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Abstract

Purpose: The two most widely investigated animal models for diabetic retinopathy (DR) are the rat and dog. In
dogs, aldose reductase (AR) is present only in retinal capillary pericytes and their destruction has been linked to
polyol accumulation and resulting apoptosis. Since both rat capillary pericytes and endothelial cells have been
reported to contain AR, the role of polyol pathway activity in capillary cell destruction has been investigated in
rat retinal capillary pericyte (TR-1TPCT) and endothelial (TR-iBRB) cells.

Methods: TR-rPCT and TR-iBRB cell lines were recloned and their identities were reconfirmed by characteristic
immunostaining. Cells were cultured up to 72 h in media containing 50 mM glucose or galactose with/without
the AR inhibitors or a sorbitol dehydrogenase inhibitor (SDI) or with 30 mM 3-fluoro-3-deoxyglucose. Polyol
levels were determined by HPLC or YF-NMR. Apoptosis was detected with TUNEL/DAPI staining.

Results: Smooth muscle actin is present only in pericytes while only endothelial cells stain for von Willebrand
factor and accumulate acetylated low-density lipoprotein. AR is present in both cells but AR levels are lower in
endothelial cells. Aldehyde reductase is also present in both cells. Cells cultured in 50 mM glucose or galactose
show significant polyol accumulation in pericytes but endothelial cells show little accumulation of galactitol and
no accumulation of sorbitol. Sorbitol accumulation in pericytes resulted in increased cellular permeability and
increased TUNEL staining, which was reduced by AR inhibition.

Conclusions: Although both rat retinal pericytes and endothelial cells contain AR, sorbitol accumulation and
TUNEL staining primarily occur in pericytes and are inhibited by AR inhibitors.

Introduction . B :
Retinal capillaries are composed of endothelial cells,

RETINOPATHY, THE MOST COMMON microvascular compli-
cation of diabetes mellitus, is characterized by vascular
changes of the retinal capillary bed that include selective
pericyte loss, capillary basement membrane thickening, dila-
tions/endothelial hypertrophy, permeability/hard exudates,
capillary nonperfusion and occlusion/acellularity, microan-
eurysms/intraretinal hemorrhages, intraretinal microvascu-
lar abnormalities (IRMAs)/shunts/dilated meshwork, cotton
wool spots/ischemia, vessel—glial proliferation, extraretinal
hemorrhages, glial-vitreal contraction, and macular edema.
While some of these lesions are associated with other ocular
or systemic disorders, diabetic retinopathy (DR) is the only
disorder that elicits all of above described lesions.!

which form the capillary lumen and pericytes (mural cells)
that encircle the endothelial cells with their fine cytoplasmic
structures. Pericytes contain smooth muscle actin and may
play a role in regulating capillary blood flow, capillary per-
meability, phagocytosis, and endothelial cell growth through
contact inhibition.?* With age, there is either a loss of retinal
capillary endothelial cells or an equal loss of both pericytes
and endothelial cells; however, with diabetes mellitus there
is a selective loss of retinal capillary pericytes.>” This selec-
tive loss of pericytes is considered a hallmark of DR and pre-
cedes its clinical appearance.

Hyperglycemia is the central, underlying cause of DR
and tight control of hyperglycemia has been established to
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reduce the progression of DR.® Experimental animal stud-
ies suggest that hyperglycemia can be broadened to include
the six-membered sugar galactose because similar retinal
capillary lesions occur in both diabetic and galactosemic
dogs and rats. The metabolism of glucose and galactose are
linked by aldose reductase (AR), an enzyme that catalyzes
the reduction of both sugars to their respective sugar alco-
hols sorbitol and galactitol. Inhibition of AR in diabetic or
galactosemic rats and dogs delays the onset and progression
of DR by preventing pericyte destruction, capillary base-
ment membrane thickening, and the subsequent formation
of acellular capillaries that result in areas of nonperfusion.
This indicates that AR activity is important in the develop-
ment of DR-associated vascular lesions.” Further support
for the importance of AR activity in the development of
these vascular lesions comes from transgenic mouse studies
where AR is either overexpressed or knocked out.10!!

