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Abstract  58 

The transentorhinal cortex (TEC) is an obliquely oriented cortex located in the medial 59 

temporal lobe and, together with the entorhinal cortex, is one of the first affected areas 60 

in Alzheimer’s disease (AD). One of the most widely accepted hypothesis is that 61 

synaptopathy (synaptic alterations and loss) represents the major structural correlate of 62 

the cognitive decline observed in AD. However, very few electron microscope studies 63 

are available; the most common method to estimate synaptic density indirectly is by 64 

counting —at the light microscopic level— immunoreactive puncta using synaptic 65 

markers. 66 

To investigate synaptic morphology and possible alterations related to AD, a detailed 67 

three-dimensional (3D) ultrastructural analysis using focused ion beam/scanning 68 

electron microscopy (FIB/SEM) was performed in the neuropil of layer II of the TEC in 69 

human brain samples from non-demented subjects and AD patients. Evaluation of the 70 

proportion and shape of asymmetric and symmetric synapses (AS and SS, respectively) 71 

targeting spines or dendritic shafts was performed using 3D reconstructions of every 72 

synapse. The 3D analysis of 4722 synapses revealed that the preferable targets were 73 

spine heads for AS and dendritic shafts for SS, both in control and AD cases. However, 74 
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in AD patients, we observed a reduction in the percentage of synapses targeting spine 75 

heads. Regarding the shape of synapses, in both control cases and AD samples, the vast 76 

majority of synapses had a macular shape, followed by perforated or horseshoe-shaped 77 

synapses, with fragmented synapses being the least frequent type. Moreover, 78 

comparisons showed an increased number of fragmented AS in AD patients.  79 

 80 

Significance Statement 81 

Determination of postsynaptic targets, shape and size of the synaptic junctions provide 82 

critical data on synaptic functionality. However, as far as we know, detailed 3D synaptic 83 

morphology and identification of postsynaptic targets in serial sections have not been 84 

performed before in the human brain. The present study represents the first attempt to 85 

unveil the synaptic organization of the neuropil of the human brain at the ultrastructural 86 

level using 3D electron microscopy. Our present results provide a new, large, 87 

quantitative ultrastructure dataset of the synaptic organization of the normal human 88 

cortex and of the synaptic alterations that occur in AD. Thus, these results may help to 89 

understand the relationship between alterations of the synaptic circuits and the cognitive 90 

deterioration in AD. 91 

 92 

Introduction  93 

The transentorhinal cortex (TEC) is an obliquely oriented cortex located in the medial 94 

temporal lobe between the perirhinal cortex and the entorhinal cortex and is considered 95 

as a transitional zone between the periallocortex and the proisocortex (Braak and Braak, 96 

1985; Braak et al., 1996; Insausti et al., 2017). This cortical region, together with the 97 

entorhinal cortex, is one of the first affected regions in Alzheimer’s disease (AD). AD is 98 

characterized by two hallmark lesions: extracellular amyloid-β (Aβ) plaques and 99 
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intracellular neurofibrillary tangles of filamentous aggregates of hyperphosphorylated 100 

tau protein (Alzheimer’s Association, 2018). In particular, neurofibrillary tangles first 101 

affect the TEC (Braak and Braak, 1991).  102 

Aβ peptides and tau proteins play normal roles at the synapse, but under pathological 103 

conditions, they may lead to toxic effects at both pre- and post-synaptic elements, 104 

leading to synaptic loss and causing dysfunction in neurotransmitter release (Spires-105 

Jones and Hyman, 2014; Dorostkar et al., 2015; Henstridge et al., 2016; Rajmohan and 106 

Reddy, 2017; Zhou et al., 2017). At present, one of the most widely accepted hypothesis 107 

is that synaptopathy (synaptic alterations and loss) represents the major structural 108 

correlate of the cognitive decline observed in AD (Dickson et al., 1995; Sze et al., 1997; 109 

Masliah et al., 2001; Selkoe, 2002; Coleman et al., 2004; Arendt, 2009).  110 

In a previous study (Domínguez-Álvaro et al., 2018), focused ion beam/scanning 111 

electron microscopy (FIB/SEM) were used to study the possible alterations of synapses 112 

in the neuropil of layer II of TEC in human brain samples from AD patients. 113 

Unexpectedly, it was observed that there were no significant differences in the density, 114 

size and spatial distribution of synapses between AD and control samples. However, 115 

cortical thickness of the TEC in AD patients was reduced (35% thinner than in control 116 

subjects). Thus, a decrease in the total number of synapses in AD occurs in layer II of 117 

the TEC. It was proposed that the surviving TEC neurons might display a compensatory 118 

mechanism (such as the generation of new dendritic branches), which would explain the 119 

lack of changes in the synaptic density. 120 

It is well established that synapses are continuously formed, eliminated and/or reshaped 121 

in response to synaptic activity (Fauth and Tetzlaff, 2016). Synapses are dynamic 122 

elements that can change in terms of not only their function, but also their morphology 123 

and molecular features (Wegner et al., 2018). These synaptic morphological changes 124 
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may include an increase in the number of perforated synapses (with one or more holes 125 

in the postsynaptic density (PSD)) or fragmented synapses (with several PSDs 126 

(Geinisman et al., 1987; Geinisman et al., 1991; Geinisman et al., 1992a; Geinisman et 127 

al., 1992b). How these morphological changes affect the synaptic function is unknown, 128 

but since larger PSDs contain more receptors, it may be that these changes are related to 129 

changes in the synaptic transmission efficiency, as proposed for long-term potentiation 130 

(LTP; Lüscher et al., 2000).  131 

Changes in the postsynaptic elements have also been described in AD patients and in 132 

animal models of AD, specifically, morphological alterations of dendritic spines (for 133 

simplicity, spines; e.g., Spires-Jones et al., 2007; Knafo et al., 2009; Tackenberg et al., 134 

2009; Merino-Serrais et al., 2011, 2013; Pozueta et al., 2013), which are the major 135 

targets of excitatory synapses in the cerebral cortex (reviewed in DeFelipe, 2015). 136 

Whether or not synaptic loss precedes neuronal loss by synaptic disconnection is not 137 

known, but previous studies on the morphological alterations in spines of pyramidal 138 

cells in AD patients (Merino-Serrais et al., 2013) appear to support the notion of 139 

synaptic loss preceding neuronal loss.  140 

Finally, as far as we know, detailed 3D synaptic morphology and identification of 141 

postsynaptic targets in serial sections have not been performed before in the human 142 

brain in either control cases or in AD patients. Thus, in the present study, FIB/SEM was 143 

used to determine the proportion and shape of asymmetric and symmetric synapses (AS 144 

and SS, respectively) targeting spines or dendritic shafts of 4722 synapses that were 3D 145 

reconstructed from the neuropil of layer II of the TEC, from AD patients and control 146 

(non-demented) subjects. Accordingly, the present study represents the first attempt to 147 

unveil the synaptic organization of the neuropil of the human brain in both control and 148 

AD. This study provides a new, large, quantitative ultrastructure dataset of the synaptic 149 
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organization of the normal human cortex and of the possible synaptic alterations that 150 

occur in AD. 151 

 152 

Materials and Methods  153 

Tissue preparation 154 

Human brain tissue was obtained at autopsy from three sources: Pathological Anatomy 155 

Service of Bellvitge University Hospital (Barcelona, Spain), Centro Alzheimer 156 

Fundación Reina Sofía, CIEN Foundation (Madrid, Spain) and from the Unidad 157 

Asociada Neuromax —Laboratorio de Neuroanatomía Humana, Facultad de Medicina, 158 

Universidad de Castilla-La Mancha, Albacete and the Laboratorio Cajal de Circuitos 159 

Corticales UPM-CSIC, Madrid, Spain). The tissue was obtained following national 160 

laws and international ethical and technical guidelines on the use of human samples for 161 

biomedical research purposes. Briefly, tissue samples were obtained from 5 control 162 

cases (non-demented subjects with no known neurological alterations) and 5 AD 163 

patients according to the neuropathological criteria provided by the above-mentioned 164 

centers. As outlined in a previous study, immunostaining for anti-PHF-Tau and anti-Aβ 165 

in the same control cases revealed no presence of Aβ-plaques and only occasional PHF-166 

Tau neurons. By contrast, in AD patients, the same immunostaining revealed the 167 

presence of a variable number of immunoreactive PHF-Tau neurons and Aβ-plaques 168 

(Table 1 from Domínguez-Álvaro et al., 2018).  169 

In all cases, the time between death and tissue processing was lower than 4h (Table 1). 170 

Upon removal, brain tissue was fixed in cold 4% paraformaldehyde (Sigma-Aldrich, St 171 

Louis, MO, USA) in 0.1M sodium phosphate buffer (PB; Panreac, 131965, Spain), pH 172 

