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Abstract The facilitative glucose transporter GLUT1 i®locks the entry of blood constituents, such as blood
abundant in cells of the blood-ocular barrier and senasdls, which may perturb the specialized optical and sen-
as a glucose transport mechanism in the barrier. To seey characteristics of the eye (Raviola 1977; Henkind et
the relationship between the glucose transfer functiah 1979).
and junctional proteins in the barrier, we examined theIn the blood-aqueous barrier, thin-section and freeze-
localization of GLUT1 and the tight junction proteindracture replica electron microscopy revealed that tight
occludin and ZO-1, in the mouse eye. Their localizatijunctions connect non-pigmented epithelial cells in the
in the retina, ciliary body, and iris was visualized by douailiary body (Raviola 1977; Raviola and Raviola 1978).
ble-immunofluorescence microscopy and immunogokhother part of the blood-aqueous barrier is the endothe-
electron microscopy. Occludin and ZO-1 were colocdial cells of the blood vessels in the iris, where tight junc-
ized at tight junctions of the cells of the barrier: retinéibns connect them (Raviola 1977). In the blood-retinal
pigment epithelial cells, non-pigmented epithelial cellsrrier, endothelial cells in the retina and the outermost
of the ciliary body, and endothelial cells of GLUT1-postetinal pigment epithelial cells, both connected by tight
tive blood vessels. Occludin was restricted to these célisctions to each other, serve as the structural basis of
of the barrier. ZO-1 was found, in addition, in sites ntie barrier (Raviola 1977). The barrier function of epi-
functioning as a barrier: the outer limiting membrane thelia and endothelia is considered to be mostly depen-
the retina, in the cell border between pigmented and ndent on tight junctions, which block the passage of mole-
pigmented epithelial cells in the ciliary body, andules as small as inorganic ions through the paracellular
GLUT1-negative blood vessels. These observations sheathway (Citi 1993; Anderson and Van ltallie 1995;
that localization of occludin is restricted to tight jund®enker and Nigam 1998). Several tight junction proteins
tions of cells of the barrier, whereas ZO-1 is more widdiave been identified in a variety of mammalian tissues
distributed. and cell lines. ZO-1, a 210-225-kDa cytoplasmic pro-
tein, was the first to be shown as a tight junction constit-
uent (Stevenson et al. 1986; Anderson et al. 1988).
Introduction Occludin is a transmembrane protein specific to tight
junctions (Furuse et al. 1993). It is a 65-kDa protein with
Epithelia and endothelia divide the mammalian body infilour putative transmembrane domains and its cytoplas-
different compartments having a variety of functionmic C-terminal domain binds ZO-1 (Furuse et al. 1993,
Different milieus in such compartments are provided at894). ZO-2, a 160-kDa cytoplasmic protein, was identi-
maintained by the surrounding endothelial and epithelfedd by coimmunoprecipitation with ZO-1 (Gumbiner et
cells connected by tight junctions. The eye is an orgain 1991). Other proteins which were shown to be local-
highly specialized to detect light and transmit its signiaked to tight junctions include cingulin (Citi et al. 1988),
to the brain. The blood-ocular barrier, composed of tfiel6 antigen (Zhong et al. 1993; Satoh et al. 1996), rab13
blood-retinal and blood-aqueous barriers, effective{gahraoui et al. 1994), rab3B (Weber et al. 1994),
symplekin (Keon et al. 1996), AF-6 (Yamamoto 1997),
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energy requirement (Ames et al. 1992). Glucose is ffig. 1 Immunoblotting of the kDa

primary source of metabolic energy for most mammalig¥ Vz‘"thf‘”t"OECC'“ﬁ'”aO and kDa
cells and its transport across the plasma membranﬁ 'goéacﬁg'wgseaggﬂggigate
carried out by membrane proteins named glucose tragss-polyacrylamide gel elec-

