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Abstract: The present study examined the relationship between amyloid beta (Aβ)-peptide 

aggregation state and neurotoxicity in vivo using the rat retinal–vitreal model. Following 

single unilateral intravitreal injection of either soluble Aβ
1–42

 or Aβ
1–42

 preaggregated for 

 different  periods, retinal pathology was evaluated at 24 hours, 48 hours, and 1-month postin-

jection. Injection of either soluble Aβ (sAβ) or preaggregated Aβ induced a rapid reduction 

in  immunoreactivity (IR) for synaptophysin, suggesting that direct contact with neurons is not 

necessary to disrupt synapses. Acute neuronal ionic and metabolic dysfunction was demonstrated 

by widespread loss of IR to the calcium buffering protein parvalbumin (PV) and protein gene 

product 9.5, a component of the ubiquitin-proteosome system. Injection of sAβ appeared to have 

a more rapid impact on PV than the preaggregated treatments, producing a marked reduction 

in PV cell diameters at 48 hours, an effect that was only observed for preaggregated Aβ after 

1-month survival. Extending the preaggregation period from 4 to 8 days to obtain highly fibrillar 

Aβ species significantly increased the loss of choline acteyltransferase IR, but had no effect on 

PV-IR. These findings prompt the conclusion that Aβ assembly state has a significant impact 

on in vivo neurotoxicity by triggering distinct molecular changes within the cell.

Keywords: Alzheimer disease, retina

Introduction
Amyloid beta (Aβ) is a small peptide of 39–43 amino acids that appears to play a 

central role in the genesis of Alzheimer disease (AD); a chronic neurodegenerative 

disorder characterized by extracellular plaques, neurofibrillary tangles, and ultimately 

neuronal loss. In addition, Aβ deposition has been identified in certain cerebrovascular 

disorders and retinopathy including glaucoma.1 Insoluble and soluble deposits derived 

from different amyloidogenic proteins have also been implicated in neurodegenerative 

disorders such as Parkinson disease, Huntington, and prion-related illnesses. Together, 

these findings have prompted the emerging concept that aggregation-prone proteins 

may share common structural features and a common mechanism of neurotoxicity.2

Aβ is generated by the proteolytic cleavage of amyloid precursor protein (APP) 

during normal metabolism and is not a pathological product by itself. However, the 

relative amount of the 42 amino acid form (Aβ
1–42

) is particularly important as this 

peptide is more prone to self-aggregate than other Aβ species.3 Excessive accumula-

tion of Aβ
1–42

 is thought to be one of the earliest events in AD, initiating a sequence 

of pathological processes collectively termed the amyloid cascade hypothesis.4

Modeling the cellular mechanisms underlying AD has been challenging, initially 

due to difficulties in establishing that Aβ was indeed toxic to neurons. Under  culture 
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conditions, fresh solutions of Aβ
1–42

 were nontoxic;  however, 

tested 24 hours later the same solutions were lethal to 

neurons.5 Left to incubate, the Aβ peptides had undergone 

aggregation into large fibrils, indistinguishable from the 

amyloid structures found in Alzheimer plaques. Importantly, 

preaggregated solutions of Aβ
1–42

 also displayed neurotoxic-

ity in vivo.6 Inflammatory mechanisms represent a second 

challenge for models of AD, as the capacity of Aβ to induce 

neuronal degeneration can become greatly magnified by 

in vivo inflammatory responses. Notably, the ability of Aβ 

to directly trigger the proinflammatory complement cascade, 

precipitating the destruction of otherwise healthy neurons.7 

Inflammatory mediators may also stimulate APP processing 

and, therefore, establish a vicious cycle, rendering a relatively 

slowly progressing condition into one characterized by rapid 

degeneration.8

Although aggregation and potentiation by inflammatory 

factors provide a strong foundation for the role of Aβ as the 

prime toxic entity in AD, a third obstacle and frequently 

cited flaw in the amyloid hypothesis is the failure of senile 

plaques to adequately account for memory loss. The number 

of large plaques of fibrillar Aβ does not correlate well with 

the severity of dementia and cannot explain early memory 

loss, which can significantly precede neurodegeneration.9 

However, recent studies indicate that early memory loss 

results from a failure of synaptic function, not neuron death, 

and that the crucial pathogens are small soluble Aβ (sAβ) 

species, rather than fibrils. In fact, levels of sAβ oligomers 

show robust correlation with both synaptic loss and the 

 severity of cognitive impairment in AD.10–13

“Soluble Aβ” loosely describes any Aβ species of a non-

fibrillar nature including 4 kDa monomers, small oligomers 

termed Aβ-derived diffusible ligands (ADDLs), and larger 

intermediates in excess of 100 kDa.14 Although there is now 

considerable support for the view that sAβ species induce 

early memory deficits, whereas fibrillar Aβ and the accompa-

nying inflammatory response contribute to later impairment, 

it has become apparent that even among prefibrillar assem-

blies, the mechanism and extent of Aβ toxicity can differ 

markedly.15 One reason for continuing uncertainty about the 

nature of pathological Aβ species is that the aggregation state 

of Aβ is extremely flexible, for instance, in vitro incubation 

of Aβ
1–42

 typically produces a pool of small, stable oligomers 

from which Aβ intermediates may continue to polymerize or 

depolymerize depending on local conditions.16,17 Moreover, 

conformation differences also exist between oligomers of 

the same size, influencing toxicity. Many lines of evidence 

indicate that synthetic Aβ species and those derived from AD 

brain are equivalent in this respect. For example, the small 

oligomeric species observed upon incubation of synthetic Aβ 

also occur under native conditions,11,18 and oligomers from 

both sources show attachment to neuronal cell surfaces in 

identical, ligand-like patterns.19,20

The most widely used models of AD, transgenic mice, 

do not provide a direct means to test the effects of different 

Aβ forms on the development of neuropathology and show 

limited neuronal death.21 For this reason, it is vitally impor-

tant to establish animal models that replicate key features 

of AD after injection of a known formulation of Aβ. The 

rodent retinal–vitreal model provides a well-defined CNS 

microsystem to monitor the effects of Aβ on different CNS 

cell types in vivo. Our investigations to date have suggested 

that a single intravitreal injection of preaggregated Aβ
1–42

 

can precipitate degenerative changes in multiple interact-

ing cellular systems including neuronal apoptosis, severe 

glial activation, immune reactivity, and blood retinal barrier 

breakdown.6,22–24

The aim of the present study was to clarify the rela-

tionship between Aβ aggregation state and neurotoxicity 

in vivo. To this end, we have compared Aβ
1–42

 prepared under 

conditions that favor either (1) sAβ (monomers and small 

oligomers), or solutions that have been (2) preincubated for 

several days to increase fibril formation, or (3) preincubated 

for an extended period to obtain highly fibrillar Aβ species. 

