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A growing body of evidence suggests that the loss of
synapses is an early and major component of a num-
ber of neurodegenerative diseases. Murine prion dis-
ease offers a tractable preparation in which to study
synaptic loss in a chronic neurodegenerative disease
and to explore the underlying mechanisms. We have
previously shown that synaptic loss in the hippocam-
pus underpins the first behavioral changes and that
there is a selective loss of presynaptic elements. The
microglia have an activated morphology at this stage
but they have an anti-inflammatory phenotype. We
reasoned that the microglia might be involved in syn-
aptic stripping, removing synapses undergoing a de-
generative process, and that this gives rise to the
anti-inflammatory phenotype. Analysis of synaptic
density revealed a progressive loss from 12 weeks
post disease initiation. The loss of synapses was not
associated with microglia processes; instead, we found
that the postsynaptic density of the dendritic spine was
progressively wrapped around the degenerating pre-
synaptic element with loss of subcellular components.
Three-dimensional reconstructions of these structures
from Dual Beam electron microscopy support the con-
clusion that the synaptic loss in prion disease is a neu-
ron autonomous event facilitated without direct in-
volvement of glial cells. Previous studies described
synapse engulfment by developing and injured neu-
rons, and we suggest that this mechanism may contrib-
ute to developmental and pathological changes in
synapse numbers. (Am J Pathol 2009, 175:1610–1621;

DOI: 10.2353/ajpath.2009.090372)

A number of chronic progressive neurodegenerative dis-
eases, such as Alzheimer’s disease (AD) and prion dis-
ease (PD) are characterized by the accumulation of a

misfolded protein that is deposited as amyloid in the
extracellular space.1 In AD the identification of the amy-
loid-� (Aß) peptide, derived from the amyloid precursor
protein (APP) led to the amyloid cascade hypothesis.
This hypothesis proposed that the Aß peptide triggers a
cascade of molecular events that leads to the death of
neurons in selected regions of the brain and ultimately to
the development of cognitive impairments and behavioral
dysfunction.2 The identification of the prion protein PrPC,
and its misfolding to generate a protease-resistant form
PrPSc, is similarly implicated in the demise of neurons in
the chronic fatal neurodegenerative diseases known as
the prion diseases.3 Recent evidence suggests, how-
ever, that it is not the amyloid per se that is the neurotoxic
element but it is oligomers of the Aß peptide4 or mis-
folded PrPC that may be critical in causing neuronal
dysfunction and precipitating neurodegeneration.5

Whatever the nature of the toxic agent there is a grow-
ing body of data to show that it is the synapses that are
the first or most susceptible component of the neuron to
succumb in the disease process rather than the death of
the cell soma.6 In AD the loss of synapses correlates with
the degree of dementia7 and is an early component of the
disease.8 In murine prion disease the time of appearance
of the earliest behavioral deficits is associated with a loss
of synapses in the stratum radiatum of the hippocam-
pus9,10 before the detectable loss of neurons in CA1 or a
detectable increase in apoptosis in other regions of the
brain.10 The dissociation between cell loss and synaptic
loss is reinforced in prion models by studies showing that
preventing neuronal degeneration does not prevent dis-
ease progression.11,12

Studies on the slow Wallerian degeneration mutant
mouse (Wlds) demonstrated for the first time that degen-
eration of the synapse and axon are active autodestruc-
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tive processes, akin to programmed cell death, but dif-
ferently regulated from death of the cell soma.13,14 The
loss of supernumerary synapses from the developing
brain is well established and this may also involve tag-
ging of the synapse by components of the complement
cascade C1q and C3 for removal by microglia: it was
suggested that a similar process might operate in glau-
coma and by extension in other chronic neurodegenera-
tive diseases.15 Following peripheral nerve injury there is
a rapid loss of synapses from the cell soma and dendrites
of motor neurons and a number of authors have impli-
cated microglia in the active removal of these afferent
synapses, so called “synaptic stripping.”16,17 Associated
with the spread of prion disease pathology the microglia
adopt a typical activated morphology18 but they have an
anti-inflammatory mediator profile19 that is typical of mac-
rophages, which have digested apoptotic cells.20 We
thus set out to investigate features of synaptic degener-
ation in this model of chronic neurodegeneration to de-
termine whether microglia are involved in synaptic strip-
ping or phagocytosis of the degenerating synapses.

Materials and Methods

Animals

C57BL/6J (Harlan) female mice age 8 to 10 weeks were
obtained from Harlan Laboratories (Bicester, UK) and
were group-housed within the animal care facilities in
Southampton University as described previously.10

Surgeries

All operations were performed under the UK Home Office
license, as described previously.10 Briefly, surgery was
performed when these mice were 11 to 12 weeks old.
Mice were anesthetized by intraperitoneal injection of
Avertin (2,2,2-tribromoethanol solution) (20 ml/kg) and
mounted in a stereotaxic frame (David Kopf Instruments,
Tujunga, CA). Injections of 1 �l of homogenate (10% w/v
in sterile PBS) of either normal C57 mouse brain (NBH-
animals) or of a ME7 prion agent-infected brain (ME7-
animals) were made bilaterally into the dorsal hippocam-
pus with a 10-�l Hamilton syringe. The suspension was
slowly infused and the needle was left in place for 2
minutes before being slowly withdrawn. Mice were
placed in a heated recovery chamber and when fully
recovered rehoused in groups and checked daily.

