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ABSTRACT: Why memory is a particular target for the pathological changes in 

Alzheimer’s Disease (AD) has long been a fundamental question when considering 

the mechanisms underlying this disease. It has been established from numerous 

biochemical and morphological studies that AD is, at least initially, a consequence of 

synaptic malfunction provoked by Amyloid β (Aβ) peptide. APP/PS1 transgenic 

mice accumulate Aβ throughout the brain, and they have therefore been employed 

to investigate the effects of Aβ overproduction on brain circuitry and cognition. 

Previous studies show that Aβ overproduction affects spine morphology in the 

hippocampus and amygdala, both within and outside plaques (Knafo et al., 

2009a;Knafo et al., 2009b). Hence, we conducted a detailed analysis of dendritic 

spines located in the stratum oriens and stratum radiatum of the CA1 hippocampal 

subfield of APP/PS1 mice. Three-dimensional analysis of 18,313 individual dendritic 

spines revealed a substantial layer-specific decrease in spine neck length and an 

increase in the frequency of spines with a small head volume. Since dendritic spines 

bear most of the excitatory synapses in the brain, changes in spine morphology may 

be one of the factors contributing to the cognitive impairments observed in this AD 

model.  

 

The presence of Aβ plaques is one of the pathological hallmarks of AD, and they 

have been associated with changes in neurite morphology and dendritic spine density 

(Tsai et al., 2004;Spires et al., 2005;Knafo et al., 2009a;Knafo et al., 2009b). Apart from 

amyloid plaques, the Aβ peptide accumulates in different forms in AD: intracellular Aβ 

and oligomeric Aβ. Indeed, it has been demonstrated that spine heads are targets of 

oligomeric Aβ (Lacor et al. 2007), and it has been suggested that targeting and functional 

disruption of particular synapses by Aβ oligomers may provide a molecular basis for the 

specific memory loss in AD (Lacor et al., 2007). Nevertheless, previous studies indicate 

that there is only a weak correlation between plaque load and cognitive functions (Terry 

et al., 1991). In fact, plaques are sometimes detected even in non-demented patients 

(Price et al., 2009) and cognitive decline is better reflected by the level of soluble Aβ 

oligomers, distributed diffusely outside the plaques (Selkoe, 2002). Moreover, at least in 

aged mice bearing AD mutations, plaques occupy a negligible fraction of the neuropil, 



3 
 

less than 5% (Cohen et al., 2009;Knafo et al., 2009a;Knafo et al., 2009b), and therefore, 

it is unlikely that cognitive impairment in these mice arises solely from changes in 

synapses within the plaques. Hence, AD neuropathological research is increasingly 

focusing on the changes in plaque-free regions of the neuropil and in AD-like pathology 

prior to plaque appearance. Here we have analyzed dendritic spines in the CA1 subfield, 

an area critical for spatial orientation and learning (Andersen et al., 2006), in order to 

determine the microstructural basis of the hippocampal-dependent cognitive impairment 

in APP/PS1 mice (Malm et al., 2007). Dendritic spines represent the major postsynaptic 

elements of excitatory synapses in the cerebral cortex (Gray, 1959) and they are 

fundamental to memory, learning and cognition (Lamprecht and LeDoux, 2004). 

Dendritic spines undergo remarkable activity-dependent structural changes (Lang et al., 

2004;Tsai et al., 2004) and they are targets of oligomeric Aβ (Lacor et al., 2007). 

Therefore, spine morphology may be associated with Aβ pathology and synaptic 

malfunction. We show that in APP/PS1 mice, CA1 spines necks are significantly shorter 

in the stratum oriens. In addition, the frequency of spines with a small head augments in 

the same subfield of the stratum radiatum. These findings indicate that circuits in the 

stratum radiatum and the stratum oriens might be affected differently by AD-related 

mutations. In addition, this study suggests that dendritic spine morphology reflects the 

synaptic malfunction arising from Aβ overexpression. 

