
Voi. 173, No. 1, 1990 

November 30, 1990 

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Pages 67-73 

ERYTHROCYTE/HEPG2-TYPE GLUCOSE TRANSPORTER IS CONCENTRATED 

IN CELLS OF BLOOD-TISSUE BARRIERS 

Kuniaki Takata*, Toshi ko Kasehara**, Michi hi ro Kasahara**, 
Osamu Ezaki*** and Hiroshi Hirano* 

*Department of Anatomy, Kyorin Univers i ty  School of Medicine, 
Shinkawa, Mitaka, Tokyo 181, Japan 

**Laboratory of Biophysics, School of Medicine, Teikyo Universi ty,  
Hachioii, Tokyo 192-03, Japan 

***Division of Clinical Nutri t ion, National Ins t i tu te  of Health and Nutri t ion, 
Toyama, Tokyo 162, Japan 

Received July 28, 1990 

In search of possible diverse roles of glucose transporters(GT's),  we examined 
whether any GT's are present in blood-t issue barr iers where selective flow of 
glucose from blood to t issue cells is cr i t ical ly important. We found in rat that  the 
ery throcyte/HepG2-type GT is localized in all the limiting plasma membranes known 
to serve as blood-t issue barr iers, whether the barr iers are endothelial type(brain,  
iris, inner retina, peripheral nerve) or epithelial type(choroid plexus, ci l iary body, 
outer retina, peripheral nerve, placenta), except for  plasma membranes in test is and 
thymus where no appreciable amount of the GT was found. The erythrocyte/HepG2- 
type GT may play a vital role for  the ent ry  of glucose into these f i rmly guarded 
tissues. © 1990 Academic Press, Inc. 

Glucose transporters(GT's) are integral membrane proteins that t ranspor t  

glucose across the plasma membrane(1,2,3). Five isoforms of GT or GT-like proteins 

of faci l i tated dif fusion and a single Na÷-dependent GT have been so far  identi f ied 

and sequenced(4,5,6). They are considered to play important roles in provid ing 

glucose to various types of ceils, regulation of blood glucose levels, absorption of 

glucose in the intestine and kidney, and regulation of insulin secretion in the 

pancreas(6,7). 

Various experiments with the use of dyes and electron-dense t racers have 

established the concept of blood-tissue barr iers in brain(B,9), cerebrospinal 

f luid(9), peripheral nerve(10), ret ina and aqueous humor of the eye(11), 

Abbreviations: GT,giucose t ransporter ;PBS,phosphate-buf fered saline;SDS,sodium 

dodecylsulfate;PAGE,poiyacrylamide gel electrophoresis;PMSF,phenylmethylsulfonyl 
f luoride; EDTA,ethy lened iaminetet raacetic acid;DAPI,4',6-d iamidi no-2-p heny I i ndoie. 
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placenta(12), seminiferous tubules of the testis(13), and thymus(14). Electron 

microscopic observations revealed that endothelial or epithelial cells connected by 

t ight  junct ions are the structural  basis of these blood-t issue barr iers. The specific 

environment in these specialized t issues and organs is maintained by blood-tissue 

barr iers, where only selective flow of a limited number of substances such as 

glucose and amino acids is allowed(8,9,12). We show here that the 

erythrocyte/HepG2-type GT, one isoform of facil i tated dif fusion GT(4), is 

concentrated in the plasma membranes of the limiting endothelial or epithelial cells 

in the blood-tissue barr iers. 

MATERIALS AND METHODS 

The antibody used was rabbit  anti-human ery throcy te  GT antibody(3,15) or 
ant i -pept ide antibody(serum) to the synthet ic peptide corresponding to the 
C-terminal(amino acids 480-492) or amino acids 474-485 of the deduced sequence of 
the HepG2 GT(4). The ant i -pept ide antibodies were raised in rabbits by the 
injections of the pept ide-keyhole limpet hemocyanin conjugates(16,17). All three 
antibodies showed no appreciable di f ference in immunoblotting or immuno- 
histochemical studies. 

