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Abstract

Alzheimer’s disease (AD), a debilitating neurodegenerative illness, is characterized by neuronal 

cell loss, mental deficits, and abnormalities in several neurotransmitter and protein systems. AD is 

also associated with visual disturbances, but their causes remain unidentified. We hypothesize that 

the visual disturbances stem from retinal changes, particularly changes in the retinal cholinergic 

system, and that the etiology in the retina parallels the etiology in the rest of the brain. To test our 

hypothesis, quantitative polymerase chain reaction (qPCR) and immunohistochemistry (IHC) were 

employed to assess changes in acetylcholine receptor (AChR) gene expression, number of retinal 

cells, and astrocytic gliosis in the Tg-SwDI mouse model as compared to age-matched wild type 

(WT). We observed that Tg-SwDI mice showed an initial upregulation of AChR gene expression 

early on (young adults and middle age adults), but a downregulation later on (old adults). 

Furthermore, transgenic animals displayed significant cell loss in the photoreceptor layer and inner 

retina of the young adult animals, as well as specific cholinergic cell loss, and increased astrocytic 

gliosis in the middle age adult and old adult groups. Our results suggest that the changes observed 

in AD cerebrum are also present in the retina and may be, at least in part, responsible for the visual 

deficits associated with the disease.
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Alzheimer’s disease (AD) is a debilitating neurodegenerative disorder that affects over 26 

million people worldwide and the incidence is projected to quadruple by the year 2050 (Tsai 

et al., 2014). According to the Alzheimer’s Association, in 2015 there were 5.3 million 

Americans suffering from AD. It is characterized by circadian rhythm dysfunction and the 

development of multiple cognitive deficits, including memory loss, confusion, apraxia, 

aphasia and agnosia (American Psychiatric Association, 2013; La Morgia et al., 2015).

AD is marked by the accumulation of neurofibrillary tangles (aggregates of hyper-

phosphorylated tau protein), deposition of amyloid beta (Aβ) plaques, gliosis, and 

substantial neuronal and synaptic loss (Fodero et al., 2004). The pathophysiology of AD is 

extremely intricate and involves several biochemical pathways. These include defective Aβ 
protein metabolism and abnormalities of several neurotransmitter systems, particularly the 

cholinergic and glutamatergic systems (Doraiswamy, 2002; Francis et al., 2012).

In addition to cognitive decline and cortical changes, AD is also characterized by visual 

dysfunction ranging from simple (e.g. color discrimination) to complex (e.g. object 

recognition), including deficits in motion perception, contrast sensitivity, stereopsis, 

temporal resolution, acuity, color, and lower critical flicker fusion threshold (Cronin-

Golomb et al., 1995; Rizzo et al., 2000). In 1906, Alois Alzheimer was the first to report the 

occurrence of visual disturbances in one of his patients Auguste D (Maurer et al., 1997; 

Kusne et al., 2016).

Visual deficits have been reported in the early stages of the disease, even before AD 

diagnosis is clearly established (Cronin-Golomb et al., 1991; Uhlmann et al., 1991). The 

effects of AD on visual attention and other higher visual functions can negatively impact 

one’s quotidian activities such as reading, route finding, object localization and recognition 

(Rizzo et al., 2000). To date, the underlying causes of these visual dysfunctions and whether 

they stem from retinal or cortical abnormalities remain poorly understood (Tsai et al., 2014).

The excitatory neurotransmitter acetylcholine (ACh) plays a crucial role in myriad cognitive 

functions, including learning and memory; both of which are negatively impacted by AD. In 

the brain, ACh is released by cholinergic neurons and can bind to two different acetylcholine 

receptor (AChR) subtypes: nicotinics (nAChRs) and muscarinics (mAChRs), which are 

ionotropic and metabotropic receptors, respectively (Oddo and LaFerla, 2006). In early AD, 

there is impairment in hippocampus-based episodic memory that is improved through 

enhancement of cholinergic transmission (Hernandez et al., 2010).

In the retina, ACh is synthesized and released by starburst amacrine cells (Masland, 1980). 