 

We used a transgenic mouse line (12-14 month old male mice) expressing a 

Mo/Hu APP695swe construct in conjunction with the exon 9 deleted variant of human 

presenilin 1 (PS1-dE9: (Scheuner et al., 1996). Age-matched littermates served as 

controls (Tg-). The mice were perfused with 4% paraformaldehyde and coronal sections 

of the fixed brain were obtained. A total of 270 pyramidal neurons from Tg- mice and 

262 neurons from APP/PS1 mice were microinjected individually with Alexa594 

(Invitrogen, Eugene, OR, Fig. 1 a, b), and plaques were counterstained with thioflavin-s 

after injection (Fig. 1 a-c). The plaques and dendrites in the stratum oriens 

(corresponding to basal dendrites) and in the stratum radiatum (collateral apical 

dendrites) were scanned with a Leica laser scanning multispectral confocal microscope 

(TCS SP5) using 488 and 594 nm laser lines. Image stacks (Physical size 76.9 × 76.9 μm, 
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logical size 1024 × 1024 pixels) consisted of 100-350 image planes. A 63× Glycerol-

immersion lens (NA, 1.3; working distance, 280 μm; refraction index, 1.45) was used 

with a calculated optimal zoom factor of 3.2 and a z-step of 0.14 μm (voxel size, 75.1 × 

75.1 × 136.4 nm). These settings and optics represent the highest resolution currently 

possible with confocal microscopy. After acquisition, the stacks were processed over ten 

iterations with a three-dimensional blind deconvolution algorithm (Autodeblur; 

Autoquant, Media Cybernetics) to reduce the out-of-focus light, and thereby removing 

the haze and the blur, restoring vital details to the datasets (supplemental figure 1 b). The 

stacks were then opened with Imaris 6.0 (Bitplane AG, Zurich, Switzerland), a three-

dimensional image processing software. In stacks containing images of Aβ plaques 

(green), the green channel was deleted and the stacks were coded (the codes were not 

broken until the quantitative analysis had been completed). Spine density measurements 

and their morphology were assessed by another investigator using only the red channel to 

assure impartiality (Fig. 1 f, i). For spine density measurements, image stacks were 

viewed with a computerized data collection system (Neurolucida 7.1 Confocal module; 

MicroBrightfield, Inc., Williston, VT, USA), the image of the acquired dendrites was 

traced in three-dimensions and the spines were marked during tracing. To assess the 

morphology of spines, a solid surface that exactly matched the contours of the head was 

constructed for each spine using Imaris (Fig. 1 i), and the length of the spine neck was 

measured manually in three-dimensions using the same software (Isosurface module, see 

detailed methods). To estimate the density of plaques, plaques were immunostained with 

an anti-Aβ antibody in serial sections taken from the same mice, and unbiased stereology 

rules were applied using optical fractionation and the Nucleator probe (Moller et al., 

1990). For all the morphological parameters measured, the values were averaged to give 

a neuron mean, and neurons from each animal were averaged for the animal mean. 

Normality was tested using the Kolmogorov-Smirnov test and a two-tailed unpaired t-test 

was used to test for the overall effect. When more than two groups were compared, a one-

way ANOVA was used, followed by Tukey's Multiple Comparison post-hoc test. Data 

are presented as the mean ± SEM. 
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We examined 1,475 amyloid plaques and 532 injected pyramidal neurons by 

confocal microscopy (Fig. 1 a). We encountered only 5 dendrites that passed within 

plaques in the stratum oriens (basal dendrites) and no such dendrites in the stratum 

radiatum (apical dendrites). Typical plaques that were positive for thioflavin-s consisted 

of a core surrounded by a diffuse less dense ring. The dendrites passing through the 

plaques were located in the diffuse peripheral ring, as described previously (Cruz et al., 

1997;Knafo et al., 2009a;Knafo et al., 2009b). Dendrites were categorized according to 

their location with respect to the Aβ plaques, as: (1) dendrites from transgene-negative 

(control) mice (Tg-); (2) dendrites located in a plaque-free area (Plaque-free); (3) 

segments of dendrites within a plaque (Plaque).  

