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SUMMARY

Competing models have been proposed to explain
how neurons integrate the thousands of inputs dis-
tributed throughout their dendritic trees. In a simple
global integration model, inputs from all locations
sum in the axon. In a two-stage integration model,
inputs contribute directly to dendritic spikes, and
outputs from multiple branches sum in the axon.
These two models yield opposite predictions of how
synapses at different dendritic locations should be
scaled if they are to contribute equally to neuronal
output. We used serial-section electron microscopy
to reconstruct individual apical oblique dendritic
branches of CA1 pyramidal neurons and observe
a synapse distribution consistent with the two-stage
integrationmodel.Computationalmodelingsuggests
that the observed synapse distribution enhances
the contribution of each dendritic branch to neuronal
output.

INTRODUCTION

Pyramidal neurons have extended apical and basal dendritic

trees, covered with synapses that collect inputs from their

network partners. Understanding how these inputs are inte-

grated into all-or-none action-potential output is fundamental

to understanding how circuits function in the cerebral cortex.

As other work progresses toward understanding the electro-

physiological and behavioral implications of different synaptic

inputs (Brun et al., 2002, 2008) as well as the molecular basis

of the function and plasticity of individual synapses (Harvey

and Svoboda, 2007; Harvey et al., 2008; Tanaka et al., 2008), it

is equally important to understand how these inputs are inte-

grated at the cellular level and how this integration is shaped

by plasticity (Losonczy et al., 2008). Because pyramidal neurons

often span millimeter distances and have tens of millimeters of

branching dendritic cable (Amaral and Witter, 1989), a crucial

question is whether all inputs contribute equally to neuronal

output or are weighted by their locations (Häusser, 2001).

Pyramidal neurons can operate in two integrationmodes (Gas-

parini and Magee, 2006). In the global integration mode, inputs

contribute directly to neuronal output by triggering excitatory

postsynaptic potentials (EPSPs) that propagate to the action

potential initiation zone in the axon. The axon integrates the

contribution from each input, and if the resulting voltage is above

threshold, an action potential is generated. In the two-stage inte-

gration mode, inputs activate voltage-gated channels in the

dendrites and trigger dendritic spikes (Gasparini et al., 2004;

Golding and Spruston, 1998). Output from each branch, rather

than each synapse, then propagates forward to the axon where

a global summation takes place (Gasparini and Magee, 2006;

Polsky et al., 2004).

Cable theory predicts that the contributions of inputs to the

somatic and dendritic membrane potentials will depend on their

locations (Rall, 1959; Spruston, 2008). Inputs that arrive close to

the soma will have a larger influence on axonal action potential

output than more distal inputs, which attenuate more by the

time they reach the action potential initiation zone (Golding

et al., 2005; Rall, 1959). Distal inputs, however, lead to larger local

dendritic voltagechangescompared to theirmoreproximal coun-

terparts, because of differences in input resistance along indi-

vidual dendritic branches. Small-diameter dendritic segments

near branchends tend to have the highest input resistance,which

decreases toward the branch origin where the conductance due

to larger dendritic branches and the soma is greatest. Thus,

proximal inputs will have relatively large effects in the soma but

smaller effects in the dendrite, anddistal inputswill have relatively

small effects in the soma but larger local effects in the dendrite.

Despite the fact that this prediction follows from basic princi-

ples of cable theory that have been well understood for at least

50 years, how pyramidal neurons balance these competing

effects has never been directly tested. Experiments in CA1 pyra-

midal neurons show that for limited distances along the somato-

dendritic axis, neurons normalize the representation of inputs at

the soma by increasing synaptic strength to balance attenuation

of synaptic current (Magee and Cook, 2000; Nicholson et al.,

2006). Whether synaptic conductance is scaled in this manner

along individual dendritic branches, however, is not known.
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This is a critical issue because if inputs are to contribute

approximately equally to neuronal output, then the global and

two-stage integration modes suggest opposite distributions of

synaptic strength along individual dendritic branches. If neurons

are optimized for the global integration mode, synapses farthest

from the soma should have the largest conductance in order to

compensate for charge attenuation, so synaptic conductance

should increase from the origin to the end of individual dendritic

branches (Figure 1A, left). If neurons instead are optimized for the

two-stage integration mode, synapses farthest from the soma

should be the weakest, in order to balance the high input imped-

ance near branch ends, and thus synaptic conductance should

decrease from the origin to the end of individual dendritic

branches (Figure 1A, right).