Tissue Preparation

NBH- and ME7-animals, in groups of three, were termi-
nally anesthetized with sodium pentobarbital and eutha-
nized by perfusion fixation for transmission electron mi-
croscopy at 10, 12, 16, and 18 weeks post injection (p.i.),
to study the onset and progression of synaptic loss. A
slow cardiac perfusion (20 to 30 minutes) was performed
with fixative containing 3.4% paraformaldehyde, 1.25%
glutaraldehyde, 0.2% picric acid in 0.1 M/L sodium phos-
phate buffer (final pH 7.2 to 7.4) immediately after short

(�1.5 minutes) perfusion with heparinized saline, to min-
imize synaptic and glial ultrastructural changes that
could be caused by brain hypoxia.21 After approximately
1 hour, the brains were dissected and postfixed in fresh
fixative overnight at 4°C; 150 �m thick coronal sections
were cut on a vibrotome and the area of CA1 pyramidal
layer and stratum radiatum was dissected out. Microdis-
sected areas were washed in 0.1 M/L sodium phosphate
buffer and postfixed at room temperature for 1 hour in 1%
osmium tetroxide. Tissue blocks were dehydrated at
room temperature through graded ethanols from 30% to
100% for 10 minutes each, including 1% uranyl acetate in
70% ethanol for 40 minutes. Blocks were placed in ace-
tonitrile for 10 minutes and overnight in a 50:50 solution
of acetonitrile:TAAB resin, subsequently infiltrated with
fresh TAAB resin for 6 hours and polymerized at 60°C for
20 to 24 hours. TAAB blocks were hand-trimmed, fol-
lowed by glass trimming at room temperature to a trap-
ezoid containing CA1 pyramidal cell bodies and dendritic
arbor of stratum radiatum. Semithin (0.5 to 1 �m) sections
were stained (1% v/v toluidine blue in 1% w/v borax) and
used to guide further cutting of the specimen block into
ultra-thin sections (60 to 70 nm) (Figure 1). Ultra-thin
sections were placed onto either thin bar mesh copper
palladium grids or formvar-coated slot grids or stained in
Reynolds lead stain for 5 minutes. The grids were gently
immersed three times in distilled water and then left to
dry. Grids were examined using a Hitachi H7000 trans-
mission electron microscope with a MegaView III digital
camera (Soft Imaging System) and subsequently pro-
cessed using Adobe Photoshop software (Adobe Sys-
tems Incorporated, San Jose, CA).

Electron Microscopy of Stratum Radiatum

Synapses

Synapse Quantification

Synaptic profiles were analyzed on the basis of ultra-
structural parameters and classified as type I (asymmet-
ric) or type II (symmetric) synapses.22 Synapses with

Figure 1. Light microscopic image illustrating sampling region from NBH-
injected adult mouse hippocampus. Semithin (0.5-�m thick), toluidine blue
stained section of a ME7-injected mouse hippocampus at 16 weeks p.i.
Pyramidal cell bodies (upper part) and dendritic arbors in the stratum radia-
tum below are seen within a frame representing the area of an electron
microscopic section. Scale bar � 100 �m.
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cross, obliquely or tangentially sectioned prominent
asymmetric postsynaptic density (PSD) were considered
as type I, if the PSD and cleft material were present on the
reference section, and synaptic vesicles were present in
the reference or immediately adjacent sections. Intact
presynaptic terminals (containing visible synaptic vesi-
cles) with a postsynaptic terminal in typical membrane
apposition were included as synapses in the quantifica-
tion study. For unbiased estimates of synaptic density,
both NBH- and ME7-animals at 10, 12, 16, and 18 weeks
p.i. were compared using the Disector method.23 Disec-
tor pairs were collected from sections of uniform thick-
ness at three different levels from the block face at least
ten sections apart, to prevent overlapping (at magnifica-
tion � 10,000). Disector pairs were positioned to avoid
blood vessels, occasional areas of myelination and prox-
imal fibril filled astrocytic processes that are present dur-
ing prion–induced neurodegeneration.10 A counting
frame of 100 �m2 overlying the disector pairs was se-
lected; only intact synapses that were present in look-up
sections and absent from the reference sections were
counted and vice versa (n � 6 counts for animal at each
time point per experimental group).

Measurements of PSD Areas and Presynaptic

Terminal Areas

Measurements of PSD areas and presynaptic terminal
areas were performed on asymmetric synapses at 10, 12,
16, and 18 weeks p.i. at a magnification � 20,000. The
area of a PSD was measured only if synaptic vesicles
were present in the same section and typical membrane
apposition between presynaptic and postsynaptic ele-
ment was present. At least 300 PSDs and 300 presynap-
tic terminals were measured for each time point from
three different sections at least ten sections apart for both
NBH- and ME7-animals (minimum n � 100 for animal/
time point for each experimental group). The areas of
presynaptic terminals containing synaptic vesicles and
PSDs were included only if synaptic terminal profiles were
clearly visible. Measurements of PSDs areas and presyn-
aptic terminal areas were performed using outline spline
function (by encircling and determining the area of individ-
ual objects) within the Axiovision (Carl Zeiss) and its equiv-
alent within the ImageJ software (U.S. National Institutes of
Health, http://rsb.info.nih.gov/ij/download.html). The identi-
ties of the coded images were only revealed to the observer
after the data analysis was complete.

