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Abstract 39 

Coordinated long-term plasticity of nearby excitatory synaptic inputs has been proposed to 40 

shape experience-related neuronal information processing. To elucidate the induction rules 41 

leading to spatially structured forms of synaptic potentiation in dendrites, we explored plasticity 42 

of glutamate uncaging-evoked excitatory input patterns with various spatial distributions in 43 

perisomatic dendrites of CA1 pyramidal neurons in slices from adult male rats. We show that 44 

(1) the cooperativity rules governing the induction of synaptic long-term potentiation (LTP) 45 

depend on dendritic location; (2) LTP of input patterns that are subthreshold or suprathreshold 46 

to evoke local dendritic spikes (d-spikes) requires different spatial organization; and (3) input 47 

patterns evoking d-spikes can strengthen nearby, non-synchronous synapses by local 48 

heterosynaptic plasticity crosstalk mediated by NMDAR-dependent MEK/ERK signalling. 49 

These results suggest that multiple mechanisms can trigger spatially organized synaptic 50 

plasticity on various spatial and temporal scales, enriching the ability of neurons to utilize 51 

synaptic clustering for information processing. 52 

  53 
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Significance statement 54 

A fundamental question in neuroscience is how neuronal feature selectivity is 55 

established via the combination of dendritic processing of synaptic input patterns with long-56 

term synaptic plasticity. As these processes have been mostly studied separately, the 57 

relationship between the rules of integration and rules of plasticity remained elusive. Here we 58 

explore how the fine-grained spatial pattern and the form of voltage integration determines 59 

plasticity of different excitatory synaptic input patterns in perisomatic dendrites of CA1 60 

pyramidal cells. We demonstrate that the plasticity rules depend highly on three factors: 1) the 61 

location of the input within the dendritic branch (proximal vs distal), 2) the strength of the input 62 

pattern (sub- or suprathreshold for dendritic spikes), and 3) the stimulation of neighbouring 63 

synapses. 64 

  65 
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Introduction 66 

 67 

Cortical pyramidal cells (PCs) receive complex afferent synaptic input patterns that shape 68 

somatic action potential (AP) firing. Electrical and biochemical interactions between these 69 

correlated inputs are constrained by the complex branching structure of the dendritic tree. 70 

Active dendrites allow nonlinear amplification of spatiotemporally correlated inputs by 71 

generating various types of d-spikes (Larkum et al., 2009; Losonczy and Magee, 2006; 72 

Losonczy et al., 2008; Polsky et al., 2004). Based on in vitro experiments, individual dendrites 73 

are often considered as distinct integration compartments because branchpoints limit the 74 

propagation of regenerative voltage signals, such as dendritic Na+ spikes, into other branches 75 

(Losonczy and Magee, 2006; Losonczy et al., 2008). Shorter dendritic segments, with a group 76 

of coactive inputs, may also represent integration compartments by producing local NMDAR-77 

mediated spikes (Polsky et al., 2004). Furthermore, imaging studies revealed spatially restricted 78 

Ca2+ signals in vivo, suggesting locally correlated synaptic activity (Sheffield et al., 2017; 79 

Cichon and Gan, 2015; Kerlin et al., 2018; Takahashi et al., 2012; Kleindienst et al., 2011; 80 

Iacaruso et al., 2017; Scholl et al., 2017). 81 

Dendritic compartments may set the rules not only for input-output transformation but also 82 

for long-term synaptic plasticity. Although Hebbian long-term plasticity classically considers 83 

APs as the global backpropagating signal for long-term potentiation (LTP) and depression 84 

(LTD), recent results suggest that the local dendritic response is an important determinant of 85 

synaptic plasticity. Supporting this idea, in vivo studies revealed that long-term synaptic 86 

plasticity related to learning or sensory experience can occur in compartmentalized fashion in 87 

dendrites; yet, whether these compartments correspond to integration compartments is 88 

unresolved. Some studies showed that newly potentiated or formed synapses are enriched in 89 

specific dendrites (Yang et al., 2014; Zhang et al., 2015), pointing to the entire branch as a 90 
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plasticity compartment. Other reports demonstrated correlated LTP of small clusters of 91 

synapses (Makino and Malinow, 2011; Zhang et al., 2015; Fu et al., 2012; Frank et al., 2018), 92 

particularly distally along dendrites (Makino and Malinow, 2011), suggesting that the plasticity 93 

compartment can be substantially smaller than a dendritic branch. These results indicate that 94 

synaptic plasticity depends on various factors available locally at the synapse (e.g., activity of 95 

the synapse, local dendritic membrane potential or Ca2+ concentration), and thus synaptic 96 

plasticity rules can only be comprehensively understood if the impact of these local variables 97 

is elucidated. 98 

The link between the interactions of multiple synaptic inputs and their correlated long-term 99 

plasticity locally in the dendrite is however still elusive (Winnubst et al., 2015; Cichon and Gan 100 

2015; Weber et al., 2016), with several cooperative mechanisms potentially being involved. It 101 

is plausible that strong local depolarization by voltage integration of coincident inputs can 102 

induce LTP. This may be achieved by d-spikes (Golding et al., 2002; Gordon et al., 2006; Remy 103 

and Spruston, 2007; Kim et al., 2015, Larkum and Nevian, 2008), but voltage integration in a 104 

range subthreshold to local (or somatic) spikes may also be sufficient. Indeed, we reported that 105 

repetitive coactivation of four closely located synapses in distal segments of CA1PC dendrites 106 

can induce LTP in the absence of spikes; this subthreshold LTP was input-specific, NMDAR-107 

dependent, and likely underlied by cooperative amplification of NMDAR-mediated Ca2+ 108 

signals (Weber et al., 2016). Other biochemical factors may also promote spatially clustered 109 

synaptic plasticity, e.g. molecules produced by potentiated synapses can induce metaplasticity 110 

at nearby synapses active in longer time windows (Harvey and Svoboda, 2007; Govindarajan 111 

et al., 2011; Redondo and Morris, 2011).  112 

Little is known about how the above mechanisms are activated by different fine-scale input 113 

patterns and how they are affected by local dendritic properties and voltage integration, mainly 114 

due to the limitations of most techniques probing synaptic function to control the number and 115 
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location of the activated synapses. Filling this gap, we combined multisite two-photon 116 

glutamate uncaging (2PGU) with two-photon imaging (2PI) and somatic patch-clamp 117 

recordings in acute slices to investigate the location- and input-pattern dependence of synaptic 118 

plasticity in the perisomatic dendritic arbor of CA1PCs. 119 

 120 

 121 

122 
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Materials and Methods 123 

 124 

Hippocampal slice preparation and patch-clamp recordings 125 

 126 

Adult male Wistar rats (7–11-week old) were used to prepare transverse slices (400 m) 127 

from the hippocampus similarly to that described previously (Weber et al., 2016), according to 128 

methods approved by the Animal Care and Use Committee of the Institute of Experimental 129 

Medicine of the Hungarian Academy of Sciences, and in accordance with the Institutional 130 

Ethical Codex, Hungarian Act of Animal Care and Experimentation (1998, XXVIII, section 131 

243/1998), and European Union guidelines (86/609/EEC/2 and 2010/63/EU Directives). 132 

Animals were deeply anaesthetized with 5% isoflurane and quickly perfused through the heart 133 

with ice-cold cutting solution containing (in mM): sucrose 220, NaHCO3 28, KCl 2.5, NaH2PO4 134 

1.25, CaCl2 0.5, MgCl2 7, glucose 7, Na-pyruvate 3, and ascorbic acid 1, saturated with 95 % 135 

O2 and 5 % CO2. The brain was quickly removed and slices were prepared in cutting solution 136 

using a vibratome (Vibratome, St. Louis, MO, or Leica VT1000A, Leica Biosystems GmbH, 137 

Nussloch, Germany). Slices were incubated in a submerged holding chamber in ACSF at 35 °C 138 

for 30 min, and then stored in the same chamber at room temperature. For recording, slices 139 

were transferred to a custom-made submerged recording chamber under the microscope where 140 

experiments were performed at 32–35 °C in ACSF containing (in mM): NaCl 125, KCl 3, 141 

