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Geometry and the organizational principle of spine synapses 48 

along a dendrite  49 

Abstract  50 

Precise information on synapse organization in a dendrite is crucial to understanding 51 

the mechanisms underlying voltage integration and the variability in the strength of synaptic 52 

inputs across dendrites of different complex morphologies. Here, we used focused ion 53 

beam/scanning electron microscope (FIB/SEM) to image the dendritic spines of mice in the 54 

hippocampal CA1 region, CA3 region, somatosensory cortex, striatum, and cerebellum (CB). 55 

Our results show that the spine geometry and dimensions differ across neuronal cell types. 56 

Despite this difference, dendritic spines were organized in an orchestrated manner such that 57 

the postsynaptic density (PSD) area per unit length of dendrite scaled positively with the 58 

dendritic diameter in CA1 proximal stratum radiatum (PSR), cortex and CB. The ratio of the 59 

PSD area to neck length was kept relatively uniform across dendrites of different diameters 60 

in CA1 PSR. Computer simulation suggests that a similar level of synaptic strength across 61 

different dendrites in CA1 PSR enables the effective transfer of synaptic inputs from the 62 

dendrites towards soma. Excitatory postsynaptic potentials (EPSPs), evoked at single spines 63 

by glutamate uncaging and recorded at the soma, show that the neck length is more 64 

influential than head width in regulating the EPSP magnitude at the soma. Our study 65 

describes thorough morphological features and the organizational principles of dendritic 66 

spines in different brain regions. 67 
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Keywords: Dendritic spine, Electron microscopy, FIB/SEM, Glutamate uncaging, 69 

Postsynaptic density, Simulation 70 



 

 
 

 71 

Significance statement  72 

Little is known about the characteristic anatomical features underlying the 73 

organization of spine synapses in a dendrite. This study used volume electron microscopy to 74 

make an extensive characterization of dendritic spine synapses in multiple regions of the 75 

mouse brain to uncover the principles underlying their placement along a dendritic shaft. By 76 

using a combination of approaches such as two-photon imaging, glutamate uncaging, 77 

electrophysiology, and computer simulation, we reveal the functional importance of regulated 78 

spine placement along a dendritic trunk. Our research presents a crucial step in 79 

understanding the synaptic computational principle in dendrites by highlighting the 80 

generalizable features of dendritic spine organization in a neuron.  81 
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Introduction  93 

Neurons communicate with each other via synapses. In multiple brain regions, 94 

synaptic communications occur through tiny dendritic protrusions called dendritic spines 95 

(Parajuli et al., 2017). Evidence suggests that the placement of synapses in a dendrite 96 

occurs in a regulated manner (Jones and Powell, 1969; Magee and Cook, 2000; Konur et al., 97 

2003, Katz et al., 2009; Menon et al., 2013; Walker et al., 2017). The plastic nature of 98 

dendritic spines (Matsuzaki et al., 2004) and their ability to cross-talk with each other (Royer 99 

and Paré, 2003; Oh et al., 2015) hint at the possibility that dendritic spines are organized to 100 

maintain a set of optimal rules.  101 

Neurons from different brain regions are distinct in terms of the gross anatomical 102 

features. In addition, a single neuron shows considerable variability in the size and shape of 103 

dendritic arbors (Harris and Spacek, 2016; Parajuli et al., 2020a), thereby creating variation 104 

in the electrical properties among different dendritic compartments. Thus, defining the spatial 105 

organizational principle of synapses in a dendrite is key to understanding how the 106 

mechanism of voltage integration differs along the somatodendritic arbor in diverse neurites. 107 

Furthermore, there has recently been an enormous surge of interest in mapping each of the 108 

neuronal connections in the brain (Bock et al., 2011; Kasthuri et al., 2015; Markram et al., 109 

2015). However, even with the latest automated large-scale electron microscopic (EM) 110 

techniques, it is impractical to achieve comprehensive sorting of individual neuron-to-neuron 111 

connections. Thus, in recent years investigators feel the urge to minimize the effort and cost 112 

involved in connectomics studies by studying a handful of brain regions and extracting some 113 

common organizational principles for neuronal connections in those regions. Decoding 114 

principles of synapse placement in a handful of brain regions might eventually aid in 115 

formulating a set of algorithms that apply to most brain nuclei.  116 



 

 
 

Studies in the past have used conventional transmission electron microscopy (TEM) 117 

to make both qualitative and quantitative descriptions of dendritic spines (Wilson et al., 1983; 118 

Harris and Stevens,1988,1989; Harris et al., 1992; Schikorski and Stevens, 1997). Several 119 

past studies are limited to single section observations. Even with the approach of serial 120 

sectioning, imaging volume is often small because the manual collection and image 121 

acquisition of hundreds of thin sections is technically demanding. Most of the previous 122 

studies did not attempt to study spines in relation to their parent dendrites. A survey of the 123 

spine position along the dendritic arbor can reveal how synaptic conductance scales up to 124 

counterbalance the effect of passive membrane properties in dendrites (Rall, 1962; Katz et 125 

al., 2009). Furthermore, no studies have yet been undertaken to compare and contrast the 126 

synapse structure between different brain regions and decipher which principles are 127 

universal and which aspects are intrinsic to a given brain region. It is not directly possible to 128 

compare the findings from different studies as there are inconsistencies in the results due to 129 

differences in the genetic background of animal models, sample preparation, and analysis 130 

methods.  131 

Since synaptic junctions are too small to be resolved by light microscopy (Okabe, 132 

2020), here we used focused ion beam/scanning electron microscope (FIB/SEM) to perform 133 

automatic imaging of neuropils from multiple brain regions that exhibit numerous dendritic 134 

spines. By large volume reconstruction at the synaptic level resolution, we construct a 135 

quantitative description of the morphological features of dendritic shafts, dendritic spines, 136 

and their presynaptic connectivity pattern, and reveal the principle defining dendritic spine 137 

organization in a dendrite. Using two-photon glutamate uncaging and electrophysiological 138 

recording, we show that the spine neck length is more influential than head width in 139 

regulating the magnitude of excitatory postsynaptic potentials (EPSPs) at the soma. In 140 

summary, we report the organizational principle of dendritic spine synapses in their parent 141 

dendrites across multiple brain regions. 142 
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Materials and Methods 147 

Electron microscopy 148 

Animals 149 

A total of four C57BL/6 male mice at 12 weeks of age were used for this study. All 150 

the animals were raised in a standard light-dark cycle and had free access to food and water. 151 

The animal handling protocol was approved by the animal care and use committee of the 152 

authors' institutions. Mouse housing and euthanization strictly adhered to the guidelines 153 

provided by the government and the university. Efforts were made to reduce the pain and 154 

suffering of the animals used in the experiment.   155 

 156 

Tissue preparation for FIB/SEM analysis  157 

Sample preparation for FIB/SEM was performed as described previously (Takahashi-158 

Nakazato et al., 2019). Mice were anesthetized by intraperitoneal injection of somnopentyl 159 

(10 ml/kg body weight) and transcardially perfused with 20 ml of Ringer`s solution, followed 160 

by 70 ml of 2% paraformaldehyde and 2.5% glutaraldehyde made up in 0.1 M cacodylate 161 

buffer (pH 7.4). The brains were quickly removed and postfixed for 1 h at room temperature 162 

in 4% paraformaldehyde solution. After several washes in cacodylate buffer, 100 m thick 163 

sections were cut in ice-cold 0.1 M phosphate buffer (pH 7.4, PB) using a vibratome (Leica 164 

VT 1000S). Sections were washed in cacodylate buffer containing 2 mM calcium chloride. 165 

Sections were then incubated in a freshly prepared solution containing 3% potassium 166 

ferrocyanide (made up in 0.2 M cacodylate buffer and supplemented with 4 mM calcium 167 

chloride) combined with an equal volume of 4% aqueous osmium tetroxide. Sections were 168 



 

 
 

then washed in Milli-Q water (Millipore) and incubated at room temperature for 20 min in the 169 

thiocarbohydrazide solution. The solution was prepared by incubating 0.1 g of 170 

thiocarbohydrazide in 10 ml ddH2O in a 60°C oven for 1 h. The sections were then placed in 171 

a 2% aqueous osmium tetroxide solution for 30 min, washed briefly, and incubated overnight 172 

in 1% uranyl acetate. The sections were further stained with filtered Walton`s lead aspartate 173 

solution in a 60°C oven for 75 min and then dehydrated in ascending series of ethanol. 174 

Slices were placed in propylene oxide solution, gradually equilibrated with Durcupan resin, 175 

flat embedded, and placed in a 60°C oven for 48 h for resin curing and polymerization.  176 

 177 

FIB/SEM imaging 178 

Resin blocks containing the section of interest were mounted on metal stubs. The 179 

block was trimmed with a diamond knife to expose the resin tissue interface to the surface. 180 

We prevent specimen charging by painting the stub with graphene at block sides, and 181 

coating with a 5-7 nm-thick carbon layer over block faces using a BAF060 freeze-fracture 182 

replica machine (Leica). Aluminum stubs containing the specimen were placed in the 183 

FIB/SEM stage (FEI), and images were acquired at an acceleration voltage of 1.4 kV, dwell 184 

time: 5 s and z-step: 40 nm. Images were taken at 17500× magnification, covering a 185 

horizontal field width of 11.84 m at a resolution of 3072 × 2048 pixels. Automated 186 

acquisition of 200-450 serial images was performed by the sequential repetition of sample 187 

milling and imaging using Auto Slice and View G3 software (FEI). 188 

FIB/SEM images were acquired from the proximal stratum radiatum (PSR) and 189 

stratum lacunosum-moleculare (SLM) of hippocampal CA1, PSR of hippocampal CA3, layer 190 

1 of the somatosensory cortex, striatum and molecular layer of the cerebellum (CB). 191 

 192 

Three-Dimensional reconstruction and quantitative analysis of neuropil from 193 

FIB/SEM images 194 



 

 
 

Images were first aligned with the aid of Fiji software (Schindelin et al., 2012) and 195 

then loaded onto Reconstruct software (Fiala, 2005) for manual segmentation of the 196 

neuronal profiles of interest. Volume reconstruction and measurement of the profile 197 

dimensions were performed using Reconstruct. Only a complete spine whose head and 198 

neck were contained within the imaging volume was analyzed. The spine head volume was 199 

obtained by multiplying the total cross-sectional area of the plasma membrane contours with 200 

the section thickness. Postsynaptic density (PSD) area in a cross-sectioned synapse was 201 

calculated by multiplying section thickness with the summed length of PSD in consecutive 202 

sections. For synapses cut en face, the PSD area was obtained in the single section. 203 

Dendritic length, neck length, and neck diameter were measured in 3D reconstructed images 204 

in reference to the 1 m3 scale cube. The dendritic diameter was obtained by computing the 205 

average length of the line that was drawn across the widest transect of the narrowest 206 

dimension of the ovoid profile. Spine density was obtained by dividing the number of spines 207 

in a dendrite by the length of the reconstructed dendrite. PSD area density (expressed as 208 

the PSD area per unit length of the dendrite) was obtained by dividing the summed PSD 209 

area of all the spines in a dendritic segment by the length of the dendrite. Occasionally, 210 

some spine necks extended beyond the field of view, and this prevented us from measuring 211 

the PSD area in that spine. Thorny excrescence spines in CA3 were only used as an 212 

example to show their vast difference in spine morphology from that of typical spines in other 213 

brain regions. We did not perform any quantification of the synaptic density and neck length 214 

from CA3 thorny excrescence spines. In the CB, quantitative analysis was exclusively 215 

performed from Purkinje cell spines that made synaptic contacts with the parallel fiber 216 

terminals. Climbing fiber–Purkinje cell synapses were rarely observed in our FIB/SEM 217 

images. 218 

 219 

Pre-embedding immunogold labeling 220 



 

 
 

Pre-embedding immunogold labeling was carried out as described in Parajuli et al. 221 

