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Abstract

Aims/hypothesis—Induction of intercellular adhesion molecule-1 (ICAM-1) has been
implicated in the development of macrovascular and microvascular diseases such as diabetic
retinopathy. Lesions of diabetic retinopathy are unique to the retina but the reason for this is
unclear, as all tissues are exposed to the same hyperglycaemic insult. We tested whether diabetes
induces ICAM-1 on the luminal surface of endothelial cells to a greater extent in the retina than in
other tissues and the role of vision itself in that induction.

Methods—Experimental diabetes was induced in C57BI/6J, P23H opsin mutant and Gnat1™~ x
GnatZ™~ double knockout mice using streptozotocin. The relative abundance of ICAM-1 on the
luminal surface of endothelial cells in retina and other tissues was determined by conjugating anti-
ICAM-1 antibodies to fluorescent microspheres (2um), injecting them intravenously and allowing
them to circulate for 30 min. After transcardial perfusion, quantification of microspheres adherent
to the endothelium in tissues throughout the body was carried out by fluorescent microscopy or
flow cytometry. Mice injected with lipopolysaccharide (LPS) were used as positive controls. The
difference in leucostasis between retinal and non-retinal vasculature was evaluated.

Results—Diabetes significantly increased ICAM-1-mediated adherence of microspheres to
retinal microvessels by almost threefold, independent of sex. In contrast, diabetes had a much
smaller effect on endothelial ICAM-1 in other tissues, and more tissues showed a significant
induction of endothelial ICAM-1 with LPS than with diabetes. The diabetes-induced increase
in endothelial ICAM-1 in retinal vasculature was inhibited by blocking phototransduction
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in photoreceptor cells. Diabetes significantly increased leucostasis in the retina by threefold
compared with a non-ocular tissue (cremaster).

Conclusions/interpretation—The diabetes-induced upregulation of ICAM-1 on the luminal
surface of the vascular endothelium varies considerably among tissues and is highest in the

retina. Induction of ICAM-1 on retinal vascular endothelial cells in diabetes is influenced by
vision-related processes in photoreceptor cells. The unique presence of photoreceptors in the retina
might contribute to the greater susceptibility of this tissue to vascular disease in diabetes.
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Phototransduction; Vascular inflammation

Introduction

Leucocytes have important effects in inflammatory processes and adherence of the
leucocytes to the vessel wall (leucostasis) has been implicated in the occlusion of capillaries
and release of superoxide and cytokines in a variety of diseases [1-7]. Adhesion of
circulating leucocytes to the vascular endothelium is mediated by integrins such as
intercellular adhesion molecule-1 (ICAM-1) on the luminal side of the endothelial cells
[8-10].

Evidence for a role of leucocytes and inflammation in the pathogenesis of diabetes-induced
vascular disease is strong for the retina; a variety of changes characteristic of inflammation
(including increased vascular permeability and supranormal levels of ICAM-1, inducible
nitric oxide synthase [iNOS], NF-xB, prostaglandin E, [PGE2] and IL-1B) have been
detected within the retinas of diabetic animals and patients [8, 11-17]. The diabetes-induced
degeneration of retinal capillaries (a critical step in the progression to clinically significant
diabetic retinopathy) has been shown to be initiated by leucocytes, because chimeric mice
lacking single inflammatory proteins only from their myeloid cells are protected from the
expected retinal capillary degeneration in diabetes [5, 11, 18]. Moreover, deleting ICAM-1
[12] or blocking the interaction of leucocytes with endothelial ICAM-1 [11, 19] has been
found to inhibit the development of capillary degeneration in diabetic retinopathy.

As circulating leucocytes show evidence of being activated in diabetes [20-23], it would
seem reasonable that the vasculature in all tissues should be equally affected by those
leucocytes. On the contrary, however, not all tissues seem equally susceptible to diabetes-
induced vascular disease [24, 25]. In this study, we assessed the effect of diabetes on

levels of ICAM-1 on the luminal surface of the vascular endothelium (where leucocytes
flowing in blood can interact) in tissues throughout the body, with a particular focus on the
role of retinal photoreceptor cells in the diabetes-induced increase in ICAM-1 on retinal
microvascular endothelial cells.
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Ethics statement

This study was performed in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research, and
with authorisation of the Institutional Animal Care and Use Committee at the University of
California Irvine.

