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Introduction 

The blood-brain barrier 
Tight junction proteins 
The blood-brain barrier (BBB) is formed by endothelial cells, tightly con-
nected by tight junction proteins (Fig 1). The function of the BBB is to main-
tain homeostasis within the brain, to protect the brain from substances that 
might be harmful to brain tissue and to provide the brain with important 
nutrients. The tight junction proteins, which include occludins, claudins, 
zonula occludens-1 (ZO-1) and junction adhesion molecules (JAM), have 
different locations and functions. The occludins, claudins and JAM are 
transmembrane proteins that connect the endothelial cells with each other [1-
3] while ZO-1, an intracellular protein which links the transmembrane junc-
tions with the cytoskeleton, has a more stabilizing function, thereby contrib-
uting to the BBB [4]. Both occludins and claudins form oligomers, which are 
believed to be important for maintenance of the BBB [3]. The tight junction 
restricts paracellular transport across the BBB, mainly affecting passive 
transport of hydrophilic compounds. 

Occludin/claudins 

Tight
Junction
proteins

Blood

Brain

P-gpBcrp

Oat3 Glut-1

Glut-1

Mrp4

InfluxEfflux
Passive
diffusion

Mrp4Mrp2 Mrp5Mrp1

JAM 

ZO 

 
Fig 1. The blood-brain barrier, formed by endothelial cells connected by tight junc-
tion proteins. Active transporters, which are present on both the luminal (blood) and 
abluminal (brain) sides, can transport molecules in both directions. 
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Active transport 
In addition to the low permeability due to tight junction proteins, access to 
the brain of endogenous and exogenous compounds is also restricted by the 
presence of active transporters in the BBB. The active transporters utilize 
adenosine triphosphate (ATP) as an energy source and can pump substrates 
against a concentration gradient. These transporters are located on both the 
luminal (facing the blood) and abluminal (facing the brain) sides of the BBB, 
and the direction of transport depends on the substrate. Because energy is 
required in the brain for survival, there is also a need for influx transporters. 
For example, Glut-1 is a glucose transporter that is expressed on both sides 
of the BBB (Fig 1). In addition, brain waste products must be effluxed from 
the brain, and since these metabolites tend to be hydrophilic and are there-
fore not transported passively, there is a need for efflux transporters on both 
sides of the BBB. Active transporters in the BBB restrict transcellular trans-
port, and affect both hydrophilic and lipophilic compounds. 

Abc and Slc transporters 
The most studied drug transporters belong to the ATP-binding cassette (Abc) 
transporter family and the solute carrier (Slc) family. 

The Abc transporters are expressed in tissues such as the intestines, the 
BBB, the liver and the kidneys and thus affect the absorption, distribution 
and metabolism of many compounds. The most studied Abc transporters are 
P-glycoprotein (P-gp, Abcb1), breast cancer resistance protein (Bcrp, 
Abcg2) and the multidrug resistance proteins (Mrp, Abcc). These were all 
originally found in cancer cell lines which demonstrated resistance to several 
anticancer drugs, causing multidrug resistance. Both P-gp and Bcrp are ex-
pressed on the luminal side of the BBB [5-8], and act as gate keepers or in-
flux controllers in drug transport (Fig 1). A number of structurally different 
compounds are effluxed by P-gp or Bcrp [9]. The Mrp are expressed on both 
the luminal (Mrp1, 2, 4 and 5) and abluminal (Mrp4) sides of the BBB [10, 
11] (Fig 1). 

The Slc transporters are also expressed on both the luminal and abluminal 
sides of the BBB [12, 13]. In contrast, organic anion transporter 3 (Oat3, 
slc22a8) is expressed only on the abluminal side of the brain, and thus di-
rectly affects the concentration of the compound within the brain [14]. Oat3 
is believed to be an efflux transporter for both endogenous and exogenous 
compounds [14-17] and possibly affects the distribution of these substrates 
in the brain. 

Methods of studying active transport 
The use of knock-out animal models is an elegant way of studying the effect 
of different active transporters. Nowadays, there are several mice strains in 
which the expression of one or more transporters has been deleted [18]. 
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However, there are indications that the expression of other transporters 
might be up-regulated in some of these animals [18-20], possibly as a com-
pensatory mechanism for the loss of a transport function. Another way of 
studying the effect of active transport involves the use of different blockers. 
However, the pharmacokinetics (PK) and pharmacodynamics (PD) of the 
blocker must be taken into account when designing and performing studies, 
so that the concentration of the blocker is kept high enough for a sufficient 
period of time to inhibit the transporter. In addition, many blockers have 
inhibitory properties for several transporters, which might also be the case 
for the studied substrate. Thus, the contribution from a specific transporter 
might be masked if the compound has specificity also for other transporters. 

Development of the BBB 
The period during which the brain grows very rapidly is often referred to as 
the brain growth spurt. Species can be defined by the period when this oc-
curs, for example prenatal (as in the monkey or sheep), perinatal (as in hu-
mans) or postnatal (as in the rat and rabbit) (Fig 2) [21]. Figures like this are 
valuable for categorizing animals and also provide a visual picture of when 
and how the brain grows in relation to birth. As demonstrated in Figure 2, 
the rat brain grows at a high rate around postnatal Day 7. In addition, cere-
bral energy metabolism is high on postnatal Days 11 - 14 [22]. Thus, it 
seems likely that changes in the BBB might be occurring during this same 
period. A postnatal animal model (such as the rat, mouse or rabbit) is most 
convenient for studying development and covering the brain growth spurt 
period. 

The development of tight junctions and/or active efflux transporters re-
sults in reduced brain permeability. The effect of the development of tight 
junctions has been studied using various lipid-insoluble compounds and has 
been measured as the brain-to-plasma ratio (Kp) of the total concentrations 
of the compounds at different ages. A decrease in the Kp was observed in the 
rat for inulin (from 0.39 to 0.019) and sucrose (from 0.52 to 0.07) between 4 
days prenatal to adult [23]. Also the Kp for urea decreased to one forth from 
gestation day 21 to adulthood in the rat [24]. The Kp for horse radish peroxi-
dase decreased to one tenth from gestation day 15 to 6 weeks old mice [25]. 
Studies performed in sheep, rabbits and opossums show the same pattern 
[26-30]. No publications involving the in vivo distribution of substrates for 
active transporters are available in the literature. 
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Fig 2. The brain growth spurt periods, expressed as weight gain as a percentage of 
adult weight, for 7 mammalian species. The unit of time for each species is guinea 
pig: days, rhesus monkey: 4 days, sheep: 5 days, pig: weeks, man: months, rabbit: 2 
days, rat: days. Picture from [21], re-printed with permission from Elsevier. 

Drug transport during development 
Morphine is a clinical example of a drug where younger patients receive a 
lower dose than older patients. It is used in neonatal intensive care for anal-
gesia and sedation. Morphine has affinity for the μ-receptor in the central 
nervous system (CNS), and must enter the brain to be able to exert its effect. 
It is known to be a weak substrate for P-gp [31-34] and probenecid-sensitive 
transporters [35], and is actively effluxed from the brain in rats [36], mice 
[33], pigs [37] and humans with brain trauma [38]. Animal data supports that 
BBB transport of morphine is changing with age, with Kp decreasing from 
approximately 0.4 to 0.14 at postnatal day 5 to 30 in the rat [39]. Age-related 
differences in the PK of morphine have been demonstrated also in humans. 
For example, the clearance (CL) of morphine is lower in newborn humans 
and infants compared to adults [40, 41]. The recommended dose given to 
premature children in Lund University Hospital, Sweden, is 25 μg/kg 
whereas a dose of 10 mg is administered to adults (approximately 143 μg/kg 
for a 70 kg human). Whether this is due to development of tight junctions 
and/or active transporters or to a change in PK/PD with age can only be 
speculated. 
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Methods of studying brain drug distribution and BBB 
development 
The development of the BBB and the possible effects of this barrier on drug 
distribution can be studied at different levels (Fig 3). All proteins and en-
zymes are coded by genes, which consist of deoxyribonucleic acid (DNA) 
located in the chromosomes. After transcription of double-stranded DNA, a 
single-stranded messenger ribonucleic acid (mRNA) molecule is formed; 
this is used as a template for protein synthesis (translation). The protein is 
then transported to its site of action. The mRNA levels can be quantified 
using in vitro methods such as microarray analysis, in situ hybridization or 
real-time polymerase chain reaction (PCR). The protein expression levels 
can be studied using, for example, the western blot (total protein concentra-
tion) technique or immunohistochemistry (location of the protein). Finally, 
the in vivo function of a transporter protein can be studied using various 
brain-to-blood measurements, including microdialysis. 

translationtranscription

AAAAAA 

Microarray
RT-PCR
In situ hybridization 

Immunohistochemistry
Western blot

Brain-to-blood 
measurement

gene mRNA protein functionlocalization

 
Fig 3. The chain of transcription and translation of genes to a functional protein and 
transport to its site of action. 

