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Application Note
Synaptic degeneration in the prefrontal cortex of a
rat AD model revealed by volume electron
microscopy

Alzheimer’s disease (AD), a neurodegen-
erative disease, is identified as the most
common cause of dementia (Goedert
and Spillantini, 2006). Typical symptoms
of AD in neuropathology are closely
associated with changes in synapses
and neurons (Serrano-Pozo et al., 2011).
The prefrontal cortex (PFC) plays a crucial
role in executive function, controlling the
highest level of cognitive and emotional
processes, and is also vulnerable to neu-
rodegeneration in AD (Salat et al., 2001).
While synaptic degeneration is believed
to underlie the progressive decline of
cognition in AD, specific changes in
synaptic structures relevant to AD remain
elusive due to a shortage of quantitative
tools. Synaptic dysfunction, while key
to AD pathophysiology, is difficult to
monitor and study in human AD patients.
The existing technologies, such as
cerebrospinal fluid or blood biomarkers,
magnetic resonance imaging, and
positron emission tomography, can only
indirectly infer synaptic changes in the
brain. Thus, it is critical to have an animal
model that resembles closely human AD.
The newly developed AD rat model,
the amyloid precursor protein (App)
knock-in rat line harboring Swedish–
Beyreuther/Iberian−Arctic mutations
(homozygous AppNL-G-F rat), offers a great
opportunity (Pang et al., 2021). Electron
microscopy (EM) has been the method
of choice to study the ultrastructure of
synapses. While allowing magnification
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of images by a million times, this
conventional EM provides snapshots,
rather than quantitative measures, of
ultrastructural details of synapses. With
the development of automated tape-
collecting ultramicrotome (ATUM; Baena
et al., 2019) and artificial intelligence
(AI)-assisted 3D reconstruction of
scanning electron microscopy (SEM)
images (Motta et al., 2019), it is now
possible to quantitatively characterize
morphological features of synapses and
dendrites in detail.
In this study, we performed a de-

tailed analysis of the 3D ultrastructure
of synapses and dendrites in layer 4
of the PFC between AD and wild-type
(WT) rats. Brain samples were collected
from 6-month-old male AppNL-G-F rats and
their WT littermates (Pang et al., 2021).
Using ATUM–SEM (Supplementary Fig-
ure S1) and AI-assisted 3D reconstruc-
tion of the 3D ultrastructure of synapses
and dendrites, we characterized in de-
tail ultrastructural features of synap-
tic density, size, and postsynaptic tar-
gets (dendritic spine and shaft). Our
results revealed alterations in synap-
tic density, synaptic apposition surface
(SAS), and postsynaptic density (PSD)
volume (Figure 1A; Supplementary Fig-
ure S2; see Supplementary material for
details).
A typical synapse consists of a presy-

naptic terminal with synaptic vesicles,
a synaptic cleft, and a postsynaptic
unit (dendritic spine, dendritic shaft, or
cell body) with an electron-dense PSD
(Supplementary Figure S3A). PSD is lo-
cated beneath the surface of the post-
synaptic membrane and appears dark in
an EM image (Supplementary Figure S3B,
yellow boxes). Given that PSD is a unique

feature of synapses, it was used to iden-
tify the site of synapses. Identification
and reconstruction of synapses in the
aligned EM volume were performed via
a series of largely automated workflows
(Supplementary Figure S3C; see Supple-
mentary material for details).
All the synapses in the 3D EM volume

of WT and AD rats were identified and
reconstructed with a 90.46% recall rate
and a 97.67% precision rate. In addi-
tion, all the synapses were 3D visualized
with a pseudo-color (Figure 1B and C,
3D-PSD). A total of 11488 synapses were
identified in WT rats (total tissue vol-
ume: 26049 μm3) and a total of 19478
synapses were identified in AD rats (total
tissue volume: 44627 μm3).
At present, few studies have exam-