porters (Wheeler and Hinkle 1985; Baldwin 1993; Belophoresis, and subjected to
et al. 1993; Takata et al. 1993). We showed previougynunoblotting with rat anti-
that an isoform of the glucose transporter GLUT1 %?]Lt'i%'gd%s%rabb“ anti-ZO-
abundant at the plasma membranes of cells of blood-iis-
sue barriers and serves as a mechanism for transporting
glucose across the barrier (Takata et al. 1990, 1997). In
the eye, GLUT1 is concentrated at the critical plasma
membrane of the cells of the blood-ocular barrier, en-
abling the transfer of glucose across the barrier (Harik et
al. 1990; Takata et al. 1990, 1991a, 1992, 1997).
We suggested that the presence of tight junctions and a b
the abundance of GLUT1 ensures the blockage of the
non-specific entry of blood constituents and the selective _ _
was measured by the BCA protein assay reagent (Pierce,

and specific transport of glucose across the barrier ‘%i]ckford, lll, USA). The homogenate (1@ protein) was elec-
layers (Takata et al. 1997). In the present study we afighshoresed through SDS-polyacrylamide gels, and transferred to
lyzed the immunolocalization of occludin, ZO-1, anghiembrane filters (Immobilon-PSQ; Millipore, Bedford, Mass.,
GLUT1 in the mouse retina, ciliary body, and iris bySA). The blotted membranes were sequentially incubated with

i ; ; % bovine serum albumin, anti-occludin, or anti-ZO-1 antibody,
double-immunofluorescence microscopy and immunZ B23]-protein G (New England Nuclear, Wilmington, Del.

gold electron microscopy. We suggest a possible role(ffay or p2s1-protein A (New England Nuclear). Autoradiogra-
occludin, ZO-1, and GLUT1 in the blood-ocular barrierphy was performed with imaging plates, and the plates were pro-
cessed with a BAS2000 bioimage analyzer (Fuji Film, Tokyo, Ja-

pan).

