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Increasing evidence points to the importance of den-
dritic spines in the formation and allocation of memo-
ries, and alterations of spine number and physiology
are associated to memory and cognitive disorders.
Synaptic connections and pathways constitute the
physical substrate that conveys information in the
brain, and different combinations of active synaptic
connections are believed to be responsible for the en-
coding of specific memories. In addition, modifica-
tions of the activity of such subsets of synapses are
believed to be crucial for memory establishment, but a
way to directly test this hypothesis, by selectively
controlling the activity of potentiated spines, is cur-
rently lagging behind. Therefore it would be important
to develop methods to tag active synapses for map-
ping functionally active connections and to selectively
stimulate or interfere with active synapses. Here we
introduce an approach to express light-sensitive
membrane channels at synapses in an activity-
dependent way by means of RNA and protein regula-
tory sequences. This approach is based on the local
expression of reporter proteins, including optogenetic
probes, at activated synapses and will allow the map-
ping of previously active synapses and the re-
activation of the neuron only at these sites. This will
allow extending the investigation of memory proc-
esses beyond the current neuron tagging technolo-
gies, whose resolution is limited at the cellular scale.
Thus, it will be possible to unveil and recall the synap-
tic engram out of the global set of synapses.
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Understanding the physical substrates of the mnemonic
processes is one of the greatest challenges in neurosci-
ence. Long lasting changes in the synaptic connectivity
between neurons within brain circuits are generally ac-
cepted to be crucial for the establishment and mainte-
nance of memories™?. Similarities between synaptic and
memory consolidation suggest shared mechanisms*, but
the role of modifications acting at the synapse level still
remains rather elusive’®. In recent years, considerable
advances in the definition of the neuronal ensembles that
are activated during memory-related tasks have taken
place®'®. On the other hand, increasing interest in defining
physical connections within the brain has boosted the
emergence of novel techniques to map neuron projections
and synapses'™*%. However, a way to tag and map the
synaptic connections activated in response to a given
stimulation, is currently missing. In fact, two aspects have
so far remained orphan in the identification of synaptic en-
grams (i.e. set of synapses that encode a given mnemonic
trace or part of it): (i) which synapses are tagged and un-

dergo potentiation during memory encoding, (ii) what role
the activity of potentiated synapses has in subsequent re-
calls of the encoded memory™3.

Whereas much progress in the understanding of neural
circuits has been made using light-gated channels (op-
sins)®**, to date no direct investigation of the roles of syn-
aptic inputs in the formation of memories has been possi-
ble using state of the art optogenetic tools. Indeed, the
current spatial resolution of opsin expression is limited to
whole cells but does not allow selective subcellular local-
ization control. Cell-wide excitation does not take into ac-
count the complexity of different incoming pathways con-
verging onto the same postsynaptic neuron’®, and the
synchronous activation of the whole cell does not repre-
sent a physiological condition. Attempts towards a more
natural optogenetic stimulation have been conducted with
the use of trafficking signals fused to the opsin amino-
acidic sequence to enrich it at the somatodendritic or ax-
onal level®*, but this approach still lacks sufficient selec-
tivity. Furthermore, in none of these cases the expression
of opsins was responsive to neuron activation.

Single synapse optogenetics can be achieved by two-
photon or patterned illumination®®, but this requires a priori
knowledge of the identity of the synapses involved in the
circuit in order to test their role in memory. Hence, a
method to identify activated synapses is still required in
order to be able to subsequently excite them. A synaptic
activity reporter that could be translated locally making use
of endogenous mechanisms underlying spine potentiation
would be extremely useful for their identification. A special
case of such new type of synaptic activity reporter would
be represented by optogenetic protein probes. The local
expression of opsins would allow the direct tag of acti-
vated synapses and hence their subsequent excitation by
unrestricted illumination. Toward this aim, we describe
here a novel tool for the expression of Channelrhodopsin
variants at synapses in an input-specific, activity-
dependent manner by combining RNA targeting elements
and a targeting peptide tag. Their combination provides a
toolkit which we term SynActive directing the local expres-
sion of reporter genes, including Channelrhodopsin. The
use of SynActive will allow the visualization and manipula-
tion of active inputs onto target neurons of interest,
thereby establishing a “synaptic optogenetics” approach to
recall and manipulate memory traces.

Results

Arc mRNA targeting element confers regulated trans-
latability to an mRNA reporter. We developed a dual
RNA/protein reporter to compare different RNA synaptic
tags. Reporter transcripts encode a membrane-anchored
fast-maturating fluorescent mCherry and bear different
dendritic or axonal targeting elements (DTE and ATE, re-
spectively); 12 copies of MS2 binding sites are inserted in
the 3’'UTR to visualize RNA by binding of EGFP-MS2 pro-
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tein®®. We found a minimal DTE derived from Arc 3'UTR*
to be the best candidate. Arc is transcribed in an activity-
dependent manner and its mRNA localizes near synapses
that experienced recent sustained activity; in resting condi-
tions it is believed to be translationally repressed within
ribonucleoparticle (RNP) granule321. Arc DTE determined
a low level of mCherry expression in non stimulated corti-
cal neurons, predominantly confined to the soma and the
most proximal part of dendrites (Figure 1Ai), while a dis-
crete, granule-like Arc/MS2 signal was detected in the
soma and along dendrites (Figure 1A). In contrast to Arc
DTE, strong or constitutive (alphaCaMKIl and MAP2)
DTEs drove a significant somatodendritic mCherry ex-
pression (Figure S1). KCl-induced activation of neurons
expressing the Arc DTE construct dramatically increased
mCherry fluorescence in dendrites as far as 100 um away
from the soma in as little as one hour (Figure 1Aii-ii’).
mCherry fluorescence was quite uniform along dendrites,
and strong somatic fluorescence was also detectable.

Synergistic action of RNA and protein signals for syn-
aptic targeting of optogenetic probes. To enrich the ex-
pression of opsins at the synapses, we combined protein-
and RNA-targeting sequences. We engineered fast-
spiking ChETA-Cherry®® with the entire Arc 5- and 3'-
UTRs. While 3'UTR targeting elements may be sufficient
for transcript localization, 5’UTR and other parts of 3’UTR
generally regulate translation®>. Arc 5’ leader sequence
has IRES-like activity”, a process involved in LTP-
associated synaptic translation”®. Since ribosomes associ-
ated to spines typically lie at the junction with the dendritic
shaft, we reasoned that a protein tag that interacts with
postsynaptic components would improve retention and/or
enrichment of the newly synthesized protein. We therefore
fused to the C-terminus of ChETA-Cherry a short bipartite
tag (AAAASIESDVAAAAETQV, hereafter SYP tag) com-
posed by is the NMDAR C-terminus consensus SIESDV,
and PSD95-PDZ binding consensus ETQV, which has
been Ereviously reported to enrich proteins at postsynaptic
sites?*?’.

To compare the distinct contributions of the protein and
RNA instructive signals, we generated three constructs as
follows: (i) Arc 5’-ChETA-Cherry-MS2-Arc 3’'UTR (hereaf-
ter Arc-Ch); (ii) ChETA-Cherry-SYP tag-MS2 (hereafter
SYP-Ch), and (iii) Arc 5-ChETA-Cherry-SYP tag-MS2-Arc
3’'UTR (hereafter ArcSYP-Ch) (see Methods for details)
(Figure 1B). Neurons expressing the constructs were mor-
phologically similar to each other or control neurons ex-
pressing EGFP alone; neither the modified SYP-ChETA
nor Arc UTRs determined significant changes in spine
number and morphology (Figure S2).

