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Abstract
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Exemplified with the Opioid Peptide DAMGO. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Pharmacy 208. 70 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-554-9428-5.

The use of nanocarriers is an intriguing approach in the development of efficacious treatment
for brain disorders. The aim of the conducted research was to evaluate and quantify the impact
of a liposomal nanocarrier formulation on the brain drug delivery. A novel approach for
investigating the blood-brain barrier transport of liposomal DAMGO is presented, including in
vivo microdialysis in rat, a high quality LC-MS/MS bioanalytical method and pharmacokinetic
model analysis of the data. Factors limiting the brain distribution of the free peptide DAMGO
were also investigated. Microdialysis, in combination with plasma sampling, made it possible
to separate the released drug from the encapsulated and to quantify the active substance in both
blood and brain interstitial fluid over time.

The opioid peptide DAMGO entered the brain to a limited extent, with a clearance out of the
brain 13 times higher than the clearance into the brain. The brain to blood ratio of unbound drug
was not affected when the efflux transporter inhibitors cyclosporine A and elacridar were co-
administered with DAMGO. Nor was the transport affected in the in vitro Caco-2 assay using
the same inhibitors. This indicates that DAMGO is not transported by P-glycoprotein (Pgp)
or breast cancer resistant protein (Bcrp). The blood-brain barrier transport was significantly
increased for DAMGO when formulated in liposomes, resulting in 2-3 fold higher brain to blood
ratio of unbound DAMGO. The increased brain delivery was seen both for glutathione tagged
PEGylated liposomes, as well as for PEGyalted liposomes without specific brain targeting.
The improvement in brain delivery was observed only when DAMGO was encapsulated into
the liposomes, thus excluding any effect of the liposomes themselves on the integrity of the
blood-brain barrier. Modeling of the data provided additional mechanistic understanding of the
brain uptake, showing that endocytosis or transcytosis of intact liposomes across the endothelial
cell membranes were unlikely. A model describing fusion of the liposomes with the luminal
membrane described the experimental data the best.

In conclusion, the studies presented in this thesis all contribute to an increased understanding
of how to evaluate and improve brain delivery of CNS active drugs and contribute with important
insights to the nanocarrier field.
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If the human brain was simple enough for us to understand,
we would still be so stupid that we couldn't understand it.

 
Jostein Gaarder
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%ID Percentage of injected dose 
ABC ATP-binding cassette 
Abrain  Amount of drug in brain tissue 
ACE Angiotensin converting enzyme 
ACN Acetontrile 
ATP Adenosine triphosphate 
AUCu,blood   Area under the unbound blood concentration-time curve  
AUCu,brain   Area under the unbound brain concentration-time curve  
BBB Blood-brain barrier 
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BCSFB Blood-cerebrospinal fluid barrier 
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CLfusion Clearance for liposomes fusing with endothelial cells 
CLin The net influx clearance from blood to brain 
CLout The net efflux clearance from brain to blood 
CLpassive Passive transport clearance 
CNS Central nervous system 
CsA Cyclosporine A 
CSF Cerebrospinal fluid 
Css,blood  Total concentration in blood at steady state 
Css,brain  Total concentration in brain at steady state 
Cu,ss,blood  Unbound concentration in blood at steady state 
Cu,ss,brain  Unbound concentration in brain ISF at steady state 
CV Coefficient of variation 
CYP Cytochrome P450 
DSPC Distearoyl phosphatidylcholine 
EPR Enhanced permeation and retention 
EYPC Egg-yolk phosphatidylcholine 
FOCEI First-order conditional estimation with interaction 
fu Unbound fraction of drug in plasma 
GLUT Glucose transporter 
GSH Glutathione 
GST Glutathione S-transferase 

 



HCEC Human cerebrovascular endothelial cells 
HBSS Hank’s balanced salt solution 
HSPC Hydrogenated soy phosphatidylcholine 
ISF Interstitial fluid 
Kp  Total brain to plasma concentration ratio 
Kp,uu Unbound brain to unbound plasma concentration ratio 
krel Release rate constant from liposomes 
LC Liquid chromatography 
LLOQ Lower limit of quantification 
LRP-1 Low density lipoprotein receptor related protein 1 
M3G Morphine-3-glucuronide 
MBEC4 Mouse brain capillary endothelial cell line 4 
MCT Monocarboxylate transporter 
MRP  Multidrug resistance associated protein 
MS Mass spectrometry 
OAT Organic anion transporter 
OATP Organic anion-transporting polypeptide  
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PBCA Poly(butylcyanoacrylate) 
PCA Poly(cyanoacrylate) 
PE Polyethylene 
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Pgp P-glycoprotein 
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PKPD Pharmacokinetics-Pharmacodynamics 
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PLGA Poly(lactide-co-glycolide) 
PS product  Permeability surface area product  
QC Quality control 
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RSE Relative standard error 
SD Standard deviation 
SLC Solute carrier 
SPECT   Single-photon emission computed tomography 
t½ Half-life 
TEER Trans-epithelial electrical resistance 
UGT UDP-glucuronosyltransferase 
Vu,brain Unbound volume of distribution in the brain 
 

 



Introduction 

Diseases of the central nervous system (CNS) like Alzheimer’s disease, Par-
kinson’s disease, brain tumors, ischemia and chronic pain is a growing prob-
lem worldwide. Promising drug candidates are discovered along with the 
increasing understanding of disease mechanisms. Peptides and protein drugs 
that are mimicking the endogenous molecules involved in disease regulation 
have lately been of particular interest. There is, however, still a limited num-
ber of drug candidates that reaches the market. To obtain successful thera-
peutics for CNS disorders, the drugs have to be able to reach the brain. 

After intake of a drug, the blood circulation distributes the drug molecules 
to capillaries through the whole body, where they can diffuse or be trans-
ported across the capillary walls into the tissue. The passage of molecules 
from the blood into the brain is however highly regulated. The brain is care-
fully protected from possible threats in the blood by specific features of the 
brain capillaries, referred to as the blood-brain barrier (BBB). Also, the BBB 
hinders drug entry to the brain and, hence, represents one of the major hur-
dles for CNS drug development. 

To develop successful drugs, it is important to understand the processes 
that will affect the exposure of drug in the brain. With this knowledge, drugs 
can be designed to generate a desired response in the brain, or to avoid CNS 
side effects, resulting in effective and safe pharmacological therapies. The 
past decades we have learned a lot about how conventional drugs interact 
with the BBB. However, we still don’t know enough to succeed with thera-
peutics that involves larger molecules like peptides and proteins. Huge ef-
forts are made to develop techniques and delivery systems to enhance the 
brain delivery, i.e. so called nanocarriers. 

Many of the nanocarriers show great potential on a molecular level, but 
they have to be evaluated in a pharmacokinetic perspective to verify an im-
provement of the therapies. To produce a pharmacological effect, a drug 
must be available at the target receptor, i.e., released from the nanocarrier 
and not bound to other tissue constituent, at a sufficient level, for a sufficient 
period of time.   

It is difficult to measure the level of drug in brain over time and especially 
to separate the active drug from the drug that might be trapped in a nanocar-
rier or be bound to cellular components. To advance this field, and to devel-
op new peptide drugs or nanocarrier formulations, we need improved meth-
ods and measures to study the exposure in the brain. 
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In this thesis, the transport into the brain of a small peptide analogue for 
pain relief with and without a nanocarrier formulation was explored using a 
novel approach including in vivo microdialysis and pharmacokinetic (PK) 
analysis. 

The CNS and its barriers 
The brain is a part of the CNS together with the spinal cord, and it is of great 
importance to maintain the microenvironment within the brain. The distribu-
tion of molecules, such as nutrients, xenobiotics and immune cells, into and 
out of the CNS is therefore highly regulated [1, 2]. There are three major 
barriers that separate the brain from the blood, including the blood-
cerebrospinal fluid barrier (BCSFB), the arachnoid barrier and the blood-
brain barrier (BBB). The BCSFB and the arachnoid barrier both constitute 
the interface between blood and cerebrospinal fluid (CSF), and are com-
posed by the epithelial cells of choroid plexus in the ventricles and the epi-
thelial cells of the arachnoid membrane covering the brain surface (under the 
dura mater), respectively [3]. The BBB is composed by the endothelial cells 
in the capillaries that separate the blood from the brain interstitial fluid (ISF). 
In conjunction with the endothelial cells, the BBB is supported by the extra-
cellular basement membrane, pericytes, astrocytes and microglia, which 
together forms the neurovascular unit [4].  

BBB is presumably the most important interface regarding drug transport. 
Due to the extensive blood capillary network, the distance to the neurons is 
comparable short and the surface area large (e.g., in adult humans 20 m2 
versus ~0.021 m2 for the choroid plexus) [5, 6]. The barrier function is partly 
maintained by a physical hindrance with tight junctions between the cells 
and lack of fenestrations [4, 7, 8]. This is combined with a metabolic barrier 
and a transport barrier function, including efflux transporters and decreased 
vesicular activity [9, 10]. The bulk flow of the ISF to the CSF also helps the 
regulation of the microenvironment in the brain by contributing to the elimi-
nation of substances from the brain parenchyma [11-13].  

Drug transport across the BBB 
There are a number of different transport routes through which substances 
can pass from blood into the brain ISF (Figure 1). 
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Figure 1. The transport routes across the blood-brain barrier. Illustration by Mats 
Borgs and Annika Lindqvist, with inspiration from [2]. 

Passive transport 
Smaller molecules can passively cross the endothelial cell layer, either by 
transcellular diffusion through the cell membranes for lipid-soluble com-
pounds, or between the cells by the paracellular aqueous pathway for hydro-
philic compounds. The paracellular pathway is however very limited in the 
BBB due to the tight junctions. Passive transport is only driven by the con-
centration gradient across the membrane and is energy independent. The 
(degree and) rate of the diffusion will be the largest for small, lipophilic and 
neutral compounds. 

Carrier- mediated transport 
Carrier mediated transport is responsible for the passage into the brain for 
many endogenous compounds, e.g. glucose and amino acids. This type of 
transport is facilitated by transporter proteins incorporated in the cell mem-
branes in the capillary walls, and are elective for compounds that can bind to 
that specific protein. The transporters are located at either the luminal mem-
brane of the endothelial cell facing the blood, or the abluminal membrane 
facing the brain. The transport can be directed from the brain to the blood, 
referred to as efflux transport, or from the blood to the brain, referred to as 
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influx or uptake transport. Carrier mediated transport are either driven by the 
concentration gradient of the compound (facilitated transport), or is energy 
dependent and can concentrate the compound on one side of the membrane 
(active transport). Two important families of transporters are the ATP-
binding cassette (ABC) and the solute carrier (SLC) transporters [14, 15]. 
The major ABC transporters are P-glycoprotein (Pgp/ABCB1), multidrug 
resistance associated protein (MRP/ABCC) and breast cancer resistance 
protein (BCRP/ABCG2) ([16]. The SLC family includes e.g. OAT/SLC22 
(organic anion transporter), OATP/SLC21 (organic anion-transporting poly-
peptide), OCT/ SLC22 (organic cationic transporter), GLUT/SLC2A (glu-
cose transporter) and MCT/SLC16A (monocarboxylate transporter) [17, 18]. 

Pgp is the most well characterized transporter and is thought to be of the 
highest importance for efflux of drugs out of the brain. Pgp has a very broad 
substrate specificity, including antitumor agents and opioids, but also many 
other drugs and endogenous peptides [19-21]. Pgp is shown to be the most 
abundant efflux transporter in rat microvessels, followed by Bcrp and Mrp4 
[22]. In the human BBB, BCRP is more abundant than Pgp [23]. Bcrp and 
Pgp are both located at the luminal membrane of the BBB [24]. They have 
overlapping substrate specificity and work together synergistically to keep 
substance out of the brain [21, 25-27]. 

Receptor- and adsorptive mediated transcytosis 
Larger molecules, such as peptides and proteins, can pass the endothelial cell 
membranes (BBB) via vesicular transport [28]. Different type of interactions 
with the endothelial cell membrane can initiate endocytosis, where the cell 
membrane encloses the compound and form a vesicle. The vesicle can carry 
the compound across the cell, referred to as transcytosis, but it is also a great 
risk that the vesicle will fuse with a lysosome in the cell and that the content 
will be degraded [29].  

Insulin and transferrin are two examples of large molecules that are trans-
ported via receptor mediated transcytosis. The compounds bind to specific 
receptors at the barrier, which trigger vesicular transcytosis through the 
membrane. Receptor mediated transcytosis is thought to be primarily medi-
ated via clathrin coated vesicles which are about 60-200 nm in size [30]. 
Examples of receptors involved in this pathway are the transferrin receptor, 
the insulin receptor, and the low-density lipoprotein receptor-related protein 
(LRP-1) [31-33]. 

Endocytosis can also be initiated by electrostatic interactions with the cell 
membrane, e.g. by adsorption to the negatively charged glycoproteins at the 
luminal membrane [28, 30]. This pathway is referred to adsorptive mediated 
transcytosis. It is less specific, but have higher capacity than receptor medi-
ated transcytosis [28].  
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Cells of the immune system can be transported by diapedesis through the 
endothelial cells or in association to the tight junctions, believed to occur 
mostly in the post-capillary venules [34, 35]. 