(2020b). We perfused a mouse with 75 ml of fixative containing 4% PFA and 0.05% 222 

glutaraldehyde. Fifty-micrometer cryoprotected sections were freeze-thawed and incubated 223 

in a blocking solution containing 20% normal goat serum in 50 mM Tris-buffered saline. 224 

Sections were incubated for 48 h with 1 g/ml of Inositol 1,4,5-trisphosphate receptor type 1 225 

(IP3R1) antibody (Frontier Institute) and then overnight in 1.4 nm gold conjugated anti-rabbit 226 

secondary antibody (Nanoprobes). Immunoreactivity was visualized by placing sections in 227 

the HQ silver intensification solution (Nanoprobes). Sections were osmicated for 40 min, 228 

followed by incubation in 1% uranyl acetate for 35 min at room temperature. Sections were 229 

dehydrated in graded ethanol series of 50%, 70%, 80%, 90%, and 100% for 10 min each 230 

and incubated for another 10 min in propylene oxide to facilitate resin penetration. Sections 231 

were placed in freshly prepared resin overnight for resin infiltration and placed in a 60°C 232 

oven for 48 h for resin curing. Seventy-nanometer ultrathin sections were cut with a Leica 233 

Ultracut UCT microtome and collected on formvar-coated single-slot grids. After that, they 234 

were counterstained using Reynold`s lead citrate and imaged using a JEM-1010 TEM 235 

(JEOL). Single section images were randomly acquired from the cortex, striatum, and CB, 236 

and the frequency of immunogold positive spine profiles in each brain region was counted. 237 

 238 

Two-photon imaging, glutamate uncaging and electrophysiology  239 

Preparation of hippocampal slices.  240 

Acute coronal hippocampal slices were prepared from C57BL/6 wild type mice, P30 - 241 

43. Mice were anesthetized with isoflurane and decapitated. The brain was removed from 242 

the skull and rapidly placed in an ice-cold cutting solution containing (in mM): 215 sucrose, 243 

20 glucose, 26 NaHCO3, 4 MgCl2, 4 MgSO4, 1.6 NaH2PO4, 1 CaCl2, and 2.5 KCl. Coronal 244 

slices (300 μm thick) were prepared using a VT1000S vibrating microtome (Leica). Slices 245 

were incubated at 32°C for 30 minutes in a holding chamber containing 50% cutting solution 246 



 

 
 

and 50% artificial cerebrospinal fluid (ACSF; in mM: 127 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 247 

2.5 KCl, 25 D-glucose, 2 CaCl2, and 1 MgCl2). After 30 min, this solution was replaced with 248 

ACSF at room temperature. Slices were allowed to recover for more than 1 h in ACSF 249 

before imaging and recording. All solutions were equilibrated for at least 30 min with 250 

95%O2/5%CO2. Organotypic hippocampal slice cultures were prepared from postnatal day 3 251 

(P3) mice, following the guidelines set by the institutional animal care and use committee at 252 

the authors` institution. 253 

Two-photon imaging, uncaging and electrophysiology  254 

CA1 pyramidal neurons were imaged using a two-photon microscope (Prairie 255 

Technologies, Inc) with a pulsed Ti:sapphire laser (MaiTai HP DeepSee, Spectra-Physics) 256 

tuned to 920 nm (3-4 mW at the sample) in recirculating ACSF aerated with 95%O2/5%CO2 257 

containing (in mM): 0.001 TTX, and 2.3-2.5 MNI-caged-glutamate. For each neuron, image 258 

stacks (512 × 512 pixels; 0.035 μm / pixel) with 1 μm z-steps were collected from several 259 

secondary or tertiary apical and/or basal dendrites (average of three dendrites per cell) 260 

located 40-80 μm from the soma. All images shown are maximum projections of 3D image 261 

stacks after applying a median filter (2 × 2) to the raw image data. Uncaging of MNI-262 

glutamate was achieved as described (Oh et al., 2016). In brief, whole-cell recordings 263 

(electrode resistance 6-8 MΩ; series resistance 20-40 MΩ) were performed at 30°C on 264 

visually identified CA1 pyramidal neurons using a MultiClamp 700B amplifier (Molecular 265 

Devices). In order to record uncaging-evoked excitatory postsynaptic currents (uEPSCs), 266 

CA1 pyramidal neurons of acute hippocampal slices at depths of 20-40 μm were patched in 267 

voltage-clamp configuration (Vhold = -65 mV for AMPA receptor-mediated uEPSCs) using 268 

cesium-based internal solution (in mM: 135 Cs-methanesulfonate, 10 HEPES, 10 Na2-269 

phosphocreatine, 4 MgCl2, 4 Na2-ATP, 0.4 Na-GTP, 3 Na L-ascorbate, 0.2 Alexa 488; ~300 270 

mOsm, ~pH 7.25) in ACSF. Uncaging-evoked excitatory postsynaptic potentials (uEPSPs) 271 

were measured from 28 days in vitro (DIV) CA1 pyramidal neurons of organotypic slice 272 

cultures in current-clamp configuration (I = 0) using potassium-based internal solution (in 273 



 

 
 

mM: 136 K-gluconate, 10 HEPES, 17.5 KCl, 9 NaCl, 1 MgCl2, 4 Na2-ATP, 0.4 Na-GTP; 274 ∼300 mOsm, ∼pH 7.26) at 30°C in ACSF containing 2 mM Ca2+ and 1 mM Mg2+. uEPSPs 275 

were recorded from individual spines with different neck lengths and head sizes. uEPSC or 276 

uEPSP amplitudes from several spines (average of four spines per dendrite) that were well 277 

isolated from each other on a single dendritic segment were quantified as the average (5-10 278 

test pulses of 2 ms duration at 0.1 Hz) from a 2 ms window centered on the maximum 279 

current amplitude after uncaging pulse delivery. Laser pulses were delivered by parking the 280 

beam at a point ∼0.5 μm from the center of the spine head with a pulsed Ti:sapphire laser 281 

(MaiTai HP, Spectra-Physics) tuned to 720 nm (17-20 mW at the sample).  282 

 283 

 Quantification of fluorescence intensities of dendritic spines 284 

Integrated green fluorescence intensities were measured from background-285 

subtracted green fluorescence (Alexa 488 in internal solution) using the integrated pixel 286 

intensity of a boxed region surrounding the spine head. The estimated spine size was 287 

calculated by normalizing the fluorescence intensities for each spine on a single dendritic 288 

segment to the mean fluorescence intensities measured from four regions of interest (ROIs) 289 

on the dendritic shaft. Spine length/spine width ratio was obtained by dividing the spine 290 

length (measured from the tip of the spine head to the base of the spine neck) by the spine 291 

head width at its widest transect (Woods et al., 2011). For spines that show no discernible 292 

necks, we set a minimum length of 0.2 m, as previously described (Araya et al., 2006b, 293 

2014).  294 

 295 

Computer simulation study 296 

Two-layer model neuron 297 

We developed a two-layer model neuron that consists of 20 branches (Nbranch = 20) 298 

with each branch having 250 synapses (Nsyn = 250). If each synapse i at the branch j follows 299 



 

 
 

an input sequence {ti,j,1, ti,j,2, …, ti,j,k}, the total synaptic input to the branch Ij(t) can be 300 

described by: 301 

(ݐ)௝ܫ =   ෍ ෍ ௜ܹ,௝ߜ൫ݐ − ௜,௝,௞൯௞ேೞ೤೙௜ݐ , 
Where Wi,j is the synaptic weight, and δ(t) is the Dirac’s delta function. Here, the input 302 

sequence {ti,j,1, ti,j,2, …, ti,j,k} obeys a Poisson process with the input frequency ranging from 303 

0.5 Hz to 10 Hz. The synaptic weight Wi,j was sampled from the lognormal distribution: 304 

ௐܲ(ܺ) = ௘ܺߪߨ2√1 expቆ− (logܺ − ௘ଶߪ௘)ଶ2ߤ ቇ,  
where μe and σe respectively represent the location and shape parameters of the probability 305 

distribution. Dendritic membrane potential Vj depolarized by the summed synaptic input Ij (t) 306 

results in the occurrence of dendritic spikes as: 307 

݀ ௝ܸ݀ݐ = − ( ௝ܸ − ௥ܸ௘௦௧)߬ௗ௘௡ௗ +  ,(ݐ)௝ܫ
if ௝ܸ > ܸ then , ߠ → ௥ܸ௘௦௘௧,ௗ௘௡ௗ, 308 

where Vrest represents the resting membrane potential, Vreset,dend represents the dendritic 309 

reset potential,  dend represents the dendritic membrane time constant, and   represents the 310 

spiking threshold. In our simulation, we set Vrest and Vreset,dend to −75 mV,  dend to 10 ms, and 311 

  to −40 mV. A relative refractory period of 20 ms was imposed on the dendritic spikes that 312 

occur in the model dendritic branches.  313 

 Dendritic spike mediated depolarization of somatic membrane potential Vm and firing 314 

of a somatic spike is expressed as: 315 

݀ ௠ܸ݀ݐ = − ( ௠ܸ − ௥ܸ௘௦௧)߬௦௢௠௔ + ෍ ෍ ݐ൫ߜܹ − ௜,௝ௗ௘௡ௗ൯௝ே್ೝೌ೙೎೓௜ݐ , 
if ௠ܸ > then ௠ܸ , ߠ → ௥ܸ௘௦௘௧,௦௢௠௔, 316 



 

 
 

where {ti,1dend , ti,2dend ,…, ti,jdend} is the dendritic spike sequence from the branch i, W is the 317 

weight (the level of synaptic depolarization by a dendritic spike), Vreset,soma is the somatic 318 

reset potential, and soma is the somatic membrane time constant. We set W to 20 mV,  soma 319 

to 20 ms, and Vrest,soma to −80 mV. The model soma had a relative refractory period of 20 ms. 320 

 soma and   dend were determined based on a previous study (Routh et al., 2009). The output 321 

somatic spike sequences {t1,soma , t2,soma, …, ti,soma} were subjected to further analysis.  322 

 323 

 324 

 325 

Mutual information 326 

First, we targeted the input sequence to the strongest synapse, imax, at each branch, 327 

j, {timax,j,1, timax,j,2, …, timax,j,k }. The input sequence was binned to 5 ms intervals and binarized 328 

(Synaptic input (SI) = 0 for the absence of synaptic input; SI = 1, for the occurrence for input). 329 

Information transfer by the occurrence of dendritic spikes {ti,1dend, ti,2dend ,…, ti,jdend} within the 330 

same time bins (Dendritic spike (DS) = 0 for the absence of dendritic spike; DS = 1 for the 331 

occurrence of dendritic spike) were quantified using mutual information (MI) : 332 

MI(DS; SI) = ෍ ෍ ,ܵܦ)݌ (ܫܵ log ,ܵܦ)݌ ௌூ∈{଴,ଵ}஽ௌ∈{଴,ଵ}(ܫܵ)݌(ܵܦ)݌(ܫܵ  

We also measured the MI between the strongest synaptic input sequence and 333 

somatic spike sequence, i.e., MI (SS; SI), where SS represents the occurrence of somatic 334 

spikes within the same time bins (Somatic spike (SS) = 0 for the absence of somatic spike; 335 

SS = 1 for the occurrence of somatic spike).  336 

 337 

Code Accessibility 338 



 

 
 

Computer simulation was carried out using MATLAB (R2019a, MathWorks Inc.). The 339 

MATLAB code that we have generated in this study is freely available online at the public 340 

repository GitHub (https://github.com/urakubo/Parajuli). 341 

 342 

Statistics 343 

Statistical tests were performed using IBM SPSS statistics software (IBM, version 24). 344 

The normality of the data sets was examined by Shapiro–Wilk test. Student`s t-test 345 

compared statistical significance between two populations for parametric data sets and 346 

