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Role of the GLUT1 Glucose Transporter in 
Postnatal CNS Angiogenesis and Blood-Brain 
Barrier Integrity
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Cindy Casteels, Gino De Smet, Ilse Smolders, Koen Van Laere, E. Dale Abel, Sarah-Maria Fendt, Aileen Schroeter,  
Joanna Kalucka, Anna Rita Cantelmo, Thomas Wälchli, Annika Keller, Peter Carmeliet, Katrien De Bock

RATIONALE: Endothelial cells (ECs) are highly glycolytic and generate the majority of their energy via the breakdown of glucose 
to lactate. At the same time, a main role of ECs is to allow the transport of glucose to the surrounding tissues. GLUT1 (glucose 
transporter isoform 1/Slc2a1) is highly expressed in ECs of the central nervous system (CNS) and is often implicated in blood-
brain barrier (BBB) dysfunction, but whether and how GLUT1 controls EC metabolism and function is poorly understood.

OBJECTIVE: We evaluated the role of GLUT1 in endothelial metabolism and function during postnatal CNS development as 
well as at the adult BBB.

METHODS AND RESULTS: Inhibition of GLUT1 decreases EC glucose uptake and glycolysis, leading to energy depletion and the 
activation of the cellular energy sensor AMPK (AMP-activated protein kinase), and decreases EC proliferation without affecting 
migration. Deletion of GLUT1 from the developing postnatal retinal endothelium reduces retinal EC proliferation and lowers 
vascular outgrowth, without affecting the number of tip cells. In contrast, in the brain, we observed a lower number of tip cells 
in addition to reduced brain EC proliferation, indicating that within the CNS, organotypic differences in EC metabolism exist. 
Interestingly, when ECs become quiescent, endothelial glycolysis is repressed, and GLUT1 expression increases in a Notch-
dependent fashion. GLUT1 deletion from quiescent adult ECs leads to severe seizures, accompanied by neuronal loss and CNS 
inflammation. Strikingly, this does not coincide with BBB leakiness, altered expression of genes crucial for BBB barrier functioning 
nor reduced vascular function. Instead, we found a selective activation of inflammatory and extracellular matrix related gene sets.

CONCLUSIONS: GLUT1 is the main glucose transporter in ECs and becomes uncoupled from glycolysis during quiescence in a 
Notch-dependent manner. It is crucial for developmental CNS angiogenesis and adult CNS homeostasis but does not affect 
BBB barrier function.

GRAPHICAL ABSTRACT: A graphical abstract is available for this article.
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To grow as well as to sustain a healthy life, tissues 
require optimal delivery of oxygen and nutrients. These 
are transported throughout the body by an ingenious 

network of blood vessels, formed by aligned endothelial 
cells (ECs). Oxygen and nutrient scarcity triggers tissue 
vascularization and to meet metabolic needs of growing 

In This Issue, see p 449

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.119.316463
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0001-8232-4663
https://www.ahajournals.org/doi/10.1161/CIRCRESAHA.119.316463
https://circres.ahajournals.org/content/127/4/449


ORIGINAL RESEARCH
Veys et al GLUT1 in Angiogenesis and BBB Integrity

Circulation Research. 2020;127:466–482. DOI: 10.1161/CIRCRESAHA.119.316463 July 31, 2020  467

tissues, ECs form new blood vessels from existing ones in 
a process called angiogenesis.1,2 During sprouting angio-
genesis, a migrating tip cell leads the new sprout into the 
oxygen/nutrient scarce area. This tip cell will instruct its 
neighboring cells to proliferate and form the new vessel 
tube, thereby adopting a stalk cell phenotype.1,2 Ultimately, 
restoration of oxygen/nutrient delivery occurs upon fusion 
of 2 sprouts, ECs subsequently become quiescent again 
and a mature vessel is formed.1,2 Once this has happened, 
enhanced nutrient demand by tissues require an appropri-
ate increase in nutrient transport across the endothelium. 
Remarkable organotypic heterogeneity exists in nutrient 
preference and how nutrients are exchanged between the 
blood and tissues: tissues such as the heart and brown 
adipose tissue require fatty acids, whereas the brain and 
the exercising muscle favors glucose as main energy 

Nonstandard Abbreviations and Acronyms

AMPK AMP-activated protein kinase
BBB blood-brain barrier
CA1 cornu ammonis 1
CA3 cornu ammonis 3
CD206  cluster of differentiation 206, macro-

phage mannose receptor
CDH5 vascular endothelial cadherin
CI contact inhibited
CLDN5 claudin-5
CNS central nervous system
DAPT  γ-secretase inhibitor N-[N-(3,5-

difluorophenacetyl)-L-alanyl]-S-phenylg-
lycine t-butyl ester

Dll4 delta-like 4
EC endothelial cell
EdU 5-ethynyl-2’-deoxyuridine
Erg ETS-related gene
GLUT1 glucose transporter isoform 1
KLF2 Krüppel-like factor 2

Novelty and Significance

What Is Known?
• Endothelial cells (ECs) are highly glycolytic and inhi-

bition of endothelial glycolysis impairs developmental 
and pathological angiogenesis.

• ECs within a mature vessel need to tightly balance glu-
cose consumption to fuel their own metabolism with 
glucose transport to supply the surrounding tissues.

• The GLUT1 (glucose transporter isoform 1) glucose 
transporter is highly expressed in intact quiescent 
blood-brain barrier (BBB) ECs and lower GLUT1 levels 
in ECs impairs glucose transport in GLUT1 deficiency 
syndrome and is often implicated in BBB dysfunction.

What New Information Does This Article  
Contribute?
• GLUT1 is the main glucose transporter in ECs, controls 

endothelial glycolysis, and inhibition of GLUT1 leads to 
energy depletion and lower proliferation in vitro, as well 
as impaired retinal and brain angiogenesis in vivo.

• In quiescent ECs, Notch represses PFKFB3 (6-phos-
phofructo-2-kinase/fructose-2,6-biphosphatase 3) 
and glycolysis, while at the same time increasing 
GLUT1 expression, and as such uncouples glucose 
transport from glycolysis.

• GLUT1 deficient mice have a phenotype similar to the 
human GLUT1 deficiency syndrome including seizures 
but characterized by an activated expression of inflam-
matory genes.