NaHCO3 25, NaH2PO4 1.25, CaCl2 1.3, MgCl2 1, glucose 25, Na-pyruvate 3, and ascorbic acid 142 

1, saturated with 95 % O2 and 5 % CO2.  143 

Cells were visualized using an Olympus BX-61 or a Zeiss Axio Examiner epifluorescent 144 

microscope equipped with differential interference contrast optics under infrared illumination 145 

and a water immersion lens (60X, Olympus or 63X, Zeiss). Current-clamp whole-cell 146 

recordings from the somata of hippocampal CA1PCs were performed using a BVC-700 (Dagan, 147 
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Minneapolis, MN, USA) or an EPC800 (HEKA) amplifier in the active „bridge” mode, filtered 148 

at 3–5 kHz and digitized at 50 kHz. Patch pipettes (2–6 MΩ) were filled with a solution 149 

containing (in mM): K-gluconate 134, KCl 6, HEPES 10, NaCl 4, Mg2ATP 4, Tris2GTP 0.3, 150 

phosphocreatine 14 (pH=7.25) complemented with Alexa Fluor 488 (100 μM). Series resistance 151 

was <30MΩ. Voltages were not corrected for liquid junction potential. Only CA1PCs with a 152 

resting membrane potential (Vrest) more negative than -55 mV were used. Cells were kept at -153 

63– -65 mV. 154 

 155 

Two-photon imaging and uncaging 156 

 157 

A dual-galvanometer-based two-photon scanning system (Prairie Technologies, 158 

Middleton, WI, USA) was used to image the neurons and to uncage glutamate at individual 159 

dendritic spines. Two ultrafast pulsed laser beams (Chameleon Ultra II; Coherent, Auburn, CA, 160 

USA) were used, one for imaging of fluorophores (at 920 or 860 nm) and the other to photolyse 161 

MNI-caged L-glutamate at 720 nm (Tocris; 10 mM, applied through a puffer pipette with an 162 

approximately 20-30 μm diameter, downward-tilted aperture above the slice, using a pneumatic 163 

ejection system (PDES-02TX (NPI, Tamm, Germany). Laser beam intensity was independently 164 

controlled with electro-optical modulators (Model 350-80, Conoptics, Danbury, CT, USA). 165 

Emitted light was collected by multi-alkali or GaAsP photomultipliers (Hamamatsu Photonics 166 

K.K, Iwata City, Japan). 167 

All neurons included in the study had mostly complete apical and basal dendritic arbours, 168 

with no major dendrites cut. The selected basal (stratum oriens; 65% of all experiments) and 169 

apical oblique (proximal stratum radiatum; 35% of all experiments) dendrites were carefully 170 

examined and only intact branches with >70 μm length were used. Individual spines with an 171 

average phenotype and separated from their neighbours were selected for stimulation. 172 
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Stimulation was performed by uncaging glutamate ≤0.5 μm lateral to the head of visually 173 

identified spines, using 0.5 ms uncaging duration. The uncaging points were placed more than 174 

~1.2 μm apart (note that spines on opposing sides of the dendrite could be stimulated 175 

individually). Time interval between the stimulated spines in a trace (termed interspine stimulus 176 

interval, ISI) was 200 ms (for recording individual voltage responses of spines), or 0.1 ms 177 

(quasi-synchronous activation during the LTP protocol). Unitary EPSPs were measured 178 

repeatedly (usually 6-12 times, repeated every 5 minutes).  179 

 180 

LTP experiments 181 

 182 

To measure changes in synaptic function induced by LTP protocols, we recorded EPSPs 183 

evoked by 2PGU in whole-cell current-clamp mode. This allowed us to ensure that the applied 184 

uncaging stimuli produced EPSPs in the physiological amplitude range regardless of the depth 185 

of the spines, requiring fine adjustments in uncaging laser power in each experiment. 186 

Furthermore, in our experience, electrophysiological recordings provide the best way to detect 187 

even subtle signs of photodamage to confidently distinguish plasticity related effects from 188 

phototoxicity. Accordingly, experiments showing electrophysiological signs of photodamage 189 

(sudden large irregular depolarization with uneven and slow repolarization during LTP protocol 190 

with consecutive loss of reliable single spine responses, often accompanied by morphological 191 

changes including spine swelling and contour changes or dendritic swelling) were terminated 192 

and excluded from the analysis. We chose not to measure fluorescence based spine volume for 193 

monitoring structural LTP (Matsuzaki et al., 2004) because Alexa Fluor 488 fluorescence 194 

continuously increased in the repatched cells due to dialysis from the patch pipette. 195 

To prevent washout of intracellular components by whole-cell dialysis (Matsuzaki et al., 196 

2004), we used a method where LTP protocol could be started within 10 minutes after 197 
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establishing the whole-cell configuration, as previously developed (Weber et al., 2016; Figure 198 

1A). Neurons (usually three to four per slice) were first patched with a pipette solution 199 

containing Alexa Fluor 488, the cell was dialysed for 30–60 s (usually facilitated by gently 200 

blowing into the pipette), and then the pipette was carefully withdrawn. After 30–100 min, the 201 

dye diffused sufficiently to visualize most of the dendritic arborisation. A proximal (relative 202 

distance along branch: <0.4; total distance from soma: 82 ± 9 m, n=20) or distal (relative 203 

location along branch: >0.6; total distance from soma: 181 ± 4 m, n=160) fluorescent dendritic 204 

segment with well visible individual spines was selected and a z-stack was obtained (0.5 μm z-205 

steps). Then, the soma of the same cell was patched again, guided by fluorescent identification 206 

using either 2PI or a camera (Andor Zyla). Success rate for repatching exceeded 90%, and 207 

repatched neurons had normal Vrest (more negative than -55 mV). After establishing whole-cell 208 

configuration again and measurement of Vrest, uncaging started immediately. A set of four 209 

individual spines were first stimulated separately (200 ms between spines; trials repeated 210 

typically with 0.02-0.5 Hz) and the uncaging laser power was adjusted to yield physiological-211 

sized EPSPs at each stimulated spine (Figure 1B). Spines that did not respond reliably to 212 

uncaging were replaced by new ones until four test spines with relatively uniform EPSP 213 

amplitudes were found (note that as a result of this selection procedure, the final four spines 214 

may have received variable numbers of pre-LTP test stimuli). After the test recording, an LTP 215 

induction protocol (50 stimulations at 3 Hz at a group of spines, unless otherwise indicated 216 

(Figure 5E-F), in various configurations as indicated in the text and figures) was applied as 217 

soon as possible (within 2 minutes from the last test stimulus and within 10 minutes after break-218 

in). In all homosynaptic LTP experiments the same laser power was used for the LTP induction 219 

protocol as that for monitoring the test spines throughout the experiment. In some of the 220 

heterosynaptic LTP experiments (Figures 6 and 8) the laser power was increased by ~15% 221 

during the LTP induction protocol, in order to increase the likelihood to evoke d-spikes by the 222 
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LTP induction spines, then we commenced monitoring the test spines with the original test laser 223 

power. The uncaging locations were manually readjusted if necessary between test pulses 224 

(every 5 min) due to occasional changes in shape, position or loading-related fluorescence of 225 

the stimulated spines. Care was taken not to move the uncaging location closer to the spine head 226 

during the experiment, to avoid the possibility of artificial increases in EPSP amplitudes. In 227 

experiments where d-spikes were evoked during LTP protocol, we accepted experiments if we 228 

could either detect a clear transient rise in the dV/dt (related to dendritic Na+ spikes; Losonczy 229 

and Magee, 2006; Losonczy et al., 2008; Makara et al., 2009) or measured at least 2 mV peak 230 

nonlinearity comparing the measured compound EPSP to the arithmetic sum of the individual 231 

EPSPs (Losonczy and Magee, 2006; Losonczy et al., 2008; Makara et al., 2009). The presence 232 

of d-spike(s) by at least one stimulus was always confirmed by visual inspection of the LTP 233 

trace by at least two investigators, and in most cases was also evaluated using a semiautomated 234 

spike detection algorithm. D-spikes were usually most clearly detected at the first stimulus of 235 

the LTP induction protocol. Because in some cases the presence of a fast d-spike was 236 

ambiguous at later stimuli (most likely due to partial inactivation of voltage-gated Na+ channels 237 