BBB distribution 
Kp can be used to estimate the distribution of a drug in the brain, thus provid-
ing a measurement of how the drug is distributed across the BBB. Kp is cal-
culated by: 

plasma

brain
p C

CK =      (1) 

where Cbrain is the concentration of the drug in whole brain homogenate and 
Cplasma is the total plasma concentration of the drug. It is preferable to meas-
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ure Kp under steady-state conditions to account for a possible slow distribu-
tion across the BBB. Since it is the concentration of unbound drug in plasma 
that is the driving force in the concentration gradient across the BBB, correc-
tion for protein binding in the plasma gives more accurate information re-
garding BBB distribution. The ratio of the concentration of unbound drug in 
the plasma to that of total drug in the brain (Kp,u) is calculated by: 

fu
K

fuC
C

C
CK p

plasma

brain

plasma u,

brain
u p, =

×
==    (2) 

where Cu,plasma is the plasma concentration of unbound drug, which is calcu-
lated from the fraction of unbound drug (fu) and Cplasma. It is also necessary 
to know the concentration of unbound drug in the interstitial fluid (ISF) to 
estimate the net transport across the BBB [42]. The ratio of the concentration 
of unbound drug in the ISF to that of unbound drug in the blood (Kp,uu) is 
calculated by: 

blood u,

ISF u,

blood u,

brain u,
uu p, AUC

AUC
C
C

K ==    (3) 

where Cu,brain and Cu,blood are the unbound concentrations in brain ISF and 
blood at steady state, respectively. AUCu,ISF and AUCu,blood are the area under 
the unbound drug concentration/time curves in ISF and blood, respectively, 
and are calculated by the trapezoidal method with extrapolation to infinity. A 
Kp,uu of less than unity (one) indicates net efflux across the BBB, and a value 
of more than unity indicates net influx across the barrier. For substances that 
move by passive transport only, or where the efflux and influx are similar, a 
Kp,uu of unity is obtained. 

Microdialysis and recovery 
Microdialysis can be used to study unbound drug transport processes across 
the BBB, since Kp does not take plasma protein and tissue binding into ac-
count. A semi-permeable membrane in a probe inserted in the tissue (such as 
brain or blood) allows the unbound drug in the tissue to equilibrate with the 
perfusion fluid moving through the probe (Fig 4). 
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Dialysate
containing
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calibrator (  )

Dialysate Perfusate
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Perfusate
containing
Calibrator (  )

 
Fig 4. A microdialysis probe, where exchange of the unbound substance occurs 
across the semi-permeable membrane. Picture re-drawn from [43]. 

The dialysate is collected at intervals and is analysed to obtain the drug con-
centration as a function of time and to calculate the PK parameters. The 
benefit of using microdialysis is that no further sample treatment is required 
and rich data can be obtained from only a few animals. However, extensive 
surgery is required for implantation of the probe into the brain. In addition, a 
highly sensitive analytical method is required, as the collected dialysate vol-
umes and the compound concentrations are generally low. 

As the perfusion fluid is moving through the microdialysis probe, the per-
fusate does not fully equilibrate with the tissue concentration. Thus, only a 
fraction of the tissue concentration, the recovery, is obtained in the dialysate. 
The dialysate concentration must be corrected for the recovery to obtain the 
correct unbound tissue concentration. It is crucial to obtain the in vivo recov-
ery accurately when performing microdialysis for quantitative measurement 
of drug concentrations in tissues. The recovery is affected by factors such as 
the probe membrane length, the extent of binding (e.g. protein binding in 
plasma), the movement properties of the drug in the tissue, and the perfusate 
flow rate [44, 45]. Estimation of the recovery can be achieved using retrodi-
alysis by drug, retrodialysis by calibrator, or the no-net-flux or dynamic no-
net-flux methods [45-49]. The method of retrodialysis by drug estimates the 
recovery before the experiment. The drug is present in the perfusion fluid 
and the loss from the perfusate during the recovery period is assumed to be 
the same as the gain from the tissue during the actual experiment [47]. The 
advantage of this method is that the same study compound is used during the 
whole experiment. However, a wash-out period is needed between recovery 
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estimation period and the experiment and this can be time consuming. When 
the recovery is estimated by using a calibrator, the physico-chemical proper-
ties of the calibrator must be similar to those of the drug studied, so that the 
behaviour of the study drug is mimicked [50]. As the calibrator is present in 
the perfusate, no additional time before the experiment is needed, and possi-
ble changes in the recovery during the experiment can be detected. The no-
net flux or dynamic no-net flux methods use no assumption of gain and loss 
[46, 48]. However these methods are animal-consuming and the recovery is 
neither individual- nor probe-specific. 

Intra-brain distribution 
The intra-brain distribution of unbound drug (Vu,brain) is a measurement of 
how the drug is distributed within the brain, and does not account for any 
active processes that might occur in the BBB. Since the ISF volume is ap-
proximately 20% of the brain tissue volume [51], the lowest possible value 
for Vu,brain is 0.2 mL/g brain. Vu,brain is calculated by: 

brain u,

brain
brain u, C

AV =     (4) 

where Abrain is the amount of drug present in the brain tissue (ng/g brain). 
Abrain is calculated by: 

bloodbrainbrainbrain CVCA ×−=    (5) 

or: 
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where Vbrain is the vascular volume in the brain sample and Cblood is the blood 
concentration. Vwater, Vprotein and Ver are the volumes occupied by water, pro-
tein and erythrocytes in the brain capillaries, respectively. Cb,plasma is the 
plasma concentration of bound drug and Cer is the concentration of drug in 
the erythrocytes, calculated by: 
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where Hct is the hematocrit. For a drug with high intra-brain distribution, Eq 
5 or 6 can be used for calculation of Abrain. However, for a drug with low 
intra-brain distribution, Eq 6 must be used, as this model corrects for drug 
present in the various brain vascular spaces, such as plasma water, bound to 
proteins or bound to erythrocytes [52]. The content of protein and erythro-
cytes differs between the capillaries and the other blood vessels [53-55]. 

Microarray 
The microarray technique is a screening method in which the mRNA expres-
sion levels of a large number of genes, often representing whole genomes, 
are compared between samples. Fluorescent dye-labeled complementary 
DNA (cDNA) is hybridized to synthesized short nucleotide sequences (oli-
gonucleotides) immobilized on a solid surface (a matrix plate). The fluores-
cent cDNA probe used for hybridization is synthesized using mRNA isolated 
from the tissues of interest as a template. The fluorescence emitted from 
each hybridized oligonucleotide spot (representing one gene) is then meas-
ured. The microarray technique generates a huge amount of data, which of-
ten has to be normalized between and within each array before the relative 
expression levels of the genes can be calculated. 

Two different probe strategy systems (one- or two-channel microarrays, 
which use one or two dyes for probe labeling) are available for performing 
array studies. In a one-channel system, the plate is hybridized with cDNA 
labeled with one dye. The differences in the intensity of the fluorescence 
signals between arrays indicate differentially expressed genes. In a two-
channel system, two samples are labeled with different dyes and hybridized 
on the same plate. In the analysis, the relative difference between the fluo-
rescent dyes indicates differentially expressed genes. 

