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Abstract
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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 pericyte-
deficiency 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 pericyte-
deficient state. PDGF-B retention motif knockout mice were used as a well-established pericyte-
deficient 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-to-
unbound 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 small-
molecular 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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Abbreviations 

ABC ATP-binding cassette 
Abrain Amount of drug in the brain 
ACN Acetonitrile 
ALS Amyotrophic lateral sclerosis 
AMT Adsorptive mediated transcytosis 
Atotal Total amount of drug in the brain 
ATP Adenosine triphosphate 
AUCtot,brain Area under the total brain concentration-time curve 
AUCtot,plasma Area under the total plasma concentration-time curve 
AUCu,brain Area under the unbound brain concentration-time curve 
AUCu,plasma Area under the unbound plasma concentration-time curve 
Avasc Amount of drug in the brain vasculature 
BBB Blood-brain barrier 
BCRP Breast cancer resistance protein 
CD13 Alanyl (membrane) aminopeptidase 
CD31 Platelet endothelial cell adhesion molecule 
CNS Central nervous system 
Cperf Drug concentration in the perfusate 
Css,brain Total drug concentration in brain at steady state 
Css,plasma Total drug concentration in plasma at steady state 
dpm Disintegrations per minute 
ED Equilibrium dialysis 
F Cerebral flow rate of the perfusate 
fu,brain Unbound drug fraction in brain 
fu,plasma Unbound drug fraction in plasma 
HBSS Hank’s balanced salt solution 
HRP Horseradish peroxidase 
IHC Immunohistochemistry 
Kin Unidirectional perfusate-to-brain transfer coefficient  
Kp Total brain-to-plasma drug concentration ratio 
Kp,uu Unbound brain-to-plasma drug concentration ratio 
KRB Krebs-Ringer bicarbonate buffer 
LAM Leukocyte adhesion molecule 
LC Liquid chromatography 
LC-MS/MS Liquid chromatography tandem mass spectrometry 
Mfsd2a Major facilitator superfamily domain containing 2a 



 

MRP Multidrug resistance-associated protein 
MW Molecular weight 
NG2 Neuron-glial antigen 2 
NVU Neurovascular unit 
OAT Organic anion transporter 
OATP Organic anion transporting polypeptide 
PA Permeability-surface area product 
PBS Phosphate-buffered saline 
PD Pharmacodynamics 
PDGF-B Platelet derived growth factor B 
PDGFR-β Platelet derived growth factor receptor beta 
P-gp P-glycoprotein 
PK Pharmacokinetics 
Plvap Plasmalemmal vesicle associated protein 
RFU Relative fluorescence unit 
RMT Receptor mediated transcytosis 
SD Standard deviation 
SEM Standard error of the mean 
SLC Solute carrier 
TK Tyrosine kinase 
TKI Tyrosine kinase inhibitor 
UPLC-MS/MS Ultra performance liquid  

chromatography tandem mass spectrometry 
Vbrain Apparent brain distributional volume 
vSMC Vascular smooth muscle cell 
Vvasc Brain vascular volume 
WT Wild-type mice 
αSMA Alpha-smooth muscle actin 
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Introduction 

The blood-brain barrier (BBB) is a complex biological interface, which sepa-
rates the brain tissue from the systemic blood circulation. This barrier is com-
posed 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 in-
jected 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 pro-
vides 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 re-
strict 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 phar-
macological 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 ap-
proaches. 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 endo-
thelium, 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 in-
flammatory responses [8, 10]. Overall, close interactions between the cells in 
the NVU, which involves multiple signaling pathways, is necessary for main-
taining BBB protective properties, while any impairment in this complex mi-
cro-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 per-
mission). 
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Pericytes 
Pericytes (peri- around, near; -cyte cell, vessel) are periendothelial cells, em-
bedded 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 peri-
cyte 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 cytoplas-
mic processes. These primary processes branch further into a network of 
smaller secondary processes enabling them to cover a large portion of the en-
dothelial 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, be-
cause of the similar periendothelial location as well as an overlapping cellular 
marker profiles, pericytes are quite often mixed up with vascular smooth mus-
cle cells (vSMC), which belong to the same cell linage denoted as mural cells. 
Furthermore, additional cell types can be associated with the endothelial sur-
face such as fibroblasts and perivascular macrophages which makes the peri-
cyte identification even more challenging. Some frequently used cellular 
markers for pericyte recognition include platelet derived growth factor recep-
tor 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 NG2-
DsRed, provided a comprehensive catalogue of mouse brain mural cell-en-
riched 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 per-
icytes differed from each other by their transcriptome. Brain pericytes ex-
pressed 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 sur-
face of rat CNS capillaries (left panel), together with schematically presented pat-
terns 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 tech-
niques 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 in-
volvement in regulation of the blood flow. Pericytes express contractile pro-
teins such as actin, myosin and tropomyosin [28-30], which implies their ca-
pability 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 ap-
proaches 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 rep-
resents 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 indi-
viduals [41]. In addition to physiological angiogenesis, pericytes have also 
been implicated in pathological angiogenesis of tumors [42-44]. Recent stud-
ies 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, con-
tribution of pericytes in tumor angiogenesis and growth, together with the sig-
naling 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 inflamma-
tory response to tissue injury and infections, but can also be a cause of many 
inflammatory disorders. Generally, in order to reach a specific tissue, circu-
lating leukocytes need to overcome several obstacles including the vascular 
endothelium, basement membrane as well as pericytes located within the base-
ment membrane [54]. It has been demonstrated that mouse embryos that com-
pletely lack pericytes exhibit increased gene and protein expression of leuko-
cyte 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 mul-
tipotent 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 multiple-
tasks 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 per-
icyte roles as well as underlying cellular mechanisms. Apart from the regula-
tion 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 endo-
thelium [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 contribu-
tions. 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 ligand-
receptor interaction is crucial for proper pericyte recruitment by the sprouting 
endothelium during angiogenesis in embryonic development. Complete con-
stitutive gene knockouts for either PDGF-B or PDGFR-β result in almost com-
plete 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 up-
regulated transcytosis pathway leading to increased brain uptake of different 
tracer molecules [55]. In addition, these mice have also demonstrated in-
creased gene expression of Plasmalemmal Vesicle Associated Protein, Plvap. 
This protein is involved in the transcytotic vesicle transport, and is highly ex-
pressed 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 endothe-
lium.  

Besides a significance for the CNS vasculature during the embryonic de-
velopment, pericytes are also essential during the postnatal period. There are 
several viable pericyte-deficient mouse models with different degree of peri-
cyte 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 pericyte-
deficient 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 insuffi-
cient gradient on the endothelial surface and consequently fewer pericytes be-
ing attracted to the newly formed blood vessels. The resulting animals have 
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significantly reduced pericyte coverage of the CNS microvasculature, corre-
sponding 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 in-
volves deterioration of the retina, as well as changes in the kidneys involving 
glomerulosclerosis and proteinuria [70]. When it comes to the BBB pheno-
type, Pdgfbret/ret mice exhibit increased permeability to water, Evans blue and 
a wide range of fluorescently labeled tracers, starting from the 1 kDa Cadav-
erine 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 permea-
bility in Pdgfbret/ret mice was attributed to an upregulated transcytosis trans-
porting 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 in-
creased 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 ef-
fects 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 phar-
macodynamic (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 pharmacother-
apeutic purposes. 

Similarly to the BBB phenotype observed in Pdgfbret/ret mice, another 
mouse model which lacks the specific transporter protein Major facilitator su-
perfamily domain containing 2a (Mfsd2a), exhibits a compromised BBB in-
tegrity 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 un-
affected. Interestingly, in the same study, Pdgfbret/ret mice were analyzed for 
the expression of Mfsd2a and demonstrated significant decrease in this pro-
tein, 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 creat-
ing a unique lipid setting inside the brain endothelium, consequently restrict-
ing 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 re-
mains 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 functional-
ity 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 understand-
ing of pharmacokinetics (PK) and fundamental mechanisms of BBB permea-
bility 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 ther-
apy 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 tis-
sues. Brain endothelial cells are connected to each other by the adherens junc-
tion 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 transcel-
lular 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 small-
molecular drugs, the most common BBB transport scenario is that the trans-
cellular 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 pre-
vent 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 (P-
gp; 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 bind-
ing 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 hydrol-
ysis of ATP in order to generate required energy. Moreover, regulation of P-
gp 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 trans-
porter 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 ex-
pression levels without investigating corresponding transporting activity lev-
els. 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 sub-
group 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 respon-
sible 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 de-
scribed 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 ex-
pressed 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 ablu-
minal 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-di-
rectional transport, into and out of the brain [107]. 

Another representative SLC transporter at the BBB involved in drug dis-
position 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 endothe-
lium [111-114]. 

