
Page 1/27

Mesoscopic mapping of the visual pathway in a
female 5XFAD mouse model of Alzheimer's disease
Yunkwon Nam 

Konyang University College of Medicine
Sujin Kim 

Konyang University College of Medicine
Jieun Kim 

Korea Brain Research Institute
Hyang-Sook Hoe 

Korea Brain Research Institute
Minho Moon  (  hominmoon@konyang.ac.kr )

Konyang University College of Medicine https://orcid.org/0000-0002-8140-5928

Research Article

Keywords: Alzheimer’s disease, visual pathway, 5XFAD mice, cholera toxin β subunits

Posted Date: April 26th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1548492/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1548492/v1
mailto:hominmoon@konyang.ac.kr
https://orcid.org/0000-0002-8140-5928
https://doi.org/10.21203/rs.3.rs-1548492/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/27

Abstract
Synaptic and network disruption is correlated with cognitive decline and loss of sensation in Alzheimer's
disease (AD). Surprisingly, amyloid-β (Aβ) deposition and Aβ-induced neurodegeneration appear in the
retina at the early-stage of AD. Although these Aβ-related changes in the retina could cause damage to
the visual functions, no studies have yet revealed the alteration in the visual pathway of AD. Therefore, we
investigated the alteration of visual circuits in the AD mouse model using anterograde neurotracer. We
investigated the Aβ accumulation by immuno�uorescent staining in the retina and retinorecipient areas
of 4- and 12-month-old female 5XFAD transgenic mice. Following intravitreal injection of cholera toxin β
subunits (CTβ) tracer, we evaluated the �uorescence intensity of accumulated CTβ in the retinorecipient
areas in 4- and 12-month-old female wild-type and 5XFAD mice. Our results demonstrated that Aβ
accumulation occurred in the retina and retinorecipient regions of early and late stages of the 5XFAD
mice. Retinal efferents to the suprachiasmatic nucleus and lateral geniculate nucleus were impaired in
the early-stage of AD. Moreover, retinal connections to the dorsal lateral geniculate nucleus and superior
colliculus were degenerated in the late-stage of AD. Although these results provide the �rst
neuroanatomical evidence for decreased visual connectivity in an AD mouse model, it is di�cult to
explain cell type-speci�c connectivity. These �ndings reveal the Aβ-induced visual circuit disturbances at
the mesoscale level in both the early and late stages of AD and provide anatomical and functional
insights into the visual circuitry of AD.

Introduction
Alzheimer's disease (AD) is characterized by increased accumulation of amyloid plaques, composed
primarily of 36–43 residue amyloid-β (Aβ) peptides, in the brains of the patients with AD [1, 2]. Notably,
the intermediate and soluble oligomer Aβ forms provoke neuronal death and synaptic loss in the brain [3].
Moreover, the neurotoxic and synaptotoxic Aβ directly attenuates the neural circuit networks in the brains
affected by AD [4–7]. These impairments in various neural circuits and brain networks that underlie
cognitive, behavioral, and sensory systems could result in cognitive decline, emotional de�cit, and
sensory loss in AD [8]. Unfortunately, current Aβ-centered pharmacologic therapies have demonstrated
limited e�cacy in the treatment of AD [9]. These limitations imply that establishing a neural circuit-
centered therapeutic approach directly related to AD-associated cognitive decline and sensory impairment
could be effective for the treatment of AD. Therefore, it is important to understand which neural circuits
are altered and damaged in the brains with AD.

Visual function impairment is common in patients with AD [10]. It has been known that AD-related
pathology affects vision-related structures and visual system impairment is associated with the
pathogenesis of AD.[11–14] Accumulations of Aβ and hyperphosphorylated tau in the retina precede the
deposits of Aβ plaques in the brains of AD mouse models [13, 14]. Moreover, damage to the inner retina
by Aβ aggregation precedes neuronal cell death and cognitive impairment in AD [14]. Similarly, Aβ
accumulation and neuronal degeneration in the retina were signi�cantly increased in patients with AD
compared with age-matched controls [15]. Notably, retinal nerve �ber layer (RNFL) and retinal ganglion



Page 3/27

cell (RGC) degeneration was observed in the retina of patients with AD, and the intrinsically
photosensitive retinal ganglion cells (ipRGCs), a subset of RGCs, were severely damaged [16–18]. Thus,
the detriment of the inner retina by Aβ is closely related to RGC degeneration and the overall reduction in
the axon of RGCs. Moreover, the inner retina and RNFL undergo extensive damage in the early stage of
AD without visual failure [19, 17]. Surprisingly, it has been reported that a thinner RNFL is linked to
cognitive impairment in patients with mild cognitive impairment (MCI) and AD [16]. Considered together,
Aβ-induced de�ciency of RGCs and RNFLs is prominent in the early stage of AD, and these de�ciencies
result in the deterioration of the visual pathways from the eye to the brain.

