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Aims: Diabetic patients may have abnormal inflammatory reactions to foreign or endogenous stimuli. This
study was designed to evaluate inflammatory reactions in the diabetic eye through refinal leucocyte
dynamics in the inflamed eyes of diabetic rats.

Methods: Three weeks affer diabetes induction in Long-Evans rats, endotoxin induced uveitis was
produced by footpad injection of lipopolysaccharide (LPS). After LPS injection, leucocyte behaviour was
evaluated in vivo by acridine orange digital fluorography.

Results: The number of rolling leucocytes increased in a biphasic manner at 12 hours and 48 hours. The
number of leucocytes accumulating in the refina reached a peak at 72 hours. The maximal numbers of
rolling and accumulating leucocytes in the diabetic retina decreased by 56.3% (p<<0.01) and 46.7%
(p<<0.0001), respectively, compared with the non-diabetic retina. The levels of mRNA expression of
adhesion molecules in the retina, which were upregulated after LPS injection, were also lower in diabetic
rats than in non-diabetic rats.

Conclusion: This study is the first to show that endotoxin induced inflammation is disturbed in the diabetic
eye, based on evidence that the leucocyte-endothelial cell interactions stimulated by LPS were suppressed
in the diabetic retina. These findings support the theory that ocular inflammatory reactions are impaired in
diabetic patients.

acting with endothelial cells, migrating to the sites of

inflammation and releasing cytokines. In an inflamed
area, endothelial cells are activated and express adhesion
molecules that cause leucocyte-endothelial cell interactions
through a multistep process.' * Initially, leucocytes interact
with P-selectin, which is expressed on endothelial cells, and
begin rolling along vessel walls. The leucocytes then interact
with intercellular adhesion molecule 1 (ICAM-1), adhere to
endothelial cells, and migrate out of the vessels.

The inflammatory reaction in diabetic patients, one of
compromised hosts, is thought to be abnormal. Under
diabetic conditions, reduced cytokine production’® and
depressed chemotaxis during inflammation have been
described.*® The available literatures suggest that leucocyte-
endothelial cell interactions during inflammation, being one
of the inflammatory processes and an important initial step,
are disturbed in various organs in diabetes.* " However, little
is known about leucocyte-endothelial cell interactions in the
inflamed diabetic eyes, even though the diabetic retinopathy
is one of the major complications of diabetes.

Endotoxin induced uveitis (EIU) is an ocular inflammation
model induced in an animal by a subcutaneous injection of
lipopolysaccharide (LPS)," without direct exposure to the
eye.'' * It is characterised by leucocyte infiltration, blood-
ocular disruption, and barrier disruption. In this model,
inflammatory reactions have been reported to occur in both
the anterior and posterior segments of the eye, including
infiltration of leucocytes into the aqueous humour (AH) and
vitreous cavity.'""

In the EIU, the expression of tumour necrosis factor alpha
(TNF-a) is elevated. TNF-a has been proposed as a major
mediator of endotoxin induced reactions, since changes
caused by infusions of TNF-a in laboratory animals mimic
those observed in animals infected with Gram negative
bacteria.' ' TNF-a is involved early in the course of EIU. LPS

Leucocytes have a crucial role in inflammation by inter-
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is the most powerful TNF inducer of all sources tested to
date.'”® Moreover, several investigators demonstrated that
both P-selectin and ICAM-1 are regulated by TNF-a.' ' *
During the EIU, the expression of inducible nitric oxide
synthase (iNOS) is also upregulated, and supposed to have a
key role in the pathogenesis of EIU.”" And nitric oxide (NO)
derived from iNOS also regulates the expression of P-selectin
and ICAM-1,>* and contributes to the vasodilation.

We have developed an in vivo method of quantitatively
evaluating leucocyte-endothelial cell interactions in the rat
retina during EIU, called acridine orange (AO) digital
fluorography.' "> *> In this study, we investigated in rats the
influence of streptozotocin induced diabetes on LPS stimu-
lated leucocyte-endothelial cell interactions by quantitatively
evaluating changes in leucocyte-endothelial cell interactions
and changes in the expression of endothelial adhesion
molecules and cytokines in the diabetic retina.

