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Abstract

Purpose: Near-infrared fluorescence (NIRF) imaging has been widely used in preclinical
studies; however, its low tissue penetration represents a daunting problem for translational clinical
imaging of neurodegenerative diseases. The retina is known as an extension of the central nerve
system (CNS), and it is widely considered as a window to the brain. Therefore, the retina can be
considered as an alternative organ for investigating neurodegenerative diseases, and an eye
represents an ideal NIRF imaging organ, due to its minimal opacity.

Procedures: NIRF ocular imaging (NIRFOI), for the first time, was explored for imaging of
Alzheimer’s disease (AD) via utilizing “smart” fluorescent probes CRANAD-X (X'= -2, -3, -30,
-58, and -102) for amyloid beta (Ap), and CRANAD-61 for reactive oxygen species (ROS). Mice
were intravenously injected the fluorescence dyes and images from the eyes were captured with an
IVIS imaging system at different time points.

Results: All of the tested NIRF probes could be used to differentiate transgenic AD mice and
WT mice, and NIRFOI could provide much higher sensitivity for imaging Aps than NIRF brain
imaging did. Our data suggested that NIRFOI could capture the imaging signals from both soluble
and insoluble AP species. Moreover, we demonstrated that NIRFOI with CRANAD-102 could be
used to monitor the therapeutic effects of BACE-1 inhibitor LY2811376. Compared to NIRF brain
imaging, NIRFOI provided a larger change of AP levels before and after LY2811376 treatment. In
addition, we demonstrated that CRANAD-61 could be used to image reactive oxygen species in
the eyes.

Conclusion: The large detection margin by NIRFOI is very important for both diagnosis and
therapy response monitoring. Compared to fluorescence microscopic imaging, NIRFOI captures
signals with a wide angle (large field of view (FOV)) and can be used to detect soluble ABs. We
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believe that NIRFOI has remarkable translational potential for future human studies and can be a
potential imaging technology for fast, cheap, accessible, and reliable screening of AD in the
future.
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Introduction

Near-infrared fluorescence (NIRF) imaging has been widely used in preclinical studies, due
to its low cost, numerous available contrast agents, non-radiation exposure, high throughput
capacity, easy operation, and straightforward data analysis [1-5]. However, non-invasive
NIRF imaging has limited potential as a clinical imaging technology, due to poor tissue
penetration of near-infrared (NIR) light. To avoid this problem, the eye is a natural target for
NIRF imaging, due to its minimal opacity for NIR light. Nonetheless, the application of
NIRF ocular imaging (NIRFOI) has rarely been investigated. Obviously, NIRFOI has
tremendous strength as a clinically applicable imaging technology.

Due to extremely heavy medical and social burdens of Alzheimer’s disease (AD) for today
and the future, cheap, fast, reliable, and widely applicable imaging methods are
indispensable to relieve the burdens. Currently, memory and behavioral tests are widely used
for clinical AD diagnosis [6]; however, these tests are tedious and heavily dependent on
medical experts. Although studies indicate that molecular magnetic resonance imaging
(MRI) and positron emission tomography (PET) are promising diagnostic modalities [7-9],
the high-cost PET imaging, narrow availability of PET tracers, and the low sensitivity of
MRI are obstacles for their wide applications in both preclinical and clinical studies.
Compared to MRI and PET imaging, NIRFOI is an attractive imaging method, because it
could be a cheap, fast, reliable, and widely available technology for AD screening.

