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Abstract: Background: Diabetic retinopathy (DR) afflicts more than 93 million people worldwide
and is a leading cause of vision loss in working adults. While DR therapies are available, early DR
development may go undetected without treatment due to the lack of sufficiently sensitive tools.
Therefore, early detection is critically important to enable efficient treatment before progression
to vision-threatening complications. A major clinical manifestation of early DR is retinal vascular
leakage that may progress from diffuse to more localized focal leakage, leading to increased retinal
thickness and diabetic macular edema (DME). In preclinical research, a hallmark of DR in mouse
models is diffuse retinal leakage without increased thickness or DME, which limits the utility of
optical coherence tomography and fluorescein angiography (FA) for early detection. The Evans blue
assay detects diffuse leakage but requires euthanasia, which precludes longitudinal studies in the
same animals. Methods: We developed a new modality of ratiometric fluorescence angiography
with dual fluorescence (FA-DF) to reliably detect and longitudinally quantify diffuse retinal vascular
leakage in mouse models of induced and spontaneous DR. Results: These studies demonstrated
the feasibility and sensitivity of FA-DF in detecting and quantifying retinal vascular leakage in the
same mice over time during DR progression in association with chronic hyperglycemia and age.
Conclusions: These proof-of-concept studies demonstrated the promise of FA-DF as a minimally
invasive method to quantify DR leakage in preclinical mouse models longitudinally.

Keywords: diabetic retinopathy (DR); dual fluorescence; fluorescein angiography (FA); diabetic
macular edema (DME); intravital imaging; longitudinal quantitation; noninvasive in vivo imaging;
proliferative diabetic retinopathy (PDR); retinal vascular leakage

1. Introduction

Diabetic retinopathy (DR) is a leading cause of vision loss in working adults. DR is
caused by microvascular complications and neovascularization in the retina secondary to
chronic exposure to diabetic hyperglycemia. Leakage of retinal vessels is an important
early pathologic manifestation of DR that occurs before progression to more advanced
complications associated with irreversible retinal damage that compromises vision. Early
leakage in retinal vessels is typically widespread throughout the retina including in the
periphery. If untreated, diffuse vascular leakage may progress to more localized leakage at
focal lesions, leading to retinal thickness, diabetic macular edema (DME) or proliferative
diabetic retinopathy (PDR), all of which threaten vision. Anti-angiogenic agents such as
those against the vascular endothelial growth factor (VEGF) are used to treat various forms
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of DR, including DME and PDR [1,2]. As with any therapy, however, early intervention
in the initial stages of DR would significantly increase the therapeutic efficacy of anti-
angiogenic agents before significant retinal damage occurred. Therefore, it is critical to be
able to detect early DR leakage in order to guide timely intervention to prevent advanced
DR complications and ultimately preserve vision.

Animal models are widely used in DR research. Mice and rats remain the preferred
models due to their quick reproduction rates, short lifespan, and small size, which allow
studying disease progression within reasonable timeframes [3]. As early as 1963, Rakieten
et al. demonstrated the induction of diabetes in rats and dogs using streptozotocin (STZ),
which is a method commonly used today in research of diabetes and diabetes-related
complications (e.g., DR) [4]. The pathology of DR in larger animals such as dogs more
closely resembles that in humans. However, the disease progression is much slower
and, therefore, rodent models remain the most utilized in preclinical studies despite the
differences in some features of their DR pathology compared to humans [5]. Therefore,
developing effective analytical tools for quantifying DR in mouse models is of major interest
for testing new treatments for DR before transitioning them to clinical evaluation.

Noninvasive retinal imaging is a key diagnostic tool for evaluating DR. Optical co-
herence tomography (OCT) can detect changes in retinal thickness and DME but cannot
detect vascular leakage [6]. OCT angiography (OCTA) can further detect occlusion and
reperfusion in retinal vessels but has limited utility in quantifying vascular leakage [7].
Whereas fluorescein angiography (FA) can detect localized vascular leakage at focal lesions
in the retina, conventional FA has poor sensitivity for reliably detecting and quantifying
early diffuse leakage [8]. In contrast, terminal techniques using different fluorescence or
radio-labeled tracers (e.g., Evans blue, FTIC-bovine serum albumin, or 125I-albumin) have
the sensitivity to quantify diffuse leakage, but they are not applicable to humans, and they
preclude longitudinal studies in the same research animals because they require whole
body perfusion and euthanasia [9–12]. Therefore, there is a need for novel techniques that
enable the noninvasive detection and longitudinal quantitation of diffuse retinal vascular
leakage in both the clinical and research settings.