Experimental animals

Housing

Male and female C57BI/6J wild-type (abbreviated as WT) mice were obtained from

the Jackson Laboratory (Bar Harbor, ME, USA; https://www.jax.org/strain/000664),
Rho'm1.1Kpal (abbreviated as P23H) and Gnat2P3: Gnat1/™ (abbreviated as Gnatl™~ x
GnatZ™") mice were obtained from K. Palczewski at the Center for Translational Vision
Research at the University of California Irvine and are also available from the Jackson
Laboratory (P23H mice, https://www.jax.org/strain/017628; Gnatl™~ x GnatZ™~ mice,
https://www.jax.org/strain/033163). Experimental diabetes was induced at 8-10 weeks of
chronological age (male mice) or at 10-12 weeks of chronological age (female mice) by
serial intraperitoneal injection of a freshly prepared solution of streptozotocin in citrate
buffer (pH 4.5) at 55mg/kg body weight (male mice) or 75mg/kg body weight (female
mice) once daily for 5 consecutive days [26]. Hyperglycaemia (>15.26mmol/l) was verified
at least three times during the second week after streptozotocin injection and 3-4 days
before the autopsy day [27]. Insulin was given as needed to achieve slow weight gain
without preventing hyperglycaemia and glucosuria. Food consumption and body weight
were measured weekly. For some experiments, WT non-diabetic animals were injected
with lipopolysaccharide (LPS; 1mg/kg body weight; Sigma Chemical, St Louis, MO, USA)
via the tail vein and euthanised 2h after. LPS administration results in well-characterised
systemic inflammation and was used as a positive control [28]. Animals were studied 8
weeks after randomised assignment into experimental groups or 2h after injection of LPS.

Animals were housed in a pathogen-free facility with a standard 12h on and 12h off lighting
cycle. For light-deprivation (dark-adaptation) experiments, non-diabetic and diabetic animals
were placed in a room with a 48h lights off cycle (0 lux) before the autopsy day.

Generation of antibody-coated microspheres

Red fluorescent polystyrene microspheres (cat. no. R0200, Duke Scientific, Fremont, CA,
USA) were coated with protein A from Staphylococcus aureus (cat. no. P3838, Sigma
Aldrich, St Louis, MO, USA) by passive absorption as described previously [29, 30]. To
achieve this, 1ml of the purchased solution, which contained the equivalent of 1% solids
(microspheres), was incubated in a 0.1mol/l NaHCOg buffer (pH 9.2) containing 300ug/ml
of protein A at 4°C overnight in the dark. The following day, the microspheres were washed
and incubated in a blocking buffer (0.1mol/l NaHCO3 [pH 9.2] supplemented with 1%
bovine serum albumin) in a rotator (360° rotation at 8 rev/min) at room temperature for

Diabetologia. Author manuscript; available in PMC 2023 October 01.


https://www.jax.org/strain/000664
https://www.jax.org/strain/017628
https://www.jax.org/strain/033163

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lessieur et al.

Page 4

1h covered from light. During the incubation time, the microspheres were quantified by
flow cytometry. After incubation, the microspheres were washed and incubated with a rabbit
anti-mouse polyclonal antibody to ICAM-1 (cat. no. 10020-1-AP, Proteintech, Rosemont,
IL, USA) at a final concentration of 1x108 microspheres/mg rabbit polyclonal antibody.

As a control, matching microspheres were coated with isotype control IgG under identical
conditions. The amount of antibody in the coating solution was greater than that needed to
saturate the microspheres with the 1gG. After addition of the polyclonal antibody or 1gG, the
microspheres were incubated in a rotator for at least 2 days at 4°C in the dark and stored for
a maximum of 7 days at 4°C in the dark. Before use, the microspheres were washed twice

to remove unbound polyclonal antibody or 1gG and shaken vigorously on a table shaker to
keep them in monodispersion immediately before injection. All washes were carried out in a
table centrifuge at 17,0009 for 30 min.

