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Modulation of cultured brain, adrenal, and aortic endothelial cell glucose 
transport 
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Abslrast  

Studies of gll.lco:~e Iron,,porter activity and anti-gltl¢o~,e triln~[n.wtel. (GLUTI) immunoblots were perfl~n~led on different 
endothelial cell primary cultures (brain capillary, adrenal capillary and aortic) to determine their response to glucose 
deprivation. Cell cultures were exposed to glucose deprivutiou ((15 mMI (t~r 48 h periods and refed (11.0 raM) for 36 
additional hours. Control cullures were kept in II.t) mM glucose tk~r the dulation of these studies. Measurements of 
2-[3H]deoxy-D-glucose uptake and membrane fraction puriticalitm were performed every 12 h during these timecourses. 
Basellne cytochalasin-B sensitive uptake of 2-deoxy-n-glucose was near three times larger in brain capillary endothelial 
cells than in adrenal or aortic endothelial cnltures. Ill all (hrce endothelial cell cldlures, 2-dcoxy-~glucosc uptake increased 
during glucose deprivation, and relumed to control values upon relk'eding. Aortic and adrenal cortical endothelia expressed 
the starvation induced increases 12 h sooner than brain capillary endothelia. Return to control values was also 12 h faster in 
these cultured endothelia, lmmunoblot studies showed that in all three endothelial cell cultures the increases in transporter 
activity during glucose starvation correlate with increased membrane expte~.si~ul of GLUTI. Quantitative analysis of Ihe 
anti-GLUTI immunoblots indicated that induction of GLUTI tollowing gluco~,e starvation was slower in brain capillary 
endothclia than in aortic or adrenal endothelia. The slower response by brain capillary endnthelial cells may be relaled In the 
higher transport rate of glucose in Ihcse cells. 
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1. In t roduc t ion  

The blood-brain barrier (BBB) is the anatomic and 
physiologic complex of  structures and functions which 
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controls Iqux (if substances into the central nervous 
system (CNS) interstitium. This  barrier function is 
thought to arise from special properties of the brain 
capillaries themselves, which express interendothelial 
tight junctions, have few fenestrations, and demon- 
strafe a low rate of  fluid-phase pinocytosis when 
compared with extracerebral capillaries [1,2]. The 
BBB effectively prevents ,~mall hydrophilic molecule~ 
from gaining access to the CNS, Those which do 
cross I'rt)m the plasma space into the CNS intersti- 
tium do so because of  specific transport proteins in 
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both hlmenul and ablumenal membranes of the capil- 
lary endothelial ceils. Tlansport pl~telns fol hexoses. 
;[lllillO acids, pLirincs, and nlorlocarbt~xy[ic acids have 
all been identified in the endothelia of the mum 
malian BBB [3]. 

Because glucose is the primary metabolic fuel of 
the CNS, BBB glucnse Imnspnrt protein limction antl 
rcgulation may play a crucial role it] the maintenance 
nf brain function. The primary glucose transporter 
found in mammalian BBB endothelia. GLUTI [4-6]. 
is a member of a family of facilitative hexose tlans- 
/;.oiler proteins [7-11], aod is oouiinsulin dependent. 
Experimental cvidcucc suggests Ihal BBB GLUT1 is 
regulalcd by metabolic factors in vivo, Hyper- 
glycemia, resulting fiom experitneotal diabetes melli- 
tus in rats. is associated with a significant decrease in 
brain glucose uptake [12]. Later studies suggest that 
this diminished brain glucose uptake is associated 
with decreased BBB glucose transp~mer dem;ity [13]. 
Diminishing available glucose appears to prodace the 
cunverse situation: an increase in braill g]uco~e up- 
take is associated with hypoglycemia in hyperinsu- 
linemic rats [14]. Cultured cell studies have provided 
udditi{mal insighl inlo the molecular basis lbr these 
changes in BBB function: glucose deprivation has 
been shuwn to increase ghlcose transport and GLUT1 
expression in cultured brain capillary endotheliutn 
[15], in agreement with the in v;vo studies. Serum 
glucose concenlratJon ulay lhus phly a role in Ihe 
modulatitm of BBB GLUTI fanction. 

The endothelium of brain capillaries possesses a 
physiologically unique role when compared with en- 
d,,~d'telium from olber organs, ill dial Ihc n:m-barrier 
forming endothelial cells t)f ll'tese [alter ol'.~,~!ns do not 
appear to c~mu'ol glucose flux or utilizati~.m as tightly. 
Trat/';porlcr prottrills ill these extrat.¢rebra[ capillary 
bed,, may i'uncti,.m simply to subserve the melabt~lic 
needs of the endothelial cells thetnselves, and not to 
have the additional role of allowing for Iraus-eudo- 
theliul cell solute flux. It is thus ~1" interest to evahlate 
if the t'egnlation of GLUTI difi~rs in endothelium 
I'll:nil blood-brain barrier when compared with nou- 
barrier forming endnlhelinm. A cuhurcd cell model 
of the blond-brain barrier and lwn c,~ianlplcb hi  nou- 
barlicr l~lrming elldolhclJal cells li'onl adrenal cortex 
Ulld aorta ~.~el'e cho,~en Io c(;nlpalc [he iuflucllcc of 
glacose deprivation ou glucose Iransporter activily 
aud expression. 

