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Stepwise synaptic plasticity events drive the early
phase of memory consolidation

Akihiro Goto'?, Ayaka Bota?3, Ken Miya®*5, Jingbo Wang', Suzune Tsukamoto, Xinzhi Jiang?,
Daichi Hirai?, Masanori Murayama>®, Tomoki Matsuda’, Thomas J. McHugh?®,

Takeharu Nagai’, Yasunori Hayashi"23*

Memories are initially encoded in the hippocampus but subsequently consolidated to the cortex.
Although synaptic plasticity is key to these processes, its precise spatiotemporal profile remains
poorly understood. Using optogenetics to selectively erase long-term potentiation (LTP) within

a defined temporal window, we found that distinct phases of synaptic plasticity play differential roles.
The first wave acts locally in the hippocampus to confer context specificity. The second wave,
during sleep on the same day, organizes these neurons into synchronously firing assemblies.

Finally, LTP in the anterior cingulate cortex during sleep on the second day is required for further
stabilization of the memory. This demonstrates the precise localization, timing, and characteristic
contributions of the plasticity events that underlie the early phase of memory consolidation.

he current prevailing view of episodic
memory is that it is initially encoded in
the hippocampus and subsequently trans-
ferred to other regions, including the
cerebral cortex, for long-term storage in a
process termed memory consolidation (7, 2). It
has been proposed that synaptic plasticity may
underlie learning, which is assumed to play a
critical role in memory consolidation (3, 4).
However, it remains largely unknown where
and when synaptic plasticity occurs, along with
the more complex question of how synaptic
plasticity shapes neuronal representation. This
is due primarily to a lack of appropriate ex-
perimental techniques to detect and modify
synaptic plasticity in a precise spatiotemporal
manner. We thus developed an optogenetic
method to selectively erase long-term poten-
tiation (LTP) without affecting basal transmis-
sion or precluding future plasticity events.

Optical erasure of sLTP

Previous studies have demonstrated that the
early phase of LTP is associated with rapid
polymerization of actin within dendritic spines,
which acts to enlarge their structure [struc-
tural LTP (sLTP)](5). At the same time, cofilin
(CFL), an F-actin side-binding protein, accu-
mulates at the bottom of the spine head (6).
CFL exerts differential effects on F-actin de-
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pending on its density on the filament (7, 8).
At low density, CFL twists and severs F-actin,
leading to its disassembly. By contrast, when
CFL binds F-actin at a high stoichiometric
ratio, it forms cofilactin, thus stabilizing F-actin.
We previously demonstrated that sLTP induc-
tion promotes CFL-actin interaction, consistent
with the formation of cofilactin (6). Therefore,
we hypothesized that inactivating CFL would
lead to destabilization of the cofilactin struc-
ture within the dendritic spine, thereby per-
mitting selective erasure of SLTP.

To test this, we employed the genetically
encoded photosensitizer protein SuperNova
(SN), which allows for chromophore-assisted
light inactivation (CALI) of specific molecules
in living cells. Upon illumination at specific
wavelengths, SN generates reactive oxygen
species that inactivate the proteins to which it
is fused (9, 10). In nonneuronal cells express-
ing a fusion protein of CFL with SN (CFL-SN),
induction of CALI by light illumination inhib-
ited the actin-dependent motility of lamelli-
podia, consistent with the inactivation of CFL
(fig. S1) (9, 11). We then coexpressed CFL-SN
with CFL-green fluorescent protein (GFP) in
CA1 pyramidal neurons in hippocampal slice
cultures, together with DsRed2 as a volume
filler. Owing to the cooperativity of CFL bind-
ing to F-actin, we predicted that CALI of CFL-
SN would also lead to dissociation of CFL-GFP
from F-actin. Upon induction of sLTP by
two-photon uncaging of MNI (4-methoxy-7-
nitroindolinyl)-glutamate at single dendritic
spines, we observed a rapid accumulation of
CFL-GFP, overshooting the increase in volume
(6) (Fig. 1, A and B). By inducing CALI 10 min
after sLTP induction, both the enrichment of
CFL-GFP and the increase in spine volume
were reversed.

sLTP is accompanied by decreased actin
turnover within dendritic spines (12). To es-
tablish whether the enriched CFL and result-
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ing cofilactin formation are involved in this
process, we tested whether CALI of CFL-SN
can restore actin turnover using photoacti-
vatable GFP (PAGFP)-fused actin (12). Photo-
activation of PAGFP-actin at the tip of dendritic
spines revealed actin turnover within the body
of the dendritic spine, which slowed after the
induction of sLTP (Fig. 1C). However, when
CALI was performed after sLTP induction,
actin turnover was restored and spine vol-
umes returned to baseline levels. Overall,
these results are consistent with the idea that
cofilactin structure maintains the increase in
spine volume after sLTP induction, and that
CALI of CFL-SN can efficiently reverse sLTP
by destabilizing this structure and restoring
actin turnover (fig. S2).

Time window of optical erasure of sLTP

To understand the temporal window of effec-
tiveness, CALI was triggered at multiple time
points after sLTP induction. Light illumina-
tion of spines expressing CFL-SN 10 min after
LTP led to a decrease in spine enlargement
compared with spines expressing an unfused
SN (Fig. 1, D and E). Similarly, 30 min after
sLTP induction, CALI remained effective in
reducing spine volume. However, this effect
was not evident after 50 min (Fig. 1F) (6). CALI
applied to spines 1 min before sLTP had no
effect on its subsequent expression (Fig. 1F).
Moreover, CALI triggered in spines where
sLTP had not been induced had no effect on
spine volume regardless of its original size
(Fig. 1, D and E, and fig. S3). Reinduction of
sLTP in the same spine after CALI was still
possible, indicating that the procedure does
not cause permanent damage, but only tem-
porarily disrupts the spine-associated plastic-
ity machinery (Fig. 1E and fig. S4).

Electrically recorded LTP can also be
optically erased

To test whether CALI of CFL-SN could erase
electrically recorded LTP, field excitatory post-
synaptic potentials (fFEPSPs) were recorded
in the CAl stratum radiatum of hippocam-
pal slices from CaMKIIao-Cre mice infected
with AAV,-EF10-DIO-CFL-SN (fig. S5A). LTP
was induced by high-frequency stimulation
(HFS) and CALI was triggered 10 min later.
fEPSPs were specifically decreased in the LTP
pathway, but not in the control pathway or in
slices expressing unfused SN (fig. S5B). Subse-
quent HFS produced a sustained potentiation
of the fEPSPs, indicating that CALI selectively
erased the existing LTP without interfering
with any future plasticity events. When CALI
was conducted either 1 min before or 50 min
after LTP induction, it did not have any im-
pact on potentiation (fig. S5, B and C). Be-
cause both N-methyl-d-aspartate receptor- and
metabotropic glutamate receptor-dependent
long-term depression (LTD) share CFL as a
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Fig. 1. Optical erasure of sLTP. (A) DsRed?2 (top)

and CFL-GFP (bottom) images. Persistent enlargement
of the spine was induced with two-photon (2P)
uncaging of MNI-glutamate in single dendritic spines in
hippocampal slice cultures, which expressed CFL-SN,
CFL-GFP, and DsRed2. The red dot in the DsRed?2
image indicates the uncaging spot. A 559-nm laser was
irradiated within the square region to induce CALI

in the stimulated spine. Scale bar, 1 um. (B) Time
courses of changes in spine volume and the amount of
CFL-GFP relative to the averaged baseline fluorescence
intensity from spines without illumination (n = 13)

and spines with 593-nm illumination 10 min after sLTP
induction (n = 12) (left). Summary of changes in

the intensity of CFL-GFP and spine volume 5 min after
CALI (right). Wilcoxon signed-rank test, P = 0.0098
(volume), P = 0.0043 (CFL-GFP). (C) Images of
DsRed?2 and PAGFP-actin in spines. Red dots in the
DsRed?2 images indicate uncaging and photoactivation
points. 559-nm light was illuminated within the

square region around the spine head. The fluorescence
of PAGFP after photoactivation was normalized to
100%. With MNI-glutamate without CALI (n = 15), with
MNI-glutamate and CALI (n = 14), without MNI-
glutamate and CALI (n = 13). Averaged spine volume
600 s after uncaging and photoactivation are shown as
bar graphs. One-way analysis of variance (ANOVA)
test followed by Tukey-Kramer post hoc test

(versus MNI-Glu). AVolume; P = 0.0027 (MNI-Glu
CALI), P = 0 (No MNI-Glu), F,4; = 15.05. Fluorescence;
P =0.0001 (MNI-Glu CALI), P = 0 (No MNI-Glu),

Foq =17.72. Scale bars, 1 um. a.u., arbitrary units.
(D) Field illumination of neurons expressing CFL-SN
and GFP in hippocampal slice cultures (left). To induce
CALI, a 593-nm laser (0.8W/cm?, 60 sec, 2-mm
diameter spot) was illuminated using an optic fiber.
GFP images of a representative neuron expressing
CFL-SN and GFP (right). Red dots indicate two-photon
uncaging spots. A 593-nm laser was irradiated

10 min after LTP induction. Scale bar, 1 um.

