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THE EYE AS THE WINDOW TO THE ALZHEIMER’S DISEASE BRAIN  
 

FRED GUARANA DE OLIVEIRA-SOUZA 
 

VISION SCIENCE 
 

ABSTRACT  
 
 Alzheimer’s disease (AD) is a debilitating, and the most prevalent, type of 

dementia that is manifested by cognitive deficits, anomalous protein metabolism, 

cell loss, and pathological alterations in several neurotransmitter systems, 

particularly the cholinergic and glutamatergic systems. Moreover, AD is 

associated with visual deficits that have been reported to occur even in the early 

stages of the disease and may precede conspicuous cognitive impairment. To 

date, the underlying causes of the visual deficits and whether they stem from 

retinal or cortical abnormalities remain poorly understood. The following studies 

aimed at establishing whether the pathological changes observed in the 

cerebrum are also present in the retina and assessing AD’s influence in retina’s 

physiological responses. We used quantitative polymerase chain reaction and 

immunohistochemistry to assess changes in acetylcholine receptor (AChR) gene 

expression, gliosis, retinal cell number in the Tg-SwDI mouse model as 

compared to age-matched wild-type (WT). Young adults and middle-aged adults 

Tg-SwDI mice exhibited initial upregulation of AChR gene expression, but 

downregulation in old adults. Furthermore, young adult transgenic mice displayed 

significant cell loss in the inner retina and photoreceptor layer. Middle-aged adult 

and old adult mutants exhibited increased astrocytic gliosis and cholinergic cell 

loss. Electroretinography (ERG) was employed to measure the amplitude and 
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implicit time of retinal responses from TgF344-AD rat model and age-matched 

WT at 9 and 16 months of age. 9-month mutants exhibited higher responses 

from several retinal cells, but lower responses from off bipolar cells and Müller 

cells. 16-month TgF344-AD rats displayed lower scotopic critical flicker fusion 

threshold and photoreceptor responses, and slower implicit time for on bipolar 

cell responses, at several light intensities. These data collectively indicate that 

AD-related changes observed in the cerebrum are also present in the retina and 

may be, at least in part, responsible for the visual deficits associated with the 

disease. Furthermore, we demonstrated that AD pathology affects retinal cells’ 

physiological responses and that ERG can be employed as a suitable means to 

detect AD-related visual changes to ultimately serve as an efficacious diagnostic 

tool to identify the disease in its earlier stages, thus improving treatment efficacy.     
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GLOBAL INTRODUCTION 

Alzheimer’s Disease 

Alzheimer’s disease (AD) is a debilitating, and the most prevalent, type of 

dementia that is manifested by multiple cognitive deficits. AD is the 6th-leading 

cause of death (Doblhammer et al., 2015) and the 5th for people 65 and older 

(Kochanek et al., 2016). After AD diagnosis, the average life expectancy is 

between 4-8 years, but some patients may live up to twenty years with the 

disease (Brodaty et al., 2012; Todd et al., 2013; Tom et al., 2015). In 2017, the 

total AD-related healthcare costs are estimated to be U$ 818 billion for 36 million 

people worldwide (Prince et al., 2016; Wimo et al., 2017) and U$ 259 billion for 

5.3 million cases in the United States (Association, 2013; Hebert et al., 2013). In 

2010, there were 454,000 people newly diagnosed with AD (1 new case every 66 

seconds) in the United States (Hebert et al., 2001a). As astonishing as these 

numbers are, they will not even compare to the projected costs in the future, as 

the number of new cases per year is estimated to be 959,000 (1 new case every 

33 seconds) (Hebert et al., 2001a) and the total number of individuals with AD is 

projected to triple by 2050 (Alzheimers, 2016). These projections are 

tremendously staggering, as the current medications for AD only mollify the 

symptoms and do not eradicate the disease nor reverse cognitive decline. 

Furthermore, the diagnostic methods in existence lack the sensitivity to detect 

the disease before neuronal changes occur, which hinders the effectiveness of 
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treatment in prolonging the patient’s memory and delaying cognitive 

deterioration.  

According to the American Psychiatric Association’s most recent 

Diagnostic and Statistical Manual of Mental Disorders (5th edition), AD is 

characterized by impairments in learning, memory, visuospatial, complex 

attention, executive function and language (American Psychiatric Association, 

2013). AD has also been shown to affect non-cognitive behavioral domains, 

Behavioral and emotional disturbances include anxiety and (España et al., 2010; 

Filali et al., 2012), depressive symptoms (Lenoir et al., 2011; Diniz et al., 2013), 

aggressive behavior (Moechars et al., 1998; Alexander et al., 2011), increased 

locomotor activity (Cissé et al., 2011; Mori et al., 2013), as well as circadian 

rhythm and sleep disruptions (Wisor et al., 2005; Sterniczuk et al., 2010). AD’s 

detrimental effects are not restricted to the behavioral and cognitive domains. As 

first reported by Lois Alzheimer in 1906 (Maurer et al., 1997; Kusne et al., 2016), 

AD also entails visual deficits that may arise in the preliminary phases of the 

disease (Cronin-Golomb et al., 1991; Uhlmann et al., 1991), before overt 

cognitive deterioration is observed (Sadun et al., 1987; Katz and Rimmer, 1989). 

Furthermore, there is evidence from studies in animal models and some in 

human AD patients, that amyloid beta (Aβ) plaque formation, one of the cardinal 

features of the disease, occurs in the retina prior to formation in the cerebrum 

(Katz and Rimmer, 1989; Trojanowski et al., 1993; Loffler et al., 1995; Blanks et 

al., 1996b; Parisi et al., 2001; Hardy and Selkoe, 2002; Parisi, 2003; Greeve, 
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2004; Ning et al., 2008; Dutescu et al., 2009; Perez et al., 2009; Liu et al., 2009b; 

Koronyo-Hamaoui et al., 2011; Koronyo et al., 2012).  

 The extensive neuropathological AD-associated alterations in the cerebrum 

are well characterized and have been shown to occur first in the medial temporal 

lobe (hippocampus and entorhinal complex) (Serrano-Pozo et al., 2011). These 

changes include dysregulation of calcium homeostasis (Bojarski et al., 2008; 

Small, 2009; Brawek and Garaschuk, 2014), gliosis (Beach et al., 1989; Bates et 

al., 2002), anomalous protein metabolism (Phillips et al., 1991; Tapia-Arancibia et 

al., 2008), cerebrovascular abnormalities (Fischer et al., 1990; Bergers and Song, 

2005; Brown and Thore, 2011), cell loss (Fodero et al., 2004), substantial 

alterations in several neurotransmitter systems, particularly the glutamatergic and 

cholinergic systems (Doraiswamy, 2002; Francis et al., 2012), accumulation of 

intracellular neurofibrillary tangles (NFTs) and extracellular Aβ plaques (Figure 1) 

(Iqbal and Grundke-Iqbal, 2002; Palmer, 2002; Crews and Masliah, 2010; Ni et al., 

2013). The time course and etiology of corresponding changes in the retina are 

not fully known.  

 Aβ plaques are insoluble, semi-crystalline deposits (Lesné et al., 2006) 

composed mainly by Aβ peptides (Aβ40 and Aβ42) that stem from the cleavage of 

amyloid precursor protein (APP), a type I transmembrane glycoprotein with a large 

amino-terminal extracellular domain (Kang et al., 1987; Hall and Roberson, 2013), 

by β-secretase and ϒ-secretase (which is composed of presenilin and other 

components) (De Strooper et al., 1998; Edbauer et al., 2003). Aβ42 is the more 

toxic form of this peptide, as it has a higher propensity than Aβ40 to aggregate 
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(Citron, 2010). NFTs are formed by the aggregation of hyperphosphorylated tau, 

a microtubule-associated protein (Brion, 1998). 

Alzheimer’s Disease Risk Factors 

 While AD is a very complicated and multifactorial neurodegenerative 

disorder with undefined etiology, some risk factors have been identified to play a 

role in the onset of the disease. These risk factors include genetic mutations, 

Apolipoprotein E ε4 (APOE ε4), gender, race, family history, educational level, 

lifestyle choices and aging (Figure 2). 

Genetic mutations Autosomal dominant mutations to APP, presenilin 1 or 

presenilin 2, account for approximately 1-5 % of AD cases, and result in early onset 

of the disease (Campion et al., 1999; Bertram and Tanzi, 2005), as early as age 

30 (Bekris et al., 2010). The know human APP mutations are named according to 

the region in which they were first reported, for example, Swedish, Dutch and Iowa 

mutations. Individuals inheriting a mutation in presenilin 2 have a 95% likelihood 

of developing AD, while those with certain mutations to the APP or presenilin 1 

genes will unquestionably develop AD (Goldman et al., 2011). 

Apolipoprotein E ε4 (APOE ε4) More than 90% of all AD cases are sporadic 

with a late onset (Bertram, 2004). The only gene that has been consistently linked 

to late onset AD is APOE ε4 (Schellenberg, 1995; Selkoe, 2001; Coon et al., 2007). 

Individuals possessing two copies of the APOE ε4 gene have 8-12-fold likelihood 

of developing AD, while individuals with one copy have a three-fold risk (Holtzman 

and Herz, 2012; Loy et al., 2014). A meta-analysis of 20 published studies, from 

1985 until 2010, involving AD patients revealed that 56% had one copy of the 
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APOE ε4 gene, while 11% had two copies of the gene (Ward et al., 2012). Another 

publication found that 65% of 1770 patients from 26 AD centers had at least one 

copy of the APOE ε4 gene (Mayeux et al., 1998). APOE ε4 has been shown to 

play a very active role in AD pathology. APOE ε4 reduces glutamate receptor 

function and inhibits synaptic plasticity (Chen et al., 2010), increases tau 

phosphorylation and accumulation in soma and dendrites (Brecht et al., 2004; 

Harris et al., 2004; Andrews-Zwilling et al., 2010), increases Aβ accumulation and 

Aβ plaques  formation (Deane et al., 2008; Verghese et al., 2013). 

Gender and Race Women account for more than 62% of all the AD cases 

in the USA (Hebert et al., 2013). There are a number of different explanations for 

such a drastic disparity in incidence between males and females, including 

stronger interaction between APOE ε4 and estrogen (Yaffe et al., 2000; Kang and 

Grodstein, 2012), longer female lifespan (Seshadri et al., 1997; Hebert et al., 

2001b) and lower educational level (Rocca et al., 2014). African Americans and 

Hispanics are (2 and 1.5 times, respectively) more likely to develop AD than 

Caucasians (Gurland et al., 1999; Potter et al., 2009). It is generally believed that 

the higher incidence in these minorities stem from non-genetic factors, such as 

health conditions, lifestyle and socioeconomic factors (Gurland et al., 1999; Yaffe 

et al., 2013). 

Family History and Educational Level People with a first-degree relative 

(siblings or parents) with AD have a higher probability of developing the disease, 

than those with no familial history of AD (Green et al., 2002; Loy et al., 2014), which 

suggests that there may be other unknown genes involved or other non-genetic 
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factors. Individuals with both parents with AD are even more susceptible, 54% 

chance, to have the disease by the age of 80 (Lautenschlager et al., 1996). 

Individuals who had 10-18 years of formal education have a lower likelihood to 

develop AD and other dementias than those with 8-9 and 6-7 years, in that order 

(Sando et al., 2008). Lower financial means (McDowell et al., 2007), increased 

likelihood of working jobs that are not as mentally demanding (Fisher et al., 2014; 

Then et al., 2014; Grzywacz et al., 2016; Pool et al., 2016), smaller cognitive 

reserve (reduced ability to mitigate the cognitive symptoms resulting from cerebral 

changes) (Scarmeas and Stern, 2003; Roe et al., 2007; Stern, 2012) may all be 

factors responsible for the higher AD incidence in individuals with lower education. 

Lifestyle Choices Obesity in midlife (Anstey et al., 2011; Loef and Walach, 

2013), diabetes mellitus (Gudala et al., 2013; Malek-Ahmadi et al., 2013; 

Vagelatos and Eslick, 2013), hypertension (Launer et al., 2000; Ninomiya et al., 

2011), high cholesterol (Kivipelto et al., 2001; Canevari and Clark, 2007) and 

smoking (Anstey et al., 2007; Ohara et al., 2015) have all been linked to a higher 

probability of AD. Unlike aging, genetic traits, race and gender, lifestyle choices 

can be modified to reduce one’s risk for dementia. Physical activity (Erickson et 

al., 2012; Tan et al., 2017) and a healthy diet (Lourida et al., 2013; Hardman et al., 

2016) have shown to be protective against AD and dementia. 

Aging The most prominent risk factor for late-onset AD is aging, 10% of the 

population over the age of 65 has AD (Hebert et al., 2013). The risk for AD 

incidence increases significantly with age, from 3% in individuals 65-74 years old, 

to 17% age 75-84 and to 32% age 85 and older (Hebert et al., 2013). 
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Alzheimer’s Disease Etiology Theories 

There are three interrelated primary lines of inquiry into the etiology of the 

disease: the amyloid cascade hypothesis, the glutamatergic hypothesis, and the 

cholinergic hypothesis. There is evidence for the involvement of each of these 

systems in AD. 

The amyloid cascade hypothesis, first proposed in 1992 (Hardy and 

Higgins, 1992), postulates that Aβ deposition is the first pathological event in AD 

that triggers the formation Aβ plaques, NFTs, neuronal cell loss, and finally 

dementia (Karran et al., 2011; Reitz, 2012). Although, there is extensive evidence 

for Aβ processing dysregulation in AD, there is little evidence that this 

dysregulation is causal (Wallace et al., 1991; Regland and Gottfries, 1992; 

Armstrong, 2006). 

The glutamatergic hypothesis revolves around the notion that glutamatergic 

dysfunction is implicated in many of the neurochemical and behavioral deficits 

present in AD (Maragos et al., 1987). The glutamatergic hypothesis is 

progressively becoming more accepted (Danysz et al., 2000), perhaps due to the 

fact that, glutamate is the principal neurotransmitter at approximately two-thirds of 

synapses in the neocortex and is involved in all aspects of cognition and higher 

mental function (Francis et al., 2012). Fundamental to this premise is the crucial 

role of N-methyl-D-aspartate (NMDA) glutamate receptors  in episodic and spatial 

memories (Tsien, 2000; Li and Tsien, 2013), while overactivation, under chronic 

conditions, leads to neuronal damage (Danysz et al., 2000; Francis PT, 2005).  
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The cholinergic hypothesis was the first theory to attempt elucidating the 

disease’s etiology (Bartus et al., 1982; Bartus, 2000). This hypothesis proposes 

that decreases in choline transport, choline acetyltransferase (ChAT) levels and 

activity, along with alterations in acetylcholinesterase levels, acetylcholine (ACh) 

release, resulting in decreased ACh synthesis and concentration, along with 

selective impairment and/or loss of cholinergic neurons and the reduction of 

cholinergic fibers in the hippocampus, frontal and temporal areas of the brain, 

along with as changes in nicotinic and muscarinic ACh receptor expression all 

contribute to AD pathophysiology (Figure 3) (Geula and Mesulam, 1989, 1996, 

Slotkin et al., 1990, 2001; Dournaud et al., 1995; Francis et al., 1999, 2012; Terry 

and Buccafusco, 2003; Francis PT, 2005; Oddo and LaFerla, 2006; Xu et al., 

2012). Furthermore, the improvement of cholinergic transmission alleviates the 

hippocampus-based episodic memory impairment manifested in the early stages 

of the disease (Hernandez et al., 2010). Once released from cholinergic neurons, 

ACh can bind and activate two types of receptors: nicotinic acetylcholine 

receptors (nAChRs) and muscarinic acetylcholine receptor (mAChRs), ligand-

gated ion channels (LGICs) and G protein-coupled receptors (GPCRs), 

respectively (Figure 4) (Oddo and LaFerla, 2006). nAChRs are pentameric 

ligand-gated ion channels formed by a combination of α (2,3,4,5,6,7,9 & 10) and 

β (2,3&4) subunits. These subunits can form homomeric (e.g. α 7 nAChR) or 

heteromeric (e.g. α3β4) receptors. They are activated by ACh, carbachol, 

nicotine (except α 9), and they are blocked by curare (Smith et al., 2014). 

mAChRs are G-protein coupled receptors with five distinct subtypes: m 1-5. They 
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can be excitatory (m1, 3&5) or inhibitory (m2&4). These receptors are blocked by 

atropine and activated by ACh, carbachol, choline and muscarine (Smith et al., 

2014) . 

In 1936, Henry Dale and Otto Lewi were awarded a joint Nobel prize for the 

discovery of the first neurotransmitter, ACh (Contestabile, 2011). Since its 

discovery, our knowledge of ACh’s functions and importance in neuroscience has 

advanced greatly. ACh has been shown to be involved in learning, attention, 

arousal, motivation, memory and other cognitive functions (Sarter and Bruno, 

1997; Sarter et al., 2003; Gotti and Clementi, 2004; Matta et al., 2017), while 

cholinergic dysfunction has been linked to traumatic brain injury and several 

psychopathological conditions such as schizophrenia, delirium, depression, 

insomnia, amnesia, panic attacks and affective disorders (Bartus et al., 1982; 

Dilsaver and Coffman, 1989; Bymaster et al., 1999; Battaglia, 2002; Arciniegas, 

2003; Mancama et al., 2003; Raedler et al., 2006; Luppi et al., 2006; Sellin et al., 

2008; Hshieh et al., 2008; Dean, 2012; Carruthers et al., 2015). One of the most 

notable AChRs is α7 nAChR, which is a homomeric receptor formed by five α7 

subunits (Couturier et al., 1990; Zhao et al., 2003). α7 nAChRs have been shown 

to be extremely involved in several psychiatric disorders (Freedman et al., 1995; 

Leonard et al., 1996; Ancín et al., 2010; Zhang et al., 2016), and neurological 

diseases such as Parkinson’s disease (Quik et al., 2015) and AD (Medeiros et al., 

2014). 

ACh is one of the main neurotransmitters involved in visual processing in 

the retina (Keyser et al., 2017), an extension of the brain located in the back of the 
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eye that is responsible for relaying light information to the rest of the brain. The 5-

layered retina structure consists of photoreceptors (rods and cones) which contain 

the machinery for phototransduction. They make synaptic contacts with horizontal 

and bipolar cells in the outer plexiform layer. The cell bodies of horizontal, bipolar, 

and amacrine cells are located in the inner nuclear layer. Ganglion cell somas are 

located in the innermost layer, the ganglion cell layer, their dendrites extend to the 

inner plexiform layer where they receive synaptic input from bipolar and amacrine 

cells. Ganglion cell axons leave the back of the eye and comprise the optic nerve 

(E Dowling, 1987). In the retina, the synthesis and release of ACh are performed 

by starburst amacrine cells (Masland, 1980; Masland et al., 1984b; Keyser et al., 

2017), named as such due to their very distinctive physical attributes (Famiglietti, 

1983; Famiglietti  Jr., 1983; Vaney, 1984; Keyser et al., 2017). ACh is released in 

response to light changes (onset and offset) (Masland et al., 1984a; Tauchi and 

Masland, 1984; Masland and Cassidy, 1987; Schmidt et al., 1987) as well as tonic 

release (Famiglietti, 1983; Famiglietti  Jr., 1983; Vaney, 1984; Keyser et al., 2017). 