In this study, we developed a new modality of ratiometric fluorescence angiography
with dual fluorescence (FA-DF) to reliably detect and longitudinally quantify diffuse
leakage of retinal vessels. Conducting analyses in preclinical mouse models of induced
and spontaneous DR, the current studies demonstrated the feasibility and sensitivity of
FA-DF for detecting and quantifying diffuse leakage in retinas of the same mice over time
during DR progression in association with chronic hyperglycemia and age. Therefore, this
new noninvasive and longitudinal modality for detecting and quantifying retinal vascular
leakage facilitates the preclinical investigation of DR and the development of therapeutics
against it and has the potential to be further developed for clinical application.

2. Materials and Methods
2.1. Mice

C57BL/6 (B6; strain C57BL/6J; strain # 000664) and AKITA (strain C57BL/6-Ins2Akita/J;
strain # 003548) mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA)
and housed under a 12/12 h of light/dark cycle with free access to food and water. B6
mice were made diabetic with streptozotocin (STZ; Sigma Aldrich; St. Louis, MO, USA)
treatment as the induced DR model [13]. AKITA mice, which produce misfolded non-
functional insulin, spontaneously became hyperglycemic within the first four weeks of
life, developed progressive DR over time and were the spontaneous DR model [14,15].
Only heterozygous AKITA mice were used because homozygous mice die shortly after
birth. In addition, only B6 and heterozygous AKITA males were used because of their
higher susceptibility to DR [11]. All animal procedures in this study were reviewed and
approved by the University of Miami’s Institutional Animal Care and Use Committee
(IACUC; protocol # 20-133 approved on 24 August 2020).
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2.2. Induced Model of DR

For diabetes induction, C57BL/6 (B6) mice were fasted overnight for 8 to 12 h and
injected with a freshly prepared solution of STZ in 1x citrate buffer (Sigma Aldrich; St. Louis,
MO, USA) at a single dose of 150 mg/kg of body weight [16]. Blood glucose levels were
monitored daily after STZ injection to confirm hyperglycemia. Blood glucose was measured
in a drop of blood collected from the tail vein using a portable digital glucometer (Contour
Next; Bayer Healthcare LLC; Mishawaka, IN, USA). Mice with three consecutive glycemia
readings ≥ 350 mg/dL were considered frankly diabetic. Diabetic mice were monitored
thereafter three times per week for blood glucose levels and body weight until euthanasia.
B6 mice made diabetic by STZ treatment were aged for 4 months to develop DR.

2.3. Evans Blue (EB) Assay

The EB assays were performed as previously described in detail [13]. In brief, the
Evans blue dye (Sigma Aldrich; St. Louis, MO, USA) was injected intravenously into mice
fully anesthetized by a 10:1 mixture ketamine and xylazine (100 and 10 mg/kg of body
weight, respectively; ZooPharm; Laramie, WY, USA). The dye was circulated for 2.5 h
to allow binding to albumin, and excess unbound dye was removed by perfusion with
phosphate buffered saline (PBS; Sigma Aldrich; St. Louis, MO, USA). The mouse was then
humanely euthanized, eyes were removed, and retinas isolated for ex vivo quantitation
of Evans blue dye bound to leaked albumin in the extravascular space of the retina, as
previously described [17].

2.4. Fluorescence Angiography with Dual Fluorescence (FA-DF)

FA-DF imaging was performed in mice under general anesthesia using a 10:1 ketamine–
xylazine mixture as above with the eyes kept moist during imaging using balanced salt
solution (BSS; Alkon Laboratories Inc; Fort Worth, TX, USA) to avoid corneal dryness. The
pupils were dilated prior to anesthesia with tropicamide ophthalmic solution 0.5% (Akorn
Inc.; Lake Forest, IL, USA). Baseline images were acquired in each mouse within 1 min
before (nominal time zero) intravenous injection of a mixture of two fluorescence-labelled
dextrans of different molecular weight (M.W.) at 5 mg/mL each in saline solution, and time-
lapse fluorescence imaging of the central and peripheral retina vasculature was initiated
immediately after repositioning the mouse on the stage of a clinical-grade Heidelberg
Engineering Multiline HRA + OCT SN 2884 imaging system (Heidelberg Engineering Inc.;
Franklin, MA, USA). We used 500-kDa fluorescein isothiocyanate (FITC)-labeled dextran
(Cat # MFCD00132418; Sigma Aldrich; St. Louis, MO, USA) and 2000-kDa tetramethyl
rhodamine (TRITC)-labeled dextran (Cat #D7139; ThermoFisher Scientific; Waltham, MA
USA). In each mouse, images were acquired every 5 min after the injection for 30 min. Image
pairs (1536 × 1636 pixels, 96 dpi, 24 bit) were acquired in the green and red channels by
alternating between the appropriate instrument’s filter cubes (FA-PB for green and LWP542
for red) at every time-point. The same instrument settings (e.g., gain, exposure time, etc.)
were used during each imaging session and throughout the longitudinal studies. After
imaging, the mouse eyes were covered with a thin layer of antibiotic ophthalmic ointment
(neomycin, polymyxin B sulfates, and dexamethasone; Bausch & Lomb Pharmaceuticals;
Tampa, FL, USA) to prevent eye infection and drying of the cornea during recovery from
anesthesia.