In the brain, retinorecipient areas originating from the eye include 25 ipsilateral brain regions and 34
contralateral brain regions [20]. The representative retinorecipient areas are the lateral geniculate nucleus
(LGN), superior colliculus (SC), suprachiasmatic nucleus (SCN), olivary pretectal nucleus (OPN), and
medial terminal nucleus of the accessory optic tract (MTN) [21]. The LGN is divided into subregions, such
as the dorsal lateral geniculate nucleus (dLGN), intergeniculate lea�et (IGL), and ventral lateral geniculate
nucleus (vLGN) [22]. In particular, the dLGN is related to vision and the IGL and vLGN are related to
visuomotor, vestibular, ocular, and circadian functions [22]. Ninety percent of the projections from the
RGC reach the SC, and these connections are involved in eye movement and vision [23–25]. SCN and
OPN receive inputs from the ipRGCs and control the circadian rhythm and pupillary light re�exes,
respectively [26]. The MTN is connected with the ON direction-selective ganglion cells (DSGCs)
specialized in stabilizing images [20]. Surprisingly, in the early stage of AD progression, pathophysiologic
alteration occurs in vision-related brain areas, which causes visual pathway and function impairment in
AD. The AD-related visual de�cits include loss of visual �eld, decreased contrast sensitivity, low visual
acuity, impaired color vision or motion perception, visuospatial di�culties, object agnosia,
prosopagnosia, and impaired identi�cation of emotional facial expressions [10]. Thus, impairment in the
connectivity of the retina with retinorecipient areas may affect the provocation of visual dysfunction in
AD.

Although the connectivity between retina and retinorecipient regions in the healthy brain is well known, no
studies the alterations of the visual pathways in the brains with AD. Moreover, it has been shown that Aβ-
induced de�ciency of RGC and RNFL appears in the early stages of AD, resulting in visual pathway
impairment. Therefore, a hypothesis was formulated stating that the visual pathway could be altered in
Aβ-overexpressing transgenic mice before cognitive decline. To reveal the connection of the retina with
retinorecipient areas, we used non-transsynaptic anterograde neural tracer and performed histological
analysis in both 4-month-old 5XFAD mice corresponding to the prodromal AD [27] and 12-month-old
5XFAD mice corresponding to the severe AD [28].

Materials And Methods

Animals
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The 5XFAD (�ve familial AD mutations) mice express three mutations in the human APP gene
(FloridaV717I, SwedishK670N/M671L, and LondonI716V) and two mutations in the human PSEN1 gene
(L286V and M146L). The animals were purchased from the Jackson Laboratory in Bar Harbor, Mainer,
ME, USA (#006554). The present study used 4- and 12-month-old female 5XFAD mice and wild-type (WT)
littermates. As previously described [29], the 5XFAD transgenic mice were identi�ed through genotyping
of tail DNA. Moreover, some 5XFAD and WT littermate mice start to exhibit retinal degeneration and lose
sight at 35 days of age as a result of phosphodiesterase-6b retinal degeneration-1 (Pde6brd1) allele in the
SJL/J background strain [30]. Pde6brd1 has an autosomal recessive inheritance pattern [31]. Thus, mice
with retinal degeneration Pde6brd1 mutation were classi�ed and excluded using genotyping (Mutant: 5-
AAG CTA GCT GCA GTA ACG CCA TTT-3, Wild-type: 5-ACC TGC ATG TGA ACC CAG TAT TCT ATC-3,
Common: 5-CTA CAG CCC CTC TCC AAG GTT TAT AG-3). WT and 5XFAD mice excluding Pde6brd1

mutants were randomly assigned into four groups: (1) 4-month-old WT mice (n = 5), (2) 4-month-old
5XFAD mice (n = 5), (3) 12-month-old WT mice (n = 5), and (4) 12-month-old 5XFAD mice (n = 5).
Maintenance and treatment of the animals were performed as per the principles of the Care and Use of
Laboratory Animals (NIH Publication No. 85 − 23, revised 1985) and the Animal Care and Use Guidelines
of Konyang University (Project code: P-18-06-A-01). Every attempt was made to keep the number of
animals utilized and their suffering to a minimum.