Release of ACh is both tonic and light-evoked (Masland, 1980). AChRs are expressed by 

photoreceptor, bipolar, amacrine, displaced amacrine, horizontal and ganglion cells in 

several different species (Dmitrieva et al., 2007; Strang et al., 2007, 2010; Cimini et al., 
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2008; Smith et al., 2014). AChR activation has been shown to play a role in retinal 

development (Stacy et al., 2005; Sun et al., 2008; Ford and Feller, 2012) and affect ganglion 

cell responses (Schmidt et al., 1987; Kittila and Massey, 1997; Strang et al., 2005, 2007, 

2010, 2015).

The main animal models of AD were designed to mimic the autosomal dominant mutations 

observed in hereditary early onset Alzheimer’s. These models express mutations in amyloid 

precursor protein (APP) and/or in the presenilin proteins (PSEN1 and PSEN2). All of the 

identified mutations that cause autosomal dominant AD directly alter the production of Aβ 
through APP processing. APP is a type I transmembrane protein with a large amino-terminal 

extracellular domain (Hall and Roberson, 2013). Aβ is a peptide that stems from the 

cleavage of APP by the enzymes β-secretase and Y-secretase, which is composed of 

presenilin and other components (De Strooper et al., 1998; Edbauer et al., 2003).

Male and female transgenic Swedish, Dutch and Iowa (Tg-SwDI) mice were used for this 

study. These mice express the human APP, isoform 770, with the Swedish APP K670N/

M671L, Dutch E693Q, and Iowa D694N mutations driven by the mouse Thy1 promoter 

(Murrell et al., 1991). The Dutch and Iowa are missense mutations that occur on exon 17. In 

the Dutch APP E693Q mutation, glutamic acid (GAA) is replaced by glutamine (CAA) 

(Levy et al., 1990).

The Dutch mutation leads to cell death and loss of vessel wall integrity (Wisniewski et al., 

1991), and is associated with severe Aβ deposition in cerebral vessels, hemorrhages, and 

diffuse plaques in brain parenchyma (Timmers et al., 1990). The Iowa APP D694N mutation 

is characterized by the substitution of aspartic acid (GAT) by asparagine (AAT) (Grabowski 

et al., 2001). The Dutch and Iowa mutations occur within Aβ and result in increased 

resistance to proteolysis (Hall and Roberson, 2013). The Swedish APP K670N/M671L is a 

double mutation at the β-secretase cleavage site (Hall and Roberson, 2013), on exon 16, in 

which lysine (AAG) and methionine (AAT) are replaced by asparagine (AAT) and leucine 

(CTG) (Mullan et al., 1992). This mutation results in increased Aβ40 and Aβ42 (the more 

toxic form) production (Hall and Roberson, 2013).

In the Tg-SwDI mice, Aβ accumulation in the cerebrum is extensive by 12 months (Van 

Vickle et al., 2008). These mice show impaired learning and memory in the Barnes maze 

task as early as 3 months of age (Xu et al., 2007). At 6 months of age, these mice start 

developing gliosis with a prominent increase in the number of glial fibrillary acidic protein 

(GFAP) positive astrocytes in several brain regions (Miao et al., 2005).

Little is known about the retinal cholinergic system in many of the AD animal models and 

whether they display retinal abnormalities. Because these retinal changes may parallel AD 

etiology in the brain and precede severe cognitive impairment, they may be instrumental in 

the early diagnosis of AD. Thus, in the current study we assessed whether the AD-related 

changes in the retina are analogous to the alterations reported in the rest of the brain and 

identified possible causes for visual dysfunction by quantifying AChR gene expression, 

cholinergic cell count, total retinal cell count and astrocytic gliosis in Tg-SwDI mice as 
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compared to wild-type (WT). The Tg-SwDI mice showed a decrease in the number of retinal 

cells, gliosis and alterations in AChRs expression.