The retina is widely considered as a window to the brain. Anatomically and
developmentally, the retina is known as an extension of the central nerve system (CNS) [10,
11]. Several well-defined neurodegenerative conditions, including AD, that affect the brain
have manifestations in the eyes [10, 11]. Therefore, the eye could be used as a window for
non-invasively imaging certain CNS diseases. The linkage of brains and eyes in AD
pathology is well established, both from morphological changes such as nerve fiber layer
thickness and molecular level changes such as deposit of amyloid beta (AB) species. Ning et
al. reported that APP/PS1 mice developed A deposits in the retina and caused retinal
degeneration [12]. We recently showed that aged beagle dogs had abundant A plaques in
the retina [13]. Koronyo-Hamaoui et al. showed the formation of A plaques in the retina
prior to the appearance of plaques in the brains in APP/PS1 transgenic AD mice [14]. In
human eyes, studies have now confirmed that the retina expresses APP and has the necessary
cellular machinery to generate Aps [15, 16]. Several groups and clinical studies have
confirmed the existence of Ap deposits in human eyes [17-21].

Mol Imaging Biol. Author manuscript; available in PMC 2020 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 3

In the past years, we have invented our own brand of imaging probes, called CRANAD-Xs
(Fig. 1), which are “smart” imaging probes for various Ap species. Among them,
CRANAD-2, -3, -30, -58, and —102 showed remarkable fluorescence signal increase once
they interacted with AR species [22-25]. In this report, we used CRANAD-X to conduct
NIRFOI imaging. Our results indicated that NIRFOI with CRANAD-X was a very sensitive
imaging method for detecting AP species, and could be used to monitor the therapeutic
effectiveness of a BACE-1 inhibitor [26]. Recently, our group reported that CRANAD-61
(Fig. 1) could be used for imaging reactive oxygen species (ROS) in the brains of AD mice
using two-photon imaging and NIRF brain imaging [27]. In this report, our data suggested
that CRANAD-61 could also be used to detect the high concentrations of ROS in the eyes of
AD mice.

Materials and Methods

Transgenic female APP-PS1 mice and age-matched wild-type (WT) female mice were
purchased from Jackson Laboratory. NIRFOI was performed on IVIS® Spectrum
(PerkinElmer, Hopkinton, MA). All animal experiments were approved by the Institutional
Animal Care and Use Committee at Massachusetts General Hospital.

In vivo NIRF Ocular Imaging

In vivo NIRF imaging was performed using an IVIS® Spectrum imaging system
(PerkinElmer, Hopkinton, MA). Images were acquired with a 605-nm excitation filter and a
680-nm emission filter. Data analysis was performed using Living Image 4.2.1 software. A
14-month-old mouse (APP-PS1, n= 2-4, and age-matched WT, 7= 2-4) was placed in a
cassette that is specialized for lateral positioning of an eye, and field of view (FOV) = Bwas
used to cover one eye area. Before injection of CRANAD-X, a background image was
captured. An injection solution of CRANAD-X (1.0 mg/kg) was freshly prepared in 15 %
DMSO, 15 % cremorphor, and 70 % PBS, and the solution was stabilized for 20 min before
injection. Each mouse was intravenously injected with 100 pl of CRANAD-X viatail vein.
Fluorescence signals from the eye area were recorded at 0, 15, 30, 60, 120, and 240 min
after intravenous injection. To quantify the NIRF signal, an equal size ROl was drawn
around the eye region.

NIRFOI Monitor Therapeutic Effectiveness

CRANAD-102 was used to monitor the therapeutic effects of BACE-1 inhibitor LY2811376
in APP/PS1 mice. Four-month-old mice (APP-PS1, n= 5, female) were imaged with
CRANAD-102 before treatment, and then the mice were intravenously injected for a
continuous 3 days with LY2811376 (100 pl, 2.5 mg/ml, 5 % etholethanol+5 % cremorphor
+90 % PBS), based on our previously reported protocol [24]. At day 4, CRANAD-102 (1.0
mg/kg, 15 % DMSO, 15 % cremorphor, and 70 % PBS, 100 ul/mouse) was intravenously
injected, and NIRF images were captured from the brain and eyes area at 0, 30, and 60 min
post-injection (Ex = 605 nm, Em = 680 nm, and FOV = B). To quantify the NIRF signal, an
ROI was drawn around the brain and eye region respectively for each mouse.
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Results

Proof-of-concept NIRFOI with Wild-type Mice

To investigate whether NIRFOI is feasible, we used CRANAD-3 [24] to perform NIRFOI
with WT mice. To acquire images, a mouse was placed into a homemade black cassette for
lateral positioning to exposure one eye towards the camera of an IVIS imaging system, and a
small field of view (FOV = B) was used. As expected, apparent NIRF signals could be
captured (Fig. 2a), and the dynamic of CRANAD-3 could be monitored as well (Fig. 2b).