ECs are highly glycolytic and inhibition of endothelial 
glycolysis impairs angiogenesis. Quiescent ECs within 
a mature vessel are also—although less—glycolytic but 
need to tightly balance glucose consumption for gly-
colysis with glucose transport to surrounding tissues. 
The GLUT1 glucose transporter is highly expressed 
in quiescent BBB ECs and controls glucose transport 
over the BBB, however, it was not known whether 
GLUT1 controls endothelial metabolism and func-
tion. We found that GLUT1 is the main glucose trans-
porter in ECs. Inhibition of GLUT1 leads to lower 
glycolysis, energy depletion, activation of the energy 
sensor AMPK, and lower proliferation in vitro, as well 
as impaired retinal and brain angiogenesis in vivo. 
Also, GLUT1 expression increases in quiescent ECs 
in a Notch-dependent manner. Notch also represses 
PFKFB3 and glycolysis in quiescent ECs, and thus 
uncouples glucose transport from glycolysis. Finally, 
during adulthood—when ECs are quiescent—GLUT1 
deficient mice develop a phenotype reminiscent of 
the human GLUT1 deficiency syndrome, characterized 
by seizures. Endothelial GLUT1 deletion did, however, 
not compromise brain vascular function, BBB barrier 
function, and other molecular key regulators of BBB 
function. Instead, we found that GLUT1 deficiency 
activated an inflammatory gene signature.

PFKFB3  6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase 3

VEGF vascular endothelial growth factor
WT wild-type
ZO1 zonula occludens 1
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substrates.3 Also, while some vascular beds like the liver 
sinusoidal endothelium passively allow passage of nutri-
ents across discontinuous fenestrated permeable endo-
thelium, other beds like the brain endothelial lining need 
to actively control nutrient transport across a continuous 
nonfenestrated tightly sealed endothelium.4

Besides allowing nutrient transport, ECs require nutrients 
to fuel their own metabolism. ECs possess special metabolic 
characteristics and generate the majority of their energy from 
the glycolytic breakdown of glucose to lactate.5,6 Conse-
quently, reducing EC glycolysis through deletion of PFKFB3 
(6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3) 
reduces tip cell migration and stalk cell proliferation.5 Further-
more, ECs are unique because they remain highly glycolytic 
even under quiescent conditions when other cell types pre-
fer more efficient energy production via oxidative phosphory-
lation.7 Glucose enters ECs via facilitated diffusion through 
GLUT1 (glucose transporter isoform 1, encoded by the Glut1/
Slc2a1 gene). Mimicking angiogenic conditions in vitro through 
stimulation with VEGF (vascular endothelial growth factor) 
increases GLUT1 and glycolysis.5,8 Moreover, highly angio-
genic tumor ECs are hyper-glycolytic and have increased Glut1 
expression,9 whereas mice carrying a heterozygous deletion of 
Glut1 have reduced brain vascular density.10 This suggest that 
GLUT1 expression is coupled to EC glycolysis during angio-
genesis and consequently controls angiogenesis.

In contrast with angiogenic ECs, ECs within a mature ves-
sel need to tightly balance glucose transport to supply the 
surrounding tissues with glucose consumption to fuel their 
own glycolytic metabolism. How GLUT1 controls glucose 
transport/metabolism seems to be highly organ-dependent. 
In particular, endothelial Glut1 (EC-GLUT1) levels at the 
blood-brain barrier (BBB) are much higher when compared 
with other organs.11 Also, patients with inactive GLUT1, such 
as in GLUT1 deficiency syndrome, have reduced glucose 
transport over the BBB and are clinically diagnosed by lower 
glucose levels in the cerebrospinal fluid.12 These patients 
have infantile-onset seizures, delayed neurological develop-
ment, acquired microcephaly, and movement disorders.12,13 
While these data emphasize the crucial role for GLUT1 in 
glucose transport over the BBB, it is far less understood 
whether GLUT1 also controls the import of glucose, required 
to sustain EC metabolism and thus EC function at the BBB. 
Interestingly, lower GLUT1 levels have been associated to 
microvascular impairment and BBB dysfunction in patients 
with Alzheimer14 and lowering GLUT1 levels exacerbated 
Alzheimer disease in mice.15 However, studies using Glut1 
haploinsufficient mouse models have provided conflicting 
evidence concerning the role of GLUT1 in maintaining the 
physical integrity of the BBB.10 Moreover, it is not known 
whether altering GLUT1 levels also affects the expression of 
other BBB-specific genes such as specialized nutrient and 
essential molecule transporters. We thus set out to inves-
tigate the role of GLUT1 in EC metabolism and function, 
during developmental central nervous system (CNS) angio-
genesis as well as in the adult brain.

METHODS
A detailed Methods section can be found in the Data 
Supplement. Please see the Major Resources Table in the Data 
Supplement.

The authors declare that the majority of supporting data are 
presented within this article and in the Data Supplement. Data 
that are not directly available are available from the correspond-
ing author upon reasonable request.

All sequencing data are deposited in the Gene Expression 
Omnibus database under accession code GSE141924 and 
GSE141923.

RESULTS
GLUT1 Controls Glucose Uptake and Glycolysis 
in ECs
To study GLUT1 in EC glucose metabolism in vitro, we used 
the highly selective GLUT1 inhibitor BAY-876 (N4-[1-[(4-
cyanophenyl)methyl]-5-methyl-3-(trifluoromethyl)-
1H-pyrazol-4-yl]-7-fluoro-2,4-quinolinedicarboxamide).16 
BAY-876 dose-dependently inhibited 14C-3-O-methylglu-
cose transport into a brain-derived EC line (bEND3; Figure 
IA in the Data Supplement) reaching near complete inhibi-
tion at 20 nmol/L. This inhibition was similar to the reduc-
tion obtained using pan-GLUT inhibition by cytochalasin B 
(Figure 1A). This indicates that GLUT1 is a main glucose 
transporter and that other GLUTs do not compensate for 
loss of glucose transport capacity upon GLUT1 inhibition. 
To confirm that GLUT1-dependent glucose transport is 
required for endothelial glycolysis, we measured glycolytic 
flux by assessing 3H-labelled water production originating 
from D-[5-3H(N)]-glucose. GLUT1 inhibition completely 
abrogated glycolysis to a similar extent as cytochalasin B 
(Figure 1B). Consistently, GLUT1 inhibition reduced gly-
colysis in human brain microvascular and human retinal 
microvascular ECs (Figure 1C), as well as in ECs isolated 
from human brain under different pathological conditions, 
including glioblastoma patients (World Health Organiza-
tion grade IV astrocytoma ECs), temporal lobectomy, and 
amygdalohippocampectomy (Figure IB in the Data Supple-
ment). Finally, inhibition of GLUT1 reduced the abundance 
of glycolytic metabolites (Figure 1D).