(E) Summary of effect of CALI of CFL-SN on sLTP.
Spine volume was quantified by measuring the total
GFP fluorescence intensity relative to the baseline
intensity. Neurons expressing GFP only without CALI
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(GFP only, n = 12), CFL-SN and GFP without CALI (CFL-SN No CALI, n = 12), SN and GFP with CALI (SN CALI, n = 15), CFL-SN and GFP with CALI (CFL-SN CALI,
both glutamate stimulated and unstimulated adjacent spines, n = 12). Averaged spine volume 7 min after CALI are shown as bar graphs. One-way ANOVA test
followed by Tukey-Kramer post hoc test. P = 0.0119 (CFL-SN versus CFL-SN CALI), P = 0.0335 (SN CALI versus CFL-SN CALI), F,36 = 5.34. (F) Effect of CALI of
CFL-SN on sLTP at various time points before and after induction. CALI was conducted 1 min before sLTP induction or 10, 30, and 50 min after induction. Wilcoxon
signed-rank test, 10 min after CALI of each CALI group versus control (No CALI), P = 0.1811 (CALI 1 min, n = 12), P = 0.0221 (CALI 10 min, n = 12), P = 0.0306
(CALI 30 min, n = 10), P = 0.9732 (CALI 50 min, n = 13). Means + SEMs are shown; significance is indicated in the figures as follows: *: P < 0.05; **: P < 0.01.

common downstream mediator (13, 14), it was
necessary to characterize the effects of CALI
on LTD. However, we observed no effect on low-
frequency stimulation-induced LTD (fig. S5D).

Optical erasure of LTP impairs context-specific
memory within a specific time window

Next, we tested whether we could erase mem-
ories in intact animals. CFL-SN was expressed
bilaterally in dorsal CA1l of the hippocam-
pus by injecting AAV,-EF10-DIO-CFL-SN in
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CaMKIIo-Cre mice, and optic fibers were
implanted above the area of injection (Fig. 2A).
Memory was assessed using an inhibitory avoid-
ance (TA) learning paradigm. In this task, mice
were placed in the lit side of a partitioned
chamber. They typically crossed over to the
dark side within 30 s of the door opening,
where they received a foot shock (Fig. 2B).
Although naive animals (no virus injection or
illumination) showed a prolonged crossover
latency to the dark side on day 2, mice express-
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ing CFL-SN that underwent CALI 2 min after
the shock had significantly shorter latencies,
indicating that memory formation was dis-
rupted (Fig. 2C). The same mice were able to
form the memory after they were shocked on
day 2 without CALI and tested on day 3, ruling
out any nonspecific interference with neu-
ronal function. Animals expressing either
CFL-GFP or unfused SN formed memories
as normal even in the presence of illumina-
tion. Likewise, animals expressing CFL-SN
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in the absence of illumination also formed a
robust memory, ruling out the possibility that
overexpression of CFL-SN contributes to the
observed effects.

CALI was triggered at various time points
after the shock. Memory was significantly
impaired when CALI was conducted within
20 min after the shock (Fig. 2D). However,
memory was not impaired when the light
was delivered either 1 min before the animals
were placed in the TA chamber or 1 hour after
the shock.

To test the context specificity of the im-
paired memory, we prepared two IA contexts
that differed in size, floor texture, visual cues,
illumination color, and odor (Fig. 2E). Mice
were first trained in context A without CALI.
Two hours later, mice were placed in context B
where they displayed a short crossover la-
tency, indicating that they could sufficiently
distinguish context B from context A (Fig. 2E).
After crossover, the mice were shocked and
CALI was subsequently conducted. The next
day, when returned to context B, mice that
underwent CALI displayed shorter crossover
latencies, indicating that the memory for

Fig. 2. Optical erasure of memory by CALI.

(A) Distribution of CFL-SN expressed by AAV vector
in dorsal CAl pyramidal neurons (immunostained);
the optical fiber tract is indicated by a dashed line
in the cortex. An AAV viral vector carrying EF1a-DIO-
CFL-SN was injected bilaterally into the dorsal CAl
of CaMKlla-Cre transgenic mice. DG, Dentate gyrus.
Scale bars, 300 um. (B) Experimental protocol

for inhibitory avoidance testing. (C) Erasure of memory

by CALI of CFL-SN. Bar graph shows the average
crossover latency in inhibitory avoidance test. Mice
without virus injection or shock (no shock, n = 10),
mice without virus injection but shocked (No surgery,
n = 14), mice expressing CFL-GFP, shocked and
illuminated (CFL-GFP CALI, n = 13), mice expressing
CFL-SN, shocked but not illuminated (CFL-SN,

n = 12), mice expressing SN, shocked and illuminated
(SN CALI, n = 12), mice expressing CFL-SN and

illuminated (CFL-SN CALI, n = 13). A subset of the last

group was shocked again on day 2 but without

illumination and tested on day 3 (CFL-SN CALI, n = 9).

All groups except the no shock group on day 2 were
statistically analyzed using one-way ANOVA tests
followed by Tukey-Kramer post hoc tests (versus no
surgery). P = 0.885 (CFL-GFP CALI), P = 0.998
(CFL-SN), P = 0.986 (SN CALI), P = 0.0156 (CFL-SN
CALI), F460 = 3.26. (D) Time-window of the effect

of CALI of CFL-SN. CALI of CFL-SN was carried out at
various time points before and after shock. Mice

context B was erased. However, when placed
in context A, the same mice had crossover
latencies similar to those of the control mice
that did not receive CALI, demonstrating that
context-specific memories can be selectively
impaired.

Optical erasure of LTP during sleep also
impairs memory

Hippocampal neuronal activity patterns asso-
ciated with memory formation are subse-
quently replayed offline while animals are
stationary or asleep, a process thought to
underlie memory consolidation (15-20). How-
ever, it remains unknown whether such activ-
ity induces additional LTP in the brain; if it
does, it is also unknown when and where this
occurs. To establish whether additional LTP
is induced offline (offline LTP) locally in the
hippocampus during extended periods after
learning, we illuminated the hippocampus
every 20 min (the temporal resolution of the
CFL-SN system) after the mice were returned
to the home cage, starting 2 hours after the
shock and continuing for 8 hours. We found
that the memory was totally erased (Fig. 3A).

When the same group of mice were shocked
on day 2 and tested on day 3, the animals ex-
hibited normal memory, ruling out nonspe-
cific tissue damage. To further narrow down
the time window of LTP, light was delivered
either in the first or second 4-hour period.
The memory was still erased, though to a lesser
extent in both time windows. Because local
hippocampal LTP was still contributing to
memory formation in the home cage up to
8 hours after the shock, we next tested whether
offline LTP extends over days. We illuminated
the hippocampus only on day 2, but observed
no degradation of memory (Fig. 3B), sug-
gesting that offline LTP extends more than
2 hours after learning, but consolidation is
restricted to a single day locally within the
hippocampus.

