shown in Supplementary Fig. 7a (same neuron as in
Fig. 1c). After presenting 300 trials of wideband noise at the same
location repetitively, the SRF (bottom) appeared similar to the SRF
measured before (top). More examples are shown in Supplementary
Fig. 7b. To quantitatively characterize SRF changes, we calculated
tuning and direction selectivity, which were similar after repetitive
sound stimuli (Supplementary Fig. 7c). Furthermore, we computed the
correlation between each pair of responses at fifteen locations (Sup-
plementary Fig. 7d). Seventy-five percent (197/262) of the paired ses-
sions had a correlation coefficient greater than 0.7. These analyses
show that repetitive stimuli from the same location does not alter the
SRF of the neuron being tested.

Neural facilitation depends on sound locations

We observed both neural facilitation and suppression (Supplementary
Fig. 8a) at different speaker locations in the 100%-probability mode.
Suppression threshold was defined as one standard deviation below
the baseline firing rate (Fig. 4a, blue bar). To investigate the contextual
effect caused by speaker locations, we measured the facilitation and
suppression trials in all 725 sessions in the 100%-probability mode
(Supplementary Table 1). As mentioned earlier, we assigned each
speaker a rank number based on its baseline firing rate obtained under
the equal-probability mode. Speaker ranked 1st exhibited the highest
firing rate among all tested speakers and was located at or near the
center of a neuron’s SRF. The lowest-ranked speaker usually fell far
outside of the SRF and evoked a response not significantly different
from the spontaneous activity. The speaker rank of example neurons
were shown in Figs. 2b, f, and 4a. We found that speakers with lower
ranks usually elicited more facilitation trials than speakers with higher
ranks when tested under the 100%-probability presentation mode, as
shown by the example neuron in Fig. 4b, orange dots. Note that in this
neuron, no facilitation was induced by the frontal speaker (speaker #1,
rank 5th), and only one facilitation trial (out of 200 trials) was induced
by the speaker at the contralateral 90° location (speaker #6, rank 4th).
These two locations were commonly used in previous SSA studies (see
Discussion). When the test speaker was ranked 15th, the average pro-
portion of facilitation trials was 21.6%. In comparison, when the test
speaker was ranked 1st, this statistic dropped to 7.3% (Fig. 4c, orange
dots). At higher-ranked speakers, more suppression trials were
observed than at lower-ranked speakers as shown by an example
neuron in Fig. 4b, blue dots. Note that 70% of trials (140/200) exhibited
suppression at the frontal speaker (speaker #1, rank 5th), and 52.5% of
trials (105/200) showed suppression at the contralateral 90° location
(speaker #6, rank 4th). The average proportion of suppression trials

across all tested sessions was 26.1% when the test speaker was ranked
1st, whereas that number dropped to 8.9% when the test speaker was
ranked 15th (Fig. 4c, blue dots). This trend was the opposite of facil-
itation (Fig. 4c, orange dots).

We also analyzed the proportion of facilitation and suppression
trials using thresholds of 0.5, 1.5, and 2 standard deviations (o) above
and below the mean (p) firing rate of the same speaker under equal-
probability mode (Supplementary Fig. 8a), respectively. In this exam-
ple session, no facilitation trials passed the p+1.50 or p+ 20 facilita-
tion thresholds. However, 23.5% and 8.5% of trials passed the p-1.50 and
H-20 suppression thresholds, respectively. Across the 15 speaker ranks
and three facilitation or suppression thresholds, we observed a gradual
increase in the proportion of facilitation trials from the 1st to the 15th
ranked speaker (Supplementary Fig. 8b, orange dots). In contrast,
suppression trials showed an opposite trend (blue dots). This analysis
suggests that location preference systematically affects the sign and
amplitude of contextual effects across thresholds.

Together, we found that the modulation effect of repetitive sti-
muli from a speaker location was symmetrical in amplitude around the
8th speaker rank and changed sign from negative (suppression) for the
first 7 ranks to positive (facilitation) for the remaining 7 ranks.

Location preferences modulated the overall firing rate to repe-
titive stimuli from a specific location

Our previous analysis focused on the trial-based firing rate changes.
Next, we would like to know whether the overall firing rate among all
trials within a single session is modulated by location preferences. We
did not consider the facilitation thresholds and consecutive facilitation
trials here since the trial-based responses were averaged. We com-
pared the total firing rate (i.e., without subtracting the spontaneous
firing rate from the total firing rate) and firing rate under two pre-
sentation modes for the preferred and nonpreferred locations. The
three highest-ranked speaker locations (Ist, 2nd, and 3rd) were con-
sidered as preferred locations, and the three lowest-ranked speaker
locations (13th, 14th, and 15th) were considered as nonpreferred
locations.

Supplementary Fig. 8c shows the total firing rate distribution of
one example neuron under equal- (left) and 100%- (right) probability
modes, respectively. When the probability switched from 1/15 to 100%,
we observed that the nonpreferred locations (rank 15th, orange bars)
evoked a higher total firing rate (rightwards arrow), whereas the pre-
ferred locations (rank 3rd, blue bars) evoked a lower total firing rate
(leftwards arrow). Similar contextual effects were observed when
measured using the firing rate in Supplementary Fig. 8d, with the firing
rate distribution having more overlap under the 100%-probability
mode. Supplementary Fig. 4d shows that it took a median of 44 trials to
achieve the first neural facilitation lasting at least five consecutive
trials. Here, we would like to know how long it took to achieve the
minimum and maximum neural responses when tested with preferred
and nonpreferred locations, respectively. Unexpectedly, we found that
neural suppression and facilitation have almost the same time
scales (Fig. 4d).

Figure 4e (top) shows that the total firing rates of preferred and
nonpreferred locations under the 100%-probability mode (y-axis) were
lower (below the diagonal line) and higher (above the diagonal line),
respectively, than the total firing rate under equal-probability mode (x-
axis). Figure 4f (top) shows the number of sessions and neurons with
higher total firing rates under 100%-(orange) or equal- (blue) prob-
ability modes. The preferred locations significantly suppressed the
total firing rate of 90% of sessions and 86% of neurons (black bars).
Conversely, the nonpreferred locations significantly facilitated the
total firing rate of 89% of sessions and 88% of neurons. To investigate
whether the changes in total firing rate are neuron-specific or location-
specific, we analyzed 34 neurons that were tested with both preferred
and nonpreferred locations (two bottom bars in each panel). Fourteen
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Fig. 4 | Neural facilitation depends on sound locations. a Each speaker was
assigned a rank number based on its baseline firing rate obtained under the equal-
probability presentation mode. Speaker ranked 1st had the highest firing rate.
Orange and blue bars indicate facilitation and suppression thresholds, respectively.
Dots and error bars indicate mean + standard deviation. Stimuli at each location
were presented ten times. b Proportion of facilitation (orange dots and lines) and
suppression (blue dots and lines) trials under 100%-probability presentation mode
at different speaker ranks for the same example unit. Wideband noise stimuli at
each speaker location were tested 200 times. ¢ Proportion of facilitation (orange
dots and lines) and suppression (blue dots and lines) trials of the population data.
All 725 sessions from 123 neurons were shown, regardless of the length of con-
secutive facilitation trials. Error bars indicate the standard error of the mean.