Moreover, larger molecules needed for proper brain functioning e.g. differ-
ent proteins and peptides, can also be transported across the BBB by utilizing 
the transcytosis pathway. This route of transport requires the formation of spe-
cialized 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 transcyto-
sis (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]. Alterna-
tively, the transcytotic transport can also be initiated by non-specific electro-
static interaction of positively charged macromolecules with the endothelial 
surface, so called adsorptive mediated transcytosis (AMT) [122]. Neverthe-
less, 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 de-
scribed 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 mol-
ecules 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? There-
fore, measuring drug levels solely in the brain tissue, without taking into ac-
count 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 coeffi-
cient, Kp [123]. This is a steady state measurement, which means that Kp de-
scribes 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: 
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,
 (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 in-
volves a series of terminal experiments performed in several animals. This 
method involves pooling of data from different individuals in order to con-
struct 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 concen-
tration 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 distribu-
tional processes. That is why the new partition coefficient Kp,uu was intro-
duced, which represents the ratio of unbound drug concentrations in brain-to-
unbound drug concentrations in plasma [123]. 
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 (Eq. 3) 

 
 
where AUCu,brain and AUCu,plasma represent area under the unbound drug con-
centration 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 dom-
inant 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 sys-
temic blood circulation. It is important to emphasize that the Kp,uu value rep-
resents 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 (conven-
tional 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 admin-
istration of substances to individual subjects, versus cassette dossing approach in-
volving 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 trans-
porter [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 ex-
clude the risk of drug-drug interactions, is to validate a chosen combination of 
drugs by separately performing and comparing discrete to cassette dosing ex-
periments [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 corre-
sponding targets inside the CNS, and to elicit a fast onset of the pharmacolog-
ical 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 suf-
ficient 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 rep-
resents a transfer coefficient for unidirectional uptake of drug from the per-
fusate 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 con-
centration 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 quan-
titative insight into different aspects of BBB transport in pericyte-deficiency. 

Specific aims 
 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 anal-
ysis of the complete proteome and transcriptome of brain mi-
crovessels in pericyte-deficient mice (Paper III). 

 
 To evaluate pharmacokinetic and pharmacodynamic properties of ty-

rosine kinase inhibitors in a pericyte-deficient state, in order to assess 
their therapeutic potential for stabilization of a compromised BBB in-
tegrity (Paper IV). 
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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 pro-
jects as a representative pericyte-deficient mouse model, together with the cor-
responding 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 peri-
cyte-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 fol-
lowing 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 proper-
ties in terms of dominant BBB transport mechanisms. In Paper I, which inves-
tigated 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 in-
volvement of active transport processes [137, 138]. Digoxin, levofloxacin and 
paliperidone are all actively effluxed at the BBB, mainly by the P-gp trans-
porter, with variable degrees of efflux [138-142]. In addition, there are evi-
dences that digoxin and levofloxacin also represent substrates for SLC uptake 
transporters [102, 107, 143]. Oxycodone is unlike the other selected com-
pounds actively taken up into the brain, dominating its BBB transport [144-
146]. 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 ex-
pression data. Paper IV had, besides the pharmacokinetic aspect, an additional 
pharmacodynamic focus on potential BBB stabilizing effects, which were pre-
viously 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) 

Compound 
MW 

(g/mol) 
Study 

Dose 
(mg/kg) 

Administration 
route 

Digoxin 780.9 Paper I 1 subcutaneous* 

Levofloxacin 361.4 Paper I 1 subcutaneous* 

Diazepam 284.7 
Paper I 0.25 subcutaneous* 

Paper II - in situ perfusion 

Oxycodone 315.4 
Paper I 0.25 subcutaneous* 

Paper II - in situ perfusion 

Paliperidone 426.5 
Paper I 0.25 subcutaneous* 

Paper II - in situ perfusion 

Imatinib 493.6 
Paper III 10 subcutaneous 

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 experi-
ment 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 (Pa-
per 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 pre-
selected time points mice were anaesthetized with isoflurane inhalation anes-
thesia (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, ani-
mals 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 per-
fusion 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 perfu-
sion, 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 de-
scending 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 concentra-
tion of about 1.5 µM. Perfusate was delivered by the Harvard apparatus sy-
ringe 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 quan-
tify 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 vas-
cular spaces, Vvasc. Radiolabeled sucrose was added to the perfusate to con-
centrations of around 0.3 µCi/mL, which was sufficient to ensure a radioac-
tivity 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 ves-
sels [157, 158].  
 

															
∗

∗  (Eq. 6) 

 
where ∗  is the amount of 14C-sucrose in the brain (dpm/100g of brain), 
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 trans-
ported 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 con-
centrations measured on the PBS side (free drug concentration) by the respec-
tive drug concentrations measured on the plasma side (total drug concentra-
tion) 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 correc-
tion 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 per-
formed according to previously established protocol involving the use of Col-
lagenase 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. Mi-
crovasculature fragments used for proteomic analysis underwent a lysis pro-
cedure and labeling of isolated peptides with isobaric tags for relative and ab-
solute quantification (iTRAQ), and subsequent cleaning through an SCX car-
tridge. 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). Pro-
cessing of microvasculature fragments for transcriptomics, involved their ly-
sis, 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 transcrip-
tome analysis (B) of the brain microvascular fragments in control and pericyte-defi-
cient mice. 



 33

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 (LC-
MS/MS) system. The LC components of the equipment involved the Shi-
madzu autosampler SIL-HTc and pumps LC-10ADvp (Shimadzu, Kyoto, Ja-
pan). 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-Key-
stone, 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 chromato-
graphic 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 chromatog-
raphy column was an ACQUITY UPLC BEH C18 1.7 µm, 2.1 x 50 mm, to-
gether 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 ad-
dition 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 re-
sulting supernatant was diluted with the water based mobile phase and quan-
tified. 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 col-
lected into scintillation vials and mixed with 2 mL of Solvable, and incubated 
overnight at 50 °C. After completed tissue solubilization, the solution was in-
cubated 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 revers-
ing 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. Meas-
urements were expressed as relative fluorescence units normalized to tissue 
weight (RFU/g). Baseline readout of the instrument was determined by in-
cluding one mouse without any fluorescent treatment, the “uninjected con-
trol”.  
Moreover, a separate set of experiments was performed with Alexa Fluor® 555 
Cadaverine in order to conduct microscopic characterization of the BBB per-
meability by implementing an immunohistochemistry (IHC) approach. De-
tails 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 expo-
sures 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. Conven-
tional 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 correspond-
ing 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 signif-
icance between groups where applicable, with p ˂ 0.05 being statistically sig-
nificant. 
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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 brain-
to-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 stud-
ies (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. Surpris-
ingly, 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-mo-
lecular distribution, i.e. unaltered functionality of transporters and tight junc-
tions 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 differ-
ences were within a 2-fold limit, with the highest difference observed for di-
goxin (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 ten-
dency towards lower values (lower binding to plasma proteins) in Pdgfbret/ret 
mice compared to WT. These differences in fu,plasma reached the statistical sig-
nificance for diazepam, digoxin and oxycodone. Changes in fu,plasma can have 
an impact on drug’s pharmacokinetics. For instance, according to the well-
stirred 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 un-
changed. This will result in proportional drop of the total drug exposures in 
plasma, AUCtot,plasma, while the unbound exposures AUCu,plasma will not be in-
fluenced [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 be-
cause more drug is transported into the brain, but because of lower total expo-
sure in the systemic circulation, AUCtot,plasma (Eq. 2). This further highlights 
the importance of unbound drug concentrations when describing drug distri-
butional 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 

Imatinib 
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 

 
 
Paper III involved investigation of imatinib. Imatinib is a dual substrate for P-
gp and BCRP efflux transporters, as well as the substrate for certain SLC up-
take 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. 

 



 38 

 
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 mi-
crovascular fragments of Pdgfbret/ret and Pdgfbret/+ mice, indicated that prote-
omics adds additional information which cannot be interpreted solely based 
on transcriptomics. Interestingly, transcriptome and proteome analysis re-
vealed unaltered expression of main ABC efflux transporters, P-gp and BCRP 
(Fig. 6), while certain differences in the expression patterns of SLC transport-
ers 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 per-
icyte-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 accord-
ance with the ABC transporter expression data. Very slight differences in Kp,uu 

between two mouse groups could potentially be attributed to differential ex-
pression 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 investi-
gation 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 in-
tegrity 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 ni-
lotinib (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 re-
sults reporting upregulated transcytotic brain uptake of larger molecules in 
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pericyte-deficient mice [55, 67]. Compromised BBB integrity for larger mol-
ecules would intuitively suggest a dramatic loss of barrier function concerning 
the smaller molecules as well. However, the present thesis work provides im-
portant finding that the BBB mechanisms for handling smaller and larger mol-
ecules 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 fea-
ture distinct from the extent of BBB transport. The study included diazepam, 
paliperidone and oxycodone. Experiments were conducted by utilizing trans-
cardiac in situ brain perfusion in Pdgfbret/ret and Pdgfbret/+ control mice, as de-
scribed 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 in-
volving IHC and confocal microscopy which also reported dilated mi-
crovessels 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 un-
der 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 sam-
ples 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 dura-
tion of either 0.5, 1 or 1.5 min. Each data point represents the mean value (n=3-5 an-
imals) ± SEM. 

Additionally, the other two investigated compounds paliperidone and oxyco-
done, 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 di-
rect 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 depend-
ing 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)  

(mL/100g brain) Diazepam Paliperidone Oxycodone 

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 
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Overall, the study of rate of BBB transport for small-molecular drugs reveals 
no pericyte influence on their brain permeability, despite the presence of big-
ger 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 trac-
ers 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 in-
side of endothelial cells. However, exact localization and identification of po-
tential 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 im-
portance of imatinib-like TK targets for the BBB effects, or eventually attrib-
ute these effects to some of the imatinib’s non-TK off target engagements. 

