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Abstract

The glucose transporter GLUT1 at the blood-brain barrier (BBB) mediates glucose transport into
the brain. Alzheimer's disease is characterized by early reductions in glucose transport associated
with diminished GLUT1 expression at the BBB. Whether GLUT1 reduction influences disease
pathogenesis remains, however, elusive. Here, we show that GLUT1 deficiency in mice
overexpressing amyloid B-petpide (AB) precursor protein leads to: 1) early cerebral microvascular
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degeneration, blood flow reductions and dysregulation, and BBB breakdown; and (2) accelerated
amyloid p-peptide (Ap) pathology, reduced AP clearance, diminished neuronal activity, behavioral
deficits, and progressive neuronal loss and neurodegeneration that develop after initial
cerebrovascular degenerative changes. We also show that GLUT1 deficiency in endothelium, but
not in astrocytes, initiates the vascular phenotype as shown by BBB breakdown. Thus, reduced
BBB GLUT1 expression worsens Alzheimer's disease cerebrovascular degeneration,
neuropathology and cognitive function suggesting that GLUT1 may represent a novel therapeutic
target for Alzheimer's disease vasculo-neuronal dysfunction and degeneration.

Introduction

The glucose transporter GLUTL1, encoded by SLC2A1, mediates glucose transport into the
brainl: 2. GLUT1 is expressed at the blood-brain barrier (BBB), but not in neurons?: 2,
GLUT1 exists in two isoforms — a 55 kDa isoform in brain endothelial cells and a 45 kDa
isoform in adjacent astrocyte end-foot processes3. The crystal structure of human GLUT1
has been recently reported?. Brain glucose uptake correlates with GLUT1 levels in cerebral
microvessels®/. GLUT1 deficiency is found in patients with epilepsy, movement disorders
and cognitive impairment8. In mice, GLUT1 haploinsufficiency (Slc2al*/~) diminishes
glucose cerebrospinal fluid (CSF) levels and leads to microencephaly® 19. In the zebrafish,
GLUT1 is required for the formation of the BBB11, raising a possibility for its dual role
similar to twofold role of the major facilitator family domain containing 2a (MFSD2A)
transporter, which transports essential fatty acids across the BBB into the brain and regulates
BBB integrity12-14,

Dementia due to Alzheimer's disease (AD) is characterized by progressive metabolic
disturbances!®, neurovascular dysfuction!: 2 and BBB breakdown6. Diminished glucose
uptake in the hippocampus, parietotemporal cortex and/or posterior cingulate cortex in
individuals at genetic risk for AD17:18, positive family historyl®, and/or mild or no cognitive
impairment who develop ADZ0: 21 has been shown by 2-[18F] fluoro-2-deoxy-o-glucose
positron emission tomography (FDG-PET). FDG-PET changes precede brain atrophy and
neuronal dysfunction in humans!® 22 and transgenic AD models23, which may reflect
reductions in BBB glucose transport?425, Reduced GLUT1 levels in cerebral microvessels
were also found in AD26-29, Whether GLUT1 reductions can lead to cerebrovascular
damage contributing to and/or accelerating AD-like neurodegeneration remains, however,
elusive.

To address this question, we crossed transgenic mice overexpressing human amyloid p-
peptide (AB) precursor protein (APPSW/0)30 with GLUT1-deficient Slc2al*/~ mice®. We also
utilized conditional Slc2al ¥/ mice3! to determine the effects of cell-specific GLUT1
deletions from endothelium and astrocytes on the BBB phenotype. We show that GLUT1 is
necessary for the maintenance of proper brain angioarchitecture, cerebral blood flow (CBF)
and BBB integrity, and that GLUT1 reductions in APPSW/0 mice accelerate A accumulation
and lead to progressive neuronal dysfunction, behavioral deficits, neuronal loss and
neurodegeneration that develop after initial cerebrovascular changes. We also show that
GLUT1 deficiency in endothelium, but not in astrocytes, initiates the BBB breakdown. Our
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data suggest that GLUT1 reductions at the BBB play an early pathogenic role in neuronal
demise in an AD-like neurodegenerative process.

Results

Microvascular reductions and diminished cerebral blood flow and glucose uptake in
GLUT1-deficient APPSW/0 mice

Immunofluorescent staining for endothelial-specific Lycopersicon esculentum lectin and
GLUT1 (Supplementary Fig 1a-b) and immunoblotting of brain microvessels
(Supplementary Fig 1c-d), show ~50% reduction in GLUT1 brain endothelial levels in 6
month-old Slc2a1*/~ and Slc2al*/~APPSW/0 mice compared to their respective age-matched
littermate controls (Supplementary Fig 1a-d). There was no difference in GLUT1 levels
between Slc2a1*/+*APPSW/0 and Slc2a1*/+ mice and/or Slc2al*/~APPSW/0 and Slc2al*/~
mice (Supplementary Fig 1a-d).

No alterations in blood glucose were detected in Slc2al*/*, Slc2al*/~, Slc2al*/*APPSWO or
Slc2al*/~APPSW/O mice (Supplementary Fig 1e). In contrast, significant 57% and 70%
reductions in CSF glucose levels and the CSF-to-blood glucose ratios were found in 6-
month-old Slc2a1*/~ and Slc2a1*/~APPSW/0 mice compared to Slc2al™/* littermates
(Supplementary Fig 1e-f). CSF glucose levels were also reduced by ~25% in APPSW/0 mice
despite unaltered GLUT1 BBB levels. Notably, microvascular and CBF reductions, as found
in early disease stage in APP lines32-34 (see Fig 1 below), can both diminish glucose brain
uptake independently of GLUT1 expression by reducing the capillary surface area available
for glucose transport and the flow-dependent delivery of glucose to the brainl 2,
respectively.

To evaluate whether reduced BBB GLUT1 expression affects brain microvascular structure,
we analyzed the length of capillary networks using lectin-positive profiles (as in
Supplementary Fig 1a). We found significant 21% and 16% reductions in capillary length
in 2 week-old Slc2a1*/~APPSW/0 mice in somatosensory cortex and hippocampus,
respectively, when compared to other genotypes, which progress with age as shown by
greater 37% and 33% and 54% and 49% reductions in capillary length in cortex and the
CA1 hippocampal subfield in 1- and 6-month-old Slc2a1*/~APPSW/0 mice compared to
Slc2al™™ littermate controls, respectively (Fig 1a-b). Slc2al*/~ and Slc2al*/*AppSW/0
mice displayed less pronounced microvascular reductions only at a later stage at 6 months of
age (Fig 1la-b).