Hippocampal replay occurs during both
wakefulness and sleep, and it has been sug-
gested that events in these states may serve
differential roles (19). We analyzed the state-
dependent contribution of these processes rel-
ative to the memory consolidation process.
electroencephalography (EEG) and electro-
myography (EMG) data were analyzed online
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without CALI (n = 10), CALI 1 min before shock (n = 10), CALI 2 min (n = 10), 5 min (n = 10), 10 min (n = 10), 20 min (n = 10), 60 min (n = 10), and 120 min
(n = 10) after shock. One-way ANOVA test followed by Tukey-Kramer post hoc test (versus noCALI group). P =1, P = 0.0042, P = 0.0171, P = 0.0103, P = 0.0478,

P =0.797, P = 1 (the order is the same as in the figure), F7 s> = 5.36. (E) Context selectivity of the effect of CALI. The IA test was carried out in two distinct
contexts: A and B. CALI was induced 2 min after shock in context B but not in context A. Summary of crossover latency in each context with CALI (n = 8) and
without CALI (n = 8). Wilcoxon signed-rank test, P = 0.1105 (Context A+shock), P = 0.314 (Context B+shock+CALI), P = 0.004 (Context B), P = 0.9591 (Context A).
Means + SEMs are shown; significance is indicated in the figures as follows: *: P < 0.05; **: P < 0.01; n.s., not significant.
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to automatically determine the behavioral
state of the animal (2I), and CALI was trig-
gered separately during either awake or sleep
periods that extended for at least 20 min (Fig.
3C and fig. S6). When CALI was conducted
during sleep, memory was impaired (Fig. 3D).
However, when it was restricted to awake pe-
riods, no impact was evident. Further, when
CALI was specifically performed during sleep
periods but only on day 2, it no longer impaired
memory formation (Fig. 3D). Our intervention
used a similar total number of illuminations
across conditions (Fig. 3E) and did not alter
the patterns or periods of the sleep and wake
states (fig. S7).

Differential roles of online and offline LTP on
the formation of hippocampal representation

So far we have demonstrated that two forms
of hippocampal LTP are required for memory
formation: online LTP that takes place during
or immediately after the event and offline LTP
that takes place during the subsequent sleep
period. We next sought to establish whether
these two forms of LTP have differential im-
pacts on hippocampal representations. We
imaged Ca**-responses in hippocampal excit-
atory neurons of active mice using a head-
mounted miniaturized fluorescence microscope
(22). AAV4-CAG-DIO-CFL-SN-P2A-GCaMP6f
was injected into the dorsal hippocampus of
CaMKIIo-Cre mice, after which a gradient in-
dex (GRIN) lens was implanted directly above

the injection site (Fig. 4A). On day 1, neuronal
activity was recorded when the mice were ex-
posed to the IA chamber without shock (Fig.
4B). On day 2, mice were reexposed to the
same chamber and shocked after entering the
dark side. In one group of mice, light was illu-
minated through the lens 2 min after the
shock to erase online LTP (online CALI group).
To limit the effect on the local circuit, we in-
duced CALI unilaterally on the observed side
(fig. S8). In a second group, light was illumi-
nated every 20 min—starting 2 hours after the
IA test for a total of 8 hours—to erase offline
LTP (offline CALI group), whereas control
groups were shocked but did not receive il-
lumination (shock noCALI group). On day 3,
all three groups were reexposed to the IA test
chamber and neuronal activity was recorded.
We compared the firing of individual neurons
in the habituation chamber and in the IA test
chamber by defining a selectivity score for each
cell (see methods; Fig. 4, C to E; and fig. S9A).

CAl neurons in animals that did not receive
the shock showed modest selectivity for the test
chamber compared with the habituation cham-
ber at similar levels on both day 1 and 2 (fig. S9
and Fig. 4D). By contrast, in animals that re-
ceived shock (shock noCALI group), neurons
fired significantly more in the test chamber
than in the habituation chamber on day 3 com-
pared with day 1, resulting in an increase in
overall selectivity (fig. S9 and Fig. 4, C to E).
When online LTP was erased 2 min after the

shock (shock-+online CALI group), increased
selectivity failed to emerge. By contrast, era-
sure of offline LTP did not impair the in-
creased selectivity (shock+offline CALI group).

To dissect the impact of offline LTP on the
hippocampal synaptic circuit, we analyzed the
population Ca>* dynamics using principal com-
ponent analysis (PCA) (23) (Fig. 4F). In the
shock-only mice, after IA learning we observed
that activity repeatedly deviated from the tra-
jectories of day 1. In epochs where these de-
viations were observed, Ca>* signals increased
in multiple cells shared between the epochs
(Fig. 4G), indicating that they reflect the re-
curring synchronous activity of specific sets of
neurons. We confirmed that synchronous events
occurred primarily when the deviations were
observed and that the number of synchronous
events increased after the shock, though the
mean firing rate did not change between days
1and 3 (Fig. 4H). The deviation in PCA, as well
as the increase in synchronous events, were
not evident when either online LTP or offline
LTP were erased (Fig. 4, F and H, and fig. S10C),
indicating the importance of both forms of LTP
for synchronous activity after learning. Before
door opening on day 3, synchronous firing was
observed broadly around the center of the
chamber, whereas after door opening, it was
most pronounced adjacent to the door (Fig. 41
and fig. S10, A and B). This suggests that
such assembly activity may reflect recall of
the training episode. CALI eliminated such
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_ Online FFT/ — CALI
Tukey-Kramer post hoc test (versus SN CALI). P = 0.0079 sleep state Sleep M [ﬂ.ﬂ]ﬂﬂ]ﬂM| — Sleep
(0 to 8 h), P =0.0425 (0 to 4 h), P = 01153 (4 to 8 h), EEG Awake L a7, status
F332 = 4.53. (B) Same as in (A) except that CALI was EMG CALI during sleep
conducted the next day and memory was tested on day 3 Sleep
(CFLSN-CALLI, n = 11). Control mice did not express Laser  Awake R R
CFL-SN (No virus, n = 10). Wilcoxon signed-rank test, D ALl . . E
P = 0.843. (C) Automatic detection of behavioral state. EEG Day 1 Shock (gleep) D2 Tgpo0k < uNo virus 20

; . IA £Home(awake), A/ 812001 . . 3 ns. mSleep
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fast Fourier transform (FFT) every 4 sec. Light was Day 2 Day2  CALIl = 900 cAwake o DAwake
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during sleep on the same day, but not the next day. Light
was illuminated either during sleep (Sleep, n = 9) or wake (Awake, n = 8) periods commencing 2 hours after shock, and mice were returned to the IA box again on
day 2. Control mice did not undergo CALI (No virus, n = 9). The experimental group (Sleep-day 2, n = 10) received light during sleep on the next day and
were returned to the |A box on day 3. One-way ANOVA test followed by Tukey-Kramer post hoc test (versus Sleep), P = 0.0135 (No virus), P = 0.0251 (Awake),
F332 = 4.59. (E) Average number of CALI was not different among Sleep, Awake, and Sleep-day 2 groups. One-way ANOVA test, P = 0.1449. Means + SEMs

are shown; significance is indicated in the figures as follows: *: P < 0.05; **: P < 0.01; n.s., not significant.
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Fig. 4. Hippocampal online LTP and offline LTP
have distinct roles in memory engram formation.
(A) Expression of CFL-SN and GCaMP6f by
AAV5-CAG-DIO-CFL-SN-P2A-GCaMP6f in CAL
pyramidal neurons. (B) Experimental protocol of
Ca®* imaging during IA testing and CALL. (C) Images
of detected cells on day 1 (before shock) and on
day 3 (after shock) from a Shock noCALI mouse.
Raster plot of representative cells commonly active
on day 1 and day 3. Ca®* events (>2 events) are
plotted per sec and cells are sorted in order of
selectivity score on each day. Red and blue horizontal
lines indicate selectivity scores of 0.4 and -0.4, and
dotted lines indicate scores of 0.8 and -0.8. Shock
noCALI (top) and Shock+online CALI (bottom) mice.
Raw values are shown in fig. S9B. (D). Selectivity
score of cells on day 1 versus day 2 (Before shock,
852 cells, n = 6 mice) or on day 1 versus day 3
(Shock noCALLI, 776 cells, n = 6 mice, Shock+CALI
online, 763 cells, n = 6 mice, Shock+CALI offline,
935 cell, n = 6 mice) are shown. Density of plot is
displayed in pseudocolor, with contours depicted as
black lines. (E) Same data as in (D) but differences
in selectivity scores are plotted in cumulative
histograms. Kolmogorov-Smirnov test: No shock
versus Shock noCALI (top), and with respect

to control (Shock noCALI) (bottom). (F) Principal
component analysis (PCA) of concatenated Ca?*
traces of day 1 and day 3 data from a mouse shocked
on day 2 without CALI (left). Population trajectories
were projected onto the first three principal
components. Arrows indicate time points with high
deviation on day 3. 6sd denotes 6 times standard
deviation (SD) of PCA score on day 1. Similar

