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Locally coordinated synaptic
plasticity of visual cortex

neurons in vivo

Sami El-Boustani'*t1, Jacque P. K. Ip't, Vincent Breton-Provencher?’,
Graham W. Knott?, Hiroyuki Okuno®$§, Haruhiko Bito*, Mriganka Sur™*

Plasticity of cortical responses in vivo involves activity-dependent changes at
synapses, but the manner in which different forms of synaptic plasticity act
together to create functional changes in neurons remains unknown. We found
that spike timing—induced receptive field plasticity of visual cortex neurons in
mice is anchored by increases in the synaptic strength of identified spines. This
is accompanied by a decrease in the strength of adjacent spines on a slower time
scale. The locally coordinated potentiation and depression of spines involves
prominent AMPA receptor redistribution via targeted expression of the immediate
early gene product Arc. Hebbian strengthening of activated synapses and
heterosynaptic weakening of adjacent synapses thus cooperatively orchestrate
cell-wide plasticity of functional neuronal responses.

euronal circuits in the brain are subject to

changes driven by sensory inputs (7, 2) or

motor learning (3-5), causing cells to mod-

ify their responses to individual inputs

while maintaining a stable level of activity
(6). Homeostatic plasticity stabilizes the output
firing rate of single neurons by uniformly scaling
up or down the strength of all synapses (6, 7).
Other forms of compensatory plasticity can also
act locally at dendritic stretches (8-14) or even
at single synapses (15-17). Synaptic potentiation
at specific dendritic locations could be coordinated
with heterosynaptic depression of nearby synapses
within short stretches of the same dendrite to
cooperatively implement functional plasticity of
single-cell responses (I8). It is unknown whether
locally coordinated synaptic plasticity occurs
in vivo and whether it has a role in shaping
neuronal responses.

Cortical plasticity induced by sensory depri-
vation or enrichment (2) results in large-scale
functional and structural changes across many
neurons and synapses. We developed a controlled
paradigm for inducing plasticity at identified
synapses on single neurons in the primary visual
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cortex (V1) of awake juvenile mice (postnatal day
28 to 35). We reasoned that pre-before-post pair-
ing at specific synapses, via visual stimuli pre-
sented at a target location closely followed by
channelrhodopsin-2 (ChR2)-driven spiking of
an individual neuron, would induce Hebbian po-
tentiation of excitatory synapses responding to
the target stimulus and consequently shift the
receptive field at the soma (Fig. 1, A and B). We
characterized excitatory synaptic inputs to V1
layer 2/3 neurons in response to sparse noise
stimuli (19) (Fig. 1, C to E). Evoked excitatory
postsynaptic currents (EPSCs) typically responded
to stimulus onset or offset (Fig. 1F). Onset re-
sponses lasted for about 200 ms with a peak
response at 65 to 130 ms (mean, 96.3 + 7.4 ms;
n = 8 neurons). To ensure that the peak syn-
aptic input led the ChR2 action potential, we
induced postsynaptic spiking 150 ms after vi-
sual stimulus onset to potentiate responses
to the target stimulus and avoid post-before-
pre pairing. Such ChR2-induced spiking cor-
responded to a peak excitatory postsynaptic
potential to spike time difference of 20 to
85 ms, which overlaps with time windows
used in previous studies to induce response
potentiation (20, 21).

To induce and measure receptive field plasticity
over extended periods of time, we electroporated
the calcium indicator mRuby2-P2A-GCaMP6s (22)
and the opsin ChR2-mCherry (23) in single neurons
(19) (Fig. 1, G and H). ChR2 allowed precise
control of neuronal spikes (Fig. 1I; n = 7 neu-
rons; number of spikes per pulse = 1.2 + 0.32).
We used the GCaMP6s signal to map receptive
fields measured at the soma (Fig. 1, J and K,
and fig. S1, A and B). We then determined a
target location close to the peak receptive field
response location. Repeated presentations of
the target stimulus were paired with single
blue light pulses to elicit ChR2 spikes (60 pair-
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ings). Receptive fields were measured again 1 to
2 hours postpairing. For most neurons, the re-
ceptive field center of mass shifted toward the
target stimulus (Fig. 1, K and L). These changes
were not observed when ChR2 stimulation was
not paired with the target stimulus (19) (Fig.
1L). Receptive field shifts could not be ex-
plained by changes in eye position (fig. S2)
and did not induce functional changes in the
network (fig. S3). Receptive field shifts could
also be achieved with other pairing rates and
durations (fig. S4).