To identify the cellular compartment responsible for the
translation of constructs containing Arc sequences, we co-
expressed Arc-Ch and EGFP and compared the two sig-
nals after BDNF administration; BDNF induces a transla-
tion-dependent late form of LTP that does not directly in-
volve neuron electrical stimulation®®. EGFP lacked any
MRNA localization element and was therefore translated
in the soma. Therefore, BDNF should not directly affect
EGFP dendritic levels of proteins. Following BDNF treat-
ment, Arc-Ch signal in dendrites clearly differed from the
EGFP one (Figure S3A). Conversely, SYP-Ch distribution
was quite similar to the EGFP one under the same condi-
tions. SYP-Ch fluorescence declined along dendrites in
the same manner as the EGFP one, whereas Arc-Ch fluo-
rescence was significantly higher (Figure S3B-C). This is
consistent with previous observations on dendritic alpha-
CaMKIl: translation from reporter transcripts bearing al-
phaCaMKII 3’'UTR was boosted by BDNF administration,

increasing the protein levels along dendrites as compared
to the soma®’.

In unstimulated neurons, RNPs sequester dendritic
mRNAs preventing their translation (Figure 1A and Ref23).
Accordingly, in unstimulated cultures RNA/MS2 signal was
prevalently granular along dendrites of cells expressing
Arc-Ch or ArcSYP-Ch and EGFP-MS2 (Figure S4A). Fol-
lowing KCI treatment, the RNA/MS2 signal became much
more diffuse (Figure S4A,B), indicating granule disassem-
bling and allowing local ArcSYP-Ch translation.

We then co-expressed the three ChETA-Cherry vari-
ants with EGFP in cortical neurons to compare their sub-
cellular expression pattern. SYP-Ch was evidently en-
riched at spines compared to unmodified ChETA-Cherry
(Figure 1B); however, spines were labelled quite evenly,
irrespectively of their dimension. Conversely, Arc-Ch la-
belled spines in a rather sparse way, with larger spines
preferentially expressing ChETA-Cherry (Figure 1B). In
many cases the base of the spine, rather than the whole
head, was labelled most intensely, and Cherry fluores-
cence was also evident on the dendritic shaft (Figure 1B
and 2A). ArcSYP-Ch recapitulated the sparse expression
pattern typical of Arc-Ch, while more trustfully labelling
spine heads (Figure 1B). Together, these observations
map the essential domains that are responsible for Arc-
SYP-Ch distribution: Arc RNA sequences determine the
uneven tagging of synapses, while the SYP tag docks the
protein inside the synapse.

A quantitative enrichment index (El), the ratio of
ChETA-fused Cherry intensity at the synapse to the den-
dritic shaft (1 to 2 ym from the spine junction), demon-
strated effective ArcSYP-Ch accumulation at synapses.
The El calculated for ArcSYP-Ch was significantly higher
than for Arc-Ch or SYP-Ch; all three constructs had higher
El than ChETA-Cherry (Figure 1C). ChETA-Cherry was
quite uniform throughout the neuron, and, in some cases,
smaller spines were not as effectively labelled as the den-
drite (Figure 1B).

Neural activity induces ArcSYP-Ch expression and se-
lective enrichment at synapses. We next asked what
regulates the expression of ArcSYP-Ch at synapses.
Treatment of neurons with (i) BDNF, that mediates a late
form of LTP, (ii) KCI, and (iii) NMDA, under conditions that
promote spine potentiation (NMDA-induced LTP) (see
Methods and Figure S5) dramatically increased the num-
ber of ArcSYP-Ch positive spines (Figure 1D-E). Con-
versely, NMDAR inhibition with AP5 drastically reduced
the number of positive sg)ines. Notably, the translation in-
hibitor G418 (geneticin)3 completely blocked BDNF effect
on ArcSYP-Ch expression, demonstrating its dependence
on novel protein synthesis. In terms of number of express-
ing spines, ArcSYP-Ch response to treatments was identi-
cal to Arc-Ch, whereas neither SYP-Ch nor ChETA-Cherry
expression was affected by treatments that either in-
creased or decreased neural activity (Figure 1D). Most
importantly, treatments that activate neurons or induce
synaptic LTP significantly increase ArcSYP-Ch El, relative
to saline treatment (Figure 1C). ChETA-Cherry and SYP-
Ch were unaffected, and Arc-Ch enrichment was only
modestly responsive to treatments. We ascribe this last
effect to the fact that, following translation, Arc-Ch can dif-
fuse in the membrane both onto the spine head and along
the dendritic shaft; conversely, ArcSYP-Ch is retained in
the spine, thanks to the SYP tag (Figure 1C).
Above-shown data demonstrate a strong dependence
of ArcSYP-Ch expression on neural activity and, in par-
ticular, on synapse potentiation. In fact, LTP-inducing
treatments increase the number of expressing spines,
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and, under control conditions, positive spines tend to be
larger in dimension (Figure 1C and 2A). Spine enlarge-
ment strongly correlates with functional potentiational, thus
suggesting that these positive spines received a strong
input stimulation from the spontaneous activity of the cul-
ture, that could amplify basal NMDAR activation®?. Con-
sistently, blocking NMDAR activity with AP5 drastically re-
duces the accumulation of Arc-Ch and ArcSYP-Ch at syn-
apses.

We next asked if NMDAR-dependent LTP induction is
sufficient to drive specific ArcSYP-Ch accumulation at
synapses. We therefore performed double immuno-
fluorescence against ChETA-bound Cherry and PSD95,
one of the major components of the post-synaptic density
(PSD), and compared the localization of Arc-Ch and Arc-
SYP-Ch following a brief (10°) treatment of cortical neu-
rons with NMDA under conditions that promote an in-
crease in membrane potential and facilitate potentiation
(see Methods). We considered “docked” spines those
where Cherry signal coincided with PSD95, and positive,
but not “docked”, spines those where Cherry intensity
peaked outside the PSD, but within a circle of 0.6 pm ra-
dius centred on the PSD (Figure 2C). About half of the
spines expressing Arc-Ch were “docked” (44+7%),
whereas the signal of Cherry coincided with that of PSD95
in the vast majority (83+6%) of ArcSYP-Ch spines (Figure
2B-D). The total number of positive spines was the same
for both constructs, and coherent with previous experi-
ments.

We then induced a brief, strong synaptic activation of
neurons by exposing neurons to NMDA under strong de-
polarizing conditions (60mM KCI) for 5 minutes®*, simulat-
ing in this way high-frequency stimulation protocols used
in electrophysiology that don't make use of exogenous
elevation of cAMP concentration. 90 minutes after the
stimulation, strong ArcSYP-Ch expression was seen in
dendrites, and the signal was neatly superimposable to
that of postsynaptic Homerlc-EGFP (Figure 2E)**. Again,
under control conditions the number of labelled spines
was much smaller; ArcSYP-Ch expressing synapses had
large postsynaptic densities, an indicator of functional po-
tentiation (Figure 2F), corroborating the observation that
ArcSYP-Ch positive spines, under basal conditions, were
larger (Figure 1B). Experiments in hippocampal neuron
cultures yield almost identical results (Figure S6): ArcSYP-
Ch strongly co-localized with Homerlc-EGFP (Figure
S6A), and NMDA-LTP treatment strongly increased the
number of synapses expressing ArcSYP-Ch (Figure S6B).
Altogether, these analyses demonstrate the activity-
dependence of ArcSYP-Ch translation, as well as its pref-
erential localization at postsynaptic sites.