NIRFOI Screening of CRANAD-X with APP/PS1 Mice

For transgenic mice, we used APP/PS1 mice, one of the most widely studied transgenic AD
mouse models, to investigate the imaging capacity of CRANAD-Xs. APP/PS1 mice possess
double humanized APP and PS1 genes, and constantly produce considerable amounts of
“human” AP species throughout their lifetimes [28, 29]. Previous studies indicate that
APP/PS1 mice have no significant Ap deposits/plaques before 6 months of age. In this
strain, cognitive impairment can be observed around 9 months of age [28, 29].

NIRFOI with Probes Capable of Detecting Both Soluble and Insoluble Ap Species

We used CRANAD-3 [24] to investigate the feasibility of NIRFOI to differentiate transgenic
AD and age-matched WT mice. CRANAD-3 is capable of detecting both soluble and
insoluble ABs /n vitroand in vivo. In this investigation, 14-month-old APP/PS1 mice were
used. The mice were injected (iv) with CRANAD-3 and imaged with an VIS imager with
FOV = B. Images were acquired at 5, 15, 30, 60, 120, and 240 min post-injection (p.i.).
Quantitative analysis of ROI (region of interesting) of the eye area showed considerable
large differences between AD and WT at all of the time points. The largest difference was
3.15-fold (Fig. 3a), which is significantly higher (3.15-fold vs1.98-fold) than that from brain
NIRF imaging with the same probe and with the same dose and imaging parameters. The
large difference is very important for diagnosis and therapy monitoring. Meanwhile, we also
found that the NIRF intensity of APP/PS1 at 30 min was 10-fold higher than the pre-
injection background. The ratio of A3g min) and Apre-inj) is also one important fact for
reliable quantification, and a probe with a large ratio could have less interference from
autofluorescence (NIRF signal from pre-injection).

We also investigated whether CRANAD-58 [23], a similar analogue of CRANAD-3, could
provide more sensitive detection for ABs. We found that the A30 min)/ F(pre-inj) Was about 4.1-
fold, and the differences detected by CRANAD-58 were slightly lower than that from
CRANAD-3 (2.80-fold vs 3.15-fold) (Fig. 3a, b). Interestingly, the dynamic of CRANAD-58
in the eyes and brain is different. The NIRF signal in the brain reached the highest within 5
min, while the peak in the eyes reached at 30 min for 14-month-old APP/PS1 mice (Fig. 3b).

NIRFOI with Probes Only Capable of Detecting Insoluble AB Species

Our previous data indicated that CRANAD-2 was primarily sensitive for insoluble Aps [23].
To investigate whether CRANAD-2 can be used to detect Ap deposits in the eyes, we first
followed a similar protocol of CRANAD-3 to image 14-month APP/PS1 mice. As expected,
CRANAD-2 was able to differentiate AD and WT mice with a large difference, which was
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about 2.95-fold. However, the ~3q min)/ Apre-inj) Was just about 3-fold (Fig. 3c). To
investigate whether CRANAD-2 can be used to image young APP/PS1 mice, we iv injected
CRANAD-2 with 4-month-old APP/PS1 mice and age-matched controls, and found that
CRANAD-2 was not able to differentiate the two groups (Fig. 3d). This is not a surprise
because the Aps in the brains of 4-month-old APP/PS1 mice were primarily soluble species,
but CRANAD-2 is not sensitive for soluble Aps.

