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SUMMARY

Light sensitivity of the vertebrate retina relies on the integrity of photoreceptors,
including rods and cones. Research in patients with Alzheimer’s disease (AD) and
in AD transgenic mice reports that accumulated amyloid-b (Ab) plaques in the
retina are toxic to retinal neurons. Moreover, Ab plaques are deposited around
the rods and cones, yet photoreceptor anomalies remain unclear in AD. Here,
we identify the progressive degeneration of rods and cones characterized by
impaired expression of phototransduction proteins, morphological alterations,
functional deficits, and even cell loss. Furthermore, we demonstrate that cell
senescence and necroptosis were involved in rod degeneration. Importantly, us-
ing in vivo scotopic electroretinogram, we detected rod degeneration in early-
stage AD transgenic mice before Ab plaques were observed in the brain. More-
over, we demonstrate that rod degeneration was among the earliest AD retinal
manifestations compared with other types of retinal neurons. Overall, our study
is the first to identify and detect in vivo, early-onset photoreceptor degeneration
in AD.

INTRODUCTION

Alzheimer’s disease (AD), the most common form of dementia, is characterized by progressive neurode-

generation (Andrieu et al., 2015). Research on AD has predominantly focused on cognitive decline and

memory loss (Jack et al., 2011; Perrin et al., 2009). However, visual dysfunction is common in AD and in

mild cognitive impairment (MCI) (Cronin-Golomb et al., 1993; Sadun et al., 1987; Schlotterer et al.,

1984), yet its importance as an underlying cause of typical AD symptoms is perhaps underappreciated

(Mentis et al., 1996). Recent evidence strongly suggests the possibility that visual dysfunction in AD may

be caused by alterations in the neural retina (Brewer and Barton, 2014; McKee et al., 2006; Mentis et al.,

1996). In the retina, photoreceptors are comprised of rods and cones, which are fundamental for vision

as they absorb photons and initiate downstream signal transduction (Wright et al., 2010). Rods and cones

are responsible for image-forming vision involving night vision and color vision. There is evidence that

photoreceptor degeneration leads to vision loss and eventually irreversible blindness (Wright et al.,

2010). Despite the importance of rods and cones for vision, anomalies of these photoreceptors in AD

are largely unclear.

The major neuropathological hallmarks in AD include the accumulation of amyloid-b (Ab) plaques (DeTure

and Dickson, 2019). Neuropathology involving Ab plaques in the brain often precede the onset of symp-

tomatic dementia by decades (DeTure and Dickson, 2019; Jack et al., 2010), whereas accumulation of Ab

plaques in the retina precedes that in the brain of patients with AD and AD transgenic mice (Berisha

et al., 2007; Koronyo et al., 2012). Studies of patients with AD and AD transgenic mice have demonstrated

that the accumulation of Ab plaques is accompanied by the degeneration of the inner retina (Bayhan et al.,

2015; Berisha et al., 2007; Koronyo-Hamaoui et al., 2011; Koronyo et al., 2012; Maude et al., 2009). Notably,

Ab plaque deposits have been found in retinal pigment epithelium (RPE) and photoreceptor layers (Du

et al., 2015; Hoh Kam et al., 2010; Inestrosa et al., 2005). Accumulation of Ab plaques in sub-retinal drusen

in age-relatedmacular degeneration (AMD) can impair themorphology and function of RPE and finally lead

to photoreceptor degeneration (Dentchev et al., 2003; Heneka et al., 2015; Kurji et al., 2010; Prasad et al.,

2017). Thus, clarifying photoreceptor manifestations accompanied by the accumulation of Ab plaques may

contribute to a better understanding of visual dysfunction in AD.
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Here, we focus on pathological changes that occur in photoreceptors as Ab plaques accumulate and iden-

tify the progressive degeneration of rods and cones separately in AD. We found progressive rod degener-

ation involving impaired expression of rod-specific photopigment and downstream phototransduction

proteins in addition to morphological alterations and functional deficits. Additionally, we identified that

cell senescence and necroptosis contributed to rod degeneration. Importantly, rod dysfunction in AD

transgenic mice was detected by in vivo scotopic electroretinogram (ERG) recordings, before manifesta-

tions such as Ab plaques arising in the brain. Moreover, in AD transgenic mice, there was an early onset

of rod photoreceptor degeneration compared with other retinal neuron types, including cones and bipolar

cells. Therefore, we demonstrate that the dysfunction of the retina in ADmay derive from rod degeneration

and also provide a novel target for early-stage AD diagnosis.

RESULTS

Ab plaques are deposited around photoreceptors in AD transgenic mice

Consistent with previous findings in patients with AD and in AD transgenic mice (Koronyo-Hamaoui et al.,

2011), we found amyloid pathology in the retina before in the brain in APP23 mice (Figure S1). Ab plaques

were first detected in retina at 9 months (Figure S1A), while Ab plaques were first detected in the brain at

12 months (Figure S1B).

To investigate the distribution of Ab plaques in the retina, we performed immunostaining on retinal cross

sections from 12-month-old APP23 mice and littermate wild-type (WT) mice using human Ab-specific anti-

bodies. Retinal Ab plaques were clearly labeled by human Ab-specific antibodies 6E10 and 4G8 in APP23

mice but were absent in WT littermates (Figure S2A). Specifically, in APP23 mice, Ab plaques were found in

various photoreceptor locations including the outer segment (OS), inner segment (IS), and the outer nu-

clear layer (ONL). In addition, high-density Ab plaques were detected in the ganglion cell layer (GCL) of

APP23 mice (Figure S2B), which is consistent with typical retinal amyloid pathologies in patients with AD

and other AD transgenic mouse models (Dutescu et al., 2009; Perez et al., 2009; Shimazawa et al., 2008)

(Hoh Kam et al., 2010; Park et al., 2014). In summary, our results reveal that Ab plaques were visible in

the retina long before they were visible in the brain and that these first Ab plaques were deposited around

photoreceptors in AD transgenic mice.