AChRs have been shown to be expressed in numerous species and in several 

retinal cells, including amacrine, bipolar, displaced amacrine, ganglion, horizontal 

and photoreceptor cells (Keyser et al., 2000; Dmitrieva et al., 2007; Strang et al., 

2007; Cimini et al., 2008; Smith et al., 2014). The retinal cholinergic system plays 

an essential role in ganglion cell responses (Schmidt et al., 1987; Kittila and 

Massey, 1997; Strang et al., 2005, 2007, 2010, 2015), retinal development (Stacy 

et al., 2005; Sun et al., 2008; Ford and Feller, 2012), cell differentiation and 

proliferation (Naruoka et al., 2003; Braga et al., 2013; Layer et al., 2013), and 



 
 

11 
 

electroretinogram responses (Jardon et al., 1989; Jurklies et al., 1996; Antal et al., 

1999; Varghese et al., 2011; Moyano et al., 2013; Bedore et al., 2015). 

It is evident that many systems are imperiled in AD and that there are many 

reciprocal interactions between the main players involved in AD pathology: Aβ, 

cholinergic system, NFTs and glutamatergic system. Acetylcholinesterase (AChE) 

concentration is diminished, over all, in the AD cerebrum, but it is augmented in 

regions where NFTs and Aβ plaques  are present (Ulrich et al., 1990; Morán et al., 

1993). Some postulate that this focal AChE increase arises as a result of Aβ’s 

agonistic action on α7 nAChRs (Fodero et al., 2004). α7 nAChR activation 

improves cholinergic integrity (Hernandez et al., 2010), cognition and synaptic 

plasticity (Echeverria and Zeitlin, 2012), alleviates Aβ toxicity (Kihara et al., 2001; 

Hernandez et al., 2010) and reduces neuronal cell loss (Echeverria and Zeitlin, 

2012). Conversely, tau phosphorylation significantly increases as a result of 

nAChRs activation, while the activation of mAChRs hinders it (Schliebs and 

Arendt, 2006). The m1 mAChR subtype plays a role in APP regulation (Cowburn 

et al., 1996), while the  m2 subtype is involved in the modulation of several AD-

relevant proteins, including tau (Hérnandez-Hérnandez et al., 1995). 

Glutamatergic excitatory neurotransmission is severely disrupted in AD, probably 

due to the oxidative stress associated with the Aβ42 increase (Tanović and Alfaro, 

2006). This disruption is evident by increase N-methyl-D-aspartate receptor 

(NMDAR) activation and concomitant glutamate excitotoxicity (Tsien, 2000; Wenk 

et al., 2006; Li and Tsien, 2013). The anomalous glutamatergic hyperactivity 

associated with AD may be due to postsynaptic receptor and downstream defects 
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that produce inappropriately timed or sustained glutamate activation of NMDARs, 

leading to neuronal injury and death and cognitive deficits associated with 

dementia (Wenk et al., 2006). NMDAR activation has also been show to play an 

important role in Aβ production (Dinamarca et al., 2012; Revett et al., 2013); while 

Aβ, by binding with high affinity to α7 nAChRs (Wang et al., 2000; Dziewczapolski 

et al., 2009) producing an increase in intracellular calcium concentration in 

astrocytes (Sharma and Vijayaraghavan, 2001), which then release glutamate to 

activate NMDARs leading to disrupted neuronal signaling and glutamate 

excitotoxicity (Talantova et al., 2013). AD’s pathology has a tremendously high 

degree of complexity and intricacy involving several proteinopathies, 

neurotransmitter systems disturbances and neuronal alterations, therefore mono-

factorial theories cannot fully explain its etiology nor completely account for its 

multi-symptomatology (McDonald, 2002; McDonald et al., 2010). Therefore, it is 

my belief that the combination of these theories would provide a more accurate 

portrayal of the disease process and its etiology.  

Alzheimer’s Disease Treatment 

The cure for AD has not as of yet been attained, despite of tireless research 

efforts and advancements in drug development: between 2002 and 2012, only one 

of 244 medications that underwent clinical trials was approved by the United States 

Food and Drug Administration (FDA) (Cummings et al., 2014). There are several 

factors that hinder the development of efficacious treatments for AD, including the 

disease’s high degree of complexity, high monetary costs in the development of 

drugs and the FDA stringent approval requirements (Kinch, 2017). Because of the 
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neurotransmitter systems alterations in AD, current FDA approved AD 

medications, AChE inhibitors and (NMDAR) antagonists, target the cholinergic and 

glutamatergic systems, respectively (Cummings, 2004). AChE inhibitors increase 

ACh levels by hindering its hydrolysis into acetate and choline (Cummings, 2004). 

They are most efficient when used early in the disease process and used 

persistently without interruptions (Seltzer, 2006). The most commonly prescribed 

AChE inhibitor, Donepezil, is approved to treat all stages of the disease (Seltzer et 

al., 2004). However, in the later stages of the disease, the cholinergic system may 

be too deteriorated, so an alternative approach involves targeting the 

glutamatergic system. NMDAR hyperactivity leads to excitotoxicity, but its 

physiological activity is essential for normal function (Marambaud et al., 2009).  

This led to the more recent use of NMDAR antagonists as an alternative to 

cholinergic treatments (Reisberg et al., 2003). The most commonly prescribed 

NMDAR antagonist is Memantine. Memantine, unlike other NMDAR antagonists, 

preferentially blocks excessive NMDAR activity without disrupting normal activity 

(Lipton, 2004), by entering the receptor-associated ion channel preferentially when 

it is excessively open without accumulating in the channel due to its fairly fast off-

rate (Lipton, 2004). Memantine treatment is associated with decreased Aβ40 (Alley 

et al., 2010; Ray et al., 2010), Aβ42 and secreted APP levels (Alley et al., 2010), 

decreased Aβ plaques deposition (Dong et al., 2008; Martinez-Coria et al., 2010), 

and improvements in fear conditioning (Martinez-Coria et al., 2010), hippocampus-

based spatial learning (Alley et al., 2010) and memory (Martinez-Coria et al., 2010) 
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in animal models of AD. Memantine has been shown to improve cognitive function 

in patients with moderate to severe AD (Francis et al., 2012). 

However, both Donepezil and Memantine, have been shown to influence 

other neurotransmitter systems. For example, Donepezil-associated ACh increase 

and the subsequent activation of α7 nAChRs can indirectly decrease glutamate 

excitotoxicity via downregulation of NMDARs (Kawamata et al., 2011). Memantine, 

in addition to its effects on NMDARs, has also been shown to increase ACh levels 

(Ihalainen et al., 2011) and protect cholinergic neurons from inflammatory 

processes (Willard et al., 2000). These synergistic effects have led to the treatment 

approach in which both medications are used together to preserve cholinergic 

integrity and prevent glutamate excitotoxicity for as long as possible (Ihalainen et 

al., 2011). The most recent available medication for AD is Namzaric, FDA 

approved in 2014, a combination of Donepezil and Memantine (FDA, 2014). 

However, available medications are most effective in early stages of the disease 

and, at best, only provide temporary and moderate effects. Current treatments are 

not capable of treating all of AD’s manifestations or of changing the progression of 

the disease (Huang and Mucke, 2012; Anand et al., 2014). Therefore, early AD 

detection is crucial to prolonging cognitive function, and the advancement in 

knowledge of the disease mechanism is absolutely essential to assist in the 

development of early detection methods and more efficacious treatments. 

Animal Models of Alzheimer’s Disease 

The majority of AD animal models have genetic mutations in presenilin 

proteins and/or in APP. These mutations are associated with increased levels of 
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Aβ, and are intended to mimic the disease’s symptomology observed in early-

onset AD patients (Hall and Roberson, 2013). The studies herein focused on two 

animal models with severe AD mutations: Tg-SwDI mouse and TgF344-AD rat. 

The inclusion of two different AD animal models may provide not only a between-

species comparison but also the possibility for a better extrapolation into the 

disease process in humans. 

Tg-SwDI mice express the human APP (isoform 770) with three mutations 

driven by the mouse Thy1 promoter: Swedish K670N/M671L, Dutch E693Q, and 

Iowa D694N mutations (Murrell et al., 1991) (Figure 5 Top Panel). TgF344-AD rats 

are generated on a Fischer 344 background with two mutated human genes driven 

by the mouse prion promoter: Swedish APP (isoform 695) and presenilin 1 deletion 

of exon 9 (PS1ΔE9) (Figure 5 Bottom Panel). (Cohen et al., 2013; Tsai et al., 

2014).  

The Swedish (K670N/M671L) mutation occurs at the β-secretase cleavage 

site (Hall and Roberson, 2013), with a double substitution: lysine and methionine 

by asparagine and leucine (Mullan et al., 1992). In the Dutch (APP E693Q) 

mutation, glutamic acid is substituted by glutamine (Levy et al., 1990). The Iowa 

(APP D694N) mutation is characterized by the substitution of aspartic acid by 

asparagine (Grabowski et al., 2001). Both, Dutch and Iowa mutations occur within 

the Aβ peptide sequence (Hall and Roberson, 2013), and result in increased Aβ40 

levels (Shin et al., 2003; Levy et al., 2006) including cerebrovascular Aβ 

accumulation (Levy et al., 1990; Grabowski et al., 2001).  
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Tg-SwDI mice show extensive Aβ accumulation by 12 months of age (Van 

Vickle et al., 2008), but learning and memory impairment in the Barnes maze task 

occurs as early as 3 months of age (Xu et al., 2007), indicating that Aβ is not the 

initial trigger for cognitive decline. There is no report of any AD-related changes in 

retinal anatomy or visual function in these mice. TgF344-AD rats exhibit substantial 

neurovascular network dysfunction at 9 months of age (Joo et al., 2017), as well 

as tauopathy, amyloidosis, gliosis, frank neuronal cell loss, at 16 months of age, 

but start exhibiting cognitive disturbances, and impaired learning and memory at 

15 months of age (Figure 6) (Cohen et al., 2013). Moreover, TgF344-AD animals 

also show retinal changes at 19 months of age, including Aβ plaques, choroidal 

thinning, hypertrophic retinal pigment epithelial (RPE) cells, and upregulation of 

complement factor C3 and inflammatory cells in the retina (Figure 6) (Tsai et al., 

2014). Even though, 19 month old rats displayed lower visual acuity, there were 

no retinal vasculature alterations or retinal ganglion cell loss (Tsai et al., 2014).  

Tg-SwDI mouse and TgF344-AD rat were included in the following 

experiments for being animal models with prominent phenotypical expression of 

AD. Furthermore, our studies were inspired by the widely accepted notion that AD-

related retinal alterations may parallel cerebral changes, and that they may 

precede noticeable cognitive decline. The ultimate objectives of these studies are 

to advance the understanding of AD pathological alterations in vision and to assist 

in the development of timely diagnosis of the disease. 
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Hypotheses and Specific Aims 

 The influence of the cholinergic system in AD’s pathophysiology, and its 

interweaving with Aβ and glutamatergic processes, are well-described in the 

cerebrum, that is why we chose to determine if the retinal cholinergic system of the 

Tg-SwDI mouse model exhibited similar pathological changes. We also chose to 

establish AD’s impact on retinal cells physiological responses in the TgF344-AD 

rat model and if those changes were exacerbated by age. Lastly, we assessed the 

effectiveness of electroretinography (ERG) as a means to identify AD-related 

changes in retinal physiology. 

Specific Aim I 

 We intended to establish whether the pathological changes observed in the 

cerebrum are also present in the retina. We used quantitative polymerase chain 

reaction and immunohistochemistry to assess changes in AChRs gene 

expression, gliosis, retinal cell number in the Tg-SwDI mouse model as compared 

to age-matched wild-type (WT). We predicted that there would be an initial 

upregulation followed by downregulation in AChRs expression and a reduced 

number of cells in the Tg-SwDI, as compared to age-matched WT animals. 

Specific Aim II 

 We intended to assess AD’s influence in retinal physiological responses and 

to evaluate the suitability of ERG as a diagnostics tool to detect the disease. ERG 

was employed to measure the amplitude and implicit time of retinal responses from 
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TgF344-AD rat model and age-matched WT at 9 and 16 months of age. Implicit 

time corresponds to the amount of time between the onset of the response and its 

peak amplitude. ERG measurements included a-waves (photoreceptors: rods and 

cones), b-waves (on bipolar cells), a-wave to b-wave ratio, initial corneal deflection 

of c-waves (RPE cells and/or Müller cells), d-waves (off bipolar cells), critical flicker 

fusion threshold (photoreceptors: rods and cones), oscillatory potentials (amacrine 

cells) and photopic negative response (ganglion cells), at various light intensities 

during dark-adapted and light-adapted conditions. We hypothesized that the 

TgF344-AD rats would exhibit retinal responses with decreased amplitude and 

increased implicit time, as compared to age-matched WT animals. 
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Figure 1. Alzheimer’s disease (AD) pathology. AD is characterized by the 

accumulation intracellular neurofibrillary tangles, extracellular amyloid beta (Aβ) 

plaques, gliosis, cell loss, and alterations in several neurotransmitter systems 

(especially cholinergic and glutamatergic) (Beach et al., 1989; Bates et al., 2002; 

Doraiswamy, 2002; Iqbal and Grundke-Iqbal, 2002; Fodero et al., 2004). 
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Figure 2. Alzheimer’s disease (AD) risk factors. The risk factors for AD include 

gender, cardiovascular disease, aging, obesity, lower educational level, smoking, 

aging, 1-2 copies of the apolipoprotein E ε4 (APOE ε4) gene, and genetic 

mutations in amyloid precursor protein (APP), presenilin (PS) 1 and 2 

(Schellenberg, 1995; Campion et al., 1999; Selkoe, 2001; Scarmeas and Stern, 

2003; Bertram and Tanzi, 2005; Anstey et al., 2007, 2011; Coon et al., 2007; 

Hebert et al., 2013; Ohara et al., 2015). 
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Figure 3. Alzheimer’s disease (AD) and the cholinergic system. Alzheimer’s 

disease (AD) is associated with cholinergic system alterations and cognitive 
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decline. Acetylcholine (ACh) and ACh receptors (AChRs) play crucial roles in 

cognitive functions (learning and memory) and in AD pathology, especially α7 

nicotinic AChR (nAChR). The enhancement of cholinergic transmission can 

improve learning and memory (Ulrich et al., 1990; Morán et al., 1993; Kihara et 

al., 2001; Fodero et al., 2004; Hernandez et al., 2010; Echeverria and Zeitlin, 

2012). 
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Figure 4. Acetylcholine receptors types. There are two types of acetylcholine 

receptors (AChRs), muscarinics and nicotinics. Muscarinics are G protein-

coupled receptors (GPCRs) that can be excitatory or inhibitory. Nicotinics are 

pentameric ligand-gated ion channels (LGICs) formed by a combination of α and 

β subunits (heteromeric) or solely of α subunits (homomeric).    
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Figure 5. Tg-SwDI mouse and TgF344-AD rat mutations. Tg-SwDI mice have the 

Swedish, Dutch and Iowa mutations in the amyloid precursor protein gene (APP) 

(Murrell et al., 1991; Mullan et al., 1992). TgF344-AD rats have the APP Swedish 

mutation and presenilin 1 (PS1) exon nine deletion (Cohen et al., 2013; Tsai et 

al., 2014). 
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Figure 6. Alzheimer’s disease pathology alterations in TgF344-AD rats. TgF344-

AD rats display several of AD’s cardinal features, such as tauopathy, neuronal 

loss, gliosis, amyloid beta (Aβ) plaques, and impairment in vision, learning and 

memory (Cohen et al., 2013; Tsai et al., 2014). 
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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-aged 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-aged 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. 

Keywords: Alzheimer’s disease, qPCR, histology, retinal cholinergic 

system, vision, amyloid precursor protein mutation. 
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Abbreviations 

• Aβ: Amyloid beta 

• ACh: Acetylcholine  

• AChR: Acetylcholine receptor 

• AD: Alzheimer’s Disease 

• 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 
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• WT: Wild-type 
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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). 
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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., 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).  
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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 ϒ-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 
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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 compared to wild-type (WT). The Tg-SwDI mice showed a 

decrease in the number of retinal cells, gliosis and alterations in AChRs 

expression.  
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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 (mo) (WT mean age: 7.2 mo; Tg-SwDI mean age: 7.1 mo), 

middle-aged 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.  
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 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-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.  
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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 
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(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-aged 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-aged 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-aged 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-aged 

adults (15.20 ± 1.50 vs 13.90 ± 1.30, p< 0.0001) and old adults (15.70 ± 2.20 vs 
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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-aged 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-aged 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-aged 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 kinase (Hernandez et al., 2010; Echeverria and 

Zeitlin, 2012). Thus, in early AD, α7 activation may provide neuroprotection. 
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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-aged 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-aged 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 
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adults and middle-aged 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).  



 

  

 

43 
 

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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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. 

 
 
 
 



 

  

 

66 
 

 

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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Abstract 

Alzheimer’s disease (AD) is a devastating form of dementia that is 

symptomized by disruptions in several neurotransmitter systems, memory 

deficits, cell loss, and pathological protein processes. In addition to 

cortical disturbances, visual deficits have also been reported in AD, and 

may occur before the appearance of any noticeable cognitive impairment. 

Thus, we postulate that the use of visual assessment techniques, such as 

electroretinography (ERG), will demonstrate to be a valuable tool for the 

diagnosis of AD. To validate our hypothesis, we measured the amplitude 

and implicit time of responses from retinal cells through ERG in male 
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TgF344-AD rats and wild-type (WT) rats at 9 and 16 months of age. As 

compared to age-matched WT, 9-month old transgenic animals exhibited 

higher responses from several retinal cells, but lower responses from off 

bipolar cells and Müller cells, at neutral density (ND) 0.0; lower 

photoreceptor responses, at ND 2.4, and lower scotopic critical flicker 

fusion threshold at 16 months. 16-month old TgF344-AD rats also showed a 

higher implicit time for on bipolar cell responses, at several light 

intensities. These data collectively indicate that AD pathology affects the 

retinal cell responses and that ERG can be utilized as a reliable means to 

detect AD-related visual changes to ultimately serve as an efficient method 

for the timely diagnosis of the disease. 
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Abbreviations 

• Aβ: Amyloid beta 

• AD: Alzheimer’s Disease 

• APP: Amyloid precursor protein 

• CFF: Critical flicker fusion 

• ChAT: Choline acetyltransferase 

• CNS: Central nervous system 

• DA: Dark-adapted 

• ERG: Electroretinography 

• GCL: Ganglion cell layer 

• IPL: Inner plexiform layer 

• ISI: Inter-stimulus interval 

• LA: Light-adapted 

• mAChR: Muscarinic acetylcholine receptor 

• MMSE: Mini-Mental Sate Examination 

• mo: Months old  

• ND: Neutral density 

• NFL: Nerve fiber layer 

• ONL: Outer nuclear layer 

• OP: Oscillatory potential 

• RPE: Retinal pigment epithelium 

• PS1: Presenilin 1 

• PS1ΔE9: Δ exon 9 mutant human presenilin-1  
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• RPE: Retinal pigment epithelium  

• TgF344-AD: Transgenic Fischer 344 Alzheimer’s Disease 

• SEM: Standard error of mean 

• WT: Wild-type 
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Originally described by Lois Alzheimer in 1906, Alzheimer’s disease (AD) 

is a devastating, and the most common form, of dementia. It is symptomized by 

circadian rhythm dysfunction and the emergence of numerous cognitive 

abnormalities, including unusual thinking and behavior, memory impairment, 

apraxia, aphasia, agnosia and confusion (American Psychiatric Association, 

2013; La Morgia et al., 2015). In the cerebrum, AD is manifested by gliosis, 

accumulation of amyloid beta (Aβ) plaques and neurofibrillary tangles 

(aggregates of hyper-phosphorylated tau protein), detrimental effects to synaptic 

integrity, reduction in the number of neuronal cells (Fodero et al., 2004), as well 

as substantial alterations in several neurotransmitter systems, especially the 

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

In addition to cognitive disturbances, alterations in visual perception have 

also been reported in AD, even in its early stages (Cronin-Golomb et al., 1991; 

Uhlmann et al., 1991), and may occur before the appearance of any noticeable 

cognitive impairment (Sadun et al., 1987; Katz and Rimmer, 1989). AD-related 

visual complications include decreased acuity, lower critical flicker fusion (CFF) 

threshold (Cronin-Golomb et al., 1991; Rizzo et al., 2000), and deficits in depth 

perception (Katz and Rimmer, 1989; Cronin-Golomb et al., 1991; Mendez et al., 

1996; Lee and Martin, 2004), color discrimination (Katz and Rimmer, 1989; 

Cronin-Golomb, 1995), motion perception (Katz and Rimmer, 1989; Jackson and 

Owsley, 2003; Lee and Martin, 2004), temporal resolution, stereopsis (Cronin-

Golomb et al., 1995; Rizzo et al., 2000) and contrast sensitivity (Cronin-Golomb 

et al., 1991; Hutton et al., 1993; Gilmore and Whitehouse, 1995). In 1906, Alois 
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Alzheimer was the first to report the occurrence of visual disturbances in one of 

his patients Auguste Deter (Maurer et al., 1997; Kusne et al., 2016). The effects 

of AD on higher visual functions, such as visual attention, can have a deleterious 

impact on people’s routine activities such as route navigation, reading, face 

recognition, object localization and identification (Rizzo et al., 2000).  

