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Brain endothelial cells take center stage of the blood–brain barrier. Theymaintain homeostasis in the central ner-
vous system (CNS) and are involved in the pathophysiology of many neurological diseases. So far investigations
of their function have largely depended on in vitromodels that lack the important impact of other cells and com-
partments in the mammalian CNS. A full evaluation of their role in a systemic context requires in vivo experi-
ments. Here, we review recent innovative tools by which brain endothelial cells can be genetically
manipulated in living organisms. We focus on conditional techniques for cell-specific deletion or overexpression
of genes in mice. In a translational perspective, we summarize previous attempts to transduce brain endothelial
cells in vivo using viral vectors or to transfect them with diverse methods. Available techniques provide the ex-
perimental basis for achieving a more refined picture of brain endothelial function in health and disease and to
target this cell population for gene therapy. This article is part of a Special Issue entitled: Neuro Inflammation
edited by Helga E. de Vries and Markus Schwaninger.

© 2015 Elsevier B.V. All rights reserved.

1. Morphology of the blood–brain barrier

The blood–brain barrier (BBB) was discovered more than 100 years
ago when Paul Ehrlich noted that administering some dyes into the
blood stream stained all tissues except for the CNS [1]. In the following
years, the concept of a BBB was formed by several researchers (Biedl
and Kraus, Roux and Borrel, as well as Lewandowsky) based on similar
observations (reviewed in detail in [2]). A crucial experiment pointing
to the existence of the barrier was carried out by Ehrlich's student
Edwin Goldmann [3]. He expanded Ehrlich's work by injecting dyes di-
rectly into the CNS, which left the periphery unstained, supporting the
idea that there is indeed a barrier that restricts diffusion of dyes in both
directions. It took several decades and the advent of electron microscopy
until Reese and Karnovsky identified tight junctions between brain endo-
thelial cells as the anatomical basis of the BBB [4]. Tight junctions seal en-
dothelial cells andblock thepassage of hydrophilic or largemolecules that
are not able to diffuse through the endothelial plasma membrane. As a

consequence, the BBB has an exceptionally high transendothelial electri-
cal resistance compared to the peripheral vasculature [5].

On a molecular level, tight junctions are composed of proteins that
form cell–cell contacts and are connected to the cytoskeleton. Tight
junctions are mainly formed by members of the claudin family includ-
ing more than 20 members. Claudin-3, -5, and -12 are characteristic
for the BBB and important for tight junction integrity. They restrict dif-
fusion of molecules through homophilic interactions between cells,
only allowing small gaseous (e.g., O2, CO2) or lipophilic substances to
pass. In addition, tight junctions contain other transmembrane proteins
such as occludin or junctional adhesion molecules (JAM). Besides tight
junctions, cell–cell contacts are strengthened by adherens junctions
formed by VE-cadherin and PECAM-1.

To accomplish the specific properties of the BBB, brain endothelial
cells need the helping hand of their neighbors. Cerebral vessels are al-
most completely ensheathed by astrocyte endfeet, which together
with endothelial cells, produce the basement membrane [6]. By releas-
ing soluble mediators, such as sonic hedgehog, astrocytes induce BBB
properties in endothelial cells [7]. Tightness of the BBB is further sup-
ported by pericytes. Surrounded by the basement membrane, pericytes
are located on the parenchymal side of endothelial cells and cover about
70% of capillaries [8]. Similar to astrocytes, pericytes can induce barrier
properties in endothelial cells and are important for initial guidance and
maturation of the developing BBB. A reduction of pericyte number in-
creases transcytotic transport through the BBB [8].

Apart from astrocytes and pericytes, nerve fibers are found in close
vicinity of brain endothelial cells [9]. The changing activity of neurons
requires a flexible adaption of energy supply. To match the neurons'
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variable energy demand, blood flow increases in regions of neuronal ac-
tivity providing a functional link between neurons and brain endothelial
cells. How this neurovascular coupling works on a molecular level and
which cells are directly involved is still a matter of debate. While astro-
cytes and pericytes have received a lot of attention, the contribution of
endothelial cells to neurovascular coupling has not been studied in-
depth.

The set of cells that form the BBB and control perfusion is often sum-
marized as the neurovascular unit. Some authors also includemicroglia,
themain resident immune cell in the brain. Their activation in patholog-
ical settings can lead to secretion of numerous cytokines that influence
BBB permeability. In the last few years, the effect of microglia during
BBB formation has been investigated in several studies, pointing to a
role in embryonic brain angiogenesis [10].

The physical barrier maintained by the cells of the neurovascular
unit with brain endothelial cells as the key player facilitates the tight
control of the neural environment. Aside from protecting the CNS
from toxic compounds, itmaintains brain homeostasis and prevents un-
controlled influx of metabolites and potential neurotransmitters, the
concentration of which considerably varies in blood (i.e. glutamate
due to food intake). Furthermore, brain endothelial cells and the BBB re-
strict immune surveillance of the CNS,which iswhy this tissue is usually
considered as immune-privileged, although recent studies also showed
regular T cell patrolling and dendritic cell activity in the brain [11].

2. Relevance of brain endothelial cells and the BBB
for pharmacotherapy

In addition to forming a passive boundary, brain endothelial cells ex-
press themachinery to actively extrude lipophilic and other compounds
breaching the barrier and accumulating within the CNS. Compared to
endothelial cells in other tissues, brain endothelial cells show a low
rate of pinocytotic uptake and express a comprehensive set of trans-
porter proteins that mediate this extrusion. Well-known transporters
in the BBB belong to the ATP-binding cassette (ABC) transporter class.
The most prominent example is P-glycoprotein (PGP, ABCB1), which
is responsible for exporting a wide range of lipophilic, organic sub-
stances includingmany prescribed drugs [12,13]. Other transporters in-
clude the breast cancer resistant protein (BRCP, ABCG2) and MRP4
(ABCC4). Together, they restrict unspecific passage of compounds that
are able to penetrate brain endothelial cells and therefore pose a
major challenge for the treatment of neurological diseases.

