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Awake suppression after brief exposure to a
familiar stimulus

Ji Won Bang® "2 & Dobromir Rahnev® '

Newly learned information undergoes a process of awake reactivation shortly after the
learning offset and we recently demonstrated that this effect can be observed as early as area
V1. However, reactivating all experiences can be wasteful and unnecessary, especially for
familiar stimuli. Therefore, here we tested whether awake reactivation occurs differentially for
new and familiar stimuli. Subjects completed a brief visual task on a stimulus that was either
novel or highly familiar due to extensive prior training on it. Replicating our previous results,
we found that awake reactivation occurred in V1 for the novel stimulus. On the other hand,
brief exposure to the familiar stimulus led to ‘awake suppression’ such that neural activity
patterns immediately after exposure to the familiar stimulus diverged from the patterns
associated with that stimulus. Further, awake reactivation was observed selectively in V1,
whereas awake suppression had similar strength across areas V1-V3. These results are
consistent with the presence of a competition between local awake reactivation and top-
down awake suppression, with suppression becoming dominant for familiar stimuli.
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understood that this ability depends on post-learning

neural processes that have a central role in the consolida-
tion of newly acquired information!=3. One of these processes is
the later reemergence of the brain activity displayed during
learning*-®. When this reemergence occurs during periods of
wakefulness, it is called “awake reactivation™. Previous studies
demonstrated the presence of awake reactivation in the medial
temporal lobe”8, higher-order association areas®~13, and even the
primary visual cortex V14, This line of research suggests that
awake reactivation is likely to occur for many different types of
stimuli and across most brain areas.

However, given that most of the brain is involved in the
reactivation process, the brain must develop a way to limit the
cost of reactivation as much as possible!”. Indeed, not all new
information has to be reactivated. Most of our adult life is spent
navigating familiar routes, interacting with familiar people, and
completing familiar tasks. Since familiar things are already by
definition committed to memory, one possibility is that the brain
identifies such experiences and does not reactivate them. This
hypothesis is in line with recent research demonstrating the
existence of mechanisms that select what information will be
reactivated and what information will be ignored. For example, it
has been shown that stimuli associated with emotion!? or
reward!® are more likely to be reactivated. Moreover, a recent
study demonstrated that the hippocampus preferentially reacti-
vates new information that has been learned to a lesser degree!”.
This line of research suggests that reactivation is not a homo-
geneous process uniformly applied to all recently experienced
stimuli. Nevertheless, none of these previous studies specifically
examined the differences between new and already familiar sti-
muli and thus it remains unclear whether the brain is indeed able
to differentiate between such stimuli when engaging in the pro-
cess of reactivation.

Here we investigated how stimulus familiarity affects awake
reactivation in early visual areas. We first thoroughly familiarized
subjects with a particular Gabor patch orientation over at least
two days of training. We then briefly exposed subjects to a task
based either on the familiar orientation or on a new Gabor patch
orientation. To anticipate, we found that immediately after the
exposure to the new orientation, there was clear evidence for
awake reactivation of that new orientation in V1 but not in V2 or
V3. These results replicate our previous findings based on a much
longer exposure to a novel orientation!. Critically, brief exposure
to the already familiar orientation resulted in the opposite effect, a
phenomenon that we call “awake suppression.” Specifically, the
activity patterns in early visual areas were less likely to be clas-
sified as the recently exposed familiar stimulus, with this effect
having similar strength across areas V1-V3. In addition, greater
learning of the familiar orientation was associated with greater
awake suppression. These results demonstrate that awake reac-
tivation is not a uniform process applied to all stimuli but that it
preferentially occurs for new and unfamiliar information. In fact,
our findings suggest that recently encountered familiar stimuli are
likely to be suppressed during subsequent periods of restful
wakefulness.

T he human brain has a remarkable ability to learn. It is now

Results

We investigated whether stimulus familiarity affects awake reac-
tivation. Subjects completed a two-interval forced-choice (2IFC)
orientation detection task where they indicated which of two
intervals contained a Gabor patch of a particular orientation
(Fig. 1a). As in our previous research!4, we used two orientations,
45° and 135°. Each subject was extensively familiarized with one
of these orientations (randomly chosen among the two) over the
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Fig. 1 Task and experimental procedure. a Subjects performed a 2IFC
orientation detection task. Two stimuli, a target consisting of a Gabor patch
embedded in noise and a non-target consisting of pure noise, were
presented in random order. Subjects indicated which interval contained the
target. b The experiment consisted of 4 days. On day 1, we collected
decoder construction and retinotopic mapping scans. On days 2 and 3,
subjects were familiarized with one Gabor orientation (either 45° and 135°,
counterbalanced between subjects) via extensive training on the task using
that orientation (several subjects had additional prior training with that
orientation; see Methods). Finally, on the critical day 4, we first recorded
subjects’ brain activity patterns before subjects saw any stimuli (two
5-minute scans; combined into a single “pre” score). We then gave subjects
a brief exposure to the task with either the novel or the familiar orientation
and then collected the spontaneous brain activity pattern for two more
5-minute scans. After a brief break, during which we collected a T1 scan, we
repeated the procedure for the other (familiar or novel) stimulus. The order
of exposure to the novel and familiar orientation was counterbalanced
across subjects.

course of at least two days of training (days 2-3) with the 2IFC
task (Fig. 1b), while the other orientation was not trained on.
Finally, on day 4, we briefly exposed subjects to the same 2IFC
task once with the familiar and once with the novel orientation
(in a counterbalanced order), and analyzed the pattern of brain
activity after each exposure.

Behavioral results. We first checked whether the extensive
training resulted in improved performance on the task. To do so,
we compared the behavioral performance on the task on day 2
(before any training had taken place) and day 4 (after the
completion of the two days of training). A two-way repeated
measures ANOVA with factors time (pre vs. post training) and
orientation (familiar vs. novel orientation) showed a significant
main effect of time (F(1,11) =7.441, P=0.020, partial 52 =
0.404, Supplementary Fig. 1), thus confirming that performance
improved after training. Further, the learning amount was not
significantly different between the familiar and novel orienta-
tions (T(11) = 0.150, P = 0.884, Hedges’ g = 0.053, paired f test),
suggesting the presence of learning transfer. This generalized
learning was observed in our previous study'4, as well as in a lot
of prior research1418-21,
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Awake reactivation after exposure to a novel stimulus. We first
attempted to replicate our previous results that demonstrated
the existence of awake reactivation after a long exposure (about
40 min) to a novel Gabor orientation!4. To do so, we conducted
the same analyses as in our previous paper. Specifically, we
constructed a decoder that could distinguish between the familiar
and novel orientations for each subject based on the brain activity
patterns observed while subjects viewed each Gabor orientation
during the decoder construction scan on day 1. We applied this
decoder to the brain activity scans performed before (pre: two
5-min scans combined for analysis) and after a brief exposure to a
task with the novel orientation (postl and post2: consecutive
5-min scans). As before, we focused on early visual areas
including V1, V2, and V3 because these regions are known to
show plasticity after visual training®22-23,

Awake reactivation after exposure to the novel orientation
would manifest itself in brain activity patterns appearing more
similar to the recently exposed novel orientation than the familiar
orientation. To test for this effect, we calculated the probability
that the decoder would classify the brain activity patterns before
and after exposure to the novel orientation as having been
produced by either the novel or the familiar orientation. We then
conducted a two-way repeated measures ANOVA with factors
time (pre vs. postl vs. post2) and region (V1, V2, V3) to the
decoder’s classification. As in our previous work!4, the results
revealed a significant interaction between time and region
(F(4,44) = 3.094, P = 0.025, partial 5% =0.220; Fig. 2), indicating
that the brain activity patterns changed across the three time
points and that the pattern of activity was different for the
different early visual areas. Further post-hoc tests showed a
significant main effect of time in V1 (F(2,10) = 17.917, P <0.001,
partial #2=0.782) but not in V2 (F(2,10)=0.220, P = 0.806,
partial #2 = 0.042) or V3 (F(2,10) = 3.076, P = 0.091, partial 2 =
0.381), suggesting that the pattern of activity changed most
substantially in V1. We note that Fig. 2 shows that two subjects
had lower classification probability in V2 for postl than the rest of
the group, and removing these subjects would make the effects in

V2 similar to V1. Nevertheless, Dixon’s test for outliers did not
flag these subjects as outliers in the postl classification in V2 (P =
0.278, Qexp = 0.004, Qcyi¢ = 0.546 for the most outlying data) and
therefore we have not excluded them in the analyses above.