Drug metabolism in the brain 
Along with efflux transport and ISF bulk flow, metabolism in the brain or in 
the endothelial cells of the BBB can potentially also contribute to the elimi-
nation of compounds from the brain. Endothelial cells express both Phase I 
(e.g. CYPs) and Phase II metabolizing enzymes. The CYPs responsible for 
the main degradation of drugs in the liver are not expressed in the BBB [36]. 
Instead, transcriptomic data from brain microvessels showed that CYP1B1 
and CYP2UI were most common [36]. Some CYPs are found at high con-
centrations locally in the brain, but it is unlikely that this will contribute to 
the overall disposition in the brain. An example is CYP2D6, active in the 
metabolism of many drugs, that is expressed at very high levels in discrete 
brain areas [37]. Glutathione S-transferases (GST) is the most abundant 
phase II enzyme at BBB and the function is proposed to neutralize oxidative 
substances [38]. The expression and function of UDP-glucuronosyl-
transferase  (UGT) is not fully clear and the expression in the brain mi-
crovessels appear to vary between species [39]. Some of the UGTs in the 
neurons seem to be involved in the metabolism of serotonin and endorphin 
[39]. 

The endothelial cells of the BBB also contain peptidases, including angio-
tensin converting enzyme (ACE), aminopeptidase A and M, dipeptidyl ami-
nopeptidase and carboxypeptidase N, involved in the degradation of endoge-
nous peptides [40]. Their quantitative importance for transport across the 
BBB was exemplified by Brownson et al. [41]. The permeability coefficient 
of met-enkephalin across isolated bovine brain microvascular endothelial 
cells (BMEC) was increased by inhibitors of ACE and aminopeptidase M. In 
the same study, the transport of the analogue DPDPE was, however, unaf-
fected [41]. 

In spite of the gained knowledge on expression levels of metabolic en-
zymes at the BBB and in the brain parenchyma, their significance for CNS 
drug disposition remains unclear. It is hard to experimentally distinguish 
between metabolism and carrier-mediated efflux. The presence of metabo-
lites in the brain tissue might just as well be a result of degradation in the 
periphery with metabolites being transported into the brain. 
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Strategies to enhance brain delivery 
The limited success in achievement of brain exposure required for initiation 
of CNS effects of drugs has generated several strategies to enhance brain 
delivery. One way is to apply structural modifications of the drug itself, e.g. 
increase the lipophilicity and/or select lead compounds based on transporter 
specificity. This approach limits the diversity of drug candidates and cannot 
be applied for larger peptides and proteins. Increasing lipophilicity can also 
result in extensively distribution to other organs, higher affinity to efflux 
transporters, as well as solubility problems, thus counteracting the purpose 
also for small conventional drugs. 

Efforts have been made to enhance the permeability across the BBB via 
osmotic opening of tight junctions by injection of hyperosmolar substances 
[42]. This can be a successful approach for drug delivery into brain tumors, 
but would be far too harmful to the brain environment to be used in treat-
ment of chronic diseases. Other invasive techniques like intracerebroventric-
ular or intrathecal injections and brain implants are also applied. Unfortu-
nately these routes of administration have also rather limited potential, due 
to poor distribution within the brain parenchyma, the ependymal interface 
between CSF and brain and the flow of  ISF in the opposite direction [43].  

The use of nanocarrier systems allows for a non-invasive drug delivery, 
which demands little or no structural modifications of the active compound. 
The carrier systems could be specifically design to target the endogenous 
pathways across the BBB. 

Nanocarriers 
Nanocarriers are colloidal systems at the nanoscale in which the drug can be 
dissolved, encapsulated, or attached to. Nanoparticles are commonly made 
of biodegradable polymers as poly(lactic acid) (PLA), poly(D,L-glycolide) 
(PLG), poly(lactide-co-glycolide) (PLGA), poly(butylcyanoacrylate) 
(PBCA), and poly-(cyanoacrylate) (PCA) [44]. Liposomes are another type 
of nanocarrier, constructed of a lipid bilayer surrounding an aqueous com-
partment. 

A drug can benefit from a nanocarrier formulation just by improvement of 
the systemic disposition of the drug e.g. by shielding the compound from 
enzymatic degradation and thereby prolonging its half-life. Another big ad-
vantage of using these systems is that they may be targeted towards the brain 
using surface modifications. Applying a positive charge on the surface of the 
carrier can, via electrostatic interactions with the endothelial cells, improve 
cellular uptake via adsorptive mediated transport [28]. The drawbacks of this 
method is parallel increase of the cellular uptake in other tissues as well, and 
there is a possibility of disintegration of the BBB [45]. The targeting ap-
proach can be more specific by the use of ligands that targets receptors at the 
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BBB, initiating receptor mediated transcytosis. However it is uncertain if 
this pathway has enough capacity and if it will interfere with the transport of 
endogenous ligands. For either of these pathways it is not known whether the 
carrier system is transported across the whole cell into the brain parenchyma 
(transcytosed) or just endocytosed into the endothelial cell cytosol [46]. 

Polysorbate coated PBCA nanoparticles loaded with dalargin is one of the 
first reported examples of a nanocarrier formulation where an increased 
brain uptake has been observed and presented as an increased antinocicep-
tive effect compared to uncoated particles [47]. The mechanism for the in-
creased uptake was suggested to be transcytosis or endocytosis of the parti-
cles after interacting with LRP-1 at the BBB [48]. Ulbrich et al. showed an 
improved antinociceptive effect of loperamide using human serum albumin 
(HSA) nanoparticles targeting the transferrin receptor and the insulin recep-
tor [49, 50]. Another successful example of nanocarriers for brain delivery is 
the Angiopep peptides. Angiopep is a peptide sequence derived from endog-
enous apolipoproteins and designed to target LRP-1 expressed at the BBB . 
The Angiopep vectors have shown to be able to deliver different compounds 
to the CNS either by direct conjugation to the drug or when coated to differ-
ent kinds of nanocarriers in vitro and in vivo [51].  

The use of nanocarriers has so far have been most successful in the on-
cology field, where an increased life span in rodents has been shown for 
several formulations. The survival time in brain tumor-bearing mice in-
creased for glutathione (GSH) PEGylated liposomal doxorubicin compared 
to control non-GSH tagged liposomes [52]. Administration of paclitaxel 
conjugated to Angiopep led to a significant increase of the survival in a mice 
glioblastoma model [53]. Polysorbate-coated nanoparticles with doxorubicin 
increased the survival time in rats in a glioblastoma model compared to the 
control group [54].  Part of the positive results for the use of nanocarriers for 
chemotherapy is based on the enhanced permeation and retention (EPR) 
mechanism. The EPR effect is due to the unique characteristics of the tumors 
as explained by leaky vessels and poor lymphatic clearance, which is pro-
posed to lead to accumulation of the nanocarriers in the tumor where the 
active compound can be released [55]. 

Liposomes 
Liposomes are a promising type of nanocarrier due to their biocompatible 
properties and high loading capacity [56]. Drugs can be incorporated both in 
the lipophilic membrane and in the aqueous core, depending on their physio-
chemical properties. In addition to adding targeting ligands to the surface of 
the liposomes, other structural changes can be made to control the release 
rate from the liposomes, e.g., the choice of phospholipids in the membrane. 
The use of unsaturated lipids, such as egg-yolk phosphatidylcholine EYPC, 
results in faster release rates than when saturated phospholipids, as distearoyl 
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phosphatidylcholine (DSPC) or hydrogenated soy phosphatidylcholine 
(HSPC), are used [57, 58]. Cholesterol in the membrane decreases the re-
lease rate by stabilizing the liposome ([59]. Moreover, addition of a hydro-
philic polymer, e.g., PEG (polyethylene glycol), on the surface of the lipo-
some will prolong the half-life of the liposome by shielding it from the from 
opsonization and degradation by the reticuloendothelial system (RES) [60]. 

Several liposome formulations are already proved beneficial as drug car-
riers in several therapeutic areas [61-63]. Liposome encapsulated doxorubi-
cin was the first clinically approve nanocarrier formulation under the brand 
names Doxil, Caelyx (PEGylated) or Myocet (non- PEGylated) [64]. Yet, 
there are no approved liposomal formulations designed to target the CNS 
[65]. 

GSH tagged PEGylated liposomes have been developed with the intention 
to safely target the brain (Figure 2) [66, 67]. GSH is an endogenous tripep-
tide that is actively transported at the BBB and is used as target ligand on the 
surface on the PEGylated liposomes. An active uptake of GSH has been 
observed in rats using the brain uptake index (BUI) method [68, 69]. The 
transport of GSH was found to be both sodium dependent and non-sodium 
dependent in mice endothelial cell line (MBEC4) [70]. A number of studies 
point to an improved brain delivery for several compounds when encapsulat-
ed into GSH-coated PEGylated liposomes [52, 71-74]. The formulation is 
further evaluated in this thesis from a quantitative perspective.  

 

 
Figure 2. The structure of glutathione PEGylated liposomes. 
Picture from 2-BBB BV. 

PK considerations for distribution into the brain 
Three main aspects should be considered when evaluating drug exposure in 
the brain. These are the rate and the extent of transport into the brain across 
the BBB, together with the intra-brain distribution. 
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Rate 
The rate of transport reflects all processes that transport, or in other ways 
eliminate, the drug into and from the brain. The rate of transport is depend-
ent on the physiochemical properties of the drug, e.g. high passive permea-
bility for lipophilic drugs, but also if the drug structurally match any of the 
other transport pathways at the BBB. The rate at which a drug is transported 
into the brain is, however, not as crucial for drugs that are used for chronic 
therapy. 

The rate of transport into the brain is sometimes described with the per-
meability of the drug. Three main parameters are used to describe the per-
meability such as, the PS product (permeability surface area product), and 
the influx clearance, CLin or Kin (initial influx clearance) [75]. The choice of 
parameter depends on which method is used, but all are describing the per-
meability in μL/mL/g brain tissue and can be converted into one another, for 
example by using the Crone-Renkin equation [76].  

The net transport out of the brain, including the processes of passive and 
active transport as well as possible brain metabolism and elimination via the 
bulk flow to the CSF, is described by CLout [77]. 

Extent 
The extent of drug distribution into the brain is of the highest importance for 
the evaluation of target engagement and estimation of clinical effect of a 
drug. The extent can be described as the tissue partition coefficient, Kp, relat-
ing the level in brain to that in plasma [75]. Kp can be obtained by determin-
ing the total concentration in brain (Css,brain) and blood (Css,blood) at steady 
state conditions, e.g. during a constant rate infusion of the drug (Eq. 1). Kp 
can also be determined under non-steady state conditions by comparing the 
total exposure of unbound drug in brain and in blood via the respective area 
under the concentration-time curve (AUC). 

= ,,  (Eq. 1) 

The value of Kp is a composite of not only the BBB transport, but also drug 
tissue binding in brain and plasma. Therefore it is more relevant to look at 
unbound concentrations, which actually can pass the BBB and drives the 
effect. The Kp,uu, describing the ratio of unbound drug in brain to blood at 
steady state (Cu,ss,brain and Cu,ss,blood) can thus be calculated as (Eq. 2) [75, 78]. 
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, = , ,, , = ,, =  (Eq. 2) 

Kp,uu is the result of the transport processes into and out of the brain and can 
furthermore be described as the ratio between CLin and CLout (Eq .2). If CLin 
is equal to CLout, Kp,uu would be 1, thus implying that active transport, me-
tabolism in the brain or bulk flow are not of any importance for the transport 
of the drug [77]. Since metabolism in the brain is unusual for conventional 
drugs and the ISF bulk flow to our current knowledge is low, a Kp,uu < 1 will 
in practice indicate an active efflux mechanism acting on the drug and a 
Kp,uu > 1 will indicate that an active uptake mechanism is dominating. 

Intra-brain distribution 
The distribution of a drug within the brain involves uptake of the drug from 
the interstitial space into cells and binding to cell constituents. These pro-
cesses are described by the unbound volume of distribution in the brain 
(Vu,brain) [79]. The parameter correlates the total concentration of drug pre-
sent in the brain tissue (Abrain), to the amount of unbound drug in the brain 
ISF (Cu,brain ISF) per g brain tissue (mL/g), according to Eq. 3: 

, = ,   (Eq. 3) 

The parameter reflects the ability of the compounds to bind to the tissue, e.g. 
cellular proteins and phospholipids, or accumulate in brain cells. Its inverse 
value is sometimes referred to as the unbound fraction of drug in the brain 
(fu,brain). If the distribution of the compound is restricted to the extracellular 
space, it will result in the lowest possible Vu,brain of 0.2 mL/g_brain, corre-
sponding to the volume of ISF [80].  