7.4, for 2448h. After fixation, the tissue was washed in PB and coronally sectioned in a 173 

vibratome (150μm thickness; Vibratome Sectioning System, VT1200S Vibratome, 174 
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Leica Biosystems, Germany). Sections containing TEC were selected and processed for 175 

electron microscopy as described elsewhere (Domínguez-Álvaro et al., 2018). Briefly, 176 

fixed sections were treated with 1% OsO4 (Sigma, O5500, Germany), 0.1% potassium 177 

ferrocyanide (Probus, 23345, Spain) and 0.003% CaCl2 in sodium cacodylate buffer 178 

(0.1M) for 1h at room temperature. After washing in PB, sections were stained with 2% 179 

uranyl acetate (EMS, 8473, USA), and then dehydrated and flat-embedded in Araldite 180 

(TAAB, E021, UK; DeFelipe and Fairén, 1993). Embedded sections were glued onto a 181 

blank Araldite block and trimmed. Semithin sections (1–2 μm thick) were obtained 182 

from the surface of the block and stained with 1% toluidine blue (Merck, 115930, 183 

Germany) in 1% sodium borate (Panreac, 141644, Spain). The last semithin section 184 

(which corresponds to the section immediately adjacent to the block surface) was 185 

examined under light microscope and photographed to accurately locate the neuropil 186 

regions to be examined. Tissue shrinkage due to electron microscopy processing was 187 

estimated by measuring the area before and after processing to correct the final values in 188 

both control and AD cases (Merchán-Pérez et al., 2009). The area after processing was 189 

divided by the area value measured before processing to obtain a shrinkage factor for 190 

any area measurement (p2) of 0.933.  191 

3D electron microscopy  192 

3D samples of layer II from the TEC were obtained from all cases using a dual beam 193 

microscope (Crossbeam® Neon40 EsB, Carl Zeiss NTS GmbH, Oberkochen, 194 

Germany). This instrument combines a high-resolution field-emission SEM column 195 

with a focused gallium ion beam (FIB), which permits removal of thin layers of material 196 

from the sample surface on a nanometer scale. As soon as one layer of material is 197 

removed by the FIB (20 nm thick), the exposed surface of the sample is imaged by the 198 

SEM, using the backscattered electron detector. The sequential automated use of FIB 199 
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milling and SEM imaging allowed us to obtain long series of photographs of a 3D 200 

sample of selected regions (Merchán-Pérez et al., 2009). Image resolution in the xy 201 

plane was 5 nm/pixel. Resolution in the z axis (section thickness) was 20 nm, and image 202 

size was 2048 x 1536 pixels. The number of sections per stack ranged from 149 to 472, 203 

which corresponds to a corrected volume ranging from 260.2 to 824.4 μm3 (mean: 204 

471.3μm3). A total of 30 stacks of images of the neuropil from layer II of the TEC were 205 

obtained (three stacks per case, for all 10 cases; total volume studied: 14,140 μm3). 206 

These images from the neuropil were obtained avoiding the neuronal and glial somata, 207 

blood vessels and, in the case of AD cases, also avoiding Aβ plaques (plaque-free 208 

regions) to avoid the effect of alterations of synapses in the vicinity of Aβ-plaques, 209 

which has been described previously (e.g., see Blazquez-Llorca et al., 2013). 210 

Synaptic 3D analysis 211 

Stacks of images obtained by the FIB/SEM were analyzed using EspINA software 212 

(EspINA Interactive Neuron Analyzer, 2.1.9; http://cajalbbp.cesvima.upm.es/espina/). 213 

3D reconstructed synapses were classified as AS (excitatory) or SS (inhibitory) based 214 

on their prominent or thin PSD, respectively (Gray, 1959; Colonnier, 1968; Peters and 215 

Palay, 1996).  216 

EspINA software calculated the size of every synapse and also extracted the Synaptic 217 

Apposition Area (SAS), which provides the morphological features of the synapse, as 218 

an indicative measurement of the synaptic functionality (Morales et al., 2013).  219 

EspINA was also used to visualize each of the reconstructed synapses in 3D and to 220 

detect the possible presence of perforations or deep indentations in their perimeters (an 221 

additional movie file shows this in more detail [see Movie 1]). Regarding the shape of 222 

the PSD, the synaptic junctions could be classified into four main types, according to 223 

Santuy et al., 2018a: macular (disk-shaped PSD); perforated (with one or more holes in 224 
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the PSD); horseshoe-shaped (perimeter with an indentation) and fragmented (irregular 225 

small disk-shaped PSDs with no connection between them; Figure 1A).  226 

To identify the postsynaptic targets of 3D reconstructed synapses, the image stack was 227 

navigated to determine whether the postsynaptic element was a dendritic spine or a 228 

dendritic shaft. A condition for unambiguous identification of spines, versus dendritic 229 

shafts, was that the dendritic spine could be visually traced to the parent dendrite 230 

(Figure 2). Accordingly, when the postsynaptic element of a synapse was close to the 231 

margins and it was truncated by the borders of the stack, the identity of the postsynaptic 232 

target could not be determined. Truncated elements that could not be conclusively 233 

identified were labeled as “unknown”. Therefore, the targets of synapses were classified 234 

into two main categories: dendritic spines and dendritic shafts. When the postsynaptic 235 

target was a dendritic spine, we further recorded the position of the synapse on the head 236 

or neck. We also determined whether the target dendrite was a spiny dendrite or a non-237 

spiny one (Santuy et al., 2018b).  238 

In addition, EspINA allowed the application of an unbiased 3D counting frame (CF) to 239 

perform direct counting (for details, see Merchán-Pérez et al., 2009). This 3D unbiased 240 

CF is a regular rectangular prism enclosed by three acceptance planes and three 241 

exclusion planes marking its boundaries (Figure 3). All objects within the CF are 242 

counted, as are those intersecting any of the acceptance planes, while objects that are 243 

outside the CF —or intersecting any of the exclusion planes— are not counted. In this 244 

study, we have determined the morphology and postsynaptic target of 4722 synapses 245 

inside the 3D CF of the neuropil of layer II of the TEC, from AD patients and control 246 

(non-demented) subjects. 247 

Statistical analysis  248 
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To perform statistical comparisons of AS and SS proportions, chi-square (χ²) test was 249 

used for contingency tables. The same method was used to study whether there were 250 

significant differences between groups in relation to the shape of the synaptic junctions 251 

and their postsynaptic target. Briefly, in all the χ² statistical analyses, we firstly 252 

performed an “Omnibus test” based on 2x4 contingency tables. To further investigate 253 

the specific cells driving the significance of the χ² test, partitioning procedure was 254 

applied to create 2x2 contingency tables (Sharpe, 2015). To identify possible 255 

differences within a group regarding the synaptic size (SAS area, perimeter and ratio) 256 

related to the shape of the synapses and their postsynaptic target, a Kruskal Wallis 257 

(KW) nonparametric test was performed (the normality and homoscedasticity criteria 258 

were not met). Differences in the synaptic size between groups were evaluated by using 259 

the unpaired Mann-Whitney (MW) nonparametric U-test. Frequency distribution 260 

analysis of the SAS was performed using Kolmogorov-Smirnov (KS) nonparametric 261 

test. Statistical studies were performed with the aid of the GraphPad Prism statistical 262 

package (Prism 5.00 for Windows, GraphPad Software Inc., USA) and SPSS program 263 

(IBM SPSS Statistics v24, IBM Corp., USA). 264 

 265 

Results  266 

Stacks of images obtained by the FIB/SEM were analyzed using EspINA software, 267 

which allows the segmentation of synapses in the reconstructed 3D volume (Morales et 268 

al., 2011). These TEC samples have been previously used to determine the density and 269 

size of synapses, as well as their spatial distribution (Domínguez-Álvaro et al., 2018). 270 

Since the synaptic junctions were fully 3D reconstructed, as described elsewhere 271 

(Merchán-Pérez et al., 2009), each synapse could be classified as AS (excitatory) or SS 272 

(inhibitory), based on its prominent or thin PSD, respectively (Gray, 1959; Colonnier, 273 
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1968; Peters et al., 1991; Peters and Palay, 1996). In these stacks of images it was also 274 

feasible to accurately determine the synaptic targets, which is critical from the point of 275 

view of the synaptic organization.  276 

Distribution of postsynaptic targets  277 

Postsynaptic targets were classified into two main categories: dendritic spines and 278 

dendritic shafts. In addition, when the postsynaptic target was a dendritic spine, we 279 

recorded the position of the synapse on the head or on the neck. When the postsynaptic 280 

target was a dendritic shaft, we also classified the dendrites as spiny or non-spiny, based 281 

on the presence or absence of spines, respectively.  282 

Control 283 

We determined the postsynaptic structures of 1396 AS whose target could be 284 

unambiguously identified as spines or dendritic shafts. Similarly, we analyzed a total of 285 