Retinal pathology was evaluated at acute and chronic time 

points to identify which formulations generate reproducible 

neurodegenerative alterations resembling those observed in 

human AD brain tissue.

Materials and methods
Animals and experimental procedures
Amyloid peptides (Aβ

1–42
 and Aβ

42–1
) were supplied by 

 California Peptide Inc (California, USA) and Bachem 

(Merseyside, UK). Peptides were first dissolved in sterile 

phosphate buffered saline (PBS; 0.1M, pH 7.4) and sonicated 

for 1 minute. Aβ working solutions of 2 nmol and 5 nmol 

were prepared, yielding final intravitreal concentrations of 

40 µM and 100 µM, respectively. Fresh Aβ solutions were 

stored at −20°C, or for preaggregated preparations, were 

incubated at 37°C for either 4 or 8 days. The former to act 

as a direct comparison with our previous studies.6,22,25 It was 

noted that preaggregated Aβ peptides became highly viscous 

following incubation and exhibited both particulate and larger 

precipitates under the light microscope. We have previ-

ously confirmed that this change in viscosity correlates with 

 positive staining for Congo Red,23 indicative of the  presence 
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of Aβ fibrils and aggregates. Soluble Aβ  preparations did 

not display any increased viscosity and lacked any visible 

indication of precipitated aggregates.

Female Sprague-Dawley rats weighing 150–350 g were 

divided into 9 groups including 1 group of naïve controls 

(n = 4) and 8 treatment groups receiving a 3 µL unilateral 

intravitreal injection of (1) PBS (n = 5) or PBS containing 

one of the following: (2) 5 nmol of Aβ
42–1

 reverse peptide 

(n = 10); (3) 2 nmol of sAβ
1–42

 (n = 3); (4) 2 nmol of Aβ
1–42

 

preaggregated for 4 days (n = 3); (5) 5 nmol of sAβ
1–42

 (n = 5); 

(6) 5 nmol of Aβ
1–42

 preaggregated for 4 days (n = 12); 

(7) 5 nmol of Aβ
1–42

 preaggregated for 8 days (n = 12). For 

the final group, having determined that findings did not dif-

fer between Aβ
1–42

 obtained from either California Peptide 

Inc or Bachem, data from the 2 treatments were pooled to 

provide (8) 5 nmol of Aβ
1–42

 preaggregated 8 days (n = 14) for 

a 1-month survival group. Aβ peptides supplied by California 

Peptide Inc were used for all other treatments.

All surgical procedures were performed in accordance 

with the UK Animals (Scientific Procedures) Act 1986. 

Rats were anesthetized with a mixture of ketamine/xylazine 

(0.25 mL/100 g body weight) before intravitreal injection and 

allowed to survive for 24 hours, 48 hours, or 1 month before 

being deeply anesthetized by overdose with sodium pento-

barbital followed by perfusion with 4% paraformaldehyde in 

PBS. Before injection, a small amount of vitreous fluid was 

withdrawn to avoid any increase in intraocular pressure. Care 

was taken to avoid damaging the lens and any unnecessary 

stress to the animals. All perfusion fixation was carried out 

at the same time of day to minimize physiological variation 

in protein levels that undergo diurnal rhythm in rats (eg, par-

valbumin [PV]). Following perfusion, eyeballs were removed 

and postfixed in the same fixative overnight, before sinking 

in 30% sucrose solution prior to cryoprotection. Eyeballs 

were sectioned on a cryostat at 20 µm thickness, mounted 

on gelatinized slides and stored at −20°C.

immunohistochemistry
Immunostaining was performed on cryostat sections using 

the following primary antibodies: mouse antisynaptophysin 

(1:200, Chemicon), mouse antiparvalbumin (1:1,000, Sigma), 

rabbit antiprotein gene product 9.5 (PGP 905; 1:100, Dako-

Cytomation), goat anticholine acteyltransferase (ChAT; 

1:200, Chemicon), mouse antinestin (1:1000, Chemicon), and 

mouse antiglial fibrillary acid protein (GFAP; 1:1,000 Sigma). 

Sections were incubated with primary antibodies overnight 

and processed according to the avidin–biotin complex method 

(Vector Labs, UK) and visualized using a DAB peroxidase 

substrate kit (Vector Labs). For  fluorescence, secondary anti-

bodies and flurophores were as follows:  Biotinylated horse 

antimouse (1:100) with streptavidin-alexa 488 (1:1,000), 

Cy-3 conjugated rabbit antimouse IgG (1:200), Cy-3 conju-

gated rabbit antigoat IgG (1:200) and Cy-3 conjugated goat 

antirabbit IgG, (1:200), 553 nm (Jackson Immunoresearch 

Europe, Ltd), DAPI nuclear stain (Vector Labs). Control sec-

tions were incubated with the primary antibody replaced by 

PBS or normal serum.  Nissl-stained sections, prepared using 

0.1% cresyl violet, were used to examine the cytoarchitecture 

of the retina and to detect pyknotic nuclei.

Quantitative histology
Analysis of tissue sections was carried out using an  Olympus 

AH-3 light microscope or Nikon E1000M fluorescence 

microscope, both equipped with a CCD color video camera 

and Image-Pro Plus 6.0 (Media Cybernetics Inc, Silver 

Spring, USA) image analysis system. Noninjected (right) and 

injected (left) retinas were digitized using identical exposure 

settings. For quantitative histology, all immunostaining was 

run in duplicate or triplicate. Final quantitative assessments 

were conducted on 4 representative sections per retina. 