In vitro cell cultures of retinal endothelial cells and peri-
cytes have also been valuable tools for investigating the rela-
tionship between hyperglycemia, galactosemia, and AR in
retinal cell degeneration. Studies using primary cultures
from human, dog, and bovine retinal capillaries all indicate
that pericytes contain AR and that AR activity is linked to
the induction of apoptosis in retinal capillaries exposed to
either hyperglycemia or galactosemia.'*** However, reports
using rat retinal capillary pericytes and endothelial cells
have been minimal despite the fact that rats have been
widely used to investigate the development of DR. This
may in part be due to the difficulty of obtaining adequate
amounts of retinal vascular tissue from the rat eye com-
pared to the bovine eye, which is the most common source
of retinal capillary cells. Here, we report the response of cell
lines of rat retinal capillary pericytes and endothelial cells
(TR-rPCT and TR-iBRB).!*"® These cells were developed from
a transgenic rat harboring the temperature-sensitive simian
virus 40 (SV40) large T-antigen gene (Tg rat).!®

Methods
Chemicals

All reagents and solvents were commercially obtained
from Acros Organics and Fisher Chemicals (Fairlawn, NJ) or
Sigma-Aldrich Corporation (St Louis, MO) and utilized with-
out further purification. 3-Fluoro-3-deoxyglucose (3FDG)
was obtained from Omicron Biochemicals Inc. (South Bend,
IN). All solvents were reagent or HPLC grade. The aldose
reductase inhibitor (ARI) AL-1576 (2,4-difluorospirofluorene-
9,5-imidazolidine-2’4'-dione) was obtained from Alcon
Laboratories (Ft. Worth, TX) and the sorbitol dehydrogenase
inhibitor (SDI) CP-166,572 (4-[4-(N,N-dimethylsulfamoyl)
piperazino]-2-hydroxymethylpyrimidine) =~ was  obtained
from Pfizer Central Research (Groton, CT). Antibodies uti-
lized were as follows: mouse smooth muscle actin and von
Willebrand rabbit polyclonal (Abcam Inc., Cambridge, MA);
goat anti-rabbit IgG-FTIC and goat anti-rabbit IgG-HRP
(Invitrogen Corp., Carlsbad, CA); donkey anti-mouse IgG-
FTIC (Research Diagnostics Inc.,, Concord, MA); anti-rabbit
IgG-FTIC (Zymed Laboratories Inc., South San Francisco,
CA). Acetylated low-density lipoprotein from human plasma
conjugated with Alexa Fluor® 488 was obtained from
Molecular Probes, Inc, (Eugene, OR). DMEM cell culture
media was obtained from Invitrogen Corp. (Carlsbad, CA).
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Rat tail collagen type 1, endothelial cell growth factor (ECGF),
and the TUNEL staining kit were obtained from Roche
Diagnostics (Indianapolis, IN). VECTA-SHIELD® contain-
ing 4'6-diamino-2-phenylindole (DAPI) was obtained from
Ventor Laboratories (Burlingame, CA). Block Ace blocking
solution was obtained from Dainipppon Pharmaceutical Co.
Ltd. (Osaka, Japan).

Rat retinal capillary pericytes and endothelial cells

Rat retinal capillary pericytes and endothelial cells
(TRrPCT and TR-iBRB), obtained from Dr. Hosoya, were
developed from a transgenic rat harboring the temperature-
sensitive simian virus 40 (SV40) large T-antigen gene (Tg
rat).”” After recloning these cells, each cell line was grown
as follows:

Cell culture of rat TR-rPCT pericytes

Culture medium for the pericytes was prepared by
dissolving 10 g of DMEM powder containing glutamine
(Gibco-BRL, Bethesda, MD) with 1.5 g NaHCO,, 100 mg
streptomycin sulfate, 6 mg fungizone, and cell culture grade
water to make 1 L. The solution was sterilized by filtration
(pore size 0.22 pm) and 10% v/v of heat-inactivated Fetal
bovine serum (FBS; incubated at 56°C for 45 min) was then
added to the medium.