Intravitreal Injections
All the animals were anesthetized with a dose of 250 µg/kg Avertin (Tribromoethanol; Sigma-Aldrich, St.
Louis, MO, USA). The intravitreal injection was performed using a microscope (Leica, stereozoom S9 D). A
sharp 30-gauge needle was inserted into the edge of the right eye to make a small incision and 1 µL of
vitreous �uid was subsequently withdrawn using a blunt 33-gauge needle attached to a Hamilton syringe.
Finally, 1 µL of 1 mg/mL cholera toxin β subunit (CTβ) conjugated to Alexa-Fluor 488 (Thermo Fisher
Scienti�c Inc., Waltham, MA, USA) was injected into the right eye using the same Hamilton syringe [13]. In
order to prevent eye damage, a needle was placed between the lens and the retina, eye ointment was
applied following the intravitreal injection.

Brain Tissue and Retina Wholemount Preparation
The animals were anesthetized three days following the CTβ injections, transcardially perfused with 0.05
M phosphate-buffered saline (PBS), and subsequently �xed with cold 4% paraformaldehyde in 0.1 M
phosphate buffer (PB). Thereafter, the eyes and brain tissues were extracted, and the tissues were post-
�xed in 0.1 M PB containing 4% paraformaldehyde for 20 h at 4°C. For cryoprotection, the brains were
subsequently immersed in 30% sucrose in 0.05 M PBS solution for 3 days at 4°C. The brains were
subsequently embedded in Surgipath® frozen section compound (Leica Biosystems, Wetzlar, Germany)
and sliced into serial 30-µm-thick coronal slices using a CM1850 cryostat (Leica Biosystems). As
previously described [32], for the retina wholemount preparation, the eye tissues were dissected to remove
the lens and vitreous, and the retina was collected. Then, quadrants of the retina were cut and spread �at
on the glass.
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Immuno�uorescence Labeling
To investigate the immunoreactivity of Aβ accumulation, the retina and brain tissues were incubated
using a blocking solution (0.05% bovine serum albumin, 1.5% normal goat serum, and 0.3% Triton X-100
in PBS) and mouse anti-4G8 antibody (1:2,000; BioLegend, San Diego, CA, USA) overnight at 4°C. And
then, the retina and brain tissues were incubated with donkey Alexa 594-conjugated anti-mouse IgG
(1:200; Thermo Fisher Scienti�c Inc., Waltham, MA, USA) for 1 h at room temperature. To counterstain the
nuclei, the retina and brain tissues were mounted on ProbeOnTM Plus Microscope Slides (Thermo Fisher
Scienti�c Inc.) and covered with Fluoroshield™ with 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich).

Image Acquisition and Analysis
All the brain and retinal tissues labeled with CTβ and 4G8 staining were imaged using a Zeiss LSM 700
Meta confocal microscope (Carl Zeiss AG, Oberkochen, Germany). The images of the CTβ-labeled cell
bodies and axon terminals and 4G8-positve Aβ were quanti�ed in the retina and retinorecipient regions
using ImageJ software (NIH, Bethesda, MD, USA). The images of the CTβ-labeled axon terminals were
expressed as the �uorescence intensity in arbitrary unit. Values from the four groups were normalized to
the controls using the following equations: % of control = (�uorescence intensity of WT or 5XFAD
mice/�uorescence intensity average of WT mice) × 100. The immunoreactivity of 4G8 staining was
quanti�ed as area fractions of immune-reactive signals in the retina.

Statistical Analysis
All the data were analyzed by GraphPad Prism 7 (Systat Software, La Jolla, CA, USA). Analyzed values   
are plotted as mean ± standard error of the mean (SEM). Data were analyzed using independent t-tests
between the two groups and one-way analysis of variance was performed between the four groups
followed by Tukey’s post-hoc tests. A p-value of less than 0.05 was considered statistically signi�cant.
Image acquisition, quanti�cation, and statistical analysis of each group were blindly performed.