Real-time PCR 
The double-stranded DNA molecule consists of two strains, sense and anti-
sense. During the PCR amplification, the two strains are denatured (sepa-
rated), and sequence-specific primers attached (annealed) to each strain. 
During extension, the TaqPolymerase enzyme synthesizes the complemen-
tary strains, starting from the primer sites. The TaqPolymerase is thermo 
stable and intact during the multiple cycles of denaturing, annealing and 
extension necessary to amplify the product. The TaqPolymerase enzyme 
cannot use RNA as a template. Thus, when studying mRNA, a reverse tran-
scription step is necessary using another specific enzyme for synthesis of 
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cDNA. Sequence-specific probes (e.g. TaqMan® probes) can be used to 
measure the amplified product in real-time. This type of probe contains a 
fluorescent dye and a quencher and is attached to a specific nucleotide se-
quence between the two primers (within the amplified product). The 
quencher prevents fluorescence in the intact probe, but as TaqPolymerase 
synthesizes the complementary strain, the probe is cleaved and the quencher 
is separated from the dye, resulting in a fluorescent signal. The increase in 
the intensity of the fluorescence in each cycle therefore reflects the increase 
in the amounts of the final product, measured in real time. Real-time PCR is 
sensitive and sequence-specific, and has a large dynamic range. As the prod-
uct is doubled in each cycle, exponential growth is observed when measur-
ing the fluorescent signal. Different samples can be compared for the amount 
of mRNA start material, depending on the cycle in which they reach a spe-
cific threshold value (fluorescent intensity). In addition, a housekeeping gene 
(an internal control) is used for correction of the amount of start template 
material, as this can differ for each real-time PCR run. Several housekeeping 
genes are available (such as 18S, �-actin, glyceraldehyde-3-phosphate dehy-
drogenase, �2-microglobulin) and it is important that expression of the 
housekeeping gene is stable, since all mRNA expression will be normalized 
to this. 
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Aims of the thesis 

The general aim of the thesis was to investigate how development of the 
BBB affects drug distribution across the BBB. 

The specific aims of the thesis were; 
 

• To develop and validate a method of analysis for morphine, 
morphine-3-glucuronide (M3G) and morphine-6-glucuronide 
(M6G) in microdialysis and plasma samples using LC-
MS/MS 

 
• To investigate deuterated morphine as a calibrator in mi-

crodialysis studies 
 
• To study and quantify the BBB transport of morphine and 

M3G during development utilizing a sheep model 
 

• To compare the gene expression of active transporters and 
tight junction proteins at different postnatal ages in the rat 
using different in vitro techniques 

 
• To study the contribution of Bcrp in drug transport across the 

BBB of rats during development as well as in adult rats and 
mice 
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Materials and Methods 

Animals 
Rats and mice were acclimatized for 7 days at 22°C during a 12-hour 

light-dark cycle with free access to food and water. Ethical approvals were 
obtained from the Animal Ethics Committee, Tierp District Court, Tierp, 
Sweden (Papers II, IV and V) and from the Ethical Committee for Labora-
tory Animal Experiments at the Medical Faculty of Lund University (Paper 
III). 

Sprague Dawley rats were obtained from Møllegaard, Denmark, for Pa-
per II, (ethical approval C247/1). Premature lambs aged 127 gestational days 
and 5-year-old (adult) female sheep (both of mixed breed) were used for 
Paper III (ethical approval M 223-02 and M 136-06). Adult male and preg-
nant female Sprague Dawley rats were obtained from B&K, Sollentuna, 
Sweden, for Paper IV (ethical approval C254/2). Similarly, adult male and 
pregnant female Sprague Dawley rats and control mice of NMRI genetic 
background were obtained from B&K, Sollentuna, Sweden, for Paper V. 
Bcrp-/- and wild-type control mice of FVB genetic background were obtained 
from Taconic Farms Inc., Germantown, NY, USA (ethical approval C177/4, 
C2/8, C143/5, C205/8 and C21/9). 

Animal surgery 
In Papers II and V, adult rats were anaesthetized with isoflurane (Isofluran 
Baxter®, Baxter Medical, Kista, Sweden). A PE-50 cannula was inserted into 
the left femoral vein for drug administration and the left jugular vein for 
administration of the inhibitor (Paper V). Another PE-50 cannula was in-
serted into the femoral artery for blood sampling. The rat was placed in a 
stereotaxic instrument (David Kopf instruments, Tujunga, USA), and a mid-
line incision was made to expose the skull. A hole was drilled 2.7 mm lateral 
and 0.8 mm anterior to the bregma, and 3.8 mm ventral to the surface of the 
brain. The brain probe (CMA/12, 4 mm, CMA microdialysis, Stockholm, 
Sweden) was gently implanted into the striatum and fixed to the skull with a 
screw and dental cement (Dentalon® Plus, Heraeus, Hanau, Germany). The 
blood microdialysis probe (CMA/20, 10 mm) was inserted into the right 
jugular vein. After surgery, the rats were placed in a CMA/120 system for 
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freely moving animals with free access to water and food, and the microdi-
alysis experiments took place approximately 24 hours later. 

In Paper III, premature lamb of 127 gestation days were used (term is 142 
days). The pregnant ewes were intubated after induction of anaesthesia with 
ketamin and thiopental i.v. Caesarean section was performed during isoflu-
rane anaesthesia supplemented with remifentanil infusion, and the lambs 
were prepared as follows in utero. Catheters were placed in the axillary ar-
tery and the jugular vein for baseline blood sampling. Two brain probes 
(CMA/70, 10 mm) were inserted into the superficial brain tissue (mainly 
cortex) and deep into the striatum. In the group used to investigate the ef-
fects of asphyxia, the umbilical cord of the in utero foetus was ligated. The 
foetuses were delivered, weighed, sedated and connected to a pressure regu-
lated ventilator (Servo 900 C, Siemens-Elema, Solna, Sweden). After deliv-
ery of the lambs, anaesthesia and analgesia were obtained with an initial 
intravenous bolus dose of 10 μg of fentanyl followed by continuous intrave-
nous infusion of fentanyl at 10 μg/kg/h. 

The adult sheep in Paper III were anaesthetized with ketamin and thio-
pental. Endotracheal intubation was performed and the animals were venti-
lated using a Servo 900C. Anaesthesia was maintained by intravenous infu-
sion of fentanyl and thiopental with dose adjustment when necessary. Mi-
crodialysis probes (CMA/70, 10 mm) were inserted into the left and right 
frontal superficial brain tissues and into the jugular vein. Catheters were 
placed in an artery in the ear or in a front leg artery for blood sampling and 
measurement of blood pressure and heart rate. 

Experimental procedure 
Study design 
In Paper II, microdialysis probes were implanted in the rats and perfused at 
a flow rate of 0.5 μL/min by a CMA/100 microinjection pump. The perfu-
sion fluid consisted of a Ringer solution (147 mM NaCl, 2.7 mM KCl, 1.2 
mM CaCl2 and 0.85 mM MgCl2) containing D3-morphine (Lipomed, Ar-
leshem, Switzerland) at a concentration of 50 ng/mL. The microdialysis ex-
periment started with a stabilization period of three hours (Fig 5). After this, 
the rats received an exponential intravenous infusion of morphine over a 
four-hour period. A Harvard 22 Syringe infusion Pump (Harvard Apparatus 
Inc., Holliston, USA), controlled by STANPUMP computer-controlled infu-
sion software [56], was utilized for the infusion. The pharmacokinetic pa-
rameters used by the software to calculate the infusion rate were obtained 
from Ekblom et al. [57]. Microdialysis samples were collected at intervals of 
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20 minutes during the stabilization period and 30 minutes during the infusion 
period. 

Time
-10     0       60       120       180       240       300       360       420 (min) 

Deuterated calibrator

Start of 
calibrator 
perfusion

Start of drug
infusion

Exponential morphine infusion

Infusion periodStabilization period

 
Fig 5. Experimental set-up in Paper II. 

In Paper III, the microdialysis probes were implanted in the premature lamb 
and sheep and perfused at a flow rate of 1 μL/min with Ringer solution con-
taining D3-morphine, D3-M3G and D3-M6G (Lipomed, Arleshem, Switzer-
land) at a concentration of 50 ng/mL for continuous estimation of drug re-
covery. The animals were administered 1 mg/kg morphine as a 10 min con-
stant intravenous infusion using a Teufusion Syringe pump (Terumo STC-
521, Terumo Inc., Tokyo, Japan) at least 90 minutes after probe insertion. 
Dialysate samples were collected every 5 min for 30 min and then every 10 
min throughout the study. Arterial blood samples were collected at prede-
fined time points. The lambs were studied over a period of four hours and 
the adult sheep over six hours. 