 

Spines have a shorter neck in plaque-free regions of the stratum oriens of APP/PS1 

mice 

The spine density in the stratum oriens was significantly different among the 

three categories of dendrites (P = 0.006, one-way ANOVA, Fig. 1 d). Accordingly, the 

spine density was significantly lower within plaques than in other categories of dendrites 

(0.85 ± 0.17 spines/μm, N = 4). However, spine density for Plaque-free dendrites (1.33 ± 

0.054, N = 7) did not differ significantly from that of control (Tg-) dendrites (1.348 ± 

0.070, N = 6). Moreover, a Sholl analysis of the spine density at different distances from 

the soma revealed that the spine density for Plaque-free dendrites was similar to that of 

control dendrites over their entire length (Fig. 1 e).  

Spine neck length and head volume were measured in three dimensions in 

confocal image stacks. Due to the extensive loss of spines within plaques, the spines 

within plaques (31 spines) were not included in the analysis of head and neck 

dimensions. Significant differences in the average spine neck length were found between 

the two dendritic categories (P = 0.018, t-test, Fig. 1 g-h). Spines in the APP/PS1 mice 

had a significantly shorter neck (26%) than spines in Tg- mice spines (0.548 ± 0.040). 

Head volume was not significantly different among the two categories of dendrites (P = 

0.88, t-test, Fig. j-k), and was 0.056 ± 0.003 μm3, for Tg- dendrites (N=6, 5,709 spines) 

and 0.055 ± 0.003 μm3 for plaque-free dendrites (N = 7, 5,145 spines). Thus, in the 
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stratum oriens of APP/PS1 mice, spine density is decreased within plaques and spines are 

shorter outside plaques. 

 

Small-headed spines are more frequent in plaque-free regions of the stratum radiatum 

of APP/PS1 mice 

Spine density and morphology were examined in apical branches protruding 

from the main apical trunk. These dendrites were located up to 300 μm from the stratum 

pyramidale (cell body layer). Dendrites located in the stratum lacunosum-moleculare 

were not included in the analysis. The average spine density along the apical dendrites in 

the stratum radiatum did not differ significantly in APP/PS1 mice when compared to the 

control mice (1.71 ± 0.08 for Tg- mice and 1.83 ± 0.08 for APP/PS1 mice: P = 0.62, 

student t-test; Fig. 2 a-b). A Sholl analysis revealed that the density of spines on Plaque-

free dendrites was not significantly different to that of control (Tg-) dendrites over their 

entire length (Fig. 2 c). By contrast to the stratum oriens, the neck length was similar in 

both groups (P = 0.43, t-test, Fig. 2 d,e), as it was 0.519 ± 0.017 μm for Tg- dendrites and 

0.494 ± 0.024 μm in APP/PS1 mice. The average head volume in this layer did not differ 

significantly between Tg- dendrites (0.038 ± 0.003 μm3: N = 6; 4,437 spines) and plaque-

free regions (0.033 ± 0.003 μm3: N = 7; 6,044 spines. P = 0.29, t-test, Fig. 2 f). 

Nevertheless, the cumulative frequency curves clearly indicated a distinct distribution of 

head volumes in the smaller values (Fig. 2 g) and indeed, a significant increase (29%, P = 

0.01, t-test) in the frequency of small-headed spines (head volume < 0.03 μm3) was 

evident in the plaque-free areas of APP/PS1 mice (Fig. 2 h). Thus, we found an increase 

in the frequency of small-headed spines in the stratum radiatum of APP/PS1 mice. 

 

Amyloid plaques occupy a small fraction of the CA1 

We have described changes in dendritic spines within and outside of plaques 

that can affect local synaptic circuits. To quantitatively determine the impact of plaques 

on CA1 connectivity, we immunocytochemically stained Aβ plaques in serial sections of 

APP/PS1 brains (Supplemental Figure 2). Using unbiased stereology, we then determined 

the total number of plaques and their volume in the stratum oriens and stratum radiatum, 

from which we could calculate the total volume occupied by the plaques. The estimated 
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total number of CA1 plaques per mouse in one hemisphere was 1551 ± 272.6 (range 

1045-2081 plaques/mouse, N=4: Table 1) in the stratum oriens and 1985 ± 183.8 (range 