Methods to study brain drug distribution 
Methods to study rate of BBB transport 
The permeability of a drug can be measured in vivo with several methods. 
Most of the methods will provide information of the unidirectional uptake. 
The intravenous injection technique allows the physiological conditions to 
be maintained and the plasma PK to be monitored simultaneously [81]. The 
in situ brain perfusion method has the advantage to exclude metabolism in 
other organs [82, 83]. The brain uptake index (BUI) determines the relative 
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uptake of a compound compared to a reference substance that is freely dif-
fusible across the BBB during a very short passage time through the brain 
capillaries [84]. This method can however not be used for compounds with 
low permeability. The permeability can also be studied in vitro in various 
cell types, depending on if passive or active transport information is desired 
[85, 86]. Unfortunately, cell culture systems that mimics the whole neuro-
vascular unit is not yet available. Using these in vitro methods requires many 
of assumptions since the complexity of the in vivo situation is lost. 

In this thesis, Caco-2 cells were used to determine the in vitro permeabil-
ity. Caco-2 cells that originate from human epithelial colorectal adenocarci-
noma differ from the endothelial cells constituting the BBB. The paracellular 
permeability is higher and the cells have another pattern of transporter activi-
ty compared to brain endothelial cells [87]. The assay can however give a 
rough estimate of the relative permeability of a compound. Due to the rather 
easy setup, the assay is commonly used to screen for Pgp-transport of drugs. 
The permeability of a compound across the cell layer from the apical to the 
basolateral side is then compared to the permeability in the opposite direc-
tion. The presence of Pgp transport will result in a higher permeability from 
basolateral to apical side. To identify efflux or uptake transporters, different 
transporter inhibitors can be co-administered with the compound. 

Methods to study extent of BBB transport 
The extent of brain transport can be measured after an intravenous admin-
istration follow by concentration measurements in brain and blood. One are 
then often restricted to one measurement per individual due to terminal sam-
pling and the total concentration in brain and blood is obtained. If combined 
with in vitro methods for assessing the binding in plasma and in brain (see 
separate section: Methods to study intra-brain distribution), the Kp,uu can be 
obtained [88, 89]. Imaging techniques like positron emission tomography 
(PET) and single-photon emission computed tomography (SPECT) are very 
useful alternatives since the distribution can be monitored over time in vivo 
[90]. The high costs and the availability of good radiotracers, however, limit 
the use of these methods. As more knowledge of the BBB and brain distribu-
tion of drugs is obtained, many in silico prediction models have been devel-
oped [91-93]. Unfortunately they are of limited use due to the complexity of 
the system. 
 
Methods to study intra-brain distribution 
The intra-brain distribution of a drug can be determined in vivo by correlat-
ing the total amount in brain tissue to the concentration of unbound drug in 
the brain ISF obtain by microdialysis (Eq. 3). Vu,brain can also be determined 
in vitro using the brain slice method [94-96] or by using the brain homoge-
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nate method to determine fu,brain [88, 97]. Since, the slice method involves 
intact cells in contrast to the homogenate method, it performs better in esti-
mating more in vivo-relevant values [98]. Discrepancies between in vitro 
methods can be seen for compounds that distribute either via active uptake 
mechanisms or, for basic drugs, accumulate in the acidic compartments of 
the cells due to pH partitioning [99]. The homogenate method has however a 
more simple set up and might be good enough in many cases.  

For all methods it is essential to compensate for the drug present in the 
capillary blood still remaining. Abrain should therefore be calculated accord-
ing to Eq. 4, where Cbrain,h is the concentration in the brain homogenate, Cp is 
the total concentration in plasma, and Vwater is the physical plasma water 
volume [100]. 

Veff is the apparent plasma distribution volume of drug in the brain and is 
dependent on plasma protein binding (fu,p), Vwater, and the apparent brain 
distribution volume of plasma protein (Vprotein), according to Eq. 5 [100]. 

= , × + 1 , ×   (Eq. 5) 

Methods to study brain distribution of nanocarriers 
The evaluation of brain distribution of nanocarrier systems is a bit more 
complicated since both the distribution of the carrier and the released drug 
are of interest. Several of the above described methods are thus insufficient. 
Microscopy techniques can visualize the distribution of the nanocarrier or 
drug. Fluorescence microscopy involves the loading or coupling of the 
nanocarrier with a fluorescent dye [76]. To separate particles associated with 
endothelium from the ones present in the parenchyma, the endothelium can 
be localized with staining (e.g. lectin). By using electron microscopy, the 
particles can be spotted in specific regions in the brain for example the endo-
thelial or neuronal cells [101, 102].  

Biodistribution studies are common for the evaluation of nanocarriers 
[103]. These results are often presented as percent of the injected dose (%ID) 
and are thus difficult to interpret, and a static measure at one time point. In 
addition it is hard to compensate for the vascular content, especially for mol-
ecules that have limited distribution to the brain. Even in case of brain perfu-
sion when the cerebral residual blood volume is negligible, the substances or 
nanoparticles may still be significantly bound to endothelial cells.  

= C , ×1  (Eq. 4) 
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Pharmacological evaluations like behavioral tests and nociceptive tests 
are valuable since the effect is the endpoint. They can reveal if a formulation 
works “better” in comparison, but it will not provide any mechanistic infor-
mation [49, 67]. 

To control for the systemic distribution of the nanocarrier it is of im-
portance to be able to separate free and encapsulated drug in plasma. Meth-
ods to do this include gel exclusion chromatography, solid phase extraction 
and ultrafiltration, but unfortunately these methods are seldom used and data 
on the free drug profile is not commonly presented [104]. 

Evaluation of a nanocarrier system also requires a good bioanalytical 
method to make sure that the compound measured actually is the intact and 
pharmacologically active entity. It is for example possible that the cross link-
ing agent glutaraldehyde used in the preparation of some nanoparticles can 
modify the structure of a peptide drug by reacting with the amino groups 
rendering the peptide inactive [105]. 

Microdialysis 
In this project the microdialysis technique is used. It can provide both rate 
and extent measures of drug distribution, given the right study design. Mi-
crodialysis enables in vivo measurements of unbound, pharmacologically 
active drug in blood or in a tissue and is thus a useful technique for evalua-
tion of the distribution kinetics and delivery of a drug with a nanocarrier 
formulation [77, 106, 107]. The technique is described in Figure 3. The dia-
lysate collected from the probe reflects the concentration of drug in the sur-
rounding tissue. The ratio between the concentration in the dialysate and the 
actual concentration in the extracellular space is referred to as the recovery, 
and should be accounted for when determining the concentration of the drug. 
To get an accurate estimation of the extracellular concentration it is essential 
to quantify the individual probe recovery in vivo. Methods to assess the re-
covery include the no-net-flux method [108], retrodialysis by drug [109] and 
retrodialysis by calibrator [110, 111].  

The drawbacks with microdialysis are the technical difficulties. It is time 
consuming and not all substances can be studied due to recovery problems 
and extensive adoption to the probe and tubings (e.g. large or lipophilic sub-
stances). In addition, the surgical implantation of the probe leads to tissue 
damage that might affect the integrity of the BBB. The function of the BBB 
is reported to be recovered within 24 hours after surgery in several studies. 
No change in the exposure of atenolol and acetaminophen in brain ISF was 
seen 24 h compared to and 48 h after probe implantation in the rat [112]. The 
influence on cerebral blood flow and glucose metabolism, which should be 
sensitive indicators of brain tissue damage, was reported to be minimal 24 h 
after surgery [113]. On the contrary, Groothuis et al. reported an increased 
influx clearance of 14C-sucrose up to 28 days after probe insertion, suggest-
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ing that the transport across the BBB might be overestimated when using the 
microdialysis technique [114].   

 
Figure 3. A microdialysis probe with the perfusate containing Ringer solution and 
calibrator being perfused through the probe. A semipermeable membrane (3mm) at 
the tip of the probe allows for the drug in the tissue to diffuse into the probe with the 
concentration gradient. The drug concentration is measured in the dialysate leaving 
the probe. 

Modeling and simulation 
There are multiple processes acting on the drug in vivo, both systemically 
and at the BBB. In order to understand the complicated system, the individu-
al processes can be combined and described in mathematical models. The 
models can be useful for example to predict concentration-time profiles for 
different sites in the body or to study a specific mechanism. A number of 
semi-mechanistic models for understanding the BBB transport processes 
acting on different compounds have been developed [115-119]. There are 
also examples when modeling and simulations have been used to explore the 
mechanism and the implications for active efflux transporters more generally 
[115, 120, 121]. 

There is a huge potential to use models to analyze and explore mecha-
nisms and predict the outcome for nanocarrier formulations to a greater ex-
tent. A few examples of models describing distribution of and release from 
liposomes are already available in the literature, but their mechanistic and 
predictive use is often limited due to lack of informative data, e.g. concentra-
tion data for both encapsulated and released drug or, levels in the target tis-
sue over time [122-125]. 

Modeling can be used to determine the parameters describing the pharma-
cokinetics of the drug, as an alternative approach to so called non-
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compartmental analysis. Nowadays the model approach is standard when 
analyzing data from clinical trials. In mixed effects modeling, information 
from many individuals and different studies can be combined to study com-
plex systems and get reliable result despite few measurements in each indi-
vidual [126]. It is possible to separate the typical value of the parameter in 
the population to the variability that origins from different individuals or 
different occasions. Variability that cannot be described in the model, e.g. 
sampling or bioanalysis, is called the residual error. The residual error is thus 
the difference between an observation and the prediction from the model and 
can be described to be additive or proportional to the parameter estimates. 

DAMGO and the family of opioid peptides 
In this thesis the opioid peptide DAMGO is used as a model drug to investi-
gate the processes of distribution across the BBB. Opioids are a class of 
molecules that constitute an important part in the treatment of pain [127]. 
They bind to μ-, - and -opioid receptors located at several sites in the 
body, including brain, spinal cord and the gastrointestinal tracts [128]. The 
endogenous ligands for the opioid receptors include; enkephalin with high 
affinity to the -receptor, endorphin which is the main ligand for the μ-
receptor and dynorph -receptor, among others [129-
131]. Efforts are made to improve pain therapy by mimicking the body’s 
own system for pain relief by designing analogues to endogenous peptides. 
To develop effective peptide analogues it is essential to understand how 
these peptides interact at the BBB [132, 133]. The family of opioid peptides 
can also be used as model compounds to learn more about the transport of 
other small peptides across the BBB since both the concentration and the 
effect can be measured.  

DAMGO (H-Tyr-D-Ala-Gly-MePhe-Gly-ol) is an enkephalin analogue 
with the main structure of 5 amino acids and a total molecular mass of 513.6 
g/mol (Figure 4) [134, 135]. DAMGO has high selectivity to the μ-opioid 
receptor wi -opioid 
receptor [136, 137]. It is a well-known model substance, used as a reference 
compound in pharmacology studies of the opioid system. 
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Figure 4. The molecular structure of DAMGO (H-Tyr-D-Ala-Gly-MePhe-Gly-ol). 

The antinociceptive effect of DAMGO has been shown to be limited after 
intravenous administration, despite high affinity and efficacy at the μ-opioid 
receptor [138, 139]. The antinociceptive effect of DAMGO has been com-
pared to morphine using visceral nociceptive measurements and in the hot 
water tail flick assay in mice. The effect of DAMGO was comparable to 
morphine when administered subcutaneously or intravenously, but it was 
over 20-fold more potent than morphine when administered intracerebroven-
tricular [138, 140, 141]. These results indicate that the transport of DAMGO 
across the BBB might be restricted. The permeability into the CNS is 
thought to be limited because of its hydrophilic properties [140, 142]. The 
BBB transport of DAMGO has however not been studied in detail previous-
ly. 
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Aim 

The overall aim of the thesis was to evaluate the contribution of liposomal 
nanocarrier formulations to brain drug delivery by applying pharmacokinetic 
principles and quantitative experimental and computational methods.  

 
The specific aims were: 

 
 To establish a methodology for quantitative assessment of the impact of 

nanocarrier formulations on BBB transport. 
 

 To develop a sensitive and robust bioanalytical method for the quantifi-
cation of DAMGO in rat plasma and in microdialysis samples.  
 

 To investigate processes that are of importance for the limited brain up-
take of DAMGO. 

 
 To evaluate the quantitative role of liposomal delivery for the uptake of 

DAMGO into the brain. 
 

 To explore how different liposomal carrier and compound specific prop-
erties in conjunction with various BBB transport mechanisms will im-
pact the effective drug concentration-time profile in brain by applying 
modeling and simulation. 
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Materials and methods 

Animals 
Male Sprague-Dawley rats (Taconic, Lille Skensved, Denmark), weighing 
240-330 g, were used in the studies in Paper I-IV. The rats were group-
housed at 20°C with a controlled 12h light/dark cycle and free access to food 
and water and were acclimatized for one week prior to the experiments. All 
studies were performed under protocols approved by the Uppsala Animal 
Ethical Committee (C327/10 and C328/10). 

Animal surgery 
The rats in Paper II-IV were anesthetized with 2.5 % isoflurane (Baxter 
Medical AB, Kista, Sweden) balanced with 1.5 L/min oxygen and 1.5 L/min 
nitrous oxide, administered with a mask. Body temperature was maintained 
at 37°C using a CMA/150 heating pad (CMA, Stockholm, Sweden). Cathe-
ters (PE 50, polyethylene tubing; Becton Dickinson, MicLev, Malmö, Swe-
den) were inserted to the left femoral vein for drug administration and the 
left femoral artery for blood sampling. In Paper III and IV an additional 
catheter was inserted to the left jugular vein for administration of the lipo-
somal formulation or the inhibitor. Catheters were prefilled with heparinized 
saline to avid clotting (100 IU/mL low molecular weight heparin in saline; 
Leo Pharma AB, Malmö, Sweden). 