Cryopreserved pericytes (1 X 10° cells/tube) stored under
liquid nitrogen were thawed and washed three times with
13 mL DMEM media until all of the DMSO was removed.
Fourteen milliliters of the DMEM culture media was then
added to the cells and they were seeded onto 75-cm? culture
flasks coated with rat tail collagen type 1, and cultured in
DMEM media containing glutamine, NaHCO,, and strep-
tomycin at 33°C in humidified atmosphere of 5% CO, and
95% air until subconfluent (2-4 days). The cells were then
passaged by treatment with trypsin-EDTA when the cells
became 80%-90% confluent. The passaged cells were then
plated at a density of 2 X 10* onto 24-well plates or 75-cm?
culture flasks coated with rat tail collagen type 1. DMEM
medium was replaced every 2 days. Only cells passaged less
than seven times were utilized.

Cell culture of rat TR-iBRB retinal capillary
endothelial cells

Retinal capillary endothelial cells were cultured using
procedures similar to that employed for the pericytes with
the exception that the culture medium contained 15 mg/L
of ECGE.

Sugar analysis of cultured cells

Media was removed from each 75-cm? culture flask
and the culture flask was washed with 6 mL of phosphate-
buffered saline (PBS). Trypsin solution (4.5 mL) was added to
each flask and the cells were incubated at 37°C until all cells
were released from the flasks. The trypsin solution-contain-
ing cells was then pipetted into 15 mL tubes and sonicated
for 3 X 10 s. An aliquot of the homogenate was removed for
colorimetric protein quantification using the DC Protein
Assay (Bio-Rad Laboratories, Hercules, CA) and bovine
serum albumin (BSA) protein standards. Three micromoles
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of xylitol, an internal standard, was then added to the
remaining homogenate. Each sample was deproteinized by
overnight centrifugation at 8°C through a Microcon YM-10
Centrifugal Filter Device and the filtrates were dried in a
Speedvac. Each dried residue was dissolved in 900 uL of
pyridine and then derivatized with 900 uL of phenyl isocy-
anate at 55°C for 60 min. After cooling in an ice bath, the
reaction was halted with cold methanol. This was again fol-
lowed by heating for 5 min. The derivatized samples were
analyzed by HPLC on an automated Hewlet Packard 1100
Chemstation equipped with a diode array detector. Samples
(5 pL) were injected onto a 150 X 4.6 mm Tosoh TSK-GEL
ODS-80Tm column containing a 3.2 X 15 mm guard column
at 35°C. Samples were eluted isocratically with 20 mM potas-
sium phosphate/acetonitrile (35:65 v%), pH 7.0, at a flow rate
of 1.0 mL/min and detected at 235 nm. Samples were quan-
tified against standard curves of glucose, galactose, sorbitol,
galactitol, myoinositol, xylose (0.008-6.0 pmol).

19F-NMR

Following 72-h culture in media containing 30 mM 3FDG
as described earlier, the cells were washed with 2 mL of PBS,
released from their flasks with trypsin, and homogenized
in a glass homogenizer. After centrifugation, the superna-
tants were transferred to 5-mm NMR tubes containing 100
pL each of D,0O and 0.5% trifluorotoluene. Each sample was
run overnight on a 500-MHz Varian NMR spectrometer.

Immunostaining of cells

Media was removed from the cultured cells and the cells
werewashed with PBS. Thiswasfollowed by 30-mintreatment
with 4% paraformaldehyde and washing with PBS. The cells
were then treated with an ice-cold methanol:acetone:water
(68:39:3) for 10 min and again washed with PBS. This was
followed by 1 h treatment at room temperature with Block
Ace blocking solution. After removal of the blocking solu-
tion, the cells were washed with PBS and incubated for 1 h
at room temperature with PBS containing selected primary
antibodies, followed by overnight incubation at 4°C. The
antibody solution was removed, the cells rinsed with PBS
and then incubated with fluorescent-tagged secondary anti-
bodies dissolved in blocking solution for 1.5 h. The antibody
solutions were then removed, the cells rinsed with PBS and
examined by fluorescent microscopy.