Measurement of PSD Curvature

The curvature of a PSD has been expressed as the
angle of its arc above a chord drawn between its ends.21

An angle of 180 deg denotes a flat PSD, which does not
arc. PSDs that arch into the presynaptic terminals (con-
vex) were given a negative value, however, these profiles
were rarely detected. Those that arc into the dendritic
spines (concave) were given a positive value. Measure-
ment of PSD curvature was performed using Axiovision
software, at least 300 PSDs (minimum n � 100 for animal/

time point for each experimental group) were measured
at magnification � 20,000 for both NBH- and ME7-ani-
mals at 10, 12, 16, and 18 weeks p.i. The identities of the
coded images were only revealed to the observer after
the data analysis was complete.

Serial Section Analysis

Images from serial sections through synaptic profiles
involving degenerating terminals were prepared from 16
and 18 weeks p.i. ME7-animals using two different ap-
proaches with material prepared as above. Serial 70-nm
sections were cut and collected on formvar coated slot
grids, viewed, and photographed as described.

We also used the recently described Dual Beam
system to generate serial sections for three-dimen-
sional reconstructions.24 Brain specimens were fixed
and sectioned as for conventional transmission electron
microscopy (see above). After locating a suitable area for
analysis the blocks were trimmed to expose the side as
well as the top of the tissue and the resin surrounding the
tissue was heavily coated with silver dag (Agar Scientific,
Stansted, UK) to reduce electrostatic charging. The sam-
ple was then placed in a carbon coater to further reduce
charging on the sample surface. The blocks were then
mounted in the specimen holder of an FEI Helios Dual
Beam microscope (FEI Eindhoven, The Netherlands) and
the tissue was located using electron backscatter imag-
ing. A focused beam of gallium ions was used to cut two
grooves alongside the tissue to help prevent sputtered
material re-depositing back onto the surface to be im-
aged. The gallium beam was then used to remove verti-
cal slices of tissue to expose a fresh block face. This
block face was then imaged at 52 degrees by the elec-
tron beam again using backscatter imaging. Successive
28-nm slices were then removed from the block with a cut
face approximately 40 �m wide by 40 �m high. After the
ion beam removed each slice the resulting cut face
was imaged by the electron beam. The slicing process
was visually monitored for the first few cuts after which it was
left for several hours or overnight to build up a data set of
some 200 to 300-electron backscatter images. Since
these images are of the tissue block rather than cut
sections the data stack of images are in almost exact
registration making the subsequent three-dimensional re-
construction more straightforward. A correction factor of
1.27 was applied to the y coordinates to compensate for
the 52-degree tilt of the electron beam relative to the
block face.

A custom program Reconstruct (http://synapses.clm.

utexas.edu) was used for both conventional and Dual
Beam material to align images from immediately adjacent
serial sections and construct three-dimensional profiles.

Statistical Analysis

The identities of the coded blocks were only revealed to
the observer after the data analysis was complete. Raw
data from every block were collated using Microsoft Ex-
cel and two-tailed, unpaired Student’s t-tests (PSD areas,
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presynaptic terminal areas), respectively one-way analy-
sis of variance with Tukey’s multiple comparison tests
(PSD curvature) were performed to compare final data
between NBH (n � 3) and ME7-animals (n � 3) at each
time point using GraphPad Prism software (GraphPad
Software, Inc., CA).

The effect of the ME7 inoculation on synaptic density
was compared with NBH at 10, 12, 16, and 18 weeks p.i.,
with three independent replicates in each of the eight
samples. The synaptic density response was analyzed
with fully-replicated and balanced two-way analysis of
variance using the statistical model:

Response � Treatment � Time � Treatment*Time � �

with two levels of Treatment (ME7 and NBH) and four
levels of Time. Planned orthogonal contrasts were ap-
plied to the treatment-by-time interaction25 to test for a
contrast in the ME7 inoculation effect at 10 weeks against
its average effect at 12 to 18 weeks, and for a change in
effects between weeks 12 to 18 for type-I synaptic den-
sity, for type-II synaptic density planned orthogonal con-
trasts of week 18 to pooled weeks 10 to 16, and within
weeks 10 to 16 were applied.

Results

The onset, incubation period and sequence of various
pathological changes in murine ME7 scrapie have been
previously described in a series of publications using
different techniques.26,27,28 Electron microscopy re-
vealed the well-described ultrastructural hallmarks of the
pathology in prion diseased brain29 and these were
present in all ME7-animals from 12 weeks p.i. onwards.
Typical spongiform vacuoles developed within neuronal
perikarya and processes30,31 and were frequently de-
tected in 16 and 18 weeks tissue in all ME7-animals and
less frequently in 12 weeks tissue. Spongiform vacuoles

in our material were always membrane-associated, oc-
casionally with a double membrane, and frequently
contained secondary vacuoles and whorling mem-
brane fragments (Figure 2A). Numerous swollen astro-
cyte processes were present from 12 weeks p.i., sur-
rounding the pyramidal cells in CA1 and at 16 and 18
weeks p.i., frequent astroglial processes with abun-
dant filaments were detected in the stratum radiatum
(Figure 2B; see Supplemental Figure S1 at http://ajp.

amjpathol.org. for further description of ultrastructural cri-
teria for the identification of astrocytes and neuronal
cells). Subtle and gross neuronal abnormalities were de-
tected almost exclusively in pyramidal cells, degenerat-
ing profiles were easily identified by a shrunken cell
membrane plus a darkened cytoplasm with an apparent
increase in mitochondrial density within neuritic pro-
cesses, as well as darkened nucleoplasm and cre-
nated nucleolemma within cell soma.