We next investigated the structural basis of
receptive field plasticity at the synaptic level.
We used dendritic spine volume changes as a
structural proxy for long-term potentiation or
depression (24-26). By comparing dendritic spines
pre- and postpairing, we observed bidirectional
volume changes within dendritic stretches (Fig. 2A).
These changes were not caused by drifts in the
imaging planes (fig. S5). Spines exhibiting struc-
tural long-term potentiation (sLTP) or depression
(sLTD) were compared with those in control ex-
periments in the absence of ChR2 (ChR27; Fig. 2,
B and C). We quantified changes in spine volume
by using the normalized difference (67") between
the integrated spine fluorescence signal relative
to the shaft pre- and postpairing, and we de-
fined a threshold for pairing-induced sLTP and
sLTD in ChR2* neurons (5 = +0.25, correspond-
ing to spines that exceeded the 97th percentile of
the ChR2"™ distribution; fig. S6). We then back-
tracked the temporal evolution of significantly
potentiated or depressed spines (Fig. 2D). sLTP
spines rapidly increased in volume immediately
after pairing, and this was followed by a mod-
erate increase over the next 2 hours. In contrast,
sLTD spines showed an initial small decrease in
volume that was amplified over the next 2 hours
until the average volume change for sLTD and
sLTP spines became approximately balanced. The
density of sLTD spines was significantly corre-
lated with, and was greater than, the density of
sLTP spines in individual dendrites (Fig. 2E).
sLTD spine density was significantly larger at
short sLTP-sLTD distances (19), indicating that
sLTD spines were preferentially located around
sLTP spines (Fig. 2F).

We reconstructed stretches of dendrite from
ChR2" and ChR2™ neurons with electron mi-
croscopy (EM) (Fig. 2, G and J) and compared
spines that were well isolated in two-photon
images (19). All two-photon-imaged spines on
these dendrites were identified by EM. For both
the ChR2" and ChR2™ dendrite, EM spine vol-
umes were highly correlated with the spine fluo-
rescence signal postpairing (Fig. 2, H and K).
Consistent with the observation that structural
plasticity caused by pairing resulted in both in-
creases and decreases of spine volumes in ChR2*
neurons, whereas volumes remained stable
in ChR2™ neurons, prepairing signals showed
significantly larger dispersion around the best
fit for the ChR2" dendrite (Fig. 2H) but were
equivalent to postpairing signals for the ChR2~
dendrite (Fig. 2K). EM spine volume was highly
correlated with synaptic surface area, consistent
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Fig. 1. Induction of receptive field
plasticity in V1 neurons. (A) Pairing
protocol (white squares, visual
stimuli). (B) Effect of pairing

on a neuron's receptive field and

its dendritic spines (S; to Su).

(C) Whole-cell recording during
sparse noise stimuli. (D) Top,
excitatory current trace of a recorded
neuron. Bottom, average EPSC

for each stimulus location (gray
shading, SEM). (E) Receptive field
obtained by averaging EPSCs
between 50 and 150 ms. (F) EPSC
in z-score averaged over all neurons
and stimulus locations (n = 8
neurons). Gray shading, SEM;
dotted blue line, 150 ms.

(G) Single-cell electroporation

in vivo. (H) Neuron expressing
mRuby2-P2A-GCaMP6s and
ChR2-mCherry. (I) Loose-patch
recording of a ChR2* neuron
spiking to single blue light pulses.
Spike waveforms are shown