Material and methods

) . Immunofluorescence microscopy
Tissue preparations
) ) . Cryostat sections (fm thick) were cut from fresh frozen speci-
Male BALB/c mice of 4 weeks of age (supplied from the Animghens and mounted on polylysine-coated glass slides. For occlu-
Breeding Facility, Gunma University) were anesthetized and Killggh staining, sections were fixed in acetone at —20°C for 30 min
with an intraperitoneal injection of sodium pentobarbital and thgd then in 95% ethanol for 1 min at room temperature (Kimura et
eyes were removed. The ciliary body and retina specimens wgre1996). For ZO-1 staining, sections were immediately fixed in
isolated with sharp scissors under a dissecting microscope. For i paraformaldehyde at room temperature for 2030 min or in ac-
munoblotting, specimens were rapidly frozen and stored in liquibne and ethanol and washed with PBS. Semithin frozen sections
nltrogen until use. For |mmunoh|stochem|stry n cryostat SeCtIOI’(§, pm thICk) were cut with an Ultracut S UCT u|tramicr0t0me’
fresh specimens were embedded in Tissue Tek OCT compog@dipped with an FCS cryokit (Leica, Vienna, Austria) and glass
(Sakura Finetechnical, Tokyo, Japan), rapidly frozen with liquighives, and mounted on glass slides. Indirect immunofluorescence
nitrogen, and stored at —80°C until use. For immunohistochemigaining was carried out essentially as described previously (Shin
try in cryostat sections, specimens were fixed in 1% paraformal@g-al. 1996a). Rat anti-occludin, rabbit anti-ZO-1, rabbit anti-
hyde in 0.1 M sodium phosphate buffer, pH 7.4, for 10-60 min @ .UT1, and guinea pig anti-GLUT1 were used at dilutions of
room temperature, washed with PBS, and infused with 20% 3u20, 1:200, 1:500, and 1:500, respectively. Fluorescence-labeled
crose in 0.1 M sodium phosphate buffer, pH 7.4. For semithin aggtondary antibodies used were Cy3 (indocarbocyanine)-labeled
ultrathin frozen sections, specimens were fixed in 1 or 3% formgbnkey anti-rat IgG (Jackson Immunoresearch, West Grove, Pa.,
dehyde in 0.1 M sodium phosphate buffer, pH 7.4, for 3 h at 4°GsA),” dichlorotriazinylaminofluorescein (DTAF)-labeled donkey
washed with PBS, and infused with 2.3 M sucrose in 0.1 M soditi-rabbit 1gG (Jackson Immunoresearch) Cy3-labeled donkey
um phosphate buffer, pH 7.4, overnight (Takata and Singgiti-rabbit 1gG (Jackson Immunoresearch), and DTAF-labeled
1988). donkey anti-guinea pig 1gG (Jackson Immunoresearch). For nucle-
ar counterstaining, 21g/ml 4,6-diamidino-2-phenylindole dihy-
o drochloride (DAPI; Boehringer Mannheim, Mannheim, Germany)
Antibodies was included in the secondary antibody solution (Takata et al.
. o ) ) ) ) ) 1991b). Double-immunofluorescence staining was carried out by
Anti-GLUT1 antibodies raised in a guinea pig and rabbits were t4& sequential incubation of a mixture of the primary antibodies
previously described (Takata et al. 1990; Shin et al. 1996a). Mofgised in different animal species and of a mixture of the corre-
clonal rat anti-mouse occludin (Ando-Akatsuka et al. 1996) wasgonding species-specific secondary antibodies as described (Shin
kind gift from Dr. S. Tsukita (Kyoto University). Rabbit anti-ZO-1et al. 1996a). All of the incubation procedures were done at room
was purchased from Zymed (San Francisco, Calif., USA). temperature. Sections were mounted in 22% polyvinyl alcohol in
56 mM TRIS-HCI buffer, pH 9, 11% glycerol containing 5% 1,4-
. diazabicyclo[2,2,2]octane as an anti-bleaching reagent (Shin et al.
Immunoblotting 1996a). Specimens were examined with a BX-50 or an AX-70 mi-
o croscope equipped with Nomarski differential interference-con-
Lenses were removed from the eyes and the remaining eye spegst and epifluorescence optics (Olympus, Tokyo, Japan).
mens were homogenized in phosphate-buffered saline (PBS) con-
taining protease inhibitors (Takata et al. 1992). The protein con-
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Fig. 2 Immunofluorescence localization of GLUT#&){ occludin Immunogold electron microscopy
(b), and ZO-1 ¢€) in the retina.a GLUT1 is concentrated in the
retinal pigment_epitheliumafrow) and blood vesselsaffow- yitrathin frozen sections were cut, mounted on grids coated with
heads in the retinaBar 25 um. b—d Double-immunofluorescence Formyvar and carbon, and immunolabeled essentially as previously
localization for occludinlf) and ZO-1 ¢), and the corresponding described (Takata et al. 1992; Shin at al. 1996b). In short, grids
Nomarski differential interference-contrast imagh. (Occludin were floated on PBS containing 5% normal goat serum and 1%
and ZO-1 are colocalized in the retinal pigment epitheliam ( gelatin for 10 min followed by incubation with rabbit anti-zO-1
rows) and blood vessels in the retir@rfowhead$. ZO-1 is posi-  antibody for 1.5 h, and affinity-purified goat anti-rabbit IgG (Jack-
tive along the outer limiting membran®l(M) and blood vessels son |mmunoresearch)-colloidal gold (diameter 10 nm) conjugate
in the QhOI’OId double arI’OWhea)j both of which are n.egatlve for [prepared according to DeMey (1984) and Slot and Geuze (1985)]
occludin.Bar 25 um. e, fZO-1 (¢) and the corresponding Nomar{or 1 h. They were subsequently washed with PBS and refixed
ski differential interference-contrast imadg i the outer limiting ith 29 glutaraldehyde, after which the specimens were treated
membrane. In the oblique section of the retina, positive sites {@ith uranyl acetate and embedded in 1.8% methylcellulose-0.5%
Z0O-1 appear as a cluster of circlesrows). Bar 5 pm uranyl acetate (Liou et al. 1996). Specimens were observed with a
JEM-1010 transmission electron microscope (JEOL, Tokyo, Ja-

pan).



