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Locally dynamic synaptic learning rules in
pyramidal neuron dendrites
Christopher D. Harvey1,2 & Karel Svoboda1,2

Long-term potentiation (LTP) of synaptic transmission underlies aspects of learning and memory. LTP is input-specific at the
level of individual synapses, but neural network models predict interactions between plasticity at nearby synapses. Here we
show in mouse hippocampal pyramidal cells that LTP at individual synapses reduces the threshold for potentiation at
neighbouring synapses. After input-specific LTP induction by two-photon glutamate uncaging or by synaptic stimulation,
subthreshold stimuli, which by themselves were too weak to trigger LTP, caused robust LTP and spine enlargement at
neighbouring spines. Furthermore, LTP induction broadened the presynaptic–postsynaptic spike interval for
spike-timing-dependent LTP within a dendritic neighbourhood. The reduction in the threshold for LTP induction lasted
,10 min and spread over ,10 mm of dendrite. These local interactions between neighbouring synapses support clustered
plasticity models of memory storage and could allow for the binding of behaviourally linked information on the same
dendritic branch.

Long-lasting modifications of synaptic strength (LTP) are critical for
learning and memory in many parts of the brain, including the hippo-
campus1. The extent to which LTP is synapse-specific influences
the information processing and storage of a neuron. LTP can be
input-specific2, even at the level of individual synapses3, indicating
that synapses may function as independent units of plasticity4.
However, neighbouring synapses might be co-regulated due to the
heterosynaptic spread of LTP over short stretches of dendrite5.

Neural network models predict interactions between plasticity at
nearby synapses. Heterosynaptic metaplasticity suggests that LTP at
one set of synapses may subsequently increase the threshold for
potentiation at other synapses6,7. In contrast, clustered plasticity
models8–10 predict a decrease in the threshold for LTP in the neigh-
bourhood of recently potentiated synapses, for example, owing to
local synaptic tagging10–12. To distinguish between these possibilities,
we probed the coupling between plasticity at nearby synapses using
two-photon glutamate uncaging3,13–16 combined with two-photon
laser scanning microscopy17,18 and perforated patch whole-cell
recordings of synaptic currents.

Crosstalk between plasticity at nearby synapses

Does LTP at one synapse influence the threshold for plasticity at
neighbouring synapses? We looked for such ‘crosstalk’ in acute
hippocampal slices from green fluorescent protein (GFP)-expressing
transgenic mice19. Dendritic spines were imaged on proximal (dis-
tance to the soma, ,100 mm) secondary and tertiary apical dendrites
of CA1 pyramidal neurons (Fig. 1a, c, e). Glutamate receptors on
individual spines were stimulated with two-photon glutamate
uncaging, and the resulting uncaging-evoked excitatory postsynaptic
currents (uEPSCs) were measured at the soma using perforated
patch-clamp recordings.

To induce LTP at individual spines, we paired a train of 30 stimuli
(0.5 Hz) with postsynaptic depolarization to ,0 mV (ref. 3). In this
‘LTP protocol’, each uncaging stimulus (4 ms duration) triggered
NMDA-R (N-methyl-D-aspartate receptor)-mediated spine [Ca21]
accumulations that were similar to [Ca21] transients evoked by

low-frequency synaptic stimulation at 0 mV (ref. 20) or by tetanic
stimulation21 (Supplementary Fig. 1b, c; see Supplementary
Information). [Ca21] accumulations were restricted to the stimulated
spine (Supplementary Fig. 1a–c), indicating that glutamate did not
spread to activate neighbouring spines. As a readout of plasticity, we
monitored spine volumes and uEPSCs in response to test stimuli at the
spine receiving the LTP protocol (LTP spine) and at neighbouring
spines less than 4mm from the LTP spine on the same branch. The
LTP protocol resulted in a long-lasting (.40 min) increase in uEPSC
amplitude and spine volume (Vol) at the LTP spine, but not at nearby
spines (DuEPSCLTP spine 5 99 6 17% (mean 6 s.e.m.), P , 0.01;
DuEPSCnearby spine 5 21 6 9%, P . 0.9; DVolLTP spine 5 78 6 10%,
P , 0.01; DVolnearby spines 5 0 6 4%, P . 0.9; Fig. 1a, b). A similar
protocol, but in which the amplitudes of NMDA-R-mediated spine
[Ca21] transients were reduced by a factor of four (subthreshold pro-
tocol, 1-ms pulse duration; Supplementary Fig. 1b, c), did not change
uEPSC amplitude or spine volume at the spine receiving the uncaging
stimuli (sub spine) or at nearby spines (DuEPSCsub spine 5 21 6 2%,
P . 0.4; DuEPSCnearby spine 5 2 6 2%, P . 0.6; DVolsub spine 5

1 6 1%, P . 0.6; DVolnearby spines 5 1 6 4%, P . 0.8; Fig. 1c, d).
To test for crosstalk, we induced LTP at one spine (LTP spine) and,