In Paper V, rats of postnatal Days 1, 4, and 11 and adult rats were anaesthe-
tized and a syringe was inserted into the tail vein for drug administration. 
Nitrofurantoin (NTF) was administered as a constant infusion at 1.45 
mg/kg/h for 90 min. At 90 min, one blood sample was drawn by heart punc-
ture, the animal was decapitated and the brain was collected. 

The microdialysis probes were perfused at 1.5 μL/min for one hour with 
Ringer solution to stabilize the system. In the first microdialysis study, 20 
rats were administered 1.45 mg/kg/h NTF as a 2-hour constant infusion. The 
rats were randomized to vehicle (triethylene glycol), co-administration of 
PSC833 (blocker for P-gp and Bcrp, 10 mg/kg) or co-administration of pro-
benecid [blocker for Oat, organic anion transporting polypeptides (Oatp) and 
Mrp, 145 mg/kg]. During the infusion, microdialysis samples were collected 
every 10 minutes for the first 60 minutes and then every 20 minutes until the 
end of the experiment. Blood samples were drawn at predefined time points. 
After two hours, one group of the animals was killed for analysis of whole 
brain NTF concentration, while the other group was monitored for another 



 25

1.5 hours after the end of the infusion. NTF was rapidly degraded in brain 
homogenate at room temperature and, to obtain whole brain concentrations, 
another 5 rats were studied using the same infusion rate for 90 min. To in-
vestigate if the insertion of a microdialysis probe affected the BBB integrity, 
the Kp of NTF was measured at steady state in two different brain areas; a 
7×7×10 mm brain area surrounding the probe and the corresponding area 
from the contra-lateral side of the brain. 

To study the contribution of Bcrp in the BBB, the Bcrp-specific blocker 
Ko143 (5 mg/kg) or vehicle (triethylene glycol) were administered subcuta-
neously to Bcrp-/- and wild-type control FVB mice. After 30 min, a dose of 2 
mg/kg NTF was administered subcutaneously. After another 30 min, the 
mice were anaesthetized, blood samples were drawn and the brains were 
collected. Stable plasma concentrations of NTF and Ko143 were obtained 
during the study period and equilibration across the BBB was fast (data not 
shown), which enabled the subcutaneous administration of the drug and the 
blocker. Ko143 has no inhibitory effect on P-gp or Mrp 1 - 5 [58]. 

To investigate the possible synergistic effect of transporters in the BBB, 
the Kp of NTF in control NMRI mice, with or without co-administration of 
blockers for P-gp (PSC833) and Bcrp (Ko143), was measured. PSC833 (10 
mg/kg) and Ko143 (5 mg/kg) were administered subcutaneously. After 30 
min, a subcutaneous dose of 2 mg/kg NTF was administered subcutaneously. 
After another 30 min, the mice were anaesthetized, and blood and brain 
samples were collected for analysis of NTF as described above. 

Microdialysis recovery estimation 
The blood and brain microdialysis probes were calibrated according to the 
method of retrodialysis by drug [47]. In the perfusion fluid, D3-morphine 
(Papers II and III) and D3-M3G (Paper III) were present for continuous 
estimation of the recovery. In Paper V, a perfusion solution containing NTF 
was followed by a wash-out period before systemic administration of NTF. 
The in vivo recovery was estimated by: 

in

outin

C
CCRecovery −=in vivo     (8) 

where Cin and Cout were the average concentrations in the microdialysis per-
fusate and dialysate, respectively. 

Protein binding 
In Paper V, equilibrium dialysis was used to estimate the protein binding of 
NTF. Blank rat plasma from postnatal Day 1 (n = 3), Day 4 (n = 1), Day 11 
(n = 1) and adult rats (n = 3) was spiked with NTF to a concentration of 100 
- 400 ng/mL. A semi-permeable membrane (Spectra/Por®, molecular weight 
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cut off: 12 - 14 Da) was used for the dialysis. The plasma was adjusted to 
physiological pH (7.4), and 500 μL was equilibrated with a 10 mM phos-
phate buffer (pH 7.4) at 37°C with constant stirring (20 rpm). Plasma and 
buffer samples were collected at 5 hours and were analysed for the total and 
unbound NTF concentrations, respectively. The fu of NTF was calculated 
from the ratio of the concentration of unbound NTF to that of total concen-
tration of NTF. 

Blood-to-plasma concentration ratio 
In Paper V, the blood-to-concentration ratio (Cblood/Cplasma) of NTF was esti-
mated in vitro. Heparinised whole blood was spiked with NTF at three dif-
ferent concentrations. After gentle mixing for 5 min, samples of whole blood 
(Cblood) were drawn. Cplasma were obtained after centrifugation of the blood 
sample. 

Brain capillary-rich fractions 
In Paper IV, the rat was anaesthetized using isoflurane and decapitated. The 
cortex was collected, dissected and homogenized with 2.7 mL phosphate 
buffered saline (PBS) using a Heidolf 2020 homogenizer (Heidolf Instru-
ments, Cinnaminson, NJ, USA). To the homogenate, a 3.0 mL solution of 
32% dextran in PBS was added and mixed. The homogenate was centrifuged 
at 4500 g for 10 minutes at 4°C using a Jouan MR 18.22 centrifuge (Jouan, 
Inc., Winchester, VA, USA). The supernatant was decanted and the fatty 
layer on the surface was wiped off. The pellet was suspended in PBS and 
centrifuged at 230 g for 5 min at 4°C. This PBS wash step was repeated 
once. The pellet was then either resuspended in RNAlater or directly in RLT 
lysis buffer (Qiagen, VWR International, Stockholm, Sweden) for prepara-
tion of the total RNA. RNAlater buffer stabilizes RNA and enables storage 
of the samples. When samples containing RNA are dissolved in RTLbuffer, 
it is essential to continue the preparation immediately. 

Preparation of total RNA 
The total RNA was prepared using the RNeasy kit for fibrous tissues with 

an additional on-column DNase treatment (Qiagen) according to the manu-
facturer’s protocol. Briefly, the fractions in RNAlater were transferred to a 
new tube and disrupted with lysis buffer (buffer RLT supplemented with �-
mercaptoethanol). After this initial step for samples stored in RNA-later, all 
samples were treated in the same way. Isolation of total RNA from tissue 
lysates requires a homogenisation step to reduce viscosity caused by chro-
mosomal DNA. The chromosomal DNA was sheared using a QIAshredder 
Spin Column (Qiagen) and then with a Heidolf DIAX 900 tissue homoge-
nizer equipped with a 6G tool (Heidolf Instruments, Cinnaminson, NJ). After 
digestion of proteins, the solution were applied to a RNeasy spin column and 
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washed. The RNA was then eluted in RNase-free water and the concentra-
tions were determined using a nanodrop ND-1000 spectrophotometer 
(NanoDrop Technologies, Rockland, DE, USA). The RNA sample quality 
was assessed using gel electrophoresis and real-time PCR with TaqMan Re-
verse Transcription Reagents (Qiagen). 

Microarray 
cRNA probe preparations, microarray hybridizations and data analysis 
Twelve CodeLink™ Rat Whole Genome Bioarrays (Amersham Biosciences 
AB, GE Healthcare), from two batches of six arrays each, were used for 
gene expression analysis. The microarray experiments were performed with 
three cRNA probes representing separate developmental ages: postnatal Day 
1, Day 11 and adult. Four arrays were hybridized with each probe. One tech-
nical replicate was performed on postnatal Day 11. The microarrays con-
sisted of ~34 000 30-mer oligonucleotide probes (spots) of which almost 30 
000 probes represented discovery genes. The arrays were hybridized with 
biotin-11-UTP labeled cRNA and were stained with fluorescent Cy5-
Streptavidin, attaching to the biotin molecule in the probe, prior to scanning 
and computer-assisted analysis. Scanning of microarrays was carried out on 
a GenePix 4000B scanner (Axon Instruments) with a pixel size resolution of 
5 μm. The resulting images were quantified using the CodeLink Expression 
Analysis v4.0 software. 

Real-time PCR 
Quantitative real-time PCR analysis was performed using an ABI PRISM 
7000 (Applied Biosystem, Foster City, CA, USA). The relative mRNA ex-
pression levels of Abcg2 (Bcrp), Slc22a8 (Oat3), Abcb1a (P-gp) and the 
tight junction protein occludin were analysed with real-time PCR using 
TaqMan assay-on-demand products. The housekeeping gene 18S was used 
as an internal control and is believed to be stable during development [59, 
60]. The TaqMan® generated raw data were analysed using ABI Prism 7000 
SDS Software 1.1.  