2. Materials and methods 

2,1, Materials  

General laboratory ehemical~, protease inhibitors. 
and colorimetrie alkaline pho~phatase and gamma- 
glutamyl Transpeptidase test kits were purchased from 
Sigma, St. Louis. MO. Hanks" Balanced Salt Sohttion 
(HBSS), Dulbecco's Modified Eagle Medium 
(DMEM). antibiotics, t~psin, and L-glutamine were 
purchased from GIBCO.. Grand Island. NY. Defined 
equine serum and bovine calf serum were obtained 
from Hychme, Logan. UT. Type II collagenase was 
obtained from Worthingtm~, Freehold. NJ. Nylon 
meshes were obtained from Tetko. Lancaster, NY. 
Di-acetylated-LDL was obtaioed fi'om Biomedical 
Technologies, Stoughton. MA. Cell culture filtration 
supplies were purchased from Nalgene, Rochester, 
NY. Cell cuhure plasticware were obtained from 
Costar. Cambridge. MA. 2-[~H]Deoxy-t)-glucose and 
I"Sl-labeled goat anti rabbit Fc polyclonal antibodies 
were purchased from New England Nuclear, Boston, 
MA. U-[i'~C]Sucrose was obtained from Amersham, 
Arlington Heights, IL. Anti-GLUTI antibodies were 
purchased from East Acres Biologicals. Southbridgc. 
MA. Ultima Gold scintillation fluid and vials were 
purchased fi'om Packard, Meriden, CT. Nitrocellulose 
membranes (Nitrobind. 0.45 micron) were purchased 
fl'am Micron Separations, Westborough. MA, and 
Whatman # 2  qualitative filler papers were obtained 
from Whatman Paper. Maidstone. England. The 
Biomctra fast-blot semi-dry electrobloner was pur- 
chased from Immunetix, Cambridge. MA. X-OMAT- 
AR scientific imaging film and Kodak X-omatic cas- 
settes were purchased from Eastman-Kodak, 
Rochester, NY. Sarcoma-180 cells were a girl of Dr. 
C. Haudcnschild. Department of Pathology, Boston 
University School of Medicine. 

2.2. Bra t ,  c~q~ilk,3 endothelkd  cell cnl tmws 

Brain capillary endothelial cells were cultured us- 
ing a inndifica,iml of the method of Carson and 
Haudenschild [16], Tissues were obtained from the 
local shmghlerhnuse immediately I'ollowirlg death. 
Brains were aseptically rclnoved I'rOlli bisected cal- 
varia aud put inkl sterile HBSS supplemented with 
I I.O mM i)-glocose, It)0 m U / m l  peuicillio. 100 
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/zg /ml  streptomycin, and 250 n g / m l  amphotericin 
B. at pH 7.4 and 22~C. The cortical grey matter was 
aspirated away using a Pasteur pipette, homogenized 
and passed through serial meshes (149. 78, and 37 
micron nylon mesh). Only material from the 78 and 
37 micron mesh was utilized. Capillaries were gent!y 
removed from the meshes with a stream of HBSS, 
containing I% bovine serum albumin, and treated 
with collagenase (0.1% in DMEM. penicillin, strepto- 
mycin, and amphotericin B. 37°C,/'or 2.5 h) followed 
by trypsin (1% in HBSS. 37°C, 20 rain). The result- 
ing cell suspension was washed twice and plated onto 
gelatin coated cell culture dishes at a density of 
3 - 5 .  10 a cells or capillary fragments/era 2. Gehttin 
coating of the tissue ctdmre plastic involved overlay- 
ing the plastic with a 5 mm layer of gelatin solution 
(1% in HBSS and amibiotics) and ovcrnight incuba- 
tion. Prior to use, the coated tissue culture plastic was 
washed three times with DMEM, overlayed with 
culture medium (see below) and allowed to equili- 
brate for 1 h at 37°C. Culture mediuat lbr all cells in 
these studies (unless otherwise noted) consisted of 
20% confluent Sarcoma-180 conditioned medium 
containing 10% bovine calf serum (dialyzed 3 × 12 h 
against glucose-free DMEM. ~/2B, at 4°C prior It) 
use), 2% extract from bovine retina, 500 p ,g /ml  
heparin. 100 m U / m l  penicillin. 100 # g / m l  strepto- 
mycin, 250 n g / m l  amphotericin B. and 15% defined 
equine serum in glucose free DMEM. pH 7.4, m 
which II mM o-glucose was added. All cultures 
were maintained in 5% CO_, at 37°C. After 2 - 3  days 
the adherenl cells were treated with pancreatin (0.25% 
in HBSS and antibiotics, 37°C, 15 min) which selec- 
tively released the endothelial cell colonies. These 
released endothelial cell colonies were exposed to 
trypsin (1% in I-IBSS, 37°C, I0 rain) and plated onto 
gelatin coated 24 well culture plates (for 2-DG up- 
take studies) or onto gelatin coated 100 mm culture 
dishes (for membrane fraction purification). This plat- 
ing is referred to throughout this study as a primary 
culture. Cultures were evaluated for endothelial cell 
purity as discussed below. 