Results

Histological pro�ling of the Aβ accumulation and retinal
projections to the brain
To investigate the retinorecipient areas and retinal pathways in the brain with AD, we injected CTβ, a non-
transsynaptic anterograde trace, into the vitreous of WT and 5XFAD mice (Fig. 1a). Three days following
the intravitreal injection, �uorescence of CTβ conjugated to Alexa-Fluor 488 was detected in the retina of
WT and 5XFAD mice (Fig. 1b). Next, we investigated the subcellular localization of CTβ in the retinal �at
mount using Z-stack imaging. CTβ �uorescence signals were localized in the cytoplasm of retinal cells
stained with DAPI (Fig. 1c-e). Moreover, to examine whether Aβ accumulations were deposited in the
retinal RGCs, we injected CTβ and then immuno�uorescence staining was conducted using anti-4G8
antibody of 4 month- and 12-month-old 5XFAD mice. We found that Aβ peptides were more aggregated in
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the retina of 12-month-old of 5XFAD compared with 4-month-old 5XFAD mice (Fig. 1f). These data
suggest that Aβ expression is responsible for retinal RGC-associated Aβ pathology in 4-month-old 5XFAD
and that the burden of Aβ plaques is more severe in 12-month-old 5xFAD mice. Subsequently, we
examined the retinal efferents to the brain regions of the healthy and AD animals. Consistent with
previous studies to elucidate the retinorecipient areas [20, 21]. the signals of CTβ axonally transported
from retina were detected in retinorecipient areas, including SCN, OPN, LGN, SC, and MTN of WT and
5XFAD mice (Fig. 2d, f, g). Particularly, the �uorescent CTβ was localized in the terminal button of the
axon of the WT and 5XFAD mice (Fig. 2c), which suggests that the CTβ-positive axon terminals originated
in the retina. Moreover, we characterized Aβ deposition in retinorecipient areas of 4- and 12-month-old
5XFAD mice (Fig. 2e, h-k). Aβ accumulation was not observed in the SCN, SC, and MTN of 4- and 12-
month-old 5XFAD mice (Fig. 2e, i, k). Interestingly, Aβ accumulation was not detected in the OPN of 4-
month-old 5XFAD mice, whereas Aβ deposition was observed in 12-month-old 5XFAD mice (Fig. 2h). The
LGN showed Aβ deposition in both 4- and 12-month-old 5XFAD mice, demonstrating an age-dependent
increase (Fig. 2j). Consequently, we found CTβ-labeled axon terminals in retinorecipient regions in the
brains of WT and 5XFAD mice, and that the patterns and degrees of Aβ accumulation vary across regions
and phases of AD progression in retinorecipient areas.

Disruption of the retina-SCN connections in animal model
of AD
It is well-known that the RGCs project to the SCN of the hypothalamus [33]. In particular, ipRGCs primarily
send information to the SCN [26, 34, 35]. In order to visualize the neural connections from the retina to the
SCN, we injected CTβ into the vitreous of 4- and 12-month-old WT and 5XFAD mice. CTβ-positive signals
were detected in the SCN of all the mouse groups (Fig. 3a, b). To examine whether the retina-SCN
pathway is altered in Aβ-overexpressing brains, we compared the �uorescence signals of CTβ in the SCN
of the 5XFAD and WT mice (Fig. 3c). The �uorescence intensity of CTβ in the SCN was signi�cantly
reduced in 4-month-old 5XFAD mice compared with WT mice of the same age (Fig. 3c, d). However, in 12-
month-old 5XFAD mice, there was no signi�cant difference in the CTβ �uorescence intensity compared to
WT mice of the same age (Fig. 3c, d). Moreover, anterograde tracing results showed that in the SCN, CTβ
�uorescence intensity of 12-month-old WT mice was signi�cantly lower than that of 4-month-old WT
mice (Fig. 3d). These results suggest that efferent projections from the retina to the SCN are impaired
before the onset of cognitive decline and by normal aging.

Tracing the retina-OPN pathways in the 5XFAD mice
To investigate whether the retinal outputs to OPN are altered in Aβ-overexpressing brains, we traced the
transport of the anterograde tracer from the retina to the OPN in the 4- and 12-month-old WT and 5XFAD
mice (Fig. 4a, b). There was no difference in the �uorescence intensity of CTβ between WT and 5XFAD
mice at the age of 4 months (Fig. 4c). Similarly, there was no difference of �uorescence intensity of CTβ
between 12-month-old WT and 5XFAD mice (Fig. 4c). Moreover, the retina-OPN connectivity did not show
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age-related impairment in WT mice (Fig. 4d). Consequently, our �ndings demonstrate that the retina-OPN
pathway is rarely altered by AD progression and normal aging.