Chemical analysis 
All samples were analysed using liquid chromatography (LC) followed by 
detection with a tandem mass spectrometer (MS/MS) using electrospray 
ionization. The system consisted of two pumps (Shimadzu LC-10AD, Shi-
madzu Kyoto, Japan), a Triathlon autosampler (Spark Holland, Emmen, The 
Netherlands) or an SIL-HTc autosampler (Shimadzu, Kyoto, Japan) and a 
triple quadropole mass spectrometer detector (Quattro Ultima, Micromass, 
UK). The mass spectrometer settings are presented in Table 1. 
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Table 1. Mass spectrometer settings for the analytes. 

Parameters Morphine M3G NTF Ko143 

Detector ion mode Positive Positive negative positive 
Source temp (C°) 130 130 130 130 
Desolvation temp (C°) 400 400 450 300 
Cone gas (N2) flow L/h 280 280 200 200 
Collision gas (N2) flow (L/h) 1180 1180 900 900 
Collision gas pressure (Torr) 3×10-3 3×10-3 3×10-3 3×10-3 
Capillary voltage (kV) 3.0 3.0 1.2 3.5 
Cone voltage (V) 75 75 30 20 
Collision energy (eV) 60 30 12 11 
Transition (m/z) 286.0 � 152.0 462.1 � 286 236.7 � 151.8 470 � 414.2 

A column switch system was used to remove salts from the samples of mor-
phine and its metabolites. A HyPurity C-18 3 mm column (Chrom Tech, 
Hägersten, Sweden) was used for purification and a ZIC HILIC 50 x 4.6 mm 
column (SeQuant AB, Umeå, Sweden) was used for the analytical separa-
tion. The mobile phase consisted of 70% acetonitrile (ACN) in 5 mM am-
monium acetate (AmAc) and 0.05% trifluoro acetic acid (TFA) was used for 
purification. 

For NTF microdialysis and plasma samples, the mobile phase consisted of 
25% ACN in 10 mM AmAc buffer (pH 5.0). For brain samples a gradient 
method was used with 10% ACN in 10 mM AmAc buffer (pH 5.0) (pump 
A) and 80% ACN in 10 mM AmAc buffer (pH 5.0) (pump B). 

For the determination of Ko143 in plasma, the mobile phase consisted of 
75% methanol in 5 mM AmAc. For the separation, a 50×4.6 mm HyPyrity 
C18 3 μm column was used. 

Sample treatment 
Microdialysis samples were thawed, mixed, centrifuged and injected directly 
onto the analytical system in volumes of 5 μL for morphine (Papers I - III) 
and 10 μL for NTF (Paper V). 

For plasma samples containing morphine and M3G, a volume of 100 μL was 
precipitated with 200 μL ACN containing D3-morphine and D3-M3G as 
internal standards. After vortexing and centrifugation, 50 μL of the super-
natant was evaporated and the residue was dissolved in 200 μL 0.02 - 0.05% 
TFA. The plasma sample injection volume was 10 μL. 

For plasma samples containing NTF, a volume of 50 μL was precipitated 
with 150 μL cold ACN. Thereafter, 100 μL of the supernatant was evapo-
rated and the residue was dissolved in 400 μL of the mobile phase. The sam-
ple injection volume was 50 μL. 

For plasma samples containing Ko143, a volume of 50 μL plasma was 
quickly added to 100 μL cold ACN. After centrifugation, 50 μl of the super-
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natant was diluted with 150 μL of the mobile phase. The injection volume 
was 50 μL. 

Brain samples containing morphine were homogenized with five times the 
volume (w/v) of perchloric acid (0.1 M). A solid phase extraction method 
developed by Joel et al. [61] and slightly modified, was used to pretreat 100 
μL of the supernatant and 50 μL of the internal standards. Methanol was 
used for elution and, after evaporation, the residue was redissolved in 200 
μL of 0.02% TFA and 10 μL was injected onto the system. 

For brain samples containing NTF, cold saline was added at a volume 
four times the weight of the brain (w/v) before homogenisation. Cold ACN, 
1.2 mL, was added to 400 μL of the homogenate. After centrifugation, 
2×650 μL of the supernatant was transferred to glass extraction tubes and 6 
mL dichloromethane/ethyl acetate (50:50 v/v) was added. After shaking for 
10 min and centrifugation, the aqueous phase was removed. Thereafter, 6 
mL of the organic phase was evaporated, the residue was dissolved in 150 
μL of the mobile phase and 50 μL was injected. 

Validation 
Intra-day precision and accuracy were determined in one validation run. This 
run included one standard curve, one blank sample, six replicates of each 
quality control (QC) and six replicates of the lower limit of quantification 
(LLOQ). The precision was determined by calculating the relative standard 
deviation (coefficient of variation, CV) and the accuracy was determined as 
a percentage of the added concentration. The inter-day precision and accu-
racy was determined by analysing QCs on separate occasions interspersed 
with unknown samples. 

Data analysis 
Non-compartmental PK analysis 
In Paper II, Kp,uu was calculated, using Eq 3, to investigate the influence of 
morphine in the tissue on the microdialysis recovery. Cu,brain and Cu,blood were 
the average concentrations in ISF and blood from time 285 - 425 min during 
the infusion. The recovery was calculated using Eq 8. D3-morphine recovery 
in the stabilization period was calculated as the average for each individual 
from time 100 - 180 min and D3-morphine recovery during the exponential 
infusion was calculated as the average for each individual from time 225 - 
425 min. 

In Paper III, the terminal elimination rate constant (�2) was calculated 
from the terminal slope of the morphine concentration versus time data. 
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Morphine �2 was estimated from 85 - 235 min for plasma and from 75 - 235 
min for the microdialysis data for premature lambs. For adult sheep, mor-
phine �2 was estimated from 115 - 355 min for both plasma and microdialy-
sis data. The terminal t½ of morphine was calculated as ln(2)/�2. The CL was 
calculated as the dose of morphine divided by the AUC, and the AUC was 
calculated according to the trapezoidal method with extrapolation to infinity. 
The residual area under the morphine concentration/time curve was esti-
mated as Clast/�2, where Clast was the last observed plasma morphine concen-
tration. V� was calculated as CL×t½/ln(2). The distribution of unbound mor-
phine across the BBB was calculated according to Eq 3, using the AUC of 
unbound morphine for ISF and blood. As the concentration of M3G in the 
premature lamb brain cortex increased throughout the study, the Kp,uu for this 
compound was calculated using the concentrations of unbound M3G in the 
ISF and blood at the last sampling time. The Vu,brain for morphine and M3G 
were calculated according to Eq 4 and 5. Vbrain has been estimated as 25 μL/g 
brain tissue in premature lambs at 92 gestation days [62]. No value for Vbrain 
was found in the literature for adult sheep, and the value for premature lambs 
was consequently used for both groups. The Cblood/Cplasma was 1.32 for mor-
phine and 0.87 for M3G at an Hct of 0.34 [63]. 

In Paper V, Kp, Kp,u and Kp,uu were calculated using Eq 1, 2 and 3, respec-
tively. Vu,brain was calculated using Eq 4 and 6. The Hct was 0.37 and the 
Cblood/Cplasma for NTF was estimated as 1.15 in the adult rat. 