(VGNCs; Remy et al., 2009), we did not attempt to systematically calculate the proportion of 238 

stimuli with and without d-spikes in the full dataset. 239 

 240 

Chemicals 241 

 242 

D-AP5 (Tocris) and NiCl2 (Sigma) were dissolved in distilled water; nimodipine and 243 

U0126 were dissolved in DMSO. Aliquots of the stock solutions were stored at -20°C and 244 

dissolved into ACSF on the day of experiment. Inhibitors were applied by perfusing the slice 245 

with ACSF containing the blocker(s) for 10-15 minutes before repatching the cells. Solution 246 

containing nimodipine and Ni2+ was protected from light. 247 
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 248 

Data analysis 249 

 250 

Analysis was performed using custom-written macros in IgorPro (WaveMetrics, Lake 251 

Oswego, OR, USA). Voltage signals were analysed offline using averaged traces of typically 252 

3-12 trials with no smoothing. Individual traces where the rising phase or the peak of an 253 

uncaging-evoked EPSP was contaminated by spontaneous EPSPs were not included in the 254 

average. Calculated EPSP amplitudes were measured offline as the peak of the arithmetic sum 255 

of the individual responses (shifted and added, mimicking the same input timing as used 256 

experimentally). Test spines were typically monitored every 5 minutes. For assessing temporal 257 

changes, data were pooled between 5-10 minutes, 15-25 minutes and 30-40 minutes. 258 

The magnitude of plasticity was quantified as the mean normalized change in EPSP 259 

amplitude of all test spines, averaged between 30 and 40 min after the LTP protocol. An 260 

individual spine was considered to be potentiated with normalized EPSP >1.3 after LTP 261 

(Matsuzaki et al., 2004; Weber et al., 2016), which corresponded to a cut-off at 95% of the 262 

spines measured in control experiments with no LTP protocol (Figure 3B and E, Figure 6B). 263 

We did not analyse spines with <0.1mV initial EPSP amplitude to avoid overestimation of LTP 264 

due to division by small numbers. Occasionally (<5%), we observed a retraction or 265 

disappearance of the stimulated spine, usually accompanied by a strong reduction (<40% of the 266 

control value) or unreliability of response amplitudes. This seemed to occur independently of 267 

the location of the spines or the experimental protocol; therefore, we omitted such spines from 268 

the analysis. Spines were excluded also if their head moved close to other neighbouring spines 269 

due to the shape or size changes throughout the course of the experiment. Spines were included 270 

in the analysis only if: (1) initial EPSP amplitude was between 0.1-1 mV, (2) either all three 271 

normalized EPSP amplitudes (at 30, 35 and 40 min) after LTP induction were >1.8 or <0.6, or 272 
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the s.d. was <0.35 in case of average change >1 or s.d. was <0.6 in case of average change ≤1. 273 

Experiments with 4 test spines where more than one spine failed to fulfil these criteria were 274 

discarded; in experiments using 2 or 3 test spines, all spines fulfilled the criteria. 275 

Morphological and distance measurements were performed on dye-loaded neurons using 276 

ImageJ (NIH, Bethesda, MD, USA). Distance of input site from the soma or trunk was 277 

measured from the approximate midpoint of the input site on stacked images. Interspine 278 

distances were measured between spine insertion points to the shaft (either visible or the 279 

perpendicular projection of the spine head centre to the shaft) on stacks or single-focal images. 280 

Relative distances along branch were measured as the distance of the input site centre divided 281 

by the total branch length, measured from the soma (basal dendrites) or the originating branch 282 

point from the trunk (apical oblique dendrites). In cases when the dendrite bifurcated distal to 283 

the input site (e.g. proximal stimulation sites), the longer daughter was measured for total 284 

branch length.  285 

 286 

Computational modeling 287 

 288 

We used a detailed biophysical CA1 pyramidal cell model (Ujfalussy and Makara, 2019) 289 

based on Jarsky et al. (2005), optimized for reproducing the dendritic processing of synaptic 290 

inputs in CA1 pyramidal neurons (Losonczy and Magee, 2006). 291 

The default passive parameters of the model were: Cm=1 μF/cm2, Ra = 100 Ωcm and Rm=20 292 

kΩcm2 in the dendrites, Rm= 40 kΩcm2 in the soma and in the axon and Rm= 50 kΩcm2 in the 293 

axonal nodes. Activated synapses were placed on high-impedance dendritic spines consisting 294 

of a spine neck (length: 1.58 μm, diameter: 0.077 μm) and spine head (length: 0.5 μm, diameter: 295 

0.5 μm) with total neck resistance ~500 MΩ (Harnett et al., 2012). To correct for the presence 296 

of spines, Cm was increased and Rm was decreased by a factor of 2 in dendritic compartments 297 
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beyond 100 μm from the soma. In the simulations shown in Fig 7F we increased Ra to 200 Ωcm 298 

(high Ra) and changed Rm to 10 (low Rm), 20 (medium Rm) or 40 (high Rm) kΩcm2 in 299 

compartments beyond 100 μm from the soma. These manipulations altered Na+ spike dV/dt 300 

amplitude in a range of 75-120%, and EPSP amplitude in a range of 87-116% (both parameters 301 

still remaining in the physiological range). 302 

Ion channel parameters were adjusted to replicate the most important features of dendritic 303 

integration of excitatory synaptic inputs. The model contained voltage gated Na+, KDR and KA 304 

channels with the following densities (all in S/cm2): Na+: axon initial segment: 15; soma: 0.2; 305 

dendrites: 0.03 and increasing from 0.04 S/cm2 to 0.06 S/cm2 along the apical trunk between 306 

100 and 500 μm. KDR: axon, soma, and apical trunk: 0.04; all other dendritic branches: 0.02. 307 

KA: axon: 0.004; soma and dendritic branches: 0.02; and increasing from 0.048 to 0.29 along 308 

the apical trunk between 100 and 500 μm. 309 

The model included AMPA and NMDA excitation with synaptic conductances modeled as 310 

double-exponential functions with the following parameters: AMPA: 1=0.1 ms, 2=1 ms, 311 

gmax=0.6 nS and Erev=0 mV; NMDA: 1=2 ms, 2=50 ms, gmax=0.8 nS and Erev=0 mV. The 312 

voltage dependence of the NMDA conductance was captured by a sigmoidal activation curve: 313 

gNMDA = g0 (1 + CMg / 4.3 exp(-0.071V ) )-1 where V is the local dendritic membrane potential, 314 

CMg = 1 mM is the Mg2+ concentration.  315 

The model captures several somatic and dendritic properties of these cells measured under 316 

in vitro conditions, including the generation and propagation of Na+ action potentials at the 317 

soma and along the apical dendritic trunk; the generation of local Na+ spikes in thin dendritic 318 

branches; amplitude distribution of synaptic responses; nonlinear integration of inputs via 319 

NMDA receptors; the similar voltage threshold for Na+ and NMDA nonlinearities and the major 320 

role of A-type K+ channels in limiting dendritic excitability. When stimulated with in vivo-like 321 

synaptic inputs distributed throughout the entire dendritic tree, the same biophysical model 322 
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shows place-selective activity, with several features of the somatic membrane potential activity 323 

falling in the physiological range (Ujfalussy and Makara, 2019). The simulations were 324 

performed with the NEURON simulation environment (version 7.4) embedded in Python 2.7.  325 

 326 

Experimental design and statistical analysis 327 

 328 

No statistical methods were used to predetermine sample sizes, but our samples are similar 329 

to or exceed those reported in previous publications and that generally employed in the field. 330 

Experiments were not blind. Statistical analysis was performed using Wilcoxon matched pairs 331 

test (two paired groups), one-sample Wilcoxon test (some analysis of LTP experiments, 332 

comparison to median=1), Mann–Whitney U test (two unpaired groups), Kruskal–Wallis test 333 

and post hoc multiple comparisons with Holm-Bonferroni adjustment (multiple unpaired 334 

groups), or χ² test (comparing proportions) using Statistica (Statsoft, Tulsa, OK, USA) software. 335 