To find out whether brain capillary reductions determined by ex vivo histologic
quantification reflect a perfusion deficit in vivo, we utilized in vivo multiphoton microscopy
following injection of a fluorescein-conjugated dextran vascular tracer (MW: 70,000 Da) to
generate 3D 0.5 mm Z stack cortical angiograms. Analysis of angiograms revealed 32%,
26% and 48% reductions in perfused cortical capillary length in 6-month-old Slc2al*/~,
Slc2al**APPSWO or Sic2a1*/~APPSW/0 mice compared to age-matched Slc2al*/*+
littermates, respectively (Fig 1c-d), suggesting that diminished BBB GLUT1 expression or
APP overexpression is sufficient to reduce brain capillary density resulting in a perfusion
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deficit, but when acting together they exert strong synergistic effect causing early loss of
brain capillaries at 2 weeks of age as shown in Slc2al*/~APPSW/0 mice.

As regional brain capillary density closely correlates with regional CBF1, we next evaluated
whether brain capillary reductions lead to diminished resting CBF. 14C-iodoantipyrine
quantitative autoradiography revealed approximately 39% and 37% reductions in cortical
and hippocampal blood flow in 1-month-old Slc2al*/~APPSW/0 mice, respectively, when
compared to other genotypes (Fig 1e-f). Slc2al*/~ and Slc2al*/*APPSW/0 mice did not
show reductions in cortical and hippocampal blood flow at 1 month of age. Within 6
months, however, both Sic2a1*/~ and Slc2al*/*APPSW/0 mice developed significant 36%
and 31% and 36% and 30% reductions in cortical and hippocampal blood flow that were less
pronounced compared to 50% and 45% reductions found in Slc2al*/~APPSW/0 mice,
respectively (Fig 1le-f). Hemodynamic and physiologic parameters which may influence
CBF including mean arterial blood pressure, respiratory rate, heart rate, blood pH, arterial
PCO, and arterial PO, did not significantly differ among Slc2a1*/*, Slc2al*/~,
Slc2al**APPSW/O or Slc2al*/~APPSW/0 mice on the same mixed genetic background
(Supplementary Fig 2a-i).

Laser Doppler flowmetry studying functional hyperemic responses to whisker-barrel
vibrassal stimulation revealed early and significantly greater age-dependent reductions in
CBF responses in 1 month old Slc2a1*/~APPSW/0 mice compared to Slc2a1*/~ and
Slc2al*/*APPSW/O mice that both develop less pronounced changes beginning at 6 months
of age (Fig 1g). No changes in CBF responses were observed in Slc2al*/* littermates.
Collectively, these data show that both resting CBF and CBF responses are impaired early in
animals with diminished GLUT1 function in the presence of the APP transgene, and are
further worsened with age compared to either GLUT1-deficient mice or APP SW/0 mice
alone.

The autoradiography analysis with 2[14C]-deoxyglucose (2-DG) indicated diminished 2DG
uptake by ~32-36% and 26-30% in the cortex and hippocampus (Fig 1h) and other brain
regions (Supplementary Table 1) at an early stage in Sic2a1*/~ and Slc2al*/~APPSW/0
mice suggesting that reduced glucose BBB transport leads to reduced brain glucose levels.

GLUT1 deficiency leads to early blood-brain barrier breakdown

GLUT1 reductions result in BBB breakdown in the developing zebrafish!! and in vitro BBB
models3°. To examine whether similar relationship exists in the adult mammalian brain, we
next sought to characterize BBB integrity through leakage of endogenous plasma proteins,
such as fibrin and immunoglobulin G (IgG), in Slc2a1*/~ mice. Young 2-week-old
Slc2al™/~ mice demonstrated gross microvascular leakage and extravascular accumulation
of circulating fibrin and immunoglobulin G (1gG) with 10-fold and 11-fold increases
compared to control age-matched Slc2al*/* littermates, respectively (Fig 2a-c). A much
smaller but statistically significant 1.5 and 2-fold increase in extravascular fibrin and 1gG
was observed in 2-week-old Slc2al*/*APPSW/0 mice compared to age-matched Slc2al*/+
controls (Fig 2a-c) consistent with previous findings demonstrating early cerebral
microvascular changes and BBB breakdown in APPSW/ mice prior to significant Ap
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accumulation36-38, On the other hand, there was a substantial approximately 18- and 20-fold
increase in parenchymal accumulates of plasma-derived fibrin and 1gG in Slc2al*/~APPSW/0
mice, respectively, when compared to Slc2al*/* littermates. These values were also 75%
and 41% higher when compared to Slc2al*/~ littermates (Fig 2a-c). Western blot analysis
of fibrin and 1gG in vascular-depleted brain homogenates confirmed immunostaining results
(Fig 2d-f). More progressive fibrin and IgG leakages were found in 6 month old mice
compared to 2-week-old mice (Supplementary Fig 3), but the trend of changes observed
between different genotypes remained the same as in 2 week old mice. These data suggest
that GLUT1 is required for maintenance of BBB integrity in mice and that reduction in
GLUT1 expression may accelerate and augment changes in vascular permeability seen with
increased AB, such as APPSW/0 mice38,

We next studied whether the expression of the BBB tight junction proteins underlying the
barrier properties of brain endothelium is altered by GLUT1 deficiency in the mammalian
brain as it is in the lower vertebrate brain lacking GLUT11L. Immunostaining for occludin
and lectin and ZO-1 and lectin indicated early and significant reductions in both tight
junction proteins by approximately 40% and 50%, respectively, in Slc2al*/~ mice when
compared to age-matched Slc2al*/* littermates (Fig 2g-h). We also found a moderate ~20%
reduction in occludin length, but not ZO-1, in Slc2al*/*APPSW/0 mice compared to age-
matched Slc2al*/* controls (Fig 2g-h), which may explain the increased BBB leakage in
APPSW/0 mice (Fig 2a-f). Slc2al*/~APPSW/0 mice had significantly greater losses of
occludin and ZO-1 when compared to Slc2a1*/+*APPSW/0 mice, suggesting that reductions in
GLUT1 in the setting of an abundance of AP results in greater tight junctional reductions
and permeability deficits. The reductions in tight junction protein expression in different
mouse lines correlated well with increased BBB permeability, as illustrated by negative
correlations between the extravascular fibrin and 1gG deposits and the occludin capillary
length (Fig. 2j-K), respectively, when compared to Slc2al*/* littermate controls.
Immunoblotting of isolated microvessels confirmed greatest reductions in occludin, ZO-1
and claudin-5 in 2 week old Slc2al*/~APPSW/0 mice compared to other age-matched
genotypes (Fig. 2I-m).

