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Retinal ganglion cells (RGCs) may be regarded as a target biomarker in Alzheimer’s disease (AD). We
therefore explored the possibility that RGC degeneration, rather than cell loss, is an early marker of
neuronal degeneration in a murine model of AD. RGC dendritic morphology and dendritic spine densities
of CA1 hippocampal pyramidal neurons were quantiﬁed in 14-month-old transgenic mice expressing the
APP(SWE) (amyloid precusor protein-Swedish mutation) mutation (Tg2576). The dendritic integrity of
RGCs was found to be signiﬁcantly reduced in the absence of signiﬁcant RGC loss in Tg2576 mice compared
with age-matched wild-type controls. In hippocampal CA1 pyramidal neurons, we observed dendritic
spines to be present at a lower frequency from the same animals, but this did not reach signiﬁcance.
Synaptic and mitochondrial protein expression markers (PSD95 [postsynaptic density protein 95], synaptophysin, and Mfn2 [mitofusin 2]) showed no signiﬁcant changes in RGC synaptic densities but a highly
signiﬁcant change in mitochondrial morphology with a marked reduction in the integrity of the mitochondrial cristae. Our ﬁndings suggest that, in a well-characterized mouse model of AD, RGC dendritic
atrophy precedes cell loss, and this change may be because of accumulations of amyloid-b. Because RGC
dendrites are conﬁned to the inner plexiform layer of the retina, imaging techniques that focus on this
layer, rather than the loss of RGCs, may provide a sensitive biomarker for monitoring neural damage in AD.
Ó 2013 Elsevier Inc. All rights reserved.
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1. Introduction
Alzheimer’s disease (AD) remains a major cause of cognitive
decline in the Western population. Considerable advances have
been made in our understanding of the genetic basis of this disease,
but the development of biomarkers for staging the disease remains
a challenge. In the search for an optimal set of biomarkers, central
nervous system imaging has shown the most promise (McEvoy and
Brewer, 2010) and signiﬁcant progress has been made in the use of
magnetic resonance imaging in combination with ligands that can
highlight areas of central nervous system pathology (Rowe et al.,
2007, 2008) and positron emission tomography (Klunk et al.,
2004) (reviewed in Furst and Kerchner, 2012). These methods rely
either on the detection of amyloid plaques or on the neuronal and
axonal loss. Although these are important stages in the disease
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process, there is compelling evidence that neurons undergo a prolonged period of degeneration before cell death, manifest as neurite
loss and dendritic pruning (Anderton et al., 1998; Selkoe, 2002). The
hippocampus and entorhinal cortex have consistently demonstrated early neuronal damage in AD, but the detection of this
neurite loss in vivo in these areas is problematic.
The retina is the only tissue in which neurons can be imaged on
a repeatable and long-term basis; the eye has, therefore, been
considered as a “window on the brain” where optical imaging
might enhance our ability to detect neurodegenerative disease
(Koronyo et al., 2012; Koronyo-Hamaoui et al., 2011; Miller and
Drachman, 2006). Recent developments in interference-based
imaging methods, such as optical coherence tomography (OCT),
indicate that it is possible to detect optical signals arising from
changes in subcellular structures (Gossage et al., 2003; Kajic et al.,
2010). Ultraehigh-resolution OCT can provide retinal images at
resolutions that are subcellular without the need for exogenous
ligands (Drexler and Fujimoto, 2008; Povazay et al., 2009) raising
the prospect that these imaging technologies could be used clinically to characterize retinal neuronal changes. Retinal ganglion
cells (RGCs) in particular comprise an ideal candidate population
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(Cordeiro et al., 2010). They may be uniquely vulnerable to the
effects of neurodegeneration because they have long axons for
which the intraocular portion is unmyelinated thereby increasing
energy requirements and cellular stress. Several investigators have
tested the possibility that this cell population may be reduced in AD
(Jindahra et al., 2010). In addition, amyloid-b (Ab) deposits, a hallmark feature of AD, have been found in both AD patients and animal
models of AD (Koronyo-Hamaoui et al., 2011). Postmortem studies
in patients with AD have, however, been equivocal with regard to
the loss of RGCs; some have reported signiﬁcant reductions in RGC
populations (Blanks et al., 1989, 1996b), but these have not been
conﬁrmed by others (Curcio and Drucker, 1993). Clinical imaging
studies using OCT have reported signiﬁcant loss of cells in the RGC
layer with corresponding thinning of the retinal nerve ﬁber layer in
patients with clinically manifest AD (Paquet et al., 2007). The
development of novel ligands to identify in vivo RGC death driven
by the experimental administration of Ab peptide (1e40) raises the
possibility that RGC loss could provide a valuable biomarker for AD
(Guo et al., 2007).