PCA analysis from a mouse shocked on day 2 that
underwent CALI 2 min after shock to cancel online
LTP (Shock+online CALI, middle), and a mouse
shocked on day 2 that underwent CALI in the home
cage to cancel offline LTP (Shock+offline CALI, right).
The bar graph displays the average percentage of
frames that showed PCA scores on day 3 that

had >3 SD of the PCA score on day 1. One-way
ANOVA test followed by Tukey-Kramer post hoc test
(versus Shock noCALI, n = 6 mice). P = 0.0028
(Shock+online CALI, n = 6 mice), P = 0.0058
(Shock+offline CALI, n = 6 mice), F15 = 10.04.

(G) Sample traces of neurons from a Shock noCALI
mouse in (F). (t = 121.05, 146.2, and 190).

Red rectangles indicate activation at those time
points. Scale: 50% AF/F, 5's. (H) Percentage of cells
active on day 1 and day 3 (top). The red area indicates
frames where high deviation was observed in (F).
Percent of frame showing synchronous activity
(bottom left) and mean firing rate (bottom right)
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on day 1 and day 3. Paired t-test, *P < 0.05. (noCALI, n = 6 mice, CALI 2 min, n = 6 mice, CALI Sleep, n = 6 mice). (I) Synchronous firing is selectively seen near
the door to the dark side. Trajectory (black line) and location where high deviation was observed in PCA analysis (red dots) from a representative shock-only

mouse on day 3, before and after the door opened (left). Heat map of average synchronous activity rate in lit chamber on day 3 (right). The number of synchronous

activities detected by PCA analysis in each bin was pooled from 6 mice and divided by total their occupancy time in each bin. The asterisk indicates door
location. (J) Selectivity score from cells that participated in synchronous activity were increased after shock, but no increase was observed for those that did not

participate in synchronous activity. Cells that were activated (>4 SD of basal Ca®* signal) at least once in the frame when high deviation was observed by PCA analysis

were classified as participants. (Participant, n = 309, nonparticipant n = 467 from 6 mice). Kolmogorov-Smirnov test. (K) Percent of cells showing synchronous
activity in the group of cells showing a higher selectivity score after shock (red bar, cells below the diagonal line in Fig. 4D) and that in the group of cells showing
lower selectivity score after shock (blue bar, cells beyond the diagonal line). Paired t-test, P = 0.014, n = 6 mice (noCALI), P = 0.669, n = 6 mice (offline CALI).
Means + SEMs are shown; significance is indicated in the figures as follows: *: P < 0.05; **: P < 0.01; n.s., not significant.
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accumulation (fig. S10, A and B). We then
classified neurons in the noCALI group into
two classes based on their participation in
synchronous events using PCA analysis, then
separately calculated selectivity scores (Fig.
4J). Cells that participated in synchronous
activity at least once displayed a higher selec-
tivity score after learning (day 3) than before
(day 1), although those that did not exhibited
a significant reduction in the degree to which
the selectivity score was modulated by learn-
ing. We then classified the cells into two groups
based on the changes in selectivity score be-
fore and after shock (Fig. 4K). In noCALI ani-
mals, cells that showed an increase in selectivity
score after shock were more likely to participate
in synchronous activity than those that showed
a decrease. In offline CALI animals, the fraction
of cells participating in synchronous activity
was overall lower than that of noCALI ani-
mals and was comparable between cells show-
ing an increase in selectivity score after shock
and those showing a decrease. These results are
indicative of a causal relationship between se-
lectivity score and synchronous activity, which
can be erased by offline CALIL

Erasure of LTP in ACC during sleep on the
following day impairs memory

Finally, we attempted to better understand the
process of memory transfer to the cortex by
focusing on the anterior cingulate cortex (ACC),
which is activated during recall of remote mem-
ory (24-26). CFL-SN was expressed in ACC
excitatory neurons using AAV,-EF1a-DIO-
CFL-SN in CaMKIIa-Cre mice, and optical
fibers were bilaterally implanted above ACC
(Fig. 5). First, we explored the time window
of synaptic plasticity within the ACC. In con-
trast to CALI in the hippocampus, CALI in
the ACC that was triggered either 2 min af-
ter shock (Fig. 5) or every 20 min for 8 hours
(commencing 2 hours after shock) did not
impair memory expression (Fig. 5). By con-
trast, when CALI was induced every 20 min
for 8 hours on day 2 and memory was assessed
on day 3, we observed a robust erasure of the
memory (Fig. 5). However, this was not the
case when the manipulation was performed
on day 25 (Fig. 5). When illumination in the
ACC was restricted to either sleep or awake
periods on day 2, memory could be effectively
erased only during sleep (Fig. 5), demonstrating
that plasticity in the ACC occurs 1 day after
learning and most likely reflects the mecha-
nism by which memories are transferred from
the hippocampus to the ACC.

We developed a versatile optogenetic meth-
od allowing for the selective optical erasure of
LTP in a spatially and temporally restricted
manner. It effectively erases established LTP,
without altering basal transmission or inter-
fering with future LTP. This is different from
other genetic or pharmacological approaches,

Goto et al., Science 374, 857-863 (2021)

where temporal or cell-type specificities are
difficult to attain (27, 28). Although other tools
exist that can erase LTP, such as AS-PARac,
PA-AIP, and eosin-tagged AMPA receptor anti-
body (29-31), our method is able to erase the
early phase of LTP. This differs from AS-PARac,
which is aimed at the late protein synthesis
phase of LTP, as it has a much wider temporal
window of intervention than PA-AIP (~1 min).
Itis also purely genetically encoded, unlike
the eosin-tagged antibody, making it an ef-
fective method for in vivo manipulation of
memories.

We found that hippocampal LTP occurs as
two distinct temporal processes: online imme-
diately after learning and offline during periods
of sleep. These two processes have distinct
roles: Online LTP establishes the selectivity
of neuronal firing to the shock context, as
previously reported (32), and offline LTP is
predominantly responsible for the recruitment
of those neurons into repeated bouts of syn-
chronized firing. Synchronized activity was
observed when animals looked into the dark
side of the chamber but did not enter, possibly
reflecting recall of the shock context. Our re-
sults indicate that this synchronous activity in-
duces further LTP in neurons, which serves to
stabilize the nascent memory engram encoding
the abstract features encompassing an episode.

After the two waves of LTP in the hippocam-
pus, a third wave of extra-hippocampal LTP
takes place during sleep the next day in the

ACC; this is required for systems con-
solidation. On the other hand, LTP in the hip-
pocampus is no longer required for memory
recall. Our data are consistent with a recent
study that demonstrated the rapid generation
of immature engram cells after training in the
prefrontal cortex (33). They proposed that a
memory engram can be formed as early as
after 1 day in the ACC, but remains silent.
Subsequent consolidation is required to be-
come a fully mature engram (2, 33). The den-
sity of dendritic spines consistently remains
unchanged in ACC after one day but subse-
quently increases, possibly reflecting the mat-
uration process, and is required for memory
consolidation (34). In our study, the reversal of
ACC plasticity on day 2 had already impaired
memory 24 hours later, suggesting that even at
this early point in systems consolidation, cor-
tical circuits can play a role in memory recall.
The discrepancy between our study and that
of Kitamura et al. (33) is not clear at this point,
but it may be due to differences in the method
of inactivation (tetanus toxin to block output
versus CFL-SN to erase LTP while leaving
basal activity intact).