2.5. FA-DF Image Analysis

Time-lapse images acquired from each mouse were exported as tiff files and imported
into Volocity software version 6.3.1 (Quorum Technologies Inc; Puslinch, ON, Canada),
where the vascular leakage analysis was performed without image registration, as pre-
viously described [18]. In brief, blood vessels in the central and peripheral retina were
automatically detected/selected in each channel by algorithms built into Volocity based on
the green and red fluorescence, respectively. As before [18–20], the detection threshold was
set to 3 to 5 times the standard deviation in the noise. Median fluorescence intensities (MFI)
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were measured independently in each channel inside and outside all blood vessels and
capillaries captured in the entire image at every time-point after injection of the dyes. The
outside to inside MFI ratio relative to time zero of the injection accounted for the leaked
dye from blood vessels into the extravascular space (EVS) in every green/red image pair
(i.e., for each dextran) acquired at 5, 10, 15, 20, 25, and 30 min after the injection. This was
defined as the raw measure of “Vascular Leakage”.

3. Results
3.1. Detection of Dual Fluorescence Inside and Outside Blood Vessels of the Retina

We performed initial studies to assess the feasibility of (a) acquiring composite fundus
images (Figure 1A) with a conventional FA instrument (see Methods) and (b) identifying
the intra- and extra-vascular spaces within the complete retinal vasculature (Figure 1B) after
intravenous injection of a mixture of the fluorescent dyes (i.e., FITC and TRITC; 519 nm
and 580 nm max emission, respectively) conjugated to dextrans with different M.W. Using
our previous approach of vessel autodetection and selection in Volocity software [18–20],
we successfully identified all vessels and the EVS among them in the central and peripheral
retina (see closeup in Figure 1B). Further, we used intermediate and excessively large M.W.
dextrans respectively conjugated to the green (FITC) and red (TRITC) dyes and were able
to independently detect fluorescence emitted from each throughout the retinal vasculature
without evidence of spectral overlap or interference between the channels (Figure 1C). As
detailed below, the green-labeled intermediate M.W. dextran served as the leakage detection
dye under pathological conditions, whereas the red-labeled large M.W. dextran served as a
non-leaking reference, which allowed ratiometric measurements of the fluorescence for the
leaked dye in the EVS relative to the non-leaked, remaining green dye in the vessel lumen
at various time-points after injection (see below).
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Figure 1. A novel method to noninvasively detect and quantify retinal vascular leakage with dual
fluorescence in vivo. (A) Representative composite fundus image showing blood vessels in the central
and peripheral retina where we performed the leakage analysis. (B) Autodetection of the vascular tree
by Volocity software, as described in the Methods, which enables measuring of the mean fluorescence
intensities (MFI) of the green and red fluorescence-labeled dextrans of the intravenously injected
mixture inside the lumen of vessels and outside in the extravascular space (EVS). Shown on the right
is a closeup of the area boxed in yellow highlighting the selection of the vessel lumen and EVS where
the MFI measurements are obtained. (C) Representative fluorescence images of the retinal vascular
tree in the green (FITC; left) and red (TRITC; right) channels, in which the MFI measurements inside
and outside vessels of each dye are obtained to quantify the vascular leakage.