As already mentioned, Paper IV showed very limited extent of brain parti-
tioning 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 in-
volve 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 agree-
ment 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 pericyte-
deficient and control mice. Mice were pre-treated with three doses of either (A) 
imatinib or (B) bosutinib or their corresponding vehicles. Fluorescent tracer was in-
jected into the tail vein 2 h after the last treatment dose. Tracer was allowed to circu-
late 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 Cadav-
erine 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). 
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Figure 10. Evaluation of the effect of imatinib and bosutinib on BBB integrity. Ly-
sine-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 cor-
responding 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 confo-
cal 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 com-
parable Kp,uu values and total brain exposures AUCtot,brain, unbound brain ex-
posure 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 tar-
get profiles for the beneficial BBB effects, and highlights the importance of 
improving pharmacokinetic properties to ensure sufficient unbound brain con-
centrations 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 rel-
evant for small-molecular drug transport across the BBB in pericyte-defi-
ciency. In addition, the work also includes investigation of the potential ther-
apeutic 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 oth-
ers, 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 compro-
mised 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 pur-
poses. Investigation of small-molecular drug transport with different BBB 
transport properties could provide better insight into affected transport mech-
anisms. This could eventually point towards development of novel therapeu-
tics with improved BBB delivery features, necessary for the treatment of neu-
rodegenerative diseases associated with reductions in pericyte numbers.  

The present thesis provides important and surprising findings about the reg-
ulation of the extent of BBB transport for small-molecular drugs in pericyte-
deficiency. 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 mol-
ecules 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 tech-
nique led to the similar conclusion regarding the rate of BBB transport in per-
icyte-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 peri-
cytes 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 be-
tween the two mouse groups, while slight differences in the expressions of 
SLC transporters were noted.  

Finally, experiments with TKIs provided evidence on the potential useful-
ness 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 dif-
ferent scientific areas investigating these cells in healthy and pathological con-
ditions, with the major focus on pericytes of the CNS. The present thesis gen-
erated 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 eluci-
dation 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. 
 
 
 
 
 
 
  



 48 

Acknowledgements 

The research work presented in this thesis was carried out at the Department 
of Pharmaceutical Biosciences, as well as the Department of Immunology, 
Genetics and Pathology, Uppsala University, Uppsala, Sweden. The work was 
funded by the VESSEL consortium from Marie Curie Actions of the European 
Union's Seventh Framework Programme FP7/2007-2013/ under REA grant 
agreement n° 317250. In addition, generous travel grants for participation in 
international conferences and courses were provided by the Swedish Pharma-
ceutical Society (Apotekarsocieteten) and Anna-Maria Lundin’s Fund of 
Smålands Nation. 

 
I would like to express my sincere gratitude to many great people who 
have, in one way or another, contributed to this thesis, especially: 

 
My main supervisor, Prof. Margareta Hammarlund-Udenaes for giving me 
this great opportunity to become a part of your prestigious research group. I 
would like to thank you for sharing your enormous knowledge and support 
during my PhD studies. I am grateful for your scientific guidance and for help-
ing me to see a big picture in moments when I was too focused on research 
details. Thank you for always finding time to discuss about my thesis project, 
and for making difficult things seem much simpler. 

 
My co-supervisor, Prof. Christer Betsholtz for welcoming me to your group, 
and introducing me to the world of vascular biology, which was completely 
new to me. I am very grateful for having such an excellent scientist and great 
person as my co-supervisor. Your enthusiasm for science and countless scien-
tific ideas were additional motivation for me to work within this exciting mul-
tidisciplinary project. 
 
All my collaborators and co-authors, especially Dr. Maarja Andaloussi Mäe 
for extensive collaborative work on two research projects and for teaching me 
additional lab techniques, as well as for taking time to read my thesis. Khayrun 
Nahar for the collaborative work on the fourth paper. 

 
My half-time evaluation committee members, Prof. Lena Friberg, Prof. Mia 
Phillipson and Prof. Anna Dimberg for valuable feedback and discussions 
about my thesis projects. 



 49

Thanks to all past and present members of Translational PKPD group for cre-
ating an amazing working environment. Big thanks to Annika, Irena, Markus, 
Sofia, Thomas, Xiaomei and Waqas. I am very grateful to Jessica and Britt for 
your assistance with experiments and chemical analysis, and for introducing 
me to different aspects of laboratory work. Thanks to Erik and Yang for fun 
(non)scientific talks, and for great time that we had together when travelling 
to conferences all around Europe, USA and Australia. 
 
My officemate Ari for the fun time in our office, for watching NBA highlights, 
and for discussing about Djoković, Jokić, Teodosić, and other incredible Ser-
bian athletes. 
 
Jörgen for all the help with teaching, and for your innovative methods that 
make pharmacokinetic courses interesting for both students and teachers. 
 
All dear friends and colleagues in Pharmacometrics group, teachers and ad-
ministrators at our department at BMC (it is a looong list of people ), for the 
fantastic time and for making me feel like at home. I really enjoyed our “fika” 
breaks and all after-work activities. 
 
All past and present members of CBZ group (another looong list of people ) 
for the great atmosphere at group meetings and after-work events. Thanks to 
Koji and Alberto for contributing to the “thesis cover photo contest”. 
 
Big thanks to my parents, family and friends for all your love and support!  
Tack alla! Hvala puno svima! 
 

 
 
 

Nebojša Mihajlica 
 

Uppsala, March 2018 



 50 

References 

1. Pardridge, W.M., The blood-brain barrier: bottleneck in brain drug develop-
ment. NeuroRx, 2005. 2(1): p. 3-14. 

2. Saunders, N.R., J.J. Dreifuss, K.M. Dziegielewska, P.A. Johansson, M.D. 
Habgood, K. Mollgard, and H.C. Bauer, The rights and wrongs of blood-brain 
barrier permeability studies: a walk through 100 years of history. Front Neu-
rosci, 2014. 8: p. 404. 

3. Abbott, N.J., A.A. Patabendige, D.E. Dolman, S.R. Yusof, and D.J. Begley, 
Structure and function of the blood-brain barrier. Neurobiol Dis, 2010. 37(1): 
p. 13-25. 

4. Abbott, N.J. and A. Friedman, Overview and introduction: the blood-brain 
barrier in health and disease. Epilepsia, 2012. 53 Suppl 6: p. 1-6. 

5. Abbott, N.J., Blood-brain barrier structure and function and the challenges 
for CNS drug delivery. J Inherit Metab Dis, 2013. 36(3): p. 437-49. 

6. de Lange, E.C. and M. Hammarlund-Udenaes, Translational aspects of blood-
brain barrier transport and central nervous system effects of drugs: from dis-
covery to patients. Clin Pharmacol Ther, 2015. 97(4): p. 380-94. 

7. Hawkins, B.T. and T.P. Davis, The blood-brain barrier/neurovascular unit in 
health and disease. Pharmacol Rev, 2005. 57(2): p. 173-85. 

8. Neuwelt, E.A., B. Bauer, C. Fahlke, G. Fricker, C. Iadecola, D. Janigro, L. 
Leybaert, Z. Molnar, M.E. O'Donnell, J.T. Povlishock, N.R. Saunders, F. 
Sharp, D. Stanimirovic, R.J. Watts, and L.R. Drewes, Engaging neuroscience 
to advance translational research in brain barrier biology. Nat Rev Neurosci, 
2011. 12(3): p. 169-82. 

9. McConnell, H.L., C.N. Kersch, R.L. Woltjer, and E.A. Neuwelt, The Transla-
tional Significance of the Neurovascular Unit. J Biol Chem, 2017. 292(3): p. 
762-770. 

10. Neuwelt, E., N.J. Abbott, L. Abrey, W.A. Banks, B. Blakley, T. Davis, B. 
Engelhardt, P. Grammas, M. Nedergaard, J. Nutt, W. Pardridge, G.A. Rosen-
berg, Q. Smith, and L.R. Drewes, Strategies to advance translational research 
into brain barriers. Lancet Neurol, 2008. 7(1): p. 84-96. 

11. Winkler, E.A., R.D. Bell, and B.V. Zlokovic, Central nervous system pericytes 
in health and disease. Nat Neurosci, 2011. 14(11): p. 1398-405. 

12. Zhao, Z., A.R. Nelson, C. Betsholtz, and B.V. Zlokovic, Establishment and 
Dysfunction of the Blood-Brain Barrier. Cell, 2015. 163(5): p. 1064-1078. 

13. Sweeney, M.D., S. Ayyadurai, and B.V. Zlokovic, Pericytes of the neurovas-
cular unit: key functions and signaling pathways. Nat Neurosci, 2016. 19(6): 
p. 771-83. 

14. Banks, W.A., A. Kovac, and Y. Morofuji, Neurovascular unit crosstalk: Peri-
cytes and astrocytes modify cytokine secretion patterns of brain endothelial 
cells. J Cereb Blood Flow Metab, 2017: p. 271678X17740793. 



 51

15. Tornabene, E. and B. Brodin, Stroke and Drug Delivery-In Vitro Models of the 
Ischemic Blood-Brain Barrier. Journal of Pharmaceutical Sciences, 2016. 
105(2): p. 398-405. 

16. Armulik, A., G. Genove, and C. Betsholtz, Pericytes: developmental, physio-
logical, and pathological perspectives, problems, and promises. Dev Cell, 
2011. 21(2): p. 193-215. 

17. Krueger, M. and I. Bechmann, CNS pericytes: concepts, misconceptions, and 
a way out. Glia, 2010. 58(1): p. 1-10. 

18. Hellerbrand, C., Hepatic stellate cells--the pericytes in the liver. Pflugers Arch, 
2013. 465(6): p. 775-8. 

19. Abboud, H.E., Mesangial cell biology. Experimental Cell Research, 2012. 
318(9): p. 979-985. 

20. Sims, D.E., The Pericyte - a Review. Tissue & Cell, 1986. 18(2): p. 153-174. 
21. Mathiisen, T.M., K.P. Lehre, N.C. Danbolt, and O.P. Ottersen, The perivascu-

lar astroglial sheath provides a complete covering of the brain microvessels: 
an electron microscopic 3D reconstruction. Glia, 2010. 58(9): p. 1094-103. 