Because a loss of synaptic connectivity is likely to be one of the
earliest pathological changes in AD rather than neuronal loss
(Selkoe, 2002), we reasoned that RGC dendritic integrity would
provide a sensitive marker of neuronal degeneration. Reduced
dendrite complexity has been reported in models of chronic RGC
degeneration (Morgan et al., 2006; Weber et al., 1998; Williams
et al., 2012). Because these changes are similar to those observed
in AD (Scheff and Price, 2003; Scheff et al., 2006; Selkoe, 2002), we
tested the hypothesis that RGC dendritic degeneration may provide
a marker for central nervous system damage in a mouse (Tg2576)
model of amyloid pathology. Animals were evaluated at 14 months
of age by which time they have developed signiﬁcant cognitive
deﬁcits associated with the deposition of Ab plaques in cortical and
limbic structures (Hsiao et al., 1996).
2. Materials and methods
2.1. Retinal preparation
All animals were in good health at the time of the study.
Fourteen-month-old, female APP(SWE) Tg2576 mice (Tg, n ¼ 9)
(Chapman et al., 1999) and their age- and sex-matched control
littermates (WT, n ¼ 8) were killed by cervical dislocation, and the
eyes were quickly enucleated and placed in chilled (4  C) HBSS
(Hank’s balanced salt solution) (Invitrogen, UK). The eyes were
punctured at the limbus and a slit cut in the sclera to remove the
cornea and sclera anterior to the ora serrata, along with the lens and
vitreous. Three cuts were made in the retina before it was ﬂatmounted, ganglion cell layer up, on a cell culture insert (Millipore,
Billerica, MA, USA) and submerged in custom media (CM) containing
Neurobasal media, 2% B-2 supplement, 1% N-27 supplement, and 0.5
mM glutamate (Invitrogen). Retinas were incubated at 37  C and 4%
CO2 ready for DiOlistic labeling using a gene gun or labeling with
Hoechst 33258 stain. The total time between death and DiOlistic
labeling was less than 10 minutes. Because the APP(SWE) Tg2576
transgenic mouse line carries the retinal degeneration, “rd,” mutation that adversely affect retinal anatomy, all mice were routinely
genotyped to exclude any rd/ mice from the study.
2.2. Brain slice preparation
The brains from all mice were sectioned sagittally in an ice-cold
phosphate-buffered saline (PBS) at 250 mm using a Leica VT1000S
vibratome (Leica Microsystems, UK). Approximately 3 consecutive
sections from each brain hemisphere were immediately placed
into CM in 6-well plates. The CM was then removed for DiOlistic

labeling, replaced, and incubated at 37  C and 4% CO2. The total time
between death and DiOlistic labeling of brain slices was less than
25 minutes.
2.3. DiOlistic labeling
DiOlistics, a modiﬁed gene-gun procedure, which has been
previously used to quantify dendritic changes in AD models (Smith
et al., 2009), relies on the afﬁnity of carbocyanine dyes to the
phospholipid membrane of cells. Using a relatively high pressure
(typically greater than 100 psi), carbocyanine dyes adhered to
tungsten particles are propelled through the barrel of the gene-gun
into the tissue in culture (O’Brien and Lummis, 2004, 2006). This
method gives 2 main advantages over common immunohistochemical (IHC) labeling or tracer studies: (1) labeling is random and
typically with a low yield allowing for individual cells to be
morphometrically analyzed; and (2) these dyes distribute along the
membrane regardless of the cell’s physiological status.
The setting for bead delivery and preparation for DiOlistic
labeling has been described in detail elsewhere (Gan et al., 2000; Sun
et al., 2002). Brieﬂy, 100 mg of tungsten particles (1.7 mm; Bio-Rad,
Hercules, CA, USA) was placed in a thin, even layer on a clean,
glass slide. DiI (1,10 -dioctadecyl-3,3,30 30 -tetramethylindocarbocyanine perchlorate) (80 mg; Invitrogen) was then mixed in 800 mL of
methylene chloride and poured over the tungsten particles. The
methylene chloride evaporated quickly to leave DiI-coated tungsten
particles, which were then transferred onto clean wax-paper or
tinfoil. This powder was then funneled into a length of 1.4 mm “GoldCoat” tubing (Bio-Rad) and allowed to settle, resulting in a light
application of the powder on the inside of the tubing. Excess powder
was funneled off, and the tubing was cut into 1.2 cm lengths for
storage in the dark at room temperature (RT) ready for use.