The specific test used for a given analysis is indicated in the text. All statistical tests were two 336 

tailed. Differences were considered significant when p<0.05. Data are reported as mean ± s.e.m. 337 

unless otherwise indicated. 338 

Each LTP experiment was performed in a different cell in a different slice, typically in 339 

different animals on different days. One or two experiments per animal were performed. N 340 

represents number of experiments or number of spines as indicated.  341 

 342 

Data availability 343 

The data that support the findings of this study are available from the corresponding author 344 

upon reasonable request. 345 

  346 
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Results 347 

 348 

Regenerative d-spikes are required for efficient cooperative LTP at proximal dendritic 349 

locations 350 

 351 

To investigate plasticity of various synaptic input patterns, we used short 2PGU pulses at 352 

multiple individual spines with laser powers producing physiological-like individual EPSPs 353 

(Fig. 1B). We selected a set of four “test” spines at either proximal (relative location <0.4) or 354 

distal locations (>0.6) along individual branches, whose EPSPs were monitored by 355 

asynchronous stimulation (inter-spine time interval, ISI: 200 ms) throughout the experiment 356 

(Weber et al., 2016, Fig. 1A and Materials and Methods). After measuring physiologically 357 

adjusted baseline EPSP amplitudes (Fig. 1B), we applied an LTP induction protocol consisting 358 

of 50 quasi-synchronous (ISI: 0.1 ms) stimulation of selected spine groups (Fig. 1A, input 359 

configurations explained below) at 3 Hz. The mode of voltage integration during the LTP 360 

induction protocol, specifically the presence of d-spikes was evaluated by comparing the 361 

amplitude and kinetics of the expected and measured compound EPSPs (Fig. 1C and Materials 362 

and Methods). After the LTP protocol EPSP amplitudes of the test spines were monitored for 363 

30-40 minutes. 364 

We first focused on cooperative LTP induction by synapses located at proximal sites along 365 

perisomatic dendrites (Fig. 2). In our previous study, at these locations we observed no 366 

subthreshold LTP after coactivation of four clustered test synapses during the LTP protocol 367 

(Weber et al., 2016). We therefore first asked whether larger clusters of proximal inputs were 368 

able to evoke subthreshold LTP. We increased the synapse cluster co-stimulated during the LTP 369 

protocol to 12-16 inputs by uncaging at additional neighbour spines together with the test 370 

spines, covering ~10-15 m (Fig. 2Aii). Synchronous stimulation of such a sizable synapse 371 
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cluster evoked substantial somatic EPSPs (first EPSP during LTP protocol: 3.9 ± 0.5 mV, n=5 372 

experiments, Fig. 2Aiii) with small peak EPSP nonlinearity (0.7 ± 0.5 mV, measured in n=4 373 

experiments) but regenerative d-spikes were typically not triggered (Fig. 2Aiii, see below and 374 

Materials and Methods), likely due to the low impedance of proximal dendritic segments 375 

(Harnett et al., 2012). Surprisingly, even with this high local input density, with the 376 

subthreshold pattern no LTP was observed at the test synapses; in fact, the mean EPSP 377 

amplitude of test spines tended to rather decrease (Fig. 2Ai and 2D; EPSP amplitude relative 378 

to baseline at 30-40 min: 0.82 ± 0.09, mean ± s.e.m. of n=5 experiments, p=0.079, one-sample 379 

Wilcoxon test).  380 

We next asked whether proximal synapses can undergo LTP if they contribute to input 381 

patterns triggering d-spikes. D-spikes in thin perisomatic dendrites comprise fast Na+ spikes 382 

and/or slow NMDA spikes (Losonczy and Magee, 2006; Losonczy et al., 2008). To facilitate 383 

d-spike initiation, we co-stimulated the four proximal test spines during the LTP protocol with 384 

a group of 11 additional spines located more distally on the same dendrite (~25 m distance 385 

between group centres, Fig. 2B). This input pattern evoked d-spikes more efficiently, likely due 386 

to extending to higher impedance dendritic segments. Generation of d-spikes was indicated by 387 

either a transient increase in the rate of rise (dV/dt) of the compound EPSPs (a sign of dendritic 388 

Na+ spikes; Losonczy and Magee, 2006; Losonczy et al., 2008, Fig. 1C, Fig. 2Biii,), and/or a 389 

peak somatic nonlinearity ≥2 mV (indicating NMDA spikes; Losonczy and Magee, 2006; 390 

Losonczy et al., 2008). We prevented somatic APs by slight hyperpolarization during the LTP 391 

protocol. Triggering d-spikes induced robust long-lasting increase in the mean EPSP amplitude 392 

of the four proximal test spines (1.98 ± 0.43, n=7 experiments, Fig. 2B, D, different from 393 

subthreshold with p=0.024, multiple comparisons after Kruskal-Wallis test with p=0.004), and 394 

potentiated synapses were found in every experiment. Similar LTP was measured when APs 395 

were also evoked by at least one of the 50 LTP stimulus pulses: EPSP amplitude increased to 396 
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2.15 ± 0.44 (Fig. 2C-D, n=8 experiments, different from subthreshold with p=0.004, not 397 

different from d-spike only, p=1, multiple comparisons after Kruskal-Wallis test with p=0.004), 398 

and potentiated synapses were found in all experiments. These data suggest that large 399 

depolarization, involving regenerative dendritic spikes (local or backpropagating AP) is needed 400 

for cooperative LTP induction of synapses located in proximal segments of perisomatic 401 

dendrites.  402 

 403 

Subthreshold LTP at distal dendritic locations depends on fine-scale input configuration 404 

 405 

We next explored the rules of cooperative LTP at distal segments of perisomatic dendrites. 406 

Similarly to our previous report (Weber et al., 2016), repeated coactivation of four clustered 407 

distal test spines (dendritic stretch: 4.59 ± 0.25 μm) increased their EPSP amplitude to 1.32 ± 408 

0.11 (n=14 experiments, Fig. 3A, E), and potentiation occurred in at least one spine in most 409 

(11/14) experiments (Fig. 3A). D-spikes were not detected during the LTP protocol (Fig. 3A, 410 

see Materials and Methods for criteria). Subthreshold LTP was specific to the coactive inputs, 411 

because single “reference” spines (a fifth synapse that was only monitored, but was not 412 

stimulated during LTP induction) showed on average no change in EPSP amplitude (1.03 ± 413 

0.12 in n=12 experiments; comparison to test spines: p=0.012, Wilcoxon test, Fig. 3E). In 414 

control experiments where EPSPs of four test spines were monitored without co-activation (no 415 

LTP protocol), EPSPs did not increase, in fact slightly decreased (Fig. 3B, E, EPSP amplitude: 416 

0.86 ± 0.05, n=11, p=0.029, one-sample Wilcoxon test; comparison of experiments with and 417 

without LTP protocol: p=0.001, Mann-Whitney test). 418 

To determine the minimum cluster size required for subthreshold cooperative LTP, we 419 

reduced the number of test synapses coactivated during LTP induction. With three synapses we 420 

still observed input-specific increase in EPSP amplitude (1.35 ± 0.13, n=8, Fig. 3C, E), similar 421 
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to that measured with four inputs. In contrast, LTP protocol with only two synapses did not 422 

induce their potentiation (0.84 ± 0.11, n=8, Fig. 3D, E), their EPSP amplitude changes were 423 

similar to those of reference spines (0.84 ± 0.09, n=8, p=0.89, Wilcoxon, Fig. 3E). Statistical 424 

analysis showed similar LTP with coactivaton of 3 or 4 spines (p=1), which was larger than 425 

that with 2 spines (p=0.025 and p=0.018, respectively, multiple comparison test after Kruskal-426 

Wallis ANOVA with p=0.010).  427 

Next we examined the spatial pattern requirements for subthreshold LTP. LTP protocol 428 

with four coactivated test spines distributed evenly on longer dendritic stretches (17.4 ± 0.5 μm, 429 

interspine distance ISD: 5.8 ± 0.2 μm, Fig. 4A, C) did not produce subthreshold LTP effectively 430 

(EPSP amplitude: 0.91 ± 0.05, n=21, p<0.001 for comparison with tightly clustered 431 

arrangement with 3 or 4 spines, Mann-Whitney test, Fig. 4A-C, 13% of all spines potentiated, 432 

comparison with tightly clustered: p<0.001, χ2 test), with strong negative correlation between 433 