Estimation of ICAM-1 on the luminal surface of vascular endothelium in diabetes or after
injection of LPS

To estimate the relative levels of ICAM-1 on the luminal surface of vascular endothelium
in mice, fluorescent microspheres coated with anti-ICAM-1 or non-immune 1gG were
injected through the tail vein. Initial studies assessed the effect of the size (0.5, 1.0 and
2.0pm diameter) and the number (0.3x107, 1x107, 3x107 and 10x107) of microspheres
injected on the results observed. We injected different sizes and amounts of microspheres
into untreated control and LPS-treated male C57BI1/6J mice. Microspheres were allowed to
circulate for 30 or 60 min and animals were then perfused transcardially with 5ml of 0.9%
sodium chloride solution at 20ml/min to remove unbound microspheres. In all cases, the
number of microspheres in a particular tissue of LPS-treated animals was compared with
the number of microspheres in the same tissue from age-matched normal control animals.
We concluded that 1x107 microspheres per mouse was an optimal amount to facilitate
fluorescent microscopy quantification.

Mouse organs were removed and thin tissues (retina, aorta, diaphragm and cremaster) were
prepared for analysis as flat mounts. The entire retina was laid out on a glass microscope
slide, whereas the aorta, diaphragm and cremaster were trimmed to the same area (3x3mm?2)
and then laid out on glass slides. The number of adherent microspheres was determined
manually by fluorescence microscopy (Nikon Eclipse Ni wide-field fluorescence microscope
[Nikon, Melville, NY, USA] using a red filter — 543 nm excitation, 612 nm emission)

for these tissues. The person assigned to perform the microscopy studies was masked to

the origin of the samples. Liver, spleen, kidney, lung, heart, grey matter and cerebellum
were trimmed to 100mg wet weight, homogenised in 500ul cell lysis buffer (cat. no.

98038, Cell Signaling Technology, Danvers, MA, USA) and sonicated, and then a constant
aliquot of 10ul was used to perform semi-quantification by flow cytometry. The person
assigned to perform the flow cytometry studies did not need to be masked to the origin

of the samples, as the values reported were generated by the equipment used. Because the
amount of vasculature varies considerably between tissues, we quantified the diabetes- or
LPS-induced increased adhesion of microspheres in each tissue as a ratio of the number of
adherent microspheres in tissue from diabetic or LPS-treated mice to the number of adherent
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microspheres in the same tissue from age-matched non-diabetic or non-LPS treated animals
of the same genetic background.

Flow cytometry

Tissues were homogenised in 500ul of cell lysis buffer (Cell Signaling Technology).
Microspheres retained in each tissue after perfusion (adherent microspheres) were quantified
using an Agilent NovoCyte Quanteon Flow Cytometer (Agilent, Santa Clara, CA, USA). For
each tissue, 10ul of homogenised tissue was analysed using the red laser (561nm excitation,
615 nm emission). Each sample was subjected to two independent measurements. The

data were processed and analysed using NovoExpress software (Agilent). Red fluorescent
polystyrene microspheres of 0.5, 1.0 and 2.0um diameter were run alone for gating.

Quantitative measurement of leucostasis

The number of leucocytes adherent to the microvasculature was determined at 8 weeks of
diabetes. After cardiac catheterisation, anesthetised mice (100 mg/ml ketamine to 100 mg/ml
xylazine ratio of 5:1) were exsanguinated by perfusion with 0.9% sodium chloride (Valley
Vet Supply, Marysville, KS, USA) for 2min. Fluorescein-coupled concanavalin A lectin (cat.
no. FL-1001-25, Vector Laboratories, Burlingame, CA, USA) at 20 pug/ml in 0.9% sodium
chloride was then infused as described previously [27]. Flat-mounted retinas and 3x3mm

of cremaster muscle were visualised with fluorescence microscopy, and brightly fluorescent
leucocytes were counted in the entire retina and the cremaster muscle sample.

Statistical analysis

Results

Animals

Graphs were generated using Prism 9 (GraphPad Software, San Diego, CA, USA). All mean
non-diabetic values for a given tissue are expressed as 100% and the mean individual values
for all diabetic animals are reported as the fold increase above the non-diabetic means.
Statistical analyses were performed using unpaired Student’s #tests with Welch correction
and ordinary one-way ANOVA with uncorrected Fisher’s tests as indicated. Experimental
group means were considered significantly different from control group means if the p
values were <0.05.

Clinical data on non-diabetic and diabetic mouse models are provided in Table 1. The
severity of diabetes was similar between WT, P23+ and Gnatl™~ x GnatZ”~ diabetic mice
independent of sex.