Prominent dendritic pathology was observed in ME7-
animals at 18 weeks, numerous electron-dense, degen-
erating profiles were seen in the pyramidal CA1 layer and
coursing across the stratum radiatum virtually devoid of
synaptic connections on them (Figure 2C).

We did not find evidence of degenerating axons from
CA3 pyramidal cells, which we would expect to be sub-
micron in diameter, generally unmyelinated and forming
en passant boutons on dendritic spines in the stratum
radiatum. Evidence of degeneration of CA1 neurons with
chromatin condensation, shrinking and darkening of neu-
ronal cytoplasm was observed at 18 weeks: numerous
membrane delimited profiles filled with secondary lyso-
somes were detected in cell bodies, dendrites and sur-
rounding neuropil (Figure 2D). The dendritic alterations
and loss of hippocampal pyramidal neurons have been
documented in prion strains additional to ME732 and by
different routes of challenge than intracerebral.26 These

Figure 2. Electron micrographs of stratum ra-
diatum of the hippocampus illustrating typical
neuropathological hallmarks of prion disease.
A: A characteristic spongiform vacuole within
the hippocampal neuropil containing whorled
membrane fragments. B: Astroglia with bundles
of glial fibrils (arrow) from a ME7-animal at 16
weeks p.i. C: Electron opaque, degenerating
dendrite at 18 weeks p.i. (arrow) was detected
close to a cell showing chromatin condensation.
D: Electron dense neuronal cytoplasm (white
arrow), accumulation of neurofilament bundles
was detected in neuronal somata (neuronal or-
igin was confirmed by the presence of synaptic
connections) at 18 weeks p.i. The neuropil con-
tained membrane delimited profiles (black ar-
row, and inset) filled with secondary lyso-
somes. Scale bars: 5 �m (A); 2 �m (B); 2 �m (C);
2 �m (D); (inset 2 �m).
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findings indicate that these features are common in prion
diseases. In addition to these changes we observed
changes in the appearance of presynaptic elements in
the stratum radiatum, such as darkening of the presyn-
aptic terminals that have previously been associated with
synaptic degeneration. Therefore our next step was to
investigate if any particular type of synapses was selec-
tively involved during disease progression and to char-
acterize this in further detail.

We analyzed synaptic density in NBH- and ME7-ani-
mals at 10, 12, 16, and 18 weeks p.i.. ME7 injection
caused a reduction in the type-I synaptic density when
compared with NBH (Figure 3, Table 1 F1,16 � 29.84, P �

0.001). The size of the effect treatment increased over
time (Figure 3, Table 1 F3,16 � 3.67, P � 0.035), with a
significant rise post-week 10 (Figure 3, Table 1 F1,16 �

8.16, P � 0.011).
At a relatively early time point (12 weeks p.i.), type I,

glutamatergic synapses in the stratum radiatum of CA1
were reduced when compared with age-matched NBH-
animals. No significant difference in type II synaptic den-
sity was detected at this stage between treated groups
(Supplemental Table S1 at http://ajp.amjpathol.org.). At
16 and 18 weeks p.i. type I synaptic loss had further
progressed (Figure 3). For the type II synaptic density
we found no detectable effect of ME7 inoculation when
compared with NBH, though week 18 approaches sig-
nificance (F1,16 � 2.72, P � 0.119; see Supplemental
Table S1 at http://ajp.amjpathol.org.). Our findings are

supported by earlier studies that initially documented
synaptic loss not only in the ME7 but also in the 87 V
strain27 with early selective reduction of the asymmet-
ric synaptic density (type I) starting approximately from
12 weeks p.i.9

The loss of type I synapses was accompanied by
clear-cut evidence of degenerative abnormalities in both
pre- and postsynaptic elements. In the stratum radiatum
of NBH-animals typical type I asymmetric synapses ap-
peared as previously described22 with the majority of
these synapses on dendritic spines having either linear or
slightly curved PSDs (Figure 4, A–D). In contrast, in tissue
from 16 and 18 weeks ME7-animals many terminals un-
dergoing various stages of synaptic degeneration could
be identified. The presynaptic element showed the signs
typically associated with synaptic degeneration namely
loss of definition of the individual synaptic vesicles and
darkening of the cytoplasm within the intact presynaptic
membrane. However the PSDs that remained in contact
with the degenerating presynaptic elements were now
progressively curved around the presynaptic element
with greater degrees of engulfment associated with more
advanced degeneration of the presynaptic structures (Fig-
ure 5, A–D, Figure 6C and see Supplemental Figure S2 at
http://ajp.amjpathol.org). Of particular note was that in the
many hundreds of synapses examined in ME7-animals at
no stage was there evidence of another process intruding
into the synaptic cleft between the pre- and postsynaptic
elements, as might be expected if microglia or any other cell
was involved in so-called synaptic stripping. We also could
find no evidence of non-neuronal processes encircling the
pre-synaptic element as a whole.

