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The blood-brain barrier (BBB) represents a complex interface between the brain parenchyma
and systemic blood circulation, strictly controlling exchange of substances between the two
sites. Pericytes are mural cells located on the abluminal membrane of the brain endothelium,
involved in BBB formation and maintenance. Previous studies have implied that pericytedeficiency causes alterations in BBB integrity for larger molecules, mainly by upregulated
transcytosis pathways.
The aim of the thesis was to examine the role of pericytes for small-molecular drug transport
across the BBB, by providing a closer insight into different aspects of transport in a pericytedeficient state. PDGF-B retention motif knockout mice were used as a well-established pericytedeficient model. Small-molecular drugs, namely diazepam, digoxin, imatinib, levofloxacin,
oxycodone and paliperidone were selected based on utilization of different BBB transport
mechanisms. Surprisingly, the extent of BBB transport expressed as the unbound brain-tounbound plasma partition coefficients indicated no difference between pericyte-deficient and
control mice for all tested drugs. In addition, no difference was observed in the rate of BBB
transport estimated by trans-cardiac in situ brain perfusion experiments. These results imply
preserved BBB features in terms of tight junctions that limit para-cellular transport, as well
as unaltered transporter functionality and expression. Thus, BBB aspects relevant for smallmolecular drug transport seem to be maintained regardless of pericyte presence at the BBB.
In addition, data from proteome and transcriptome analysis of the brain microvasculature
fragments were in line with these findings, showing no difference in major transporter
expressions at the BBB in pericyte-deficient mice. Finally, experiments with tyrosine kinase
(TK) inhibitors suggested a potential relevance of the imatinib-like TK target profiles for the
stabilization of compromised BBB integrity in pericyte-deficiency.
In conclusion, the present thesis work provided comprehensive insight into pharmacokinetics
of small-molecular drugs in a pericyte-deficient state. It represents an important initial platform
for future extensive investigations of BBB transport in pericyte-deficiency, towards the ultimate
goal of developing novel therapeutics for the treatment of different neurodegenerative diseases.
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“Life is and will ever remain an equation incapable of solution,
but it contains certain known factors.”
Nikola Tesla
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Introduction

The blood-brain barrier (BBB) is a complex biological interface, which separates the brain tissue from the systemic blood circulation. This barrier is composed of brain endothelial cells which form the brain capillaries, and possess
some impressive dimensions with a total capillary length of about 644 km and
a capillary surface area of 20 m2 in the adult human brain [1]. Discovery of the
BBB is usually attributed to the German scientist Paul Ehrlich, who conducted
animal experiments in 1885, in which he noticed that water-soluble dyes injected into systemic blood circulation stained all peripheral organs while brain
and spinal cord remained unaffected. Further experiments by Goldman, and
later by Stern in the early 1920s, led to the better appreciation of this important
barrier and its principles [2].
It is important to emphasize that the concept of BBB does not imply only a
passive physical obstacle, which prevents the transport from blood to brain
parenchyma. On the contrary, it is a dynamic regulatory structure, which provides meticulous control of exchange of substances between the two sites.
This regulatory role of the BBB is of crucial importance in order to ensure the
delivery of necessary nutrients to the brain tissue whilst at the same time restrict the transport of various xenobiotics, which could have a negative impact
on brain homeostasis and proper neuronal functioning [3, 4]. In addition, the
barrier function in several instances protects the brain from pharmacologically
active compounds and thereby prevents their adverse effects in the central
nervous system (CNS).
However, besides the beneficial protective roles of the BBB, this barrier
also represents an obstacle when designing new drugs that need to reach pharmacological targets located inside the brain parenchyma [5]. This is the case
in several pathological conditions, such as neurodegenerative diseases and
brain tumors that still lack appropriate and efficient pharmacotherapy approaches. One of the important reasons for failing to develop new CNS acting
drugs, is the inability to design substances with sufficient capacity to cross the
BBB and to achieve pharmacologically active concentrations at the respective
target sites in the brain tissue [6].
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The neurovascular unit
The BBB functionality is not solely dependent on brain endothelial cells but
on a wider group of diverse cells located in close proximity to the brain endothelium, commonly denoted as the neurovascular unit (NVU) (Fig. 1) [7-9].
The NVU involves different cell types such as pericytes, astrocytes, vascular
smooth muscle cells, microglia and neurons. In addition, circulating blood
cells such as lymphocytes and monocytes are also considered as a part of this
unit as they interact with brain endothelium in regulating homeostasis and inflammatory responses [8, 10]. Overall, close interactions between the cells in
the NVU, which involves multiple signaling pathways, is necessary for maintaining BBB protective properties, while any impairment in this complex micro-environment can result in compromising the barrier features and lead to
development of neurodegenerative diseases [11-14]. The present work was
focused particularly on pericytes as integral components of the NVU, and their
specific contributions to the regulation of BBB permeability.

Figure 1. Schematic representation of the BBB composed of brain endothelial cells
together with surrounding cells of the NVU. (Reprinted from ref [15] with the permission).
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Pericytes
Pericytes (peri- around, near; -cyte cell, vessel) are periendothelial cells, embedded within the vascular basement membrane of the blood microvessels,
i.e., capillaries and postcapillary venules [13, 16, 17]. They are ubiquitously
expressed in the microvessels of different organs, but with varying degree of
abundance and with distinct tissue-specific characteristics, e.g. stellate cells pericytes of the liver [18] and mesengial cells - pericytes of the kidneys [19].
Moreover, the CNS microvasculature is considered to have the highest pericyte abundance, involving an endothelial-to-pericyte cell ratio ranging from
1:1 to 3:1 [20, 21]. Pericytes of the brain microvasculature are comprised of a
cell body with a prominent nucleus from which they extend primary cytoplasmic processes. These primary processes branch further into a network of
smaller secondary processes enabling them to cover a large portion of the endothelial surface [22]. The branching patterns can differ somewhat depending
on the pericyte location e.g. capillaries versus postcapillary venules [23], or
can be modified in specific situations e.g. in case of migrating pericytes which
tend to retract their processes (Fig. 2) [24].
It is important to note that a universally accepted definition of pericytes
does not exist. Therefore, when identifying a pericyte, several criteria needs
to be taken into account, including their morphology and location, as well as
specific transcriptome/proteome expressions [16]. Many controversies in the
published literature about pericytes are originating from misconceptions about
pericyte definitions and methods for their identification [25]. For instance, because of the similar periendothelial location as well as an overlapping cellular
marker profiles, pericytes are quite often mixed up with vascular smooth muscle cells (vSMC), which belong to the same cell linage denoted as mural cells.
Furthermore, additional cell types can be associated with the endothelial surface such as fibroblasts and perivascular macrophages which makes the pericyte identification even more challenging. Some frequently used cellular
markers for pericyte recognition include platelet derived growth factor receptor beta (PDGFR-β), NG2, CD13, αSMA and desmin [16]. However, none of
the currently used markers is exclusively pericyte-specific. Interestingly,
study involving mice with two transgenic reporters, PDGFRβ-eGFP and NG2DsRed, provided a comprehensive catalogue of mouse brain mural cell-enriched gene transcripts and suggested novel pericyte-specific markers [26].
Furthermore, recent study based on single-cell transcriptomics of the major
vascular and vessel-associated cell types in the adult mouse brain, enabled a
large searchable molecular atlas of different cell types and their zonation [27].
This study also showed that pericytes are organotypic, e.g. lung and brain pericytes differed from each other by their transcriptome. Brain pericytes expressed many specific transporters that were missing in lungs, which implies
that brain pericytes are essential for the BBB integrity [27].
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Figure 2. Scanning electron micrographs showing pericytes associated with the surface of rat CNS capillaries (left panel), together with schematically presented patterns of pericyte association with the endothelial surface. (Reprinted from ref [24]
with the permission).