Tissues and organs were taken from ether-anesthet ized Sprague-Dawley rats 4-8 
weeks old. The brain vessel enriched fract ion was prepared according to the 
published method(18). All the samples were homogenized in phosphate-buffered 
saline(PBS) containing a protease inhibi tor  mixture(50 ~ug/ml aprot inin, 2jug/ml 
pepstatin, 2 jag/ml leupeptin, 2 mM PMSF and 5 mM EDTA), mixed with Laemmli 
sampling solution, and incubated at 37°C for  30 min. SDS-PAGE, immunoblotting and 
the detection of the GT with [~2~I]-protein A were performed as described(19), with 
minor modifications: proteins were blotted onto a polyvinyl id ine di f luor ide 
membrane(Immobiton P, Millipore); and autoradiography was performed with Fuji HR 
films and Fuji HR-16 intensif ier at -80°C for  5 hrs to 2 days. 

For immunofluorescence microscopy, t issues were fixed in 3% formaldehyde-PBS. 
Semithin frozen(O.5-1.5 jura thick) and cryostat  sections(lO)Jm thick)  were cut and 
incubated with anti-GT antibodies(or serum), and then with rhodamine-labeled 
a f f in i ty -pur i f ied  goat ant i - rabb i t  IgG(Jackson Immunoresearch, West Grove, PA, 
USA)(20). Some sections were f u r t he r  stained with f luorescein-labeled phalloidin 
(1:50 dilution, Molecular Probes, Eugene, OR, USA) for  F-actin, and 2 ug/ml DAPI 
(4',6-diamidino-2-phenylindole) for  DNA staining. 

For immunoelectron microscopy, t issues were fixed in 3% formaldehyde-O.5% 
glutaraldehyde-PBS. Ultrathin frozen sections were cut, and stained(21) with 
anti-GT antibodies and a f f in i ty -pur i f ied  goat ant i - rabb i t  IgG(Jackson 
Immunoresearch) conjugated to lO-nm colloidal gold(22,23). Immunolabeled 
specimens were ultrathin-embedded in LR White(London Resin, Basingstoke, UK)(24). 

RESULTS AND DISCUSSION 

The erythrocyte/HepG2-type GT was detected in brain microvessels, inner 

portion of the retina, pigment epithelium of the retina, ci l iary body of the eye, and 

placenta(Fig.I). The apparent molecular weight of the brain microvessel GT(50 kDa) 

corresponded to the reported values of 53 kDa(25), about 55 kDa(26), and 45-60 

kDa(27). The molecular weights of the GT's in other t issues with blood-tissue 
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Fig.1. Immunobtotting with the anti-HepG2 GT antibody of rat tissues having 
blood-tissue barriers. Ceil homogenates (lO)Jg protein each) were subjected to 
SDS-PAGE and immunoblotting with anti-peptide antibody raised against the 
C-terminal peptide of the HepG2 GT. The erythrocyte/HepG2-type GT was detected 
in brain microvessels (Brain Vessel, 50 kDa), inner portion of the retina (Retina, 43 
kDa), pigment epithelium of the retina (Pig. Epithelium, 46 kDa), ci l iary body and ir is 
of the eye (Ciliary B. & Ir is, 46 kDa), and in the placenta (44 kDa). Broad profiles of 
the detected bands are characteristic of the erythrocyte/HepG2-type GT's(3). No 
comparable amount of the GT was found in testis and thymus, other known 
blood-tissue barriers. The nature of a minor 67 kDa band in placenta is unknown. 

barr iers(43-46 kDa) are close to the values p rev ious ly  reported fo r  other  cel ls and 

t issues(44-55 kDa)(3). With immunoblott ing, no appreciable amount of the GT was 

found in tes t is  and thymus.  

We examined the localization of the GT by sta in ing f rozen sections of t issues 

having blood-t issue ba r r i e rs  immunohistochemically. The e ry th rocy te /HepG2- type  

GT was concentrated in the endothel ial  cel ls of the blood vessels in the brain(Fig.2a 

and also see Table 1)(26,27) where the wel l -known b lood-bra in ba r r i e r  exists(8,9). 