1533-2628 plaques/mouse, N=5) in the stratum radiatum. The density of plaques in the 

stratum oriens was 1138 ± 214.4 plaques/mm3, while it was 1174 ± 113.0 plaques/mm3 

in the stratum radiatum (Table 1). The average plaque volume was 0.019 ± 0.002 mm3 in 

the stratum oriens and 0.029 ± 0.0029 mm3 in the stratum radiatum (P=0.04, t-test). The 

estimated volume occupied by Aβ plaques was 1.421 ± 0.201 % in the stratum oriens and 

1.554 ± 0.195 % in the stratum radiatum (Table 1). These results suggest that under our 

experimental conditions, Aβ plaques occupy a relatively small fraction of the CA1 

neuropil. 

 

The current study shows that dendritic spines in the CA1 subfield are 

significantly affected by Aβ, both within plaques and in plaque-free regions. Importantly, 

some changes in spine morphology in this region were not evident in the dentate gyrus 

(Knafo et al., 2009a) or the amygdala (Knafo et al., 2009b) when studied with the same 

tools. For example, no significant differences were found in the length of spine neck in 

these regions, whereas the neck was significantly shorter in the stratum oriens of 

APP/PS1 mice. Moreover, spines in the stratum oriens are affected differently to spines 

in stratum radiatum, even within the CA1. These layer-specific morphological alterations 

are underscored by the fact that Aβ plaques occupy a similar total volume of both layers 

(Table 1), implying a similar Aβ load. Thus, we conclude that AD-related mutations have 

distinct effects on spines depending on their location. We also show here that dendrites 

within plaques are deficient in spines, in accordance with observations in other brain 

regions (Tsai et al., 2004;Knafo et al., 2009a;Knafo et al., 2009b). Spine loss within Aβ 

plaques can affect local synaptic circuits. However, since plaques occupy a minor 

fraction of the CA1 (below 2%), the morphological changes observed outside plaques are 

more likely to contribute to the synaptic and cognitive impairments found in APP/PS1 

mice (Malm et al., 2007). We also found that spine density outside plaques is unchanged 

in APP/PS1 mice, in accordance to our previous studies into the dentate gyrus and 

amygdala (Knafo et al., 2009a;Knafo et al., 2009b). These findings imply that cognitive 

impairment in these mice (Malm et al., 2007) does not arise from changes in spine 
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density in plaque-free areas. Rather, it is likely that changes in spine morphology outside 

plaques contribute to these cognitive deficits. 

The data presented here shows that the average spine neck length is shorter in 

the stratum oriens of APP/PS1 mice, both within and outside of the plaques. The 

morphology of the spine neck fulfils a key role in controlling the time window 

compartmentalization of calcium and other second messengers in spines (Yuste et al., 

2000). The shortening of the spine neck in APP/PS1 mice may increase the diffusion 

between the spine and the dendrite. Spines with a fast diffusion equilibration along the 

spine neck may be unable to retain second messengers or activate proteins upon the LTP 

inducing stimulus (Bloodgood and Sabatini, 2005). This altered plasticity may eventually 

contribute to the cognitive impairment seen in APP/PS1 mice (Malm et al., 2007). 

 We also found that APP/PS1 mice have a higher proportion of spines with a 

small head volume in the stratum radiatum. Importantly, small spines are more abundant 

after processes of long-term depression (LTD), a form of synaptic plasticity significantly 

enhanced in many models of AD (Shankar et al., 2008). Spine head size determines the 

size and duration of synaptic Ca2+ transients (Majewska et al., 2000) and it is therefore 

correlated with the magnitude of signals transmitted to the dendritic shaft (Harris and 

Stevens, 1989;Murthy et al., 2000). Spines with smaller heads have smaller postsynaptic 

densities (Harris and Stevens, 1989) and contain less AMPA receptors on their heads 

when compared to spines with larger heads (Kharazia and Weinberg, 1999), resulting in 

less sensitivity to glutamate at these spines (Matsuzaki et al., 2001). It is therefore 

possible that the increase in the frequency of small-headed spines reflects long-term 

synaptic depression, thereby contributing to the cognitive impairment seen in this AD 

model. Moreover, it is possible that the greater frequency of spines with large heads in 

this layer reflects the loss of LTP in APP/PS1 mice (Trinchese et al., 2004). Therefore, 

the laminar specific changes observed in spine length might have an important functional 

consequence in certain hippocampal circuits. In summary, we show here that spines in 

the CA1 are morphologically modified, which may reflect the functional alterations at 

synapses induced by Aβ overexpression in APP/PS1 mice. 
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FIGURE LEGENDS 