ISD and EPSP change (Fig. 4C, p<0.001, Spearman R=-0.548, n=43). No significant difference 434 

was found between tip-to-soma (0.98 ± 0.09, n=7) and soma-to-tip (0.88 ± 0.07, n=14) 435 

sequences (p=0.681, Mann-Whitney test, Fig. 4D). Altogether these results show that tight 436 

clusters of ≥3 coactive distal inputs can be strengthened by subthreshold cooperative LTP even 437 

without regenerative dendritic activity. 438 

 439 

D-spikes alleviate the tight clustering requirements of LTP 440 

 441 

Are the strength and/or the spatial rules of plasticity at distal dendritic segments different 442 

if synapses participate in a stronger input pattern that can evoke local d-spikes? To address this 443 

question, during the LTP protocol additional neighbour spines were coactivated together with 444 

the four clustered test inputs to trigger d-spikes (Fig. 5A). In most cases, eight synchronous 445 

synapses were enough to evoke at least one regenerative dendritic event during the LTP 446 
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protocol without somatic APs (Fig. 5A, see also Fig. 1C). This clustered, locally suprathreshold 447 

input pattern induced LTP in at least one test spine in all experiments (9/9). Surprisingly, neither 448 

the magnitude of LTP (1.37 ± 0.11, n=9; vs. 1.33 ± 0.08, n=22 for subthreshold LTP with 3 or 449 

4 spines, p=0.727, Mann-Whitney test), nor the ratio of potentiated synapses (47 % vs. 39 %, 450 

p=0.456, χ2 test) were significantly different from that measured with subthreshold LTP by 3 451 

or 4 clustered inputs (Fig. 5B).  452 

We next explored how LTP with d-spikes depends on the spatial arrangement of the inputs. 453 

We hypothesized that more extended propagation of d-spikes, especially towards the sealed tip, 454 

may allow more distributed input patterns to potentiate. To test this, we distributed the four test 455 

spines (total stretch: 23.2 ± 2.6 m, average ISD=8.3 ± 0.8 m, n=5), and during LTP induction 456 

we coactivated them with four additional (more proximal) synapses to trigger d-spikes (Fig. 457 

5C). In most experiments (4/5) we found at least one synapse to be potentiated, and an average 458 

LTP of 1.52 ± 0.20 was induced (n=5, Fig. 5C-D). The effect was significantly stronger than 459 

that measured with only four distributed (subthreshold) synapses (p=0.004, Mann-Whitney test, 460 

Fig. 5D).  461 

Previous reports using electrical stimulation indicated that d-spikes can trigger synaptic 462 

potentiation with fewer stimulus repetitions than other LTP-inducing activity patterns (Remy 463 

and Spruston, 2007; Bittner et al., 2017). To test if there is a difference in this regard between 464 

sub- and suprathreshold input patterns, we performed experiments with a short LTP protocol, 465 

consisting of only 5 coactivations of 4 (subthreshold) or 8 (suprathreshold) clustered spines. 466 

We found that suprathreshold clustered inputs did develop robust LTP (1.50 ± 0.15, n=4), 467 

whereas only 5 synchronous activation was not sufficient to induce LTP with subthreshold 468 

clustered inputs (0.79 ± 0.05, n=5, p=0.019 compared to d-spikes, Mann-Whitney test, Fig. 5E-469 

F). 470 
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These results altogether indicate that d-spikes, although are not necessarily required for 471 

LTP at distal dendritic segments, can alleviate the tight spatial clustering requirements and 472 

reduce the number of coincident activity events needed to induce cooperative LTP. 473 

 474 

Strong input patterns allow local plasticity crosstalk 475 

 476 

D-spikes, evoking robust voltage and Ca2+ signals in the branch (Losonczy and Magee, 477 

2006; Losonczy et al., 2008) may activate signalling mechanisms that affect the function of not 478 

only those synapses that evoked them but other neighbour synapses as well. To examine this 479 

possibility, we coactivated a group of eight spines during LTP induction, triggering d-spikes 480 

(“LTP induction spines”), and measured the impact of this stimulus on EPSP amplitudes of a 481 

different set of nearby four test spines (up to ~20 m distance, Fig. 6A). The test spines were 482 

thus only activated before (≤2 minutes, on average 94 sec) and after (≥5 minutes, on average 483 

369 sec), but not during the LTP protocol. Surprisingly, we observed variable effects: although 484 

the long-term change in test spine EPSP amplitude (1.25 ± 0.12, n=30) was smaller than that 485 

by homosynaptic LTP with d-spikes (clustered and distributed suprathreshold data from Fig. 486 

5A-D pooled, 1.43 ± 0.10, n=14, p=0.030, Mann-Whitney test), in a substantial fraction of 487 

experiments we detected signs of potentiation in the test spines (Fig. 6A-B, E). First, in the 488 

majority of experiments (20/30) EPSP increased >30% in at least one of the test spines (Fig. 489 

6A, B). Second, in 12 out of 30 experiments, the mean EPSP amplitude change in the test spines 490 

was larger than the mean + 2 s.d. measured in control experiments with no LTP protocol (Fig. 491 

6E, compare to Fig. 3B, E). This heterosynaptic “crosstalk” potentiation could occur both if 492 

the test spines were proximal or distal from the LTP induction spines (Fig. 6C).  493 

To better understand the nature of this effect, we tested whether crosstalk potentiation is 494 

evoked when test spine and LTP induction spine groups are located at short Eucledian distance, 495 
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but on different dendrites of the cell (Eucledian distance: 7.1 ± 1.4 m, dendritic path: 228 ± 496 

19 m; n=6, Fig. 6D). Under these conditions no LTP was found in any of the test spines, and 497 

their EPSP amplitude rather decreased (0.77 ± 0.05, n=6, p=0.013 compared to arrangement 498 

with all spines on the same dendrite, Mann-Whitney test, Fig. 6E), similar to the control 499 

experiments with no LTP protocol (Fig. 3B, E). This indicates that the crosstalk mechanism 500 

involves intracellular rather than extracellular signal(s), and affects only the activated dendrite 501 

segment. These results also excluded that the effect could be attributed to glutamate diffusion 502 

or other nonspecific effects of 2PGU.  503 

We considered the possibility that the LTP induction protocol, triggering repeated dendritic 504 

spikes, perhaps produced a general change in the electrical properties of the stimulated dendrite 505 

(Losonczy et al., 2008) leading to a virtual increase of synaptic voltage signals at the soma. 506 

However, the somatic strength of dendritic Na+ spikes (dV/dt), a parameter expected to increase 507 

by enhanced dendritic excitability (Losonczy et al., 2008; Makara et al., 2009) did not 508 

systematic change from the value measured during the first pulse of the LTP induction protocol 509 

to that evoked again at the end of the experiments (n=8, p=0.67, Wilcoxon test, Fig. 7A). To 510 

further explore whether changes in the dendritic excitability can explain our data, we 511 

implemented a detailed biophysical model of a CA1PC (Ujfalussy and Makara, 2019) and 512 

measured the somatic response amplitude to near-synchronous stimulation of 1-30 excitatory 513 

synaptic inputs (Materials and Methods). In agreement with the experimental data, sufficiently 514 

strong stimulations elicited local dendritic Na+ and NMDA spikes in the biophysical model, 515 

visible as small fast spikelets and slow plateaus, respectively, in the soma (Fig. 7B). We used 516 

this model to explore which mechanisms can increase synaptic EPSP amplitudes without 517 

changing the strength of the Na+ spikelets as measured in the soma. Increasing the local 518 

excitability of the branch by changing passive parameters (increasing the local membrane 519 

resistivity (Rm) and decreasing axial resistivity (Ra)) within the branch increased the amplitude 520 
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of individual EPSPs, but it also significantly increased dV/dt of the somatic spikelets (Fig. 7C-521 