Synaptic specificity of ArcSYP-Ch expression. To
demonstrate ArcSYP-Ch expression at potentiated syn-
apses, we focally stimulated selected synapses of Arc-
SYP-Ch expressing cortical neurons by means of two-
photon glutamate uncaging in presence of the PKA activa-
tor forskolin®. To prevent potentiation of spines due to
spontaneous activity under these high cAMP conditions,
as well as synaptic capture, TTX was added to the me-
dium. Focal uncaging of glutamate induced ArcSYP-Ch
expression at stimulated synapses, but not at other syn-
apses on the same dendrite or on neighbour ones (Figure
3A-C). When caged glutamate was absent, no significant
change in ArcSYP-Ch intensity was observed (Figure 3B).
It is unlikely that the increase in ArcSYP-Ch at the potenti-
ated synapse is due to protein mobilization from surround-
ing regions, since no significant change in intensity in
neighbouring spines and in the dendritic shaft was appar-

ent. Thus, synapse potentiation is able to drive ArcSYP-
Ch expression locally, without tagging non-stimulated
spines.

Functional potentiation is paralleled by structural rear-
rangements that result in an observable increase in spine
volume®, which would be reflected in an increase in fluo-
rescence intensity as in the case of diffusible fluorescent
fillers. We therefore repeated the experiment on neurons
expressing SYP-Ch, which is translated exclusively at the
soma level; accordingly, any change in intensity observed
following LTP induction would be due to spine volume
changes only. Stimulated spines underwent potentiation
and increased in volume, which was paralleled by an in-
crease in SYP-Ch signal. The observed fold changes are
consistent to what previously reported37; however, the in-
crease in intensity is significantly smaller than for ArcSYP-
Ch (Figure 3C). We interpret these results as a further
confirmation of synaptic specificity of ArcSYP-Ch expres-
sion, and they strongly imply local synthesis as the cause
of the observed increase of ArcSYP-Ch at stimulated syn-
apses.

ArcSYP-Ch drives synaptic currents and activates
neurons. In the previous sections, we established synap-
tic specificity of ArcSYP-Ch expression. We next asked if
the locally synthesized protein is effective in driving local
synaptic currents. Calcium currents are useful indicators of
spine activation as a result of spine depolarization that
found application both in vitro and in vivo®™*, and
Channelrhodopsins are themselves (weakly) permeable to
calcium ions***2. Accordingly, a functional Channelrhodo-
psin is expected to cause calcium currents that could be
recorded with green fluorescent genetic calcium indicator
GCaMP6s®. We therefore restricted lllumination to im-
aged area by means of confocal laser scanning, and
GCaMP6s fluorescence was imaged continuously.

When dendritic regions containing positive spines were
illuminated, GCaMP6s fluorescence closely matched
ArcSYP-Ch -bound Cherry fluorescence (Figure 4A).
GCaMP6s fluorescence was much higher at the spine lev-
el than on the parental dendrite, indicating that, upon illu-
mination, the main source for calcium influx, and therefore
neuron activation, was the spine expressing ArcSYP-Ch
(compare red and blue traces in Figure 4A, first column,
corresponding to the temporal profiles of GCaMP6s fluo-
rescence in the spine and in the dendrite, respectively).
The temporal profile of these currents (red trace in Figure
4A, bottom panel) also closely matches a typical
Channelrhodopsin current, that disPIays an initial peak that
rapidly decays to a steady level”®*!. This was reproducible
in subsequent excitations of the same spine (Figure 4A
and Figure S7D).

SYP-Ch is enriched at synapses, but it is also present
along the dendritic shaft. Accordingly, calcium influx was
seen synchronously both at the spine level and across the
dendrites membrane (Figure 4A); notably, dendritic mem-
brane area is considerably larger than the spines one, so
even for smaller dendrites the shaft, rather that spine, is
expected to be the main Channelrhodopsin electrical input
onto the neuron, as it is evident from the temporal profile
in Figure 4A. Neurons expressing membrane-tagged
Cherry did not display comparable levels of calcium influx
upon illumination; this was also true when Cherry mRNA
was fused to Arc 5 and 3’UTR (Arc-palmitoylCherry), in
analogy to ArcSYP-Ch. The expression pattern of Arc-
palmitoylCherry was very similar to ArcSYP-Ch (and Arc-
Ch) (Figure 4A), but, importantly, no difference in
GCaMP6s fluorescence was associated to expressing
spines.
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As a further confirmation, the ratio of GCaMP6s signal
at the spine and at the dendrite level strongly correlated
with ArcSYP-Ch EI (Figure 4B, black dots). SYP-Ch also
displayed a similar dependence, but values were much
smaller than for ArcSYP-Ch (Figure 4B, orange dots, and
Supplementary Figure 7A). This demonstrates that the
relative contribution to neuron activation strongly depends
on the spatial restriction of opsin expression. Conversely,
spine-to-dendrite calcium ratio was quite constant irre-
spectively of Cherry El for palmitoylCherry and Arc-
palmitoylCherry (grey squares in Figure 4B), and correla-
tion values were much lower (Figure 4C).

Importantly, recorded currents for ArcSYP-Ch were not
due to presynaptic activity, as both their presence and the
dependence of the Calcium Ratio on El were unaffected
by TTX suppression of action potentials (Figure 4B). This
implies that previously active inputs onto the postsynaptic
neuron can be reactivated by the excitation of expressed
ArcSYP-Ch. Furthermore, chemical LTP induction in-
creased the number of detected spines four hours after
induction, but did not modify the dependence of calcium
currents on El (Figure 4C and Figure S7B). Correlation
was evident also between El and peak value of the calci-
um current (Figure S7C). Calcium currents could be im-
aged in spines also when illumination was performed in a
wide-field manner that comprised the soma, and
GCaMP6s fluorescence levels indicated that even single
inputs could drive significant localized inputs that were not
overcome by the activation of the whole rest of the neuron
(Figure 4D).

Whole-cell optogenetic manipulations that yield a syn-
aptic response close to phyS|oIog|caI situation have relied
on presynaptic stimulation*** or coupled postsynaptic
depolarization with focal glutamate release®. We therefore
asked if the activation of Channelrhodopsin-tagged synap-
ses would mirror a canonical activation based on neuro-
transmitter release. Sustained synapse stimulation acti-
vates CaMKIl and determlnes its rapid phosphorylation
that lasts for minutes®’“°. We expressed ArcSYP-Ch or
unmodified ChETA- Cherry in hippocampal neurons and
determined CaMKII phosphorylation by immunofluores-
cence a few (7.5) minutes after optogenetic stimulation
with a 450 nm optical fiber. We employed a similar pattern
to theta burst stimuli used to induce LTP in the hippocam-
pus (see Methods); to reduce background CaMKIl phos-
phorylation, spontaneous activity was pharmacologically
suppressed with TTX and glutamate receptors inhibitors
for three hours prior to light stimulation (Figure 5A). During
and after illumination, action potentials were inhibited with
TTX. Light stimulation strongly increased phospho-CaMKII
signal in ArcSYP-Ch expressing neurons compared to
neurons that were maintained in the dark (Figure 5B).
Light alone had no effect, as EGFP-only expressing neu-
rons were not affected by the stimulation, and synaptic
levels of phospho-CaMKIl were comparable to unstimulat-
ed neurons expressing ArcSYP-Ch (Figure 5C). Important-
ly, CaMKIl phosphorylation was specific to ArcSYP-Ch
positive spines in optically stimulated neurons, as spines
lacking Cherry signal had background phospho-CaMKII
signal (Figure 5B,C). This parallels the physiological con-
dition, as CaMKIl activation is specific to stimulated
spines®. Cell-wide activation of unmodified ChETA-Cherry
also activated CaMKIl, although the synaptic phosphoryla-
tion staining was much lower than what observed for
ArcSYP-Ch (Figure 5B,C). Interestingly, phospho-CaMKiII
staining was also evident in the dendritic shaft of illuminat-
ed ChETA-Cherry neurons, but not in that of optically
stimulated ArcSYP-Ch neurons. Thus, part of the CaMKII
pool may fail to translocate from the shaft into the spine