Currently, there are approximately 5.3 million reported cases of AD in the 

United States alone, and more than 26 million worldwide. Due to increasing life 

expectancy, AD’s prevalence is estimated to quadruple by 2050 (Tsai et al., 

2014). In the United States, the monetary cost of dementia treatment in 2010 

was over 157 billion dollars (Hurd et al., 2013). By 2040, based on Aging, 

Demographics, and Memory Study prevalence rates, the monetary costs for 

dementia are projected to be between 379 to 511 billion dollars (Hurd et al., 

2015). These estimations are extremely alarming, because AD is currently 

incurable, definitive diagnosis can only be achieved through autopsy, treatment is 

only palliative (placate cognitive deficits rather than extinguishing them) and 

existing detection methods lack the ability to identify the disease in its early 

phases, where treatment would be more effective at extending patients’ 

intellectual faculties. 

Presently, AD research relies vastly on animal models that express 

mutations in the presenilin (1 and 2) proteins and/or in the amyloid precursor 

protein (APP) gene. All of the known hereditary, autosomal dominant, AD 

mutations result in abnormal APP processes that increase the production of toxic 

Aβ (40 and 42) (Hall and Roberson, 2013). Aβ is a peptide formed from the 
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cleavage of APP by the enzymes β-secretase and ϒ-secretase (which is 

composed of presenilin and other components) (De Strooper et al., 1998; 

Edbauer et al., 2003). The most common AD animal models are generated in 

mice, but they generally fail to recapitulate several key aspects of AD pathology, 

such as robust tauopathy and extensive neuronal loss (Wyss-Coray et al., 1997; 

Oddo et al., 2003; Padmanabhan et al., 2006; Colton et al., 2008). Rats are 4-5 

million years closer to humans than mice (Yang et al., 2004) and may serve as a 

better model for human diseases. Thus, transgenic Fischer 344 Alzheimer’s 

Disease (TgF344-AD) rats were used in the current study. This AD animal model 

is generated on a Fischer 344 background by co-injecting rat pronuclei with two 

human genes driven by the mouse prion promoter: Swedish mutant human APP 

695 and Δ exon 9 mutant human presenilin-1 (PS1ΔE9)(Cohen et al., 2013). The 

Swedish 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), respectively (Mullan 

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

form) production (Hall and Roberson, 2013). TgF344-AD rats display age-

dependent cerebral amyloidosis, tauopathy, gliosis, apoptotic neuronal loss, 

cognitive disturbance, and impaired learning and memory(Cohen et al., 2013), 

Aβ plaques (in the hippocampus, cortex, and retina), hypertrophic retinal pigment 

epithelium (RPE) cells, inflammatory cells, choroidal thinning and upregulation of 

complement factor C3 (Tsai et al., 2014). They also have lower visual acuity, 
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even though there are no reported significant differences in retinal ganglion cell 

number and retinal vasculature at 14 or 19 months of age (Tsai et al., 2014).  

The generation of animal models has prominently advanced our 

understanding of AD’s pathological manifestations and has led to the 

development of medications designed to extend patients’ level of independence 

and well-being by alleviating cognitive deficits. The general consensus among 

researchers and clinicians is that commonly prescribed AD medications, 

acetylcholinesterase inhibitors and N-methyl-D-aspartate receptor antagonists, 

are exponentially more effective when administered earlier in the course of the 

disease, before the onset of mild cognitive impairment. Early intervention 

necessitates early detection, but in spite of strenuous ongoing research efforts, 

spanning over a century, the pressing need to establish an effective tool to 

promptly identify the disease still remains (Brookmeyer et al., 1998; Sloane et al., 

2002; Levey et al., 2006; Miller and Drachman, 2006; Welsh-Bohmer, 2008; 

Petersen, 2009; Wilson et al., 2010; Frost et al., 2013). Based on the notion that 

AD-related visual disturbance precede cerebral changes (Uhlmann et al., 1991; 

Cronin-Golomb et al., 1995), the current study intended to determine possible 

alterations in retinal responses due to AD pathology and age, as well as to 

evaluate electroretinography (ERG) as a viable method to detect those changes 

in TgF344-AD rats, as compared to age-matched wild-type (WT). ERG is a 

noninvasive procedure, recorded from the corneal surface of the eye, used to 

measure the electrical activity of retinal neurons in response to light stimuli in 

various luminance levels (Clark and Kraft, 2012) to simulate the different 
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classifications of vision: scotopic, mesopic and photopic. Scotopic vision, 

primarily driven by rod photoreceptors, is achromatic and occurs in the presence 

of very dim light (e.g. nighttime). Photopic vision, responsible for color 

perception, occurs primarily due to cones and occurs under well-lit (e.g. daytime) 

conditions. Mesopic vision, a mixture between scotopic and photopic vision, 

originates from the combination of rods and cones responses and occurs in 

moderate luminance levels (e.g. twilight). Vision occurs when photoreceptors are 

activated by light and relay the perceptual information, with the aid of other retinal 

cells (bipolar, amacrine and horizontal), to ganglion cells, which in turn, transmits 

the visual information to the rest of the brain (Figure 1). ERG is the main 

technique to measure the electrophysiological responses from retinal cells. Our 

results showed that transgenic rats displayed abnormal responses in several 

retinal cell populations and higher implicit times at several light intensities. 

Experimental Procedures 

All animals were handled and maintained in accordance with the principles 

of the Association for Research in Vision and Ophthalmology Statement for the 

Use of Animals in Ophthalmic and Vision Research, 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. Animal colony was housed and bred in an 
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animal facility at the University of Alabama at Birmingham, illuminated by 

fluorescent lights (mean luminance = 140 lux) under cyclic (12-hour light and 12-

hour dark) conditions.  

Figure 1 was generated with Microsoft PowerPoint (Microsoft Corporation, 

Redmont, WA) and Servier Medical Art PowerPoint Image Bank with 

modifications (licensed under a Creative Common Attributions 3.0 Unported 

license; https://creativecommons.org/licenses/by/3.0/legalcode). Figure 2 was 

generated with IGOR PRO (Wavemetrics Inc., Lake Oswego, OR), Microsoft 

PowerPoint (Microsoft Corporation, Redmont, WA) and Servier Medical Art 

PowerPoint Image Bank with modifications (licensed under a Creative Common 

Attributions 3.0 Unported license; 

https://creativecommons.org/licenses/by/3.0/legalcode). All bar graphs were 

generated with GraphPad Prism 6 (Graph Pad Prism, La Jolla CA). IGOR PRO 

(Wavemetrics Inc., Lake Oswego, OR) was used for data analysis and the 

generation of graphs with representative responses.  

ERG 

ERG was employed to identify AD-related alterations in retinal cells’ 

physiological responses under different light intensities in male TgF344-AD rats 

and age-matched male WT in two age groups: 9 months old (mo) [WT (n=6) 

mean age: 9.1 mo; TgF344-AD (n=5) mean age: 9.1 mo] and 16 mo [WT (n=11) 

mean age: 16.1 mo; TgF344-AD (n=13) mean age: 16.2 mo]. These age groups 

were chosen to establish age’s involvement in ERG responses. 

https://creativecommons.org/licenses/by/3.0/legalcode
https://creativecommons.org/licenses/by/3.0/legalcode
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We quantified, under different recording conditions, the amplitude and 

implicit time of responses from several retinal cell populations. Implicit time refers 

to the time interval between response onset and its maximum amplitude. The 

following measurements were obtained: a-waves (photoreceptors: rods and 

cones), b-waves (on-bipolar cells), c-waves (RPE cells and Müller cells), d-waves 

(off-bipolar cells), photopic negative responses (ganglion cells), oscillatory 

potentials (OPs) and CFF threshold (Figure 2). OPs, believed to be generated 

predominantly by amacrine cells, are small high-frequency wavelets present in 

the ascending phase of the b-wave (Ogden, 1973; Wachtmeister and Dowling, 

1978; Wachtmeister, 1998; Tzekov and Arden, 1999; Hancock and Kraft, 2004). 

CFF threshold can be defined as the lowest frequency at which a flickering light 

elicits the same retinal response as a steady light of the same luminous intensity. 

Albino animals (such as the Fischer 344 rats) display attenuated (or absent) c-

waves (Pautler and Noell, 1976; Weidner, 1976; Graves et al., 1985), therefore 

our assessment focused primarily on measuring the initial corneal negative 

deflection component of c-waves. Rats were sedated with 3% isoflurane in a 

chamber and then anesthetized via intraperitoneal injection of xylazine (9.09 

mg/kg) (AnaSed LA; VetOne, Boise, ID) and ketamine (90.9 mg/kg) (Zetamine; 

VetOne, Boise, ID). Corneas were anesthetized with 0.5% proparacaine 

hydrochloride (Apexa; Akorn, Inc., Lake Forest, IL). The pupils were dilated with 

topical 2.5% phenylephrine hydrochloride (Akorn, Inc., Lake Forest, IL) and 1% 

tropicamide (Akorn, Inc., Lake Forest, IL). The rat was placed in a Faraday cage 

with head fixed by a bite-bar and body temperature was maintained around 370 C 



 

  

 

82 
 

by a heating pad (Braintree Scientific, Braintree, MA), during experiments. The 

recording electrode (4 mm in diameter), composed of a platinum wire loop 

embedded in the tapered end of a hollowed out Plexiglas rod containing the fiber 

optic (Rubin and Kraft, 2007), was placed in the left eye. The reference 

electrode, a platinum wire loop, was placed in the non-stimulated contralateral 

eye. In order to ensure that the eyes remained moist while the animals were 

sedated, 2.5% hypromellose ophthalmic demulcent solution (Gonak; Akorn, Inc., 

Lake Forest, IL) was applied to both electrodes, and to both corneas, before and 

after recordings. 

For CFF recordings, a green light emitting diode was used to generate 

flicker with stimulus frequencies 0.1 to 30 Hz for scotopic and 0.1 to 55 Hz for 

photopic intensities. For all other measurements, the light source was a 100-W 

tungsten-halogen lamp focused on to one end of a fiber optic. Stimulus duration 

was controlled with a shutter with a 6-mm aperture (Uniblitz; Vincent Associates, 

Rochester,NY). The energy output of the flashes was calibrated daily as the 

photon flux at the retinal surface in the Ussing chamber. Stimulus strength was 

controlled by a set of calibrated inconel neutral density (ND) filters that allowed 

attenuation in steps of approximately 0.3 log units up to a maximum of 6.9 log 

units attenuation. The unattenuated stimulus was calibrated daily with an optical 

power meter (Graseby Optronics, Orlando, FL). We used a 505 nm (35 nm 

bandwidth) stimulus that was determined by a three-cavity interference filter 

(Andover Co., Salem, NH). The amplifier (Astro-med CP122W; GrassTelefactor, 

W. Warwick, RI) was set to DC during CFF, c and d-waves measurements; and 
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to AC 1.0 for all the other measurements. Responses were amplified 2000 X and 

low-pass filtered at 300 Hz. The ERG voltage and stimulus monitor signals were 

digitized with hardware (MIO16) and software (LabView) from National 

Instruments, Austin, TX (Hancock et al., 2005; Rubin and Kraft, 2007). Rats were 

dark-adapted for at least 6 hours prior to recording. The protocol (Table 1) 

consisted of dark-adapted (DA), scotopic, and light-adapted (LA), photopic 

recordings with a wide array of light intensities, stimuli and inter-stimulus intervals 

(ISI). In order to isolate cone driven responses, photopic conditions, the eyes 

were exposed to an adapting (rod- saturating) background light for 3 minutes 

prior to the delivery of bright flashes. 

Results 

a-waves (photoreceptors). Transgenic animals displayed higher DA a-

waves than WT (303.0 vs 226.7 μv) in response to bright stimulus (camera flash), 

at 9 months (Figures 3 and 4); but lower DA a-waves (ND 2.4) (20.3 vs 29.5 μv) 

at 16 months (Figure 4).  

b-waves (on bipolar cells). There were no statistically significant 

differences in b-waves amplitude and implicit time between transgenic and WT 

groups at 9 months, but at 16 months, transgenic animals had higher b-waves at 

ND 3.6 (198.7 vs 156.1 μv) (Figure 5), and ND 2.4 (522.1 vs 425.8 μv) (Figures 5 

and 6), but slower implicit time at NDs 2.4, 1.2, 0.6 and 0.0 (Figure 7). 

a-wave to b-wave ratio. TgF344-AD rats displayed higher a-wave to b-

wave ratio in response to a bright camera flash during LA conditions at 9 months; 
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but lower in the 16 mo group at NDs 3.6, 2.4, 1.2 and 0.6 during DA conditions 

(Figure 8). 

Initial corneal negative deflection component of c-waves (Müller and 

RPE cells): As compared to WT, 9 mo TgF344-AD rats had higher response 

amplitude (Figures 9 and 10) and faster implicit time at ND 0.0 (Figure 11), but at 

16 months, there were no statistically significant differences in amplitude or 

implicit time. Interestingly, it was entirely absent in 16 mo in both transgenic and 

WT rats at ND 0.0. This is likely due to hypertrophic RPE cells (Tsai et al., 2014) 

and pigment deficiency in the RPE. 

d-waves (off bipolar cells): Transgenic rats, at 9 months, had higher d-

waves at NDs 2.7 and 1.5 (Figure 12), but lower at ND 0.0 with slower implicit 

time (Figure 13). 16 mo TgF344-AD also displayed significantly higher amplitude 

d-waves than WT, but only at ND 3.3 (Figures 12 and 14). 

CFF (photoreceptors): There were no statistically significant differences 

at 9 months, but at 16 months, TgF344-AD had lower scotopic CFF than WT 

(Figures 15 and 16).  

OPs (amacrine cells). TgF344-AD had higher DA OPs than WT in both 

age groups (Figure 17).  

Photopic negative responses (ganglion cells): There were no 

statistically significant differences between TgF344-AD as compared to WT in 

either age group (Figure 18), which is consistent with a previous study that 

showed no significant differences in retinal ganglion cell number in TgF344-AD 

rats at 14 or 19 months of age (Tsai et al., 2014). 
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Discussion 

Definitive diagnosis of the disease can only be attained postmortem 

through histopathological analysis of the brain to detect the presence of Aβ 

plaques and neurofibrillary tangles (Serrano-Pozo et al., 2011; Beach et al., 

2012). Probable diagnosis of AD can be achieved somewhat anecdotally, 

through clinical assessment that relies greatly on mental status scales, self-

reports and accounts from family members or caregivers. The most common and 

widely used mental status scale is the Mini-Mental Sate Examination (MMSE) 

(Folstein et al., 1975, 1983). This scale takes around 10 minutes to administer 

and evaluates cognitive function in the areas of visual construction, memory, 

orientation, calculation, attention, and language (Dick et al., 1984; Kurlowicz and 

Wallace, 1999; Wallace and Kurlowicz, 1999; B. and M., 2005; Galea and 

Woodward, 2005; Stein et al., 2012). The MMSE should not be perceived as a 

diagnostic test, it is merely a screening test with relatively modest sensitivity 

(Sheehan, 2012). Other ways for detecting AD involves expensive and/or 

invasive methods such as magnetic resonance imaging (Jagust et al., 2006; 

Davatzikos et al., 2008), positive electron tomography (Jagust et al., 1991; 

Engler et al., 2006; Barrio et al., 2008; Kusne et al., 2016; Franzco et al., 2017), 

and cerebral spinal fluid levels of Aβ 42 and tau (Diniz et al., 2008; Bouwman et 

al., 2009; Bateman et al., 2012; Fagan et al., 2014; Scheltens et al., 2016). 

These methods fail to detect AD before considerable cognitive decline has taken 
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place (Petersen, 2004). Because these assessment techniques may only detect 

amnestic (memory deficits) indicators of the disease, they lack the sensitivity to 

identify prodromal non-amnestic manifestations, such as deficits in visuospatial 

ability, which has been shown to occur three years prior to probable diagnosis 

(Johnson et al., 2009). Many postulate that treatment would be most effective if 

the disease is diagnosed sooner, thus clinical investigators are striving to move 

the diagnostic threshold for AD to earlier stages of progression (Brookmeyer et 

al., 1998; Sloane et al., 2002; Levey et al., 2006; Miller and Drachman, 2006; 

Petersen, 2009; Wilson et al., 2010; Frost et al., 2013).     