Experimental Procedures

All animals were maintained in accordance with the National Institute of Health Guide for 

the Care and Use of Laboratory Animals (NIH Publications No. 80-23, revised 1996), the 

Global Statement on the Use of Animals in Research (Federation of European Neuroscience 

Societies, Japan Neuroscience Society, International Brain Research Organization and 

Society for Neuroscience) and protocols approved by the University of Alabama at 

Birmingham Institutional Animal Care and Use Committee. The eyes of male and female 

transgenic animals, and age-matched male and female WT animals were harvested 

immediately following euthanasia. All graphs were generated with GraphPad Prism 6 

(Graph Pad Prism, La Jolla CA) and histological representations (figures 3 and 8) were 

created with Adobe Photoshop CS2 (Adobe Systems, Mountain View, CA). Cartoon figures 

1 and 9 were made with Microsoft PowerPoint (Microsoft Corporation, Redmont, WA) and 

Servier Medical Art PowerPoint Image Bank with modifications (Creative Common 

Attributions 3.0 Unported license; www.creativecommons.org/licenses/by/3.0/legalcode).

We characterized the retinal changes of male and female Tg-SwDI mice as compared to age-

matched C57Bl6J WT in three age groups: young adult, 6.5 to 8 months old adult (mo) (WT 

mean age: 7.2 mo; Tg-SwDI mean age: 7.1 mo), middle age adult, 9 to 10 mo (WT mean 

age: 9.3 mo; Tg-SwDI mean age: 9 mo), and old adult, 14–15 mo (WT mean age: 14.6 mo; 

Tg-SwDI mean age: 14.2 mo). These ages are roughly comparable to human age groups and 

were chosen in order to ascertain age-related differences in AD pathology.

The following experiments were intended to answer this question: does the retina display the 

same AD-related changes observed in the rest of the brain: cholinergic system disturbances, 

cell loss and gliosis?

Quantitative polymerase chain reaction (qPCR)

qPCR was employed to identify alterations in the retinal cholinergic system by quantifying 

AChR expression. AChR RNA transcripts were measured using qPCR of RNA extracted 

from whole retina. Retinas for qPCR were dissected from the eyecup of mice immediately 

following euthanasia, flash frozen, and stored at -80°C. The RNAqueous -4PCR Kit 

(Ambion; Austin, TX) was used for RNA extraction and DNAse treatment per 

manufacturer’s protocol. RNA underwent reverse transcription using the iScript cDNA 

synthesis kit (BioRad; Hercules, CA). The resulting cDNA and previously designed and 

optimized primers (Smith et al., 2014) were then added to a SYBR® green supermix (100 

mM KCl, 40 mM Tris-HCl, pH 8.4, 0.4 mM each dNTP, 50 U/ml iTaq™ DNA polymerase, 

6 mM MgCl2, SYBR® Green I, 20 nM fluorescein) (BioRad; Hercules, CA) and amplified 

using a BioRad iQ5 real-time PCR detection system (BioRad; Hercules, CA). Matched 

cDNA concentrations and optimal primer conditions (concentration and annealing 

temperature) were used for all experiments. Gene expression was normalized to the 

ryanodine receptor as the housekeeping gene and quantified using the ΔΔCT method. Two-

Oliveira-Souza et al. Page 4

Neuroscience. Author manuscript; available in PMC 2018 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tailed independent t-tests were used to test the statistical significance (p<0.05) of fold 

changes. Non-template reactions were used as negative controls.

Immunohistochemistry (IHC)

IHC and fluorescence microscopy were used to determine whether AD-related changes, 

gliosis and cell loss, reported in the cerebrum are also evident in the retina. Retinas were 

obtained from WT and Tg-SwDI mice after euthanasia and fixed in 4% paraformaldehyde 

and processed as whole mounts as previously described (Smith et al., 2014). Images were 

collected with a Zeiss AxioPlan 2 fluorescent microscope equipped with an AxioCam HRm 

camera and filters: DAPI, FITC/GFP, TRITC/Cy3 and Cy5 (Carl Zeiss Microscopy LLC, 

Thornwood, NY). Each channel was scanned separately and saved as digital graphics files. 