 

Fig. 1. Spines are shorter in the stratum oriens of APP/PS1 mice. (a) A panoramic view 

of neurons injected with Alexa 594 (red) and thioflavin-s positive plaques (green) in the 

hippocampus (20×, oil). (b) Representative projection images (40×, oil) of injected 

neurons and plaques in Tg- (left) and APP/PS1 mice (right). The plaques seen in the 

stratum radiatum (apical dendrites) are located close to labeled dendrites but they do not 

contain dendrites, as determined by 3-dimensional analysis. (c) An example of a dendrite 

located in the stratum oriens passing through a plaque and showing a decrease in spine 

density within the plaque. (d) Spine density is decreased significantly within the plaques. 

Note that the spine density is similar in Tg- mice and in the plaque-free areas of APP/PS1 

mice. (e) The spine density as a function of the distance from the soma (Sholl Analysis) 

is similar in Tg- and APP/PS1 mice in plaque-free regions. Note the similarity in spine 

density along the length of the dendrite. (f) Representative projection images of dendrites 

from Tg- and APP/PS1 mice (63×, glycerol). Necks are marked as was done for 

measurements (g) Decreased average neck length for spines in APP/PS1 mice outside 

plaques. (h) Cumulative frequency plots showing the distribution of spine neck length, 

indicating a shift towards lower values in the entire spine population. (i) Representative 

images of dendritic segments with the contours of the spine heads constructed for each 

spine (see supplemental figure 1 for details). (j-k) The head volume is similar for Tg- and 

APP/PS1 mice. *, P < 0.05, Tukey's Multiple Comparison post-hoc test. Scale bar, (a) 

250 µm, (b) 25 µm, (c) 5 µm (f) 0.6 µm (i) 0.8 µm. 

 

Fig. 2. Increased frequency of spines with a small head in the stratum radiatum of 

APP/PS1 mice. (a) Representative projection images of dendrites from Tg- and APP/PS1 

mice (63×, glycerol). (b) The spine density is similar in Tg- mice and in the plaque-free 

areas of APP/PS1 mice. (c) Spine density as a function of distance from apical trunk is 

similar in Tg- mice and APP/PS1 mice in plaque-free regions. (d) Constant average neck 

length for spines in APP/PS1 mice. (e) Cumulative frequency plots showing the 

distribution of spine neck length, indicating a similar distribution for both spine 

populations. (f) The frequency of small spines increases substantially in plaque-free areas 
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of APP/PS1 mice. (g) Cumulative frequency curves showing a shift towards smaller head 

volumes in APP/PS1 mice. (h) A bar graph depicting a significant increase in the 

frequency of small spines (volume < 0.03 μm3) in the stratum radiatum of APP/PS1 

mice. Scale bar, 0.6 µm. 
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Table 1.  Plaque volume and density   
   
Parameter S. Oriens (N=4) S. Radiatum (N=5) 

Estimated total number of plaques 1551 ± 272.6  1985 ± 183.8  

Plaque density (plaque/mm3) 1138 ± 214.4  1174 ± 113.0  

Individual plaque volume (μm3) 0.019 ± 0.002  0.029 ± 0.003 

Volume occupied by plaques (%) 1.421 ± 0.201  1.554 ± 0.195  
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Detailed Methods 

Intracellular injections with Alexa 594 

Mice were anesthetized with pentobarbital (0.04 mg/kg) and transcardially 

perfused with 20 ml phosphate buffer (PB) followed by 100 ml of 4% paraformaldehyde 

(pH 7.4) prepared in the same buffer. The brains were post-fixed in the same solution for 

24 h, and coronal sections (150 µm) were obtained on a vibratome and labelled with 10-5 

M 4,6-diamidino-2-phenylindole (DAPI, Sigma D9542). Pyramidal neurons in CA1 were 

injected individually with Alexa594 (Invitrogen, Eugene, OR) by passing a steady 

hyperpolarizing current through the electrode (0.5 to -1.0 nA, Fig. 1 a-b). The current was 

applied until the distal tips of each neuron fluoresced brightly. 