d Z-score of the firing rate is sorted based on the normalized minimum (top) and
maximum (bottom) value of each session. e Scatter plot of the total firing rates
mean (top) and firing rates mean (down) obtained from 100%- (y-axis) vs from

equal- (x-axis) probability presentation mode at the same target speaker. Red
squares highlight the difference of the two neural responses. Blue and orange dots
indicate sessions belong to high (Ist, 2nd, and 3rd) and low (13th, 14th, and 15th)
rank speakers, respectively. Black dots indicate sessions with significant (uncor-
rected) differences. Supplementary Fig. 8e shows the results after the Bonferroni
correction. Two-sided ¢ test. f Number of sessions and neurons that have higher
total firing rate (top) and firing rate (bottom) under the 100%- (orange) or equal-
(blue) probability modes. The significantly different (uncorrected, Supplementary
Fig. 8f shows the results after Bonferroni correction) session or neuron is encircled
by a black square. Prefer: responses to preferred sound stimuli at 1st, 2nd, or 3rd
ranked speakers. Nonprefer: responses to nonpreferred sound stimuli at 13th, 14th,
or 15th ranked speakers. 34 neurons are tested with both preferred and non-
preferred stimuli, and 14 neurons are tuned to both preferred and nonpreferred
stimuli. Two-sided ¢ test.

out of 34 were significantly modulated by both locations, and all of
them showed increased total firing rates in response to nonpreferred
locations. Among these 14 neurons, 11 (79%) also showed decreased
total firing rates to preferred locations, indicating that the modulation
of total firing rates was location-specific.

We observed a similar contextual effect when measured using
firing rate (Fig. 4e, bottom). One advantage of using the firing rate is
that we could observe the inhibitory effect, i.e., the total firing rate

below the spontaneous firing rate. The preferred locations significantly
suppressed the firing rate of 86% of sessions and 82% of neurons
(Fig. 4f, bottom), while the nonpreferred locations significantly facili-
tated the firing rate of 94% of sessions and 93% of neurons. Seven out
of 34 were significantly modulated by both locations, and all of them
showed increased firing rates in response to nonpreferred locations.
Among these 7 neurons, 5 (71%) also showed decreased firing rates to
preferred locations.
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Fig. 5 | Dependence of neural facilitation on location continuity. a Six stimulus
presentation modes were used in our studies. 75, 50, and 25% probabilistic pre-
sentation modes play sounds from all fifteen speakers in a randomly shuffled order
while giving the target speaker (orange square) a presentation probability higher
than other speakers (blue left-pointing triangle, upward-pointing triangle, hexa-
gram, diamond, downward-pointing triangle, pentagram, right-pointing triangle).
For the 50%-probability periodic presentation mode (50/p%), the target speaker
was interleaved with other speakers. Therefore, the sequence of the target speaker
was periodic instead of random. Equal-probability presentation mode equals to

6.7%-probability presentation mode. b Firing rate of target speaker (orange dots)
and other speakers (blue dots) of example unit under 100% (left), 75% (middle-left),
50% (middle-right), and 25% (right) probability presentation modes. The Black
dashed line indicates the p + 1o facilitation threshold. Gray bars indicate the long-
lasting (>=5 consecutive) facilitation trials. ¢ Firing rate of target speaker for six
presentation modes. Dots and error bars indicate mean + standard deviation.

d Proportion of all facilitation trials (left) and trials that lasting at least five con-
secutive times (right) above the facilitation threshold at the target speaker.
There are 57 sessions in total.

In summary, we found that preferred locations decreased neural
activities in 84% (total firing rate: 86%, firing rate: 82%) of neurons,
while nonpreferred locations increased neural activities in 91% (88%,
93%) of neurons. Furthermore, the modulation effect of repetitive
stimuli was locations-specific, with 75% (79%, 71%) of neurons exhibit-
ing increased activity to nonpreferred locations and also decreased
activity to preferred locations.

Dependence of neural facilitation on location continuity

As we have shown above, neural facilitation can be induced in the
100%-probability presentation mode in which the probability of stimuli
delivered from a target speaker is 100% (none from other speakers). In
the equal-probability presentation mode, the presentation probability
for each speaker is equal to 1/ 15 (number of speakers). Therefore, the
100%-probability presentation mode provides the location continuity
for sound delivery, whereas the equal-probability presentation mode
does not. We further investigated in a subset of units whether the
sound location continuity was necessary to induce neural facilitation
by changing the presentation probability of the target speaker from
100% to 75%, 50%, 25%, and 6.7% (Fig. 5a, target speaker: orange square;
other speakers: blue color shapes). An example neuron is shown in
Fig. 5b. The decrease of the target speaker’s presentation probability
to 75%, 50%, and 25% resulted in increasingly weaker responses to the
target speaker (100%: 20, 75%: 20, 50%: 10, and 25%: 6 spikes/sec).
Across all 57 sessions in 12 neurons, the decrease of the presentation
probability of the target speaker from 100% to 75%, 50%, 25% and 6.7%
resulted in weaker response of the target speaker (6.81, 3.43,1.93, 1.89
and 0.88 spikes/sec, Fig. 5¢) and the reduction of the proportion of
facilitation trials (Fig. 5d, left, 44%, 23%, 16%, 21% and 14%). The

proportion of facilitation trials lasting for at least 5 consecutive times
showed a similar trend (Fig. 5d, right, 25%, 12%, 5%, and 0%).

Previous stimulus-specific adaptation (SSA) related studies found
that neurons in the auditory cortex of anesthetized rats were sensitive
to statistical regularities: standard and deviant tones in random
sequences both evoked larger responses than the same tones in peri-
odic sequences®’®. To investigate whether neural facilitation is also
sensitive to the statical regularity of the target speaker, we played two
different types of sequences with 50%-probability of the target
speaker. In one sequence, stimuli from the target speaker and other
speakers were randomly arranged, similar to the 75, 25, and 6.7%-
probability modes (Fig. 5a, 50). In the other sequence, stimuli from the
target speaker were interleaved with stimuli from other speakers, so
that the stimuli from the target speaker were periodical (Fig. 5a, 50/p).
In contrast to SSA, we found that the periodic target speaker sequence
evoked relatively stronger, but not significant (Supplementary
Table 2), than the random target speaker sequence (Fig. 5c, 3.91vs.1.93
spikes/sec). The proportions of facilitation trials were similar between
random and periodic target speaker sequences with 50%-prob-
ability (Fig. 5d).

Together, our findings indicate that target speaker continuity was
necessary to induce spiking facilitation, and the magnitude of the
facilitation was roughly proportional to the probability of the target
speaker.

Repetitive stimuli from nonpreferred sound locations induced

sustained and reliable membrane potential depolarization

We next asked what are the cellular mechanisms underlying repetition
facilitation and suppression, and why facilitation is long-lasting while
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Fig. 6 | Repetitive sound stimulation induced sustained membrane potential
depolarization and was less variable than hyperpolarization. a Top, membrane
potential traces of unit M117A-10 recorded under the 100%-probability presenta-
tion mode for the 12th ranked session. Each color line indicates one trial from the
start (blue) to the end (yellow). The vertical gray bar indicates sound stimulus from
200 ms to 300 ms. Bottom, membrane potential traces of unit M117A-23 recorded
under the 100%-probability presentation mode for the 2nd ranked session. Notes
the color bar direction is reversed. All stimuli are wideband noise. b Top, raw (thin
gray), and averaged (thick orange) membrane potential across 200 trials for 14
lower-ranked sessions (9th to 15th). Membrane potential is normalized by sub-
tracting its value at the first trial. Membrane potential in each trial is the spike-
removed, averaged membrane potential before sound stimulus (1 ms to 200 ms).
The error bar indicates the standard error of the mean. Note that some sessions
have less than 200 trials. Middle, the absolute values of mean subtracted

membrane potential across all sessions within 5 trials were compared, and the
significant (Bonferroni correction, multiply the p-values by 40) difference between
high and low-ranked sessions is indicated with stars. Bottom, raw (thin gray), and
averaged (thick blue) membrane potential traces for 17 higher-ranked sessions (1st
to 7th). ¢ The standard deviation of membrane potential for depolarization, tran-
sition, and hyperpolarization trials across all sessions. The measure at the center of
the error bars represents the mean. d Membrane potential (blue line and dots) and
total firing rate (i.e., not subtracting the spontaneous firing rate, orange line, and
dots) changes during the 100%-probability mode. Threshold of facilitation (dashed
orange line) and depolarization (dashed blue line) were calculated in equal-
probability mode. e Number of trials required to achieve the first membrane
potential depolarization and spiking facilitation, with both phases lasting for at
least five consecutive trials.