TUNEL and DAPI staining

Pericytes and endothelial cells (2 X 10* cells) were seeded
onto eight-well/slide Lab-Tek™ Chamber Slide™ (Thermo
Fisher Scientific, Rochester, NY). After 18-24 h the initial
medium as described earlier was removed and replaced with
FBS and antibiotics-free medium containing 5.5, 25, 50, or
100 mM glucose; however, for the epithelial cells media, the
ECGF (15 mg/L) remained. After 24 h, the cells were washed
with PBS and fixed in freshly prepared 4% paraformalde-
hyde in PBS. The cells were then treated for 2 min with an
ice-cold solution of 0.1% Triton X-100 and 0.1% sodium cit-
rate and then rinsed twice with PBS and incubated for 1 h at
37°C with the TUNEL reaction mixture (Roche Diagnostics,
Indianapolis, IN). Each slide was mounted with VECTA-
SHIELD® containing 4'6-diamino-2-phenylindole (DAPI).
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Image capture and analyses were performed using a NIKON
fluorescence microscope equipped with the appropriate
wavelength filters. Cell counts were obtained from three
photographs for each well and the results were expressed
as mean * SEM. A minimum of three independent experi-
ments were conducted.

Statistical analyses

The calculations and statistical analyses (t-test and
ANOVA) were conducted using Origin® software (OriginLab
Corp., Northampton, MA). Differences with a P < 0.05 were
defined as significant.

Results

Cell lines of rat retinal capillary pericytes and endothelial
cells (TR-rPCT and TR-iBRB) established from a transgenic rat
harboring the temperature-sensitive simian virus 40 (SV40)
large T-antigen gene (Tg rat) were recloned and each cell line
was grown at 33°C on rat tail type I collagen-coated plates
with DMEM medium containing 10% FBS. The identity of
each cell line was reconfirmed by immunostaining with
antibodies against smooth muscle actin, von Willebrand
factor, and the uptake of Ac-LDLs. Characteristically, only
the pericytes contained smooth muscle actin, while only the
endothelial cells incorporated Ac-LDL into their cytoplasm
and immunostained for von Willebrand factor (data not
shown).

To establish the presence of AR in retinal pericytes versus
endothelial cells, both retinal cells lines were probed with
antibodies raised against rat lens AR."” Using rhodamine-
conjugated second antibodies to visualize the antigen-
antibody complexes, fluorescence microscopy revealed the
presence of AR in the cytoplasm of both rat pericytes and
endothelial cells (Fig. 1). Fluorescence in endothelial cells
was weaker, suggesting that qualitatively lower levels of
AR are present in endothelial cells. Both cell lines were also
probed for the presence of the closely related oxidoreduc-
tase aldehyde reductase (ALR, hexonate dehydrogenase).
Using antibodies raised against rat kidney ALR,* immuno-
histochemisty revealed that the cytoplasm of both cell types
contain ALR (Fig. 2).

Since AR is present in both retinal capillary pericytes
and endothelial cells, the rate of polyol formation in these
cells was compared by culturing each cell line for up to 72 h
in media containing 50 mM glucose. Surprisingly, sorbitol
was only detected by HPLC in pericytes but not in endo-
thelial cells (Fig. 3A, B), despite the immunohistochemical
presence of AR in both capillary cells. Sorbitol formation
in the pericytes was reduced by the presence of the ARI
AL-1576. In the pericytes, intracellular sorbitol formation
was accompanied by a time-dependent increase of sorbitol
in the medium, suggesting that sorbitol accumulation in
pericytes may be associated with permeability changes.
Sorbitol in endothelial cells was also not observed when
equal amounts of pericytes or endothelial cells were cul-
tured for 72 h with 3-fluoro-3-deoxyglucose (3FDG), a more
sensitive glucose substrate for AR.?! The YF-NMR spectra
(Fig. 4 A, B) clearly show the presence of 3-fluoro-3-deoxy
sorbitol (3FDS) in both pericytes and pericyte culture
media, but not in either endothelial cells or endothelial cell
culture medium.
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Pericytes

Galactose is a better substrate for AR than glucose. In
the presence of 50 mM galactose, galactitol formation was
observed in both pericytes and endothelial cells and this
formation was reduced by AL-1576 (Fig. 5A, B). In pericytes,
galactitol formation was 10-fold higher compared to sorbitol;
however, the media galactitol levels were lower suggesting
that sorbitol- and galactitol-associated permeability differs.
In the presence of galactose, galactitol formation was ob-
served in endothelial cells; however, this formation was
significantly less than in pericytes. Galactitol formation
remained constant with time and did not induce increased
membrane permeability as evidenced by the lack of galacti-
tol in the culture medium.