Decreased retina-LGN connectivity in the 5XFAD mice
The LGN is a crucial region in the visual pathway that relays visual information from the retina to the
primary visual cortex [36]. We analyzed CTβ-positive signals in the three subregions of LGN, such as
dLGN, IGL, and vLGN, in 4- and 12-month-old WT and 5XFAD groups (Fig. 5a, b). First, compared to the 4-
and 12-month-old WT mice, the CTβ-labeled efferent from the retina to dLGN were signi�cantly decreased
in the 4- and 12-months-old 5XFAD mice, individually (Fig. 5c), which indicated that the retinal projections
to dLGN were damaged by AD progression. The comparison of the CTβ-positive areas in the dLGN
between 4- and 12-month-old WT mice did not show any degeneration with aging (Fig. 5f). Second, CTβ-
labeled axons in the IGL were signi�cant decreased in the 4-month-old 5XFAD mice compared to the 4-
month-old WT mice (Fig. 5d); however, there was no difference in the �uorescence intensity between the
WT and 5XFAD mice at the age of 12 months (Fig. 5d). Normal aging signi�cantly damaged the retina-
IGL pathway, whereas AD progression did not alter the retina-IGL projections (Fig. 5f). Finally, the
anterograde-tracing from the retina to the vLGN demonstrated that the CTβ-positive axon terminals were
signi�cantly decreased in the 4-month-old 5XFAD compared to 4-month-old WT mice (Fig. 5e); however,
there were no differences in the alteration of the retina-vLGN connectivity between 12-month-old WT and
5XFAD mice (Fig. 5e). Surprisingly, both normal aging and AD progression signi�cantly disrupted the
retina-vLGN pathway (Fig. 5f). Taken together, these �ndings demonstrate (1) that the retinal efferents to
dLGN, IGL, and vLGN are severely damaged in the AD brain even before the onset of cognitive decline, and
(2) the signi�cant alteration of the eye-LGN connection during AD progression as well as normal aging.

Altered retina-SC connection in the Aβ-overexpressing mice
The SC is a region that relays visual information as part of the extrageniculate visual pathway from the
retina to the higher visual cortex and plays an important role in visual function [37]. To reveal the retina-
SC pathway, we conducted anterograde-tracing with CTβ in 4- and 12-month-old WT and 5XFAD mice
(Fig. 6a, b). There was no impairment in the retina-SC pathway of 4-month-old 5XFAD mice compared to
the 4-month-old WT mice (Fig. 6c). In contrast, the retina-SC connection of 12-month-old 5XFAD mice was
signi�cantly reduced compared to that of the 12-month-old WT mice (Fig. 6c). Moreover, comparison of
CTβ-positive axon terminals between 4-month-old and 12-month-old mice showed a signi�cant age-
related decrease in the retina-SC projection of both WT and 5XFAD mice (Fig. 6d). Therefore, these
anterograde-tracing results demonstrate that the retina-SC projection is impaired during normal aging and
AD progression.

Decreased retina-MTN projections in the animal model of
AD
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To reveal the changes in connectivity from the retina to the MTN in an AD mouse model, we detected the
CTβ-positive signals in MTN of 4- and 12-month-old WT and 5XFAD groups (Fig. 7a, b). Compared to both
the 4- and 12- month-old WT mice, the CTβ-labeled efferents from the retina were not reduced in the MTN
of 4- and 12- month-old 5XFAD mice (Fig. 7c). Conversely, the retina-MTN pathway was signi�cantly
decreased in the 12- month-old WT and 5XFAD mice, compared to the 4-month-old WT and FAD mice,
respectively (Fig. 7d). Taken together, these results suggest that retina-SC pathways signi�cantly
degenerate during aging and AD progression.

Discussion
Although visual circuit impairments in patients with AD patients has been reported at the macroscopic
level [38], to the best of our knowledge, there is no study on the alteration of the visual circuit at the
mesoscale level in the AD brain. Thus, our study aimed to provide direct anatomical evidence in a mouse
model of AD by examining the topographical changes in various visual pathways of AD progression. To
investigate the visual circuitry of the AD brain, we intravitreally injected a non-transsynaptic anterograde
trace CTβ into the eyes of 4- and 12-month-old WT and 5XFAD mice. We demonstrated that the retinal
projections to the SCN, dLGN, IGL, and vLGN reduced in the 4-month-old 5XFAD mice, which exhibit no
cognitive decline, compared with the 4-month-old WT mice. In addition, we found decreased connections
of retina-dLGN and retina-SC in the 12-month-old 5XFAD mice, representing severe stage of AD, compared
to 12-month-old WT mice. Finally, we revealed that retinal connectivity decreases in several retinorecipient
areas except for the OPN by normal aging. The present study demonstrated for the �rst time, the
alteration of the visual pathways from the retina in the AD brain at the mesoscale level (Fig. 8).