(gray shading, standard deviation).
(J) Calcium df/f (fluorescence
signal changes relative to baseline)
traces obtained from soma.
Arrowheads, onset of visual stimuli,
presented prepairing at the
preferred location (black) and
postpairing at the target location
(red). (K) Top, receptive fields
from the traces in (J). Preferred
stimulus locations are shown

with black (pre) and red (post)
squares. Black dots, center of mass.
Red crosses, target stimulus.
Bottom, response time course in
squared locations. Shaded areas,
SEM. Black dashed line, baseline
df/f level. (L) Distance between the
target and receptive field center

of mass pre- and postpairing (black;
n =22 neurons; N = 23 mice;
paired Wilcoxon test, **P < 0.01).
Red dot, example in (K). X, average
shift. Control neurons with
unpaired ChR2-visual stimulation
are shown in gray (n = 21 neurons;
N =11 mice; P = 0.06; N.S., not
significant). Receptive field

shifts were significantly

different between paired and
unpaired populations (unpaired
Kruskal-Wallis test, ***P < 0.001).
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Fig. 2. Hebbian potentiation and heterosynaptic depression in
stretches of dendrite. (A) Time-lapse dendritic imaging. Arrowheads
correspond to sLTP (red) and sLTD (green) spines. (B) Spine volumes
pre- and postpairing (>2 hours) for ChR2* (n = 1498 spines) and
ChR2™ (n = 845 spines) neurons. a.u., arbitrary units. (C) Proportion
of enlarged (8V+) and shrunken (8V-) spines above different 8V
values (variance F-test between ChR2* and ChR2~, P < 0.001). Black
dashed line, sLTP and sLTD threshold 8V = £0.25. (D) Left, average
normalized volume change over time for sLTP (n = 110) and sLTD

(n = 98) spines. Dashed lines, threshold. Right, sLTP-to-sLTD volume
change ratio. (E) sLTP and sLTD spine density per dendrite (n = 20
dendrites; Pearson coefficient = 0.55, P < 0.05; paired Wilcoxon

test, *P < 0.05). (F) sLTD spine density variation relative to the mean
as a function of distance from sLTP spines [n = 103 sLTP spines;

El-Boustani et al., Science 360, 1349-1354 (2018) 22 June 2018

one-way analysis of variance (ANOVA), P < 0.01; unpaired Kruskal-
Wallis test, ***P < 0.001 and *P < 0.05 with Bonferroni correction].
(G) ChR2" dendrite imaged pre- and postpairing and reconstructed by
EM after the experiment, postpairing. (H) Spine volume measured
with EM compared to two-photon fluorescence signal [n = 36 spines;
EM versus post, coefficient of determination (r?) = 0.85; EM versus
pre, r> = 0.57]. Lines depict best-fit power functions. Inset, distribution
of fit residuals (unpaired variance F-test, **P < 0.01). (I) Spine
volume versus synaptic surface area (n = 36 spines; r° = 0.91). Some
small spines lacked synapses, as has been previously reported

(33). (J to L) Same as (G) to (I) for a ChR2™ neuron (n = 33 spines;
EM versus post, r> = 0.88; EM versus pre, r’ = 0.85; unpaired
variance F-test). Spine volume versus synapse area is shown in (L)

(n = 39 spines; r? = 0.92). Error bars, SEM.
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with the hypothesis that synaptic weight is
reflected in spine volume (Fig. 2, I and L, and
fig. S7).

We investigated the functional signature asso-
ciated with structural changes to evaluate whether
they were consistent with receptive field plasticity
measured at the soma. GCaMP6s activity in in-
dividual spines was used to measure input-specific
receptive fields (Fig. 3, A to C). Spine receptive
fields were heterogeneously distributed along
dendritic stretches (fig. S8). We hypothesized
that sLTP spines should have their receptive
field centers overlapping the visual target be-
cause of Hebbian plasticity, whereas nearby sLTD
spines would have receptive field centers located
away from the target because of heterosynaptic,
potentially cooperative, plasticity. Spines with
receptive fields overlapping the target stimu-
lus indeed increased in volume (Fig. 3, D and
E), whereas neighboring spines with receptive
fields away from the target were reduced (Fig. 3,
D and F). Structural changes were accompanied
by consistent changes in GCaMP6s signal ampli-
tude (fig. S9). The average receptive field for
sLTP spines was sharp and centered on the
target, whereas the average receptive field for
sLTD spines was distributed broadly away from
and around the target (Fig. 3G). The distribu-
tion of sLTP and sLTD spines as a function
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of their receptive field distance from the tar-
get confirmed that as distance increased, the
effect on spine size shifted from sLTP to sLTD
(Fig. 3H).