Since previous studies report that ALR in addition to
AR can contribute to sorbitol/galactitol (polyol) formation,*
the potential contribution of ALR versus AR to polyol accu-
mulation was investigated by comparing the effects of the
more specific ARIs tolrestat and zopolrestat to AL-1576, a

Pericytes

KADOR ET AL.

Endothelial Cells

FIG. 1. Immunohistochemical presence
of aldose reductase (AR) in the cytoplasm
of rat retinal capillary pericytes (left) and
endothelial cells (right). The cells were first
treated with antibodies against rat lens
AR prepared in goat and then visualized
with rhodamine-coupled anti-goat IgG.
Top represents phase-contrast imaging
while the bottom represents fluorescent
imaging of the same cells.

nonspecific inhibitor of both AR and ALR (Fig. 6). In pericytes
cultured in either 50 mM glucose or galactose, polyol forma-
tion was equally reduced by 10 uM of each ARI, suggesting
that the polyols are primarily formed by AR rather than ALR.
Sorbitol levels also increased when the SDI CP-166,572 was
added to pericytes cultured in glucose, confirming that the
sorbitol pathway is the primary source of sorbitol formation.

To evaluate the potential toxic effects of hyperglycemia
and sorbitol formation on these cells, equal numbers of
both retinal capillary pericytes and endothelial cells were
cultured for 24 h with media containing increasing concen-
trations of glucose. As summarized in Figure 7, increasing
concentrations of glucose from 5.5 to 100 mM reduced cell
viability in both cell types as indicated by the number of
DAPI-stained cells; however, the decrease was greater with
pericytes where DAPI staining was reduced ~42% compared
to 15% for endothelial cells when cultured with media con-
taining 100 versus 5.5 mM of glucose. This decrease in DAPI

FIG.2. Immunohistochemicalpresence
of oxidoreductase aldehyde reductase
(ALR) in rat retinal capillary pericytes
(left) and endothelial cells (right). The
cells were first treated with antibodies
against rat kidney ALR prepared in goat
and then visualized with rhodamine-
coupled anti-goat IgG. Top represents
phase-contrast imaging while the bot-
tom represents fluorescent imaging of
the same cells.
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FIG.3. Accumulation of sorbitol in (A) rat retinal capillary cells and (B) rat capillary endothelial cells cultured up to 72 h
in DMEM media containing 50 mM glucose. Media was changed every 24 h. Sorbitol accumulation was only observed in
pericytes. The increase in media sorbitol concentrations at 24 and 48 h suggests that pericyte membrane permeability had
increased with prolonged culture in high glucose. Mean * SD, n = 4. *P < 0.05 versus untreated cells; **P < 0.05 versus

AL-1576-treated cells.

staining was accompanied by a concentration-dependent
increase of TUNEL staining indicative of apoptosis. Similar
TUNEL staining was not observed in retinal capillary endo-
thelial cells. TUNEL staining was reduced by the presence
of the ARI AL-1576 (Fig. 8).

Discussion

Rat TR-rPCT pericyte and TR-iBRB endothelial cells dem-
onstrate the common characteristics of all retinal capillary
vascular cells; that is, the pericytes contain smooth muscle

A Pericytes
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3FDFructose
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FIG. 4.

actin while the rat endothelial cells stain for von Willebrand
factor and incorporate acetylated low-density lipoprotein
(Ac-LDL). However, in contrast to dog where only the peri-
cytes express AR, *? both rat vascular cells contain immuno-
reactive AR. Nevertheless, despite the presence of AR in both
cells, culture of both rat cells in 50 mM glucose results in only
significant polyol accumulation in pericytes and no detect-
able accumulation of sorbitol in endothelial cells despite the
presence of AR (Figs. 3, 4). This suggests that the levels of
AR are too low in endothelial cells for significant sorbitol
production under hyperglycemic conditions. When cultured