Given the significant main effect of time in V1, we examined in
more detail how the decoder classification changed in V1. We
found that neural patterns were classified as the novel orientation
significantly more often than chance shortly after the exposure
to the novel orientation (postl: T(11) = 3.452, P = 0.005, Cohen’s
d =0.995, one-sample ¢ test), but not before (pre: T(11) = —1.581,
P =0.142, Cohen’s d = 0.456, one-sample t test) or 5-10 min after
the exposure (post2: T(11) = —1.091, P =0.299, Cohen’s d = 0.315,
one-sample ¢ test). Moreover, the probability that neural patterns
are classified as the novel orientation increased significantly
immediately after exposure compared to before exposure (pre vs.
postl; T(11) = —3.209, P=0.008, Cohen’s d=0.925, two-sided
paired t test) but this effect disappeared for the second post-
exposure scan (pre vs. post2; T(11) = —0.214, P =0.834, Cohen’s
d=0.061, two-sided paired f test). This pattern of results produced
a significant quadratic trend indicating a peak at postl (F(1,11) =
31.082, P <0.001, partial #2 = 0.739).

We further examined whether these results depend on
whether the novel orientation was presented first or second on
day 4. A direct comparison of the decoder’s classification
probability during postl showed no effect of exposure order in
V1 (T(10) = —0.911, P =0.384, Hedges’ g = 0.486, independent
sample f test), V2 (T(10) = 0.410, P = 0.690, Hedges’ g = 0.218,
independent sample ¢ test), or V3 (T(10) = —0.958, P =0.361,
Hedges’ g=0.511, independent sample ¢ test). Critically, the
decoder’s classification probability for V1 during postl was
comparable between those subjects who were exposed to the
novel orientation first (mean = 0.521, SE =0.013; T(5) = 1.624,
P =0.165, Cohen’s d = 0.663, one-sample ¢ test) and those who
were exposed to the novel orientation second (mean = 0.536,
SE =0.011; T(5)=3.427, P=0.019, Cohen’s d=1.399, one-
sample f test), though the probability was significantly higher
than chance level for the latter group only. There was similarly
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Fig. 2 Probability that neural patterns are classified as the novel orientation before and after exposure to the novel orientation. Brain activity was more
likely to be classified as the novel orientation in V1 shortly after exposure to the novel orientation. This effect was absent in both V2 and V3. “Pre" refers to
two initial scans before subjects saw any stimuli (5 min/scan; combined into a single “pre” baseline). “Post1” and “post2"” refer to the first and the second
post-task scans immediately after exposure to the novel orientation. The solid and dashed lines represent subjects who were exposed to the novel

orientation first and second, respectively. The P values in the figure refer to the results of paired t tests between pre and postl. Error bars indicate s.e.m.

N=12.
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Fig. 3 Probability that neural patterns are classified as the familiar orientation before and after exposure to the familiar orientation. Brain activity was
less likely to be classified as the familiar orientation across V1-V3 shortly after exposure to the familiar orientation, indicating the presence of awake

suppression. “Pre” refers to two initial scans before subjects saw any stimuli (5 min/scan; combined into a single “Pre” baseline). “Post1” and “Post2” refer
to the first and the second post-task scans immediately after exposure to the familiar orientation. The solid and dashed lines represent subjects who were
exposed to the familiar orientation first and second, respectively. The P values in the figure refer to the results of paired t tests between pre and post1. Error

bars indicate s.e.m. N=12.

no effect of exposure order when examining the percentage
change of the decoder’s classification between before (pre) and
after the exposure (postl) (V1: T(10) = —0.624, P=0.547,
Hedges’ g =0.332; V2: T(10) = —0.367, P =0.721, Hedges’ g=
0.196; V3: T(10) = 0.827, P = 0.428, Hedges’ g = 0.441; indepen-
dent sample f tests).

Overall, these results replicate almost exactly our previous
findings with a longer (40 min) time of exposurel* and suggest
that awake reactivation occurs in V1 even after much briefer
(about 5 min) exposure to a novel orientation. What is more, the
decoder was more likely to classify the postl period as the novel
orientation more frequently than pre period for 11 out of the
12 subjects (91.7%, P =0.006, Cohen’s g=0.417, two-sided
binomial test), suggesting that these effects are extremely
consistent across subjects.

Awake suppression after exposure to a familiar stimulus.
Having confirmed the existence of awake reactivation in V1 after
exposure to a novel stimulus, we turned to our main question of
whether similar awake reactivation would occur for a familiar
stimulus. We repeated the analyses above but now focused on the
scans before and after the exposure to the familiar orientation. A
two-way repeated measures ANOVA with factors time (pre vs.
postl vs. post2) and region (V1, V2, V3) revealed a significant
main effect of time (F(2,22) = 5.046, P = 0.016, partial 112 =0.314;
Fig. 3) but no main effect of region (F(2,22) =1.801, P=0.189,
partial 72 =0.141) and no interaction between time and region
(F(4,44) = 0.329, Huynh-Feldt correction, P=0.789, partial
#? = 0.029), indicating that exposure to the familiar orientation
changed the classification pattern similarly across the three areas.
A further examination of the nature of this change in V1-V3
revealed that the probability of classifying the neural patterns as
the familiar orientation decreased significantly immediately after
exposure compared to before exposure (pre vs. postl; P=0.013,
95% CI=0.009—0.060). This effect was the strongest in V2
(T(11) =2.377, P=0.037, Hedges’ g=0.806) and V3 (T(11) =

2.397, P=0.035, Hedges’ g = 0.918) and was not significant in V1
(T(11) =1.579, P=0.143, Hedges’ g=0.672) though it is
important to note that the ANOVA results above showed no
evidence for significant differences between the regions and the
non-significant effect in V1 may be in part driven by two subjects
with high postl classification probability. Further, the decoder
was more likely to classify the postl period as the familiar
orientation less frequently than pre period for 10 out of the
12 subjects in both V2 and V3 (83.3%, P =0.039, Cohen’s g=
0.333, two-sided binomial test), suggesting that these effects are
consistent across subjects.

In other words, we found that exposure to the familiar
orientation results in postl activity being classified as the familiar
orientation at a lower than chance level. These results suggest that
the familiar orientation was suppressed. However, our classifica-
tion metric cannot directly distinguish between suppression of the
familiar orientation and enhancement of the novel orientation.
Nevertheless, enhancement of the novel orientation can only
occur after the novel orientation is actually presented. Therefore,
to confirm that the results above are indeed due to suppression of
the familiar orientation, we examined if the percentage change in
the probability of classifying the neural patterns as the familiar
orientation from pre to postl depended on the order of exposure
to the familiar and novel orientations. We found no significant
difference between subjects who were exposed to the familiar
orientation before or after the novel orientation (V1: T(10) =
1.380, P=0.198, Hedges’ g=10.736; V2: T(10) = —0.040, P=
0.969, Hedges’ g = 0.021; V3: T(10) = —0.325, P = 0.752, Hedges’
g=0.173; independent sample t tests). The same results were
obtained when V1-V3 were combined into a single region of
interest (ROI) with the percentage change being in fact slightly
larger for those who were exposed to the familiar orientation first
(mean = 7.240) than those who were exposed to the familiar
orientation second (mean = 6.790) though the difference was not
significant (T(10) = —0.050, P =0.961, Hedges’ g = 0.027, inde-
pendent sample ¢ test). Nevertheless, this awake suppression
effect was not significant in either subgroup individually (both
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P values > 0.09; subjects who were exposed to the familiar
orientation first: T(5) = —0.871, P=0.424, Cohen’s d = 0.356;
subjects who were exposed to the familiar orientation second: T
(5) = —2.030, P=0.098, Cohen’s d = 1.744; one-sample ¢ tests)
presumably due to the reduced power of these analyses.