Antibodies against choline acetyltransferase (ChAT) (EMD Millipore Cat# AB144P, RRID: 

AB_11214092) (cholinergic amacrine cells) and Hoechst nuclear dye (Thermo Fischer 

Scientific Cat# 33342) (total cell number) were used to identify cell populations in different 

retinal layers within eight demarcated regions of interest for statistical analysis. The layers 

in each of the regions of interest included the ganglion cell layer (GCL; ganglion cells and 

displaced amacrine cells), the inner and outer portions of the inner nuclear layer (iINL; 

amacrine cells and oINL; bipolar cells and horizontal cells) and in the outer nuclear layer 

(ONL; photoreceptors) (Fig. 1). Gliosis was assessed in the nerve fiber layer (NFL) with an 

antibody against GFAP (Dako Cat# Z0334, RRID: AB_10013382). In mammalian retinas, 

astrocytes are present solely in the vascular regions (Schnitzer, 1988) and mostly in the 

retinal NFL (Ramírez et al., 1996). Image J software was used for semi-automated cell 

counts and gliosis assessment (Kimbrough et al., 2015). Statistical significance (p<0.05) was 

assessed using two-tailed independent t-tests.

Results

qPCR: Tg-SwDI retinas had significant alterations in AChR gene expression in all age 
groups

There were statistically significant differences in the expression of AChR transcripts in the 

Tg-SwDI mice retinas, as compared to WT, in all age groups. Table 1 shows the mean fold 

regulation ± standard error of mean (SEM) and exact p values for all AChR subunits/

subtypes. Downregulation is shown in parentheses. The bars in figure 2 enable the graphic 

comparison of AChR regulation changes across all three age groups.

In the young adult Tg-SwDI (Fig. 2; Table 1), there was upregulation of several nAChR 

subunit transcripts: α2, α3, α4, α5, α6, α7, β3 and β4. There was also downregulation in 

nAChR subunit transcripts α9 and α10, as well as m4 and m5 mAChR transcripts. In the 

middle age adult Tg-SwDI (Fig. 2; Table 1) there was greater upregulation in many of the 

same nAChR subunit transcripts including α2, α3, α4, α5, α6, β3 and β4. However, α7 was 

no longer significantly upregulated while α9 nAChR and m1 mAChR transcripts were 

strongly upregulated. Transcripts for α10 nAChR subunits and m5 mAChRs remained 

downregulated. In the old adult Tg-SwDI (Fig. 2; Table 1), no significant upregulation of 

any cholinergic receptor was evident. Instead, there was downregulation of α4, α7, α9, and 

α10 nAChR subunit transcripts, as well as in m4 and m5 mAChR transcripts.
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IHC: Tg-SwDI retinas had fewer cells in several layers and significantly increased gliosis in 
the NFL

ImageJ was used in defined regions of interest for cell counts in each retinal layer and to 

measure GFAP area (percentage). The drawings were mapped back onto the original digital 

images to confirm accuracy (Fig. 3). The transgenic retinas displayed significant cell loss 

that differed across age groups. All of the IHC data are shown in parentheses as the mean 

number of cells per mm2 for cell count, or as the mean GFAP percentage area, ± SEM and 

exact p-value for Tg-SwDI vs WT.

Tg-SwDI mice displayed reduced number of total cells in the GCL in young adults (6.75 

± 0.45 vs 8.16 ± 0.39, p= 0.0318) and middle age adults (6.88 ± 0.31 vs 9.46 ± 0.6, p= 

0.0169), that was no longer evident in the old adults (Fig. 4). There were no differences in 

the number of cells in the oINL in any age group. Additionally, Tg-SwDI mice displayed 

reduced cell count in the iINL (10.15± 1.02 vs 14.55 ± 1.03, p= 0.0118) (Fig. 4) and ONL 

(31.21 ± 1.71 vs 38.44 ± 1.59, p= 0.0079) (Fig. 5) that was evident only in the young adult 

group.

In the Tg-SwDI mice, the specific loss of retinal cholinergic cells occurred after loss of non-

cholinergic cells. Significant cholinergic cell loss occurred in the GCL in the middle age 

adult group (1.33 ± 0.07 vs 1.80 ± 0.07, p= 0.0133) but was not apparent in the INL until 

after 14 months of age (1.20 ± 0.04 vs 1.47 ± 0.01, p= 0.0244) (Fig. 6).

Except for young adults, Tg-SwDI mice displayed astrocytic gliosis in the NFL, 

demonstrated by a larger GFAP area than WT animals (Fig. 7): middle age adults (15.20 

± 1.50 vs 13.90 ± 1.30, p< 0.0001) and old adults (15.70 ± 2.20 vs 12.60 ± 1.30, p< 0.0001). 