3.2. Longitudinal Quantitation of Retinal Vascular Leakage in the Induced DR Model of Diabetic
C57BL/6 Mice

We performed longitudinal studies to assess the capability of FA-DF to detect and
quantify the progression of induced DR in STZ-diabetic B6 mice. Diabetic mice were con-
firmed with severe hyperglycemia during the entire experiment (Figure 2A) and eventually
needed assistance with insulin therapy to maintain their wellbeing (Figure 2A,B). Initially,
studies were performed using 150-kDa FITC-labeled dextran as the leakage detection dye
and 500-kDa TRITC-labeled dextran as the non-leaking reference. Similar parallel stud-
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ies were also conducted in control non-diabetic B6 mice for comparison. These studies
revealed that 150-kDa dextran leaked readily in both diabetic and non-diabetic mice and
its fluorescence equilibrated inside and outside vessels within minutes after injection. By
contrast, the 500-kDa dextran increased progressively in the EVS and reached a plateau at
approximately 10 min after the injection in the diabetic mice (red symbols/lines) but not in
the non-diabetic controls (Figure 2C), indicating that 500 kDa is a better choice for leakage
detection than 150 kDa.
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Figure 2. Longitudinal in vivo quantitation of retinal vascular leakage during the progression of
induced DR in diabetic C57BL/6 mice. (A) Blood glucose levels in streptozotocin (STZ)-induced
diabetic C57BL/6 mice showing chronic severe hyperglycemia, which leads to diabetic retinopathy
(DR) in 4 months following diabetes induction. (B) Body weight changes (expressed as % delta;
∆) following diabetes induction before and during insulin therapy by slow-release insulin pellets
(Linplant; LinShin Canada Inc; Toronto, Canada). Data are shown as means ± SEM (n = 3–15 mice).
The animal numbers decreased overtime due to attrition in association with age and advanced diabetic
complications. (C) Representative raw mean fluorescence intensity (MFI) measurements expressed in
arbitrary units (A.U.) of 150-kDa (Sigma Cat # FD150S) and 500-kDa (Sigma Cat # 52194) dextrans
conjugated to FITC and TRITC, respectively, in a STZ-diabetic (STZ) and a non-diabetic control (Ctrl)
mouse. Measurements were obtained during 30 min after the injection, and shown are the MFI ratios
outside to inside the vessels of the 150-kDa FITC-labeled (green lines) and 500-kDa TRITC-labeled
(red lines) dextrans at each time point during the 30 min. Measurements were aligned to the same
level at time 0 (immediately before injection) to highlight the dye’s accumulation over time in the EVS
as a measure of the leaked dye (i.e., vascular leakage). (D) Representative raw MFI measurements of
FITC-labelled 500-kDa (green) and TRITC-labeled 2000-kDa (red) dextrans inside (IN; left Y-axis) and
outside (OUT; right Y-axis) retinal blood vessels of a diabetic AKITA mouse (* indicates significant
difference between inside and outside with p value < 0.05 by two-tailed paired t-test). (E) Leakage Index
(30) values obtained longitudinally in the same STZ-diabetic B6 mice at the indicated numbers of days
after the STZ treatment. Data are shown as means ± SEM and plotted and analyzed in GraphPad
Prism version 9.5.0 for Windows, GraphPad Software, San Diego, California USA, www.graphpad.com
(n = 3–8 mice/time-point). Pairwise comparisons were performed by one-way ANOVA followed
by Dunnett’s multiple comparison test of each time point compared to 40 days. Asterisk (*) denotes
significance with p < 0.05, and numerical p values are shown when significance was not reached.

www.graphpad.com
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We next performed similar studies in diabetic AKITA mice using 500-kDa and 2000-kDa
dextrans conjugated to FITC and TRITC as the leakage detection dye and non-leaking refer-
ence, respectively. These studies showed that the MFI of 500-kDa dextran initially increased
in the EVS following the injection and progressively decreased after 10 min (Figure 2D;
green lines open symbols); the MFI decreased inside the vessels as well (green lines filled
symbols) due to clearance by the kidney as was routinely evidenced in the urine [19,21–23].
Notably, despite the progressive reduction of the 500-kDa dextran inside and outside the
vessels after the initial peak around 10 min post-injection, significant differences in the
MFI between the two compartments (inside and outside) were still measured throughout
the 30 min after the injection. Moreover, these studies also showed that 2000-kDa dextran
remained unchanged inside (red lines filled symbols) and outside (red lines open symbols)
the vessels, further confirming its utility as a non-leaking reference even in these severely
diabetic mice (Figure 2D).