2.3. Adrenal  cort ical  capillat T endothelial cell  old- 
hires  

Cultures of calf  adrenal cortical capillary endothe- 
lium were prepared by a modification of the method 
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of Folkntan et a! [17]. Unless otherwise noted, all 
isolation steps were carried out aseptically in the 
same :-,,alution used for brain capillary isolations. The 
adrenal capsules were bisected, which was lbllowed 
by gentle removal and mincing of cortical contents 
with a # 1 0  scalpel and forceps. This minced tissue 
was then treated with collagenase (0,1% in DMEM, 
37°C. l h) and the resulting suspension poured 
through a 112 micron nylon mesh. Capillary frag- 
ments, ted blood cells, and adrenal parenchymal cells 
passed through the mesh and were plated om under 
conditions identical to those used for brain capillary 
cultures. 

2.4. A o r r c  endothelial cell  cultures 

Cultures of calf  aortic endothelium were prepared 
by the method of Haudensehild [18]. These were 
isolated by gently scraping the lumenal surface of 
calf aortas, at'ler ~,'hich treatment with eollagenase 
(0.1% in DMEM, 37°C. 30 vain) released single cell 
suspensions ~hich were plated onto gelatin coated 
culture dishes. The cells were plated at 0"e same 
density and grown in identical medium as brain 
capilhtry endothelial cells. 

2.5, Endothelial cell  marker  sntdies 

The measurement of endothelial cell surface enzy- 
matic markers was used to verily cell identity and 
de-differemiation in brain capillary cultures with in- 
creasing culture passage. Alkaline phosphatase and 
gamma-glutantyl transpepfidase are two well charac- 
terized brain capillary enzymes that were measured 
tar this purpose. These enzymes have been localized 
to the brain endothelial cells themselves [19.20]. 
Quantitative measurement nf  these enzymes e, as per- 
formed using a colorimetric, kinetic method available 
commercially. Brain capillary endothelial cells were 
homogenized in HBSS at 4°('  and samples taken t'or 
the measurement of  enzyme activity and protein cmt- 
lent. The qttantitative measure of total sample en- 
zyme activity was then nt)rmalized per milligram 
protein and compared with similar studies of brain 
capillaries themselves. 

2.6. Di-acetylated-LDL tq)rake .gtttdiex 

Brain capillary, adrenal cortical and aortic en- 
dotbelia were routinely screened fol di-acetylated-low 
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density lipoprotein uptake (DiAc-LDL), an endmhe- 
lia] cell marker [21]. Endothelial cells plated onto 
gelatin coated glass coversiips were incubated with 
acetylated-low density lipoprotein (10 ~ g / m l  in 
standard culture medium) for 4 h at 37=C, At the end 
of this period the cells were washed three times with 
probe-free DMEM to remove all excess, non-cell 
bound DiAc-LDL. The uptake of DiAc-LDL by cell 
cultures was visualized and photographed using a 
fluorescence microscope, with 514 nm and 550 nm 
wavelength filters for excitation and emission respec- 
tively. Photographs were taken using automatic expo- 
sure control on 1600 ASA speed film, 

2, Z Gluc,ose start al ton o]" c 'uhured cells  

Gluct~se deplivation of endothelial cell cultures 
was conducted by changing the standard culture 
medium (I I mM D-glucose) to one containing only 
0,5 mM D-glucose. Cultures were washed three times 
for 1 rain each with glucose-free saline to remove 
residual cell culture glucose. With the exception of 
the glucose, the glucose deprivation culture medium 
was identical to the standard culture medium. De-.pite 
the lack of glucose in the medium, the ceil cultures 
were provided with ample substrate with which to 
continue oxidative and anaerobic metabolism, includ- 
ing sodium pyruvate, and both essential and non-es- 
sential amino acids. Within a given experiment, glu- 
cose deprived and control endothelial cell cultures 
were always from Ihe same primary culture, and wc.e 
timed and rel~d simultaneously. All cultures were 
refed daily with fresh cuhure medium. The rate of 
2-DG uptake and membrane fraction purificalinn were 
pert'ornled every 12 h dnring these experiutcuts, 