NIRFOI with Probes Selective for Soluble ABs

Evidence indicates that soluble Aps are more likely the most toxic species, and can be used
as biomarkers for early/pre-symptomatic stage of AD [30, 31]. We have recently developed
NIRF probes for selectively imaging soluble ABs. One of them is CRANAD-102, which
showed significantly higher signal for soluble ABs over insoluble AB aggregates [25]. To
investigate whether CRANAD-102 can be used for NIRFOI, we first tested it with 14-
month-old APP/PS1 mice and age-matched controls. As expected, CRANAD-102 showed
significant differences between APP/PS1 and WT (Fig. 44, b). Its dynamic in the eye was
slower than all of the above-tested NIRF probes (Fig. 4b), which is likely due to its hindered
structure. CRANAD-102 reached NIRF signal peak around 60 min, and the difference at this
time point was about 3.14-fold. To validate whether CRANAD-102 can be used to detect
soluble Aps, we used 4-month-old APP/PS1 mice, in which soluble Aps are the dominant
AP species. Indeed, CRANAD-102 provided 2.42-fold higher NIRF signal from APP/PS1
mice than that from the WT controls (Sl Fig. 3, see Electronic Supplementary Material
(ESM)), indicating CRANAD-102 was capable of imaging soluble ABs. Interestingly, the
dynamic of CRANAD-102 from 4-month-old APP/PS1 mice was different from the 14-
month-old APP/PS1 mice, in which the peak shifted to 30 min p.i. (SI Fig. 3 in ESM). This
is likely indicating that old mice have large Ap oligomers that can hold CRANAD-102
longer. The data from CRANAD-2 and CRANAD-102 is complementary, due to each of
them having different specificity, 7.e.,, CRANAD-2 is specific to insoluble ABs; while
CRANAD-102 is specific to soluble AB species.

NIRFOI with Probes of Shorter Excitation/Emission

CRANAD-30 has a high quantum yield, and it showed significant fluorescence intensity
increases and emission blue-shifts (620 nm) with ABs (Sl Fig. 1 in ESM). However, its
emission (EX/Em = 572/727 nm) is shorter than that of CRANAD-2, -3, -58, and -102. We
have attempted to use CRANAD-30 for brain imaging in APP/PS1 mice but failed to detect
significant difference between AD and WT, due to its short Ex/Em. However, we found that
CRANAD-30 could be used for ocular imaging of Aps, and the difference was about 2.97-
fold at 30 min p.i. (SI Fig. 2 in ESM). Nonetheless, ~3q min)/ F(pre-inj) Was only about 3-fold,
indicating the short Ex/Em is still a problem for NIRFOI, because the ocular pigment
absorbs light with a short wavelength. Collectively, our results indicated that NIRFOI had
some advantages over brain NIRF imaging, and probes with excitation around 570 nm and
emission around 620 nm could be used for NIRFOI, but not for NIRF brain imaging.

NIRFOI for ROS Imaging

Studies show that ROS concentrations in the brains of APP/PS1 mice are higher than those
of age-matched WT mice [32]. Recently, our research groups developed NIRF probes for
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detecting ROS in the brain, and found that the ROS level in APP/PS1 mice was significantly
higher than that in the age-matched controls [27]. However, it is not clear whether the ROS
level in eyes of APP/PS1 mice is also higher than that of WT mice. In this regard, we used
CRANAD-61, which is a ROS sensitive NIRF probe developed in our group, and its
fluorescence could be “turn-off” upon interacting with ROS [27]. We injected CRANAD-61
intravenously into 14-month APP/PS1 mice and control mice. Indeed, similar to the NIRF
brain imaging with CRANAD-61, NIRFOI data showed that NIRF signal from the eyes of
WT mice was 1.82-fold higher than that from the APP/PS1 mice (Sl Fig. 4 in ESM). Our
results indicated that the abnormal level of ROS in APP/PS1 brains could be detected by
NIRFOI.