90 s later, provided the subthreshold protocol at a neighbouring spine
(sub spine). The subthreshold protocol now triggered LTP and a long-
lasting spine enlargement (DuEPSCLTP spine 5 95 6 11%, P , 0.01;
DuEPSCsub spine 5 97 6 10%, P , 0.01; DVolLTP spine 5 76 6 16%,
P , 0.02; DVolsub spine 5 81 6 10%, P , 0.01; Fig. 1e, f). The levels
of functional and structural plasticity were similar in spines receiving
the LTP and subthreshold protocols (uEPSC, P . 0.5; Vol, P . 0.5;
Fig. 1g). Other nearby spines that received neither stimulus did not
change (DVol 5 1 6 1%, P . 0.7). Crosstalk did not occur after
application of the LTP protocol at a postsynaptic potential of approxi-
mately 270 mV, which did not induce LTP, arguing that crosstalk is
triggered by LTP induction and not by the uncaging process itself (see
Supplementary Information). LTP induction at one spine therefore
lowered the threshold for potentiation at nearby spines while main-
taining input specificity.
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The changes in uEPSC amplitude and spine volume were highly
correlated3,22 (r 5 0.86, P , 0.0001; Fig. 1h), consistent with docu-
mented relationships between spine volume, postsynaptic density
area and the number of AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid) receptors in the postsynaptic density14,23,24.
These observations confirm that spine enlargement is a structural
correlate of LTP3,22.

Crosstalk in unperturbed neurons

The pairing LTP protocol (Fig. 1) has non-physiological features. For
example, depolarization of the postsynaptic neuron during pairing
causes global Ca21 influx through voltage-gated calcium channels,
which could contribute to the crosstalk between synapses. To test if
crosstalk occurs without sustained postsynaptic depolarization, we
stimulated NMDA-Rs on individual spines from unperturbed neu-
rons (in nominally 0 mM Mg21). Uncaging stimuli triggered [Ca21]
transients that were restricted to the activated spine (Supplementary
Fig. 1a–c). Each uncaging pulse during the LTP protocol produced
NMDA-R currents (7.9 6 1.1 pA; Supplementary Fig. 1a, d) that
corresponded to the opening of ,5 NMDA-Rs, comparable to the
number of receptors opened by low-frequency synaptic stimu-
lation25. The LTP protocol triggered a large transient increase in spine
volume in the LTP spine that decayed to a persistent spine enlarge-
ment after 10 min; spines neighbouring the stimulated spine did
not change (DVolLTP spine 5 76 6 18%, P , 0.01; DVolnearby spines 5

21 6 4%, P . 0.7; Fig. 2b, e, f). The subthreshold protocol, which
produced approximately fourfold lower NMDA-R currents and
[Ca21] accumulations (Supplementary Fig. 1a–d), triggered only
transient changes in spine volume that decayed within 10 min
(DVolsub spine 5 5 6 6%, P . 0.3; Fig. 2c, e, f). We next provided
the LTP protocol at one spine and, 90 s later, tested for crosstalk by
applying the subthreshold protocol at a neighbouring spine. The
subthreshold protocol now induced sustained spine enlargement of
the same size as that induced by the LTP protocol (DVolLTP spine 5
66 6 8 %, P , 0.0001; DVolsub spine 5 67 6 10%, P , 0.0001; LTP
spine versus sub spine, P . 0.95; Fig. 2d–f). Other spines that
received neither stimulus did not change (DVol 5 0 6 1%,
P . 0.95). Similar results were obtained in cultured rat hippocampal
slices (Supplementary Fig. 2a–d). Persistent postsynaptic depolariza-
tion therefore was not required to observe the crosstalk in plasticity
between synapses.