For millennia, philosophy and poetry have described the eye as being the 

window to the soul. More recently, the scientific concept that the eye may serve 

as a window to the central nervous system (CNS) has been rapidly gaining 

popularity among researchers. The eye is an ideal candidate for the discovery of 

biomarkers for CNS diseases, as it is the only part of the CNS that can be 

visualized easily and noninvasively (Hill et al., 2014; MacGillivray et al., 2014), 

and the retina has many similarities with the rest of the brain (MacCormick et al., 

2015). Optical coherence tomography, ERG and other visual tests have been 

extensively employed to detect numerous diseases, such as Parkinson’s (Price 

et al., 1992; Harris et al., 1992; Inzelberg et al., 2004; Archibald et al., 2009, 

2011, Bodis-Wollner, 2009, 2013; Tian et al., 2011; Albrecht et al., 2012a; Toner 

et al., 2012; Tsironi et al., 2012; Vitório et al., 2012; Kirbas et al., 2013b; Satue et 

al., 2013, 2014; Sauerbier and Ray Chaudhuri, 2013; Lee et al., 2014; Roth et 

al., 2014; Schneider et al., 2014; Yu et al., 2014; Garcia-Martin et al., 2014b; 
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Hipp et al., 2014; Mailankody et al., 2015; Slotnick et al., 2015; Chorostecki et al., 

2015; Normando et al., 2016; Pillai et al., 2016; Weil et al., 2016; Hill et al., 

2016), hypertension (Stanton et al., 1995; Wong and Mitchell, 2007; DellaCroce 

and Vitale, 2008), cerebral malaria (Lewallen et al., 1993; Beare et al., 2004; 

Maude et al., 2009; White et al., 2009; MacCormick et al., 2015), schizophrenia 

(Kim et al., 2005, 2006; Krishnan et al., 2005; O’Donnell et al., 2006; Balogh et 

al., 2008; Butler et al., 2008; Silverstein and Keane, 2011; Chu et al., 2012; Yoon 

et al., 2013; Lee et al., 2013; Bolding et al., 2014; Silverstein et al., 2015a, 

2015b; Tschacher et al., 2015; Gagné et al., 2015), diabetes mellitus (Klein and 

Klein, 1995; Ewing et al., 1998; Nwosu, 2000; van Reyk et al., 2003; Cheung et 

al., 2010a; Ratchford et al., 2013), cardiovascular disease (Wong et al., 2006; 

Liew et al., 2011), multiple sclerosis (Kerrison et al., 1994; Patel and Lundy, 

2002; Chen and Gordon, 2005; De Seze et al., 2006; Fisher et al., 2006; 

Kallenbach and Frederiksen, 2007; Henderson et al., 2008, 2010; Pueyo et al., 

2008; Toledo et al., 2008; Frohman et al., 2008; Burkholder et al., 2009; Pula and 

Reder, 2009; Green et al., 2010; Khanifar et al., 2010; Petzold et al., 2010; 

Talman et al., 2010; Garcia-Martin et al., 2011, 2014a; Saidha et al., 2011; Sakai 

et al., 2011; Watson et al., 2011; Davies et al., 2011; Albrecht et al., 2012b; 

Gundogan et al., 2012; Chatziralli et al., 2012; Walter et al., 2012; Galetta et al., 

2012; Klistorner et al., 2013; Ratchford et al., 2013; Balcer et al., 2015; Graham 

et al., 2016), CNS lymphoma (Buggage et al., 2001; Matsuyama et al., 2014), 

and stroke (Wong et al., 2001a, 2001b, 2002; Wong, 2004; Patton et al., 2005; 
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Baker et al., 2008; Kalesnykas et al., 2008; Cheung et al., 2010b, 2017; De Silva 

et al., 2010). 

To address the immense urgency to detect AD in its early stages and the 

necessity to find better alternatives to replace costly and invasive diagnostic 

tools, visual assessment procedures have been employed to identify ocular 

differences in AD, as compared to healthy individuals (Katz and Rimmer, 1989; 

Granholm et al., 2003; Berisha et al., 2007; Moschos et al., 2012; Frost et al., 

2013; Chang et al., 2014; Coppola et al., 2015; Snyder et al., 2016). These 

studies have determined that AD is associated with narrowing of retinal veins 

with decreased blood flow (Berisha et al., 2007; Williams et al., 2015), reduced 

number in ganglion cell axons (Blanks et al., 1996b; Danesh-Meyer et al., 2006), 

but higher number of astrocytes in the nerve fiber layer (NFL) (Blanks et al., 

1996a, 1996b; Oliveira-Souza et al., 2017), thicker retinal inner plexiform layer 

(IPL) (Snyder et al., 2016), but thinner retinal NFL (Danesh-Meyer et al., 2006; 

Iseri et al., 2006; Paquet et al., 2007; Kesler et al., 2011; Kirbas et al., 2013a; 

Marziani et al., 2013; Ascaso et al., 2014; Shi et al., 2014; Thomson et al., 2015; 

Gao et al., 2015; Liu et al., 2015; Oktem et al., 2015), ganglion cell layer 

(GCL)(Garcia-Martin et al., 2016), choroid (Bayhan et al., 2015) and macula 

(Iseri et al., 2006), cell loss in increased levels of inflammatory marker 

complement factor H in the retina (Alexandrov et al., 2011), elevated oxygen 

saturation in retinal arterioles and venules (Einarsdottir et al., 2015), 

phosphorylated tau deposition in the NFL and GCL (Du et al., 2015), reduced 

amplitude and increased implicit times in ganglion cell responses (Katz et al., 
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1989; Trick et al., 1989; Krasodomska et al., 2010; Moschos et al., 2012), 

abnormalities in pupillary responses to light (Fotiou et al., 2000, 2007; Granholm 

et al., 2003; Scinto, 2007), eye fixation, saccadic and pursuit movements (Chang 

et al., 2014; Shakespeare et al., 2015), Aβ accumulation in outer retina, NFL, 

IPL,GCL, (Alexandrov et al., 2011; Koronyo-Hamaoui et al., 2011), 

photoreceptors (Du et al., 2015) and lens (Goldstein et al., 2003), reduced cell 

number, including cholinergic cells, in several retinal layers and alterations in the 

retinal cholinergic system (Oliveira-Souza et al., 2017). 

The current study revealed that TgF344-AD animals, as compared to age-

matched WT, exhibited higher responses from several retinal cells, but lower 

responses, at neutral density (ND) of 0.0, from off bipolar cells, and RPE and 

Müller cells, at 9 months; at 16 months, lower photoreceptor responses, at ND of 

2.4, and lower scotopic CFF threshold. 16-month TgF344-AD rats also showed a 

higher implicit time for on bipolar cell responses, at several light intensities. 

These data collectively indicate that AD pathology affects retinal responses and 

that ERG can be utilized as a reliable means to detect AD-related visual changes 

to ultimately serve as an efficient method for the diagnosis of the disease. Our 

results have shown that ERG is able to identify AD-related changes in TgF344-

AD rats as early as 9 months of age, substantially earlier than the emergence of 

observable cognitive deficits. These rats only start showing learning and memory 

impairment at 15 months (Cohen et al., 2013). As the ocular changes may be 

analogous to the pathological alterations occurring in the cerebrum (Kesler et al., 

2011; Chang et al., 2014; Hill et al., 2014), we believe that ERG in conjunction 



 

  

 

90 
 

with other ocular exams, such as optical coherence topography, may facilitate 

AD’s early detection, tracking the disease progression and treatment efficacy. 

The results of the current study are congruent with the notion that characterizing 

AD-related visual changes may support the development of non-invasive 

biomarkers capable of detecting AD sooner (Ikram et al., 2012; Chang et al., 

2014; Hill et al., 2014; Kusne et al., 2016; Lim et al., 2016). Detecting AD in its 

beginning phases would foster earlier therapeutical intervention, which could 

potentially increase treatment effectiveness in delaying the onset of cognitive 

deficits, thus extending the patient’s quality of life. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

 

91 
 

 

 

Acknowledgments  

We are thankful to Dr. Bindiya Patel for reviewing the manuscript. We are 

also thankful to Lindsey Smith and Nateka Jackson for maintaining the animal 

colony and genotyping. Fred G. Oliveira-Souza is extremely grateful to God, his 

family (Alsoires, Marlene, Cristina, Alexandre, Vanessa and Lucas) and Dr. 

Bindiya Patel for their unconditional support and love.  

Authors’ contributions: Fred G. Oliveira-Souza performed the vast 

majority of data collection, analysis, experimental design and manuscript 

preparation. Marci L. DeRamus and Anthoni M. Goodman assisted in editing this 

manuscript and performed data collection. Lori L. McMahon provided all the 

animals used in these experiments and assisted in editing this manuscript. 

Timothy W. Kraft, Mark S. Bolding and Christianne E. Strang assisted in the 

writing and editing of this manuscript. Timothy W. Kraft was also involved in 

experimental design and data analysis.  

Funding: This work was supported by the National Institutes of Health 

[grant numbers P30 EY003039, P30 NS47466] 

 

 

 

 

 



 

  

 

92 
 

 

 

References 

Albrecht P, Muller AK, Sudmeyer M, Ferrea S, Ringelstein M, Cohn E, Aktas O, 

Dietlein T, Lappas A, Foerster A, Hartung HP, Schnitzler A, Methner A 

(2012a) Optical coherence tomography in parkinsonian syndromes. PLoS 

One 7:e34891 Available at: http://www.ncbi.nlm.nih.gov/pubmed/22514688. 

Albrecht P, Ringelstein M, Muller  a., Keser N, Dietlein T, Lappas  a., Foerster  

a., Hartung H, Aktas O, Methner  a. (2012b) Degeneration of retinal layers in 

multiple sclerosis subtypes quantified by optical coherence tomography. Mult 

Scler J 18:1422–1429. 

Alexandrov PN, Pogue A, Bhattacharjee S, Lukiw WJ (2011) Retinal amyloid 

peptides and complement factor H in transgenic models of Alzheimer’s 

disease. Neuroreport 22:623–627 Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3719862&tool=pm

centrez&rendertype=abstract. 

American Psychiatric Association (2000) DSM-IV. 

Archibald NK et al. (2009) The retina in Parkinson’s disease. Brain 132:1128–

1145 Available at: http://www.ncbi.nlm.nih.gov/pubmed/19336464. 

Archibald NK, Clarke MP, Mosimann UP, Burn DJ (2011) Retinal thickness in 

Parkinson’s disease. Park Disord 17:431–436. 

Ascaso FJ, Cruz N, Modrego PJ, Lopez-Anton R, Santabárbara J, Pascual LF, 



 

  

 

93 
 

Lobo A, Cristóbal JA (2014) Retinal alterations in mild cognitive impairment 

and Alzheimer’s disease: An optical coherence tomography study. J Neurol 

261. 

B. R, M. R (2005) The mini mental state examination. Pract Neurol 5:298–303 

Available at: 

http://www.embase.com/search/results?subaction=viewrecord&from=export

&id=L41644869%5Cnhttp://dx.doi.org/10.1111/j.1474-7766.2005.00333.x. 

Baker ML, Hand PJ, Wang JJ, Wong TY (2008) Retinal signs and stroke: 

Revisiting the link between the eye and brain. Stroke 39:1371–1379. 

Balcer LJ, Miller DH, Reingold SC, Cohen JA (2015) Vision and vision-related 

outcome measures in multiple sclerosis. Brain 138:11–27. 

Balogh Z, Benedek G, Kéri S (2008) Retinal dysfunctions in schizophrenia. Prog 

Neuro-Psychopharmacology Biol Psychiatry 32:297–300. 

Barrio JR, Kepe V, Satyamurthy N, Huang SC, Small G (2008) Amyloid and tau 

imaging, neuronal losses and function in mild cognitive impairment. J Nutr 

Health Aging 12:61S–5S Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/18165848. 

Bateman RJ et al. (2012) Clinical and biomarker changes in dominantly inherited 

Alzheimer’s disease. N Engl J Med 367:795–804. 

Bayhan HA, Aslan Bayhan S, Celikbilek A, Tanik N, Gürdal C (2015) Evaluation 

of the chorioretinal thickness changes in Alzheimer’s disease using spectral-

domain optical coherence tomography. Clin Exp Ophthalmol 43:145–151. 



 

  

 

94 
 

Beach TG, Monsell SE, Phillips LE, Kukull W (2012) Accuracy of the Clinical 

Diagnosis of Alzheimer Disease at National Institute on Aging Alzheimer 

Disease Centers, 2005–2010. J Neuropathol Exp Neurol 71:266–273. 

Beare NA, Southern C, Kayira K, Taylor TE, Harding SP (2004) Visual outcomes 

in children in Malawi following retinopathy of severe malaria. Br J 

Ophthalmol 88:321–324 Available at: 

http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=med5&NEW

S=N&AN=14977760%5Cnhttp://www.ncbi.nlm.nih.gov/pmc/articles/PMC177

2055/pdf/bjo08800321.pdf. 

Berisha F, Feke GT, Trempe CL, McMeel JW, Schepens CL (2007) Retinal 

abnormalities in early Alzheimer’s disease. Investig Ophthalmol Vis Sci 

48:2285–2289. 

Blanks JC, Schmidt SY, Torigoe Y, Porrello K V., Hinton DR, Blanks RHI (1996a) 

Retinal pathology in Alzheimer’s disease. II. Regional neuron loss and glial 

changes in GCL. Neurobiol Aging 17:385–395. 

Blanks JC, Torigoe Y, Hinton DR, Blanks RHI (1996b) Retinal pathology in 

Alzheimer’s disease. I. Ganglion cell loss in foveal/parafoveal retina. 

Neurobiol Aging 17:377–384. 

Bodis-Wollner I (2013) Foveal vision is impaired in Parkinson’s disease. Park 

Relat Disord 19:1–14. 

Bodis-Wollner MEHWFMDRLAHWEMSSGIG (2009) Inner Retinal Layer 

Thinning in Parkinson Disease. Arch Ophthalmol 127:737–742 Available at: 



 

  

 

95 
 

http://archopht.jamanetwork.com/article.aspx?doi=10.1001/archophthalmol.2

009.106. 

Bolding MS, Lahti AC, White D, Moore C, Gurler D, Gawne TJ, Gamlin PD 

(2014) Vergence eye movements in patients with schizophrenia. Vision Res 

102:64–70. 

Bouwman FH, Schoonenboom NSM, Verwey NA, van Elk EJ, Kok A, 

Blankenstein MA, Scheltens P, van der Flier WM (2009) CSF biomarker 

levels in early and late onset Alzheimer’s disease. Neurobiol Aging 30:1895–

1901. 

Brookmeyer R, Gray S, Kawas CH (1998) Projections of Alzheimer’s disease in 

the United States and the public health impact of delaying disease onset. 

Am J Public Health 88:1337–1342 Available at: 

c:%5CMyWork%5CArticles%5CProjectionsofAD&PHImpactofDelayingOnset

_Brookmeyer1998.pdf. 

Buggage RR, Chan CC, Nussenblatt RB (2001) Ocular manifestations of central 

nervous system lymphoma. Curr Opin Oncol 13:137–142 Available at: 

http://ovidsp.ovid.com/ovidweb.cgi?T=JS&CSC=Y&NEWS=N&PAGE=fulltex

t&D=med4&AN=11307054%5Cnhttp://opurl.bib.umontreal.ca:9003/sfx_local

?sid=OVID:medline&id=pmid:11307054&id=doi:&issn=1040-

8746&isbn=&volume=13&issue=3&spage=137&pages=137-

42&date=2001&title=C. 

Burkholder BM, Osborne B, Loguidice MJ, Bisker E, Frohman TC, Conger A, 



 

  

 

96 
 

Ratchford JN, Warner C, Markowitz CE, Jacobs D a, Galetta SL, Cutter GR, 

Maguire MG, Calabresi P a, Balcer LJ, Frohman EM (2009) Macular volume 

determined by optical coherence tomography as a measure of neuronal loss 

in multiple sclerosis. Arch Neurol 66:1366–1372. 

Butler PD, Silverstein SM, Dakin SC (2008) Visual Perception and Its Impairment 

in Schizophrenia. Biol Psychiatry 64:40–47. 

Chang LYL, Lowe J, Ardiles A, Lim J, Grey AC, Robertson K, Danesh-Meyer H, 

Palacios AG, Acosta ML (2014) Alzheimer’s disease in the human eye. 

Clinical tests that identify ocular and visual information processing deficit as 

biomarkers. Alzheimer’s Dement 10:251–261 Available at: 

http://dx.doi.org/10.1016/j.jalz.2013.06.004. 

Chatziralli IP, Moschos MM, Brouzas D, Kopsidas K, Ladas ID (2012) Evaluation 

of retinal nerve fibre layer thickness and visual evoked potentials in optic 

neuritis associated with multiple sclerosis. Clin Exp Optom 95:223–228 

Available at: http://www.ncbi.nlm.nih.gov/pubmed/22329676. 

Chen L, Gordon LK (2005) Ocular manifestations of multiple sclerosis. Curr Opin 

Ophthalmol 16:315–320. 

Cheung CY lui, Ikram MK, Chen C, Wong TY (2017) Imaging retina to study 

dementia and stroke. Prog Retin Eye Res 57:89–107. 

Cheung N, Mitchell P, Wong TY (2010a) Diabetic retinopathy. In: The Lancet, pp 

124–136. 

Cheung N, Mosley T, Islam A, Kawasaki R, Sharrett AR, Klein R, Coker LH, 



 

  

 

97 
 

Knopman DS, Shibata DK, Catellier D, Wong TY (2010b) Retinal 

microvascular abnormalities and subclinical magnetic resonance imaging 

brain infarct: A prospective study. Brain 133:1987–1993. 

Chorostecki J, Seraji-Bozorgzad N, Shah A, Bao F, Bao G, George E, Gorden V, 

Caon C, Frohman E, Tariq Bhatti M, Khan O (2015) Characterization of 

retinal architecture in Parkinson’s disease. J Neurol Sci 355:44–48. 

Chu EM-Y, Kolappan M, Barnes TRE, Joyce EM, Ron MA (2012) A window into 

the brain: an in vivo study of the retina in schizophrenia using optical 

coherence tomography. Psychiatry Res 203:89–94 Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4024658&tool=pm

centrez&rendertype=abstract. 

Clark ME, Kraft TW (2012) Measuring rodent electroretinograms to assess retinal 

function. Methods Mol Biol 884:265–276. 

Cohen RM, Rezai-Zadeh K, Weitz TM, Rentsendorj A, Gate D, Spivak I, Bholat 

Y, Vasilevko V, Glabe CG, Breunig JJ, Rakic P, Davtyan H, Agadjanyan MG, 

Kepe V, Barrio JR, Bannykh S, Szekely C a, Pechnick RN, Town T (2013) A 

transgenic Alzheimer rat with plaques, tau pathology, behavioral impairment, 

oligomeric aβ, and frank neuronal loss. J Neurosci 33:6245–6256 Available 

at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3720142&tool=pm

centrez&rendertype=abstract. 

Colton CA, Wilcock DM, Wink DA, Davis J, Van Nostrand WE, Vitek MP (2008) 



 

  

 

98 
 

The effects of NOS2 gene deletion on mice expressing mutated human 

AbetaPP. J Alzheimers Dis 15:571–587 Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2667339&tool=pm

centrez&rendertype=abstract. 

Coppola G, Di Renzo A, Ziccardi L, Martelli F, Fadda A, Manni G, Barboni P, 

Pierelli F, Sadun AA, Parisi V (2015) Optical coherence tomography in 

Alzheimer’s disease: A meta-analysis. PLoS One 10. 

Cronin-Golomb A (1995) Vision in Alzheimer’s disease. Gerontologist 35:370–

376 Available at: 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&d

opt=Citation&list_uids=7622089. 

Cronin-Golomb A, Corkin S, Growdon JH (1995) Visual dysfunction predicts 

cognitive deficits in Alzheimer’s disease. Optom Vis Sci 72:168–176. 

Cronin-Golomb A, Corkin S, Rizzo JF, Cohen J, Growdon JH, Banks KS (1991) 

Visual dysfunction in Alzheimer’s disease: relation to normal aging. Ann 

Neurol 29:41–52. 

Danesh-Meyer H V, Birch H, Ku JY-F, Carroll S, Gamble G (2006) Reduction of 

optic nerve fibers in patients with Alzheimer disease identified by laser 

imaging. Neurology 67:1852–1854 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/17130422. 

Davatzikos C, Resnick SM, Wu X, Parmpi P, Clark CM (2008) Individual patient 

diagnosis of AD and FTD via high-dimensional pattern classification of MRI. 



 

  

 

99 
 

Neuroimage 41:1220–1227. 

Davies EC, Galetta KM, Sackel DJ, Talman LS, Frohman EM, Calabresi PA, 

Galetta SL, Balcer LJ (2011) Retinal ganglion cell layer volumetric 

assessment by spectral-domain optical coherence tomography in multiple 

sclerosis: application of a high-precision manual estimation technique. J 

Neuroophthalmol 31:260–264 Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3412622&tool=pm

centrez&rendertype=abstract. 