Synaptic plasticity in ACC during sleep is
also most likely mediated by replay, with the
high-frequency oscillatory activity that occurs
across hippocampal-cortical networks thought
to be key in promoting the strengthening of
synaptic connections (35). Reinforcing the co-
ordination between hippocampal sharp wave

A B - O No virus C = 0ONovirus
Day1 3 W CFL-SN Day1 > . CFE—SSN
shock & n.s. H c Ds.
A2 CALI £800 asfiock Home 8600
LAt W —
0 2min 2 0 8h %)40
Day2 Day2 @
" ,Ay %200
S
Ly ) °
D .
Day 1 __ONovirus  pay 1 __oNovirus  pay 1 . Eglc;;gus
:? Shock £ mCFL-SN £ mCFL-SN :2 Shock w @ Awake _
g & 5 2
Day 2 %600 Day 2 (S:IAU %1 200 812
5 . eep 2 5
Home CALI §4OO . Home Awal?e § 800 g ;
20 8hQ 20 8ho g
200 @ 400 ]
Day 3 o Day 3 g 2
1A @) 75 g 5
(] < OU= i | S & 20

Fig. 5. ACC has an LTP time window distinct from that of the hippocampus. (A) Expression of

CFL-SN in ACC neurons. Scale bar, 200 um. (B to E) Effect of CALI in ACC 2 after shock. (B) 2 min, (C) 2 to
8 hours, (D) 1 day, and (E) 25 days after. Memory was erased only when CALI was performed 1 day later
(2 min after; No virus, n = 11; CFLSN-CALI, n = 6. 2 to 8 hours; No virus, n = 11; CFLSN-CALI, n = 8, 1 day
after; No virus, n = 10; CFLSN-CALI, n = 6. 25 days after; No virus, n = 7; CFLSN-CALI, n = 7). All experiments
were done during the light cycle. Wilcoxon signed-rank tests, P = 0.81 (B), P = 0.90 (C), P = 0.025 (D),

P =0.70 (E). (F) Offline LTP during sleep on next day in ACC is required for memory formation. 26 hours
after shock, light was illuminated either during sleep or during wake for 8 hours. All experiments were done
during the dark cycle. One-way ANOVA test followed by Tukey-Kramer post hoc test with respect to sleep
(n=10), P =0.0029 (No virus, n = 9), P = 0.0019 (awake, n = 8), F219= 10.37. Average number of CALI trials did
not differ between sleep CALI and awake CALI groups. Wilcoxon signed-rank test, P = 0.43. Means + SEMs
are shown; significance is indicated in the figures as follows: *: P < 0.05; **: P < 0.01; n.s., not significant.
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ripples and cortical waves by electrical stimu-
lation resulted in enhanced recall performance,
whereas disruption of coupling resulted in
memory impairment (36, 37). Likewise, dis-
ruption of replay during sleep (17) has been
shown to impair performance in memory-
dependent tasks; however, the exact nature
of the mechanisms responsible for inducing
plasticity in ACC remains to be elucidated.
In conclusion, we show clear evidence that
the early phase of systems consolidation is
composed of multiple steps of synaptic plas-
ticity; presumably each undergoes synaptic
consolidation. Further application of the intro-
duced optogenetic tool, possibly with color
variants of SN (38), will allow for a more com-
prehensive temporal dissection of synaptic plas-
ticity events across multiple neuronal structures
and populations, thus providing a much clearer
picture of memory consolidation. Although this
tool was not directly shown as working for SLTP
in vivo associated with learning, it may enable
identification of spines that undergo synap-
tic plasticity during memory consolidation
through combination with in vivo imaging.
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Materials and Methods

Animals.

Animal experiments were conducted in accordance with the guidelines of the Committees for
Animal Care of Kyoto University and RIKEN. Mice were housed in groups of one to five per
cage with littermates, with a 12 h light/dark cycle and ad libitum access to food and water. Mice
were single housed post-surgery and throughout the rest of the experiments. All animals were
between 10-25 weeks-old, and either wild-type male C57BL/6JJmsSlc mice (WT: SLC) or
CaMKIla-Cre transgenic male mice (Jackson Laboratory; strain Tg (Camk2a-cre) T29-1Stl) (3).

Hippocampal slice culture and gene transfection.

Hippocampal organotypic slice cultures were prepared from postnatal day 6-7 rats (35). Slices
were cultured at 35 °C on interface membranes (Millipore) and fed with MEM media containing
20% horse serum, 27 mM D-glucose, 6 mM NaHCOs3, 2 mM CaCly, 2 mM MgS0Os4, 30 mM
HEPES, 0.01 % ascorbic acid and 1 pg/ml insulin. pH was adjusted to 7.3 and osmolality to 300-
320 mOsm. Slices were biolistically transfected (BioRad) after 5-7 DIV with a plasmid
expressing GFP, DsRed2, CFL-GFP, CFL-SN and PAGFP-B-actin under the CAG promoter.

2P microscopy imaging, induction of sLTP in single spines and CALI

Time-lapse fluorescence imaging was carried out with a 2P microscope (FluoView FV1000MPE,
Olympus) equipped with two mode-lock femtosecond-pulse Ti:sapphire lasers (MaiTai HP,
Sprectra-Physics). Slices were maintained at room temperature (r.t., 25-27°C) in a continuous
perfusion of artificial cerebrospinal fluid (ACSF) containing 119 mM NaCl, 2.5 mM KCl, 3 mM
CaClp, 26.2 mM NaHCOs3, | mM NaH>PO4 and 11 mM glucose, 1 uM tetrodotoxin, 50 pM
picrotoxin and 6 mM 4- methoxy-7-nitroindolinyl (MNI)-L-glutamate (Tocris, Bristol, UK)
equilibrated with 5% C02/95% O. A subset of experiments was carried out with 2.5 mM MNI-
glutamate and increased (4 mM) CaCl, concentration. Imaging was performed at 8-9 DIV in
primary or secondary dendrites from the distal part of the main apical dendrite of CA1 pyramidal
neurons. To avoid overexpression issues, we selected only neurons that had a minimal GFP or
DsRed? signal when excited at 910 nm, but were bright enough to image above noise.
Additionally, we ensured that all neurons had typical dendritic morphology and displayed no
sign of fluorescent aggregates. Expression of CFL-SN or SN was confirmed at the conclusion of
experiments to avoid inadvertent induction of CALI prior to recording, and likewise dendritic
morphology was reassessed to confirm neurons remained healthy. sSLTP was induced only on
thin or small mushroom spines, with a clearly visible head and neck. 2P uncaging of MNI-
glutamate was performed using 720 nm light (5 mW), with green and red fluorescence proteins
simultaneously excited at 910 nm. Both lasers were aligned daily by imaging and bleaching 0.5
um fluorescent beads (Invitrogen). sSLTP was induced by 1 ms pulses repeated at 1 Hz for 1 min
targeted close to the tip of the spine, as previously described (6).



For PAGFP experiments, the timing and duration of pulses were as previously explained (/2).
Laser irradiation was focused at a point 0.3—0.5 mm from the tip of a spine and repeated 60 times
at 1 Hz with a pulse duration of 0.6 ms. We then collected images of activated PAGFP-actin and
DsRed with illumination at 910 nm.

For induction of CALI at 559 nm, a square region (2 um x 2 um, 100 pixels x 100 pixels) around
the stimulated spine was repeatedly scanned with 559 nm laser (100 pW, LUMPIlanFI/IR,
60X/0.90 W, Olympus, 2 ps per pixel dwell time) for 30 sec. For induction of CALI at 593 nm, a
laser (YL593T3-030FC, Shanghai Laser & Optics Century Co.) was connected to ferrule with
0.22 NA and a 200-um-thick protruding cleaved bare optic fiber. The optic fiber was located
beside an objective lens for spine imaging and adjusted to focus onto a spot (2 mm in diameter;
0.8 W/cm?). For the purposes of adjusting the location of fibers, a 473 nm laser (BL473,
Shanghai Laser & Optics Century Co.) which does not induce CALI was used, after which it was
switched to the 593 nm laser.