suppression is not (Supplementary Fig. 3). To address these questions,
we performed intracellular recordings in awake marmoset***° in a
subset of experiments, measuring both membrane potential and
spiking activity during both equal- and 100%-probability modes. In
Fig. 6a, the top panel shows the membrane potential traces of an
example neuron at the 12th-ranked speaker during the 100%-prob-
ability mode. The membrane potential showed a steady increase from
- 60 mV and stabilized around - 50 mV. The increase in total firing rate
followed a similar trajectory (Supplementary Fig. 9). The bottom panel
shows the membrane potential traces at 2nd ranked speaker, which
decreased from - 65 mV and stabilized around — 7 0 mV. Furthermore,
membrane potentials at the high-ranked speaker were more variable
than the low-ranked speaker. Notice that sustained depolarization of
membrane potential is not reflective of changes in neuronal health
during these long recording times. Supplementary Fig. 10 shows that
neurons remained healthy in the next session after we presented
repetitive nonpreferred stimuli. Furthermore, most neurons even

show a hyperpolarized membrane potential after a break period of
seconds to minutes.

We recorded intracellularly from 31 sessions in 14 neurons under
the 100%-probability mode. We divided the target speakers into a low-
ranked group (9th to 15th, Fig. 6b, top) and a high-ranked group (Ist to
8th, Fig. 6b, bottom) based on the firing rate obtained under the equal-
probability mode. The low-ranked group exhibited a gradual depo-
larization and subsequent stabilization of the resting membrane
potential under the 100%-probability mode, while the high-ranked
group showed the opposite trend. Moreover, in addition to the sign of
membrane potentials, the variance of membrane potentials also dif-
fered between the two groups. The hyperpolarized membrane
potentials in the high-rank group exhibited larger variability than the
depolarized membrane potentials in the low-rank group, as indicated
by the width of the error bars in Fig. 6b. We further calculated the
membrane potential standard deviation of each trial. Trials were
classified into depolarization, hyperpolarization, or transition groups
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based on whether they passed the depolarization threshold (one
standard deviation above the baseline membrane potential), hyper-
polarization threshold (one standard deviation below), or neither.
Depolarization trials had the lowest standard deviation, and hyper-
polarization trials had the highest standard deviation (Fig. 6¢, 1.07 vs.
2.97, p<0.0001, one-way ANOVA).

Our previous analyses of the spiking activity measured the facil-
itation trial to characterize trials with firing rates exceeding the facil-
itation threshold (one standard deviation above the baseline firing
rate). Here, we measured the depolarization trial to characterize trials
with membrane potential exceeding the depolarization threshold. The
membrane potential steadily increased after 40 trials during the 100%-
probability mode (Fig. 6d, blue line), which was accompanied by an
increase in spiking activity (Fig. 6d, orange line). For each session, we
compared the difference between the number of trials needed to
achieve the first long-lasting (= 5) membrane potential depolarization
and spiking facilitation. We found that the depolarization of mem-
brane potential always preceded the facilitation of spiking activity
(Fig. 6e, median: 9 trials).

Our findings suggest that sustained membrane potential depo-
larization and hyperpolarization may underlie the cellular mechanisms
of repetition facilitation and suppression, respectively.

A model neuron with increased arousal, but not decreased
inhibition, explained intra- and extracellular recording data

We sought to understand the neural mechanisms underlying sustained
membrane potential depolarization. To address this question, we
added a new Hodgkin-Huxley (HH) model to explain the sustained
depolarized membrane potential under 100%-probability presentation
mode (Fig. 7a). Recent studies have found that higher arousal levels
increase astrocyte activity**? and elevate the concentration of intra-
cellular chloride (CI - ) in astrocytes at the onset of heightened arousal.
Subsequently, this reduces the concentration of Cl-in the extracellular
space®. Our hypothesis is that this reduced extracellular Cl- facilitates
the efflux of CI- from inside the neuron. With this hypothesis (“increase
arousal level”), our HH model successfully reproduced the sustained
membrane potential depolarization observed in our intracellular
recordings.

To explain the neural facilitation observed in our extracellular
recordings, we consider two hypotheses (Fig. 7b). One hypothesis,
“increase arousal level,” has already explained sustained depolariza-
tion at the low-rank speaker. The other hypothesis is “release from
inhibition”. In this hypothesis, neurons that prefer the location (1) show
strong facilitation, (2) reduce the surround suppression onto other
neurons, and (3) unmask the weak responses in neurons that do not
prefer the location. Fig. 7c (left) reproduced neural facilitation under
100%-probability mode based on the second hypothesis. However,
after exploring the hyperparameters of the model (Fig. 7c, right), we
found that the “release from inhibition” hypothesis only works within a
limited range of parameter space. Importantly, this hypothesis
requires that excitatory synapses have smaller adaptations than inhi-
bitory synapses when stimulated with repetitive stimuli. However,
previous whole-cell recordings found the opposite trend***°. There-
fore, a biologically realistic model would generate suppression instead
of facilitation in response to 100%-probability stimuli.

In order to reproduce the speaker probability-dependent neural
facilitation, we obtained key parameters for the model from our
intracellular recordings and hypothesized that the amplitude of sus-
tained membrane potential depolarization was proportional to the
probability of the target speaker (Fig. 7d). Neural facilitation was
simulated under the 100%-probability mode (Fig. 7e), where elevated
firing rates were observed in tens of trials following the onset of
repetitive stimuli and during epochs consisting of consecutive trials
with firing rates above the facilitation threshold (Fig. 7e, gray bars). We
discovered that reducing the probability of the target speaker led to a

decrease in the proportion of facilitation trials in the model (Fig. 7f,
gold dots). The performance of the model was in close agreement with
the experimental results depicted in Fig. 5d (now displayed as Fig. 7f,
green dots). We further compared the proportion of facilitation trials
in our models with 129 experimentally tested sessions from 51 neurons
that displayed at least five consecutive facilitation trials. The results
were also similar at 100%- (Fig. 7f, gold vs red, leftmost, 41% vs 36%) and
equal- (Fig. 7f, gold vs red, rightmost, 18% vs 14%) probability modes.

There are two mechanistic insights from our models. For intra-
cellular recording data, our model suggests that changes in arousal
level modulate the membrane potential. For extracellular recording
data, our model excludes the “release from inhibition” hypothesis and
supports the “state modulation” hypothesis. These two insights natu-
rally link our extracellular and intracellular recording data to beha-
vioral experiments.