Since ECs generate most of their ATP via glycolysis,5 
we wondered whether GLUT1 inhibition lowered energy 
availability. GLUT1 inhibition increased the AMP/ATP 
ratio, leading to activation of AMPK (AMP-activated 
protein kinase), a main cellular energy sensor which 
couples cell growth and proliferation to energy availabil-
ity17 (Figure 1E and 1F). AMPK activation coincided with 
the inhibition of protein synthesis, illustrated by reduced 
phosphorylation of mTORC1 (mammalian target of 
rapamycin complex 1) downstream targets S6K1 (S6 
kinase 1) and RPS6 (ribosomal protein S6), as well the 
induction of cell cycle inhibitors p53/p21,18 which are 
known AMPK targets (Figure 1G).
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Figure 1. GLUT1 (glucose transporter isoform 1) inhibition impairs endothelial cell (EC) glucose metabolism and proliferation 
but not migration.
A and B, 14C-3-O-methylglucose (3MG) transport (Kruskall-Wallis test and Dunn multiple comparisons test; A) and glycolytic flux (1-way 
ANOVA and Tukey multiple comparisons test; B) in cells from a brain-derived EC line (bEND3) incubated with 20 nmol/L BAY-876 (N4-[1-[(4-
cyanophenyl)methyl]-5-methyl-3-(trifluoromethyl)-1H-pyrazol-4-yl]-7-fluoro-2,4-quinolinedicarboxamide) and 20 µmol/L cytochalasin B (CYT B) 
vs control. C, Glycolytic flux in human brain microvascular ECs (HBMV ECs) and human retinal microvascular ECs (HRMV ECs) incubated with 20 
nmol/L BAY-876 vs control (Student t test). D, Abundances of glycolytic intermediates in bEND3 cells incubated with (Continued )
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We also tested whether GLUT1 controls glucose 
transport and glycolysis in non-brain ECs, where Glut1 
levels are lower.11 GLUT1 inhibition reduced glucose 
transport and glycolysis in human umbilical vein ECs 
(Figure IC and ID in the Data Supplement) and in pri-
mary mouse ECs isolated from lung and muscle (Fig-
ure IE in the Data Supplement). Thus, GLUT1 is the 
main transporter responsible for glucose uptake in 
cultured ECs from CNS and non-CNS tissues, and 
inhibiting GLUT1 profoundly inhibited the glycolytic 
breakdown of exogenous glucose, leading to AMPK 
activation.

GLUT1 Inhibition Reduces EC Proliferation But 
Not Migration
Since GLUT1 inhibition reduced glycolysis and activated 
AMPK/p53, we wondered whether GLUT1 is required 
for proliferation and migration. In bEND3 cells, GLUT1 
inhibition reduced proliferation by ≈40%, whereas pan-
GLUT inhibition using cytochalasin B almost completely 
blocked proliferation (Figure 1H), suggesting that 
GLUTs transport solutes, other than glucose, to sustain 
proliferation. Interestingly, migration (assessed using 
scratch wound assay) was only mildly delayed upon 
GLUT1 inhibition, whereas it was severely abrogated 
upon cytochalasin B treatment. Parallel treatment with 
the proliferation inhibitor mitomycin C indicated that the 
reduction in wound closure was due to reduced prolif-
eration, showing that GLUT1 inhibition does not impair 
EC migration (Figure 1I). Of note, 48 hours of GLUT1 
inhibition did not affect cell viability, whereas cytocha-
lasin B treatment compromised cell viability (Figure IIA 
in the Data Supplement). These data were confirmed 
in human umbilical vein ECs (Figure IIB through IID in 
the Data Supplement). Lastly, GLUT1 inhibition reduced 
sprouting angiogenesis from human umbilical vein EC, 
human brain microvascular, and human retinal micro-
vascular EC spheroids (Figure 1J and Figure IIE and 
IIF in the Data Supplement), but spheroids in which 
proliferation was blocked by mitomycin C did not show 
impaired sprouting upon GLUT1 inhibition (Figure 1J 
and Figure IIE and IIF in the Data Supplement). Thus, 
GLUT1 is required for EC proliferation, but not migra-
tion during sprouting angiogenesis.

GLUT1 Expression Increases During 
Quiescence
Next, we tested whether GLUT1 is actively regulated 
during induction of quiescence, when ECs change from 
active proliferation and migration to mature, closely 
aligned cells which form an active barrier and allow nutri-
ent transport. In vitro, human umbilical vein ECs grown to 
contact inhibition (CI) function as a model for EC quies-
cence19 (Figure 2A). Quiescent ECs (ie, CI cells) actively 
downregulate glycolysis (Figure 2B) through repressing 
PFKFB3,20,21 which we confirmed (Figure 2C and Fig-
ure IIIA in the Data Supplement). Reduced glycolysis, 
however, remained GLUT1-dependent (Figure 2B). Sur-
prisingly, despite lower glycolysis/PFKFB3, CI cells had 
higher GLUT1 (Figure 2C and Figure IIIA in the Data 
Supplement). Notch is a main regulator of cell quies-
cence and represses glycolysis/PFKFB3 upon CI.5 We 
found that Notch also controls GLUT1 expression, since 
stimulating ECs with the Notch ligand Dll4 (delta-like 4; 
Figure 2D and Figure IIIB in the Data Supplement) as 
well as overexpressing the Notch intracellular domain 
increased GLUT1 (Figure 2E and Figure IIIC in the Data 
Supplement). Moreover, induction of GLUT1 was depen-
dent on γ-secretase activity as treatment with DAPT 
abolished GLUT1 induction (Figure 2D and Figure IIIB in 
the Data Supplement). We also overexpressed the flow-
sensitive transcription factor KLF2 (Krüppel-like factor 
2), which orchestrates a network of genes that promotes 
EC quiescence in response to flow.22 KLF2 also reduces 
EC glycolysis by suppressing PFKFB3,21, but we did not 
find increased GLUT1 protein levels, despite modestly 
increased Glut1 mRNA levels upon KLF2 overexpres-
sion (Figure IIID through IIIE in the Data Supplement). 
This shows that Notch uncouples glycolysis from GLUT1 
levels as soon as quiescence is induced. Based on these 
findings, we evaluated the role of GLUT1 in postnatal 
retinal and brain angiogenesis as well as in maintaining 
EC quiescence.