Both the luminal and the basal plasma membranes were pos i t ive fo r  the GT(Fig.2a). 

The eyebal l  is separated from the outs ide by the blood-ocular bar r ie r ,  i.e., 

b lood-re t ina and blood-aqueous barr iers(11) .  The su rvey  view showed that  intense 

label ing for  the GT was found in the epi the l ia  of c i l i a ry  body and in the pigment 

epithel ium of the ret ina(Fig.2b),  which is consistent with the recent repor t  by the 

immunoperoxidase label ing of para f f in  sections(28). We found that  both of the 

two- layered c i l i a ry  body epithel ium, i.e., the super f ic ia l  non-pigmented and the 

basal pigmented layers,  was posi t ive.  The label ing was seen along the en t i re  plasma 

membrane inc luding the h igh ly  infolded plasma membrane of the epi thel ia l  cel ls 

(Fig.2c,d). Endothelial cel ls beneath the pigmented epi thel ium and c i l i a ry  body 
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Fig.2. Immunofluorescence localization of the e ry th rocy te /HepG2- type  GT in rat  
t issues. Frozen sections were stained fo r  the GT(red), F-act in(green) ,  and 
DNA(blue). Double-exposure images were photographed to fac i l i ta te ceil i den t i f i -  
cation. Sections were stained with e i ther  ant i -human e ry th rocy te  GT ant ibody (a,e), 
or  an t i -C- te rminus  of HepG2 GT ant ibody(b,c , f ) .  (a)Brain(cerebel lum). The GT is 
concentrated in endothel ial  cells. The ent i re  plasma membrane of the endothel ial  
cell is posi t ive ly  s ta ined(arrows) .  N:Purk [n jece l l .  (b)A survey view showing the 
retina(R) and the  c i l iary  body(CB) of the eye. Intense labeling is seen in the c i l iary  
body, and pigment ep i the l ium(arrow)  of the ret ina. (c,d)Ci l iary body of the eye. The 
plasma membranes of both two layers of the epi thel ium are s t rong ly  stained fo r  the 
GT. Labeling corresponding to the  in fo ld ings of plasma membrane is ev ident  
(arrows).  See also Fig.3. Blood vessels are negat ive (arrowheads).  P:poster ior  
chamber. (e)Outer par t  of the ret ina. Posit ive stain ing is seen in the plasma 
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epithelium were negative. In the pigment epithelium, the whole aspects of the 

plasma membrane of the pigment epithelium was intensely labeled(Fig.2e). In the 

i r is  and inner part of retina, on the other hand, endothelial cells were positive. The 

electron microscopic examination of the immunogold-labeled ul t rath in frozen 

sections showed the GT to be localized in the infolded plasma membrane of the cells 

in the c i l iary body epithelium(Fig.3) and pigment epithelium as well as endothelial 

cells of retina. 

Strong labeling for  the GT was seen in the syncyt iotrophoblast plasma membrane 

in placenta(Fig.2f), which serves as a barr ier  against the mixing of fetal and 

maternal blood(12). High level of the GT in the syncyt iotrophoblasts may be 

essential for  providing the fetus with glucose. The GT was found in the choroid 

plexus epithelium, and perineural sheath cells and endothelial cells in peripheral 

nerves, which confirmed the previous reports(26,29). In testis, the GT was not 

found in Sertoli cells where a blood-tissue barr ier  had been assumed(13). Weak 

staining was found in the endothelial cells. We did not detect posit ive GT labeling in 

the thymus, another t issue known to have a blood-tissue barrier(14). Our fa i lure of 

detection of the GT in these blood-tissue barr iers  may be due to either low levels of 

expression of the GT or the existence of another type(s) of GT(s). 

As summarized in Table 1, the endothelial or epithelial cell layer sealed by t ight  

junctions or syncyt ial  in nature serves as a blood-tissue barr ier .  The e ry th rocy te /  

HepG2-type GT in the plasma membrane of these blood-tissue barr iers may be 

responsible for  the t ranspor t  of glucose through the barr ier  cell layers to feed the 

cells inside the barr iers. 