Fig. 3 Immunogold detection of ZO-1 in the retire @) and cili- Immunohistochemical controls

ary body €). a ZO-1 is localized at the junction regions in the out-

er limiting membranegrrows). N Nucleus of the photoreceptorAs histochemical controls for immunofluorescence and immuno-

cell. Bar 0.5pum. b ZO-1 is localized in the tight junctiomfows) gold staining, primary antibodies were replaced with normal se-

between retinal pigment epithelidPE) cells.Bar 0.5um. ¢ ZO- rum or normal immunoglobulin, none of which gave positive la-

1 is localized in the tight junction between non-pigmented epitheeling. In addition, the results of double-immunofluorescence

lial (NPE) cells @rrow). Bar 0.1 um staining were compared with those of single-immunofluorescence
staining to exclude possible crossreactions. These histochemical
controls confirmed the specificity of the staining.
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Fig. 4 Immunofluorescence localization of GLUT#)( occludin capillaries (Fig. 2c,d). In the outer limiting membrane,
(b), and ZO-1 @) in the ciliary bodya GLUT1 is abundant in the positive labeling for ZO-1 was seen as a belt-like cluster

epithelium of the ciliary bodyafrowhead$ and blood vessels at : : e .
the base of the ciliary processriow). b—d Double-immunofluo- of small circles at higher magnification (Fig. 2cf), sug-

rescence localization for occludib)(and ZO-1 €), and the corre- gesting that ZO-1 is localized in the Mdller cell junc-
sponding Nomarski differential interference-contrast imagje (tions. Immunogold electron microscopy showed that ZO-
Occludin and ZO-1 are colocalized in the epithelium of the ciliany was localized in the junctions between Miiller cells and

body @rrowhead$ and a blood vessel at the base of the cilia ; ;
process grrows). AsterisksPosterior chambeBar 50 um the inner segments of photoreceptor cells (Fig. 3a).

Results Occludin, ZO-1, and GLUTL1 in the ciliary body
GLUT1 was abundant in the epithelium of the ciliary
body, which serves as a barrier between the blood and

By immunoblotting of the homogenate of the eyes wigg aqueous humor (blood-aqueous barrier; Fig. 4a).
anti-occludin antibody, a 64-kDa protein was detect&pth occludin and ZO-1 were present along the epitheli-
(Fig. 1a). With anti-ZO-1 antibody a 218-kDa proteif™ Of the ciliary body (Fig. 4b—d). They were concen-
was detected (Fig. 1b). The apparent Mr. of these ppggted in the junctional regions between non-pigmented

teins detected were within the range of occludin (SaitgRithelial cells (Fig. 5a,b). Immunogold electron micros-
et al. 1997) and ZO-1 (Stevenson et al. 1986). copy showed that ZO-1 was localized to the tight junc-
tions of non-pigmented epithelial cells (Fig. 3c). Local-