Repetitive stimuli increase arousal level and shift attention

We conducted behavioral experiments in head-fixed and free-moving
monkeys to confirm our model’s “state modulation” hypothesis about
repetitive stimuli. Numerous studies have shown that deviant or task-
related sensory stimuli evoke much larger pupil size than standard or
task-unrelated stimuli*’~*’. In addition, the difficulty and performance
of sensory detection tasks correlate with pupil size’*”". Therefore, if
this phenomenon is important for sensory detection, we should expect
to observe larger pupil size under 100%-probability mode than under
equal-probability mode.

In two head-fixed monkeys passively listening to two modes of
sound stimuli, we monitored the eye and pupil using infrared or room
light (Supplementary Fig. 11a-c and Supplementary Movie 1, 2). It is
noteworthy that, unlike mice and other species, marmosets frequently
blink and sometimes close their eyes in the head-fixed condition. To
accurately track these movements, we used DeepLabCut*?, a marker-
free, and deep learning-based motion tracking software. This tool
allowed us to track the eyelids, pupil boundary, and corneal reflection
(Fig. 8a and Supplementary Fig. 11). These three variables were then
used to calculate the eye-opening area, pupil area, and saccade coor-
dinates on the X-Y plane (Fig. 8b). Consistent with our expectations,
larger eye-opening and pupil areas are observed under 100%- than
equal-probability presentation mode (top and middle rows, Fig. 8c).
We also observed fewer saccades under 100%-probability mode (bot-
tom row, Fig. 8c).

Is neural facilitation important for behavior? One way to answer
this question is to examine whether animals exhibit any behavioral
changes to repetitive stimuli. Location-specific facilitation requires
repetitive sound stimuli from one fixed location. This location could be
considered to be fixed either relative to the head (egocentric) or to the
world (allocentric) reference frame. Although one study® found some
allocentric neurons in the ferret auditory cortex, which are tuned to
the locations in the world instead of the head reference frame, the
proportion is very low (6/92, 6.5%). Therefore, we could consider that
the majority of the location continuity we referred to is egocentric. If
the animals move their heads, then the SRF changes, and the neural
facilitation will become weaker or even disappear (Fig. 5). If location-
specific facilitation is important for behavior, we should expect to
observe a relatively stable head orientation angle under 100%- than
equal-probability presentation mode. Notice that it is not necessary to
orient the head towards the repetitive sound stimuli.

In two free-moving monkeys that passively listened to two modes
of sound stimuli, we monitored the head orientation angle using room
light (Fig. 8d, e). We labeled five markers to track head orientation, and
three of them have a distinct white fur (Fig. 8d and Supplementary
Movie 3). The longest head-fixation times exceeding five seconds
under the 100%-probability presentation mode are 26, 20, 25, and 35 s
for the four example sessions. In contrast, under the equal-probability
presentation mode, only the second and fourth sessions have stable
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Fig. 7 | Increased arousal, but not decreased inhibition, in model neurons
explained intra- and extracellular recording data. a Top: Mechanism where a
higher arousal level leads to increased astrocyte activity, resulting in a lower con-
centration of CI- outside the neuron. Consequently, the higher intracellular con-
centration of CI- flows out through the leak channels. Bottom: Results from the
Hodgkin-Huxley (HH) model, where increasing the leak conductance of CI- leads to
sustained depolarization of the membrane potential (orange curve). b Left: Under
equal probability presentation mode, the model neuron exhibits panoramic sub-
threshold activity across all spatial locations. The width of the circles is propor-
tional to the amplitude of subthreshold activity. Middle-Top: The neural activity of
the network is homeostatically regulated. Middle -Bottom: Neural activity at the
non-preferred location is inhibited. Right, the LIF neuron integrates multiple
excitatory and inhibitory synaptic inputs and fires a spike (tl1, t2) whenever the
membrane potential passes the threshold. ¢ Left: Difference in adaptation between
excitatory and inhibitory synapses during each trial or stimulus. The excitatory
synapse has a smaller amplitude of adaptation (0.003) compared to the inhibitory
synapse (0.025). With 100%-probability stimuli, the probability of release for the

two types of synapses will gradually diverge and stabilize over time. Right: Pro-
portion of facilitation trials when varying the strengths of excitatory and inhibitory
synapses. The diagonal line indicates equal adaptation strength for excitatory and
inhibitory synapses. The upper triangular matrix represents scenarios where the
excitatory synapse has a larger adaptation than the inhibitory synapse, which is
biologically realistic. Two white contour lines indicate the 30% to 50% proportion of
facilitation trials. d Membrane potential depolarization amplitude at five prob-
ability presentation modes is proportional to the target speaker probability. e Trial-
by-trial firing rate of a LIF neuron under 100%-probability presentation mode. The
thick black line indicates the facilitation threshold. Vertical gray bars indicate trials
that belong to the long-lasting facilitation trials, and values atop the bars indicate
the trial number. f Decreasing the presentation probability of the target speaker
results in a smaller proportion of facilitation trials for the LIF neuron (brown dots).
Green dots show the data from five probability presentation modes (same as

Fig. 5d). Red dots show the data from 100%- and equal-probability

presentation modes.

head-fixation longer than five seconds, and these durations (6 s and
10s) are much shorter than those under the 100%-probability pre-
sentation mode (Fig. 8e and Supplementary Fig. 13a, b).

The head fixation angles do not align or correlate with the sound
locations. Consistent with our expectations, animals displayed less
head movement under 100%- than equal-probability presentation
mode (Supplementary Fig. 13c). Furthermore, considering eye position
also modulates SRF***, the fewer saccades we observed (bottom row,
Fig. 8c) further strengthens the view that SRF should be consistent, and

location-specific facilitation should be present when animals pay
attention to the repetitive stimuli.

Together, our modeling-inspired behavioral experiments
demonstrate that repetitive stimuli are meaningful for the passive-
listening monkeys.

Discussion
In this study, we investigated extra-, intracellular, and behavioral
responses to repetitive sound stimulation in the auditory cortex of
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Fig. 8 | Repetitive stimuli increase arousal level and shift attention. a top, six
labels are applied to track the eyelids: two on the upper eyelids, two on the lower
eyelids, and two on the nasal and temporal edges. Bottom, four labels are applied to
track the boundary of the pupil (up, down, nasal, and temporal), and one label
(corneal reflection) is used to track saccades. Dots indicate manually labeled
markers, and plus signs indicate model-predicted markers. Videos are provided in
Supplementary Movie 1, 2. b normalized eye-opening area and pupil area (top and
middle), and saccades on the X-axis (bottom) from four example sessions (#14, #15,
#16, and #19). Supplementary Fig. 12 shows the results from all 25 sessions.

¢ comparisons between the two presentation modes for all 25 sessions (left),

10 sessions with front target speakers (middle), and fifteen sessions with back
target speakers (right). d Five labels are applied to track the head orientation. Two
labels are white color ear puffs, one label is white color fur on the forehead, and two
labels are black-colored fur on the middle and back of the head. Video is provided in
Supplementary Movie 3. e Head orientation angle under the 100%-probability (left)
and equal-probability (right) presentation modes. Four different colors indicate
four different sessions. Thick black lines indicate any continuous head fixation of at
least five seconds with less than 1% fluctuation in angle. Notice that the angle has an
artificial change at - 180 or 180 degrees.

awake marmoset monkeys. The major finding of this study is the
observation of a novel location-specific facilitation (LSF) which is
dependent on sound location and stimulus presentation mode. LSF is a
different phenomenon than the well-studied stimulus-specific adap-
tation (SSA) and other stimulus paradigms. Computational models
based on the increased arousal reproduce membrane potential
depolarization and LSF. To the best of our knowledge, this is the first
study to observe repetition facilitation in a location-specific manner in
the majority of neurons, and behavioral changes due to repetitive
stimuli. In addition, this is the first study that comprehensively explains
repetition facilitation using intracellular recordings, computational
models, and arousal tracking.