Crosstalk with synaptically induced plasticity

Glutamate released by uncaging may activate a distinct set of recep-
tors compared to synaptically released glutamate. We therefore tested
if crosstalk occurs after synaptically induced plasticity. Schaffer col-
lateral axons were stimulated (120 pulses, 2 Hz) in low extracellular
Mg21 (refs 3 and 26). This ‘synaptic LTP protocol’ induced long-
lasting spine enlargement in a sparse subset of spines (see Methods).
The magnitude of the spine volume change (DVolsynaptic LTP spine 5
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Figure 1 | Crosstalk with pairing-induced LTP.
a, Top left, schematic of the experiment. Vm,
membrane potential. Right, images before
(23 min) and after (25 min) LTP induction. At
time 5 0 the LTP protocol (30 uncaging pulses at
0.5 Hz, 4-ms pulse duration, postsynaptic
potential 0 mV) was applied to the spine marked
by a circle (LTP spine). A triangle marks a tested
nearby spine. Lower panels show changes in
uEPSC amplitude and spine volume at the LTP
(black) and nearby (grey) spines. b, Upper panels,
uEPSCs, averaged across all cells, in response to
test stimuli before (23 min; grey) and after
(40 min; black) the LTP protocol. Lower panels,
time course of the changes in uEPSC amplitude
and spine volume at the LTP spine (filled circles;
n 5 7) and at nearby spines (open triangles;
uEPSC, n 5 7; Vol, n 5 31). The arrow marks the
LTP protocol. c, d, Same as for a and b except
with the subthreshold protocol. At time 5 0 the
subthreshold protocol (30 uncaging pulses at
0.5 Hz, 1-ms pulse duration, postsynaptic
potential 0 mV) was applied to the spine marked
by a filled square (sub spine; n 5 5). Open
triangles indicate nearby spines (uEPSC, n 5 5;
Vol, n 5 26). e, f, Same as for a and b, except for
the crosstalk case. At time 5 0 the LTP protocol
was applied to the spine marked by a filled circle
(LTP spine) and, 90 s later, the subthreshold
protocol was given at the spine marked by an
open square (sub spine). n 5 5, mean 6 s.e.m.
g, Changes in uEPSC amplitude and spine
volume. Error bars indicate mean 6 s.e.m.
h, Correlation between changes in uEPSC
amplitude and spine volume. r 5 0.86,
P , 0.0001.
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70 6 14%, P , 0.001) was similar to that triggered by the uncaging
LTP protocol3 (P . 0.8; compare Fig. 3e and Fig. 2b). Spine enlarge-
ment was thus used to identify synapses potentiated by synaptic
stimulation (see Methods). To test for crosstalk, we provided the
subthreshold protocol at a nearby spine (sub spine) two minutes after
the synaptic LTP protocol. The subthreshold protocol, which by itself
did not trigger structural plasticity (Fig. 2c, e, f), now induced a
persistent spine enlargement (DVolsub spine 5 62 6 9%, P , 0.001)
of similar magnitude to the synaptically induced volume change
(P . 0.6; Fig. 3b–e). Other nearby spines did not change
(DVolnearby spines 5 23 6 5%, P . 0.4; Fig. 3b–e). Synaptically
induced plasticity therefore reduced the threshold for potentiation
at neighbouring synapses.

Modulation of the window for STDP

Excitatory postsynaptic potentials (EPSPs) followed by action poten-
tials within a short time window (tens of milliseconds) can trigger
LTP27. The magnitude of this spike-timing-dependent potentiation
(STDP) decreases monotonically with the time between the EPSP and
the action potential28,29. Because crosstalk reduces the threshold for

potentiation in the neighbourhood of the LTP spine, crosstalk could
broaden the spike time window (Dt) for STDP at neighbouring spines.
We induced STDP with uncaging pulses (60 pulses, 2 Hz) followed
(Dt 5 5 ms) by three action potentials at 50 Hz. The amplitudes of
uEPSPs (0.41 6 0.19 mV, mean 6 s.d.) were similar to those of mini-
ature EPSPs30. This induction protocol induced long-lasting increases
in the uEPSC amplitude and spine volume at the stimulated spine,
but not at nearby spines within 4mm on the same dendritic branch
(DuEPSCDt 5 5 ms 5 62 6 17%, P , 0.02; DuEPSCnearby spine 5 5 6 8%,
P . 0.5;DVolDt 5 5 ms 5 57 6 13%, P , 0.01;DVolnearby spines 5 0 6 3%,
P . 0.8; Fig. 4b, d). The magnitudes of functional and structural plas-
ticity decreased as the time between the uEPSP and the action potentials
increased (tDuEPSC 5 17.6 ms; tDVol 5 16.6 ms; Fig. 4c). Pairing at longer
intervals (Dt 5 35 ms) did not trigger LTP or spine enlargement
(DuEPSCDt 5 35 ms 5 23 6 10%, P . 0.8; DVolDt 5 35 ms 5 4 6 3%,
P . 0.2; Fig. 4e), indicating that uEPSPs or action potentials alone were
not sufficient to trigger LTP. STDP therefore was induced at single
spines in an input-specific manner.