Mann–Whitney U test for data that are distributed in a non-parametric manner. Either one-347 

way ANOVA or the Kruskal–Wallis test was used to examine statistical significance between 348 

three or more groups. The correlation was analyzed by Pearson’s correlation or Spearman’s 349 

rank order test, as appropriate. Unless otherwise mentioned, data are expressed as mean ± 350 

standard deviation (SD). The number of profiles analyzed for statistical analysis is provided 351 

in the table. Statistical significance was set at p = 0.05. Single, double and triple asterisks in 352 

the figures and tables denote p-values less than 0.05, 0.01, and 0.001, respectively. Where 353 

appropriate, the correlation coefficient and the statistical significance values in the graphs 354 

are denoted by r and p, respectively. 355 

356 



 

 
 

RESULTS 357 

Ultrastructure of dendritic spines in multiple brain regions 358 

High quality, well-preserved morphology is a prerequisite for ultrastructural studies. In 359 

our sample, we could visualize plasma membranes, synaptic contacts, and PSDs at a fine 360 

level of detail and could resolve the fine morphology of organelles such as mitochondria and 361 

endoplasmic reticulum (ER) (Fig. 1A, B). The high-quality images aided unequivocal 362 

segmentation of membrane contours. We reconstructed 5-25 m long dendrites (C-H) by 363 

manual segmentation of 150-450 consecutive FIB/SEM images. A total of 86 dendrites and 364 

2078 spines were reconstructed from six different brain regions (CA1 PSR, CA1 SLM, CA3 365 

PSR, layer 1 of the somatosensory cortex, dorsolateral striatum and the molecular layer of 366 

CB). The imaging volume in CA1 PSR and CB were located at a distance of ~ 100 m from 367 

the edge of the CA1 pyramidal cell layer and Purkinje cell layer, respectively.  368 

 Spines of various morphologies were seen protruding from the same parent dendrite. 369 

Typically, spines had a narrow neck and bulbous head. However, such a feature was not 370 

always apparent, and in some spines, the segregation of head and neck relied upon the 371 

subjective judgment of the annotator. Thorny excrescence spines in CA3 (Fig. 1R) were 372 

distinct from the spines in other brain regions as they were unusually large and contained 373 

several mitochondria in the spine head. Several spines in CB (Fig. 1Q) had a ladle-shaped 374 

morphology such that the spine head was tilted roughly at an angle of 60° relative to the 375 

spine neck. However, in CA1 PSR, CA1 SLM, cortex, and striatum, both the spine head and 376 

spine neck often resided in the same plane (Fig. 1I-P). Almost all the spiny protrusions 377 

displayed synaptic contacts with their presynaptic partners (Table 1). In the case of CA1 378 

PSR, CA1 SLM, cortex, and striatum, the synaptic contact was mostly located at the tip of 379 

the spine head (Fig. 1I-P), but it could reside in any part of the spine head in CB (Fig. 1Q). 380 

PSD in CB was always of macular type, whereas in CA1 SLM, half of the spines had 381 

perforated PSD. Less than 10% of the spines in other brain regions had perforated PSD 382 



 

 
 

(Table 1). While the spine necks in CA1, cortex, and CB appeared to be cylindrical with 383 

roughly similar diameter throughout the length of the dendrite, striatal spine necks 384 

occasionally displayed widening roughly at the midway (Fig. 1N). Approximately 10% of the 385 

spines were branched in CA1 PSR, cortex, striatum, and CB (Table 1). Sometimes filopodia-386 

like protrusions also branched out from the necks of spines (Fig. 1M). Interestingly, we did 387 

not encounter any branched spines in CA1 SLM. The proportion surface area occupied by 388 

the dendritic shaft, spine head, PSD, and spine neck also varied depending on the brain 389 

regions (Fig. 1S).  390 

Next, we analyzed if each brain region contained spines of distinct dimensions (Fig. 391 

2A- C). The mean values for the head volume, neck length, and neck diameter in each brain 392 

region are shown in Table 2. The average spine head volumes (in μm3) were 0.05 ± 0.045 in 393 

CA1 PSR, 0.12 ± 0.086 in CA1 SLM, 0.08 ± 0.101 in cortex, 0.07 ± 0.109 in striatum and 394 

0.13 ± 0.035 in CB. The distribution of head volume was not significantly different between 395 

the spines in CA1 PSR and striatum (p = 1.00, Kruskal–Wallis test with Bonferroni 396 

correction). However, except for this pair, statistical significance could be detected when 397 

spine head volume was compared between any of the two regions studied here (p-values 398 

between CA1 PSR and CA1 SLM < 0.001, CA1 PSR and cortex < 0.01, CA1 PSR and CB < 399 

0.001, CA1 SLM and cortex < 0.001, CA1 SLM and striatum < 0.001, CA1 SLM and CB = 400 

0.03, cortex and striatum = 0.01, cortex and CB < 0.001, striatum and CB < 0.001, Kruskal–401 

Wallis test with Bonferroni correction). Despite the significant differences in the spine head 402 

volume, spines from different regions of the brain were not readily distinguishable from each 403 

other because of the significant overlap in their head dimensions (Fig. 2A). There was a 124 404 

to 204-fold difference in the head volume dimensions between the smallest and the largest 405 

spines in CA1 PSR, cortex, and striatum. Relatively smaller variation was observed in CA1 406 

SLM (35-fold) and CB (11-fold).  407 

Spine neck dimensions also differed among brain areas (Fig. 2B). Despite the 408 

significant differences in the distribution of spine head volume, statistical significance was 409 



 

 
 

not revealed in the distribution of neck lengths between the spines in CA1 PSR and CA1 410 

SLM, and between the spines in cortex and striatum (average neck lengths (in m) in CA1 411 

PSR = 0.46 ± 0.246, CA1 SLM = 0.49 ± 0.289, cortex = 1.09 ± 0.561, striatum = 1.12 ± 412 

0.556, CB = 0.74 ± 0.300; p-values between CA1 PSR and CA1 SLM = 1.00, cortex and 413 

striatum = 1.00, Kruskal–Wallis test with Bonferroni correction). Except for these pairs, all 414 

other brain regions showed statistical significance in the distribution of spine neck length (p-415 

values between CA1 PSR and cortex < 0.001, CA1 PSR and striatum < 0.001, CA1 PSR 416 

and CB < 0.001, CA1 SLM and cortex < 0.001, CA1 SLM and striatum < 0.001, CA1 SLM 417 

and CB < 0.001, cortex and CB < 0.001, striatum and CB < 0.001; Kruskal–Wallis test with 418 

Bonferroni correction). Similar to the large variability observed in the head volume, the ratio 419 

of neck lengths of the longest to the shortest necks also varied by several fold (fold 420 

differences: CA1 PSR = 38, CA1 SLM = 15, cortex = 20, striatum = 106, CB = 27; Table 2).  421 

Next, we tested if the brain regions with longer spine necks also showed the 422 

tendency to have spines with wide necks. However, we found that the spine neck length is a 423 

poor predictor of the spine neck diameter (Fig. 2C, Table 2). In particular, spines in cortex 424 

and striatum had longer necks than the spines in other brain regions. However, cortex and 425 

striatum neither had the widest, nor the narrowest, neck diameter (average neck diameter (in 426 

m) in CA1 PSR = 0.20 ± 0.087, CA1 SLM = 0.25 ± 0.127, cortex = 0.23 ± 0.121, striatum = 427 

0.26 ± 0.104, CB = 0.27 ± 0.054). Cortical and striatal spines had significantly thicker necks 428 

than the spines in CA1 PSR and significantly thinner necks than the spines in CB (p-values 429 

between CA1 PSR and cortex < 0.01, CA1 PSR and striatum < 0.001, cortex and CB < 430 

0.001, striatum and CB < 0.001, Kruskal–Wallis test with Bonferroni correction). Spine neck 431 

diameter in CA1 PSR was significantly smaller than in the CB (p-value between CA1 PSR 432 

and CB < 0.001, Kruskal–Wallis test with Bonferroni correction). The distribution of spine 433 

neck diameter in cortex and striatum was not significantly different from the spines in CA1 434 

SLM (p-values between CA1 SLM and cortex = 1.00, CA1 SLM and striatum = 1.00, 435 

Kruskal–Wallis test with Bonferroni correction). In contrast, CA1 SLM spines had significantly 436 



 

 
 

wider necks compared to CA1 PSR and significantly narrower neck compared to CB (p-437 

values between CA1 SLM and CA1 PSR < 0.01, CA1 SLM and CB < 0.001, Kruskal–Wallis 438 

test with Bonferroni correction). Interestingly, despite the similarity in the neck lengths, a 439 

significant difference in neck diameter was observed between the spines in cortex and 440 

striatum (p-value between cortex and striatum < 0.01, Kruskal–Wallis test with Bonferroni 441 

correction). 442 

The magnitude of EPSPs at the soma, generated by the activation of a dendritic 443 

spine, is critically influenced by the dimensions of the spine head volume and the neck 444 

length (Matsuzaki et al., 2001; Araya et al., 2006b, 2014). The spine head volume is 445 

positively correlated with the PSD area (CA1 PSR, r = 0.80, p < 0.001; CA1 SLM, r = 0.89, p 446 

< 0.001; cortex, r = 0.86, p < 0.001; striatum, r = 0.80, p < 0.001; CB, r = 0.42, p < 0.001; 447 

Spearman’s rank order test; Fig. 2-1A-E) and, in turn, the PSD area positively correlates with 448 

the AMPA receptor content (Nusser et al., 1998). This suggests that the size of the spine 449 

head is an important parameter that determines the magnitude of synaptic strength. Indeed, 450 

using two-photon microscopy, glutamate uncaging and electrophysiological recordings in 451 

hippocampal CA1 pyramidal neurons, we revealed that the magnitude of uEPSC recorded at 452 

the soma is positively correlated with the head volume of the activated spines (Fig. 2-2). In 453 

contrast to the role of spine head in somatic membrane depolarization, spine necks 454 

attenuate membrane potentials (Araya et al., 2006b, 2014; also Fig. 4 and Fig. 4-1 in this 455 

study). Thus, larger spine heads (i.e., larger PSD areas) and shorter spine necks generate 456 

stronger membrane depolarization at the soma than the spines with smaller heads and 457 

longer necks. Simply put, the synaptic strength of a spine can be expressed by the ratio of 458 

the spine head volume (or the PSD area) to the spine neck length. Interestingly, despite the 459 

large differences in the average head volume and the average neck length of spines 460 

between CA1 PSR and CB, we found that the ratio of PSD area to neck length was similar 461 

between these two regions (CA1 PSR: 0.19 ± 0.193, CB: 0.17 ± 0.130; p = 1.00, Kruskal–462 

Wallis test with Bonferroni correction, Fig. 2D). However, the spines in other brain regions 463 



 

 
 

were significantly different in terms of the ratio of the PSD area to the neck length (CA1 464 

SLM: 0.32 ± 0.323, cortex: 0.13 ± 0.169, striatum: 0.11 ± 0.204; p-values between CA1 PSR 465 

and CA1 SLM < 0.01, CA1 PSR and cortex < 0.001, CA1 PSR and striatum < 0.001, CA1 466 

SLM and cortex < 0.001, CA1 SLM and striatum < 0.001, CA1 SLM and CB = 0.01, cortex 467 

and striatum < 0.01, cortex and CB < 0.001, striatum and CB < 0.001; Kruskal–Wallis test 468 

with Bonferroni correction, Fig. 2D). Head volume and neck length are likely to be 469 

independently regulated as either no correlation or only a weak, but statistically significant, 470 

correlation was observed between these two parameters (CA1 PSR: r = 0.02, p = 0.63; CA1 471 

SLM: r = -0.11, p = 0.38; cortex: r = -0.12, p = 0.08; striatum: r = -0.27, p < 0.001; CB: r = -472 