Monitoring Drug Treatment

From our NIRFOI screening of CRANAD-Xs, CRANAD-102 showed highest ~30 min)/
Fpre-inj) ratio (30-fold), indicating that CRANAD-102 can provide reliable S/N margins.
Moreover, CRANAD-102 detected the largest difference between AD mice and WT mice
among CRANAD-Xs; therefore, we decided to test the feasibility of NIRFOI for monitoring
therapy with CRANAD-102. For therapy, we selected LY2811376, a well-characterized
BACE-1 inhibitor that could lead to 60 % decreasing of the soluble Aps in the cortex after a
single dose (30 mg/kg oral) in mouse studies [26]. As expected, the NIRFOI signal from
APP/PS1 mice (n=15) after LY2811376 treatment (3 days) was 70 % lower than that from
the same mice before treatment (Fig. 5a, b). The difference from NIRFOI was significantly
higher than that from NIRF brain imaging (about 25 %) (Fig. 5c), indicating that NIRFOI is
a more sensitive method for monitoring therapy.

Discussion

AD causes a huge societal burden, and the total payments in 2015 for all individuals with
AD are estimated at $226 billion in the USA. To reduce the cost of AD care, inexpensive
imaging diagnosis with a primary-care setting can be one of the keys. However, currently
available imaging diagnostic technologies, such as expensive PET imaging, are nearly
prohibitive for community-setting preliminary screening. Near-infrared fluorescence
imaging is an ideal choice for a low-cost method. Nonetheless, no prior studies have shown
the clinical translational feasibility of NIRF imaging for neurodegenerative diseases.
Evidence indicates that early intervention can be a promising approach for slowing down the
progression of AD. However, early intervention heavily relies on early detection/diagnosis,
which is still under development. Considering the large AD populations, cheap, fast,
reliable, and widely applicable imaging methods are indispensable for early diagnostic
screening. In this report, considering the retina as a window to the brain, we validated the
feasibility of NIRFOI in AD mouse models, and demonstrated that NIRFOI could be a
widely affordable imaging method for early detection and for monitoring the change of
soluble Aps during drug intervention.

Koronyo-Hamaoui et al. reported that Ap plaques in the retina could be detected viaa
fluorescence microscope with curcumin [14, 17]. However, evidence indicated that A
plaques have poor correlation with the severity of sporadic AD, and plaques are not reliable
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biomarkers for sporadic AD diagnosis [30, 31]. Recently, mounting evidence indicated that
soluble ABs could be the biomarkers for the early stage of AD [30, 33]; however, soluble AR
does not have morphology that can be observed under a microscope. Therefore, other
technology that can be used to quantify the soluble Ap species is highly desirable. NIRFOI
captures signals with a wide angle (large FOV) and can collect all of the signals from Ap
species in the eyes. Therefore, we believe that NIRFOI imaging is one of such technologies
that can capture the imaging signals from both soluble and insoluble AR species.

Although curcumin has been used for retinal microscopic imaging of A plaques [14, 17], it
has limitation of depth penetration due to its short wavelengths of excitation (Ex) and
emission (Em) (< 550 nm). The retina has a densely compacted pigmented epithelium cell
layer, which can severely interfere with fluorescent signal of curcumin.

Compared to conventional retinal microscopic imaging, NIRFOI has the following general
advantages: (1) it covers the whole eye, including the retina, vitreous body, and lens; (2) it
has deeper tissue penetration, due to its long Ex/Em of CRANAD-Xs to avoid the absorption
of blood and pigments in the retina; (3) it has less autofluorescence due to long excitation;
and (4) the quantification of NIRFOI is straightforward. On the contrary, for microscopic
imaging, certain criteria, such as plaque size and plaque occupy area, have to be set for
quantification, which could be complicated and inaccurate, and (5) NIRFOI could be used
for biomarkers that have invisible morphology (such as ROS and soluble Aps). As known,
soluble Ap does not have morphology that can be observed under a microscope. On the
contrary, the conventional retinal microscopic imaging is heavily dependent on visible
morphological biomarkers (such as plaques and tau tangles).