Rod degeneration is progressive in the retinas of AD transgenic mice

AD transgenic mice have lower expression of rod-specific photopigment and downstream
phototransduction proteins

Rod OSs are light-detecting organelles in which phototransduction occurs, and abundant distributions of

the rod-specific photopigment rhodopsin (Rho) in OS disk membranes play a central role in phototransduc-

tion (Gunkel et al., 2015). We usedWestern blotting to assess rhodopsin expression at different age groups

in AD transgenic mice. We found that there was no significant difference in rhodopsin expression between

APP23mice andWTmice at 3, 6, and 9months (Figures S3A and S3B). Notably, compared withWT controls,

the expression of dimeric andmonomeric forms of rhodopsin in APP23mice was 27.57% lower at 12months

(p = 0.0003) and was 51.07% lower at 18 months (p = 0.001) (Figures 1A and 1B). Moreover, using quanti-

tative reverse transcription-polymerase chain reaction (RT-PCR), we found significantly lower Rho gene

expression in 12-month-old APP23 mice than in age-matched WT mice (Figure 1C).

Furthermore, we examined the expression of phototransduction proteins downstream of rhodopsin in AD

transgenic mice. Several proteins play a crucial role in the phototransduction process in rods, including

transducin a (GNAT1), PDE6, recoverin, and arrestin (Lamb and Pugh, 2004). We found that the expression

of GNAT1 and recoverin was not different between APP23 and WT groups at 3, 6, and 9 months (Figures

S4A–S4C), but at 12 months, APP23 mice had lower expression of GNAT1 and recoverin than WT controls

(Figures 1D–1F).

To further validate the results described earlier, we performed Western blot analysis of rhodopsin and

downstream phototransduction proteins in other types of AD mouse models at an age when these trans-

genic mice exhibit typical pathologies such as Ab accumulation. Consistent with the findings in APP23

mice, Western blot analysis demonstrated significantly lower rhodopsin expression in 5-month-old

5xFADmice than in age-matchedWTmice (Figures 3A and 3C). In both APP23 mice and 5xFADmice, over-

expression of human -b-amyloid precursor protein (APP)with familial mutations (Jawhar et al., 2012;
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Richard et al., 2015; Sturchler-Pierrat et al., 1997) may be neurotoxic owing to elevated APP fragments,

aside fromAb. To eliminate the influence of mutant APP overexpression, rhodopsin levels were determined

in APP NL�F KI (DKI) mice, which have elevated Ab levels but normal APP levels. Similar to in APP23 mice,
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Figure 1. Rod degeneration characterized with lower expression of rhodopsin and downstream phototransduction proteins as well as

morphological alterations in APP23 mice at 12 and 18 months

(A) Expression of rhodopsin in retinas from APP23 and WT mice was evaluated using Western blot analysis using anti-rhodopsin(1D4) antibody. Rhodopsin

monomer levels were analyzed using densitometry and normalized by the GAPDH level.

(B) Rhodopsin levels were significantly lower in APP23 mice than in WT mice (Up: 12 month old, Down: 18 month old).

(C) Expression of rho in the retinas was validated by RT-PCR. Rho levels were significantly lower in APP23 mice than in WT mice at 12 months.

(D) Expression of rod-specific phototransduction proteins GNAT1 and recoverin in retinas from APP23 and WT mice was evaluated using Western blot.

Expression levels were analyzed using densitometry and normalized by the GAPDH level.

(E) GNAT1 and recoverin levels were significantly lower in APP23 mice than in WT mice at 12 months.

(F) GNAT1 and recoverin levels of APP23 and control WT mice at 18 months.

(G) Representative images of rhodopsin labeling on retinal cross sections of APP23 and control WT mice at 12 months.

(H) Left:Quantitative analysis of fluorescence intensities of rhodopsin showed a 50% decrease in APP23 mice compared with control WT mice at 12 months.

Right: Thicknesses of rod outer segment (OS), inner segment (IS), and outer nuclear layer (ONL) of APP23 mice were not different from those of control WT

mice at 12 months.

(I) Representative images of rhodopsin labeling on retinal cross sections of APP23 and control WT mice at 18 months.

(J) Left: Quantitative analysis of fluorescence intensities of rhodopsin showed a lower intensity in APP23 mice than in control WT mice at 18 months. Right:

Thicknesses of rod OS, IS, and ONL of APP23 mice were not different from those of control WTmice at 18 months. Data are represented as meanG SEM. ns:

not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001, Student’s t test. Scale bar = 20 mm
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rhodopsin levels were significantly lower in 15-month-old APP NL�F KI (DKI) mice than in WT controls (Fig-

ures 3E and 3G). Additionally, the expression of GNAT1 and recoverin was downregulated in 5-month-old

5xFAD mice (Figures 3B and 3D) and 15-month-old APP NL-F KI (DKI) mice compared with WT littermates

(Figures 3F and 3H).

Rod morphology in the retina of AD transgenic mice is altered

To further analyze rod morphology and integrity, we performed immunostaining of rhodopsin on retinal

cross sections from AD transgenic mice and WT mice. Consistent with the lower rhodopsin expression, a

lower fluorescence intensity of rhodopsin was observed in APP23 mice than in WT mice at 12 (Figures

1G and 1H) and 18 months (Figures 1I and 1J), whereas there was no significant difference in the rhodopsin

fluorescence signals at 3, 6, and 9 months (Figures S5A and S5B). Quantification result revealed that the

fluorescence intensity in APP23 mice was approximately 50% of the level in WT mice at 12 months (Fig-

ure 1H). Additionally, there was no difference in the thickness of the OS, the IS, or the ONL between

APP23 mice and WT controls at 3, 6, and 9 months (Figure S5C), even at 12 (Figure 1H) and 18 months (Fig-

ure 1J), suggesting that there was no loss of rods in APP23 mice. Moreover, in 18-month-old APP23 mice,

we observed promiscuous distribution of the OS as well as the mislocation of rhodopsin in rod ISs

(Figure 1I).

Consistent with the APP23 mice results, a lower rhodopsin fluorescence intensity in addition to the disrup-

tion of rod OS was observed in DKI mice than WT controls at 15 months (Figures 3I and 3J). However, the

thickness of the OS, IS, and ONL in DKI mice was similar to that in control WT mice (Figure 3J).

A E
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D

Figure 2. Suction electrode recordings demonstrating impaired light sensitivity of rods in APP23 mice at 12 months

(A–D) Representative response families from dark-adapted rods of WT and APP23 mice.

(E) Average response-intensity relations recorded from dark-adapted rods of WT and APP23 mice.

(F) Rod response to 0.096 photons/mm2/s light stimulus was significantly lower in APP23 mice than in WT mice. Data are represented as mean G SEM. *: p <

0.05, Student’s t test.
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Figure 3. Rod degeneration in other types of AD transgenic mouse models

(A and B) Expression of rhodopsin, GNAT1, and recoverin in retinas from 5xFAD and WT mice was evaluated using Western blot. Expression levels were

analyzed using densitometry and normalized by the GAPDH level.