2.8. M e a s , r e m e n t  q]" 2 - de o t T - g l ucos e  tq~tt~ke 

Uptake of 2-DG was dmte using modifications of 
the methods of Vinters et al. [22] and Walker et al. 
[23]. Cells were plated into gelatin coated 24-well 
tissue culture dishes 5-7  days prior to uptake studies, 
and were always allowed to reach confluence. All 
uptake studies were conducted in glucose-free HBSS. 
Prior to uptake studies, cuhurc mediuul was rcmoved 
by aspiration nod cell ntouolayers were washed twice 
ira 1,5 ml of HBSS l~.~r 5 rain at rt~om temperature. 
The preincub~tion bufl~r was then aspirated aud 0.25 
ml of 10l) nM 2-[~H]dc~xy-glucosc 12-[aH]DG) in 
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HBSS was added to each well. The rate of 2-deoxy- 
glucose uptake was determined by incubating the 
separate groups of wells with 2-[3H]DG for varying 
times. Tritiated 2-DG was used in these studies be- 
cause it is transported into the cytosol and phosphory- 
lated by intracellular hexokinase, but is not further 
metabolized [24]. This property, in combination with 
the use of 100 nM 2-DG (a concentration far below 
the estimated Km for either the glucose transporter or 
hexokinase [25]} allows linear, non-saturated cell up- 
take kinetics to be observed. Estimation of  uon-trans- 
porter mediated 2-DG uptake and cell surface binding 
was performed by conducting parallel studies using 
cell monolayers which were pre-incubated with 
phloretin (1.0 raM), or cymchalasin B (1130 p.M). 
which are agents known to block the glucose trans- 
porter [26.27]. Uptake in all studies was terminated 
by rapidly washing the cell monolayers with three 
volumes of ice-cold HBSS containing 100 #M 
phloretia. This step removes all non-transported 2-DG 
from the cell monolayer in addition to effectively 
'trapping' any already transported but not phosphnry- 
lated 2-DG within the cultured cell cytoplasm, Cell 
monolayers were solubilized in 0.5 M NaOH for 12 h 
at 22°C. and aliquots were then taken for measuring 
protein and isotope content. Protein was measured by 
the method of Bradford [28] using a Perkin-Elmer 
Lambda-2 U V / V I S  speetrophmometer. 2-[3H]DG 
was measured in Ultima-Oold scintillation medium 
on a Packard 1900CA Tri-Carb liquid scintillation 
analyzer with automatic quench control. All uptake 
studies were normalized per p,g protein. Specific 
carrier-mediated uptake was calculated by subtracting 
the 2-DG uptake rate remaining after phloretin or 
eytochalasin-B preincubation from the total 2-DG 
uptake rate. This estimation of specific carrier-media- 
ted 2-DG uptake was carried out on control and 
glucose deprived endothelial cell primary cultures 
fro)'n brain capillary, adrenal cortical capillary, and 
aorta. 

2,9. Westeru bh)t  tmalys i s  

Membrane fractions were purified from endothelial 
cell cuhurcs by washing 3 times with HBSS at 4°C,  
f,allowcd by homogenization in 1.0 mM Tris/0.5 
mM PMSF at pH 7,4 on a polytron (3 × 15 s). The 
homogenate was then centrifilged at 15(10 × g for 5 
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min at 4°C, and the pellets discarded. The super- 
natants were then centrifuged at 35 000 × g at 4°C in 
a Beckmann Ultracentrifuge using a Ti-70 rotor. 
These superuatants were discarded, and the pellets 
solubilized in 0.25 M Sucrose containing Amipain (2 
p,g/ml)+ Pepstatiu A (0.7 .u,g/ml). PMSF (0.5 
mg/ml), Benzamidine (2 mM), and Soybean Trypsin 
Inhibitor (0.1 mg/ml). Samples were stored at - 80°C 
until further use. Membrane fractions samples were 
rlzedYactionmed using SDS-PAGE analysis, Gels in 
these studies were of the stacking type, with initial 
3.9% acrylamide (125 mM "Iris, pH 6.8, 3.9% acryi- 
amide, 0.1% SDS. 0.5% ammonium persulfate, 
0.001% TEMED) followed by 12.5% acrylamide (377 
mM Tris, pH 8.8. 12.5% acrylamide, 0.1% SDS, 
0.05% ammonium persulfate, 0.001% TEMED), 
Electrode buffet formulation was: 50 mM Tris, 384 
mM glycine, 0.1% SDS, and 0,002% EDTA. Elec- 
trophoresis was carded out at 100 V for 4-6 h at 
room temperature. Proteins were transferred onto ni- 
trocellulose membranes with a semi-d O' electroblot- 
ting system. This system was set up as follows: 
anode, filter paper 1. filter paper 2, filter paper 3, 
nitrocellulose membrane, acrylamide gel, filter paper 
4, and cathode. The filter paper's were saturated with 
transfer buffer as follows: filter papers I and 2:0.3 M 
Tris-HCl, 20% methanol, pH 10.4; filter paper 3: 
0.025 M Tris-HCl, 20% methanol, pH 10.4, and filter 
paper 4:0.025 M Tris-HCI, 20% methanol, 40 mM 
aminecaproate, pH 9.4. Transfer was accompli~;hed 
by running 100 milliamperes through this apparatus 
for 3 h. Nitrocellulose membranes were incubated in 
blocking solution fo~ 12 h at 4°C. Blocking solution 
consisted of 5% Carnation non-fat dry powdered 
milk, 1.5% BSA, 0.01% Na-Azide. in TNT (10 mM 
Tris-HCl, pl-! 8.0. 150 mM NaCL and 0.05% Tween 
20). Primary antibody (rabbit anti-GLUTl, 1:2000) 
was then added to this solution and incubated for 12 
h at 4°C. followed by four 15 rain washes; Is( wash: 
0.1% BSA in TNT. 2nd wash: 0.1% BSA, 0.1% 
Triton X-100, in TNT, and the 3rd and 4th washes: 
0.1% BSA in TNT. All washes were performed at 
4°C. Nitrocellulo~ membranes were then incubated 
in 1"~51-conjugated goat anti-rabbit Fc 2 antibody 
(1:1500, in blocking solution), for 2 h at 4°C. fol- 
lowed by five 30 min washes, as follows, 1st wasl.. 
0,1% BSA, 0.1% Triton X-100, in TNT, second 
wash: 0.1% BSA in TNT, third wash: 0.1% BSA. 
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0.1% Triton X-100, in TNT, and fourth and fifth 
washes: 0.1ok BSA in TNT. Nitrocellulose mem- 
branes were then autoradiographed with Kodak X-100 
X-ray film, in Kodak X-ray casettes. Exposure ,,','as 
conducteci a~ -SO°C, and lasted from 3-48 h, de- 
pending on signal strength. Following exposure and 
development of films, the nitrocellulose blots were 
quantitatcd by cutting out the regions of the nitro- 
cellulose which contain the antigen-antibody cJm- 
plcxes, as determined by overlay of autoradiographs 
and nitrocellulose membranes on a light box. These 
nitrocellulose tYagments were quautitated on a Beck- 
mann G200 gamma counter. All nitrocellulose pieces 
cut from a given gel were the same size. Similar size, 
non-band containing pieces of nitrocellulose were 
also cut and counted, and used to correct for back- 
ground. 