Loss of EC-GLUT1 Controls Postnatal 
Angiogenesis in Retina and Brain
To study EC-GLUT1 in vivo, we generated endothe-
lial-specific GLUT1 knock-out (GLUT1EC−/−) mice by 

Figure 1 Continued. 20 nmol/L BAY-876 vs control (Student t test or Mann-Whitney U test). E, AMP/ATP ratio in cells from a brain-derived 
EC line (bEND3) incubated with 20 nmol/L BAY-876 vs control (Student t test). F and G, Western blot of p-AMPK (phospho-AMP-activated 
protein kinase), AMPK (F) and p-S6K1 (phospho-S6 kinase 1), p-RPS6 (phospho-ribosomal protein S6), p53, and p21 (G) in bEND3 cells 
incubated with 20 nmol/L BAY-876 vs control (Student t test). H, Proliferation rate of bEND3 cells incubated with 20 nmol/L BAY-876 and 
20 µmol/L CYT B vs control (Kruskall-Wallis test and Dunn multiple comparisons test). I, Representative pictures and quantifications of scratch 
wound closure in bEND3 cells incubated with 20 nmol/L BAY-876 and 20 µmol/L CYT B vs control in conditions with and without mitomycin 
C (mito C) pretreatment (2-way ANOVA and Tukey multiple comparisons test). J, Representative pictures and quantifications of sprouting 
human umbilical vein EC (HUVEC) spheroids incubated with 40 nmol/L BAY-876 vs control in conditions with and without mitomycin C 
pretreatment (2-way ANOVA and Tukey multiple comparisons test). Scale bar=500 µm (I) and 100 µm (J). 3PG indicates 3-phosphoglycerate; 
AMP, adenosine monophosphate; ATP, adenosine triphosphate; DHAP, dihydroxyacetone phosphate; F1,6BP, fructose 1,6-bisphosphate; F6P, 
fructose 6-phosphate; G6P, glucose 6-phosphate; GA3P, glyceraldehyde 3-phosphate; Lact, lactate; PEP, phosphoenolpyruvate; and Pyr, pyruvate. 
*P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.
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intercrossing GLUT1lox/lox mice23 with EC-selective 
Pdgfb.CreERT2 mice24 to generate GLUT1EC−/− mice 
upon tamoxifen treatment. Tamoxifen treatment led to 

an almost complete loss of GLUT1 protein in isolated 
brain ECs (Figure 3A). We confirmed that genetic loss 
of Glut1 severely reduced glycolysis and proliferation in 

Figure 2. GLUT1 (glucose transporter isoform 1) expression is increased in quiescence and uncoupled from glycolysis.
A, Proliferation rate of proliferating (prol) and contact inhibited (CI) human umbilical vein ECs (HUVECs; Student t test). B, Glycolytic flux 
in proliferating (prol) and contact inhibited (CI) HUVECs incubated with 20 nmol/L BAY-876 (N4-[1-[(4-cyanophenyl)methyl]-5-methyl-3-
(trifluoromethyl)-1H-pyrazol-4-yl]-7-fluoro-2,4-quinolinedicarboxamide) vs control (2-way ANOVA and Tukey multiple comparisons test). C, 
Representative image and quantification of Western blot of Notch intracellular domain (NICD), PFKFB3 (6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase 3), and GLUT1 protein levels in proliferating vs contact inhibited HUVECs. β-actin is used as loading control (Student t test). 
D, Representative image and quantification of Western blot of NICD, PFKFB3, and GLUT1 protein levels in HUVECs cultured on BSA or Dll4 
(delta-like 4) coated plates with or without γ-secretase inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT; 20 
µmol/L) treatment (1-way ANOVA and Tukey multiple comparisons test). E, Representative image and quantification of Western blot of NICD, 
PFKFB3, and GLUT1 protein levels in HUVECs with overexpression of NICD vs empty control overexpression vector (pRRL; Student t test). All 
values are normalized to the control condition (C–E). *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.
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isolated ECs (Figure 3B and Figure IVA and IVB in the 
Data Supplement). We subsequently wondered whether 
GLUT1 controls angiogenesis in vivo and focused on the 

developing postnatal retina and brain, because angio-
genesis in these tissues is controlled by EC glycolysis.5 
Neonatal pups were treated with tamoxifen at P1 to 

Figure 3. Loss of EC-GLUT1 (endothelial glucose transporter isoform 1) impairs neonatal retinal angiogenesis.
A, Representative Western blot and quantification for GLUT1 protein in primary isolated brain ECs from GLUT1EC−/− mice vs wild-type (WT) 
littermates (Mann-Whitney U test). B, Glycolytic flux in cultured primary isolated mouse ECs from GLUT1EC−/− mice vs WT littermates (Student t 
test). C, Schematic representation of experimental timing for retina analyses in GLUT1lox/lox×Pdgfb.CreERT2 pups. D and E, Representative pictures 
(D) and quantification (E) of 5-ethynyl-2’-deoxyuridine (EdU+)/ETS-related gene (Erg+) cells in the primary plexus of P5 GLUT1EC−/− pups vs 
WT littermates (Student t test). White arrows (D) indicate EdU+/Erg+ cells. F–H, Representative pictures from IB4 (isolectin griffonia simplicifolia 
B4)-stained flat-mounted retinas from P6 GLUT1EC−/− pups vs WT littermates (F) and quantifications of vascular outgrowth (G) and branch 
point density (H; Student t test). I–K, Representative pictures from IB4-stained retinal tip cells and filopodia from P6 GLUT1EC−/− pups vs WT 
littermates (I) and quantifications of tip cell number (J) and filopodia number per tip cell (K) (Student t test or Mann-Whitney U test). Scale bar=50 
µm (D), 500 µm (F), and 20 µm (I). *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.119.316463
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P3, and retinal angiogenesis was evaluated at P5 and 
P6 (Figure 3C). In agreement with our in vitro observa-
tions, loss of EC-GLUT1 diminished retinal EC prolifera-
tion at P5, measured by the number of EdU+/Erg+ cells 
(Figure 3D and 3E), leading to delayed vascular plexus 
outgrowth and reduced branch point density at P6 (Fig-
ure 3F through 3H). We did not observe a difference in 
the number of tip cells, and the number of filopodia per 
tip cell was even slightly increased (Figure 3I through 
3K), which was surprising since tip cells are highly 
dependent on glycolysis to fuel migration and filopodia 
formation.5 However, these data are consistent with our 
in vitro experiments, showing that GLUT1 is not required 

for EC migration. The absence of any tip cell phenotype 
in the retina prompted us to evaluate whether GLUT1 is 
expressed in the vascular forefront of the developing ret-
ina. Immunohistochemical staining showed that GLUT1 
was abundantly expressed in the hyaloid vessels, but was 
barely detectable in the primary plexus of neonatal (P6) 
mice (Figure IVC in the Data Supplement). Thus, even 
though retinal tip cells are highly glycolytic, they do not 
require GLUT1.