To ascertain what synapse distribution is actually present in

CA1 pyramidal neurons, we used serial-section electron micros-

copy (ssEM) to reconstruct excitatory synapses along individu-

ally labeled apical oblique dendrites. This approach differs

from previous ssEM experiments (Megias et al., 2001; Nicholson

and Geinisman, 2009; Nicholson et al., 2006), which involved

sectioning blocks of tissue to obtain measurements that are an

average over many neurons and dendritic locations. By deter-

mining the synapse distribution along individual dendrites, we

could infer whether the synapse distribution in CA1 pyramidal

neurons favors a global or two-stage integration mode.

RESULTS AND DISCUSSION

We injected biotinylated dextran amine (BDA) into the rat hippo-

campus in vivo to achieve sparse labeling of CA1 neurons (see

Experimental Procedures). We then used light microscopy to

select isolated neurons with clearly labeled spiny dendrites. By

usingssEM (Figures1B–1D;FigureS1availableonline),we recon-

structed three apical oblique dendrites in their entirety, and for

each branch we made within-dendrite comparisons of the

synapses near the branch origin, near the center of the branch,

and near the branch end (Figure 1E, bottom). Additionally, we

reconstructed three proximal and two distal dendritic segments

from different branches, identified by the branch point with

the primary apical dendrite and the termination of the den-

dritic branch, respectively (Figure 1E, top), and we performed

between-dendrite comparisons of these segments. Analysis

was restricted to dendritic segments at least 10 mm long and

spines that were completely contained within the serial sections.

A total of more than 3000 sections were analyzed. In all cases,

spines were completely filled and traceable to their parent

dendrite, and in many cases postsynaptic densities (PSDs) were

clearly visible (spine, n = 433 proximal and n = 189 distal; PSD,

n = 195 proximal and n = 78 distal; Figures 1B–1D; Figure S1).

Spine volumeandPSDareameasurementswerewithin the range

reported in other studies (Harris et al., 1992; Harris and Stevens,

1989; Nicholson and Geinisman, 2009; Nicholson et al., 2006).

We found two major differences between spines on dendritic

segments near branch origins and those near branch ends. First,

spine density was approximately 50% greater in near-branch-

origin segments compared to those near branch ends (t test,

p < 0.003; Figure 1F). Second, the distribution of spine volumes

was skewed toward larger spines in dendritic segments near

branch origins (c2 = 20.4; p < 0.05; Figure 1G).

We also compared synapses near branch origins to those near

branch ends. Though we found a variety of synapse shapes and

sizes at all dendritic locations (Figure 2A), the distribution of PSD

areas was heavily skewed toward larger PSDs near branch

origins (c2 = 354.9; p < 0.00001; Figure 2B). This trend was

present in the overall analysis (Figure 2B; mean PSD area

0.057 mm2 near branch origins and 0.030 mm2 near branch

ends), as well as in each within-dendrite comparison (Figure S2).

To control for the possibility that synapses near the terminal

portion of the dendrite are unusual, we also analyzed 101 spines

and synapses in three dendritic segments from the middle of the

branch. We found that in each of these segments, spine density

and the distributions of spine volume and PSD area were more

similar to the distributions near the dendrite’s terminal end

than near its origin (Figures 1E–1G and 2B; Figure S2), suggest-

ing that the decline in these values is not restricted to the most

terminal portion of dendritic branches. Spine volume near the

center of the branch appeared to be smaller than near branch

ends; the significance of this result will require further study.