Three segments (400 µm in length) of each section were 

assessed, consisting of the optic region and 2 equidistant 

central regions. To evaluate the reproducibility of quantita-

tive methods, all analyses were conducted twice (1 month 

apart) with experimenters blind to treatments.

Measurement of synaptophysin immunostaining was 

carried out on intensity calibrated grayscale images captured 

at 20 × magnification. The optical density (OD) value of 

synaptophysin immunoreactivity (IR) in the outer plexiform 

layer (OPL) and inner plexiform layer (IPL) was determined 

using semi-quantitative densitometric analysis. OPL peaks 

were obtained from whole retinal profiles. Separate measure-

ments were conducted for the IPL by sampling blocks of 

200–400 µm length (depending on the curvature of the retina) 

to provide a mean value for each retina. For  comparison 

between treatment groups and PBS controls, transformed 

data (experimental densitometry value/PBS control densi-

tometry value 100×) were evaluated by ANOVA and a post 

hoc Tukey’s test.

Quantification of PV and ChAT immunostaining was 

performed using a semi-automated method on spatially 

calibrated images captured at 20 × magnification and viewed 

at 200% optical zoom. Briefly, a threshold procedure was 

used to establish the lowest optical intensity for reasonable 

positive labeling of somata in the right (noninjected) retina. 

The same parameter was then applied to the left (injected) 
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retina. A threshold was determined for each pair of sections, 

although in practice threshold parameters were comparable 

across all tissue as efforts were made to minimize method-

ological variations. Finally, a filter was applied to exclude 

objects ,3 µm, before counts and diameter measurements 

were performed manually on highlighted somata.

Retinal thickness (distance from the ganglion layer to 

the outer nuclear layer inclusively) was determined on nissl-

stained sections by taking measurements from equidistant 

central retina locations (20 per retina). Quantified data were 

evaluated for an approximately normal distribution and 

paired t-tests used to assess the significance of differences 

between the injected (left) eyes and noninjected (right) 

eyes. For comparison between treatment groups and PBS 

controls, 1-way ANOVA on injected (left) eyes and a post 

hoc Dunnett’s tests were performed. Other comparisons 

between groups were performed using post hoc Tukey’s tests. 

Values are expressed as a percentage of PBS controls unless 

otherwise stated and are given as mean ± standard error of 

the mean (SEM). Differences were considered significant at 

the level of P # 0.05.

Results
Acute synaptic responses to Aβ1–42 
treatment in the rat retina
In noninjected (right) eyes (Figure 1A–C), immunostaining 

for synaptophysin produced intense reactivity throughout the 

IPL and OPL. Intravitreal injection of PBS (3 µL) produced 

no discernible loss of synaptophysin-IR at 48-hour survival 

(Figure 1D). By contrast, injection of either sAβ or 4-day 

preaggregated Aβ
1–42

 resulted in a marked loss of staining 

among processes throughout the IPL as shown in Figure 1E 

and F and the corresponding OD profiles.

Densitometric analysis of the IPL revealed significant 

differences between groups (P = 0.0014; ANOVA). Aβ
42–1

 

reverse peptide injections (5 nmol/3 µL) produced no 

significant reduction in synaptophysin-IR, relative to PBS 

controls. Synatophysin-IR loss was greatest among Aβ
1–42

 

groups injected with a high dose (5 nmol) of aggregated 

Aβ
1–42

, with over 40% loss of staining for both the 24-hour 

survival and 48-hour survival treatments compared with the 

control peptide (both P , 0.01; Figure 2). In addition, sAβ 

administered at the lower dose (2 nmol) produced a marked 

reduction in synatophysin staining at 48 hours relative to 

Aβ
42–1

 controls (P , 0.05).

For the majority of Aβ
1–42

-injected retinas, synapto-

physin-IR in the OPL was largely preserved, despite loss 

of IPL staining (Figure 1E). Marked loss of OPL-IR was 

observed in small regions of retinas in a few cases at 

48-hour survival (Figure 1F); however, differences between 

groups were nonsignificant (OPL data and further images 

are supplied in Supplementary Figure 1). In no instance 

was a decrease in OPL synaptophysin-IR detected in the 

absence of a decline in the IPL, suggesting IPL synapses 

are more acutely susceptible to the effects of intravitreal 

Aβ injection.

Aβ-induced alterations  
in metabolic activity
The effect of intravitreal Aβ injection on intracellular 

metabolic processes was investigated by (1) quantifying 

neurons that are rich in the calcium-binding protein PV and 

(2) examining the distribution of PGP 9.5; a neurone-specific 

cytoplasmic protein involved in the disassembly of ubiquitin 

protein conjugates formed during protein metabolism.

In noninjected and naïve retinas, PV-IR was prominent 

among amacrine cells along the inner margin of the inner 

nuclear layer (INL) and in a subpopulation of ganglion cells. 

PV-IR displayed a marked sensitivity to all Aβ prepara-

tions, including the Aβ
1–42

 reverse sequence (all P , 0.01, 

paired t-tests, compared with noninjected eyes; Figure 4A). 

A modest reduction in PV-IR after PBS injection did not differ 

significantly from naïve tissue. Loss of PV-IR was greatest 

among sAβ and 4-day preaggregated Aβ
1–42

 groups, ranging 

from 26% reduction to a near-complete loss of PV-IR except 

for a few weakly immunoreactive somata (Figure 3B and 

C). Retinas receiving injections of sAβ were also the only 

group to display a reduction in cell diameters at 48-hour 

 postinjection (3–16 µm, compared with 3–20 µm for PBS; 

P , 0.01, Figure 4B). No significant effect of incubation 

period (Aβ
1–42

 preaggregated for 4 or 8 days) was noted at 

48-hour survival. At 1 month following injection of Aβ
1–42

 

(8-day incubation), marked recovery of PV-IR was observed, 

despite a substantial loss of retinal thickness (Figure 4A). 