Next, we defined the “Leakage Index”, which is a measure of the vascular leakage of
500-kDa dextran normalized to the non-leaking reference 2000 kDa dextran at any given
time after the injection relative to time zero. Because it is a ratiometric measurement based
on the leaked dye relative to the non-leaking reference, the leakage index is insensitive to
signal drifts observed in the leakage detection channel in association with dye excretion in
the urine or other in vivo imaging artifacts, such as breathing movement and transient lens
clouding during imaging or cataract development over time. We used the leakage index at
30 min (“Leakage Index (30)”) to compare longitudinal changes in the retinal leakage of aged
STZ-diabetic mice imaged using the mixture of 500-kDa and 2000-kDa dextrans at different
times after the STZ treatment and during DR progression. The leakage Index (30) increased
significantly in these diabetic B6 mice at 124 days after the STZ treatment (Figure 2E).

3.3. Longitudinal Quantitation of Retinal Vascular Leakage during the Progression of Spontaneous
DR in AKITA Mice

To further demonstrate the capabilities of FA-DF in detecting and quantifying diffuse
vascular leakage in vivo and longitudinally, we performed additional studies in AKITA
mice to assess the retinal vascular leakage as DR progressed spontaneously in these dia-
betic mice in association with age. Similar to the studies in the STZ-induced model, we
used 500-kDa FITC-dextran for leakage detection and 2000-kDa TRITC-dextran as the
non-leaking reference. Vascular leakage measurements of both dyes confirmed retinal
leakage of the 500-kDa but not the 2000-kDa dextran (Figure 3A). Ratiometric leakage index
measurements showed consistent retinal leakage during the 30 min after injection in these
diabetic AKITA mice at age 124 days when they have been diabetic for approximately
60 days (Figure 3B); albeit significant differences in comparison to time zero were not
measured at this age. However, extended follow-up in the same mice showed progressively
increased leakage index (30) in association with DR progression as the animals aged, and a
significant difference was measured at 258 days of age in comparison to when they were
90 days old (Figure 3C).

To confirm these and the above FA-DF findings on the retinal vascular leakage in
both mouse models, we used EB assays to quantify the vascular leakage in ≥ 250 days old
AKITA mice and STZ-diabetic B6 mice ≥ 120 days after STZ treatment. Consistent with the
FA-DF findings, these EB analyses confirmed significant retinal vascular leakage in both
models in comparison to non-diabetic B6 controls (Figure 3D).
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Figure 3. Detection and quantitation of DR progression by FA-DF in spontaneously diabetic AKITA
mice in association with age. (A) Representative vascular leakage (arbitrary units; A.U.) of 500-kDa
and 2000-kDa dextrans (conjugated to FITC and TRITC, respectively) and (B) leakage index values
obtained at the indicated time-points during the 30 min post injection relative to time zero (before
injection). The vascular leakage and leakage index values were obtained in an approximately 4month-old
diabetic AKITA mouse based on ratiometric MFI measurements as described above. The FITC and
TRITC-labeled dextrans were injected intravenously as a mixture in saline solution at 5 mg/mL each.
(C) Longitudinal Leakage Index (30) values in the same AKITA mice at the indicated ages normalized
to age 90 days, when the mice had been already diabetic for approximately 2 months. Data are shown
as means ± SEM and were plotted and analyzed in GraphPad Prism (n = 3–5 mice/time-point).
Asterisk (*) denotes significance with p < 0.05, and numerical p values are shown when significance
was not reached. Pairwise comparisons were performed by one-way ANOVA followed by Dunnett’s
multiple comparison test at each time point (age) compared to age 90 days. (D) Evans blue (EB)
assay permeability scores showing retinal vascular leakage in association with spontaneous DR in
≥ 250 days old AKITA mice and in STZ-diabetic B6 (B6 STZ) mice ≥ 120 days after STZ treatment in
comparison to non-diabetic B6 controls (B6 Ctrl). EB assays performed in dedicated cohorts different
than those in the longitudinal studies. Data were normalized to the B6 Ctrl and are shown as means
± SEM (n = 12 mice/condition). Asterisk (*) denotes significant difference to the controls with p < 0.05
by t-test.