Statistics 
The student’s t-test was used in analysing recovery data in Paper II, and in 
comparing recovery, CL, V�, t½, Kp,uu and Vu,brain data between adult sheep 
and control premature lambs and recovery, CL, V�, t½, and Kp,uu data be-
tween the two premature groups in Paper III. A p value < 0.05 was consid-
ered statistically significant. In Paper IV, the expression levels for Day 11 
rats and adult rats were separately compared with the expression level on 
Day 1 and the criteria for statistically significant differential expression were 
set to an absolute log2-fold difference more than 1.0 between age groups and 
an adjusted p value of < 0.001. To find statistically significant trends when 
comparing the mRNA expression levels at different development ages in 
Paper IV, a One-Way ANOVA test was used. A p value of < 0.05 was con-
sidered statistically significant. In Paper V, a One-Way ANOVA test was 
used to study differences in Kp, Kp,u and Kp,uu in the different set-ups and a 
paired student’s t-test was used for comparison of Kp between the different 
probe areas as well as in Kp for the group treated with the P-gp and Bcrp 
blocker compared with the control group. A p value of < 0.05 was consid-
ered statistically significant. 
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Results and discussion 

Analytical method for morphine and metabolites (Paper 
I) 
An analytical method for analysis of morphine and its metabolites was de-
veloped and validated. The analytical method for microdialysate and plasma 
samples was sensitive, selective and reproducible. For microdialysis sam-
ples, the standard curves were linear in the ranges 0.50 - 200 ng/mL for 
morphine, 0.22 - 200 ng/mL for M3G and 0.55 - 200 ng/mL for M6G. For 
sheep plasma, the standard curve was linear in the ranges 2.0 - 2000 ng/mL 
for morphine and 3.1 - 3100 ng/mL for M3G. For human plasma, the con-
centration curves were linear in the ranges 0.78 - 200 ng/mL for morphine, 
1.49 - 1000 ng/mL for M3G and 0.53 - 500 ng/mL for M6G. The LLOQ for 
each compound matrix was the lowest concentration in the standard curves. 
The chemical analysis of morphine, M3G and M6G was validated in plasma, 
microdialysis and brain samples with high intra- and inter-day precision and 
accuracy (Table 2), and in a concentration range relevant to concentrations 
obtained in clinical samples. 

Table 2. Intra- and inter-day and LLOQ precision and accuracy of morphine, M3G 
and M6G in microdialysis and plasma samples. 

  Microdialysis samples Sheep plasma Human plasma 
  CV (%) Accuracy (%) CV (%) Accuracy (%) CV (%) Accuracy (%) 
Morphine:     
 Intra-day < 8.0 93 - 103 < 6.0 98 - 106 < 10.3 94 - 101 
 Inter-day < 13.8 95 - 101 < 5.5 94 - 104 < 9.0 99 - 100 
 LLOQ 12.1 90 11.3 95 11.8 95 
M3G:     
 Intra-day < 5.0 102 - 105 < 3.2 99 - 105 < 2.9 96 - 100 
 Inter-day < 6.8 95 - 102 < 3.3 101 - 103 < 3.4 97 - 102 
 LLOQ 7.9 100 7.5 105 5.3 108 
M6G:     
 Intra-day < 13.8 97 - 102 a a < 13.3 90 - 102 
 Inter-day < 10.0 98 - 104 a a < 10.3 93 - 101 
 LLOQ 10.3 109 a a 9.5 91 
a Not estimated 
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The use of a deuterated compound for recovery 
estimation (Paper II) 
The presence of morphine in blood and brain tissue, achieved by intravenous 
infusion, did not affect the recovery of D3-morphine for the blood or brain 
probes (p > 0.05). The average (SD) recovery was 0.792 (0.055) for the 
blood probes and 0.145 (0.040) for the brain probes during the stabilization 
period. During the morphine infusion, the average (SD) recovery was 0.790 
(0.084) for the blood probes and 0.131 (0.048) for the brain probes. 

A period of approximately 100 min was needed to stabilize the system 
during the experiment. In the first part of the stabilization process, the rate of 
recovery changed: an increase was observed in the blood probe while a de-
crease was observed in the brain probe. The decrease in recovery from the 
brain probe has been simulated previously by Bungay et al. [64]. The greater 
loss from the perfusion fluid observed at early time points (i.e. increased 
recovery) was due to a higher concentration gradient across the probe mem-
brane before reaching steady state. The increase in recovery from the blood 
probes cannot be explained by the same theory because the blood stream acts 
as a sink. A change in recovery has been observed in vitro for compounds in 
plasma and serum [65] but cannot be explained. 

The average (SD) Kp,uu during the morphine infusion was 0.49 (0.20). 
This is in agreement with a Kp,uu of 0.56 reported by our group [66] and val-
ues of 0.51 and 0.47 reported by others [32, 67]. However, it is higher than 
Kp,uu of 0.22 and 0.29 previously reported from our group [35, 68]. The dis-
crepancy is likely due to that the animals originate from different suppliers. 
Finally, the concentration of the deuterated calibrator in the perfusate should 
be low, to avoid any pharmacological effects or possible saturation of active 
transport. The concentration of the deuterated calibrator in the perfusate is, 
in the end, limited by the sensitivity of the analytical method and the volume 
of the collected dialysate. 

Developmental changes in BBB drug transport (Papers 
III - V) 
Developmental changes in the BBB were observed in both in vitro and in 
vivo studies. The expression levels of several of the genes coding for active 
transporters or tight junction proteins changed during development (Paper 
IV), with a possibility to also affected the in vivo distribution of drugs across 
the BBB.  Morphine (but not M3G) and NTF brain distribution was observed 
to decrease with age in both sheep (Paper III) and rats (Paper V). However, 
this decrease was not solely due to changes in active transport, as discussed 
below. 
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Distribution across the sheep BBB (Paper III) 
Individual concentration/time profiles for unbound morphine and M3G in 
brain ISF and blood from premature control lambs and adult sheep are pre-
sented in Fig 6 and Fig 7. The adult sheep had significantly higher morphine 
CL and V� than the premature lambs (Table 3). The increase in V� was larger 
than that in CL, which resulted in a longer half-life for morphine in the blood 
of adult sheep. The adult sheep also had a higher Vu,brain for morphine than 
the premature lambs, resulting in a longer half-life in the cortex for this 
group (Table 3). No differences were observed between the two premature 
groups (control or induced asphyxia) for morphine or M3G in any PK pa-
rameter or recovery (p > 0.05, Table 3). The sheep did not form the mor-
phine metabolite M6G. 
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Fig 6. Individual morphine unbound concentration/time profiles for the premature 
control lambs (a) and adult sheep (b) after administration of 1 mg/kg morphine as a 
10 min infusion. Open diamonds and filled triangles represent unbound concentra-
tions in the blood and brain ISF, respectively. 

a) 

b) 
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Fig 7. Individual M3G unbound concentration/time profiles for the premature con-
trol lambs (a) and adult sheep (b) after administration of 1 mg/kg morphine as a 10 
min infusion. Open diamonds and filled triangles represent unbound concentrations 
in the blood and brain ISF, respectively. 

Premature lambs versus adult sheep 
The morphine Kp,uu was significantly higher in the premature lambs of 127 
gestational days (15 days before term) than in adult sheep (1.89 and 1.19, 
respectively, Table 3). The decrease in Kp,uu with age could be the result of 
decreased influx and/or increased efflux due to the presence of more active 
transporters in the BBB at a later stage in the development. The set-up used 
did not allow discrimination between these possible explanations. The lower 
plasma CL and higher influx of morphine in the premature groups would 
result in a higher exposure for the premature lambs compared to the adult 
sheep. Although there is a species difference between the sheep and humans, 
it could be speculated that this is the reason for the lower doses required in 
premature humans to avoid the CNS adverse effects associated with mor-

a) 

b) 
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phine. The M3G Kp,uu was estimated from the last concentration point in 
brain ISF and blood, because of non-decreasing concentrations in the brain 
for the premature lamb groups (Fig 7a). The Kp,uu values for M3G were 0.17 
in premature control lambs and 0.24 in the adult sheep (Table 3). This brain-
to-blood ratio of unbound M3G is similar to the Kp,uu of 0.11 for M3G in 
adult rats [69]. Thus, the active transporters responsible for M3G efflux at 
the BBB are already functioning at gestation day 127 in premature lambs. 