0.15, p < 0.001; Spearman’s rank order test; Fig. 2-1F-J). 473 

After having obtained the precise measurement of the spine head volume, spine 474 

neck length, and spine neck diameter, we asked if the combination of these structural 475 

features of spines would enable us to identify the brain region where the spines were 476 

sampled. The average neck length, average PSD area, and average neck diameter of 477 

spines was obtained from each dendrite and plotted in x, y, and z-axes. Since it is not 478 

possible to segregate individual spines from different brain regions due to large variability in 479 

their dimensions (Fig. 2A, B, C), we wondered whether averaging the dimensions of spines 480 

in each dendrite would make it possible to identify the region that a dendrite is sampled from. 481 

However, a three-dimensional scatter plot revealed that the dendrites from different brain 482 

regions show a considerable overlap in the average spine dimensions (Fig. 2E). We 483 

conclude that based on the combination of average neck length, average PSD area, and 484 

average neck diameter, it is not possible to unequivocally identify the sampled brain region.  485 

The relative abundance of dendritic spines differs between the brain regions (Fig. 2F). 486 

We calculated the density of spines in individual dendrites by dividing the total number of 487 

spines by the length of the dendrite. The Purkinje cell dendrites had the highest density of 488 

spines, followed by the dendrites in CA1 PSR and striatum (spine density (spines/ m) in CB 489 

= 7.10 ± 1.693, CA1 PSR = 3.04 ± 0.825, striatum = 1.94 ± 0.621). Dendritic spines were 490 



 

 
 

sparse in the dendrites of CA1 SLM and cortex (spine density (spines/ m) in CA1 SLM = 491 

0.75 ± 0.360, cortex = 1.14 ± 0.723) and the spine density was not significantly different 492 

between these two regions (p = 0.45, one-way ANOVA). However, except for this pair, the 493 

difference in spine density was statistically significant between any of the two regions 494 

studied here (p-values between CA1 PSR and CA1 SLM < 0.001, CA1 PSR and cortex < 495 

0.001, CA1 PSR and striatum < 0.01, CA1 PSR and CB < 0.001, CA1 SLM and striatum < 496 

0.001, CA1 SLM and CB < 0.001, cortex and striatum <0.01, cortex and CB < 0.001, 497 

striatum and CB < 0.001, one-way ANOVA). 498 

Our data thus far revealed that the dimensions of spines and their relative abundance 499 

differ according to the brain regions. Next, we calculated the average PSD area unit dendritic 500 

length and the average neck length unit dendritic length in each brain region (Table 3). 501 

These values are influenced by both the intrinsic structural properties of spines (PSD size or 502 

neck length) and the spine density. We observed that the average PSD area unit dendritic 503 

length is highest in the CB, followed by that in the CA1 PSR, striatum, cortex, and CA1 SLM 504 

(CA1 PSR: 0.18 ± 0.055, CA1 SLM: 0.08 ± 0.031, cortex: 0.11 ± 0.046, striatum: 0.15 ± 505 

0.057, CB: 0.77 ± 0.221). Similarly, the average neck length unit dendritic length is highest in 506 

the CB, followed by that in the striatum, CA1 PSR, cortex, and CA1 SLM (CA1 PSR: 1.35 ± 507 

0.442, CA1 SLM: 0.37 ± 0.268, cortex: 1.25 ± 1.205, striatum: 2.16 ± 0.906, CB: 5.29 ± 508 

1.539). Furthermore, the ratio of the summed PSD area to the summed neck length 509 

averaged from each dendrite was also similar between CA1 PSR and CB (Table 3). 510 

 511 

Organizational principle of dendritic spines along the dendrites in different 512 

brain regions   513 

It is of great interest to reveal how the excitatory synaptic inputs are organized along 514 

a dendritic arbor. Dendrites actively integrate synaptic weights and serve as an independent 515 

computational unit (Stuart and Spruston, 2015). Dendrites are roughly cylindrical structures 516 



 

 
 

whose diameter progressively decreases towards the distal tips (Hillman, 1979; Larkman et 517 

al., 1992). Small-diameter dendrites have high input resistance, and consequently, a small 518 

number of inputs are sufficient to evoke dendritic action potentials. In contrast, in the case of 519 

large-diameter dendrites, a large number of inputs are necessary to achieve the membrane 520 

depolarization high enough to reach the threshold for dendritic action potential initiation. We 521 

selected PSD area density (summation of multiple PSD areas along a dendrite divided by 522 

the dendritic length) as a measure of synaptic strength, instead of spine density. This 523 

selection of the PSD-based parameter is supported by the notion that the PSD area 524 

correlates with the functional synaptic strength (Nusser et al., 1998; Matsuzaki et al., 2001). 525 

Spine density measurement assigns equal synaptic weights to each spine irrespective of 526 

their sizes. However, both the PSD area and the spine size are highly variable and mutually 527 

correlated (Fig. 2-1A-E). As such, in comparison to the spine with the small PSD area, it is 528 

more reasonable to assign higher synaptic weights to the spine with the large PSD area. 529 

Thus, in comparison to the spine density, PSD area density is a better estimate of the 530 

synaptic strength of dendrites.  531 

The spiny regions that we have studied differ in terms of microanatomy and cellular 532 

topography. We first limited our analysis of the relationship between dendritic diameter and 533 

PSD area per unit length of dendrite to CA1 PSR and CB. In both regions, somata of the 534 

principal neurons are confined to a specific layer. Therefore, dendrites sampled at the 535 

neuropil ~ 100 m away from the edge of the cell layer can be anticipated to be relatively 536 

homogeneous in terms of their structure and function. However, contrary to our expectations, 537 

dendrites in CA1 PSR could be divided into two distinct populations based on the dendritic 538 

diameter (Fig. 2-3). Dendrites with a diameter of less than 1 m were categorized as one 539 

group and those with a diameter larger than 1.4 m as another group. Since this second 540 

population (dendritic diameter > 1.4 m) is highly likely to be contaminated by the dendrites 541 

of the main apical trunk, which are known to have very few to no spines, we limited our 542 

analysis to the first group (i.e., dendritic diameter < 1 m). This group of dendrites further 543 



 

 
 

demonstrated heterogeneity in the dendritic diameter, which may serve as a putative 544 

indicator of the distance of the dendrites from the dendritic branch points. A positive 545 

correlation was observed between dendritic diameter and total PSD area per unit length of 546 

dendrite in both CA1 PSR and CB (CA1 PSR: r = 0.78, p < 0.001, Pearson’s correlation; CB: 547 

r = 0.76, p < 0.01, Spearman’s rank order test; Fig. 3A). Next, the layered organization of the 548 

cortex prompted us to examine if the statistically significant correlation between dendritic 549 

diameter and total PSD area per unit length of a dendrite, observed in CA1 PSR and CB, 550 

can also be found in the cortex. Although the cell bodies in the neocortex form discrete 551 

layers, the dendrites sampled in layer 1 could belong to cells in any of the underlying layers. 552 

Thus, due to the variation in the cell-type, the dendrites sampled from layer 1 are likely to be 553 

electrically heterogeneous in terms of their distance from the soma. However, despite this 554 

heterogeneity, we found that the PSD area per unit length of dendrite correlates with the 555 

dendritic diameter in the cortex (r = 0.59, p < 0.01, Pearson’s correlation; Fig. 3A). In the 556 

case of the striatum, the cell body is not confined to a specific layer. Therefore, the 557 

relationship between the summed PSD areas and the relative position along dendrites is 558 

difficult to correlate. In other words, a given imaged region of the striatum is highly likely to 559 

contain dendrites that are located at varying distances from their parent soma. In the case of 560 

CA1 SLM, the presence of shaft excitatory synapses in their dendrites makes the calculation 561 

of total anatomical strength ambiguous. It has been previously shown that the inputs in 562 

dendritic shaft summate in a sublinear manner (Araya et al., 2006a), which is different 563 

compared to the linear integration of excitatory inputs on spines. Likely attributable to these 564 

reasons, no correlation between dendritic diameter and PSD area was observed in the 565 

striatum (r = 0.06, p = 0.79, Pearson’s correlation; Fig. 3A) and CA1 SLM (r = 0.26, p = 0.42, 566 

Pearson’s correlation; data not shown). Summation of PSD areas both from the spine head 567 

and dendritic shaft in CA1 SLM also did not result in any significant correlation with the 568 

dendritic diameter (r = 0.44, p = 0.15, Pearson’s correlation). Nevertheless, our data 569 

demonstrate that the dendritic diameter serves as a useful indicator of the PSD content in 570 

CA1 PSR, cortex, and CB. Moreover, the result from striatum and CA1 SLM also argues that 571 



 

 
 

the higher PSD content in large-diameter dendrites is not simply due to the availability of the 572 

larger surface area for synaptic contacts.  573 

Spine neck is another important compartment of a dendritic spine that governs the 574 

magnitude of the synaptic strength. As observed for the total PSD area in a dendrite, the 575 

total neck length also scaled positively with a dendritic diameter in CA1 PSR (CA1 PSR, r = 576 

0.69, p < 0.01, Pearson’s correlation; Fig. 3B). In cortex and CB there was a trend for an 577 

increase in total neck length per unit dendritic length with the dendritic diameter, but the 578 

correlation was not statistically significant (cortex, r = 0.31, p = 0.19; CB, r = 0.48, p = 0.13; 579 

Spearman’s rank order test; Fig. 3B).  580 

Next, we examined if the statistically significant positive correlation in Fig. 3A, B is 581 

due to the higher spine density in large-diameter dendrites. The spine density positively 582 

correlates with the dendritic diameter in CA1 PSR (r = 0.71, p < 0.01, Pearson’s correlation; 583 

Fig. 3-1A). However, although there was a trend towards higher spine density in the large-584 

diameter dendrites in cortex and CB, the data did not reach statistical significance (cortex, r 585 

= 0.43, p = 0.07; CB, r = 0.47, p = 0.14; Spearman’s rank order test; Fig. 3-1B, C). As noted 586 

earlier, the PSD area differs depending on the spine size, and as such, the contribution of 587 

each spine to the total synaptic strength is not equal. As a result, the plot of spine density 588 

versus dendritic diameter and the PSD area density versus dendritic diameter may not 589 

necessarily align with each other. It is reasonable to assume that both the spine density and 590 

the size of PSD contribute to the correlation between PSD area density and the dendritic 591 

diameter in multiple brain regions. The contribution of these two factors is clearly illustrated 592 

in the case of CA1 PSR, where both the spine density (Fig. 3-1A) and the average PSD area 593 

of spines (r = 0.54, p = 0.03, Pearson’s correlation; Fig. 3C) show a significant positive 594 

correlation with dendritic diameter. Additionally, the average neck length is also positively 595 

correlated with the dendritic diameter in CA1 PSR (r = 0.58, p = 0.02, Pearson’s correlation; 596 

Fig. 3D). Taken together, we propose that the intrinsic structural properties of spines differ 597 

across different dendrites, and both the spine density and the individual PSD size contribute 598 



 

 
 

to the higher synaptic strength of a large-diameter dendritic segment in CA1 PSR, cortex 599 

and CB.  600 

The data thus far showed that the four parameters (the summed PSD area unit 601 

dendritic length, average PSD area, summed neck length unit dendritic length, and average 602 

neck length) increase with the dendritic diameter in CA1 PSR. As mentioned previously, the 603 

ratio of the PSD area to the spine neck length may be a useful index for the estimation of the 604 

synaptic strength of a spine. Since both the PSD area and the spine neck length show a 605 

positive correlation to the dendritic diameter, the ratio between these two parameters can be 606 

assumed to remain relatively similar across different dendrites. Experimentally, this 607 

hypothesis was confirmed to be true in CA1 PSR (Fig. 3-2A). Besides, the neck diameter 608 

(another important structural parameter that influences the synaptic strength of a dendritic 609 

spine) also does not show an apparent correlation with the dendritic diameter (Fig. 3-2B). 610 