While GLUT1 levels are low in the neonatal retinal 
vasculature, GLUT1 is highly expressed in tip cells and 
filopodia of the developing brain, as shown by GLUT1 
staining on brains from P6 pups (Figure IVD in the Data 

Figure 4. Loss of EC-GLUT1 (endothelial glucose transporter isoform 1) impairs neonatal brain angiogenesis.
A, Schematic representation of experimental timing for brain analyses in GLUT1lox/lox×Pdgfb.CreERT2 pups. B and C, Representative pictures (B) 
and quantification (C) of 5-ethynyl-2’-deoxyuridine (EdU+)/ETS-related gene (Erg+) cells in the primary plexus of P5 GLUT1EC−/− pups vs wild-
type (WT) littermates (Student t test). White arrows (B) indicate EdU+/Erg+ cells. D and H, Representative pictures showing the cortical area and 
a tip cell magnification of IB4 (isolectin griffonia simplicifolia B4)-stained thick brain sections from P6 GLUT1EC−/− pups vs WT littermates (D) and 
corresponding quantifications of vascular length (E) tip cell number (F) filopodia number per tip cell (G) and filopodial length (H) (Student t test or 
Mann-Whitney U test). Scale bar=50 µm (B), 200 µm for upper and 10 µm for lower (D). **P<0.01, ***P<0.001, and ****P<0.0001.
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Supplement). Analysis of the brain vasculature in neona-
tal mice (Figure 4A)25 showed that loss of EC-GLUT1 
reduced the number of EdU+/Erg+ proliferating ECs at 
P5 (Figure 4B and 4C), leading to a diminished vascu-
lar length at P6 (Figure 4D and 4E). We also found a 
striking reduction in the number of tip cells in the brain 
(Figure 4D and 4F), even though the number of filopodia 
per tip cell as well as filopodial length were not affected 
(Figure 4D, 4G, and 4H).

Loss of EC-GLUT1 Leads to Progressive 
Neuronal Loss, CNS Inflammation, and Rapid 
Lethality
In the adult brain, where ECs are quiescent, GLUT1 
regulates glucose transport over the BBB.26 Our obser-
vations, showing that GLUT1 controls postnatal brain 
angiogenesis, prompted us to evaluate whether GLUT1 
also controls EC metabolism and function during adult-
hood. Indeed, endothelial Glut1 expression is higher in 
brain when compared with other murine organs (Fig-
ure 5A).11,27 Also, endothelial Glut1 is higher in adult 
brain when compared with neonatal brains (Figure 5A),27 
a finding reminiscent of increased Glut1 levels upon 
quiescence-mimicking conditions in vitro (described 
above). To study the role of EC-GLUT1 in the adult 
brain independent of developmental effects, we injected 
adult (>8 week-old) mice with tamoxifen to induce EC-
specific loss of GLUT1 and analyzed the mice shortly 
after the first tamoxifen injection (Figure 5B). Consistent 
with GLUT1 deficiency syndrome patient data,12 loss 
of EC-GLUT1 reduced the cerebrospinal fluid/plasma  
glucose ratio (Figure 5C). GLUT1EC−/− mice also devel-
oped a pronounced phenotype, displaying many features 
of the human GLUT1 deficiency syndrome.12 As soon 
as 6 days after the first tamoxifen injection, GLUT1EC−/− 
mice started to show behavioral alterations, character-
ized by reduced spontaneous movement (Figure 5D) and 
lack of explorative behavior. From day 4 after the first 
tamoxifen injection, electrocorticographic abnormalities 
appeared in GLUT1EC−/− mice which were characterized 
by multiple sharp spikes or aberrant spike forms (Fig-
ure 5E). We observed a gradually increased appearance 
of spike-wave complexes on the electrocorticography of 
GLUT1EC−/− mice ultimately leading to clear epileptic sei-
zures or status epilepticus. This confirms previous obser-
vations showing that loss of brain EC-GLUT1 suffices to 
induce epileptic seizures28 and underscores the critical 
role of EC-GLUT1 in brain metabolism. We counted the 
number of neurons in the cerebral cortex and in the hip-
pocampus, a region particularly susceptible to seizure-
associated damage.29 Loss of EC-GLUT1 did not affect 
neuronal density up till day 9 and 10 (Figure VA through 
VF in the Data Supplement), but we detected pycno-
sis of neuronal nuclei and progressive loss of neurons 
in some hippocampal (ie, cornu ammonis 1 [CA1] and 

CA3) but not all (hippocampal dentate gyrus and cortex) 
brain areas from mice at ≥13 days after the first tamoxi-
fen injection (Figure 5F through 5K). Interestingly, brains 
from GLUT1EC−/− mice also displayed microgliosis and 
astrogliosis at day 8 to 10, indicating a state of inflam-
mation and loss of CNS homeostasis that preceded neu-
ronal loss (Figure 5L through 5M). Despite widespread 
brain inflammation, we did not observe increased recruit-
ment of CD206+ (cluster of differentiation 206, macro-
phage mannose receptor) macrophages nor increased 
levels of circulating VEGF (Figure VG and VJ in the 
Data Supplement). Few days later, the health status of 
GLUT1EC−/− mice worsened progressively as they lost 
body weight (−15.8%±1.2% at day 12; P<0.05; n=17). 
Mice rapidly died within 3 weeks after the first tamoxi-
fen injection (Figure 5N).

Loss of EC-GLUT1 Does Not Impair Vascular 
Function nor BBB Physical Barrier Properties
Against this background, we continued to study whether 
acute loss of EC-GLUT1 also affects brain EC function 
and analyzed the structure and function of the capil-
lary network in GLUT1EC−/− mice at day 7 and 8 when 
electrocorticographic abnormalities are already pres-
ent (Figure 6A). Vessel density in the cortex (Figure 6B 
and 6C) and hippocampal areas (Figure VIA through 
VIF in the Data Supplement) was not affected. Assess-
ment of cerebral blood flow and cerebral blood volume 
using functional magnetic resonance imaging revealed 
a 21% increase (though nonsignificant) in cerebral 
blood flow in GLUT1EC−/− mice, which was accompanied 
by an increased cerebral blood volume (Figure 6D and 
6E). The latter suggests that the vasodilatory response 
to increased brain activity was preserved in GLUT1EC−/− 
mice. In addition, vascular reactivity in response to the 
blood vessel dilator acetazolamide (Diamox),30 expressed 
as a percentage of baseline cerebral blood volume, was 
not affected in GLUT1EC−/− mice (Figure 6F).