We next induced STDP at one spine with an uEPSP-to-action-
potential time window of 5 ms, and, 90 s later, stimulated a
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Figure 2 | Crosstalk in unperturbed neurons. a, Schematic of the
experiment. b, Time course of the spine-volume changes induced by the LTP
protocol (applied at time 5 0, 30 uncaging pulses at 0.5 Hz, 4-ms pulse
duration, in low extracellular Mg21) for the stimulated spine (LTP spine,
closed circles; n 5 9) and nearby spines (open triangle; n 5 29). c, Time
course of the spine-volume changes induced by the subthreshold protocol
(applied at time 5 0, 30 uncaging pulses at 0.5 Hz, 1-ms pulse duration, in low
extracellular Mg21) for the stimulated spine (sub spine, filled squares; n 5 8)
and nearby spines (open triangles; n 5 38). d, Time course of the spine-
volume changes for the crosstalk case. At time 5 0 the LTP protocol was
applied to the LTP spine (filled circles) and, 90 s later, the subthreshold
protocol was given at a neighbouring spine (sub spine, open squares). n 5 18,
mean 6 s.e.m. e, Spine volume changes from individual experiments. Black,
LTP protocol; blue, sub protocol; red, crosstalk. Crosses indicate
mean 6 s.e.m. f, Changes in spine volume. Error bars indicate mean 6 s.e.m.
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Figure 3 | Crosstalk with synaptically induced plasticity. a, Schematic of
the experiment. b, Images before (23 min) and after (1 min) the synaptic
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Mg21). The arrowheads mark an enlarged spine (synaptic LTP spine). A
ratio image (DF/F) comparing fluorescence intensity before (23 min) and
after (1 min) the synaptic LTP protocol is shown. c, High magnification
images before stimulation (23 min), after the synaptic LTP protocol (1 min;
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mean 6 s.e.m.
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neighbouring spine with an uEPSP–action potential interval of 35 ms.
Under these conditions, the uEPSP–action potential pairing at the 35-
ms time window now induced LTP and a long-lasting spine enlarge-
ment (DuEPSCDt 5 5 ms 5 67 6 10%, P , 0.01; DuEPSCDt 5 35 ms 5

69 6 8%, P , 0.01; DVolDt 5 5 ms 5 68 6 9%, P , 0.01; DVolDt 5 35 ms 5

74 6 15%, P , 0.02; Fig. 4f). The levels of functional and structural
plasticity were similar in spines receiving the pairing at short and long
intervals (uEPSC, P . 0.4; Vol, P . 0.4; Fig. 4g), and the changes in
uEPSC amplitude and spine volume were highly correlated (r 5 0.81,
P , 0.0001; Fig. 4h). Other nearby spines that received neither stimu-
lus did not change (DVol 5 21 6 1%, P . 0.7). LTP induction at one
spine therefore broadened the uEPSP–action potential time window
for STDP at neighbouring spines.

Characterization of crosstalk

We next measured the timescale of the crosstalk in plasticity between
synapses. We varied the time between the LTP and subthreshold
protocols given in low extracellular Mg21 while maintaining the
distance between the stimulated spines at ,3 mm. The crosstalk
was measured as the volume change triggered by the subthreshold
protocol at the sub spine after LTP induction at the LTP spine.
Crosstalk decreased gradually with time and lasted for up to
10 min (t1/2 5 5.3 min; Fig. 5a).

To determine the length scale of the crosstalk, we varied the dis-
tance between the spines receiving the LTP and subthreshold pro-
tocols while keeping the time between stimuli at 90 s. Crosstalk
decreased gradually with distance for up to ,8mm in both directions

along the parent dendrite (full-width at half-maximum 5 11.1 mm;
Fig. 5b). The magnitude of crosstalk was similar for spines farther or
closer to the apical trunk with respect to the spine receiving the LTP
protocol (data not shown). The length scale of the crosstalk was
similar in cultured rat hippocampal slices (full-width at half-
maximum 5 10.2 mm; Supplementary Fig. 2e). Consistently, when
spines separated by ,10 mm were stimulated by the LTP and sub-
threshold protocols paired with depolarization to ,0 mV, the sub-
threshold protocol did not induce functional or structural plasticity
(DuEPSCsub spine 5 27 6 5%, P . 0.15; DVolsub spine 5 28 6 8%,
P . 0.4; Fig. 5c). Furthermore, after synaptically induced spine
enlargement, the subthreshold protocol did not trigger structural
plasticity at spines located ,10 mm from the enlarged spine
(DVolsub spine 5 23 6 8%, P . 0.9; Fig. 5d).

Our experiments indicate that LTP induction activates a factor at
the LTP spine that spreads to reduce the threshold for potentiation at
neighbouring synapses. Extracellular diffusible factors have been
implicated in the heterosynaptic spread of LTP31,32. Similarly, intra-
cellular factors can spread over the relevant time and length scales33,34