It is well known that Aβ-induced neuronal dysfunctions induces neuronal circuit and network
disturbances [39]. A key component of these neuronal dysfunctions is axonal degeneration. Axonal
degeneration by Aβ toxicity preceded neuronal cell death. In addition, inhibition of axonal degeneration
through overexpression of nicotinamide mononucleotide adenylyltransferase 1 (Nmnat1) and Bcl-xl
prevented neuronal cell death [40]. This evidence suggests that Aβ targets the axon rather than the soma.
Therefore, Aβ observed in the retina (Fig. 1f) can cause axonal degeneration of RGCs, resulting in
disruption of the visual pathway. Damage to neuronal circuits leads to functional dysfunctions. Many
visual-related dysfunctions have been reported in patients with AD and animal models [41, 42]. More than
half of the patients with AD suffer from sleep disorders [41]. Moreover, circadian rhythm disturbance was
observed in 4-month-old 5XFAD mice [42]. The accompanying circadian disruption in patients with AD
and an animal model is closely related to the SCN, vLGN, and IGL [43, 44]. Surprisingly, the connections
between the retina and the SCN, vLGN, and IGL were signi�cantly impaired in the 4-month-old 5XFAD
mice (Fig. 3c and 5d, e). These results suggest that the visual pathways in the SCN, vLGN, and IGL are
severely impaired in the early-stage of AD, and the alteration of these circuitry results in abnormal
circadian rhythms. In addition, it is well known that the dLGN is involved in the control of color vision and
contrast sensitivity [45, 46]. Loss of contrast sensitivity and impairment of color vision is one of the early
symptoms in patients with AD [47, 48]. Moreover, a study using an APPSWE/PS1∆E9 mouse model
reported that contrast sensitivity and color vision were impaired in AD progression [49]. Similarly,
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projection from the retina to the dLGN decreased in the 4- and 12-month-old 5XFAD mice (Fig. 5c, f). This
�nding indicated that the retina-dLGN pathway impaired AD progress, and the impairment of these
circuitry resulted in the loss of contrast sensitivity and color vision. The SC is involved in visuomotor
function, such as eye movement [23, 25]. Interestingly, visuomotor impairment was observed from 6
months of age in 5XFAD mice [50]. Our results did not show the altered pathway from the retina to the SC
in 4-month-old 5XFAD mice. In contrast, the retina-SC pathway was signi�cantly reduced in 12-month-old
5XFAD mice (Fig. 6c, d). This �nding demonstrates that retina-to-SC projections initiate impairment at the
late stage of AD, and the disruption of retina-SC circuitry causes visuomotor dysfunction.

In the early-stage of Aβ-overexpressing mice, the circuits from the retina to SCN and LGN are impaired
(Figs. 3 and 5), and the RGCs constituting these circuits are mainly ipRGCs [21]. Speci�cally, M1 ipRGCs
expressing the Brn3b transcription factor innervate into the dLGN and vLGN, and Brn3b-negative M1
ipRGCs project into the SCN and IGL [26]. In addition, cadherin-6-expressing ipRGCs output to IGL and
vLGN [51]. Thus, these evidences suggest that Aβ-induced impairments of Brn3b-negative and positive
M1 ipRGCs and their axons could be predominant in the early-stage of AD. In the late-stage of Aβ-
overexpressing mice, pathways from the retina to the dLGN and SC are impaired (Fig. 5c and 6), these
pathways consist of various RGCs axons [21]. The dLGN receives inputs from a variety of RGCs, such as
on, off, and on-off DSGCs and off alpha RGCs [22]. Eighty to ninety percent of RGCs reach the SC [24].
Based on several studies, most RGCs and their innervation could be impaired by various AD pathologies
in the late-stage of AD.