Image analysis of sLTP experiments

At every time-point, a series of 512 x 512-pixel XY-scanned images were taken every 1 pm of
depth (Z). The fluorescence intensity of 7-10 of these images were summed to obtain a single Z-
stack image. A constant region of interest was outlined around the spine including the spine head
and half of spine neck and the total integrated fluorescence intensity of the green and red
channels was calculated using ImageJ (National Institutes of Health). Values were background-
subtracted and corrected for bleed-through and overall fluorescence fluctuations.

Preparation of Adeno-Associated Viruses

pAAV-EF10-DIO-CFL-SN, pAAV-EF1a-DIO-SN and pAAV-EF1a-DIO-CFL-GFP were
constructed by replacing the ChR2-eYFP fusion gene in the pAAV-EF1a-double foxed-
hChR2(H134R)-EYFP-WPRE-HGHpA (Addgene plasmid # 20298) with a gene of CFL-SN, SN
and CFL-GFP respectively. pAAV-CAG-DIO-CFL-SN-P2A-GCaMP6f was constructed by
replacing pAAV-CAG-DIO-ChR2(H134R)-eYFP (Addgene plasmid # 127090) with CFL-SN-
P2A-GCaMP6f. GCaMP6f was subcloned from pAAV-CAG-Flex-GCaMP6f-WPRE-SV40
(Addgene plasmid # 100835). To avoid ribosomal read-through, Gly-Ser-Gly was inserted
upstream of P2A. We confirmed by western blotting that more than 80% of CFL-SN and
GCaMPo6f were expressed separately. These plasmids were used to generate AAV vectors.
AAV2-EF10-DIO-CFL-SN, AAV>-EF1a-DIO-SN and AAVo-CAG-DIO-CFL-SN-P2A-
GCaMPo6f were purified by lodixanol Gradient Ultracentrifugation (39). The AAV vector used
only in Figure 2C (AAV»-EF1a-DIO-CFL-SN, The AAV>-EF1a-DIO-SN and AAV>-EF1a-DIO-
CFL-GFP) was purified with a column which binds AAV2 particles (Takara). Viral titer was 1.7
x 10'* genome copies (GC) per ml for AAV,-EF1a-DIO-CFL-SN, 1.9 x 10'* GC per ml for
AAV,-EF10-DIO-SN, 1.2 x 10'* GC per ml for AAV,-EF1a-DIO-CFL-GFP and 5.1 x 10" GC
per ml for AAVy-CAG-DIO-CFL-SN-P2A-GCaMP6f. Among different preparation for the same



virus, viral titer was adjusted by concentrating viral solution with a filter (Millipore). AAV>-
CMV-PI-eGFP-WPRE-bGH was purchased from Penn Vector Core.

Stereotactic Injection and Fiber Optic Implants

Surgical procedures on mice were performed with isoflurane anesthesia, or 500 mg kg™! Avertin
(administered intraperitonially and used only in experiments described in Figure 2C). Under
stereotaxic guidance, virus was injected using a glass micropipette attached to a microsyringe
(MS-10; ITO) through a tube filled with liquid paraffin. 150~500 nl of virus was injected at a
rate of 60 nl min!. Hippocampal CA1 stereotaxic coordinates were -2.3 mm anteroposterior
(AP), 1.8 mm mediolateral (ML), and 1.4 mm dorsoventral (DV) from bregma. ACC coordinates
were 0.8 mm AP, 0.3 mm ML, 1.2 mm DV. Following viral injection, the needle was held in
place for an additional 10 min prior to withdrawal, after which optic fibers were implanted. For
CALL in bilateral hippocampal CA1, mice were implanted with fiber-optic lightguides
consisting of a 1.25-mm diameter metal ferrule with 0.5 NA and a 200-um-thick protruding
cleaved bare optic fiber cut to the desired length (Thorlabs) at 0.15 mm dorsal to the injection
site. For CALI in bilateral anterior cingulate, dual fiber-optic cannulas of 200 pm thickness and
0.22 NA spaced 0.7 mm apart (Doric Lenses) were lowered 0.2mm above the site of injection. A
screw was placed into the skull anterior to the site of injection. A layer of adhesive cement
(SHOFU) was applied around the optical fiber. Mice were given 1 mg kg™! Ketoprofen as an
analgesic. All viral injection sites were verified at the conclusion of the experiments.

Histology

Mice were transcardially perfused with 4 % paraformaldehyde (PFA) in phosphate buffered
saline (PBS). Brains were post-fixed with the same solution for 24 hours, and then sectioned
using a vibratome into coronal sections. For immunohistochemistry, the sections were incubated
in a buffer (0.1 M Tris-HCI, 0.15 M NaCl) with 0.5 % Triton-X, 5 % blocking reagent (Roche)
and primary antibodies and incubated overnight at 4°C. We used rabbit anti-KillerRed antibody
(Evrogen, AB961, 1:1000) as a primary antibody to stain SN. After rinsing with PBS 3 times for
15 min each, the sections were subsequently incubated with AlexaFluor 647 conjugated
secondary antibodies (Cell Signaling, 1:500) and Hoechst 33258. The sections were then washed
with PBS 3 times for 15 min and mounted in VECTASHIELD antifade mounting medium.
Fluorescence images were taken with a confocal microscope or with a wide-field fluorescent
microscope.

Electrophysiology and CALL

To express CFL-SN in CA1, a mixture of AAV>-flox-CFL-SN and AAV2-CMV-PI-eGFP-
WPRE-bGH was injected into 8 weeks old CaMKIla-Cre mice, with the latter being used
identify the infected area. Two weeks after injection, all procedures for slice preparation and
electrophysiology recording were done under red light to avoid unintended CALI induction.
Transverse hippocampal slices (400-um thickness) were prepared using a Mcllwain chopper.



Slices were illuminated with a blue flashlight and inspected for green fluorescence through
yellow-colored glasses. Only slices showing green fluorescent in CA1 were used for subsequent
recording. Slices were allowed to recover at room temperature for 1.5 h in artificial cerebrospinal
fluid (ACSF) and aerated with 95% O; and 5% COa.. Extracellular fEPSPs were recorded with a
glass microelectrode (less than 5 Mohm, filled with ACSF) positioned in the stratum radiatum of
area CA1, while green fluorescence was observed by microscope. A bipolar stimulating
electrode was used to elicit fEPSPs every 6 second by stimulation of the Schaffer collateral
fibers. A low pass filter (606Hz) was applied to the data and EPSP slope was measured from 10
traces of EPSP during 1 min and averaged. LTP was induced electrically by applying three 1-sec
trains (100 Hz) spaced 5 sec apart. After all recordings, expression of CFL-SN (red signal) was
confirmed by microscope. EPSP traces in the figures are smoothed using the filter function of
MATLAB (Mathworks).

For CALI induction, the samples were exposed to light provided by Hg lamp (BP520-550, 500
uW, 3 min). Optics were adjusted to focus onto a spot (2.3 mm in diameter) on the sample.