GLUT1 deficiency leads to accelerated cerebral g-amyloidosis

The BBB is a critical site of transport exchanges regulating brain AL 2. To investigate
whether diminished BBB GLUT1 expression influences progression of CNS B-amyloidosis,
we analyzed AP pathology. AB4g and AB4o levels were increased by 28% and 95% and 73%
and 48% increases in the cortex, and 51% and 80% and 89% and 53% in the hippocampus
of 6- and 16-month-old Slc2a1*/~APPSW/0 mice compared to their respective age-matched
littermate controls (Fig 3a-b). At 1 month of age, however, A levels in the cortex and
hippocampus of Slc2a1*/~APPSW/0 mice were not elevated (Fig. 3a-b), suggesting that early
reductions in capillary density in these mice (Fig. 1a-b) are not related to Ap, but could be
due to either early postnatal and/or developmental synergistic effects of GLUT1 deficiency
and APP overexpression. AB immunostaining confirmed 53% and 62% increases in cortical
and hippocampal AB load in 16-month-old Slc2a1*/~APPSW/0 compared to
Slc2al™*APPSWIO mice, respectively (Fig 3c-d), suggesting that GLUT1 deficiency
accelerates and exacerbates cerebral f-amyloidosis in APPSW/0 mice.
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To investigate the mechanism(s) by which GLUT1 BBB transporter may influence AB
homeostasis, we studied whether GLUT1 deficiency alters brain capillary levels of low-
density lipoprotein receptor-related protein 1 (LRP1), a key Ap clearance transporter at the
BBBL2. Immunoblotting revealed a significant 47% reduction in brain capillary LRP1 in 16-
month-old Slc2a1**APPSW/0 mice compared to age-matched Slc2al*/* littermates,
consistent with a previous report3?, and a more severe 75% reduction in 16-month-old
Slc2al™/~APPSW/O mice compared to age-matched Slc2al*/* littermates (Fig 3e).
Surprisingly, brain capillary LRP1 levels were also reduced by 26% in 16-month-old
Slc2a1*/~ mice compared to Slc2al*/* age-matched littermates (Fig 3e). In agreement with
these findings, in vivo hippocampal clearance assay for human A, indicated increased
APy retention by 59% in Slc2al*/~APPSW/ mice when compared to Slc2al*/*AppSW/0
mice in the absence of altered clearance of the metabolically inert molecule inulin (Fig 3f).
In agreement with the observed LRP1 BBB reductions and increased AB,q retention, we
found ~67% reduction in BBB clearance of AB without changes in AP interstitial fluid bulk
flow (Fig 3g). Notably, APP, soluble APP-B, B-secretase, neprilysin and insulin degrading
enzyme levels were not altered in 16-month-old Slc2a1*/~APPSW/0 mice compared to
Slc2al™/*APPSWIO [ittermates indicating that enhanced APP production and/or processing or
reduced AB enzymatic degradation do not contribute to exacerbations in -amyloidosis in
Slc2al*~APPSWO mice (Supplementary Fig 4a-g). Together, these data are consistent with
a faulty LRP1-dependent AP clearance at the BBB.

To confirm that diminished LRP1-dependent A clearance is critical for AR accumulation in
Slc2al*~APPSWO mice, we re-expressed LRP1 minigene (mLRP1)*C in the hippocampus of
Slc2a1*/~APPSW/0 mice using adenoviral-mediated transfer (Ad.mLRP1). This led to robust
expression of the LRP1 minigene in the hippocampus, particularly within blood vessels of
Slc2al™/~APPSWO mice (Supplementary Fig 5a-c) resulting in significant reductions in Ap
load and AB4g and APy, levels by 45%, 35% and 22% compared to the contralateral control
hippocampus injected with the control empty vector, respectively (Fig 3h-j). These data
indicate that reduced microvascular LRP1 levels contribute to diminished AB clearance in
GLUT1-deficient APPSW/0 mice in addition to reductions in brain capillary surface area and
resting CBF.

To confirm that GLUT1 regulates LRP1-dependent AP clearance at the BBB in vivo, we
performed a rescue experiment with GLUT1, and re-expressed GLUT1 in the hippocampus
of Slc2al*/~APPSW/0 mice using adenoviral-mediated Ad.Slcal transfer. Compared to the
control hippocampus injected with the control empty vector, Ad.Slcal increased the
expression of both GLUT1 and LRP1 in brain microvessels (Supplementary Fig 5d-g),
which in turn reduced the AP load, Ap40 and AB42 levels by 37%, 45% and 33%,
respectively (Fig 3k-m). Collectively, these data implicate that re-expression of GLUT1 in
Slc2al*/~APPSW/O0 mice slows down development of AB pathology by increasing
cerebrovascular LRP1 levels.

To better understand the link between GLUT1 and LRP1, we next performed a series of
experiments using primary murine brain endothelial cells (BEC). Consistent with a recent
report showing that GLUT1 levels in brain microvessels in different mouse strains correlate
closely with LRP1 levels, i.e., the lower the GLUT1 levels, the lower the LRP1 levels®!, and
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our findings of reduced LRP1 levels in brain microvessels of Slcal*/~ mice (Fig 3e), we
found that GLUT1 inhibition with si.Slcal leads to transcriptional LRP1 suppression in
Slc2al*/* BEC, whereas Ad.Slcal adenoviral-mediated re-expression of GLUT1 in
Slcal*/~ BEC increases LRP1 levels (Supplementary Fig 6a-c). Silencing LRP1 failed to
decrease GLUT1 levels (Supplementary Fig 6d) suggesting that changes in GLUT1
expression influence LRP1 expression.