Pericyte roles
Even though pericytes were described for the first time by Eberth already in
1871 and Rouget in 1873 [16], most of the progress in studying pericytes has
been made later with the introduction of more advanced microscopy techniques as well as the generation of transgenic animal models which enable
studying pericyte roles under in vivo conditions.
One of the first physiological functions attributed to pericytes was the involvement in regulation of the blood flow. Pericytes express contractile proteins such as actin, myosin and tropomyosin [28-30], which implies their capability to contract and thereby to regulate the capillary diameter and blood
flow [31, 32]. This was also suggested by experiments conducted in both ex
vivo and in vivo conditions [33, 34]. However, there are still controversial
views about the significance of the capillary pericytes for the control of blood
flow versus the contribution of arteriole smooth muscle cells [35, 36]. Some
of these discrepancies could potentially be explained by the different approaches for interpreting and identifying pericyte cells [25, 37].
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Furthermore, there are implications for pericyte involvement in angiogenesis,
the process of new blood vessel formation from pre-existing ones, which represents the principal manner of vascular development in the CNS [16, 38-40].
Once the blood vessel formation is accomplished, pericytes also play roles in
maintaining homeostasis, quiescence and vascular stability within adult individuals [41]. In addition to physiological angiogenesis, pericytes have also
been implicated in pathological angiogenesis of tumors [42-44]. Recent studies focused on glioblastoma have indicated that pericytes in the tumor tissue
can be generated by differentiation of glioma stem cells residing within the
tumor itself [45, 46]. On the other hand, part of the glioblastoma pericytes can
actually originate from non-tumor derived pericytes of the host, which can
infiltrate the tumor and integrate within its vasculature [47]. In general, contribution of pericytes in tumor angiogenesis and growth, together with the signaling pathways involved in these processes, provide potentially interesting
targets for the development of novel pharmacotherapy approaches in tumor
treatment [48-51].
Moreover, pericytes are also described to participate in neuroinflammatory
processes and in leukocyte trafficking [13, 16, 52, 53]. Leukocyte recruitment
from blood to the extravascular spaces is the key component of the inflammatory response to tissue injury and infections, but can also be a cause of many
inflammatory disorders. Generally, in order to reach a specific tissue, circulating leukocytes need to overcome several obstacles including the vascular
endothelium, basement membrane as well as pericytes located within the basement membrane [54]. It has been demonstrated that mouse embryos that completely lack pericytes exhibit increased gene and protein expression of leukocyte adhesion molecules (LAMs) such as Icam1, Alcam and Lgals3 on the
brain endothelium, suggesting a role of pericytes in the regulation of leukocyte
migration across the BBB [55]. Interestingly, several studies have showed that
mural cells react to inflammatory stimuli by expansion of pericyte gaps and
thereby facilitating the neutrophil migration through the venular wall to the
site of inflammation [56, 57].
In addition to the described functions, pericytes are also exhibiting multipotent stem cell potential, meaning that they can differentiate into different
cell types including neural and vascular cells [58-60].
Taken all together, pericytes are important cell types, performing multipletasks in the microvasculature of different tissues, which is especially evident
in the microvasculature of the CNS in which they are highly abundant. There
are rapidly emerging findings from numerous studies elucidating various pericyte roles as well as underlying cellular mechanisms. Apart from the regulation of physiological processes, pericytes are also involved in pathological
processes, which makes these cells interesting targets in the development of
new pharmacological approaches. For instance, in some of the pathological
conditions affecting the CNS like Alzheimer’s disease, amyotrophic lateral
sclerosis (ALS) and several others, the progression of the disease status has
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been shown to correlate with a decreased pericyte coverage of the CNS endothelium [61-63]. This furthermore highlights a significant role of pericytes in
the regulation of endothelial permeability and accentuates a need for new
pharmacological strategies, which would take into account pericyte contributions. The present work focused on pericytes in the CNS microvasculature and
their involvement in the regulation of BBB transport mechanisms.

Models for studying pericyte functions in vivo
Most of the mouse models for studying pericyte functions in vivo are based on
genetic manipulations with the PDGF-B ligand expressed by endothelial cells
or its corresponding receptor PDGFR-β expressed by pericytes. This ligandreceptor interaction is crucial for proper pericyte recruitment by the sprouting
endothelium during angiogenesis in embryonic development. Complete constitutive gene knockouts for either PDGF-B or PDGFR-β result in almost complete loss of pericytes in the CNS microvasculature [64, 65]. These animal
models are embryonically lethal due to vascular dysfunction and widespread
bleedings, which emphasizes the physiological importance of pericytes [55,
64]. Moreover, analysis of Pdgfrb-/- mouse embryos lacking pericytes in the
CNS, revealed a compromised BBB phenotype which was associated with upregulated transcytosis pathway leading to increased brain uptake of different
tracer molecules [55]. In addition, these mice have also demonstrated increased gene expression of Plasmalemmal Vesicle Associated Protein, Plvap.
This protein is involved in the transcytotic vesicle transport, and is highly expressed in peripheral blood vessels. However, expression of Plvap in the CNS
vasculature is normally suppressed, but can be upregulated under pathological
conditions [66]. Thus, findings from Pdgfrb-/- mouse embryos suggest a role
of pericytes for the suppression of transcytotic transport at the brain endothelium.
Besides a significance for the CNS vasculature during the embryonic development, pericytes are also essential during the postnatal period. There are
several viable pericyte-deficient mouse models with different degree of pericyte loss, which has opened up possibilities of studying pericyte functions in
the adult individuals [67-69]. One well-established pericyte-deficient mouse
model is the platelet-derived growth factor-B retention motif knockout
(Pdgfbret/ret) [70]. This mouse model was used as the representative pericytedeficient model throughout the present project. The Pdgfbret/ret model is based
on the impaired ligand-receptor interaction between PDGF-B and PDGFR-β.
However, instead of completely knocking out the ligand or its corresponding
receptor, the deletion of the amino-acid motif at the C-terminus of PDGF-B is
implemented. This results in a more diffusible ligand, leading to its insufficient gradient on the endothelial surface and consequently fewer pericytes being attracted to the newly formed blood vessels. The resulting animals have
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significantly reduced pericyte coverage of the CNS microvasculature, corresponding to approximately 25% of the endothelial coverage in comparison
with healthy controls [67].
The long-term impact of the lack of PDGF-B retention in these mice involves deterioration of the retina, as well as changes in the kidneys involving
glomerulosclerosis and proteinuria [70]. When it comes to the BBB phenotype, Pdgfbret/ret mice exhibit increased permeability to water, Evans blue and
a wide range of fluorescently labeled tracers, starting from the 1 kDa Cadaverine Alexa Fluor 555, to antibodies such as 200 kDa IgG-DyLight 549 [67].
Furthermore, Pdgfbret/ret mice have also demonstrated increased brain uptake
of horseradish peroxidase (HRP) which was associated with macrovesicular
structures in the brain endothelium [67]. Overall, the increased BBB permeability in Pdgfbret/ret mice was attributed to an upregulated transcytosis transporting pathway, which is in line with previously described observations in
studies involving pericyte-deficient mouse embryos [55]. Interestingly, the
expression of tight and adherence junctional markers did not show changes in
Pdgfbret/ret mice when compared to controls, although they demonstrated increased junctional width and undulations [67].
The tyrosine kinase inhibitor (TKI) imatinib indicated beneficial effects in
reversing an increased BBB permeability in the Pdgfbret/ret mice [67], although
the exact mechanism and the site of action remains unknown. Beneficial effects of imatinib for the stabilization of BBB features were also demonstrated
in other animal models with compromised BBB integrity, such as mice with
experimental cerebral malaria and stroke [71, 72]. Confirming similar pharmacodynamic (PD) effects with other TKIs possessing imatinib-like TK target
profiles, would enable better understanding of the underlying pharmacological
mechanisms. Moreover, these findings would enable a whole new range of
possibilities in stabilizing and manipulating BBB integrity for pharmacotherapeutic purposes.
Similarly to the BBB phenotype observed in Pdgfbret/ret mice, another
mouse model which lacks the specific transporter protein Major facilitator superfamily domain containing 2a (Mfsd2a), exhibits a compromised BBB integrity with increased transcytotic vesicular transport [73]. The Mfsd2a-/- mice
exhibited increased brain uptake of large-molecular tracers via transcytosis
pathway, while other BBB features including tight junctions seemed to be unaffected. Interestingly, in the same study, Pdgfbret/ret mice were analyzed for
the expression of Mfsd2a and demonstrated significant decrease in this protein, implying a possible link between pericytes and Mfsd2a in the regulation
of transcytosis at the brain endothelium. Furthermore, Mfsd2a is suggested to
specifically inhibit caveolae-mediated transcytosis by transporting and creating a unique lipid setting inside the brain endothelium, consequently restricting caveolae formation [74].
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In summary, previous studies utilizing pericyte-deficient mouse models have
shown compromised BBB integrity with upregulated transcytosis pathways,
relevant for the brain uptake of large-molecular compounds. However, it remains unknown how pericyte-deficiency affects BBB features relevant for the
transport of small-molecular substances. For instance, expression and activity
of various efflux and influx transporters at the BBB, as well as the functionality of tight-junction proteins, which limit the paracellular route, are some of
the important aspects that can influence the BBB transport of small molecules,
including pharmacologically active substances. Therefore, better understanding of pharmacokinetics (PK) and fundamental mechanisms of BBB permeability in the pericyte-deficient state, could be of great importance from a drug
delivery perspective. By elucidating mechanisms by which pericytes regulate
the BBB integrity one could think of new strategies for designing novel therapy approaches and thereby improve drug delivery across the BBB [75]. This
is of great importance for neurodegenerative diseases, brain tumors and other
CNS pathologies that still lack efficacious pharmacotherapy.