To quantify the relationship between spine volume or PSD

area and synaptic strength (Kharazia et al., 1996; Kharazia and

Weinberg, 1999), we performed immunogold labeling of AMPA

receptors (Figures 2C and 2D). We analyzed synapses and their

parent spines (n = 342) from area CA1 stratum radiatum of the

hippocampus, each of which could be traced back to their spine

necks. We found that both spine volume and PSD area were

strongly correlated with the number of gold particles (Figure 2E,

R2 = 0.7216, p < 0.001; Figure 2F, R2 = 0.7567, p < 0.001),

indicating that these measures provide reasonable estimates

of relative synaptic strength. Thus, assuming that PSDs on

different dendritic segments have similar receptor properties,

Figure 1. Contrasting Models of Synaptic Integration/Spines near and far from the Primary Apical Dendrite

(A) Schematic showing the predicted distribution of synaptic conductance along an individual apical oblique dendritic branch if synapses are scaled to normalize

somatic EPSP amplitude (left) or the probability of initiating a dendritic spike (right).

(B) Serial-section electron microscopic view of a segment of dendrite with spines and synapses.

(C) Three-dimensional reconstruction of the segment shown in (B). Dendrite is shown in gray, spines are shown in purple, and postsynaptic densities (PSDs) are

shown in blue. Top panel is the reconstruction in its orientation as shown in the electron micrographs. Bottom panel is the reconstruction rotated 180�.
(D) Higher-magnification serial electron micrographs of the boxed regions in (B). Electronmicrographs show two dendritic spines (sp1 and sp2) making synapses

with presynaptic axon terminals (at1 and at2). The borders of the PSDs are marked by white arrowheads and the full arrow indicates a perforation.

(E) Three-dimensional reconstructions of segments of the same dendrite (bottom three segments) and different dendrites (top two segments).

(F) Scatter plot showing spine densities in dendritic segments near branch origins, near branch ends, and near branch centers. Open symbols represent segments

from the same branch, filled symbols represent segments from different branches, and lines show the means.

(G) Histogram showing the relative and cumulative frequencies of spine volumes in dendritic segments near branch origins, near branch ends, and near branch

centers.
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the approximately 2-fold reduction in PSD size at the branch end

relative to the branch origin suggests that near-branch-end

synapses are about half as strong as their near-branch-origin

counterparts. From these data, we conclude that synapse

strength is scaled within each dendrite to reduce the impact of

location-dependent differences in dendritic depolarization due

to varying input impedance along the branch.

To investigate the functional implications of the synapse distri-

bution that we observed, we incorporated our experimental find-

ings into a computational model. By using a reconstructed CA1

pyramidal neuron morphology with excitable dendrites (see

Experimental Procedures; Figure 3A), we distributed synapses

along each apical oblique branch according to the experimen-

tally determined gradient, with synapse density and strength

both decreasing from branch origin to branch end in a step-

like manner after the first third of the branch. Groups of synapses

throughout each branchwere randomly selected (from the actual

distribution of PSD areas; see Experimental Procedures) and

activated, often leading to the initiation of dendritic spikes (60–

80 mV amplitude; Figure 3B). Spikes tended to initiate near the

end of each branch, attenuating severely by the time they

reached the primary apical dendrite and even further between

this location and the soma, consistent with experimental data

(Losonczy andMagee, 2006). The number of activated synapses

required to trigger a dendritic spike varied because synapse

locations and hence strengths were chosen randomly, so simu-

lations were repeated to determine average responses to activa-

tion of different populations of synapses on the same branch

(500 trials for each branch). The average number of activated

synapses needed for a dendritic spike varied between branches

as well, but across all branches an average of approximately 10

synapses triggered a dendritic spike, again consistent with

experimental data (Losonczy and Magee, 2006).

We performed a comparison between this experimentally

basedmodel and the hypothetical model that would be predicted

if synapses were instead distributed to normalize the contribution

of inputs to global integration in the axon. In this hypothetical

‘‘global integration model,’’ synapse density was uniform and

synaptic conductance was chosen to approximately normalize

the somatic depolarization produced by inputs along each apical

branch (keeping the total synaptic conductance thesameas in the

experimentally basedmodel).We then repeated the same simula-

tions. If synaptic conductance is indeed scaled to normalize the

contributionof inputs todendritic spike initiation,wewouldexpect

Figure 2. Synapses near to and far from the Primary Apical Dendrite

(A) Reconstructions of several spines and synapses.

(B) Histogram showing the relative and cumulative frequencies of PSD areas in dendritic segments near branch origins, near branch ends, and near branch

centers.

(C) Electron micrographs of serial sections showing postembedding immunogold labeling of AMPA receptors.