However, recovery was more prominent among smaller 

somata, resulting in a significant reduction in cell diameters 

relative to PBS controls (P , 0.01; Figure 4B).  Abnormalities 

in the pattern of PV-IR were also evident at 1 month, includ-

ing disorganized somata and punctate rather than fine process 

labeling in the IPL (Figure 3E and F).

PGP 9.5 IR in noninjected eyes was most intense among 

retinal ganglion cells and INL somata. Prominent labeling of 

plexiform strata was also present (Figure 5A). PGP 9.5 was 

not detected in photoreceptors, although faint labeling of reti-

nal pigment epithelium was often visible. Injection with the 

Aβ
42–1

 reverse peptide resulted in a modest  downregulation 
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of PGP 9.5 at 48 hours. By contrast, injection with Aβ
1–42

 

incubated for 8 days resulted in a marked loss of PGP 9.5 IR, 

particularly within large somata in the INL and ganglion cell 

layer (GCL; Figure 5C). At 1-month survival, PGP 9.5-IR 

had recovered to near-control levels within the atrophied IPL 

and among small somata, however, the reduction in labeling 

of large somata persisted (Figure 5D).

Prolonged decline in neurotransmitter 
manufacture
To determine whether Aβ peptides have a detrimental 

effect on neurotransmitter manufacture, we assessed retinal 

ChAT-IR. In noninjected tissue, cholinergic amacrine neurons 

are highlighted by intense ChAT labeling of mirror sym-

metrical somata located in the INL and a layer of displaced 

amacrine cells in the GCL, with processes stratified in 

2 distinct bands coursing the length of the IPL (Figure 6A). 

Following  intravitreal injection of Aβ
1–42

 peptides, extensive 

and sustained loss of ChAT immunostaining was observed 

(P , 0.0007; 1-way ANOVA). Results of paired t-tests 

between injected (left) and noninjected (right) eyes for each 

treatment are summarized in Figure 7.

ChAT-IR was not significantly altered by either injec-

tion of PBS or the Aβ
42–1

 reverse peptide. Soluble Aβ
1–42

 or 

Aβ
1–42

 preaggregated for 4 days produced a comparable loss 

of ChAT-positive somata at 48 hours (28.3% and 25.9% loss 

respectively, relative to PBS), although IR within processes 

remained strong (Figure 6D). Extending the Aβ
1–42

 pre-

aggregation period from 4 to 8 days dramatically increased 

the loss of ChAT cells (54.4%, P , 0.01 relative to PBS) 

and was accompanied by widespread loss of ChAT labeling 

among processes (Figure 6F). After 1-month survival, a few 

segments of retina displayed normal ChAT-IR, although 

recovery was nonsignificant when compared with the 48-hour 

group. Cholinergic cell size was also markedly reduced from 

a mean diameter of 7.8 µm in PBS controls to below 7.5 µm 
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Figure 1 synaptophysin immunoreactivity in retinas from noninjected (right) eyes (top panel) and injected (left) eyes (middle panel) at 48 hours following intravitreal 
injection of either phosphate buffered saline (PBs), soluble Aβ1–42 (2 nmol/3 µL) or at 24 hours following injection of aggregated Aβ1–42 (5 nmol/3 µL), incubated for 4 days. 
Optical density profiles for the corresponding retinas (lower panel) highlight the loss of syna ptophysin-IR in the inner plexiform layer (IPL) of Aβ1–42-injected eyes (E and F). 
synaptophysin-ir in the outer plexiform layer (OPL) was more variable, with only a few cases showing a marked decline (F). scale bar = 50 µm.
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Figure 2 Mean optical density of synaptophysin immunoreactivity in the inner plexiform layer of injected eyes for groups receiving either aggregated Aβ1–42 (2 nmol) or (5 nmol) 
assessed at 24-hour postinjection, or aggregated Aβ42–1 control peptide (5 nmol), aggregated Aβ1–42 (5 nmol) or soluble Aβ1–42 (2 nmol), assessed at 48-hour postinjection. All 
aggregated peptides were incubated for 4 days. Values are expressed as a percentage of the phosphate buffered saline (PBs) control, given as mean ± standard error of the 
mean (sEM). *P , 0.05, **P , 0.01: significant reduction compared with Aβ42–1 control peptide group (1-way AnOVA and post hoc Dunnett’s test). 
Abbreviations: Agg, aggregated; sol, soluble.

Figure 3 Parvalbumin immunostaining with cresyl violet counterstain in a normal retina (A) and at 48 hours following injection of Aβ1–42 incubated for 4 days (B) or soluble Aβ1–42 (C). 
(D and E) Fluorescence images showing parvalbumin (PV; red) with DAPi nuclear stain (blue) following injection with phosphate buffered saline (PBs; D) or Aβ1–42 incubated for 8 days 
after 48-hour survival (E) and 1-month survival (F). note partial recovery of PV-labeling after 1 month despite a marked loss of retinal thickness. scale bars = 50 µm.

in Aβ
1–42

 retinas (P , 0.01; Figure 7B). Notably, significant 

ChAT loss was also evident in the contralateral (noninjected) 

retinas after 1 month (P , 0.01; Figures 6G and 7A).

Costaining with glial markers revealed that the acute 

decline in ChAT-IR was accompanied by a marked gliotic 

response. Induction of nestin was both more rapid and exten-

sive than upregulation of GFAP. At 48 hours after injection 

with Aβ
1–42

 (5 nmol, 8-day preincubated), nestin expression 

was abundant in the endfeet region of Müller glial cells, dra-

matically extending into thickened distal processes in more 

extreme cases, as shown in Figure 8B. After 1 month, nestin 

levels had largely subsided in regions showing no evidence 
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of ChAT recovery (Figure 8C), whereas GFAP remained 

elevated. Strikingly however, short segments of retina 

(ranging from c.100 µm to a third of the retinal length) 

retained robust ChAT-IR and were frequently accompanied 

by prolonged nestin expression (Figure 8D). This regional 

colocalization of nestin and ChAT activity was observed 

in 8 out of 12 retinas showing a marked ChAT loss  at 1 

month and was typically, but not exclusively found towards 

the retinal periphery. No similar pattern of localization with 

ChAT-IR regions was observed for GFAP, raising the pos-

sibility that prolonged nestin induction was associated with 

regenerative efforts. A full description of the retinal glial 

responses to Aβ
1–42

 injection observed in these experiments 

is reported separately.24

retinal atrophy at 1-month survival
Retinal thickness (distance from the ganglion layer to the 