These facts suggest that, despite the positive relationship of the spine head volume and the 611 

neck length with the dendritic diameter, synaptic strength may not vary systematically among 612 

dendrites of different diameters in the CA1 PSR.  613 

 614 

Analysis of information transfer in a model CA1 neuron  615 

Since the ratio of PSD area to neck length was relatively similar across dendrites of 616 

different diameters, we were motivated to clarify the physiological relevance of synaptic 617 

constancy across dendrites in CA1 PSR. To address this, we developed an abstract two-618 

layer model of a CA1 neuron (Fig. 3-3). In this model, excitatory synaptic inputs cause an 619 

increase in membrane potentials in their parent dendritic branches and result in the firing of 620 

dendritic spikes if the membrane potentials exceed a certain threshold (Häusser and Mel, 621 

2003; Barnes et al., 2017). Such dendritic spikes were then converged and processed for 622 

somatic spiking. In our model, we assumed two different scenarios of synaptic strength 623 

distribution in dendrites (cases 1 & 2). In case 1, all synaptic strengths obey an identical 624 



 

 
 

lognormal distribution (Fig. 3-3B, left). In case 2, synaptic strengths at any particular branch 625 

obey a lognormal distribution, but its shape parameter (μe, the median of the lognormal 626 

distribution) differs across branches (Fig. 3-3B, right). Synaptic strengths in case 1 have 627 

uniform median values, but those in case 2 do not. We then simulated the dendritic and 628 

somatic spikes of the two-layer model neuron in response to Poisson inputs to all the 629 

synapses. Next, we targeted the input sequence only to the strongest synapse of each 630 

branch, and the relationship between the synaptic input to the strongest synapse and the 631 

occurrence of the dendritic spike was studied by MI (Fig. 3-3C). MI showed a specific tuning 632 

curve as a function of synaptic input frequency (Fig. 3-3C, left). At low input frequency, 633 

dendritic branches could not elicit dendritic spikes. Hence no information was transmitted (MI 634 

= 0). It was observed that at moderate input frequency, a large number of weak synaptic 635 

inputs effectively supported the occurrence of dendritic spike initiated by the strongest 636 

synaptic input, thereby causing an increase in the MI transfer. However, the higher 637 

frequency inputs disturbed the neuronal information transmission from the dendrites towards 638 

the soma. Similar to our findings, Teramae et al. (2012) have also previously reported that a 639 

moderate level of noise enhances the information transfer of a nonlinear system driven by 640 

the weak and aperiodic input. Furthermore, the magnitude of synaptic strength in the 641 

dendrite also clearly influenced the synaptic input frequency-dependent tuning curve (Fig. 3-642 

3C, right). Particularly, lowering the synaptic strength in a dendrite increased the input 643 

frequency value required for achieving an optimal MI (compare the input frequency values 644 

required for lower (μe = −6.4) and higher (μe = −5.6) synaptic strengths). This result shows 645 

that there exists an optimal frequency value for each distinct synaptic strength. 646 

Consequently, if synaptic strengths in all the branches obey a single lognormal distribution, 647 

the MI between the synaptic inputs and the somatic spikes is highly tuned to a single input 648 

frequency (Fig. 3-3D, left). In contrast, MI value decreases when the synaptic strength differs 649 

across branches (Fig. 3-3D, right). These results suggest that the constancy in synaptic 650 

strength across branches enables the effective transfer of information from the strongest 651 

synaptic input to the soma.  652 



 

 
 

 653 

 654 

Relative role of spine head and neck in excitatory postsynaptic potentials at 655 

the soma 656 

The observation that both the PSD area and neck length correlates positively with a 657 

dendritic diameter in CA1 PSR is particularly interesting. These two structural components of 658 

spines have an opposing influence on the voltage change at the dendrite. Whereas the 659 

larger PSD area leads to a higher current influx into the dendrite, the longer necks cause a 660 

significant attenuation of membrane potentials due to the electrical resistance of the neck 661 

(Araya et al., 2006b, 2014). If we simply overlook the influence of spine necks, the positive 662 

correlation between summed PSD area and dendritic diameter suggests higher synaptic 663 

strength in large dendrites. However, it is also equally possible that voltage attenuation 664 

caused by the spine neck supersedes the depolarizing influence of the spine head. In this 665 

scenario, as a result of the differences in the neck lengths, the spines located in the small-666 

diameter dendrites are expected to exert a considerably stronger influence on the dendritic 667 

membrane potential changes than the spines located in the large-diameter dendrites. 668 

To assess the relative role of the spine head and spine neck in EPSPs, we measured 669 

uEPSPs from individual spines (Fig. 4A) and examined the uEPSPs recorded at the soma 670 

against neck lengths and spine head widths (Fig. 4-1). As previously reported in the cortex 671 

(Araya et al., 2006b, 2014), the peak uEPSP amplitudes were negatively correlated with the 672 

spine neck lengths (r = -0.33, p < 0.01, Fig. 4-1A, B) but not with the head widths (r = -0.07, 673 

p = 0.57, Spearman’s rank order test; Fig. 4-1C). To determine the role of spine neck in 674 

EPSPs at a single spine level, we divided spines that had similar head volumes (p = 0.60; 675 

Mann–Whitney U test; Fig. 4B) into two groups based upon spine length to head width ratio 676 

(Woods et al., 2011). The ratio of spine length to head width was significantly larger in long 677 

neck spine groups compared with the short neck spines group (ratio in long neck spine 678 



 

 
 

groups = 1.61 ± 0.586, short neck spine groups = 0.94 ± 0.208, p < 0.001, Mann–Whitney 679 

U test; Fig. 4B). We found that the uEPSPs were significantly smaller in the long neck spines 680 

than in the short neck spines (long neck spines group = 0.92 ± 0.54 mV, short neck spines 681 

group = 1.66 ± 0.94 mV, p < 0.001, Mann–Whitney U test; Fig. 4B). These data strongly 682 

suggest that neck length has a more significant influence than spine head size on voltage 683 

changes at the soma. 684 

 685 

Morphological features of axon-coupled spines  686 

We next analyzed if the frequency of axon-coupled spines (spines that reside in the 687 

same dendritic segment and receive synaptic inputs from the same axon) correlates with the 688 

dendritic diameter. Axon-coupled spines are of special interest as they experience the same 689 

presynaptic inputs and postsynaptic membrane depolarizations, leading to a highly 690 

synchronized activation of signaling pathways related to spine structural changes. An 691 

increasing number of studies have shown that spatially close inputs onto spines summate 692 

non-linearly and increase the dendritic membrane potential beyond the threshold required for 693 

the generation of local dendritic spikes (Gasparini et al., 2004; Govindrajan et al., 2006; 694 

Larkum and Nevian, 2008). Thus, a higher frequency of axon-coupled spines can also result 695 

in higher synaptic strength in a particular dendritic segment. We followed the presynaptic 696 

terminals of each spine along the entire length of the dendritic tree contained within the 697 

imaging volume (Fig. 5A-D). Subsequently, we counted the frequency that the identified 698 

axons contact multiple spines located in the same dendrite. The frequency of axon-coupled 699 

spines was 4.7% in CA1 PSR, 25.7% in CA1 SLM, 5.4% in the cortex, 8.9% in the striatum, 700 

and 26.1% in CB. Interestingly, the canonical view that there exists a one-to-one connection 701 

between a parallel fiber to Purkinje cell is violated in more than 25% of the spines (Table 4). 702 

To examine if the dendritic diameter can predict the relative frequency of axon-coupled 703 

spines, we plotted the frequency of axon-coupled spines against dendritic diameter. The plot 704 



 

 
 

revealed no significant correlation between these two parameters in CA1 PSR, CA1 SLM, 705 

striatum and CB (CA1 PSR: r = 0.46, p = 0.07; CA1 SLM: r = 0.28, p = 0.38; striatum: r = - 706 

0.07, p = 0.78; CB: r = 0.06, p = 0.85; Spearman’s rank order test). This analysis was not 707 

applied to the cortex, as only 4 dendrites (out of 12) contained axon-coupled spines. Our 708 

data demonstrate that the dendritic diameter cannot predict the frequency of the axon-709 

coupled spines. Studies in CA1 PSR (Bartol et al., 2015), CA1 SLM (Bloss et al., 2018), and 710 

cortex (Kasthuri et al., 2015) have reported that the axon-coupled spines are of similar head 711 

volume. We further extended this finding and show that the axon-coupled spines have 712 

similar PSD areas in CA1 PSR (Fig. 5E) and CB (Fig. 5F). The variance of PSD size was 713 

smaller in axon-coupled spines compared to the rest of the spines both in CA1 PSR 714 

(variance in axon-coupled spines = 0.0008, rest of the spines = 0.0011) and CB (variance in 715 

axon-coupled spines = 0.00209, rest of the spines = 0.00257). 716 

 717 

Intracellular organelles in dendrites and spines  718 

Lastly, we looked into the distribution of ER in the spines. In all the brain regions that 719 

we have studied, we found that ER is a continuous structure along the dendrites and 720 

extends into the spines (Fig. 6A-E). The frequency of spines positive for ER varies 721 

depending on the brain region (Table 5). ER-containing spines had significantly larger head 722 

volume and wider neck diameter in CA1 PSR, CA1 SLM, cortex, and striatum (Table 5). 723 

However, the neck length did not differ significantly between those spines that contained ER 724 

and those that did not. 725 

To further corroborate the finding from FIB/SEM images on the frequency of ER-726 

containing spines in the cortex, striatum, and CB, we performed pre-embedding immunogold 727 

labeling with an antibody against IP3R1 (Fig. 6F-J). We observed that all the spines showed 728 

immunoreactivity for IP3R1 in CB. However, in the case of cortex and striatum, we found that 729 

the percentages of IP3R1 positive spines were somewhat lower than the percentages of 730 



 

 
 

spines estimated to contain ER based on FIB/SEM images (frequency of IP3R1 positive 731 

spines in cortex = 30.2%, striatum = 35.2%; frequency of ER-containing spines in cortex = 732 

40.3%, striatum = 55.1%). This is not unexpected because IP3R1 content is much lower in 733 

the dendrites and spines of cortex and striatum than in the dendrites and spines of CB (Fig. 734 

6F-J). As the labeling efficiency of the pre-embedding immunogold labeling method is 735 

unlikely to be 100% due to the low number of IP3R1 in individual spines, the frequency of 736 

spines containing IP3R1 is likely to be somewhat under-represented in the case of cortex 737 

and striatum.  738 

Interestingly, a significant fraction of ER containing spines is often located in the 739 

vicinity (53.3% of spines in CA1 PSR, 33.3% of the spines in CA1 SLM, 69.7% of spines in 740 

the cortex, 81.5% of spines in the striatum (Fig. 6K, L)), suggesting that the ER-containing 741 

spines form a hotspot along the dendritic segment.  742 

 743 

Discussion  744 

Morphology serves as the basis for physiological functioning. Here, using FIB/SEM to 745 

perform volume imaging from several brain regions, we provide a thorough overview of 746 

dendritic spine morphology. The use of FIB/SEM overcomes inherent problems associated 747 

with serial section transmission electron microscopy (ssTEM) such as variations in section 748 

thickness and image distortion during sectioning and image acquisition. Manual 749 

segmentation of structures provides a more accurate reflection of the spine dimension 750 

compared to the automated machine-learning based segmentation. Cross comparison of 751 

different brain regions was performed from the same brain, thus ascertaining uniformity in 752 

terms of age, sample preparation, and methods of analysis. Our reconstruction data of a 753 

large number of dendrites and their dendritic spines show that the dendritic spines, despite 754 

their great structural diversity, are organized along a dendrite in a regulated manner. The 755 



 

 
 

breadth of data provided by our study can serve as a reference for the functional 756 

interpretation of various experimental data acquired by synaptic physiologists.  757 