For the implantation of the microdialysis brain probes, the rats were 
placed in a stereotaxic instrument (David Kopf, Instruments, Tujunga, CA, 
USA). A hole was drilled 2.7 mm lateral, 0.8 mm anterior to bregma and 3.8 
mm ventral to the brain surface. A CMA/12 guide cannula was inserted to 
striatum and fixed to the skull by a screw and dental cement (Dentalon® 
Plus, Heraeus, Hanau, Germany). The guide was then carefully replaced by a 
CMA/12 probe with a 3 mm PAES (polyarylethersulphone) membrane with 
20 kDa cutoff (CMA, Stockholm, Sweden).  A flexible CMA/20 blood probe 
(10 mm PAES, 20 kDa) was inserted into the right jugular vein. The probe 
was fixed to the pectoral muscle with stiches and filled with heparin solu-
tion. 

The ends of all catheters and cannulae were passed subcutaneously to the 
posterior surface of the neck. After surgery, the rats were given 24 h to re-
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cover in a CMA/120 system for freely moving animals (CMA/120) before 
the start of the experiments. 

Liposome preparation 
Three liposomal formulations were studied in this thesis; Empty GSH-PEG 
liposomes, GSH-PEG liposomal DAMGO and PEG liposomal DAMGO 
(Paper II, III and V). DAMGO with no liposomal encapsulation is referred to 
as free DAMGO. Liposomes were prepared using an ethanol injection meth-
od with post-insertion of GSH-PEG micelles or PEG micelles. In short, li-
pids including egg-yolk phosphatidylcholine (EYPC; Lipoid, Cham, Swit-
zerland), cholesterol (Sigma-Aldrich, Zwijndrecht, the Netherlands), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-conjugated polyethylene gly-
col (mPEG-DSPE; MW 2000); Lipoid, Cham, the Netherlands) were mixed 
with ethanol and 50 mg/mL DAMGO (Bachem, Bubendorf, Switzerland) in 
phosphate-buffered saline (PBS, -without DAMGO for the empty lipo-
somes). To obtain uniform particles and reduce the size, the liposomes were 
extruded through 200 and 100 nm Whatman filters (Instruchemie, Delfzijl, 
the Netherlands). Liposomes were then incubated with GSH-PEG-DSPE 
micelles or mPEG-DSPE micelles for two hours. Non-encapsulated 
DAMGO was removed by Zebaspin desalting columns (Thermo Scientific, 
Rockford, IL, USA) and the formulations were diluted in PBS to appropriate 
concentrations. The final formulation of GSH-PEG liposomes was composed 
by 2 mg/mL DAMGO, 24 mg/mL EYPC, 8 mg/mL cholesterol, 1.4 mg/mL 
PEG-DSPE and 6.3 mg/mL GSH-PEG-DSPE. The average size of all formu-
lations was between 109 and 127 nm and the polydispersity index was < 
0.07, indicating homogeneity in size. 

Experimental procedures 
The thesis includes studies of DAMGO in various formulations and study 
designs in vivo in rat. A summary of the experimental designs and doses is 
presented in Table 1. 
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Table 1. Summary of the experimental designs of the in vivo studies in rat. 

Paper Formulation studied Administration Dose (μg/min/kg) n 

IIa Free DAMGO 
Constant infusion 

(60 min of each dose level) 
60, 120, 240, 480  8 

IIb 
Free DAMGO and  

GSH-PEG liposomal DAMGO 

Short infusion 

(10  andc 10 min) 
500 and 1250  12 

IIb 
Free DAMGO and  

GSH-PEG liposomal DAMGO 

Loading + Constant infusion 

(10 + 110 min andc 10 + 110 min) 

75 + 60  

and 1250 + 60  
11 

IIIb 

Free DAMGO and  

Empty GSH-PEG liposomes  

+ Free DAMGO 

Loading + Constant infusion 

(10 + 110 min andd 10 + 110 min)  

75 + 60  

and 75 + 60 (+ liposomes)  
9 

IIIb 
Free DAMGO and  

GSH-PEG liposomal DAMGO 

Loading + Constant infusion 

(10 + 110 min andd 10 + 110 min)  

75 + 60  

and 1250 + 60  
10 

IIIb 
Free DAMGO and  

PEG liposomal DAMGO 

Loading + Constant infusion 

(10 + 110 min andd 10 + 110 min)  

75 + 60  

and 1250 + 60 
10 

IVb Free DAMGO + elacridar 
Constant infusion (300 min) 

+ Blocker at 120 min (1 min bolus) 

60 

(+ 10 mg/kg elacridar)  
6 

IVb Free DAMGO + CsA 
Constant infusion (300 min) 

+ Blocker at 120 min (1 min bolus) 

60  

(+ 30 mg/kg CsA) 
6 

IVb Free DAMGO 
Constant infusion 

(60 min) 
300  4 

a Effect and plasma samples. 
b Microdialysis in blood and brain and plasma samples. 
c Infusion periods separated with a 60 min washout. 
d Infusion periods separated with a 90 min washout. 
CsA: cyclosporine A 

PKPD relationship of DAMGO 
The antinociceptive effect of DAMGO was assessed through the hot water 
tail flick method (Paper II) [143]. Rats received DAMGO at four dose levels 
(Table 1), each administered as a constant infusion for one hour without 
washout periods. The order of the dose levels were randomized in all rats. 
Plasma was sampled 25 and 55 min after the start of each infusion level and 
25 min after the end of the last infusion. The antinociceptive effect was 
measured at 30, 45 and 60 min for infusion each level. For each time point, 6 
cm of the tip of the tail was immersed into 52°C water and the tail flick la-
tency was defined as the time until the rat removed the tail. To avoid tissue 
damage, a cut-off time of 15 s was applied. The baseline latency was deter-
mined from three measurements before drug administration, separated by 15 
min. Three latency measurements were also performed at 39, 45 and 60 min 
after the stopping the infusion to obtain a post infusion baseline.  
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In vivo microdialysis setup 
For all microdialysis experiments (Paper II-III) the probes were perfused for 
at least one hour before the start of the experiment to allow the system to 
equilibrate. The perfusion fluid consisted of in house prepared Ringer solu-
tion with 0.5% w/w bovine serum albumin (BSA) and 20 ng/mL of the cali-
brator [13C2,15N]-DAMGO. The Ringer solution was composed to match the 
ISF in brain and consisted of 145 mM NaCl, 1.2 mM CaCl2, 1.0 mM MgCl2, 
0.6 mM KCl and 0.1 mM ascorbic acid in 2.0 mM phosphate buffer (pH 
7.4). A flow rate of 0.5 μL/min was maintain using a CMA/100 precision 
infusion pump (CMA, Solna, Sweden) for all experiments except the con-
stant infusion Paper IV where  a 1 μL/min flow rate was required to get larg-
er sample volumes. 

Study design of in vivo microdialysis 
The experiments studying free DAMGO and liposomal DAMGO in Paper II 
and III had a similar setup (Figure 5). All rats received DAMGO in two 
infusion periods separated with a washout. In Infusion Period 1, free 
DAMGO was administered as a short infusion (Paper II) or as a constant 
infusion with a loading dose (Paper II and III). This was the control period 
for the evaluation of the liposomal formulation. In Infusion Period 2, rats 
received GSH-PEG liposomal DAMGO, PEG liposomal DAMGO or empty 
GSH-PEG liposomes + free DAMGO. Microdialysis samples were collected 
in 20 min fractions for short infusion experiment (Paper II) and in 30 min 
fractions for the constant infusion experiment (Paper II and III). Plasma 
samples (max 11) were taken throughout the experiment, including before 
the start of each infusion period. 

In Paper IV, free DAMGO was co-administered together with the efflux 
transporter inhibitors cyclosporine A (CsA) or elacridar. Rats received 
DAMGO as a constant infusion for 5 h. At 2 h, either elacridar or CsA was 
administered as a one minute fast-rate infusion. Plasma (for elacridar) or 
blood (for CsA) was sampled to measure the concentration of the inhibitors. 
The microdialysis samples were collected in 20 min fractions for the quanti-
fication of DAMGO in blood and brain ISF.  

In Paper IV the brain distribution of free DAMGO was further investigat-
ed during a constant infusion to rats. Plasma and microdialysate (5 min frac-
tions) were sampled throughout the experiment. To determine the total con-
centration of DAMGO in brain, rats were decapitated at the end of infusion 
and brains were collected. 
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Figure 5. Experimental setup for the evaluation of free and liposomal DAMGO in 
Paper II and III. In Infusion Period 1, the rats in all groups received free DAMGO, 
followed by a 60-90 min washout period. In Infusion Period 2, the rats were admin-
istered one of the three liposomal formulations of DAMGO according to a corre-
sponding scheme. Microdialysis samples were collected from brain and blood in 
fractions of 20-30 minutes throughout the experiment. Plasma was sampled before 
and during both infusion periods at different time points depending on infusion reg-
imen (arrows). 

In vitro Caco-2 cell permeability 
The Caco-2 cell assay was used in Paper IV to assess the in vitro permeabil-
ity of DAMGO and the influence of transport inhibitors on the efflux ratio of 
DAMGO. The experiments were performed essentially as described in Hu-
batsch et al. [144]. Caco-2 cells (American Type Culture Collection; Rock-
ville, MD, USA) at passage 95-105 were seeded onto 12-well transwell 
membrane inserts (21 mm diameter, pore size 0.4 μm; Corning Costar, Low-
ell, MS USA) and grown for 21 days in cell culture media (DMEM). Prior to 
the permeability assay the cells were preincubated in Hank’s balanced salt 
solution (HBSS, pH 7.4) for 15 min. DAMGO (10 μM in HBSS) was added 
and the apparent permeability was investigated in both the apical-to-
basolateral (a-b) and basolateral-to-apical (b-a) direction at 37°C. Samples 
were drawn from the donor chamber at 0 and 60 min and from the receiver 
chamber at 15, 30 and 60 min and were replaced with an equivalent volume 
of buffer. The bidirectional permeability was also determined in the presence 
of the efflux transporter inhibitors elacridar (2 μM) and CsA (5 μM) to in-
vestigated possible involvement of Pgp. The integrity of the monolayer was 
assessed by measuring the permeability of [14C]-mannitol and the trans-
epithelial electrical resistance (TEER; above 260 2 throughout the 
experiment). 
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The apparent permeability (Papp in cm/s) over the Caco-2 cell monolayers 
was calculated according to: 
 P =  Qt ×  1A ×  C  (Eq. 6) 

where dQ/dt is the permeability rate (mol/s), A is the surface area of the 
filter (cm2) and C0 is the concentration in the donor compartment at the be-
ginning of the experiment (μM). 

In vitro plasma protein binding 
The plasma protein binding of DAMGO was determined in vitro by equilib-
rium dialysis in Paper II. DAMGO was added to the concentrations of 0.5, 
2.5 and 10 μg/mL to thawed rat plasma from male Sprague Dawley rats and 
the pH was adjusted to 7.4 using phosphoric acid. Plasma and an equivalent 
volume of PBS (10 mM) was added to each side of a semipermeable mem-
brane (12-14 kDa cutoff; Specra/Por®, Spectrum Laboratories, CA, USA) in 
Plexiglas cells. Cells were then incubated in a 37°C water bath with constant 
stirring for 5 h. Plasma and buffer was thereafter sampled from each cham-
ber. The fraction unbound, fu, for DAMGO was calculated as the ratio of 
unbound concentration in buffer to the total concentration in plasma. 

Bioanalytical methods 
Quantification of DAMGO in plasma, brain and microdialysate  
LC-MS/MS settings 
In order to evaluate the blood-brain barrier transport of DAMGO a high 
quality bioanalytical method was essential. In Paper I, a liquid chromatog-
raphy-mass spectrometry (LC-MS/MS) method for the quantification of 
DAMGO in rat plasma, as well as DAMGO and the microdialysis recovery 
calibrator [13C2,15N]-DAMGO in Ringer’s solution with BSA. 

The LC system consisted of a LC-10ADvp pump and a SIL-HTc au-
tosampler (Shimadzu, Kyoto, Japan) connected to a HyPurity C18 column 
(50x4.6 mm, particle size 3 μm) protected by a guard-column of the same 
material (10x4.0 mm) (Thermo Hypersil-Keystone, PA, USA). The mobile 
phase consisted of acetonitrile (ACN):water:formic acid in the proportions of 
17.5:82.5:0.01. A flow rate of 0.8 mL/min was maintained and split to 
0.3 mL/min before entering the MS (Quattro Ultima triple quadrupole mass 
spectrometer; Waters, Milford, MA, USA). The analysis was carried out in a 
positive electrospray mode, using multiple reaction monitoring (MRM) at 
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the transitions m/z 514.2 453.2 for DAMGO and m/z 517.2 456.2 for 
[13C2,15N]-DAMGO. The MS settings were optimized to yield high sensitivi-
ty and resolution. The final setup is presented in Table 2. 