22. Shepro, D. and N.M.L. Morel, Pericyte Physiology. Faseb Journal, 1993. 
7(11): p. 1031-1038. 

23. Fujiwara, T. and Y. Uehara, The cytoarchitecture of the wall and the innerva-
tion pattern of the microvessels in the rat mammary gland: a scanning electron 
microscopic observation. Am J Anat, 1984. 170(1): p. 39-54. 

24. Dore-Duffy, P. and K. Cleary, Morphology and properties of pericytes. Meth-
ods Mol Biol, 2011. 686: p. 49-68. 

25. Attwell, D., A. Mishra, C.N. Hall, F.M. O'Farrell, and T. Dalkara, What is a 
pericyte? Journal of Cerebral Blood Flow and Metabolism, 2016. 36(2): p. 
451-455. 

26. He, L., M. Vanlandewijck, E. Raschperger, M. Andaloussi Mae, B. Jung, T. 
Lebouvier, K. Ando, J. Hofmann, A. Keller, and C. Betsholtz, Analysis of the 
brain mural cell transcriptome. Sci Rep, 2016. 6: p. 35108. 

27. Vanlandewijck, M., L. He, M.A. Mae, J. Andrae, K. Ando, F. Del Gaudio, K. 
Nahar, T. Lebouvier, B. Lavina, L. Gouveia, Y. Sun, E. Raschperger, M. 
Rasanen, Y. Zarb, N. Mochizuki, A. Keller, U. Lendahl, and C. Betsholtz, A 
molecular atlas of cell types and zonation in the brain vasculature. Nature, 
2018. 

28. Joyce, N.C., M.F. Haire, and G.E. Palade, Contractile proteins in pericytes. II. 
Immunocytochemical evidence for the presence of two isomyosins in graded 
concentrations. J Cell Biol, 1985. 100(5): p. 1387-95. 

29. Herman, I.M. and P.A. D'Amore, Microvascular pericytes contain muscle and 
nonmuscle actins. J Cell Biol, 1985. 101(1): p. 43-52. 

30. Bandopadhyay, R., C. Orte, J.G. Lawrenson, A.R. Reid, S. De Silva, and G. 
Allt, Contractile proteins in pericytes at the blood-brain and blood-retinal bar-
riers. J Neurocytol, 2001. 30(1): p. 35-44. 

31. Attwell, D., A.M. Buchan, S. Charpak, M. Lauritzen, B.A. Macvicar, and E.A. 
Newman, Glial and neuronal control of brain blood flow. Nature, 2010. 
468(7321): p. 232-43. 

32. Hamilton, N.B., D. Attwell, and C.N. Hall, Pericyte-mediated regulation of 
capillary diameter: a component of neurovascular coupling in health and dis-
ease. Front Neuroenergetics, 2010. 2. 

33. Peppiatt, C.M., C. Howarth, P. Mobbs, and D. Attwell, Bidirectional control 
of CNS capillary diameter by pericytes. Nature, 2006. 443(7112): p. 700-4. 

  



 52 

34. Hall, C.N., C. Reynell, B. Gesslein, N.B. Hamilton, A. Mishra, B.A. Suther-
land, F.M. O'Farrell, A.M. Buchan, M. Lauritzen, and D. Attwell, Capillary 
pericytes regulate cerebral blood flow in health and disease. Nature, 2014. 
508(7494): p. 55-60. 

35. Hill, R.A., L. Tong, P. Yuan, S. Murikinati, S. Gupta, and J. Grutzendler, Re-
gional Blood Flow in the Normal and Ischemic Brain Is Controlled by Arteri-
olar Smooth Muscle Cell Contractility and Not by Capillary Pericytes. Neuron, 
2015. 87(1): p. 95-110. 

36. Fernandez-Klett, F., N. Offenhauser, U. Dirnagl, J. Priller, and U. Lindauer, 
Pericytes in capillaries are contractile in vivo, but arterioles mediate func-
tional hyperemia in the mouse brain. Proc Natl Acad Sci U S A, 2010. 107(51): 
p. 22290-5. 

37. Vates, G.E., T. Takano, B. Zlokovic, and M. Nedergaard, Pericyte constriction 
after stroke: the jury is still out. Nature Medicine, 2010. 16(9): p. 959-959. 

38. Nehls, V., K. Denzer, and D. Drenckhahn, Pericyte involvement in capillary 
sprouting during angiogenesis in situ. Cell Tissue Res, 1992. 270(3): p. 469-
74. 

39. Gaengel, K., G. Genove, A. Armulik, and C. Betsholtz, Endothelial-mural cell 
signaling in vascular development and angiogenesis. Arterioscler Thromb 
Vasc Biol, 2009. 29(5): p. 630-8. 

40. Arnold, T.D., C. Niaudet, M.F. Pang, J. Siegenthaler, K. Gaengel, B. Jung, 
G.M. Ferrero, Y.S. Mukouyama, J. Fuxe, R. Akhurst, C. Betsholtz, D. Shep-
pard, and L.F. Reichardt, Excessive vascular sprouting underlies cerebral 
hemorrhage in mice lacking alpha V beta 8-TGF beta signaling in the brain. 
Development, 2014. 141(23): p. 4489-4499. 

41. von Tell, D., A. Armulik, and C. Betsholtz, Pericytes and vascular stability. 
Exp Cell Res, 2006. 312(5): p. 623-9. 

42. Morikawa, S., P. Baluk, T. Kaidoh, A. Haskell, R.K. Jain, and D.M. McDon-
ald, Abnormalities in pericytes on blood vessels and endothelial sprouts in tu-
mors. American Journal of Pathology, 2002. 160(3): p. 985-1000. 

43. Abramsson, A., P. Lindblom, and C. Betsholtz, Endothelial and nonendothe-
lial sources of PDGF-B regulate pericyte recruitment and influence vascular 
pattern formation in tumors. J Clin Invest, 2003. 112(8): p. 1142-51. 

44. Carmeliet, P. and R.K. Jain, Principles and mechanisms of vessel normaliza-
tion for cancer and other angiogenic diseases. Nat Rev Drug Discov, 2011. 
10(6): p. 417-27. 

45. Cheng, L., Z. Huang, W. Zhou, Q. Wu, S. Donnola, J.K. Liu, X. Fang, A.E. 
Sloan, Y. Mao, J.D. Lathia, W. Min, R.E. McLendon, J.N. Rich, and S. Bao, 
Glioblastoma stem cells generate vascular pericytes to support vessel function 
and tumor growth. Cell, 2013. 153(1): p. 139-52. 

46. Guichet, P.O., S. Guelfi, M. Teigell, L. Hoppe, N. Bakalara, L. Bauchet, H. 
Duffau, K. Lamszus, B. Rothhut, and J.P. Hugnot, Notch1 stimulation induces 
a vascularization switch with pericyte-like cell differentiation of glioblastoma 
stem cells. Stem Cells, 2015. 33(1): p. 21-34. 

47. Svensson, A., I. Ozen, G. Genove, G. Paul, and J. Bengzon, Endogenous brain 
pericytes are widely activated and contribute to mouse glioma microvascula-
ture. PLoS One, 2015. 10(4): p. e0123553. 

48. Bergers, G., S. Song, N. Meyer-Morse, E. Bergsland, and D. Hanahan, Benefits 
of targeting both pericytes and endothelial cells in the tumor vasculature with 
kinase inhibitors. Journal of Clinical Investigation, 2003. 111(9): p. 1287-
1295. 



 53

49. Baluk, P., H. Hashizume, and D.M. McDonald, Cellular abnormalities of 
blood vessels as targets in cancer. Current Opinion in Genetics & Develop-
ment, 2005. 15(1): p. 102-111. 

50. Franco, M., P. Roswall, E. Cortez, D. Hanahan, and K. Pietras, Pericytes pro-
mote endothelial cell survival through induction of autocrine VEGF-A signal-
ing and Bcl-w expression. Blood, 2011. 118(10): p. 2906-2917. 

51. Ribatti, D., B. Nico, and E. Crivellato, The role of pericytes in angiogenesis. 
Int J Dev Biol, 2011. 55(3): p. 261-8. 

52. Jansson, D., J. Rustenhoven, S. Feng, D. Hurley, R.L. Oldfield, P.S. Bergin, 
E.W. Mee, R.L.M. Faull, and M. Dragunow, A role for human brain pericytes 
in neuroinflammation. Journal of Neuroinflammation, 2014. 11. 

53. Kovac, A., M.A. Erickson, and W.A. Banks, Brain microvascular pericytes 
are immunoactive in culture: cytokine, chemokine, nitric oxide, and LRP-1 ex-
pression in response to lipopolysaccharide. J Neuroinflammation, 2011. 8: p. 
139. 

54. Nourshargh, S., P.L. Hordijk, and M. Sixt, Breaching multiple barriers: leu-
kocyte motility through venular walls and the interstitium. Nature Reviews 
Molecular Cell Biology, 2010. 11(5): p. 366-378. 

55. Daneman, R., L. Zhou, A.A. Kebede, and B.A. Barres, Pericytes are required 
for blood-brain barrier integrity during embryogenesis. Nature, 2010. 
468(7323): p. 562-6. 

56. Proebstl, D., M.B. Voisin, A. Woodfin, J. Whiteford, F. D'Acquisto, G.E. 
Jones, D. Rowe, and S. Nourshargh, Pericytes support neutrophil subendothe-
lial cell crawling and breaching of venular walls in vivo. J Exp Med, 2012. 
209(6): p. 1219-34. 