Therefore, to further distinguish between awake suppression of
the familiar orientation and awake reactivation of the novel
orientation, we conducted addition analyses where each of these
effects could be examined independently using pattern similarity.
We created template patterns for each of the two orientations
from the decoder scans and calculated the similarity between the
brain activity patterns before and after exposure to the familiar
orientation and the template patterns for the familiar orientation.
A two-way repeated measures ANOVA with factors time (pre vs.
postl vs. post2) and region (V1, V2, V3) showed that, as in our
classification analyses, there was a significant main effect of time
(F(2,22) =4.618, P=0.021, partial #?=0.296; Supplementary
Fig. 2) but no main effect of region (F(2,22) =0.088, P=0.916,
partial #%>=0.008) or interaction between time and region
(F(4,44) =0.512, P=0.727, partial 7>=0.044). A following
post-hoc test showed that the similarity for the familiar
orientation decreased significantly shortly after the exposure to
the familiar stimulus compared to before the exposure (pre vs.
postl; P=0.018, 95% CI = 0.001-0.013). An examination of this
effect in individual areas showed that the reduction of similarity
for the familiar orientation was significant in V3 (T(11) = 2.825,
P =0.017, Hedges’ g = 0.999), but not in V1 (T(11) =2.092, P =
0.060, Hedges’ g=0.576) or V2 (T(11)=0.852, P=0412,
Hedges’ g =0.264). This pattern of significance for individual
brain areas is slightly different from the pattern of significance in
our classification analyses (Fig. 3). However, both overall
ANOV As found no statistical differences between the three areas
and therefore the differences in the pattern of statistical
significance for individual areas should be interpreted with
caution. Importantly, a further two-way repeated measures
ANOVA with factors time (pre vs. postl vs. post2) and region
(V1, V2, V3) on the pattern similarity to the novel orientation
found no significant effects of time, region, or interaction between
time and region (all P values > 0.1; see Supplementary Fig. 3 for
statistical values), suggesting that exposure to the familiar
stimulus did not result in reactivation of the novel stimulus.
Taken together, these pattern similarity results strongly suggest
that our binary classification results are due to suppression of the
familiar orientation rather than reactivation of the novel
orientation.

Direct comparison of the periods after exposures to novel and
familiar stimuli. The analyses above considered the periods after
the exposures to the novel and familiar stimuli separately. For
completeness, we also performed a direct comparison of these
effects. We conducted a two-way repeated measures ANOVA
with factors stimulus type (novel vs. familiar orientation) and
region (V1, V2, V3) on the decoder’s probability of classifying a
stimulus as the recently seen orientation during postl. The results
showed a significant effect of stimulus type (F(1,11) =5.994, P =
0.032, partial #% = 0.353), indicating that stimulus exposure to the
novel and familiar stimuli indeed led to different classification
patterns across the different visual areas. The same effect of sti-
mulus type was also observed when instead of postl, we exam-
ined the percentage change of the classification probability
between pre and postl (F(1,11) =7.821, P =0.017, partial 5% =
0.416). On the other hand, both of these analyses showed no
interaction between stimulus type and region (all P values > 0.5;
postl classification: F(2,22) = 0.679, P = 0.518, partial 7% = 0.058;
percentage change of the classification between pre and postl:

F(2,22) =0.363, P=0.699, partial #?=0.032), suggesting that
V1, V2, and V3 did not significantly differ in the relative strength
of awake reactivation and awake suppression. These results are
consistent with the notion that novel and familiar stimuli give rise
to different phenomena during the period immediately following
stimulus exposure.

Stronger awake suppression in subjects who exhibited greater
learning. Our results so far strongly suggest that awake sup-
pression occurs in early visual areas after a brief exposure to a
familiar stimulus. Given that awake suppression occurs only for
familiar stimuli, one may expect that subjects who showed greater
awake suppression were the ones who showed greater behavioral
improvement during the training phase (days 2-3). To check for
such an effect, we computed the performance improvement
during training for each subject. We then tested whether subjects
with greater vs. lesser performance improvement (based on a
median split) exhibit greater awake suppression, defined as the
probability of classifying neural activity as the familiar orientation
immediately after exposure to the familiar orientation (that is,
during postl) within the early visual cortex defined as a single
ROI that encompasses areas V1-V3. We found that subjects
with greater performance improvement indeed showed larger
awake suppression (probability of classification at postl = 0.437)
than subjects with lesser performance improvement (probability
of classification at postl =0.512; T(10) = —2.425, P =0.036,
Hedges’ g=1.292, independent sample ¢ test; Fig. 4), suggesting
that the strength of awake suppression depends on how much
learning has previously occurred for the familiar stimulus.

To understand better the nature of the association between
awake suppression and the behavioral improvement, we performed
two control analyses. First, we confirmed that this association was
specific to the learning for the familiar stimulus. Indeed, an
equivalent analysis where subjects were split based on the learning
on the novel stimulus showed no significant association between
performance improvement and the strength of awake suppression
(T(10) = —1.669, P=0.126, Hedges' g=0.890, independent
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Fig. 4 Stronger awake suppression in subjects who exhibited greater
learning. Awake suppression was quantified as brain activity after exposure
to the familiar orientation that is less likely to be classified as the familiar
orientation across V1-V3 during the post1 scan. The awake suppression
was significantly stronger for those subjects who showed greater learning
on the trained orientation based on a median split. Error bars indicate s.e.m.
Dots represent individual data. N =12.
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sample t test). A further control analysis showed that there was no
significant difference in the strength of awake reactivation during
postl in V1 between subjects with greater vs. lesser performance
improvement on the novel orientation (7(10) = 1.188, P=0.262,
Hedges’ ¢ =0.636, independent sample ¢ test). The strength of
awake reactivation in V1 would be expected to predict future
learning because awake reactivation is thought to be involved in
memory consolidation, and indeed we previously found such
association'4, However, the performance improvement metric in
the current study indexed the amount of learning before awake
reactivation occurred, and therefore the lack of association between
the strength of awake reactivation and the performance improve-
ment on the novel orientation is not surprising.

Finally, since different subjects experienced different delays
between days 2 and 4 (ranging from three to seven days), we
checked whether this variable delay was related to the strength of
performance improvement. We divided subjects into those who
had a shorter vs. a longer delay between days 2 and 4 using
median split and found that those with longer delays showed
greater learning (7(10) = —2.575, P =0.028, Hedges’ g=1.372,
independent sample ¢ test). However, the shorter vs. longer delay
groups did not differ in the strength of the observed awake
suppression (T(10) =0.503, P=0.633, Hedges’ g=0.268,
unequal variances ¢ test). Therefore, the finding of positive
association between awake suppression and learning is unlikely to
be driven by the difference in the delay between days 2 and 4.

No awake reactivation or suppression outside of the early
visual areas. Finally, we explored whether awake reactivation and
awake suppression also occur outside of the early visual areas in
the context of our stimuli. To do so, we first selected regions
where our decoder could reliably distinguish between the two
Gabor orientations. We created anatomical ROIs encompassing
subareas of the frontal, temporal, and parietal areas, as well as
retinotopically defined higher visual areas (see Methods). We
performed leave-one-run-out cross-validation (10-fold cross-
validation) and found that only V3A, V4v, superior parietal
cortex, middle temporal cortex, and fusiform cortex contained
decodable information about the stimulus identity. Analyzing
each of these regions with one-way repeated measures ANOVAs
with a factor time (pre vs. postl vs. post2) showed no significant
main effect of time in any of these ROIs (all P values > 0.1; see
Supplementary Figs. 4 and 5 for statistical values). Furthermore,
none of these ROIs exhibited significant changes between the pre
and postl periods (all P values > 0.1; see Supplementary Figs. 4
and 5 for statistical values). These results strongly suggest that
awake reactivation and awake suppression after exposure to a
simple visual stimulus are confined to early visual areas.