Conversely, WT mice exhibited age-dependent reduction in the retina’s percentage area 

exhibiting GFAP- immunoreactivity between the young adult and old adult groups (13.70 

± 1.20 vs 12.60 ± 1.30, p= 0.0197) and between the middle age adult and old adult groups 

(13.90 ± 1.30 vs 12.60 ± 1.30, p= 0.0020). Figure 8 shows representative regions of GFAP 

immunoreactivity from WT (left column) and Tg-SwDI (right column) mice for each group: 

young adults (A and D), middle age adults (B and E) and old adults (C and F).

Discussion

The present study revealed for the first time that the retinal alterations in this mouse model 

of AD are similar to the AD-associated changes previously reported in the rest of the brain 

(Fig. 9): cell loss, gliosis, and disturbances in the cholinergic system (Doraiswamy, 2002; 

Fodero et al., 2004; Francis et al., 2012). There was an initial upregulation in the expression 

of several AChRs genes in young adult Tg-SwDI that considerably increased in the middle 

age adults. These genes were downregulated in the old adult animals. These data are 

consistent with reports of compensatory regulation of AChRs in mouse retina (Smith et al., 

2014) and with initial cholinergic neuroprotection in AD (Teaktong et al., 2003, 2004; Chu 

et al., 2005; D’Andrea and Nagele, 2006).

The activation of α7 nAChR attenuates Aβ toxicity, promotes cholinergic integrity, and can 

improve synaptic plasticity, cognition and neuronal survival by activating phosphoinositide-3 
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kinase (Hernandez et al., 2010; Echeverria and Zeitlin, 2012). Thus, in early AD, α7 

activation may provide neuroprotection. However, the activation of nAChRs results in a 

significant increase in tau phosphorylation, while mAChR activation may prevent it 

(Schliebs and Arendt, 2006). m1 activation is involved in the regulation of APP (Cowburn et 

al., 1996), while m2 mAChR activation may influence the modulation of tau and other 

proteins involved in AD (Hérnandez-Hérnandez et al., 1995). Thus, the upregulation of 

AChR subunits/subtypes in the retinas of younger animals, as a result of AD, may be part of 

a compensatory mechanism that attempts to mitigate the detrimental effects from the loss of 

non-cholinergic cells in the GCL and INL of the young adult animals. The upregulation of 

AChRs prior to loss of cholinergic cells suggests disruption of cholinergic function, although 

there is no loss of cholinergic cells in the young adult animals. Nonetheless, with increasing 

age and disease severity, this compensation can no longer attenuate the detrimental effects, 

especially the loss of cholinergic cells, produced by AD.

Cholinergic cell loss occurred in the GCL in the middle age adult group, but was no longer 

evident in old adults; however, these old adults displayed decreased numbers of cholinergic 

cells in the INL. The loss of cholinergic cells in the middle age adults and old adults is 

consistent with the course of AD in the cerebrum which also includes reduction in synaptic 

markers, such as ChAT and [3H] hemicholinium-3 binding, levels of ChAT activity, ACh 

synthesis, AChR binding, and high-affinity choline uptake (Slotkin et al., 2001; Schliebs and 

Arendt, 2006; Francis et al., 2012).

GFAP-immunoreactivity in the NFL of transgenic mice increased not only relative to WT 

retinas, but was also higher in the old adults relative to the young adults and middle age 

adults, which suggests that the AD-dependent gliosis is an age-related phenomenon. WT 

animals also exhibited age-related differences between the young adult and old adult groups, 

but for WT animals there was a reduction in astrocytic gliosis with increasing age. Taken 

together, AD plays a pivotal role in exacerbating gliosis in an age-dependent manner.

Our results indicate that the retinal cholinergic system alterations, gliosis and the reduction 

in retinal cell number may be, in part, responsible for the visual deficits that occur in AD. 