Comparison with previous studies on repetition facilitation
LSF is a phenomenon that has implications for both auditory spatial
processing in specific and repetition facilitation in general. Here, we

first discuss the four observations of LSF (excluding neural mechan-
isms) that contribute to repetition facilitation.

First, repetition facilitation is not just an outlier but a widely
existing contextual effect. Previous studies using masker-probe and
standard-oddball paradigms have reported that less than 10% of
auditory cortical neurons exhibit repetition facilitation to the sound
that is presented twice or have a higher firing rate to the repetitive tone
than the same tone in the equal-presentation mode, respectively*****,
In contrast, our study demonstrated that 91% of cortical neurons
exhibit repetition facilitation, which is much higher than the <10%
reported in previous studies using the masker-probe and standard-
oddball paradigms. If there are only 10% of repetition facilitation
neurons, it could not explain the repetition enhancement observed in
functional magnetic resonance imaging (fMRI) studies because
enhanced responses from 10% of neurons would be masked by the
suppressed responses from the remaining 90% of neurons**¢, Our
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data explain the repetition enhancement in fMRI as the relative
strength of repetition facilitation being comparable or even stronger
than the repetition suppression.

Second, repetition facilitation is not neuron-specific, as 91% of
neurons exhibited facilitation and 83% exhibited suppression, with 75%
of neurons showing both effects. Instead, the modulation effect is
stimulus-specific, as the most nonpreferred and preferred stimuli (13th
to 15th and 1st to 3rd, respectively) modulate neural activity through a
push-pull mechanism, and the sign of contextual modulation reverses
around the midpoint of the seven preferred and nonpreferred stimuli.
This discrepancy with previous studies may be due to the fact that
previous studies focused on the preferred stimuli. In the masker-probe
paradigm, the probe stimulus is typically fixed at the frequency or
location that maximally activates the neuron under study™****%, In the
standard-oddball paradigm, both close-field and free-field sound sti-
mulation were used. In close field stimulation, the sound was delivered
through a sealed speaker into the contralateral ear’*°! or preferred
ear®. In free-field stimulation, the sound was played from the location
contralateral to refs. 2,3,35,63, in front of ref. 64 or above® an animal.
To the best of our knowledge, no previous studies have systematically
tested standard oddball stimulation across spatial locations or at the
ipsilateral location or ear.

Third, repetition facilitation is mainly evoked by nonpreferred
stimuli. Preferred stimuli do evoke facilitation in 17% of neurons. This
explains why previous masker-probe and standard-oddball paradigms,
using preferred stimuli, either did not observe or found less than 10%
of repetition-facilitated neurons. Facilitation to nonpreferred stimuli is
consistent with previous studies that showed that degraded stimuli,
such as low-amplitude modulated sound or natural images, evoked
facilitation but not suppression®*®, It's important to note that while
some studies using the high-probability paradigm have observed
facilitation to nonpreferred stimuli**?, this paradigm is fundamentally
different from our study, as well as the standard-oddball and masker-
probe paradigms. In the high-probability paradigm, all stimuli, both
preferred and nonpreferred, are presented shortly in a single long-
duration trial without an inter-stimulus interval (stimulus and trial
duration: 1.25 ms and 5s’; 5 ms and 5s**; 50 ms and 420s°®; 100 ms and
120s*). As a result, neurons are facilitated by these long-duration
uninterrupted groups of dynamic stimuli that center on nonpreferred
stimuli rather than the single repeated and static nonpreferred stimuli
themselves.

Fourth, repetition facilitation, but not suppression, is long-lasting.
Our intracellular recordings revealed that the more stable membrane
potentials to the nonpreferred stimuli than to the preferred stimuli
may contribute to this long-lasting effect. Although the functional
implication of this long-lasting effect is unclear, previous studies have
found that repetition facilitation is a top-down phenomenon that ori-
ginates from the auditory cortex. Cortico-collicular inactivation led to
a decrease of repetition facilitation in the inferior colliculus but have
no effect over repetition suppression®*. Cortico-thalamic inactivation
blocked repetition facilitation in the medial geniculate body and
switched facilitation to suppression®’. Furthermore, repetition facil-
itation is also stronger in the nonlemniscal auditory areas®. In contrast
to the short duration and irregular repetition suppression, this cortical
long-lasting facilitation may play an important role in auditory
streaming (see below).

Neural mechanisms underlying LSF

We investigated the neural mechanisms underlying long-lasting facil-
itation with six approaches. (1) Extracellular recording: We gradually
decreased the presentation probability of the target speaker and
observed gradually weaker repetition facilitation. (2) Intracellular
recordings: We observed sustained and largely reliable membrane
potential depolarization to nonpreferred stimuli. (3) HH model: We
hypothesized that elevated arousal increases the leak conductance and

reproduced the sustained membrane potential depolarization. (4) LIF
model: We scaled the amplitude of depolarized membrane potential
with stimulus probability and reproduced this long-lasting, stimulus
continuity-dependent facilitation. (5) Head-fixed monkeys: We found
increased eye-opening and pupil areas in response to repetitive sti-
muli. (6) Free-moving monkeys: We observed fewer head movements
in response to repetitive stimuli. Why does the animal pay attention to
the repetitive stimuli? It is very likely that switching between equal- and
100%-probability modes makes the repetitive stimuli salient. A salient
auditory spectrotemporal feature could attract attention
automatically’®”", In this study, a wideband noise was not salient when
it was presented randomly from different locations to characterize
SRF. However, a wideband noise became salient when it was repeti-
tively presented from one location, while sounds at all other locations
disappeared. This auditory spatial pop-out hypothesis is similar to
visual saliency, where a visual item in sharp contrast with its neigh-
boring items in a simple feature, such as color or orientation, auto-
matically captures attention’.

The neural circuit mechanism of repetition facilitation and LSF is
still unclear and could be explored using other techniques. For
example, multi-channel recordings with depth information” could
determine whether neural facilitation and suppression occur simulta-
neously or in different layers. Since both effects have similar time
scales and require tens of trials to build up, we might observe them in
different populations of neurons simultaneously in the superficial
layers. Two-photon imaging in transgenic mice’*”> could assess the
existence or strength of neural facilitation across different cell types.
Somatostatin (SOM) inhibitory neurons contribute to the surround
inhibition’®”” and exhibit repetition facilitation to repetitive preferred
stimuli>®. It would be interesting to examine whether SOM neurons
exhibit repetition suppression to nonpreferred stimuli in SOM-
Cre mice.