To quantify the changes in synaptic morphology dur-
ing disease progression we measured three synaptic
parameters intimately linked to synaptic function. Several
studies33–35 have suggested that small changes in syn-
aptic geometry are sufficient to alter their physiological
properties: the area of the PSD has been reported to
correlate reliably with overall size/strength of type I syn-
apse36 and with the volume of the associated dendritic
spine.37 Changes in spine morphology as well as reor-
ganization of PSD can occur relatively quickly, these
changes can be induced by synaptic activation and have
also been associated with synaptic plasticity.38,39 Thus
areas of PSDs and presynaptic terminals were measured,
as was the curvature of the PSDs at 10, 12, 16, and 18

Figure 3. Density of type I synapses in stratum
radiatum during prion disease progression. The
density of type I synapses was determined using
the disector method in aged-matched NBH-ani-
mals (n � 3) and ME7-animals (n � 3) animals
at 10, 12, 16, and 18 weeks p.i. Data are pre-
sented as means � SEM. An asterisk denotes
statistical significance (see Materials and Meth-
ods for detailed description of the statistical
analysis used). Note that type I synaptic density
progressively decreased.

Table 1. Statistical Analysis of Type-I Synaptic Density

Source DF SS MS F P

Time 3 12.148 4.049 2.32 0.115
(i) wk 10 vs average

{wks 12, 16, 18}
1 0.915 0.915 0.52 0.480

(ii) wks 12 vs. 16
vs. 18

2 11.233 5.617 3.21 0.067

Treatment 1 52.168 52.168 29.84 �0.001
Treatment*Time 3 19.256 6.419 3.67 0.035

(i) Treatment* (wk
10 vs average
{wks 12, 16, 18})

1 14.265 14.265 8.16 0.011

(ii) Treatment* (wks
12 vs. 16 vs. 18)

2 4.991 2.495 1.43 0.269

Error 16 27.972 1.748
Total 23 111.544

Output of two-way ANOVA, with orthogonal contrasts (i) between
week 10 and subsequent weeks and (ii) between weeks 12 to 18.

*Treatment by time interaction.

1614 Šišková et al
AJP October 2009, Vol. 175, No. 4



weeks p.i. and compared with age-matched controls. At 10
weeks, no detectable changes in the average area of PSDs
or presynaptic terminals were observed (Table 2). However,
at 12 weeks p.i., the areas of both post- and presynaptic
elements were reduced in ME7-animals relative to NBH-
animals (Figure 6, A–B; Table 2). From 12 weeks onwards
the remaining PSDs gradually increased in size and at 18
weeks the mean area was bigger than those in age-
matched NBH-animals at 18 weeks (Figure 6A; Table 2).

The curvature of the PSDs, described and illustrated
below was quantified in 10, 12, 16, and 18 weeks NBH-
and ME7-animals. A small numbers of synapses with
highly curved PSDs were present at 12 weeks (Figure

6C), progressively increasing to significance at latter
stages in ME7-animals (Figure 6D; Table 2). Virtually all of
the PSDs in our study were concave with the degenerat-
ing presynaptic terminal remnant enveloped by the
postsynaptic dendritic spine PSDs. No changes of cur-
vature of the PSDs were detected in NBH-animals be-
tween 10 and 18 weeks postinjection.

The progressive curvature of spine PSDs observed in
single 60 to 70 nm sections was highly suggestive of a
process of engulfment or perhaps even internalization of the
presynaptic element by the dendritic spine (Figure 7, A–D;
see Supplemental Figure S3 at http://ajp.amjpathol.org). To
investigate this further we performed detailed serial sec-

Figure 4. Electron micrographs showing intact
synapses in NBH-animals at 16 (A) and 18 (B–D)
weeks p.i. Presynaptic terminals are filled with
electron-lucent cytoplasm, characteristic small
round (�40 nm in diameter) synaptic vesicles and
appose bar-like PSDs within an intact neuropil of
the stratum radiatum without any signs of pathol-
ogy or degeneration. Examples to illustrate the
diversity of synaptic contacts are shown: a stubby
spine (B, arrow) in which head width is equal to
the neck length, a typical mushroom spine (C,
arrow) with constricted neck and head exceeding
0.6 microns in diameter, and a thin spine (D,
arrow) with characteristic thin neck and small
head. Scale bars: 1 �m (A, B, D); 2 �m (C).