Drug transport across the BBB
The BBB itself is composed of endothelial cells forming the brain capillaries
which have characteristics distinct from the capillaries in the peripheral tissues. Brain endothelial cells are connected to each other by the adherens junction proteins and furthermore tightened together with tight junction proteins.
The presence of tight junction proteins significantly reduces the possibility of
paracellular transport between the endothelial cells. Therefore, substances are
more likely to cross the BBB directly through endothelial cells with transcellular transport. This can occur by a passive diffusion, which is more plausible
for uncharged forms of small-molecular lipophilic substances that can diffuse
into lipid membrane of endothelial cells. However, when it comes to smallmolecular drugs, the most common BBB transport scenario is that the transcellular diffusion route is restricted by efflux transporters expressed on the
luminal side of the brain endothelial cells. This will result in active transport
of drugs from the brain endothelium back to the blood side (Fig. 3).
The most important BBB efflux transporters belong to the ATP-binding
cassette (ABC) group [76, 77]. There are currently 49 genes identified in the
human genome which encode for ABC transporters [76, 78]. Most of these
ABC transporters are expressed on the luminal plasma membrane facing the
circulating blood. This is a strategic position as these efflux transporters prevent the entry of a wide range of small-molecular substrates into the brain by
actively pumping them out back to the blood circulation. P-glycoprotein (Pgp; ABCB1) is considered to be the key ABC transporter expressed on the
luminal membrane of the brain endothelium. It binds a wide range of small-
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molecular drug substrates [79], and this process takes place on multiple binding sites present on P-gp protein [80, 81]. Proposed mechanism of action of
P-gp involves binding of its substrates directly from the inner leaflet of the
endothelial membrane lipid bilayer and releasing them to the outer leaflet
and/or blood circulation [80, 82]. This unidirectional efflux of P-gp substrates
represents a primary active process, which utilizes direct binding and hydrolysis of ATP in order to generate required energy. Moreover, regulation of Pgp expression and its activity at the BBB is a complex process, which can be
influenced by different xenobiotics as well as various disease states, which
can lead to either up- or down-regulation of its efflux function and/or transporter expression [83, 84].

Figure 3. Different ways of transport across the BBB. (Reprinted from ref [85] with
the permission).

Breast Cancer Resistance Protein (BCRP; ABCG2) is another important ABC
efflux transporter expressed on the luminal membrane of the brain endothelial
cells with a wide range of small-molecular drug substrates [86]. Interestingly,
BCRP seems to be more abundantly expressed at the human BBB than P-gp
[87], while the mouse proteome data points out P-gp as the more abundant
transporter [88]. However, the importance of these species differences in
terms of P-gp and BCRP cannot be interpreted solely based on their BBB expression levels without investigating corresponding transporting activity levels. Nevertheless, it has been shown that both, P-gp and BCRP play important
roles at the BBB, which is especially evident in cases of their overlapping
substrate specificities. Experiments in rodents involving P-gp and BCRP dual
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substrates demonstrated their co-operative efflux activity, in which the lack of
activity from one of the transporters was compensated by the activity from the
other one [89].
Multidrug Resistance-associated Proteins (MRPs) represent another subgroup of ABC transporters expressed at the BBB, responsible for the efflux of
many small-molecular drugs. Isoforms like MRP1, MRP4 and MRP5 are
shown to be expressed at the luminal endothelial membrane, although some
of them appear to be present on the abluminal membrane as well [90, 91].
Besides the ABC transporters, which govern the primary active transport
by directly binding and hydrolyzing ATP, brain endothelial cells also express
another type of transporters denoted as Solute Carriers (SLC) which do not
utilize direct coupling of ATP [92-95]. These SLC transporters are identified
either on luminal, abluminal or both endothelial membranes, and are responsible for transport of nutrients and other essential compounds required for the
proper brain functioning. This actually means that many of SLCs at the BBB
function primarily as influx transporters, although some of them are also described to govern the efflux as well as the bi-directional transport. Even
though SLC transporters play key roles in regulating supply of endogenous
compounds to the brain, they are also involved in the transport of drugs and
other xenobiotics [96, 97]. Organic anion transporting polypeptides (OATPs)
such as OATP1A2 and OATP2B1 are examples of the SLC transporters expressed at the human BBB [98-101] that possess a wide range of substrates
including many small-molecular drugs [102, 103]. Furthermore, human
OATP1A2 transporter corresponds to rodent isoforms Oatp1a4 and Oatp1a5,
to which it expresses a relatively high homology [97, 104]. Interestingly,
Oatp1a4 is the rodent SLC expressed at the BBB on both luminal and abluminal endothelial membranes [105], and it is involved in transport of statins
and other small-molecular drugs [106]. Mouse knockout of Oatp1a4 provided
closer insight into its roles at the BBB, implying its ability to mediate bi-directional transport, into and out of the brain [107].
Another representative SLC transporter at the BBB involved in drug disposition is the Organic anion transporter 3 (OAT3). OAT3 is expressed on the
abluminal endothelial membrane facing the brain side [108-110], and is
thereby involved in efflux of endogenous compounds and small-molecular
drugs by taking them up from the brain tissue back into the capillary endothelium [111-114].
Moreover, larger molecules needed for proper brain functioning e.g. different proteins and peptides, can also be transported across the BBB by utilizing
the transcytosis pathway. This route of transport requires the formation of specialized transporting vesicles, which carry the large-molecular cargo across
the endothelial cells [3, 115]. There are several types of transporting vesicles
identified [116], with the clathrin-coated vesicles and caveolae being the most
studied ones at the BBB [74, 117]. The transcytotic process can be initiated
by specific binding of large-molecules to the corresponding receptors present
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on the brain endothelial surface, with their subsequent internalization in the
form of transcytotic vesicles, a process known as receptor mediated transcytosis (RMT) [118-120]. Some well-studied RMT receptors at the BBB involve
transferrin, insulin and low-density lipoprotein (LDL) receptors. A majority
of these RMT pathways utilize clathrin-coated pits/vesicles for the transport
of macromolecular cargo inside the capillary endothelium [121]. Alternatively, the transcytotic transport can also be initiated by non-specific electrostatic interaction of positively charged macromolecules with the endothelial
surface, so called adsorptive mediated transcytosis (AMT) [122]. Nevertheless, it is important to emphasize that the overall extent of transcytosis in the
brain endothelium is considered to be much less pronounced in comparison to
endothelial cells of the capillaries in peripheral tissues [121].

Pharmacokinetic aspects of drug transport across the
BBB
Drug molecules enter the tissue via its capillary network by passive diffusion
or can be subjected to active transport by specific transporting proteins as described in previous section. The brain parenchyma is unique in a way that it
has additional protection provided by the BBB, which in most cases results in
a very limited drug exposures in comparison to peripheral organs. In general,
drug transport into any tissue of the body can be quantitatively characterized
in terms of two separate distributional features: 1) the extent of transport and
2) the rate of transport. In addition, once transported into the tissue, drug molecules can behave differently in terms of their intra-tissue distribution, which
represents another distinct pharmacokinetic aspect.

Extent of BBB drug transport
The extent of transport is the most relevant aspect of drug distribution across
the BBB as it determines the drug exposure at the respective target site inside
of brain tissue. It simply answers the question How much of the drug from the
systemic blood circulation is transported into the brain parenchyma? Therefore, measuring drug levels solely in the brain tissue, without taking into account drug levels in the systemic blood circulation will not provide a complete
answer about the extensiveness of distribution. Hence, the extent of BBB
transport is often expressed as the brain-to-blood (or plasma) partition coefficient, Kp [123]. This is a steady state measurement, which means that Kp describes the ratio of drug levels on both sides of the barrier when transport
equilibrium has been reached. It is calculated based on the following equation:

21

,

(Eq. 1)

,

where Css,brain and Css,plasma represent total drug concentrations in brain and
plasma, measured simultaneously at any time point after the BBB equilibrium
is reached. Attainment of steady state can be ensured and assessed by selecting
an appropriate experimental design e.g. implementing constant rate infusion
of drug of interest to the individual animal.
Alternatively, Kp can be estimated by sparse sampling approach which involves a series of terminal experiments performed in several animals. This
method involves pooling of data from different individuals in order to construct a common drug concentration-time profile. In that case, Kp is estimated
according to following equation:
,

(Eq. 2)

,

where AUCtot,brain and AUCtot,plasma represent area under the total drug concentration vs. time curves for brain and plasma, respectively. These are estimated
mathematically by the trapezoidal rule using concentrations from the first to
the last measured time point.
Regardless of the experimental approach, estimation of Kp is based on total
drug levels measured in brain and plasma, which means that both bound and
unbound drug concentrations are taken into account. According to the free
drug hypothesis, unbound drug is the only entity that can cross biological
membranes and be distributed to tissues, as well as bind to its corresponding
targets and elicit a pharmacological effect. Therefore, Kp needs to be corrected
for plasma protein binding as well as for brain tissue binding in order to take
into account only the free drug concentrations of relevance for the distributional processes. That is why the new partition coefficient Kp,uu was introduced, which represents the ratio of unbound drug concentrations in brain-tounbound drug concentrations in plasma [123].
,