(C) Rhodopsin levels were significantly lower in 5xFAD mice than in WT mice at 5 months.

(D) GNAT1 and recoverin levels of 5xFAD and control WT mice at 5 months.

(E and F) Expression of rhodopsin, GNAT1, and recoverin in retinas from APP NL-F (DKI) and WT mice was evaluated using Western blot. Expression levels

were analyzed using densitometry and normalized by the GAPDH level.
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Rods in AD transgenic mice have functional deficits

Analysis of the expression of phototransduction proteins and rod morphology suggests progressive rod

degeneration in AD transgenic mice. Next, we performed single-cell suction-pipette recording to evaluate

rod function and verify rod degeneration. Figures 2A–2D show representative responses from such current

recording in rods under different light stimulus conditions in WT and APP23 mice at 12 months. In the time

course of the flash responses of dark-adapted rods, we found that rod photocurrents were lower in APP23

mice than in WT mice at 0.096 and 0.211 photons/mm2/s, respectively (Figures 2B and 2C). This group dif-

ference in photocurrent disappeared when light intensity increased to 0.394 photons/mm2/s (Figure 2D).

Moreover, the light response curve (Figure 2E) indicates a significantly lower rod photocurrent in APP23

mice than in WT mice at 0.096 photons/mm2/s (Figure 2F). Our results indicate that the photoresponse

of rods under dim lighting conditions was attenuated in APP23 mice.

Overall, these results demonstrate that AD transgenic mice exhibited progressive rod degeneration, char-

acterized by lower expression of rod-specific phototransduction proteins, altered structure of the OS, and

functional deficits.

Cellular senescence and necroptosis are activated in the rods of AD transgenic mice

Previous studies have shown that photoreceptor degeneration may be attributed to cell senescence and pro-

grammed cell death (Do et al., 2019; Lee et al., 2021; Murakami et al., 2012, 2013; Peng et al., 2020; Sato

et al., 2013). Here, we performed immunostaining of p16ink4a and p21 to detect photoreceptor senescence in

APP23 andWTmice. Figures 4A and 4F show the distribution of p16ink4a-positive and p21-positive signals sepa-

rately in photoreceptor OS/IS in APP23 and WT mice at 9 and 12 months. Notably, compared with WT mice, a

higher p16ink4a fluorescence intensity was detected in APP23 mice as young as 9 months (Figures 4B and 4C).

Additionally, even higher p16ink4a fluorescence intensity levels and a higher percentage of p16ink4a -positive

areawere detected in APP23mice than inWTmice at 12months (Figures 4D and 4E). Consistently, a higher per-

centage of the p21-positive area was detected (Figures 4H and 4J) and the p21 fluorescence intensity exhibited

an upward trend (Figures 4G and 4I) in APP23 mice than in WT mice at 9 and 12 months. These results indicate

that cellular senescence was activated in the photoreceptors of early-stage APP23 mice.

We then investigated the programmed cell death pathway, including cell apoptosis and necroptosis, in the

retinas of APP23 and WT mice at 9 and 12 months. Terminal deoxynucleotidyl transferase (TdT) dUTP nick-

end labeling (TUNEL) assay and immunostaining of apoptosis-specific protein-cleaved caspase3 were per-

formed to detect photoreceptor apoptosis. Surprisingly, neither TUNEL-positive nor cleaved-caspase3-

positive signals were observed in APP23 mice and WT mice at 9 and 12 months (Figures S6A and S6B).

Moreover, Western blot analysis revealed that there was no difference in the expression of apoptosis-spe-

cific protein caspase3 between APP23 mice and WT mice at 12 months (Figures S6C and S6D). These find-

ings indicate that cell apoptosis may not be the cause of photoreceptor degeneration in APP23 mice.

Next, we performed immunostaining with receptor-interaction protein kinase 3 (RIPK3) on retinal cross sections

fromAPP23andWTmice todetect photoreceptor necroptosis.Weobservedhigher RIPK3-positive signals in the

OS/IS of photoreceptors inAPP23mice than inWTcontrols at 12months (Figures 5A and5B), but not at 9months

(Figure S6E). Consistent with this, Western blot analysis revealed that the expression of RIPK3 was significantly

higher in APP23 mice than in WT controls at 12 months (Figures 5C and 5D). These results demonstrate the ex-

istence of photoreceptor necroptosis in 12-month-old APP23 mice. To further determine that cell necroptosis

contributed to rod degeneration, we co-labeled rhodopsin and phosphorylation of RIPK3 (p-T231/S232 mouse

RIPK3) as well as mixed-lineage kinase domain-like pseudokinase (MLKL) (p-S345 mouse MLKL) in retinal cross

sections from 12-month-old APP23 and WT mice (Figures 5E and 5F). We found a higher percentage of

pRIPK3-positive or pMLKL-positive signals in the areas where rhodopsin fluorescence intensity was significantly

lower (Figures 5G and 5H). This finding suggests that rod degeneration involves cell necroptosis in ADmice.

Figure 3. Continued

(G) Rhodopsin levels were significantly lower in DKI mice than in WT mice at 15 months.

(H) GNAT1 and recoverin levels of DKI and control WT mice at 15 months.

(I) Representative images of rhodopsin labeling on retinal cross sections from DKI and control WT mice at 15 months.

(J) Left: Quantitative analysis of the fluorescence intensities of rhodopsin revealed that DKI mice had a lower intensity than control WT mice at 15 months.

Right: There was no difference in the thicknesses of the outer segment (OS), inner segment (IS), and outer nuclear layer (ONL) of rods between DKI and

control WT mice at 15 months. Data are represented as mean G SEM. ns: not significant, *: p < 0.05, ****: p < 0.0001, Student’s t test. Scale bar = 20 mm
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Early-stage rod degeneration in AD transgenic mice can be detected in vivo

Non-invasive retinal imaging techniques have been applied in AD investigations for prompting highly

ecological in vivo detection of this disease (Danesh-Meyer et al., 2006; Koronyo et al., 2017; Lu et al.,

2010; Moschos et al., 2012). Bearing in mind our finding that photoreceptor degeneration, especially

cellular senescence, was demonstrated in APP23 mice as young as 9 months old, we then investigated

whether these early-onset pathologies could be detected in vivo by performing scotopic ERG in APP23

mice and WT littermates at 9 months.
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Figure 4. Increased senescent photoreceptors in APP23 mice

(A) Representative images of p16ink4a (marker for cell senescence) labeling on the retinal cross sections of APP23 and control WTmice at 3, 9, and 12 months.