112 SS. 286 

In a previous study, it was found that AS outnumber SS approximately 95:5 287 

(Domínguez-Álvaro et al., 2018). In the present study, we observed that 59.1% of AS 288 

were established on spine heads and 0.5% on spine necks. The remaining AS were 289 

established on dendritic shafts: 40.4% (19.9% on aspiny dendritic shafts and 20.5% on 290 

spiny shafts; Table 2, Table 2-1). SS showed a clearly different preference for 291 

postsynaptic targets: 92% were established on dendritic shafts (53.6% on spiny 292 

dendritic shafts and 38.4% on aspiny shafts). That is, the majority of SS target dendritic 293 

shafts, and a small percentage of SS were established on spine heads (7.1%) and spine 294 

necks (0.9%; Table 2, Table 2-1).  295 

Therefore, we evaluated if AS and SS had a preference for spines (heads and necks) or 296 

dendritic shafts. To evaluate this possibility, a 2x4 contingency table was created 297 

showing both types of synapses against the type of their postsynaptic target (Table 2-2). 298 
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The null hypothesis of this χ² test was “H0: type of synapse and type of postsynaptic 299 

target are independent”. χ² test demonstrated that the null hypothesis must be rejected 300 

(Pearson-χ² =117.06; df=3; p<0.0001), showing that there is an association between the 301 

type of synapses and the type of postsynaptic target. To determine which values in this 302 

test are driving this significance, 2x2 contingency tables were created (Table 2-3). Since 303 

the observed values for SS in spine necks were less than 5, these data were discarded 304 

(Bewick et al., 2004). In the 2x2 tables, the expected counts of AS and SS on spine 305 

heads, aspiny dendritic shafts and spiny dendritic shafts were calculated from the 306 

marginal totals. In general, for any contingency table, the expected frequency for a cell 307 

in the ith row and the jth column is Eij= TiTj/T where Ti is the marginal total for the ith 308 

row, Tj is the marginal total for the jth column, and T is the total number of 309 

observations. χ² tests were applied to these tables and the null hypothesis (“H0: type of 310 

synapse and type of postsynaptic target are independent”) was rejected; that is, there is 311 

an association between the type of synapse and the type of postsynaptic target. We 312 

found that AS had a significant preference for spine heads: 99.0% of AS and only 1.0% 313 

of SS were established on spine heads (χ², p <0.0001). By contrast, the SS showed a 314 

significant preference for dendritic shafts (χ², p <0.0001), both in aspiny dendritic shafts 315 

(receiving 86.6% AS and 13.4% SS) and spiny dendritic shafts (receiving 82.7% AS 316 

and 17.3% SS). Since the overall proportion of synapses on spines versus synapses on 317 

shafts was about 56:44, each synaptic type —AS and SS— had a clear preference for a 318 

particular postsynaptic target.  319 

When we differentiated the synapses according to their type (AS or SS) and their 320 

postsynaptic target (spine heads, spine necks or dendritic shafts), we found that 54.7% 321 

were AS targeting spine heads, 37.4% were AS on dendritic shafts, 6.8% corresponded 322 
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to SS on dendritic shafts, and 0.5% were SS on spine heads (Figure 4). However, few 323 

synapses targeted spine necks (0.5% of AS and 0.1% of SS; Figure 4).  324 

We also determined the proportion of single or multiple synapses per spine head and 325 

found that the majority of synapses were single AS (94.5%). The remaining 5.5% were 326 

multiple synapses, which were found on the spine heads in different combinations as 327 

follows: 3.6% comprised two AS, with 1.9% comprising one AS and one SS (Figure 5).   328 

Furthermore, we examined the possible relationship between the postsynaptic target of 329 

the synapses and their synaptic size. This study was performed by examining the area, 330 

perimeter and curvature of the SAS from each AS and SS. In the case of the AS, the 331 

mean SAS curvature of synapses targeting spine heads was significantly higher than in 332 

synapses targeting dendritic shafts (KW, p<0.001; Table 3; Figure 6). In the case of SS, 333 

the number of synapses was considered too low to perform a robust statistical analysis. 334 

Alzheimer’s disease  335 

We examined the postsynaptic targets of 1153 AS and 102 SS that were unambiguously 336 

identified. The study of the preferred postsynaptic target revealed that 50.2% of AS 337 

were established on spine heads and 0.7% on spine necks. The remaining AS (49.1%) 338 

were established on dendritic shafts: 28.0% on aspiny dendritic shafts and 21.1% on 339 

spiny shafts (Table 2; Table 2-1). In these AD samples, SS also showed a clearly 340 

different preference pattern: 90.2% of SS targeted dendritic shafts (49.0% on spiny 341 

dendritic shafts and 41.2% on aspiny shafts). A small percentage of SS were established 342 

on spine heads (8.8%) and spine necks (1.0%; Table 2; Table 2-1).  343 

To evaluate possible preference of AS and SS for spines or dendritic shafts in AD 344 

samples, the same analysis performed in control cases was used: χ² test in 2x4 and 2x2 345 

contingency tables. We found that AS had a significant preference for spine heads: 346 

98.5% of AS versus only 1.5% of SS (χ², p <0.0001). By contrast, the SS showed a 347 



 

15 
 

significant preference for dendritic shafts (χ², p <0.0001), with 82.9% of AS and 17.1% 348 

of SS on dendritic spiny shafts, and 88.5% of AS and 11.5% of SS on aspiny dendritic 349 

shafts.  350 

Analysis of synapses according to their type (AS or SS) and their postsynaptic target 351 

(spine heads, spine necks and dendritic shafts) showed that, in AD samples, 46.1% of 352 

the synapses were AS targeting spine heads, 45.1% were AS on dendritic shafts, 7.3% 353 

corresponded to SS located on dendritic shafts and 0.7% to SS on spines (Figure 4). 354 

Similar to observations with the control cases, there were few synapses targeting spine 355 

necks (0.7% for AS and 0.1% for SS; Figure 4).  356 

The presence of single or multiple synapses per spine head was also examined. The 357 

majority of synapses established on spine heads were single AS (90.6%) and the least 358 

frequent type was single SS (0.2%) on a spine head. The remaining 9.2% were multiple 359 

synapses, which were found on the spine heads in different combinations, as follows: 360 

6.5% comprised two AS, with 1.0% comprising two AS and one SS, and 1.7% 361 

comprising one AS and one SS (Figure 5).    362 

In AD samples, we also evaluated if the postsynaptic target was related to the size of the 363 

synaptic junctions. For this purpose, we examined the area, perimeter and curvature 364 

ratio of the SAS from each AS and SS. In the case of the AS, the mean SAS curvature 365 

ratio of synapses targeting spine heads was significantly higher than that found in 366 

synapses targeting dendritic shafts (KW, p<0.001; Table 3; Figure 6). In the case of SS, 367 

the number of these synapses was not sufficient to perform a robust statistical analysis. 368 

The analysis of SAS features to compare between control and AD samples showed no 369 

differences between groups (MW, p>0.05). Likewise, frequency distribution analysis of 370 

SAS did not reveal significant differences (KS, p>0.01; Figure 6). 371 
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To evaluate possible differences in the postsynaptic targets in AD patients compared to 372 

control cases, χ² tests in 2x4 and 2x2 contingency tables were performed. In this case, 373 

contingency tables considered both control and AD samples against the type of 374 

postsynaptic target. For AS, in AD patients there were significantly less synapses 375 

targeting spine heads compared to control cases (χ², p<0.001; Figure 7). By contrast, we 376 

observed that significantly more synapses targeted dendritic shafts in AD patients (χ², 377 

p<0.001, Figure 7). No differences were found regarding synapses targeting spine necks 378 

(χ², p=0.7099; Figure 7). Concerning SS, the number of synapses examined was not 379 

sufficient to perform a robust statistical analysis.  380 

 381 

The shape and size of the synaptic junctions 382 

Regarding the synaptic shape, synapses were categorized into four main types according 383 

to Santuy et al. (2018a): macular, perforated, horseshoe-shaped and fragmented 384 

synapses. Briefly, macular synapses presented continuous disk-shaped PSD; those with 385 

holes in the PSDs were classified as perforated synapses; synapses with tortuous 386 

horseshoe-shaped perimeters with an indentation were called “horseshoe-shaped”; and 387 

irregular small disk-shaped PSDs with no connection between them were considered as 388 

“fragmented” synapses (Figure 1A).  389 

Control 390 

In control cases, 2561 AS were identified and fully reconstructed in 3D. The majority of 391 

these were macular (83.8%), followed by perforated synapses (11.8%). Relatively few 392 

were horseshoe-shaped (3.8%), and much fewer still were fragmented synapses (0.6%; 393 