‘We next electroporated SEP-GluAl—an AMPA
receptor (AMPAR) subunit 1 tagged with a pH-
sensitive form of green fluorescent protein (GFP),
Super Ecliptic pHluorin (SEP) (27, 28)—into single
neurons to restrict the signal to membrane-inserted
receptors, together with ChR2 and a volume-
filling marker, DsRed2. Because the GCaMP6s
signal would occlude GFP-tagged proteins, we
electroporated GCaMP6s alone into neighboring
neurons to determine a pairing target location for
inducing plasticity in the ChR2" neuron (Fig. 4A)
(neighboring neurons in V1 share a substantial
proportion of their subthreshold receptive field;
fig. S10). A strong and distinct SEP fluorescence
signal was observed at the surface of individual
spines (Fig. 4B, left). Comparing changes in SEP-
GluAl enrichment with volume changes in indi-
vidual spines more than 2 hours after the pairing
protocol, we found a significant positive correla-
tion (Fig. 4, C to E). Positive or negative changes
in volume thus reflect corresponding modifica-
tions of spine synaptic weight through AMPAR
expression changes.

Arc, the protein encoded by the immediate
gene Arc, is involved in AMPAR endocytosis (29).

1s

A
50s G Average RF
SLTP
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°
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Arc preferentially interacts with the inactive B
isoform of CaMKII and acts as an inverse tag of
plasticity (30) that could potentially mediate
heterosynaptic depression in dendritic segments
(31). We used a monomeric enhanced GFP (mEGFP)-
tagged Arc (mEGFP-Arc) probe (30) to study the
molecular dynamics of Arc after the pairing pro-
tocol (Fig. 4B, right). Arc enrichment in spines
was increased in sLTD spines and decreased in
sLTP spines (Fig. 4, C to E). To test whether Arc
mediates heterosynaptic depression, we delivered
small hairpin RNA (shRNA; figs. S11 and S12) to
deplete Arc in single neurons. Neurons in which
Arc was knocked down displayed spines filled
with SEP-GluAl (Fig. 4, F and G), which was
homogenously distributed along dendrites, com-
pared with control neurons, where SEP-GluA1l
was sparsely and focally distributed (Fig. 4H). To
relate Arc expression to calcium signaling in
spines (30) (fig. S13), we additionally knocked
down CaMKIIB (fig. S11). Dendrites with reduced
CaMKIIp displayed reduced spine-specific Arc
expression (Fig. 4, I to K). Knockdown of Arc in
neurons expressing GCaMP6s and ChR2 pre-
vented displacement of receptive fields toward
the target after pairing (Fig. 4L and fig. S12),
consistent with impaired functional plasticity
(32). In contrast to control neurons, the density
of sLTP spines was not significantly different

H o4 _g7p
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Fig. 3. Functional identification of sLTP and sLTD dendritic

spines. (A) Neuron expressing mRuby2-P2A-GCaMP6s. (B) Top,
dendritic stretch from within the rectangle in (A). Bottom, calcium
traces for two spines and their corresponding branch. Arrowheads,
onset of preferred stimuli. (C) Receptive fields for spines in (B). Gray
shading, SEM. Color map, time-averaged response. (D) Dendritic
segment with nearby sLTP (“1") and sLTD (“2") spines. (E) Left, profiles
from the dashed red line in (D). Middle, receptive field of the spine. Red
cross, target position. Right, response time course for the preferred
stimulus. Shaded areas, SEM. (F) Same as (E) for the sLTD spine in (D).