METHODS

Animal model

Animals (n=108) were handled in accordance with the
ARVO statement for the use of animals in ophthalmic and
vision research. Diabetes mellitus (DM) was induced in
6 week old male pigmented Long-Evans rats by intraperito-
neal injection of streptozotocin (STZ, 75 mg/kg; Sigma
Chemical Co, St Louis, MO, USA). The plasma glucose level
in each rat was confirmed to be >250 mg/dl 48 hours after
injection. Plasma glucose level was measured with Dexter Z 1T
(Bayer Healthcare LLC, Terrytown, NY, USA). Rats injected
with an equal volume of saline alone served as non-diabetic
Abbreviations: AH, aqueous humour; AO, acridine orange; DM,
diabetes mellitus; EIU, endotoxin induced uveitis; ICAM-1, intercellular
adhesion molecule 1; iINOS, inducible nitric oxide synthase; LPS,
lipopolysaccharide; NO, nitric oxide; PCR, polymerase chain reaction;
STZ, streptozotocin; TNF-o, fumour necrosis factor alpha
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Table 1 Physiological variables

Hours dfter LPS injection

Control 6 hours 12 hours 24 hours 48 hours 72 hours 96 hours
Non-DM groups
WBC (x10¢/I) 8.6 (0.8) 7.8 (1.0) 7.3 (0.9) 7.7 (1.9) 13.3 (1.4)* 10.9 (1.1) 9.4 (1.1)
Blood glucose (mg/ml) 137 (4) 132 (6) 135 (4) 133 (¢) 135 (6) 133 (6) 133 (6)
MABP (mm Hg) 100 (5) 101 (4) 106 (5) 103 (7) 102 (4) 101 (6) 100 (6)
DM groups
WBC (x10¢/I) 8.1(0.3) 67(1.3) 7.4(0.8) 7.7 (0.5) 1.1 (057  9.6(0.9) 87(1.2)
Blood glucose (mg/ml) 325 (24)t 351 (16)t 331 (16)t 314 (59)t 350 (34)t 351 (16)t 343 (6)t
MABP (mm Hg) 98 (3) 96 (4) 97 (7) 98 (7) 100 (6) 98 (6) 99 (5)

Values are means (SEM). (n=6 at each time point in both groups)
WBC, peripheral leucocyte count; MABP, mean arterial blood pressure.

diabetic rats at each time point.

Blood glucose level in diabetic rats was significantly higher than that in non-diabetic rats at each time point. There were no significant differences between non-
diabetic and diabetic rats in other physiological parameters. *p<0.05 compared with control values in each group. 1p<0.05 compared with values of non-

(non-DM) controls. Three weeks after diabetes induction,
EIU was induced by hind footpad injection of LPS (Salmonella
typhimurium 4 mg/kg of body weight; Sigma Chemical Co, St
Louis, MO, USA).

Evaluation of blood pressures and leucocyte count in
peripheral blood

The rats were deeply anaesthetised and the mean arterial
blood pressure was monitored at each time point in the tail of
each rat by means of a sensing cuff attached to a blood
pressure analyser (IITC, Woodland Hills, CA, USA). The
peripheral blood sample was analysed by a haematology
analyser to count leucocytes (Erma, Tokyo, Japan).

Acridine orange digital fluorography and image
analysis

At 6, 12, 24, 48, 72, and 96 hours after LPS injection,
inflammatory leucocyte behavior was evaluated in vivo by AO
digital fluorography using a scanning laser ophthalmoscope
(SLO) (Rodenstock Instruments, Munich, Germany)."* ** >

Vessel diameters were measured at 1 disc diameter from
the centre of the optic disc in monochromatic images
recorded before AO injection. Each vessel diameter was
calculated in pixels as the distance between the half height
points determined separately on both sides of the density
profile of the vessel image. Averages of the arterial and
venous diameters were used as the arterial and venous
diameters for each rat.

Rolling leucocytes were defined as leucocytes that moved
more slowly than free flowing leucocytes. To count rolling
leucocytes, a locus 1 disc diameter away from the centre of
the optic disc was picked up in each vessel. The rolling
leucocytes passing through this locus during 1 minute were
counted, and this count was defined as the number of
rolling leucocytes within a given vessel. We then calculated
the average number of rolling leucocytes in all major veins.
This was used as the flux of rolling leucocytes within a given
rat.