due to synchronous depolarization of spines and
extrasynaptic sites; conversely, localized ArcSYP-Ch acti-
vation could induce CamKII phosphorylation and mobiliza-
tion. Indeed, neurotransmitter-mediated synapse stimula-
tion mobilizes CaMKIl from the dendritic shaft and accu-
mulates it at the spine head*. Accumulation is input-
specific and is observed only at spines receiving direct
glutamate stimulation*>“®. We conclude that large-field op-
tical stimulation of synaptic ArcSYP-Ch is able to simulate
an input-specific excitation onto the postsynaptic neuron;
conversely, whole-cell activation of ChETA-Cherry has a
different outcome on the neuron response at the subcellu-
lar level.

Last, we asked if the optical reactivation of potentiated
synapses could also drive global activation of the ArcSYP-
Ch expressing neurons. We therefore illuminated cultured
hippocampal neurons expressing ArcSYP-Ch with 450 nm
light pulses as above and we evaluated c-fos expression,
an immediate early gene that is |nduced in neurons shortly
after strong synaptic stimulation™*°. Stimulated neurons
expressing ArcSYP-Ch and EGFP dlsplayed evident nu-
clear c-fos staining one hour after optogenetic activation
(Figure 5D). Conversely, c-fos staining was lower in con-
trol cells transfected with ArcSYP-Ch and EGFP that were
maintained in the dark. Exposure to light alone had no ef-
fect on c-fos expression, as illuminated neurons that ex-
pressed EGFP only had lower levels of nuclear c-fos,
comparable to ArcSYP-Ch transfected, not stimulated
neurons (Figure 5D). Thus, optogenetic stimulation of neu-
ronal cultures confirms that optical reactivation of synap-
ses by large-field illumination is able to recapitulate key
features of neuron-to-neuron communication.

Discussion

The identification of active neurons has long relied on
the detection of the expression of immediate early genes,
which are transcribed shortly after neuron activation® and
form the basis for the current methods for activity mapping
in the brain. Making use of this property, technologles for
neuron tagging have emerged in the last decade®. These
methods have been paralleled by investigations on neural
memory circuits employing optogenetics that 9reatly ex-
panded our knowledge of memory allocation'®>". Although
highly informative, this approach is still limited spatially at
the cellular scale, and therefore inevitably neglects the
contribution of diverse inputs converging on the post-
synaptic neuron. The current paradigm, based on theoreti-
cal and experimental data, points to synapses as the
building blocks of memories Furthermore, the observation
that learning different tasks involve different sets of spines
further supports the idea that spines and not cells are
more relevant entities for information storage in the
brain®**3. Nevertheless, neurons receive extensive synap-
tic inputs from different pathways, encoding information
contents as diverse as two unrelated context representa-
tions™. The SynActive approach presented above, that
comblnes Arc regulatory sequences and protein tag,
would enable to extend the investigation on memory (and
other) circuits beyond the spatial scale of the neuron, al-
lowing activity-mapping at the synaptic scale.

Arc targeting to synapses. To refine the targeting of
opsins at postsynaptic sites we combined the use of RNA
targeting and regulatory sequences with a short amino-
acidic tag, which guides protein localization and anchoring
within the spine. Notably, we harnessed a general princi-
ple shared by endogenous synaptic proteins, i.e. anchor-
ing and relocalization following local translation, to localize
reporter proteins at spines in an activity-dependent man-
ner. This could be most important for synaptic membrane
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proteins, since, although their trafficking is still largely elu-
sive, they are likely to be synthesised in spine-associated
dendritic cisternae, collectively known as spine appa-
ratus®**°. Our findings are consistent with most observa-
tions implying a role for Arc in synapse potentiation®®’.
Importantly, ArcSYP-Ch (as well as Arc-Ch) is preferen-
tially found at larger spines (Figure 1B and 2F), and is ex-
pressed at focally stimulated at spines (Figure 3). Notably,
we tested other mRNA regulatory sequences and DTEs,
including BDNF, which is targeted to dendrites in an activ-
ity-dependent manner’®>. However, the BDNF splice
variants that we employed (Bexons lla, llc, and VI), out of
the many BDNF transcripts5 , were much less responsive
to neural activity, either due to high basal translation (lla
and llc) or to almost undetectable translability (VI form),
consistently with recent data®; moreover, no evident link
between expression level and spine dimension was ap-
parent.

Active synapse labelling. Increasing focus is centred
on the functional connections and local circuits established
in the brain as a result of neuronal activity®. Imaging
techniques have been recently put forward to label syn-
apses based on fluorescent protein complementation at
the pre- and postsynaptic interface?, which can be imple-
mented by making use of long-established genetic or trac-
ing technologies to restrict the mapping of synaptic sites to
determinate regions, projections or cellular types. Detect-
ing the synapses receiving specific information is a more
difficult problem to tackle; efforts in the implementation of
activity sensors has made it possible to record sg/napse
activity in response to different sensory stimulation®***2,

Activity alone does not imply an involvement in the
storage of a defined status, as well as not all active syn-
apses are become potentiated®. Recently, activity re-
porter SEP-GIuAl, which labels synapses incorporating
fluorescent AMPA receptor subunit 1 on the membrane
surface, has been proposed as a marker for synapse po-
tentiation®*®*. Indeed, AMPA receptors are rapidly ex-
posed on the surface of spines that underwent sustained
stimulation®®*®®, which is generally accepted to be respon-
sible for the increase in the increased currents following
potentiation. However, potentiation is a complex phe-
nomenon that comprises dissociable events, and different
forms_of potentiation are activated by different stimula-
tions®’. Some forms of potentiation do not last indefinitely,
and AMPA receptors incorporation may be transient in
some spinesGs; indeed, potentiation can occur without the
involvement of AMPA receptorng. The strategy we devel-
oped can act as reporter of a late-phase, translation-
dependent LTP® and can be used to map potentiated
synapses across a population of neurons in memory task,
thus enabling researchers to identify synaptic engrams.

