Studies on the Pathophysiology
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The Blood-Retinal Barrier in Diabetes
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SUMMARY

A review of the pathologlc picture of diabetic retinop-
athy shows that available clinical methods of examina-
tion demonstrate the alteration of the blood-retinal bar-
rier (leakage), microaneurysms, capillary closure, pref-
erential channels, preretinal neovascularization and
gross extravascular leslons. All of these changes may
be shown by fluorescein anglography. The value of
this method, however, Is fundamentally related to the
morphologic demonstration of these lesions and not
their quantification. Quantitative evaluation of retinal
involvement in diabetes is needed In order to delineate
more clearly its natural history, criteria for prognosis,
and effect of treatment.

Vitreous fluorophotometry, a quantitative and sensi-
tive method of evaluating the permeability of the
blood-retinal barrier, has opened new perspectives for
the evaluation of retinal involvement in diabetes. Vitre-
ous fluorophotometry has shown that a disturbance of
the blood-retinal barrier, possibly functional, appears
in diabetic eyes before any lesion Is clinically visible in
the fundus, and that there is a close correlation be-
tween the severity of the vascular lesions and higher
vitreous fluorophotometry readings. Recent studies
also indicate an interesting correlation with metabolic
control, particularly, glycosylated hemoglobin levels
and insulin treatment.

Finally, on the basis of these findings a working hy-
pothesis for the pathogenesis of diabetic retinopathy
is presented. DIABETES 32 (Suppl. 2):20-27, 1983.

lindness from diabetic retinopathy is responsible

for 12% of new blindness at all ages and for 20%

of new blindness between the ages of 45 and 74.

. It remains one of the most challenging problems
facing ophthalmologic research. My involvement in diabetic
retinopathy research started when working in London with
Norman Ashton in 1963. Since then, and following our initial
studies on the pathology ot diabetic retinopathy and blood-
retinal barrier, the same line of research was maintained for
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20 yr. This study is a general review of this research. By
reviewing the major steps and examining the research as a
whole a better insight into our present understanding of di-
abetic retinopathy can be gained.

PATHOLOGY
Diabetic retinopathy is basically a microangiopathy, usually
detected by the appearance of retinal microaneurysms at
the posterior pole. In London | had the opportunity of care-
fully reviewing a large number of diabetic retinas that had
been prepared by injection methods and retinal digestion.

In the early stages of retinopathy, when lesions are minimal
and limited to the small vessels, the characteristic pathologic
findings®? included endothelial proliteration of the capillaries
associated with the venous side of the circulation (Figure 1),
apparent endothelial swelling in the capillaries of the arterial
side, and signs of irregularly distributed pericyte damage.
Microaneurysms were present. Capillary closure, in the ar-
terial side, was found only when there were already a number
of microaneurysms, suggesting its later development in the
disease process. Earlier changes were observed in the cell
populations of the retinal capillaries and veins. The topog-
raphy of the endothelial cell lesions was characteristic: en-
dothelial proliferation on the venous side versus endothelial
cell swelling and degeneration on the arterial side.

| believe that the damage in the pericytes is secondary
and associated with endothelial changes. The apparent pref-
erential involvement of pericyles in diabetes is most likely
due to their special location in the vessel wall. This has been
borne out by experimental studies and observations under
the electron microscope (Figure 2). We concluded that the
daraged endothelial cells can be easily replaced by sliding
of the neighboring endothelial cells. This must occur rapidly
for the circulation to remain active, whereas damaged retinal
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FIGURE 1. Diabetic retina showing endothellal
proliferation and microaneurysms on the venous
side of the circulation. Digest preparation (PAS +
H, magnification x85).

pericyles cannot be replaced and remain trapped inside the
basement membrane.*

Thickening of the basement membrane, accepted for a
long time as a dominant feature of the microangiopathy of
diabetes mellitus, also appeared to be a relatively late de-
velopment in the diabetic retina, probably associated with
the plasma leakage and endothelial cell damage.®

In summary, in diabetic retinopathy the changes appear
initially to be confined to the small vessels in the form of
endothelial cell proliferation and rare microaneurysms on the
venous side, with signs of impending cellular degeneration
in a few vascular branches on the arterial side. These initial
lesions are focal and located preferentially at the posterior
pole.