Subsequently, we evaluated BBB integrity through 
assessment of vessel permeability. First, we did not detect 
any increase in brain water content in GLUT1EC−/− mice 
compared with wild-type (WT) littermates (Figure 7A). 
Second, there was no accumulation of Evans Blue in the 
brain (Figure 7B) and spectrophotometric analysis of for-
mamide brain extracts confirmed that this dye—otherwise 
detectable in WT mice injected with mannitol as a BBB-
permeabilizer—was almost undetectable in both WT 
and GLUT1EC−/− mice (Figure 7C). Third, we also stud-
ied whether loss of EC-GLUT1 altered the expression 
or morphology of BBB tight junctions. Immunostainings 
for ZO1 (zonula occludens 1) or CLDN5 (claudin-5) did 
not indicate reduced expression of these proteins in the 
BBB vessels (Figure 7D through 7G). Moreover, FACS 
sorted brain ECs from GLUT1EC−/− and WT mice had 
comparable protein levels of ZO1, OCLN (occludin), and 
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Figure 5. Loss of EC-GLUT1 (endothelial glucose transporter isoform 1) leads to progressive neuronal loss, central nervous 
system (CNS) inflammation, and rapid lethality.
A, Endothelial Glut1 expression levels (transcripts per million [TPM]) in adult mouse brain ECs, cultured brain ECs and ECs from brain, kidney, liver 
and lung from P7 pups as described in the Vascular Endothelial Cell Trans-omics Resource Database (VECTRDB).27 B, Schematic representation 
of experimental timing for brain vascular analyses in GLUT1lox/lox×Pdgfb.CreERT2 mice. C, Cerebrospinal fluid (CSF)/plasma glucose ratio in 
GLUT1EC−/− mice vs wild-type (WT) littermates (Student t test). D, Quantification of spontaneous movement in GLUT1EC−/− mice vs (Continued )
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CLDN5, whereas CDH5 (vascular endothelial cadherin) 
levels showed a minor decrease (Figure 7H). Recogniz-
ing that the above described experiments may not detect 
subtle BBB alterations, we also examined BBB integ-
rity by using the low molecular weight tracer gadolinium 
(Gd)-DOTA (0.5 kDa). Dynamic contrast-enhanced mag-
netic resonance imaging on Gd-DOTA injected animals 
confirmed that BBB integrity was preserved in GLU-
T1EC−/− mice (Figure 7I). Thus, loss of GLUT1 in ECs dur-
ing adulthood does not lead to acute alterations in EC 
junctional proteins and vascular permeability nor altera-
tions in vascular autoregulation.

Genetic Alterations Induced by Loss of GLUT1 
in Brain ECs
To further explore how GLUT1 controls EC function, we 
compared transcriptomic alterations induced by loss of 
EC-GLUT1 by performing RNA sequencing analysis on 
freshly isolated ECs from P6 and adult (9 days after first 
tamoxifen injection) WT and GLUT1EC−/− brains (Fig-
ure 8A, Figure VIIA through VIID in the Data Supple-
ment). At P6, 447 genes were differentially expressed 
between WT and GLUT1−/− ECs. Subsequent gene set 
enrichment analysis showed that within the most differ-
entially expressed pathways, several ones were related 
to p53, confirming our in vitro observations (Figure 8B). 
Moreover, we did not find consistent alterations in the 
expression of previously published tip/stalk cell marker 
genes27 nor genes involved in angiogenesis such as 
VEGF, Notch, Sonic Hedgehog, SoxF, angiopoietin, 
and Wnt signaling31 (Figure 8C and 8D), suggesting 
that GLUT1 controls neonatal angiogenesis via limiting 
endothelial energy supply rather than affecting molecular 
pathways involved in developmental angiogenesis.

In adult brain ECs, 1494 genes were differentially 
expressed between WT and GLUT1−/− ECs (Figure 8A) 
but there was no compensatory upregulation of other 
GLUTs (Figure 8G). Interestingly, gene set enrichment 
analysis revealed that ECs from GLUT1EC−/− mice were 
characterized by a robust activation of inflammatory and 
extracellular matrix pathways (Figure 8B). In fact, also 
at P6, we picked up enrichment of proinflammatory 
pathways, showing that the inflammatory state was not 
restricted to the adult brain. Gene set enrichment analysis 
did not show altered expression of permeability pathways 

nor did we find altered expression in EC-cell junction 
genes (Figure 8B and 8I). We subsequently compared 
our sequencing data to a recently published BBB dys-
functional module, which compiles a set of genes which 
are always (core set; n=54 genes) or often (complete 
set; n=136 genes) altered in mouse models where the 
BBB has been disrupted.32 Loss of EC-GLUT1 did, how-
ever, not activate the expression of the core (n=54) BBB 
dysfunction gene set and only led to a small increase in 
the complete set of genes defining the BBB dysfunc-
tional module (Figure 8E). Further investigation of the 
affected genes within this BBB dysfunctional module 
showed that they belong to extracellular matrix organi-
zation pathways, consistent with their enrichment in the 
gene set enrichment analysis (Figure 8F).

Finally, besides its role as a physical barrier, the 
BBB also acts as a location where active transport of 
metabolites and other compounds takes place as well 
as an enzymatic barrier due to the presence of a vari-
ety of metabolizing enzymes.33–35 We thus compared 
the expression levels of many genes involved in these 
processes,31 however, we failed to observe systematic 
alterations (Figure 8G and 8H). Thus, interfering with a 
crucial function of the BBB—glucose transport—does not 
lead to general BBB dysfunction, but rather activates a 
specific gene set related to, for example, inflammation 
and extracellular matrix amongst others.

ECs display specific metabolic characteristics, the 
most striking being their high rate of glycolytic energy 
production.6,7,36 Interestingly, during angiogenesis, ECs 
upregulate glycolysis even further.5 While GLUT1 is the 
main transporter responsible for endothelial glucose 
uptake, loss of GLUT1 in the retina during postnatal 
development did not affect the number of tip cells nor 
tip cell characteristics. This was surprising, because loss 
of glycolytic regulators5,37 severely impairs retinal tip cell 
formation. We did not observe GLUT1 protein in retinal 
tip cells using immunohistochemistry. In contrast, brain 
tip cells express GLUT1,27,38 and loss of GLUT1 reduced 
tip cell numbers. This difference between the retina and 
the brain is striking and suggests that within the CNS, 
organotypic differences in EC metabolism exist already 
early on in postnatal development.