Retinas were shot once at 100 psi using a Helios gene gun
(Bio-Rad) through a 3.0-mm pore size, high pore density, cell culture
insert (Becton Dickinson, Franklin Lakes, NJ, USA) to block the
passage of aggregated tungsten particles. The barrel of the gun was
held 5 cm above the retinal explant. Retinas were then incubated
for 30 minutes to facilitate dye diffusion before being placed in 4%
PFA at RT for a further 30 minutes. Retinal preparations were then
mounted RGC side up and coverslipped under ProLong Gold
AntiFade Reagent (Invitrogen) containing 1 mg/mL Hoechst 33258
as a nuclear counterstain and sealed with nail polish. Hippocampal
slices were shot at 150 psi from 5 cm with a 3.0-mm pore size
cell culture insert before being incubated for 30 minutes to facilitate
dye diffusion before being placed in 4% PFA at RT for a further
30 minutes. The slices were then mounted in ProLong Gold AntiFade Reagent and sealed with nail polish. Images were taken within
24 hours from both retinal and brain samples.
2.4. RGC dendrite morphological analysis
Image stacks of 142 RGCs (0.5 mm slice width) were obtained
with a Zeiss LSM 510 confocal microscope (Carl Zeiss Ltd, UK) using
a 20 objective to allow the capture of the entire dendritic tree in
a single image. Dendritic morphologies were analyzed using ImageJ
to measure dendritic ﬁeld area (measured using the convex polygon
tool to join the outermost points of the dendritic tree), an ImageJ
plugin, NeuronJ to measure total dendritic length, and a custom
Matlab macro to run a Sholl analysis (Gutierrez and Davies, 2007).
2.5. Ganglion cell layer cell counts
For RGC counts, the methods outlined by Jakobs et al. (2005)
were used with minor modiﬁcations. All retinas were stained
with Hoechst 33258 to allow for ganglion cell layer cell counts.
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Images were taken from the RGC layer at 2 retinal locations, 1 mm
superior and inferior to the optic disc using a Leica DM6000 B
confocal microscope (Leica Microsystems) with a 20 objective.
Cells were manually counted in a 300-mm2 area using the ImageJ
counter plugin.
2.6. Dendritic spine analysis
Image stacks of entire dendrites of pyramidal neurons with
somas inside the CA1 ﬁeld of the hippocampus were collected using
a Zeiss LSM 510 confocal microscope (Carl Zeiss Ltd) captured at
a 40 oil-immersion objective allowing the whole dendrite to be
shown and with clear contrast of dendritic spines. Dendrites were
measured using ImageJ, and spine counts were taken manually
using the ImageJ counter plugin. Spine counts were expressed as
a dendritic spine density (spines per 1 mm dendrite).
2.7. IHC labeling of retinal sections and retinal thickness
Adult (12-month-old), female Tg mice (n ¼ 17) and their ageand sex-matched control littermates (WT, n ¼ 14) were PBS
perfused before being cervically dislocated, and the eyes were
quickly enucleated, punctured at the limbus, and then submerged
in 4% paraformaldehyde (PFA) at 4  C for 30 minutes. Eyes were
washed (1% PBS) and placed in a 30% sucrose solution in PBS at 4
 C for 24 hours. Eyes were then frozen in OCT compound (Sakura
Finetek, UK) and cut at 20 mm using a cryostat at 23  C. For IHC
staining, the techniques outlined in the literature (Chetkovich
et al., 2002) were followed with minor alterations. Brieﬂy,
slide-mounted sections were warmed to RT for 30 minutes and
then permeabilized with 0.2% Tween (PBST). Sections were
blocked with 5% chick serum in PBS at RT for 1 hour and incubated
with goat anti-PSD95 (polyclonal, 1:400, #AB12093; Abcam, UK),
rabbit anti-synaptophysin (polyclonal, 1:250, #AB14692; Abcam),
rabbit anti-g-synuclein (monoclonal, 1:200, #AB55424; Abcam),
rabbit anti-mitofusin 2 (polyclonal, 1:200, #AB50843; Abcam), or
rabbit anti-Ab 1e42 (polyclonal, 1:100, #AB10148; Abcam) in 5%
chick serum in PBS at 4  C overnight. Sections were washed
3 times for 2 minutes in PBST and incubated with chicken antirabbit AF488-conjugated antibody (1:500) and TO-PRO-3-Iodide
(1:500) (Invitrogen) at RT for 2 hours. They were then washed
3 times for 2 minutes in PBST, mounted in ProLong Gold AntiFade
Reagent, coverslipped, and sealed with nail varnish. Z-stack images
were taken with 96 hours of mounting using a Zeiss LSM 510 laser
scanning confocal microscope at 20 and processed using ImageJ.