(C.D.H., Ryohei Yasuda and K.S., unpublished). To distinguish
between extracellular and intracellular factors, we examined whether
crosstalk can occur between spines that are close within the neuropil
(,4mm) but are located on different dendritic branches and there-
fore are far apart in terms of cytoplasmic distance (.50mm). We
induced LTP at one spine and, 90 s later, provided the subthreshold
protocol at the sub spine less than 4mm away on a nearby dendritic
branch from the same cell. Under these conditions, the subthreshold
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Figure 4 | Crosstalk with spike-timing-
dependent LTP. a, Schematic of the experiment.
b, Left, images before (23 min) and after
(25 min) spike-timing-dependent LTP induction.
At time 5 0, uncaging pulses (60 pulses at 2 Hz)
followed by three action potentials at 50 Hz
(Dt 5 5 ms) were applied to the spine marked by
the circle. The triangle marks a tested nearby
spine. Top middle, example uEPSPs and action
potentials (APs) from unpaired stimuli. Top
right, uEPSCs averaged over 5 trials before
(26 min, grey line) and after (25 min, black line)
uEPSP–action potential pairing. Bottom middle
and bottom right, changes in uEPSC amplitude
and spine volume at the stimulated (black) and
nearby (grey) spines. c, Changes in uEPSC
amplitude (black) and spine volume (grey) at
different uEPSP–action potential time windows
(Dt). Changes were measured from 20–30 min
post stimulus. Exponential fits are shown. d, Time
course of the changes in uEPSC amplitude and
spine volume for uEPSP–action potential pairing
at Dt 5 5 ms (filled circle; n 5 4) and at nearby
spines (open triangle; uEPSC, n 5 4; Vol, n 5 20).
The arrow marks the time of uEPSP–action
potential pairing. e, Time course of the changes in
uEPSC amplitude and spine volume for
uEPSP–action potential pairing at Dt 5 35 ms
(filled square; n 5 4) and at nearby spines (open
triangle; uEPSC, n 5 4; Vol, n 5 21). f, Time
course of the changes in uEPSC amplitude and
spine volume for the crosstalk case. At time 5 0,
one spine was stimulated with uEPSP–action
potential pairing at Dt 5 5 ms (filled circle) and,
90 s later, a neighbouring spine was stimulated
with uEPSP–action potential pairing at
Dt 5 35 ms (open square). n 5 5, mean 6 s.e.m.
g, Changes in uEPSC amplitude and spine
volume. Error bars indicate mean 6 s.e.m.
h, Correlation between changes in uEPSC
amplitude and spine volume. r 5 0.81,
P , 0.0001.
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protocol failed to induce structural plasticity (DVolsub spine 5

1 6 9%, P . 0.6; Fig. 6a), indicating that intracellular factors, rather
than extracellular factors, were necessary for the crosstalk between
synapses.

Ca21 release from intracellular stores has been implicated in the
heterosynaptic spread of some forms of synaptic plasticity35,36. How-
ever, eliminating Ca21 release from intracellular stores using thapis-
gargin (1mM) and ryanodine (20mM) (Supplementary Fig. 3) did
not affect the crosstalk between synapses (DVolsub spine 5 67 6 19%,
P . 0.95) (Fig. 6b).

The crosstalk in plasticity between neighbouring synapses
described here shares characteristics with synaptic tagging, in which
early LTP at one set of synapses can be converted into late LTP by the
strong stimulation of a second group of synapses11. Synaptic-tagging-
based plasticity occurs both when the ‘weak’ stimulus precedes and
when it follows the ‘strong’ stimulus37,38. We therefore tested if the
crosstalk in plasticity depends on the order of stimuli. When the
subthreshold protocol preceded the LTP protocol by 90 s, the sub-
threshold protocol did not induce spine enlargement (DVolsub

spine 5 2 6 14%, P . 0.8; Fig. 5a). Because synaptic-tagging-based
crosstalk requires the capture of newly synthesized proteins11,39, we
also tested the role of protein synthesis in the crosstalk between
neighbouring synapses. Application of the protein synthesis inhibitor
anisomycin (25 mM) had no effect on the spine enlargement induced
by the LTP and subthreshold protocols (DVolLTP spine 5 63 6 11%,
P . 0.7; DVolsub spine 5 79 6 17%, P . 0.3; Fig. 6b). Similar results
were obtained with other protein synthesis inhibitors (60 mM cyclo-
heximide, DVolsub spine 5 64 6 16%, P . 0.9; 50 mM emetine,
DVolsub spine 5 78 6 8%, P . 0.6). As a positive control for inhibitor
function, anisomycin, cycloheximide and emetine caused a rapid

decrease in destabilized EGFP fluorescence40 (Supplementary
Fig. 4). The crosstalk in plasticity between neighbouring spines is
therefore distinct from synaptic tagging.

Discussion

We have shown that the induction of plasticity at individual synapses
can be influenced by events at neighbouring synapses. LTP induction
at one synapse decreased the threshold for potentiation at nearby
synapses within ,10 mm for ,10 min. Crosstalk did not perturb
input-specificity per se, and therefore differed from the heterosynap-
tic spread of plasticity5,31,32,35. However, the reduction in LTP induc-
tion threshold in the vicinity of a potentiated synapse may help
explain discrepancies between data showing the heterosynaptic
spread of LTP5 and synapse-specific LTP at single spines3. Previous
studies have suggested that synaptic plasticity can be influenced by
prior neural activity6,7,11,12,41–43. However, the time courses of these
interactions were much longer than the timescale of crosstalk
reported here. Furthermore, these studies did not establish a length
scale for crosstalk.