ONL inclusively) was determined for central regions to pro-

vide a measure of retinal atrophy (Figure 9A). A highly sig-

nificant ANOVA (P , 0.0001) for injected (left) eyes revealed 

a significant reduction in retinal thickness at 1-month survival 

relative to both PBS controls and Aβ
1–42

 treatment at 48 hours 

(both P , 0.001). In many cases, retinas were reduced to 

half normal thickness, with atrophy most apparent in the IPL 
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Figure 4 reduction in parvalbumin (PV) immunoreactive (ir; A) cell numbers and (B) cell diameters 48 hours after injection with phosphate buffered saline (PBs), Aβ42–1 
control peptide, soluble Aβ1–42, Aβ1–42 preaggregated for 4 or 8 days and 1 month after Aβ1–42 preaggregated for 8 days. All peptides were injected at 5 nmol/3 µL. Loss of 
PV-ir cell numbers was far less extensive at 1 month after injection of Aβ1–42; however, this was accompanied by a significant reduction in average cell diameters (B). Bars 
represent mean ± standard error of the mean (SEM). 95% confidence interval (CI). *P , 0.05, **P , 0.01: significant reduction compared with (A) noninjected eyes (paired 
t-tests), (B) with PBs controls (1-way AnOVA with a post hoc Dunnett’s test).
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and INL (reduced to 3–4 cells thick after 1 month compared 

with 6–8 cells for naïve tissue; Figure 9B). Moderate atrophy 

of contralateral (noninjected) retinas was also evident at 

1 month. Surprisingly, TUNEL staining and inspection of 

nissl-stained sections at 48-hour postinjection did not reveal 

any significant cell death in the form of apoptosis or pyknotic 

nuclei for any treatment (results not shown), suggesting that 

Aβ-induced degenerative changes evolved gradually, rather 

than trigger acute neuronal loss.

Discussion
The present study demonstrates that both sAβ and preaggre-

gated Aβ species can trigger degenerative changes in multiple 

neuronal systems and that the profile of changes was sig-

nificantly influenced by Aβ aggregation status.  Furthermore, 

our investigations uniquely suggest that direct contact with 

neurons is not essential for Aβ to induce alterations in syn-

aptic function or the ubiquitin-proteosome system.

Acute synaptic alterations induced  
by both sAβ1–42 and fibrillar Aβ1–42
The presynaptic vesicle protein synaptophysin was 

examined as an index of synaptic terminal dysfunction. 

Decreased synaptophysin has previously been shown to 

correlate with elevated sAβ
1–42

 content in AD transgenic 

mice models and in human AD brain.26,27 Using single 

intravitreal injection, we have conf irmed a synapto-

toxic effect of sAβ
1–42

 and have also demonstrated that 

preaggregated Aβ
1–42

 peptides induce signif icant loss 

of retinal synaptophysin in a dose-dependent manner. 

Synaptophysin decreases rapidly (within 24 hours) and 

predominantly within the IPL, indicating early changes 

Figure 5 Retinal sections showing the distribution of protein gene product 9.5 (PGP 9.5, red) with glial fibrillary acid protein (GFAP, green) and DAPI nuclear stain (blue). 
inset monochromatic images depict PgP 9.5 alone. in normal retina (A), PgP 9.5 is strongly expressed among both somata and plexiform layers of horizontal, amacrine and 
ganglion cells. B) injection of Aβ42–1 reverse sequence produced modest downregulation of PgP 9.5 and mild upregulation of gFAP after 48 hours. C) 48 hours after injection 
of Aβ1–4, PgP 9.5 is clearly downregulated, particularly within large somata. gFAP levels are also markedly increased at 48-hour postinjection. D) 1 month after injection of 
Aβ1–42 PgP 9.5 expression is largely restored within the atrophied inner plexiform layer and small somata; however, the reduction in labeling of large somata persists. All 
Aβ1–42 treatments were preaggregated for 8 days. scale bar = 100 µm.
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in synaptic connections between bipolar and ganglion 

cells, whereas photoreceptor terminals were largely 

unaffected. Although the relative proximity of the IPL to 

the vitreal injection site raises the possibility of simple 

diffusion of Aβ resulting in direct disruption of neuronal 

synapses as previously described for small Aβ oligomers 

and ADDLs,14,28 retinal neurons are separated from the 

vitreous by fused foot processes of Müller glia, present-

ing a barrier to diffusion and therefore direct contact with 

synapses. Passive diffusion has been demonstrated in 

selected locations such as the macula and optic disc where 

retinal barrier properties are diminished, permitting the 

passage of molecules ,15–20 nm,29 which could feasibly 

include sAβ and some proto-fibrils.2 However, simple 

diffusion and direct synaptic action are unlikely to have 

played a major role in Aβ-induced loss of synaptophysin 

for the key reason that one would expect sAβ preparations 

to diffuse more readily and demonstrate greater potency 

than preaggregated solutions containing a high proportion 

of Aβ fibrils. Although there is some indication that sAβ 

exerted a stronger effect than anticipated for the low dose 

given (2 nmol), it is not of the magnitude one might expect 

if direct diffusion was a prime mechanism.

Interestingly, although both Aβ
1–42

 preparations induced 

synaptic alterations, only the preaggregated peptides trig-

gered a significant glial response in the form of GFAP 

and nestin upregulation.24 The lack of a marked injury 

response to sAβ suggests that proinflammatory actions 

of local microglial and astrocytes do not appear to have 

been an important contributor to synaptic disturbance for 

either forms of Aβ
1–42

. Together, these findings suggest a 

novel mechanism of Aβ-induced synaptic disturbance that 

occurs other than solely via direct synaptic interactions 

and that is not primarily inflammatory. The likelihood 

that Müller glia play a key role in mediating Aβ’s retinal 

neurotoxicity is discussed separately later.