Table 2. The mass spectrometer settings used 
for the quantification of DAMGO in Paper I-IV. 

Desolvation temperature 450 °C 
Source temperature 130 °C 
Cone gas (N2) 200 L/h 
Desolvation gas (N2) 1000 L/h 
Capillary voltage  1.5 kV 
Cone voltage 50 V 
Collision gas (argon) 3*10-3 mbar 
Collision energy  16 eV 

Sample preparation  
Plasma samples (50 μl) were precipitated with 150 μL ACN containing the 
isotope labeled analogue [13C2,15N]-DAMGO as internal standard. The su-
pernatant (25μL) was then mixed with 1000 μL of modified mobile phase 
containing ACN:water:formic acid in the proportions of 16:84:0.01 (v/v/v), 
resulting in a 17.5 % content of ACN in the final sample. A sample volume 
of 10 μl was injected into the LC-MS/MS system. Microdialysis samples of 
15 μL or 10 μL were precipitated with 50 μl of ACN. The supernatant (45 
μL and 40 μL for the 10 μL and 15 μL samples, respectively) was diluted 
with 150 μL of 0.01 % formic acid and 75 μL was injected. The 5 μL micro-
dialysis samples in Paper IV were prepared with the same proportions as for 
the 10 μL samples (half the volumes) and 40 μL was injected into the col-
umn. For total brain concentrations of DAMGO in Paper IV, brain tissue 
was homogenized with a 4-fold volume of saline and 50 μL of the homoge-
nate was precipitated with 150 μL ACN containing [13C2,15N]-DAMGO as 
internal standard. The supernatant (100 μL) was diluted with 350 μL 0.01 % 
formic acid and 75 μL was injected. 

Standards and quality controls for drug quantification 
For quantification of DAMGO in the plasma and brain homogenate samples, 
calibration curves were constructed based on linear regression analysis of the 
peak area ratio of DAMGO and the internal standard versus the nominal 
concentration of the standards. For the microdialysis samples, calibration 
curves for DAMGO and [13C2,15N]-DAMGO were generated based on peak 
area versus nominal concentration. 

Standards and quality control (QC) samples were prepared for each com-
pound and biological matrix. For the plasma method, 11 standards in the 
range 11 – 110 000 ng/mL together with four QC levels (37, 190, 3700, 
74000 ng/mL) were prepared. For the microdialysis sample method, 
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DAMGO and [13C2,15N]-DAMGO were diluted to 10 concentration levels in 
the ranges 0.52 – 2600 and 0.24 – 1200 ng/mL, respectively. QCs containing 
3.7, 74, and 1500 ng/mL of DAMGO, and 1.8, 37 and 730 ng/mL of 
[13C2,15N]-DAMGO were prepared. Standards in brain homogenate were 
prepared in the range of 2.3 – 230 ng/mL and QCs at 6.2, 31 and 150 ng/mL.  

Validation 
The analytical method for the quantification of DAMGO described in Paper 
I was validated based on accuracy and intra-day precision. The validation 
analysis included all standards in the calibration curve together with 6 repli-
cates of each QC and the lower limit of quantification (LLOQ, lowest stand-
ard). Inter-day precision and accuracy was assessed by including duplicates 
of the QC samples in the analysis of unknown study samples at 5 (plasma) 
and 9 (microdialysis) occasions. Accuracy was determined as the percentage 
of deviation from the nominal concentration. Precision was determined as 
coefficient of variation (CV) and was obtained by dividing the standard de-
viation (SD) with the mean concentration.  

The sample preparation method for the plasma samples was validated in 
terms of extraction recovery and matrix effect. The extraction recovery was 
determined by comparing the slopes of precipitated plasma standards with 
the slopes of corresponding standards in precipitated blank plasma (n=3). 
Relative matrix effect in plasma from different rats was evaluated by com-
paring the slopes of the peak area ratio of DAMGO and the internal standard 
versus the nominal concentration in four batches of plasma.  

Quantification of elacridar and CsA 
For the quantification of elacridar and CsA in paper IV, the same LC-
MS/MS system as for DAMGO was used. Chromatographic separation for 
elacridar was conducted using a Gemini C18 column (3 μm, 100 x 4.6 mm; 
Phenomenex, Torrance, CA, USA) and a mobile phase of 10 mM ammoni-
um acetate pH 10:ACN (30:70). A Zorbax Eclipse XDB-CN (5 μm, 150x 
4.6 mm) in 50 °C was used for the separation of CsA with a mobile phase 
containing ACN and 5 mM ammonium formate buffer (pH 3.4; 50:50). De-
tails for the analytical method are presented in Paper IV. Plasma or blood 
samples of 50 μL for elacridar and CsA respectively, were precipitated with 
ACN and the supernatant was thereafter diluted with mobile phase before 
injection to the LC-system. 

Quantification of DAMGO in samples from the Caco-2 assay 
Quantification of DAMGO in the samples from the Caco-2 assay was pre-
formed using a different LC-MS/MS system with an Acquity UPLC coupled 
to a XEVO TQ triple-quadrupole MS (Waters, Milford, MA, USA). For 
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chromatographic separation a HSS T3 column (1.8 μm, 2.1 x 50 mm; Wa-
ters, Milford, MA, USA) was used in combination with a gradient elution 
involving mobile phase A (5 % ACN, 0.1 % formic acid) and mobile phase 
B (0.1 % formic acid in 100 % ACN) with 1 % to 90 % of mobile phase B 
over a total running time of 2 min. The flow rate was set to 0.5 ml/min. 

Data analysis 
Microdialysis probe recovery  
The unbound concentration of DAMGO in brain and in blood (Paper II-IV) 
was derived by correcting the concentration of DAMGO in the dialysate for 
probe recovery. The in vivo recovery of the brain and blood microdialysis 
probes was determined by the retrodialysis by calibrator method [110]. Loss 
of [13C2,15N]-DAMGO from the perfusate was assumed to be equal as the 
gain of DAMGO from the surrounding tissue to the dialysate, which was 
checked in vitro (data not shown). The recovery for each probe was calculat-
ed as Recovery = C   C ,C ,  (Eq. 7) 

where Ccalibrator,in is the concentration of [13C2,15N]-DAMGO in the ingoing 
perfusate and  Ccalibrator,out is the average concentration remaining in the dialy-
sate after passing the probe.  

Non-compartmental analysis of DAMGO 
The Kp,uu of DAMGO in Paper II-IV was calculated using different equations 
and sample points depending on the experimental design. Kp,uu for free and 
liposomal DAMGO in the short infusion experiment (Paper II) was calculat-
ed based on the AUC of unbound brain and blood concentrations according 
to Eq. 2. For the constant infusion designs for free and liposomal DAMGO 
(Paper II and III), Kp,uu was determined from the unbound concentration in 
brain and blood at 105 min after each infusion start, when steady state was 
approximated (Eq. 2). For the transporter inhibitor experiment (Paper IV), 
Kp,uu was calculated based on the average unbound concentration in brain 
and blood 40-120 min after the start of the DAMGO infusion and inhibitor 
administration, respectively (Eq. 2). Binding of DAMGO within the brain 
was determined in Paper IV. Vu,brain was calculated by comparing the total 
amount of DAMGO in brain to the unbound concentration in brain at the end 
of the experiment using Eq. 3-5. The terminal half-life (t½) of free and lipo-

 36 



somal DAMGO in Paper II was determined based on the slope of the 3 last 
observations. The plasma protein binding of free DAMGO was determined 
from the constant infusion experiment in Paper II where the fraction un-
bound in plasma, fu, was calculated as the ratio between the total plasma 
concentration and the unbound concentration from the blood microdialysis 
sample 105 min after start of infusion.  

Mixed effects modeling of free DAMGO 
The systemic PK and brain distribution of free DAMGO was also analyzed 
by non-linear mixed effects modeling using NONMEM (version VII, ICON 
Development Solutions, Ellicott City, MD, USA) in Paper IV [145]. The 
main objective of this analysis was to obtain estimates of the influx and ef-
flux rates of free DAMGO across the BBB. Data from the in vivo microdial-
ysis experiments in Paper II and IV were incorporated in the dataset, thus 
combining the information from three different study designs. Observations 
of total DAMGO concentrations in plasma, unbound DAMGO concentra-
tions in blood and brain from the microdialysis samples and recovery data 
with concentrations of [13C2,15N]-DAMGO in the dialysate from the blood 
and brain probes were included.  

The model was based on a previously developed integrated blood-brain 
PK model for morphine and oxycodone and included estimation of individu-
al probe recovery (Figure 6) [146, 147]. One- and multi compartmental 
models were considered for the systemic PK and the intra-brain distribution. 
Separate compartments for arterial and venous DAMGO concentrations 
were modeled, allowing for the distribution delay observed between arterial 
plasma and venous microdialysis samples. Transport across the BBB was 
assessed by estimating CLin and Kp,uu. Vu,brain was fixed to the average value 
calculated for the rats in the constant infusion experiment of free DAMGO 
in Paper IV (see Non-compartmental analysis section) and fu was fixed to the 
value obtained from the in vitro equilibrium dialysis assay in Paper II. Vari-
ability between animals were investigated and quantified for all PK parame-
ters. The residual variability was described by additive, proportional or com-
bined (additive + proportional) error models for the different types of obser-
vations. The parameters were estimated using the first-order conditional 
estimation with interaction method (FOCEI) and the model was implement-
ed with ordinary differential equations. 
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Figure 6. Integrated blood-brain PK model for free DAMGO in rats. Ovals represent 
observed data which are converted to unbound concentrations in respective com-
partment through the unbound fraction (fu), the brain microdialysis probe recovery 
(REC). The model parameters are notated as bold for estimated and bold italics for 
fixed parameters. 

Modeling and simulation of liposomal DAMGO 
In Paper V, the GSH-PEG liposomal DAMGO formulation was further char-
acterized through modeling and simulations using Matlab 8.5 with the Sim-
biology application.  

A model was built based on the liposomal DAMGO data from the short 
infusion experiment in Paper II. The data included average concentrations of 
total DAMGO (encapsulated and free), free, unbound DAMGO in blood and 
free, unbound DAMGO in brain ISF. The systemic distribution and the re-
lease from the liposomes in plasma were first characterized. Thereafter the 
brain distribution was modeled with the addition of an endothelial cell com-
partment and a brain compartment. Passage across the endothelial cell was 
described by a passive permeability clearance (CLpassive) that was assumed to 
be equal across the luminal and albuminal membranes and in both directions. 
An active efflux mechanism was included (CLefflux) transporting free 
DAMGO from the endothelial cytosol back to plasma. The parameter values 
for free DAMGO were fixed to the estimates obtained from the mixed effect 
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modelling of free DAMGO in Paper IV. CLefflux and CLpassive was calculated 
based on the CLin and CLout in Paper IV and the equations for efflux en-
hancement presented in Syvänen et al. [120]. Parameter values for bulk flow 
and volume of distribution of the endothelial cell (Vec) was fixed to physio-
logical values from the literature (0.3 μL/min/g_brain and 0.8 μL/g_brain, 
respectively) [13, 99]. When necessary, parameter values were adjusted to 
the total organ value by multiplying with 1.8 g (assumed to be the weight of 
an average rat brain) [148]. Parameter values for encapsulated DAMGO 
were determined through simulations, and based on the best visual fit of the 
observed data.  

Different models illustrating five possible mechanisms for the observed 
increased brain uptake of DAMGO was simulated and compared. Three of 
the models described liposomes being delivered into the endothelial cells or 
brain, with varying path length of intact liposomes before DAMGO was 
released. A transcytosis model illustrated passage of the liposomes across 
both the luminal and abluminal membrane into a liposomal brain compart-
ment were DAMGO was released. An endocytosis model illustrated passage 
of the liposomes across the luminal endothelial membrane into a liposomal 
endothelial compartment where DAMGO was released. The release rate 
constant, krel, describing the release from the liposomes was assumed to be 
the same in tissue and blood. The third alternative model illustrated lipo-
somes merging with the phospholipids in the luminal endothelial cell mem-
brane causing release of DAMGO direct into the endothelial cytosol. This 
process was described with a fusion clearance (CLfusion). The two last models 
described liposomal influence on the BBB function, either by increased pas-
sive permeability of free DAMGO across the endothelial cell membranes or 
by inhibition of the efflux transport. The models were explored by simula-
tions of concentration-time profiles of total concentration in plasma, released 
and unbound concentration in blood and released unbound concentration in 
brain ISF. The resulting concentration profiles were compared with the ex-
perimental observation.  

The model representing fusion with the endothelial membrane was subse-
quently used to investigate the influence of compound and carrier specific 
properties on the active concentrations in brain. Simulations of brain ISF 
concentration profiles were performed for four representative compounds 
with different combinations of properties in terms of passive permeability 
(Low, High) and efflux clearance (No, Efflux). For the Low-No and the 
Low-Efflux compounds CLpassive was set to 10 μL/min and a CLefflux to 0 or 
100 μL/min, respectively. The High-No and High-Efflux compounds repre-
sents a high CLpassive of 1 000 μL/min and a CLefflux of 0 or 10 000 μL/min, 
respectively.  