,
,

,
,

(Eq. 3)

where AUCu,brain and AUCu,plasma represent area under the unbound drug concentration vs. time curves for brain and plasma, respectively. fu,brain and fu,plasma
represent unbound (free) drug fractions (percentages) in brain tissue and
plasma, respectively. These unbound fractions are commonly estimated under
in vitro conditions by using equilibrium dialysis (ED) experiments [124, 125].
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The partition coefficient Kp,uu of a certain drug provides a hint about its dominant mode of transport across the BBB. For instance, for drugs with Kp,uu
values close to unity, this parameter implies a dominant passive distribution.
On the other hand, Kp,uu higher than unity would mean higher unbound brain
concentrations versus unbound plasma concentrations, which would suggest
an active uptake of drug into the brain as the dominating transport process.
Finally, the most common BBB scenario for many of drugs is the Kp,uu value
of less than unity, indicating that the drug is actively effluxed back to the systemic blood circulation. It is important to emphasize that the Kp,uu value represents an overall net value of all possible BBB transport processes meaning
that both active uptake and efflux processes can take place simultaneously.
In general, the extent of BBB transport for a drug of interest is typically
investigated by administering it individually to experimental animals (conventional dosing or discrete dosing). However, quite often several drugs need to
be assessed in terms of BBB transport, e.g. assessment of new drug candidates
in pharmaceutical industry or investigating drugs with different modes of
transport in a specific animal model with altered BBB phenotype. In that case,
an alternative approach to discrete dosing is a simultaneous administration of
a cocktail (cassette) of different drugs to the same animal subject (Fig. 4).

Figure 4. Conventional (discrete) dosing approach involving the individual administration of substances to individual subjects, versus cassette dossing approach involving the simultaneous administration of the cocktail of different substances to the
same individual subject. (Reprinted from ref [126] with the permission).
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Applicability of the cassette dosing approach has been demonstrated in BBB
transport experiments with transgenic mice and rats lacking the P-gp transporter [127, 128]. However, simultaneous drug administration also involves a
risk for drug-drug interactions to occur. This risk can be minimized by limiting
the total number of drugs in a cassette to e.g. five, and by administering all
drugs at as low dose as possible [126, 129]. Another way to estimate and exclude the risk of drug-drug interactions, is to validate a chosen combination of
drugs by separately performing and comparing discrete to cassette dosing experiments [127].

Rate of BBB drug transport
Unlike the extent, the rate of BBB transport is not a steady state measurement,
and describes the initial phases of drug transport before equilibrium at the
BBB is reached. It answers the question How fast is drug transport from the
systemic blood circulation into the brain parenchyma? The rate is a relevant
aspect of BBB transport of drugs which are required to quickly reach corresponding targets inside the CNS, and to elicit a fast onset of the pharmacological effect, e.g. anesthetics. However, in case of treatment of chronic CNS
conditions, which require repetitive dosing regimens, a certain equilibrium
between blood and brain levels will eventually be established and maintained
throughout the treatment period. This means that for those CNS drugs, a sufficient extent of BBB transport is a more relevant aspect than their respective
rates.
The rate of BBB transport can be measured by different methods such as
microdialysis (which can also be used for the estimation of extent of
transport), and the i.v. injection technique [130-134]. In addition, the rate of
BBB transport is often determined by in situ brain perfusion experiments
[135], which involve direct delivery of the perfusate containing the drug of
interest by a perfusion pump under a short time interval. A trans-cardiac in
situ brain perfusion was chosen to be used for this purpose within the present
project.
The rate of transport can be expressed as Kin (mL/min/100g brain). It represents a transfer coefficient for unidirectional uptake of drug from the perfusate into the brain parenchyma. Kin can be estimated based on the following
equation:
/
(Eq. 4)
where Abrain represents the amount of drug in the brain, Cperf is the drug concentration in the perfusate which has a constant value, and t is the perfusion
duration. This means that Kin describes how fast the amount of drug in the
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brain will be increasing during perfusion. Moreover, the ratio between Abrain
and Cperf, taken at any specific time point, has units of volume and can be
defined as an apparent brain distributional volume, Vbrain, measured for that
specific time point.
Kin can be further transformed into the permeability-surface area product
( ) by the Crone-Renkin equation:
ln 1

/

(Eq. 5)

where F represents the cerebral flow rate of the perfusate (mL/min/100g
brain). F is commonly determined by using diazepam as the flow marker, as
its brain uptake is considered to be flow dependent [135, 136].
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Aims

Overall aim
The general objective of this thesis was to investigate the role of pericytes for
small-molecular drug distribution across the BBB, by providing a close quantitative insight into different aspects of BBB transport in pericyte-deficiency.

Specific aims
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To examine the extent of brain partitioning for small-molecular drugs
with different physico-chemical, pharmacokinetic and BBB transport
characteristics in a pericyte-deficient mouse model (Paper I).



To investigate the rate of small-molecular drug transport across the
BBB in a pericyte-deficient state (Paper II).



To investigate transporter functionality in conjunction with the analysis of the complete proteome and transcriptome of brain microvessels in pericyte-deficient mice (Paper III).



To evaluate pharmacokinetic and pharmacodynamic properties of tyrosine kinase inhibitors in a pericyte-deficient state, in order to assess
their therapeutic potential for stabilization of a compromised BBB integrity (Paper IV).

Materials and Methods

This section provides a brief overview of all material and methods used in the
present thesis. For a more detailed description of individual projects, please
refer to respective manuscripts.

Animals
Pdgfbret/ret male and female mice, age 2-5 months, were used in all four projects as a representative pericyte-deficient mouse model, together with the corresponding heterozygous littermate controls Pdgfbret/+ with normal pericyte
phenotype. In Paper I, WT mice were used as controls since they were also
selected for the cassette validation prior to performing experiments in pericyte-deficient mice. Animals were housed in an animal facility under the 12 h
day/night cycle with controlled temperature and air humidity conditions, with
free access to food and water. All animal experiments were approved by the
Animal Ethics Committee of the Swedish Board of Agriculture with the following ethical reference numbers: C17/12, C224/12, C188/14, C189/14,
C4/15 and C115/15.

Compound selection
The main focus of the present work was on small-molecular drugs and their
transport across the BBB in pericyte-deficiency. Drug selection was based on
different physico-chemical characteristics as well as pharmacokinetic properties in terms of dominant BBB transport mechanisms. In Paper I, which investigated the extent of small-molecular drug transport, the following five drugs
were selected: diazepam, digoxin, levofloxacin, paliperidone and oxycodone.
Diazepam is considered to be passively diffusing across the BBB without involvement of active transport processes [137, 138]. Digoxin, levofloxacin and
paliperidone are all actively effluxed at the BBB, mainly by the P-gp transporter, with variable degrees of efflux [138-142]. In addition, there are evidences that digoxin and levofloxacin also represent substrates for SLC uptake
transporters [102, 107, 143]. Oxycodone is unlike the other selected compounds actively taken up into the brain, dominating its BBB transport [144146]. In Paper II, which was focused on the rate of BBB transport, three of the
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same model compounds were included - diazepam, digoxin and paliperidone.
Paper III involved imatinib, which is known to be a dual substrate for P-gp
and BCRP efflux transporters [147-150], with a potential involvement of SLC
uptake transporters [151, 152]. With its involvement of multiple transporters
at the BBB, imatinib was a suitable candidate when testing the functionality
of BBB transporters in conjunction with their proteome and transcriptome expression data. Paper IV had, besides the pharmacokinetic aspect, an additional
pharmacodynamic focus on potential BBB stabilizing effects, which were previously observed with imatinib [67]. Therefore, drug selection was based on
imatinib-like target profiles, and also involved the TKIs bosutinib, dasatinib
and nilotinib. All the selected TKIs are known to be substrates for BBB efflux
transporters, P-gp and/or BCRP [153-156].
Table 1. Overview of all small-molecular drugs used in the thesis project.
(* administered in a combination as a cassette of drugs)
Dose
Administration
MW
Study
Compound
(mg/kg)
route
(g/mol)
Digoxin
780.9
Paper I
1
subcutaneous*
Levofloxacin
361.4
Paper I
1
subcutaneous*
Paper I
0.25
subcutaneous*
Diazepam
284.7
Paper II
in situ perfusion
Paper I
0.25
subcutaneous*
Oxycodone
315.4
Paper II
in situ perfusion
Paper I
0.25
subcutaneous*
Paliperidone
426.5
Paper II
in situ perfusion
Paper III
10
subcutaneous
Imatinib
493.6
Paper IV
150
gavage
Bosutinib
530.4
Paper IV
150
gavage
Dasatinib
488
Paper IV
150
gavage
Nilotinib
529.5
Paper IV
150
gavage