PBS

R-eye (non-injected) L-eye (injected)

Aβ (4d Agg)

Aβ (8d Agg)

Aβ 1-month

Figure 6 choline acteyltransferase (chAT)-immunostaining in noninjected (right) and injected (left) eyes showing (A and B) no change at 48 hours following phosphate 
buffered saline (PBs) injection. (C and D) Mild loss of chAT-immunoreactivity (ir) somata 48 hours after injection with Aβ1–42 preincubated for 4 days. (E and F) Extending 
the preincubation period to 8 days dramatically increased chAT loss, with weak or undetectable chAT-ir predominant among both somata and processes in central retina. 
(G and H) 1 month after injection with 8-day preincubated Aβ1–42, loss of chAT-ir persisted and was accompanied by a marked reduction in remaining chAT-ir neuronal 
diameters. chAT loss was also evident in the contralateral (noninjected) retina (G). scale bar = 100 µm.
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selective ionic and metabolic disturbance
A second notable finding from this study is the demonstra-

tion that Aβ
1–42

 injection leads to a marked reduction in PGP 

9.5-IR, suggesting disturbed proteosome activity. Injection 

of the reverse peptide produced a modest decline in overall 

levels of PGP 9.5 at 48 hours; however, the normal pat-

tern of distribution was still visible as 2 distinct bands of 

immunoreactive somata in the GCL and INL. By contrast, 

injection with highly aggregated Aβ
1–42

 induced a dramatic 

reduction in PGP 9.5-IR which persisted in the GCL for 

1 month, whereas recovery was seen in the IPL. A similar 

pattern of decline in retinal PGP 9.5 has been reported 

after unilateral optic axon injury, which found c.45% loss 

of GCL IR but only minor changes in the IPL.30 In this 

instance, selective loss of PGP 9.5 in the GCL reflects the 

rapid degeneration of these neurons due to loss of retro-

grade support. Accounting for the selective reduction in 

GCL PGP 9.5 levels following Aβ
1–42

 injection is less clear 

cut, but may reflect the high metabolic demand on these 

cells, which process convergent inputs predominantly via 
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Figure 7 reduction in choline acteyltransferase (chAT) immunoreactive (ir) cell numbers (A) and cell diameters (B) 48-hour postinjection of phosphate buffered saline 
(PBs), or 5 nmol Aβ42–1 control peptide, soluble Aβ1–42 or Aβ1–42 preaggregated for 4 days, or at 48 hours or 1 month after Aβ1–42 preaggregated for 8 days. (A) Extending 
the preaggregation period to 8 days dramatically increased the loss of ChAT cells seen at 48 hours. Significant reduction in ChAT-IR was also evident in noninjected retinas 
(right-eyes) after 1 month (unpaired t-test). (B) Cell diameters of neurons expressing ChAT in injected (left-eyes) after 1 month were significantly reduced. Bars represent 
mean ± standard error of the mean (SEM). 95% confidence interval (CI). *P , 0.05, **P , 0.01: significant reduction compared with (A) noninjected eyes (paired t-tests) 
unless otherwise indicated, (B) with PBs controls (1-way AnOVA with a post hoc Dunnett’s test).
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glutamatergic signaling, rendering them more susceptible 

to excitotoxic stress.

As a component of the ubiquitin-proteosome sys-

tem, a prolonged decline in PGP 9.5 activity may diminish 

a neurone’s ability to maintain balanced protein metabo-

lism. In the case of Aβ-induced PGP 9.5 deficits, impaired 

protein degradation could have a serious impact on Aβ 

pathogenesis itself, as the accumulation of misfolded 

proteins could potentially exacerbate amyloid deposition. 

In addition, reduced expression of ubiquitin catabolizing 

enzymes can also impair synaptic and cognitive function. 

For example, by inhibiting ubiquitin recycling, Aβ oligom-

ers interfere indirectly with long-term potentiation.31 The 

present study provides the first evidence that injection of 

Aβ that has been preaggregated to obtain a highly fibril-

lar species can produce lasting  impairments in neuronal 

PGP 9.5 expression. However, precisely how extracellular 

Aβ species exert their effects on the cytoplasmic ubiquitin 

system remains to be established.

Widespread downregulation of the calcium-binding 

 protein PV was also evident at 48 hours following Aβ 

injection. This response was less specific to Aβ
1–42

, with 

significant loss of PV-IR seen among the Aβ
42–1

 reverse 

peptide group, consistent with previous findings from this 

laboratory.22 Injection of sAβ appeared to have a more 

rapid impact on PV than either of the preaggregated treat-

ments, producing a marked reduction in average PV-IR cell 

diameters at 48 hours; an effect that was only observed for 

preaggregated Aβ after 1-month survival. The reduction in 

PV cell diameters suggests that larger neurons (predomi-

nantly in the GCL) are more susceptible to ionic imbalance 

 following Aβ than are smaller PV-IR interneurons, consis-

tent with the pattern of Aβ-induced PGP 9.5 disruption. 

Indeed, ganglion cell calcium buffering capacity declines in 

Figure 8 Fluorescence images showing retinal choline acteyltransferase (chAT; red), nestin (green), and DAPi nuclear stain (blue). inset monochromatic images depict 
chAT alone. A) At 48 hours after injection with Aβ1–42 (5 nmol, 8-day preincubation), declining chAT levels were accompanied by induction of nestin. nestin expression 
was most abundant in the endfeet region of Müller glial cells (asterisk in A), dramatically extending into thickened distal processes in more extreme cases (B). in regions of 
retina showing no evidence of chAT recovery after 1 month, nestin levels had largely subsided (C). however, notably towards the periphery, short regions retaining robust 
chAT activity were accompanied by prolonged nestin expression (D). scale bar represents 50 µm (A, B, D); 100 µm (C).
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Figure 9 (A) graph showing dramatic reduction in retinal thickness for Aβ1–42-injected group at 1-month survival compared with naïve controls, or 48 hours after injection 
with phosphate buffered saline (PBs), Aβ42–1 control peptide, or Aβ1–42. All peptides (5 nmol/3 µL) were preaggregated for 8 days. Bars represent mean ± standard error of 
the mean (SEM). 95% confidence interval (CI). **P , 0.01: significant reduction compared with PBS controls (Tukey’s post hoc test from 1-way ANOVA). (B) nissl-stained 
sections from central retina illustrating variation in retinal thickness (upper panel) with atrophy in both contralateral (noninjected) retinas and Aβ1–42-injected retinas after 
1-month survival (lower panel). note that while the outer nuclear layer (OnL) is largely preserved, there is a marked reduction in the thickness of the inner nuclear layer 
(inL) at 1-month postinjection (asterisks in lower panel). scale bar = 100 µm.