It is possible that other transporters than GLUT1 medi-
ate tip cell glucose uptake in the postnatal retina. Indeed, 
while Glut1 is by far the most abundantly expressed 

Figure 5 Continued. WT littermates at 1, 3, 5, and 8 days after the first tamoxifen injection (n=3 per group; repeated measures ANOVA with 
Sidak multiple comparisons test). E, Representative electrocorticography (ECoG) excerpts from Cre positive GLUT1lox/lox×Pdgfb.CreERT2 mice, 
monitored by telemetry-ECoG 24 h/day (n=3 per group) showing the baseline ECoG before the first tamoxifen injection and an aberrant ECoG 
4 days after the first tamoxifen injection. F and G, Representative pictures of hippocampal (F) and of cortical (G) NeuN+ (neuronal nuclear 
protein)/DAPI+ neuronal nuclei in GLUT1EC−/− mice vs WT littermates >13 days after the first tamoxifen injection. H–K, Quantifications of the 
number of NeuN+/DAPI+ cells in the cornu ammonis 1 (CA1; H), CA3 (I), dentate gyrus (DG; J), and cortical region (K) in GLUT1EC−/− mice vs WT 
littermates (Student t test). L and M, Representative pictures of Iba1+ microglia (L) and GFAP+ (glial fibrillary acidic protein) astrocytes (M) in the 
hippocampus of GLUT1EC−/− mice vs WT littermates (n=4 per group). Quantifications show % Iba1+ and % GFAP+ area vs WT (n=4 per group; 
Student t test). N, Kaplan-Meier survival curve of GLUT1EC−/− mice vs WT littermates (n=8 per group; Log-rank (Mantel-Cox) test). Scale bar=500 
µm for upper, 50 µm for lower (F), 50 µm (G), 100 µm (L), and 50 µm (M). *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.
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glucose transporter in brain ECs, its expression in ECs 
isolated from other organs is much lower and similar to 
other glucose transporters (data not shown). Nonethe-
less, glycolysis assays in all ECs we tested confirmed the 
dependence on GLUT1 for driving the glycolytic break-
down of glucose imported from the extracellular space. 
An alternative source for glycolytic energy production 
could be glycogen and glycogenolysis could—at least 
temporarily—feed glycolysis, which would allow tip cells 
to migrate into areas where glucose availability is scarce. 
Of note, ECs can store glycogen,39 but whether glycogen 
breakdown occurs during tip cell migration is not known.

Inhibition of GLUT1 selectively impaired prolifera-
tion without changing expression levels of main regu-
lators of developmental angiogenesis nor tip/stalk cell 
genes. Mechanistically, GLUT1 inhibition reduced energy 
availability and activated p53/p21-dependent cell cycle 
arrest, likely due to AMPK activation.18 Interestingly, 

loss of endothelial pyruvate kinase isoform 2, another 
rate-limiting glycolytic enzyme, also activated p53/p21 
though this occurred independent of its kinase activity.38 
This indicates that glycolysis controls EC proliferation via 
multiple checkpoints and highlights the crucial role for 
glycolysis during angiogenesis.

When ECs return to quiescence, one of their main 
functions is to allow optimal nutrient transport to sur-
rounding tissues. While it is well recognized that GLUT1 
is required for glucose transport over the BBB, these 
mechanisms are not well demonstrated in other organs, 
where paracellular diffusion might be sufficient to account 
for transport.26 Moreover, it is an outstanding question 
whether similar mechanisms are involved in the uptake of 
glucose to fuel endothelial metabolism versus the trans-
port of glucose over the endothelial barrier into the brain. 
We found that GLUT1 uncouples from glycolysis in qui-
escent ECs. Indeed, CI increasing Notch activity through 

Figure 6. Loss of EC-GLUT1 (endothelial glucose transporter isoform 1) does not impair brain vascular function.
A, Schematic representation of experimental timing for brain vascular analyses in adult GLUT1lox/lox×Pdgfb.CreERT2 mice. B and C, Representative 
pictures of the cluster of differentiation 105-stained cortical vasculature in adult GLUT1EC−/− mice vs wild-type (WT) littermates (B) and 
quantifications of vascular area (C; Student t test). D–F, Functional magnetic resonance imaging (fMRI) measurements in GLUT1EC−/− mice vs 
WT littermates for assessment of baseline cerebral blood flow (CBF; D), baseline cerebral blood volume (CBV; E), and for the determination of 
vascular reactivity, that is, dynamic CBV in response to the injection of the pharmacological vasodilator acetazolamide (F) (Student t test). Scale 
bar=100 µm (B). *P<0.05.
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Figure 7. Loss of EC-GLUT1 (endothelial glucose transporter isoform 1) does not impair blood-brain barrier (BBB) physical 
barrier properties.
A, Brain water content in GLUT1EC−/− mice vs wild-type (WT) littermates (Student t test). B and C, Representative pictures from brains of Evans 
Blue injected GLUT1EC−/− mice vs WT littermates and 1.4 mol/L mannitol-injected WT littermates as BBB-breaching positive controls (B) and 
quantifications of Evans Blue content from formamide extracted brains (C; Kruskall-Wallis test and Dunn multiple comparisons test). D–G, 
Representative pictures of IB4 (isolectin griffonia simplicifolia B4)- or cluster of differentiation 105-stained cerebral blood vessels in GLUT1EC−/− 
mice vs WT littermates, co-stained with the tight junction marker ZO1 (zonula occludens 1; D) or CLDN5 (claudin-5; E) and quantification of 
vascular (IB4 positive) colocalization analyses with ZO1 (F) and CLDN5 (G) (Student t test). H, Representative Western blots for ZO1, CDH5 
(vascular endothelial cadherin), OCLN (occludin), and CLDN5 protein in primary isolated brain ECs from GLUT1EC−/− mice vs WT littermates 
corrected for gel loading relative to WT (Student t test or Mann-Whitney U test). I, Color coded mean leakage map in GLUT1EC−/− mice (n=7) vs 
WT littermates (n=8) showing relative signal intensity, calculated from dynamic contrast-enhanced magnetic resonance imaging measurements to 
evaluate blood-brain barrier permeability. Scale bar=20 µm (D–E). *P<0.05.
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Notch intracellular domain overexpression or Dll4 stimu-
lation increased GLUT1 expression. The BBB-specific 
regulator Wnt/β-catenin also regulates the expression 
of Glut1.40 Interestingly, EC quiescence coincides with 
reduced glycolytic flux,5,19,21,41 suggesting that the major-
ity of glucose entering quiescent ECs is transported over 
the endothelium and that only a minor fraction is used for 
endothelial metabolism.