 758 

Regional uniqueness in spine morphology 759 

Even after an extensive analysis of hundreds of spines, to accurately identify the 760 

brain region where a given spine was sampled might still be a daunting task. High variability 761 

and significant overlap in spine dimensions across brain regions preclude identification of a 762 

structural fingerprint unique to each area. However, with a certain degree of confidence, 763 

spines with large head volume and short neck length can be associated with CA1 SLM; large 764 

head volume and medium neck length with CB; medium head volume and long neck length 765 

with cortex; medium head volume, long and swollen wide necks in the midway with striatum; 766 

and small head volume and short neck length with CA1 PSR. Moreover, incorporation of 767 

other structural parameters in the dendrites, such as spine density, frequency of branching, 768 

spine perforation, etc. can aid in identifying the brain region where a spine is sampled.  769 

Short spine necks facilitate rapid transfer of electrical (Araya et al., 2006b, 2014; Fig. 770 

4 in this study) and chemical (Svoboda et al., 1996) signals from the spine head towards the 771 

dendritic shaft. Spine necks in CA1 PSR and CB are relatively shorter than the other brain 772 

regions that we have studied. Besides, the dendrites in these two areas possess high spine 773 

density (Fig. 2F, Table 2). Short spine necks and small inter-spine distance create a 774 

favorable situation for signal cross-talk among spines. Indeed, by two-photon glutamate 775 

uncaging and time-lapse imaging, heterosynaptic interaction between CA1 PSR spines has 776 

been directly demonstrated (Oh et al., 2015). It would be interesting to examine if 777 

heterosynaptic interactions could be induced more efficiently and reliably in CA1 PSR and 778 

CB than in CA1 SLM, cortex, and striatum.  779 

Unlike in the CB and CA1, the spine heads of the cortex and striatum receive multiple 780 

presynaptic inputs with distinct neurotransmitter contents from various brain nuclei. The long 781 

necks in the cortex and striatum hinder the diffusion of signals from the spine heads towards 782 



 

 
 

the dendritic shafts and retain the signal within a spine head for a considerable amount of 783 

time. As a result, this increases the time-window for intra-spine interaction of afferent signals 784 

that use different neurotransmitters and are originated from multiple brain areas. The wider 785 

time-window of signal interaction is particularly useful in the striatum, where the 786 

communication of dopaminergic and glutamatergic inputs is necessary to drive reward 787 

learning (Yagishita et al., 2014).  788 

 789 

Common synaptic organizational principle 790 

We revealed that the PSD area per unit length of dendrite increases as a function of 791 

dendritic diameter. One may argue that this is not unexpected as bigger dendrites, 792 

compared to the smaller ones, contain larger membrane surface area and resources 793 

necessary to generate more PSD structures. However, the fact that this trend is not 794 

observed in the striatum and CA1 SLM suggests that the availability of higher membrane 795 

surface area in dendrites alone cannot account for the gradient in PSD density. We believe 796 

that this type of organizational principle is unique for dendrites in CA1, CB, and cortex, 797 

whose somata are organized in discrete layers.  798 

What function does it serve to have intra-dendritic scaling of PSD density? One 799 

obvious possibility is that the intra-dendritic scaling plays a role to normalize membrane 800 

depolarization by creating a counterbalance between the magnitude of synaptic inputs and 801 

the input impedance of the dendritic shaft. Thin dendrites require relatively few inputs to 802 

generate enough depolarization. In the case of thick dendrites, a large number of stronger 803 

inputs are necessary to create dendritic spikes. Therefore, it is physiologically relevant to 804 

have a high number of big synapses in the large diameter dendrites. Perhaps intracellular 805 

organelles that are abundant in thick diameter dendrites facilitate an increase in the PSD 806 

area. A large fraction of spines contains ER in multiple brain regions, and ER-containing 807 

spines have larger spine heads (Table 5). On the other hand, spine neck length is not 808 

positively regulated by spine ER, suggesting independent regulatory pathways of spine head 809 



 

 
 

enlargement and spine neck growth, both of which contribute to the local regulation of 810 

synaptic strength. 811 

We also identified a positive correlation between the spine neck length and the 812 

dendrite diameter. This observation rather supports the idea that higher PSD density and 813 

longer spine neck length compensate with each other in thick dendrites and result in a less 814 

noticeable difference in total synaptic strength between the thin and thick dendrites. Synaptic 815 

constancy across dendrites suggests that even though the synaptic strength of individual 816 

spines or synaptic connections dynamically changes as a result of synaptic plasticity, the 817 

total synaptic strength in the dendrite remains constant. This synaptic constancy hints at the 818 

existence of a homeostatic mechanism at the level of individual dendritic branches that 819 

compensate for changes in the synaptic weights of individual spines. Using ssTEM images, 820 

Bourne and Harris (2011) revealed that upon long-term potentiation, the stimulated spines 821 

grew in volume at the expense of unstimulated spines such that the PSD area per unit 822 

dendritic length remained conserved between control and stimulated conditions. What could 823 

be the functional relevance of maintaining synaptic constancy among dendritic branches? 824 

Our computational study indicates that synaptic constancy among CA1 dendrites enables 825 

them to integrate a moderate level of synaptic noise to the authentic synaptic signal and 826 

enhance the overall signal transmission from the strongest synapse towards the soma. 827 

Constancy in synaptic strength may also be beneficial for the coordinated firing of CA1 place 828 

cells during theta oscillations (Buzsáki, 2002) as these cells utilize phase-dependent firing 829 

activity relative to background oscillatory inputs for information processing.  830 

Our electrophysiology data showed that the uncaging EPSP amplitudes at the soma 831 

are independent of the spine head widths but are rather inversely correlated with the spine 832 

neck lengths. As a result, it can be expected that EPSPs produced by spines located in the 833 

large diameter dendrites would be attenuated more severely because of their longer necks. 834 

The differential filtering of synaptic potentials may serve a purpose to normalize the EPSP 835 

amplitude at the soma irrespective of the site of its origin in the dendrite.  836 



 

 
 

The integrative property of dendrites is heavily influenced by their distance from the 837 

cell body. Thus, the precise distance of each spine and dendrite is highly informative in 838 

understanding their relative contribution in somatic depolarization. In this study, we did not 839 

attempt to measure the precise distance of each dendrite and spine from their respective cell 840 

bodies, which require time-consuming correlative light and electron microscopy (CLEM) and 841 

retrospective EM reconstruction. In general, dendritic diameter serves as a reliable indicator 842 

of the relative distance of the individual dendrites from their parent soma (Grillo et al., 2018). 843 

However, in our data from CA1 PSR, the dendritic diameter may not necessarily reflect the 844 

distances of the dendrites from their soma. Since the imaging volume in CA1 PSR was 845 

located at a distance of ~ 100 m from the edge of the CA1 pyramidal cell layer, the straight-846 

line distances of dendrites do not vary considerably from their corresponding cell bodies. 847 

Thus, rather than the distance from the soma, the dendritic diameter may indicate the 848 

relative distance from the dendritic branch points on the primary apical dendrite. As shown 849 

previously (Menon et al., 2013; Benavides-Piccione et al., 2020), we surmise that the thick 850 

dendrites in our data sets represent dendritic segments near the branch points, and thin 851 

dendrites represent dendritic segments away from the branch points. 852 

The spine distribution pattern in hippocampal CA1 dendrites is likely conserved 853 

across species and different developmental stages. Somewhat similar to our findings, Katz 854 

et al. (2009) have previously shown that in the apical oblique dendritic branches of 6-month-855 

old rats, both the spine density and the average synapse size decrease towards the distal 856 

ends. Interestingly, in the basal dendrites in the CA1 stratum oriens of 6-month-old rats, the 857 

spine volume was significantly smaller, and the spine density was significantly lower in the 858 

small-diameter dendrites than that in the large-diameter dendrites (Menon et al., 2013). In 859 

another study in P21 mice (Walker et al., 2017), it was shown that the active zone area of 860 

the presynaptic bouton, the volume, and the PSD area of dendritic spines scales positively 861 

with the dendritic diameter. Similarly, it was shown that both in the P22 and P100 mice, the 862 

size of the presynaptic active zone increases with the dendritic diameter and decreases with 863 

the distance from the cell body (Grillo et al., 2018). These studies, taken together, suggest 864 



 

 
 

that the organizational principle of dendritic spines in the CA1 pyramidal cells is similar both 865 

in the apical oblique and the basal dendrites and is maintained throughout developmental 866 

stages both in the mice and rats.  867 

Previous studies in CA1 PSR (Bartol et al., 2015), CA1 SLM (Bloss et al., 2018), and 868 

cortex (Kasthuri et al., 2015) have shown that the axon-coupled spines have similar head 869 

volumes and neck lengths. We show that this observation holds in the CB as well, 870 

suggesting that this may be one of the conserved principles underlying axon-spine 871 

connectivity. The fact that axon-coupled spines have similar PSD areas hints that these 872 

spines have the same history of plasticity. We also revealed that ER-containing spines are 873 

located in the vicinity to form a hotspot. Moreover, in comparison to ER-lacking spines, ER-874 

containing spines have larger heads and wider necks. Neuronal activity or plasticity-related 875 

stimulus may serve as the address marker for dictating which specific spine should harbor 876 

ER. Indeed, Imaging experiments in vitro and in vivo have shown that experience results in 877 

the activation of nearby spines located in the same branchlet (Takahashi et al., 2012; Lee et 878 

al., 2016; Frank et al., 2018) and the potentiated spines have larger heads and wider necks 879 

than the un-potentiated spines (Fifková and Anderson, 1981). Perhaps, ER is selectively 880 

recruited to such potentiated spines to sustain an increased demand for calcium ions 881 

following synaptic potentiation.  882 

In conclusion, our study provides an accurate morphological description and 883 

physiological role of various parameters that shape synaptic transmission and the principle 884 

underlying the placement of dendritic spines in a dendritic branch. Ultimately, with the 885 

development of a high throughput image acquisition and image analysis method, it is 886 

necessary to extrapolate these findings to all the spiny neurons in the brain. Although a great 887 

deal of labor is expended for a study of this nature, the wealth of information that it provides 888 

is rewarding.  889 
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Figure Legends (Main Figures) 1032 

Figure 1: Structural diversity of dendritic spines in the brain 1033 

Membrane contours of presynaptic boutons (b), dendrites (d) and spines (s) can be clearly 1034 

visualized in FIB/SEM images from the cortex (A) and CB (B). PSDs (indicated by black 1035 

arrows and delimited by two vertical red bars) and ER (blue arrowheads) are also visible. 1036 

Three-dimensional (3D) reconstructions of dendrite (orange), spines (violet) and PSDs (red) 1037 

in the CA1 PSR (an oblique dendrite, C), CA1 PSR (a large-caliber dendrite, D), CA1 SLM 1038 

(E), cortex (F), striatum (G) and CB (H) show that spines of various morphologies protrude 1039 

from the same dendrite. Panels (I) to (R) show spines of various morphologies. Panel J 1040 

shows an example of a perforated PSD. Spine heads, spine necks, and PSDs are denoted 1041 

by violet, blue and red color, respectively. The bar graph in (S) shows the proportion of 1042 

surface area occupied by spine head, PSD, spine neck, and dendritic shaft. Dendritic spines 1043 

occupy approximately 50% of surface area in the CA1 PSR and striatum, 40% in CA1 SLM, 1044 

45% in the cortex, and 80% in CB. Scale bars: 500 nm in A and B; Scale cubes: 0.5 m on 1045 

each side for all reconstructions except for the CA3 thorny excrescence spine (1 m on each 1046 

side).  1047 

 1048 

Figure 2:  Morphometric analysis of dendritic spines in multiple 1049 

brain regions  1050 

Box and whiskers plots show that the spine head volume (A), spine neck length (B), and 1051 

spine neck diameter (C) are highly variable, and there exists a significant overlap in their 1052 

dimensions across different brain regions. Note that, compared to other brain regions, the 1053 



 