the adult retina and may, therefore, enhance vulnerability 

to neurotoxicity.32 That sAβ had a faster impact on ganglion 

neurons again points to a more direct mechanism of action 

than for fibrillar Aβ preparations. The pore-forming activity 

of sAβ species33 is an interesting possibility, as this could 

channel a rapid influx of calcium inside cells, overwhelm-

ing homeostatic mechanisms far more quickly than indirect 

Aβ signaling mechanisms.

Aβ initiates chronic atrophy  
of cholinergic neurons
The profile of Aβ-induced changes in ChAT expression 

differed from those of PV in that the detrimental effects 

were highly specific to the 1–42 sequence and amplified by 

prolonged preaggregation (8 days), including less long-term 

recovery and a marked bilateral effect at 1 month. We have 

previously established a dose-dependant effect of Aβ on 
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ChAT IR for both sAβ
1–42

 and 4-day preaggregated Aβ
1–42

 at 

48 hours using 2 nmol and 5 nmol preparations. Although 

the degree of ChAT loss was similar between these spe-

cies, the effects of extending the preaggregation period 

to 8 days were striking, most notably the widespread loss 

of ChAT staining among processes as well as cell bodies. 

After 1 month, modest recovery of staining was detected 

among cholinergic fibers; however, labeled somata were 

markedly atrophied, displaying a significant decline in cell 

diameters. Atrophy of cholinergic cell bodies has not been 

formerly demonstrated following in vivo injection of fibril-

lar Aβ, nevertheless, this is likely to be a robust finding 

as data were pooled from Aβ
1–42

 obtained from 2 different 

manufacturers, producing an almost identical reduction in 

mean diameters (Bachem, 7.49 ± 0.09 µm and California 

peptide, 7.47 ± 0.08 µm; n = 7 per group). Increased toxic-

ity following injection of highly fibrillar Aβ
1–42

 was also 

reflected in patterns of glial activation, with significantly 

greater upregulation of both nestin and GFAP in retinas 

treated with the 8-day preaggregated Aβ relative to the 

4-day treatment.24 This enhanced injury response suggests 

that inflammatory mechanisms are likely to have played a 

central role in cholinergic dysfunction following injection 

of fibrillar Aβ species and by triggering a systemic stress 

response, might also account for the chronic decline in ChAT 

activity in noninjected eyes.

An additional distinctive feature of Aβ-induced ChAT 

decline was the uneven distribution of loss, with robust IR 

retained in discrete segments of retina. As this pattern was 

maintained at 1-month postinjection, it suggests that rather 

than undergoing cell death, cholinergic neurons were surviv-

ing in an atrophied, somewhat quiescent state with reduced 

ChAT expression. This conclusion is supported by a recent 

report using 4-day preaggregated Aβ
1–42

 which found that 

retinal ChAT cell numbers had recovered at 5-month postin-

jection, despite a huge reduction retinal thickness.34 The 

focal upregulation of nestin within regions of robust ChAT 

expression at 1 month raises the possibility that prolonged 

nestin induction may be associated with neuroprotective 

efforts. Widely used as a marker of immature cells, nestin 

induction in the injured adult retina occurs predominantly in 

Müller glia rather than in astrocytes.35 The selectivity of this 

response may reflect the relative proximity of viable ChAT 

cells to the retinal periphery where the microenvironment is 

more permissive to regeneration and promotes the capacity 

of Müller glia to revert to a developmental progenitor-like 

state in response to injury.36,37 As Müller glia are responsible 

for stimulating ChAT activity in the developing retina,38 it 

is plausible that following reexpression of developmental 

markers, they may resume this role in the injured retina, 

attenuating cholinergic decline.

Mechanisms of Aβ toxicity
Although it is possible that sAβ oligomers may penetrate 

the retinal–vitreal barrier, previous research from this labo-

ratory found no evidence that preaggregated Aβ was either 

internalized by Müller glia or crossed Müller cell endfeet 

entering the retina.22 It, therefore, seems likely that direct 

contact between Aβ and retinal neurons is not essential to 

initiate neurotoxicity. Instead, injected Aβ aggregates were 

found to accumulate on the Müller glia endfeet, suggesting 

that interaction with Müller cell membranes may precipitate 

a cascade of events leading to neuronal dysfunction.

In common with other aggregation-prone proteins such 

as prions, Aβ’s amphiphilic nature and propensity to interact 

with cell membranes form the basis of its toxicity.39,40 Increas-

ingly, amyloids are found to preferentially accumulate in glial 

and neuronal plasma membrane lipid “raft” domains, where 

they can interfere with the trafficking of lipids and receptor 

proteins41–43 and smaller fragments may be internalized.44–46 

This ability to permeabilize cell membranes may initiate a 

host of downstream processes including disruption of ion 

homeostasis, production of reactive oxygen species, and 

mitochondrial dysfunction.40 Any disruption of Müller glia 

will have a profound impact on the viability of retinal neu-

rons, which depend on Müller cells for nutritive support and 

the removal of toxic metabolites.47 For instance, following 

intravitreal injection of Aβ aggregates, Müller glia display 

impaired glutamate metabolism including an accumulation 

of gamma-aminobutyric acid34 and a reduction in glutamine 

synthetase,23 the enzyme responsible for converting gluta-

mate to glutamine, thereby increasing the susceptibility of 

retinal neurons to excitotoxic injury.