For RGC counts, the “cell counter” plugin was used, and cell populations are expressed as a percentage change from WT. For
quantiﬁcation of antibody markers, image stacks were z-projected,
the color channel with the secondary ﬂuorophore was cropped
out, and the pixel density was measured. For retinal layer thickness width of each individual, retinal layer was measured using
ImageJ’s Measure tool. For each retina, 10e20 sections were used
for analysis.
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Laboratories Equipment Ltd, UK) in propylene oxide, followed by
3  1 hour in 100% TER before being embedded in 100% TER at 60  C
for 48 hours. Eighty-nanometer-thick sections were collected onto
300 mesh copper grids, stained for 30 minutes in saturated uranyl
acetate, washed, and stained again using Reynolds lead citrate
(Reynolds, 1963) for 15 minutes before being air dried. Samples
were examined in a Philips CM12 TEM (FEI UK Ltd, UK) at 80 kV.
Mitochondrial images from RGC dendrites in the inner plexiform
layer were captured with a Megaview III camera and AnalySIS
software (Soft Imaging System GmbH, Germany). A mitochondria
complexity index was calculated by summing the number of
intersections of mitochondrial cristae falling on a line running along
(1) minor; and (2) major mitochondrial axes for imaged mitochondria (n ¼ 100) (Fig. 1). The number of intersections is expressed
as a mean value per mitochondrion.
Statistical analyses were performed using SPSS software
(version 16.0.2; SPSS, Chicago, IL, USA) and Microsoft Excel
(Microsoft, Redmond, WA, USA). All analyses were masked to
disease status.
3. Results
3.1. DiOlistic labeling of RGCs and CA1 region pyramidal neurons
The analysis of RGC dendritic morphology is based on 72 cells
from 8 WT mice and 70 cells from 9, 14-month-old Tg mice. Typical
DiOlistically labeled cells are shown in Fig. 2 with examples of RGCs
from WT mice in Fig. 2A and B. The Tg animals showed a range of
changes with a combination of cells with minimal or no damage
(Fig. 2D) to those with marked dendritic atrophy (Fig. 2E). For
inclusion in the analysis, RGCs were identiﬁed by the presence of an
axon projecting to the optic disc. Any cells lacking an axon, even
though they might possess somal and dendritic characteristics
typical of RGCs, were excluded from the analysis. There are as many
as 14 different types or morphologies for RGCs within the mouse
retina based on their dendritic architecture (Coombs et al., 2006;
Doi et al., 1995; Kong et al., 2005; Sun et al., 2002). It is important to
classify cells from the control eyes to account for any potential bias
during the investigation (although this cannot be done on the Tg
RGCs as their dendritic architectures may be already compromised).

2.8. Electron microscopy
Adult (12-month-old), female Tg mice (n ¼ 4) and their age- and
sex-matched control littermates (WT, n ¼ 4) were PBS perfused
before being cervically dislocated, eyes quickly removed, and their
whole retinas ﬁxed in 1% glutaraldehyde in Sorensen’s PB. Retinas
were postﬁxed in 1% osmium tetroxide for 2 hours, thoroughly
washed, and dehydrated through graded ethanol (50%, 70%, 90%,
and 100% for 15 minutes each) followed by 3 exchanges of
propylene oxide for 10 minutes each. Retinas were then inﬁltrated
for 45 minutes in 50% TAAB embedding resin (TER) (TAAB

Fig. 1. Mitochondrial complexity index (MCI). The MCI was calculated by counting the
number of intersections (represented as red circles) of mitochondrial cristae along both
the major (longest length of the mitochondria) and the minor (width) axes (black
lines). Mitochondrion shown is from a WT mouse.