De Seze J, Vukusic S, Viallet-Marcel M, Tilikete C, Zéphir H, Delalande S, 

Stojkovic T, Defoort-Dhellemmes S, Confavreux C, Vermersch P (2006) 

Unusual ocular motor findings in multiple sclerosis. J Neurol Sci 243:91–95. 

De Silva DA, Manzano JJF, Woon FP, Liu EY, Chen C, Chang HM, Wong TY, 

Wong MC (2010) Retinal microvascular changes predict recurrent vascular 

events following small vessel stroke but not other ischemic stroke subtypes. 

Int J Stroke 5:63 Available at: 

http://www.embase.com/search/results?subaction=viewrecord&from=export

&id=L70334912%5Cnhttp://dx.doi.org/10.1111/j.1747-

4949.2010.00480.x%5Cnhttp://wa2jp9pc9c.search.serialssolutions.com?sid

=EMBASE&issn=17474930&id=doi:10.1111%2Fj.1747-

4949.2010.00480.x&at. 

De Strooper B, Saftig P, Craessaerts K, Vanderstichele H, Guhde G, Annaert W, 

Von Figura K, Van Leuven F (1998) Deficiency of presenilin-1 inhibits the 

normal cleavage of amyloid precursor protein. Nature 391:387–390. 



 

  

 

100 
 

DellaCroce JT, Vitale AT (2008) Hypertension and the eye. Curr Opin 

Ophthalmol 19:493–498 Available at: 

http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an

=00055735-200811000-00008. 

Dick JP, Guiloff RJ, Stewart  a, Blackstock J, Bielawska C, Paul E a, Marsden 

CD (1984) Mini-mental state examination in neurological patients. J Neurol 

Neurosurg Psychiatry 47:496–499. 

Diniz BSO, Pinto Júnior J a, Forlenza OV (2008) Do CSF total tau, 

phosphorylated tau, and beta-amyloid 42 help to predict progression of mild 

cognitive impairment to Alzheimer’s disease? A systematic review and meta-

analysis of the literature. World J Biol Psychiatry 9:172–182. 

Doraiswamy PM (2002) Non-cholinergic strategies for treating and preventing 

Alzheimer’s disease. CNS Drugs 16:811–824. 

Du LY, Chang LYL, Ardiles AO, Tapia-Rojas C, Araya J, Inestrosa NC, Palacios 

AG, Acosta ML (2015) Alzheimer’s disease-related protein expression in the 

retina of Octodon degus. PLoS One 10. 

Edbauer D, Winkler E, Regula JT, Pesold B, Steiner H, Haass C (2003) 

Reconstitution of gamma-secretase activity. Nat Cell Biol 5:486–488. 

Einarsdottir AB, Hardarson SH, Kristjansdottir JV, Bragason DT, Snaedal J, 

Stefánsson E (2015) Retinal Oximetry Imaging in Alzheimer’s Disease. J 

Alzheimer’s Dis 49:79–83. 

Engler H, Forsberg A, Almkvist O, Blomquist G, Larsson E, Savitcheva I, Wall A, 



 

  

 

101 
 

Ringheim A, Långström B, Nordberg A (2006) Two-year follow-up of amyloid 

deposition in patients with Alzheimer’s disease. Brain 129:2856–2866. 

Ewing FME, Deary IJ, Mccrimmon RJ, Strachan MWJ, Frier BM (1998) Effect of 

acute hypoglycemia on visual information processing in adults with type 1 

diabetes mellitus. Physiol Behav 64:653–660. 

Fagan AM et al. (2014) Longitudinal change in CSF biomarkers in autosomal-

dominant Alzheimer’s disease. Sci Transl Med 6:226ra30. 

Fisher JB, Jacobs DA, Markowitz CE, Galetta SL, Volpe NJ, Nano-Schiavi ML, 

Baier ML, Frohman EM, Winslow H, Frohman TC, Calabresi PA, Maguire 

MG, Cutter GR, Balcer LJ (2006) Relation of visual function to retinal nerve 

fiber layer thickness in multiple sclerosis. Ophthalmology 113:324–332. 

Fodero LR, Mok SS, Losic D, Martin LL, Aguilar MI, Barrow CJ, Livett BG, Small 

DH (2004) Alpha7-nicotinic acetylcholine receptors mediate an Abeta(1-42)-

induced increase in the level of acetylcholinesterase in primary cortical 

neurones. J Neurochem 88:1186–1193. 

Folstein MF, Folstein SE, McHugh PR (1975) “Mini-mental state.” J Psychiatr 

Res 12:189–198 Available at: 

http://linkinghub.elsevier.com/retrieve/pii/0022395675900266. 

Folstein MF, Robins LN, Helzer JE (1983) The Mini-Mental State Examination. 

Arch Gen Psychiatry 40:812 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/6860082. 

Fotiou DF, Brozou CG, Haidich A-B, Tsiptsios D, Nakou M, Kabitsi A, 



 

  

 

102 
 

Giantselidis C, Fotiou F (2007) Pupil reaction to light in Alzheimer’s disease: 

evaluation of pupil size changes and mobility. Aging Clin Exp Res 19:364–

371. 

Fotiou F, Fountoulakis KN, Tsolaki M, Goulas A, Palikaras A (2000) Changes in 

pupil reaction to light in Alzheimer’s disease patients: A preliminary report. 

In: International Journal of Psychophysiology, pp 111–120. 

Francis PT, Parsons CG, Jones RW (2012) Rationale for combining 

glutamatergic and cholinergic approaches in the symptomatic treatment of 

Alzheimer’s disease. Expert Rev Neurother 12:1351–1365. 

Franzco PVW, Hadoux X, Alwan M, Hons M, Keel S, Dirani M (2017) Review 

Emerging ocular biomarkers of Alzheimer disease. :54–61. 

Frohman EM, Fujimoto JG, Frohman TC, Calabresi PA, Cutter G, Balcer LJ 

(2008) Optical coherence tomography: a window into the mechanisms of 

multiple sclerosis. Nat Clin Pract Neurol 4:664–675 Available at: 

http://www.nature.com/doifinder/10.1038/ncpneuro0950. 

Frost S, Kanagasingam Y, Sohrabi H, Vignarajan J, Bourgeat P, Salvado O, 

Villemagne V, Rowe CC, Macaulay SL, Szoeke C, Ellis K a, Ames D, 

Masters CL, Rainey-Smith S, Martins RN, AIBL Research Group (2013) 

Retinal vascular biomarkers for early detection and monitoring of 

Alzheimer’s disease. Transl Psychiatry 3:e233 Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3591002%7B&%7

Dtool=pmcentrez%7B&%7Drendertype=abstract. 



 

  

 

103 
 

Gagné AM, Hébert M, Maziade M (2015) Revisiting visual dysfunctions in 

schizophrenia from the retina to the cortical cells: A manifestation of 

defective neurodevelopment. Prog Neuro-Psychopharmacology Biol 

Psychiatry 62:29–34. 

Galea M, Woodward M (2005) Mini-mental state examination (MMSE). Aust J 

Physiother 51:198 Available at: http://dx.doi.org/10.1016/S0004-

9514(05)70034-9. 

Galetta KM, Graves J, Talman LS, Lile DJ, Frohman EM, Calabresi PA, Galetta 

SL, Balcer LJ (2012) Visual pathway axonal loss in benign multiple sclerosis: 

a longitudinal study. J Neuroophthalmol 32:116–123 Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3427935&tool=pm

centrez&rendertype=abstract. 

Gao L, Liu Y, Li X, Bai Q, Liu P (2015) Abnormal retinal nerve fiber layer 

thickness and macula lutea in patients with mild cognitive impairment and 

Alzheimer’s disease. Arch Gerontol Geriatr 60:162–167. 

Garcia-Martin E, Bambo MP, Marques ML, Satue M, Otin S, Larrosa JM, Polo V, 

Pablo LE (2016) Ganglion cell layer measurements correlate with disease 

severity in patients with Alzheimer’s disease. Acta Ophthalmol 94:e454–

e459. 

Garcia-Martin E, Polo V, Larrosa JM, Marques ML, Herrero R, Martin J, Ara JR, 

Fernandez J, Pablo LE (2014a) Retinal layer segmentation in patients with 

multiple sclerosis using spectral domain optical coherence tomography. 



 

  

 

104 
 

Ophthalmology 121:573–579. 

Garcia-Martin E, Pueyo V, Ara J, Almarcegui C, Martin J, Pablo L, Dolz I, Sancho 

E, Fernandez F (2011) Effect of optic neuritis on progressive axonal damage 

in multiple sclerosis patients. Mult Scler J 17:830–837 Available at: 

http://journals.sagepub.com/doi/10.1177/1352458510397414. 

Garcia-Martin E, Satue M, Otin S, Fuertes I, Alarcia R, Larrosa JM, Polo V, Pablo 

LE (2014b) Retina measurements for diagnosis of Parkinson disease. Retina 

34:971–980 Available at: http://www.ncbi.nlm.nih.gov/pubmed/24172914. 

Gilmore GC, Whitehouse PJ (1995) Contrast sensitivity in Alzheimer’s disease: a 

1-year longitudinal analysis. Optom Vis Sci 72:83–91. 

Goldstein LE, Muffat JA, Cherny RA, Moir RD, Ericsson MH, Huang X, Mavros C, 

Coccia JA, Faget KY, Fitch KA, Masters CL, Tanzi RE, Chylack LT, Bush AI 

(2003) Cytosolic ??-amyloid deposition and supranuclear cataracts in lenses 

from people with Alzheimer’s disease. Lancet 361:1258–1265. 

Graham EC, You Y, Yiannikas C, Garrick R, Parratt J, Barnett MH, Klistorner A 

(2016) Progressive Loss of Retinal Ganglion Cells and Axons in Nonoptic 

Neuritis Eyes in Multiple Sclerosis: A Longitudinal Optical Coherence 

Tomography Study. Invest Ophthalmol Vis Sci 57:2311–2317. 

Granholm E, Morris S, Galasko D, Shults C, Rogers E, Vukov B (2003) 

Tropicamide effects on pupil size and pupillary light reflexes in Alzheimer’s 

and Parkinson’s disease. Int J Psychophysiol 47:95–115. 

Graves AL, Green DG, Fisher LJ (1985) Light exposure can reduce selectively or 



 

  

 

105 
 

abolish the c-wave of the albino rat electroretinogram. Investig Ophthalmol 

Vis Sci 26:388–393. 

Green AJ, McQuaid S, Hauser SL, Allen I V., Lyness R (2010) Ocular pathology 

in multiple sclerosis: Retinal atrophy and inflammation irrespective of 

disease duration. Brain 133:1591–1601. 

Gundogan FC, Tas A, Sobaci G (2012) Using retinal architecture to help 

characterize patients who have multiple sclerosis. Can J Ophthalmol 47:189. 

Hall AM, Roberson ED (2013) Mouse Models of Alzheimer ’ s Disease. 88:3–12. 

Hancock HA, Guidry C, Read RW, Ready EL, Kraft TW (2005) Acute 

aminoglycoside retinal toxicity in vivo and in vitro. Investig Ophthalmol Vis 

Sci 46:4804–4808. 

Hancock HA, Kraft TW (2004) Oscillatory potential analysis and ERGs of normal 

and diabetic rats. Investig Ophthalmol Vis Sci 45:1002–1008. 

Harris JP, Calvert JE, Phillison OT (1992) Processing of spatial contrast in 

peripheral vision in parkinson’s disease. Brain 115:1447–1457. 

Henderson APD, Trip SA, Schlottmann PG, Altmann DR, Garway-Heath DF, 

Plant GT, Miller DH (2008) An investigation of the retinal nerve fibre layer in 

progressive multiple sclerosis using optical coherence tomography. Brain 

131:277–287. 

Henderson APD, Trip SA, Schlottmann PG, Altmann DR, Garway-Heath DF, 

Plant GT, Miller DH (2010) A preliminary longitudinal study of the retinal 

nerve fiber layer in progressive multiple sclerosis. J Neurol 257:1083–1091. 



 

  

 

106 
 

Hill E, Stuart S, Lord S, Del Din S, Rochester L (2016) Vision, visuo-cognition 

and postural control in Parkinson’s disease: An associative pilot study. Gait 

Posture 48:74–76. 

Hill JM, Dua P, Clement C, Lukiw WJ (2014) Opinion: An evaluation of 

progressive amyloidogenic and pro-inflammatory change in the primary 

visual cortex and retina in Alzheimer’s disease (AD). Front Neurosci 8:8–11. 

Hipp G, Diederich NJ, Pieria V, Vaillant M (2014) Primary vision and facial 

emotion recognition in early Parkinson’s disease. J Neurol Sci 338:178–182. 

Hurd MD, Martorell P, Delavande A, Mullen KJ, Langa KM (2013) Monetary costs 

of dementia in the United States. N Engl J Med 368:1326–1334 Available at: 

http://www.nejm.org/doi/full/10.1056/nejmsa1204629%5Cnhttp://dx.doi.org/1

0.1056/NEJMsa1204629%5Cnhttp://www.nejm.org/doi/abs/10.1056/NEJMs

a1204629. 

Hurd MD, Martorell P, Langa K (2015) Future Monetary Costs of Dementia in the 

United States Under Alternative Dementia Prevalence Scenarios. J Popul 

Ageing 8:101–112. 

Hutton JT, Morris JL, Elias JW, Poston JN (1993) Contrast sensitivity dysfunction 

in Alzheimer’s disease. Neurology 43:2328–2330 Available at: pm:8232951. 

Ikram MK, Cheung CY, Wong TY, Chen CPLH (2012) Retinal pathology as 

biomarker for cognitive impairment and Alzheimer’s disease. J Neurol 

Neurosurg Psychiatry 83:917–922. 

Inzelberg R, Ramirez JA, Nisipeanu P, Ophir A (2004) Retinal nerve fiber layer 



 

  

 

107 
 

thinning in Parkinson disease. Vision Res 44:2793–2797. 

Iseri PK, Altinas Z, Tokay T, Xen Yüksel N (2006) Relationship between 

Cognitive Impairment and Retinal Morphological and Visual Functional 

Abnormalities in Alzheimer Disease. J Neuro-Ophthalmol 26:18–24. 

Jackson GR, Owsley C (2003) Visual dysfunction, neurodegenerative diseases, 

and aging. Neurol Clin 21:709–728. 

Jagust W, Gitcho A, Sun F, Kuczynski B, Mungas D, Haan M (2006) Brain 

imaging evidence of preclinical Alzheimer’s disease in normal aging. Ann 

Neurol 59:673–681. 

Jagust WJ, Seab JP, Huesman RH, Valk PE, Mathis C a, Reed BR, Coxson PG, 

Budinger TF (1991) Diminished glucose transport in Alzheimer’s disease: 

dynamic PET studies. J Cereb Blood Flow Metab 11:323–330 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/1997504. 

Johnson DK, Storandt M, Morris JC, Galvin JE (2009) Longitudinal study of the 

transition from healthy aging to Alzheimer disease. Arch Neurol 66:1254–

1259 Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2795328&tool=pm

centrez&rendertype=abstract. 

Kalesnykas G, Tuulos T, Uusitalo H, Jolkkonen J (2008) Neurodegeneration and 

cellular stress in the retina and optic nerve in rat cerebral ischemia and 

hypoperfusion models. Neuroscience 155:937–947. 

Kallenbach K, Frederiksen J (2007) Optical coherence tomography in optic 



 

  

 

108 
 

neuritis and multiple sclerosis: a review. Eur J Neurol 14:841–849 Available 

at: http://www.ncbi.nlm.nih.gov/pubmed/17662003. 

Katz B, Rimmer S (1989) Ophthalmologic manifestations of Alzheimer’s disease. 

Surv Ophthalmol 34:31–43. 

Katz B, Rimmer S, Iragui V, Katzman R (1989) Abnormal pattern 

electroretinogram in Alzheimer’s disease: evidence for retinal ganglion cell 

degeneration? Ann Neurol 26:221–225. 

Kerrison JB, Flynn T, Green WR (1994) Retinal pathologic changes in multiple 

sclerosis. Retina 14:445–451 Available at: 

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=789

9721&retmode=ref&cmd=prlinks%5Cnpapers3://publication/uuid/D27AD246-

7986-493C-BD8D-E112D110524C. 

Kesler A, Vakhapova V, Korczyn AD, Naftaliev E, Neudorfer M (2011) Retinal 

thickness in patients with mild cognitive impairment and Alzheimer’s 

disease. Clin Neurol Neurosurg 113:523–526. 

Khanifar A a, Parlitsis GJ, Ehrlich JR, Aaker GD, D’Amico DJ, Gauthier S a, Kiss 

S (2010) Retinal nerve fiber layer evaluation in multiple sclerosis with 

spectral domain optical coherence tomography. Clin Ophthalmol 4:1007–

1013. 

Kim D, Wylie G, Pasternak R, Butler PD, Javitt DC (2006) Magnocellular 

contributions to impaired motion processing in schizophrenia. Schizophr Res 

82:1–8. 



 

  

 

109 
 

Kim J, Doop ML, Blake R, Park S (2005) Impaired visual recognition of biological 

motion in schizophrenia. Schizophr Res 77:299–307. 

Kirbas S, Turkyilmaz K, Anlar O, Tufekci A, Durmus M (2013a) Retinal nerve 

fiber layer thickness in patients with Alzheimer disease. J Neuro-

Ophthalmology 33. 

Kirbas S, Turkyilmaz K, Tufekci A, Durmus M (2013b) Retinal nerve fiber layer 

thickness in Parkinson disease. J Neuroophthalmol 33:62–65 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/23100041. 

Klein R, Klein BEK (1995) Vision disorders in diabetes. Diabetes Am 2nd 

ed.:293–338. 

Klistorner A, Garrick R, Barnett MH, Graham SL, Arvind H, Sriram P, Yiannikas C 

(2013) Axonal loss in nonoptic neuritis eyes of patients with multiple 

sclerosis linked to delayed visual evoked potential. Neurology 80:242–245. 

Koronyo-Hamaoui M, Koronyo Y, Ljubimov A V., Miller CA, Ko MHK, Black KL, 

Schwartz M, Farkas DL (2011) Identification of amyloid plaques in retinas 

from Alzheimer’s patients and noninvasive in vivo optical imaging of retinal 

plaques in a mouse model. Neuroimage 54. 

Krasodomska K, Lubiński W, Potemkowski A, Honczarenko K (2010) Pattern 

electroretinogram (PERG) and pattern visual evoked potential (PVEP) in the 

early stages of Alzheimer’s disease. Doc Ophthalmol 121:111–121. 

Krishnan GP, Vohs JL, Hetrick WP, Carroll CA, Shekhar A, Bockbrader MA, 

O’Donnell BF (2005) Steady state visual evoked potential abnormalities in 



 

  

 

110 
 

schizophrenia. Clin Neurophysiol 116:614–624. 

Kurlowicz L, Wallace M (1999) The Mini Mental State Examination (MMSE). Dir 

Cincinnati Ohio 7:62. 

Kusne Y, Wolf AB, Townley K, Conway M, Peyman GA (2016) Visual system 

manifestations of Alzheimer ’ s disease. :1–9. 

La Morgia C et al. (2015) Melanopsin retinal ganglion cell loss in Alzheimer 

disease. Ann Neurol:n/a-n/a Available at: 

http://dx.doi.org/10.1002/ana.24548. 

Lee AG, Martin CO (2004) Neuro-ophthalmic findings in the visual variant of 

Alzheimer’s disease. Ophthalmology 111:376–380. 