 
 

dendritic spines in CB display much less variability in spine head volume. D, The bar graph 1054 

shows that the ratio of PSD area to neck length is not significantly different between spines 1055 

in the CA1 PSR and CB. Error bars indicate standard error of mean (SEM). E, Three-1056 

dimensional plot shows that the dendrites from CA1 PSR, CA1 SLM, cortex, striatum, and 1057 

CB are not easily distinguishable from each other based on the analysis of the average neck 1058 

diameter, average PSD area, and average neck length of their spines. F, Box and whiskers 1059 

plot shows that the spine density is high in the CB, moderate in the CA1 PSR and striatum, 1060 

and low in the CA1 SLM and cortex. Mean values are indicated by + mark in A, B, C, and F. 1061 

The box shows 25th, 50th, and 75th percentiles of the data set. In each graph, a significant 1062 

difference exists in the spine dimensions between any pair of brain regions not designated 1063 

as n.s. (not significant). Figure 2-1 shows that the spine head volume correlates strongly 1064 

with the PSD area, but only weakly with the neck length. A linear positive correlation 1065 

between the amplitude of uEPSC and the spine head volume is shown in Figure 2-2. A 1066 

scatter plot in Figure 2-3 shows that the dendrites in the CA1 PSR can be grouped in two 1067 

distinct populations based on their dendritic diameter.  1068 

 1069 

Figure 3: Spines are organized in a regulated manner in the 1070 

dendrites 1071 

A, PSD area unit dendritic length shows a significant positive correlation with the dendritic 1072 

diameter in the CA1 PSR, cortex, and CB (see also Figure 3-1). However, in the striatum, 1073 

the PSD area unit dendritic length does not correlate with dendritic diameter. B, Neck length 1074 

unit dendritic length is positively correlated with the dendritic diameter in the CA1 PSR. The 1075 

data from CA1 PSR, cortex and striatum are plotted in reference to the left vertical axis, and 1076 

the data from CB are plotted in reference to the right vertical axis in panels A and B. 1077 

Average PSD area (C), and average neck length (D) show a positive correlation with the 1078 

dendritic diameter in the CA1 PSR. Scatter plots in Figure 3-2 show that the ratio of the total 1079 



 

 
 

PSD area to total neck length (A), and the average neck diameter (B) do not correlate with 1080 

the dendritic diameter in the CA1 PSR. Figure 3-3 shows that the synaptic constancy 1081 

enables effective information transfer from the dendrite to the soma. 1082 

 1083 

Figure 4: Spine neck strongly filters membrane potential on CA1 1084 

pyramidal neurons  1085 

A, Two-photon image of a dendritic segment showing the spines (blue crosses: spines of 1086 

similar head size, but different neck length; red crosses: spines of different head size, but 1087 

similar neck length) receiving glutamate uncaging stimulus. uEPSPs were evoked by 1088 

glutamate uncaging test pulses (5-10 trials at 0.1 Hz). Blue and red traces are representative 1089 

uEPSPs from blue and red targets, respectively. B, Quantitative analyses of the estimated 1090 

spine volume, spine length to width ratio, and uEPSPs of long (filled bars) and short (open 1091 

bars) neck spines (n = 35 spines in each group, 6 cells). Error bars indicate standard error of 1092 

mean (SEM). n.s., not significant. See Figure 4-1 for the relationship of the uEPSP 1093 

amplitude with the spine neck length and the head width. 1094 

 1095 

Figure 5: Intra-pair synapse sizes are similar in axon-coupled spine 1096 

pairs  1097 

A, Three-dimensional (3D) reconstruction of a cortical axon (medium slate blue) that makes 1098 

synaptic contacts with spines from multiple dendrites. B, An example of an axon in the CA1 1099 

PSR that makes synaptic contacts with two spines (shown by white arrows) from the same 1100 

dendrite. C, An example of a parallel fiber in CB making synaptic contacts with three 1101 

different spines from the same dendrite. D, An example of a climbing fiber in CB making 1102 

synaptic contacts with seven different spines (turquoise protrusions from the dendrite) from 1103 



 

 
 

the same dendrite. PSD areas of axon-coupled spine pairs are positively correlated in the 1104 

CA1 PSR (E) and CB (F). Scale cubes: 0.5 m for each side.  1105 

 1106 

Figure 6: Distribution of endoplasmic reticulum in dendrites and 1107 

spines   1108 

Three-dimensional (3D) reconstruction showing ER (green) and mitochondria (turquoise) in 1109 

an oblique dendrite in the CA1 PSR (A), cortical dendrite (B), striatal dendrite (C), large-1110 

caliber dendrite in the CA1 PSR (D) and Purkinje cell dendrite in the CB (E). ER (green) is a 1111 

continuous structure along the dendrite (orange) and extends into spines in all the brain 1112 

regions. Dendrites, spines, PSDs (red), ER (green), and mitochondria (turquoise) are shown 1113 

on the left-hand side, and only ER (green) and mitochondria (red) for the same dendrite are 1114 

shown on the right-hand side in each panel in A-E. TEM images showing immunoreactivity 1115 

for IP3R1 in the dendrites (d) and spines (s) of the cortex (F), striatum (G), and CB (H-J). 1116 

The schematic diagram in (K) shows that the ER (blue line) is continuous along the dendrite 1117 

and extends into spines. Panel (L) shows that in more than 50% of the cases, ER-containing 1118 

spines are located next to one another in the CA1 PSR, cortex, and striatum. Scale cubes in 1119 

A-E: 0.5 m for each side, Scale bars in F-J: 500 nm.  1120 

 1121 

 1122 

 1123 

 1124 

 1125 



 

 
 

 1126 

 1127 

Figure Legends (Extended Figures) 1128 

Figure 2-1: Spine head volume correlates strongly with the 1129 

postsynaptic density area but only weakly with the neck length  1130 

Scatter plots show a significant positive correlation between head volume and PSD area in 1131 

the CA1 PSR (A), CA1 SLM (B), cortex (C), striatum (D), and CB (E). Scatter plots show that 1132 

there is no significant correlation between head volume and neck length in the CA1 PSR (F), 1133 

CA1 SLM (G), and cortex (H). A significant negative correlation is observed between head 1134 

volume and neck length in the striatum (I) and CB (J). Head volume in F-J is expressed on a 1135 

logarithmic scale.  1136 

 1137 

Figure 2-2: The amplitude of uncaging-evoked excitatory 1138 

postsynaptic current positively correlates with the spine head 1139 

volume   1140 

A, Two-photon image of a CA1 pyramidal neuron from an acute hippocampal slice recorded 1141 

in whole-cell voltage-clamp mode. uEPSCs (blue trace) from target spines were evoked by 1142 

the application of glutamate uncaging test pulses (7-10 trials at 0.1 Hz) and recorded from 1143 

the CA1 pyramidal cell soma maintained at a holding potential of -65 mV. B, Two-photon 1144 

image of a dendritic segment (corresponding to the region shown by the red square in A) 1145 

showing locations of glutamate uncaging (blue crosses). C, Amplitude of uEPSCs plotted 1146 

against individual spine volume (open circles, n = 140 spines, 33 dendrites, 12 cells). Note 1147 



 

 
 

that the uEPSC amplitudes recorded at the soma show a significant positive correlation with 1148 

the estimated spine volume. On average, four spines per dendrite were examined.  1149 

 1150 

 1151 

Figure 2-3: CA1 proximal stratum radiatum dendrites can be 1152 

grouped into two distinct populations based on the dendritic 1153 

diameter    1154 

Dendrites in the CA1 PSR can be grouped into two populations based on their dendritic 1155 

diameters. Dendrites with a diameter of less than 1 m likely represent the oblique dendrites. 1156 

However, the large-diameter dendrites (> 1.4 m) can either be the main apical shafts or the 1157 

segments of oblique dendrites near to the branch points.  1158 

 1159 

Figure 3-1: Spine density is positively correlated with the dendritic 1160 

diameter in the CA1 proximal stratum radiatum 1161 

Scatter plots of spine density against dendritic diameter in the CA1 PSR (A), cortex (B), and 1162 

CB (C). A significant positive correlation is detected between the spine density and the 1163 

dendritic diameter in the CA1 PSR. 1164 

 1165 

Figure 3-2: Neither the ratio of postsynaptic density area to neck 1166 

length, nor the average neck diameter correlates with the dendritic 1167 

diameter in the CA1 proximal stratum radiatum  1168 

Scatter plots show that neither the ratio of total PSD area to total neck length (A), nor the 1169 

average neck diameter (B) correlates with the dendritic diameter in the CA1 PSR. 1170 



 

 
 

 1171 

 1172 

 1173 

Figure 3-3: Synaptic constancy enables effective information 1174 

transfer from the dendrite to the soma 1175 

A, Schematic representation of a two-layer neuron model. A dendritic branch receives inputs 1176 

from 250 different synapses. Dendritic spikes from twenty branches were integrated at the 1177 

soma for somatic spiking. B, Case 1 shows that the synaptic strength in all the branches 1178 

obeys single lognormal distribution, and thus, the dendrites are of similar synaptic strength. 1179 

Case 2 shows that the synaptic strength in each branch obeys a lognormal distribution, but 1180 

the mean synaptic strengths (μe) differs across branches. The mean μe was chosen from the 1181 

Gaussian distribution N(−6, 0.4). C, MI between the synaptic inputs and the occurrence of 1182 

dendritic spikes. The synaptic input from the strongest synapse was compared with the 1183 

characteristics of the resultant dendritic spike. D, MI between the synaptic inputs and 1184 

somatic spikes. In (C) and (D), the left MI plots are based on the data from case 1, and the 1185 

right MI plots are based on the data from case 2.   1186 

 1187 

Figure 4-1:  The amplitudes of uncaging-evoked excitatory 1188 

postsynaptic potentials negatively correlate with the spine neck 1189 

lengths 1190 

A-B, Plots of the uncaging potentials (peak amplitude) versus spine neck lengths. The same 1191 

plot in A is plotted in B by assigning a value of 0.2 m to all the neck lengths shorter than 1192 

0.2 m. The red circle indicates the average EPSPs of the spines whose neck lengths were 1193 



 

 
 

shorter than 0.2 m. C, Plot of the uncaging potentials (peak amplitude) versus head widths. 1194 

Each circle in A-C represents dendritic spines (n = 70 spines, 22 dendrites, 6 cells). Lines 1195 

are linear fit (Spearman’s rank order test).  1196 

 1197 



 

 
 

Table 1: Frequency of filopodia, perforated spines, spinules, stubby spines and branched spines in 1198 

different brain regions 1199 

 1200 

Note: Filopodia lack synaptic contacts with the presynaptic terminals.  1201 

 1202 

 1203 

 1204 

 1205 

 1206 

 1207 

Brain region 
 

Filopodia (%) 
 

Perforated spines (%) 
 

Spinules (%) Stubby spines (%) Branched 
spines (%) 

Number of spines 
in branches 

(range) 

CA1 PSR 1.78 2.72 3.26 2.90 7.97 2 

CA1 SLM 0.00 50.00 8.57 1.43 0.00 – – 

Cortex 3.07 8.60 0.90 2.26 9.50 2–4 

Striatum 5.84 4.47 4.71 0.00 13.40 2–3 

CB 4.19 0.00 0.61 0.00 12.62 2–5 



 

 
 

 1208 

 1209 

Table 2: Dimensions of spine head and spine neck in different brain regions 1210 

Units: Spine density: spines/ m, Head volume: m3, Neck length: m, Neck diameter: m 1211 

Brain region 
 

Spines 
Dendrites  

(n) 
 

Spine density 
(mean ± SD) 

 
Head volume 
(mean ± SD, 

ratio, CV) 
 

Neck length 
(mean ± SD, 

ratio, CV) 
 

 

Neck diameter 
(mean ± SD) 

 

Ratio of PSD area 
to neck length 
(mean ± SD) 

 