As the disease progresses, the capillaries on the arterial
side of the retinal circutation show increased cell loss and
closure, while on the venous side there is a simultaneous
increase in the number of microaneurysms. As the areas of
capillary closure enlarge, they are traversed by a few dilated
capillaries that appear to act as areriovenous shunts, re-
ceiving the blood diverted from the surrounding closed cap-
llary net.

The next question was, are these lesions specific tor di-
abetes? Examination of other vascular retinopathies showed
that all the lesions observed in the diabetic retinas were
shared by a wide variety of apparently unrelated diseases,
emphasizing the importance of local factors. Our observa-
lions showed that the characteristic teatures of diabetic ret-
inopathy were present in other vascular retinopathies and
differed only in frequency and distribution.

These observations pointed to the likelihood of the exist-
ence of "special circumstances” in the retinas, be they struc-
tural or functional, which limit the scope of their response to
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disease and explain why a great variety of pathologic stimuli
causes the development of the same lesions.®

Al this time we looked for reasons to explain the prefer-
ential involvement of the venous side of the circulation in the
initial stages of the retinal changes in diabetes, and per-
formed our first studies with histamine. Histamine had been
shown lo increase vascular permeability on the venous side.”
To our surprise no increase in permeability of the retinal
vessels was observed and our attention was called to the
possibility of the existence in the retina of a blood-retinal
barrier similar to the well-known blood-brain barrier. It was
possible that the blood-retinal barrier could be ane of the
“special circumstances.”

In our initial studies, the blood-retinal barrier was found in
the endothelial membrane of the retinal vessels,® and we
demonstrated the presence of extensive tight junctions that
completely sealed the interendothelial spaces,® further em-
phasizing the primary role of the endothelial cell in the makeup
of this barrier.

The retinal endothelial cells also differed functionally from
endcthelial cells of most vessels of the body, a contrast
further emphasized by the demonstration in the retinal ves-
sels of active transport activity.'® This discovery had partic-
ular significance. For the first time endothelial cells were
shown to possess active transport mechanisms and to reg-
ulate actively the exchange of substances across the ves-
sels' walls. The endothelial cells of the retinal vessels ap-
peared to deserve special attention.

The pathologic picture of diabetic retinopathy and other
vascular retinopathies revealed the important role of the en-
dothelial celi while at the same time, we discovered that the
endothelial cell of the retinal vessels was specially differ-
entiated with highly developed functional activity.
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STUDIES ON THE PATHOPHYSIOLOGY OF DIABETIC RETINOPATHY

FIGURE 2. Small vessel from the ischemic retina of a rat, 1 h after an Intravenous Injection of colloidal carbon. There is a gap in the endothellal
cytoplasm through which carbon particles reach the basement membrane (arrow). The pericyte is damaged, and red cells, fibrin, and carbon
particles are seen in one pericyte lodge. Stalned with uranyl acetate followed by lead citrate. EM x 7400.

A study of the experimental pathology resulting from en-
dothelial cell damage and alteration of the blood-retinal bar-
rier appeared to be the next logical step. An attempt was
made to examine the consequences to the retina of an ex-
perimental breakdown of the blood-retinal barrier. We in-
vestigated various methods and chose to elevate the intra-
ocular pressure to different appropriate levels in order to
obtain either a situation of total ischemia of the retina or a
condition of venous stasis with marked slowing of the blood
circulation." Carbon and trypan blue, relatively large mol-
ecules, were used as indicators of the blood-retinal barrier
breakdown. The changes were examined under the elec-
tron microscope using carbon and thorium dioxide particles.
The study clearly showed that the breakdown of the blood-
retinal barrier was caused by endothelial damage (Figure
2). The animals were submitted to single episodes of retinal
ischemia or venous slasis and lefl to survive for different
periods of time. The retinas were examined by injection
methods, trypsin digestion, and a variety of histologic tech-
nigues.?