57. Wang, S., C. Cao, Z. Chen, V. Bankaitis, E. Tzima, N. Sheibani, and K. Bur-
ridge, Pericytes regulate vascular basement membrane remodeling and govern 
neutrophil extravasation during inflammation. PLoS One, 2012. 7(9): p. 
e45499. 

58. Dore-Duffy, P., A. Katychev, X. Wang, and E. Van Buren, CNS microvascular 
pericytes exhibit multipotential stem cell activity. J Cereb Blood Flow Metab, 
2006. 26(5): p. 613-24. 

59. Dar, A., H. Domev, O. Ben-Yosef, M. Tzukerman, N. Zeevi-Levin, A. Novak, 
I. Germanguz, M. Amit, and J. Itskovitz-Eldor, Multipotent vasculogenic per-
icytes from human pluripotent stem cells promote recovery of murine ischemic 
limb. Circulation, 2012. 125(1): p. 87-99. 

60. Nakagomi, T., S. Kubo, A. Nakano-Doi, R. Sakuma, S. Lu, A. Narita, M. Ka-
wahara, A. Taguchi, and T. Matsuyama, Brain Vascular Pericytes Following 
Ischemia Have Multipotential Stem Cell Activity to Differentiate Into Neural 
and Vascular Lineage Cells. Stem Cells, 2015. 33(6): p. 1962-1974. 

61. Sengillo, J.D., E.A. Winkler, C.T. Walker, J.S. Sullivan, M. Johnson, and B.V. 
Zlokovic, Deficiency in mural vascular cells coincides with blood-brain bar-
rier disruption in Alzheimer's disease. Brain Pathol, 2013. 23(3): p. 303-10. 

62. Winkler, E.A., J.D. Sengillo, J.S. Sullivan, J.S. Henkel, S.H. Appel, and B.V. 
Zlokovic, Blood-spinal cord barrier breakdown and pericyte reductions in am-
yotrophic lateral sclerosis. Acta Neuropathol, 2013. 125(1): p. 111-20. 

63. Ghosh, M., M. Balbi, F. Hellal, M. Dichgans, U. Lindauer, and N. Plesnila, 
Pericytes are involved in the pathogenesis of cerebral autosomal dominant ar-
teriopathy with subcortical infarcts and leukoencephalopathy. Ann Neurol, 
2015. 78(6): p. 887-900. 



 54 

64. Leveen, P., M. Pekny, S. Gebre-Medhin, B. Swolin, E. Larsson, and C. 
Betsholtz, Mice deficient for PDGF B show renal, cardiovascular, and hema-
tological abnormalities. Genes Dev, 1994. 8(16): p. 1875-87. 

65. Soriano, P., Abnormal kidney development and hematological disorders in 
PDGF beta-receptor mutant mice. Genes Dev, 1994. 8(16): p. 1888-96. 

66. Shue, E.H., E.B. Carson-Walter, Y. Liu, B.N. Winans, Z.S. Ali, J. Chen, and 
K.A. Walter, Plasmalemmal vesicle associated protein-1 (PV-1) is a marker 
of blood-brain barrier disruption in rodent models. BMC Neurosci, 2008. 9: 
p. 29. 

67. Armulik, A., G. Genove, M. Mae, M.H. Nisancioglu, E. Wallgard, C. Niaudet, 
L. He, J. Norlin, P. Lindblom, K. Strittmatter, B.R. Johansson, and C. 
Betsholtz, Pericytes regulate the blood-brain barrier. Nature, 2010. 
468(7323): p. 557-61. 

68. Bell, R.D., E.A. Winkler, A.P. Sagare, I. Singh, B. LaRue, R. Deane, and B.V. 
Zlokovic, Pericytes control key neurovascular functions and neuronal pheno-
type in the adult brain and during brain aging. Neuron, 2010. 68(3): p. 409-
27. 

69. Winkler, E.A., R.D. Bell, and B.V. Zlokovic, Pericyte-specific expression of 
PDGF beta receptor in mouse models with normal and deficient PDGF beta 
receptor signaling. Mol Neurodegener, 2010. 5: p. 32. 

70. Lindblom, P., H. Gerhardt, S. Liebner, A. Abramsson, M. Enge, M. Hellstrom, 
G. Backstrom, S. Fredriksson, U. Landegren, H.C. Nystrom, G. Bergstrom, E. 
Dejana, A. Ostman, P. Lindahl, and C. Betsholtz, Endothelial PDGF-B reten-
tion is required for proper investment of pericytes in the microvessel wall. 
Genes Dev, 2003. 17(15): p. 1835-40. 

71. Nacer, A., A. Movila, K. Baer, S.A. Mikolajczak, S.H. Kappe, and U. Frevert, 
Neuroimmunological blood brain barrier opening in experimental cerebral 
malaria. PLoS Pathog, 2012. 8(10): p. e1002982. 

72. Su, E.J., L. Fredriksson, M. Geyer, E. Folestad, J. Cale, J. Andrae, Y. Gao, K. 
Pietras, K. Mann, M. Yepes, D.K. Strickland, C. Betsholtz, U. Eriksson, and 
D.A. Lawrence, Activation of PDGF-CC by tissue plasminogen activator im-
pairs blood-brain barrier integrity during ischemic stroke. Nat Med, 2008. 
14(7): p. 731-7. 

73. Ben-Zvi, A., B. Lacoste, E. Kur, B.J. Andreone, Y. Mayshar, H. Yan, and C.H. 
Gu, Mfsd2a is critical for the formation and function of the blood-brain bar-
rier. Nature, 2014. 509(7501): p. 507-+. 

74. Andreone, B.J., B.W. Chow, A. Tata, B. Lacoste, A. Ben-Zvi, K. Bullock, A.A. 
Deik, D.D. Ginty, C.B. Clish, and C.H. Gu, Blood-Brain Barrier Permeability 
Is Regulated by Lipid Transport-Dependent Suppression of Caveolae-Medi-
ated Transcytosis. Neuron, 2017. 94(3): p. 581-+. 

75. Armulik, A., M. Mae, and C. Betsholtz, Pericytes and the blood-brain barrier: 
recent advances and implications for the delivery of CNS therapy. Ther Deliv, 
2011. 2(4): p. 419-22. 

76. Miller, D.S., Regulation of ABC Transporters at the Blood-Brain Barrier. 
Clinical Pharmacology & Therapeutics, 2015. 97(4): p. 395-403. 

77. Mahringer, A. and G. Fricker, ABC transporters at the blood-brain barrier. 
Expert Opin Drug Metab Toxicol, 2016: p. 1-10. 

78. Moitra, K. and M. Dean, Evolution of ABC transporters by gene duplication 
and their role in human disease. Biological Chemistry, 2011. 392(1-2): p. 29-
37. 

  



 55

79. International Transporter, C., K.M. Giacomini, S.M. Huang, D.J. Tweedie, 
L.Z. Benet, K.L. Brouwer, X. Chu, A. Dahlin, R. Evers, V. Fischer, K.M. 
Hillgren, K.A. Hoffmaster, T. Ishikawa, D. Keppler, R.B. Kim, C.A. Lee, M. 
Niemi, J.W. Polli, Y. Sugiyama, P.W. Swaan, J.A. Ware, S.H. Wright, S.W. 
Yee, M.J. Zamek-Gliszczynski, and L. Zhang, Membrane transporters in drug 
development. Nat Rev Drug Discov, 2010. 9(3): p. 215-36. 

80. Aller, S.G., J. Yu, A. Ward, Y. Weng, S. Chittaboina, R. Zhuo, P.M. Harrell, 
Y.T. Trinh, Q. Zhang, I.L. Urbatsch, and G. Chang, Structure of P-glycopro-
tein reveals a molecular basis for poly-specific drug binding. Science, 2009. 
323(5922): p. 1718-22. 

81. Chufan, E.E., K. Kapoor, H.M. Sim, S. Singh, T.T. Talele, S.R. Durell, and 
S.V. Ambudkar, Multiple transport-active binding sites are available for a sin-
gle substrate on human P-glycoprotein (ABCB1). PLoS One, 2013. 8(12): p. 
e82463. 

82. Sharom, F.J., Shedding light on drug transport: structure and function of the 
P-glycoprotein multidrug transporter (ABCB1). Biochem Cell Biol, 2006. 
84(6): p. 979-92. 

83. Miller, D.S. and R.E. Cannon, Signaling Pathways that Regulate Basal ABC 
Transporter Activity at the Blood-Brain Barrier. Current Pharmaceutical De-
sign, 2014. 20(10): p. 1463-1471. 

84. Qosa, H., D.S. Miller, P. Pasinelli, and D. Trotti, Regulation of ABC efflux 
transporters at blood-brain barrier in health and neurological disorders. 
Brain Research, 2015. 1628: p. 298-316. 

85. Chen, Y. and L. Liu, Modern methods for delivery of drugs across the blood-
brain barrier. Adv Drug Deliv Rev, 2012. 64(7): p. 640-65. 

86. Mao, Q. and J.D. Unadkat, Role of the breast cancer resistance protein 
(BCRP/ABCG2) in drug transport--an update. AAPS J, 2015. 17(1): p. 65-82. 

87. Uchida, Y., S. Ohtsuki, Y. Katsukura, C. Ikeda, T. Suzuki, J. Kamiie, and T. 
Terasaki, Quantitative targeted absolute proteomics of human blood-brain 
barrier transporters and receptors. J Neurochem, 2011. 117(2): p. 333-45. 