Table 4; Table 4-1). Regarding SS, we identified and fully reconstructed in 3D a total of 394 

127 synapses. The majority were macular-shaped (83.5%), followed by horseshoe-395 
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shaped (12.6%). The least frequent type was the perforated (3.9%) and no fragmented 396 

SS were found (Table 4; Table 4-1). 397 

To evaluate possible association of AS and SS regarding the synaptic shape, again χ² 398 

tests in 2x4 and 2x2 contingency tables were created, considering both types of 399 

synapses against the morphological synaptic type. The null hypotheses of these χ² tests 400 

were “H0: type of synapse and morphological synaptic type are independent”. We found 401 

that 95.3% of macular synapses were AS and 4.7% were SS. This proportion was 402 

slightly different in perforated synapses (98.4% AS and 1.6% SS), but —in the case of 403 

horseshoe-shaped synapses— the proportion of AS was significantly lower (86.0% were 404 

AS and 14% SS; χ², p <0.0001), indicating that the horseshoe-shaped synapses were 405 

more frequent among SS than AS. Regarding the fragmented synapses, 100% were AS 406 

(Figure 1C).  407 

We also determined if the shape of the synapses was associated with differences in their 408 

size. For this purpose, we examined the area, perimeter and curvature ratio of the SAS 409 

from each AS and SS. In the case of the AS, the mean SAS area, perimeter and 410 

curvature ratio of macular synapses were all significantly smaller than in perforated, 411 

horseshoe-shaped and fragmented synapses (KW, p<0.0001; Table 5; Figure 8). 412 

Although we observed the same tendency in the case of SS (smaller macular synapses 413 

than perforated and horseshoe-shaped synapses), only 5 perforated synapses and 16 414 

horseshoe-shaped ones were found and, therefore, statistical analysis was not applied. 415 

Alzheimer’s disease 416 

In AD patients, a total of 1915 AS were identified and fully 3D reconstructed. The 417 

majority of these synapses were macular-shaped (81.4%), followed by perforated 418 

synapses (11.5%), horseshoe-shaped (5.3%), and only 1.8% were fragmented synapses. 419 

Concerning SS, we identified and fully 3D reconstructed a total of 119 synapses. The 420 
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majority were macular (92.5%), followed by perforated (6.7%). The least frequent type 421 

was the horseshoe-shaped (0.8%), and —similar to the observations with control 422 

cases— fragmented SS were not found in AD patients (Table 4; Table 4-1).  423 

As occurred in the control cases, we found that 93.4% of macular synapses were AS and 424 

6.6% were SS. This proportion was slightly different in perforated synapses (96.5% AS 425 

and 3.5% SS) and horseshoe-shaped synapses (99.0% AS and 1.0% SS). Regarding the 426 

fragmented synapses, 100% were AS (Figure 1D).  427 

To evaluate possible differences in the proportion of the synaptic shapes between 428 

control cases and AD patients, χ² tests in 2x4 and 2x2 contingency tables were 429 

performed. In this case, contingency tables considered both control and AD samples 430 

against the morphological synaptic type. For AS the results indicated that —in AD 431 

patients— fragmented synapses were more frequent than in control cases (χ², p<0.001). 432 

This difference was not significant regarding macular, perforated and horseshoe 433 

synapses (χ², p>0.01; Figure 1B), but we observed a slightly higher number in 434 

horseshoe synapses (χ², p= 0.024) and slightly fewer number in macular synapses (χ², 435 

p=0.039). Regarding SS, the number of these synapses was not sufficient to perform a 436 

robust statistical analysis. 437 

Moreover, we determined if the shape of the synapses was associated with differences 438 

in their size. The area, perimeter and curvature of the SAS from each of the AS and SS 439 

were examined. In the case of the AS, the mean SAS area, perimeter and curvature of 440 

macular synapses were —as occurred in control cases— significantly smaller than in 441 

perforated, horseshoe-shaped and fragmented synapses (KW, p<0.0001; Table 5; Figure 442 

8). Although we observed the same tendency in the case of SS (smaller macular 443 

synapses than perforated and horseshoe-shaped synapses), the number of these synapses 444 

was not sufficient to perform a robust statistical analysis. SAS features of AS such as 445 
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the area, perimeter and the curvature were compared between the two groups, with no 446 

significant differences observed between control cases and AD patients (MW, p>0.05). 447 

Likewise, frequency distribution analysis did not reveal significant differences (KS, 448 

p>0.01). 449 

 450 

Discussion 451 

This study provides the following findings: first, both in control cases and AD patients, 452 

AS had a significant preference for spine heads, while the preference of SS was for 453 

dendritic shafts. However, in AD patients we observed a lower percentage of synapses 454 

targeting spine heads. Second, regarding the shape of synapses, in control and AD 455 

samples, the vast majority of synapses had a macular shape (83.8% for AS and 83.5% 456 

for SS control; 81.4% for AS and 92.5% for SS AD). Third, in AD patients, we 457 

observed a higher percentage of fragmented AS than in control cases. 458 

Distribution of postsynaptic targets 459 

Synaptic targets in control cases 460 

The analysis of the preferred postsynaptic target revealed that the vast majority of AS 461 

were established on spines, whereas —in the case of SS— the vast majority were on 462 

dendritic shafts. If we take into account the synaptic type (AS or SS) and its 463 

postsynaptic target, we found that in control cases 54.7% of synapses were AS targeting 464 

spine heads, 37.4% were AS on dendritic shafts, 6.8% were SS located on dendritic 465 

shafts, and 0.5% were SS on spine heads. Very few synapses targeted spine necks (0.5% 466 

of AS and 0.1% of SS).   467 

Since there are no similar studies performed in the human cerebral cortex, we compared 468 

our results with electron microscopy studies performed in the neuropil of other species 469 

and cortical regions (Table 6) (Beaulieu and Colonnier, 1985; Beaulieu et al., 1992; 470 
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Micheva and Beaulieu, 1996). These studies include data from the monkey striate 471 

cortex, the cat visual cortex, and the rat barrel cortex. As summarized in Table 6, there 472 

is a general pattern in all cortical areas and species: AS located on spines predominate, 473 

followed by AS located on dendritic shafts, SS located on dendritic shafts, and, finally, 474 

SS located on spines. Taking into account the considerable differences in the functional 475 

and structural features between the different cortical areas and species (DeFelipe, 2011), 476 

the similarity of this general pattern of synaptic distribution is remarkable. Nevertheless, 477 

there are important differences in the percentage for each category, which could be 478 

attributed to species specialization of the different cortical areas examined. For 479 

example, layer II of the human TEC had the lowest percentage of AS on spines, 480 

although this percentage was similar to that found in layer 2/3 of the monkey striate 481 

cortex. However, the proportions of AS on shafts and SS on spines were largest and 482 

lowest, respectively, in the human TEC (Table 6). Nevertheless, we cannot rule out the 483 

possibility that the differences in the percentages observed in the present study and the 484 

above mentioned publications in experimental animals could also be explained, at least 485 

in part, by the different methodological approaches used to identify the postsynaptic 486 

targets; we used the gold standard method, namely full reconstructions of the synapses, 487 

rather than the partial reconstructions carried out in other publications.  488 

Synaptic targets in Alzheimer’s disease  489 

In the AD samples, the study of the preferred postsynaptic target showed that, as 490 

observed with control cases, the majority of AS were established on spines (with 50.2% 491 

targeting spine heads and 0.7% targeting spine necks). The remaining AS were 492 

established on dendritic shafts (28.0% of AS on aspiny dendritic shafts and 21.1% of 493 

AS on spiny shafts). However, the majority of SS target dendritic shafts (49.0% on 494 
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spiny dendritic shafts and 41.2% on aspiny shafts), and a small percentage of SS were 495 

established on spine heads (8.8%) and spine necks (1.0%).  496 

Comparison of the postsynaptic targets in AD patients and control cases revealed a 497 

significant reduction in the number of synapses targeting spine heads in AD patients. 498 

This reduction is probably related to the changes in number and morphology of spines 499 

that occur in AD. For example, in the vicinity of amyloid-plaques in the cerebral cortex 500 

of mouse models of AD, as well as in tissue from AD patients, spines are loss or 501 

undergo a variety of morphological changes (e.g., Spires-Jones et al., 2007; Knafo et al., 502 

2009; Tackenberg et al., 2009; Merino-Serrais et al., 2011; Pozueta et al., 2013; 503 

Llorens-Martín et al., 2014; Zou et al., 2015). Furthermore, some studies have observed 504 

loss and morphological changes of spines in tau transgenic mice and AD patients, 505 

related to the presence of pre-tangles or neurofibrillary tangles in pyramidal neurons 506 