Nonspecific binding was shown to be minimal by 
using a different primary antibody: rabbit anti-GLUT4 
(insulin-regulated glucose tram;porter), and then incu- 
bating the preparation with the usual second~uy anti- 
body (goat anti-rabbit Fc antibody). The binding here 
was negligible. Similarly, Western blots incubated 
with goat anti-rabbit Fc antibody alone showed mini- 
real binding. 

Antibody and sample stardardization curves were 
run using cultured brain endothelial cell membrane 
samples and the primary rabbit anti-GLUT1 antisera 
to insure that the experimental samples were not in 
the plateau phase for the assay, but in the relatively 
linear portion of the curve. 

2, I0. S ta t i s t ics  

Statistical analysis of the 2-deoxy-glucose uptake 
studies and quantitated western blot studies was per- 
formed using Statworks (version 2.0. Cricket Soft- 
ware, Philadelphia. PA) running on a Macintosh llsi 
computer, One-way ANOVA's were performed on 
the data to determine the degree of statistical signifi- 
cance of differences between control and experimen- 
tal groups. 

3. Results 

3. I. E n d o t h e l h l l  ce l l  c u h a r e s  

All three primary cultures exhibited typical en- 
dothelial cell morphology when viewed under phase 
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contrast microscopy. Fluorescence microscopy of 
these cultures preincubated with DiAc-LDL showed 
them to be generally free of contaminating, non-LDL 
bindi;~g cells (Fig. 1). Uptake of DiAc-LDL de- 
creased after the third or fourth passage in both brain 
capillary and aortic endothelial cell cultures (data not 
shown). The brain capillary endothelial cultures ex- 
hibited alkaline phosphatase and gamma-glutamyl 
transpeptidase activity, which are brain endothelial 
cell markers [19,20]. Compared with freshly isolated 
brain capillaries, confluent cultures of brain capillary 
endothelial cells progressively lost enzyme activity 
after the third or fourth passage (data not shown). 
Glucose transporter activity also diminished with in- 
creasing passage, ahhough not to the same extent as 

the enzymes. Based on these data, only primary 
cultures of brain capillary, adrenal capillary and aor- 
tic endothelium were used for comparative studies of  
glucose transport protein activity and expression. 

3 .Z  Glucose transport actit:io' induction during glu- 
cose deprication 

Parallel 48 h glucose deprivation studies were 
conducted in cultures of brain capillary endothelium, 
adrenal capillary endothelium, and endothelium from 
descending aorta. Fig. 2 shows that during glucose 
deprivation, all three prima., 3 ' cell cultures demon- 
strate an increase in 2-DG uptake rate. However, this 
increase was observed to be slower in the brain 

a .  c .  e .  

~4 ' ~'V7 

:'11 ~ 

. a 

b .  d .  f .  