ization of occludin was restricted to these junctional re-
Occludin, ZO-1, and GLUTL1 in the retina gions. ZO-1, in addition, was localized in the cell border
between pigmented and non-pigmented epithelial cells
Localization of occludin, ZO-1, and GLUT1 was exan{Fig. 5b). Blood vessels in the core stroma of the ciliary
ined by immunofluorescence (Fig. 2) and immunogofitocess were negative for GLUT1 and occludin, and
electron (Fig. 3) microscopy. GLUT1 was abundant imere positive for ZO-1 (Fig. 5a,b, Table 1). GLUT1-pos-
the cells of the blood-retinal barrier: retinal pigment epiive blood vessels located at the base of the ciliary pro-
thelial cells and endothelial cells of blood vessetess, on the other hand, were positive for occludin and
(Fig. 2a). Occludin and ZO-1 were present in theg®©-1 (Fig. 4, Table 1). These observations showed that
GLUT1-positive cells of the barrier (Fig. 2a—d). ZO-the presence of occludin was restricted to cells of the
and occludin colocalized in the retinal pigment epithelarrier, which were strongly positive for GLUTL1.
um in a honeycomb-like or continuous belt-like array
along the epithelium, suggesting their presence in the
epithelial cell-to-cell junctions. Immunogold electro®ccludin, ZO-1, and GLUT1 in the iris
microscopy revealed that ZO-1 was localized in the tight
junctions between retinal pigment epithelial cellShe iris is another site of the blood-aqueous barrier.
(Fig. 3b). Occludin-positive cells precisely matched witBLUT1 was concentrated in the endothelial cells of the
GLUT1-positive cells, the site of the barrier (Fig. 2a,bplood vessels in the iridial stroma (Fig. 5c¢). The iridial
whereas ZO-1 was found, in addition to the site of tleeithelium, which is developmentally the outermost ex-
barrier, along the outer limiting membrane and choritension of the epithelium of the ciliary body, was also

Immunoblotting






Table 1 GLUT1, occludin, and . .
70-1 in the blood VeSuseI|S of Location of blood vessels GLUT1 Occludin Z0-1

the mouse eye. The results are

expressed as +(positive) or ~ Retina + + +

_(negative": Choroid - - — +
Core stroma of ciliary process - - +
Base of ciliary process + + +
Iridial stroma + + +

positive for GLUT1 (Fig. 5¢). Occludin was positive onthat GLUT1 was present at the sites of both entry into
ly in the endothelial cells of the iridial blood vesselsnd exit from the barrier cell layer, thereby enabling
(Fig. 5d) and ZO-1 colocalized with occludin in thesgansfer of glucose across the barrier (Takata et al. 1991a,
cells (Fig. 5c,e, Table 1). ZO-1, but not occludin, wd®992; Shin et al. 1996a, b). In addition to GLUT1, ex-
found in the iridial epithelium, where it was concentratgatession of GLUT3 was reported in the retina (Watanabe
between two epithelial layers, namely the anterior atal. 1996). GLUT3 was localized in the plexiform lay-
posterior epithelial cell layers (Fig. 5c,e). ers, probably in the neuronal processes, serving in the up-
take of glucose into neuronal cells once glucose passes
the barrier via GLUT1. We observed that the presence of
Discussion occludin exactly coincided at these sites of the blood-reti-
nal barrier with a high level of expression of the glucose
We have shown in this study that the tight junction proransporter GLUT1. ZO-1 was always found in the occlu-
teins, occludin and ZO-1, are colocalized in the endotlt#n-positive tight junctions, which is in accordance with
lial and epithelial cells of the blood-ocular barrier in therevious observations (Konari et al. 1995; Hirase et al.
mouse eye. Colocalization was restricted to the tight juri®97; Saitou et al. 1997). In fact, ZO-1 was shown to
tions connecting the cells of the barrier. In the blood-tisind the carboxyl terminus of occludin (Furuse et al.
sue barriers, including the blood-ocular barrier, an ist994). In the ciliary body, colocalization of occludin, ZO-
form of the facilitated-diffusion glucose transportet, and GLUT1 was observed in the tight junctions of non-
GLUTL1 is abundant at the critical plasma membrane mfmented epithelial cells, the site of the blood-aqueous
the cells of the barrier (Takata et al. 1997). GLUT1 plaparrier. Such colocalization of occludin, ZO-1, and
a pivotal role in the specific transfer of glucose across 8eUT1 was also seen in the endothelial cells of blood
barrier. The blood-ocular barrier consists of the blood-reessels in the base of the ciliary process. The presence of
inal barrier and the blood-aqueous barrier (Raviodecludin, ZO-1, and GLUT1, therefore, seems to be
1977). In the retina, GLUTL1 is concentrated in the retingbsely related to the properties of the blood-ocular barri-
pigment epithelium and the retinal blood vessels, siteseof occludin and ZO-1 for barrier function and GLUT1
outer and inner blood-retinal barriers, respectively (Takar the selective transfer of glucose across it.
ta et al. 1992). Immunogold electron microscopy revealedimmunofluorescence examination showed that strong
labeling for ZO-1, but not occludin or GLUT1, was seen
along the outer limiting membrane which is in accor-