ined the alteration of synapses in the
AD brain at a 3D ultrastructural level.
Before 3D analysis, we first analyzed
synapses of 2D images obtained via EM
from the PFC of three WT and three
AD rats (Supplementary Table S1). From
2D images, the number of synapses de-
creased slightly in the AD PFC, compared
with that in the WT (Supplementary Fig-
ure S3D). We further analyzed recon-
structed synapses in the 3D EM volume
obtained from the PFC (excluding cell
body and myelin; the analyzed volume:
20919 μm3 for WT and 40727 μm3 for
AD). The volume density of the synapses
was 0.549 synapses/μm3 for WT and
0.478 synapses/μm3 for AD, respectively
(Figure 1D; Supplementary Table S2).
Both 2D and 3D analyses indicated that
there was a decrease in synapses in AD
rats, consistent with changes of presy-
naptic vesicle clouds (0.512 clouds/μm3

for WT and 0.403 clouds/μm3 for AD;
Supplementary Figure S4).
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Figure 1 3D reconstruction and analysis of synapses and dendrites in layer 4 fields of PFC in the AD rat model. (A) Fresh PFC samples were
excised from rat brains and rapidly fixed, washed, dehydrated, and embedded in resin. The samples were then sliced into ∼50-nm sections
using an ATUM and then collected on tapes. The tapes were then cut into strips and attached to a silicon wafer. The sections were imaged
in an SEM instrument with 3 nm × 3 nm pixels. The serial 2D EM images were aligned to generate a 3D EM volume. (B and C) An aligned 3D
EM volume and the corresponding reconstruction of synapses and dendrites of WT (top) and AD (bottom) rats, respectively. (D) The density
of synapses within the 3D EM volume is greater in WT rats than in AD rats (per μm3). (E) The mean of SAS is more prominent in WT rats than
in AD rats. ‘×’ indicates the mean. (F) The mean of synapse volume is greater in WT rats than in AD rats. ‘×’ indicates the mean. (G) The
number of dendritic spines per micrometer of dendrites. We counted 15 and 10 dendrites fromWT and AD rats, respectively (Student’s t-test,
**P < 0.01). (H) More synapses are formed on dendritic shafts in AD rats than in WT rats. Nonetheless, both are considerably fewer than
synapses formed on dendritic spines. The statistical samples are the same as G. (I) A reduction in the percentage of spines with synapses in
AD rats. The dendritic spines of AD rats are less likely to form synapses compared with that of WT rats (Student’s t-test, **P < 0.01). Data in
bar graphs are presented as mean ± SD.
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Synaptic degeneration is a critical
pathophysiology in AD. Two critical
components of the synaptic junction are
the active zone (AZ) and PSD, which are
related to presynaptic neurotransmitter
release and postsynaptic responsive-
ness, respectively. The SAS describes
the overlapping area between the AZ
and PSD spatially. The AZ and PSD are
in close apposition and positioned face
to face, and their surface areas are
highly similar (correlation coefficients
exceeding 0.97; Schikorski and Stevens,
1997). Thus, the SAS can be viewed by a
single surface of apposition between
the AZ and PSD. In this study, we
used one-sided surface area of PSD
to represent the SAS and measured the
SAS of all synapses in WT and AD rats.
The SAS in the PFC of AppNL-G-F rats was
significantly reduced, compared with
that in their WT littermates (Figure 1E;
Supplementary Figure S3E and F),
implying possible impairments in
presynaptic neurotransmitter release
and/or postsynaptic responsiveness.
Moreover, structural changes in PSD may
contribute to cognitive deficits in AD
(Koffie et al., 2009). The volume of PSD
in AD rats was significantly smaller than
that in the WT (Figure 1F; Supplementary
Figure S3G and H). We also found a
linear relationship between SAS and
the volume of synapses (reflected by
PSD volume; Supplementary Figure S3I).
Taken together, our 3D reconstruction
analysis indicates that there is a slight
but significant reduction in the number of
synapses as well as a marked reduction
in SAS and PSD volume in AD rats.
Neuronal dendrites include dendritic

spines and dendritic shafts, the main
postsynaptic components that harbor
synaptic receptors. The size, shape, and
density of dendritic spines are regulated
by neuronal activity, and their changes
are associated with the efficiency and
plasticity of synapses (Leuner and Shors,
2013). Reconstructing the 3D structure
of dendrites at nanoscale resolution can
reveal the actual morphology of dendritic
spines. In this study, we reconstructed
dendrites through a series of largely au-
tomated techniques based on machine-
learning methods (Supplementary Figure