Neurodegenerative biomarkers for detecting cognitive decline or MCI developing dementia is critical [52].
One of the studies reports that ophthalmological examinations have revealed many visual alterations in
individuals with neurodegenerative disease [53]. Visual indications commonly precede brain symptoms in
some disorders, suggesting that eye examinations could provide earlier detection of the underlying
disease [11]. Our results demonstrated that Aβ accumulation in the retina and impairment of visual
pathways appear before the cognitive decline (Fig. 1f, 3d, and 5f). These results suggest that impaired
retinas could be utilized to promptly diagnose AD in the early stage of the disease progression.
Surprisingly, advances in ophthalmologic techniques for the study of the retina in vivo enable the
diagnosis of AD through retinal degeneration. A non-invasive and inexpensive method of diagnosing AD
through the retina can make a huge contribution to AD treatment. A recent review article presents several
ocular biomarkers studied in patients with AD, such as decreased RNFL thickness, retinal vascular
changes, and AD pathology detection in the retina [54]. In addition to the diagnosis through retinal
degeneration, various biomarkers exist that diagnose AD by measuring the visual dysfunction [55–58].

Our results suggested the retinal outputs were impaired in the 5XFAD mice. In particular, the most
common neurotransmitter in the visual system, including the retina, is glutamate [59]. Unfortunately, most
conventional tracers are unable to reveal the connectivity at the level of the cell-type-speci�c pathway
[60]. Therefore, genetic tracing using cell-type-speci�c promoters should be used to investigate the
disruption of glutamate-speci�c visual pathways. Nevertheless, the current research is the �rst to
demonstrate the alteration in the visual pathways in an animal model of AD at the mesoscale level.
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Restoring damaged visual pathways with optogenetic stimulation, based on mesoscopic mapping of
connectivity in the AD brain, could be a possible therapeutic approach for treating visual symptoms in
patients with AD.

5XFAD mouse, an Aβ-overexpressing mouse model, has a high level of Aβ40 and Aβ42 peptide, which is
the closest to humans in the retina and brain. Moreover, the 5XFAD mice showed stronger retinal and
synaptic pathology than other AD mouse models [61]. Signi�cantly increased Aβ concentrations were
observed in the eyes of young 5XFAD mice without cognitive impairment compared to WT mice of the
same age [14, 62, 63]. In addition, visual behavior abnormalities and circadian rhythm disturbance were
reported in 5XFAD mice [42, 50]. Unfortunately, 5XFAD mice do not re�ect all of the pathologies of AD and
may not re�ect the same visual pathway impairment as patients with AD. Nevertheless, since non-clinical
studies are needed for developing treatment and diagnostic methods for AD, among various AD models,
we chose 5XFAD mice, which accumulate the Aβ in the retina at the early-stage and exhibit visual-related
symptoms.

Conclusion
In this study, we examined the alteration of the visual pathway in the animal model of AD at the
mesoscale level in both the early and late stages of AD. Taken together, the results of our study using
5XFAD mice demonstrated that (1) retinal projections to the SCN, dLGN, IGL, and vLGN were signi�cantly
impaired in the early stages of AD, (2) connections of the retina with dLGN and SC were disrupted in the
late stages of AD, (3) the visual pathways in the brain with AD showed a trend towards accelerated
degeneration during the AD progression, and (4) the visual circuits in the healthy brain degenerated
according to aging.
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Figures

Figure 1
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Validation of the application of cholera toxin β subunit (CTβ) and characterization of amyloid-β (Aβ)
deposition in the retina of wild type (WT) and 5XFAD mice. (A) The schematic diagram shows the overall
experimental design. (B) Representative image of the photomicrograph validation of the intravitreal
injection sites of the CTβ in the retinal �at mount of the WT and 5XFAD mice. Scale bar = 500 μm. (C) An
orthogonal view of the z-stack images indicates that the CTβ has an intracellular localization in retinal
cells. The side and bottom panels, respectively, depict y–z and x–z cross-sectional images. Scale bar = 5
μm. (D) Serial z-stack images consist of 9 sections at 1-μm intervals. (E) The representative image shows
a three-dimensional z-projection of the acquired stack. (F) The representative image shows Aβ
accumulation in the retina by immunohistochsemical staining with anti-4G8 antibody. Scale bar = 10 μm.