Small oligomers are increasingly regarded as being more 

toxic than amyloid fibrils due to their greater range of mem-

brane interactions and therefore accessibility to intracellular 

systems, including mechanisms such as pore formation and 

possible ligand-like activity.33,40,48 However, we did not find sAβ 

species to exert significantly greater toxicity with the exception 

of neuronal PV. One possibility is that the actions of sAβ were 

manifest to a greater extent in PV expression because calcium 

buffering responds more rapidly to environmental impact, 

whereas declining ChAT levels evolve more slowly, evidenced 

by the continuing presence of ChAT in neuronal processes 

despite reduced ChAT manufacture in the cell bodies. This is 

supported by our earlier findings that Aβ aggregates induce 
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significant changes in PV both more rapidly (within 24 hours) 

and at lower doses (2 nmol) than required to significantly 

impair ChAT (48 hours/5 nmol).22,34 Differential vulnerabil-

ity of cellular systems might also account for the relatively 

greater sensitivity of metabolic markers to the weaker 

amphiphilic interactions of the Aβ
42–1

 reverse peptide.

Alternatively, it is possible that the toxicity of sAβ was 

attenuated because the primary interface was glial rather than 

neuronal, triggering degradation or even fibrillization. The 

matrix of extracellular components at vitreal–retinal interface 

provides an ideal substrate for aggregation of oligomers. 

However, earlier findings comparing injections of sAβ
1–40

 and 

fibrillar Aβ
1–40

 in rat striatum49 found no evidence that injected 

sAβ underwent fibrillization in vivo and only a small fraction 

were degraded by microglia. Instead, the majority of sAβ 

was rapidly cleared from the brain parenchyma within 1 day, 

whereas fibrillar Aβ remained in situ for at least 30 days and was 

progressively phagocytosed. Although the vitreous is regarded 

as a closed system, exchange with the systemic circulation 

does occur via the anterior chamber, albeit more slowly than 

for brain and with molecular weight as a rate-limiting factor.50 

Therefore, it cannot be ruled out that the vitreal concentration 

of sAβ declined more rapidly than for fibrillar species.

The potent neurotoxicity exhibited by both preaggregated 

treatments suggests that fibrillar Aβ species markedly impaired 

the normal functions of Müller glia, possibly by altering mem-

brane conductance, reducing the efficiency of signal transduc-

tion, and stimulating the release of inflammatory factors.40,51 

The dramatic increase in ChAT loss obtained by extending the 

Aβ preaggregation period to 8 days indicates that the extent of 

fibrillization can also have a significant impact on Aβ toxicity. 

In vivo attachment to cell membranes may also have modulated 

the activity of the injected aggregates, as Aβ fibrils formed on 

plasma membranes are more toxic than fibrils formed without 

membranes, due to modifications in secondary structure produc-

ing stronger binding and greater surface hydrophobicity.42

The importance of inflammatory mediators for fibrillar 

Aβ actions is also highlighted by the deterioration of ChAT 

in noninjected eyes at 1 month. Indeed, bilateral activation 

of astrocytes and microglia has previously been detected at 

5-month postinjection of Aβ aggregates.23 Moreover, we 

have recently demonstrated deleterious effects of highly 

aggregated Aβ on the integrity of retinal vasculature that 

may contribute to bilateral action.24 However, it is important 

to note that although the extent of fibrillization had marked 

impact on ChAT and gliosis, this was not mirrored by PV, 

reinforcing suggestions that different conformations of Aβ 

may contribute to AD pathology via different mechanisms.15 

Thus, the downregulation of cholinergic phenotype may 

be mediated in large part by inflammatory factors released 

from activated glia, whereas loss of retinal PV appears to 

have been induced by alternate mechanisms, for example, 

direct perturbation of the extracellular environment following 

disruption of glial homeostatic functions.

Conclusion
In terms of the amyloid cascade hypothesis, the present findings 

lend weight to suggestions that sAβ oligomers initiate toxicity 

not only at synapses, but are neurotoxic by a variety of mecha-

nisms. Moreover, both sAβ and fibrillar Aβ species appear to 

be capable of disrupting synapses via indirect pathways that are 

independent of glial activation. Among fibrillar Aβ species, the 

extent of aggregation also has a significant impact on selective 

cellular functions. Thus, assembly size appears to be a critical 

determinant of Aβ’s range of cellular interactions, possibly 

with small oligomers interacting more efficiently with cell 

surface proteins, whereas larger fibrils immobilize membrane 

machinery, block receptor sites, and attract inflammation. The 

nature of Aβ assembly states may, therefore, have a signifi-

cant influence on Aβ pathology in terms of timing of disease 

progression and cells most affected, for instance, species that 

appear most neurotoxic are not necessarily the most vasotoxic. 

Using the retinal–vitreal model to determine how glia serve 

as intermediaries in Aβ-induced neurotoxicity should shed 

significant light on mechanisms of Aβ pathology and permit 

testing of potential therapeutic strategies for both human AD 

and other aggregation-prone disorders.
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Amyloid-β peptide aggregation state influences retinal toxicity
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Figure S1 Bar graphs showing mean optical density of retinal synaptophysin immunoreactivity as a percentage of phosphate buffered saline (PBs) controls. Aβ1–42 treatments 
did not result in statistically significant loss of synaptophysin in the OPL, in contrast to the marked loss observed in the IPL. Retinal sections at 48-hour postinjection from 
groups receiving: (A–D) preaggregated Aβ1–42 (5 nmol) or (E and H) soluble Aβ1–42 (2 nmol). noninjected (r-eyes) showing normal synaptophysin expression (A and E). 
injected (L-eyes) showing typical marked loss of synaptophysin reactivity in iPL (B, C and F, G). Less frequently, marked loss of immunoreactivity was seen in both the iPL 
and OPL (D and H).
Note: Values are given as mean ± standard error of the mean (sEM).
*P , 0.05; **P , 0.01: significant reduction compared with Aβ42–1 control peptide group (ANOVA and post hoc Dunnett’s test). Image magnification before cropping: 
20×; except (F) 40×.
Abbreviations: iPL, inner plexiform layer; OPL, outer plexiform layer; Agg, aggregated; sol, soluble. 
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