GLUT1 has been suggested to have a role in the 
maintenance of BBB integrity, mainly because lower 
GLUT1 levels have been associated to microvascu-
lar impairment and BBB dysfunction in patients with 
Alzheimer.14,42 However, it was not clear whether these 
associations implied causality. Lowering EC-GLUT1 lev-
els in a mouse model of Alzheimer disease worsened 
disease outcome, and this was associated with reduced 
vascular density and BBB leakiness.15 On the contrary, 
previous observations in Glut1 haploinsufficient mice, a 
mouse model of GLUT1 deficiency syndrome, failed to 
confirm BBB dysfunction.10 In agreement with the latter, 
we did not observe loss of vascular barrier function upon 
acute deletion of GLUT1 in ECs, as indicated by the 
absence of vessel permeability to exogenous tracers as 
well as by the similar levels of EC tight junction proteins. 
We also did not observe altered expression of a core 
set of genes described as the molecular fingerprint of a 
leaky BBB.32 Moreover, transcriptional profiling failed to 
show significant alterations in genes implicated in other 
BBB functions including metabolite transporters as well 
as metabolizing enzymes. Furthermore, vascular function 
was normal in GLUT1EC−/− mice. Thus, our data under-
score that reduced accessibility to their preferred meta-
bolic substrate, glucose, does not compromise multiple 
BBB characteristics of ECs and brain vascular function.

Loss of EC-GLUT1 during adulthood led to severe 
seizures accompanied by neuronal injury, CNS inflam-
mation, and rapid lethality. A similar phenotype was 
previously observed upon deletion of β-catenin,43 a well-
known upstream regulator of GLUT1 at the BBB.40 Loss 
of CNS homeostasis in those mice was attributed to loss 
of tight junctional proteins and BBB leakiness. Even 

though enhanced BBB leakiness has been observed in 
several mouse models, it has not consistently resulted 
into the development of overt epileptic insults. For exam-
ple, pericyte deficiency as well as loss of Sonic Hedge-
hog signaling both increase BBB permeability without 
compromising life span.44,45 Of note, BBB permeability 
was not compromised at a time when GLUT1EC−/− mice 
already presented with a clinical phenotype of epileptic 
seizures and have lost >85% of GLUT1 protein content 
in brain ECs (±8 days). This shows that vascular leaki-
ness does not induce epileptic seizures in GLUT1EC−/− 
mice. However, we also observed that at that time, mice 
already display astrogliosis and microgliosis, features that 
could induce BBB dysfunction independent of GLUT1. 
Furthermore, the physical condition of these mice rapidly 
worsens, and we have observed neuronal death at late 
stages. We, therefore, cannot exclude that the BBB will 
become permeable to plasma proteins at later stages, 
but current data do not support that EC-GLUT1 directly 
controls BBB function of brain ECs.

GLUT1 deficiency in brain ECs activated an inflamma-
tory gene signature, in postnatal angiogenic as well as in 
adult quiescent ECs, indicating that it is a consequence 
of GLUT1 deletion independent of EC fate. It remains 
to be elucidated whether upregulation of inflammatory 
pathways in ECs is a primary event induced by loss of 
EC-GLUT1 or is a secondary event caused by gliosis and 
seizures. Interestingly, in contrast to previous observa-
tions using GLUT1 deletion selectively in brain ECs,28 we 
did not observe more CD206+ macrophages at the brain 
vasculature nor changes in circulating VEGF levels. The 
reasons for this discrepancy remain enigmatic and might 
be related to differences in the kinetics of disease pro-
gression, different genetic background of animals, etc. 
Since inflammation at the BBB plays a crucial role in the 
pathogenesis of epilepsy,33,43,46,47 future research should 
reveal whether the observed severe, lethal phenotype 
upon loss of EC-GLUT1 is mediated, at least partially, via 
activating inflammatory pathways within ECs.

Taken together, we show that GLUT1 is the main glu-
cose transporter in ECs and is required for EC glycolysis. 

Figure 8. Transcriptional alterations upon loss of GLUT1 (glucose transporter isoform 1) in brain endothelial cells (ECs).
A, Volcano plots displaying the magnitude of the differential expression between wild-type (WT) and GLUT1EC−/− brain ECs either at P6 (left; n=4 
per genotype) or in adulthood (right; n=3 per genotype). Each dot represents 1 gene that has detectable expression both in WT and GLUT1EC−/− 
brain ECs. Black dots represent genes that are not altered. Differentially expressed genes are labeled in red. The number of differentially 
expressed genes between WT and GLUT1EC−/− brain ECs is shown (inset). FDR-values were calculated using Benjamini-Hochberg method; 
P≤0.01, log ratio ≥0.5). B, Gene set enrichment analysis for both P6 pups (left) or adults (right) showing significantly enriched pathway ranked 
by normalized enrichment score (NES) and P value. Key pathways highlighted in bold include inflammatory pathways (P6 pups and adults), and 
p53 and extracellular matrix signaling in P6 pups and adults respectively. C and D, Differential expression for a selected set of tip cell marker 
genes (C) and angiogenesis related genes (D) at P6 (left column) or in adults (right column) based on criteria defined in the legend box. E, 
Blood-brain barrier (BBB) dysfunctional modules analysis showing the comparison of the average FPKM values of the core (n=54), as well the 
compiled core and adjunct (n=136) genes in WT vs GLUT1EC−/− in adulthood (Student t test). F, Differential expression patterns of extracellular 
matrix related genes including laminins, collagens, serpines, adamts, integrins, matrix cross linkers, and others based on criteria defined in the 
legend box. G, Differential expression patterns of different glucose, amino acids, monocarboxylic acid, ABC, organic anion, and cation transporters 
based on criteria defined in the legend box. H, Differential expression of metabolizing enzymes (CYP450, MAOs, and ALPs) implicated in BBB 
function based on criteria defined in the legend box. I, Differential expression patterns of adherens/tight junctions, gap junctions, and transcellular 
permeability genes implicated in BBB function based on criteria defined in the legend box (n=3 per genotype for adults; n=4 per genotype for P6 
pups). **P<0.01.
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Loss of EC-GLUT1 reduces endothelial energy availabil-
ity and reduces proliferation without affecting migration, 
thereby delaying developmental angiogenesis. Further-
more, in quiescent ECs, GLUT1 becomes uncoupled 
from EC glycolysis and loss of EC-GLUT1 during adult-
hood alters CNS homeostasis leading to epilepsy without 
altering BBB physical barrier properties and the expres-
sion of genes controlling or involved in BBB function.
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