Page 18/27

Figure 2

Histological pro�ling of the CTβ and amyloid-β (Aβ) deposition in the retinorecipient regions of WT and
5XFAD mice. (A) The sagittal plane of the mouse brain indicates the positions of the representative Fig.s
in D, F, and G. (B) The schematic diagram indicates the projection from the retina to the retinorecipient
regions of the brain. CTβ-positive signals represent the retinal output to the (D) SCN, (F) OPN/LGN, and
(G) SC/MTN in the brain hemisphere. Scale bar = 500 μm. (C) The representative orthogonal view shows
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that the CTβ is localized to the terminal buttons of the axon in the SCN of 4-monthe WT mice. The side
and bottom panels, respectively, depict the y–z and x–z cross-sectional images. Scale bar = 10 μm.
Representative images show the deposition of Aβ plaques stained with 4G8 antibody in the (E) SCN, (H)
OPN, (I) SC, (J) LGN, and (K) MTN of 4- and 12-month-old 5XFAD groups. Scale bar = 50 μm. LGN, lateral
geniculate nucleus; MTN, medial terminal nucleus of the accessory optic tract; OPN, olivary pretectal
nucleus; SC, superior colliculus; SCN, suprachiasmatic nucleus.
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Figure 3

Impairment of the retina-suprachiasmatic nucleus (SCN) pathway in WT and 5XFAD mice. (A) Diagram of
a mouse brain section explaining the location of the SCN. (B) The representative image shows CTβ-
labeled terminal buttons of the axon in the SCN of 4- and 12-month-old WT and 5XFAD mice. Scale bar =
50 μm. (C) The quantitative graph exhibits the �uorescence intensity of the CTβ (+) area in the SCN of WT
and 5XFAD mice. (D) Comparison of the impairment of the retina-SCN pathway by aging and AD
progression. *** p < 0.001 and ###p < 0.001 indicate a signi�cant difference.
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Figure 4

Anatomical tracing of the retina-olivary pretectal nucleus (OPN) pathways in WT and 5XFAD mice. (A)
Diagram of a mouse brain section illustrating the location of the OPN. (B) The representative images
show CTβ transported from the retina to the OPN. The scale bars are 50 and 500 μm, respectively. (C) The
quantitative graphs exhibit the �uorescence intensity of the CTβ (+) areas in the OPN of the WT and
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5XFAD mice. (D) Comparison of the impairment of the retina-OPN projection by aging and AD
progression. 

Figure 5

Changes of the retina-lateral geniculate nucleus (LGN) connections in WT and 5XFAD mice. (A) Image of
a mouse brain atlas exhibiting the location of the LGN. (B) The representative images show CTβ



Page 23/27

transported from the retina to the LGN. The scale bars are 50 and 500 μm, respectively. The quantitative
graphs exhibit the �uorescence intensity of CTβ (+) areas in the (C) dorsal lateral geniculate nucleus
(dLGN), (D) intergeniculate lea�et (IGL), and the (E) ventral lateral geniculate nucleus (vLGN) of WT and
5XFAD mice. (F) Comparison of the impairment of the retina- LGN pathways by aging and AD
progression. * p < 0.05, *** p < 0.001, #p < 0.05, ##p < 0.01, and ###p < 0.001 indicate a signi�cant
difference.
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Figure 6

Degeneration of the retina-superior colliculus (SC) pathways in WT and 5XFAD mice. (A) Image of a
mouse brain atlas illustrating the location of the SC. (B) The representative images indicate CTβ
transported from the retina to the SC. The scale bars are 500 and 50 μm, respectively. (C) The quantitative
graphs exhibit the �uorescence intensity of CTβ (+) areas in the SC of WT and 5XFAD mice. (D)
Comparison of the impairment of the retina-SC connection by aging and AD progression. *** p < 0.001 and
###p < 0.001 indicate a signi�cant difference.
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Figure 7

Neuroanatomic tract tracing of the retina-medial terminal nucleus of the accessory optic tract (MTN)
projections in WT and 5XFAD mice. (A) Diagram of a mouse brain atlas illustrating the site of the MTN.
(B) The representative images indicate CTβ transported from the retina to the MTN. The scale bars are
500 and 50 μm, respectively. (C) The quantitative graphs exhibit the �uorescence intensity of CTβ (+)
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areas in the MTN of WT and 5XFAD mice. (D) Comparison of the impairment of the retina-MTN pathways
by aging and AD progression. *** p < 0.001 and ###p < 0.001 indicate a signi�cant difference.

Figure 8

Schematic drawing and quantitative analysis of the altered visual pathways from the retina to the
retinorecipient regions. The rate of degeneration of the visual pathways was normalized to those of 4-
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month-old WT mice indicated by the black bars. Red bars displayed regions that are impaired in early-
stage of AD. Blue bars indicate the damaged regions in late-stage of AD. Orange bars show regions
damaged by aging. 