Experimental design overview of the BBB transport
assessment
In Paper I, a cassette dosing approach was selected. Thus, all five drugs were
administered simultaneously to the same animal subject. The cassette was
given as a subcutaneous injection at low doses (up to 1 mg/kg) in a common
vehicle composed of phosphate-buffered saline (PBS) pH 7.4 with ethanol
(2.5%) and acetic acid (0.25%). A sparse sampling approach was implemented
with collection of plasma and brain samples by terminal sampling at 0.5, 1, 3
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and 5 h post-dose. Moreover, prior to the conduction of the cassette experiment in the pericyte-deficient mice, the selected drug cocktail was validated
in order to estimate the potential risk for drug-drug interactions. This was done
by administering all five drugs individually (discrete dosing) to WT mice, and
comparing it to the results obtained in a separate set of experiments involving
cassette dosing in WT mice.
In Paper III and IV, which included smaller number of compounds and
fewer sampling time points (0.5, 1 and 3 h), a discrete dosing approach was
implemented. Individual drugs were dissolved in their respective vehicles and
administered by either subcutaneous injections (Paper III) or oral gavage (Paper IV). Unlike the other papers in this thesis, Paper II was focused on the
investigation of the rate of BBB transport, which had a different experimental
design including the implementation of trans-cardiac in situ brain perfusion
method.

Animal surgical procedures
For Papers I, III and IV, the following procedures were implemented. At preselected time points mice were anaesthetized with isoflurane inhalation anesthesia (Univentor 410 Anaesthesia unit, Zejtun, Malta). Thorax was surgically
processed in order to expose the heart and blood samples were collected via
heart puncture. The blood samples were centrifuged at 10.000 rpm for 5
minutes in order to obtain plasma. Immediately after the blood sampling, animals were perfused with PBS through the left cardiac ventricle for 3 minutes
by a perfusion pump (Watson-Marlow SCI Q401, Wilmington, MA, USA),
while making a cut in the right atrium to allow exit of the perfusate. The perfusion step was performed in order to get rid of residual blood in the brain
vessels, containing drug that did not cross the BBB. After completed perfusion, the brain was collected (without olfactory bulbs and cerebellum) into
pre-weighed Eppendorf tubes. All plasma and brain tissue samples were
stored in freezers at -20 °C or -80 °C until further analysis.

Trans-cardiac in situ brain perfusion
In Paper II, trans-cardiac in situ brain perfusion was performed. The surgical
procedure was similar to that in Papers I, III and IV with some modifications.
Instead of perfusing the whole body through the left cardiac ventricle, the descending aorta was ligated with surgical silk to only allow perfusion of blood
vessels leading to the brain. The perfusion fluid consisted of Krebs-Ringer
bicarbonate (KRB) buffer with addition of the drug of interest at a concentration of about 1.5 µM. Perfusate was delivered by the Harvard apparatus syringe pump (Holliston, MA, USA) at the rate of 10 mL/min for a time intervals
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of either 30, 60 or 90 seconds. After the completed perfusion, the animals were
decapitated and brain tissue was collected into pre-weighed Eppendorf tubes.
Aliquots of the remaining unused perfusate were also saved in order to quantify exact drug concentrations. All samples were stored at -20 °C until further
analysis.
In addition to the experiments involving the drugs of interest, a separate set
of trans-cardiac in situ brain perfusion experiments was performed with the
radioactive isotope 14C-sucrose in order to estimate the volume of brain vascular spaces, Vvasc. Radiolabeled sucrose was added to the perfusate to concentrations of around 0.3 µCi/mL, which was sufficient to ensure a radioactivity signal of at least 1000 dpm in brain samples. Sucrose does not cross the
BBB during the short perfusion interval, and stays trapped inside of brain vessels [157, 158].
∗
∗

(Eq. 6)

is the amount of 14C-sucrose in the brain (dpm/100g of brain),
where ∗
∗
and
is concentration of 14C-sucrose in the perfusate (dpm/mL). Vvasc is
used to correct for drug in residual perfusate (inside of brain vessels), which
did not cross the BBB. The correction is done by subtracting the total drug
levels measured in the brain tissue Atotal, by the drug amount estimated inside
of blood vessels Avasc, in order to obtain actual amount of drug that was transported across the BBB into the brain tissue, Abrain.
(Eq. 7)
(Eq. 8)
Cperf is the corresponding drug concentration in the perfusate.

Plasma protein binding
In Papers I, III and IV, equilibrium dialysis (ED) experiments were performed
in order to estimate unbound (free) drug fractions in plasma [124, 125].
Plasma samples were analyzed either from individual animal subjects, or by
pooling plasma from several subjects belonging to the same genotype group.
Selection of the approach depended on the availability of collected plasma
volumes (minimal required volume for loading one ED well was 125 µL). The
ED equipment consisted of a 96-well apparatus (Model HTD96b, HTDialysis,
CT, USA) and dialysis membranes with 12-14 kDa molecular cut-off. Half of
each ED well was loaded with 125 µL of plasma containing the drug(s) of
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interest, while the opposite halves were loaded with protein free PBS. The
system was equilibrated for 6 h, at 37 °C and rotation of 200 rpm in an orbital
shaker MaxQ 4450 (Thermo Scientific, Waltham, MA, USA). After expected
equilibration at 6 h, 70 µL of samples from each half of the well were collected
and mixed with 70 µL of either blank plasma or PBS, in order to obtain a
uniform matrix for all samples. The ED samples were stored at -20 °C until
quantification. Unbound drug fractions were calculated by dividing drug concentrations measured on the PBS side (free drug concentration) by the respective drug concentrations measured on the plasma side (total drug concentration) of the ED wells.

Nonspecific brain tissue binding
ED was also used in Papers I, III and IV in order to estimate nonspecific drug
binding to the components of brain tissue homogenates. Unlike liquid plasma
samples, collected brains required homogenization prior to the loading into
ED wells. Homogenization was performed with the addition of PBS, with a
final brain-to-PBS ratio of 1:4. Brain homogenates containing the drug(s) of
interest were then loaded into ED wells and processed just as described for the
plasma protein binding experiments. Unbound brain fractions were calculated
in the same way as mentioned for plasma binding, with the additional correction for dilution factor, which was used for the tissue homogenization.

Transcriptome and proteome analysis
In Project III, a complete transcriptome and proteome analysis of the brain
microvasculature fragments was performed in Pdgfbret/ret and Pdgfbret/+ control
mice. Isolated microvascular fragments consisted mainly of brain endothelial
cells and pericytes. Isolation and purification of the microvasculature was performed according to previously established protocol involving the use of Collagenase A and rat anti-PECAM antibody-coated magnetic beads [159] with
some modifications. Samples were treated according to specified protocols
depending on the purpose of the analysis – proteomics or transcriptomics. Microvasculature fragments used for proteomic analysis underwent a lysis procedure and labeling of isolated peptides with isobaric tags for relative and absolute quantification (iTRAQ), and subsequent cleaning through an SCX cartridge. Further steps involved immobilized pH gradient-isoelectric focusing of
peptides (IPG-IEF), separation on Agilent 1200 nano-LC system (Agilent
Technologies, Santa Clara, CA, USA), and the use of LTQ Orbitrap Velos
mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Processing of microvasculature fragments for transcriptomics, involved their lysis, isolation and purification of RNA which was converted to a cDNA library
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and sequenced on Illumina HiSeq 2500 sequencer (Illumina, San Diego, CA,
USA). A brief schematic overview of the proteomics and transcriptomics
work-flow is provided in Fig. 5. All details about the experimental procedures
are presented in Paper III.

Figure 5. Graphical summary of the workflow for the proteome (A) and transcriptome analysis (B) of the brain microvascular fragments in control and pericyte-deficient mice.
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Bioanalytical methods
Drug quantification
All drug quantifications in biological samples from Papers I, III and IV were
performed on a liquid chromatography tandem mass spectrometry (LCMS/MS) system. The LC components of the equipment involved the Shimadzu autosampler SIL-HTc and pumps LC-10ADvp (Shimadzu, Kyoto, Japan). The MS detector was a Quattro Ultima Pt (Waters, Milford, MA, USA).
The chromatographic column used for diazepam, digoxin, levofloxacin and
paliperidone was a HyPURITY C18, 3 μm particle size, 50 x 4.6 mm together
with a corresponding pre-column of the same material (Thermo Hypersil-Keystone, Bellefonte, PA, USA). Imatinib, bosutinib, dasatinib and nilotinib were
analyzed on an XBridge C18 column with particle size 3.5 µm, dimensions
4.6 x 50 mm, together with XBridge Sentry Guard Cartridge, 4.6 x 20 mm
made of the same material (Waters, Milford, MA, USA). The chromatographic column used for oxycodone was a Zorbax Eclipse XDB-CN, 5 μm
particle size, 150 x 4.6 mm (Agilent Technologies, Santa Clara, CA, USA).
All columns were maintained at room temperature except for the oxycodone
analysis where the column was maintained at 50 °C.
Drug quantifications in Paper II were performed on an Ultra Performance
Liquid Chromatography tandem Mass Spectrometry (UPLC-MS/MS) system.
The equipment consisted of a Waters ACQUITY UPLC including sample
manager and binary solvent manager, together with the same MS detector, a
Micromass Quattro Ultima Pt (Waters, Milford, MA, USA). The chromatography column was an ACQUITY UPLC BEH C18 1.7 µm, 2.1 x 50 mm, together with the VanGuard pre-column 2.1 x 5 mm (Waters, Milford, MA,
USA), which were maintained at the room temperature.
The MassLynx software, version 4.1 (Waters, Milford, MA, USA) was
used for adjustment of instrument parameters and monitoring of analysis. All
details about analysis including the mobile phases, MS detector parameters
and mass transitions can be found within the respective manuscripts (Papers
I-IV).