(B and C) Immunofluorescence intensity of p16ink4a was significantly higher in APP23 mice than in WT mice at 9 months.

(D and E) Immunofluorescence intensity of p16ink4a as well as p16ink4a-positive area was significantly higher in APP23 mice than in WT mice at 12 months.

(F) Representative images of p21 (another marker for cell senescence) labeling on the retinal cross sections of APP23 and control WT mice at 3, 9, and

12 months.

(G and H) p21-positive area was significantly higher in APP23 mice than in WT mice at 9 months.

(I and J) p21-positive area was significantly higher in APP23 mice than in WT mice at 12 months. Data are represented as mean G SEM. ns: not significant, *:

p < 0.05, **: p < 0.01, Student’s t test. Scale bar = 20 mm
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As shown inFigures 6A and6B, the scotopic ERG response comprisedan initial negative-voltagewave anda sub-

sequent positive-voltage wave, indicating rod hyperpolarization and depolarization of rod bipolar cells, respec-

tively (Saszik et al., 2002). Analysis of the scotopic ERG responses showed that the a-wave amplitude was signif-

icantly lower inAPP23mice than inWTcontrols at 9months at a relative higher luminance (Figures 6C–6E). These

results demonstrate that physiological alterations in rods can be detected in vivo in early-stage AD transgenic

mice using scotopic ERG, which may have utility for AD diagnosis.

Cones in the retinas of AD transgenic mice are degenerated

Retinal cones are another important type of photoreceptor that operate under bright light conditions and

are responsible for color vision. Cone degeneration was assessed in AD transgenic mice usingWestern blot

analysis of cone-specific photopigments. As shown in Figure 7, no significant difference in the expression of

middle-wavelength opsin (M-opsin) and short-wavelength opsin (S-opsin) between APP23 and WT mice

was observed at early stages including 3, 6, 9, and even 12months (Figures 7A–7F). Notably, M- and S-opsin

expression was significantly lower in APP23 mice than in WT controls at 18 months (Figures 7G–7I), demon-

strating cone degeneration in APP23 mice.

A

E G

HF

B C D

Figure 5. Increased necrotic photoreceptors in APP23 mice

(A and B) Immunofluorescence labeling of retinal sections using RIPK3-specific antibody showed a higher percentage of RIPK3 positive signals in the OS/IS of

photoreceptors in APP23 mice than in WT mice at 12 months.

(C and D) Western blot analysis showed higher expression of RIPK3 in retinas of APP23 mice than in WT mice at 12 months.

(E and F) Immunofluorescence co-labeling of rhodopsin and pRIPK3 (E) or pMLKL (F) (markers for cell necroptosis) in the OS/IS of rods in APP23 andWTmice

at 12 months.

(G and H) There are higher pRIPK3-positive and pMLKL-positive signals in the OS/IS of rods in APP23 than in WT mice at 12 months. Data are represented as

mean G SEM. *: p < 0.05, **: p < 0.01, ***: p < 0.001, Student’s t test. Scale bar = 20 mm

ll
OPEN ACCESS

8 iScience 24, 103327, November 19, 2021

iScience
Article



Next, cone density in APP23 andWTmice was examined using immunostaining of cone-specific photopig-

ment on retinal cross sections to verify cone degeneration. Representative immunofluorescence images

(Figure 7J) and corresponding quantification results (Figures 7K and 7L) demonstrate that the density of

both middle wavelength sensitive and short wavelength sensitive cones was significantly lower in APP23

mice than in control WT mice at 18 months. Additionally, labeling of cones with peanut agglutinin (PNA)

in whole-mount retinas confirmed that the cone density in 18-month-old APP23 mice was lower than

that in WT controls (Figures 7M and 7N). However, no difference in cone density was detected between

APP23 mice and WT littermates at 3 months (Figures S7A–S7C).

Our results show lower cone opsin expression and cone density in APP23 mice at 18 months, suggesting

progressive cone degeneration, which occurred later than rod degeneration in AD mice.

AD transgenic mice have normal rod bipolar cells and normal construction of rod-rod bipolar

cell synaptic connections

In the retina, bipolar cells are crucial for photoreceptor transmission signaling downstream by forming syn-

aptic connections with photoreceptors. In retinal disease, photoreceptor degeneration is accompanied by

anomalies of downstream bipolar cells and synaptic connections between the photoreceptors and bipolar

cells (Chua et al., 2009; Marc and Jones, 2003; Marc et al., 2003; Puthussery and Taylor, 2010; Soto and Ker-

schensteiner, 2015).

To investigate whether rod bipolar cells were affected in AD transgenic mice, we performed immunostain-

ing of PKCa (a marker for rod bipolar cells) on retinal cross sections of 12-month-old mice and found that

there was no difference in the PKCa signals in the outer plexiform layer (OPL) and inner plexiform layer (IPL)

between APP23 mice and WT mice (Figure 8A). Also, Western blot analysis showed no difference in PKCa

expression between APP23 and WT retinas at 12 months (Figures S8A and S8B). Additionally, we counted

A C

D EB

Figure 6. Rod degeneration of APP23 mice was evaluated by scotopic ERG at 9 months

(A) Representative response to 1.59E+5 photons/mm2 light stimulus of WT (left, blue) and APP23 mice (right, red).

(B) Representative response to 1.06E+6 photons/mm2 light stimulus of WT (left, blue) and APP23 mice (right, red).

(C) ERG a-wave amplitude-light intensities relations of WT (n = 6) and APP23 (n = 7) mice.

(D and E) APP23 a-wave amplitude was significantly lower than that of WT mice, under 1.59E+5 photons/mm2 light stimulus (D) and 1.06E+6 photons/mm2

light stimulus (E). Data are represented as mean G SEM. *: p < 0.05, **: p < 0.01, Student’s t test.
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the number of PKCa-positive signals in flat-mounted retinas and found that there was no difference in the

density of the axon terminals of rod bipolar cells between APP23 mice and WT mice at 12 months (Figures

8B–8D). We then counted the number of positive signals for C-terminal-binding protein 2 (CtBP2) (a pre-

synaptic ribbon marker) contained in the axonal terminal of a rod bipolar cell marked with protein kinase

C alpha (PKCa) signals (Figure 8E). As visualized in Figures 8F and 8G, the number of synaptic ribbons per
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Figure 7. Cone degeneration in late-stage APP23 mice

(A) Expression of cone-specific photopigments S-opsin andM-opsin in retinas from APP23 andWTmice was evaluated usingWestern blot. Expression levels

were analyzed using densitometry and normalized by the GAPDH level.