Fig. I. Pha~e etmtrast (t¢lp) and fluorescence microscopy (bottom) of primary endothelial cell culture& grown under identical condltlonx. 
a.b: brain capillaly; ¢.d: adrenal capillary; and e,t~ sonic endtahelium, Bottom photographs were oblained after I~alraent with 
diacetylated-low densily lipoprotein to a~sess endalheUal cell punty. 
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Fig. 2. Changes  in glucose transporlcr activily with glucose depri~'ation and refeeding in primar~ endothelial cultures, a and d: brain 
capillary endothelial cells; b and e: adrenal ct~rtex capillary endt]thelium: c and f: anrtic endothel ium, Dala shown are mean _+ S.E. from 
three separate primary cultures o f  each type~ with each average coming  from 6 individual data points per study. Time zero in the 
r ight-hand graphs  represents the t ime at v, Mch the 48 h glucose deprived cultures were refed with 11 m M  glucose. " : P < 0.05. " " : 
P < O.Ol. NS: not significant. 
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capillary cultures. The adrefiaI and aortic endothelium 
(Fig. 2b.c) beth demonstrated a significant increase in 
glucose transpt)rt activity after 12 h of glucose depri- 
vation, whereas brain capillary endothelia (Fig. 2at 
required up to 24 h longer to exhibit increased trans- 
port activity. Baseline 2-[~I-I]DG uptake was about 
three times larger in brain capillaries (29 ± 1 
p m o l / m g  per 10 mint than in the adrenal capillaries 
(12 ± I  p m o l / m g  per 10 mint or aortic andothelia 
(9 _+ I p m o l / m g  per 10 mint. These differences were 
unlikely to be due to differences in total protein 
synthesis by the cell cultures, as the cultures gener- 
ally produced similar amounts of total protein. The 
relative increase in 2-DG uptake was also different in 
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the cultured brain endothelial cells. The brain capri- 
lary endothelia showed a 55% increase in 2-DG 
uptake (to 42 + 3 p m o l / m g  per 10 mint  whereas the 
adrenal capillary and aortic endothelia demonstrated 
a 167% increase (to 32 ,-I- 4 and 25 -I- 3 p m o l / m g  per 
l 0  min,  respectively). The increase in transporter 
activity fol lowing 48 h of  glucose deprivation was 
reversible following glucose refeeding (Fig. 2d,e,f). 
As with the induction of  transporter activity, the 
adrenal and aortic endothelia (Fig. 2e,f) both returned 
to control levels o f  activity within !2 h c f  refeeding 
(differences between experimental and control groups 
were no longer significant at 12 h), whereas the brain 
endothelial cultures (Fig. 2d) required 12 h longer. 

Time (hours) 

[ Glucose ] 

0 12 24 36 48 60 72 84 0 12 2 4 3 6  48 60 ? 2 8 4  

11.0 mM Or5 mM U mM 
t I), 1, 

a. Bra in  

b. Adrena l  

c. Aorta  

Fig. 3. Autoradingrams of Western blot studiefi of GLUTI expression by glucose deprived and conuo[ primary cultures of brain, adrenal, 
and aortic endothelial cells. Cell nlelllbrfiue [raclions were purified fronl experimental and control groulx~ at the times specified in the 
figure. 20 #g of membrane fraction (determined spectrophotomelricafiy) was size (raedonated with SDS-PAGE technique, using stacking 
gel {3.8%/12.5% acrylamidc). Proteins were then transferred onto nitrocellulose membrane, blocked for nun-specific antibody 
interactions, and incubated with rabbit anIi-GLUTI polyclonal antibody (1:2000) at 4°C tbr 24 h, Nitrocellulose membranes were then 
washed 4 × , and ineuhaled with 1251-conjugaled. goat :mti-rabhit lgG-Fc fragments (1:15OO), at 4°C for 2 h. Following 5 washes, 
nin'ncellulose finis were expl~scd to Kodak X-10() film at 80°C and develuped. See Section 2 for discussion of nlembTane fraction 
purification. SDS-PAGE gel protocol, and buffier fl~rmulation. 
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[Glum~]:  

l lmM 

.~ NS NS .o 
~4 

0 

~110- 

o 

G L U T  1 E x p r e s s i o n  tcau, m ~ ] :  

Brain d - o -  ~ , ~ u ~  
aoo 

12 24 16 

Adrenal e 

12 2,1 36 48 

C Aorta 

12 2~ 36 4g 

T i m e  ( h o u r s )  

'°I II 
0 ~ ~ ~ HsI 

0 l ~  24 36 

f 

0 |  " NS NS NS l 

a 1'2 ~¢ 1'6 

T i m e  ( h o u r s )  

Fig, 4. Quantitation of western blot studies of  GLUT ~ expression by glucose deprived and ruled primary cultures nf  differmt endothelial 
cells (3 blots/endolhebal  cell lype). All values are normalized v, ith respect to GLUTI  expression at r - 0. which is assigned a value of  
IO0~ a and d: brain capillary endothelium; b and e: adrenal capillary endothelium; c and f~ aortic endothellum. Time zero in the right-hand 
graphs represents the time at which the 48 h g lucu~ deprived cultures were r¢l~'d with [ I mM glucnse. ° : P < 0.05. " ": P < 0.0 I, Ng: 
not significant. 