In addition to the erythrocyte/HepG2-type GT, we raised ant i -pept ide antibodies 

to insul in-sensi t ive adipocyte-type GT(30) and to the GT of Na+-dependent active 

GT(5). In using these antibodies, we did not f ind any posit ive staining in the 

blood-tissue barr iers except in choroid plexus epithelium, where Na÷-dependent 

active GT was detected(K.T.,T.K.,M.K.,O.E, and H.H., unpublished observation). I t  is 

not ent i re ly  clear at present why the erythrocyte/HepG2-isoform presents in 

blood-t issue barr iers.  One reason may be that  Km of several mM for glucose is 

membrane of the cells of the pigment epithelium(arrows). C:choroid. N:nuclei of 
photoreceptor cells. (f) P lacenta. Plasma membranes of syncytiotrophoblast layers 
are intensely positive for the GT. ~:maternal blood space. Arrows:fetal capillary. 
Bars:lO Jura in a,c,e,f, or 100 ~m in b. 
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Table 1. Localization of erythrocyte/HepG2-type glucose t ransporter  in the blood-tissue barr ier 

barr ier  organ/t issue localization of location of 
glucose transporter the barr ier 

Endothelial type 

blood-brain barr ier brain 

blood-aqueous barr ier ir is 

blood-retina barr ier 

blood-nerve barr ier 

blood-thymus barr ier 

Epithelial type 

blood-cerebrospinal 
f luid barr ier 

blood-aqueous barr ier 

blood-retina barr ier 

blood-nerve barr ier 

placental barr ier 

blood-testis barr ier 

retina, inner 

peripheral nerve 

thymus, cortex 

choroid plexus 

ciliary body 

retina, outer 

peripheral nerve 

placental labyrinth 

testis 

endothelial cell 

endothelial cell 

endothelial cell 

endothelial cell 

not detected 

epithelial cell 

epithelial cell 

pigment epithelial cell 

perineural sheath cell 

syncytiotrophoblast 

not detected* 

endothelial ceil(8,9) 

endothelial cell (11 ) 

endothelial cell(11) 

endothelial cell(lO) 

endothelial cell (14) 

epithelial cell(9) 

epithelial cell(11 ) 

pigment epithelial cell(11 ) 

perineural sheath cell(10) 

syncyt iotrop hoblast (12) 

Sertoli ce11(13) 

~Weak staining for the GT was found in the endothelial ceils. 

Fi8.3." Immunogold detect ion of the  e r y t h r o c y t e / H e p G 2 - t y p e  GT in the  ep i the l ia l  cel ls 
of the  c i l i a r y  body .  U l t ra th in  sect ions were s ta ined wi th an t i -human  e r y t h r o c y t e  GT 
an t i body .  Gold pa r t i c les  rep resen t i ng  the  GT a re  seen along t h e  i n f o l d i ngs  of the  
plasma membrane. N:nucleus. Bar:O.5 }Jm. 
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adequate for its t ranspor t  from blood to tissues, since glucose concentration in 

blood is also the order of several mM(7). The fu r ther  physiological and 

immunohistochemicat studies of other types of GT's(6) such as brain- type and 

l iver - type will c lar i fy the roles of GT's in animal cells. 

ACKNOWLEDGMENTS 

We wish to thank M.Fukuda, R.Nakamura and M.Kanai (Kyorin University School of 
Medicine) for technical assistance. This work was supported in part by 
Grants-in-Aid from the Ministry of Education, Science, and Culture of Japan, and by 
grants from the Takeda Science Foundation and Yazaki Memorial Foundation for 
Science and Technology. 

REFERENCES 

1. Baly,D.L. and Horuk,R. (1988) Biochim. Biophys. Acta 947,571-590. 
2. Kasahara,M. and Hinkle,P.C. (1977) J. Boil. Chem. 252, 7384-7390. 
3. Kasahara,M., Inui,K., Takano,M. and Hori,R. (1985) Biochem. Biophys. Res. Commun. 