Lee JY, Ahn J, Kim TW, Jeon BS (2014) Optical coherence tomography in 

Parkinson’s disease: Is the retina a biomarker? J Parkinsons Dis 4:197–204. 

Lee WW, Tajunisah I, Sharmilla K, Peyman M, Subrayan V (2013) Retinal nerve 

fiber layer structure abnormalities in schizophrenia and its relationship to 

disease state: evidence from optical coherence tomography. Invest 

Ophthalmol Vis Sci 54:7785–7792 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/24135757. 

Levey A, Lah J, Goldstein F, Steenland K, Bliwise D (2006) Mild cognitive 

impairment: an opportunity to identify patients at high risk for progression to 

Alzheimer’s disease. ClinTher 28:991–1001. 

Lewallen S, Taylor TE, Molyneux ME, Wills BA, Courtright P (1993) Ocular 

fundus findings in Malawian children with cerebral malaria. Ophthalmology 



 

  

 

111 
 

100:857–861 Available at: http://www.ncbi.nlm.nih.gov/pubmed/8510897. 

Liew G, Wang JJ, Jin J (2011) Retinal vascular signs: a window to the heart? 

Rev Esp Cardiol 64:515–521. 

Lim JKH, Li Q-X, He  zheng, Vingrys AJP, Wong VHY, Currier N, Mullen J, Bui 

BV, Nguyen CTO (2016) The Eye as a Biomarker for Alzheimer’s Disease. 

Front Neurosci 10:536. 

Liu D, Zhang L, Li Z, Zhang X, Wu Y, Yang H, Min B, Zhang X, Ma D, Lu Y 

(2015) Thinner changes of the retinal nerve fiber layer in patients with mild 

cognitive impairment and Alzheimer’s disease. BMC Neurol 15:14 Available 

at: 

http://www.ncbi.nlm.nih.gov/pubmed/25886372%5Cnhttp://www.pubmedcent

ral.nih.gov/articlerender.fcgi?artid=PMC4342899. 

MacCormick IJC, Czanner G, Faragher B (2015) Developing retinal biomarkers 

of neurological disease: an analytical perspective. Biomark Med 9:691–701 

Available at: http://www.ncbi.nlm.nih.gov/pubmed/26174843. 

MacGillivray TJ, Trucco E, Cameron JR, Dhillon B, Houston JG, Van Beek EJR 

(2014) Retinal imaging as a source of biomarkers for diagnosis, 

characterization and prognosis of chronic illness or long-term conditions. Br 

J Radiol 87. 

Mailankody P, Battu R, Khanna A, Lenka A, Yadav R, Pal PK (2015) Optical 

coherence tomography as a tool to evaluate retinal changes in Parkinson’s 

disease. Park Relat Disord 21:1164–1169. 



 

  

 

112 
 

Marziani E, Pomati S, Ramolfo P, Cigada M, Giani A, Mariani C, Staurenghi G 

(2013) Evaluation of retinal nerve fiber layer and ganglion cell layer 

thickness in Alzheimer’s disease using spectral-domain optical coherence 

tomography. Invest Ophthalmol Vis Sci 54:5953–5958 Available at: 

http://www.ncbi.nlm.nih.gov.bibliosan.clas.cineca.it/pubmed/23920375. 

Matsuyama J, Ichikawa M, Oikawa T, Sato T, Kishida Y, Oda K, Maeda T, 

Yamada M, Kuromi Y, Matsumoto Y, Ando H, Sakuma J, Saito K (2014) 

Primary CNS lymphoma arising in the region of the optic nerve presenting as 

loss of vision: 2 Case reports, including a patient with a massive 

intracerebral hemorrhage. Brain Tumor Pathol 31:222–228. 

Maude RJ, Dondorp AM, Sayeed AA, Day NPJ, White NJ, Beare NA V (2009) 

The eye in cerebral malaria: what can it teach us? Trans R Soc Trop Med 

Hyg 103:661–664. 

Maurer K, Volk S, Gerbaldo H (1997) Auguste D and Alzheimer’s disease. 

Lancet 349:1546–1549. 

Mendez MF, Cherrier MM, Meadows RS (1996) Depth perception in Alzheimer’s 

disease. Percept Mot Skills 83:987–995. 

Miller N, Drachman DA (2006) The optic nerve: A window into diseases of the 

brain? Neurology 67:1742–1743. 

Moschos MM, Markopoulos I, Chatziralli I, Rouvas A, Papageorgiou SG, Ladas I, 

Vassilopoulos D (2012) Structural and functional impairment of the retina 

and optic nerve in Alzheimer’s disease. Curr Alzheimer Res 9:782–788. 



 

  

 

113 
 

Mullan M, Crawford F, Axelman K, Houlden H, Lilius L, Winblad B, Lannfelt L 

(1992) A pathogenic mutation for probable Alzheimer’s disease in the APP 

gene at the N-terminus of beta-amyloid. 

Normando EM, Davis BM, De Groef L, Nizari S, Turner LA, Ravindran N, 

Pahlitzsch M, Brenton J, Malaguarnera G, Guo L, Somavarapu S, Cordeiro 

MF (2016) The retina as an early biomarker of neurodegeneration in a 

rotenone-induced model of Parkinson’s disease: evidence for a 

neuroprotective effect of rosiglitazone in the eye and brain. Acta Neuropathol 

Commun 4:86 Available at: 

http://actaneurocomms.biomedcentral.com/articles/10.1186/s40478-016-

0346-z. 

Nwosu SNN (2000) Low vision in Nigerians with diabetes mellitus. Doc 

Ophthalmol 101:51–57. 

O’Donnell BF, Bismark A, Hetrick WP, Bodkins M, Vohs JL, Shekhar A (2006) 

Early stage vision in schizophrenia and schizotypal personality disorder. 

Schizophr Res 86:89–98. 

Oddo S, Caccamo A, Shepherd JD, Murphy MP, Golde TE, Kayed R, Metherate 

R, Mattson MP, Akbari Y, LaFerla FM (2003) Triple-Transgenic Model of 

Alzheimer’s Disease with Plaques and TanglesIntracellular Aβ and Synaptic 

Dysfunction. Neuron 39:409–421 Available at: 

http://dx.doi.org/10.1016/S0896-6273(03)00434-3. 

Ogden TE (1973) The oscillatory waves of the primate electroretinogram. Vision 



 

  

 

114 
 

Res 13. 

Oktem EO, Derle E, Kibaroglu S, Oktem C, Akkoyun I, Can U (2015) The 

relationship between the degree of cognitive impairment and retinal nerve 

fiber layer thickness. Neurol Sci 36:1141–1146 Available at: 

link.springer.de/link/service/journals/10072/index.htm%5Cnhttp://easyaccess

.lib.cuhk.edu.hk/login?url=http://ovidsp.ovid.com/ovidweb.cgi?T=JS&CSC=Y

&NEWS=N&PAGE=fulltext&D=emedx&AN=2015164877%5Cnhttp://findit.lib.

cuhk.edu.hk/852cuhk/?sid=OVID:embase&id=pmi. 

Oliveira-Souza FG, DeRamus ML, van Groen T, Lambert AE, Bolding MS, 

Strang CE (2017) Retinal changes in the Tg-SwDI mouse model of 

Alzheimer’s disease. Neuroscience 354:43–53 Available at: 

http://linkinghub.elsevier.com/retrieve/pii/S0306452217302701. 

Padmanabhan J, Levy M, Dickson DW, Potter H (2006) Alpha1-

antichymotrypsin, an inflammatory protein overexpressed in Alzheimer’s 

disease brain, induces tau phosphorylation in neurons. Brain 129:3020–

3034. 

Paquet C, Boissonnot M, Roger F, Dighiero P, Gil R, Hugon J (2007) Abnormal 

retinal thickness in patients with mild cognitive impairment and Alzheimer’s 

disease. Neurosci Lett 420:97–99 Available at: 

http://easyaccess.lib.cuhk.edu.hk/login?url=http://ovidsp.ovid.com/ovidweb.c

gi?T=JS&CSC=Y&NEWS=N&PAGE=fulltext&D=emed8&AN=2007259893%

5Cnhttp://findit.lib.cuhk.edu.hk/852cuhk/?sid=OVID:embase&id=pmid:&id=d

oi:10.1016%2Fj.neulet.2007.02.090&issn=0304-3940&is. 



 

  

 

115 
 

Patel SJ, Lundy DC (2002) Ocular manifestations of autoimmune disease. Am 

Fam Physician 66:991–998. 

Patton N, Aslam T, MacGillivray T, Pattie A, Deary IJ, Dhillon B (2005) Retinal 

vascular image analysis as a potential screening tool for cerebrovascular 

disease: A rationale based on homology between cerebral and retinal 

microvasculatures. J Anat 206:319–348. 

Pautler EL, Noell WK (1976) The slow ERG potentials in hereditary retinal 

dystrophy of albino and pigmented rats. Exp Eye Res 22:493–503. 

Petersen RC (2004) Mild cognitive impairment as a diagnostic entity. In: Journal 

of Internal Medicine, pp 183–194. 

Petersen RC (2009) Early diagnosis of Alzheimer’s disease: is MCI too late? Curr 

Alzheimer Res 6:324–330 Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3098139&tool=pm

centrez&rendertype=abstract. 

Petzold A, de Boer JF, Schippling S, Vermersch P, Kardon R, Green A, 

Calabresi P a, Polman C (2010) Optical coherence tomography in multiple 

sclerosis: a systematic review and meta-analysis. Lancet Neurol 9:921–932 

Available at: http://www.ncbi.nlm.nih.gov/pubmed/20723847. 

Pillai JA, Bermel R, Bonner-Jackson A, Rae-Grant A, Fernandez H, Bena J, 

Jones SE, Ehlers JP, Leverenz JB (2016) Retinal Nerve Fiber Layer 

Thinning in Alzheimer’s Disease: A Case-Control Study in Comparison to 

Normal Aging, Parkinson’s Disease, and Non-Alzheimer’s Dementia. Am J 



 

  

 

116 
 

Alzheimers Dis Other Demen. 

Price MJ, Feldman RG, Adelberg D, Kayne H (1992) Abnormalities in color vision 

and contrast sensitivity in Parkinson’s disease. Neurology 42:887–890. 

Pueyo V, Martin J, Fernandez J, Almarcegui C, Ara J, Egea C, Pablo L, Honrubia 

F (2008) Axonal loss in the retinal nerve fiber layer in patients with multiple 

sclerosis. Mult Scler 14:609–614. 

Pula JH, Reder AT (2009) Multiple sclerosis. Part I: neuro-ophthalmic 

manifestations. Curr Opin Ophthalmol 20:467–475 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/19809319. 

Ratchford JN, Saidha S, Sotirchos ES, Oh JA, Seigo MA, Eckstein C, Durbin MK, 

Oakley JD, Meyer SA, Conger A, Frohman TC, Newsome SD, Balcer LJ, 

Frohman EM, Calabresi PA (2013) Active MS is associated with accelerated 

retinal ganglion cell/inner plexiform layer thinning. Neurology 80:47–54. 

Rizzo M, Anderson SW, Dawson J, Nawrot M (2000) Vision and cognition in 

Alzheimer’s disease. Neuropsychologia 38:1157–1169. 

Roth NM, Saidha S, Zimmermann H, Brandt AU, Isensee J, Benkhellouf-

Rutkowska A, Dornauer M, Kühn AA, Müller T, Calabresi PA, Paul F (2014) 

Photoreceptor layer thinning in idiopathic Parkinson’s disease. Mov Disord 

29:1163–1170. 

Rubin GR, Kraft TW (2007) Flicker assessment of rod and cone function in a 

model of retinal degeneration. Doc Ophthalmol 115:165–172 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/17674067. 



 

  

 

117 
 

Sadun AA, Borchert M, DeVita E, Hinton DR, Bassi CJ (1987) Assessment of 

visual impairment in patients with Alzheimer’s disease. Am J Ophthalmol 

104:113–120. 

Saidha S, Syc SB, Durbin MK, Eckstein C, Oakley JD, Meyer S a., Conger  a., 

Frohman TC, Newsome S, Ratchford JN, Frohman EM, Calabresi P a. 

(2011) Visual dysfunction in multiple sclerosis correlates better with optical 

coherence tomography derived estimates of macular ganglion cell layer 

thickness than peripapillary retinal nerve fiber layer thickness. Mult Scler J 

17:1449–1463. 

Sakai RE, Feller DJ, Galetta KM, Galetta SL, Balcer LJ (2011) Vision in multiple 

sclerosis: the story, structure-function correlations, and models for 

neuroprotection. J Neuroophthalmol 31:362–373 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/22089500. 

Satue M, Garcia-Martin E, Fuertes I, Otin S, Alarcia R, Herrero R, Bambo MP, 

Pablo LE, Fernandez FJ (2013) Use of Fourier-domain OCT to detect retinal 

nerve fiber layer degeneration in Parkinson’s disease patients. Eye (Lond) 

27:507–514 Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3626016&tool=pm

centrez&rendertype=abstract. 

Satue M, Seral M, Otin S, Alarcia R, Herrero R, Bambo MP, Fuertes MI, Pablo 

LE, Garcia-Martin E (2014) Retinal thinning and correlation with functional 

disability in patients with Parkinson’s disease. Br J Ophthalmol 98:350–355 

Available at: http://bjo.bmj.com/content/98/3/350.long. 



 

  

 

118 
 

Sauerbier A, Ray Chaudhuri K (2013) Parkinson’s disease and vision. Basal 

Ganglia 3:159–163. 

Scheltens P, Blennow K, Breteler MMB, de Strooper B, Frisoni GB, Salloway S, 

Van der Flier WM (2016) Alzheimer’s disease. Lancet. 

Schneider M, Müller HP, Lauda F, Tumani H, Ludolph AC, Kassubek J, Pinkhardt 

EH (2014) Retinal single-layer analysis in Parkinsonian syndromes: An 

optical coherence tomography study. J Neural Transm 121:41–47. 

Scinto LFM (2007) ApoE allelic variability influences pupil response to cholinergic 

challenge and cognitive impairment. Genes, Brain Behav 6:209–215. 

Serrano-Pozo A, Frosch MP, Masliah E, Hyman BT (2011) Neuropathological 

alterations in Alzheimer disease. Cold Spring Harb Perspect Med 1. 

Shakespeare TJ, Kaski D, Yong KXX, Paterson RW, Slattery CF, Ryan NS, 

Schott JM, Crutch SJ (2015) Abnormalities of fixation, saccade and pursuit 

in posterior cortical atrophy. Brain 138:1976–1991. 

Sheehan B (2012) Assessment scales in dementia. Ther Adv Neurol Disord 

5:349–358 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/23139705%5Cnhttp://www.pubmedcent

ral.nih.gov/articlerender.fcgi?artid=PMC3487532. 

Shi Z, Wu Y, Wang M, Cao J, Feng W, Cheng Y, Li C, Shen Y (2014) Greater 

attenuation of retinal nerve fiber layer thickness in Alzheimer’s disease 

patients. J Alzheimer’s Dis 40:277–283. 

Silverstein S, Keane BP, Blake R, Giersch A, Green M, Kéri S (2015a) Vision in 



 

  

 

119 
 

schizophrenia: Why it matters. Front Psychol 6. 

Silverstein SM, Keane BP (2011) Vision science and schizophrenia research: 

Toward a re-view of the disorder editors’ introduction to special section. 

Schizophr Bull 37:681–689. 

Silverstein SM, Rosen R, Sciences H, Eye Y (2015b) HHS Public Access. 2:46–

55. 

Sloane PD, Zimmerman S, Suchindran C, Reed P, Wang L, Boustani M, Sudha 

S (2002) The public health impact of Alzheimer’s disease, 2000-2050: 

potential implication of treatment advances. Annu Rev Public Health 23:213–

231 Available at: http://www.ncbi.nlm.nih.gov/pubmed/11910061. 

Slotnick S, Ding Y, Glazman S, Durbin M, Miri S, Selesnick I, Sherman J, Bodis-

Wollner I (2015) A novel retinal biomarker for Parkinson’s disease: 

Quantifying the foveal pit with optical coherence tomography. Mov Disord 

30:1692–1695. 

Snyder PJ, Johnson LN, Ying Y, Maruff P, Fern B (2016) Nonvascular retinal 

imaging markers of preclinical Alzheimer ’ s disease. 4:169–178. 

Stanton  a V, Wasan B, Cerutti  a, Ford S, Marsh R, Sever PP, Thom S a, 

Hughes  a D (1995) Vascular network changes in the retina with age and 

hypertension. J Hypertens 13:1724–1728 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/10832813. 

Stein J et al. (2012) Assessing cognitive changes in the elderly: Reliable Change 

Indices for the Mini-Mental State Examination. Acta Psychiatr Scand 



 

  

 

120 
 

126:208–218. 

Talman LS et al. (2010) Longitudinal study of vision and retinal nerve fiber layer 

thickness in multiple sclerosis. Ann Neurol 67:749–760. 

Thomson KL, Yeo JM, Waddell B, Cameron JR, Pal S (2015) A systematic 

review and meta-analysis of retinal nerve fiber layer change in dementia, 

using optical coherence tomography. Alzheimer’s Dement Diagnosis, 

Assess Dis Monit 1:136–143 Available at: 

http://www.sciencedirect.com/science/article/pii/S2352872915000366. 

Tian T, Zhu X-H, Liu Y-H (2011) Potential role of retina as a biomarker for 

progression of Parkinson’s disease. Int J Ophthalmol 4:433–438 Available 

at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3340867&tool=pm

centrez&rendertype=abstract. 

Toledo J, Sepulcre J, Salinas-Alaman  a, García-Layana  a, Murie-Fernandez M, 

Bejarano B, Villoslada P (2008) Retinal nerve fiber layer atrophy is 

associated with physical and cognitive disability in multiple sclerosis. Mult 

Scler 14:906–912. 

Toner CK, Reese BE, Neargarder S, Riedel TM, Gilmore GC, Cronin-Golomb A 

(2012) Vision-fair neuropsychological assessment in normal aging, 

Parkinson’s disease and Alzheimer’s disease. Psychol Aging 27:785–790 

Available at: http://doi.apa.org/getdoi.cfm?doi=10.1037/a0026368. 

Trick GL, Barris MC, Bickler???Bluth M (1989) Abnormal pattern 



 

  

 

121 
 

electroretinograms in patients with senile dementia of the alzheimer type. 

Ann Neurol 26:226–231. 

Tsai Y, Lu B, Ljubimov A V., Girman S, Ross-Cisneros FN, Sadun AA, Svendsen 

CN, Cohen RM, Wang S (2014) Ocular changes in TGF344-AD rat model of 

Alzheimer’s disease. Investig Ophthalmol Vis Sci 55:523–534. 

Tschacher W, Genner R, Bryjová J, Schaller E, Samson AC (2015) Investigating 

vision in schizophrenia through responses to humorous stimuli. Schizophr 

Res Cogn 2:84–88. 

Tsironi EE, Dastiridou A, Katsanos A, Dardiotis E, Veliki S, Patramani G, 

Zacharaki F, Ralli S, Hadjigeorgiou GM (2012) Perimetric and retinal nerve 

fiber layer findings in patients with Parkinson’s disease. BMC Ophthalmol 

12:54 Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3515471&tool=pm

centrez&rendertype=abstract. 

Tzekov R, Arden GB (1999) The electroretinogram in diabetic retinopathy. Surv 

Ophthalmol 44:53–60. 