264 

3.3 Ghlcose tral~sport~r proteit: i,te'rtction by glucose 
deprit.ation 

Studies of GLUTI expression by these different 
cell cultures were conducted to correlate measure- 
ments of glucose transporter activity with transporter 
dcn,~ity. Fig. 3 demonstrates three representative 
Western blot studies of GLUTI expression by pri- 
mary cultnres of brain capdlary, adrenal capillary, 
and aortic endothclium during glucose deprivation 
and refeeding, in addition to their non-stressed con- 
trols. These autoradiographs demonstrate that all three 
cultures increase their GLUTI expression during glu- 
cose deprivation, and return to control values tbllow- 
ing refeeding. Baseline GLUTI expression by all 
three endothelial cell cultures generally varied some- 
what from the level at 0 h (Fig. 3). hence data from 
multiple studies were combined to quantitate statisti- 
cal significance, 

All Western blots of glucose-deprived endothelial 
cells demonstrated an additional, lower molecular 
weight band reactive with anti-GLUTI antisera (Fig. 
3), This finding was consistent in all of these studies, 
although the degree to which the second band ap- 
peared varied somewhat from study to study. This 
finding has been reported in other studies of this type 
[29!, and has been postulated to represent accumula- 
tion of a poorly glycosylated pool of GLUT1 protein, 
possibly due to the lack of substrate present under 
glucose.-deprived exl~rimental conditions. This lower 
molecular weight band generally disappears follow- 
ing glucose refeeding (Fig. 3), further supporting this 
hypothcsis. 

Autoradiographs from three separate primary cul- 
ture studies (for each endothelial cell type) were 
cclmbined per figure, as shown in Fig. 4. The induc- 
tiGn of GLUTI begins within 12 h in the cultures of 
adrenal and aortic endothelia, but the brain endothe- 
lial cells require an additional 12 h before this change 
is evidenced (Fig. 4a,b,c). Differences between con- 
trol and experimental groups of brain endothelial 
cells (Fig. 4a) were not statistically s~gnificant at 12 
nor 24 h. In adrenal capillary, endothelial cells the 
dit~rences were statistie:tlly significant at 24, 36. and 
48 h (Fig, 4b). Differences in aortic endothelial cul- 
tures (F;.g. 4c) were statistically significant at 12. 24, 
36. and .1.8 h. These comparative behaviors correlate 
with similar differences in the kinetics of induction of 
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glucose transporter activity in these cultures. How- 
ever, the quantitative Western blot data for refeeding 
of 48 h glucose deprived cultures differed somewhat 
from the 2-deoxy-glucose uptake observations of tbese 
cells. The brain capillary and adrenal capillary en- 
dothelial cultures (Fig. 4d,e) retained their elevated 
GLUTI expression for up to 24 h following refeed- 
ingo whereas the aortic cultures GLUTI expression 
returned to contral values within 12 h (Fig. 4f). 
Differences between experimental and control values 
in brain endothelial cell cultures (Fig. 4d) were sig- 
nificant at 12 and 24 h, but no longer at 36 h 
following refeeding. Adrenal endothelial cells showed 
a similar lag in return to control values after refeed- 
ing, unlike the relatively rapid suppression of glucose 
transporter activity (see Fig. 2e). The differences 
between control and experimental groups of adrenal 
endntbetium (Fig. 4e) were statistically significant at 
12 and 24 h. but no longer at 36 h The results of 
GLUTI suppression during refeeding correlated well 
with the studies of transporter activity in aortic en- 
dothelial cells. Differences between control and ex- 
perimental groups in aortic endothelial studies (Fig. 
4c) were not statistically significant at 12 h, indicat- 
ing a rapid return to control levels of GLUT1 expres- 
sion. 

In contrast to the studies of 2-DG transport induc- 
tion, the brain endothelial cell cultures demonstrated 
near 200% increase in GLUTI expression during 
glucose deprivation. A possible explanation for the 
discrepancy between 2-DG transport and GLUTI 
expression increases is discussed later. By compari- 
son, the adrenal and aortic endothelial cell ealtures 
exhibited increases in GLUTI expression during glu- 
cose deprivation of 220% and 120%, respectively. 