Table 3. Pharmacokinetic parameters for morphine and M3G in adult sheep and the 
control and asphyxiated premature lamb groups. Values are presented as average 
(SD). 
 Adult sheep Premature lambs p value 
 Control Control Asphyxiated Control Lamb 
 (n = 6) (n = 6) (n = 5) groups groups 
   Weight (kg) 77.5 (12.1) 3.1 (0.7) 2.3 (0.4)   
Morphine:      
   CL (mL/min/kg) 34.3 (8.5) 20.3 (6.6) 18.4 (2.5) 0.013 0.549 
   V� (L/kg) 6.38 (0.90) 2.74 (0.52) 2.45 (0.45) 0.00001 0.354 
   Kp,uu 1.19 (0.20) 1.89 (0.51) 1.80 (0.68) 0.018 0.811 
   Vu,brain (mL/g brain) 3.15 (0.34) 1.76 (0.47) a 0.002  
   t½ blood (min) 119 (23) 78 (23) 83 (17) 0.011 0.700 
   t½ cortex (min) 320 (87) 157 (47) 140 (27) 0.002 0.486 
M3G:      
   Kp,uu 0.27 (0.16) 0.17 (0.15) 0.24 (0.21) 0.251 0.527 
a Not estimated 

Kp,uu higher than unity 
The net influx of morphine was higher in the premature lambs than in adult 
sheep. Morphine has previously been shown to be a substrate for P-gp and 
probenecid-sensitive transporters [33, 35]. In addition, there are indications 
in the literature that morphine is also a substrate for influx transport in the 
BBB [31, 33]. Groenendaal et al. found that transport of morphine into the 
brain is mediated by passive transport and a low-capacity process that is 
saturated at lower concentrations [31]. Also, Xie et al. found that the Kp,uu 
was higher at low blood concentrations, which might be because of active 
influx, possibly saturated within the studied concentration range [33]. Fur-
ther studies are needed to better understand the active processes involved, 
i.e. the efflux transporter (partly by P-gp) and the influx transport for mor-
phine in the BBB. 

Species differences 
The dominating influx of morphine across the sheep BBB is in direct con-
trast with the efflux observed in other species studied. Morphine brain distri-
bution data are available for rats [36], mice [33], pigs [37] and humans with 
brain trauma [38], with Kp,uu values of 0.49, 0.5, 0.47 and 0.64, respectively, 
clearly indicating a net efflux from the brain. It is possible that sheep lack a 
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transporter responsible for morphine efflux that is found in the other species. 
Thus, for broad extrapolation of BBB morphine transport data, humans are 
more like rats, mice and pigs than sheep. More studies are needed to investi-
gate the sheep BBB and draw further conclusions concerning species differ-
ences. 

Recovery 
The recovery of morphine and M3G was stable over time in premature 
lambs and for the brain probe in adult sheep. However, recovery decreased 
with time for the blood probe in adult sheep, for both morphine and M3G. A 
decrease in recovery like this has not been observed before [36, 70], and 
cannot be explained. However, since a deuterated calibrator was used for 
recovery estimation, the change in recovery was accounted for to obtain 
correct unbound blood concentrations. 

Gene expression in the rat BBB (Paper IV) 
Microarray analysis 
After filtering the gene list and removing low expressed spots on the array, 
229 genes remained. Of these genes, 28 (three Abc transporters, 24 Slc 
transporters and one tight junction protein, Table 4) was found to differ sta-
tistically significantly between the age groups. Most of these genes (n = 19) 
were up-regulated with increased age, from postnatal Day 1 to Day 11 and/or 
adulthood. Both claudin-11 and Abca2 are present in the oligodendrocytes 
[71, 72], and Abcb9 and Abca2 are co-located with lysosomes and could be 
involved in the antigen presentation process [73, 74]. The expression of 
Slc16a1 (Mct1, monocarboxylate transporter 1) was higher on postnatal Day 
11 than on Day 1, and was then down-regulated again in adult rats. Mct1 is 
an influx transporter for lactate and ketone bodies, and the rat brain can util-
ize energy from these substances during this postnatal stage [75]. All down-
regulated genes were Slc transporters, responsible for the transport of bile 
acids, amino acids and metal ions (Table 4, p. 38 - 39). 
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Real-time PCR analysis 

Occludin 
The mRNA expression levels of occludin did not change with age in this 
study (p > 0.05, Fig 8). Occludin was not annotated on the microarray. Like 
claudin-5, occludin is believed to form a tight junction complex between the 
endothelial cells, and thereby important in forming the BBB [3]. Our results 
are in agreement with Vorbrodt et al. and Ballabh et al. who found no differ-
ence in the staining of occludin at different development ages in mice [76] or 
humans [77]. In contrast, Hirase et al. found lower staining of occludin in 
postnatal Day 7 rats compared to adults using immunohistochemistry [78]. 
This discrepancy cannot be explained. 
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Fig 8. The relative mRNA expression of occludin measured with real-time PCR. The 
expression is related to one fraction of Day 15 and 18S was used as the housekeep-
ing gene. Individual samples are illustrated as open diamonds and the average for 
each age group is represented by a black mark connected with a dotted line. 

Abcb1 
The mRNA expression levels of Abcb1 did also not change with age (p > 
0.05, Fig 9), which is in agreement with the results from the microarray, 
where no difference in expression between the ages was found. Previous 
publications have indicated that P-gp is expressed as early as in the 8th and 
12th gestational weeks in human foetal BBB [79, 80]. However, the time 
span might be too short to detect developmental differences in the expression 
of P-gp in those studies. Other groups have shown that mRNA levels of 
Abcb1 increase in rats from gestation Day 16 to adult [81] and from postna-
tal Day 7 to Day 28 [82] as well as in humans from gestation week 22 to 42 
[83]. Discrepancies in study design such as the use of different animal strains 
or species, enrichment or tissue sampling methods and housekeeping genes 
could explain these differences [81, 82]. 
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Fig 9. The relative mRNA expression of Abcb1 measured with real-time PCR. The 
expression is related to one fraction of Day 15 and 18S was used as the housekeep-
ing gene. Individual samples are illustrated as open diamonds and the average for 
each age group is represented by a black mark connected with a dotted line. 

Abcg2 
A difference in the mRNA expression levels of Abcg2 was observed (p < 
0.001) and the levels decreased to one seventh from postnatal Days 1 - 3 to 
Day 15, after which no further change was observed (Fig 10). Abcg2 was not 
annotated on the microarray. This decrease in the first days after birth is also 
likely to be reflected in the protein levels, possibly affecting in vivo expres-
sion of the transporter. There is little information on the development of 
Bcrp in the literature. Tachikawa et al. demonstrated expression of Abcg2 in 
mice as early as embryonic Day 13 using in situ hybridization, and found no 
changes with age [84]. However, they studied mice rather than rats and used 
in situ hybridization, which has a lower dynamic range than real-time PCR. 
Similarly, de Zwart et al. found no trend in the changes in mRNA levels of 
Abcg2 from gestation Day 21 to adulthood in rats [85]. However, they used 
�2-microglobulin as a housekeeping gene and mRNA was quantified in the 
cerebellum. These methodological differences could explain the different 
out-come observed. 
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Fig 10. The relative mRNA expression of Abcg2 measured with real-time PCR. The 
expression is related to one fraction of Day 15 and 18S was used as the housekeep-
ing gene. Individual samples are illustrated as open diamonds and the average for 
each age group is represented by a black mark connected with a dotted line. 

Slc22a8 
A significant difference in the mRNA expression levels of Slc22a8 was 
found (p = 0.004) and the levels peaked on postnatal Days 3 - 12, followed 
by a decrease on Day 15 (Fig 11). This verifies the microarray results where 
a significant increase in the expression of Slc22a8 was observed from post-
natal Day 1 to Day 11 and no significant change was observed between Day 
1 and adult (Table 4). As the brain is growing at a high rate during the first 
postnatal days in the rat, it is likely that there will be a need for an efflux 
transporter to remove waste products formed in the brain. Data on the devel-
opment of Oat3 are sparse in the literature. In the publication by de Zwart et 
al., the mRNA expression levels in rats at all the younger ages were lower 
than in adults [85], with differences in methodology as discussed above. 
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Fig 11. The relative mRNA expression of Slc22a8 measured with real-time PCR. 
The expression is related to one fraction of Day 15 and 18S was used as the house-
keeping gene. Individual samples are illustrated as open diamonds and the average 
for each age group is represented by a black mark connected with a dotted line. 
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BBB distribution of a Bcrp substrate (Paper V) 
NTF was found to have a higher milk-to-plasma ratio than predicted from 
lipid partitioning and plasma protein binding in the rat [86, 87]. This indi-
cates involvement of an active process present for NTF. In addition, an 80-
fold difference was observed in milk-to-serum ratio for NTF in BCRP-/- mice 
compared to wild-type control mice [88], indicating that NTF is a good sub-
strate for Bcrp. However, the contribution of Bcrp in the BBB regarding 
drug efflux is yet not clear. There are publications using knock-out animals 
and/or different inhibitors for Bcrp showing an effect in the BBB [89-92] 
and others showing no effect [93, 94]. 