Uhlmann RF, Larson EB, Koepsell TD, Rees TS, Duckert LG (1991) Visual 

impairment and cognitive dysfunction in Alzheimer’s disease. J Gen Intern 

Med 6:126–132 Available at: http://www.ncbi.nlm.nih.gov/pubmed/2023019. 

van Reyk DM, Gillies MC, Davies MJ (2003) The retina: oxidative stress and 

diabetes. Redox Rep 8:187–192 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/14599341. 



 

  

 

122 
 

Vitório R, Lirani-Silva E, Barbieri FA, Raile V, Batistela RA, Stella F, Gobbi LTB 

(2012) The role of vision in Parkinson’s disease locomotion control: Free 

walking task. Gait Posture 35:175–179. 

Wachtmeister L (1998) Oscillatory potentials in the retina: What do they reveal. 

Prog Retin Eye Res 17:485–521. 

Wachtmeister L, Dowling JE (1978) The oscillatory potentials of the mudpuppy 

retina. Investig Ophthalmol Vis Sci 17:1176–1188. 

Wallace M, Kurlowicz L (1999) The Mini Mental State Examination (MMSE). try 

this Best Pract Nurs Care to Older Adults from Hartford Inst Geriatr Nurs. 

Walter SD, Ishikawa H, Galetta KM, Sakai RE, Feller DJ, Henderson SB, Wilson 

JA, Maguire MG, Galetta SL, Frohman E, Calabresi PA, Schuman JS, 

Balcer LJ (2012) Ganglion cell loss in relation to visual disability in multiple 

sclerosis. Ophthalmology 119:1250–1257. 

Watson GM, Keltner JL, Chin EK, Harvey D, Nguyen A, Park SS (2011) 

Comparison of retinal nerve fiber layer and central macular thickness 

measurements among five different optical coherence tomography 

instruments in patients with multiple sclerosis and optic neuritis. J 

Neuroophthalmol 31:110–116. 

Weidner C (1976) The c-wave in the erg of albino rat. Vision Res 16:753–763. 

Weil RS, Schrag AE, Warren JD, Crutch SJ, Lees AJ, Morris HR (2016) Visual 

dysfunction in Parkinson’s disease. Brain 139:2827–2843. 

Welsh-Bohmer K a. (2008) Defining “Prodromal” Alzheimer’s Disease, 



 

  

 

123 
 

Frontotemporal Dementia, and Lewy Body Dementia: Are the there yet? 

Neuropsychol Rev 18:70–72. 

White VA, Lewallen S, Beare NA V, Molyneux ME, Taylor TE (2009) Retinal 

pathology of pediatric cerebral malaria in Malawi. PLoS One 4. 

Williams MA, McGowan AJ, Cardwell CR, Cheung CY, Craig D, Passmore P, 

Silvestri G, Maxwell AP, McKay GJ (2015) Retinal microvascular network 

attenuation in Alzheimer’s disease. Alzheimer’s Dement Diagnosis, Assess 

Dis Monit 1. 

Wilson RS, Barnes LL, Aggarwal NT, Boyle PA, Hebert LE, Mendes De Leon CF, 

Evans DA (2010) Cognitive activity and the cognitive morbidity of Alzheimer 

disease. Neurology 75:990–996. 

Wong T, Mitchell P (2007) The eye in hypertension. Lancet 369:425–435. 

Wong TY (2004) Is retinal photography useful in the measurement of stroke risk? 

Lancet Neurol 3:179–183. 

Wong TY, Kamineni A, Klein R, Sharrett AR, Klein BE, Siscovick DS, Cushman 

M, Duncan BB (2006) Quantitative retinal venular caliber and risk of 

cardiovascular disease in older persons: the cardiovascular health study. 

Arch Intern Med 166:2388–2394 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/17130394. 

Wong TY, Klein R, Couper DJ, Cooper LS, Shahar E, Hubbard LD, Wofford MR, 

Sharrett AR (2001a) Retinal microvascular abnormalities and incident stroke: 

The Atherosclerosis Risk in Communities Study. Lancet 358:1134–1140. 



 

  

 

124 
 

Wong TY, Klein R, Klein BEK, Tielsch JM, Hubbard L, Nieto FJ (2001b) Retinal 

microvascular abnormalities and their relationship with hypertension, 

cardiovascular disease, and mortality. Surv Ophthalmol 46:59–80. 

Wong TY, Klein R, Sharrett  a R, Couper DJ, Klein BEK, Liao D-P, Hubbard LD, 

Mosley TH (2002) Cerebral white matter lesions, retinopathy, and incident 

clinical stroke. JAMA 288:67–74 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/12090864. 

Wyss-Coray T, Masliah E, Mallory M, McConlogue L, Johnson-Wood K, Lin C, 

Mucke L (1997) Amyloidogenic role of cytokine TGF-beta1 in transgenic 

mice and in Alzheimer’s disease. Nature 389:603–606. 

Yang S, Smit AF, Schwartz S, Chiaromonte F, Roskin KM, Haussler D, Miller W, 

Hardison RC (2004) Patterns of insertions and their covariation with 

substitutions in the rat, mouse, and human genomes. Genome Res 14:517–

527. 

Yoon JH, Sheremata SL, Rokem A, Silver MA (2013) Windows to the soul: vision 

science as a tool for studying biological mechanisms of information 

processing deficits in schizophrenia. Front Psychol 4 Available at: 

http://journal.frontiersin.org/article/10.3389/fpsyg.2013.00681/abstract. 

Yu J-G, Feng Y-F, Xiang Y, Huang J-H, Savini G, Parisi V, Yang W-J, Fu X-A 

(2014) Retinal nerve fiber layer thickness changes in Parkinson disease: a 

meta-analysis. PLoS One 9:e85718  

 



 

  

 

125 
 

Table 1. Experimental Protocol 

Dark Adapted Recordings 

 Stimulus 
 

 ND 
Duration 

(ms) 
Delay (ms) 

Number of 

Sweeps 
ISI (s) 

Points/ 

Sweep 
ms/ point 

Scotopic 

Flashes 

4.2 

2 250 

10 1.3 

2000 
0.50 

3.6 10 2.2 

2.4 4 2.2 

1.2 3 10.2 

0.6 3 30.2 

0.0 3 30.2 

Camera 

Flash 
0.0 3 90.0 

CFF 3.6 5000 500 6 10 24000 
0.25 

DC 

Steps 

(c- and 

d-

waves) 

3.3 

5000 500 5 12 18000 
0.50 

2.7 

1.5 

0.0 

Photopic 

Negative 

1.5 

2 250 10 1.3 2000 
0.50 

0.9 

0.0 

 

Light Adaptation (3 minutes) 

Light Adapted Recordings 

Camera 

Flash 
2.7 2 250 3 90 2000 

0.50 

CFF 0.0 5000 500 6 10 24000 
0.25 

  



 

  

 

126 
 

Table 2. a-waves: Photoreceptors (Rods and Cones) 

9-Month-Old 

 
Amplitude 

WT TgF344-AD 
p-value 

Scotopic Flashes 

ND 
Mean±SEM (μV) 

4.2 4.1±0.5 
4.6±0.7 

0.52 

3.6 
6.3±1.3 6.3±1.3 

0.99 

2.4 
11.9±2.6 7.6±1.6 

0.22 

1.2 
16.0±3.6 13.2±2.4 

0.55 

0.6 
25.7±4.2 27.5±3.7 

0.76 

0.0 
52.3±9.9 58.3±6.8 

0.65 

Camera Flashes 
DA 0.0 

226.7±21.4 303.0±24.0 
0.04 

LA 2.7 
156.8±13.4 195.6±16.6 

0.10 

 

16-Month-Old 

 
Amplitude  

WT TgF344-AD 
p-value 

Scotopic Flashes 

ND 
Mean±SEM (μV) 

4.2 
11.0±0.6 10.4±0.7 

0.54 

3.6 
14.4±0.9 12.7±1.0 

0.201 

2.4 
29.5±2.4 20.3±1.8 

0.0055 

1.2 
51.0±2.4 45.3±2.5 

0.12 

0.6 
86.2±5.6 79.6±5.6 

0.42 

0.0 
134.1±7.1 133.8±8.9 

0.98 

Camera Flashes 
DA 0.0 

224.4±6.1 248.9±15.6 
0.18 

LA 2.7 
67.1±8.2 68.3±9.1 

0.92 
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Table 3. b-waves: On Bipolar Cells 

9-Month-Old 

 

Amplitude  
Implicit Time  

WT TgF344-AD 

p-value 

WT 
TgF344-AD 

p-value 

Scotopic Flashes 

ND 
Mean±SEM (μV) 

Mean±SEM (ms) 

4.2 
22.8±3.1 

25.38±5.42 
0.67 

117.4±14.7 77.5±11.1 
0.07 

3.6 
52.9±9.1 64.2±9.4 

0.41 
93.3±14.7 87.2±15.4 

0.78 

2.4 
240.8±44.1 329.6±46.6 

0.20 
103.4±6.8 103.62±9.3 

0.99 

1.2 
505.0±70.1 677.4±81.6 

0.14 
93.5±7.1 106.2±5.7 

0.21 

0.6 
553.2±71.0 768.2±76.6 

0.07 
75.0±2.1 82.9±3.2 

0.07 

0.0 
564.8±75.4 774.0±81.0 

0.09 
57.8±1.6 61.8±3.2 

0.27 

Camera Flashes 

DA 
0.0 

718.5±67.4 894.2±84.0 
0.13 

67.0±2.2 59.7±7.8 
0.36 

LA 
2.7 

406.7±33.0 429.6±36.7 
0.65 

45.3±2.1 45.1±4.9 
0.96 

 

16-Month-Old 

 

Amplitude  
Implicit Time  

WT TgF344-AD 

p-value 

WT 
TgF344-AD 

p-value 

Scotopic Flashes 

ND 
Mean±SEM (μV) 

Mean±SEM (ms) 

4.2 
70.2±6.9 83.8±5.1 

0.12 
82.8±7.1 96.4±6.2 

0.16 

3.6 
156.1±14.2 198.7±13.5 

0.041 
92.0±6.0 102.3±2.9 

0.12 

2.4 
425.8±25.7 522.1±34.5 

0.041 
87.1±2.7 101.3±4.3 

0.014 

1.2 
583.3±20.8 679.2±44.8 

0.081 
63.5±1.6 72.6±1.8 

0.0015 

0.6 
640.1±27.1 713.4±49.2 

0.23 
56.4±1.3 62.3±1.2 

0.0035 

0.0 
710.6±25.6 789.7±51.8 

0.21 
56.2±1.1 62.8±1.4 

0.0023 

Camera Flashes 

DA 
0.0 

761.4±22.3 845.1±50.9 
0.17 

60.0±2.0 61.2±2.1 
0.68 

LA 
2.7 

232.6±13.0 229.5±16.4 
0.89 

52.1±2.5 52.0±2.2 
0.97 
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Table 4. a-wave/b-wave Ratio 

9-Month-Old 

 WT TgF344-AD 
p-value 

Scotopic Flashes 

ND Mean±SEM (%) 

4.2 21.1±5.2 19.9±3.8 0.99 

3.6 14.3±4.5 9.8±2.1 0.41 

2.4 5.8±1.6 2.4±0.5 0.089 

1.2 3.2±0.5 2.0±0.3 0.078 

0.6 4.6±0.3 3.6±0.4 0.097 

0.0 9.0±0.8 7.6±0.6 0.19 

Camera Flashes 
DA 0.0 31.7±1.4 34.4±1.9 0.27 

LA 2.7 37.5±2.1 45.6±1.0 0.0102 

 

16-Month-Old 

 WT TgF344-AD 
p-value 

Scotopic Flashes 

ND Mean±SEM (%) 

4.2 17.5±2.1 13.2±1.4 0.086 

3.6 10.4±1.3 6.8±0.8 0.023 

2.4 7.2±0.6 4.2±0.6 0.003 

1.2 8.8±0.5 6.9±0.4 0.002 

0.6 13.4±0.6 11.3±0.5 0.011 

0.0 18.9±0.7 17.1±0.7 0.10 

Camera Flashes 
DA 0.0 29.6±0.8 29.6±0.8 0.99 

LA 2.7 28.0±2.5 28.6±2.4 0.86 
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Table 5. c-waves  

9-Month-Old 

 
Amplitude  Implicit Time  

WT TgF344-AD 
p-value 

WT TgF344-AD 

p-value 
ND Mean±SEM (μV) Mean±SEM (ms) 

3.3 56.1±7.8 51.6±8.2 0.73 293.2±32.9 307.5±27.0 0.78 

2.7 137.5±15.3 117.1±14.3 0.41 265.8±17.1 253.5±7.6 0.6004 

1.5 212.2±22.2 235.6±14.1 0.47 266.8±35.5 248.6±11.4 0.701 

0.0 94.1±8.3 139.4±13.9 0.028 458.3±39.3 335.8±13.8 0.043 

 

16-Month-Old 

 
Amplitude  Implicit Time  

WT TgF344-AD 
p-value 

WT TgF344-AD 

p-value 
ND Mean±SEM (μV) Mean±SEM (ms) 

3.3 147.3±8.9 136.1±12.6 0.49 171.3±24.9 210.2±18.3 0.21 

2.7 171.2±12.2 178.6±17.1 0.74 160.4±30.1 209.1±22.9 0.21 

1.5 105.5±9.3 129.7±13.8 0.18 249.5±27.3 290.7±32.6 0.36 

0.0 Virtually Inexistent 
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Table 6. d-waves: Off Bipolar Cells 

9-Month-Old 

 
Amplitude  Implicit Time  

WT TgF344-AD 
p-value 

WT TgF344-AD 

p-value 
ND Mean±SEM (μV) Mean±SEM (ms) 

3.3 118.2±9.1 144.8±13.4 0.16 169.0±12.3 184.0±5.0 0.38 

2.7 91.4±8.4 127.5±11.8 0.048 151.4±15.8 137.0±12.8 0.55 

1.5 63.3±4.3 83.1±6.4 0.042 147.2±8.4 133.5±8.3 0.33 

0.0 111.8±3.7 94.8±2.2 0.0095 164.0±10.8 122.5±9.5 0.034 

 

16-Month-Old 

 
Amplitude  Implicit Time  

WT TgF344-AD 
p-value 

WT TgF344-AD 

p-value 
ND Mean±SEM (μV) Mean±SEM (ms) 

3.3 92.2±4.7 111.3±5.6 0.019 115.1±6.5 121.8±8.0 0.54 

2.7 76.3±3.5 85.1±4.6 0.16 103.0±5.5 113.3±6.5 0.25 

1.5 64.9±3.8 65.5±3.0 0.89 104.0±7.2 112.0±6.0 0.401 

0.0 98.2±4.5 104.5±5.6 0.41 83.2±5.7 88.3±5.7 0.54 

 
 
 
  
 
 
 
 
 
 
 
 
 



 

  

 

131 
 

Table 7. CFF (Photoreceptors: Rods and Cones) and Oscillatory 
Potentials (Amacrine Cells) 

9-Month-Old 

 

CFF: Photoreceptors (Rods and 
Cones) 

Oscillatory Potentials: Amacrine 
Cells 

WT TgF344-AD 
p-value 

WT TgF344-AD 

p-value 
Mean±SEM (Hz) Mean±SEM (μV.s) 

DA 21.1±0.5 22.0±1.1 0.45 1.7±0.1 2.5±0.2 0.0085 

LA 37.9±0.6 39.1±1.8 0.52 1.8±0.1 2.1±0.2 0.29 

 

16-Month-Old 

 

CFF: Photoreceptors (Rods and 
Cones) 

Oscillatory Potentials: Amacrine 
Cells 

WT TgF344-AD 
p-value 

WT TgF344-AD 
p-value 

Mean±SEM (Hz) Mean±SEM (μV.s) 

DA 30.1±1.0 26.5±1.3 0.048 1.5±0.1 1.9±0.1 0.016 

LA 31.1±0.9 31.6±0.9 0.73 0.7±0.1 0.6±0.1 0.81 
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Table 8. Photopic Negative Responses: Ganglion Cells 

9-Month-Old 

 
Amplitude  Implicit Time  

WT TgF344-AD 
p-value 

WT TgF344-AD 

p-value 
ND Mean±SEM (μV) Mean±SEM (ms) 

1.5 20.9±2.7 21.5±4.1 0.92 114.5±2.1 107.4±4.7 0.201 

0.9 70.9±7.5 82.4±9.8 0.39 126.7±4.1 124.8±1.6 0.704 

0.0 112.1±11.4 142.4±12.7 0.12 153.5±6.2 154.2±7.9 0.95 

 

16-Month-Old 

 
Amplitude  Implicit Time  

WT TgF344-AD 
p-value 

WT TgF344-AD 

p-value 
ND Mean±SEM (μV) Mean±SEM (ms) 

1.5 29.7±2.8 74.6±27.4 0.15 88.0±8.0 102.7±5.6 0.14 

0.9 52.0±6.2 125.6±43.9 0.14 98.1±10.4 96.0±6.1 0.86 

0.0 118.5±11.9 192.9±43.2 0.16 74.4±2.3 97.6±12.7 0.13 
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Figure 1. Retinal layers and cell types. This cartoon figure depicts the cell types 

contained in each retinal layer. Retinal pigment epithelium (RPE) = RPE cells. 

Outer nuclear layer (ONL) = photoreceptor cell bodies. Outer inner nuclear layer 

(oINL) = horizontal and bipolar cell bodies. Inner inner nuclear layer (iINL) = 

amacrine cells. Ganglion cell layer (GCL) = ganglion cells and displaced 

amacrine cells. Nerve fiber layer (NFL) = astrocytes. 
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Figure 2. ERG responses and the cell types that elicit them. Panel A: a-wave 

represents photoreceptor (rods and cones) responses; b-wave originates from on 
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bipolar cell; oscillatory potential (OP) is from amacrine cells. Panel B: c-wave 

represents retinal pigment epithelium (RPE) cells and Müller cell responses; d-

wave is from off bipolar cells. Panel C: critical flicker fusion (CFF) emanates from 

photoreceptors. Panel D: photopic negative response stems from ganglion cells. 
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Figure 3. Representative a-wave traces in response to a bright stimulus, from 9-

Month-Old (mo) animals. 9 mo WT (light red) had lower a-waves than 9 mo 

TgF344-AD (gray).  
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Figure 4. a-waves results. As compared to WT, TgF344-AD animals had higher 

a-wave responses to a bright stimulus at 9 mo, but smaller responses at 16 mo 

at ND 2.4. [9 mo WT (light red); 9 mo TgF344-AD (gray); 16 mo WT (dark red); 

16 mo TgF344-AD (black). (*) p<0.05; (+) p<0.01. Bars represent standard error 

of mean (SEM).]  
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Figure 5. b-waves results. As compared to WT, 16 mo TgF344-AD rats displayed 

higher b-wave responses at ND 3.6 and 2.4. [9 mo WT (light red); 9 mo TgF344-

AD (gray); 16 mo WT (dark red); 16 mo TgF344-AD (black). (*) p<0.05; Bars 

represent SEM.]  
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Figure 6. Representative b-wave traces showing that 16 mo TgF344-AD (black) 

rats displayed higher responses than WT (dark red) at ND 2.4.  
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Figure 7. Implicit time b-waves results. As compared to WT, 16 mo TgF344-AD 

rats displayed slower implicit time at ND 2.4, 1.2, 0.6 and 0.0. ]9 mo WT (light 

red); 9 mo TgF344-AD (gray); 16 mo WT (dark red); 16 mo TgF344-AD (black). 