To define the number of leucocytes that accumulated in the
retinal microcirculation, an observation area around the optic
disc was determined by drawing a polygon surrounded by the
adjacent major retinal vessels.”” This area was measured in
pixels on a computer monitor, and the density of leucocytes
was calculated by dividing the number of trapped leucocytes,
which were recognised as fluorescent dots, by the area of
observation. The density of leucocytes was calculated in eight
peripapillary observation areas in the fundus. The average
density for individual areas was used as the number of
leucocytes that had accumulated in the retinal microcircula-
tion for each rat.

Gene expression of P-selectin, ICAM-1, TNF-q, and
iNOS

For semiquantification of P-selectin, ICAM-1, TNF-0, and
iNOS gene expression after 9 hours of LPS injection, six eyes
per group were enucleated in the following four groups:
control rats (non-DM, without EIU), non-DM rats with EIU,
DM rats with EIU, and DM rats without EIU. Polymerase
chain reaction (PCR) was performed as previously
described.” The primers were TGCTTGGCTACTGGACACTG
(sense) and GGTGTCGACAGGACATTGTG (antisense) for P-
selectin; AGCCTCAGGCCTAAGAGGAC (sense) and AGGGG
TCCCAGAGAGGTCTA (antisense) for ICAM-I; TGATCCGA
GATGGAACTG (sense) and TGTGGGTGAGGAGCACATAG
(antisense) for TNF-o; AGTGAGGAGCAGGTTGAGGA
(sense) and CTTCAGTCGGGTGGTTCATT (antisense) for
iNOS; GGCATCCTGACCCTGAAGTA (sense) and GCCATCTC
TTGCTCGAAGTC (antisense) for P actin was used as the
internal standard.

Analysis of leucocyte infiltration into AH

Aqueous humour (AH) was collected by anterior chamber
puncture using a 30 gauge needle. For leucocyte counts, the
sample was suspended in an equal volume of 0.4% trypan
blue stain solution, and leucocytes were counted under a
light microscope.

Statistical analysis

All values are expressed as mean (SEM). The data were
analysed by repeated measure ANOVA, with post hoc
comparisons tested with the Fisher protected least significant
difference procedure. Differences were considered statisti-
cally significant when the probability values were <0.05.
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- Artery (DM)
—0— Vein (non-DM)
701~ | —=— Vein (DM)
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30 3::::8;:::#"'—0___"0-"‘=ﬁ=====ﬁ
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Vessels diameter (um)

0 \ \ \ \ \ \ |
0 6 12 24 46 72 96
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Figure 1 Time course of the diameters of major retinal arteries and
veins dfter LPS injection. Values are mean (SEM) (n =6 at each time point
in both groups). *p<0.05 compared with non-DM rats.
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Figure 2 Leucocytes were stained selectively among circulation blood cells. Nuclei of vascular endothelial cells were also stained. Arrows indicate
rolling leucocytes in the major retinal veins. No rolling leucocytes were seen along the major arteries. The major refinal veins of non-DM rats (A) were

more dilated and more tortuous than those of DM rats (B) at 48 hours.
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Figure 3 Time course of the flux of rolling leucocytes along major
retinal veins after LPS injection. Values are mean (SEM) (n=6 at each
time point in both groups). *p<0.05 compared with non-DM rats.

RESULTS

Physiological data

Table 1 shows changes in physiological variables at various
time points after LPS injection. There were no significant
differences between the DM groups and non-DM groups in
peripheral leucocyte count and mean arterial blood pressure
except for plasma glucose level.

[ T

Major retinal vessel diameters

Figure 1 shows changes in diameters of major retinal vessels
in DM rats and non-DM rats. Both arteries and veins
exhibited substantial vasodilation after EIU induction, and
reached a peak at 48 hours. However, there was no
significant difference between DM rats and non-DM rats in
arterial vasodilation, while vasodilation of the veins was
significantly reduced in DM rats, compared with non-DM
rats (p = 0.046, fig 2).