(B and C) S-opsin and M-opsin expression levels of APP23 mice were not different from those of control WT mice at 3, 6, and 9 months.

(D–F) S-opsin and M-opsin levels of APP23 mice were not different from those of control WT mice at 12 months.

(G–I) Expression of S-opsin and M-opsin was lower in APP23 mice than in control WT mice at 18 months.

(J–L) Immunofluorescence labeling with S- or M-opsin showed lower cone density in APP23 mice than in WT mice at 18 months.

(M–N) Immunofluorescence labeling with PNA showed that cone density is lower in APP23 mice than in WT mice at 18 months. Data are represented as

mean G SEM. ns: not significant, *: p < 0.05, **: p < 0.01, Student’s t test. Scale bar = 20 mm
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rod bipolar cell axonal terminal in APP23 mice was similar to that of control WT mice, suggesting that the

rod bipolar cells had normal ribbon synapses. These results indicate that rod bipolar cells were normal in

APP23 mice at 12 months.

To observe the synaptic connections between rods and rod bipolar cells, we performed immunostaining

on retinal cross sections of 12-month-old APP23 mice and age-matched WT mice using antibodies

against PKCa, CtBP2, and postsynaptic density 95 (PSD95) (a photoreceptor terminal marker). In both

A

E

F G

H I
J

B C D

Figure 8. Rod bipolar cells (RBCs), synaptic connections between rods and rod bipolar cells were maintained in APP23 mice at 12 months

(A) There was no difference in PKCa expression in RBC somas or dendrites between APP23 and WT mice at 12 months.

(B–C) Immunostaining of retinal flat mounts from APP23 and WT mice with PKCa at 12 months.

(D) There was no difference in the number of RBC axonal terminals between APP23 and WT mice.

(E) Immunostaining of retinal flat mounts from 12-month-old APP23 and WT mice with CtBP2 (a synaptic ribbon marker) and PKCa.

(F–G) The number of CtBP2 signals in an axon terminal of a rod bipolar cell was maintained in APP23 mice compared with WT mice at 12 months.

(H–I) Histological analysis of the synaptic connection between rods and rod bipolar cells with PKCa, CtBP2, and PSD95 (photoreceptor terminal) on retinal

cross sections.

(J) There was no difference in the thickness of the outer plexiform layer (OPL) between APP23 and WT mice at 12 months. Data are represented as mean G

SEM. ns: not significant, Student’s t test.
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APP23 mice and WT mice, the dendrites of rod bipolar cells marked with PKCa were correctly guided to

the presynaptic ribbons marked with CtBP2 (Figure 8H) and invaginated into the rod terminals marked

with PSD95 (Figure 8I). Additionally, the synaptic structures labeled by CtBP2/PKCa or PSD95/PKCa

aligned well within the boundary of the OPL (Figures 8H and 8I), the length of which was similar between

APP23 mice and control mice (Figure 8J). These results indicate normally constructed synaptic connec-

tions between rods and rod bipolar cells in 12-month-old APP23 mice.

DISCUSSION

In this study, we demonstrated rod and cone degeneration in AD transgenic mice, characterized by the

impaired expression of phototransduction proteins, morphological disruption, and attenuated

photosensitivity.

Rod degeneration is universal in AD transgenic mice

Our investigation found impaired expression of phototransduction proteins in addition to functional def-

icits in the rods of APP23 mice as young as 12 months (Figures 1 and 2). At 18 months, histological analysis

of AD retinas showed the altered structure of rod OSs (Figure 1). At 12 and 18 months, there was no differ-

ence in the OS length and the number of rod photoreceptors (represented by the ONL length) between AD

and WT retinas (Figure 1). These results suggest that low rhodopsin levels in APP23 mice are dependent

neither on the OS length nor on the number of the rods. Rhodopsin not only is a photopigment but also

is critical as a structural basis for the morphogenesis and maintenance of the OS. In rhodopsin-knockout

mice, the OSs of rods are abnormal, which results in rod degeneration (Humphries et al., 1997). In mice

that express only half of normal rhodopsin levels, the development of the OSs is normal, but the rods even-

tually degenerate over a longer time period (Lem et al., 1999). Based on these findings, we propose that rod

degeneration in AD is initially characterized by impaired expression of phototransduction proteins, partic-

ularly rhodopsin.

We demonstrated rod degeneration in different AD transgenic mouse lines (Figures 1, 2, and 3), indicating

that this novel pathology is a universal manifestation of AD. APP23 and 5xFADmice can rapidly develop an

extracellular accumulation of Ab and severe amyloid pathology in the brain owing to the overexpression of

human APP with familial AD mutations. Moreover, 5xFADmice express the highest concentrations of Ab42

and intracellular Ab among the different lines of AD transgenic mice (Alexandrov et al., 2011; Criscuolo

et al., 2018). Importantly, retinal pathologies such as the accumulation of retinal Ab have been reported

in 5xFAD mice as young as one month (Criscuolo et al., 2018). APP NL-F mice, another AD transgenic

mouse model enrolled in our study, express normal APP levels, and elevated Ab begins to accumulate

in the brain at around 6 months (Saito et al., 2014). These results enrich our knowledge of retinal pathol-

ogies in AD.

Rod degeneration is among the earliest signs of retinal degeneration in AD transgenic mice

Significantly, we found that rod degeneration is among the earliest of retinal pathologies to manifest in AD

transgenic mice. When rod degeneration occurred (Figures 1 and 2), cones and other types of retinal neu-

rons, including the bipolar cells and RPE cells, remained unaffected (Figures 7, 8, and S9).

Previous studies in AD transgenic mice and patients with AD show that impairments of the inner retina,

especially the GCL and the retinal nerve fiber layer (RNFL), are among the first signs of retinal degeneration.