Theresultihgvascularbesionsappearedrobemarkedlysim-
ilar independent of the circulatory disturbance involved, is-
chemia or venous stasis, and to consist of a series of lesions
with a particular distribution: endothelial proliferation and
aneurysmal dilations in the venous side of the circulation,
capillary closure in the arterial side, and preferential chan-
nels appearing as a late development.
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In conclusion, the vascular changes that resulted from an
experimental breakdown of the blood-retinal barrier followed
a general pattern that had much in common with the vascular
lesions found in human diabetic retinas. The fact that the
experimental lesions appeared as a direct result of endothe-
lial damage and were independent of the type of circulatory
disturbance reinforced the idea that the pathologic changes
of diabetic retinopathy and other vascular retinopathies may
result from an insult to the retinal endothelial cell or blood-
retinal barrier.

Meanwhile, the importance of an alteration of the blood-
retinal barrier in the development of diabetic retinopathy re-
ceived emphasis with the advent of fluorescein angiography.
In 1967 Norton and Gutman,'? studying diabetic patients with
fluorescein angiography, called attention to the frequent find-
ing of abnormal fluorescein leakage as one of the earliest
retinal alterations. Subseguent studies have confirmed their
report.

Up to this point our studies had suggested an important
role of an alteration of the blood-retinal barrier in the devel-
opment of the retinopathy of diabetes; however, a number
of major questions, including the following, remained un-
answered.

1. What causes the retinopathy? Does the initial and basic
lesion reside in the cells of the small vessel walls or are the
vascular alterations secondary to changes in the neural tis-
sue of the retina?
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FIGURE 3. Prototype of the new vitreous fluoro-
photometer (Fluorotron Master, Coherent Radla-
tion, Coherent Medical Division, Palo Alto, Call-
fornia).

2. What is the role played by the diabetic metabolic de-
viation in the development of the retinopathy?

3. What functional alterations precede the pathologic
changes?

4. Does control of the diabetic state really modify the course
of retinopathy?

We determined it necessary at this point 1o go one step
beyond the morphologic findings previously described and
probe the earlier stages of the disease, when changes may
still be reversible and functional in character.

DEVELOPMENT OF VITREQUS FLUOROPHOTOMETRY

Demonstration of breakdown of blood-retinal barrier in
the diabetic retina in the preretinopathy stage. Experi-
mental studies published in 1967 using fluorophotometry?®
allowed us to determine the distribution of fluorescein within

axial regions of the vitreous body of the living animal. Meas-
urements of the vitreous gradient immediately in front of the
retina give a value for the flux of the dye across its surface
and allow a quantitative evaluation of the permeability of the
blood-retinal barrier. These studies contributed significantly
1o our understanding of intraocular fluid dynamics and flu-
orescein angiography. Fluorophotometric examination of the
blood-retinal barrier appeared to be a promising field for
clinical and experimental research.

The first report on vitreous fluorophotometry,’ which ap-
peared in 1975, opened a new area of research by dem-
onstrating early breakdown of the blood-retinal barrier in
diabetes mellitus. Vitreous fluorophotometry has since proven
1o be a sensitive technique for measuring the permeability
of the blood-retinal barrier. With it, alteration of the blood-
retinal barrier can be identified and accurately quantified.
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STUDIES ON THE PATHOPHYSIOLOGY OF DIABETIC RETINOPATHY

FIGURE 5. Vitreous fluorophotometry scan per-
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In our initial repor, the application of vitreous flucropho-
tometry (o a series of diabetic patients with apparently “nor-
mal” fundi revealed the presence of a significant breakdown
of the blood-retinal barrier in the early stages of retinal in-
volvement in diabetes. The disturbance of the barrier, as
evidenced by vitreous fluorophotometry, appears before mi-
croaneurysms or capillary closure can be demonstrated by
fluorescein angiography. In the past few years, accuracy of
the method has been improved (Figure 3), and new protocols
with normalization to blood fluorescein levels have been in-
troduced.*'s Qur results have been confirmed and ex-
tended by a number of studies'-# in both insulin-dependent
and non-insulin-dependent diabetic patients.