88. Kamiie, J., S. Ohtsuki, R. Iwase, K. Ohmine, Y. Katsukura, K. Yanai, Y. 
Sekine, Y. Uchida, S. Ito, and T. Terasaki, Quantitative atlas of membrane 
transporter proteins: development and application of a highly sensitive simul-
taneous LC/MS/MS method combined with novel in-silico peptide selection cri-
teria. Pharm Res, 2008. 25(6): p. 1469-83. 

89. Agarwal, S., A.M. Hartz, W.F. Elmquist, and B. Bauer, Breast cancer re-
sistance protein and P-glycoprotein in brain cancer: two gatekeepers team up. 
Curr Pharm Des, 2011. 17(26): p. 2793-802. 

90. Dallas, S., D.S. Miller, and R. Bendayan, Multidrug resistance-associated pro-
teins: expression and function in the central nervous system. Pharmacol Rev, 
2006. 58(2): p. 140-61. 

91. Zhang, Y., J.D. Schuetz, W.F. Elmquist, and D.W. Miller, Plasma membrane 
localization of multidrug resistance-associated protein homologs in brain ca-
pillary endothelial cells. Journal of Pharmacology and Experimental Thera-
peutics, 2004. 311(2): p. 449-455. 

92. Hediger, M.A., M.F. Romero, J.B. Peng, A. Rolfs, H. Takanaga, and E.A. Bru-
ford, The ABCs of solute carriers: physiological, pathological and therapeutic 
implications of human membrane transport proteins - Introduction. Pflugers 
Archiv-European Journal of Physiology, 2004. 447(5): p. 465-468. 

  



 56 

93. Ohtsuki, S. and T. Terasaki, Contribution of carrier-mediated transport sys-
tems to the blood-brain barrier as a supporting and protecting interface for 
the brain; importance for CNS drug discovery and development. Pharm Res, 
2007. 24(9): p. 1745-58. 

94. Schlessinger, A., S.W. Yee, A. Sali, and K.M. Giacominis, SLC Classification: 
An Update. Clinical Pharmacology & Therapeutics, 2013. 94(1): p. 19-23. 

95. Geier, E.G., E.C. Chen, A. Webb, A.C. Papp, S.W. Yee, W. Sadee, and K.M. 
Giacomini, Profiling solute carrier transporters in the human blood-brain bar-
rier. Clin Pharmacol Ther, 2013. 94(6): p. 636-9. 

96. Lin, L., S.W. Yee, R.B. Kim, and K.M. Giacomini, SLC transporters as ther-
apeutic targets: emerging opportunities. Nat Rev Drug Discov, 2015. 14(8): 
p. 543-60. 

97. Kusuhara, H. and Y. Sugiyama, Active efflux across the blood-brain barrier: 
role of the solute carrier family. NeuroRx, 2005. 2(1): p. 73-85. 

98. Gao, B., B. Hagenbuch, G.A. Kullak-Ublick, D. Benke, A. Aguzzi, and P.J. 
Meier, Organic anion-transporting polypeptides mediate transport of opioid 
peptides across blood-brain barrier. Journal of Pharmacology and Experi-
mental Therapeutics, 2000. 294(1): p. 73-79. 

99. Bronger, H., J. Konig, K. Kopplow, H.H. Steiner, R. Ahmadi, C. Herold-
Mende, D. Keppler, and A.T. Nies, ABCC drug efflux pumps and organic an-
ion uptake transporters in human gliomas and the blood-tumor barrier. Cancer 
Res, 2005. 65(24): p. 11419-28. 

100. Lee, W., H. Glaeser, L.H. Smith, R.L. Roberts, G.W. Moeckel, G. Gervasini, 
B.F. Leake, and R.B. Kim, Polymorphisms in human organic anion-transport-
ing polypeptide 1A2 (OATP1A2): implications for altered drug disposition and 
central nervous system drug entry. J Biol Chem, 2005. 280(10): p. 9610-7. 

101. Gao, B., S.R. Vavricka, P.J. Meier, and B. Stieger, Differential cellular expres-
sion of organic anion transporting peptides OATP1A2 and OATP2B1 in the 
human retina and brain: implications for carrier-mediated transport of neuro-
peptides and neurosteriods in the CNS. Pflugers Arch, 2015. 467(7): p. 1481-
1493. 

102. Roth, M., A. Obaidat, and B. Hagenbuch, OATPs, OATs and OCTs: the or-
ganic anion and cation transporters of the SLCO and SLC22A gene superfam-
ilies. Br J Pharmacol, 2012. 165(5): p. 1260-87. 

103. Obaidat, A., M. Roth, and B. Hagenbuch, The expression and function of or-
ganic anion transporting polypeptides in normal tissues and in cancer. Annu 
Rev Pharmacol Toxicol, 2012. 52: p. 135-51. 

104. Franke, R.M., L.A. Scherkenbach, and A. Sparreboom, Pharmacogenetics of 
the organic anion transporting polypeptide 1A2. Pharmacogenomics, 2009. 
10(3): p. 339-44. 

105. Gao, B., B. Stieger, B. Noe, J.M. Fritschy, and P.J. Meier, Localization of the 
organic anion transporting polypeptide 2 (Oatp2) in capillary endothelium 
and choroid plexus epithelium of rat brain. J Histochem Cytochem, 1999. 
47(10): p. 1255-64. 

106. Abdullahi, W., T.P. Davis, and P.T. Ronaldson, Functional Expression of P-
glycoprotein and Organic Anion Transporting Polypeptides at the Blood-
Brain Barrier: Understanding Transport Mechanisms for Improved CNS Drug 
Delivery? Aaps Journal, 2017. 19(4): p. 931-939. 

107. Ose, A., H. Kusuhara, C. Endo, K. Tohyama, M. Miyajima, S. Kitamura, and 
Y. Sugiyama, Functional characterization of mouse organic anion transport-
ing peptide 1a4 in the uptake and efflux of drugs across the blood-brain bar-
rier. Drug Metab Dispos, 2010. 38(1): p. 168-76. 



 57

108. Ohtsuki, S., T. Kikkawa, S. Mori, S. Hori, H. Takanaga, M. Otagiri, and T. 
Terasaki, Mouse reduced in osteosclerosis transporter functions as an organic 
anion transporter 3 and is localized at abluminal membrane of blood-brain 
barrier. Journal of Pharmacology and Experimental Therapeutics, 2004. 
309(3): p. 1273-1281. 

109. Kikuchi, R., H. Kusuhara, D. Sugiyama, and Y. Sugiyama, Contribution of 
organic anion transporter 3 (Slc22a8) to the elimination of p-aminohippuric 
acid and benzylpenicillin across the blood-brain barrier. J Pharmacol Exp 
Ther, 2003. 306(1): p. 51-8. 

110. Mori, S., H. Takanaga, S. Ohtsuki, T. Deguchi, Y.S. Kang, K. Hosoya, and T. 
Terasaki, Rat organic anion transporter 3 (rOAT3) is responsible for brain-to-
blood efflux of homovanillic acid at the abluminal membrane of brain capillary 
endothelial cells. Journal of Cerebral Blood Flow and Metabolism, 2003. 
23(4): p. 432-440. 

111. Ohtsuki, S., H. Asaba, H. Takanaga, T. Deguchi, K. Hosoya, M. Otagiri, and 
T. Terasaki, Role of blood-brain barrier organic anion transporter 3 (OAT3) 
in the efflux of indoxyl sulfate, a uremic toxin: its involvement in neurotrans-
mitter metabolite clearance from the brain. J Neurochem, 2002. 83(1): p. 57-
66. 

112. Mori, S., S. Ohtsuki, H. Takanaga, T. Kikkawa, Y.S. Kang, and T. Terasaki, 
Organic anion transporter 3 is involved in the brain-to-blood efflux transport 
of thiopurine nucleobase analogs. Journal of Neurochemistry, 2004. 90(4): p. 
931-941. 

113. Ose, A., M. Ito, H. Kusuhara, K. Yamatsugu, M. Kanai, M. Shibasaki, M. Ho-
sokawa, J.D. Schuetz, and Y. Sugiyama, Limited Brain Distribution of 
[3R,4R,5S]-4-Acetamido-5-amino-3-(1-ethylpropoxy)-1-cyclohexene-1-car-
boxylate Phosphate (Ro 64-0802), a Pharmacologically Active Form of Osel-
tamivir, by Active Efflux across the Blood-Brain Barrier Mediated by Organic 
Anion Transporter 3 (Oat3/Slc22a8) and Multidrug Resistance-Associated 
Protein 4 (Mrp4/Abcc4). Drug Metabolism and Disposition, 2009. 37(2): p. 
315-321. 

114. Miyajima, M., H. Kusuhara, M. Fujishima, Y. Adachi, and Y. Sugiyama, Or-
ganic anion transporter 3 mediates the efflux transport of an amphipathic or-
ganic anion, dehydroepiandrosterone sulfate, across the blood-brain barrier 
in mice. Drug Metab Dispos, 2011. 39(5): p. 814-9. 

115. Tuma, P. and A.L. Hubbard, Transcytosis: crossing cellular barriers. Physiol 
Rev, 2003. 83(3): p. 871-932. 

116. Mayor, S., R.G. Parton, and J.G. Donaldson, Clathrin-independent pathways 
of endocytosis. Cold Spring Harb Perspect Biol, 2014. 6(6). 

117. Razani, B. and M.P. Lisanti, Caveolins and caveolae: molecular and func-
tional relationships. Exp Cell Res, 2001. 271(1): p. 36-44. 