In search of a possible molecular mechanism, we studied whether the sterol regulatory
element binding protein 2 (SREBP2) — the only known transcriptional suppressor of
LLRP14243 previously shown to inhibit LRP1 in brain vascular cells in AD and AD models*2
—is involved in mediating GLUT1 effects. si.Slcal-mediated GLUT1 inhibition increased
SREBP2 levels and suppressed LRP1 levels in Slc2al*/* BEC, whereas inhibition of
GLUT1 in the presence of silenced SREBP2 (si.Srebp2) failed to suppress LRP1
(Supplementary Fig 6e-h). SREBP2 levels were increased in Slcal*/~ BEC when
compared to Slc2al*/* BEC, which correlated with LRP1 reduction (Supplementary Fig.
6i-k). Together, these findings indicate that SREBP2 is critical for LRP1 suppression in
BEC.

Neuronal dysfunction and cognitive impairment in Slc2al*~APPSW/0 mice

We utilized in vivo voltage sensitive dye (VSD) imaging to determine evoked membrane
potential responses with millisecond temporal resolution immediately following hindlimb
mechanical stimulation®*. In Slc2a1*/* mice, hindlimb stimulation evoked a robust,
transient depolarization (<100 ms) originating in the contralateral hindlimb somatosensory
cortex which subsequently propagated to adjacent motor and forelimb somatosensory
cortices prior to returning to baseline values (Fig 4a). At 2 weeks of age, evoked cortical
depolarization displayed no abnormalities in peak amplitude of response, as measured by
peak change in fluorescence normalized to baseline fluorescence (peak AF/F,) and response
latency in Slc2al*/*, Slc2al*/~, Slc2al*/*APPSWO or Sic2a1*/~APPSW/0 mice (Fig 4b, e,
f). Conversely, reductions in evoked hindlimb cortical response amplitude and prolongation
of response latency were noted in Slc2al*/~APPSW/ but not in Slc2al*/~ and
Slc2al™/*APPSWIO mice, beginning at 1 month of age, respectively (Fig 4a,c-f). By 6-
months, cortical responses in Slc2a1*/~APPSW/0 mice were substantially reduced with
severely prolonged response latency (Fig 4a,d-f). We also found more moderate reductions
in cortical activity in Slc2a1*/~ and Slc2al*/*APPSW/0 mice beginning at 6 month of age
(Fig 4a, d-f). These data demonstrate that vascular changes readily detectable at 2 weeks of
age in Slc2al*/~APPSW/0 mice (Fig 1a,b; Fig 2) precede neuronal dysfunction. Similar, BBB
breakdown observed early in Slc2a1*/~ and Slc2al*/*APPSW/0 mice also precedes
diminished evoked membrane potential responses in these mice although they develop
slower than in Slc2a1*/~APPSW/0 mice.

Next, we sought to evaluate function of neuronal circuitries underlying hippocampal
learning and spatial memory through the assessment of novel object location (Fig 5a) and
novel object recognition memory (Fig 5b). At 1-month of age, no impairment in novel
object location or recognition memory was detected in 1-month-old Slc2al*/~APPSW/0 mice
(Fig 5a-b). At 6 months of age, however, Slc2a1*/~, Slc2al*/*APPSW/0 and
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Slc2a1*/~APPSWO0 mice all showed significant impairment in novel object location and
recognition memory (Fig 5a-b). As observed with VVSD imaging, novel object location and
recognition memory was most severely affected in Slc2al*/~APPSW/0 mice (Fig 5a-b).
Assessment of nest construction confirmed the onset of behavioral impairment in 6-month-
old Slc2a1*/~, Slc2a1*/*APPSW/0 and the more severely affected Slc2al*/~APPSW/O mice,
but not at 1-month of age (Fig 5c). Behavioral deficits were not the result of reduced
locomotor activity (Fig 5d). Golgi-Cox histological analysis revealed graded dendritic spine
reductions in the dentate gyrus in 6-month-old Slc2a1*/~, Slc2al*/*APPSW/0 and
Slc2al*/~APPSW/0 mice (Fig 5e-f) which closely mimicked genotype-dependent
impairments in hippocampal function.

GLUT1 deficiency results in neurodegenerative changes in APPSW/0 mice

Quantification of SMI-311 positive non-phosphorylated neurofilaments in the hindlimb
somatosensory cortex and CA1 hippocampal subfield** revealed no significant differences
in 1-month-old Slc2a1*/~, Slc2al*/*APPSW/O and Slc2al*/~APPSW/0 mice compared to age-
matched control Slc2al*/* littermates confirming that vascular dysfunction precedes
detectable neuronal structural changes (Fig 6a-b). At later time points at 6 months of age,
significant 18% and 22% reductions in hippocampal and cortical SMI-311 positive
neurofilaments were noted in Slc2al*/~APPSW/0 mice, respectively, compared to other
genotypes (Fig 6a-b). Significant 15% and 13% reductions in neurofilament density were
detected in the cortex and hippocampus in 16-month-old Slc2a1*/~ mice, but not in
Slc2a1*/*APPSW/O or age-matched littermate controls, that compares to more pronounced
23% and 28% respective reductions in age-matched Slc2a1*/~APPSW/0 mice (Fig 6a-b).

To evaluate neuronal loss, we next quantified neuron-specific nuclear protein A60 (NeuN)
positive cells in the cortex and hippocampus of different mice. This quantification revealed
significant 15% and 16% and 25% and 31% reductions in hippocampal and cortical NeuN-
positive cells in 6- and 16-month-old Slc2al*/~APPSW/0 mice, respectively (Fig 6¢c-d). No
changes were observed in other genotypes within 6 months of age. Significant 13% and 14%
reductions in NeuN-positive cells were detected, however, in the CA1 hippocampal subfield
and somatosensory cortex, respectively, at a later stage in 16-month-old Slc2al*/~ mice (Fig
6¢-d). Consistent with a previous report*®, we did not find a significant neuronal loss in
Slc2a1*/*APPSWO mice at all-time points analyzed (Fig 6¢-d).

We also analyzed whether there was gross alterations in brain architecture through
measurement of mean cortical diameter, an index of brain size. This analysis demonstrated
significant 4% and more severe 7% reductions in 6-month-old Slc2a1*/~ and
Slc2al*~APPSWO mice, respectively, but no significant alterations in brain size in
Slc2al**APPSWO mice (Fig 6e-f).