The early breakdown of the blood-retinal barrier, which
occurs in diabetes in the preretinopathy stage (Figures 4, 5,
6, and 7), may represént a structural change of the barrier
or result from an inhibition of the active transport of organic
anions. One report suggests an alteration of the interen-
dothelial junctions.?' This could reflect disordered endothe-
lial proliferation, an alteration consistently observed in hu-
man diabetic retinas. However, experimental studies done
with rats with streptozotocin-induced diabetes® showed
marked slowing of the rate of clearance of fluorescein from
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o tormed In a diabetic patient with no retinopathy 1
30 mm h after the Intravenous injection of fluorescein.

the vitreous, and rapid reversal of this abnormality after in-
sulin administration, suggesting a functional inhibition of the
transport mechanisms. The alteration of the blood-retinal

barrier in diabetic animals first reported by Waltman et al.?

has since been confirmed in streptozotocin-induced dia-
betes, and in pancreatectomized animals, in studies carried
out on different species.®*% In a recent study? we have
been able to examine by electron microscopy the alteration
of the blood-retinal barrier of two diabetic rhesus monkeys.
One animal was diabetic for 11 yr, its diabetes induced by
streptozotocin, and the other was diabetic for 5 yr, having
had a pancreatectomy. Both animals had abnormal leakage
by vitreous fluorophotometry but had no evidence of reti-
nopathy by fundus examination and fluorescein angiogra-
phy. By light and electron microscopy, degenerative changes
were noted in the retinal pigment epithelium, particularly in
the macuiar region. Horseradish peroxidase infiltrated the
cytoplasm of some of the retinal pigment epithelium cells.
Focal leakage was also noted in the retinal vasculature, This
leakage was observed mainly in the retinal veins. The alter-
ation of the blood-retinal barrier, one of the earliest changes
in the retina in diabetes, may be due not only to an alteration
of the endothelial cells, but also of the retinal pigment epi-

|| \ | FIGURE 6. Corrected fluorescein concentration

J " Ji' | In the vitreous In the normal eye represented in
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thelium. The relative importance of the alteration of these
cellular structures, the mechanisms involved in their dam-
age. and the causal relationship of the diabetic metabolic
deviation 1o these cellular changes in the retina are just a
few of the lines of inquiry that need 1o be followed.

ALTERATION OF THE BLOOD-RETINAL BARRIER AND
DEVELOPMENT OF RETINAL LESIONS
Increased permeability of the blood-retinal barrier precedes
retinal edema and appears to be responsible for basement
membrane thickening, the formation of microaneurysms, and
the development of exudates. Retinal hemorrhages are also
a result of gross disruption of the blood-retinal barrier. All of
these alterations are characteristic features of the pathologic
picture of diabetic retinopathy.

In the only longitudinal study already published,® my co-
workers and [ followed 25 diabetic patients, who initialty had

no clinically visible retinal lesions, by vitreous fluorophotom-
etry for up to 30 mo. Three examinations by vitreous fluo-
rophotometry were performed at approximately 1-yr inter-
vals. This study showed a direct associalion between
progressive increase in vitrea! fluorescein levels and devel-
opment of retinal lesions. Our results also suggested that
when a certain level of vitreal fluorescein is reached, reti-
nopathy is almost always present. There have been some
conflicting reports regarding carrelations between severity
of retinopathy and high vitreous fluocrophotometry readings.
Kernell et al."* confirmed our findings, but Waltman et al.”'#
could not detect a clear relationship.

Presently it appears that vitreous fluorophotometry cor-
relates with progression of the retinopathy.® It may also have
prognostic value. Rapidly increasing leakage detectable by
vitreous fluorophotometry levels suggests deterioration of the
retina.