4. Discussion 

The reversible induction of glucose transport activ- 
ity and GLUTI expression during glucose depriva- 
tion demonstrated in these studies is not unique to 
cultured brain capillary endothelial cells. Indeed, all 
endothelial cell cultures in this study demonstrated 
this behavior, as have numerous other cell culture 
systems [23.29-31]. Takakura et el, [15] have shown 
a similar induction of glucose transport and GLUTI 
by glucose deprivation in cultured brain capillary 
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endothelium. Using 3-O-[ 3H]methyl-D-glucose (3MG) 
these authors showed that at least 12 h were required 
to observe a significant increase in 3MG uptake after 
glucose starvation and that the response was depen- 
dent upon protein synthesis. After 48 h the increase 
in 3MG uptake was 81%, somewhat higher than the 
value of 55% found for 2-DG in the present study. 
Refeeding returned 3MG uptake to control levels 
within 48 h. as in the present study. Takakura et el. 
[15] also analyzed the response to glucose stravation 
of GLUT1 expression. 24 h were required to observe 
a significant increase in GLUT1 expression, which 
reached a maximum increase of 57% after 36 h. This 
relative increase in GLUTI expression contrasts with 
the values found in the present study of 1309.- at 36 h 
and 175% at 48 h (see Fig. 4a). The differences could 
be due to the different techniques employed to mea- 
sure GLUTI expression levels. Not all the GLUTI 
measured by the Western b!ot may necessarily be 
active, or on the membrane at all. Our samples were 
whole cell preparations and thus, if there ,s any 
OLUTI confined to intracellular compartments, it 
will be raising the Western blot estimates of trans- 
porter density. In fact, it has been shown th'.. brain 
endothelial cells in situ have 40% of their total cell 
glucose transporter in cytoplasmic compartments [32]. 
This may also explain why the changes in GLUTI 
expression levels found in this study are, greater than 
those seen in 2-DG transport after glucose depriva- 
tion. 

Our main interest was to comrare the regulation of 
glucose transport in brain cap!linty endothelium with 
that of eatracerebral capillafes, in response to changes 
in extraeellular glucose concentration. The results 
show that the induction of 2-DG uptake and GLUTI 
expression in adre,ml and aortic cultures were consis- 
tently more rapid than in brain endothelial cell cul- 
tures. Duriug glucose deprivation, adrenal and aortic 
endotbehal cells exhibit measurable increases in 2-DG 
and GLUTI expression within 12 h, whereas brain 
endothelial cells require 12 h longer (Figs. 2-4). The 
return of 2-DG uptake to control values during 
refeeding was similarly slower in brain endothelial 
when compared with the extracerebral endothelial 
cell cultures (Fig. 2). The return of cultured brain 
endothelial GLUT1 expression to control levels also 
differed from the trends observed in the extracerebral 
endothelial cells, requiring 12-24 additional hours 
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(Fig. 4). Thus, it appears that cultured brain endothe- 
lial cells differ from the other cultured cell systems in 
demonstrating relatively slow response of measurable 
GLUTl induction and supression. There are several 
possible explanations for these differences. The rapid- 
ity with which adrenal and anrtic endothe|ia induce 
glucose transport and GLUTI compared with brain 
endothelia may reflect different levels of glycolysis 
by the cell cultures. Evidence exists that glucose-6 
phosphate tG6P), a direct product of the glycolytic 
pathway, plays a central role in the signalling of 
cytosolic glucose levels within ceils [291. Differing 
glycolytic activities may thus be expressed as the 
time lag observed for cultured brain endothelial cells 
to begin the synthesis of additional glucose transport 
protein. If brain endothelial cultures metabolize exist- 
ing G6P stores at a slower rate than the adrenal or 
aortic cultures, G6P depletion may occur more slowly, 
thus accounting for the observed time delay in these 
studies. Another possible explanation involves the 
higher level of baseline glucose transport activity in 
the cultured brain endothelial cells when compared 
with the adrenal and aortic cultures. The detection 
and synthesis of new glucose ~ransport protein may 
well occur at similar rates in all three cultured en- 
dothelial cells; however, the greater baseline level of 
glucose transport activity in the brain cultures may 
make it such that detecting a measurable increase 
requires more time, because the proportional increase 
in these cells is smaller. The different kinetics of 
glucose transport and GLUTI induction in these cell 
cultures may also reflect distinct rates of GLUT1 
synthesis and degradation. Further studies are re- 
quired to determine if a different half life for synthe. 
sis and/or degradation of the brain endothelial 
GLUT1 protein accounts for the observed differ- 
ences, or if differences in glycolytic activity or base- 
line GLUTI activity are responsible. 

The larger question remains how this study might 
relate to these processes in vivo. The degree of 
glucose transporter activity increase in the brain cap- 
illary endothelial cultures is equivalent to the brain 
glucose uptake observed in vivo under hypoglycemia 
[14]. Furthermore, this increase required 2-3 days to 
come about. In comparison, studies of glucose depri- 
vation in cultured neuronal cells have shown a rapid 
increase in transporter activity and expression [23,33], 
which behave more like the adrenal and aortic en- 
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dolhelial cell  cultures in this study. Thus  it appears  
that in vivo and in vitro, brain capillary, endothel ial  
cel ls  exhibit  a relat ively slow induction o f  g lucose  
transport during glucose deprivation,  It is possible 
that given the high capaci ty  o f  the B B B  sys tem and 
the high affinity for  glucose o f  the neuronal trans- 
porters, that ]t is not  necessary to upregulate  the 
former  by a large amount  or rapidly during glucose 
starvation. Thus,  the modera te  upregulat ion seen in 
the cultured eodothel ium may  well  represent  the fact 
that these  cells are maximal ly  or near -maximal ly  
upregulated in vivo, 
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