In 3xTg-AD mice, reduced thickness of GCL + IPL and inner nuclear layer (INL) + OPL was observed at an

early stage (Chiquita et al., 2019). In 5xFAD mice, pattern ERG (P-ERG) results were affected as young as

one month. The P-ERG is generated by functional retinal ganglion cells (Porciatti et al., 2007) and is sensi-

tive enough to detect the functional impairment of the inner retina (Baker et al., 1988; Sieving and Stein-

berg, 1987). Affected P-ERG in 5xFAD mice indicates the degeneration of the inner retina, including the

optic nerve and ganglion cells, at early stages of AD before the onset of cognitive deficits (Criscuolo

et al., 2018; Eimer and Vassar, 2013; Kimura and Ohno, 2009). Moreover, accumulation of Ab in the inner

retina, degeneration of retinal ganglion cells (Koronyo et al., 2017; La Morgia et al., 2016), and anomalies

in P-ERG have been detected in patients with early-stage AD (Krasodomska et al., 2010). In our study, we

detected the degeneration of the GCL in 9-month-old APP23 mice (data not shown), while neurons in the

INL, especially rod-bipolar cells and the synapses between the rods and rod bipolar cells, appeared normal

when rod degeneration occurred.
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Intracellular Ab accumulates in RPE cells and further attenuates tight junction integrity in 8-month-old

5xFAD mice (Eimer and Vassar, 2013). Moreover, large vacuoles, hyperpigmentation in the PRE layer, dru-

sen-like deposits between RPE and Bruch’s membrane, and thickened Bruch’s membrane are detected in

12-month-old 5xFAD mice (Eimer and Vassar, 2013). In our study, rod degeneration in 5xFAD mice was

demonstrated at 5 months, which was earlier than the RPE layer impairment reported previously. Similarly,

degeneration of the RPE cells was not detected in APP23 mice at 12 months (Figure S9), when rod degen-

eration was detected.

Rod degeneration owing to cellular senescence and necroptosis

It has been shown that cell senescence can be induced by age-associated triggers including oxidative

stress, DNA damage, and metabolic disturbance (Lopez-Otin et al., 2013; Sikora et al., 2011). In AD, it

has been demonstrated that the accumulation of senescent cells is associated with the appearance of

AD pathology including Ab plaques, phosphorylation, and aggregation of tau (Bussian et al., 2018;

Musi et al., 2018; Zhang et al., 2019). Recent studies have demonstrated that oligomeric Ab induces

cell senescence in cultured RPE cells by upregulating the expression of a set of senescence genes (Do

et al., 2019). Our results also reflect photoreceptor senescence accompanied by Ab deposits, character-

ized by increased expression of the P16ink4a and p21 protein in the OS and IS of 9-month-old APP23 mice

(Figure 4). In our study, we propose cell senescence as the potential mechanism of rod degeneration.

Rod senescence was detected earlier than other characteristics of rod degeneration, especially impaired

expression of rhodopsin and downstream phototransduction proteins. Moreover, rod senescence may

be the reason why the expression of rhodopsin and downstream phototransduction proteins was lower

in the rods of AD transgenic mice. Senescent cells can drive senescence-associated secretory phenotype

(SASP) which disrupt normal cellular functions and cause tissue dysfunction. It has been reported that the

cytokine signals such as IL-6 released by senescent cells can induce signal transducer and activator of

transcription 3 (STAT3) activation, which is among several intracellular pathways related to the regulation

of rhodopsin expression (Ozawa et al., 2004, 2008). It has been reported that the STAT3 activation can

inhibit rhodopsin transcriptional levels in developing retinas and in adult retinas during inflammation

(Ozawa et al., 2004). Also, interleukin-6–signal transducer and activator of transcription 3 (IL6–STAT3)

signaling can regulate the expression of rhodopsin by a post-transcriptional mechanism, such as

enhancing the degradation of rhodopsin through the ubiquitin-proteasome system (Ozawa et al.,

2008). In our study, we found that lower rhodopsin transcripts were accompanied by lower protein levels

in our AD transgenic mice (Figure 1), indicating a potential transcriptional regulatory mechanism of

rhodopsin expression.

Moreover, we observed enhanced necroptosis-related cell death signals in rods in 12-month-old APP23

mice (Figure 5). Necroptosis, another pathway of programmed cell death, has been proposed as an impor-

tant mechanism for photoreceptor degeneration (Murakami et al., 2012, 2013; Peng et al., 2020; Sato et al.,

2013). In a cone-rod dystrophy model, knocking down of necroptosis-specific RIPK3 rescued primary

photoreceptor death, indicating the importance of necroptosis in photoreceptor death (Murakami et al.,

2012; Viringipurampeer et al., 2014). Additionally, it is a longstanding belief that apoptosis is the general

pathway for photoreceptor death in retinal degeneration (Chang et al., 1993; Gregory and Bird, 1995).

Recently, the role of apoptosis in photoreceptor degeneration, especially in rods, has been questioned

(Kunchithapautham and Rohrer, 2007; Trifunovic et al., 2012). Consistently, our study demonstrates that

there was no photoreceptor apoptosis in AD retinas (Figure S6).

In vivo detection of rod degeneration in AD transgenic mice

The retina is often thought to be a window to the brain. In AD, in vivo and non-invasive techniques have

been used in the detection of retinal dysfunction (Danesh-Meyer et al., 2006; Koronyo et al., 2017; Lu

et al., 2010; Moschos et al., 2012). In the present study, we assessed retinal function using scotopic ERG.

The scotopic ERG results showed a significantly lower scotopic a-wave amplitude of APP23 mice than

WT controls at 9 months, reflecting rod degeneration (Figure 6). This suggests that rod degeneration

can be detected using in vivo methods, providing a new tool for the diagnosis of AD at an early stage.

In conclusion, this study is the first to demonstrate rod degeneration, followed by cone degeneration, in

multiple AD transgenic mouse lines. Additionally, we found that rod degeneration was among the earliest

signs of retinal degeneration in AD. Moreover, rod degeneration can be assessed by scotopic ERG,

providing a potential target for early-stage diagnosis of AD. Furthermore, both cell senescence and
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necroptosis contributed to rod degeneration in AD, providing a potential therapeutic avenue aimed at

protecting these photoreceptors.