E).  Changing the local excitability by locally eliminating K+ channels also increased dV/dt of 522 

the somatic spikelets but failed to increase EPSP amplitudes (Fig. 7C-E). On the other hand, 523 

increasing the AMPA conductance of the synapses by 40% (mimicking LTP) increased the 524 

amplitude of the EPSPs without changing the spikelets (Fig. 7B-E). These effects were robust 525 

against changing the passive parameters in the model (Fig. 7F). These simulations made it 526 

unlikely that changes in dendritic excitability by so far described mechanisms could alone 527 

explain the increase in somatically measured amplitude of the test spines EPSPs, and suggest 528 

that cross-talk was most likely mediated by synaptic mechanisms. 529 

Previous studies showed that LTP at a single spine can lower LTP induction threshold at 530 

nearby spines for several minutes, so that even weak stimuli can induce potentiation (Harvey 531 

and Svoboda, 2007; Hedrick et al., 2016). Thus we asked whether the crosstalk plasticity may 532 

be related to the weak test stimuli applied to monitor EPSPs. Since the initial selection of the 533 

four test spines involved variable numbers of pre-LTP stimuli at different spines (see Materials 534 

and Methods), we first analysed whether pre-LTP stimulation was related to the ability of spines 535 

to develop potentiation. Although we did not find a correlation between the number of pre-LTP 536 

stimuli and the magnitude of LTP by the individual spines (Spearman R=0.096, p=0.308, n=113 537 

spines), when we separated test spines based on the number of received pre-LTP stimuli into 538 

two groups divided near the median (16 stimuli, range: 6-43), we found a trend for smaller 539 

EPSP amplitude change and fewer potentiated spines in the spine group receiving ≤15 pre-LTP 540 

stimuli (1.02 ± 0.08, n=50; 22% of test spines potentiated) than in those receiving ≥16 pre-LTP 541 

stimuli (1.43 ± 0.13, n=63; p=0.022, Mann-Whitney test, 40% of test spines potentiated, 542 

p=0.045, χ² test, Fig. 8A). This raises the possibility that synapse activation before LTP 543 

induction by other synapses may facilitate crosstalk potentiation. Suspending test stimulation 544 
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for 30 minutes after LTP induction did not eliminate the crosstalk (EPSP amplitude measured 545 

at 30-40 min: 1.26 ± 0.11, n=14 experiments, 42% of test spines potentiated, Fig. 8B). 546 

 547 

Biophysical mechanism of crosstalk 548 

 549 

The crosstalk mechanism was NMDAR dependent because no potentiation developed in 550 

the presence of D-AP5 (50 M; Figure 8C-E, EPSP amplitude: 0.90 ± 0.07, n=10 experiments, 551 

p=0.023, significant by Holm-Bonferroni-corrected  with Mann-Whitney tests after Kruskal-552 

Wallis test with p=0.022 for control, AP5, U0126 and VGCC blocker groups, see below). 553 

Because independent Ca2+ measurements showed substantial Ca2+ influx in test spines by d-554 

spikes evoked during the heterosynaptic LTP induction protocol (data not shown) most likely 555 

via voltage-gated Ca2+ channels (VGCCs; Losonczy and Magee, 2006; Losonczy et al., 2008), 556 

and because VGCCs can play a role in some forms of LTP at CA3-CA1 synapses (Tigaret et 557 

al., 2016), we tested whether VGCCs are important for crosstalk plasticity. In the presence of 558 

T-, R- and L-type VGCC inhibitors (100 M Ni2+ and 10 M nimodipine; Harnett et al., 2012; 559 

Weber et al., 2016), we observed an initial increase in EPSP amplitude in test spines, followed 560 

by gradual decline towards the baseline (Fig. 8C-E, average EPSP amplitude at 7.5 min after 561 

LTP protocol: 1.26 ± 0.07; at 30-40 min: 1.07 ± 0.05, n=8, p=0.042, Wilcoxon test between 562 

time points), but the EPSP amplitude change at 30-40 min was not significantly different from 563 

that in ACSF (p=0.422, Mann-Whitney test). Thus, VGCCs are not indispensable for crosstalk 564 

but they may support stabilization of the process. Finally, inhibition of the MEK/ERK pathway 565 

by U0126 (Harvey et al., 2008; Tang and Yasuda, 2017), which was proposed to mediate local 566 

metaplasticity of nearby spines via small GTPases (Harvey and Svoboda, 2007; Harvey et al., 567 

2008) eliminated the crosstalk (test spine EPSP amplitude at 30-40 min in 20 M U0126: 0.88 568 

± 0.05, n=9, p=0.011, significant by Holm-Bonferroni-corrected  with Mann-Whitney test, 569 
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Fig. 8C-E). Altogether, the results suggest that crosstalk potentiation of synapses by nearby 570 

activity patterns evoking d-spikes may provide a less effective but not negligible mechanism to 571 

increase synaptic strength, via signalling mediated by NMDARs and MEK/ERK activation.  572 

  573 

  574 
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Discussion 575 

Using combined 2PI, 2PGU and electrophysiology, we explored how the fine-grained 576 

spatial pattern and the form of voltage integration determines plasticity of different excitatory 577 

synaptic input patterns along individual dendrites. We demonstrate that several mechanisms 578 

can facilitate local, spatially structured forms of LTP by correlated inputs depending on the fine 579 

structure of the input pattern. Since the spatial input requirements of these mechanisms vary, 580 

their combination may well explain the rich forms of spatially structured LTP observed in in 581 

vivo experiments. First, subthreshold cooperative LTP can co-potentiate coactive synapses that 582 

are in close proximity to each other; this form of interaction is efficient only in relatively distal 583 

dendritic segments such as terminal dendrites. Second, input patterns that evoke d-spikes are 584 

strengthened regardless of their fine-scale spatial arrangement and location; in this case, it is 585 

likely that the propagation capacity of the d-spike (Losonczy et al., 2008) will determine the 586 

size of the plasticity compartment that can potentially extend to an entire branch. Third, we find 587 

that strong input patterns activating d-spikes can induce crosstalk plasticity in nearby, 588 

nonsynchronous synapses. 589 

In this and a previous report (Weber et al., 2016) we have demonstrated that distal segments 590 

of thin dendrites (where synaptically evoked dendritic voltage signals are large due to high 591 

impedance, Rinzel and Rall, 1974; Harnett et al., 2012) provide favourable environment for 592 

even low numbers (≥3) of clustered inputs to cooperate and co-potentiate without generating d-593 

spikes. This mechanism is input specific and is efficient only when the coactive synapses are 594 

located within ~5-10 m distance; it is possible that biochemical compartmentalization 595 

contributes to constraining the spatial limits for subthreshold LTP. This small number and 596 

spatial scale is remarkably consistent with that of small functional spine clusters observed in 597 

several PC types, including CA1 (Sheffield et al., 2017) and cortical PCs (Takahashi et al., 598 

2012; Kleindienst et al., 2011; Iacaruso et al., 2017; Scholl et al., 2017; Kerlin et al., 2018; Lee 599 



 

26 
 

et al., 2019). Such small clusters are neither necessary (Losonczy and Magee, 2006) nor 600 

sufficient to evoke d-spikes even under simulated in vivo conditions (Ujfalussy & Makara, 601 

2019); but this is actually not needed for their local plasticity by the mechanism we describe. 602 

Notably, in the absence of a substantial voltage nonlinearity in EPSP integration, activation of 603 

such small distal synapse clusters will not bias somatic output until potentiation developed 604 

(Ujfalussy & Makara, 2019) and therefore the occurrence of clustered activity might be 605 

overlooked or underestimated by somatic recording.  606 

In addition to subthreshold LTP, our results also support a role for local d-spikes (evoked 607 

by larger input groups) to induce LTP, in accordance with previous work (Golding et al., 2002; 608 

Remy and Spruston, 2007; Kim et al., 2015). In contrast to subthreshold LTP, this mechanism 609 

does not critically depend on the precise dendritic location and fine spatial arrangement of the 610 

synapses involved (albeit the input threshold to evoke d-spikes is lower distally, see Losonczy 611 

and Magee, 2006; Katz et al., 2009; Branco and Hausser. 2011), and can be triggered by just a 612 

few sufficiently strong activity events. LTP induced by regenerative d-spikes may thus support 613 

rapid and branch-specific (rather than tightly clustered) synaptic plasticity (Yang et al., 2014; 614 

Zhang et al., 2015; Cichon et al., 2015) and connectivity (Druckman et al., 2014; Lee et al., 615 