Unlike other strategies’®, our approach relies minimally
on the incorporation of parts of endogenous synaptic pro-
teins; it is therefore likely to be a general method to deliver
proteins of interest to active synapses, for which we pro-
pose the name SynActive strategy. A straightforward ap-
plication would be to modify existing GRASP technology
into SynActive-GRASP to map potentiated synapses in a
given pathway. By putting the post-synaptic moiety of the
GRASP methodology® in the SynActive local expression
vectors, one would be able to selectively express it at po-
tentiated synapses, thus to identify them among all syn-
apses with defined presynaptic components (e.g. given
neuronal population or projecting from specific brain ar-
eas). If used in conjunction with SEP-GIuAl, or other re-
porters of synaptic activityes, then, it would help under-
standing the dynamics as well as interplays of the different
LTP phases.

Recall of previous activity at potentiated synapses.
While the importance of the integration at the cellular level
is well recognizedls, optogenetic stimulation has been lim-
ited by whole-cell expression of the opsin. In fact, cell-wide
optogenetic stimulation strongly activates or inhibits target
neurons; any intervention most likely results in a drastic
change in action potential firing, and the only control that
can be exerted is the regulation of the illumination inten-
sity. However, physiological stimulations may not neces-
sarily result in a change in firing rate, as graded responses
deriving from subsets of synapses and local dendritic inte-
gration can also contribute to information processing.
Thus, while cell-wide optogenetics can be successfully
employed to drive electrical or plasticity phenomena acting
on a global scale’, it cannot be used to control subcellular
events, which are believed to be ultimately responsible for
processes underlying learning and memory formation”"?.

Although subcellular optogenetic stimulation can be
achieved by restricting the illumination pattern, this re-
quires a priori knowledge of the sites to be stimulated,
which are not always known. Moreover, the feasible num-
ber and sparseness of distinct illumination spots heavily
depend on technological aspects. On the other hand, the
biologically achieved spatial restriction of Channelrhodop-
sin expression presented here, would allow unbiased exci-
tation of recently activated synapses with standard ex-
perimental setups for wide field illumination. Accordingly,
when more than one spine was illuminated, significant cal-
cium influx was only detected in spines expressing Arc-
SYP-Ch, but not in adjacent ones (see Figure 4D). In fact,
ArcSYP-Ch expression reflects the physiological regula-
tion and fate of dendritic transcripts during synaptic tag-
ging and potentiation’®"*; thus, the use of instructive RNA
sequences allows unprecedented control on the expres-
sion at synapses of Channelrhodopsin variants, and pos-
sibly of other optogenetic probes, in response to neural
activity (Figure 1).

Based on our results in primary cortical and hippocam-
pal neurons, we envisage a promising application of Sy-
nActive in the elucidation of the role of synaptic potentia-
tion in the formation and recall of encoded memories. In
fact, our experiments in neuron cultures highlight a strong
dependence of spine activation on the local level of Arc-
SYP-Ch expression (Figure 4). Localized calcium tran-
sients, a widely employed reporter of synaptic neuronal
activityﬁz, are detected upon incoming stimulation onto
postsynaptic site. Our results demonstrate that the activa-
tion of ArcSYP-Ch is able to provide sufficient selectivity to
generate local calcium events. In addition, single spine
activation does not determine all-or-none neuron activa-
tion as cell-wide Channelrhodopsin expression would, but
rather a graded response that increases in strength, as
well as in complexity, as the number of expressing spines
increases, even when the illumination is not restricted to a
region around the spine (Figure 4A,D). Optogenetic stimu-
lation of neurons induced synaptic CaMKIl phosphoryla-
tion in ArcSYP-Ch tagged synapses, an important marker
of synapse activation (Figure 5). Strong illumination of
neuron cultures expressing ArcSYP-Ch also increased c-
fos expression, a key marker of neuron activation that
generally mirrors a sustained stimulation of synaptic inputs
(Figure 5D). From the data obtained in cultures, we would
expect the in vivo application of the presented Channel-
rhodopsin form to be able to induce local electrical phe-
nomena, thus activating neurons in a weighted manner,
depending on the number of tagged synapses. This would
reflect their actual input drive in a determined context
more physiologically, in marked contrast to what available
technologies used to tag and reactivate whole neurons
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can achieve. Ground-breaking work in the hippocampus
greatly increased our understanding of memory encoding
in different areas and their role in engram formation®* ;
however, the role of synaptic inputs remains still elusive
and testing the hypothesis of a “synaptic engram”, parallel
to the identified “population engram”, could benefit from
the optogenetic probe presented here. This could also
help unravelling some discrepancies in the literature,
namely the role of CALl in the formation and processing of
memories. In fact, hippocampal CA1 cells receive multiple
converging inputs whose crosstalk, following whole-cell
activation in current whole-cell optogenetic protocols, is
likely to result in memory occlusion'?; moreover, parallel
circuits mediate excitatory and inhibitory processing of fear
recall’”®, which could complicate the analysis, when em-
ploying an excitatory tool that produces a strong, all-or-
none activation that does not distinguish the location and
number of incoming stimuli onto the different postsynaptic
cells.

Concluding remarks. Taking advantage of Arc RNA
regulatory sequences, we were able to express a Chan-
nelrhodopsin variant at synapses undergoing potentiation,
establishing a novel tool to map and reactivate these sites.
While this manuscript was in preparation, a novel ap-
proach towards the development of "synaptic optogenetic"
strategies was employed in a recent paper that was pub-
lished"®; by expressing a photoactivable form of Racl in
the motor cortex, Kasai and collaborators demonstrated
that the light-induced shrinkage of recently potentiated
spines severely impaired motor learning. That study em-
phasizes the necessity of controlling selected inputs,
rather than a selected population of neurons, underscoring
the interest of synaptic optogenetic approaches. However,
by dramatically altering actin dynamics, such approach
determined a drastic alteration of the spine structure;
therefore, the interference with the memory trace could not
be reverted. Accordingly, it was not possible to perform a
memory recall task, as the intervention was purely de-
structive; thus, the sufficiency of those potentiated synap-
tic inputs for memory encoding remains to be addressed.
To tackle the problem, one would need to re-excite those
synapses, which requires the expression of a suitable pro-
tein at those synapses, in order to modify their activity.
Moreover, our approach is likely to be naturally extended
to any variant opsin family, thus enabling to choose to ei-
ther re-excite tagged inputs or to inhibit them, in recall
tasks following training. Accordingly, we show that the
regulation of translation conferred by Arc UTRs is main-
tained when attached to a different protein coding se-
guence such as a membrane-tagged form of Cherry fluo-
rescent protein (Figure 4), thereby providing a versatile
tool for the identification and control over activated spines.