(Tackenberg et al., 2009; Merino-Serrais et al., 2013; Pozueta et al., 2013). Thus, both 507 

Aβ plaques in the neuropil and the intracellular neurofibrillary tangles within pyramidal 508 

cells induce alterations in spines. Since the majority of the synapses a pyramidal cell 509 

receives are on spines and they represent the vast majority of AS synapses (DeFelipe 510 

and Farinas, 1992), the loss of spines, and, therefore, the loss of synapses, has been 511 

proposed as the structural basis of pathogenesis in AD and in other neurodegenerative 512 

diseases, such as Huntington’s disease, and amyotrophic lateral sclerosis-associated 513 

dementia (Herms and Dorostkar, 2016). 514 

Despite the fact that we found a significantly lower number of synapses targeting spine 515 

heads in AD patients, it is important to note that there was a high interindividual 516 

variability (Table 2-1). Two AD patients (IF6, VK11), who had the lowest 517 

Braak/CERAD stage (IIIIV/A), showed values of synapses targeting spine heads similar 518 

to control cases. By contrast, one AD patient (VK22) classified with the highest 519 
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Braak/CERAD stage (V/C) presented the lowest number of synapses targeting spine 520 

heads. Therefore, the number of synapses targeting spine heads might be modified by 521 

differences in the disease progression. By contrast, one AD patient (IF1) —classified as 522 

Braak/CERAD stage IV/B— showed values of synapses targeting spine heads similar to 523 

control cases. Since this patient apparently did not display cognitive impairment, it is 524 

possible that this particular case may represent a pre-dementia stage of AD with no 525 

impairment of spines. This variability could not be explained by technical effects, since 526 

postmortem delays were all similar and we used the same methodological procedures. 527 

However, others factors such as gender or aging could explain the variability among 528 

cases, since these factors may influence the number of synapses (Alonso-Nanclares et 529 

al., 2008; Peters and Kemper, 2012). 530 

 531 

The shape and size of the synaptic junctions: controls versus Alzheimer’s 532 

disease 533 

It is not only the number of spines that is essential in terms of maintenance of synaptic 534 

connectivity and plasticity; spine morphology is also critical from a functional point of 535 

view (Yuste, 2010; Herms and Dorostkar, 2016). The spine head volume has been 536 

related to the area of the PSD, which has in turn been related to the number of 537 

postsynaptic receptors (Nusser et al., 1998) and the probability of neurotransmitter 538 

release (Arellano et al., 2007; Montes et al., 2015). Regarding the molecular 539 

composition of the PSD, the larger the synapse, the higher the actual number of AMPA 540 

receptors, whereas a higher concentration of NMDA receptors has been found in 541 

smaller synapses (Kharazia and Weinberg, 1999). In the present study, no changes in 542 

any of the PSD size parameters (SAS area and perimeter) were found in AD samples. 543 

However, the protein composition of human synapses is highly complex (Grant, 2012) 544 
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and we cannot rule out changes in the composition and number of postsynaptic 545 

receptors and other elements of the postsynaptic signaling complexes in layer II of the 546 

TEC in AD patients.  Further studies of the human synapse proteome in the TEC would 547 

be necessary to better understand the synaptic changes found in this cortical region.  548 

In both control and AD cases, synaptic junctions were categorized into four main types 549 

depending on their shape: macular, perforated, horseshoe-shaped and fragmented 550 

synapses.  551 

Control 552 

In general, the vast majority of both AS and SS had a macular shape, followed far 553 

behind, the second most common type were perforated synapses in the case of AS, or 554 

horseshoe-shaped synapses in the case of SS. Fragmented synapses were found in low 555 

numbers and all of them were AS. Regarding the average size of synapses, macular 556 

synapses were smaller than perforated, horseshoe-shaped and fragmented synapses. 557 

Unfortunately, since there are no studies about the 3D synaptic morphology in the 558 

human neocortex, our results cannot be compared with previous studies performed in 559 

the TEC or in any other human cortical region. These results are similar to previous 560 

studies on synaptic shape and size performed in the juvenile rat somatosensory cortex 561 

(Santuy et al., 2018a).  562 

Although we do not know how morphological synaptic changes affect synaptic 563 

function, some studies have related them to an increase in the synaptic transmission 564 

efficiency, because the remodeling process involves the insertion of new receptors in 565 

the postsynaptic membrane (Lüscher et al., 2000). Moreover, in response to synaptic 566 

activity, receptors can be incorporated into the PSD either by endosomal pathways or by 567 

lateral diffusion from the extrasynaptic membrane zone (Kneussel and Hausrat, 2016). 568 

Under normal conditions, the macular synapses had the capacity to become larger by 569 
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progressively adopting a more tortuous perimeter with perforations and indentations 570 

(Geinisman et al., 1987; Geinisman et al., 1991; Geinisman et al., 1992a; Geinisman et 571 

al., 1992b). So, synapses may become larger and more complex by a remodeling 572 

process involving the incorporation of receptors into the postsynaptic membrane. 573 

Accordingly, some studies have reported higher immunoreactivity for glutamate 574 

receptors (AMPA and NMDA) in perforated synapses than in non-perforated ones 575 

(Ganeshina et al., 2004a; Ganeshina et al., 2004b).  Models to study how variations in 576 

size of synaptic junctions are related to characteristics such as release probability of 577 

neurotransmitter and density of postsynaptic AMPA receptors suggest that large 578 

synapses with more number of postsynaptic receptors would produce stronger and more 579 

homogeneous responses, while small synapses with fewer receptors would produce 580 

weaker and much more variable responses (Montes et al., 2015).  581 

Furthermore, it has been postulated that fragmented synapses are specialized synapses 582 

made of more than one postsynaptic element which would lead to a greater synaptic 583 

response than in the case of synapses that only have a single PSD (Geinisman et al., 584 

1987; Ganeshina et al., 2004a). Several studies have found an increase in the number of 585 

fragmented synapses resulting from the turnover of original synapses in the dental gyrus 586 

and CA1 of the rat hippocampus after LTP or kindling stimulation (Geinisman et al., 587 

1991; Geinisman et al., 1992a; Geinisman et al., 1992b; Geinisman et al., 1993; Toni et 588 

al., 2001). In this process, a continuous disk-shaped PSD synapse (macular) enlarges 589 

with the formation of one or more holes in its PSD, becoming a horseshoe shape before 590 

finally separating into different PSDs with no connections between them (Geinisman et 591 

al., 1987). Thus, fragmented synapses could be structural intermediates in various forms 592 

of synaptic dynamics and their increase in their number could be responsible for the 593 

enhancement of synaptic efficacy that is typical of LTP and kindling. Finally, if 594 
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perforated, horseshoe-shaped and fragmented synapses represent different dynamic 595 

functional stages, and the percentage of these synapses is relatively low, it follows that 596 

dynamic synaptic changes must be of relatively little importance.  597 

However, we should keep in mind that, in the TEC, there are billions of synapses (510 598 

x106 synapses per mm3; Domínguez-Álvaro et al., 2018). Thus, there are millions of 599 

synapses with these different shapes, which could in fact be interpreted as a relatively 600 

high rate of synaptic dynamism.  601 

Alzheimer’s disease 602 

In AD cases, the vast majority of both AS and SS were macular, followed by perforated, 603 

horseshoe-shaped and fragmented synapses. In the case of SS, the percentages of 604 

perforated and horseshoe-shaped synapses were lower than for AS, and fragmented 605 

synapses were not found.  606 

When we compared the proportion of the different synaptic shapes between control 607 

cases and AD patients, we found that AS fragmented synapses were more frequent in 608 

AD patients than in control cases. This difference was not found in macular, perforated 609 

or horseshoe-shaped synapses, although a slightly lower proportion of macular synapses 610 

and a slightly higher proportion of horseshoe synapses were found in AD patients.  611 

In our AD samples, we also determined whether the shape of the synapses was related 612 

to the synaptic size (area, perimeter and curvature of the SAS). We observed that 613 

synapses in AD samples had similar morphological features to those observed in control 614 

cases. In the case of the AS, the area, perimeter and curvature of macular synapses were 615 

significantly smaller than in perforated, horseshoe-shaped and fragmented synapses. 616 

Moreover, regarding these synaptic features, there were no significant differences 617 

between control and AD patients, as previously reported in other cortical regions using 618 
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conventional transmission electron microscopy (Scheff and Price, 2006; Scheff et al., 619 

1993).  620 

Since an increase in the number of fragmented synapses has been related to potentiation 621 

of the synaptic efficacy (Geinisman et al., 1991; Geinisman et al., 1992a; Geinisman et 622 

al., 1992b; Geinisman et al., 1993; Toni et al., 2001), the increased number of this type 623 

of synapse found in AD patients could be due to the activation of compensatory 624 

mechanisms in response to the synaptic loss that occurs in this cortical region 625 