Fig. 5 Immunofluorescence localization of GLUT1, occludin, an i i i i i i i
0.1 in the ciliary bodyd, b) and iris £-8. a, b Double-mmu- Bance with observations in the guinea pig retina (Saitou

nofluorescence localization for occludired) and GLUTL greeny €t @l. 1997). By immunogold electron microscopy, we
(@), and ZO-1 fed) and GLUT1 @reen (b) in the ciliary body. found that ZO-1 was localized in the adherens junctions
Cell nuclear DNA is labeled with DAPI iblue. GLUT1 @reenin  between the Miller cells and the outer segments of pho-
a, b) is abundant in both non-pigmented epithelPE) cells and greceptor cells. Junctions of the outer limiting mem-

pigmented epithelialRE) cells. Occludinted in a) is localized in
the junctions between NPE cellriowsin a). ZO-1 is concentrat- brane are composed of zonulae adherentes (Uga and

ed in the junctions between NPE cells as wafiqwsin b). z0-1 Smelser 1973). Therefore, the outer limiting membrane
is also seen along the border between PE and NPE cells, and irdthes not serve as a barrier in the retina. In fact, peroxi-
ChamberBV biood veselsBar’s jm. ¢ botbledmmanofiuores. Sose administered in the vitreous rapidly diffused al
cence localization for GLUTlg(egr) and ZO-1 (ed) in the iris. over the. retl'na until finally stopped by the retinal pig-
Cell nuclear DNA is labeled with DAPI iblue GLUT1 is con- Ment epithelium (Peyman et al. 1971). The abundance of
centrated in the blood vessels in the stroareo(vs) and posterior ZO-1 in the Muller cell junctions may be important in
epithelium P). GLUT1 is also weakly positive in the anterior epimaintaining retinal architecture, probably by stabilizing

thelium (A). ZO-1 is colocalized in GLUT1-positive blood vessel 1. i
(arrows) and in between GLUT1-positive anterior and posteri?ne arrangement of photoreceptor cells. Such ZO-1-posi

r : ) : X
epithelial cells &rrowhead$. AC Anterior chamberPC posterior ?'Ve' OCCIUd'n'n,egatlve' and GLUT]:'nEQa“Ve Iz_ibellng_
chamberBar 10 um. d, e Double-immunofluorescence localiza-was also seen in the b|99d vessels in the choroid and in
tion for occludin (ed in d) and ZO-1 greenin €) in the iris. Cell the core stroma of the ciliary process. By freeze-fracture
nuclear DNA is labeled with DAPI iblue Occludin is restricted g|ectron microscopy, ridges or strands typical of tight

to the blood vesselsafrows) in the stroma. ZO-1 is seen in th . . . .
blood vesselsafrows) and the iridial epitheliumagrowheads. ﬁunctlons are absent in the endothelial cells of the chorio-

Iridial epithelium is negative for occludimfowhead. AC Anteri- ~ capillary and blood vessels beneath the ciliary body epi-
or chamberPC posterior chambeBar 10 um thelium (Raviola 1977). These blood vessels are highly
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