A set of simulations with varying CLfusion (0, 0.02 and 0.2 μL/min) was 
performed to illustrate how effective the uptake of liposomes into endotheli-
al cells must be to improve the brain delivery of the different compounds. 
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The influence of the release rate from the liposomes was explored by chang-
ing the krel from 0.0017 to 0.0010 and 0.00032 min-1 (corresponding to half-
lives of 6.8 h, 12 and 36 h of the liposomal formulation in plasma, respec-
tively). The remaining parameters were kept unchanged and were based on 
liposomal DAMGO. The results were evaluated based on the concentration-
time profiles of active compound in brain ISF and the extent of BBB 
transport described by Kp,uu. Kp,uu, was calculated as AUCfree,brain divided by 
AUCfree,central for the simulated period (5 half-lives). 

Statistical analysis 
In Paper II and III, comparison of Kp,uu within the same animal after admin-
istration of free DAMGO (Infusion Period 1) and liposomal DAMGO (Infu-
sion Period 2) was performed using two tailed Students t-tests for paired 
samples. Differences were considered statistically significant at p<0.05. 

In Paper III, differences between the three groups with the three liposomal 
formulations were compared using one-way analysis of variance (ANOVA) 
(XLstst, MS Excel 2007, Microsoft Corp., Seattle, WA, USA). The analysis 
was based on Kp,uu for the infusion of liposomal DAMGO (Infusion Period 
2), normalized for the Kp,uu of the free DAMGO in the same rat (Infusion 
Period 1). For post-hoc analysis, the Tukey-Kramer method was used for 
pairwise comparisons of the groups.  

In the model based analysis of the free DAMGO PK and brain distribu-
tion data (Paper IV), model selection was guided by the objective function 
value (OFV) in combination with graphical analysis. A drop in OFV of 
3.84 (corresponding to p  0.05), was considered as a statistically significant 
improvement of the fit when comparing nested models.   
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Results and discussion 

Bioanalytical analysis of DAMGO (Paper I) 
The developed LC-MS/MS method for the quantification of DAMGO in 
plasma, as well as for DAMGO and the isotope labeled analogue [13C2,15N]-
DAMGO in Ringer-BSA solution was simple, sensitive and reproducible. 
The LLOQ was 0.52 ng/mL for DAMGO and 0.24 ng/mL for [13C2,15N]-
DAMGO in the Ringer-BSA samples and the method was linear up to 5000-
fold higher concentrations. The plasma method was linear in the range of 11-
110 000 ng/mL and the sensitivity could be further increased by reducing the 
extensive dilution of the samples. 

The method was validated and demonstrated to be robust and reproduci-
ble. The intra-day and inter-day precision were low for both compounds and 
matrixes described, with a CV of < 5.2 % and < 6.8 %, respectively. The 
intra-day and inter-day accuracy, in terms of deviation from the nominal 
concentration, were below ± 6.6 % and ± 5.1 %, respectively. 

The extraction recovery for the sample preparation procedure was deter-
mined to 95.4 %. The relative matrix effect between different lots of plasma 
was low with a CV of 0.72%. 

PK of DAMGO (Paper II & IV) 
The PK of DAMGO was characterized both in Paper II using non-
compartmental analysis and in Paper IV using population modeling. The 
concentration-time profiles of DAMGO in plasma and in brain ISF after 
intravenous administration in rat for three different study designs can be seen 
in Figure 7. The binding to plasma proteins was low, with fu = 0.75 ± 0.16 
determined by microdialysis and 0.86 ± 0.16 determine by equilibrium dial-
ysis (Paper II). DAMGO had a short half-life of 9.2 min, resulting in an at-
tainment of steady state in plasma within half an hour for the constant infu-
sion regimen. The total clearance of DAMGO, determined by modeling in 
Paper IV was 18 mL/min and thus higher than the renal glomerular filtration 
in rat (~9 mL/min/kg) [149], that has been proposed to be responsible for the 
elimination of DAMGO in sheep [134]. The relatively high stability of 
DAMGO when incubated in plasma, presented in Paper I and in previously 
published studies (t½ > 2 h), indicates that the elimination is not caused by 
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peptidase metabolism [134, 150, 151]. In Paper IV, the plasma clearance of 
DAMGO was decreased to half when the broad spectrum transporter inhibi-
tor CsA was coadministered with DAMGO, but unaffected by the Pgp and 
Bcrp inhibitor elacridar. Since CsA is known to affect both transporters and 
CYP enzymes, it is however hard to draw any conclusions about the mecha-
nism of the elimination of DAMGO based on these results [152].  

 

 
Figure 7. Concentration - time profiles for free DAMGO in rats for the three differ-
ent study designs presented in Paper II and IV. Total concentration of DAMGO in 
plasma (filled circles), unbound DAMGO in blood (open circles) and unbound 
DAMGO in brain (open triangles). Data are presented as mean ± SD. 

In Figure 7b a displacement for the blood concentration-time curve in rela-
tion to the concentrations in plasma can be seen. This is probably due to 
experimental issues with the microdialysis technique and uncertainty in the 
calculations of dead volume of the flexible CMA/20 blood probe and tub-
ings. A smaller part of the delay could also be attributed to a distribution 
delay between the drug in arterial blood (plasma samples) and in venous 
blood (microdialysis samples) [146, 153]. 

PKPD of DAMGO (Paper II) 
The in vivo pharmacokinetic-pharmacodynamic (PKPD) relationship of free 
DAMGO was determined in Paper II, in order to determine relevant infusion 
schemes for the brain distribution studies. The observed tail flick latencies 
versus the concentration of DAMGO in plasma at each dose level are pre-
sented in Figure 8. The doses administered covered the span of no effect to 
the maximum antinociceptive effect that could be assessed for this method. 
The short half-life of DAMGO was of advantage in this study design. Steady 
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state in plasma was reached within half an hour and all four dose levels 
could be studied in all individuals. 

 

 
Figure 8. Antinociceptive effect of free DAMGO. The observed tail flick latencies 
versus total plasma concentrations at each of the four dose levels (60, 120, 240 and 

 concentration of approximately 100 
ng/mL was taken 25 minutes after end of the last infusion (to check for return of tail-
flick latency to baseline).  

DAMGO and the BBB (Paper II, III and IV) 
Extent of BBB transport 
The Kp,uu of free DAMGO was assessed in several papers in this thesis using 
different study designs and analysis methods. The values ranged from 0.03 ± 
0.01 for the rats in the transporter inhibitor experiment in Paper IV, to 0.09 ± 
0.04 for the rats receiving only DAMGO as a constant infusion in Paper II. 
The combined analysis of the microdialysis data from the three different 
study designs in Paper IV through population modeling resulted in a Kp,uu of 
DAMGO of 0.07 (RSE: 17.3 %). This denotes that less than ten percent of 
the unbound concentration in blood is available at the opioid receptors in the 
brain, facing the brain ISF. The low Kp,uu (<1) shows that DAMGO is trans-
ported or eliminated from the brain through mechanisms other than just pas-
sive diffusion. A low Kp,uu per se does not preclude the success of a drug. For 
example morphine, being one of the most used opioid on the market, has a 
Kp,uu of 0.3 [154, 155]. 

The average recovery of the brain probes using the 0.5 μL/min flow rate 
were determined to be 9 % (range 4 – 12 %) in Paper II, 17% (range 11-
28%) in Paper III and 16 % (range 10 – 18 %) for the transporter inhibitor 
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experiment in Paper IV. The low recovery of DAMGO in the brain microdi-
alysis experiment stress the importance of having a good study design to be 
able to draw the right conclusions. For that reason rats served as their own 
control both in the liposomal experiments in Paper II and III and in the 
transporter inhibitory experiment in Paper IV. This was possible due to the 
short half-life of DAMGO. 

Distribution within the brain 
The binding of DAMGO in brain was investigated in Paper IV and Vu, brain 
was determined to 0.13 ± 0.08 mL/g_brain, indicating a primary distribution 
in extracellular fluid. 

Rate of BBB transport 
The apparent permeability of DAMGO across a Caco-2 monolayer was very 
low and in the similar range as the cell integrity marker mannitol, with a Papp 

A-B = 0.20 ±0.07 and Papp B-A = 0.35 ± 0.07 10-6 cm/s. The low permeability is 
in line with the hydrophilic structure of DAMGO, as demonstrated by a cal-
culated Log P of -0.80 [150]. 

The low permeability of DAMGO was confirmed in the modeling of the 
in vivo microdialysis data in Paper IV. The influx clearance into the brain 
(CLin) for DAMGO was determined to be 1.1 μl/min/g_brain (RSE 11%). 
The rate of influx to the brain of DAMGO has previously been investigated 
in mice with the i.v. injection technique, resulting in an initial influx clear-
ance, Kin, of 0.40 ± 0.55 μL/min/g_brain, obtained from multiple regression 
analysis of the data [156].  The influx clearance of the enkephalin analogue 
DPDPE (D-penicillamine 2.5-enkephalin), determined with the in situ brain 
perfusion method in mice, was 0.55 ± 0.29 μL/min/g_brain and thus also in 
the same range as for DAMGO. 

CLin of morphine and oxycodone was earlier determined to 11.4 and 1910 
μL/min/g_brain, respectively, by modeling of microdialysis data [146, 155]. 
The morphine metabolite morphine-3-glucuronide (M3G) had an even lower 
efflux clearance than DAMGO of 0.11 μL/min/g_brain [116].  

The clearance out of the brain (CLout), in combination with limited distri-
bution within the brain (Vu,brain) of DAMGO, cause the fast equilibration 
between brain and blood that can be seen in Figure 7. The CLout of the brain 
was determined to 14 μl/min/g_brain (Paper IV). CLout is thus 13 times high-
er than CLin, but still lower than e.g. for morphine (42 μL/min/g_brain) 
[155]. The discrepancy between the clearance into and out of the brain can-
not be explained by a significant contribution of the ISF bulk flow to the 
elimination of DAMGO from the brain, as it is known today. An ISF bulk 
flow of 0.1-0.3 μL/min/g_brain [13, 157] would account for only 2 % of the 
efflux of DAMGO. 
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Efflux transport as the reason for a low Kp,uu  
The transport of DAMGO across Caco-2 cells was not affected by the co-
administration of elacridar or CsA. The efflux ratio was < 2 for all experi-
ments, with and without blockers, indicating no significant importance of 
efflux transporters present in the Caco-2 cells for the transport of DAMGO. 

No influence of Pgp or Bcrp transporters at the BBB could either be seen 
in the in vivo microdialysis study in Paper IV (Figure 9), as the brain to 
blood ratio of unbound DAMGO was not affected by co-administration of 
elacridar (10 mg/kg) or CsA (30 mg/kg). The Kp,uu before and after interven-
tion with elacridar was determined to 0.03 ± 0.01 and 0.03 ± 0.01, respec-
tively. The Kp,uu before and after intervention with CsA was determined to 
0.04 ± 0.02 and 0.05 ± 0.02, respectively. 

To test if sufficient concentrations of the inhibitors were reached to block 
Pgp, plasma concentrations of elacridar and CsA were measured. The level 
of elacridar in plasma was around 400 ng/mL (~700 nM) during the period 
for the Kp,uu measurement (40-120 min after administration of the inhibitor). 
Elacridar has previously been reported to increase the brain to blood ratio of 
digoxin and [11C]verapamil in rats with an EC50 of 266 ng/mL and 
114 ng/mL, respectively [158, 159]. The level of CsA was around 20 μg/mL 
(~16 μM) 40-120 min after administration. A significant increase the brain 
to plasma ratio of nelfinavir in rats was observed already at 3 μM [160]. 

 

 
Figure 9. The influence of the transporter inhibitors CsA (a) and elacridar (b) on the 
the concentration-time profiles of DAMGO in rats. The graphs show unbound 
DAMGO (average ± SD) in blood (circles, left y-axis) and brain (triangles, left y-
axis) during a constant infusion of DAMGO (60 μg/kg/min). The transporter inhibi-
tors (crosses, right y-axis) were administered at 2 h, as a one min infusion of (a) CsA 
30 mg/kg (n=6), or (b) elacridar 10 mg/kg (n=6). 

DAMGO has earlier been classified as a Pgp-substrate based on the result 
from two different in vitro studies. In one study the membrane ATPase activ-
ity in insect Sf9 cells overexpressing human MDR1 was stimulated by 
DAMGO [161]. DAMGO was also subjected to ATP-dependent transport in 
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vesicles from a lung cancer cell line transfected with MDR1, but not in con-
trol cells [142]. This transport of DAMGO was inhibited with the endomor-
phins, earlier categorized as non Pgp-substrates, but was not affected by 
100 μM DPDPE, known to be a strong Pgp substrate in a mdr1 knock-out 
study, which makes the results inconclusive [19, 142, 162].  