2019). 616 

The above results highlight fundamental location-dependent differences in synaptic 617 

learning rules even in a single dendritic branch. For LTP at proximal dendritic segments, 618 

regenerative dendritic events seem essential. Because the local threshold of d-spike generation 619 

is relatively high in proximal low-impedance dendritic segments, proximal synapses potentiate 620 

most likely if they are coactive with strong input patterns distributed throughout the dendrite 621 

(to elicit d-spikes) or throughout the cell (to elicit APs). In contrast, at distal dendritic locations 622 

cooperative LTP can occur by relatively small numbers of inputs both by subthreshold and d-623 

spike-mediated mechanisms, in line with observation of higher cluster density at distal dendritic 624 
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segments evoked in vivo by sensory experience (Makino and Malinow, 2011). If LTP is 625 

followed by consolidation and persistence of the synapse (Hill and Zito, 2013), these location-626 

dependent plasticity rules may affect synaptic connectivity (Bono et al., 2017), and may result 627 

in distance-dependent bias in synaptic tuning properties (Iacaruso et al., 2017; Scholl et al., 628 

2017), e.g. proximal inputs more likely co-tuned with the soma and distal inputs more likely 629 

co-tuned with their neighbours (Iacaruso et al., 2017; but see Scholl et al., 2017). Subthreshold 630 

and suprathreshold LTP may also be hierarchically organized so that initial gradual potentiation 631 

of repeatedly activated small distal input clusters would help to reach d-spike threshold, 632 

recruiting a second, spatially less constrained and faster mechanism that may eventually also 633 

evoke somatic AP firing activating global Hebbian synaptic plasticity. 634 

In addition to cooperative LTP of synchronized inputs, we observed less prominent but not 635 

negligible heterosynaptic potentiation of inputs in the vicinity of synapses evoking d-spikes. 636 

While Hebbian LTP was postulated to be input specific at large scale, several heterosynaptic 637 

plasticity forms have been demonstrated locally in dendrites, including not only depression (El-638 

Boussani et al., 2018; Oh et al., 2015) but also potentiation (Harvey and Svoboda, 2007; 639 

Hedrick et al., 2016; Murakoshi et al., 2011; Govindarajan et al., 2011). Specifically, LTP of 640 

some synapses may promote potentiation of other, weakly and nonsynchronously active nearby 641 

synapses via diffusion of small GTPases, on up to few tens of micrometers and minutes 642 

spatiotemporal distance (Harvey and Svoboda, 2007; Hedrick et al., 2016; Murakoshi et al., 643 

2011; Govindarajan et al., 2011). It is tempting to speculate that the crosstalk plasticity we 644 

observed may have a similar mechanism; e.g. synaptic activation by test stimuli (in our case 645 

~1.5 min earlier) may prime test spines for local plasticity crosstalk from LTP-induction spines, 646 

mediated via the MEK/ERK pathway. Since measuring plasticity of unstimulated synapses is 647 

not feasible with our experimental method, it is difficult to determine to what extent crosstalk 648 
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plasticity depends on activity; although our analysis suggests a relationship, further experiments 649 

with alternative techniques will be needed to address this question more extensively.  650 

What can be the role of plasticity crosstalk in information coding? Modification of synapse 651 

strength by activity of other inputs may seem unfavourable at first sight due to degradation of 652 

input specificity. However, integrated storage of synaptic information representing events that 653 

occur within a time window of minutes may be behaviourally relevant, as it could bind 654 

temporally separate yet associated components (including less salient ones) of a complex 655 

experience onto a dendritic segment (Govindarajan et al., 2006; Wiegert and Oertner, 2015; 656 

Kastellakis et al., 2016), allowing subsequent simultaneous recurrence of the components to be 657 

retrieved more efficiently through dendritic amplification. In addition, since plasticity crosstalk 658 

is local, it would only affect segments receiving robust local input. Supporting the relevance of 659 

mechanisms promoting co-potentiation of temporally separated inputs, another unorthodox 660 

form of LTP has been recently described in CA1PCs that is induced by long dendritic plateau 661 

potentials and strengthens inputs that were active a short interval (few seconds) earlier (Bittner 662 

et al., 2017). 663 

In summary, our results reveal a large room for cooperative synaptic plasticity to occur 664 

locally in dendrites without somatic output, allowing even silent neurons to store information. 665 

The fine-scale distribution of active synapses and the local electrical properties of the dendrites 666 

- together with other conventional plasticity rules (Feldman, 2012; Clopath et al., 2011) - can 667 

determine the capacity of input patterns to evoke long-term plasticity. The preferential 668 

strengthening (and possibly persistence) of specific arrangements of synaptic connections may 669 

contribute to experience-related emergence and refinement of neuronal tuning (Sheffield et al., 670 

2017), and ultimately to the creation of highly specific synaptic engrams of memory traces 671 

(Govindarajan et al., 2006). Deciphering the local biophysical processes of synaptic plasticity 672 

is not only necessary to understand the computational principles underlying the development 673 
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of behaviourally relevant and flexible representations by cortical circuits, but may also help to 674 

achieve more powerful artificial learning algorithms paralleling the performance of the living 675 

brain. 676 

 677 

678 
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Figure legends 835 

 836 

Figure 1. Protocol settings for LTP experiments. A Schematic of the experimental timeline. B 837 

Cumulative frequency of all individual test spine EPSP amplitudes and the mean EPSP 838 

amplitudes of the test spines in individual experiments at proximal (left, blue) and distal (right, 839 

red) dendritic locations. C Representative somatic recordings of d-spikes evoked by quasi-840 

synchronous multisynaptic glutamate uncaging at proximal (left, same trace shown in Figure 841 

2B) and distal (right) segments (in two different cells). Upper panels show the recorded 842 

response to the first stimulus during the LTP protocol (black), and the arithmetic sum (grey) of 843 

the individual EPSPs (inset). Arrows indicate the fast spikelet mediated by VGNCs. Lower 844 

panels show dV/dt of the voltage traces. Note the transient dV/dt component associated with 845 

the fast Na+ spikelet. 846 

 847 

Figure 2. D-spikes are required for cooperative LTP at proximal dendritic locations. A top, 848 

schematic of an individual dendrite, with stimulated proximal area indicated in blue. A-C 849 

Representative recordings using clustered subthreshold (A), dendritically suprathreshold (B) 850 

and somatically suprathreshold (C) input patterns. i, representative recordings (average traces) 851 

of individual EPSPs evoked by 2PGU (indicated by yellow circles) at the four test spines before 852 

(black) and 30-40 min after (blue) the LTP protocol. ii. 2P images (z-stack or single plane) of 853 

the stimulated segments. Test spine 2PGU sites are shown by yellow dots. Magenta dots 854 

indicate additional spines co-stimulated with test spines during the LTP protocol. iii, LTP 855 

induction protocol trace (left), and the first stimulus enlarged (right). Arrows point to dendritic 856 

Na+ spikes as detected at the soma. APs are truncated in Ciii. D Summary of LTP experiments 857 

at proximal dendritic segments. Upper, mean (square), median (line) and interquartile ranges 858 

(box) of EPSP amplitude changes at 30-40 min relative to baseline. Circles represent data (mean 859 
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of the four test spines) in individual experiments. Lower, time course of EPSP amplitude 860 

changes (mean ± s.e.m. of experiments). 861 

 862 

Figure 3. Cluster size requirements for subthreshold cooperative LTP at distal dendritic 863 

locations. A top, schematic of an individual dendrite, with stimulated distal area indicated in 864 

red. A-D representative experiments. A Left, top: 2P image of the distal segment of a 865 

perisomatic dendrite. Test spines marked by yellow dots were costimulated in the LTP protocol; 866 

the reference spine (white dot) was not. Left, bottom: first stimulus of the LTP protocol. Right, 867 

somatic EPSPs by the five spines (s1-4 (yellow circles) and reference spine (white circle)), 868 

before (black) and >30 min after (red) the LTP protocol. B Experiment where four test spines 869 

(yellow dots in 2P image) were monitored but no LTP protocol was applied. C-D Similar 870 

experiment as in A, but with only 3 (C) or 2 (D) test spines stimulated during the LTP protocol. 871 