Inhibitory avoidance test and CALL

On the day of the test, mice were briefly anesthetized by isoflurane and optic fibers were
connected to deliver 593 nm laser light. After that, the mice were acclimated to the room for at
least 20 min in which experiments were to be conducted. The behavioral apparatus used in the
experiments was composed of a lit chamber (10 cm (W) x 17 cm (D) x 21 ¢cm (H)) and a dark
chamber (20 cm (W) x 17 cm (D) x 21 cm (H)). The lit chamber had a metal grid floor and a
white wall without a roof and was illuminated with white light (25k lux). The dark chamber had
a metal grid floor and black walls without a roof was illuminated with 940 nm light, which is not
visible for mice. The lit chamber was linked to the dark chamber through a sliding door. These
chambers were cleaned with 70% ethanol prior to the introduction of each mouse. Mice were
placed in a lit chamber for 30 seconds, and the door leading to the dark chamber was then
opened. Once the mice had stepped with all four paws into the dark chamber, the door was
closed. 20 seconds later, an electric footshock was delivered (0.9 mA, 50 Hz, 3 s, duration of
pulse is 1 msec). After the mice were kept in the dark chamber for 1 min, the mice were then
returned to their home cage. For memory retention tests, the protocol outlined above was
repeated with the exception of the electric shock, and the time latencies for mice to step into the
dark chamber was measured. Mice that did not enter the dark chamber within 20 minutes were
excluded.

For CALI 1 min, 5Smin and 10 min after the IA test, mice were returned to home cage
immediately after [A testing and kept in the same room until CALI was conducted. Twenty min
after CALI (593 nm,1 mW at the fiber tip, 60 sec), mice were briefly anesthetized to detach optic
fibers. For CALI 20 min, 60 min, 1 hour and 2 hours after IA testing, optic fibers were connected
via a custom rotary joint. After [A test, mice were returned to home cage surrounded by white
walls to avoid agitation. Just prior to light illumination for CALI, optic fibers were connected to
the 593 nm laser without anesthetic.



For inhibitory avoidance testing during Ca** imaging, the same procedure explained above was
conducted, except mice were placed in a lit chamber for 1 min before door opening and shock
was delivered right after mice entered the dark room. For CALI induction through GRIN lens,
593 nm laser was illuminated from an optic fiber (400 um thickness and 0.53 NA) which was
adjusted to be in the focal plane of (500 pm away from) the lens.

For multi-context IA testing, we used two apparatuses with different sizes of box, floor texture,
visual cues, color of light and odor. Context-B was a chamber with the same size used for
experiment above, with flat plastic floor, visual cues, white color (25k lux) and odor of ethanol
in the lit side. Context-A was a chamber (30 cm (W) x 23 cm (D) x 20 cm (H)) with a fluffy
floor, another set of distinct visual cues, green color (25k lux) and odor of 0.5% acetic acid in lit
side. Context-A was composed of lit and dark chambers of equal size (15 cm (W) x 23 cm (D) x
20 cm (H)).

Polysomnographic recording and CALI

Implantation of electrodes for electroencephalogram (EEG) and electromyogram (EMG)
recording was performed as previously described (217). Briefly, an EEG screw was implanted
over the parietal cortex (7.3 mm AP, 19.5 mm ML) and secured with dental cement. EEG signals
were recorded and referenced against a screw implanted in skull over cerebellum. For EMG
recordings, a flexible wire cable was implanted into the neck muscle.

Continuous EEG and EMG signals were recorded (Neuralynx), amplified, filtered (EEG, 0.1-50
Hz; EMG, 15-300 Hz), and digitized at a sampling rate of 1 kHz. Both recording wire and optic
fibers for CALI were connected to Fiber-optic & Electrical Rotary Joints (Doric), which can
transmit both electric current and light, to release the tension from twisting of the wires or cables.
For habituation, mice were connected to recording wires at least 4 days prior to recording on a
pedestal (22 cm diameter, 30 cm height). The animal’s behavior was monitored through a USB
camera and recorded on a computer. Recorded data were analyzed by custom-made MATLAB
software every 4 seconds. Behavioral states (awake, NREM or REM) were identified by the
algorithm previously descried (27). Prior to connecting optic fibers from the laser with a ferrule,
laser power was adjusted so that final output was 1 mW. Photostimulation was automatically
delivered to mice when conditions were met by the computer-based system.

Ca’* imaging.

Ca?" imaging from hippocampus was performed on CaMKIla-Cre mice two weeks following
injection of AAVy-CAG-DIO-CFL-SN-P2A-GCaMP6f, microendoscope implant, and baseplate
surgeries. Imaging was performed in right hippocampus as previously reported (22, 40). For
habituation, dummy microscopes were mounted on mice, and the mice were housed on a
pedestal (22 cm diameter, 30 cm height, termed habituation chamber during Ca** imaging) in the
experimental room at least 4 days prior to recording. On the day of recording, mice were briefly
anesthetized to mount the microscope, then returned to the habituation chamber. Twenty min
later, recording began, and following a further 2 minutes room lights were turned off. After



further recording for 2 minutes under red light, the IA test was conducted as described above.
Ca?" signals from GCaMP6f were imaged during the entire exposure period and were captured at
20 Hz on a miniature microscope (nVista HD, Inscopix). At the conclusion of recording, mice
were placed back to home cage and twenty minutes later were anesthetized to detach the
microscope. On learning session, the microscope was not mounted and CALI was conducted
unilaterally through the lens.

Image processing and cell identification across sessions.

The raw image of each frame was translated into a 16-bit TIFF image and spatially down-
sampled (4-pixel bins) with an image decompressor (Inscopix). All subsequent analysis for
image processing and cell identification across sessions were conducted by Inscopix Data
Processing Software (Inscopix). The images were pre-processed, spatially filtered (low cut-off
0.005 pixel™! and high cut-off 0.5 pixel™'), motion-corrected and transformed into AF/F signals.
Cells were identified by PCA-ICA [240 output principal components, 200 independent
components (ICs), 0.1 weight of temporal information in spatiotemporal ICA, 750 iterations
maximum, 1E-5 convergence threshold]. Detected ROIs with >2 components, >70 pixels cell
size and <3 SNR (the signal to noise ratio) were excluded from analysis. Ca** events were
detected using the ‘Event Detection’ function (>4 events threshold factor and >0.4 sec decay
time, negative transients were discarded). Across-session neuron registration was performed
using the ‘Longitudinal Registration’ (>0.5 correlation) function.

Selectivity score.
We used the following formula to define the “selectivity score” in each single cell which was
commonly active in day 1 and day 2, or day 1 and day 3.

Selectivity Score = (firing rate in lit room — firing rate in habituation chamber)
/ (firing rate in lit room + firing rate in habituation chamber).

Firing rate in the lit room was defined as the total number of activity events after mice were
placed in lit room until 500 frames after the door was opened, divided by time. Firing rate in
home cage was defined as the total number of activity events while mice were in the home cage
just prior to the IA test, divided by time.

PCA analysis.

PCA was conducted using the MATLAB function ‘pca’. PCA was applied to AF/F traces in day
3 concatenated with those from day 1, for each cell which was commonly active on both days
(typically 150 cells per mice). Traces on day 1 were captured between the frame when mice were
placed in the lit chamber to the frame when mice entered the dark chamber (typically 1200
frames). For Figures 4F-H and 4J, the same length of trace on day 3 was concatenated with it, for



the purposes of PCA analysis. For Figure 41, traces on day 3 ranged between the frame when
mice were placed in the lit chamber and the frame when the mice entered the dark chamber

Synchronous activity.

To identify synchronous activity that included more active cells than would be expected by
chance at each frame, we used interval reshuffling (randomly reordering of intervals between
events for each cell), performed 1,000 times for each mouse. The threshold percentage of active
neurons corresponding to a significance level of P < 0.05 was taken to be the per cent of coactive
cells required in a single frame to be considered a synchronous event, and this threshold is more
than 2.5% active neurons per frame across all mice and fields of view.

Statistical analyses.

Data are expressed as means = SEM unless otherwise stated. When only two groups were
compared, paired two-tailed t tests or two-sided Wilcoxon signed-rank tests were used. When
more than two groups were compared, analysis of variance (ANOVA) was used with p values
adjusted for post hoc multiple comparisons. Significance levels were set to P=0.05. Significance
is indicated in the figures as follows: *: P < 0.05; **: P <0.01. Statistical details including
sample sizes and exact p values are described in the figure captions.
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Figure S1. The effect of CALI on actin-dependent movement of lamellipodia.