3.4. Quantifying the Change in the Caliber of Retinal Vessels in Longitudinal FA-DF Images
during DR Progression

It has been established that reduced caliber (diameter) and narrowing of retinal vessels
occurs in association with DR [24,25]. To further corroborate the above FA-DF findings
on retinal vascular leakage and further demonstrate additional benefits of longitudinal
imaging studies by this noninvasive method, we assessed changes in the caliber of retinal
vessels in longitudinal images acquired in the same diabetic AKITA and B6 mice of the
above studies. We performed the vascular caliber (diameter) analysis according to our
previous description [19,26]. In brief, automatic detection/selection of retinal vessels was
done using built-in object selection algorithms in Volocity software. The selection was
based on the green fluorescence intensity in images using a threshold of 1 to 3 times the
standard deviation of the peak of noise signal in the first images acquired after injecting the
mixed dyes in each mouse during the repeated imaging sessions in the longitudinal studies.
Local contrast adjustment to correct for spectral aberration at the edge of vessels (vascular
wall) and a noise removal step with a “fine filter” were included before measuring the
vessel diameter (Figure 4A). Following the objects’ selection, the “skeleton” of the vascular
tree was then automatically generated by the software (Figure 4B), based on which the
“skeletal diameter” (vessel caliber) measurements were returned for all identified “objects”
(vessels) within the image, including the central and peripheral retina. The analysis was
performed on longitudinal images acquired in the same mice without image registration
since we did not intend to measure changes in individual vessels. The results, however,
showed a significantly reduced median caliber of retinal vessels in association with DR
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progression and the above-measured increases in the retinal vascular leakage in both mouse
models (Figure 4C,D).
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Figure 4. Changes in retinal vessel caliber during DR progression detected and quantified in longitu-
dinal FA-DF studies. (A) Representative fundus image showing automatic detection and selection of
retinal vessels in Volocity software based on the green fluorescence intensity in the analysis of vascular
caliber (diameter). (B) Outline of the “skeleton” of the retinal vascular tree corresponding to the
retinal vasculature detected/selected in A that was used to measure the “skeletal diameter” (vessel
caliber) of all identified “objects” (vessels) within the image. (C and D) Longitudinal measurements
of vessel caliber in (C) the diabetic AKITA mice from age 90 to 258 days (n = 3–5 mice/time-point) and
(D) STZ-diabetic B6 mice at 40, 70, 96, and 124 days after STZ treatment (n = 3–8 mice/time-point).
Caliber measurement units are shown in pixels since the tiff images were not calibrated for pixel
size. Data are shown as Box and Whiskers with error bars representing the minima and maxima.
Horizontal lines inside the boxes represent the median. Data were plotted and analyzed in GraphPad
Prism. Pairwise comparisons were performed by one-way ANOVA followed by Dunnett’s multiple
comparison test at each time point compared to the earliest time point in each series. Asterisk (*) de-
notes significance with p < 0.05, and numerical p values are shown when significance was not reached.
Loss of significance at the latest time points in both models was likely due to reduced numbers of
mice in association with age and increased attrition due to advanced diabetic complications.

4. Discussion

In this study, we developed a new technique of ratiometric FA-DF to quantify vascular
leakage in the diabetic retina. Conventional FA uses only one dye, fluorescein-sodium,
with a low M.W. (0.376 kDa) allowing it to diffuse freely through microcapillaries even
in non-pathological conditions. This results in high background fluorescence signal, low
signal-to-noise ratio, and poor sensitivity to reliably detect diffuse retinal leakage in early
DR development. Conventional FA is also qualitative and does not allow quantitation
of leakage, although, attempts have been made to quantify retinal permeability in FA
images [27]. Currently, the EB assay is the gold-standard method for quantifying retinal
vascular leakage in preclinical DR models, especially rodents, but it requires animal per-
fusion and euthanasia and, therefore, precludes longitudinal studies in the same animals.
Other research groups have evaluated the permeability (leakage) of retinal vessels and
dye clearance noninvasively by dual-tracer FA using fluorescein-sodium (0.376 kDa) and
another low M.W. fluorescence-labeled tracer (70-kDa dextran) [28]. However, both tracers
leaked freely, which severely limits the spatial and temporal resolution to reliably detect
and quantify diffuse DR leakage. In addition, the studies by Russ and colleagues were not
conducted longitudinally. Thus, the combined ready leakage of the dual, low molecular-
weight tracers and non-longitudinal nature of these studies hindered the assessment of
disease progression in the same animals over time.