(Domínguez-Álvaro et al., 2018). Accordingly, a higher number of perforated synapses 626 

have been reported in several diseases and under certain experimental conditions, such 627 

as —for example— after striatal dopamine depletion in the striatum of the rat (Anaya-628 

Martínez et al., 2014). Recently, enhancement of physiological synaptic activity during 629 

early stages of AD has been suggested as a compensatory response (Tampellini, 2015). 630 

Since the potentiation of synaptic activity may promote an increase in the proportion of 631 

fragmented synapses, we could hypothesize that the higher proportion of fragmented 632 

synapses found in AD patients could be a compensatory mechanism during the 633 

progression of this disease, which would end in the generation of more fragmented 634 

synapses. However, it could be possible that this kind of mechanism fails and synaptic 635 

activity would fall off. Moreover, as fragmented synapses have more than one 636 

independent release site their formation could involve an increase in glutamate release, 637 

which may promote excitotoxicity and neuronal death (Anaya-Martínez et al., 2014).  638 

 639 

Finally, although we analyzed only five control cases and five AD patients, it is 640 

important to keep in mind that —thanks to FIB/SEM technology— it was possible to 641 

obtain the first largest collection of 3D reconstructed synapses of the human brain, with 642 

thousands of synapses examined. This allowed us to accurately determine their 643 
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morphology and postsynaptic targets, constituting firm support for the evidence 644 

provided by the data presented. Nevertheless, further verification involving the 645 

examination of more cases with similar ages would be necessary to better understand 646 

the possible differences in the synaptic organization between controls and AD. As a 647 

final point, it is well established that there are differences in the microstructure of the 648 

cerebral cortex depending on the cortical area and layer (DeFelipe, 2011). Therefore, 649 

the data obtained in the present study probably cannot be extrapolated to other cortical 650 

regions. In other words, the synaptic organization must be examined separately in each 651 

particular region and for different ages and genders. This will make it possible to 652 

determine the similarities and differences in the synaptic organization between different 653 

cortical regions of the human brain. 654 

 655 

Concluding remarks 656 

In summary, this study provides evidence of a reduction in the number of synapses 657 

targeting spine heads in AD patients, in line with previous studies. The loss of spines, 658 

and, therefore, the loss of synapses, has been proposed as the structural basis of 659 

pathogenesis in AD. Besides, in this study we observed morphological synaptic 660 

alterations in TEC in AD patients. How these morphological changes could affect the 661 

synaptic function is unknown, but these changes have been related to modifications in 662 

the synaptic transmission efficiency. Thus, the increase in the number of fragmented 663 

synapses in AD patients could be due to the activation of compensatory mechanisms in 664 

response to the synaptic loss that occurs in this cortical region during the progression of 665 

the disease. However, it could be possible that this kind of mechanism fails and synaptic 666 

activity would fall off.   667 

 668 
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Multimedia Legend 849 

Movie 1. Video of the EspINA software user interface. FIB/SEM sections are viewed 850 

through the xy plane (as obtained by FIB/SEM microscopy) and yz and xz plane. 3D 851 

reconstruction of a perforated synapse is shown in the three orthogonal planes. This 3D 852 

reconstruction of one perforated synapse is shown in green at the end of the video. The 853 

3D reconstruction of the synapse allows us to identify the morphology of the synapse as 854 

perforated.   855 

Figure Legends 856 

Figure 1. A: Schematic representation of the shape of the synaptic junctions: macular 857 

synapses with continuous disk-shaped PSD; perforated synapses with holes in the PSD; 858 

horseshoe-shaped with tortuous horseshoe-shaped perimeter with an indentation and 859 

fragmented synapses with two PSDs with no connections between them. B: Proportion 860 

of macular, perforated, horseshoe-shaped and segmented AS and SS in control cases 861 

and AD patients. In AD patients, fragmented synapses were significantly more frequent 862 

than in control cases (X2, p<0.001). C: Proportion of AS and SS belonging to each 863 

morphological category in control cases. The horseshoe-shaped synapses were 864 

significantly more frequent among SS than AS (X2, p<0.0001). D: Proportion of AS and 865 

SS belonging to each morphological category in AD cases. AD: Alzheimer´s disease; 866 

AS: asymmetric synapses; PSD: post-synaptic density; SS: symmetric synapses. 867 

Figure 2. Serial images obtained by FIB/SEM from the human neuropil of layer II 868 

of TEC. A: Low magnification photograph showing a spine head, spine neck and 869 

dendritic shaft in a single image. B I: Selected sections (39 to 63) from an FIB/SEM 870 

stack of serial sections, to illustrate an AS targeting a spine head. Arrows (in B and I) 871 
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indicate the beginning and the ending, respectively, of the synapse targeting a spine 872 

head. Scale bar shown in panel A indicates 850 nm in A and 500 nm in B I. 873 

Figure 3. Screenshot of the EspINA software user interface. In the main window 874 

(top), the sections are viewed through the xy plane (as obtained by FIB/SEM 875 

microscopy). The other two orthogonal planes, yz and xz, are also shown in adjacent 876 

windows (on the right). The 3D windows (bottom left) show the three orthogonal planes 877 

and the 3D reconstruction of segmented synapses. A 3D rectangular unbiased CF is 878 

shown on the bottom. The three acceptance planes are represented in green and three 879 

exclusion planes in red. Synapses inside the CF are colored in green and synapses 880 

outside the CF in red. CF: counting frame.   881 

Figure 4. Representation of the distribution of AS (green) and SS (red) on spines 882 

and dendritic shafts. Percentages of each type are indicated. Synapses on spines have 883 

been sub-classified into those that are established on the head of the spine and those that 884 

are established on the neck. Asymmetric synapses have been represented in green and 885 

symmetric synapses in red. Control cases are represented on the top and AD patients on 886 

the bottom. AD: Alzheimer´s disease; AS: asymmetric synapse; SS: symmetric 887 

synapses. 888 

Figure 5. Schematic representation of single and multiple synapses on dendritic 889 

spine heads. Percentages of each type are indicated. Synapses on the necks and other 890 

combinations that were rarely found (less than 1%) have not been represented. 891 

Asymmetric synapses have been represented in green and symmetric synapses in red. 892 

Control cases are represented on the top and AD patients on the bottom. AD: 893 

Alzheimer´s disease; AS: asymmetric synapse; SS: symmetric synapses. 894 
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Figure 6. Frequency histograms of the SAS area (A, B), perimeter (C, D) and curvature 895 

(E, F) of AS targeting spine heads, spine necks and dendritic shafts from control cases 896 

(A, C, E) and from AD patients (B, D, F). The mean SAS curvature ratio of synapses 897 

targeting spine heads was significantly higher than in synapses targeting dendritic shafts 898 

(KW, p<0.0001), both in control cases and AD patients. AD: Alzheimer´s disease; AS: 899 

asymmetric synapses; SAS: synaptic apposition surface. 900 

Figure 7. Proportion of AS and SS on spines and dendritic shafts in control and 901 

AD cases. In AD patients, there is a significantly lower number of AS targeting spine 902 

heads (X2, p<0.001), and a significantly higher number of AS targeting dendritic shafts 903 

(X2, p<0.001). Data from SS shows no apparent differences between groups. AD: 904 

Alzheimer´s disease; AS: asymmetric synapses; SS: symmetric synapses. 905 

Figure 8. Frequency histograms of the SAS area (A, B), perimeter (C, D) and curvature 906 

(E, F) of macular, perforated, horseshoe-shaped and segmented AS from control cases 907 

(A, C, E) and from AD patients (B, D, F). The mean SAS area, perimeter and curvature 908 

of macular synapses was significantly smaller than in perforated, horseshoe-shaped and 909 

segmented synapses (KW, p<0.0001), both in control cases and AD patients. AD: 910 

Alzheimer´s disease; AS: asymmetric synapses; SAS: synaptic apposition surface.   911 

Table Legends 912 

Table 1. Clinical and neuropathological information. Braak Stages (Braak and 913 

Braak, 1991): III (NFTs in entorhinal cortex and closely related areas); III IV (NFTs 914 

abundant in amygdala and hippocampus. Extending slightly into association cortex); 915 

V VI (NFTs widely distributed throughout the neocortex and ultimately involving 916 

primary motor and sensory areas). CERAD Stages (Mirra et al., 1991): A (Low density 917 
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of neuritic plaques); B (Intermediate density of neuritic plaques); C (High density of 918 

neuritic plaques). NA: Not applicable; NFTs: neurofibrillary tangles. -: Not available.   919 