Implications for the spatial receptive field of cortical neurons
Auditory cortex neurons in anesthetized animals exhibit pre-
dominantly broad SRFs that typically increase in size (or width) as
sound level increases””. In contrast, studies in awake animals have
reported restricted SRFs which do not increase or show less increase in
size as sound level increases®*®. It has been shown that behavioral
engagement could further decrease the size of SRFs and, therefore,
sharpen spatial tuning of cortical neurons® ¢, The finding of the
present study further showed that the spatial tuning of auditory cortex
neurons in awake marmosets is not static in that a non-preferred
spatial location could become responsive under particular conditions.
This suggests that cortical neurons can respond to spatial locations
away from the center of SRF dynamically. When stimuli from other
locations were inserted into the repetitively presented sound
sequence from one location, neural facilitation was interrupted and
even diminished (Fig. 5). However, neurons still preserve their original
SRF after being presented with repetitive sound stimuli (Supplemen-
tary Fig. 7). In contrast, after a repetitive pure tone stimulus is pre-
sented, a neuron changes its spectral receptive field by reducing
responses to the specific tone frequency*’. A non-static SRF could play
a role in spatial and binaural tuning plasticity that is observed in
monaural-deprived animals® 5,

Candidate neural substrate for auditory streaming

In a natural environment such as a cocktail party, there are often
multiple sound sources generating continuous and simultaneous
sounds®. One of the main challenges for a listener is forming auditory
streams, which requires acoustic cues such as frequency, temporal
regularity, and sound location’®®.. Over the past decade, a rapidly
increasing number of studies have investigated the effect of temporal
regularity or repetition for streaming®>°>. Similar to repeated stimula-
tion, regular stimulation also induces stronger responses than random
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stimulation when measured with magneto-electro encephalography
(M/EEG) and fMRI in humans®*®°, Repetition causes the target to pop
out from the background and is robust to inattention’® %%, Our findings
that repetitive sound stimulation can evoke neural facilitation in pas-
sive listening animals provide a candidate single-neuron correlate of
this perceptual phenomenon. Specifically, neurons that prefer the
target location initially localize the target stream, but then suppress
their firing rates as the location information becomes redundant after
repetitive presentation. On the other hand, neurons that do not prefer
the target location track the target sound stream from this unpreferred
location through long-lasting neural facilitation. The highly dynamic
SRF of cortical neurons enables them to localize and stream sound
stimuli in complex auditory scenes. Our findings and models provide
valuable new insights into the neural mechanisms of auditory
streaming.

Methods

Animal preparation and experimental setup

Neurophysiological data were collected from five hemispheres of four
monkeys (Monkey 1: left, Monkey 2: left and right, Monkey 3: right,
Monkey 4: left). All experimental procedures were approved by the
Johns Hopkins University Animal Use and Care Committee. These
procedures, including head cap implantation and neurophysiological
recordings, were detailed in this protocol paper”. A typical recording
session lasted 3-4 h, during which an animal sat quietly in a specially
adapted primate chair with its head immobilized. Throughout the
entire recording session, the animal was closely monitored via a video
camera by the researcher. The eye position was not controlled, but
when the animal closed its eyes for a prolonged period, the experi-
menter ensured the animal opened its eyes before the next stimulus
set was presented. Behavioral data were collected from four monkeys.
Two monkeys used for head-fixed experiments had implanted head-
caps and cranial windows for unrelated imaging studies. The two
monkeys used for free-moving experiments did not undergo any
invasive procedures.

Experiments were conducted in a double-walled sound-proof
chamber (Industrial-Acoustics) with the internal walls and ceiling lined
with three-inch acoustic absorption foam (Sonex). Fifteen free-field
loudspeakers (FT28D 28 mm Dome Tweeter, Fostex) were placed on a
semi-spherical surface centered around the animal’s head and above
the horizontal plane. The speaker setup was similar to our previous
studies (Zhou and Wang, 2012), but with speakers covering the rear
sphere. Eight speakers were evenly positioned at 0° elevation, five
speakers were evenly spaced at + 45° elevation in the frontal hemifield,
one speaker was located at + 45° elevation in the rear midline, and one
speaker was located directly above the animal. The distance between
the speakers and the animal’s head was 1 meter.

Extracellular and intracellular recordings

Extracellular recording procedures were identical to those described
in our previous publications. A sterile single tungsten microelectrode
(A-M Systems) was held by a micro-manipulator (Narishige) and
inserted nearly perpendicularly into the auditory cortex through a
small opening on the skull (1.0-1.1 mm in diameter) and advanced by a
hydraulic micro-drive (David Kopf Instruments). The tip and impe-
dance of the electrode was examined before each recording session
(2-5MQ impedance). Spikes were detected by a template-based spike
sorter (MSD, Alpha Omega Engineering) and continuously monitored
by the experimenter while data recordings progressed. The raw vol-
tage signal was also recorded. Intracellular recording procedures were
identical to those described in our previous publications**°. The
recordings were made in the auditory cortex through the intact dura
using a concentric recording electrode and guide tube assembly. The
sharp recording pipette was made of quartz glass. The guide tube was
made of borosilicate glass. The sharp recording pipette was pulled by a

laser puller (P-2000, Sutter Instrument), and the guide tube was pulled
by a conventional puller (P-97, Sutter Instrument). The electrode
assembly was advanced perpendicularly relative to the cortical surface
with a motorized manipulator (DMA1510, Narishige). The electrical
signals were amplified (Axoclamp 2B, Molecular Devices), digitized
(RX6, Tucker-Davis Technologies), and saved using custom programs
(MATLAB, Mathworks).

Behavioral tracking

We applied the same stimulus paradigms used in previous neurophy-
siological recordings to behavioral experiments. Videos were con-
tinuously acquired at 20 frames per second using the software
provided by the camera vendors (FlyCapture2). We synchronized the
video acquisition with sound stimuli by recording an LED trigger signal
(MNWHL4, Thorlabs) at each sound stimulus. To reduce acoustic
reflection caused by the camera, camera lens, and light source, all
items were fixed on the wall to avoid blocking stimuli from any
speakers.

For head-fixed recording, we primarily used infrared (IR) light
(M850L3, Thorlabs) focused on the marmoset’s face (SM1U25B,
Thorlabs). A camera lens with a 100 mm focal length (86-410,
Edmund) was used to capture clear video of the face. We also used
room light in five sessions. The camera used (Chameleon3 CM3-U3-
50S5C, Point Gray Research) is not an IR camera, and its sensor
(IMX264, Sony) is more sensitive to visible light than IR light.
Therefore, the pupil appeared unclear (though still trackable) under
room light, so we turned off the room light in twenty sessions. For
free-moving recordings, we used only room light and placed the
monkeys inside a cage (L: 480 mm, W: 380 mm, H: 460 mm) that
allowed the marmosets to jump freely. To capture the entire cage, we
used a different camera (Grasshopper GS3-U3-23S6M-C, Point Gray
Research) equipped with a camera lens (58-000, Edmund) with an
8.5 mm focal length.

Acoustic stimuli

Four different stimulus presentation designs were used. (1) 100%-
probability: the same stimulus was repeatedly delivered from a fixed
speaker location over many trials. (2) Unequal probability and random
(75, 50, and 25%): stimulus was delivered from multiple speaker loca-
tions in a randomly shuffled order, but target speaker has a higher
probability than others. (3) Unequal probability and periodic (50/p%):
The stimulus delivered from the target speaker was interleaved with
stimulus delivered from other speakers so that the stimulus delivered
from the target speaker was periodical. (4) Equal probability (6.7%):
stimulus was delivered from multiple speaker locations in a randomly
shuffled order, and all speakers shared the same occurrence prob-
ability. For each neuron, if allowed by the experiment conditions, the
equal-probability presentation mode was tested at multiple separate
sessions at different time points, and the other three presentation
modes were tested between the equal-probability presentation mode.

Stimuli were generated digitally in MATLAB at a sampling rate of
97.7 kHz using custom software, converted to analog signals (RX6,
Tucker-Davies Technologies), attenuated (PAS, Tucker-Davies Tech-
nologies), power amplifier (Crown Audio), and played from specified
loudspeaker one at a time.