Microsphere quantification and validation

We performed initial studies using microspheres with different diameters (0.5, 1.0 and
2.0um) to determine if the fluorescent microspheres that were small enough not to occlude
microvessels were easy to visualise. We concluded that microspheres with a 2.0um diameter
were suitable for our purposes. To evaluate the specificity of the anti-ICAM-1-coated
microspheres, we used IgG-coated microspheres prepared under the same conditions as
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anti-ICAM-1-coated microspheres and found that microspheres coated with the isotype
control did not attach to the vascular endothelium (data not shown).

Next, we established a flow cytometry protocol to quantify adherent microspheres retained
in the tissues studied, as described previously [31]. Fluorescent microspheres of different
diameters (0.5, 1.0 and 2.0um) were run alone for gating purposes (Fig. 1a). Using forward
and side light scatter and fluorescent characteristics, microspheres were easily distinguished
from cells and microparticles (Fig. 1b,c). The number of microspheres analysed was
obtained from the corresponding microspheres’ histogram gate for the fluorescent channel
(PE-Texas Red-A) and detected at an emission of 615nm when excited at 561nm (Fig. 1d).

After establishing a method to quantify microspheres objectively, we wanted to ensure that
the number of microspheres adherent to the endothelium was not determined merely by

the number of microspheres injected. We found that increasing the number of microspheres
injected (0.3x107, 1x107, 3x107 and 10x107) had no effect on the number of microspheres
binding to the vasculature in most tissues (Fig. 2a, b). We therefore injected 1x107
microspheres in 200ul of 1% bovine serum albumin into each mouse via the tail vein. We
also compared the effect of letting the microspheres circulate in the vasculature for 30 or 60
min and found no difference in the number of microspheres that adhered to the vasculature
(data not shown). Thus, a circulation duration of 30 min was used for all subsequent studies.
LPS administration results in well-characterised systemic inflammation [28], so the effect
of LPS on endothelial levels of ICAM-1 was also assessed in multiple tissues from WT
non-diabetic mice, both as a positive control for the study and for comparison with the
effects of diabetes. We observed that the number of microspheres adherent to the luminal
wall of the vascular endothelium in LPS-injected non-diabetic mice was significantly greater
than normal in the retina, aorta, diaphragm, spleen and lung (Fig. 2c), consistent with
LPS-mediated induction of ICAM-1 on the luminal surface of vascular endothelial cells.

Finally, to determine whether some microspheres remained free (not bound to endothelial
cells) in the blood after 30 min circulation (and thus might confound our assumption that
microspheres found in the tissues had been retained by binding to endothelial ICAM-1), we
compared the number of microspheres retained in several tissues (retina, aorta, lung, kidney
and skeletal muscle) before and after perfusion (5ml of 0.9% sodium chloride solution at
20ml/min) to remove blood. These studies showed that the number of anti-ICAM-1-coated
microspheres retained within tissues was significantly lower in perfused tissues than in
non-perfused tissues (data not shown). Thus, all subsequent studies were performed after
transcardial perfusion.

Diabetes-induced upregulation of ICAM-1 on the endothelial surface varies among tissues

Using the anti-ICAM-1-coated microsphere method, we sought to assess the effect of
diabetes on the levels of ICAM-1 on the luminal surface of the vascular endothelium in
multiple tissues of mice. We found that the effect of diabetes on retention of microspheres
varied considerably among tissues when compared with non-diabetic controls, indicating
that diabetes did not uniformly induce endothelial ICAM-1 in all tissues. Of the tissues
studied after diabetes of 8 weeks’ duration, only the retina showed a statistically significant
induction of ICAM-1 on the vascular surface when compared with non-diabetic controls
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(Fig. 3); diabetes had a lesser (and not statistically significant) effect in the other tissues
studied. Results were similar in male and female mice and so the results are combined in
Fig. 3.

Vision and diabetes-induced upregulation of ICAM-1 in retinal vascular endothelium

The retina contains unique cells (photoreceptors) that capture light to initiate vision through
the process of phototransduction. Gratl and Gnat2 code for the translation of transducin,

a protein critical for phototransduction in rods and cones, respectively. Previous studies
have demonstrated that photoreceptors (and vision) may contribute to the diabetes-induced
increase in ICAM-1 levels on retinal microvessels and so we next interrogated this
hypothesis.