Sample preparation for drug quantification
All brain samples were homogenized prior to drug quantification with the addition of PBS, to achieve 5x dilution of the tissue (brain:PBS 1:4 ratio). In
general, the sample preparation for LC-MS/MS and UPLC-MS/MS analysis
involved pipetting of 50 µL (or less) of the original biological sample, being
plasma or brain homogenate. A certain volume of acetonitrile (ACN), usually
150 µL was added to the original sample in order to precipitate proteins. ACN
solution also contained a certain concentration of the corresponding internal
standard, where applicable. The mixture of the original sample and the ACN
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solution was vortexed and then centrifuged for 3 min at 13.000 rpm. The resulting supernatant was diluted with the water based mobile phase and quantified. Details about sample preparation for each compound as well as exact
volumes of reagents are available within respective manuscripts (Paper I-IV).

Radioactive isotope quantification
In Paper II, brain samples containing the radioactive 14C-sucrose were collected into scintillation vials and mixed with 2 mL of Solvable, and incubated
overnight at 50 °C. After completed tissue solubilization, the solution was incubated for another 30 min at 50 °C with the addition of 0.2 mL of hydrogen
peroxide. Thereafter, 10 mL of Ultima Gold liquid scintillation cocktail was
added and radioactivity levels quantified in dpm units on a TRI-CARB
4910TR liquid scintillation counter (PerkinElmer, Waltham, MA, USA).
Moreover, 200 µL of the unused perfusate containing 14C-sucrose was mixed
directly in scintillation vials with 2 mL of Ultima Gold in order to quantify the
exact radioactivity levels of the perfusate.

Fluorescently labeled tracer quantification
In Paper IV, a 1 kDa Alexa Fluor® 555 Cadaverine was used as a fluorescent
tracer to test the integrity of the BBB. Fluorescence was measured in brains
of Pdgfbret/ret and Pdgfbret/+ mice, with or without pre-treatment with tyrosine
kinase inhibitors in order to test therapeutic potential of these drugs for reversing the BBB leakiness. Animals received three individual doses of TKIs by
oral gavage at 150 mg/kg with a 12 h dosing interval. Two hours after the last
TKI dose, Alexa Fluor® 555 Cadaverine was injected into the tail vein and
was allowed to circulate for two hours. Thereafter, the mice were anesthetized
with isoflurane and perfused with Hank's Balanced Salt Solution (HBSS) as
previously described [67], and brains were collected. In addition, the kidneys
were also collected as a control organ in order to confirm and examine the
systemic exposure to the fluorescent tracer. Organs were homogenized in 1%
Triton X-100/PBS, and resulting lysates were centrifuged at 14.000 rpm, 4 °C
for 20 minutes. The relative fluorescence of the supernatant was measured
using a Synergy HT microplate reader (BioTek, Winooski, VT, USA) with the
instrument set to 540/25 nm for excitation and 590/20 nm for emission. Measurements were expressed as relative fluorescence units normalized to tissue
weight (RFU/g). Baseline readout of the instrument was determined by including one mouse without any fluorescent treatment, the “uninjected control”.
Moreover, a separate set of experiments was performed with Alexa Fluor® 555
Cadaverine in order to conduct microscopic characterization of the BBB permeability by implementing an immunohistochemistry (IHC) approach. Details about IHC preparations are available within Paper IV.
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Pharmacokinetic and statistical analysis
In Paper I, III and IV, the extent of BBB transport was assessed by calculating
Kp,uu values (Eq. 3). The total brain partitioning Kp was estimated based on
corresponding AUCtot in brain and plasma (Eq. 2), constructed by pooling data
from all individuals belonging to the same genotype group. Total drug exposures were corrected by fu,brain and fu,plasma values estimated in ED experiments.
All statistical analysis and graphical presentation of data was done in the
GraphPad Prism® 6 software (La Jolla, CA, USA). Data are presented as mean
values ± SD (or SEM), where applicable. The nonparametric Mann-Whitney
test was used to assess differences between respective genotype groups, with
p ˂ 0.05 being considered as a statistically significant difference. Conventional statistical approaches for comparison of brain partitioning coefficients
between different groups were not applicable due to terminal sampling and
pooling of data generated in different individuals for each time point.
In Paper II, linear regression equations were used to assess the corresponding Kin values. This was performed based on the slopes of the fitted Vbrain vs.
perfusion time curves. A two-tailed t-test was applied to test statistical significance between groups where applicable, with p ˂ 0.05 being statistically significant.
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Results and Discussion

Extent of BBB transport in pericyte-deficiency
Three papers (I, III and IV) of the thesis involved investigations of the extent
of drug transport across the BBB. This was measured as the unbound brainto-unbound plasma drug partitioning coefficients Kp,uu, which are determined
by correcting total brain partitioning coefficients Kp from in vivo studies, by
the drug binding in brain tissue (fu,brain) and plasma (fu,plasma) from in vitro studies (Eq. 3).
In Paper I, five small-molecular drugs were tested in terms of extent of
BBB transport in pericyte-deficient Pdgfbret/ret mice and WT controls. Surprisingly, none of the tested compounds exhibited differences regarding the BBB
transport between two mouse groups, which indicated no pericyte influence
in the regulation of small-molecular transport. Previous studies involving
larger molecules showed increased brain uptake in Pdgfbret/ret mice, which was
attributed to upregulated transcytosis in pericyte-deficiency [67]. However,
Paper I implied preserved BBB integrity in terms of regulation of small-molecular distribution, i.e. unaltered functionality of transporters and tight junctions in the brain endothelium. Thus, these important BBB features seem to
be regulated independent of pericyte presence at the BBB.
The total brain partitioning (Kp) for the cassette of five tested drugs in Paper
I, showed a slight tendency towards increased brain exposures in Pdgfbret/ret
mice in comparison to WT controls (Table 2). However, the observed differences were within a 2-fold limit, with the highest difference observed for digoxin (1.8-fold). This 2-fold difference range fits also within the same range
of variation observed between discrete and cassette dosing approach in WT
mice, which was the part of cassette validation process.
ED experiments indicated no difference between two mouse groups in
terms of drug binding to brain tissue components, fu,brain. Moreover, exact
fu,brain for levofloxacin was not determined under the present experimental
setup since this drug exhibited almost no binding to brain tissue components.
Unlike the fu,brain, unbound drug fractions in plasma, fu,plasma, showed a tendency towards lower values (lower binding to plasma proteins) in Pdgfbret/ret
mice compared to WT. These differences in fu,plasma reached the statistical significance for diazepam, digoxin and oxycodone. Changes in fu,plasma can have
an impact on drug’s pharmacokinetics. For instance, according to the wellstirred model [160], higher unbound fractions in plasma can result in faster
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drug clearance, with the assumption that the intrinsic clearance remains unchanged. This will result in proportional drop of the total drug exposures in
plasma, AUCtot,plasma, while the unbound exposures AUCu,plasma will not be influenced [161, 162]. Therefore, if BBB transport would be described solely
by the Kp, this parameter could falsely suggest increased brain uptake. In other
words, total brain partition coefficients Kp would have higher values, not because more drug is transported into the brain, but because of lower total exposure in the systemic circulation, AUCtot,plasma (Eq. 2). This further highlights
the importance of unbound drug concentrations when describing drug distributional processes. Indeed, when Kp was corrected by fu,brain and fu,plasma values
(Eq. 3), resulting Kp,uu values showed no difference between two mouse
groups (Table 2).
Table 2. Overview of total (Kp) and unbound (Kp,uu) brain partition coefficients
in pericyte-deficient and control mice.
Compound

Study

Pdgfbret/ret mice

Control mice

Kp

Kp,uu

Kp

Kp,uu

Diazepam

I

3.45

1.031

2.46

0.940

Digoxin

I

0.0544

0.0115

0.0295

0.0103

Levofloxacin

I

0.281

-

0.160

-

Oxycodone

I

4.176

2.831

4.386

2.830

Paliperidone

I

0.542

0.186

0.437

0.172

III

0.0454

0.0299

0.0263

0.0196

IV

0.0360

0.0242

0.0245

0.0183

Bosutinib

IV

0.195

0.0202

0.133

0.0183

Dasatinib

IV

0.0757

0.0113

0.0490

0.00666

Nilotinib

IV

0.0159

0.00179

0.0120

0.00132

Imatinib

Paper III involved investigation of imatinib. Imatinib is a dual substrate for Pgp and BCRP efflux transporters, as well as the substrate for certain SLC uptake transporters, e.g. human OATP1A2 corresponding to rodent isoforms
Oatp1a4 and Oatp1a5 [97]. Therefore, imatinib enabled an adequate insight
into BBB transporters’ functionality in conjunction with their transcriptome
and proteome expression data.
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Figure 6. Heat-map of the proteome data obtained for ABC efflux transporters in the
brain microvasculature fragments of pericyte-deficient and control mice.