Figure 5. Type I synaptic junctions in stratum
radiatum of animals with prion disease. Electron
micrographs showing synaptic profiles with dra-
matically curved PSDs (arrows) at 16 (A, B) and
18 weeks (C, D) p.i. Some presynaptic terminals
are shrunken and filled with electron-dense cy-
toplasm (arrows); others nearby appear nor-
mal. Some presynaptic vesicle-like structures are
still apparent in degenerating terminals, which
are apposed to dendritic spines with curved
PSDs wrapping around the presynaptic element.
Scale bars: 1 �m (A–C); 0.5 �m (D).
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tion analysis of 20 degenerating synaptic profiles. To
facilitate the potential reconstruction of the relationship
between the presynaptic element and dendritic spines
we used Dual Beam imaging with serial 28-nm sections
for increased precision. The image resolution from the

Dual Beam microscope was comparable with that seen
with conventional transmission electron microscopy. The
reconstructions revealed evidence of almost, but not
complete internalization of the presynaptic terminal by
the PSD as shown by two representative profiles in Figure

Figure 6. Quantification of structural changes of type I synaptic compartments across disease progression. The areas of PSDs (A) and presynaptic terminals (B)
from either NBH-animals (n � 3) or ME7-animals (n � 3) show differential changes at different time points p.i. Data are presented as means � s.e.m; two-tailed,
unpaired Student’s t-tests (*P � 0.05, ** P � 0.01). C: The curvature of the PSDs shows a progressive increase from 12 weeks onwards toward a more acute angle
(the angle of its arc above a chord drawn between its ends, see Material and Methods). Note the appearance of groups of synapses with highly curved PSDs (�130
to 120 degrees) from 12 weeks onwards with a clear trend to significance in ME7-animals confirmed by one-way analysis of variance with Tukey’s multiple
comparison test (P � 0.0001). D: No changes of curvature were detected in NBH-animals from 10 to 18 weeks p.i. The PSD curvature data are also presented
as means � SEM in Table 2. Two-tailed, unpaired Student’s t-tests (***P � 0.001).

Table 2. Quantification of Type I Synaptic Ultrastructural Changes at 10, 12, 16, and 18 Weeks in NBH- and ME7-Animals

NBH mice Prion-infected P value (weeks post-injection)

PSD area (�m2) mean � SEM
10 0.01293 � 0.00101 0.01265 � 0.00105 0.8452
12 0.01534 � 0.00093 0.01224 � 0.00051 0.0439*
16 0.01403 � 0.00051 0.01733 � 0.00164 0.1265
18 0.01350 � 0.00051 0.01641 � 0.00018 0.0058*

Presynaptic terminal area (�m2) mean � SEM
10 0.2127 � 0.003998 0.20800 � 0.01985 0.8290
12 0.2970 � 0.021140 0.19210 � 0.01803 0.0195*
16 0.2536 � 0.021220 0.24460 � 0.03454 0.8350
18 0.2284 � 0.000442 0.23480 � 0.01046 0.5763

PSD curvature (deg) mean � SEM
10 165.4 � 1.381 166.3 � 0.5230 0.550
12 163.2 � 0.981 159.9 � 1.0070 0.078
16 162.8 � 4.545 130.7 � 0.5762 0.002*
18 162.8 � 1.944 133.7 � 4.5290 0.004*

Synaptic ultrastructural changes in NBH and ME7-infected mice.
*P � 0.05, two-tailed, unpaired Student’s t-test, n � 3.
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8, A–B. The first 24 consecutive sections contributing to
the profile in Figure 8A are illustrated in Figure 8C; the
remaining 22 consecutive sections see Supplemental
Figure S4 at http://ajp.amjpathol.org. The degenerating
presynaptic element shows a dark cytoplasm with loss of
definition of the vesicles but an intact presynaptic termi-
nal membrane. The degenerated presynaptic element
appeared to be collapsed and arrested on the PSD,
separated from remaining retracted axon and open to the
extracellular space. Microglia or astrocyte processes
were never observed to be associated with these frag-
mented profiles. Despite extensive searching we did not
observe fusion of the PSD with other organelles in the
postsynaptic element, although we detected numerous
autophagic vacuoles in the surrounding neuropil, which
as described above increased with disease progression.

Discussion

We set out to investigate the possible role of microglia in
the removal of synapses from the stratum radiatum dur-
ing the progression of prion disease pathology. We de-
tected an early decrease in the density of type I gluta-
matergic synapses from the stratum radiatum and this
further increased as disease progressed. Associated
with the decrease in density of glutamatergic synapses
the remaining synapses hypertrophied. We also ob-
served a progressive increase in the curvature of PSDs
during disease progression and provided evidence that
spine PSDs enwrap the degenerating presynaptic ele-
ments. Concomitant with this engulfment of the presyn-
aptic terminals ultrastructural definition of presynaptic
vesicles was progressively lost. The loss of these gluta-
matergic synapses did not involve any cell process other
than the pre- and postsynaptic elements. Both microglia
and astrocytes failed to directly participate in synapse

removal or “synaptic stripping” during the evolution of
ME7 induced prion pathology, or that induced by addi-
tional strains (Z. Siskova, V. O’Connor, and V.H. Perry,
unpublished observations). However, we do not exclude
that the possibility that microglia or astrocytes could par-
ticipate indirectly by secreting molecules that may influ-
ence neuronal behavior.