First, we wanted to determine if the unique metabolic processes taking place in retinal
photoreceptor cells (phototransduction) are involved in the increased levels of ICAM-1 in
the vasculature of diabetic animals. Compared with the number of anti-ICAM-1-coated
microspheres adherent to the retinal vascular endothelium of WT mice (male and female)
after diabetes of 2 months’ duration, adhesion of microspheres to the retinal endothelium

in diabetic mice lacking phototransduction (Gnatl ™~ x Gnat2~~ double knockout mice)
was significantly lower and not different from that in non-diabetic WT mice (Fig. 4).
Similarly, dark adaptation (48h) inhibited the diabetes-induced upregulation of ICAM-1 on
the luminal surface of the retinal endothelium in WT diabetic male and female mice (Fig. 4).
Thus, light-induced phototransduction in photoreceptor cells contributes to the activation of
signalling that leads to the induction of ICAM-1 on the luminal surface of retinal endothelial
cells.

Of the two types of retinal photoreceptor cells, available evidence suggests that rod
photoreceptor cells play a particularly important role in the development of the vascular
lesions of diabetic retinopathy. We next induced diabetes in a small group of GnatI™~ mice
(in which phototransduction was blocked only in rods) and generated preliminary evidence
that inhibition of phototransduction only in rods was sufficient to inhibit the induction of
ICAM-1 on the luminal surface of retinal endothelial cells in diabetes (data not shown).
P23H mice, which express a mutant opsin that leads to impaired phototransduction and
visual function [32], were similarly protected from the diabetes-induced increase in ICAM-1
on retinal endothelial cells (Fig. 5).

Induction of ICAM-1 and leucostasis in diabetes

To investigate if the levels of ICAM-1 in different vascular beds had biological significance,
we compared the number of leucocytes adhering to the vascular endothelium with the
relative level of ICAM-1 on the luminal surface (as assessed using our anti-lICAM-1-coated
microsphere method) of retina and cremaster muscle, a tissue that showed little induction
of ICAM-1 in diabetes. For these studies we used WT diabetic animals and compared

them with WT non-diabetic animals. We found that diabetes of 2 months’ duration resulted
in a significant increase in leucostasis in the retinal vasculature but not in the cremaster
vasculature (Fig. 6a); these results paralleled the increased level of ICAM-1 in the retinal
vasculature compared with that in the cremaster vasculature (Fig. 6b).
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Discussion

Inflammation and leucocytes have previously been implicated in the pathogenesis of
diabetic retinopathy in diabetic patients. A critical step in inflammation is the adhesion

of activated leucocytes to ICAM-1 and other adhesion molecules present on the luminal
surface of vascular endothelium [33, 34]. Diabetes induces proinflammatory proteins in

the retina, including ICAM-1 [17], and deletion of ICAM-1 (or its ligand on leucocytes)
significantly inhibits diabetes-induced leucostasis and damage to the retinal vasculature,
including increased permeability and degeneration of retinal capillaries [12]. Likewise,
blocking the interaction of leucocytes with ICAM-1 via neutrophil inhibitory factor (NIF)
has been shown to significantly inhibit the development of the retinal histopathology seen in
early diabetic retinopathy [5, 12, 19].

In the present study, the effect of diabetes on the distribution of ICAM-1 on the luminal
surface of the vascular endothelium was compared among multiple tissues. The data indicate
that diabetes increases the level of ICAM-1 on the luminal surface of endothelial cells, but it
does so to different extents in different tissues. The relative increase in endothelial cell levels
of ICAM-1 as a result of diabetes was greatest in the retina compared with other tissues. In
contrast, diabetes caused less of an increase in endothelial ICAM-1 in many other tissues;
the observed changes did not achieve statistical significance compared with non-diabetic
animals. Significant variability in ICAM-1 levels was observed in the WT diabetic control
groups, probably in part because of the substantial daily fluctuations in blood glucose and
insulin [35, 36].