Discussion
We examined whether awake reactivation occurs similarly for
novel and familiar stimuli in early visual areas. The results
replicated our previous work!4 showing the presence of awake
reactivation in V1 after exposure to a novel stimulus. Critically,
exposure to a familiar stimulus led to the opposite pattern of
results, a phenomenon we call “awake suppression.” Further,
greater performance improvement on the familiar stimulus was
associated with greater awake suppression. These results provide
clear evidence that different post-task neural processes occur
depending on whether recent experiences were novel or familiar.
Many recent studies have shown that newly encoded infor-
mation is reactivated during the following rest period’-14. This
awake reactivation has been proposed to play a key role in con-
solidating memories*. However, reactivating all recent experi-
ences is incredibly expensive and it is likely that complementary

mechanisms determine which experiences should and should not
be reactivated. In line with this idea, several previous studies have
shown that information paired with reward!® or shock!3 is pre-
ferentially reactivated during following rest. Furthermore, even in
the absence of an external factors such as rewards and shocks, the
brain appears to be able to select what information to reactivate
by, for example, prioritizing weakly learned information!”. These
studies demonstrate that awake reactivation is not a uniform,
one-size-fits-all process applied to all recent experiences but that
additional mechanisms are employed to modulate when and how
reactivation occurs. Nevertheless, this previous research is still
consistent with the notion that all recent experiences are reacti-
vated and it is only the strength of this reactivation that is
modulated.

The current study is thus the first to demonstrate that recent
experiences of familiar stimuli may in fact be suppressed during
subsequent offline periods. A related phenomenon of pattern
suppression has previously been observed in hippocampus for
competing memories during the retrieval of target memories?*
and in early visual cortex for future-irrelevant features during a
working memory task2® but suppression has not previously been
demonstrated for post-task periods. Similarly, a recent study
investigated the post-encoding period after a task that involved
famous vs. non-famous faces (similar to our familiar vs. novel
orientation)?®. The study found that famous and non-famous
faces resulted in different patterns of resting state functional
connectivity during the post-task period but it is unclear how the
altered functional connectivity relates to awake suppression.
Thus, our results showing the presence of awake suppression for
familiar stimuli reveal a previously unknown phenomenon that is
likely to have a critical role in the consolidation of recent
experiences into memory.

An alternative interpretation of our finding of awake sup-
pression after exposure to the familiar orientation is that it is
instead due to a reactivation of the novel stimulus rather than a
suppression of the familiar one. Indeed, both of these effects
would have the same effect on our classification results and thus
cannot be distinguished directly. Nevertheless, this alternative
interpretation is contradicted by several factors. First, the awake
reactivation following the exposure to the novel stimulus was
short-lived and did not extend into the second post-exposure
scan (post2). Therefore, awake reactivation related to the novel
orientation is unlikely to appear during the period after exposure
to the familiar orientation. Second, half of the subjects were
exposed to the familiar orientation first making it unlikely that
these subjects would be reactivating a yet-unseen stimulus.
Despite this, awake suppression was equally strong in both groups
of subjects (though the suppression effect was not significant in
either group in isolation). Finally, our pattern similarity analyses
confirmed that brain activity after exposure to the familiar
orientation was less similar to pattern elicited by the familiar
stimulus (consistent with suppression of the familiar stimulus)
but not more or less similar to the pattern elicited by the novel
stimulus (consistent with a lack of reactivation of the novel sti-
mulus). Thus, there is strong converging evidence that exposure
to a familiar orientation results in awake suppression of that
orientation in early visual cortex.

An important question that emerges from our results concerns
the mechanisms of awake reactivation and awake suppression in
early visual areas. One exciting possibility is that our findings of
awake reactivation could be due to neuronal replay—that is,
reactivation of ensemble firing patterns as experienced during
learning. Neuronal replay has been extensively studied in the
hippocampus?’-30, prefrontal cortex3!, and visual cortex?? in
animals. Importantly, studies involving animals have also exam-
ined such replay in novel vs. familiar spatial environments. These
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studies consistently observed that the sequence of firing patterns
associated with a novel environment was replayed more strongly
than those associated with a familiar environment?7-33:34, Fur-
thermore, the strength of replay after a novel, but not a familiar,
environment predicts later reinstatement during re-exposure3”
and the firing sequences representing a novel environment are
more precisely coordinated than those representing a familiar
environment3°. However, none of these studies in animals found
suppression of ensemble firing patterns after the exposure to a
familiar environment. Therefore, the exact mechanisms at the
neuronal level that underlie the awake suppression observed in
the current study remain to be elucidated.

Another important question relates to whether awake reacti-
vation and suppression are bottom-up or top-down processes.
We previously argued that awake reactivation of specific stimulus
orientations is likely a local V1 phenomenon!4. Indeed, top-down
processes, such as visual imagery3’, attention38, and working
memory>® do not selectively modulate V1 but instead also have a
strong influence on higher areas such as V2 and V3. Our current
results showing awake reactivation in V1 but not in V2 or V3
provide further evidence for the notion that awake reactivation in
our study is likely local to V1. However, awake suppression had
similar strength across areas V1-V3 with no significant difference
between these regions. This pattern of results is consistent with
the interpretation that awake reactivation is a local phenomenon,
whereas awake suppression is a top-down process. We propose
that there could be continuous competition between local awake
reactivation and top-down awake suppression with awake reac-
tivation prevailing for novel stimuli and awake suppression
becoming dominant for familiar stimuli. Nevertheless, these
possibilities are currently speculative as we did not obtain inde-
pendent evidence to confirm whether a given effect is local or top-
down; further research could address this question by examining,
for example, whether awake reactivation and suppression appear
in different cortical layers#0:41,

Our results suggest that qualitatively different processes take
place for familiar vs. novel stimuli. It is therefore important to
clarify what makes a stimulus familiar or novel. Critically, the
distinction between the two should not be simply based on time
of exposure. For example, your new neighbor who you talked to
for five minutes every day for the last seven days can safely be
categorized as “familiar,” while another new neighbor that you
just met and had a 35-minute conversation with can be cate-
gorized as “novel” even though you interacted with both for the
same total amount of time. This example demonstrates that the
critical dimension that distinguishes familiarity from novelty—
and thus should govern the presence of awake suppression and
awake reactivation—is how firmly the stimulus has already been
established in memory with “familiar” stimuli typically requiring
exposure over multiple days that would allow strong memory
consolidation to take place.

Both awake suppression and awake reactivation in our study
were short-lived, only appearing in the first post-exposure period
(postl) but not in the second (post2). However, our previous
study!* using a similar paradigm but a much longer exposure
period (16 blocks, compared to three blocks in the current study)
found that awake reactivation extended into the post2 period.
Therefore, it is possible that the duration of the reactivation and
suppression depends on the duration of the visual exposure. This
possibility is supported by previous research in rodents, which
demonstrated that the duration of replay activity depends on the
number of stimulus repetitions such that 50 stimulus repetitions
led to about 3 min of replay activity, while 125 stimulus repeti-
tions led to about 14 min of replay activity*2. Relatedly, it is likely
that the duration of awake reactivation depends on the typical
time scale on which a brain region operates. Previous work has

shown that primary sensory areas operate on a short time scale,
while association cortex and the hippocampus operate on much
longer time scales?3. Thus, awake reactivation and suppression
are likely to extend further in time in these downstream brain
areas.

An important question for future research is whether similar
awake suppression occurs in other brain areas involved in awake
reactivation such as the hippocampus’-8 and higher-level asso-
ciation cortex~13. Previous studies have already shown that
suppression processes could be studied using fMRI?425, sug-
gesting that determining whether awake suppression exists
beyond early visual areas is a tractable question. Establishing
where in the brain and under what conditions awake suppression
occurs would shed additional light on the mechanisms of this
phenomenon.