TABLE 1
Comparison of HbA, variations and changes in vitreous fluorophotometry values
HbA, decrease HbA, HbA, increase
(>0.5%) (+0.5%) (>0.5%)
Patient HbA, VF HbA, VF HbA, VF
1 -28 ~2.5 - —
2 — - +2.1 +17
3 — — +1.2
4 -49 -08 - -
5 — — +1.2 -0.2
8 — -0.4 +0.9 -
7 -498 -0 — —
8 — — +1.2 +29
] — +0.5 -0.2 -
10 — -0.2 +0.6 —
11 -30 -08 — -
12 -1.4 -0.6 — —
13 — 00 00 —
14 -2.1 +0.3 — —
15 -1.0 +0.0 — —
16 — — +14 +22
17 — — +2.5 +19
18 — — +4.4 +0.3
Mean —-2.87 -0.64 -0.025 032 2.38 1.42
= 8h =155 +(.92 +0.38 051 +1.30 +1.08
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STUDIES ON THE PATHOPHYSIOLOGY OF DIABETIC RETINOPATHY .

ALTERATION OF THE BLOOD-RETINAL BARRIER AND
METABOLIC CONTROL

QOur initial follow-up study, reported in 1978,% revealed a
statistically significant correlation between vitreous fluoro-
photometry values and both degree of metabolic control and
duration of diabetes. These findings suggested that relatively
good metabolic control retards the evolution of the retinop-
athy by stabilizing the alteration of the blood-retinal barrier.
This has been confirmed by a variety of studies'* and has
opened new perspectives for the preventive treatment of
diabetic retinopathy. The studies have attempied to correlate
vitreous fluorophotometry values with glycosylated hemo-
globin levels (index of metabolic control) or improvement of
diabetic metabolic control by insulin treatment.

ALTERATION OF THE BLOOD-RETINAL BARRIER AND
GLYCOSYLATED HEMOGLOBIN LEVELS

It is generally accepted that the measurement of HbA, (gly-
cosylated hemoglobin) in diabetic patients may provide a
useful index of diabetic control. In our studies no statistically
significant correlation could be found between higher vit-
reous fluorophotometry values and elevated HbA, levels.
However, when the patients were grouped according to du-
ration of diabetes or using a value of HbA, of 10% as indicative
of poor metabolic control, there was some evidence sug-
gesting that in patients without retinopathy the patients under
worst metabolic control have leakier retinas.™ in a more re-
cent study, a series of insulin-dependent diabetic patients
was examined at 6-mo intervals and the variations in HbA,
compared with changes in vitreous fluorophotometry values
(Table 1). A cogrelation was observed, again suggesting that
the progression in the alteration of the blood-retinal barrier
may be directly influenced by the quality of metabolic con-
trol.?' These studies, however, need further investigation be-
fore final conclusions can be drawn.

ALTERATION OF THE BLOOD-RETINAL BARRIER AND
INSULIN TREATMENT

Experimental studies applying vitreous fluorophotometry o
rats with streptozolocin-induced diabetes have shown that
increased permeability of the blood-retinal barrier is an early
change that can be reversed by insulin treatment.®* We have
confirmed and extended these observations using kinetic
vitreous fluorophotometry. We showed that not only is there
a primary leak in the blood-retinal barrier but also a de-
creased rate of exit of fluorescein from the vitreous in dia-
betes, and both these alterations of the barrier function are
reversed by insulin treatment.

While Waltman et al. concluded that normalization of blocd
glucase levels by insulin administration was followed by re-
covery of the blood-retinal barrier permeability,® our studies
suggested that recovery of barrier function, as examined by
kinetic vitreous fluorophotometry, may depend not so much
on blood glucose levels but on insulin availability.?

Examination of a series of dogs with spontaneous diabetes
has further confirmed the influence of metabolic control on
vitreous fluorophotometry values. It was observed that nor-
mal dogs of the same age and race showed vitreous fluo-
rophotometry values in the arder of 0.7 x 10°% g/ml, and
diabetic dogs under relatively good metabolic control had
values of 0.2 x 10-% g/ml. Values as high as 4.0 x 10°° g/
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ml were recorded in the same diabetic dogs when insulin
was stopped for a period of 4 days.