B Endothelial Cells

Media
B-FDG

a-3FDG

w

-15 -10 -5 0 5 10 ppm

(A) YF-NMR spectrum obtained from pericytes cultured for 72 h in media where glucose was replaced with 30 mM

3FDG. Note the accumulation of 3FDS in both the cells and media (insert). (B) ’F-NMR spectrum obtained from endothelial
cells similarly cultured for 72 h in 30 mM 3FDG confirming the absence of sorbitol production in either cells or media.
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FIG.5. Accumulation of galactitol in rat retinal capillary cells cultured up to 72 h in DMEM media containing 50 mM ga-
lactose. Media was changed every 24 h. Galactitol production was observed in both (A) pericytes and (B) endothelial cells;
however, galactitol accumulation in the endothelial cells was 5-fold less. In contrast to sorbitol, media galactitol did not in-
crease with time. Mean * SD, n = 4. *P < 0.05 versus untreated cells; **P < 0.05 versus AL-1576-treated cells.

in 50 mM galactose, a better substrate for AR, galactitol for-
mation in both cells types was observed (Fig. 5). The levels
of galactitol obtained after 24-h culture in endothelial cells,
however, was significantly less (0.8 mmol/mg cellular protein
for endothelial cells versus 4.8 mmol/mg cellular proteins for
pericytes). In both cells, sorbitol and/or galactitol formation
was reduced by the presence of the AR inhibitor AL-1576.
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In addition to AR, both retinal capillary pericytes and
endothelial cells contain aldehyde reductase, ALR, an oxido-
reductase that generally does not significantly contribute to
polyol formation. In early studies Kennedy and colleagues®
reported that AR “reductase” activity is present in isolated
rat capillary endothelial cells. Careful examination of sub-
strate specificities utilized in that report, however, suggests
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FIG. 6. Polyol accumulation in rat retinal pericytes cultured for 48 h with/without 10 uM of the aldose reductase inhibi-
tors (ARIs), AL-1576, tolrestat, and zopolrestat; or the sorbitol dehydrogenase inhibitor (SDI), CP-166,572. Similar inhibitions
of (A) sorbitol and (B) galactitol were observed with all three ARIs. The SDI increased sorbitol levels by inhibiting its con-
version to fructose but had no effect on galactitol concentrations because galactitol is not further metabolized. Mean * SD,
n = 4. *P < 0.05 versus untreated cells; **P < 0.05 versus CP-166,572-treated cells.
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FIG.7. Effect of increased glucose concentrations on (A) DAPI staining and (B) TUNEL staining in 24-h cultured pericytes
and endothelial cells. Mean = SD, n = 4. The lines in each figure were generated from least-square calculations to illustrate

progressions.

that this reductase activity is more consistent with ALR than
AR. Our results confirm that ALR is present in endothelial
cells.

In vitro and in vivo sugar cataract studies, spearheaded
by Kinoshita’s laboratory, demonstrate that excess intracel-
lular sorbitol or galactitol accumulation leads to osmotic
changes that alter lens cell permeability.?>-*° Consistent with
this hypothesis is the observation that galactosemia results
in a more rapid and severe cataract formation than hyper-
glycemia because galactitol accumulation causes greater
hyperosmotic effects than sorbitol accumulation. Animal
studies in rats, dogs, and transgenic mice clearly demon-
strate that galactosemia, compared to diabetes, accelerates
AR-linked diabetic complications including retinal changes
in both rats and dogs. In rat pericytes, exposure to 50 mM
glucose resulted in an increased accumulation of sorbitol in
both the cells and culture medium, consistent with appar-
ent osmotic-linked permeability changes (Fig. 3). However,
with galactose only a small, constant amount of galactitol
was observed in pericyte culture medium and no galactitol
was detected in endothelial cell culture medium (Fig. 5). The
higher accumulation of galactitol without increased perme-
ability contradicts the premise of osmotic-linked permeabil-
ity changes as observed in other systems. The absence of
observed vacuoles in the cytoplasm of rat pericytes further
suggests that osmotic stress in rat pericytes is lower than in
dog pericytes. The observed differences between glucose
and galactose and their relationship to the lack of osmotic
changes may be linked to differences in myoinositol trans-
port by low- and high-affinity myoinositol transport sites.”!
Further studies are required to elucidate the apparent per-
meability and osmotic stress differences between sorbitol
and galactitol accumulation in these cells.