(D) Three-dimensional reconstruction of synapses (blue), their spines (purple), and the synaptic immunogold particles (black) shown in (C).

(E) Correlation of particle number with spine volume.

(F) Correlation of particle number with PSD area.
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the location of the last input selected—the one that brings the

branch above spike threshold—to be uniformly distributed

(Figure 3C, dashed line). In the global integration model, inputs

near branch ends were approximately 9.4 times more likely to

trigger a dendritic spike as inputs near branch origins (Figure 3C,

black). In our experimentally based model, inputs near branch

ends were only 2.7 times as likely to bring the branch above

dendritic-spike threshold as those near branch origins (Figure 3C,

blue). Because of the high input resistance associated with

branch ends, this means that dendritic spikes are often triggered

by small numbers of inputs near branchends in the global integra-

tion model, a situation greatly reduced in the model based on the

actual synapse distribution. Thus, the experimentally observed

distribution helps to normalize the likelihood for synapses at

different positions to contribute to a dendritic spike.

A second important consequence of the synapse distribution

we observed is that it increases the contribution of a dendritic

branch to axonal action potentials (Figure 3D; Movies S1–S6).

Despite the fact that dendritic spikes occurred more frequently

in the model predicted by global synaptic integration, when fixed

numbers of synapses on a branch were activated in the two

models, the depolarization measured at the soma tended to be

greater in the model based on the actual synapse distribution

(Figures 3D and 3E). The global integration model produced

a larger response only when a small number of synapses were

activated, leading to a much higher likelihood of dendritic spike

initiation owing to the prevalence of strong synapses on the

high-impedance terminal portions of the branch (Figure 3D).

The enhanced representation of each branch at the soma in

the two-stage integration model was attributable primarily to

the larger numbers of stronger synapses close to the branch

origin. By contrast, in the global integration model (or even

with a uniform distribution of synaptic density and strength; not

shown), synaptic weight is shifted more distally and thus the

output of each branch is reduced.

Our model predicts that the ability of individual dendritic

branches to influence axonal output should decrease with the

distance of the branch origin from the soma and axon, because

both EPSPs and dendritic spikes attenuate through the leaky

dendritic cable (Figure 3E). Our model, however, did not account

Figure 3. Functional Consequences of

Synapse Distribution

(A) The reconstructed CA1 pyramidal neuron

morphology used for the models and the apical

oblique dendrites used for the simulations (region

between dashed lines enlarged).

(B) Sample voltage traces from a simulation in

which 15 synapses were randomly selected and

activated on branch 4 in the two-stage integration

model (188 mm from the soma). Voltage is indi-

cated at the branch end (black trace), center of

the branch (red trace), branch origin (green trace),

and soma (blue trace). Synapses were distributed

along each branch shown in (A) with decreasing

density and strength from branch origin to branch

end as observed experimentally (two-stage inte-

gration model) and the reverse (global integration

model).

(C) For each branch, synapses were randomly

activated until a dendritic spike occurred (200

trials/branch). Probability distribution (bin size =

0.2) showing the location along the dendritic

branch of the input triggering the spike (the last

synapse selected) for the two models (black and

blue lines). The dashed line indicates the uniform

distribution expected if the final input contributes

equally to the spike at all locations.

(D) Somatic depolarization averaged over 500

trials resulting from activation of 5, 10, 15, and

20 synapses in the two models: global integration

(black bars) and two-stage integration (blue bars).

The white numbers indicate the percentage of

trials that resulted in a dendritic spike.

(E) Top: The percentage of trials resulting in

a dendritic spike for the global (black bars) and

two-stage (blue bars) integration models when

ten synapses are activated on each branch (500

trials per branch). Bottom: The average somatic

depolarization resulting from these simulations shown separately for trials in which a dendritic spike was triggered (dark bars) and trials that did not produce

a dendritic spike (light bars).