Actin-dependent movement in lamellipodia of cells expressing GFP-actin is calculated as the

change in GFP intensity between 2 successive time points (ruffling) and displayed as

pseudocolor (left). Addition to GFP-actin, cells expressed CFL-SN or unfused SN. CALI was
induced by scanning whole cells with a 559 nm (100 uW, 2 us per pixel) laser for 3 min. A graph
shows the time course of changes in ruffling, normalized to baseline. Ruffling (20-30 min) was
statistically analyzed by a one-way ANOVA test followed by Tukey-Kramer post hoc test. p =10
(SN+CALI versus CFL-SN+CALI), P=0 (CFL-SN versus CFLSN+CALI), p=0.7047 (CFL-SN

versus SN+CALI), Fo62)= 33.82.
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Figure S2. A molecular model for optical erasure of SLTP by CALI.
Dynamics of CFL, actin and spine structure involved in induction and erasure of sLTP. Upon

induction of sLTP, CFL-SN and endogenous CFL rapidly accumulate forming a cofilactin
structure in the spine, while actin turnover slows. Because of the cooperativity of the CFL
molecules, CALI of CFL-SN causes a dissociation and redistribution of endogenous CFL from
the dendritic spine by destabilizing the cofilactin structure, and restoring actin turnover (top).
Induction of CALI 50 min after sSLTP doesn’t affect spine volume due to synaptic consolidation
processes (bottom).
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Figure S3. The effect of CALI on unstimulated spines of various sizes.

Time (min)

559nm laser light was illuminated on unstimulated spines of various size. Spines were classified
into three groups based on size. <0.7 um (n=12), 0.7-0.9 um (n=12) and >0.9 pm (n=12). Spine

volume (10-20 min) was statistically analyzed by a one-way ANOVA test followed by Tukey-

Kramer post hoc test. p = 0.89.
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Figure S4. Comparison of volume change and decay time constant of sLTP before and after

CALL

After sSLTP was induced by 1st glutamate uncaging, CALI was conducted to erase sLTP on

spines expressing CFL-SN with CALI. Then LTP was induced again by the 2nd uncaging. The
original data are in Fig. 1E.
Left: Averaged volume 1 min after 1st (before CALI) and 2nd (after CALI) uncaging. Paired t-

test, p=0.38.

Right: Time constant of decay in spine volume after 1st and 2nd uncaging. Paired t-test, p=0.94.
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Figure SS. Optical erasure of electrically recorded LTP but not of LTD.

(A) fEPSPs were recorded from stratum radiatum of CA1 in hippocampal slices expressing
CFL-SN. Light from a Hg lamp (520-550 nm band pass, 500 pW, 3 min) was used to induce
CALL A representative CFL-SN image of a slice and the positions of recording and stimulation
electrodes are shown. (B) Effect of CALI of CFL-SN on electrically recorded LTP. Control
EPSPs were recorded from mice without virus injection (n=10). CALI was induced in slices
expressing CFL-SN 1 min prior to high-frequency stimulation (HFS, 100 Hz for 1sec, 3 times)
(n=8), or after 10 min (n=10) or in slices expressing SN only after 10 min (n=8). Inset: examples
of fEPSP traces in baseline (0 min), before CALI (10 min) and after CALI (40 min). HFS was
redelivered after CALI to rule out nonspecific damage to the tissue. Bar graphs show summary in
changes in fEPSP slope. Left bar graph; LTP and control pathways at 40-50 min. LTP pathway
was statistically analyzed using an ANOVA test followed by Tukey-Kramer post hoc
comparisons (versus CFL-SN CALI 10 min). p=0.021 (no virus), p=0.0304 (SN CALI),
F224=5.41. Control pathway was analyzed with a one-way ANOVA, p=0.88 (among 3 groups).
Right bar graph; LTP pathways at 30-40 min, p=0.38 (no virus vs CFLSN CALI -1 min),
Wilcoxon signed-rank test. (C) CALI of CFL-SN was no longer effective when it was induced
50 min after LTP induction. CALI was induced 50 min after HFS (n=10) or not induced (n=10).
Bar graph (right) shows summary in changes in fEPSP slope after 30-40 min CALI. Wilcoxon
signed-rank test, p=0.97. (D) CALI of CFL-SN did not impact LTD. EPSPs were recorded from
slices expressing CFL-SN. CALI was either induced 50 min after low-frequency stimulation
(LFS) (1 Hz 900 times) (n=7) or not induced (n=7). Bar graph (right) shows summary in changes
in fEPSP slope after 30-40 min CALI. Wilcoxon signed-rank test, p=0.90.
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Figure S6. Online analysis of EEG and EMG for sleep state-dependent CALI.
(A) Locations of electrodes for EEG recording and optic fibers (red). (B) Representative traces
of EEG and EMG judged as NREM, REM and awake.
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Figure S7. The effect of CALI on sleep states.

Proportion of sleep states (awake, NREM or REM) during 8 h of CALI delivery in three groups
of Figure. 3D (CALI during sleep, n=9, CALI during awake, n=8, CALI during sleep 1 day after
shock, n=10). CALI did not systemically alter the distributions of behavioral states. p=0.35
(awake), p=0.39 (NREM), p=0.83 (REM), one-way ANOV A respectively.
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Figure S8. Unilateral CALI had no effect on IA learning.

(A) CALI was performed 2 min after shock either bilaterally (same as Figure. 2C) or unilaterally
(n=10). One-way ANOVA test followed by Tukey-Kramer post hoc test (versus no CALI). p =
0.0022, F(2,34)=7.34. (B) A similar experiment but the illumination of left hemisphere was
carried out through GRIN lens used for Ca?*-imaging. n=6 for no CALI; n=5 for bilateral CALI;
n=>5 for unilateral CALI through GRIN lens. One-way ANOVA test followed by Tukey-Kramer
post hoc test (versus no CALI). p =0.0023, F(2,14)=11.12. (C) Averaged crossover latency of no
CALI (n=6), online CALI (n=6) and offline CALI (n=6) mice in calcium imaging experiments.
Significant difference among 3 groups in each day was not observed. One-way ANOVA test.
p=0.12 (Day1), p=0.31 (Day2), p=0.6172.
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Figure S9. The effect of online and offline LTP erasure on neuronal firing selectivity.

(A) Example data of Figure. 4C-E. Raster plot of neuronal firing in habituation chamber and 1A
test chamber. At time position indicated by an arrow, the mice were transferred to the lit side of
the IA test chamber. Only cells that can be identified in both Day 1 and Day 3 were plotted. Top
and bottom panels show the same set of neurons but sorted by the selectivity index on day 3 and
day 1, respectively. Red and blue solid lines indicate selectivity score of 0.4 and -0.4 and dotted
lines indicates 0.8 and -0.8. (B) Fraction of cells showing selectivity score >0.8 and <-0.8
respectively. All n=6. Paired t-test. Selectivity score>0.8, p= 0.25 (Before Shock), p=0.036
(Shock no CALI), p=0.96 (Shock+online CALI), p=0.029 (Shock+offline CALI); Selectivity
score < -0.8, p= 0.50 (Before Shock), p=0.13 (Shock noCALI), p=0.68 (Shock+online CALI),
p=0.35 (Shock+offline CALI).
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Figure S10. The effect of online and offline LTP erasure on synchronous events.

(A) Occupancy time and number of synchronous firing in the lit side of the IA test chamber
before and after the door opens. Average of 6 animals from noCALI mice, online CALI mice and
offline CALI mice are shown respectively. Raw trajectories of the animals and the position of
synchronous firing are shown in Figure 41. (B) Synchronous activity rate averaged from bins (4
cm x 3 cm, rectangle in the heat map) adjacent to the door from each mouse. no CALI, n=6 mice.
p=0.04; Online CALI, n=6 mice. p=0.06; Offline CALI, n=6 mice. p=0.80, Wilcoxon signed-
rank test. (C) Percentage of cells which participate in synchronous events from cells detected in
both day 1 and day 3. n=6 mice, each. One-way ANOVA test followed by Tukey-Kramer post
hoc test with respect to No CALI, p=0.0002 (online CALI), p=0.0019 (offline CALI),
F2,15=16.06.
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