We have investigated the synaptic density from 10
weeks after initiation of disease before any significant
decline in expression of synaptic markers (synaptophy-
sin),10 to detect the first pathological changes in synaptic
density and ultrastructure. In the stratum radiatum of the
hippocampus the vast majority of glutamatergic syn-
apses (approximately 90%) arise from axons of CA3 py-
ramidal neurons, which terminate on spines of proximal
CA1 dendrites.40 Consistent with the glutamatergic na-
ture of this pathway virtually all synaptic terminals under-
going degeneration were in asymmetric contact with den-
dritic spines with characteristic, relatively small (�40 nm
in diameter) round vesicles. Loss of these synapses has
been linked to the first behavioral deficits in the absence
of neuronal loss in CA1, the absence of cells positive for
terminal deoxynucleotidyl transferase dUTP nick-end la-
beling in CA1 or CA310 or reduction in CA3 neuronal
density.41 An earlier electron microscopy study has de-
scribed similar reduction of the asymmetric synaptic den-
sity taking place approximately at 80 days (about 12
weeks) p.i. in the stratum radiatum of CA1, these
changes preceded the neuronal loss in CA1,9 which is
in agreement with our present study and previous
findings.10

There is evidence that spine structure, including the
dimensions of the PSD, are a crucial determinant of syn-
aptic efficacy.42,43 The first changes we detected were at
12 weeks p.i., when the area of the average type I syn-
apse PSD in ME7-animals was smaller when compared

Figure 7. Degenerating type I presynaptic ter-
minals in the stratum radiatum are enwrapped
by dendritic spines during disease progression.
Electron micrographs illustrating synaptic junc-
tions at 16 (A, B) and 18 weeks (C, D) p.i. The
presynaptic terminals of some synapses are col-
lapsed and appear to be engulfed by the
postsynaptic spine (arrows). Processes from
other cell types were never observed in the
synaptic cleft that involved degenerating pre-
synaptic terminals. Scale bars: 1 �m (A–C); 0.2
�m (D).
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with NBH-animals and the average area of presynaptic
terminals in these synapses was also reduced. This re-
duction in size of critical synaptic components at this
stage, in addition to synaptic loss may underpin the early
reduction in synaptic plasticity described in this model.44

In addition to the early reduction in size of the presynaptic
terminal our biochemical analysis has shown that proteins
associated with synaptic vesicles are the first proteins
to be down-regulated or degraded during disease pro-
gression.41 At 18 weeks p.i., type I glutamatergic PSDs
that remain, were significantly larger when compared
with their age-matched NBH controls, perhaps indicative
of a reactive hypertrophy. Synaptic loss is accompanied
by synaptic hypertrophy in brains from Alzheimer’s
patients.45,46

A striking feature of the synaptic morphology during
disease progression was the change in the curvature of
the PSDs. An increase in PSD curvature and thickness
has been shown to occur after a delay in transcardial

perfusion fixation of the mouse brain, a condition that
induces ischemic stress.21 However, the PSDs in isch-
emic tissue arched into the presynaptic terminal to form
convex PSDs, while in ME7-animals the PSDs were strik-
ingly concave both at 16 and 18 weeks p.i.

The involvement of microglia in the removal of syn-
apses was first suggested in the context of synaptic loss
from facial motor neurons undergoing chromatolysis.17 It
was envisioned that the activated and proliferating micro-
glia were actively involved in the removal of the synapses
from the soma and proximal dendrites of the axotomised
neurons. As the PSDs progressively enveloped the pre-
synaptic element we did not observe the intrusion of
processes into the synaptic cleft or around the presyn-
aptic element. Furthermore, studies in which microglial
proliferation was arrested by either pharmacological47 or
genetic48 manipulations did not alter synaptic loss from
neurons undergoing chromatolysis. At the present time it
is unclear whether the microglia become activated as a

Figure 8. Computer-generated three-dimensional reconstructions of degenerating synapses in stratum radiatum of ME7-animals 18 weeks p.i. generated from
serial Dual Beam microscope sections. A: Rotations of synaptic profile generated from 46 consecutive sections through individual degenerating synapse, material
originating from presynaptic element (blue) remains both outside and inside (engulfed by the PSD [red]) of the dendritic spine (purple). Note the presence of
astrocytic process (yellow) in close proximity but not engaged with the degenerating terminal. Sections from which the profile was generated are illustrated in
Figure 8C (first 24 sections), for remaining sections see Supplemental Figure S3 at http://ajp.amjpathol.org. B: Rotations of a degenerating synaptic profile from
20 consecutive sections. Presynaptic element (blue) appears to be completely internalized by dendritic spine head (orange), serial sectioning confirmed however
that a fine strand of material originating from presynaptic element remained in association with the extracellular space and was not within the encircling PSD of
the spine. C: Electron micrographs of first 24 serial sections illustrating a degenerating synaptic terminal in the stratum radiatum of a ME7-animal at 18 weeks p.i.
Presynaptic element (blue) cytoplasm remains electron-dense throughout all sections; although synaptic vesicles are still visible, the presynaptic element was
disconnected from projecting axonal terminal, remained arrested and almost completely engulfed by PSD (red) of a dendritic spine (purple). An astrocytic cell
process is in close proximity (yellow). Scale bar � 1 �m.
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consequence of the accumulation of misfolded PrPC or
the initial synaptic alterations and what local signals lead
to the expression of an anti-inflammatory phenotype.