In conclusion, we present here a novel methodology to
tag synapses in an activity dependent way, and to drive
local expression of an opsin of the Channelrhodospin fam-
ily. When coupled to approaches developed for the inquiry
of memory circuitsg, this will allow the bidirectional inter-
ference of the synaptic inputs involved in circuit traces and
memories, a “synaptic optogenetics” approach.
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Materials and Methods

Constructs palmitoyl-Cherry-MS2 was generated by cloning palmitoyla-
tion sequence from GAP43 to Cherry N-terminal, whereas MS2 sequence
was derived from plasmid pSL-MS2 12X (Addgene #27119)”. Arc DTE is
nts 2035-2701 (NCBI NM_019361.1), in accordance to®. EGFP-MS2 coat
protein-NLS was constructed and cloned into pcDNA3.1(+) (Invitrogen)
from plasmid Cherry-MS2 coat protein-NLS (a gift from A.Marcello, ICGEB
Trieste). ChETA-Cherry cDNA was PCR amplified from plasmid pAAV-
CaMKII-hChR2 (E123A)-mCherry-WPRE?*. ChETA-Cherry-SYP was gener-
ated by oligo cloning sequence GCCGCCGCTGCTTCAATT-
GAAAGTGACGTGGCCGCAGCTGCCGAAACCCAGGTGTAATAA (IDT
technologies) in frame to ChETA-Cherry using unique site Bglll site at 3’
end of Cherry cDNA. Arc-ChETA-Cherry and ArcSYP-ChETA-Cherry con-
structs were generated by inserting Arc 5’ and 3’ UTRs before and after
ChETA-Cherry and ChETA-Cherry-SYP cDNA, respectively. Arc UTRs
were amplified from plasmid pCMV-ArcF encompassing whole 5’UTR and
first 13 nucleotides of Arc CDS, where start ATG was mutated to ACG, and
whole 3'UTR®. MS2 sequence was inserted downstream STOP codon
before 3'UTR. Constructs were cloned into plasmid pcDNA3.1(+) (Invitro-
gen) under CMV promoter. EGFP was expressed from plasmid pN1-EGFP
(Clontech). Homerlc-EGFP was kindly provided by D.Choquet, Institut
interdisciplinaire de Neurosciences CNRS, Université Bordeaux 2. pPalmi-
toyl-Turquoise2 is Addgene plasmid #36209. Arc-palmitoyl-Cherry was
generated from palmitoyl-Cherry cloning Arc 5’ and 3’'UTRs in correspond-
ing positions in analogy to Arc-ChETA-Cherry and ArcSYP-ChETA-Cherry.
GCaMP6s was expressed from pGP-CMV-GCaMP6s (Addgene #40753).
Cell culture. Primary cortex and hippocampal neurons were extracted
from PO B6126 mice as described in Ref’®, with modifications. Following
surgery and tissue isolation, tissue was triturated in cold calcium-free
HBSS with 100 U/ml penicillin, 0.1 mg/ml streptomycin and digested in
0.1% trypsin 100 U/ml DNase. Following trypsin inactivation in 10% FBS
DMEM (Invitrogen), neurons were seeded on previously poly-D-lysine
coated glass coverslips or plasma-treated poly-D-lysine coated Willco
dishes. For initial plating, neurons were maintained in Neuronbasal-A me-
dium (Invitrogen) supplemented with 4.5 g/l D-glucose, 10% FBS, 2% B27
(Invitrogen), 1% Glutamax (Invitrogen), 1 mM pyruvate, 4 uM reduced
glutathione, 12.5 uM glutamate. From the following day on, neurons were
grown in Neurobasal-A medium (Invitrogen) supplemented with 2% B27
(Invitrogen) 1% Glutamax (Invitrogen) 1-10 pg/ml gentamicin. Medium was
refreshed every 2-4 days. For experiments in Fig.1A and S1, div 12 neu-
rons were used. All other experiments employed div 17-19 neurons. Neu-
rons were transfected with calcium phosphate method the day before ex-
periment. All procedures involving animals respect Italian Ministery of
Health as well as Italian National Research Council (CNR) guidelines.
Treatments. Neurons as in Figure 1 were treated for 1h with either KCI to
a final concentration of 10mM or saline added to bath. Otherwise, treat-
ments are (i) BDNF: hBDNF (Alomone) 100ng/ml 90’; (ii) KCI: KCI 10mM
90’; (iii) LTP: 20’ in 2mM CaCl./1mM MgCl. ACSF followed by 10’ in 2mM
CaCl./Mg?-free ACSF 5.4mM KCI 100 pM NMDA (Sigma-Aldrich) 20 uM
glycine (Sigma-Aldrich) 0.1 pM rolipram (Sigma-Aldrich) as described
in®, followed by 90’ in culture medium; (iv) AP5: 50 uM AP5 (Sigma-
Aldrich) from transfection to analysis (16-20h). See also Figure S3 for tem-
poral outline of treatments. Neurons in Figure 2E are treated with 20' 2mM
CaCl/imM MgCl. ACSF followed by 5’ in 2mM CaCl./Mg?*-free ACSF
60mM KCI 100 uM NMDA (Sigma-Aldrich) 20 uM glycine (Sigma-Aldrich)
(or 25’ in 2mM CaCl./1mM MgCl. ACSF as control) and fixed after 90’.
Immunofluorescence. Neurons expressing Arc-Ch or ArcSYP-Ch were
fixed in 2% formaldehyde 5% sucrose PBS and permeabilized in 0.1%
Triton X-100. After PBS washing, samples were blocked in 1% BSA PBS,
and primary antibodies anti-Cherry (GeneTex GTX59788) and anti-PSD95
(Abcam ab9909) were used in 0.5% BSA PBS. After washing, primary
antibodies were detected with anti-rabbit-TRITC and anti-mouse-Alexa647
in 0.5% BSA PBS. Coverslips were mounted in Fluoroshield (Sigma-
Aldrich) mounting medium. Hippocampal neurons expressing EGFP,
ChETA/EGFP, SYP-Ch/EGFP or ArcSYP-Ch/EGFP for 24h were processed
as above. Primary antibody was anti-MAP2 (Abcam ab5392) and it was
detected with anti-chicken-Alexa647.

Two-photon uncaging. DIV 8-10 cortical neurons were seeded on
plasma-treated, poly-D-lysine coated Willco dishes and transfected the
day before experiment. Neurons were maintained in Mg?-free ACSF (in
mM, 136 NaCl, 2.5 KCI, 2 CaCl. 10 D-glucose, 10 HEPES, 2 pyruvate, 1
ascorbic acid, 0.5 myo-inositol) with 10 uM forskolin (Tocris BioSciences)
1 pM TTX (Tocris BioSciences) and, where indicated, 2.5 mM MNI-caged
glutamate (Tocris BioSciences) for 20’ before uncaging. Following EGFP
and Cherry acquisition, 30 pulses (720 nm, 9-13 mW at the objective lens)
of 7 ms were delivered at 0.5 Hz at 0.5-1 um from spine head. After 5,
medium was changed to 1mM MgCl. ACSF supplemented with 2% B27
and the same dendrite was imaged after 60’. The mock stimulation was
conducted in the same way except that MNI-glutamate was not added in
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the medium. Throughout the whole protocol, neurons were maintained at
37°C under humidified 5% CO. atmosphere.

Microscopy. 512x512 pixels optical sections were acquired with a confo-
cal microscope (Leica TCS SP5 on DM6000, equipped with MSD module)
using an oil objective HCX PL APO CS 40.0X (NA=1.25), and pinhole was
set to 1.47AU. Digital zoom was adjusted to correctly sample spines. For
whole cell reconstruction z-stacks were acquired every 0.5 um. Sequential
illumination with HeNe 633, Ar 561, Ar 488, Ar 458, and diode (Picoquant,
Berlin, Germany) 405 laser lines was used for Alexa647, TRITC and
Cherry, EGFP, Turquoise2 and DAPI, respectively.

For two-photon uncaging, images were acquired using an Olympus
FV1000 confocal module on an inverted 1X81 microscope with immersion
oil objective UPLSAPO 60X (NA=1.35), and pinhole was set to 180 pm.
Digital zoom was set to 8x. Used laser lines were Ar 488 and HeNe 543 for
EGFP and Cherry excitation, respectively. For two-photon illumination, 720
nm line was set on a tunable Chameleon Vision Il Ti:Sapphire pulsed laser
(Coherent, 80MHz). Green and red channels were acquired before 720
nm stimulation (-5’ time point) and 60’ after medium change (see two pho-
ton uncaging section).