Since the results from our in vitro and in vivo study in Paper IV indicated 
that DAMGO was not a substrate for Pgp or Bcrp, we instead suggest that 
other transporters, known or unknown, are important for the efflux of 
DAMGO at the BBB. The organic anion transporter protein (OATP)-family 
seems to be involved in the transport of several opioid peptides and should 
therefore be considered. For example, DADLE and DPDPE have been 
shown to be substrates for OATP1B1 [163, 164], DPDPE is suggested also 
transported by Oatp1a4 and DAMGO inhibited OATP1A2 mediated 
transport of deltorphin in a  X. laevis oocytes transport assay [165]. The ex-
pression and the function of the OATPs at the BBB is however not clear. 
There are indications of that Oatp1a1, Oatp1a4 Oatp1c1 and OATP1A2 are 
expressed both at the luminal and abluminal membrane of the endothelial 
cells [165, 166]. 

The MRP transporters also seem to be involved in the transport of several 
opioids e.g. oxymorphone, morphine and DPDPE [164]. Downregulating 
MRP using an antisense approach resulted in decreased efflux from the brain 
after intracerebroventricular administration of these compounds in rats. The 
efflux of DAMGO was however not affected. DAMGO, DPDPE and DA-
DLE have on the other hand been found to interact with a novel oligopeptide 
transporter (SOPT2) in retinal pigment epithelial cells [167]. 

Possible metabolism in brain 
Degradation of DAMGO in brain tissue or at the BBB could potentially be 
another reason for the relatively high efflux clearance of DAMGO from the 
brain. The stability of DAMGO in brain homogenate has been determined in 
several studies. The half-life of DAMGO in mice and rat brain homogenate 
has been reported to exceed 900 min and 60 min, respectively [135, 156]. 
The stability of DAMGO in rat brain homogenate was confirmed in our lab, 
with a half-life of ~3 h (unpublished observations). These findings makes 
metabolism in brain parenchyma be a less likely explanation to the higher 
efflux. This is also a reasonable conclusion, since DAMGO is designed to 
resist peptidases through modifications in the peptide structure. The stability 
was significantly improved through substitution with a D-amino acid in posi-
tion 2 in the amino acid sequence, along with the N-methylated Phe residue 
and the C-terminal alcohol function [134]. 
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Liposomal DAMGO (Paper III, IV and V) 
 
By combining the microdialysis technique with plasma samples, both total 
concentrations, including encapsulated and free DAMGO, and concentra-
tions of released, unbound DAMGO could be measured over time, thus 
providing information about the release pharmacokinetics.  

Systemic disposition of liposomal DAMGO 
The concentration-time profiles in blood and brain after administration of 
free DAMGO (Infusion Period 1), and liposomal DAMGO (Infusion Period 
2) in Paper II are shown in Figure 10. For the constant infusion regimen, 
steady state could be approximated within one hour and the level of unbound 
DAMGO was similar for both infusion periods (Figure 10a). The concentra-
tion of DAMGO in plasma had decreased to under LLOQ (<11 ng/mL) be-
fore the start of Infusion Period 2. The PK of liposomal DAMGO was con-
siderably different from free DAMGO. Only 0.6 ± 0.2% of the total 
DAMGO was available in its released and unbound form. The half-life for 
liposomal DAMGO, determined from the short infusion experiment was 
417 ± 140 min compared to 9.23 ± 2.07 min for the free peptide (Figure 
10b). 

 

 
Figure 10. Concentration-time profiles for free and GSH PEGylated liposomal 
DAMGO. Unbound DAMGO in brain interstitial fluid (open triangles), blood (open 
circles) and total DAMGO in plasma (filled circles). (a) 10-minute loading infusion 
plus a two-hour constant infusion (60 μg/min/kg) of free DAMGO (0-2 h) and GSH-
PEG liposomal DAMGO (3-5 h), n=11. (b) 10-minute infusion of 500 μg/min/kg 
free DAMGO (0-10 min) and a 10-minute infusion of 1250 μg/min/kg of GSH-PEG 
liposomal DAMGO (220-230 min), n=12.  
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The systemic disposition of liposomal DAMGO was further characterized 
using modeling and simulation in Paper V. The release in plasma from the 
liposomes was described with a first order rate constant, krel, of 0.0017 min-1, 
in accordance with the half-life from the non-compartmental analysis in Pa-
per II. The volume of distribution of encapsulated DAMGO was determined 
to 25 mL and thus somewhat higher than the blood volume in the rat of ap-
proximately 13.5 mL [148]. 

Some previously published models on the PK of liposomal formulations 
suggest a parameter describing elimination of liposomes from the body 
without any observable release of compound [104, 122, 123]. This type of 
elimination of intact liposomes from plasma was not supported in the model-
ing of the experimental data in this study. 

An initial peak of released DAMGO in plasma was observed after the 
short infusion of liposomal DAMGO (Figure 10b). This peak could not be 
entirely explained by the already released DAMGO in the infusion solution. 
Neither could a model with a second distribution compartment for liposomal 
DAMGO describe the data. An alternative model with a portion (30 %) of 
the liposomal DAMGO being released faster gave a better fit to the plasma 
data. This model could illustrate release of membrane-associated drug, but 
can be considered empirical. Bi-exponential plasma concentration profiles 
were reported for other liposomal formulations, where a similar mechanistic 
explanation was discussed for the in vitro release of PEGylated liposomes 
loaded with prednisolone phosphate [168, 169]. 

Increased brain uptake of liposomal DAMGO 
The uptake of DAMGO into the brain was evaluated based on the brain to 
blood ratio of unbound, free drug, thus looking at the actual BBB transport. 
The Kp,uu after free and liposomal DAMGO administration for the different 
studies and formulations are summarized in Table 3. A significantly higher 
Kp,uu was seen for both the GSH-PEG liposomal DAMGO and the PEG lipo-
somal DAMGO. The increased uptake across the BBB was on average 2-3 
fold higher. No difference in Kp,uu was observed when empty liposomes was 
administered together with free DAMGO. The individual changes in Kp,uu 
between the two infusion periods for the rats in Paper III are presented in 
Figure 11. 

The three different liposomal DAMGO formulations studied in Paper III 
were compared using multiple comparison analysis (ANOVA, Tukey-
Kramer), based on the individual changes in Kp,uu from Infusion Period 1 
(free DAMGO) to Infusion Period 2 (liposomal formulation). 
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Table 3. Summary of the brain delivery of free and liposomal DAMGO in Paper II 
and III. The brain-to-blood ratio of unbound free DAMGO (Kp,uu; mean ± SD) de-
termined from the last time point of the respective infusion periods.  

A significant improvement in brain uptake of DAMGO was seen for the 
GSH-PEG liposomal DAMGO (p = 0.013) and PEG liposomal DAMGO 
(p = 0.012) compared to the free DAMGO + empty GSH-PEG liposomal 
group, confirming the brain distribution effect of the liposomal encapsula-
tion of DAMGO. No significant difference was however observed between 
the GSH-conjugated liposomes and the conventional PEGylated liposomes 
(Figure 11). 

The increase in brain uptake was observed for free, active DAMGO in the 
ISF where the μ-opioid receptors are located, and would thus be relevant for 
the therapeutic effect. An improvement in actual antinociceptive effect was 
however not possible to study for this formulation. Based on the PKPD rela-
tionship for free DAMGO determined in Paper II, assuming fu to be 0.86 and  
Kp,uu to be 0.07, an unbound concentration of approximately 350 ng/mL in 
brain ISF would be needed to increase the tail flick latency from 5 to 10 s 
(Figure 8). This level could not be reached for any of the liposomal 
DAMGO formulations as the dose could not be increased enough due to 
restrictions in the infusion volume (max 5 mL/kg/h) [168]. 

Some conclusions can be drawn about the mechanism of the increased 
brain uptake for the liposomal DAMGO formulations from the comparison 
of the three different formulations studied in Paper III. The GSH ligand at 
the surface of GSH-PEGylated liposomes are intended to target transporters 
at the endothelial cells of the BBB. Active, sodium-dependent, transport of 
GSH across the BBB has been found in both rodents and in human cerebro-
vascular endothelial cells (HCEC) [68, 70, 170]. No difference was however 
found in Paper III between the GSH-coated liposomes compared to the 
PEGylated liposomes, showing that the GSH ligand was not important for 
the brain delivery of liposomal DAMGO. The GSH ligand has been reported 
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Paper Liposomal formulation  

Kp,uu 

P-valuee Free 

DAMGOc 

Liposomal 

DAMGOd 

II GSH-PEG liposomal DAMGOa n=11 0.09 ± 0.04 0.21 ± 0.17 0.016 

II GSH-PEG liposomal DAMGOb n=12 0.07 ± 0.18 0.23 ± 0.13 0.001 

III 
free DAMGO  

+ empty GSH-PEG liposomesa 
n=9 0.05 ± 0.04 0.05 ± 0.03 n.s. 

III GSH-PEG liposomal DAMGOa n=10 0.05 ± 0.03 0.10 ± 0.06 0.019 

III PEG liposomal DAMGOa n=10 0.04 ± 0.02 0.08 ± 0.04 0.001 

a Constant rate infusion, b Short infusion, c Infusion Period 1, d Infusion Period 2, e Comparison between 
infusion periods (free and liposomal DAMGO) using Student t-test for paired samples.  



to be essential for an improved brain delivery of other compounds. The 
efficacy of methylprednisolone in GSH-PEGylated liposomal was enhanced 
compared to when formulated into non-targeted liposomes in a mice EAE 
model of neuroinflammation [67]. Also, GSH PEGylated liposomes with 
doxorubicin showed inhibition of brain tumor growth and improved survival 
in mice, compared to control PEG liposomes [52].  

 
Figure 11. The extent of brain delivery of DAMGO after administration of free or 
liposomal to rats.  Kp,uu is the measured as the brain to blood ratio of unbound 
DAMGO 105 min after the start of infusion of free DAMGO, free DAMGO + emp-
ty GSH-PEG liposomes, GSH-PEG liposomal DAMGO or PEG liposomal 
DAMGO. Kp,uu from the two infusion periods (free and liposomal DAMGO) in the 
same individual are connected. *indicates significantly (p<0.05) higher increase in 
brain exposure of DAMGO for GSH-PEG liposomal DAMGO and PEG liposomal 
DAMGO relative to free DAMGO + empty GSH-PEG liposomes using ANOVA 
followed by a Tukey-Kramer multiple comparison test.  

Some conclusions can be drawn about the mechanism of the increased brain 
uptake for the liposomal DAMGO formulations from the comparison of the 
three different formulations studied in Paper III. The GSH ligand at the sur-
face of GSH-PEGylated liposomes are intended to target transporters at the 
endothelial cells of the BBB. Active, sodium-dependent, transport of GSH 
across the BBB has been found in both rodents and in human cerebrovascu-
lar endothelial cells (HCEC) [68, 70, 170]. No difference was however 
found in Paper III between the GSH-coated liposomes compared to the 
PEGylated liposomes, showing that the GSH ligand was not important for 
the brain delivery of liposomal DAMGO. The GSH ligand has been reported 
to be essential for an improved brain delivery of other compounds. The 
efficacy of methylprednisolone in GSH-PEGylated liposomal was enhanced 
compared to when formulated into non-targeted liposomes in a mice EAE 
model of neuroinflammation [67]. Also, GSH PEGylated liposomes with 
doxorubicin showed inhibition of brain tumor growth and improved survival 
in mice, compared to control PEG liposomes [52].  
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Since the improved brain uptake was not observed when the empty GSH-
PEGylated liposomes were co-administered together with free DAMGO, the 
mechanism does not seem to involve alteration of the BBB integrity by the 
liposomes as such, i.e. increased passive permeability or inhibition of efflux 
transporters.  

Electrostatic interaction of the liposomes with the endothelial cells of the 
BBB could potentially concentrate DAMGO near the capillary walls, mak-
ing more substance available for uptake into the brain. The GSH-PEGylated 
liposomes and the non-coated PEGylated liposomes are however both re-
ported to have a slightly negatively charge, and are thus less likely to be 
attracted to the negatively charged glycocalyx present on the surface of the 
endothelial cells, which is believed to attract particularly cationic nanocarri-
ers [2, 28, 52]. 

Possible pathways for the improved brain delivery was further evaluated 
through simulations in Paper V. Models of endocytosis and transcytosis, 
describing passage of intact liposomes across the luminal and abluminal 
endothelial cell wall with subsequently release of DAMGO could not ex-
plain the observed data. Instead, a model illustrating fusion of the liposomes 
with the luminal membrane of the endothelial cell and a direct release of free 
DAMGO into the endothelial cell cytosol best described the observed profile 
in brain ISF (Figure 12). 

 

 
Figure 12. Suggested model for liposomal DAMGO (Paper V). a) Model of the 
distribution of liposomal DAMGO including a possible mechanism for the increased 
brain uptake of DAMGO (Paper IV). The model illustrates fusion of the liposomes 
with the endothelial cells of the BBB described with CLfusion, resulting in release of 
DAMGO into the endothelial cytosol. (b) The black lines represent the simulated 
total (free and encapsulated) plasma concentration. The blue lines represent the free 
plasma concentrations and the red lines represent the free brain concentrations. The 
symbols represent the observed total plasma (black squares), free plasma (blue cir-
cles) and free brain (red diamonds) concentrations. Simulation results for three dif-
ferent values of CLfusion (in μL/mL) are shown together with the respective calculat-
ed Kp,uu, describing the ratio of free DAMGO in brain to that in plasma. 
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Simulations with a fusion clearance (CLfusion) of 0.18 μL/min resulted in the 
same brain concentration level as for the experimental data and an increase 
in Kp,uu from 0.07 to 0.27.  