These data highlight the crucial role of the cholinergic system in AD pathology. Because of 

ACh’s essential involvement in visual processing in healthy retinas (Schmidt et al., 1987; 

Kittila and Massey, 1997; Strang et al., 2005, 2007, 2010, 2015; Varghese et al., 2011), 

characterizing the AD-related changes in the retinal cholinergic system may provide a better 

understanding of the causes for visual dysfunction. Early diagnosis and support of the 

cholinergic system may help AD patients retain a higher level of functioning for an extended 

period of time.

The eye is the only part of the CNS that can be visualized noninvasively (Hill et al., 2014; 

MacGillivray et al., 2014) and it shares many features with the rest of the brain 

(MacCormick et al., 2015), making it an ideal candidate for the development of biomarkers 

to diagnose CNS disorders. Visual assessments, such as optical coherence tomography and 

electroretinography, have been widely used, for over a decade, to detect several diseases, 

such as cerebral malaria (MacCormick et al., 2015), stroke (Baker et al., 2008), diabetes 

mellitus (Cheung et al., 2010), hypertension (Wong and Mitchell, 2007), cardiovascular 
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disease (Liew et al., 2011), schizophrenia (Chu et al., 2012; Silverstein et al., 2015) and 

Parkinson’s disease (Tian et al., 2011; Lee et al., 2014).

Due to the tremendous necessity to quickly diagnose AD and the high cost of other 

diagnostic techniques, such as positron emission tomography (Franzco et al., 2017) and 

magnetic resonance imaging (Kusne et al., 2016), researchers have begun employing 

numerous visual tests to detect differences in the eyes of individuals suffering from AD, as 

compared to healthy controls (Berisha et al., 2007; Moschos et al., 2012; Frost et al., 2013; 

Coppola et al., 2015; Snyder et al., 2016). All these data combined have yielded very 

important findings. AD is linked to thicker retinal inner plexiform layer (IPL) (Snyder et al., 

2016), thinner retinal NFL (Danesh-Meyer et al., 2006; Iseri et al., 2006; Paquet et al., 2007; 

Kesler et al., 2011; Gao et al., 2015; Thomson et al., 2015), a reduced number in ganglion 

cell axons (Blanks et al., 1996b; Danesh-Meyer et al., 2006), narrowing of retinal veins with 

decreased blood flow (Berisha et al., 2007), higher number of astrocytes in the NFL (Blanks 

et al., 1996a, 1996b), Aβ accumulation in GCL, NFL, IPL, outer retina (Alexandrov et al., 

2011; Koronyo-Hamaoui et al., 2011) and lens (Goldstein et al., 2003), reduced amplitude 

and increased implicit times in ganglion cell responses (Katz et al., 1989; Trick et al., 1989; 

Krasodomska et al., 2010; Moschos et al., 2012), increased levels of inflammatory marker 

complement factor H in the retina (Alexandrov et al., 2011), and abnormalities in eye 

fixation, saccadic and pursuit movements (Chang et al., 2014; Shakespeare et al., 2015).

Proponents in AD research suggest that the integration of non-invasive retinal examination 

techniques, at different time points, may be a valuable diagnostic tool for detecting the 

disease and tracking its progression, as the retinal alterations may reflect the anatomical and 

pathological changes that are occurring in the deeper brain regions (Kesler et al., 2011; 

Chang et al., 2014; Hill et al., 2014). If AD is detected in its early stages, treatment can 

commence promptly and therefore be more effective in prolonging the patient’s quality of 

life by delaying cognitive impairment. The current studies support the idea that 

characterization of the retinal cholinergic system provides a tremendous opportunity to 

develop non-invasive biomarkers for dementia and AD (Ikram et al., 2012; Chang et al., 

2014; Hill et al., 2014; Kusne et al., 2016; Lim et al., 2016).
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Aβ Amyloid beta

ACh Acetylcholine

AChR Acetylcholine receptor
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APP Amyloid precursor protein

ChAT Choline acetyltransferase

CNS Central nervous system

GCL Ganglion cell layer

GFAP Glial fibrillary acidic protein

IHC Immunohistochemistry

iINL Inner inner nuclear layer

INL Inner nuclear layer

IPL Inner plexiform layer

mAChR Muscarinic acetylcholine receptor

mo Months old

nAChR Nicotinic acetylcholine receptor

NFL Nerve fiber layer

oINL Outer inner nuclear layer

ONL Outer nuclear layer

qPCR Quantitative polymerase chain reaction

Tg-SwDI Transgenic Swedish, Dutch and Iowa

SEM Standard error of mean

WT Wild type
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Highlights

• Data from a transgenic Alzheimer’s disease (AD) model indicate that retinal 

changes parallel AD pathology in the brain.