Finally, it should be noted that the finding of both awake
reactivation and awake suppression in the same part of the brain
rules out a number of trivial explanations for these effects. For
example, it is possible that awake reactivation is simply due to
subjects engaging in conscious rehearsal of the recently seen
information or to certain types of priming effects. However, such
effects can explain awake reactivation but not awake suppression.
Further, awake suppression occurred even when exposure to the
familiar stimulus was given first on day 4, thus arguing against the
possibility that subjects were consciously engaging in rehearsal of
the novel stimulus (since they had not been exposed to it yet on
that day). Thus, the demonstration of awake reactivation and
awake suppression in tandem can strengthen the evidence for
each of them in isolation.

Methods

Participants. Twelve subjects (19-27 years old, five females) participated in this
study. All subjects had normal or corrected-to-normal vision and did not have any
history of neurological disorders. All subjects were screened for MRI safety and
provided written informed consent. The study was approved by Institutional
Review Board of Georgia Institute of Technology. The sample size of 12 can be seen
as small in the context of most fMRI studies but is in line with previous studies on
visual perceptual learning that involve multi-day designs!!-1444-51 Indeed, visual
perceptual learning is thought to produce much smaller inter-subject variability
than most cognitive tasks making results robust even at relatively small sample
sizes, as evidenced by the fact that the current 12-subject study replicated exactly
the findings of our previous 12-subject study!4.

Task. Subjects performed a 2IFC orientation detection task. Each trial began with a
500-ms fixation period, followed by the two intervals containing the target and non-
target stimuli in a random order (50 ms each). The two stimulus intervals were
separated by a 300-ms blank period (Fig. 1a). The task was to indicate which of the two
intervals contained the target. The target was a Gabor patch of a particular orientation
(circular diameter = 10°, contrast = 100%, spatial frequency = 1 cycle/degree, Gaus-
sian filter = 2.5°, random spatial phase). The Gabor patch was masked by noise
generated from a sinusoidal luminance. The stimulus intensity was controlled by the
ratio of noise pixels. For example, a stimulus with X% S/N ratio contained noise in
100-X% of the pixels of the Gabor patch. The other non-target stimulus consisted of
noise only (0% S/N ratio). Subjects reported which interval contained the target by
pressing a button on a keypad under no time restriction. No feedback was given after
the response.

Procedures. The study consisted of 4 separate days (Fig. 1b). On day 1, we col-
lected decoder construction, retinotopy, and anatomical MRI scans. On day 2,
subjects were given behavioral tests on the two possible orientations (45° and 135°),
followed by extensive training on one of these orientations (which was chosen
randomly). Day 3 consisted of the behavioral test and training on the same, pre-
viously chosen orientation. Finally, day 4 started with a pre-task scan consisting of
two 5-minute scans, which were combined for analyses. We then gave subjects
exposure to either untrained (novel) or trained (familiar) orientation in the form of
a behavioral test with that orientation, which was immediately followed by two
5-minute post-task scans (postl and post2). After a short break, during which we
collected a T1 anatomical scan, we gave subjects the same exposure but to the other
(familiar or novel) orientation and collected the same two 5-minute post-task
scans. The order of exposure was pseudo randomized so that exactly half of the
subjects were exposed to the novel orientation first. Days 1-2 could be separated by
multiple days, whereas days 2-4 were constrained to be performed within a week.
The average interval between days 2 and 3 was 3.7 days and that between days 3

COMMUNICATIONS BIOLOGY | (2021)4:348 | https://doi.org/10.1038/s42003-021-01863-2 | www.nature.com/commsbio 7


www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-01863-2

and 4 was 2.3 days. Testing during days 1 and 4 was conducted inside an MRI
scanner, while testing during days 2 and 3 was performed in a mock scanner.

The behavioral tests on day 2 were performed for both the 45° and 135°
orientations with the order of the two orientations determined randomly. Subjects
performed three blocks with one orientation, followed by three blocks with the
other orientation. The behavioral test on day 3 was performed for only the trained
orientation. The purpose of the behavioral test was to measure each individual’s
threshold S/N ratio for each orientation. The threshold S/N ratio per block was
calculated as the geometric mean of the last six reversals as in our previous
work!452-55 The behavioral training was performed for one randomly chosen
orientation among 45° and 135°. The purpose of the behavioral training was to
thoroughly familiarize subjects with just one of the two orientations. The
behavioral training on each day consisted of ten blocks. For both the behavioral
tests and trainings, each block began with 25% S/N ratio and the following S/N
ratios were determined by a 2-down 1-up staircase procedure. Each block
terminated after ten reversals. On average, a block consisted of 30-40 trials and
lasted 1-2 min.

It should be noted that six subjects had previously participated in a related
experiment from our lab!4. Because our previous study had identical day 1 scans
(decoder construction, retinotopy, and anatomical MRI), we did not collect these
scans again and simply used the data we had previously collected for these subjects.
Further, as part of our previous study, these six subjects were trained on either the
45° or 135° orientation for one session consisting of 16 blocks lasting ~40 min. In
the current study, we trained these subjects on the same orientation that they were
previously trained on. The time interval between these six subjects’ day 1 scans
from our previous study!'4 and their new data collection in the current study (days
2-4) varied from 5 to 15 months. The relatively long period could decrease the
decoder classification probability but such an effect would only make it harder to
find evidence for awake suppression or reactivation. Further, the structure and
functional properties of the visual cortex are known to be stable during adulthood
in the absence of brain injury or visual deprivation®>>7 and substantial MVPA
classification accuracy over periods of many months has been observed even in
cases of brain injury®$. Importantly, these six subjects did not differ from the six
new subjects in either the observed behavioral or neural effects (Supplementary
Table 1). Indeed, there was no significant difference between the two groups in the
behavioral improvement for either the familiar (7(10) = —0.914, P=0.382,
Hedges” g = 0.487, independent sample ¢ test) or novel orientation (7(10) = 0.329,
P =0.749, Hedges’ g = 0.175, independent sample ¢ test), as well as in either
the strength of awake reactivation in V1 (7(7.084) = 0.509, P = 0.626, Hedges’
g=0.269, unequal variances t test) or awake suppression in early visual cortex
(T(10) = —0.576, P = 0.578, Hedges” g = 0.307, independent sample ¢ test).

Decoder construction. In order to construct a decoder that can distinguish
between the two Gabor orientations, we collected a decoder construction scan
during which subjects viewed each Gabor orientation (45° and 135°) and per-
formed a task orthogonal to the presented orientation (frequency detection task).
Specifically, subjects saw a series of Gabor patches with a given orientation and
indicated whether there was a change in the spatial frequency among the presented
Gabor patches. The task had 10 runs (1 run=300s) each consisting of 18 trials
(1 trial = 16 s) with two fixation periods (each 6 s) at the beginning and end of the
run. Each trial consisted of a 12-s stimulus presentation period and a 4-s response
period. During the stimulus presentation period, 12 Gabor patches with one
identical orientation (45° or 135°) flashed at a rate of 1 Hz. Each Gabor patch was
presented for 500 ms and there was 500-ms blank period between Gabor patches.
In half of all trials, one of the 12 Gabor patches had a higher spatial frequency than
the remaining Gabor patches (that had spatial frequency fixed to 1 cycle/degree).
Subjects were asked to press a button during the 4-s response period if they
detected a change in the spatial frequency among the 12 Gabor patches. In the
beginning of the 12-s stimulus presentation period, the central dot changed its
color from white to green. This dot remained green during the entire 12-s stimulus
presentation period, and then returned to white when the 4-s response

period began.

The difficulty of the task was controlled by the degree of the spatial frequency
change. The first spatial frequency change in the first run was fixed to 0.24 cycles/
degree and the following changes were adjusted via an adaptive staircase method.
The spatial frequency change was decreased or increased by 0.02 for hits and
misses, respectively. The spatial frequency was not changed for correct rejection or
false alarms. The spatial frequency in the following run started from the spatial
frequency reached at the end of the previous run. The order of presentation of the
two orientations across the 18 trials per run was pseudorandom such that half of
the trials had 45° orientation and the other half had 135° orientation.