The model should not be considered as a proof of mechanism, but the 
simulations clearly shows that transport of intact liposomes across the BBB 
is not a likely explanation for the improved brain delivery of liposomal 
DAMGO, due to the slowness of the process. The question regarding if 
nanocarriers for drug delivery actually can be transcytosed all the way into 
the brain tissue in quantitative relevant terms is debated in the literature [30, 
171]. Findings of intact liposomes in brain tissue after systemic administra-
tion in vivo are sparse but presented for liposomes using fluorescence imag-
ing in cryosections [101, 103].  

Influence of compound and carrier specific properties on the 
active concentrations in brain 
To evaluate how drugs with different characteristics would gain from a lipo-
somal formulation, simulations based on the developed model in Paper V 
was performed. Brain ISF concentration profiles were simulated for the four 
representative compounds with different passive permeability (Low, High) 
and efflux clearance (No, Efflux). Given a liposomal formulation with a krel 
of 0.0017 min-1 and a CLfusion of 0.02 μL/min, the Kp,uu for the compound 
representing low passive permeability and no efflux (Low-No) would in-
crease 2.2 fold from a Kp,uu of 0.82 to a value of 1.8. The same liposomal 
formulation would not have any effect on a compound representing high 
passive permeability and efflux out of the brain (High-Efflux), (Kp,uu 
changed from 0.091 to 0.092 compared to free drug). A more efficient lipo-
somal formulation with a CLfusion of 0.2 μL/min could increase the Kp,uu 12 
times for the Low-No compound but only 1.1 times for the High-Efflux 
compound. 

The stability of the liposomal formulation will also affect the concentra-
tion-time profile in brain. A lower krel resulted in higher increase of in Kp,uu 
for the simulated compounds. A lower krel will however not necessarily re-
sult in an improved pharmacological effect, since the brain concentrations 
are affected by the lower initial level of released drug in blood as a result of 
the more stable formulation. 
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Conclusions  

In this thesis, a novel approach for studying the brain delivery of a nanocar-
rier formulation in pharmacologically relevant terms was presented. To 
evaluate a drug delivery system quantitatively, it is of great importance to be 
able to separate the released, active compound from the carrier. The use of 
microdialysis in vivo in rats allowed for the characterization and separation 
of the brain distribution of the opioid peptide DAMGO alone and in the lipo-
somal nanocarrier formulation. 

A high quality bioanalytical method was developed for the quantification 
of DAMGO. The LC-MS/MS method was selective and sensitive which was 
essential for measuring intact, pharmacological active DAMGO in small 
sample volumes and at the low concentrations obtained in brain.  

DAMGO was found to have a limited brain uptake/distribution with a 
brain to blood ratio of unbound drug of less than 10 %. The rate of transport 
into and out of the brain could be determined using population modeling 
analysis of in vivo microdialysis data. The clearance of DAMGO into the 
brain was low and a limited permeability of DAMGO was confirmed in Ca-
co-2 cells. The efflux clearance of DAMGO out of the brain was 13 times 
higher than the influx clearance, resulting in drug concentrations in brain 
that were in rapid equilibration with plasma. The transport across the BBB 
was neither inhibited by cyclosporine A or elacridar in the in vitro Caco-2 
assay nor in vivo in rats, indicating that Pgp or Bcrp are not important for the 
brain distribution of this opioid peptide. Moreover, interstitial bulk flow does 
not seem to contribute to the elimination of DAMGO from the brain to any 
significant extent. The presented findings indicate that other transporters 
might be of considerable importance for regulating the pharmacologic effect 
of this class of compounds. 

The central finding in this thesis was that an increase in transport across 
the blood-brain barrier of a compound when formulated in PEGylated lipo-
somes could be identified and quantified. The brain to blood ratio of un-
bound drug was in average 2-3 fold higher compared to when DAMGO was 
administered as the free drug. A significant increase of similar magnitude 
was observed for both conventional PEGylated liposomes and GSH-
conjugated PEGylated liposomes, designed to target receptors at the BBB. 
No difference in the transport across the BBB was however seen when emp-
ty GSH-PEGylated liposomes were administered together with DAMGO. 
This result shows that integrity of the BBB was not affected by the formula-
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tion e.g. through/by inhibition of efflux transporters or increased passive 
permeability, and that DAMGO had to be encapsulated into the liposomes 
for improved brain delivery. 

Further information about possible mechanism of the increased brain up-
take of liposomal DAMGO was governed from modeling and simulation of 
the data. Models describing endocytosis and transcytosis of the liposomes 
across the endothelial cell did not fit the observed data, indicating that the 
liposomes did not pass the BBB in an intact form. Instead, fusion of the lipo-
somes with the luminal membrane of the endothelial cell was a more likely 
mechanism. The presented model is useful to predict the therapeutic poten-
tial of brain delivery dependent on compound and carrier characteristics. It 
was found that low permeability compounds with no efflux would benefit 
the most by a liposomal format, in terms of improved brain delivery. 

In conclusion, the studies presented in this thesis all provide important 
quantitative insights to the nanocarrier field and contribute to an increased 
understanding of how to evaluate and improve brain delivery of CNS active 
drugs. 
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Sammanfattning på svenska 

Sjukdomar som drabbar hjärnan är ett växande problem värden över. Stora 
resurser satsas på att hitta nya effektiva läkemedel mot t.ex. Alzheimers 
sjukdom, hjärntumörer och kronisk smärta. Bland annat försöker man efter-
likna de proteiner och peptider som vi har i kroppen och som man sett är 
involverade i sjukdomsmekanismen. Tyvärr så misslyckas många lovande 
projekt för att läkemedlen inte tar sig in i hjärnan där de ska verka. Detta 
beror till stor del på att hjärnan skyddas av det som kallas blod-
hjärnbarriären.   

Blod-hjärnbarriären utgörs av blodkärlen i hjärnan. De har en annorlunda 
sammansättning än kärlen i övriga kroppen, som gör det svårt för ämnen i 
blodet att ta sig in i hjärnan. T.ex. så sitter cellerna i kärlens väggar extra tätt 
ihop och innehåller så kallade transportörer som kan fånga upp ämnen i 
hjärnan och transportera tillbaka dem till blodet. Andra transportörer kan 
förse hjärnan med t.ex. näringsämnen som den behöver från blodet. På så 
sätt regleras vilka, och hur mycket, av olika ämnen som ska finnas i hjärnan. 
Eftersom många läkemedel uppfattas som främmande och potentiellt skad-
liga av kroppen, hindras de ofta från att ta sig in till sina mål i hjärnan. 
Ibland kan detta vara bra och göra så att vi slipper biverkningar. Ett exempel 
på detta är loperamid (Dimor®), som använd för dess förstoppande egen-
skaper, men egentligen är samma typ av ämne som morfin. Transportörer i 
blod-hjärnbarriären är dock mycket bättre på att hålla ute loperamid än mor-
fin från hjärnan, och vi får därför ingen smärtstillande effekt då vi tar lope-
ramid.  

För att utveckla effektiva och säkra läkemedel är det nödvändigt att förstå 
hur blod-hjärnbarriären fungerar och hur olika ämnen kan passera in i hjär-
nan. Det saknas framför allt fortfarande mycket kunskap för att förstå hur vi 
ska lyckas få in nya typer av peptid- och proteinläkemedel till hjärnan. En 
möjlig lösning för att öka transporten av ett läkemedel till hjärnan är att an-
vända sig av bärarmolekyler i form av nanopartiklar eller liposomer. Lipo-
somer liknar små konstgjorda celler eller mikrobubblor var i man kan kapsla 
in sitt läkemedel. Genom att märka liposomerna med ämnen som man vet 
kan transporteras över blod-hjärnbarriären försöker man åka snåltjuts in i 
hjärnan, i likhet med en Trojansk häst. Många bärarmolekyler har visat lo-
vande resultat i cellmodeller, men ännu finns inte många bevis i djurmo-
deller eller i människa för att man faktiskt kan få en ökad transport in i hjär-
nan genom att använda dessa.  

 55 



I avhandlingen har olika liposomer testats som bärarmolekyl åt substan-
sen DAMGO. DAMGO är en liten peptid som är tillverkad för att likna 
kroppens egna smärtstillande substanser. DAMGO är själv inget läkemedel, 
men används ofta som en referenssubstans i studier för att förstå hur man bör 
designa nya läkemedel mot smärta.  

För att kunna studera om liposomerna kan öka transporten av DAMGO 
över blod-hjärnbarriären, var det viktigt att kunna bestämma nivåerna av 
DAMGO i olika typer av prover. I delstudie I utvecklades därför en analys-
metod där man kunde mäta väldigt låga nivåer av DAMGO i små provvoly-
mer (några få mikroliter). Metoden visade sig vara robust och kunde mäta 
rätt med liten variation mellan gångerna. Den var också mycket specifik, 
vilket var nödvändigt för att säkerhetsställa att bara intakt, aktivt DAMGO 
mättes. 

För att en nanobärare ska kunna förbättra effekten av ett läkemedel, måste 
den förutom att leverera läkemedlet till rätt ställe, även se till att läkemedlet 
verkligen släpps ut från liposomen när den är framme vid målet. Hittills har 
man haft svårt att skilja mellan det läkemedel som är frisatt och det som 
fortfarande är inkapslat i liposomen när man försökt att mäta mängden av 
läkemedlet som tagit sig in i hjärnan. I delstudie II presenteras ett nytt sätt 
att studera en liposomberedning. Genom att använda en teknik vid namn 
mikrodialys kunde nivåerna av frisatt DAMGO följas kontinuerligt över tid i 
råtta. För att se om liposomerna faktiskt ökat transporten över blod-
hjärnbarriären och inte bara ökade exponeringen i hela kroppen, undersöktes 
nivåerna i hjärnan i relation till de i blodet. Liposomerna som studerades i 
detta delarbete var märkta med glutation, en liten molekyl som man har sett 
kan ta sig in till hjärnan med hjälp av specifika transportörer. Studien visade 
att transporten av DAMGO över blod-hjärnbarriären kunde dubbleras med 
hjälp av dessa liposomer.  

I delstudie III undersöktes vad som låg bakom det ökade upptaget av 
DAMGO som man såg i delstudie II. Resultaten visade att glutation, som 
antagits vara viktigt för upptaget över blod-hjärnbarriären för andra substan-
ser i liposomberedningar, inte var nödvändigt för DAMGO. Det var däremot 
viktigt att DAMGO var inkapslat i liposomerna. Tomma liposomer påver-
kade inte upptaget av DAMGO, vilket tyder på att liposomerna inte förstörde 
barriären på något sätt. 

I delstudie IV undersöktes olika möjliga orsaker till att DAMGO har så 
låg penetration till hjärnan. En matematisk modell användes för att kunna 
studera enskilda processer för hur DAMGO transporteras och elimineras i 
kroppen. En tes som kunde uteslutas var att de låga nivåerna av DAMGO i 
hjärnan skulle bero på elimination till ryggmärgsvätskan. Det gick även att 
påvisa att de två mest välkända transportörerna inte var delaktiga i transpor-
ten av DAMGO från hjärnan. Detta testades både i celler och i råtta genom 
att ge ämnen som hämmar effekten av transportörerna tillsammans med 
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DAMGO. Resultaten från delstudien tyder istället på att det kan finnas fler, 
okända transportörer som bör tas under beaktan vid läkemedelsutveckling.  

I delstudie V användes matematiska modeller för att försöka förstå mer 
om mekanismen för hur liposomerna kunde öka upptaget av DAMGO in i 
hjärnan. Genom att simulera hur nivåerna av DAMGO i hjärnan skulle se ut 
beroende på olika tänkbara transportvägar över blod-hjärnbarriären och se-
dan jämföra med hur det faktiskt såg ut i experimenten i delstudie II, kunde 
man se vilken av de föreslagna mekanismerna som verkade mest rimlig. 
Resultaten visade att liposomerna troligen inte tog sig över cellerna i blod-
hjärnbarriären i intakt form. Istället kunde de observerade nivåerna i hjärnan 
förklaras av att liposomerna smälter ihop med cellmembranet på väg in i 
hjärnan och att innehållet (DAMGO) frisätts direkt in i cellerna i blodkärlens 
väggar. Modellen användes också för att med hjälp av simuleringar visa hur 
olika egenskaper hos liposomerna påverkar resultatet av hur mycket upptaget 
i hjärnan kan förbättras och vilka typer av läkemedelsmolekyler som har 
störst nytta av dessa nanobärare.  

Sammantaget har studierna som presenteras i denna avhandling bidragit 
till ökade insikter för hur vi kan utvärdera nya nanobärare för ökad distribut-
ion till hjärnan och på så sätt förhoppningsvis kunna främja utvecklingen av 
nya effektiva läkemedel. 
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