Leucocyte rolling

Immediately after AO was infused intravenously, leucocytes
were stained selectively among the circulating blood cells. In
EIU rats, numerous leucocytes were observed to be rolling
slowly along major retinal veins among many free flowing
leucocytes. No rolling leucocytes were detected in control
rats, but leucocyte rolling was evident in major retinal veins
in rats with EIU. The flux of rolling leucocytes in EIU rats
increased gradually after LPS injection and reached its peaks
at 12 hours and 48 hours. Figure 3 shows that leucocyte
rolling was significantly inhibited in DM rats, compared with
non-DM rats (p = 0.023). The flux of rolling leucocytes in DM
rats was reduced by 73.0% (p = 0.009) and 56.3% (p = 0.006)
at 12 hours and 48 hours, respectively, after LPS injection.

Figure 4 Leucocytes accumulating in the refina were observed as fluorescent dots at 30 minutes after AO injection. (A) Non-DM rats; (B) DM ras.
Significant reduction of leucocyte accumulation was seen in the DM rats (B) at 72 hours after LPS injection.
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Figure 5 Time course of the number of leucocytes accumulating in the
retinal microcirculation after LPS injection. Values are mean (SEM) (n=6
at each time point in both groups). *p<0.05 compared with non-DM
rats.

Leucocyte accumulation

At 30 minutes after AO injection, we identified leucocytes
that had accumulated in the retinal microcirculation as
distinct fluorescent dots with the highest contrast. With the
induction of EIU, the number of leucocytes that accumulated
in the retina increased, and peaked at 72 hours (fig 4).
However, the number of leucocytes that had accumulated in
the retinal microcirculation decreased by 46.7% in DM rats
compared with non-DM rats (p<<0.0001, fig 5).

Gene expression of P-selectin, ICAM-1, TNF-a, and
iNOS

The levels of gene expression were expressed as ratios to the
mean values of control rats (fig 6). At 9 hours after LPS
injection, mRNA expression of adhesion molecules such as P-
selectin and ICAM-1 was upregulated in the retina. The
mRNA expression TNF-a, which is a mediator of the above
mentioned adhesion molecules, was also upregulated. The
presence of DM significantly suppressed mRNA expression
for P-selectin, ICAM-1, TNF-o, and iNOS by 50.0%
(p=0.038), 52.6% (p=0.025), 73.5% (p=0.006), and
35.0% (p = 0.006), respectively.

Leucocyte infiltration into AH
Figure 7 shows differences in the number of AH leucocytes
between DM and non-DM groups. Leucocyte counts in AH

P selectin - ICAM-1

B actin s s -
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gradually increased after EIU induction and reached a peak
at 24 hours. In DM rats, however, leucocyte counts in AH
were significantly lower than in non-DM rats (p <0.0001). At
24 hours after LPS injection, the DM appeared to depress
leucocyte infiltration in AH by 34.0% (p <0.0001).

DISCUSSION

This study has shown that leucocyte-endothelial cell inter-
actions are impaired in the inflamed eye of diabetic rats. In
addition, mRNA expression of P-selectin, ICAM-1, TNF-o,
and iNOS in the EIU retina was significantly suppressed, and
leucocyte infiltration into the AH was also suppressed in the
diabetic EIU model. To our knowledge, this is the first report
of defective leucocyte-endothelial cell interactions in
inflamed diabetic eyes.

Accumulating evidence indicates that recruitment of
circulating leucocytes into inflamed tissue is mediated
through a multistep cascade of events involving sequential
rolling, firm adhesion, and transmigration. Leucocyte rolling
is the initial step and prerequisite for the subsequent steps
that result in leucocyte accumulation in the retinal micro-
circulation.”” Previous reports have shown that leucocyte-
endothelial cell interactions are impaired and that the
subsequent leucocyte rolling and accumulation are reduced
in the lung and internal spermatic fascia of diabetic rats.* " *
We have already reported that diabetic retina shows
suppressed leucocyte-endothelial cell interactions after
ischaemia reperfusion injury.”® The present study has
demonstrated that diabetic conditions suppress leucocyte
rolling and leucocyte accumulation in the retina during
inflammation. Our findings are consistent with the preceding
ones.