132, 490-496. 
4. Mueckler,M., Caruso,C, Baldwin,S.A., Panico,M., Blench,I., Morris,H.R., Allard,W.J., 

Lienhard,G.E. and Lodish,H.F. (1985) Science 229, 941-945. 
5. Hediger,M.A., Coady,M.J., Ikeda,T.S. and Wright,E.M. (1987) Nature 330, 379-381. 
6. BelI,G.I., Kayano,T., Buse,J.B., Burant,C.F., Takeda,J., Lin,D., Fukumoto,H. and 

Seino,S. (1990) Diabetes Care 13, 198-208. 
7. Thorens,B., Charron,M.J. and Lodish,H.F. (1990) Diabetes Care 13, 209-218. 
8. Betz,A.L. and Goldstein,G.W. (1986) Ann. Rev. Physiol. 48, 241-250. 
9. Fishman,R.A. (1980) Cerebrospinal Fluid in Diseases of the Nervous System, 

Saunders, Philadelphia. 
10. B6ck,P. and Hanak,H. (1971) Histochemie 25, 361-371. 
11. Raviola,G. (1977) Exp. Eye Res. suppl. 27-63. 
12. Faber,J.J. and Thornburg,K.L. (1983) Placental Physiology, Raven, New York. 
13. Dym,M. (1973) Anat. Rec. 175, 639-656. 
14. Raviola,E. and Karnovsky,M.J. (1972) J. Exp. Med. 136, 466-498. 
15. Sase,S., Takata,K., Hirano,H. and Kasahara,M. (1982)Biochim. Biophys. Acta 693, 

253-261. 
16. Walter,G., Scheidtmann,K.-H., Carbone,A., Laudano,A.P. and Doolittle,R.F. (1980) 

Proc. Natl. Acad. Sci. U.S.A. 77, 5197-5200. 
17. Lerner,R.A., Grsen,N., Alexander,H., Liu,F.-T., Sutcliffe,J.G. and Shinnick,T.M. 

(1981) Proc. Natl. Acad. Sci. U.S.A. 78, 3403-3407. 
18. Goldstein,G.W., Wolinsky,J.S., Csejtey,J. and Diamond,I. (1975) J. Nerochem. 25, 

715-717. 
19. Ezaki,O., Kasuga, M., Akanuma,Y., Takata, K., Hirano,H., Fujita-Yamaguchi,Y. and 

Kasahara,M. (1986) J. Biol. Chem. 261, 3295-3305. 
20. Takata, K. and Singer,S.J. (1988) J. Cell Biol 106, 1757-1764. 
21. Tokuyasu,K.T. (1986) J. Microsc. 143, 139-149. 
22. Slot,J.W. and Geuze,H.J. (1985) Eur. J. Cell Biol 38, 87-93. 
23. DeMey,J. (1984) EMSA Bulletin 14, 54-66. 
24. Keller,G.-A., Tokuyasu,K.T., Dutton,A.H. and Singer,S.J. (1984) Proc. Natl. Acad. 

Sci. U.S.A. 81,5744-5747. 
25. Dick,A.P.K., Harik,S.I., Klip,A. and Walker,D.M. (1984) Proc. Natl. Acad. Sci. USA 81, 

7233-7237. 
26. Kalaria,R.N., Gravina,S.A.' Schmidley,J.W., Perry,G. and Harik,S.T. (1988) Ann. 

Neurol. 24, 757-764. 
27. Gerhart,D.Z., LeVasseur,R.J., Broderius,M.A. and Drewes,L.R. (1989) J. Neurosci. 

Res. 22, 464-472. 
28. Harik,S.I., Kataria,R.N., Whitney,P.M., Andersson,L., Lundahl,P., Ledbetter,S.R., 

and Perry,G. (1990) Proc. Natl. Acad. Sci. USA 87, 4261-4264. 
29. Froehner,S.C., Davies,A., 8aldwin,S.A. and Lienhard,G.E., (1988) J. Neurocytol. 17, 

173-178. 
30. James,D.E., Strube,M. and Nueckler,M. (1989) Nature 338, 83-87. 

?3 