In contrast, the findings presented here demonstrated that FA-DF allows the longi-
tudinal assessment of retinal vascular leakage in the same mice. The use of ratiometric
measurements of the two fluorescent dyes also achieved reliable in vivo quantitation of
early diffuse retinal leakage in two mouse models of induced and spontaneous DR. FA-DF
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measurements revealed a significant increase in retinal vascular leakage at time points con-
sistent with the onset of DR in both models [13,17]. By using a semi-permeable FITC-dextran
(500-kDa) for leakage detection and a non-leaking reference (2000-kDa TRITC-dextran), we
acquired ratiometric measurements and longitudinally quantified changes in dye leaked
out of retinal vessels in the same diabetic mice as their DR progressed. This dual dye
ratiometric approach allowed for reliable quantitation of the fluorescence intensity inside
and outside blood vessels even in conditions with a high background signal. Notably,
fluorescence ratiometric analysis is routinely used to quantify free intracellular calcium
handling in single cells but, to our knowledge, ratiometric measurements have never been
used previously to quantify vascular leakage in the setting of retinopathy. Ratiometric
measurements are relatively insensitive to instrumental and biological drifts and other
in vivo imaging influences like breathing movement, transient corneal clouding, cataract
and chromatic aberration. They are also insensitive to differences in refractive power of eye
structures at the excitation wavelengths utilized here. This is because if any signal drifts
are to occur, they will be uniform for both dyes, and this will not impact the measured ratio
since it is a function of the leaking dye only. As such, ratiometric measurements are superior
in reliability and sensitivity to quantify small changes in fluorescence without the need for
image registration or alignment in longitudinal time-lapse studies, as demonstrated here.
Importantly, noninvasive FA-DF studies in the same live animals circumvent the combined
limitations of the invasive EB assay and the poor resolution of conventional FA and enable
the longitudinal assessment of retinal vascular leakage in association with diabetes and
other retinopathies.

Despite its common use in the clinical setting, the qualitative and quantitative limita-
tions of conventional FA are well recognized and, as such, the use of OCT/OCTA has become
more common in ophthalmic practice. OCT and OCTA can reliably detect changes in retinal
thickness, DME, PDR, as well occlusion/reperfusion in vessels of the retina; however, they
cannot detect vascular leakage [6,7]. Other methods by confocal or multi-photon microscopy
to achieve high-resolution in vivo imaging of blood vessels and their complications deep
within tissues, such as in the retina, have also been pursued [18,19,21–23,29–34]. Research
groups have investigated by multi-photon microscopy the permeability of blood vessels in
the skin [35,36]. We previously assessed vascular leakage under inflammatory conditions
using in vivo confocal microscopy in pancreatic islets and kidney glomeruli as well [18,19].
Indeed, our experience in these studies provided the foundation of the current FA-DF
analyses in the diabetic retina. However, multi-photon microscopy may not be applicable
to the clinical setting for the assessment of DR leakage due to the requirement for high
energy Class IIIB lasers that pose serious risk of heat-damage to live tissues [37], which will
unfortunately limit the potential utility of such high spatial-resolution modalities in patients.
By contrast, the FA-DF technique reported here uses low-energy excitation wavelengths
(e.g., 488 nm) from less-powered light sources (e.g., light emitting diodes or Class I lasers)
without the risk of photo-damage to the retina or other tissues. The fluorescence-labelled
dextrans are also safe for use in humans and the utilized FA imaging system (Heidelberg
Spectralis SN 2884) is routinely applied in ophthalmic clinical practice. Therefore, with
further development, FA-DF has the potential to be adapted to the clinical setting.

As demonstrated in the above presented findings, FA-DF enabled the detection and
quantitation of retinal vascular leakage at various stages of DR in the employed mouse
models. Future studies could also demonstrate its utility in other animal models. Vascular
leakage occurs in DR and other retinal pathologies and is the result of increased permeability
of blood vessels and compromised integrity of the blood–retina barrier, a structure that
functions as a selective filter between blood vessels of the retina and the rest of the body
vasculature. In general, the permeability of blood vessels depends on different factors,
including the shape and size (i.e., M.W.) of molecules and the vascular wall fenestration,
which changes with inflammation and vascular endothelial cell pathologies [35,36]. In
the setting of DR, the blood–retina barrier is also compromised by chronic hyperglycemia
via several pathways, including the accumulation of advanced glycation end products
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(AGEs), activation of protein kinase C, and the conversion of glucose to sorbitol and
fructose through the polyol metabolic pathway, among other mechanisms [38]. One of the
most detrimental consequences of compromised retinal vasculature is the formation of
diabetic macular edema (DME), which could occur at any DR stage and is the most common
cause of vision loss in diabetic patients [39]. Prior to the development of DME, decreased
integrity of the blood–retina barrier and increased permeability of the retinal vasculature
both lead to the accumulation of subretinal fluid. This in turn leads to capillary ischemia,
hyperglycemia-induced oxidative stress, and associated increase in VEGF production that
leads to neovascularization and chronic inflammation, among other factors that together
can compromise the physical integrity of the retina and its function [40]. Notably, the
increase in vascular permeability (i.e., leakage) is one of the earliest pathologic features of
DR pathogenesis. Thus, detection of vascular leakage provides one of the earliest points
to identify the initiation of DR pathogenesis and can provide significant opportunities for
early medical intervention to prevent further retinal damage and advanced complications
that can lead to vision loss, which currently occurs often in patients with DR. Our studies
demonstrated that longitudinal FA-DF is feasible in the same diabetic mice and can detect
and quantify early retinal vascular leakage and its progression. Thus, FA-DF could facilitate
significantly to the preclinical development and assessment of therapeutics for the early
prevention or treatment of DR.