 

Morphology 

Confocal microscopy. For each pyramidal neuron (5-7 neurons from each 

mouse, 6-7 mice per group), 1-5 randomly selected dendrites were scanned from the 

soma (basal dendrites) or apical trunk (apical dendrites) to the tip (125 dendrites total). In 

APP/PS1 mice, dendrites located within the plaques were also scanned. For each stack, 

the laser intensity and detector sensitivity were set so that the fluorescence signal from 

the spines occupied the full dynamic range of the detector. Therefore, while scanning, 

some pixels were saturated in the dendritic shaft but no pixels were saturated in the 

spines. In stacks containing images of Aβ plaques (green) the green channel was deleted. 

The stacks were coded and the codes were not broken until the quantitative analysis had 

been completed.  

Spine density. Dendritic spine density was determined by tracing the image of 

the acquired dendrites in three dimensions (with Neurolucida). Spines were marked 

during tracing and all protrusions were considered as spines, applying no correction 

factors to the spine counts. After tracing all the dendrites, each 2-channel stack 

(containing the green channel with amyloid plaques) was viewed with Imaris and we 

determined whether a dendrite entered a plaque (Knafo et al., 2009a). The traced 

dendrites were viewed with Neurolucida and the corresponding stack with the green 

channel was opened. The traced dendrites were categorized as dendrites that passed 

through an amyloid plaque, or dendrites whose entire length was in a plaque-free area. 



17 
 

The reconstructed data were exported to Neurolucida Explorer (MicroBrightField Inc., 

Williston, VT, USA) for quantitative analysis. Spine density was calculated for each 

dendrite by dividing the dendritic length by the number of spines. Spine density was also 

analyzed as a function of its distance from its origin (Sholl analysis), dividing the length 

of the dendritic segment by the number of spines in each 10 μm stretch from the origin. 

Head volume measurement. Intensity thresholds were applied to each dendritic 

segment to generate a model of the data that was visualized as a solid surface (the Spot 

module, Imaris). With this module, volume based measurements are added to the volume 

rendering. The Spots module models point-like structures in the data (e.g., dendritic 

spines) providing a procedure to automatically detect such structures, an editor to 

manually correct any errors detected, a viewer to visualize the point-like structures as 

spheres, and a statistics output that includes the volume of the spine heads (supplemental 

figure 1 b). A solid surface that exactly matched the contours of the head was created for 

each dendritic spine (Fig. 1 i). A solid surface that exactly matched the contours of the 

head was created for each dendritic spine (Fig. 1 i). The image of each dendrite was then 

rotated in three dimensions and examined to ensure that the solid surface created for each 

spine head was correct. Headless spines were extremely rare and they were not included 

in the analysis. Having taken the measurements, the 2-channels stacks were opened to 

view the plaques and the spines were categorized according to their location (within or 

outside of plaques). As described previously in an electron microscopy study of 

hippocampal dendritic spines (Trommald and Hulleberg, 1997), we did not observe a 

multimodal distribution for neck length or for head volume (Fig. 1-2). Consequently, we 

were unable to identify spine groups such as thin, stubby or mushroom (Harris et al., 

1992). Therefore, we chose to describe spine morphology using measured dimensions 

rather than shape categories. 

Neck length measurement. To measure the neck length, each dendrite was 

visualized with the Volume mode of Imaris. Individual spine necks were measured 

manually in three dimensions from the interface of the spine neck with the dendritic stalk 

to the beginning of the spine head (MeasurementPro module) while rotating the dendritic 

image (Knafo et al., 2009a). If the spine head was connected directly to the dendritic 

stalk, the neck length was recorded as zero. As the resolution in the z axis is significantly 
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lower than in the x-y axes, spines protruding perpendicular to the dendritic stalk in the z 

axis were not measured. Thus, approximately 60% of spines were measured. 