Table 2. Distribution of asymmetric (AS) and symmetric (SS) synapses on spines 920 

and dendritic shafts in control cases and AD patients. Synapses on spines have been 921 

sub-divided into those that are established on spine heads and those that are established 922 

on spine necks. Moreover, we differentiated between aspiny and spiny dendritic shafts. 923 

Data are expressed as percentages with the absolute number of synapses studied given 924 

in parentheses. Data for each individual case are represented in Table 2-1. Data 925 

expressed as absolute number of synapses were taken from this table to perform 926 

contingency tables showed in Table 2-2 and Table 2-3. AD: Alzheimer’s disease; AS: 927 

asymmetric synapses; SS: symmetric synapses. 928 

Table 3. Data regarding area (nm2), perimeter (nm) and curvature (ratio) of the 929 

SAS from synapses on spines and dendritic shafts in control cases and AD patients. 930 

All data are corrected for shrinkage factor. AD: Alzheimer´s disease; AS: asymmetric 931 

synapses; sem: standard error of the mean; SAS: synaptic apposition surface; SS: 932 

symmetric synapses. 933 

Table 4. Proportion of the different shapes of synaptic junctions in control and AD 934 

patients. Data are given as percentages with the absolute number of synapses studied in 935 

parentheses. Data for each individual case are represented in Table 4-1. AD: 936 

Alzheimer´s disease; AS: asymmetric synapses; SS: symmetric synapses.  937 

Table 5. Data regarding area (nm2), perimeter (nm) and curvature (ratio) of the 938 

SAS of macular, perforated, horseshoe-shaped and fragmented synapses in control 939 

cases and AD patients. All data are corrected for shrinkage factor. AD: Alzheimer´s 940 
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disease; AS: asymmetric synapses; sem: standard error of the mean; SAS: synaptic 941 

apposition surface; SS: symmetric synapses. 942 

Table 6. Summary of the data from the studies of the pattern of synaptic 943 

distribution. Data are given as percentages. Data were taken from: 1Beaulieu et al., 944 

1992; 2Beaulieu and Colonnier (1985); 3Micheva and Beaulieu (1996). 945 

Extended data legends 946 

Table 2-1. Distribution of asymmetric (AS) and symmetric (SS) synapses on spines 947 

and dendritic shafts for each individual case. Synapses on spines have been sub-948 

divided into those that are established on spine heads and those that are established on 949 

spine necks. Moreover, we differentiated between aspiny and spiny dendritic shafts. 950 

Data are given in percentages and absolute numbers of synapses studied (parentheses). 951 

AS: asymmetric synapses; SS: symmetric synapses. 952 

Table 2-2. An example of a 2x4 contingency table showing the type of synapse 953 

against the type of postsynaptic target in control cases. The observed counts of 954 

synapses (in bold) in each subcategory were taken from data in Table 2. The null 955 

hypothesis of this χ² test was “H0: type of synapse and type of postsynaptic target are 956 

independent”. Omnibus χ² test demonstrated that the null hypothesis must be rejected 957 

(Pearson-χ² =117.06; df=3; p<0.0001), so there is an association between the type of 958 

synapses and the type of postsynaptic target. 959 

Table 2-3. Three examples of 2x2 contingency tables showing the type of synapse 960 

against the type of postsynaptic target in control cases. The observed counts of 961 

synapses (in bold) in each subcategory were taken from data in Table 2. The expected 962 

counts (in parentheses) of AS and SS on spine heads, aspiny dendritic shafts and spiny 963 
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dendritic shafts are calculated from the marginal totals. χ² tests of association were 964 

applied to these tables and the null hypothesis (“H0: there is no association between the 965 

type of synapse and the type of postsynaptic target”) was rejected in all cases (p 966 

<0.0001). 967 

Table 4-1. Proportion of the different shapes of synaptic junctions for each case. 968 

Data are given in percentages and absolute numbers of synapses studied (parentheses). 969 

AS: Asymmetric synapses; SS: symmetric synapses. 970 

  971 



 

43 
 

Figure 1 972 

 973 

  974 
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Figure 2. Serial images obtained by FIB/SEM from the human neuropil of layer II 975 

of TEC 976 

 977 

  978 
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Figure 3. Screenshot of the EspINA software user interface 979 

 980 
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Figure 4. Representation of the distribution of AS (green) and SS (red) on spines 982 

and dendritic shafts 983 

 984 

  985 
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Figure 5. Schematic representation of single and multiple synapses on dendritic 986 

spine heads  987 

 988 

  989 
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Figure 6 990 
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Figure 7. Proportion of AS and SS on spines and dendritic shafts in control and 993 

AD cases 994 

 995 
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Figure 8 997 

 998 

 999 
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Table 1. Clinical and neuropathological information 1003 

 1004 

  1005 

Patient Gender 
Age 

(years) 
Cause of death 

Postmortem 

delay (h) 

Braak 

Stage 

CERAD 

Stage 

Neuropsychological 

diagnosis 

AB1 Male 45 Lung cancer <1 NA NA NA 

AB2 Female 53 Pulmonary shock 4 NA NA NA 

IF10 Male 66 
Bronchopneumonia 

plus cardiac failure 
2 NA NA NA 

M16 Male 40 Traffic accident 3 NA NA NA 

M17 Male 36 Bronchopneumonia 2.5 NA NA NA 

IF1 Female 80 - 2 IV B 

No evidence of 

cognitive impairment 

and dementia 

IF2 Female 94 
Pulmonary 

tuberculosis 
1.5 V C Dementia 

IF6 Male 85 Pneumonia 2 III A 
Mild cognitive 

impairment 

VK11 Female 87 
Respiratory 

inflammation 
1.5 III IV A Dementia 

VK22 Female 86 - 2 V C Dementia 
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Table 2. Distribution of asymmetric (AS) and symmetric (SS) synapses on spines 1006 

and dendritic shafts in control cases and AD patients 1007 

 1008 

Group Type of 
synapse 

Synapses 
on spine 

heads  

Synapses 
on spine 

necks  

Synapses 
on aspiny 
dendritic 

shaft  

Synapses 
on spiny 
dendritic 

shaft  

Total 
synapses  

Control 

AS 59.1% 
(825) 

0.5% 
(7) 

19.9% 
(278) 

20.5% 
(286) 

100% 
(1396) 

SS 7.1% 
(8) 

0.9% 
(1) 

38.4% 
(43) 

53.6% 
(60) 

100% 
(112) 

Alzheimer 

AS 50.2% 
(579) 

0.7% 
(8) 

28.0% 
(323) 

21.1% 
(243) 

100% 
(1153) 

SS 8.8% 
(9) 

1.0% 
(1) 

41.2% 
(42) 

49.0% 
(50) 

100% 
(102) 

 1009 

  1010 
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Table 3. Data regarding area (nm2), perimeter (nm) and curvature (ratio) of the 1011 

SAS from synapses on spines and dendritic shafts in control cases and AD patients 1012 

 1013 

Group Postsynaptic 
structure 

Type of 
synapse 

Area of SAS 
(nm2; mean± sem) 

Perimeter of SAS 
(nm; mean± sem) 

Curvature of SAS 
(mean± sem) 

Control 

Spine Heads 
AS 145013±4103 1877±38 0.05±0.001 

SS 81295±12011 1380±138 0.05±0.010 

Spine Necks 
AS 82219±23461 1413±255 0.04±0.004 

SS 19199±0 627.7±0 0.04±0 

Dendritic 
Shafts 

AS 115703±2845 1613±24 0.04±0.001 

SS 76129±4299 1442±51 0.06±0.005 

Alzheimer 

Spine Heads 
AS 135310±4762 1815±47 0.05±0.002 

SS 50292±12137 1014±128 0.06±0.010 

Spine Necks 
AS 61658±13211 1150±119 0.05±0.005 

SS 55339±0 1269±0 0.11±0 

Dendritic 
Shafts 

AS 119272±3335 1638±32 0.04±0.001 

SS 78687±5885 1280±50 0.06±0.005 

 1014 

  1015 
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Table 4. Proportion of the different shapes of synaptic junctions in control and AD 1016 

patients 1017 

 1018 

Group Type of 
synapse 

Macular 
synapses 

Perforated 
synapses 

Horseshoe-
shaped 

synapses 

Fragmented 
synapses 

Total 
synapses 

Control 

AS 83.8% 
(2145) 

11.8% 
(302) 

3.8% 
(98) 

0.6% 
(16) 

100% 
(2561) 

SS 83.5% 
(106) 

3.9% 
(5) 

12.6% 
(16) 

0.0% 
(0) 

100% 
(127) 

Alzheimer 

AS 81.4% 
(1558) 

11.5% 
(221) 

5.3% 
(101) 

1.8% 
(35) 

100% 
(1915) 

SS 92.5% 
(110) 

6.7% 
(8) 

0.8% 
(1) 

0.0% 
(0) 