What cellular mechanisms could underlie the crosstalk in plasticity
between neighbouring synapses? Our results indicate that the inter-
synaptic spread of intracellular signalling factors probably has a key
role. The timescale and spatial scale of crosstalk are consistent with a
diffusing cytoplasmic factor33,34. This factor could modify synaptic
properties at nearby spines to decrease the threshold for LTP or may
provide enzymatic activity that is necessary for LTP induction but is
not produced by subthreshold stimuli.

Although synaptic modifications can occur in an input-specific
manner3 (Figs 1a, b, 2b and 4d), the coordinated regulation of groups
of 10–20 synapses within a dendritic neighbourhood indicates that
individual synapses do not necessarily function as independent units
of plasticity. Models of clustered plasticity8–10 propose that individual
engrams could be stored in synapses sharing the same dendritic
branch, which would increase the information storage capacity
of the neuron through the nonlinear summation of synaptic
inputs8,9,30,44. Clustered plasticity implies the binding of inputs that
are active during the same behavioural epochs on the same dendritic
branch. It will be of interest to map the distribution of the information
carried by synapses within the dendritic trees of individual neurons.
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METHODS SUMMARY
Acute hippocampal brain slices were prepared from Thy1 GFP mice19 (line M;

postnatal day 14–18). Two-photon laser-scanning microscopy and two-photon

glutamate uncaging were performed using a custom-built microscope with two

Ti:sapphire lasers. For glutamate uncaging, brief (1 or 4 ms) laser exposures were

delivered ,0.5mm from the tip of the spine head in the presence of 2.5 mM

methoxy-nitroindoline(MNI)-caged-L-glutamate. Uncaging-evoked EPSCs

(uEPSCs) were measured using amphotericin-mediated perforated patch-clamp

recordings. For synaptic stimulation (Fig. 3), short current pulses (0.1 ms,

30 mA) were delivered with a glass pipette positioned close (10 to 20 mm) to a

GFP-labelled dendrite of interest. Plasticity was induced using four protocols:

depolarization to ,0 mV paired with 30 uncaging pulses at 0.5 Hz (Fig. 1); 30

uncaging pulses at 0.5 Hz in low extracellular Mg21 (Fig. 2); 120 synaptic stimuli

at 2 Hz in low extracellular Mg21 (Fig. 3); and an uncaging pulse followed by

three action potentials at 50 Hz, repeated 60 times at 2 Hz (Fig. 4). Spine volumes

were measured as the integrated green fluorescence after background subtrac-

tion, which is proportional to spine volume45, normalized to the fluorescence

intensity of the thick apical dendrite25.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Preparation. Acute hippocampal brain slices (300mm thick) from Thy1 GFP

mice19 (line M; postnatal day 14–18) were prepared in accordance with the

animal care and use guidelines of Cold Spring Harbor Laboratory and Janelia

Farm Research Campus. Slices were cut in gassed (95% O2/5% CO2), ice-cold

cutting solution containing 110 mM choline chloride, 25 mM NaHCO3, 25 mM

D-glucose, 2.5 mM KCl, 7 mM MgCl2, 0.5 mM CaCl2, 1.25 mM NaH2PO4,

11.5 mM sodium ascorbate and 3 mM sodium pyruvate. Slices were then incu-

bated in gassed artificial cerebral spinal fluid (ACSF) containing 127 mM NaCl,

25 mM NaHCO3, 25 mM D-glucose, 2.5 mM KCl, 1 mM MgCl2, 2 mM CaCl2
and 1.25 mM NaH2PO4 at 35 uC for 30 min and then at room temperature (22–

24 uC) until used.

Hippocampal slice cultures (Supplementary Figs 2 and 4) were prepared from

postnatal day 6 or 7 rats46, in accordance with institutional animal care and use

guidelines. After 5–8 days in culture, cells were transfected by ballistic gene

transfer using gold beads (,15 mg, 1.6 mm diameter) coated with 10 mg of plas-

mid DNA. Experiments were performed 2–3 days post-transfection.

Experiments were performed at room temperature except for those in Fig. 3

(33 uC). MNI-caged-L-glutamate, CPP, NBQX (2,3-dioxo-6-nitro-1,2,3,4-

tetrahydrobenzo[f]quinoxaline-7-sulfonamide), thapsigargin and ryanodine

were from Tocris; amphotericin B was from Sigma; and TTX (tetrodotoxin),

anisomycin, emetine and cycloheximide were from Calbiochem.

Electrophysiology. Perforated patch-clamp recordings were used to prevent the

washout of intracellular signalling molecules and LTP28,47. The internal solution

contained 136.5 mM potassium gluconate, 17.5 mM KCl, 9 mM NaCl, 1 mM

MgCl2, 10 mM HEPES, 0.2 mM EGTA and 0.5 mg ml21 amphotericin B.