Hyperglycemia and associated glucose toxicity has been
established to initiate retinopathy.®>3 Moreover, AR activ-
ity associated with hyperglycemia or galactosemia has been
linked to apoptosis in retinal capillary pericytes from dog,

rat, and bovine retinas by a number of laboratories.1013-153435
The present studies agree with previous observations that
hyperglycemia-associated sorbitol accumulation is linked to
retinal capillary pericyte apoptosis and that this apoptosis is
reduced by the presence of AR inhibitor (Figs. 7, 8).

The present results support the observation that AR is pre-
sent in both rat endothelial and pericyte cells.?** However,
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FIG. 8. Effect of presence of aldose reductase inhibitor
AL-1576 on TUNEL staining in pericytes and endothelial
cells cultured for 48 h with 50 mM glucose. Numbers repre-
sent TUNEL-positive cells counted per 100 cells in three sep-
arate experiments normalized against staining in similar
cells cultured in 5 mM glucose. Mean * SD. *P < 0.05 versus
untreated cells.
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they differ from reports that only cultured dog capillary
cells express AR and that retinal capillaries isolated by
trypsin digestion from dog®” and human?® retinas demon-
strate by immunohistochemisty that AR is only present in
the pericytes. Another difference is the apparent osmotic
changes and permeability differences between rat and dog
capillary pericytes cells. These differences may explain
why the development of retinal lesions in rat and dog differ
despite a similar link to AR. In both diabetic and galactose-
fed rats, retinal capillary changes are characterized by an
increase in periodic acid Schiff (PAS) staining suggestive
of basement membrane changes and rapid retinal capillary
basement membrane thickening. Both PAS staining and
basement membrane thickening is prevented by several
structurally distinct AR inhibitors,®-# confirming that this
basement membrane thickening is directly related to the
polyol pathway activity and not to glycation, since ARIs do
not significantly reduce glycation levels.*>** Through their
fingerlike actin-containing projections that encompass the
endothelial cells, pericytes regulate capillary tonicity and
flow. The link between basement membrane thickening
and tonicity is illustrated by the fact that similar basement
membrane thickening occurs with hypertension. Sorbitol
accumulation in the rat pericyte may sufficiently alter its
ability to regulate capillary tonicity without inducing rapid
cell death. Hence the marked basement membrane thicken-
ing observed in rats that is subsequently followed weeks to
months later by the sporadic appearance of capillary ghosts.
In contrast, pericyte ghost formation is the first pathologi-
cal lesion observed in the dog. This is shortly followed by
the clinical appearance of microaneurysms linked to focal
endothelial cell proliferation associated with the absence
of pericytes. In galactose-fed beagles, pericyte ghosts have
been observed before significant basement membrane thick-
ening is present.*#°

Caution must be used in extrapolating in vitro biochemi-
cal results on cultured cells or tissues to in vivo observations
of AR-linked lesions. Capillaries are composed of both peri-
cytes and endothelial cells and the in vivo interaction of these
cells and how together they relate to hyperglycemia to date
remain unknown. While prevention studies with AR inhibi-
tors support the premise that similar biochemical changes
occur in vivo, time lines for these biochemical changes are
clearly different. For example, while cataract formation
occurs within 24-48 h in culture under hyperglycemic con-
ditions, it takes weeks to months for similar lens changes
to occur in vivo in a diabetic rat. Similarly, it takes at least
4—6 months to demonstrate significant basement membrane
thickening, 6-12 months to demonstrate sporadic pericyte
ghost formation in rats, and 18 months to observe pericyte
degeneration in dog while apoptosis of cultured dog reti-
nal pericytes occurs within days. Nevertheless, the present
studies suggest that the TR-rPCT and TR-iBRB cell lines of
rat retinal capillary pericytes and endothelial cells may be
useful in vitro tools for elucidating the biochemical changes
associated with DR observed in vivo in the rat. Furthermore,
these cell lines may serve as valuable tools in the identifi-
cation of new drugs for the protection of retinal capillaries
during the development of DR.
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