Limitations of the study

Our study demonstrated rod senescence and necroptosis and proposed them as the potential mechanisms

of rod degeneration in AD transgenic mice. Moreover, progressive rod degeneration was initially charac-

terized by impaired expression of rod-specific phototransduction proteins without morphological alter-

ations. However, the precise mechanisms involved in how cell senescence and cell necroptosis affect the

expression of rod-specific phototransduction proteins remain elusive and further study will be performed

in the future.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-b-Amyloid, 1-16 BioLegend catalog#803004; RRID: AB_2715854

Mouse anti-b-Amyloid, 17-24 BioLegend catalog#800709; RRID: AB_2565325

Mouse anti-Rhodopsin, 1D4 Santa Cruz catalog#sc-57432; RRID: AB_785511

Rabbit anti-GNAT1 Proteintech catalog#55167-1-AP; RRID: AB_10858788

Rabbit anti-recoverin Proteintech catalog#10073-1-AP; RRID: AB_2178005

Rabbit anti-Opsin, blue Millipore catalog#AB5407; RRID: AB_177457

Rabbit anti-Opsin, Red/Green Millipore catalog#AB5405; RRID: AB_177456

Mouse anti-PKC alpha Invitrogen catalog#MA1-157; RRID: AB_2536865

Rabbit anti-PKC alpha Abcam catalog#ab32376; RRID: AB_777294

Rabbit anti-PSD95 Cell signaling technology catalog#3450; RRID: AB_2292883

Mouse anti-CtBP2 BD Bioscience catalog#612044; RRID: AB_399431

Mouse anti-RPE65 Novus catalog#NB100-355; RRID: AB_350269

Rabbit anti-RPE65 Abcam catalog#ab67042; RRID: AB_10673673

Rabbit anti-ZO-1 Invitrogen catalog#617300; RRID: AB_2533938

Rabbit anti-P16-INK4A Proteintech catalog#10883-1-AP; RRID: AB_2078303

Mouse anti-p21 Santa Cruz catalog#SC-6246; RRID: AB_628073

Rabbit anti-RIP3 Cell signaling technology catalog#95702; RRID: AB_2721823

Mouse anti-RIP3 Santa Cruz catalog#SC-374639;

RRID: AB_10992232

Rabbit anti-RIP3 (phospho Thr231/Ser232) Cell signaling technology catalog#91702; RRID: N/A

Rabbit anti-MLKL (phospho S345) Abcam catalog#ab196436; RRID: AB_2687465

Rabbit anti-caspase 3 Cell signaling technology catalog#9662; RRID: AB_331439

Rabbit anti-cleaved caspase 3 Cell signaling technology catalog#9661; RRID: AB_2341188

Mouse anti-GAPDH Millipore catalog#MAB374; RRID: AB_2107445

Goat anti-mouse IgG (H+L) Alex Fluor 488 Cell signaling technology catalog#4408; RRID: AB_10694704

Goat anti-mouse IgG (H+L) Alex Fluor 555 Cell signaling technology catalog#4409; RRID: AB_1904022

Goat anti-rabbit IgG (H+L) Alex Fluor 488 Cell signaling technology catalog#4412; RRID: AB_1904025

Goat anti-rabbit IgG (H+L) Alex Fluor 555 Cell signaling technology catalog#4413; RRID: AB_10694110

HRP-conjugated anti-mouse IgG Cell signaling technology catalog#7076; RRID: AB_330924

HRP-conjugated anti-rabbit IgG Cell signaling technology catalog#7074; RRID: AB_2099233

Chemicals, peptides, and recombinant proteins

TRIzol Reagent Invitrogen catalog#15596018

DAPI Invitrogen catalog#D1306

Lectin PNA, Alex Fluor 488-conjugated Invitrogen catalog#L-21409

Curcumin Sigma catalog#C1386

Critical commercial assays

PrimeScript RT reagent kit Takara catalog#RR047A

SYBR Premix Ex Taq mix Takara catalog#RR420A

TUNEL Roche catalog#11684795910
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Yong Shen (yongshen@ustc.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

APP23 transgenic mice overexpress human APP with the Swedish mutation (K670N/M671L) under tran-

scriptional control of mouse neuron-specific Thy-1 promoter (Sturchler-Pierrat et al., 1997). Moreover,

5xFADmice harbor human APP with Swedish (K670N/M671L), Florida (I716V) and London (V717I) mutations

and human PSEN1 withM146L and L286Vmutations under transcriptional control of mouse neuron-specific

Thy-1 promoter (Jawhar et al., 2012; Richard et al., 2015). APP NL-F knock-in (DKI) mice contains a human-

ized Ab region bearing with the Swedish ‘‘NL’’ and the Iberian ‘‘F’’ mutations by using of the endogenous

mouse APP promoter (Saito et al., 2014). Genotyping was performed with PCR analysis of genomic DNA

from tail biopsies. APP23 and 5xFAD mice enrolled in the present study were hemizygotes and non-trans-

genic WT littermate acted as control groups. APP23 mice at the age of 3, 6, 9, 12 and 18 months were used

in the study and accurate mouse number and age for specific experiment was stated in the results. 5-

month-old 5xFAD mice (n=3) and 15-month-old DKI mice (n=3) were used to verify rod degeneration.

Both male and female mice were used in our study and no gender specific difference was observed. All ex-

periments with animals were performed in strict agreement with the National Institutes of Health guidelines

and the Institutional Animal Care and Use committee of University of Science and Technology of China

(USTC).

METHOD DETAILS

Western blotting

Retinas were collected from AD transgenic mice and control mice and homogenized in RIPA buffer (50mM

Tris-HCl, 0.15M NaCl, 2% NP-40, 0.5% Sodium deoxycholate) containing protease inhibitors. The
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homogenate was centrifuged at 12000g for 30min at 4�C and the resultant supernatant was collected for

Western blotting. An equal amount of total proteins from each retina sample was loaded on SDS-PAGE

and transferred onto a polyvinylidene difluoride (PVDF) membrane. The membrane was saturated in 5%

non-fat milk at room temperature for 1h, and then incubated overnight at 4�C with primary antibody:

anti-rhodopsin, clone 1D4 (1:2000; Santa Cruz), anti-GNAT1 (1:500; Proteintech), anti-recoverin (1:500; Pro-

teintech), anti-M-opsin (1:500; Millipore), anti-S-opsin (1:500; Millipore), anti-PKCa (1:100; Invitrogen), anti-

caspase3 (1:100; CST), anti-RPE65 (1:100; Abcam), and anti-RIPK3 (1:100; CST). After washing in Tris-buff-

ered saline containing 0.1% Tween 20, the membranes were incubated with HRP-conjugated secondary

antibody (1:5000) for 1.5 h at room temperature. The signals were revealed by Enhanced Chemilumines-

cence kit (Thermos Fisher) and captured by a digital imaging system. Thesemembranes were then stripped

and re-incubated with mouse anti-GAPDH antibody (1:5000, Millipore) and HRP-conjugated goat anti-

mouse secondary antibody. Densitometry quantification was performed using ImageJ software.