GLUT1 deficiency in endothelium initiates vascular BBB changes

Brain microvessels from Slc2al*/* mice express 55 kDa GLUT1 endothelial isoform3,
whereas capillary-depleted brain homogenates containing astrocytes and neurons, but not
microvessels (as shown by multiple cell-specific markers on immunoblots), express 45 kDa
GLUT1 astrocytic isoform?3 at very low levels (Supplementary Fig. 7a-c). When compared
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to the 55 kDa isoform, the levels of the 45 kDa GLUT1 isoform were approximately 26-fold
lower. In Slcal*/~ mice compared to Slc2a1*/* controls, we found >50% and 40% losses of
the 55 and 45 kDa GLUT1, respectively (Supplementary Fig 7d-e). Moreover, in the
capillary-depleted brains of Slcal*/~ mice compared to Slc2al*/* mice, we detected a ~2-
fold increase in GLUT? levels, a glucose transporter that is expressed in astrocytes346, and a
2.6-fold increase in GLUTS3 levels, a glucose transporter that is expressed in neurons#6:47,
suggesting metabolic adaptations in different cell types in the presence of GLUT1
deficiency (Supplementary Fig 7f-g).

Using primary murine BEC and astrocytes from Slc2al*/* mice, we confirmed that the 55
kDa GLUT1 in BEC is expressed at significantly higher levels by ~20-fold compared to the
45 kDa GLUT1 in astrocytes (Supplementary Fig. 7h) and that GLUT1 haploinsuficiency
leads to ~60% loss of GLUT1 from BEC and >40% loss of GLUT1 from astrocytes, and a
3.5-fold increase in GLUT?2 levels in astrocytes (Supplementary Fig 7i-j). Thus, global
GLUT1 deficiency leads to a critical loss of glucose transporters from endothelium that
likely has a major effect on the vascular phenotype in Slcal*/~ mice. In contrast, astrocytes
express substantially lower levels of GLUT1 at baseline, and during GLUT1 global
deficiency maintain less significant loss of glucose transporters, as indicated by relatively
smaller loss of GLUT1 and a compensatory increase in GLUT2.

Then, we took advantage of conditional Slc2al '9¥/10x mice31 and generated Slc2al '0X/+;
Tie2-Cre*/0 and Slc2al '°¥+; GFAP-Cre*/0 mice with partial GLUT1 deletions from
endothelium and astrocytes, respectively, to determine their respective effects on the BBB
integrity that we show is compromised early in Slcal*/~ mice at 2 weeks of age (Fig. 2). As
expected, we found diminished levels of GLUT1 in endothelium in Slc2al 'o¥/*; Tie2-Cre*/0
mice by double immunostaining for GLUT1 and lectin-positive endothelial profiles (>40%)
and immunoblotting for 55 kDa endothelial isoform in isolated brain microvessels (~45%),
but no change in the astrocyte-associated 45 kDa isoform in capillary-depleted brains
(Supplementary Fig. 8a-d). In contrast, Slc2al '°%/*: GFAP-Cre*/0 mice did not have loss
of GLUT1 from endothelium, confirming that GLUT1 deletion from astrocytes does not
affect function of endothelial GLUT1. In Slc2al '¢/+: GFAP-Cre*/0 mice, GLUT1 was
undetectable in brain parenchyma by immunostaining as reported3, but there was >50% loss
of 45 kDa isoform in the astrocyte-containing capillary-depleted brains (Supplementary
Fig 8d).

We next found the BBB breakdown in endothelial GLUT1-deficient Slc2al 19X+ Tie2-
Cre*/ mice, but not in astrocyte GLUT1-deficient Slc2al 'o¢+; GFAP-Cre*/0 mice, as
shown by 10- and 15-fold greater extravascular accumulation of fibrin and 1gG in brain
parenchyma (Fig 7a-c), and 45% and 47% reductions in the lengh of the BBB tight junction
proteins occludin and ZO-1, respectively (Fig 7d-f), in Slc2al !9¢+; Tie2-Cre*/0 mice
compared to Slc2al '9%/* littermate controls. In contrast, GLUT1-deficiency in astrocytes in
Slc2al 'ox/*+: GFAP-Cre*/0 mice did not result in BBB breakdown. A decrease in the
occludin length in Slc2al '°¥/*: Tie2-Cre*/0 mice correlated with increased BBB breakdown
to fibrin and 1gG (Fig 7g-h), when compared to Slc2al 1o%/*: GFAP-Cre*/0 mice and
Slc2al 'ox/* Jittermate controls. Collectively, these data indicate that GLUT1 deficiency in
endothelium, but not astrocytes, initiates the vascular phenotype with BBB breakdown.
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GLUT1 deficiency in red blood cells does not contribute to central effects

GLUT1 is present in red blood cells (RBC)*6. Our data show that Slc2al haplosufficiency
does not affect RBC indices and hemoglobin oxygen saturation and dissociation in Slcal*/~,
Slc2a1*+*APPSWO and Slc2al*/~APPSW/0 mice. We found moderate 23% reduction in
GLUT1 membrane protein levels in RBC's from Slc2a1*/~ mice likely due to compensatory
upregulation (Supplementary Fig 9a). RBCs in Slc2al*/*, Sical*/~, Slc2al*/*AppSW/0
and Slc2a1*/~APPSW/0 mice had normal shape (Supplementary Fig 9b) and normal
mechanical properties under shear stress conditions (1.5-50 Pascal) (Supplementary Fig
9c). Slc2al*’™*, Sical*/~, Slc2al**APPSWO and Slc2al*/~APPSW/O mice all had normal
hematological parameters such as the amount of hemoglobin, average RBC size, the amount
of hemoglobin per RBC, the amount of hemoglobin relative to the size of the cell, and red
cell distribution width, as well as normal saturation level of oxygen in hemoglobin and P50
value of oxygen dissociation (Supplementary Fig. 9d-1). These data suggest that peripheral
changes in RBCs do not make significant contributions to the observed effects within the
brain.

Discussion

We show that GLUT1 in addition to its well known role in transporting glucose into the
brainl:2 is necessary for the maintenance of proper brain capillary networks, blood flow and
BBB integrity, as well as neuronal function and structure (Supplementary Fig 10). Capillary
degeneration and BBB breakdown occur early in AD mice with GLUT1 deficiency
(Slc2al*/~APPSW0) at 2 weeks of age, and are associated with reduced brain perfusion and
diminished glucose uptake into the brain, whereas neuronal dysfunction, behavioral deficits,
elevated A levels and behavioral and neurodegenerative changes develop later within 6
months of age.