As disease progressed we detected an increase in
incidence of synaptic profiles in which the presynaptic
element appeared to be completely internalized by the
dendritic spine PSD. While single sections provided
some evidence for the internalization of the presynaptic
element it is only from serial sections that we can verify
this observation. Conventional serial sections showed
that the presynaptic element was almost entirely encir-
cled by the PSD, but a fine strand of material still re-
mained between the extracellular space and the residual
presynaptic bouton. We have previously reported a se-
lective loss of the presynaptic markers from affected
axons that occurs relatively early on (about 12 weeks
p.i.).10,41 Of note is that the affected axons did not exhibit
signs of degeneration, for example dark cytoplasm, sug-
gesting that the degenerating presynaptic element was
associated with the dendritic spine without the demise of
the projecting axon that otherwise appeared unaltered.
This finding is in agreement with our finding of early
selective loss of proteins from the presynaptic compart-
ment.41 Reconstruction of serial sections from the Dual
Beam microscope provided similar serial images of ter-
minals completely enwrapped by the PSD. We searched
for morphological evidence of what might be the next
steps in the process but at present it is unclear what
happens to the presynaptic element or the PSD. If this is
a rapid process akin to the rapid degradation of a phago-
cytosed apoptotic cell this may require real-time imaging
studies. Real-time imaging studies of dendritic spine loss
during prion disease have shown that spine loss is asso-
ciated with the development of varicosities on the den-
dritic shaft.49 How the degeneration of the synapse, den-
dritic spine loss and the generation of dendritic
varicosities are related remains to be resolved. However,
at corresponding time points to the study described
above, we detected numerous collapsed, darkened pro-
files that resembled shafts varicosities, which could pre-
cipitate dendritic pathology (see Supplemental Figure S5
at http://ajp.amjpathol.org).

There is evidence to demonstrate that neurons have a
phagocytic capacity: the ingestion of diverse particulate
matter has been described.50 Phagocytosis of dying neu-
rons by adjacent neuronal progenitors has been docu-
mented in the developing retina and spinal cord.51–53

However, of particular interest are images showing that
motor neurons in the developing spinal cord of the cat
engulf supernumerary synapses on the motor neuron cell
soma.54 Similarly it has also been shown that injured
hypoglossal motor neurons envelop synapses innervat-
ing the cell soma.55 It is not clear from these studies what
is the mechanism of recognition of the supernumerary
synapses or the fate of the enveloped synapses. A recent
study has proposed that during development supernu-
merary retinal ganglion cell synapses in the dorsal lateral
geniculate nucleus are tagged by C1q and C3 synthe-
sized by the retinal ganglion cells and subsequently re-
moved by the microglia present in the vicinity.15 How-
ever, as discussed previously,56 and confirmed by earlier
observations, the postsynaptic neuron itself may play a
role in the regulation of synapse number in both devel-
opment and chronic neurodegeneration.

The loss of dendritic spines and the degeneration of
the presynaptic contact appear to be early compo-
nents in various brain pathologies including prion dis-
ease.49,57–59 Filamentous actin represents the major cy-
toskeletal component of dendritic spines60 and changes
in spine shape, size, and number are determined by local
actin dynamics.35,61 It is widely accepted that rapid re-
modeling of spines is determined by polymerization and
depolymerization of actin filaments62–64 and actin-de-
pendent retraction of a dendritic spine can take place
over a period as short as fifteen minutes; the spines were
suggested to be more motile than presynaptic boutons.65

Phagocytosis is defined as the cellular engulfment of
large particles, usually over 0.5 �m in diameter and this
too is known to be an actin-dependent process.66 The
process is also actin-dependent and extension of the
plasma membrane around a particle is similar sequence
to the morphological events we have described here. The
mechanisms, be they pre- or postsynaptic that initiate this

Figure 9. Presynaptic engulfment by postsynaptic dendritic spine in murine prion disease. A: A normal en passant bouton formed between a projecting CA3
Schaffer collateral axon and a dendritic spine of a CA1 pyramidal cell in stratum radiatum. Note the asymmetric PSD characteristic of type I synapses and molecular
components within the PSD. B: As disease progresses, the vast majority of synapses in this region have curved PSDs that progressively wrap around the
degenerating presynaptic element. C: At latter stages, the remnants of degenerating terminals appear completely engulfed by spine heads and disconnected from
projecting terminals, but they remain connected to the extracellular space and are not completely internalized as evidenced by serial section reconstruction.
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intimate dynamic interaction between the degenerating
pre-synaptic terminal and the PSD remain to be resolved.

We and others have previously shown that synaptic
loss in this model of chronic neurodegeneration occurs
before any neuronal loss.9,10,41 In the present study we
demonstrate that the synaptic degeneration does not
involve microglia synaptic stripping but involves a PSD
mediated engulfment of the presynaptic terminal (Figure
9, A–C). The linkage between the generation of PrPSc or
oligomeric fibrils and the degeneration of synapses is not
understood although we know that at 12 weeks p.i. PrPSc

is sparsely distributed in the stratum radiatum.10,67 Sev-
eral studies have been performed in attempt to clarify the
relationship between PrPSc accumulation and synaptic
pathology.27,68 The story is further complicated by the
observation that neurons can exhibit prion-specific pa-
thology despite lacking PrPC expression in situation
where the PrPC expression in the brain is confined to
astrocytes.69 The molecular mechanisms that initiate and
underlie the phagocytic-like behavior of the dendritic
spine are a new dimension of synaptic pathology in
chronic neurodegeneration and their background re-
mains to be explored.
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