Moreover, the current report demonstrated the relatively ready availability of FA-DF
for preclinical studies and highlighted its utility as a minimally invasive intravital imaging
method with superior capabilities compared to conventional FA. This also underscored
its potential utility in the clinical setting. Although, future studies will be required to
evaluate its sensitivity in detecting and assessing changes in retinal vascular leakage in
DR patients with and without treatments. If proven successful in DR, FA-DF will also
be applicable to other vasculopathies characterized by leakage, such as wet age-related
macular degeneration (AMD) and central retinal vein occlusion [41]. Furthermore, with
the recent efforts incorporating computational tools and artificial intelligence in the field
of ophthalmology to assist in the detection of DR, glaucoma, AMD, and other ophthalmic
conditions [42–44], the future incorporation of such powerful tools to FA-DF will streamline
the image analysis in a fashion more compatible with its application at point-of-care
locations. Though, FA-DF will also have certain limitations in clinical application consistent
with those of conventional FA in patients who are pregnant or with kidney failure [45].
There are also potential concerns about allergic reactions to the dyes conjugated to injected
dextrans [46]. But with proper diligence in examining patient drug allergies and any
disclosed prior allergic reactions to FA, FA-DF could prove safe and effective in detecting
and quantifying early diffuse DR leakage to assess disease progression or treatment efficacy.
Other practical considerations that could hinder the clinical applicability of FA-DF, such the
length of the procedure, should also be considered. While the optimal timeframe for FA-DF
in the clinical setting is currently unknown, the above preclinical studies suggest that it
could be similar to that of conventional FA, lasting for 10 to 30 min. Notably, given that
FA-DF could enable the detection of early retinal leakage that current intravital imaging
tools cannot (e.g., FA, OCT, and OCTA), FA-DF could complement the clinical arsenal to
improve the early diagnosis of DR and other retinopathies.

Finally, we established the Leakage Index as a new ratiometric parameter to compare
changes in the leakage of retinal vessels over time. We used here the leakage index at
30 min after injection of the labeled dextrans “Leakage Index (30)” to assess the progression
of DR longitudinally in the same mice (Figures 2E and 3C). We chose Leakage Index (30)
since it was the latest time point after the injection and when the leakage detection dye
(500-kDa FITC-dextran) unambiguously reached a steady state in the EVS in the diabetic
AKITA mice (Figure 3A). However, the leakage index values also increased relative to
the baseline throughout the 30 min after injection, albeit not significantly until the mice
reached >258 days of age (Figure 3B,C). Similarly, there were significant differences in
the MFI signal of the same dye inside and outside the vessels, starting at 5 min after the
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injection in the diabetic B6 mice (Figure 2D). Consequently, these results suggest that FA-DF
imaging sessions with shorter timeframes could possibly reveal significant changes in
retinal leakage in larger cohorts. Therefore, future studies are warranted to examine these
and other aspects of FA-DF such as assay sensitivity, signal window, and reproducibility
across other DR models in other species and to optimize the analysis parameters for its
wider adoption.

5. Conclusions

In conclusion, our novel minimally invasive approach of FA-DF enables the detection
of diffuse retinal vascular leakage and its quantitative assessment during DR progression in
two preclinical mouse models of induced and spontaneous DR. These findings demonstrate
that DA-DF could address a significant unmet need for preclinical DR research relying on
rodent models, which are less prone to advanced forms of DR complications (e.g., PDR and
DME) that are more amenable for investigation by existing noninvasive modalities like
FA, OCT, and OCTA. Our studies also demonstrate that FA-DF enables the longitudinal
quantitation of DR leakage in the same animals. Thus, FA-DF may prove a valuable tool
in the preclinical development and assessment of DR therapeutics. Future studies will
also evaluate its feasibility and potential utility in the clinical setting to aid in the early
diagnosis of DR and the assessment of treatment efficacy in conjunction with other imaging
modalities available in the clinical toolkit.
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