Calcium imaging. Div 7-11 cortical neurons grown on glass-bottom cov-
erslip expressing GCaMP6s and (i) ArcSYP-ChETA, (i) SYP-ChETA, (iii)
palmitoyl-Cherry, or (iv) Arc-palmitoyl-Cherry were imaged using an Olym-
pus FV1000 confocal module on an inverted IX81 microscope with immer-
sion oil objective UPLSAPO 60X (NA=1.35). After red channel acquisition,
selected areas were imaged with the 488 laser line at 2 ps/pixel. Depend-
ing on image size, the time step between two consecutive frames ranged
from 50 to 80 ms. Neurons were maintained in standard ACSF containing
2mM CaCl. 1mM MgCl; 2% B27 at 37°C under humidified atmosphere. In
some experiments, 3 uM TTX (Tocris BioSciences) was added to bath to
prevent spontaneous firing. cLTP was induced by pretreatment of neurons
in standard 1mM MgCl, ACSF with 10 uM forskolin for 20’, followed by 10’
in 2mM CaCl./Mg*-free ACSF 100 yM NMDA 100 uM glycine 10 uM for-
skolin. After treatment, neurons were washed in 1mM MgCl, ACSF and put
back in neuron medium for 4 hours before imaging of calcium currents;
during recording, neurons were maintained in standard ACSF containing
2mM CaCl; ImM MgCl; 2% B27 3 uM TTX.

Culture optogenetics. DIV 17-19 hippocampal neurons were grown on
poly-D-lysine coated glass coverslips in 24wells. The day after transfec-
tion, neurons expressing ArcSYP-ChETA-Cherry and EGFP, or EGFP
alone, were put in standard 1mM MgCl. ACSF and illuminated with single
channel PlexBright LED Module 450nm connected to an optical fiber
(THORLABS, 200 pm diameter, 0.39 NA, ceramic ferrule) at 1-3 mW peak
power (measured at the end of the fiber). 10 trains of 13 pulses at 100Hz
were repeated at 0.5Hz; four stimulations at different positions were per-
formed on each culture in order to evenly illuminate the whole culture area.
In a first set of experiments, neurons were pre-treated for 3 hours with 40
pM CNQX 100 puM AP5 1 pM TTX. Medium was changed to standard
ACSF 2mM CaCl; 1mM MgCl, 1 uM TTX and cultures were light stimulated
or maintained in the dark; 7.5 minutes after stimulation neurons were fixed
for 15 minutes in 2% formaldehyde 5% sucrose PBS supplemented with 1
mM Na;VO, 1 mM NaF to inhibit phosphatases; after permeabilization in
ice-cold methanol neurons were blocked in 5% BSA 1 mM NaxVO, 1 mM
NaF PBS and subsequently incubated overnight with 1:100 mouse anti-
phosphoCaMKIl (Thermo Fisher MA1-047) and 1:300 rabbit anti-Cherry
(GeneTex GTX59788) in 2% BSA PBS. Secondary antibodies were 1:100
anti-rabbit-TRITC, 1:100 anti-mouse-Alexa647 in 2% BSA. In another set of
expertiments, neurons were light stimulated in standard ACSF 2mM CacCl.
1mM MgCly; after stimulation, neurons were put back into culture medium;
parallel cultures did not undergo such a treatment and were maintained in
the dark. After one hour, cells were fixed in 2% formaldehyde 5% sucrose
PBS and permeabilized in 0.5% Triton X-100; after PBS washing, cells
were blocked in 4% BSA PBS, and hybridized with 1:100 rabbit polyclonal
anti c-fos (Santa Cruz sc-52) in 2% BSA 0.05% Triton X-100 PBS. Secon-
dary antibody was anti-rabbit-Alexa647. Samples were mounted in
Fluoroshield with DAPI (Sigma-Aldrich).

Data quantification. Spine number and subclass for neurons in Figure S3
were assigned manually based on established nomenclature. Short spines
with no apparent neck are classified as stubby; elongated spines whose
head and neck diameters are similar are classified as thin, and spines with
a defined neck and a prominent head are classified as mushroom. Filopo-
dia were few in number across all samples and were excluded from analy-
sis.

Enrichment index (El) was calculated as the ratio between the Cherry av-
erage intensity on the spine region (identified using the EGFP channel)
and the average intensity calculated on the dendritic shaft between 1 and
2 ym away from the spine junction, after background subtraction. For the
El calculation, only expressing spines were included in the analysis.

For two-photon stimulation experiments, spines were identified in the
EGFP filler channel, Cherry fluorescence was integrated in the corre-
sponding channel and background was subtracted. Intensity was calcu-
lated for images acquired immediately before photouncaging and after 60
for stimulated and neighbouring spines. The relative change in Cherry

intensity was calculated as the difference after and before stimulation,
normalized for the initial intensity as follows: [I(+60°) — I(-5')]/I(-5).

Calcium Ratio is calculated as the mean GCaMP6s signal in the spine
head divided by mean GCaMP6s intensity in the dendrite, once sub-
tracted for mean background intensity. Calcium Ratio for peak current is
calculated by considering just the first 3-4 recording frames before signal
reached a steady value.

Statistics. Image analysis was performed using ImageJ. Statistical analy-
sis was performed with OriginPro v9.0. Differences between two groups
were evaluated with two-tailed Student’s t-test. Residues (Figure S3) dis-
tributions were compared with Kolmogorov-Smirnov test. Multiple com-
parisons were made by one-way ANOVA followed by post-hoc Bonferroni
test. Significance was set at 0=0.05. 756 frames (21564 spines) were used
for ChETA constructs expression calculation. A total of 1493 spines was
analysed for El calculation. For PSD95/ChETA-Cherry co-localization, a
total of 2251 spines from 44 dendrites were analyzed. For two-photon un-
caging experiments, a total of 48 samples were analysed, and a total of
118 spines were considered.