The non-uniform induction of ICAM-1 in the tissues analysed was not restricted to diabetes;
it also occurred in a model of systemic inflammation (LPS), suggesting that hyperglycaemia
is not a unique initiator of endothelial inflammation or injury. Consistent with the effect of
diabetes, LPS administration in non-diabetic animals resulted in upregulation of vascular
ICAM-1 to a greater extent in some tissues than in others; the retinal vasculature again
showed a large increase in ICAM-1 levels following LPS administration. Unlike diabetes,
however, LPS caused a significant induction of ICAM-1 on the luminal surface of the
vascular endothelium in a number of tissues not significantly affected by diabetes. Toll-like
receptor 4 (TLR4) is the receptor for LPS [37], suggesting that the induction of endothelial
ICAM-1 after LPS administration (and perhaps also in diabetes) might be mediated via
TLR/MyDB88/NF-xB signalling. As LPS was injected systemically, we would expect the
LPS-mediated induction of ICAM-1 to be similar among all tissues; however, we observed
significantly increased levels of ICAM-1 after LPS challenge in the aorta, diaphragm, spleen
and lung, in addition to the retina. The difference among tissues in the LPS-mediated
induction of ICAM-1 might be due in part to the tissue distribution of TLR4. The highest
levels of 7/r4 mMRNA detected by PCR are in the spleen and cells of myeloid origin,
followed by the colon, ovary, lungs, small intestine and placenta, whereas 7/r4 expression is
low in the brain, heart, kidneys, liver, prostate, pancreas, testes, muscle and thymus [38-41].

The function of the retina—to convert light to a neural signal—is unique among tissues.
Rod and cone photoreceptors are the most prevalent cells in the retina and are extremely
metabolically active [42, 43]. Signals sent out from these photoreceptors affect the function
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of other cells in the retina, and mutation or deletion of photoreceptor cell opsin has been
shown to lead to dysfunction and degeneration of the retinal vasculature [44]. Responses
of photoreceptor cells to the abnormal milieu of diabetes have been reported to cause the
oxidative stress and inflammation that are found in the retina in diabetes [45, 46] and we
now report that the diabetes-induced increase in ICAM-1 on the luminal surface of retinal
endothelial cells is also influenced by photoreceptors and, specifically, by the molecular
processes that lead to vision.

Increased levels of ICAM-1 on the luminal surface of the retinal endothelium in diabetes
could be interpreted as a marker of the proinflammatory status of the retinal vasculature

in diabetes and could also be a therapeutic target in diabetes. Use of blocking antibodies
against ICAM-1 or other adhesion molecules and their ligands on white blood cells seems
undesirable, as immune surveillance could also be impaired [47, 48]. We previously reported
that a selective antagonist of integrin a2 on leucocytes (NIF) inhibited the diabetes-
induced degeneration of retinal capillaries in mice by blocking the excessive interaction
between leucocytes and retinal endothelial cells [19]. Importantly, it did not significantly
impair the ability of mice to clear an opportunistic bacterial challenge, suggesting that it did
not compromise immune surveillance.

In summary, our studies demonstrate that diabetes-induced upregulation of endothelial
ICAM-1 does not occur uniformly in all tissues, and the increase in ICAM-1 levels in
retinal endothelial cells is due at least in part to photoreceptor cell metabolic activity related
to vision. Appreciable induction of ICAM-1 on the endothelial surface leads to increased
adhesion of leucocytes to these endothelial cells, with secondary leakage and degeneration
of the retinal microvasculature.
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Fig. 1.
Quantification of fluorescent microspheres by flow cytometry. Gating was established using

microspheres of different sizes for comparison (a). Microspheres were distinguished from
cells and microparticles in forward scatter vs side scatter density plots (b) and side scatter vs
fluorescence density plots (c). The number of microspheres analysed was obtained from the
corresponding microspheres’ histogram gate in (c) as a reason of the fluorescent channel in

()
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Fig. 2.

Microsphere concentration and validation. Increasing the number of injected microspheres
had no effect on the number of microspheres binding to the vascular endothelium, even after
LPS challenge, as shown in the retina (a) and liver (b). (c) Data represent the LPS-induced
fold increase in number of adherent microspheres above that in non-diabetic animals in

the vasculature of various tissues. Non-diabetic animals showed an overall increment in

adherent microspheres with LPS challenge, with a statistically significant difference in

the retina, aorta, diaphragm, spleen and lung. Statistical analysis was performed using an
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unpaired ¢test with Welch correction for each tissue analysed. Data are mean + SD; /7=6-11
mice. p<0.05 was considered significant. **:88<0.01 and *** 1.+ <0.001 compared with
WT non-diabetic mice
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Fig. 3.