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Fig. 2. Retinal ganglion cell (RGC) dendritic integrity is reduced in Tg mice in the absence of soma loss. (AeF) Compressed confocal stacks of DiOlistically labeled WT (A, B) and Tg
(D, E) RGCs with representative Hoechst-labeled cell bodies (C, WT; F, Tg). En face view (xy plane) (top) and side-on view (xz plane) (bottom). All scale bars ¼ 100 mm. (G) Sholl
analyses of WT (black circles) and Tg (white circles) RGC dendritic integrity are reduced in Tg RGCs as shown by the down- and leftward shifts in the Sholl plot (area under the curve
p < 0.0001). (HeI) Total dendritic ﬁeld area (TDFA) (H) and total dendritic length (TDL) (I) are reduced in Tg (white) RGCs compared with age- and sex-matched WT controls (black)
(34.4% TDFA, 32.4% TDL). Error bars ¼ standard error of the mean, *p < 0.05, **p < 0.01, and ***p < 0.0001.

The use of IHC markers for differing cell types combined with
DiOlistics was excluded because cell permeabilization disrupted the
cell membrane and compromised the quality of DiOlistic labeling.
Therefore, only cells from the control eyes were classiﬁed according
to the criteria of Sun et al. (2002) (RGC types [% sampled/%
expected]; A1 [10%/10%], A2 [5%/13%], B2 [26%/21%], B3 [30%/24%],
B4 [8%/13%], C3 [15%/5%], and C4 [6%14%]).
The distribution of dendritic complexity as a function of distance
from the cell soma is shown in Fig. 2G. The Sholl plot conﬁrmed
a signiﬁcant reduction in dendritic complexity from mid to
peripheral parts of the dendritic tree. We observed a signiﬁcant,
34.4% reduction in dendritic ﬁeld area (standard error of the mean
[SEM]) (WT, 33,680  2034 mm2; Tg, 22,083  1573 mm2;
p < 0.0001) for RGCs from Tg animals, as shown in Fig. 2. Consistent
with this, total dendritic length was reduced by 32.4% in Tg animals
(SEM) (WT, 1589  95 mm; Tg, 1074  99 mm; p < 0.0001). RGC
counts, estimated from total cell counts in the RGC layer (Jakobs
et al., 2005), were not signiﬁcantly reduced in retinas from
Tg mice (WT, 469.1 cells/300 mm2; Tg, 446.5 cells/300 mm2; reduction, 5%; p > 0.05, Fig. 2C and F). In addition, there was no change in

the thickness of ganglion cell layer (WT, 10.4  0.5 mm; Tg, 12.3  0.6
mm; p > 0.05) or inner plexiform retinal layer (WT, 49.6  2.1 mm;
Tg, 50.6  2.7 mm; p > 0.05).
The same animals providing cells for the retinal analysis were
used to quantify the number of dendritic spines of dendrites in the
CA1 pyramidal ﬁeld of the hippocampus. Fig. 3 shows DiOlistically
labeled dendrites in the hippocampal CA1 ﬁeld from WT and Tg
mice. Subjectively, we did not observe a marked difference in spine
density between the 2 strains. In a quantitative analysis, we counted 2613 spines from 124 dendrites in Tg animals and 3958 spines
from 185 dendrites in WT animals (Fig. 3E). Although we observed
a general reduction in the number of spines in the TG animals, this
did not reach conventional levels of signiﬁcance (spines/mm  SEM;
WT, 0.2679  0.086; Tg, 0.2490  0.076; reduction, 7.1%; p ¼
0.05070).
3.2. RGC synaptic and mitochondrial analysis
IHC was used to explore the molecular changes underlying RGC
dendritic pruning. Antibodies to probe amyloid pathology in the
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Fig. 3. Synaptic density is not signiﬁcantly reduced in WT and Tg CA1 pyramidal neurons. (A, B) Representative dendrites CA1 region of the hippocampus in WT mice, DiOlistically
labeled. (C, D) Representative dendrites from Tg mice. All scale bars ¼ 20 mm. (E) Spine density measurements (standard error of the mean) for WT (black) and Tg (white) (C, D) mice
(p > 0.05).