GLUT1 deficiency in endothelium, but not astrocytes, initiates the vascular phenotype with
BBB breakdown. Besides reductions in the tight junction proteins, early metabolic changes
in the endothelium due to reduced glucose uptake might contribute to endothelial cell injury
and BBB breakdown. Loss of GLUT1 from brain endothelium generates multiple parallel
pathogenic mechanisms in the cerebral microcirculation, which can contribute to the
observed neuronal dysfunction and neurodegeneration. Each of these vascular insults alone,
i.e., the BBB breakdown, diminished BBB glucose transport, CBF reductions, capillary
degeneration, neurovascular uncoupling and impaired Ap BBB clearance, may be
independently neuronal toxic, but their synergism likely amplifies the overall pathogenic
effects of GLUT1 deficiency.

Metabolic stress due to chronically reduced glucose levels in brain, if not compensated, may
lead to neuronal and glial hypometabolism and oxidative stress, which can contribute to
neurotoxicity8. Additionally, shifts in metabolism can take place in different cell types
within the neurovascular unit, and at different stages during limited glucose availability. The
metabolic pathways through which BBB GLUT1 reductions influence brain metabolism,
including endothelial glucose metabolism, the astrocyte lactate shuttle and/or oxidative
metabolism, and neuronal supply, are presently unknown and likely represent an important
focus for future studies.
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When combined with APP overexpression, GLUT1 reduction results in early
neurodegeneration marked by the retraction of neurites, neuronal loss and substantial
behavioral deficits at 6 months of age that are not seen in APPSW/0 mice as shown in the
present and earlier reports*>49. GLUT1 deficiency leads to reductions in AB-clearance and
accelerates AP pathology via reduced expression of LRP1 in the microvasculature.
Importantly, these changes are reversible as demonstrated by the GLUT1 and LRP1 rescue
experiments in the hippocampus. Therefore, neuronal loss in Slc2al*/~APPSW/0 mice, likely
reflects synergistic effects of GLUT1-mediated vascular injury, diminished neuronal glucose
delivery, and greater accumulation of AB neurotoxic species at the neuronal interface.

Our data using GLUT1 deficient mice with an early embryonic loss of GLUT1 suggest that
GLUT1 may fulfill an important regulatory role in the microcirculation and Ap clearance in
the adult and aging brain. Future studies using murine models with inducible GLUT1 loss
from endothelium might address whether there is a difference in the CNS response to an
early embryonic GLUT1 loss compared to a later GLUTL1 loss from brain. Interestingly,
adult patients with GLUT1-deficiency syndrome®® do not show clinical evidence for AD.
Whether GLUT1-deficiency can accelerate cognitive decline during aging in humans
remains, however, to be seen. The present data suggest that GLUT1 deficiency can
contribute to a disease process acting in tandem with AB to initiate and/or amplify vascular
damage and AB accumulation.

The two-hit vascular hypothesis of Alzheimer's disease states that early vascular injury leads
to BBB compromise and perfusion stress which can initiate AB-independent and AB-
dependent mechanisms of neurotoxicity2. Here, we show that GLUT1 transporter at the
BBB influences both AB-independent and AB-dependent neuronal injury. The molecular
mechanisms governing GLUT1 reductions in AD and whether these may be
pharmacologically targeted to restore GLUT1 expression remain unknown. Nevertheless,
our data suggest that GLUT1 is an important therapeutic target for AD-related neurovascular
dysfunction and neurodegeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Microvascular and cerebral blood flow reductions and diminished glucose uptake in
GLUT1-deficient APPSW/O mice

(a-b) Quantification of lectin-positive microvascular profiles in cortex (b) and hippocampus
(b) in 2-week, 1- and 6-month old Slc2a1*/*, Slc2a1*/~, Sic2a1*/+*APPSW/0 and
Slc2al*~APPSWO mice. Mean + SEM, n=3-6 mice per group; *p<0.05. (c-d)
Representative in vivo multiphoton fluorescent angiograms obtained following intravascular
injection of fluorescein-conjugated dextran (MW: 70 kDa) (c) and quantification of perfused
microvascular length (d) in 6-month-old Slc2al*/*, Sic2al*/~, Sic2a1*/*APPSW/0 and
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Slc2al*/~APPSW/O mice. Scale bar, 50 um. Mean + SEM, n=3-4 mice per group; *p<0.05 or
**p<0.01 (e-f) Representative C14-iodoantipyrine (C14-1AP) autoradiography (e) and
quantification of C14-1AP autoradiograms measuring regional blood flow in the
somatosensory cortex and CA1 hippocampal subfield (f) in 1- and 6-month-old Slc2al*/*,
Slc2al*/~, Slc2a1*+*APPSW/0 and Sic2a1*/~APPSW/0 mice. Scale bar, 1 mm. Mean + SEM,
n=3-5 mice per group; *p<0.05 or **p<0.01. (g) Cerebral blood flow (CBF) responses to
brain activation in the somatosensory cortex of 1-month, 6-month and 16-month old
Slc2al*/*, Slc2al*!~, Slc2al*+*APPSWO and Sic2al*/~APPSW/0 mice. (h) Quantification of
C14-2-deoxyglucose (2-DG) autoradiograms measuring regional glucose uptake in the
somatosensory cortex and CA1 hippocampal subfield in 2-3 week-old Slc2al*/*, Slc2a1*/~,
Slc2al**APPSWO and Slc2al*/~APPSW/O mice. Mean + SEM, n=5-7 mice per group in a, b,
d, fand g; and n=3 mice per group in h; *p<0.05 or **p<0.01.

Nat Neurosci. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Winkler et al.

o

Fibrin Lectin

Sic2a1** APPSO sic2a1*-ppPSWO
c
3
@
L.
5
i
d
1gG> o e
Fibrin > p— —

f-actin-> w— e — -

&0 P

& P
&

«Q

+/+

Sic2a1~

Occludin

Occludin Lectin

Z0-1

ZO-1 Lectin

0
0 50 100 150 200 250 300
Occludin length
(mm/mmz)

ZO-1> 0 »» B =
Occludin-> S S -
Claudin-5-> S S -

f-actin> D - -
S G SRR
'@\ 'L@’\
o o X\xPQ W
N

SN
& o

Oslc2a1*’*
0oslc2a1*"
Oslc2at*’*
0slc2a1*-APPSW0

Z0-1 Occludin

b c
—r*
~ 120 ¥ ~ 120
k) )
gxwoo g% 100
=2 go =2 80
52 g2
38 60 338 6o
2o S
>2 40 &2 40
E® £e
5 20 4 g 20
£ £
£ o < o
e ——rth f
107 M 10
3
c8 8s
8 &
2 cEg
038 £3
Do brllied
24 24
B2 B2
0 0

siczar** PPV Sic2a1*-apPSWO h

- n w
=] S S
S S S

Occludin length
(mm/mm? capillary area)

o

300

ZO-1 length
(mm/mm? capillary area)
5 S
3 3

0

=

Extravascular IgG
(integrated density x 10‘)

W Sic2a1™*

W Slc2a1*~
™ W Slc2a1/*APPSWO
" Wsic2a1*~appSWO

G L msic2at™t

W Sic2a1*~
W Sic2a1**AppSW0
msic2a1*~pppSW0

W sic2a1™’*

W Sic2a1*~

W Sic2a1**appSW0
= W sic2a1 APPSO

Osiczat**
osic2a1~
+/+

0slc2at** appSWO
oslc2a1*-AppSW0

50 100 150 200 250 300
Occludin length
(mm/mm?)