CA1 PSR 
552 

23 

 

3.04 ± 0.825 

0.05 ± 0.045 

124, 0.94 

0.46 ± 0.246 

38, 0.54 0.20 ± 0.087 

 

0.19 ± 0.193 

CA1 SLM 
70 

12 

 

0.75 ± 0.360 

0.12 ± 0.086 

35, 0.71 

0.49 ± 0.289 

15, 0.59 0.25 ± 0.127 

 

0.32 ± 0.323 

CA3 PSR 
8 

---- 

 

---- 

1.66 ± 1.988 

155, 1.20 ---- ---- 

 

---- 

Cortex 
221 

19 

 

1.14 ± 0.723 

0.08 ± 0.101 

159, 1.26 

1.09 ± 0.561 

20, 0.52 0.23 ± 0.121 

 

0.13 ± 0.169 

Striatum 
403 

21 

 

1.94 ± 0.621 

0.07 ± 0.109 

204, 1.66 

1.12 ± 0.556 

106, 0.50 0.26 ± 0.104 

 

0.11 ± 0.204 

CB 
824 

11 

 

7.10 ± 1.693 

0.13 ± 0.035 

11, 0.27 

0.74 ± 0.300 

27, 0.40 0.27 ± 0.054 

 

0.17 ± 0.130 



 

 
 

Note: Only the small diameter dendrites (diameter < 1 m) are included for the spine density analysis in the CA1 PSR. Out of 23 dendrites 1212 

analyzed, 16 dendrites fulfilled this criterion. All the spines, irrespective of the dendritic diameter of their parent dendrites, are included for head 1213 

volume, neck length and neck diameter analysis. 1214 

Ratio of head volume indicates the fold difference between the largest and smallest spine heads. Ratio of neck length indicates the fold 1215 

difference between the longest and shortest spine necks. CV, coefficient of variation.  1216 

  1217 

 1218 

 1219 

 1220 

 1221 

 1222 

 1223 

 1224 

 1225 

 1226 

 1227 

 1228 

 1229 

 1230 

 1231 

 1232 



 

 
 

 1233 

 1234 

 1235 

Table 3: PSD area unit dendritic length and the neck length unit dendritic length in different brain 1236 

regions 1237 

 1238 

Units: Dendritic diameter: m, PSD area unit dendritic length: m, PSD area unit neck length: m  1239 

   1240 

Brain region 
 

Dendritic diameter  
(mean ± SD) 

 

PSD area  
unit dendritic length  

(mean ± SD) 
 

Neck length  
unit dendritic length  

(mean ± SD) 
 
 

Ratio of total PSD area  
total neck length in dendrites  

(mean ± SD) 
 

CA1 PSR 0.59 ± 0.104 0.18 ± 0.055 1.35 ± 0.442 0.14 ± 0.018 

CA1 SLM 0.58 ± 0.097 0.08 ± 0.031 0.37 ± 0.268 0.27 ± 0.112 

Cortex 0.65 ± 0.141 0.11 ± 0.046 1.25 ± 1.205 0.12 ± 0.082 

Striatum 0.77 ± 0.096 0.15 ± 0.057 2.16 ± 0.906 0.08 ± 0.029 

CB 1.02 ± 0.226 0.77 ± 0.221 5.29 ± 1.539 0.15 ± 0.024 



 

 
 

 1241 

 1242 

 1243 

 1244 

Table 4: Frequency of axon-coupled spines in different brain regions 1245 

 1246 

 1247 

 1248 

 1249 

 1250 

 1251 

 1252 

 1253 

Note: Note that all the 824 spines studied in CB make synaptic contacts with the parallel fiber terminals. 1254 

 1255 

 1256 

 1257 

Brain region 
 

Spines observed 
(n) 

Axon-coupled spines 
(n) 

 

Number of spines in a dendrite 
making synaptic contacts with 

the same axon (range) 
 

CA1 PSR 552 26 (4.7%) 2 

CA1 SLM 70 18 (25.7%) 2 

Cortex 221 12 (5.4%) 2 

Striatum 403 36 (8.9%) 2 

CB  824 215 (26.1%) 2–4 



 

 
 

 1258 

 1259 

 1260 

 1261 

Table 5: Distribution of endoplasmic reticulum in spines  1262 

 1263 

Units: Head volume: m3, Neck length: m, Neck diameter: m 1264 

Note: Asterisks denote statistical significance in the dimensions of head volume and neck diameter between ER-containing (ER+) and ER-1265 

lacking spines (ER-) in each brain region.  1266 

 1267 

Brain region 
 

Spines 
observed 

(n) 

ER-containing 
spines (%) 

 

Head volume  
(mean ± SD) 

Neck length 
(mean ± SD) 

Neck diameter  
(mean ± SD) 

ER+ ER- ER+ ER- ER+ ER- 

CA1 PSR 552 13.6 0.11 ± 0.073 0.04 ± 0.030*** 0.46 ± 0.229 0.46 ± 0.249 0.25 ± 0.101 0.19 ± 0.082*** 

CA1 SLM 70 15.7 0.18 ± 0.077 0.11 ± 0.084* 0.55 ± 0.233 0.48 ± 0.300 0.34 ± 0.090 0.23 ± 0.127** 

Cortex 221 40.3 0.15 ± 0.131 0.04 ± 0.023*** 1.03 ± 0.566 1.13 ± 0.557 0.30 ± 0.143 0.19 ± 0.075*** 

Striatum 403 55.1 0.10 ± 0.137 0.02 ± 0.017*** 1.15 ± 0.584 1.09 ± 0.518 0.29 ± 0.105 0.21 ± 0.085*** 

CB 824 100 ---- ---- ---- ---- ---- ---- 















Table 1: Frequency of filopodia, perforated spines, spinules, stubby spines and branched spines in 
different brain regions 

 

Note: Filopodia lack synaptic contacts with the presynaptic terminals.  

 

 

 

 

 

 

Brain region 
 

Filopodia (%) 
 

Perforated spines (%) 
 

Spinules (%) Stubby spines (%) Branched 
spines (%) 

Number of spines 
in branches 

(range) 

CA1 PSR 1.78 2.72 3.26 2.90 7.97 2 

CA1 SLM 0.00 50.00 8.57 1.43 0.00 – – 

Cortex 3.07 8.60 0.90 2.26 9.50 2–4 

Striatum 5.84 4.47 4.71 0.00 13.40 2–3 

CB 4.19 0.00 0.61 0.00 12.62 2–5 



Table 2: Dimensions of spine head and spine neck in different brain regions 

Units: Spine density: spines/ m, Head volume: m3, Neck length: m, Neck diameter: m 

Note: Only the small diameter dendrites (diameter < 1 m) are included for the spine density analysis in the CA1 PSR. Out of 23 dendrites 

analyzed, 16 dendrites fulfilled this criterion. All the spines, irrespective of the dendritic diameter of their parent dendrites, are included for head 

volume, neck length and neck diameter analysis. 

Brain region 
 

Spines 
Dendrites  

(n) 

Spine density 
(mean ± SD) 

 

Head volume 
(mean ± SD, 

ratio, CV) 

Neck length 
(mean ± SD, 

ratio, CV) 

Neck diameter 
(mean ± SD) 

 

Ratio of PSD area 

to neck length 

(mean ± SD) 

CA1 PSR 
552 
23 

 
3.04 ± 0.825 

0.05 ± 0.045 
124, 0.94 

0.46 ± 0.246 
38, 0.54 0.20 ± 0.087 

 
0.19 ± 0.193 

CA1 SLM 
70 
12 

 
0.75 ± 0.360 

0.12 ± 0.086 
35, 0.71 

0.49 ± 0.289 
15, 0.59 0.25 ± 0.127 

 
0.32 ± 0.323 

CA3 PSR 
8 

---- 
 

---- 
1.66 ± 1.988 

155, 1.20 ---- ---- 
 

---- 

Cortex 
221 
19 

 
1.14 ± 0.723 

0.08 ± 0.101 
159, 1.26 

1.09 ± 0.561 
20, 0.52 0.23 ± 0.121 

 
0.13 ± 0.169 

Striatum 
403 
21 

 
1.94 ± 0.621 

0.07 ± 0.109 
204, 1.66 

1.12 ± 0.556 
106, 0.50 0.26 ± 0.104 

 
0.11 ± 0.204 

CB 
824 
11 

 
7.10 ± 1.693 

0.13 ± 0.035 
11, 0.27 

0.74 ± 0.300 
27, 0.40 0.27 ± 0.054 

 
0.17 ± 0.130 



Ratio of head volume indicates the fold difference between the largest and smallest spine heads. Ratio of neck length indicates the fold 

difference between the longest and shortest spine necks. CV, coefficient of variation.  

  



Table 3: PSD area unit dendritic length and the neck length unit dendritic length in different brain regions 

 

Units: Dendritic diameter: m, PSD area unit dendritic length: m, PSD area unit neck length: m  

   

 

 

 

 

Brain region 

 

Dendritic diameter  

(mean ± SD) 

 

PSD area  

unit dendritic length  

(mean ± SD) 

Neck length  

unit dendritic length 

(mean ± SD) 

Ratio of total PSD area  

total neck length in dendrites  

(mean ± SD) 

CA1 PSR 0.59 ± 0.104 0.18 ± 0.055 1.35 ± 0.442 0.14 ± 0.018 

CA1 SLM 0.58 ± 0.097 0.08 ± 0.031 0.37 ± 0.268 0.27 ± 0.112 

Cortex 0.65 ± 0.141 0.11 ± 0.046 1.25 ± 1.205 0.12 ± 0.082 

Striatum 0.77 ± 0.096 0.15 ± 0.057 2.16 ± 0.906 0.08 ± 0.029 

CB 1.02 ± 0.226 0.77 ± 0.221 5.29 ± 1.539 0.15 ± 0.024 



Table 4: Frequency of axon-coupled spines in different brain regions 

 

 

 

 

 

 

 

Note: Note that all the 824 spines studied in CB make synaptic contacts with the parallel fiber terminals. 

 

 

 

 

 

 

Brain region 
 

Spines observed 
(n) 

Axon-coupled spines 
(n) 

 

Number of spines in a dendrite 
making synaptic contacts with 

the same axon (range) 

CA1 PSR 552 26 (4.7%) 2 

CA1 SLM 70 18 (25.7%) 2 

Cortex 221 12 (5.4%) 2 

Striatum 403 36 (8.9%) 2 

CB  824 215 (26.1%) 2–4 



Table 5: Distribution of endoplasmic reticulum in spines  

 

Units: Head volume: m3, Neck length: m, Neck diameter: m 

Note: Asterisks denote statistical significance in the dimensions of head volume and neck diameter between ER-containing (ER+) and 

ER-lacking spines (ER-) in each brain region.  

Brain region 
 

Spines 
observed 

(n) 

ER-containing 
spines (%) 

 

Head volume  
(mean ± SD) 

Neck length 
(mean ± SD) 

Neck diameter  
(mean ± SD) 

ER+ ER- ER+ ER- ER+ ER- 

CA1 PSR 552 13.6 0.11 ± 0.073 0.04 ± 0.030*** 0.46 ± 0.229 0.46 ± 0.249 0.25 ± 0.101 0.19 ± 0.082*** 

CA1 SLM 70 15.7 0.18 ± 0.077 0.11 ± 0.084* 0.55 ± 0.233 0.48 ± 0.300 0.34 ± 0.090 0.23 ± 0.127** 

Cortex 221 40.3 0.15 ± 0.131 0.04 ± 0.023*** 1.03 ± 0.566 1.13 ± 0.557 0.30 ± 0.143 0.19 ± 0.075*** 

Striatum 403 55.1 0.10 ± 0.137 0.02 ± 0.017*** 1.15 ± 0.584 1.09 ± 0.518 0.29 ± 0.105 0.21 ± 0.085*** 

CB 824 100 ---- ---- ---- ---- ---- ---- 