For this reason, other strategies to cross the BBB have been explored.
They can be divided into a) circumventing the BBB by intrathecal or in-
tracerebroventricular application of drugs; b) increasing BBB perme-
ability to facilitate passive entrance by diffusion; or c) capitalizing on
existing transport mechanisms of brain endothelial cells. By directly
injecting drugs into the cerebrospinal fluid (CSF) or into the brain, the
BBB is bypassed. However, since diffusion in the extracellular space of
the CNS is slow, the exposure of tissue to significant drug concentrations
is locally restricted. Considering the risks of surgery or anesthesia that
may be required, this route of drug administration is rarely used.

Transient opening of the BBB before drug administration to enhance
paracellular transport is another option. Inducing an osmotic shock by
administration of mannitol has been shown to transiently, albeit
unspecifically, open the BBB and is used to improve effectiveness of che-
motherapeutics in malignant brain tumors. To increase specificity, the
use of focused ultrasound has gained some attention in recent years as
it showed targeted opening of the BBB for only a limited time frame.
In combination with the injection of microbubbles, the energy required
to induce BBB opening does not seem to inflict tissue damage and ani-
mal studies show no adverse long-term side effects. This method, be-
sides its use in models of brain tumors, has also improved cognitive
function in a mouse model of Alzheimer's disease (AD) [14].

The third pathway used to overcome the BBB takes advantage of
brain endothelial cell transport mechanisms via carriers or receptors

(see Section 3 “Brain endothelial cells connect blood and brain”). Cou-
pling of drugs to molecules that are cognate substrates of transporters
in brain endothelial cells can increase brain uptake.

Apart from active transport, the formulation of liposomes, nanopar-
ticles or viruses has been tested as a vehicle to deliver drugs by adsorp-
tive endocytosis, examples of which are discussed below as amethod to
modulate gene expression in brain endothelial cells.

3. Brain endothelial cells connect blood and brain

Due to its high metabolic demands, the CNS critically depends on the
supply of energy substrates and other nutrients. Endothelial cells are in a
strategic position to feed the CNS. They enable the transport of selected
nutrients required for brain function, which accounts for about 20% of
the body's glucose and oxygen consumption [15]. To accomplish this
task, they express specialized receptors and transporters. In order to
cover the high demand of glucose, brain endothelial cells express the
insulin-independent glucose transporter GLUT-1 that mediates a con-
stant influx of glucose as energy substrate. Additional carriers facilitate
the influx of hormones and nutrients like amino acids (e.g., large amino
acid transporter, Lat1), monocarboxylic acids (e.g., monocarboxylate
transporter 1, MCT1), vitamins (e.g., SVCT2 for vitamin C), and thyroxin
(solute carrier organic anion transporter 1c1, Slco1c1). Transport of larg-
ermolecules is oftenmediated by specific receptors as described for insu-
lin, leptin, transferrin, lipoproteins and others [16].

Because of its position at the blood–CNS interface, the brain endo-
thelium has the potential to serve as a signaling platform in both direc-
tions. Inflammatory stimuli secreted in the parenchyma by microglia
and astrocytes induce the expression of adhesion molecules on the lu-
minal side which allows for cross-talk with circulating immune cells
[10]. Conversely, cytokines and other factors circulating in the blood
due to peripheral inflammation stimulate brain endothelial cells to re-
lease secondary mediators that subsequently mount a neural response,
including fever and sickness behavior, to the peripheral insult [17,18].

These examples demonstrate that brain endothelial cells not only
form a barrier but they bridge periphery and CNS. However, much re-
mains to be learnt about their precise role in physiology.

4. Disturbance of brain endothelial cells in neurological diseases

The prominent position of brain endothelial cells and the BBB be-
tween blood and CNSmakes them susceptible to involvement in a vari-
ety of neurological diseases. This involvement can either appear as
simple physical disruption of the barrier as seen in stroke and traumatic
brain injury or as more complex changes of the brain endothelial cell
phenotype modulated by the disease context. In many cases, it is not
known whether disturbance of the BBB and brain endothelial cells is a
primary cause or a consequence of the disease.

A number of reviews have focused on the role of the BBB in diseases
[19–21] and we will only provide some illustrative examples of its
multifaceted role in disease induction and progression. During acute
damage to the brain as found in stroke or traumatic brain injury, inflam-
matory cytokines activatematrixmetalloproteases (MMP) that degrade
parts of the extracellular matrix. They are also capable to disrupt tight
junctions as already shown for claudin-5 and occludin [22]. This process
facilitates opening of the BBB and development of vasogenic edema.

Apart from these acute disorders, many chronic neuroinflammatory
or neurodegenerative diseases involve brain endothelial cells. Multiple
sclerosis (MS), an autoimmune disease that causes demyelination in
the brain and spinal cord, is a well-known example in which the usually
immune-privileged CNShas to facemassive immune cell infiltration. Al-
though the initial route of entry for autoreactive CD4+ T cells is thought
to be the subarachnoidal space or choroid plexus, brain endothelial cells
in postcapillary venules are a major site of immune cell migration dur-
ing disease development [23]. This results in a disruption of BBB compo-
nents, caused by the release of proinflammatory cytokines that are able
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