Pre-task and post-task scans. The pre-task scan was collected on day 4 before
any task was given. The post-task scan was performed twice, once after the
exposures to the familiar and novel orientations. We did not have separate pre-task
scans for each exposure because of the possibility that the pre-task scan for the
second exposure could be influenced by the first exposure. The pre- and post-task
scans consisted of two 5-min scans each. In the analysis, we combined the two
5-min scans of the pre-task scan because we did not expect a change during these

two 5-min scans. On the other hand, we analyzed the two 5-min scans of the post-
task scans separately (postl, post2) to examine the time course of awake reacti-
vation and suppression.

During the pre- and post-task scans, subjects performed a fixation task as in our
previous work!4, We used a visual task (as opposed to a task from a different
sensory modality) in order to discourage subjects from consciously rehearsing a
certain orientation. Subjects were asked to maintain their fixation at the central dot
(size and location of the dot was identical with the one used in the 2IFC task) and
press a button when they detected a color change of the dot. The central dot’s color
changed from white to faint pink ([R, G, B] = [255, 255 — x, 255 — x]) for 1.5 s and
then returned to white. Subjects had to respond within this 1.5-s interval.
Consecutive color changes occurred with an inter-stimulus interval (ISI) ranging
between 0.5 and 0.8 s (mean interval = 0.67 s). On average, 138 color change events
occurred in each 5-minute scan (one every 2.17 s). The difficulty of the task was
controlled by a staircase. The color change x was set to 40 in the beginning and
then adjusted via a 2-down 1-up staircase procedure with a step size of 2.

MRI data acquisition. MRI data were collected with a Siemens 3 T Trio MR
scanner using a 12-channel head coil. Anatomical images were obtained using a
T1-weighted MPRAGE sequence (256 slices, voxel size=1x 1 x 1 mm?, TR =
2530 ms, FOV = 256 mm). Functional images were collected using a gradient echo-
planar imaging sequence (33 slices, voxel size =3 x 3 x 3.5 mm3, TR = 2000 ms,
TE = 30 ms, flip angle = 79°). The slices covered the whole brain and were parallel
to the AC-PC plane.

Retinotopy and ROI selection. Using standard retinotopy methods®*0, we pre-
sented a flickering checkerboard along the horizontal and vertical meridians and in
the upper and lower visual fields. Using contrast maps between horizontal versus
vertical meridians and upper versus lower visual fields, we delineated V1, V2, V3,
V3A, and ventral V4. We also obtained 27 anatomical ROIs using Freesurfer’s
cortical parcellation method. For all of these ROIs, we examined whether we can
distinguish between the two Gabor orientations using MVPA within the ROI, and
then further tested for the presence of awake reactivation and awake suppression in
the selected ROIs.

fMRI data analysis. We used Freesurfer software (version 6.0) to analyze the MRI
data. First, we used the longitudinal stream in Feesurfer®! to extract reliable
structural images from two different days’ scans (days 1 and 4). This method
generates an unbiased within-subject template using robust, inverse consistent
registration. The functional data were preprocessed by applying motion correction,
but not spatial or temporal smoothing. The functional images were registered to
the individual structural template that was created by the longitudinal stream. Then
we used a gray matter mask to extract BOLD signals from the voxels located within
the gray matter.

Using Matlab, we shifted the BOLD signals by 6 s to account for the
hemodynamic delay. We removed voxels that had spikes greater than 10 SDs from
the mean during any one out of ten runs of the decoder construction scan. We also
removed a linear trend in the BOLD time course. The BOLD signals in each run
were z-scored for each voxel. We averaged the BOLD signals of each voxel across
6 volumes (12 s) corresponding to the data from each trial in the decoder
construction scan to create the data sample for decoding. We obtained 90 data
samples for each orientation, thus in total we had 180 data samples from the
10 runs of the decoder construction scan. Of note, 6 volumes correspond to the
Gabor stimulus presentation time during the decoder construction scan.

We used linear sparse logistic regression for decoding®?. This method
implemented by the sparse logistic regression toolbox (SLR toolbox version
1.2.1alpha; http://www.cns.atr.jp/~oyamashi/SLR_WEB.html) selects the relevant
voxels in the ROIs and calculates their weights for classification. We trained the
decoder to classify the brain activity patterns in each ROI to either 45° or 135°
using the 180 data samples. To verify the robustness of the decoder, we tested its
reliability using a 10-fold cross-validation where the decoder was re-trained on
nine runs and tested on the remaining run. We observed classification probability
significantly above chance for our main areas of interest (V1: T(11)=8.587, P <
0.001, Cohen’s d = 2.479; V2: T(11) = 10.327, P <0.001, Cohen’s d =2.981; V3:
T(11) = 7.287, P<0.001, Cohen’s d = 2.103; combined area of V1-V3: T(11) =
10.200, P < 0.001, Cohen’s d = 2.944; uncorrected one-sample ¢ tests), as well as for
five additional areas (V3A: T(11) = 7.154, P < 0.001, Cohen’s d = 2.065; V4v: T(11)
=6.047, P <0.001, Cohen’s d = 1.746; superior parietal cortex: T(11) =3.790, P =
0.003, Cohen’s d = 1.094; middle temporal cortex: T(11) =2.794, P=0.017,
Cohen’s d = 0.806; fusiform cortex: T(11) = 2.231, P = 0.047, Cohen’s d = 0.644;
uncorrected one-sample ¢ tests).

Once the decoder was created based on the data from the decoder construction
scan, we applied it to the pre- and post-task scans from day 4. We used the same
voxels that were included during the decoder construction. We shifted the BOLD
signals by 6s, removed a linear trend, z-scored, and averaged every 6 volumes.
Then we applied the decoder to each 6-volume period of the pre- and post-task
scans. The decoder yielded the probability that each 6-volume period was elicited
by the familiar or novel orientation. These probability values for each 6-volume
period were provided by the output variable named ‘Pte’ from SLR toolbox. We
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averaged these probability scores for either the familiar or novel orientation
(depending on the analysis) within pre, postl, and post 2 scans. These averaged
probability scores served as the probability of classification of the decoder.

Finally, we note that we did not apply the decoder to the stimulus exposure runs
on day 4 because the equivalent (but longer) exposure runs in our previous study
(Bang et al. 2018) produced chance-level classification. There are at least three
reasons why the decoder cannot be expected to distinguish the two orientations in
the exposure runs. First, the stimuli were at threshold for the majority of these
runs, making the signal for classification extremely low. Second, the decoder was
trained on Gabor patch presentations that lasted for 12 s but during the exposure
runs on day 4 the Gabor patch was presented extremely briefly (only for 50 ms per
trial) thus further reducing the signal for decoding. Third, our design leads to
masking effects whenever the stimulus is presented in the first interval since in such
cases the Gabor patch is followed by a noise stimulus a mere 300 ms later. Such
masking occurred on approximately half of the trials (whenever the Gabor patch
happened to be presented in the first interval) thus further diminishing the strength
of the neural representation. The combination of these three factors vastly reduces
the BOLD signal for classification. In fact, awake reactivation and suppression can
be expected to produce stronger signal for classification since the visual cortex is
likely to be reactivating its memory of a high- rather than low-S/N Gabor patch
without the presence of any masking from competing stimuli. The lack of above-
chance classification during the stimulus exposure runs also means that the awake
reactivation observed is not a mere continuation of signals that were already
present during stimulus exposure but constitutes the emergence of new signals
presumably related to memory processes.

To conduct the pattern similarity analyses, we constructed template patterns for
each of the two orientations based on the average multivoxel patterns elicited by
each orientation during the decoder scans. Here, we again used the same voxels
that were included during the decoder construction. Then we computed how
similar each 6-volume period patterns from the pre- and post-task scans are to the
template patterns of each orientation using Pearson correlation. We averaged these
correlation values separately for the familiar or novel orientation within the pre,
postl, and post2 periods. These averaged correlation values were then used to
indicate the strength of the pattern similarity.