• Tg-SwDI mouse model of AD exhibited differential gene regulation of 

acetylcholine receptor subunits in the retina.

• Tg-SwDI AD mice had age-dependent loss of retinal cholinergic cells as 

compared to non-transgenic (wild type) mice.

• Transgenic AD mice displayed significantly more gliosis than wild type mice 

in the retinal nerve fiber layer.
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Figure 1. 
Retinal layers and cell types. This cartoon shows the cells types contained in each retinal 

nuclear layer. The labels on the right correspond to the layers imaged for cell count and 

astrocytic gliosis. ONL= photoreceptor cell bodies. oINL= horizontal and bipolar cell 

bodies. iINL= amacrine cells, including the population of cholinergic amacrine cells. GCL= 

ganglion cells and displaced amacrine cells, including the population of displaced 

cholinergic amacrine cells. NFL= astrocytes
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Figure 2. 
AChR gene expression. Young adults: Tg-SwDI (n=17) when compared to age-matched WT 

(n=18), displayed upregulation in several AChR genes and downregulation in α9 and α 10 

nAchR and m4 and m5 mAChR. Middle age adults: Tg-SwDI (n=11) exhibited substantial 

upregulation in several AChR genes and downregulation in α10 nAchR and m5 mAChR, as 

compared to age-matched WT (n=9). Old adults: Tg-SwDI (n=15) revealed downregulation 

in several AChR genes, as compared to age-matched WT (n=12). (*) p<0.05; (+) p<0.01; (#) 

p<0.001; (o) p<0.0001. Error bars represent SEM.
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Figure 3. 
Histological representation of semi-automated cell counts performed in Image J in a Tg-

SwDI mouse in the INL (ChAT) (A–C), GCL (Hoescht) (D–F) & ONL (Hoescht) (G–I). 

Panels A’–I’ are the increased magnification of the black rectangles in panels A–I.
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Figure 4. 
Tg-SwDI showed a reduced total number of cells per mm2 in the GCL in the young adult 

[Tg-SwDI (n=72); WT (n=56)] and middle age adult [Tg-SwDI (n=56); WT (n=48)] groups 

and iINL in the young adult group [Tg-SwDI (n=72); WT (n=56)]. (*) p<0.05. Error bars 

represent SEM.
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Figure 5. 
Tg-SwDI showed a reduced total number of cells per mm2 in the ONL in the young adult 

group [Tg-SwDI (n=72); WT (n=56)]; (+) p<0.01. Error bars represent SEM.
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Figure 6. 
Tg-SwDI, as compared to age-matched WT, had fewer cholinergic cells per mm2 in the GCL 

in the middle age adult group [Tg-SwDI (n=42); WT (n=42)] and INL in the old adult group 

[Tg-SwDI (n=24); WT (n=24)]. (*) p<0.05. Error bars represent SEM.
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Figure 7. 
Tg-SwDI had more gliosis, larger GFAP area (percentage), than WT in the middle age adult 

[Tg-SwDI (n=58); WT (n=60)] and old adult [Tg-SwDI (n=16); WT (n=24)] groups. (*) 

p<0.05; (+) p<0.01; (o) p<0.0001. Error bars represent SEM.
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Figure 8. 
Tg-SwDI (D–F) showed significantly more gliosis than WT (A–C) in the middle age adult 

and the old adult groups. Panels A and D (young adults), B and E (middle age adults), C and 

F (old adults). Scale bar 100 μm.
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Figure 9. 
The current study demonstrated that known, previously published (Doraiswamy, 2002; 

Francis et al., 2012, Fodero et al., 2004), AD-associated changes in the cerebrum (left) were 

also present in the retina (right). Transgenic animals showed dysregulation in the cholinergic 

system, cell loss and gliosis.
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