retina (Ab42, Fig. 4AeC) showed light labeling for Ab42 in the RGC
and inner plexiform layers of both Tg and WT animals with lighter
labeling in the outer plexifom layer. Quantitative analysis of
labeling in the RGC or inner plexiform layers showed that this was
signiﬁcantly elevated in the Tg animals (percentage change from
WT  SEM; WT, 100.0  3.4; Tg, 112.6  5.1; p < 0.05). PSD95 was
used as a marker of postsynaptic and synaptophysin of presynaptic
integrity as shown in Fig. 4DeF and Fig. 4GeI, respectively. We did
not see a change in the density of the synaptic proteins: PSD95 (WT,
100.0  4.8; Tg, 110.3  5.7; p > 0.05) and synaptophysin (WT, 100.0
 5.5; Tg, 109.6  6.7; p > 0.05). Mfn2 labeling (Fig. 4JeL) was used
as a marker for the distribution of mitochondria that did not show
a signiﬁcant difference in WT and Tg strains (WT, 100.0  3.9; Tg,
103.6  4.2; p > 0.05). However, electron microscopic analysis of
mitochondrial structure showed a signiﬁcant decrease in mitochondrial complexity in the Tg animals (mitochondrial complexity
index, mean number of mitochondrial cristae intersected  SEM;
WT, 2.97  0.31; Tg, 0.97  0.22; p < 0.001). We also observed
mitochondrial swelling throughout RGC dendrites in Tg animals
with large intermitochondrial spaces and fragmented cristae
(Fig. 5).
4. Discussion
We show, for the ﬁrst time, evidence of RGC dendritic pruning in
a murine model of AD-related amyloid pathology. These degenerative changes may precede, or at least accompany, any deterioration
in synaptic spine density in the hippocampus. However, it is
interesting to note that we did not observe a reduction in synaptic
density that correlated with the reduction in dendritic complexity.
This may be, in part, because of the moderate shrinkage of the
dendritic ﬁeld that preserved the synaptic number and, therefore,
synaptic density.
The retina has been used by a number of groups as a potential
substrate for clinical staging of AD, but the focus has hitherto been
on RGC loss, for which a consistent histologic outcome has not been
reported, and which may occur relatively late in the course of the
disease. Curcio and Drucker (1993) reported the absence of ADspeciﬁc RGC loss. By contrast, others have reported up to 47% cell
loss in the parafoveal RGC layer (Blanks et al., 1996a, 1996b) in eyes
from AD patients. These discrepancies may have arisen from the use
of different histologic methods and criteria for RGC identiﬁcation

(Curcio and Drucker, 1993) and the analysis of patients at differing
stages of AD.
APP is synthesized in healthy RGCs (Morin et al., 1993), and the
retinal deposition of APP has been reported in Tg mice with robust
labeling in the RGC and inner nuclear layer (Dutescu et al., 2009), but
without Ab plaque formation. Moderate increases in terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive
RGCs have been noted in mice harboring the Tg and presenilin
mutations (Ning et al., 2008) associated with Ab in the RGC layer
(Koronyo-Hamaoui et al., 2011; McKinnon et al., 2002). In the
APP(SWE) or PS1E9 transgenic mouse, these changes were associated
with compromised retinal function as measured by electroretinography (Perez et al., 2009) in the absence of signiﬁcant neuronal loss.
Ab is also deposited in the outer retinal layers as part of the
aging process where it may be associated with degeneration at the
photoreceptor layer (Lee et al., 2012; Ning et al., 2008). In aged
human retinas, Ab deposition has been reported in drusen that
can underlie the onset of age-related macular degeneration
(Ohno-Matsui, 2011). The extent to which outer retinal degeneration drives inner retinal neuritic changes is unclear. A recent
report that outer retinal degeneration can drive RGC dendritic
atrophy as a result of transneuronal changes in mice may provide
an explanation for some of the changes seen in our animals
(Damiani et al., 2012). We observed preservation of the retinal
laminar architecture in contrast to the previous reports from
14-month-old Tg2576 mice (Liu et al., 2009). The difference may
reﬂect accelerated neuronal loss and retinal inﬂammation that is
not apparent at 12 months.
Although these transgenic models have provided valuable
insights into the effects of Ab deposition on retinal structure and
function, they should be interpreted with caution because of the
possibility of other genetic defects with inbred strains. Thus, C57B6
can carry an rd mutation affecting the rod-speciﬁc cGMP-PDE gene
resulting in outer retinal (photoreceptor) degeneration by P25
(Jimenez et al., 1996). These mutations can be an important
potential confounder in the assessment of these mice for the
functional impact of amyloid deposition (Garcia et al., 2004).