Principal component analysis in Figure 4 was performed with OriginPro
v9.0. First principal component was defined as the component that ex-
plained =90% variance of the distribution of (El, CR) couples. PC ratio is
the ratio of the projection of the first principal component on the CR axis
divided by the projection on the El axis. Correlation is Pearson’s r* coeffi-
cient for (El, CR) couples.
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Figure 1 A Schematic construct of palmitoyl-Cherry/MS2 reporter. Left, Cherry (top) and EGFP-MS2
(bottom) distribution in living neurons under resting conditions. In the presence of Arc DTE, protein lev-
els are low, and MS2/RNA signal is granular. Inset, top to bottom, neuron profile, EGFP-MS2, merge
(stretched levels). Right, Arc DTE regulates reporter expression in response to neuron activity. Cherry
expression in proximal dendrites (i-ii) and 100 um away from the soma (i-ii’) after 1h saline (i-i’) or
10mM KCI (ii-ii’) treatment. B Schematic SYP-Ch, Arc-Ch and ArcSYP-Ch constructs; throughout the
figure, constructs are abbreviated as SYP, Arc and ArcSYP, respectively. Bottom, dendritic pattern of
ChETA-Cherry expression (left), EGFP filler (centre) and merge (right) for unmodified ChETA-Cherry
and the three constructs above. C Enrichment index for the three constructs and unmodified ChETA-
Cherry under different stimulation conditions (see Methods). *P<0.01, and **P<0.001, one-way ANOVA,
Bonferroni comparison of means, within group. 1P<0.05, and #P<0.001 to ArcSYP-Ch, saline treated,
one-way ANOVA, Bonferroni comparison of means. ND not determined. D Fraction of ChETA-Cherry
expressing spines under different stimulation conditions, grouped for construct. *P<0.001 to Arc-Ch sa-
line, and #P<0.001 to ArcSYP-Ch, one-way ANOVA, Bonferroni comparison of means. Differences with-
in and between SYP-Ch and ChETA values are not significant at the 0.05 level. E Representative imag-
es of ArcSYP-Ch expressing neurons under different treatment conditions. Following KCI or NMDA-
dependent LTP, bright ChETA-Cherry puncta are evident along dendrites. Bars are meants.e.m. Scale
bar (A) 5 ym, (B,E) 2 pm.
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Figure 2 A Representative images of Arc-Ch and ArcSYP-Ch (cherry) expression in spines; EGFP is
free in the cytoplasm. B Quantification of “docked”, and total positive spines following cLTP treatment
(see Methods) for Arc-Ch and ArcSYP-Ch. Bars are meants.e.m. *P<0.001 two-tailed Student’s t-test.
C Schematic drawing for the determination of “docked” versus positive but non-“docked” spines. Cherry
fluorescence peaks within a circle of 1.2 um diameter centered on the postsynaptic density (PSD - blue
area) for positive spines, and on the PSD for “docked” spines. D Representative dendrites of neurons
expressing the two constructs. White arrowheads indicate “docked” spines, empty arrowheads positive,
non-“docked” spines. E Following a strong neuron activation (see Text), ArcSYP-Ch (cherry channel) is
expressed at synapses, identified as Homerlc-EGFP puncta. Bottom, merge; dendrite profile is recon-
structed with palmitoyl-Turquoise2 expression. F ArcSYP-Ch (cherry) is preferentially expressed at
larger synapses (spine labeled as 2 versus 1 in vi) under normal culture conditions. (iv) merge of ii
(green) and iii (red); (v) merge of iii (red) and i (blue); (vi) merge of i, ii and iii. Scale bar (A,D) 1 pm, (E)
5 um, (F) 2 ym.
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Figure 3 ArcSYP-Ch is specifically expressed at potentiated synapses. DIV 8-10 neurons were focally
stimulated with glutamate uncaging in close proximity to selected spines. Neurons were maintained in
standard Mg?'-free ACSF in presence of forskolin and TTX for 20’ before uncaging with (A) or without
(B) MNI-caged glutamate. Following 2-photon uncaging, medium was changed to 1mM Mg* ACSF
supplemented with B27. ArcSYP-Ch expression was compared before uncaging and 60’ afterwards.
When MNI-glutamate was converted into its active form, ArcSYP-Ch was markedly translated in stimu-
lated spines, but not in neighbour spines. Red dots in the EGFP channel indicate the location of 2-
photon uncaging. Experimental conditions are indicated on top of images. Scale bar 2 um. C Relative
fold change in ArcSYP-Ch and SYP-Ch in stimulated spines and non-stimulated spines when MNI-
glutamate was present or absent from batch. Relative fold change is the difference in intensity at 60’ mi-
nus the intensity at -5’, divided by the intensity value at -5’ (see Methods). Experimental conditions and
construct are indicated on the left. Stimulated spine denotes the spine close to the uncaging point.
***P<(0.001, one-way ANOVA, Bonferroni comparison of means. Bars are meants.e.m.
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Figure 4 A Calcium currents in GCaMP6s expressing neurons cotransfected with ArcSYP-Ch, SYP-Ch,
Arc-palmitoylCherrry, or palmitoylCherry (left to right). Cherry fluorescence (red) is superimposed to the
neuron mask (dark grey) as drawn from the bright field channel; scale bar, 5 um. Inset in each figure is
selected spine for which calcium currents were imaged (dotted region in main figure); scale bar, 1 um.
Below are selected time points of GCaMP6s fluorescence recordings (i.e. first and second time points,
and acquisitions at 1s and 10s). Bottom graphs show temporal profiles of mean GCaMP6s intensities in
regions corresponding to the spine head (red trace), dendrite (blue trace) and background (grey trace).
Shaded areas correspond to maximum and minimum values obtained in two consecutive repetitions. B
Left: plot of corresponding Calcium Ratio (CR) value and Enrichment Index (El) for analyzed spines for
ArcSYP-Ch (black dots), SYP-Ch (orange dots) and Arc-palmitoylCherry (grey squares). CR is mean
GCaMP&6s intensity in the spine head divided by intensity in the dendrite, whereas El is calculated as in
Figure 1. Right: CR-EI plot for ArcSYP-Ch expressing spines recorded in standard recording solution
(black dots) or with 3 uM TTX (magenta dots). C CR-EI dependence for the above constructs. PC ratio
is the ratio of the coefficients of the main principal component of the distribution in the CR-EI plane (see
Methods). A value close to zero indicates a very low contribution of CR to variability. Correlation is
Pearson’s r? coefficient calculated for the (El, CR) pairs. D Calcium imaging of ArcSYP-Ch/GCaMP6s
expressing neuron was performed illuminating in wide-field manner (left) and upon restriction of illumi-
nation to one selected spine (right, red arrowhead); scale bar, 5 ym. Below we report calcium traces for
the selected expressing spine (red), a neighbouring, negative spine (purple, shown in main figure as
purple arrowhead), the cell body (green trace), and distal and proximal parts of the dendrite harboring
the spine (cyan and blue traces, respectively).
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Figure 5 Optogenetic stimulation of ArcSYP-Ch expressing cells activates spines and induces c-fos ex-
pression A Outline of time course of the experiments. i) Cells were pretreated for 3 hours with CNQX,
AP5 and TTX to reduce background CaMKII activation. Neurons were fixed 7.5 minutes after light
stimulation and stained for phospho-CaMKIL. ii) Cells were fixed and stained for c-fos 60 minutes after
light stimulation. B Representative images of EGFP, ArcSYP-Ch/EGFP and ChETA-Cherry/EGFP ex-
pressing cells that underwent light stimulation (top panel) or were maintained in the dark (bottom panel).
Panels show phospho-CaMKIlI immunofluorescence (p-CK), anti-Cherry immunofluorescence (Cherry)
and EGFP signal. Scale bar, 5 pm. C Quantification of total phospho-CaMKII staining in the spine as in
B. Spines in ArcSYP-Ch expressing neurons were subgrouped into Cherry positive (filled bars) and
Cherry negative spines (empty bars). ***P<0.001, one-way ANOVA, Bonferroni comparison of means.
Bars are meants.e.m. D c-fos (top) and DAPI (middle row) staining of cells expressing EGFP (left) or
ArcSYP-Ch and EGFP (middle and right). Cells were illuminated or maintained in the dark as indicated
above. Green arrowheads indicate corresponding positions in the EGFP channel below. Scale bar, 5
um. On the right, nuclear c-fos staining for illuminated, EGFP expressing neurons, and ArcSYP-
Ch/EGFP neurons maintained in the dark is comparable to untransfected cells. Optical stimulation of
ArcSYP-Ch/EGFP neurons increases c-fos expression in the nucleus. ***P<0.001, one-way ANOVA,
Bonferroni comparison of means. Bars are meants.d.
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