In this report, we demonstrated that NIRFOI could provide higher sensitivity for ABs than
brain NIRF imaging does. For the same probe, the difference between AD and WT mice
detected by NIRFOI was about 1.5-fold higher than brain NIRF imaging. Obviously, this
high sensitivity is very important for both diagnosis and therapy monitoring.

Like most of small molecules, the entry of CRANAD-X into the retina is likely similar to its
entry into the brain, which is dependent on its lipophilicity (LogP 1-3.5), and molecular
weight (MW < 500), molecular hindrance, and other factors. The differences of kinetics of
CRANAD-102 and other CRANAD-Xs are probably due to different molecular hindrance
[25]. CRANAD-102 has larger hindrance; therefore, it has slow entry and slow washing-out.

Tau tangles have been reportedly found in the retina of both human and transgenic tau
animal models [34, 35]. Gupta et al. reported that retina tau pathology could be observed in
human glaucomas [36]. LDS750/PBB5 has recently been reported as a tau imaging agent for
transgenic P301L tau mice [37]. In our future studies, we will investigate whether LDS750
can be used to differentiate P301L mice from age-matched WT mice.

In the current studies, the image acquisition was performed on an VIS imaging system,
which has been widely used for whole body imaging of small animals. However, VIS has
some limitations for NIRFOI. With VIS, each time only one or two mice can be imaged,;
thus, it always takes a long time to image multiple mice. Because IVIS is designed for whole
body imaging, the resolution is not optimized for NIRFOI, and the overlay of photography
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and NIRF signal is not perfect. Based on the above facts, a special imaging device that can
image multiple mice and provide high resolution for the eyes at the same time is urgently
needed for future studies.

The investigations in this report also have some limitations. NIRFOI cannot provide spatial
resolution for the eyes, and the abnormality of Aps and tau in the eyes cannot specifically
reflect which brain areas have a similar abnormality. Moreover, we also found that eye color
has considerable effects on NIRFOI signal. In addition, a special imaging system that can be
used to capture images for the eyes is urgently needed for future studies.

Conclusion

In summary, we demonstrated that, for the first time, NIRFOI was feasible, and could be
used to image ABs and ROS in the eyes. Considering the transparency of the eyes, easy
operation of the experiments, low cost of the imaging system, and the wide availability of
contrast agents, we believe that NIRFOI will have a high impact on medical imaging studies
including AD imaging and have tremendous potential for translational studies and clinical
applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 2.

a Representative NIRF ocular images with CRANAD-3 in WT mice at different time points
after injection. b Quantitative analysis of the images (7= 2).
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NIRFOI with CRANAD-X (X = -2, -3, and —-58). a Time-course of CRANAD-3 in 14-
month-old APP/PS1 and WT mice. b Time-course of CRANAD-58 in 14-month-old
APP/PS1 and WT mice. ¢ Time-courses of CRANAD-2 in 12-month- and d 4-month-old
APP/PS1 and WT mice.
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NIRFOI with CRANAD-102. a Representative images of the eyes of 14-month-old
APP/PS1 and WT mice at 60 min after CRANAD-102 injection. b Time-course of
CRANAD-102 in 14-month-old APP/PS1 and WT mice.
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NIgRFOI for monitoring therapy with Ap-lowering drug LY2811376. a Representative
images of the eyes of 4-month-old WT (left) mice and APP/PS1 mice (right) before the
injection of CRANAD-102. b Representative images of the eyes of 4-month-old WT (left)
mice and APP/PS1 mice before treatment (middle) and after treatment (right). The images
were acquired with CRANAD-102. ¢ Quantification of the ocular NIRF signal differences
between before and after treatment with LY2811376. d Quantification of the brain NIRF
signal differences between before and after treatment with LY2811376.
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