Overall, the comparative analysis of the transcriptome and proteome of microvascular fragments of Pdgfbret/ret and Pdgfbret/+ mice, indicated that proteomics adds additional information which cannot be interpreted solely based
on transcriptomics. Interestingly, transcriptome and proteome analysis revealed unaltered expression of main ABC efflux transporters, P-gp and BCRP
(Fig. 6), while certain differences in the expression patterns of SLC transporters were observed between the two mouse groups. Detailed overview of the
expression data for individual BBB transporters is provided within Paper III.
Total plasma concentration-time profiles of imatinib were similar between
Pdgfbret/ret and Pdgfbret/+ mice, with slightly higher total brain exposures in pericyte-deficient mice (Fig. 7).
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Figure 7. Total drug concentration-time profiles for pericyte-deficient and control
mice. Mice were given subcutaneous injection of imatinib at the dose of 10 mg/kg,
and brain tissue and plasma collected by terminal experiments performed at 0.5, 1
and 3 h postdose (n=6 per time point).

Both, pericyte-deficient and control mice had very low Kp,uu values of about
3% and 2%, respectively (Table 2). This indicated a very efficient efflux of
imatinib irrespective of pericyte presence at the BBB, which was in accordance with the ABC transporter expression data. Very slight differences in Kp,uu
between two mouse groups could potentially be attributed to differential expression of SLC transporters, although the quantitative contribution of these
transporters for BBB distribution of imatinib is most probably limited.
Moreover, the pharmacokinetic part of Paper IV also involved the investigation of the extent of BBB transport for small-molecular TKI drugs in
Pdgfbret/ret and heterozygous Pdgfbret/+ controls. This was conducted prior to
the pharmacodynamic part of Paper IV, which was aiming to examine
imatinib-like TKIs as potential therapeutics for the improvement of BBB integrity in pericyte-deficiency. Besides imatinib, Paper IV included bosutinib,
dasatinib and nilotinib. The results obtained in Paper IV were in agreement
with previous observations in Paper I and III in terms of the extent of BBB
transport. Kp,uu coefficients obtained for all TKIs in both mouse groups had
very low values, ranging from about 2.4% for imatinib to only 0.13% for nilotinib (Table 2). This implied a very efficient efflux of TKIs at the BBB by
P-gp and BCRP transporters, regardless of pericyte abundance at the brain
endothelium.
Taken together, results from the present thesis project suggest no or very
limited role of pericytes in the extent of small-molecular drug transport across
the BBB. These were unexpected results, especially considering previous results reporting upregulated transcytotic brain uptake of larger molecules in
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pericyte-deficient mice [55, 67]. Compromised BBB integrity for larger molecules would intuitively suggest a dramatic loss of barrier function concerning
the smaller molecules as well. However, the present thesis work provides important finding that the BBB mechanisms for handling smaller and larger molecules are regulated independently, with significant pericyte involvement for
the latter type of molecules. In other words, pericytes seem to be essential for
suppressing the transcytosis in brain endothelium and thereby regulating the
uptake of bigger molecules, while other BBB important features relevant for
the transport of smaller molecules remain preserved regardless of the pericyte
presence.

Rate of BBB transport in pericyte-deficiency
Paper II investigated the rate of BBB transport as a special distributional feature distinct from the extent of BBB transport. The study included diazepam,
paliperidone and oxycodone. Experiments were conducted by utilizing transcardiac in situ brain perfusion in Pdgfbret/ret and Pdgfbret/+ control mice, as described in the materials and methods section and within Paper II.
Experiments with radiolabeled 14C-sucrose as a vascular marker revealed
larger brain vascular spaces, Vvasc, in pericyte-deficient compared to control
mice (Table 3). This result indicated pericyte roles for the regulation of the
vascular diameter, in accordance with previous studies in Pdgfbret/ret mice involving IHC and confocal microscopy which also reported dilated microvessels in the absence of pericytes [67]. Vvasc values were used to correct
the total amount of investigated drugs measured in the brain tissue, Atotal, by
the drug amount estimated in residual perfusate trapped within brain vessels
Avasc (Eq. 7 and Eq. 8). In addition, it is worth noting that Vvasc had a constant
value within respective genotype groups, regardless of the perfusion duration.
This implies that the physical integrity of the BBB was not compromised under the present experimental setup (no increase in the sucrose amount in the
brain with longer perfusion durations).
The rate of BBB transport was expressed as Kin transfer coefficient (Eq. 4),
and was estimated based on the slopes of the fitted linear regression models
for Vbrain versus perfusion time. Experimental design involved short perfusion
times of 30, 60 or 90 seconds, in order to ensure that all collected brain samples were within the initial linear phase of drug uptake into the brain.
Kin obtained for diazepam showed no difference between the two mouse
groups (p=0.75), with values of 295 ± 39.3 and 279 ± 30.4 mL/min/100g brain,
for Pdgfbret/ret and Pdgfbret/+ mice, respectively. These values were in line with
previously published diazepam studies in rodents involving the in situ brain
perfusion technique [157, 163-166]. Since the brain uptake of diazepam is
considered flow dependent, this compound is also often used as a flow marker
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in order to estimate the cerebral flow rate of the perfusate, F, and to enable the
calculation of the permeability-surface area product, PA (Eq. 5).

Figure 8. Brain uptake curves for diazepam obtained by trans-cardiac in situ brain
perfusion experiments in pericyte-deficient (open circles) and control mice (filled
circles). The Y axis describes increase in the amount of diazepam in brain expressed
as the apparent brain distributional volume Vbrain, while X axis is the perfusion duration of either 0.5, 1 or 1.5 min. Each data point represents the mean value (n=3-5 animals) ± SEM.

Additionally, the other two investigated compounds paliperidone and oxycodone, which unlike diazepam represent substrates for BBB transporters,
showed no difference in terms of rate of transport between pericyte-deficient
and control mice (Table 3). These results confirm that along with the extent,
the rate of small-molecular BBB transport is not affected by pericytes at the
BBB. Moreover, in contrast to Paper I where differences were found in plasma
protein binding, Paper II utilized protein-free KRB buffer which enabled direct investigation of BBB permeability itself without confounding factors such
as plasma proteins. This is one of the advantageous aspects of the in situ brain
perfusion since it allows the selection of different perfusate contents depending on the study purpose.
Table 3. Summary of unidirectional perfusate-to-brain transfer coefficients,
Kin, and brain vascular volumes, Vvasc, obtained by trans-cardiac in situ brain
perfusion experiments in pericyte-deficient and control mice.
Genotype

(mL/min/100g brain)
Diazepam

Paliperidone

Oxycodone

(mL/100g brain)

Pdgfbret/ret

295 ± 39.3

8.15 ± 0.72

67.8 ± 12.9

1.72 ± 0.13

Pdgfbret/+

279 ± 30.4

9.48 ± 1.35

63.6 ± 13.2

1.15 ± 0.13

41

Overall, the study of rate of BBB transport for small-molecular drugs reveals
no pericyte influence on their brain permeability, despite the presence of bigger vascular volumes in a pericyte-deficient state. These results, together with
the data about extent of BBB transport, provide comprehensive insight into
pharmacokinetics in pericyte-deficiency, and indicate preserved BBB features
for handling of small-molecular drugs.