Effect of diabetes on the levels of ICAM-1 on the luminal surface of vascular endothelium
throughout the body. Data represent the diabetes-induced fold increase in number of anti-
ICAM-1-coated microspheres above that in the same tissue of non-diabetic animals. After
2 months of diabetes, only retina showed a statistically significant induction of ICAM-1 on
the vascular surface in male and female mice. Statistical analysis was performed using an
unpaired ¢test with Welch correction for each tissue analysed. Data are mean + SD; n=11-
18 mice. p<0.05 was considered significant. ***p<0.001 compared with WT non-diabetic
mice
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Fig. 4.

PP?ototransduction inhibition in rods and cones and induction of ICAM-1 in the retinal
vascular endothelium. Genetic inhibition of phototransduction (Gnatl™~ x Gnat2™~ double
knockout mice) or 48h of dark adaptation of WT animals inhibited the diabetes-induced
upregulation of ICAM-1 on the luminal surface of the retinal endothelium in male and
female mice. Statistical analysis was performed using one-way ANOVA with an uncorrected
Fisher’s test. Data are mean + SD; /7=8-16 mice. p<0.05 is considered significant. ¥p < 0.01
and *** 117 p< 0.001 as shown. D, diabetic; N, non-diabetic
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P23H

Induction of ICAM-1 in the retinal vascular endothelium of P23H opsin mutant mice.
The expression of a mutant opsin (P23H) is sufficient to inhibit the diabetes-induced
upregulation of ICAM-1 on the luminal surface of the retinal endothelium in male mice.
Statistical analysis was performed using one-way ANOVA with an uncorrected Fisher’s test.
Data are mean + SD; 7=7-10. p<0.05 is considered significant. Tp<0.05, **p < 0.01 as

shown. D, diabetic; N, non-diabetic
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Fig. 6.
The number of leucocytes adherent to the vascular endothelium is consistent with the effect

of diabetes on ICAM-1 expression. Leucostasis is greater in the retinal vasculature (a, c, €)
than in the cremaster vasculature (a, d, f) of animals with diabetes of 2 months’ duration.
The induction of ICAM-1 in the retinal vasculature compared with the cremaster vasculature
correlates with the number of adherent microspheres (b). (c, €) Representative images of
retinal leucostasis (white arrows); (e) is a magnification of (c). (d, f) Representative images
of cremaster leucostasis (white arrows); (f) is a magnification of (d). Scale bars are 100um.
Statistical analysis was performed using one-way ANOVA with an uncorrected Fisher’s test.
Data are mean + SD; /=6-7. p<0.05 is considered significant. *8p<0.05 and T7# p< 0.01 as
shown. D, diabetic; N, non-diabetic
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Clinical data for non-diabetic (N) and diabetic (D) mice with or without dark adaptation

Table 1

Page 20

Genotype Sex | Group | Body weight (g) Non'faSt(enqm?lLﬂz()j glucose a?ji';);jaiircl)(n I(-lpnégir_llg"begg; n
weight)

WT M N 306 8.6 +2.22 - - 25

WT M N 307 81+1.72 - + 12

WT M D 27+2 26.5 + 3.9%** - - 25

WT M N 39+3 8.4+0.94 + - 10

WT M N 38+2 85+1.22 + + 10

WT M D 27 £1%* 23.3 £ 2.22%** + - 10

P23H M N 39+8 8.0+0.89 - - 8

P23H M D 27 £1%* 29.0 + 3.94*** - - 8

Gnatl™”~ M N 41+8 86+05 - - 3

Gnat1™~ M D 29 £ 4** 28.5 + 2.9%** - - 3

Gnatl™” x Gnatz”~ | M N 30£2 8.9+0.67 - - 6

Gnatl™” x Gnatz”~ | M D 26+2 23.2 £ 0.89*** - - 6

WT F N 24+1 6.6 + 0.56 - - 8

WT F D 21 £ 2%* 19.8 + 2.39*** - - 8

WT F N 305 7.2+1.67 + - 3

WT F N 26+1 79+0.44 + + 3

WT F D 21 £ 2%* 28.1 + 4.33*** + - 3

Gnatl”~x Gpatz”~ | F N 22+1 8.7+0.94 - - 5

Gnatl™~ x Gpat2”~ F D 21 £0.8** 22.5 +9.6%** - - 5
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