 

Estimation of the volume and number of plaques  

Immunocytochemistry. In slices taken from brains of the same mice used for the 

morphological studies, amyloid plaques were stained with an anti-human Aβ antibody in 

systematically sampled coronal sections (50 μm thick, every sixth section in the 

hippocampus). A pilot study confirmed that this antibody exclusively marks thioflavin-s 

positive plaques (Knafo et al., 2009a). Free-floating sections were pretreated with 55% 

formic acid (Sigma-Aldrich, ACS) and washed with 0.1 M PB. Sections were treated 

with 1% H202 for 30 min to deplete the endogenous peroxidase activity, and they were 

then submerged for 1 h in PB with 0.25% Triton-X and 3% horse serum (Vector 

laboratories Inc., Burlingame, CA, USA). Sections were incubated overnight at 4°C with 

a mouse anti-human Aβ antibody (1:50; clone 6F/3D, Dako Glostrup, Denmark) and on 

the following day, the sections were rinsed and incubated for 2 h with a biotinylated 

horse anti-mouse antibody (1:200; BA-1000; Vector). The sections were then incubated 

for 1h in an avidin-biotin peroxidase complex (Vectastain ABC Elite PK6100, Vector) 

and finally, the staining was visualised with the chromogen 3, 3' diaminobenzidine 

tetrahydrochloride (DAB; Sigma-Aldrich, St Louis, MO, USA). After staining, sections 

were dehydrated, cleared with xylene and cover-slipped. As a control, some sections 

were processed as above but without the primary antibody, which produced no significant 

staining. Slices were then counterstained by the Nissl technique to visualize the 

hippocampal strata. 

Unbiased stereology. Unbiased stereology was used to quantify and measure 

plaques since counting spherical plaques in two-dimensional cross sections provides an 

imprecise measure of the amount of Aβ (Stark et al., 2005). Using a stereotaxic atlas 

(Paxinos and Franklin, 2001) as a reference, eight slices at −1.1- −3.8 mm from bregma 

were analyzed in each brain. The Stereo Investigator software (Microbrightfield, 

Colchester, VT) was used to drive a motorized stage (Prior Scientific, Houston, Texas) on 

a dual optical head microscope (Oltmpus BX 51) and to mark and measure plaques at 40x 

(NA, 0.85) under brightfield optics. The software sequentially chose random counting 
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frames (100×100 μm) in the xyz axes, moving the motorized stage automatically within 

the previously delimited zones in the stratum oriens and the stratum radiatum.  

To estimate the plaque volume after each amyloid plaque was marked, the edges 

the plaque were marked with the Nucleator probe (Moller et al., 1990). The number of 

labelled plaques was estimated using the optical fractionator method in Stereo 

Investigator. Plaques were marked only if their edges lay within the dissector area and 

they did not intersect forbidden lines, and if they came into the focus as the optical plane 

moved through the height of the dissector (20 μm). The guard zone thickness was set to 2 

μm. The sum areas of the sampling site represented around 15% of the total area of the 

slice. This sampling method and the section interval was tested in a pilot experiment to 

ensure that the estimation of the number of plaques was representative of the total 

number. 
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Supplemental Figure 1.  

Deconvolution and spine head volume determination. 

a. Representative projection of confocal images of CA1 dendrites before (left) and after 

deconvolution (right) Scale bar, 1 μm. 

b. The process of spine head volume quantification. Scale bar, 0.8 μm. 

I. A dendritic segment after deconvolution. 

II. Spots are used as seed points for a region to be grown as below.  

III. The region around each seed point grows until a border stops its growth. The 

border is determined using local contrast as the experimental criterion that 

searches a perfect fit between the border and the spine head. Segmentation 

generates solid objects, some of which are spines while others are areas within the 

dendrites. 

IV. The solid objects located in spine heads were selected the statistical analysis. 

 

Supplemental Figure 2.  

A photomicrograph depicting the hippocampus with amyloid plaques that were stained 

with an anti-human Aβ antibody and Nissl counterstained to identify the hippocampal 

strata. Scale bar, (a) 300 µm. 

 