E Summary of experiments with clustered distal spines. Circles represent mean data of the test 872 

spines, or data from individual reference spines in each experiment. Test and reference spine 873 

data from the same experiment are connected. Note that data from individual (reference) spines 874 

have inherently higher variance than that of mean data of multiple (test) spines. Right, time 875 

course of EPSP amplitude changes in test spines (mean ± s.e.m.).  876 

 877 

Figure 4. Spatial requirements for subthreshold cooperative LTP at distal dendritic locations. 878 

A Representative experiment similar to Fig. 3 but using more distributed test spines. B 879 

Summary of experiments with clustered (experiments with 3 and 4 spines pooled) and 880 

distributed arrangements. C Mean inter-spine distance (ISD) between two neighbouring test 881 

spines in clustered and distributed arrangements. D Results of experiments with distributed 882 

inputs in tip-to-soma (IN) and soma-to-tip (OUT) sequences. 883 
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Figure 5. Role of d-spikes in cooperative LTP at distal dendritic locations. A Representative 884 

experiment with clustered input pattern. Left, top: 2P image of a distal dendritic segment. Four 885 

clustered test spines (yellow dots) were co-stimulated during the LTP protocol with four 886 

additional spines (magenta dots) to trigger d-spikes on at least one stimulus. Left, bottom: first 887 

stimulus of the LTP protocol. Right, somatic EPSPs by the four test spines before (black) and 888 

>30 min after (red) the LTP protocol. B Comparison of LTP with subthreshold (red, pooled 889 

data with 3 and 4 spines from Fig. 3E) and locally suprathreshold clustered input patterns with 890 

8 spines (orange). Left, mean (square), median (line) and interquartile ranges (box) of relative 891 

EPSP amplitude changes. Circles represent individual experiments (mean data of the four test 892 

spines). Right, time course of EPSP amplitude changes (mean ± s.e.m. of all experiments). C 893 

Similar representative experiment as in A, but with distributed test spine arrangement. D 894 

Comparison of LTP with subthreshold (dark green, data from Fig. 4B) and locally 895 

suprathreshold (light green) distributed input patterns. E Representative experiments with short 896 

LTP protocol (co-stimulation 5 times, 3Hz). Top panel: experiment with four clustered test 897 

spines and four additional spines coactivated during the short LTP protocol triggering d-spikes. 898 

Bottom panel: four clustered test spines co-stimulated in the short LTP protocol, evoking no d-899 

spikes. Right, somatic EPSPs by the four test spines before (black) and >30 min after (red) the 900 

LTP protocol. F Comparison of the effect of short LTP protocol with subthreshold (red) and 901 

locally suprathreshold input patterns (orange). Left, mean (square), median (line) and 902 

interquartile ranges (box) of relative EPSP amplitude changes. Circles represent individual 903 

experiments (mean data of the four test spines). Right, time course of EPSP amplitude changes 904 

(mean ± s.e.m.). Arrows in A, C and E indicate dendritic Na+ spikes (see Fig. 1C and 7). 905 

 906 

  907 
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Figure 6. Heterosynaptic plasticity by suprathreshold input patterns at distal dendritic locations. 908 

A Representative experiment. Left, top: 2P z-stack image of a distal dendritic segment. Four 909 

clustered test spines (yellow dots) were monitored, but during the LTP protocol only nearby 910 

spines (magenta dots) were stimulated to trigger d-spikes on at least one stimulus. Left, bottom: 911 

first stimulus of the LTP protocol. Right, average somatic EPSPs at the four test spines before 912 

(black) and >30 min after (red) the LTP protocol. B EPSP amplitude changes of individual test 913 

spines in homosynaptic (orange, suprathreshold experiments from Fig. 5B-D) and 914 

heterosynaptic (blue) LTP experiments. Number of spines included in the analysis is indicated 915 

in parenthesis for each condition. Spines from no LTP experiments (Fig. 3B, E) are shown in 916 

grey for reference. C Impact of relative dendritic distance between the test spine and LTP 917 

induction spine groups. D Similar as A, but test spines and LTP induction spines located on two 918 

different dendritic branches of the same cell. E Left, comparison of homosynaptic LTP and 919 

heterosynaptic LTP, with test spines located on the same dendrite as the LTP induction spines 920 

(light blue) or on a nearby other dendrite (grey). Right, time course of mean EPSP changes in 921 

heterosynaptic experiments. 922 

 923 

Figure 7. Changes in dendritic excitability by the LTP induction protocol cannot explain 924 

somatic increase in EPSP amplitude. A Left, representative voltage trace (upper) and dV/dt 925 

(lower) of the dendritic Na+ spike evoked by the first stimulus of the LTP induction protocol 926 

(black), and >40 min after the LTP induction (red). Arrow points to fast spikelets. Right, 927 

summary of 8 similar recordings; p=0.67, Wilcoxon test. Filled symbols and error bars represent 928 

mean ± s.e.m. B-E Simulations in a biophysical CA1PC model. B i) Somatic membrane 929 

potential response to stimulation of 15 synapses (ISD: 1 μm, dt=0.3 ms) on a terminal basal 930 

dendritic branch. Note the fast Na+ (filled arrowhead) and the slower NMDA-spikes (open 931 

arrowhead). ii) dV/dt of the somatic voltage response in control condition (black) and after 932 
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increasing AMPA conductance of the synapses from 0.6 nS to 0.84 nS (blue; NMDA 933 

conductance constant 0.8 nS). The strength of the somatically recorded dendritic Na+ spike 934 

(measured between the crosses) is not substantially affected. C Unitary synaptic EPSPs in 935 

control (black), after increasing the AMPA conductance (blue; LTP), after decreasing K+ 936 

channel density to 0 in the stimulated branch (dotted orange; IA-down) or after halving Ra and 937 

quadrupling Rm in the stimulated branch (green; Rm/Ra-up). D dV/dt of the somatic voltage 938 

responses after changing local excitability through active (IA-down, orange) or passive (Rm/Ra-939 

up, green) mechanisms. With increased Rm/Ra, 15 stimulus failed to elicit dendritic Na+ spike 940 

(light green) so strength was measured at 20 stimulus (dark green). E Summary data from 13 941 

simulated basal branches. Only changing the synaptic conductance (LTP) but not changing 942 

local dendritic excitability via active (IA-down) or passive (Rm/Ra-up) mechanisms was 943 

consistent with the experimental data (increased EPSP associated with no changes in dV/dt 944 

amplitude). In some branches no Na+ spike was triggered after increasing the Rm/Ra. Box plots 945 

represent median (line), interquartile ranges (box) and minimum-maximum values (whiskers). 946 

F Impact of LTP, IA-down and Rm/Ra-up conditions using different combinations of varied 947 

Rm/Ra parameters (see Materials and Methods for details). Note that the predicted Na+ spike 948 

dV/dt changes by IA-down and Rm/Ra-up conditions are above the threshold of detectability 949 

(grey dashed lines; indicating ± s.d. of the measured dV/dt during the baseline). Symbols and 950 

error bars represent mean ± s.d. In some cases error bars are smaller than symbols. 951 

 952 

Figure 8. Mechanisms involved in heterosynaptic crosstalk. A Comparison of EPSP amplitude 953 

change in individual test spines that were stimulated ≤15x and ≥16x before the heterosynaptic 954 

LTP protocol. Dashed grey line indicates 30% increase. B EPSP amplitude change measured 955 

30-40 minutes after the heterosynaptic LTP protocol, with post-induction test stimulation 956 

suspended for the first 30 min. C Representative experiments (black: baseline, red: 30-40 min 957 
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after LTP induction) with bath application of APV (50 M, upper panel), Ni2+ plus nimodipine 958 

(10 M and 100 M respectively, middle panel), or U0126 (20 M, lower panel). D Effect of 959 

inhibiting NMDA receptors (AP5), T-, R- and L-type VGCCs (Ni2+ + nimodipine), or 960 

MEK/ERK pathway (U0126) on crosstalk plasticity. Test spines were located distally from LTP 961 

induction spines in all experiments testing different pharmacological conditions (ACSF group 962 

includes the experiments with positive distances in Figure 6C) and the respective control (no 963 

drug) experiments. E time course of mean EPSP changes in heterosynaptic experiments under 964 

different pharmacological conditions. Note the transient increase of EPSP amplitudes in VGCC 965 

inhibitors. 966 

 967 
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