100% 
(119) 

 1019 

  1020 
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Table 5. Data regarding area (nm2), perimeter (nm) and curvature (ratio) of the 1021 

SAS of macular, perforated, horseshoe-shaped and fragmented synapses in control 1022 

cases and AD patients 1023 

 1024 

Group Shape of 
synapses 

Type of 
synapse 

Area of SAS 
(nm2; mean± sem) 

Perimeter of SAS 
(nm; mean± sem) 

Curvature of SAS 
(mean± sem) 

Control 

Macular 
AS 88272±1283 1352±11 0.04±0.001 

SS 70960±3764 1306±40 0.05±0.005 

Perforated 
AS 264960±6606 2914±58 0.07±0.003 

SS 108320±22066 2080±279 0.07±0.016 

Horseshoe-
shaped 

AS 262251±13757 3725±163 0.09±0.007 

SS 88466±13204 1876±153 0.06±0.011 

Fragmented 
AS 360245±34068 3735±435 0.14±0.025 

SS - - - 

Alzheimer 

Macular 
AS 91162±1689 1367±14 0.04±0.001 

SS 59436±3156 1224±42 0.06±0.005 

Perforated 
AS 259540±7942 2879±73 0.07±0.003 

SS 123147±14857 1776±129 0.03±0.006 

Horseshoe-
shaped 

AS 237778±9524 3568±127 0.08±0.006 

SS 115312±0.0 2431±0 0.07±0.000 

Fragmented 
AS 303922±21783 2985±210 0.13±0.014 

SS - - - 

 1025 

  1026 
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Table 6. Summary of the data from the studies of the pattern of synaptic 1027 
distribution 1028 

 1029 

 1030 

  1031 

 

Human 
TEC 

Striate cortex (area 
17) of the monkey1 

Visual cortex of the 
adult cat2 

Somatosensory 
cortex of the 

adult rat (P60)3 

Layer II Layer 
II III All layers  Layer II All 

layers All layers 

AS on spines 55.2% 54.9% 53.0% 71.2% 66.4% 73.0% 

AS on 
dendritic 

shafts 
37.4% 27.7% 30.0% 13.3% 17.6% 12.9% 

SS on 
dendritic 

shafts 
6.7% 11.4% 11.9% 10.8% 10.6% 9.3% 

SS on spines 0.61% 6.0% 5.1% 4.7% 5.3% 4.8% 
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Table 2-1. Distribution of asymmetric (AS) and symmetric (SS) synapses on spines 1032 

and dendritic shafts for each individual case 1033 

 1034 

Case Type of 
synapse 

Synapses on 
spine heads  

Synapses on 
spine necks  

Synapses on 
aspiny 

dendritic 
shaft  

Synapses on 
spiny 

dendritic 
shaft  

Total No. of 
synapses  

AB1 
AS 60.7% (153) 0.8% (2) 22.2% (56) 16.3% (41) 100% (252) 

SS 13.6%  (3) 0% (0) 36.4%  (8) 50.0%  (11) 100% (22) 

AB2 
AS 53.2% (91) 0.6%  (1) 25.7% (44) 20.5%  (35) 100% (171) 

SS 0%  (0) 6.3% (1) 62.5% (10) 31.2% (5) 100% (16) 

IF10 
AS 48.7% (150) 0.7% (2) 22.7% (70) 27.9% (86) 100% (308) 

SS 4.0% (1) 0% (0) 44.0% (11) 52.0% (13) 100% (25) 

M16 
AS 58.6% (238) 0.5% (2) 17.2% (70) 23.7% (96) 100% (406) 

SS 8.3% (2) 0% (0) 16.7% (4) 75.0% (18) 100% (24) 

M17 
AS 74.5% (193) 0% (0) 14.7% (38) 10.8% (28) 100% (259) 

SS 8.0% (2) 0% (0) 40.0% (10) 52.0% (13) 100% (25) 

IF1 
AS 59.9% (161) 0.4% (1) 16.7% (45) 23.0% (62) 100% (269) 

SS 17.4% (4) 0% (0) 26.1% (6) 56.5% (13) 100% (23) 

IF2 
AS 45.7% (116) 1.2% (3) 23.6% (60) 29.5% (75) 100% (254) 

SS 25.0% (5) 0% (0) 20.0% (4) 55.0% (11) 100% (20) 

IF6 
AS 56.8% (151) 0.4% (1) 24.4% (65) 18.4% (49) 100% (266) 

SS 0% (0) 0% (0) 33.3% (8) 66.7% (16) 100% (24) 

VK11 
AS 46.9% (127) 0.4% (1) 35.4% (96) 17.3% (47) 100% (271) 

SS 0% (0) 0% (0) 64.0% (16) 36.0% (9) 100% (25) 

VK22 
AS 25.8% (24) 2.2% (2) 61.3% (57) 10.7% (10) 100% (93) 

SS 0% (0) 10.0% (1) 80.0% (8) 10.0% (1) 100% (10) 

 1035 

  1036 
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 1037 
Table 2-2. An example of a 2x4 contingency table showing the type of synapse 1038 

against the type of postsynaptic target in control cases.  1039 

 1040 

  Type of postsynaptic target  

  Spine heads 
Spine 

necks 

Aspiny 

dendritic 

shafts 

Spiny dendritic 

shafts 
Totals 

Type of synapse AS 825 7 278  286 1396 

 SS 8 1  43 60 112 

 Totals 833 8 321 346 1508 

 1041 

 1042 
1043 
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Table 2-3. Three examples of 2x2 contingency tables showing the type of synapse 1044 

against the type of postsynaptic target in control cases.  1045 

  Type of postsynaptic target  

  Spine heads Non-spine heads Totals 

Type of synapse AS 825 (771.13) 571 (624.87) 1396 

 SS 8 (61.87) 104 (50.13) 112 

 Totals 833 675 1508 

  Type of postsynaptic target  

  Aspiny dendritic shafts 
Non-aspiny dendritic 

shafts 
Totals 

Type of synapse AS 278 (297.16) 1118 (1098.84) 1396 

 SS 43 (23.84) 69 (88.16) 112 

 Totals 321 1187 1508 

  Type of postsynaptic target  

  Spiny dendritic shafts 
Non-spiny dendritic 

shafts 
Totals 

Type of synapse AS 286 (320.3) 1110 (1075.7) 1396 

 SS 60 (25.7) 52 (86.3) 112 

 Totals 346 1162 1508 

1046 
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Table 4-1. Proportion of the different shapes of synaptic junctions for each case 1047 

Case Type of 
synapse 

Macular 
synapses 

Perforated 
synapses 

Horseshoe-
shaped 

synapses 

Fragmented 
synapses 

Total No. 
of synapses 

AB1 
AS 79.3% (318) 13.9% (56) 6.5% (26) 0.3% (1) 100% (401) 

SS 84.0% (21) 0% (0) 16.0% (4) 0% (0) 100% (25) 

AB2 
AS 88.5% (383) 7.4% (32) 3.9% (17) 0.2% (1) 100% (433) 

SS 81.3% (13) 0% (0) 18.7% (3) 0% (0) 100% (16) 

IF10 
AS 84.3% (348) 13.3% (55) 2.4% (10) 0% (0) 100% (413) 

SS 84.6% (22) 0% (0) 15.4% (4) 0% (0) 100% (26) 

M16 
AS 88.8% (524) 7.8% (46) 3.1% (18) 0.3% (2) 100% (590) 

SS 85.8% (24) 7.1% (2) 7.1% (2) 0% (0) 100% (28) 

M17 
AS 79.0% (572) 15.6% (113) 3.7% (27) 1.7% (12) 100% (724) 

SS 81.2% (26) 9.4% (3) 9.4% (3) 0% (0) 100% (32) 

IF1 
AS 86.3% (303) 6.8% (24) 4.9% (17) 2.0% (7) 100% (351) 

SS 96.0% (24) 0% (0) 4.0% (1) 0% (0) 100% (25) 

IF2 
AS 85.0% (379) 13.0% (58) 1.1% (5) 0.9% (4) 100% (446) 

SS 100% (25) 0% (0) 0% (0) 0% (0) 100% (25) 

IF6 
AS 78.3% (342) 10.5% (46) 8.9% (39) 2.3% (10) 100% (437) 

SS 79.3% (23) 20.7% (6) 0% (0) 0% (0) 100% (29) 

VK11 
AS 76.6% (416) 14.8% (80) 6.6% (36) 2.0% (11) 100% (543) 

SS 93.1% (27) 6.9% (2) 0% (0) 0% (0) 100% (29) 

VK22 
AS 85.5% (118) 9.4% (13) 2.9% (4) 2.2% (3) 100% (138) 

SS 100% (11) 0% (0) 0% (0) 0% (0) 100% (11) 

 1048 