Statistics and Reproducibility. For all statistical tests, we used two-tailed para-
metric tests. We confirmed that the assumption of normality was not violated for
all behavioral performance and classification measures by applying the
Kolmogorov-Smirnov goodness of fit test. To assess the equality of variances, we
used Levene’s test. When the assumption of equal variances was violated, we used
unequal variances tests and reported all such cases. In addition, we used Mauchly’s
sphericity test for all repeated measures ANOVAs to test the assumption of
sphericity. When the sphericity assumption was violated, we used Huynh-Feldt
correction. We reported all such violations. We included all participants’ data in
the analysis and described the statistical tests used for each analysis in the relevant
section.

Performance improvement. We defined the performance improvement for each
individual subject based on the change in threshold S/N ratio from before training
(day 2) to after training (day 4). We measured the threshold S/N ratio for each day
as the mean threshold S/N ratios across the three blocks. We subtracted the
threshold S/N ratio after training (day 4) from that before training (day 2) and then
divided it by the threshold S/N ratio before training (day 2) to obtain the per-
formance improvement score. This method for calculating performance
improvement is common in the field*>63-66 and is identical to how we calculated
performance improvement in our prior work!4>354,

Apparatus. We created all visual stimuli in Matlab using Psychophysics Toolbox
367:68 We used an LCD display (1024 x 768 resolution, 60 Hz refresh rate) inside a
mock scanner and MRI-compatible LCD projector (1024 x 768 resolution, 60 Hz
refresh rate) inside the 3 T scanner to present the visual stimuli.

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

Data availability
Data from the decoder classification and the pattern similarity measures are freely
available at https://osf.io/kmrwf/ (https://doi.org/10.17605/OSF.IO/KMRWE).

Code availability
Codes for analyses are freely available at https://osf.io/kmrwf/ (https://doi.org/10.17605/
OSF.IO/KMRWE).

Received: 8 June 2020; Accepted: 17 February 2021;
Published online: 17 March 2021

References

1.

11.

12.

13.

14.

15.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

McGaugh, J. L. Neuroscience - memory - a century of consolidation. Science
287, 248-251 (2000).

Diekelmann, S. & Born, J. SLEEP The memory function of sleep. Nat. Rev.
Neurosci. 11, 114-126 (2010).

Sasaki, Y., Nanez, J. E. & Watanabe, T. Advances in visual perceptual learning
and plasticity. Nat. Rev. Neurosci. 11, 53-60 (2010).

Tambini, A. & Davachi, L. Awake reactivation of prior experiences
consolidates memories and biases cognition. Trends Cogn. Sci. 23, 876-890
(2019).

Foster, D. J. Replay comes of age. Annu. Rev. Neurosci. 40, 581-602 (2017).
Pfeiffer, B. E. The content of hippocampal “replay”. Hippocampus 30, 6-18
(2020).

Staresina, B. P., Alink, A., Kriegeskorte, N. & Henson, R. N. Awake
reactivation predicts memory in humans. Proc. Natl Acad. Sci. USA 110,
21159-21164 (2013).

Tambini, A. & Davachi, L. Persistence of hippocampal multivoxel patterns
into postencoding rest is related to memory. Proc. Natl Acad. Sci. USA 110,
19591-19596 (2013).

Deuker, L. et al. Memory consolidation by replay of stimulus-specific neural
activity. J. Neurosci. 33, 19373-19383 (2013).

Schlichting, M. L. & Preston, A. R. Memory reactivation during rest supports
upcoming learning of related content. Proc. Natl Acad. Sci. USA 111,
15845-15850 (2014).

Guidotti, R., Del Gratta, C., Baldassarre, A., Romani, G. L. & Corbetta, M.
Visual learning induces changes in resting-state fMRI multivariate pattern of
information. J. Neurosci. 35, 9786-9798 (2015).

Chelaru, M. I et al. Reactivation of visual-evoked activity in human cortical
networks. J. Neurophysiol. 115, 3090-3100 (2016).

de Voogd, L. D., Fernandez, G. & Hermans, E. ]. Awake reactivation of
emotional memory traces through hippocampal-neocortical interactions.
Neuroimage 134, 563-572 (2016).

Bang, . W., Sasaki, Y., Watanabe, T. & Rahnev, D. Feature-specific awake
reactivation in human V1 after visual training. J. Neurosci. 38, 9648-9657
(2018).

Purves D. Brains as Engines of Association: An Operating Principle for Nervous
Systems (Oxford Univ. Press, 2019).

Gruber, M. J., Ritchey, M., Wang, S. F., Doss, M. K. & Ranganath, C. Post-
learning hippocampal dynamics promote preferential retention of rewarding
events. Neuron 89, 1110-1120 (2016).

Schapiro, A. C., McDevitt, E. A., Rogers, T. T., Mednick, S. C. & Norman, K.
A. Human hippocampal replay during rest prioritizes weakly learned
information and predicts memory performance. Nat. Commun. 9, 3920
(2018).

Xiao, L. Q. et al. Complete transfer of perceptual learning across retinal
locations enabled by double training. Curr. Biol. 18, 1922-1926 (2008).
Zhang, J. Y. et al. Rule-based learning explains visual perceptual learning and
its specificity and transfer. J. Neurosci. 30, 12323-12328 (2010).

McGovern, D. P., Webb, B. S. & Peirce, ]. W. Transfer of perceptual learning
between different visual tasks. J. Vis. 12, 4 (2012).

Wang, R, Zhang, J. Y., Klein, S. A, Levi, D. M. & Yu, C. Vernier perceptual
learning transfers to completely untrained retinal locations after double
training: a “piggybacking” effect. J. Vis. 14, 12 (2014).

Rosenthal, C. R., Mallik, L., Caballero-Gaudes, C., Sereno, M. I. & Soto, D.
Learning of goal-relevant and -irrelevant complex visual sequences in human
V1. Neuroimage 179, 215-224 (2018).

Watanabe, T. & Sasaki, Y. Perceptual learning: toward a comprehensive
theory. Annu. Rev. Psychol. 66, 197-221 (2015).

Wimber, M., Alink, A., Charest, I., Kriegeskorte, N. & Anderson, M. C.
Retrieval induces adaptive forgetting of competing memories via cortical
pattern suppression. Nat. Neurosci. 18, 582-589 (2015).

Lorenc, E. S., Vandenbroucke, A. R. E., Nee, D. E., de Lange, F. P. &
D’Esposito, M. Dissociable neural mechanisms underlie currently-relevant,
future-relevant, and discarded working memory representations. Sci. Rep. 10,
11195 (2020).

Liu, Z. X, Grady, C. & Moscovitch, M. The effect of prior knowledge on post-
encoding brain connectivity and its relation to subsequent memory.
Neuroimage 167, 211-223 (2018).

Foster, D. J. & Wilson, M. A. Reverse replay of behavioural sequences in
hippocampal place cells during the awake state. Nature 440, 680-683 (2006).
Diba, K. & Buzsaki, G. Forward and reverse hippocampal place-cell sequences
during ripples. Nat. Neurosci. 10, 1241-1242 (2007).

Davidson, T. J., Kloosterman, F. & Wilson, M. A. Hippocampal replay of
extended experience. Neuron 63, 497-507 (2009).

Carr, M. F,, Jadhav, S. P. & Frank, L. M. Hippocampal replay in the awake
state: a potential substrate for memory consolidation and retrieval. Nat.
Neurosci. 14, 147-153 (2011).

COMMUNICATIONS BIOLOGY | (2021)4:348 | https://doi.org/10.1038/s42003-021-01863-2 | www.nature.com/commsbio 9


https://osf.io/kmrwf/
https://doi.org/10.17605/OSF.IO/KMRWF
https://osf.io/kmrwf/
https://doi.org/10.17605/OSF.IO/KMRWF
https://doi.org/10.17605/OSF.IO/KMRWF
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-01863-2

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Euston, D. R,, Tatsuno, M. & McNaughton, B. L. Fast-forward playback of
recent memory sequences in prefrontal cortex during sleep. Science 318,
1147-1150 (2007).

