Human RAGE expressed in endothelial cells exacerbates
blood-brain barrier dysfunction
S. V. REGE1, E. HATCH2, M. WANG1, N. CHUQUI1, Z. ZHAO1, A. P. SAGARE1, B. V. ZLOKOVIC1,2
1Physiology

and Biophysics, USC, Los Angeles, CA; 2Ctr. for Neurodegenerative and Vascular Brain Disorders, Univ. of Rochester, Rochester, NY

INTRODUCTION

Figure 3. Pericyte loss and brain microvascular regression Tie2-hRAGE+/0 in mice.
(A) Representative confocal microscopy analysis of CD13-positive perivascular pericytes (red) and lectin-positive brain
capilllaries (green) in the cortex and hippocampus (D) of 16-month-old Tie2-hRAGE0/0 and Tie2-hRAGE+/0 mice.
(B) Length of lectin-positive capillary profiles in the cortex and hippocampus (E) of 16-18-month-old Tie2-hRAGE0/0
and Tie2-hRAGE+/0 mice. 30 and 20 randomly chosen fields (420x420µm) from six nonadjacent cortical and
hippocampal sections, respectively, were analyzed per mouse. Values are mean ±SEM, n = 3 per group; p<0.05
by one-tailed t-test.
(C) Loss of pericyte coverage in the cortex and hippocampus (F) of 16-18-month-old Tie2-hRAGE0/0 and Tie2hRAGE+/0 mice. Pericyte coverage was determined as a percentage (%) of CD13-positive pericyte surface area
covering lectin-positive capillary surface area that was arbitraily taken as 100%. 30 and 20 observations in the
cortex and hippocampus from the same fields as in B and E were analyzed per mouse. Values are mean ±SEM, n
= 3 per group; p<0.05 by one-tailed t-test.

The receptor for advanced glycation end products (RAGE) is responsible for the recognition of a
diverse array of ligands and this interaction activates the receptor resulting in an inflammatory
response. RAGE is present mainly at the luminal, or blood-facing side, of the brain endothelium at the
blood-brain barrier (BBB) and mediates the influx of amyloid β-peptide (Aβ), Alzheimer’s disease
neurotoxin, into the brain parenchyma. Altered activity of RAGE in the BBB endothelium may contribute
to the Aβ accumulation leading to uncoupling of cerebral blood flow and metabolism, neuronal injury, as
well as inflammation. In diabetes, hyperglycemia stimulates the production of ligands that interact with
RAGE and activate inflammatory signaling mechanisms.
To study the influence of RAGE in vascular pathology at the BBB, we have generated a transgenic
mouse model overexpressing human RAGE (hRAGE) in endothelial cells under the control of the Tie-2
promoter. The expression of hRAGE was confirmed by quantative real-time PCR, Western blotting,
immunohistochemistry, and mass spectrometry analysis. We observed age-dependent changes in
pericyte coverage and BBB breakdown associated with accumulation neurotoxic/vasculotoxic serum
proteins in brain of hRAGE expressing mice. The transgenic expression of hRAGE in vascular
endothelial cells leads to these pathological changes in the BBB by 16 months of age.
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MATERIALS AND METHODS
• Mice were anesthetized with 100mg/kg ketamine and 10mg/kg xylazine, transcardially perfused with
PBS containing EDTA for Western blots and with 4% PFA for immunofluorescence staining.
• Dissected brains were snap frozen for blots and q-RTPCR, and embedded into OCT and
cryosectioned at a thickness of 20µm for immunofluorescence staining.
• Sections were blocked with 5% donkey serum for 1 hour, incubated with primary antibodies diluted in
block overnight, washed with PBS, and incubated with fluorophore-conjugated secondary antibodes
for 1 hour.
• In vivo optical imaging was performed using the iBox Explorer2 Imaging Microscope (UVP, LLC.
Upland, CA). Images were taken after injecting ~100µg of Cy5.5 labeled Aβ peptides via the tail vein.

B

RESULTS
A

D

C

B

E
Figure 5. Accumulation of Cy5.5 labeled Aβ peptides in Tie2-hRAGE+/0 mice.
(A) Representative serial images of Tie2-hRAGE0/0 and Tie2-hRAGE+/0 mice after Cy5.5-Aβ1-40 injection. Pseudocolored images of the head ROI are superimposed on the real images.
(B) Time dependent changes in Tie2-hRAGE0/0 and Tie2-hRAGE+/0 mice. The data was normalized to the average
signal intensity in the control animals at 30 minutes after injection.

CONCLUSIONS
This model can be used to determine the RAGE mediated progression of vascular pathology
associated with hyperglycemia, specifically at the BBB. In addition, newly developed RAGE inhibitors
by our group[4] could be used with this model as a rescue for the observed pathology.
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(A) Schematic of the transgene construct. The hRAGE genomic sequence was placed under the transcriptional control
of the murine Tie2 promoter.
(B) Transgene-derived transcripts. Total RNAs isolated from brain and heart tissues were analyzed by q-RTPCR.
(C) Translation products of the transgene. Extracts of endothelium cells from isolated brain microvessels were
immunodetected with an antibody against hRAGE. β-actin was loaded as a control.
(D) Immunofluorescence staining of isolated brain microvessels from 2-month-old Tie2-hRAGE0/0 and Tie2-hRAGE+/0
mice showing hRAGE-cells (red) co-localized with lectin-positive cells (green) in a mosaic pattern of expression.
(E) Localization of hRAGE in the endothelium of Tie2-hRAGE+/0 mice. Representative confocal scanning analysis of
lectin-positive endothelium (red), hRAGE immunodetection in the capillary endothelium (green), and Pdgfrβ-positive
pericyte processes (blue) in brain in situ in a transgenic mouse. Merged: yellow. Bar represents 5µm. Chart: hRAGE
realtive signal instensity (green) plotted over the endothelial specific lectin signal intensity (red). A indicated abluminal
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Figure 4. Pathologic accumulations in brains of Tie2-hRAGE+/0 mice.
(A) Representative confocal microscopy analysis of fibrin (red) and lectin-positive microvessels (green) in the cortex
and hippocampus (C) of an 16-month-old Tie2-hRAGE0/0 and Tie2-hRAGE+/0 mice.
(B) Quantification of fibrin deposits in the cortex of 16-18-month-old Tie2-hRAGE0/0 and Tie2-hRAGE+/0 mice. 30 and
18 randomly chosen fields (420x420µm) in the cortex and hippocampus (D), respectively, were analyzed from six
nonadjacent brain sections per mouse. Values are mean ±SEM, n = 3 mice per group; p<0.05 by one-tailed t-test.

1.
2.
3.
4.
5.
6.

Yamamoto, et al. J. Clin. Invest. 2001; 108:261-268.
Deane, et al. Nat. Med. 2003; 9:907-913.
Schmidt, et al. Curr Opin Invest Drugs. 2009; 10:672-680.
Deane, et al. J. Clin. Invest. 2012; 122:1377-1392.
Sagare, et al. Journal of Alzheimer’s Disease. 2013; 33:S87-S100.
Zhang, et al. Fluids and Barriers of the CNS. 2013; 10:13.

ACKNOWLEDGEMENTS
This research was supported by the NIH grants AG023084 and NIH NS034467 to B.V.Z. This data is
unpublished.