Therapeutic potential of TKIs for the improvement of
the compromised BBB integrity
A previous study in Pdgfbret/ret mice demonstrated beneficial effects of
imatinib for the stabilization of the compromised BBB integrity [67]. In this
study, pericyte-deficient mice pre-treated with imatinib exhibited decreased
BBB leakage for fluorescently labeled tracers compared to vehicle treated
controls. It has been proposed that imatinib inhibits upregulated transcytosis
in pericyte-deficient mice by preventing release of fluorescently labeled tracers from the brain endothelium into brain parenchyma, which is the late step
of the transcytosis process [67]. This would probably mean that imatinib needs
to cross the BBB in order to prevent release of tracer compounds situated inside of endothelial cells. However, exact localization and identification of potential target(s) responsible for the observed effect remain to be elucidated. In
addition, other mouse models involving those for stroke and cerebral malaria,
have pointed towards imatinib’s protective effects at the BBB [71, 72].
Imatinib was primarily designed to target abnormal Bcr-Abl kinase in the
treatment of chronic myeloid leukemia [167, 168]. Nevertheless, its additional
kinase targets involve for example KIT, PDGFR-α and PDGFR-β, as well
some non-TK related targets e.g. calcium ion channels [169-172]. Therefore,
Paper IV aimed at narrowing down potential targets of imatinib at the BBB,
by investigating other TKIs, which possess imatinib-like tyrosine kinase target
profiles, namely bosutinib, dasatinib and nilotinib. Through investigation of
additional TKIs in pericyte-deficient mice, one could confirm or exclude importance of imatinib-like TK targets for the BBB effects, or eventually attribute these effects to some of the imatinib’s non-TK off target engagements.
As already mentioned, Paper IV showed very limited extent of brain partitioning for all four tested TKIs in both pericyte-deficient and control mice.
This could be a significant limiting factor for their efficacy at the BBB, in case
that responsible target is located on the brain side of the BBB, and thus require
crossing the barrier. Bosutinib was the drug with the most comparable Kp,uu
value to imatinib (Table 2), and for this reason it was prioritized over other
TKIs for the inclusion in the BBB pharmacodynamic studies. Regarding its
TK targets, bosutinib is developed to treat imatinib-resistant forms of chronic
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myeloid leukemia by targeting Bcr-Abl, while some of additional targets involve Src and TEC family kinases [173-175].
Imatinib treatment reversed the brain uptake of 1 kDa Alexa Fluor® 555
Cadaverine tracer in pericyte deficient mice (Fig. 9A), which was in agreement with the previous study [67]. Interestingly, bosutinib treatment showed
the same tendency for decreasing fluorescence levels in brains of Pdgfbret/ret
mice. However, the quantitative size of the noted effect was insufficient to
reach a level of statistical significance (Fig. 9B).

Figure 9. Quantification of 1 kDa fluorescent tracer Alexa Fluor® 555 Cadaverine
expressed as relative fluorescence units (RFU) per gram of brain tissue in pericytedeficient and control mice. Mice were pre-treated with three doses of either (A)
imatinib or (B) bosutinib or their corresponding vehicles. Fluorescent tracer was injected into the tail vein 2 h after the last treatment dose. Tracer was allowed to circulate for 2 h before the brain sampling and RFU measurement. Uninjected controls
represent baseline value from the brain tissue containing no fluorescence. Data are
presented as mean ± SD, n=3-6 mice per treatment group, **p˂0.005.

Similar observations were made in a separate set of Alexa Fluor® 555 Cadaverine tracer experiments, involving the brain tissue preparation with IHC and
confocal imaging. Brains of Pdgfbret/ret mice pre-treated with bosutinib showed
a tendency towards less pronounced tracer leakage compared to vehicle
treated animals (Fig. 10). However, degree of the observed effect was less
prominent in comparison to imatinib treated animals (Fig. 10).

43

Figure 10. Evaluation of the effect of imatinib and bosutinib on BBB integrity. Lysine-fixable cadaverine conjugated to Alexa Fluor-555 was injected intravenously
into the tail vein 2 hours after the last dose of either imatinib, bosutinib, or their corresponding vehicles - vehicle A (water) or vehicle B (water with methylcellulose
(0.5%) and Tween®80 (0.4%)). After 2 hours, brains were collected and imaged with
fluorescence stereomicroscope (left panel). Maximum intensity projections of confocal image z-stacks of cerebral cortex vasculature depicted by CD31 (endothelium)
and CD13 (mural cells) staining in pericyte-deficient and control mice.
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The tendency towards beneficial BBB effects observed with bosutinib implies
a potential importance of common TK targets which are overlapping with
imatinib’s inhibitory profile. However, bosutinib’s inability to reach the same
efficacy level could be attributed to different potencies towards respective TK
targets and/or its lower unbound exposure at the potential target sites inside
the brain endothelium and brain parenchyma. For instance, despite the comparable Kp,uu values and total brain exposures AUCtot,brain, unbound brain exposure of bosutinib expressed as AUCu,brain was only 7.96 ng*h/mL compared
to 63.9 ng*h/mL for imatinib. This was also the case with the other tested
TKIs based on their single-dose pharmacokinetic data.
In summary, Paper IV suggests potential relevance of imatinib-like TK target profiles for the beneficial BBB effects, and highlights the importance of
improving pharmacokinetic properties to ensure sufficient unbound brain concentrations required for eliciting the pharmacodynamic effect. Future studies
focused on identification of individual TK target(s), as well as enhancement
of BBB transport are needed in order to develop novel TK inhibition-based
therapeutics. A high demand for such novel disease-modifying therapies is
still present, especially for the treatment of neurodegenerative diseases, as
well as other pathologies associated with compromised BBB integrity [176,
177].
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Conclusions

The present thesis provides a profound insight into transport mechanisms relevant for small-molecular drug transport across the BBB in pericyte-deficiency. In addition, the work also includes investigation of the potential therapeutic applicability of specific small-molecular agents for the improvement
of BBB integrity in pericyte-deficiency.
Pericytes are important cells of the NVU involved in the regulation of the
BBB, and previous studies reported increased brain uptake of larger molecular
substances via upregulated transcytosis in pericyte-deficient mice. However,
how pericyte-deficiency affects the transport of small-molecular compounds
was not known. Answering this question was necessary for several reasons.
First, pericyte-deficiency is not exclusively an experimental feature generated
in genetically modified mice. On the contrary, there are also clinical evidences
in human neurodegenerative diseases like Alzheimer’s, ALS and several others, in which the disease state has been correlated with reductions in pericyte
coverage of the CNS microvasculature. This would mean that these patient
populations might be at risk for experiencing CNS adverse effects for many
small-molecular drugs, in case that pericyte-deficiency also causes compromised BBB properties for this type of molecules. Besides the safety aspect,
understanding the changes at the BBB in a pericyte-deficient state is important
because this knowledge could potentially be utilized for drug delivery purposes. Investigation of small-molecular drug transport with different BBB
transport properties could provide better insight into affected transport mechanisms. This could eventually point towards development of novel therapeutics with improved BBB delivery features, necessary for the treatment of neurodegenerative diseases associated with reductions in pericyte numbers.
The present thesis provides important and surprising findings about the regulation of the extent of BBB transport for small-molecular drugs in pericytedeficiency. Despite the previously reported upregulation of brain transport of
larger molecules, the extent was unaffected at the BBB with reduced pericyte
coverage of all investigated small-molecular drugs. This implies that pericyte
presence at the BBB is important for suppressing and regulating transcytosis
pathways, while other BBB features relevant for the transport of smaller molecules are maintained irrespective of pericyte coverage. These important BBB
features remain preserved, involving tight-junction proteins restricting the
para-cellular transport, as well as the expression and functionality of different
efflux and uptake transporters.
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In addition, experiments with the trans-cardiac in situ brain perfusion technique led to the similar conclusion regarding the rate of BBB transport in pericyte-deficiency. All tested small-molecular drugs exhibited comparable rates
of transport in pericyte-deficient mice compared to controls. Interestingly,
larger brain vascular volumes and diameters observed in the absence of pericytes did not cause any differences in terms of small-molecular drug transport.
Extensive transcriptome and proteome analysis of brain microvasculature
fragments in pericyte-deficient and control mice provided additional data,
which were in line with previous findings. No differences in the expression of
major ABC efflux transporters nor tight-junction proteins were observed between the two mouse groups, while slight differences in the expressions of
SLC transporters were noted.
Finally, experiments with TKIs provided evidence on the potential usefulness of imatinib-like TK target profiles for the stabilization of compromised
BBB integrity in pericyte-deficiency. However, future work on identification
of exact TK target(s) responsible for this effect, as well as improvement of
pharmacokinetic properties in terms of BBB transport are needed in order to
develop new compounds with potential therapeutic implications.
The interest in pericyte research is rapidly growing and expanding on different scientific areas investigating these cells in healthy and pathological conditions, with the major focus on pericytes of the CNS. The present thesis generated novel comprehensive findings regarding the pericyte roles at the BBB,
with special focus on the regulation of small-molecular drug transport in a
pericyte-deficient state. This represents an important step towards the elucidation of underlying changes in the BBB drug transport linked to the lack of
pericytes. Future extensive research work needs to be pursued in order to reach
the ultimate goal of understanding the pathological changes at the BBB in
neurodegenerative diseases associated with pericyte loss, and thus to develop
much needed novel pharmacotherapy approaches.
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