The mechanisms by which Ab deposition results in dendritic
pruning remains unclear but of great importance given the role of
synaptic loss as a fundamental pathological mechanism in AD
(Selkoe, 2002). One possibility is that intraneuronal Ab deposition
may compromise mitochondrial structure and initiate synaptic
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Fig. 4. No change in synaptic or mitochondrial density in the inner plexiform layer of Tg mice. (A, B) Representative samples of WT (A) and Tg (B) mouse retina stained for Ab42, and
there is a signiﬁcant increase in Ab42 immunoreactivity in the Tg retina (C). (D, E) Representative samples of WT (D) and Tg (E) mouse retina stained for PSD95, and there was no
signiﬁcant change in synaptic densities as measured by PSD95 between WT and Tg mouse retina (F). (G, H) Representative samples of WT (G) and Tg (H) mouse retina stained for
synaptophysin, and there was no signiﬁcant change in synaptic densities as measured by synaptophysin between WT and Tg mouse retina (I). Mfn2 was used as a marker of
mitochondria (J, WT; K, Tg). There was no signiﬁcant change in mitochondrial densities between WT and Tg mouse retina (L). Scale bars ¼ 50 mm. Error bars ¼ standard error of the
mean. *p < 0.05 (Student t test).

depletion in the dendritic tree (Calkins et al., 2011). RGCs may be
particularly vulnerable to this effect because RGC axons only myelinate when they enter the optic nerve and, therefore, rely on energy
intensive non-saltatory propagation in the intraretinal compartment
(Osborne, 2008). These demands are reﬂected in the large numbers
of mitochondria within the dendritic and axonal compartments
(Wang et al., 2003). Defective mitochondrial function can generate

a similar RGC phenotype to that seen in AD. For example, in Opa1
mutant mice, RGC dendritic atrophy occurs in the absence of significant levels of RGC death (Williams et al., 2010, 2012). It is interesting
to note that the levels of mitochondrial shaping proteins (Opa1,
Dnm1, Mfn1, and Mfn2) are reduced in AD (Wang et al., 2008, 2009)
and that increased mitochondrial ﬁssion and reduced fusion have
been reported in human AD (Manczak et al., 2011). Furthermore,
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Fig. 5. Mitochondrial integrity is signiﬁcantly reduced in Tg retinal ganglion cells (RGCs). Representative electron micrographs of WT and Tg RGC mitochondria (black arrows). There
is a signiﬁcant decrease (Tg, 67.3%; p < 0.001) in the mitochondria complexity index (lower graph) in Tg RGC mitochondria. Tg RGC dendrites show aberrant mitochondria with
visibly absent cristae resulting in considerable intermitochondrial space (asterisks). Scale bar ¼ 2 mm. Error bars ¼ standard error of the mean. ***p < 0.001 (Student t test).

RGCs are exposed to light, which may increase the potential
for mitochondrial dysfunction and render RGC mitochondria
particularly vulnerable to the effects of APP deposition (Osborne
et al., 2006).
Extra neuronal factors may also contribute to dendritic remodeling. APP can induce an inﬂammatory response manifest by the
inﬁltration of microglia (Liu et al., 2009) similar to that seen in
glaucoma in association with dendritic pruning (Yu et al., 2012).
Microglia have been shown to be important in mediating RGC
degeneration in other diseases (Naskar et al., 2002) raising the
possibility that they could be used a marker of early damage in
experimental AD because they can be imaged, in vivo, in the murine
retina (Liu et al., 2012).
What are the implications of our ﬁndings for clinical practice and
the development of biomarkers for AD? If similar RGC degenerative
changes occur in the human retina, then imaging the synaptic layer
of the RGC, the inner plexiform layer, may be a useful marker (in
combination with other diagnostic tools) for the early detection of
AD-related neurodegeneration. Clinical studies have shown thinning of the retinal nerve ﬁber layer, which would be consistent with
the loss of RGCs, although this was noted only in patients with
manifest disease (Lu et al., 2010). Our data suggest that dendritic
changes precede cell loss and are, therefore, likely to occur in
patients with early AD, which would be a signiﬁcant diagnostic
advance. Considerable progress has been made in the development
of retinal imaging modalities (e.g., ultraehigh-resolution OCT) that
allow delineation of the various layers of the retina at near cellular
resolutions (Torti et al., 2009). The reﬁnement of these techniques
for the detection of degeneration within the inner retinal synaptic
layer is likely to be of signiﬁcant clinical beneﬁt.
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