RNA isolation and RT-PCR

Retinas from APP23 mice and WT littermates were dissected and subsequently transferred into TRIzol

(Thermos Fisher). RNA was isolated and purified as described previously. Total mRNA was transcribed

into full-length complementary DNA using an Advantage RT for PCR kit (Clontech) according to the man-

ufacturer’s instructions. RT-PCR was performed to analyze the expression of the Rho gene, andGAPDHwas

used as a house keeping gene. Primers used for detection of Rho are 50-GAGGGCTTCTTTGCCACACTTG-

30, 50-AGCGGAAGTTGCTCATCGGCTT-3’. Primers used for detection of GAPDH are 50-CATCACTGC

CACCCAGAAGACTG-30, 50-ATGCCAGTGAGCTTCCCGTTCAG-30.

Preparation of eye and brain samples from mice

Phosphate-buffered saline (PBS)-perfused AD transgenic mice and WT mice were used in this study. The

eyes from AD transgenic mice andWT littermates were collected and marked by a small cut at the superior

pole, and then placed in 4% paraformaldehyde (PFA) in PBS overnight at 4�C. Fixed eyes were dissected,

and the remaining eyecups were transferred into 4% PFA in PBS for 2 hours at room temperature. After

fixed, eyecups were placed in 30% sucrose in PBS overnight at 4�C in preparation for retinal cryosections.

The eyecups were then embedded in O.C.T compound and frozen gradually. Thereafter, 10-, 20-, and 50-

mm frozen-sections were obtained and stored at -20�C. For whole-mount retinal preparation, retinas were

dissected free from the eyecups and incubated in PBS.

The brain hemisphere was collected and fixed in 4% PFA overnight at 4�C, and then transferred into 30%

sucrose in PBS overnight at 4�C. 30mm cross-sections were obtained and stored at -20�C.

Curcumin staining of Ab plaques

Curcumin solution was prepared as described previously. Whole-mount retinas and brain cross-sections

from AD transgenic mice and were incubated with curcumin solution for 10mins at room temperature,

and then washed with PBS.

Immunohistochemistry

Cross-sections of the retina or brain and whole-mount retinas for immunohistochemical analysis were firstly

washed several times with PBS, and then blocked in PBS containing 5% goat serum and 1% Triton x-100 for

1h at room temperature. The blocked tissues were incubated with the following primary antibodies over-

night at 4�C: anti-b-amyloid, clone 6E10 (1:500; BioLegend), anti-b-amyloid, clone 4G8 (1:500; BioLegend),

anti-rhodopsin, clone 1D4 (1:1000; Santa Cruz), anti-M-opsin (1:500; Millipore), anti-S-opsin (1:500; Milli-

pore), anti-PKCa (1:200; Abcam), anti-PKCa (1:100; Invitrogen), anti-CtBP2 (1:200; BD), anti-PSD95 (1:100;

CST), anti-ZO-1 (1:100; Invitrogen), anti-RPE65 (1:200; Novus), anti-p16ink4a (1:100; Proteintech), anti-p21

(1:100; Santa Cruz), anti-cleaved caspase3 (1:100; CST), anti-RIPK3 (1:100; Santa Cruz), anti-pRIPK3

(1:400; CST) and anti-pMLKL (1:100; Abcam). AlexFluro-488 or -555 conjugated secondary antibody

(1:500; CST) incubation were performed for 2.5 h at room temperature. Thereafter, DAPI (1:1000, Invitro-

gen) were used to label the nuclear for 10 min at room temperature.

PNA immunohistochemistry

To label the cones, Alexa Fluor 488 conjugated lectin PNA (1:100; Invitrogen) was used. Whole-mount

retinas from AD transgenic mice and WT mice were washed in PBS, and treated with blocking buffer
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(5% non-fat milk and 1% Triton X-100 in PBS) for 1 h at room temperature, and then incubated with PNA

overnight at 4�C.

TUNEL assay

To detect cell apoptosis in retinas, retinal cross-sections were treated with a TUNEL kit (Roche) according

to the manufacturer’s instructions.

Confocal microscopy

Fluorescence images were acquired using a confocal microscope (Zeiss, LSM800). For each mouse, at least

five cross-sections taken at different sites of the retina were enrolled in the immunohistochemical analysis

of one protein. Every cross-section was captured at three to four regions.

Single-cell suction-pipette recording

Micemaintained under a normal 12-hour day-night cycle were dark-adapted for at least 12 hours before the

experiment. In total darkness, the mice were euthanized and their eyes were dissected, and the retinas

were stored in buffered Ames’ medium gassed with 5%CO2/95%O2. Small pieces of the retina were trans-

ferred into the recording chamber, and superfuzed with heated (35�C) Ames’ medium gassed with 5%CO2/

95%O2. The outer segment of a single rod cell was drawn into a micropipette, and the light-induced

response was recorded.

The stimulus was induced using a 530nm flash light with a duration of 20ms. The response recorded were

digitized at 2 KHz, and low-pass filtered at 50Hz. Several trials for the flash response of one cell were re-

corded and the data were obtained as averaging.

Electroretinography

Mice for in-vivo recording of scotopic electroretinograms (ERG) were dark-adapted overnight. Under dim

red light, the mice were anesthetized using 400mg/kg chloral hydrate administered via intraperitoneal in-

jection. Thereafter, pupils were dilated using 1% atropine sulfate. Mice were placed on a heating pad to

maintain a body temperature of 37�C. A gold loop electrode was placed on the corneal to record the

ERG signals, and a reference electrode was placed subcutaneously on the head, and a ground electrode

was placed subcutaneously on the tail. A series of light stimulation (different light intensities) was given by a

Ganzfeld stimulator. The scotopic ERG data were the average of ten to twenty flashes of stimulation. Addi-

tionally, negative a-wave, positive b-wave, and implicit time to peak values were calculated for further

analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis

ImageJ software (NIH) was used to analyze the fluorescence intensity, length, and cell number for each im-

age. The average counts from each region were used for further quantitative analysis.

Statistical analysis

GraphPad Prism 8.0 was used to analyze the data. Student’s t-test (unpaired, two-tailed) was performed to

analyze whether a significant difference was present between AD transgenic mice and control WTmice. For

all experiments, data are represented as the meanGSEM. Significance is indicated by *p < 0.05, **p < 0.01,

and ***p < 0.001 in the figures.
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