(F) Schematic of the proposed synapse distribution for the CA1 apical dendritic tree based upon previous (Nicholson et al., 2006; Magee and Cook, 2000) and

current results.
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for the fact that distal branches on average contain more power-

ful synapses, which may boost the representation of these

branches at the soma (Magee and Cook, 2000; Nicholson and

Geinisman, 2009; Nicholson et al., 2006) and thus minimize the

distance dependence of branch output. Combining the results

of the present study with previous results (Magee and Cook,

2000; Nicholson and Geinisman, 2009; Nicholson et al., 2006),

we propose that synapse strength increases along the so-

mato-dendritic axis but decreases along the length of each radial

oblique branch (Figure 3F). Additionally, the contribution of the

dendritic spike from some branches could be enhanced by ion

channel gradients that shift the initiation zone to more proximal

portions of the branch or by broadening the dendritic spike.

Although asynchronous input may lead to global integration

(Gasparini and Magee, 2006), our data suggest that synapses

located more distally on a branch will contribute less to neuronal

output during this integration mode. During more synchronous

synaptic input, however, dendritic branches are likely to gen-

erate spikes (Gasparini and Magee, 2006). Our ssEM and mod-

eling results show that synapses are scaled in the direction of

normalizing the contribution of individual inputs to dendritic

spikes, increasing the output of a branch when a group of

synapses trigger a local dendritic spike and thus pointing to

the importance of these spikes as fundamental units of synaptic

integration in CA1 pyramidal neurons. The capacity to perform

multilayer computations enhances the computational power of

individual neurons in a network (Polsky et al., 2004; Spruston

and Kath, 2004), so it will be important to determine whether

other types of neurons employ a similar integration scheme.

EXPERIMENTAL PROCEDURES

Institutional Approval

All experiments were performed with protocols approved by the Northwestern

University Institutional Animal Care and Use Committee.

Electron Microscopy

Adult rats (6 months old) were anesthetized with an injection of ketamine and

xylazine. Biotinylated dextran amine (BDA-3000, Invitrogen; 10% dissolved in

0.12 M phosphate-buffered saline; PBS) was injected into the subiculum

(from bregma: AP = �2.5, ML = +1.5; DV = �4.1) with either pressure injection

(0.05 ml/min for 5 min) or iontophoresis (5 mA, alternating at 10 s on/off for

6 min). After 5 days of recovery from surgery, rats were perfused with a fixative

containing 3.5% paraformaldehyde, 0.1% glutaraldehyde, and 15% (v/v)

picric acid in PBS. Brains were removed, hemisectioned, postfixed in fixative,

rinsed in PBS, and then cut into 60 mm-thick slices using a vibratome.

Individual slices were then rinsed in PBS, cryoprotected in ascending

concentrations of sucrose and glycerol in PBS, freeze-thawed over liquid

nitrogen three times, treated with 1% sodium borohydride in PBS, incubated

in 0.3% hydrogen peroxide, and then rinsed. Slices were then rinsed in block-

ing solution (0.5% BSA, 1% nonfat dry milk, and 5% normal goat serum) and

incubated in avidin-biotinylated horseradish peroxidase (HRP) with the Vec-

tastain ABC Elite Kit (Vector Laboratories, PK-6100 Standard, 1:300) for

36 hr at 4�C. Slices were then rinsed thoroughly and the BDA-HRP complex

was visualized with diamino benzidine as chromogen (Sigma, SK-4100) under

gentle agitation for 10–120 min. Slices containing isolated individually labeled

CA1 pyramidal neurons were then rinsed, treated with 0.67% osmium

tetroxide and 1% uranyl acetate, dehydrated in graded ethanols, infiltrated

with Araldite (Araldite 502), and cured in a drying oven at 60�C for 48 hr for

conventional serial section electron microscopy.

Slices were trimmed to isolate the labeled dendrites of CA1 neurons, cut into

68-nm-thin serial sections (100–500 serial sections) with an ultramicrotome

(UCT, Leica), and mounted onto gold-gilded nickel slotted grids. Grids were

counterstained with 3% aqueous uranyl acetate and Reynold’s lead citrate

and then mounted in an electron microscope (JEOL 100CX) to photograph

serial sections containing dendritic segments within CA1 stratum radiatum in

their entirety. Dendritic segments near branch ends were considered to be

those segments that could be followed through >50 serial sections and then

disappear in subsequent serial sections. Branch-origin dendritic segments

were readily identifiable due to their bifurcation from the primary apical

dendrite. Second-order dendritic segments (i.e., those connecting a branch

off the primary apical dendrite with a daughter terminal dendritic segment)

were excluded from analyses.