118. Pardridge, W.M., Drug and gene targeting to the brain with molecular Trojan 
horses. Nat Rev Drug Discov, 2002. 1(2): p. 131-9. 

119. Bien-Ly, N., Y.J. Yu, D. Bumbaca, J. Elstrott, C.A. Boswell, Y. Zhang, W. 
Luk, Y. Lu, M.S. Dennis, R.M. Weimer, I. Chung, and R.J. Watts, Transferrin 
receptor (TfR) trafficking determines brain uptake of TfR antibody affinity var-
iants. J Exp Med, 2014. 211(2): p. 233-44. 

120. Johnsen, K.B., A. Burkhart, F. Melander, P.J. Kempen, J.B. Vejlebo, P. 
Siupka, M.S. Nielsen, T.L. Andresen, and T. Moos, Targeting transferrin re-
ceptors at the blood-brain barrier improves the uptake of immunoliposomes 
and subsequent cargo transport into the brain parenchyma. Scientific Reports, 
2017. 7. 



 58 

121. Preston, J.E., N. Joan Abbott, and D.J. Begley, Transcytosis of macromole-
cules at the blood-brain barrier. Adv Pharmacol, 2014. 71: p. 147-63. 

122. Herve, F., N. Ghinea, and J.M. Scherrmann, CNS delivery via adsorptive 
transcytosis. AAPS J, 2008. 10(3): p. 455-72. 

123. Hammarlund-Udenaes, M., M. Friden, S. Syvanen, and A. Gupta, On the rate 
and extent of drug delivery to the brain. Pharm Res, 2008. 25(8): p. 1737-50. 

124. Banker, M.J., T.H. Clark, and J.A. Williams, Development and validation of a 
96-well equilibrium dialysis apparatus for measuring plasma protein binding. 
J Pharm Sci, 2003. 92(5): p. 967-74. 

125. Kalvass, J.C. and T.S. Maurer, Influence of nonspecific brain and plasma bind-
ing on CNS exposure: implications for rational drug discovery. Biopharm 
Drug Dispos, 2002. 23(8): p. 327-38. 

126. Manitpisitkul, P. and R.E. White, Whatever happened to cassette-dosing phar-
macokinetics? Drug Discovery Today, 2004. 9(15): p. 652-658. 

127. Liu, X.R., X. Ding, G. Deshmukh, B.M. Liederer, and C.E.C.A. Hop, Use of 
the Cassette-Dosing Approach to Assess Brain Penetration in Drug Discovery. 
Drug Metabolism and Disposition, 2012. 40(5): p. 963-969. 

128. Liu, X.R., J. Cheong, X. Ding, and G. Deshmukh, Use of Cassette Dosing Ap-
proach to Examine the Effects of P-Glycoprotein on the Brain and Cerebro-
spinal Fluid Concentrations in Wild-Type and P-Glycoprotein Knockout Rats. 
Drug Metabolism and Disposition, 2014. 42(4): p. 482-491. 

129. White, R.E. and P. Manitpisitkul, Pharmacokinetic theory of cassette dosing 
in drug discovery screening. Drug Metab Dispos, 2001. 29(7): p. 957-66. 

130. Elmquist, W.F. and R.J. Sawchuk, Application of microdialysis in pharmaco-
kinetic studies. Pharm Res, 1997. 14(3): p. 267-88. 

131. Hammarlund-Udenaes, M., The use of microdialysis in CNS drug delivery 
studies - Pharmacokinetic perspectives and results with analgesics and an-
tiepileptics. Advanced Drug Delivery Reviews, 2000. 45(2-3): p. 283-294. 

132. Oldendorf, W.H., Measurement of brain uptake of radiolabeled substances us-
ing a tritiated water internal standard. Brain Res, 1970. 24(2): p. 372-6. 

133. Ohno, K., K.D. Pettigrew, and S.I. Rapoport, Lower limits of cerebrovascular 
permeability to nonelectrolytes in the conscious rat. Am J Physiol, 1978. 
235(3): p. H299-307. 

134. Patlak, C.S., R.G. Blasberg, and J.D. Fenstermacher, Graphical evaluation of 
blood-to-brain transfer constants from multiple-time uptake data. J Cereb 
Blood Flow Metab, 1983. 3(1): p. 1-7. 

135. Takasato, Y., S.I. Rapoport, and Q.R. Smith, An in situ brain perfusion tech-
nique to study cerebrovascular transport in the rat. Am J Physiol, 1984. 247(3 
Pt 2): p. H484-93. 

136. Smith, Q.R., Brain perfusion systems for studies of drug uptake and metabo-
lism in the central nervous system. Pharm Biotechnol, 1996. 8: p. 285-307. 

137. Dubey, R.K., C.B. McAllister, M. Inoue, and G.R. Wilkinson, Plasma binding 
and transport of diazepam across the blood-brain barrier. No evidence for in 
vivo enhanced dissociation. J Clin Invest, 1989. 84(4): p. 1155-9. 

138. Friden, M., S. Winiwarter, G. Jerndal, O. Bengtsson, H. Wan, U. Bredberg, M. 
Hammarlund-Udenaes, and M. Antonsson, Structure-brain exposure relation-
ships in rat and human using a novel data set of unbound drug concentrations 
in brain interstitial and cerebrospinal fluids. J Med Chem, 2009. 52(20): p. 
6233-43. 

  



 59

139. Mayer, U., E. Wagenaar, J.H. Beijnen, J.W. Smit, D.K. Meijer, J. van Asperen, 
P. Borst, and A.H. Schinkel, Substantial excretion of digoxin via the intestinal 
mucosa and prevention of long-term digoxin accumulation in the brain by the 
mdr 1a P-glycoprotein. Br J Pharmacol, 1996. 119(5): p. 1038-44. 

140. Schinkel, A.H., E. Wagenaar, L. van Deemter, C.A. Mol, and P. Borst, Absence 
of the mdr1a P-Glycoprotein in mice affects tissue distribution and pharmaco-
kinetics of dexamethasone, digoxin, and cyclosporin A. J Clin Invest, 1995. 
96(4): p. 1698-705. 

141. Wang, J.S., Y. Ruan, R.M. Taylor, J.L. Donovan, J.S. Markowitz, and C.L. 
DeVane, The brain entry of risperidone and 9-hydroxyrisperidone is greatly 
limited by P-glycoprotein. Int J Neuropsychopharmacol, 2004. 7(4): p. 415-9. 

142. Kao, Y.H., Y. Chern, H.T. Yang, H.M. Chen, and C.J. Lin, Regulation of P-
glycoprotein expression in brain capillaries in Huntington's disease and its 
impact on brain availability of antipsychotic agents risperidone and paliperi-
done. J Cereb Blood Flow Metab, 2016. 36(8): p. 1412-23. 

143. Maeda, T., K. Takahashi, N. Ohtsu, T. Oguma, T. Ohnishi, R. Atsumi, and I. 
Tamai, Identification of influx transporter for the quinolone antibacterial 
agent levofloxacin. Mol Pharm, 2007. 4(1): p. 85-94. 

144. Bostrom, E., U.S. Simonsson, and M. Hammarlund-Udenaes, In vivo blood-
brain barrier transport of oxycodone in the rat: indications for active influx 
and implications for pharmacokinetics/pharmacodynamics. Drug Metab Dis-
pos, 2006. 34(9): p. 1624-31. 

145. Sadiq, M.W., A. Borgs, T. Okura, K. Shimomura, S. Kato, Y. Deguchi, B. 
Jansson, S. Bjorkman, T. Terasaki, and M. Hammarlund-Udenaes, Diphenhy-
dramine active uptake at the blood-brain barrier and its interaction with ox-
ycodone in vitro and in vivo. J Pharm Sci, 2011. 100(9): p. 3912-23. 

146. Okura, T., A. Hattori, Y. Takano, T. Sato, M. Hammarlund-Udenaes, T. Tera-
saki, and Y. Deguchi, Involvement of the pyrilamine transporter, a putative 
organic cation transporter, in blood-brain barrier transport of oxycodone. 
Drug Metab Dispos, 2008. 36(10): p. 2005-13. 

147. Dai, H., P. Marbach, M. Lemaire, M. Hayes, and W.F. Elmquist, Distribution 
of STI-571 to the brain is limited by P-glycoprotein-mediated efflux. J Pharma-
col Exp Ther, 2003. 304(3): p. 1085-92. 

148. Bihorel, S., G. Camenisch, M. Lemaire, and J.M. Scherrmann, Influence of 
breast cancer resistance protein (Abcg2) and p-glycoprotein (Abcb1a) on the 
transport of imatinib mesylate (Gleevec) across the mouse blood-brain bar-
rier. J Neurochem, 2007. 102(6): p. 1749-57. 

149. Oostendorp, R.L., T. Buckle, J.H. Beijnen, O. van Tellingen, and J.H. Schel-
lens, The effect of P-gp (Mdr1a/1b), BCRP (Bcrp1) and P-gp/BCRP inhibitors 
on the in vivo absorption, distribution, metabolism and excretion of imatinib. 
Invest New Drugs, 2009. 27(1): p. 31-40. 

150. Breedveld, P., D. Pluim, G. Cipriani, P. Wielinga, O. van Tellingen, A.H. 
Schinkel, and J.H. Schellens, The effect of Bcrp1 (Abcg2) on the in vivo phar-
macokinetics and brain penetration of imatinib mesylate (Gleevec): implica-
tions for the use of breast cancer resistance protein and P-glycoprotein inhib-
itors to enable the brain penetration of imatinib in patients. Cancer Res, 2005. 
65(7): p. 2577-82. 