Claudin-5

)

ns

o

=)
@

Relative abundance
o o
& o

o
)

0.0

W Sic2a1*’*
/4

*-ppp

AppSWO
Sw/0

B Sic2a1
W Sic2at

Page 17

Figure 2. GLUT1 deficiency leads to early BBB breakdown in SIc2a1*’~ and Slc2a1*/~AppSW/O0

mice

(a) Representative confocal microscopy analysis of fibrin (red) and lectin-positive
capillaries (white) in 2-week-old Slc2a1*/* Slc2al*/~, Slc2a1*/*APPSW/0 and

Slc2al*/~APPSW0 mice. Scale bar, 25 um. (b-c) Quantification of extravascular fibrin (b)
and immunoglobulin G (IgG) (c) deposits in 2-week old Slc2a1*/*, Slc2a1*/~,

Slc2al™*APPSWO and Slc2al*/~APPSW/O mice. Mean + SEM, n=3-5 mice per group;
*p<0.05 or **p<0.01. (d-f) Representative immunoblotting of fibrin and IgG levels in

Nat Neurosci. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Winkler et al.

Page 18

capillary-depleted brain tissue (d) and quantification of IgG (e) and fibrin (f) relative
abundance in capillary-depleted brains in 2-week-old Slc2al*/*, Slc2a1*/~,
Slc2al*/+*APPSWO and Slc2a1*/~APPSW0 mice. B-actin was used as a loading control. Mean
+ SEM, n=3-5 mice per group; **p<0.01. (g-i) The tight junction proteins occludin or
zonula occludens-1 (ZO-1) (green) and lectin-positive capillary profiles (red) (g) and
quantification of endothelial occludin (h) and ZO-1 (i) length in the microvessels in 2-week-
old Slc2al**, Slc2al*/~, Slc2al*/*APPSW/0 and Slc2al*/~APPSW/0 mouse hippocampus.
Scale bar, 25 um. Mean + SEM, n=3-5 mice per group; *p<0.05 or **p<0.01. (j-k) Negative
correlation between the extracellular fibrin (j) or 1gG deposits (k) and decreased occludin
length in the microvessels in 2-week-old Slc2al*/*, Slc2al*/~, Slc2al*/*APPSW/O and
Slc2al*/~APPSW/O mouse hippocampus. (I) Representative immunoblotting analysis of
microvascular ZO-1, occludin and claudin-5 (1) and their respective protein abundance in
microvessels (m) in a 2-week-old Slc2al*/*, Slc2al*/~, Slc2al*/*APPSW/0 and
Slc2al*/~APPSWO mouse. B-actin was used as loading control. Mean + SEM, n=3-5 mice
per group; *p<0.05 or **p<0.01. Full length blots are presented in Supplementary Figure 11.
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Figure 3. AB pathology in GLUT1-deficient APPSW/0 mice and reversal by LRP1 and GLUT1 re-
expression

(a-b) Cortical and hippocampal AB4q (a) and AB42 (b) levels in 1-, 6- and 16-month old
Slc2al**APPSWO and Slc2al*/~APPSW/O mice. Mean + SEM, n=3-6 mice per group;
*p<0.05 or **p<0.01. (c-d) AB-immunodetection (green) in the somatosensory cortex and
CA1 hippocampal subfield (c) and Ap load (d) in 16-month old Slc2al*/*APPSW/0 and
Slc2al*/~APPSW/O mice. Scale bar, 200 pm. Mean + SEM, n=4-5 mice per group; *p<0.01.
() Immunoblotting for the low-density lipoprotein receptor-related protein 1 (LRP1) in
isolated microvessels (upper panel) and quantification (lower panel) in 16-month-old
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Slc2al™’*, Slc2al*/~, Slc2al*/+*APPSWI0 and Slc2al*/~APPSWO mice. Mean + SEM, n=4
mice per group; *p<0.05 or **p<0.01. (f) Clearance of [12°1]-labeled human synthetic ABag
from CA1 hippocampal subfield in 16-month-old Slc2a1*/*APPSW/0 and Slc2al*/~APPSW/0
mice. [*4CJinulin was used to assess brain interstitial fluid (ISF) bulk flow. Time, 30
minutes post-injection. Mean + SEM, n=3-5 mice per group; *p<0.05. (g) [12°1]-ABag
clearance via BBB and ISF bulk flow (from the data shown in f). (h-i) AB-immunodetection
(green) in CAL hippocampal subfield (h) and quantification of AB-positive area (i) in 10-
month-old Slc2al*/~APPSW/0 mouse injected with empty adenovirus (Ad.Ctrl) and
adenovirus carrying LRP1 minigene (Ad.mLRP1). Black, Ad.Ctrl hippocampus; White,
Ad.mLRP1 hippocampus. Scale bar, 300 pm. Mean + SEM, n=3 mice; **p<0.01. (j) CAl
hippocampal guanidine soluble AB,4q (black) and A4, (grey) levels in 10-month old
Slc2a1*/~APPSWO0 mice injected with Ad.Ctrl and Ad.mLRP1. Graph - percent change of
Ad.mLRP1 hippocampus to Ad.Ctrl hippocampus. Mean + SEM, n=3 mice per group;
*p<0.05. (k-m) AB-immunodetection (green) in CA1 hippocampal subfield (k) and
quantification of AB-positive area (I) in 8-10-month-old Slc2al*/~APPSW/0 mouse injected
with empty adenovirus (Ad.Ctrl) and adenovirus carrying Slc2al gene (Ad.Slc2al). Black,
Ad.Ctrl hippocampus; White, Ad.Slc2al hippocampus. Scale bar, 300 um. Mean + SEM,
n=3 mice; *p<0.05. (m) CA1 hippocampal guanidine soluble AB4q (black) and AR, (grey)
levels in 8-10-month-old Slc2a1*/~APPSW/0 mice injected with Ad.Ctrl and Ad.Slc2al.
Graph - percent change of Ad.Slc2al hippocampus to Ad.Ctrl hippocampus. Mean + SEM,
n=3 mice; *p<0.05. Full length blots are presented in Supplementary Figure 11.
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Figure 4. Neuronal dysfunction in GLUT1-deficient APPSWO mjce
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(a) Representative time-lapse-imaging analysis of voltage sensitive dye (VSD) signal
response to hind-limb somatosensory cortex stimulation in 6-month-old Slc2a1*/*,
Slc2al*/~, Sic2al*/+*APPSW/0 and Sic2a1*/~APPSW/0 mice. Scale bar, 500 um. (b-d)
Quantitative time-lapse-imaging profile analysis of VSD response to hind-limb
somatosensory cortex stimulation in 2-week-old (b), 1-month-old (c) and 6-month-old (d)
Slc2al*’*, Sic2al*/~, Slc2al*/+*APPSW/0 and Slc2alt/~APPSW0 mice. AF/F indicates the
percentage change in fluorescence from the baseline fluorescent signal following
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stimulation. (e-f) Quantification of peak fluorescent VSD signal amplitude (e) and time-to-
peak latency (f) in 2-week-old, 1-month-old and 6-month-old Sic2a1*/*, Slc2a1*/~,
Slc2al**APPSW/O0 and Sic2al*/~APPSW/0 mice. Mean + SEM, n=3-4 mice per group;
*p<0.05 or **p<0.01.
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Figure 5. Accelerated cognitive impairment in GLUT1-deficient APPSW/0 mice
(a-c) Quantification of exploratory preference measuring hippocampal-dependent novel