In another study, vitreous fluorophotometry was performed
in normal and diabetic rhesus monkeys with a duration of
treatment up to 12 yr to evaluate the function of the blood-
retinal barrier.® Diabetes was jnduced either by streptozo-
tocin or pancreatectomy. Vitreous fluorophotometry values
did not differ between 11 control and 10 streptozotocin mon-
keys not requiring exogenous insulin to prevent ketosis (14
+ 3 and 12 = 4 mg/ml; X = SD), but increased significantly
in 10 streptozotocin and 6 pancreatectomized rhesus mon-
keys that were insulin-dependent (22 = 8 and 27 = 5 mg/
ml). Vitreous fluorophotometry values correlated signifi-
cantly with serum glucose and glucose tolerance but not
with duration of diabetes. Again, this study suggests a direct
relationship between insulin availability and blood-retinal
barrier.

For some time we have been performing vitreous fluoro-
photometry in diabetic patients hospitalized to optimally reg-
ulate their insulin requirements. In observations made to date,
it appears that tight metabolic control, particularly involving
more frequent insulin injections, can indeed reverse the al-
teration of the blood-retinal barrier. Our results, however, are
still preliminary, because we have had the opportunity to
study only a few cases.

Our observations are, however, in agreement with a grow-
ing body of evidence initiated by the report of Waltman et
al.® and recently confirmed by other workers™ that in-
creased availability of insulin, either through more frequent
injections or through the use of insulin infusion systems, may
ameliorate the breakdown of the blood-retinal barrier that
occurs in the retina of diabetics.

Vitreous fluorophotometry, by measuring the alteration of
the blood-retinal barrier, appears to be particularly useful in
the study of retinal involvement in diabetes, identifying and
measuring the earlier alterations of the barrier. The study of
correlations between the diabetic metabolic deviation and
the blood-retinal barrier changes is expecied to contribute
significantly to our understanding of diabetic retinopathy,
making it reasonable to expect that diabetic retinopathy may
be preventable in the not too distant future.

PATHOPHYSIOLOGY OF DIABETIC RETINOPATHY
The studies outlined above have provided a basis for a work-
ing hypothesis of the pathogenesis of diabetic retinopathy.
This retinal microangiopathy appears to start with reversible
alteration of the blood-retinal barrier at the level of the en-
dothelial membrane of the small retinal vessels. A preceding
alteration of the retinal pigment epithelium, or of the retinal
neuronal tissue cannot, however, be ruled out at this time.
The initial changes in the capillary cell population include
endothelial proliferation on the venous side and generalized
pericyte damage, and are possibly related to the capillary-
venous dilation. Basement membrane thickening associated
with the endothelial damage might be responsible for the
capillary closure and subsequent shunt formation. Local fac-
tors appear to be responsible for the entire evolution of the
retinopathy, once the process has been triggered by the
changes in the blood-retinal barrier.

The evidence for a direct relationship between the initial
alteration of the blood-retinal barrier and diabetic control
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offers good support for the view that two distinct processes
take part in the pathogenesis of diabetic retinopathy.™ There
is a generalized disorder of the circulation or small blood
vessels of still unknown cause that is specific to diabetes
and metabolically determined. This generalized disorder af-
fects preferentially the specific endothelial cells of the retina.
Second, there are local responses specific to the retina con-
ditioned by its vascular peculiarities and the patient’s age,
which, once initiated, are largely self-perpetuating.

Human and experimental studies confirm that an alteration
of the blood-retinal barrier may be the necessary link be-
tween these processes. It remains {0 be discovered how this
endothelial membrane dysfunction occurs in diabetes. Fu-
ture research should consider the following proposed means
by which the diabetic metabolic disturbance may alter the
blood-retinal barrier: saturation of the transport mechanism
of the barrier cells by increased drainage of metabolites in
conditions of abnormal retinal metabolism induced by the
diabetic disease; alteration of the transpon processes by
focal hypoxia, either histotoxic or by an altered ratio between
delivery and needs in oxygen, as defended by Ditzel and
Stand!;* barrier dysfunction associated with opening of the
interendothelial junctions directly due to hyperglycemia or
another factor originating in the altered metabolism of dia-
betes, induced by bicchemical or biophysical means such
as osmotic influences.?' The study of the blood-retinal barrier
and of its alteration in diabetes must be kept in the forefront
of any research direcled (o solve the problem of diabetic
retinopathy.
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