151. Eechoute, K., A. Sparreboom, H. Burger, R.M. Franke, G. Schiavon, J. Ver-
weij, W.J. Loos, E.A. Wiemer, and R.H. Mathijssen, Drug transporters and 
imatinib treatment: implications for clinical practice. Clin Cancer Res, 2011. 
17(3): p. 406-15. 



 60 

152. Hu, S., R.M. Franke, K.K. Filipski, C. Hu, S.J. Orwick, E.A. de Bruijn, H. 
Burger, S.D. Baker, and A. Sparreboom, Interaction of imatinib with human 
organic ion carriers. Clin Cancer Res, 2008. 14(10): p. 3141-8. 

153. Chen, Y., S. Agarwal, N.M. Shaik, C. Chen, Z. Yang, and W.F. Elmquist, P-
glycoprotein and breast cancer resistance protein influence brain distribution 
of dasatinib. J Pharmacol Exp Ther, 2009. 330(3): p. 956-63. 

154. Agarwal, S., R.K. Mittapalli, D.M. Zellmer, J.L. Gallardo, R. Donelson, C. 
Seiler, S.A. Decker, K.S. Santacruz, J.L. Pokorny, J.N. Sarkaria, W.F. 
Elmquist, and J.R. Ohlfest, Active efflux of Dasatinib from the brain limits ef-
ficacy against murine glioblastoma: broad implications for the clinical use of 
molecularly targeted agents. Mol Cancer Ther, 2012. 11(10): p. 2183-92. 

155. Eadie, L.N., T.P. Hughes, and D.L. White, Interaction of the efflux transport-
ers ABCB1 and ABCG2 with imatinib, nilotinib, and dasatinib. Clin Pharmacol 
Ther, 2014. 95(3): p. 294-306. 

156. Hegedus, C., C. Ozvegy-Laczka, A. Apati, M. Magocsi, K. Nemet, L. Orfi, G. 
Keri, M. Katona, Z. Takats, A. Varadi, G. Szakacs, and B. Sarkadi, Interaction 
of nilotinib, dasatinib and bosutinib with ABCB1 and ABCG2: implications for 
altered anti-cancer effects and pharmacological properties. Br J Pharmacol, 
2009. 158(4): p. 1153-64. 

157. Dagenais, C., C. Rousselle, G.M. Pollack, and J.M. Scherrmann, Development 
of an in situ mouse brain perfusion model and its application to mdr1a P-gly-
coprotein-deficient mice. J Cereb Blood Flow Metab, 2000. 20(2): p. 381-6. 

158. Smith, Q.R., A review of blood-brain barrier transport techniques. Methods 
Mol Med, 2003. 89: p. 193-208. 

159. Bondjers, C., L. He, M. Takemoto, J. Norlin, N. Asker, M. Hellstrom, P. Lin-
dahl, and C. Betsholtz, Microarray analysis of blood microvessels from 
PDGF-B and PDGF-Rbeta mutant mice identifies novel markers for brain per-
icytes. FASEB J, 2006. 20(10): p. 1703-5. 

160. Sandypang, K. and M. Rowland, Hepatic Clearance of Drugs .1. Theoretical 
Considerations of a Well-Stirred Model and a Parallel Tube Model - Influence 
of Hepatic Blood-Flow, Plasma and Blood-Cell Binding, and Hepatocellular 
Enzymatic-Activity on Hepatic Drug Clearance. Journal of Pharmacokinetics 
and Biopharmaceutics, 1977. 5(6): p. 625-653. 

161. Liu, X.R., M. Wright, and C.E.C.A. Hop, Rational Use of Plasma Protein and 
Tissue Binding Data in Drug Design. Journal of Medicinal Chemistry, 2014. 
57(20): p. 8238-8248. 

162. Benet, L.Z. and B.A. Hoener, Changes in plasma protein binding have little 
clinical relevance. Clinical Pharmacology & Therapeutics, 2002. 71(3): p. 
115-121. 

163. Cattelotte, J., P. Andre, M. Ouellet, F. Bourasset, J.M. Scherrmann, and S. 
Cisternino, In situ mouse carotid perfusion model: glucose and cholesterol 
transport in the eye and brain. J Cereb Blood Flow Metab, 2008. 28(8): p. 
1449-59. 

164. Park, S. and P.J. Sinko, P-glycoprotein and mutlidrug resistance-associated 
proteins limit the brain uptake of saquinavir in mice. J Pharmacol Exp Ther, 
2005. 312(3): p. 1249-56. 

165. Zhao, R., J.C. Kalvass, S.B. Yanni, A.S. Bridges, and G.M. Pollack, Fexofen-
adine brain exposure and the influence of blood-brain barrier P-glycoprotein 
after fexofenadine and terfenadine administration. Drug Metab Dispos, 2009. 
37(3): p. 529-35. 



 61

166. Zhao, R., J.C. Kalvass, and G.M. Pollack, Assessment of blood-brain barrier 
permeability using the in situ mouse brain perfusion technique. Pharm Res, 
2009. 26(7): p. 1657-64. 

167. Capdeville, R., E. Buchdunger, J. Zimmermann, and A. Matter, Glivec 
(STI571, imatinib), a rationally developed, targeted anticancer drug. Nat Rev 
Drug Discov, 2002. 1(7): p. 493-502. 

168. Deininger, M., E. Buchdunger, and B.J. Druker, The development of imatinib 
as a therapeutic agent for chronic myeloid leukemia. Blood, 2005. 105(7): p. 
2640-53. 

169. Pardanani, A. and A. Tefferi, Imatinib targets other than bcr/abl and their 
clinical relevance in myeloid disorders. Blood, 2004. 104(7): p. 1931-9. 

170. Zitvogel, L., S. Rusakiewicz, B. Routy, M. Ayyoub, and G. Kroemer, Immu-
nological off-target effects of imatinib. Nat Rev Clin Oncol, 2016. 13(7): p. 
431-46. 

171. Cataldi, M., A. Gaudino, V. Lariccia, M. Russo, S. Amoroso, G. di Renzo, and 
L. Annunziato, Imatinib-mesylate blocks recombinant T-type calcium chan-
nels expressed in human embryonic kidney-293 cells by a protein tyrosine ki-
nase-independent mechanism. J Pharmacol Exp Ther, 2004. 309(1): p. 208-15. 

172. Hashitani, H., M. Hayase, and H. Suzuki, Effects of imatinib mesylate on spon-
taneous electrical and mechanical activity in smooth muscle of the guinea-pig 
stomach. Br J Pharmacol, 2008. 154(2): p. 451-9. 

173. Remsing Rix, L.L., U. Rix, J. Colinge, O. Hantschel, K.L. Bennett, T. Stranzl, 
A. Muller, C. Baumgartner, P. Valent, M. Augustin, J.H. Till, and G. Superti-
Furga, Global target profile of the kinase inhibitor bosutinib in primary 
chronic myeloid leukemia cells. Leukemia, 2009. 23(3): p. 477-85. 

174. Puttini, M., A.M. Coluccia, F. Boschelli, L. Cleris, E. Marchesi, A. Donella-
Deana, S. Ahmed, S. Redaelli, R. Piazza, V. Magistroni, F. Andreoni, L. Scap-
ozza, F. Formelli, and C. Gambacorti-Passerini, In vitro and in vivo activity of 
SKI-606, a novel Src-Abl inhibitor, against imatinib-resistant Bcr-Abl+ neo-
plastic cells. Cancer Res, 2006. 66(23): p. 11314-22. 

175. Redaelli, S., R. Piazza, R. Rostagno, V. Magistroni, P. Perini, M. Marega, C. 
Gambacorti-Passerini, and F. Boschelli, Activity of bosutinib, dasatinib, and 
nilotinib against 18 imatinib-resistant BCR/ABL mutants. J Clin Oncol, 2009. 
27(3): p. 469-71. 

176. Reitz, C., C. Brayne, and R. Mayeux, Epidemiology of Alzheimer disease. Nat 
Rev Neurol, 2011. 7(3): p. 137-52. 

177. Erkkinen, M.G., M.O. Kim, and M.D. Geschwind, Clinical Neurology and Ep-
idemiology of the Major Neurodegenerative Diseases. Cold Spring Harb Per-
spect Biol, 2017. 

 
 
  
 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Pharmacy 250

Editor: The Dean of the Faculty of Pharmacy

A doctoral dissertation from the Faculty of Pharmacy, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Pharmacy. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Pharmacy”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-345949

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2018


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	The neurovascular unit
	Pericytes
	Pericyte roles
	Models for studying pericyte functions in vivo

	Drug transport across the BBB
	Pharmacokinetic aspects of drug transport across the BBB
	Extent of BBB drug transport
	Rate of BBB drug transport


	Aims
	Overall aim
	Specific aims

	Materials and Methods
	Animals
	Compound selection
	Experimental design overview of the BBB transport assessment
	Animal surgical procedures
	Trans-cardiac in situ brain perfusion
	Plasma protein binding
	Nonspecific brain tissue binding
	Transcriptome and proteome analysis
	Bioanalytical methods
	Drug quantification
	Sample preparation for drug quantification
	Radioactive isotope quantification
	Fluorescently labeled tracer quantification

	Pharmacokinetic and statistical analysis

	Results and Discussion
	Extent of BBB transport in pericyte-deficiency
	Rate of BBB transport in pericyte-deficiency
	Therapeutic potential of TKIs for the improvement of the compromised BBB integrity

	Conclusions
	Acknowledgements
	References