Our EIU models also supported the onset of anterior uveitis
described in previous reports, with a peak at 24 hours after
LPS injection."” '*** Anterior uveitis is the inflammation of
anterior segment of the eye. A peak inflammation in the
posterior segment of the eye was observed at 48 hours, which
shifted backward in the time courses when compared with
that in the anterior segment, as previously reported.”* "
Leucocyte rolling and adherence in the iris venules occur
before infiltration of inflammatory cells in the AH.*” In our

Figure 6 Gene expression of
P-selectin (A), ICAM-I (B), TNF-o (C),
and iNOS (D) 9 hours after LPS
injection. Values are mean (SEM) (n=6
in both groups). *p<0.05 compared
with non-DM rats.
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Figure 7 Time course of the number of leucocytes infiltrating into
aqueous humour (AH) after LPS injection. Values are mean (SEM) (n=6
at each time point in both groups). *p<0.05 compared with non-DM
rats.

diabetic groups the number of leucocytes in the AH was
decreased, which implies reduced interactions between
leucocytes and endothelial cells in the iris venules as in the
retina.

Cell adhesion molecules, including ICAM-1 and P-selectin,
are also involved in leucocyte-endothelial cell interactions.
Their expression is reportedly reduced in the internal
spermatic fascia of diabetic rats.* P-selectin is a key mediator
of leucocyte rolling along inflamed endothelial cells,” and a
previous study showed that P-selectin mediates leucocyte
rolling EIU as well.”' Therefore, our finding of suppressed P-
selectin gene expression might account for the reduced
leucocyte rolling; diabetic conditions would suppress leuco-
cyte rolling by inhibiting the expression of P-selectin on the
endothelial cells of retinal veins. Increased expression of
ICAM-1 is implicated in increased leucocyte adherence
during EIU.”> The level of ICAM-1 mRNA expression in
non-diabetic retinas after EIU induction was significantly
upregulated compared with that in the diabetic retinas. This
result would explain the reduced leucocyte accumulation of
diabetic retina during EIU.

TNE-a is a major initial cytokine of systematic inflamma-
tion cascade, along with interleukin 1 (IL-1). TNF-o has been
mentioned to upregulate the above mentioned adhesion
molecules. It has been reported that the elevation of TNF-a
expression stimulated by LPS in the bronchoalveolar lavage
supernatant of diabetic rats was significantly reduced,” and
that TNF-a production by cultured peritoneal macrophages
from diabetic rats after mineral oil injection was reduced.’
Our results also demonstrated that upregulation of TNF-a
mRNA expression is significantly blocked in diabetic EIU
rats. It is thus suggested that suppression of TNF-o mRNA
expression leads to suppression of mRNA expression for
adhesion molecules P-selectin and ICAM-1, and conse-
quently to suppression of leucocyte rolling and leucocyte
accumulation in the diabetic retina.

Vasodilation in the diabetic retina during EIU was reduced
in our study. It was reported that hyperglycaemia decreases
the bioavailability of NO and increases the synthesis of the
vasoconstrictors, prostanoids and endothelin, via multiple
mechanisms, which leads to impairment of endothelium
dependent vascular relaxation.” * In heart and liver,
decreased activity and impaired induction of NO by LPS in
STZ induced rat were also reported.” We demonstrated that
diabetes reduced vein vasodilation in the EIU retina, probably
caused by decreased expression of iNOS. This decreased
expression of iNOS also explains the suppressed leucocyte
rolling and accumulation, because of its effect on the
expression of P-selectin and ICAM-1.%7* The reason for
suppressed iNOS expression in these cases was not clear, but
suppressed TNF-a expression might be relevant to it, because
LPS and TNF-a influence iNOS expression.**®

In conclusion, we have demonstrated that leucocyte-
endothelial cell interactions in retinal tissue during EIU are
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impaired in diabetic rats, which may result from inhibited
expression of adhesion molecules caused by suppressed
TNF-o and iNOS expression. It is thus extrapolated that
diabetic patients are vulnerable to infection and that, once
an infection occurs it may be prolonged.
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