The amplifiers were fine-tuned so that a 4 kHz tone emitted from
the front speaker reached a sound pressure level of 95 decibels (dB
SPL) at 0 dB attenuation. This measurement was taken at the antici-
pated position of the marmoset’s head, using a half-inch free-field
microphone (type 4191, Briiel & Kjeer). Loudspeaker responses, asses-
sed via Golay codes, exhibited a relatively uniform frequency response
curve (varying within + 3-7 dB) and showed minimal spectral disparity
across speakers (less than 7 dB relative to the mean) within the utilized
frequency range. The most significant spectral discrepancies (5-7 dB)
were confined to narrow bands near the speakers’ upper-frequency
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limit (above 28 kHz), surpassing the initial spectral notch documented
in marmoset head-related transfer functions (HRTF'?°).

The sound tokens used included unfrozen wide-band noise
(1-32 kHz), frozen wide-band noise, amplitude-modulated wide-band
noise, and species-specific vocalizations (mainly wide-band twitter
calls). Fixed inter-stimulus intervals (ISI) were used in four presentation
modes. A variety of random ISI were used only in 100%-probability
presentation mode. The shortest ISI was 500 ms, and the longest ISI
was 5200 ms. To determine the optimal sound level for tested neu-
rons, a rate-level function was employed, ranging from 10 dB to 90 dB
attenuation in 10 dB increments (equivalent to 5 to 85dB SPL). The
majority of neurons were assessed at their optimal sound level. For
consistency, this same sound level was maintained across different
presentation modes. Total firing rates were calculated over a time
window beginning 15 ms after stimulus onset and 50 ms after stimulus
offset. Total firing rates minus the spontaneous rate was the firing rate.
In the plotted SRF, the black thick line was the half-maximum thresh-
old of SRF, and the area encircled by the threshold was the reciprocal
of spatial tuning selectivity.

Identification of cortical areas, layers and cell types
We used the best frequency (BF) of neurons to identify the sub-
regions of the auditory cortex. For the neurons significantly
responding to at least one tone stimulus played at the front speaker,
we specified the frequency of the tone stimulus that evoked the
maximum response rate as the neuron’s BF. The marmoset auditory
cortex is situated largely ventral to the lateral sulcus and exhibits a
topographical frequency gradient along the rostral-caudal axis. The
boundary between the primary auditory cortex (Al) and the caudal
area (caudal-medial and caudal-lateral belt) can be identified by an
abrupt decrease of BF at the high-frequency (caudal) border of Al. Al
was further divided into the low-frequency (< 8KHz) rostral Al and
high-frequency (> 8KHz) caudal Al along the rostral-caudal axis. The
first spike depth was the absolute depth where the first spike was
detected from this electrode and was depended on the thickness of
the dura, variations in granulation tissue, proximity to the curvature
of the sulcus, and orthogonality of the electrode penetration to the
cortical surface. We used the trough-to-peak duration of spike
waveforms to identify putative excitatory and inhibitory neurons'®’.
Before analyzing the spike duration, we calculated the signal-to-noise
ratio of spike waveforms, which was defined as the action potential
peak-to-peak height divided by the standard deviation of the back-
ground noise over 1 ms preceding all spikes (20 x 10g10(APpeak-peat/
NOiSCSD)).

Our analysis found that LSF can be induced among different
cortical areas, in both superficial and deep layers, and in both putative
excitatory and inhibitory neurons (data not shown).

Speaker ranking

In the 100%-probability presentation mode, each speaker was assigned
arank based on its firing rate obtained in the equal-probability mode.
Among the 15 speakers tested, the speaker ranked 1st demonstrated
the highest firing rate, while the one ranked 15th showed the lowest.
Typically, for SRFs with a singular peak, the speaker ranked 1st and 15th
were situated at the nearest and farthest points from the preferred
direction, respectively. In cases of SRFs with multiple peaks, lower-
ranked speakers were occasionally positioned close to the preferred
direction. The rationale for using firing rate rank, as opposed to dis-
tance rank, was twofold: Firstly, the SRF of certain neurons was broadly
spread, making it imprecise to calculate the distance between a spe-
cific speaker and the SRF center. Secondly, the SRF center was often
defined by a cluster of high-ranked speakers, with minimal con-
sideration given to lower-ranked ones. As a result, employing the dis-
tance rank would overlook the contributions of these lower-ranked
speakers.

Proportion of facilitation, adaptation, depolarization and
hyperpolarization trials

Facilitation trials were identified as those with firing rates at least 0.5/1/
1.5/2 standard deviations above the mean rate observed under equal-
probability presentation. The ratio of the count of facilitation trials to
the total number of trials per session was calculated as the proportion
of facilitation trials. Conversely, adaptation trials were those with firing
rates at least 0.5/1/1.5/2 standard deviations below the mean rate of the
equal probability mode. To assess changes in membrane potential,
spikes were extracted from the voltage signal using a 3 ms window
centered on the spike peak. The proportions of depolarization and
hyperpolarization trials were determined in a manner analogous to
facilitation and adaptation trials, by comparing the deviation from the
mean membrane potential.

Shuffling the firing rate sequence

To assess the continuity of facilitation, we anticipated observing
more consecutive trials surpassing the threshold in the experimental
session than in a session with shuffled firing rates. Supplementary
Fig. 4a illustrates this analysis, where repetitive sound stimuli from
the 15th-ranked speaker were presented, leading to sequences of 5, 6,
and 9 consecutive trials exceeding the p + 20 facilitation threshold.
However, these extended sequences of facilitation trials dissipated
when the firing rate sequence was shuffled. The proportion of facil-
itation sessions was then compared between the experimental and
shuffled firing rates that had different numbers of consecutive
facilitation trials (Supplementary Fig. 4b, solid vs. dashed
orange lines).

Furthermore, we utilized facilitation thresholds derived not only
from the equal-probability mode but also from the mean firing rate in
the 100%-probability mode. This approach compensates for the
general increase in firing rates seen in the 100%-probability mode,
thereby mitigating potential biases due to firing rate variations
between the two presentation modes. Note that this adjusted
threshold was only applied when comparing the count of con-
secutive trials between the experimental and shuffled sessions. Even
with this new set of thresholds, sequences of 3 and 4 consecutive
trials exceeding the p+20 facilitation threshold were observed
exclusively in the experimental sessions, not in the shuffled ones
(Supplementary Fig. 4c). Similar outcomes were noted when apply-
ing thresholds calculated under the 100%-probability presentation
mode (Supplementary Fig. 4d).

Behavioral data analysis

We used MATLAB to extract the light trigger signals for synchronizing
the stimuli with video frames. All the remaining analyses (behavior
tracking, data analysis and visualization, and statistical tests) were
conducted in Python through Jupyter Notebook. For the behavioral
tracking, we tested two open-source, deep-learning-based software:
SLEAP (v1.3.3, https://github.com/talmolab/sleap) and DeepLabCut
(v2.3.9, https://github.com/DeepLabCut/DeepLabCut). We chose
DeepLabCut because it was more accurate and robust than SLEAP for
tracking pupil area using our dataset. We selected 100 video frames as
our training samples and trained the frames on a single GPU (NVIDIA
GTX 1080Ti, 11 GB) with either 100,000 or 500,000 iterations. Notice
that the loss became stable after 100,000 iterations and extra training
provided minimal benefits. Once the model was trained, it could be
used to analyze all the videos quickly (less than two minutes for a 2
GB video).