Electron micrograph negatives were scanned with a PowerLook 2100XL

scanner, organized into image stacks for each dendritic segment, and then

analyzed and reconstructed with ImageJ (http://rsb.info.nih.gov/ij) and Recon-

struct (Fiala, 2005), respectively. Postsynaptic density (PSD) area and spine

volume were measured with the same methods as previously described

(Nusser et al., 1998; Racca et al., 2000; Nicholson et al., 2006; Nicholson

and Geinisman, 2009). In brief, for each spine and each synapse, all PSD or

spine profiles on the electron micrographs of serial sections were measured

in ImageJ. PSD area was estimated as the product of the summed PSD length

and the section thickness (estimated to be 68 nm). When present, perforations

or cytoplasmic areas of the spine head not containing a PSD profile were not

included in the measurements. Spine volume was estimated as the product of

the summed spine surface area values and section thickness.

Postembedding Immunogold Electron Microscopy

AMPA-type receptor immunoreactivity was assessed as previously described

(Nicholson et al., 2006). Synapses in CA1 stratum radiatum were included in

the analysis only if their host spine could be followed to its spine neck (n =

342). Because of the low-electron density of freeze-substituted tissue, it was

impossible, except in fortuitous cases, to follow spines to their parent dendrite.

Importantly, however, our measurements are within those reported previously

for synapses in CA1 stratum radiatum (Harris et al., 1992; Nusser et al., 1998).

Computational Modeling

The CA1 pyramidal neuron morphology used in all simulations was recon-

structed from a rat hippocampal pyramidal neuron described previously

(Golding et al., 2001). All simulations were performed with the NEURON simu-

lation environment (Hines and Carnevale, 1997).

The model included membrane capacitance and resistance as well as the

active conductances sodium (Na), delayed rectifier potassium (KDR), and

A-type potassium (KA). Passive properties were constrained by electrophysio-

logical recording of voltage attenuation from the soma to dendrite in the recon-

structed neuron (Golding et al., 2001), and the active conductances Na and

KDR were uniformly distributed. KA in the primary apical dendrite was distrib-

uted based on experimental data (Hoffman et al., 1997), and KA in oblique

dendrites was uniformly distributed with the value at the point of connection

with the primary apical dendrite. The model will be made available on the

authors’ website (http://www.northwestern.edu/dendrite).

Fast excitatory synaptic conductances were modeled as a difference of

exponentials with a rise time constant of 0.2 ms, decay time constant

5.0 ms, and reversal potential of 0 mV. Dendritic spikes were defined as

a voltage exceeding a threshold of �35 mV.

For the simulations in Figure 3 involving the two-stage integration model,

synapses were randomly drawn from a distribution starting at 5 synapses/

mm from the branch origin through the first third of each branch and then drop-

ping to 3.3 synapses/mm until the branch end. Synaptic weights were deter-

mined as follows: We randomly drew from the probability distributions in

Figure 2B to determine the PSD area as a function of the location of the

synapse. For the two-stage integration model, if the selected synapse was

on the proximal third of the branch, we drew from the measured distribution

for dendritic segments near branch origins; if it was on the distal third of the

branch, we drew from the measured distribution for dendritic segments near

branch ends; and if it was on the middle third of the branch, we drew from

the measured distribution for dendritic segments near branch centers. Once

we determined the PSD area, we chose the corresponding particle number

from Figure 2F. The synaptic weight was the particle number times
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0.025 nS, which led to values for unitary synaptic conductance between 0.07

and 0.99 nS. For the global integration model, synapses on each branch were

distributed uniformly at a density chosen to match the number of synapses per

branch in the two-stage integration model. Synaptic conductance increased

approximately linearly from 0.21 to 0.33 nS along each branch, leading to

a similar amount of somatic depolarization for inputs at all branch locations.

Total synaptic conductance was kept the same in bothmodels in order to facil-

itate direct comparison.

SUPPLEMENTAL DATA

Supplemental Data include two figures and six movies and can be found

with this article online at http://www.cell.com/neuron/supplemental/S0896-

6273(09)00510-8.
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