S5A; see Supplementary material for
details). We extracted 15 and 10
dendrites from 3D reconstruction of
neurons in WT and AD rats, respectively
(Supplementary Figure S5B and E).
Notably, the morphology of dendrites
from WT rats was more in line with the
reported morphology (Supplementary
Figure S5C and D); moreover, most
dendritic spines were mushroom-
shaped. In contrast, dendrites of AD rats
were irregular in shape, and dendritic
spines were mostly thin (Supplementary
Figure S5F and G). The reconstruction of
dendrites showed that the AD PFC has
more dendritic spines compared with the
WT. This result suggests that AD caused
an increase, rather than a decrease, in
dendritic spines.
The paradoxical finding of the increase

in the number of dendritic spines in
AD rat brains prompted us to study in
detail how synapses are distributed on
dendrites. The site of synaptic formation
on dendrites could be easily determined
from 3D reconstruction of synapses
and dendrites. Synapses were formed on
either dendritic spines or dendritic shafts
(Figure 1B and C; Supplementary Figure
S6). There was a significant increase in
the number of spines per micrometer
in AD rats (Figure 1G). In both WT and
AD rats, more synapses are present on
dendritic spines than on dendritic shafts
(Figure 1H). However, the proportion of
spine synapses (those formed on spine
heads) in AD rats was lower than that
in the WT (Figure 1H; Supplementary
Figure S6H). In other words, the increase
in the number of synapses on dendritic
shafts can imply an increase in inhibitory
synapses in AD rats (Karimi et al.,
2020). Thus, despite the increase in
the total number of dendritic spines in
AD rats, many thin spines did not form
synapses (spines without synapses;
Figure 1I), and thus were not involved in
synaptic transmission. It is possible that
pathological stimuli (such as Aβ or tau)
trigger the formation of many thinner
spines as a compensatory mechanism,
leading to a perceived increase in
spine number in the AD rat model. Thin
and stubby spines have smaller PSD
containing mainly N-methyl-D-aspartate

receptors. By contrast, mushroom spines
have larger PSD anchoring a higher
density of α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptors,
stabilizing synaptic function.
Compared with low-resolution lightmi-

croscopy, volume EM is better suited
for accurate illustration and quantita-
tive measurement of the dendritic spine
and fine structure of synapses. In this
study, we have investigated the synap-
tic structure of layer 4 of the PFC at a
nanoscale level using a newly developed
AD rat model. 3D volume EM and deep-
learning tools were employed to analyze
ultrastructural changes in synapses, PSD,
anddendrites. Our analyses revealed sig-
nificant decreases in (i) the number of
synapses per area or volume (2D or 3D),
(ii) SAS, and 3) the volume of PSD in ho-
mozygous AppNL-G-F rats. In addition, the
proportion of synapses with mushroom
spines was reduced due to an increase in
thin spines and a decrease in mushroom
spines in these animals. Moreover, there
were more inhibitory synapses formed
on dendritic shafts in the AppNL-G-F PFC.
Taken together, these results represent
an initial attempt to quantitatively depict
synaptic deficits at the ultrastructural
level in an animal model that closely re-
sembles human AD. Although this study
involves only a single brain area with rel-
atively fewer cases, it provides a method
of ATUM–SEM combined with AI-assisted
3D reconstruction of the 3D ultrastruc-
ture of synapses and dendrites. This ap-
proach is particularly beneficial for quan-
titative measurement of synapses. The
result of this study is expected to offer
helpful information for the research on
AD. Future studies should be directed to-
ward the analysis of synapses from more
brain regions, with more cases, at the
onset aswell as during the progression of
the disease.
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