Ji, D. Y. & Wilson, M. A. Coordinated memory replay in the visual cortex and
hippocampus during sleep. Nat. Neurosci. 10, 100-107 (2007).

McNamara, C. G., Tejero-Cantero, A., Trouche, S., Campo-Urriza, N. &
Dupret, D. Dopaminergic neurons promote hippocampal reactivation and
spatial memory persistence. Nat. Neurosci. 17, 1658-1660 (2014).

Giri, B., Miyawaki, H., Mizuseki, K., Cheng, S. & Diba, K. Hippocampal
reactivation extends for several hours following novel experience. J. Neurosci.
39, 866-875 (2019).

van de Ven, G. M., Trouche, S., McNamara, C. G., Allen, K. & Dupret, D.
Hippocampal offline reactivation consolidates recently formed cell assembly
patterns during sharp wave-ripples. Neuron 92, 968-974 (2016).

Cheng, S. & Frank, L. M. New experiences enhance coordinated neural activity
in the hippocampus. Neuron 57, 303-313 (2008).

Albers, A. M., Kok, P., Toni, L, Dijkerman, H. C. & de Lange, F. P. Shared
representations for working memory and mental imagery in early visual
cortex. Curr. Biol. 23, 1427-1431 (2013).

Tootell, R. B. et al. The retinotopy of visual spatial attention. Neuron 21,
1409-1422 (1998).

Harrison, S. A. & Tong, F. Decoding reveals the contents of visual working
memory in early visual areas. Nature 458, 632-635 (2009).

Kok, P., Bains, L. J., van Mourik, T., Norris, D. G. & de Lange, F. P. Selective
activation of the deep layers of the human primary visual cortex by top-down
feedback. Curr. Biol. 26, 371-376 (2016).

Olman, C. A. et al. Layer-specific fMRI reflects different neuronal
computations at different depths in human V1. PLoS ONE 7, 32536 (2012).
Han, F., Caporale, N. & Dan, Y. Reverberation of recent visual experience in
spontaneous cortical waves. Neuron 60, 321-327 (2008).

Hasson, U., Yang, E., Vallines, I, Heeger, D. J. & Rubin, N. A hierarchy of
temporal receptive windows in human cortex. J. Neurosci. 28, 2539-2550
(2008).

Shibata, K., Sasaki, Y., Kawato, M. & Watanabe, T. Neuroimaging evidence for
2 types of plasticity in association with visual perceptual learning. Cereb.
Cortex 26, 3681-3689 (2016).

Adini, Y., Sagi, D. & Tsodyks, M. Context-enabled learning in the human
visual system. Nature 415, 790-793 (2002).

Qu, Z., Song, Y. & Ding, Y. ERP evidence for distinct mechanisms of fast and
slow visual perceptual learning. Neuropsychologia 48, 1869-1874 (2010).
Jeter, P. E., Dosher, B. A, Liu, S. H. & Lu, Z. L. Specificity of perceptual
learning increases with increased training. Vis. Res. 50, 1928-1940 (2010).
Zhang, R. & Tadin, D. Disentangling locus of perceptual learning in the visual
hierarchy of motion processing. Sci. Rep. 9, 1557 (2019).

Rokem, A. & Silver, M. A. Cholinergic enhancement augments magnitude and
specificity of visual perceptual learning in healthy humans. Curr. Biol. 20,
1723-1728 (2010).

Jehee, J. F., Ling, S., Swisher, J. D., van Bergen, R. S. & Tong, F. Perceptual
learning selectively refines orientation representations in early visual cortex. J.
Neurosci. 32, 16747-16753a (2012).

Baldassarre, A. et al. Individual variability in functional connectivity predicts
performance of a perceptual task. Proc. Natl Acad. Sci. USA 109, 3516-3521
(2012).

Shibata, K. et al. Overlearning hyperstabilizes a skill by rapidly making
neurochemical processing inhibitory-dominant. Nat. Neurosci. 20, 470-475
(2017).

Bang, J. W. et al. Consolidation and reconsolidation share behavioural and
neurochemical mechanisms. Nat. Hum. Behav. 2, 507-513 (2018).

Bang, J. W., Milton, D., Sasaki, Y., Watanabe, T. & Rahnev, D. Post-training
TMS abolishes performance improvement and releases future learning from
interference. Commun. Biol. 2, 320 (2019).

Bang, . W., Shekhar, M. & Rahnev, D. Sensory noise increases metacognitive
efficiency. J. Exp. Psychol. Gen. 148, 437-452 (2019).

Wandell, B. A. & Smirnakis, S. M. Plasticity and stability of visual field maps
in adult primary visual cortex. Nat. Rev. Neurosci. 10, 873-884 (2009).

57. Castaldi, E., Lunghi, C. & Morrone, M. C. Neuroplasticity in adult human
visual cortex. Neurosci. Biobehav. Rev. 112, 542-552 (2020).

58. Schmah, T. et al. Comparing classification methods for longitudinal fMRI
studies. Neural. Comput. 22, 2729-2762 (2010).

59. Sereno, M. L et al. Borders of multiple visual areas in humans revealed by
functional magnetic resonance imaging. Science 268, 889-893 (1995).

60. Tootell, R. B. et al. Functional analysis of V3A and related areas in human
visual cortex. J. Neurosci. 17, 7060-7078 (1997).

61. Reuter, M., Schmansky, N. J., Rosas, H. D. & Fischl, B. Within-subject
template estimation for unbiased longitudinal image analysis. Neuroimage 61,
1402-1418 (2012).

62. Yamashita, O., Sato, M., Yoshioka, T., Tong, F. & Kamitani, Y. Sparse
estimation automatically selects voxels relevant for the decoding of fMRI
activity patterns. Neuroimage 42, 1414-1429 (2008).

63. Beard, B. L, Levi, D. M. & Reich, L. N. Perceptual learning in parafoveal
vision. Vis. Res. 35, 1679-1690 (1995).

64. Furmanski, C. S. & Engel, S. A. Perceptual learning in object recognition:
object specificity and size invariance. Vis. Res. 40, 473-484 (2000).

65. Yu, Q., Zhang, P., Qiu, J. & Fang, F. Perceptual learning of contrast detection
in the human lateral geniculate nucleus. Curr. Biol. 26, 3176-3182 (2016).

66. Wang, R, Cong, L. ]. & Yu, C. The classical TDT perceptual learning is mostly
temporal learning. J. Vis. 13, 9 (2013).

67. Brainard, D. H. The psychophysics toolbox. Spat. Vis. 10, 433-436 (1997).

68. Pelli, D. G. The VideoToolbox software for visual psychophysics: transforming
numbers into movies. Spat. Vis. 10, 437-442 (1997).

Acknowledgements
This work was funded by ROIMH119189 and R21MH122825.

Author contributions

J.W.B. and D.R. conceived the idea, designed the experiments, interpreted the results,
wrote the manuscript, and reviewed the final draft. J.W.B. conducted experiments and
analyzed the data. D.R. supervised the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-021-01863-2.

Correspondence and requests for materials should be addressed to J.W.B.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

COMMUNICATIONS BIOLOGY | (2021)4:348 | https://doi.org/10.1038/s42003-021-01863-2 | www.nature.com/commsbio


https://doi.org/10.1038/s42003-021-01863-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	Awake suppression after brief exposure to a familiar stimulus
	Results
	Behavioral results
	Awake reactivation after exposure to a novel stimulus
	Awake suppression after exposure to a familiar stimulus
	Direct comparison of the periods after exposures to novel and familiar stimuli
	Stronger awake suppression in subjects who exhibited greater learning
	No awake reactivation or suppression outside of the early visual areas

	Discussion
	Methods
	Participants
	Task
	Procedures
	Decoder construction
	Pre-task and post-task scans
	MRI data acquisition
	Retinotopy and ROI selection
	fMRI data analysis
	Statistics and Reproducibility
	Performance improvement
	Apparatus

	Reporting Summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