For head-fixed recording, we labeled six markers for the eyelids in
one training set and five markers for the pupil boundary and corneal
reflection in a separate set. All markers were manually labeled and
validated before being applied to further video analysis. For free-
moving recording, we labeled five markers on the head: the left, right,
and front markers were placed on the white fur. There are two
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limitations in this dataset. First, a single camera could not capture the
three-dimensional movement, causing some or all markers to become
invisible at certain locations. Second, the camera was placed outside
the cage, and the cage grids often blocked the markers, leading to
marker loss. DeepLabCut exported an HDFS5 file containing the mar-
kers” information for all frames for data analysis. In each frame, each
marker included not only its X-Y coordinates but also the likelihood of
this marker. The likelihood value (O to 1) reflects the marker’s tracking
performance, and we chose markers with a likelihood greater than 0.95
for further analysis. We used the statistical functions from the SciPy
package for statistical analysis and the Matplotlib package for data
visualization.

Computational model of sustained membrane potential
depolarization

In this model, we simulate the Hodgkin-Huxley neuron model with a
focus on the leak conductance primarily carrying chloride ions (CI-).
Four key parameters are: Membrane Capacitance (C,,), 1.0 uF/cm?;
Sodium Conductance (gy,), 120 mS/cm?; Potassium Conductance
(g¢), 36.0mS/cm?; Initial Leak Conductance (g; jniriqr), 0.3 mS/cm?2.
Equilibrium Potentials: Ey,, 50.0 mV (sodium); E, —77.0 mV (potas-
sium); £;, — 54.387 mV (chloride, primarily).

The time parameters are set for a total time (T) of 400 ms with a
time step (dt) of 0.01ms. The external current (/) is set to zero
throughout the simulation.

The gating variables and their rate constants are defined as fol-
lows:

0.1(V +40)

—(V+ 65))
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The initial membrane potential (V) is set to —65.0mV. The
membrane potential (V) is updated at each time step (dt) using the
following equation:

dt
Vt+de)=V(t)+ C—(Iext —lion)
m

Where /,,,, is the total ionic current:

Lion=Ina Ik + 11, Ing = 8naM*A(V — Epg)
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The gating variables (m, h, and n) are updated using the following
first-order differential equations:

dm dh dn
dr =a,(1—-m) - B,m, ar =ay(l—h) - B,h, ar =a,(1-n)—pB,n

The leak conductance (g;) is incremented by a small value
(0.0001mS/cm?) at each time step to achieve a gradual increase in the
resting membrane potential.

Computational models of location-specific facilitation
We used a leaky integrate-and-fire (LIF) neuron to simulate the
location-specific neural facilitation. One LIF neuron has different
strengths of excitatory and inhibitory synaptic strength (EI-LIF), and
facilitation occurred when the excitatory synaptic inputs are stronger
than inhibitory ones. The other LIF neuron has sustained membrane
potential depolarization (MP-LIF). Our MP-LIF model dynamically
changed its resting membrane potential and spiking threshold based
on the probability of the presentation speaker, e.g., 100% for 100%-
probability presentation mode and 6.7% for equal-probability pre-
sentation mode. Supplementary Table 3 listed the names of para-
meters and corresponding values used in the two model neurons.
The membrane potential V,,; of a LIF neuron at time step At was:

At
Via=— Kol [ge[ (Vt - Ee) *8, (Vt - Ei) +grest(vt - Erest)}

+V,to,w,vVAt

@

8., and g; was the excitatory and inhibitory synaptic conductance
(see Egs. 2 and 3). C, E,, E; and g,,,, was the membrane capacitance,
excitatory reversal potential, inhibitory reversal potential, and leak
conductance. Those values were obtained from the in vivo whole-cell
recording in the auditory cortex of anesthetized rats'°%. Gaussian noise
o,w, was added to generate the spontaneous firing. Action potential
was evoked when the V,,; reached the spike threshold V.. V., was
reset to E,,, after the action potential. E,,,, was obtained from our
intracellular studies. V. is the sum of the threshold above resting
potential V,, and E ;.

Excitatory conductance g, and inhibitory conductance g; were:

8e, = Prel_erNeAteg +0.0, 2

git :Prel,iNiAte% to.w, (3)

P..; . and P, ; were the excitatory and inhibitory synaptic release
probability, respectively. P, ., and P, ; were fixed to one in the LIF
model. The inhibitory and excitatory inputs have the same strength
and occurred simultaneously, so the inhibitory to excitatory ratio r
equal to one, and the inhibitory to excitatory delay d (not shown in the
equation) equal to zero. The number of excitatory inputs N, inhibitory
input N; and time constant 7 were fixed, and conduction noise o.w,,
was added to generate the spontaneous firing'®. Each session is
composed of randomly presented trials T, for computing the facil-
itation and adaptation threshold and continuously presented trials T
for computing the facilitation percent, adaptation percent, and
firing rate.

For the EI-LIF model, in each trial T, the excitatory and inhibitory
synaptic release probability P, and P ; | were:

rel_e;.;
At
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Py, =1+ (AiP rel i, — 1) e ©))

A, and A; was the excitatory and inhibitory synaptic amplitude,
respectively. A, and A; change from 0.901 to 1 with a step size of 0.001.
7, and 1; was the excitatory and inhibitory recovery time constant,
respectively. Each session is composed of randomly presented trials T,
for computing the facilitation and adaptation threshold and con-
tinuously presented trials 7. for computing the facilitation percent,
adaptation percent, and firing rate. The median firing rate in the 100%-
probability mode was 12 spikes per second. Therefore, the number of
stimulus counts Ng- was chosen so that the average firing rate in the EI-
LIF model could match the firing rate in the recording data. Notice that
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Ngc was Poisson distributed and not every stimulus input could evoke
a spike output in the LIF neuron. We run the EI-LIF model for 50 ses-
sions for every combination of A, and A4;.

For the MP-LIF model, in each trial T, the dynamic resting mem-
brane potential £, ,» and spike threshold V,;, were:

E e, 1sT<T,

Eresemp =1 Erest: PSM/(Tth - 1): E,est +PM, T, +1<T<T +T, (6)
Epese tPiM, T, + T +1<T<T, +T,
I/th_"Erest'lS T<Tr
VSpike= Vth +Erest: PSMS/(Tth - 1): Erest +PSMS' Tr +1< T<Tr+ Tth

Vip+Epest #PsMS, T, + Ty +1<T<T, + T,
@)

The depolarization value M and the number of trials to reach the
stabilized depolarization value T,, were obtained from our intracel-
lular recordings. Since lower presentation probability evoked less
neural facilitation, therefore M was scaled by the presentation
probability P,. The spike threshold V,;, was further modulated by
the spike threshold scale S. Almost no spike was evoked when S equal
to one but excessive spikes were evoked when S equal to zero.
Therefore, S and stimulus count N were chosen so that the average
firing rate matched the recording data (the median firing rate in the
100%-probability presentation mode was 12 spikes per second).
Notice that Ng- was Poisson distributed and not every stimulus
input could evoke a spike output in the LIF neuron. We run the MP-
LIF model for two hundred sessions at every presentation
probability.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw data is available at GitHub (https://github.com/ccgl988/LSF_
Nature_Communications 2024) and Zenodo (https://zenodo.org/
records/14737013).

Code availability

The code is available at GitHub (https://github.com/ccg1988/LSF_
Nature_Communications_2024) and Zenodo (https://zenodo.org/
records/14737013).
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