El-Boustani et al., Science 360, 1349-1354 (2018) 22 June 2018

Left, profiles from the dashed green line. Right, response time course
for the preferred stimulus (gray) and for the target stimulus location
(red). (G) Average normalized receptive field centered on the target for
sLTP (n = 94) and sLTD (n = 87) spines. Bottom, difference between
distributions. (H) Top, distribution of receptive field distances from the
target. Black distribution, randomized spine identity. Shaded areas,
standard deviation. Bottom, average normalized volume change as a
function of receptive field distance from the target for all sLTP and
sLTD spines (n = 181 spines; one-way ANOVA, P < 0.01; *P < 0.05 and
**P < 0.01 with Bonferroni correction). Error bars, SEM.
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Fig. 4. Role of Arc in regulating plasticity of V1 neurons. (A) Neuron
expressing ChR2-mCherry, DsRed2, and SEP-GIUAL in close proximity

to a neuron expressing GCaMP6s. (B) Dendrites expressing SEP-GIuAl
(left) or Arc-EGFP (right). (C) Spines corresponding to white rectangles
in (B). (D) Comparison between normalized change in volume and
SEP-GIuAL (left) or Arc-EGFP (right) enrichment (SEP-GIuAL: n = 4354
spines from 17 neurons, N = 12 mice; Pearson coefficient = 0.22,

***P < 0.001) (Arc-EGFP: n = 1719 spines from 16 neurons, N = 8 mice;
Pearson coefficient = =0.37, ***P < 0.001). (E) Relative volume changes
compared with relative SEP-GIUAL (top; n = 122 dendrites) or Arc-EGFP
(bottom; n = 81 dendrites) enrichment changes averaged over all

spines or measured in the dendritic shaft (Pearson coefficient = 0.27,
**P < 0.01 for SEP-GIuAL and -0.29, **P < 0.01 for Arc-EGFP). Purple and
orange lines, best linear fits. Circles, average values. (F) Dendrite
expressing SEP-GIuAl and Arc shRNA-DsRed?2. (G) Distributions of spine
SEP-GIuAL average intensity when Arc is endogenously expressed or
knocked down [n = 960 spines from three neurons for knockdown (KD);
n = 2669 spines from 11 neurons for control (Ctrl); Kruskal-Wallis test,

El-Boustani et al., Science 360, 1349-1354 (2018) 22 June 2018

sLTP spines per um

Distance from sLTP spine (um)

***P < 0.001]. (H) SEP-GIuAl intensity correlation with neighboring
spines. (I to K) Same as (F) to (H) in control or CaMKIIg KD dendrites
expressing Arc-EGFP (n = 2053 spines from four neurons for KD;

n = 2550 spines from 11 neurons for Ctrl; Kruskal-Wallis test,

***P < 0.001). (L) Distance between the target and receptive field

pre- and postpairing for the Arc KD condition (n = 9 neurons, N = 7 mice;
paired Wilcoxon test). (M) sLTP and sLTD spine density per dendrite for
control (n = 66 dendrites; Pearson coefficient = 0.31, P < 0.05; paired
Wilcoxon test, ***P < 0.001) and Arc KD (n = 39 dendrites; Pearson
coefficient = —0.37, P < 0.05; paired Wilcoxon test, not significant)
conditions. (N) sLTD spine density variation relative to the mean as a
function of distance from sLTP spines for the control (average over

n =253 sLTP spines; one-way ANOVA, P < 0.001; unpaired Kruskal-Wallis
test, ***P < 0.001 and *P < 0.05 with Bonferroni correction) and Arc
KD conditions (average over n = 142 sLTP spines; one-way ANOVA,

not significant). Dendrites in the control condition either express a
scrambled Arc shRNA plasmid fused with DsRed (n = 46 dendrites) or
mRuby2-P2A-GCaMP6s (n = 20 dendrites). Error bars, SEM.
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from the density of SLTD spines for neurons with
Arc knockdown (Fig. 4M). The spatial organiza-
tion of sLTD spines around sLTP spines was im-
paired in Arc knockdown dendrites compared
with controls (Fig. 4N), demonstrating that Arc
helps organize the distribution of potentiated
and depressed spines that underlies plasticity
of neuronal responses. Local bidirectional plas-
ticity of functionally identified spines was also ob-
served in experiments where vision from the
deprived eye was restored after monocular de-
privation (fig. S15). Thus, Arc-mediated hetero-
synaptic plasticity takes place under physiological
conditions and constitutes a mechanism for local
coordination of synaptic plasticity that drives
functional plasticity of neurons with hetero-
geneous synaptic inputs (fig. S16).
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