Pipettes were front-filled with a small volume of internal solution without

amphotericin B. Perforations reached a stable series resistance (36 6 8 MV,

mean 6 s.d.) within 30–45 min of seal formation. Series resistances were stable

(620%) throughout the experiment. uEPSCs were measured in response to test

stimuli (0.1 Hz) at 270 mV. uEPSC amplitudes were measured as the difference

between the mean current amplitude over a 5-ms window around the peak and

the mean current amplitude over a 100-ms window before the uncaging stimu-

lus. Each time point is the average of five trials (Fig. 1b, d, f and Fig. 4d–f). Spike-

timing-dependent LTP (Fig. 4) was induced in current-clamp mode. Action

potentials were triggered by brief current injections at the soma (2 ms,

1–3 nA). Voltage-clamp whole-cell recordings for [Ca21] imaging (Supplemen-

tary Fig. 1) were made using an internal solution containing 135 mM CsMeSO3,

10 mM HEPES, 10 mM Na-phosphocreatine, 4 mM MgCl2, 4 mM Na2-ATP,

0.4 mM Na-GTP, 3 mM ascorbate, 0.03 mM Alexa 594 and 0.5 mM Fluo-4FF.

Synaptic stimulation (Fig. 3) was performed using short current pulses

(0.1 ms, 30mA) delivered with a glass pipette (,2–3mm tip) filled with ACSF

and 10 mM Alexa 594 to aid pipette placement. The pipette was positioned 10–

20 mm from a GFP-labelled dendrite of interest. Each pulse produced an EPSP

with amplitudes of 7.8 6 2.7 mV (n 5 7 stimulus positions from 3 cells,

mean 6 s.d., measured in parallel experiments), corresponding to the activation

of ,30 synapses, a small subset of the synapses on typical CA1 pyramidal cells

(total, ,104 synapses). The activated synapses are distributed throughout the

dendritic tree, implying that multiple activated synapses are rarely found on a

short stretch of dendrite48,49. We identified activated synapses that had under-

gone plasticity on the basis of spine enlargement. Image stacks containing a 30-

mm-long stretch of dendrite were compared before and immediately after the

synaptic LTP protocol (120 stimuli at 2 Hz, low extracellular Mg21). DF/F

images (Fig. 3b) were generated after low-pass filtering and image alignment

using cross-correlation analysis allowing for distortions. Spontaneous fluctua-

tions in fluorescence intensity (that is, spine volume) in non-stimulated spines

had a coefficient of variation of 0.21 6 0.02. After the synaptic LTP protocol,

spines that enlarged by more than three times the coefficient of variation of

spontaneous fluctuations (DVol . 60%) were scored as synaptic LTP spines.

Structural plasticity after synaptic stimulation was sparse, consistent with the

expected activation of a small subset of synapses. Of the 114 imaged dendrites, 16

contained at least one enlarged spine (range 1–2 spines). For 14 of these 16

dendrites, only a single spine in the field of view enlarged after synaptic stimu-

lation. In the two cases where multiple spines enlarged, the spine receiving the

subthreshold protocol was less than 12 mm from one, but not from the other,

enlarged spine.

Imaging and glutamate uncaging. Two-photon imaging and glutamate unca-

ging were performed using a custom-built microscope with two Ti:sapphire

lasers (910 nm for imaging GFP and 720 nm for uncaging; MaiTai, Spectra

Physics) controlled by ScanImage50, as described51. In brief, the intensity of each

beam was controlled independently by electro-optical modulators (Pockels cells,

Conoptics). The polarization angle was set using a half-wave plate. The beams

were combined with a polarizing beam-splitting cube (CVI Laser Optics) and

passed through the same set of scan mirrors and objective (360, 0.9 NA;

Olympus). To aid alignment, two steering mirrors were used for each beam.

The upstream position-steering mirror adjusted the position of the beam at the

back focal plane of the objective. The downstream angle-steering mirror (ASM)

was placed in a conjugate plane to the scan mirrors and back focal plane of the

objective using a Keplerian telescope consisting of two long focal-length plano-

convex lenses. Adjustment of the ASM changed the angle, but not the position, of

the beam at the back focal plane of the objective, thus moving the beam in the

sample plane. Coarse alignment was first performed to center the beams at the

back focal plane of the objective. For fine alignment at the sample plane, 0.1mm

fluorescent beads were imaged simultaneously with both beams. The ASMs were

adjusted until the images overlapped. The x, y and z resolutions (full-width at

half-maximum) for the imaging beam (910 nm) were 0.53mm, 0.59mm and

1.89 mm, respectively. For the uncaging beam (720 nm), the x, y and z resolutions

(full-width at half-maximum) were 0.50mm, 0.56mm and 1.66mm, respectively.

Green and red fluorescence photons were separated using a dichroic mirror

(565 nm) and bandpass filters (510/70, 635/90; Chroma). Photons were collected

using photomultiplier tubes (Hamamatsu R3896 except for the epifluorescence

green signal, which was collected using Hamamatsu H7422-40). Epi- and trans-

fluorescence signals were collected and summed52.