(*) p<0.05; (+) p<0.01. Bars represent SEM.]  
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Figure 8. a-wave to b-wave ratios. As compared to WT, 9 mo TgF344-AD rats 

displayed higher a-wave to b-wave ratio to a bright stimulus; but lower for 16 mo 

at ND 3.6, 2.4, 1.2 and 0.6. [9 mo WT (light red); 9 mo TgF344-AD (gray); 16 mo 

WT (dark red); 16 mo TgF344-AD (black). (*) p<0.05; (+) p<0.01. Bars represent 

SEM.]  
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Figure 9. c-waves results. As compared to WT, 9 mo TgF344-AD rats displayed 

higher c-wave corneal negative deflection amplitude at ND 0.0, which was 

entirely abolished in 16 mo animals. [9 mo WT (light red); 9 mo TgF344-AD 

(gray); 16 mo WT (dark red); 16 mo TgF344-AD (black). (*) p<0.05. Bars 

represent SEM.]  
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Figure 10. Representative c-wave traces from 9 mo animals. TgF344-AD (gray) 

displayed higher c-wave corneal negative deflection component, as compared to 

WT (light red). 
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Figure 11. Implicit time c-waves corneal negative deflection results. 9 mo 

TgF344-AD rats, as compared to WT, displayed faster implicit time at ND 0.0. [9 

mo WT (light red); 9 mo TgF344-AD (gray); 16 mo WT (dark red); 16 mo 

TgF344-AD (black). (*) p<0.05. Bars represent SEM.] 

 

 



 

  

 

145 
 

 

Figure 12. d-waves results. As compared to WT, TgF344-AD rats displayed 

higher d-waves at ND 2.7 and 1.5, but lower responses at ND 0.0, at 9 mo; and 

higher responses at ND 3.3 at 16 mo. [9 mo WT (light red); 9 mo TgF344-AD 

(gray); 16 mo WT (dark red); 16 mo TgF344-AD (black). (*) p<0.05; (+) p<0.01. 

Bars represent SEM.] 
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Figure 13. Implicit time d-waves results. 9 mo TgF344-AD rats displayed faster 

implicit time than WT at ND 0.0. [9 mo WT (light red); 9 mo TgF344-AD (gray); 16 

mo WT (dark red); 16 mo TgF344-AD (black). (*) p<0.05. Bars represent SEM.] 
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Figure 14. Representative d-wave traces showing that 16 mo TgF344-AD (black) 

rats displayed higher responses than WT (dark red) at ND 3.3.  
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Figure 15. Critical flicker fusion (CFF) results. 16 mo TgF344-AD rats exhibited 

lower scotopic CFF than WT. [9 mo WT (light red); 9 mo TgF344-AD (gray); 16 

mo WT (dark red); 16 mo TgF344-AD (black). (*) p<0.05. Bars represent SEM.]  
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Figure 16. Representative scotopic critical flicker fusion (CFF) traces showing 

that 16 mo TgF344-AD (black) rats displayed lower scotopic CFF responses than 

WT (dark red).  
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Figure 17. Oscillatory potentials (OPs) results. 9 and 16 mo TgF344-AD rats 

displayed higher scotopic OPs than WT. [9 mo WT (light red); 9 mo TgF344-AD 

(gray); 16 mo WT (dark red); 16 mo TgF344-AD (black). (*) p<0.05; (+) p<0.01. 

Bars represent SEM.] 
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Figure 18. Photopic negative responses results. There were no statistically 

significant differences, in either age group, between TgF344-AD and WT in 

ganglion cell responses. [9 mo WT (light red); 9 mo TgF344-AD (gray); 16 mo 

WT (dark red); 16 mo TgF344-AD (black). Bars represent SEM.] 
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GLOBAL SUMMARY 

Overview 

The first set of studies, using the Tg-SwDI mouse model of Alzheimer’s 

Disease (AD), revealed that the retina exhibits, molecularly and histologically, 

several AD-related manifestations (cell death, cholinergic system deterioration 

and gliosis) that occur in the rest of the brain. The second set of studies, using 

the TgF344-AD model, successfully demonstrated that AD can cause functional 

changes to retinal physiological responses and that electroretinography (ERG) 

can reliably and noninvasively detect AD-related visual changes in vivo.     

Specific Aim I 

These studies (Oliveira-Souza et al., 2017) aimed to establish whether 

AD-related pathological changes displayed in the cerebrum also happened in the 

retina. We employed immunohistochemistry to measure retinal cell number and 

detect gliosis, and quantitative polymerase chain reaction to quantify 

acetylcholine receptor (AChR) expression in Tg-SwDI mice as compared to age-

matched wild-type (WT) mice. Young adult and middle-aged adult Tg-SwDI mice 

exhibited initial upregulation in several AChR subunits/subtypes, but only 

downregulation in old adults. Young adult transgenic mice displayed significant 

cell loss in the inner retina and photoreceptor layer. The middle-aged adult group 

displayed a reduced number of cholinergic cells in the ganglion cell layer (GCL); 

while the old adult group displayed cholinergic cell loss in the inner nuclear layer 
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(INL), with no evident reduction in cholinergic cell number in the GCL. The nerve 

fiber layer (NFL) of transgenic mice showed higher astrocytic gliosis in the 

middle-aged adults and old-adults, as compared to WT. Furthermore, the gliosis 

in the Tg-SwDI mice intensified with increasing age, old adults had higher gliosis 

than young adult and middle-aged adult mice. Conversely, gliosis in WT mice 

decreased with age: old adult WT displayed less gliosis than younger cohorts. 

Taken together, this suggests that the higher gliosis observed in the transgenic 

group is directly related to AD pathological manifestations, but it is also age-

related, as it exacerbates with increasing age. 

 Although AD pathology is known to disturb numerous neurotransmitter 

systems, the cholinergic system appears to be the most affected (Francis et al., 

1999). In the beginning stages of AD, α7 nicotinic acetylcholine receptor (nAChR) 

plays a neuroprotective role by supporting cholinergic integrity, attenuating Aβ 

toxicity, and by promoting cognition, neuronal survival and synaptic plasticity 

(Hernandez et al., 2010; Echeverria and Zeitlin, 2012). Nevertheless, nAChRs 

activation has been linked to significantly raise tau phosphorylation, while the 

activation of muscarinic acetylcholine receptors (mAChRs) has been shown to 

prevent it (Schliebs and Arendt, 2006). Therefore, the AD-related upregulation of 

retinal AChR subunits/subtypes observed in the young adult and middle-aged adult 

groups, may be involved in a compensatory mechanism that has the purpose to 

alleviate the damage caused by non-cholinergic cell loss in the INL and GCL. This 

suggests that cholinergic disruption precedes cholinergic cell loss. The loss of 

cholinergic cells occurred first in the middle-aged adult group, and yet, the 
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compensatory mechanism remained active, as evidenced by the sustained AChR 

upregulation. But, as the disease become more severe and as the animals get 

older, the compensatory mechanism becomes inept at lessening the AD-

associated pathological damage; which is evidenced by the deterioration of 

cholinergic function, namely, AChR downregulation and reduction in the number 

of cholinergic cells observed in the old adult animals.  

 ACh and its receptors have been consistently shown to play an essential 

role in normal visual processing (Schmidt et al., 1987; Kittila and Massey, 1997; 

Strang et al., 2005, 2007, 2010, 2015; Varghese et al., 2011). Whereas, the data 

obtained from our studies accentuate the pivotal importance of the retinal 

cholinergic system in AD pathology. We effectively demonstrated that some of the 

significant AD-pathological alterations (gliosis, cell loss and cholinergic system 

alterations) observed in the cerebrum also occur in the retina, and may be partially 

responsible for the visual deficits reported in AD. The results from these studies 

support the notion that identifying specific alterations in the retinal cholinergic 

system may assist in the development of non-invasive biomarkers for the disease 

(Ikram et al., 2012; Chang et al., 2014; Hill et al., 2014; Kusne et al., 2016; Lim et 

al., 2016). 

Specific Aim II 

We intended to assess AD’s influence in retinal physiological responses 

and to evaluate the suitability of ERG as a diagnostics tool to detect the disease. 

We employed ERG, under light-adapted and dark-adapted conditions, to 

measure retinal cells’ responses, at different light intensities in 9 and 16-month-
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old TgF344-AD rats and age-matched WT. 9-month-old mutants exhibited higher 

responses from several retinal cells, but lower responses from off bipolar cells 

and Müller cells. 16-month-old TgF344-AD rats displayed lower scotopic critical 

flicker fusion threshold and photoreceptor responses, and slower implicit time for 

on bipolar cell responses, at several light intensities. Cognitive deficits in 

TgF344-AD rats have only been reported at 15 months of age (Cohen et al., 

2013), but our data showed measurable visual changes as early as 9 months of 

age. Collectively, these results show that AD can exert influences in retinal 

physiological responses and that ERG is an effective method to detect AD-

related alterations in visual function before the onset of cognitive decline.  

Several studies, including our results in specific aim I (Oliveira-Souza et 

al., 2017), have demonstrated that retinal changes may parallel the pathological 

AD-related changes observed in the rest of the brain (Kesler et al., 2011; Chang 

et al., 2014; Hill et al., 2014) and may be responsible for the differences in retinal 

responses observed in TgF344-AD rats, as compared to WT animals. Therefore, 

it is our belief that ERG, along with other ocular assessment tools, can be utilized 

to facilitate AD’s early detection, follow the progression of the disease and 

assess the effectiveness of therapeutical interventions. The data in specific aim II 

are consistent with the concept that identifying AD-related ocular changes may 

assist in the emergence of biomarkers that are able to detect AD in its earlier 

stages (Ikram et al., 2012; Chang et al., 2014; Hill et al., 2014; Kusne et al., 

2016; Lim et al., 2016). Detecting AD sooner can potentially extend patients’ life 
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quality by delaying the appearance of cognitive deficits through early 

intervention, which could possibly boost treatment efficacy.  

Conclusion 

AD can only be definitively diagnosed through brain autopsy by detecting 

the presence of its cardinal features: amyloid beta (Aβ) plaques and 

neurofibrillary tangles (NFTs) (Serrano-Pozo et al., 2011; Beach et al., 2012). 

Probable diagnosis of AD can be performed clinically via neuropsychological 

assessments, such as the Mini-Mental Sate Examination (MMSE), the most 

widely employed by health professionals (Folstein et al., 1975, 1983). These 

medical assessments are intended to evaluate cognitive deficits in attention, 

episodic memory, language, semantic memory, praxis, executive function and 

working memory (Huff et al., 1987; Hodges et al., 1992; Salmon et al., 1999; 

Baddeley et al., 2001), and to track the disease progression (Welsh et al., 1992; 

Locascio et al., 1995; Albert, 1996; Schmitt et al., 2000). However, many believe 

that the MMSE and other similar clinical tools, that greatly depend on the 

patient’s self-reports and personal accounts from caregivers and/or family, only 

possess modest sensitivity and should not be regarded as a diagnostic 

assessment, rather, they should be perceived as a screening test (Sheehan, 

2012). 

In the recent years, other diagnostic methods have emerged: cerebral 

spinal fluid exams to assess Aβ42 and tau levels (Diniz et al., 2008; Bouwman et 

al., 2009; Bateman et al., 2012; Fagan et al., 2014; Scheltens et al., 2016), 

magnetic resonance imaging (Jagust et al., 2006; Davatzikos et al., 2008), and 



 

  

 

157 
 

positive electron tomography (Jagust et al., 1991; Engler et al., 2006; Barrio et 

al., 2008; Kusne et al., 2016; Franzco et al., 2017). However, these methods are 

extremely costly and/or invasive, fail to detect the disease before cognitive 

deficits appear (Petersen, 2004) and lack the capability to detect non-amnestic 

deficits, such as visuospatial perception, which is known to occur several years 

before probable diagnosis is determined (Johnson et al., 2009).  Furthermore, 

there are data suggesting that AD-related neuronal changes start occurring as 

early as twenty years before the patient become symptomatic (Jack et al., 2009; 

Bateman et al., 2012; Reiman et al., 2012; Villemagne et al., 2013). The vast 

majority of health professional and researchers believe that a quicker diagnosis 

of the disease would increase treatment efficacy, thus there is a tremendous 

motivation to diagnose AD in its beginning stages (Brookmeyer et al., 1998; 

Sloane et al., 2002; Levey et al., 2006; Miller and Drachman, 2006; Petersen, 

2009; Wilson et al., 2010; Frost et al., 2013).  

The eye is an outstanding potential candidate for the development of 

biomarkers for central nervous system (CNS) disorders, as the retina shares 

many traits with the cerebrum (MacCormick et al., 2015) and is the only part of 

the CNS that can be visualized noninvasively (Hill et al., 2014; MacGillivray et al., 

2014). Based on this belief, scientists have employed ocular examination 

techniques such as ERG, fundoscopy, and optical coherence tomography to 

detect several diseases including schizophrenia (Kim et al., 2005; Tschacher et 

al., 2015), CNS lymphoma (Buggage et al., 2001; Matsuyama et al., 2014), 

stroke (Kalesnykas et al., 2008; Cheung et al., 2017), cerebral malaria (Beare et 
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al., 2004; Maude et al., 2009), multiple sclerosis (Watson et al., 2011; Garcia-

Martin et al., 2014), diabetes mellitus (Klein and Klein, 1995; van Reyk et al., 

2003; Ratchford et al., 2013), Parkinson’s (Hipp et al., 2014; Hill et al., 2016), 

hypertension (Stanton et al., 1995; Wong and Mitchell, 2007; DellaCroce and 

Vitale, 2008) and other cardiovascular diseases (Wong et al., 2006; Liew et al., 

2011). 

Visual assessment techniques have also been prevalently utilized in AD 

research (Granholm et al., 2003; Chang et al., 2014; Coppola et al., 2015). 

Collectively, these studies have been able to identify a myriad of AD-related 

visual perception alterations. These alterations  include  deficits in depth 

perception (Katz and Rimmer, 1989; Cronin-Golomb et al., 1991; Mendez et al., 

1996; Lee and Martin, 2004), motion perception (Katz and Rimmer, 1989; 

Jackson and Owsley, 2003; Lee and Martin, 2004), stereopsis (Cronin-Golomb et 

al., 1995; Rizzo et al., 2000), contrast sensitivity (Curcio and Drucker, 1993; 

Gilmore and Whitehouse, 1995), color discrimination (Pache et al., 2003; 

Salamone et al., 2009), temporal resolution (Cronin-Golomb et al., 1995; Rizzo et 

al., 2000), ganglion cell responses (increased implicit time, but lower amplitude) 

(Katz et al., 1989; Krasodomska et al., 2010; Moschos et al., 2012), pattern 

electroretinogram responses (Trick et al., 1989; Nesher and Trick, 1991; Sartucci 

et al., 2010), , visual field defects (Trick et al., 1995; Valenti, 2013), lower critical 

flicker fusion (CFF) threshold (Sahakian et al., 1989; Levine et al., 1993; Curran 

and Wattis, 2000; Curran et al., 2004), and decreased visual acuity (Sadun et al., 

1987; Uhlmann et al., 1991; Lakshminarayanan et al., 1996), which was shown 
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to be sometimes accompanied by visual hallucinations (Chapman et al., 1999; 

Murgatroyd and Prettyman, 2001). AD-related ocular deficits also include 

abnormal pupillary light reflex (Fotiou et al., 2000, 2007; Granholm et al., 2003; 

Scinto, 2007)  and eye movement abnormalities, including visual fixation 

instability (Fletcher and Sharpe, 1986; Bylsma et al., 1995; Schewe et al., 1999; 

Mosimann et al., 2004), abnormal saccadic eye movements (higher latency with 

reduced maximum speed and accuracy) (Jones et al., 1983; Abel et al., 2002; 

Shafiq-Antonacci et al., 2003; Crawford et al., 2005) and smooth pursuit 

abnormalities (horizontal and vertical: increased latency and decreased gain) 

(Hutton et al., 1984; Fletcher and Sharpe, 1988; Kuskowski et al., 1989; Zaccara 

et al., 1992; Shakespeare et al., 2015), All of these visual shortfalls can 

negatively affect one’s quality of life and daily actions, such as, face and object 

recognition, route navigation, and reading (Rizzo et al., 2000).  

In addition to overt physiological changes, molecular and histological 

ocular examinations, have yielded a tremendous amount of evidence showing 

AD’s detrimental effects in the eye, that may account for the visual deficits 

observed in patients. Studies have revealed that the AD eye exhibits a larger 

population of astrocytes in the nerve fiber layer (NFL) (Blanks et al., 1996a, 

1996b) and increased astrocytic gliosis (Oliveira-Souza et al., 2017); 

phosphorylated tau accumulation in the GCL and NFL (Du et al., 2015); Aβ 

deposition throughout the retina, which has been shown to precede cerebral 

deposition (Koronyo-Hamaoui et al., 2011), including photoreceptors (Du et al., 

2015), retinal vasculature (Zhang-Nunes et al., 2006; Liu et al., 2009a), lens 
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(Goldstein et al., 2003), inner plexiform layer (IPL), GCL, NFL and outer retina 

(Alexandrov et al., 2011; Koronyo-Hamaoui et al., 2011); lower blood flow, likely 

due to narrowing of retinal veins (Berisha et al., 2007; Williams et al., 2015) and 

elevated oxygen saturation in retinal arterioles and venules (Einarsdottir et al., 

2015); ganglion cell loss (Danesh-Meyer et al., 2006; Paquet et al., 2007); higher 

inflammatory marker complement factor H levels (Alexandrov et al., 2011); 

smaller ganglion cell axon count (Blanks et al., 1996b; Danesh-Meyer et al., 

2006); narrower macula (Iseri et al., 2006), ganglion cell layer (GCL) (Garcia-

Martin et al., 2016), choroid (Bayhan et al., 2015) and NFL (Iseri et al., 2006; 

Marziani et al., 2013; Shi et al., 2014; Gao et al., 2015; Oktem et al., 2015; 

Thomson et al., 2015), but thicker IPL (Snyder et al., 2016).  

AD is known to produce many cerebral changes and affect visual 

perception, albeit the causes for visual dysfunction remain incompletely 

understood. In specific aim I, we successfully demonstrated that AD-related 

changes, including gliosis, cell loss and cholinergic system alterations, also exist 

in the retina. The aforementioned changes can potentially affect retinal 

physiological function especially, stemming from the mammalian cell populations 

(bipolar cells, amacrine cells, ganglion cells) that are known to express AChRs. 

Most notably, the initial upregulation in AChR expression in the younger Tg-SwDI 

cohorts is consistent with previous findings that the cholinergic system’s 

increased activity, in early AD’s process in humans, is part of a compensatory 

mechanism to placate the disease’s detrimental effects (Vorobyov and Bobkova, 

2015; Douchamps and Mathis, 2017). The results from specific aim I, especially 
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the initial cholinergic upregulation, can result in increased excitation and partially 

explain the augmented ERG responses displayed by TgF344-AD rats in specific 

aim II. If our assumptions are correct, this compensatory mechanism will no 

longer be able to mitigate AD-pathology in older transgenic animals. The lower 

CFF threshold observed in the oldest TgF344-AD is consistent with human 

results (Cronin-Golomb et al., 1991), and is the first measurable indication of the 

compensatory mechanism deterioration. Collectively, the data from our current 

studies indicate that AD-related changes observed in the cerebrum are also 

present in the retina and may be, at least in part, responsible for the visual 

deficits associated with the disease. Furthermore, we demonstrated that AD 

pathology affects retinal cells’ physiological responses and that ERG can be 

employed as a suitable means to detect AD-related visual changes to ultimately 

serve as an efficacious diagnostic tool to identify the disease in its earlier stages, 

thus potentially improving treatment efficacy.  
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