object location memory (a), novel object recognition memory (b), nest construction score
(c) and mean locomotor activity (d) in 1- and 6-month-old Sic2a1*/*, Slc2a1*/~,
Slc2al**APPSW/O and Slc2al*/~APPSW/O mice. Mean + SEM, n=9-15 mice per group;
*p<0.05 or **p<0.01. (e) Representative high-magnification bright-field microscopy
microscopy analysis of Golgi-Cox staining showing dendritic spine density in the CAl
hippocampal region of 6-month-old Slc2al*/*, Slc2al*/~, Slc2a1*/*APPSW/0 and
Slc2a1*/~APPSWO0 mice. (f) Quantification of dendritic spine density in 6-month-old

Nat Neurosci. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Winkler et al.

Page 24

Slc2al™’*, Slc2al*/~, Slc2al*/*APPSWO and Slc2al*/~APPSWO mice. Mean + SEM, n=3-5
mice per group; *p<0.05 or **p<0.01.
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Figure 6. Accelerated neurodegenerative changes in GLUT1-deficient APPSW/O mjce
(a) SMI-311 immunodetection showing neurites (green) in the CA1 hippocampal region of

16-month-old Slc2a1*/*, Slc2al*/~, Sic2al*/+*APPSW/0 and Slc2al*/~APPSW0 mice. Scale
bar, 50 um. (b) Quantification of SMI-311-positive neuritic density in somatosensory cortex
and CAL1 hippocampal subfield in 1-, 6- and 16-month-old Slc2al*/*, Slc2a1*/~,
Slc2al**APPSWO and Slc2al*/~APPSW/O mice. Scale bar, 50 pm. Mean + SEM, n=3-4 mice
per group; *p<0.05 or **p<0.01. (c) NeuN-positive neurons (green) in the CAl
hippocampal subfield of 16-month-old Slc2al*/*, Slc2al*/~, Slc2al*/*APPSW/O and
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Slc2al*~APPSWO mice. (d) Quantification of the number of NeuN-positive neurons in
somatosensory cortex and CA1 hippocampal subfield in 1-, 6- and 16-month-old Slc2al*/*,
Slc2al*/~, Slc2al**APPSW/O0 and Slc2al*/~APPSW/0 mice. Mean + SEM, n=3-6 mice per
group; *p<0.05 or **p<0.01. (e-f) Representative low-magnification bright-field microscopy
of mouse brains (e) and quantification of maximal brain diameter (f) in 6-month-old
Slc2al*’*, Slc2al*’~, Slc2al**APPSW/O0 and Slc2al*/~APPSW/ mice. Scale bar, 5 mm.
Mean + SEM, n=5-6 mice per group; *p<0.05 or **p<0.01.
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Figure 7. GLUT1 deficiency in endothelial cells (SIc2a1'°X/+Tie2-Cre+/0 mice), but not astrocytes
(Slc2a1'oX*GFAP-Cre*’0 mice) leads to early BBB breakdown

(a) Representative confocal microscopy analysis of plasma-derived fibrin (red) and CD31-
positive capillaries (white) in 2-week-old Slc2a1'¥'*, Slc2a1!o¥/*Tie2-Cre*/0,
Slc2a1!o¥*GFAP-Cre*/0 mice. Scale bar, 25 pm. (b-c) Quantification of extravascular fibrin
(b) and IgG (c) positive deposits in 2-week old Slc2a1!°¥+, Slc2a1!¥/*Tie2-Cre*/0,
Slc2a1!o¥*GFAP-Cre*/0 mice. Mean + SEM, n=3-5 mice per group; *p<0.05 or **p<0.01.
(d) Representative confocal microscopy analysis of the tight junction proteins occludin or
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zonula occludens-1 (ZO-1) (green) and CD31-positive capillary profiles. (e-f) Quantification
of endothelial occludin (e) and ZO-1 (f) tight junctional length in the microvessels in 2-
week-old Slc2a1'o¥'*, Slc2a1!o¥/+Tie2-Cre*/0, Slc2a1'o¥+*GFAP-Cre*/0 mice. Scale bar, 25
pum. Mean + SEM, n=3-5 mice per group; *p<0.05 or **p<0.01. (g-h) Negative correlation
between extracellular fibrin (g) or 19G deposits (h) and decreased occludin length in the
microvessels in 2-week-old Slc2a1!°¢*, Slc2a1'o¥*Tie2-Cre*/0, Sic2a1!o¥*GFAP-Cre*/0
mice.
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