For glutamate uncaging, 2.5 mM MNI-caged-L-glutamate was added to the

ACSF. Only spines well separated from both the dendrite and neighbouring

spines were selected for experiments. The laser beam was parked at a manually

determined uncaging location approximately 0.5mm from the tip of the spine

head in the direction away from the parent dendrite. The uncaging location was

readjusted between uEPSC amplitude time points (5 test pulses per time point,

0.1 Hz; 5 min between time points), but not between test pulses (Figs 1b, d, f and

4d–f). The uncaging location was also repositioned after spine enlargement. To

assess the accuracy of manual positioning, we compared uEPSC amplitudes

across baseline time points for all spines (LTP, sub and nearby spines). uEPSC

amplitudes were not significantly different between time points (repeated mea-

sures ANOVA, P 5 0.25); similarly, trial-to-trial fluctuations were not different

for test pulses within a time point and between time points (t-test, P 5 0.5).

Manual repositioning therefore did not affect the measurement of uEPSC ampli-

tude nor did it contribute significantly to uEPSC amplitude fluctuations.

For test pulses, 45 mW laser power was delivered to the back focal aperture of

the objective for 1 ms. During stimulus trains, we used 20-mW pulses lasting

4 ms for the LTP protocol and lasting 1 ms for the subthreshold protocol. For

spike-timing-dependent LTP, all uncaging pulses were 1 ms in duration with

45 mW laser power at the back focal aperture of the objective. Approximately

20% of this laser power was transmitted through the objective. Initial spine

volumes were indistinguishable across conditions (data not shown). The dis-

tances between spines tested for uEPSC changes were similar on average (Fig. 1:

LTP protocol only, 3.1 6 0.4mm; subthreshold protocol only, 2.6 6 0.6mm;

crosstalk, 3.5 6 0.2mm; ANOVA, P . 0.7. Figure 4: Dt 5 5 ms, 2.2 6 0.3 mm;

Dt 5 35 ms, 2.3 6 0.4mm; crosstalk, 2.3 6 0.2mm; ANOVA, P . 0.95). The

depth in the slice was restricted to 25–50 mm.

Plasticity was induced using four protocols: depolarization to ,0 mV in

perforated patch-clamp mode paired with 30 uncaging pulses at 0.5 Hz in

2 mM Ca21, 1 mM Mg21 and 1mM TTX (Fig. 1); 30 uncaging pulses at 0.5 Hz

in 4 mM Ca21, 0 mM Mg21 and 1mM TTX (Fig. 2); 120 synaptic stimuli at 2 Hz

in 4 mM Ca21 and 0 mM Mg21 at 33 uC (Fig. 3); and an uncaging pulse followed

by 3 action potentials at 50 Hz, repeated 60 times at 2 Hz in 2 mM Ca21 and

1 mM Mg21 in perforated patch-clamp mode (Fig. 4). The time window (Dt) for

spike-timing-dependent LTP was defined as the time between the uncaging pulse

and the first action potential.

[Ca21] imaging was performed as described49. Images were acquired every

64 ms in frame-scan mode. [Ca21] transients were measured as the change in

Ca21-sensitive green fluorescence (500 mM Fluo-4FF; DG) divided by the Ca21-

insensitive red fluorescence (30mM Alexa 594; R), normalized to (G/R)max mea-

sured in 10 mM Ca21.

Controls for inhibitor function. To test the efficacy of thapsigargin and

ryanodine (Supplementary Fig 3), a CA1 cell in an acute hippocampal slice

was filled with 500mM Fluo 4FF and 30mM Alexa 594. Caffeine (40 mM in

ACSF) was pressure-applied for 2 sec from a pipette located ,20 mm from the

soma of the filled cell53. Caffeine-induced [Ca21] transients in the soma were

measured before and 5 min after the application of 1mM thapsigargin and 20 mM

ryanodine.

To test protein synthesis inhibitor function (Supplementary Fig 4), cells in

cultured rat hippocampal slices were transfected with destabilized EGFP40. Slices

were incubated in ACSF at room temperature. Changes in green fluorescence

intensity in the thick apical dendrite were monitored following application of

DMSO (0.1 %), 25mM anisomycin, 60 mM cycloheximide or 50 mM emetine.
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Data analysis. Spine volumes were measured as the integrated green fluore-
scence after background subtraction, which is proportional to spine volume45,

normalized to the fluorescence intensity of the thick apical dendrite25. The origin

of all time axes corresponds to the start of the uncaging protocols. Volume

changes at nearby spines (Figs 1–4) were averaged across all neighbouring spines

less than 4mm from the LTP or sub spines. uEPSC changes at nearby spines

(Figs 1 and 4) were from an individual neighbouring spine for each experiment.

In the bar graphs, DVol and DuEPSC were normalized to the baseline and

measured starting 15 min post stimulus until the end of the time course.

All data are presented as mean 6 s.e.m. unless noted otherwise. n indicates the

number of spines analysed. One experiment was performed per cell, except to

map the spike-timing-dependent LTP time window for which up to three experi-
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