Stability and validation 
NTF was degraded in brain homogenate at room temperature, but was stable 
for at least 4 hours at 4°C. In addition, NTF is known to be light sensitive, 
but was stable in microdialysis and plasma samples in yellow light for at 
least 8 hours. The chemical analysis of NTF was validated in plasma, mi-
crodialysis and brain samples with high intra- and inter-day precision and 
accuracy (Table 5). The standard curve was linear in the ranges 0.5 - 200 
ng/mL for microdialysis samples, 5 - 1000 ng/mL for plasma samples and 
0.5 - 50 ng/g brain for brain samples. The LLOQ values were the lowest 
concentration in the standard curves for each matrix. The Bcrp-specific 
blocker Ko143 was unstable in plasma, and plasma samples containing 
Ko143 had cold ACN added immediately, causing protein precipitation. 
With this method, stable concentrations of Ko143 were obtained for up to 10 
min. 

Table 5. Intra- and inter-day and LLOQ precision and accuracy of NTF in microdi-
alysis, plasma and brain samples. 
 Microdialysis samples Plasma samples Brain samples 
 CV (%) Accuracy (%) CV (%) Accuracy (%) CV (%) Accuracy (%) 
Intra-day < 9.7 94 - 103 < 8.9 96 - 101 < 9.6 96 - 102 
Inter-day < 9.7 97 - 104 < 11.0 96 - 101 < 8.6 97 - 103 
LLOQ 13.3 98 11.5 96 9.3 96 

Distribution of NTF across the BBB in rats of different ages 
The Kp of NTF decreased with age (p = 0.016) and was 0.092 (0.018) on 
postnatal Day 1, 0.032 (0.006) on Day 4, 0.041 (0.030) on Day 11 and 0.039 
(0.023) in adult rats. However, this decrease was due to a significant increase 
in the protein binding of NTF as the rats increased in age. The fu of NTF 
was 0.76 (0.017) on postnatal Day 1, 0.55 on Day 4, 0.47 on Day 11 and 
0.37 (0.023) in adult rats. When Kp was corrected for the fraction of unbound 
NTF at the different ages and calculating Kp,u, there were no significant dif-
ferences between the studied age groups (p > 0.05). Thus, the in vitro results, 
where relative high mRNA expression levels of Bcrp were observed at early 
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postnatal ages, could not be verified in vivo in this experiment. This might be 
due to a poor correlation between the concentrations of Bcrp in the cell 
membrane and the mRNA levels of Abcg2. 

Distribution of unbound NTF across the BBB in adult rats 
Unbound NTF was rapidly equilibrated across the BBB. Kp,uu was stable as 
early as 25 min from starting (Fig 12). The average (SD) Kp,uu for the control 
groups was 0.047 (0.019). The recovery and Kp,uu were not affected by co-
administration of the P-gp blocker PSC833 or probenecid, a blocker of Oat, 
Oatp and Mrp (p > 0.05, Table 6). 
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Fig 12. The concentration of unbound NTF in the blood (open symbols) and brain 
ISF (filled symbols) after a 1.45 mg/kg/h constant infusion for 120 min (solid lines) 
or 90 min (dotted lines) with or without a blocker of active transport. Circles, trian-
gles and squares represent vehicle, PSC833 and probenecid, respectively. 

In the second part of the microdialysis experiment, where whole-brain esti-
mations were obtained, the Kp of NTF was 0.013. The estimated Vu,brain for 
NTF was reasonable for 3 of 5 animals (0.221, 0.302 and 0.883 mL/g brain) 
but not for the remaining two (0.045 and -0.110 mL/g brain). The uncer-
tainty in the estimation of Vu,brain is due to the low Kp of NTF and because of 
the amount of NTF in vascular blood approached (or exceeded) the amount 
in whole-brain homogenate (Cbrain in Eq 6). After probe insertion, there was a 
small but significant difference (p = 0.039) in the Kp of NTF between the 
probe side [0.0153 (0.0099)] and the contra-lateral side of the brain [0.0096 
(0.0070)]. 
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Table 6. Recovery, Kp,uu and Kp in the blood presented as averages (SD) in adult 
rats. 
Group Recovery Kp,uu Kp 
 Brain Blood   
Vehicle 1 (n = 6) 0.201 (0.081) 0.561 (0.149) 0.045 (0.018) a 

PSC833 (n = 8) 0.143 (0.051) 0.573 (0.156) 0.078 (0.024) a 
Probenecid (n = 6) 0.196 (0.077) 0.537 (0.076) 0.061 (0.032) a 
Vehicle 2 (n = 5) 0.255 (0.055) 0.776 (0.213) 0.050 (0.021) 0.013 (0.003) 
a Not estimated 

The Kp,uu of NTF at steady state may have been low as a result of metabo-
lism in the brain which also explains the degradation in brain homogenate. 
NTF is a substrate for cytochrome P450 NADPH reductase [95-97], which is 
present in the whole brain [98], the choroid plexus [99], brain areas such as 
the cortex and cerebellum [100] and, to a high extent, in microvessels [101]. 
The low Kp,uu could also be explained by efflux of NTF from the brain by 
other transporter(s). A synergistic effect between P-gp and Bcrp in the BBB 
using double (Abcb1a/b-/-) or triple (Abcb1a/b-/-/Abcg2-/-) knock-out mice 
was recently observed [102-104]. While deletion of Bcrp had no effect on 
brain distribution on the studied drugs, deletion of P-gp did have an effect. 
However, in triple knock-out animals, the increase in brain distribution was 
greater than that from the double knock-out experiments. This synergistic 
effect was explained by Kushuhara and Sugiyama [105] as occurring be-
cause P-gp and Bcrp function as back-up transporters for each other if one of 
them is deleted, as long as the substance is a substrate for both transporters. 

Distribution of NTF in Bcrp-/- and wild-type control adult mice 
The in vivo contribution of Bcrp to the distribution of NTF was investigated 
using knock-out mice compared to wild-type controls. In addition, a possible 
synergistic effect, resulting in a low Kp,uu for NTF, was investigated using 
wild-type NMRI mice with or without a blocker of P-gp and Bcrp. Bcrp did 
not significantly contribute to the in vivo distribution of NTF, since the Kp 
for the knock-out group was similar to that for the wild-type controls (p > 
0.05, Table 7). In addition, co-administration of the Bcrp-specific blocker 
Ko143 did not affect NTF brain distribution in any of the age groups (p > 
0.05, Table 7). Finally, Kp was not affected in the group receiving the P-gp 
and Bcrp blockers compared to the control group (p > 0.05, Table 7). This 
confirms the result from cell studies that NTF is not a P-gp substrate [88]. 
The non-significant contribution of Bcrp found in our study is in agreement 
with the observations of others where no effect of Bcrp in the BBB was ob-
served [93, 94]. 
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Table 7. The Kp of NTF presented as average (SD) for wild-type control and Bcrp-/- 
mice with and without Ko143. The Kp of NTF was also measured to investigate a 
possible synergistic effect using blocker for P-gp (PSC833) and Bcrp (Ko143) com-
pared to wild-type mice. 
 Ko143 Vehicle Ko143 + PSC833 
Wild-type control  0.038 (0.029)  (n = 5) 0.026 (0.011)  (n = 7)  
Bcrp-/- 0.032 (0.020)  (n = 7) 0.038 (0.022)  (n = 7)  
Wild-type control   0.032 (0.008)  (n = 5) 0.027 (0.005)  (n = 6) 

Finally, the brain distribution of NTF did not change during the development 
of the rat. Although Bcrp is expressed in the BBB, and the mRNA expres-
sion decreased to one seventh between postnatal Days 1 and 15, there are 
competing processes which effectively limit the brain distribution of NTF, 
and likely mask any effects of Bcrp in the BBB. Further studies are needed 
to clarify the role of Bcrp in the BBB. 
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Conclusions 

A sensitive and selective LC-MS/MS method of analysing morphine and its 
metabolites in plasma, microdialysis and brain samples was developed and 
validated and used in Papers II and III. Salts in the samples, known to de-
crease the analyte signal in the MS, were efficiently removed with on-line 
clean-up methods using a column-switch system. 

Microdialysis is a good technique for studying the tissue concentrations 
of unbound drugs. However, accurate estimation of the extent of recovery in 
vivo is crucial. The use of deuterated morphine in the perfusate did not affect 
recovery when morphine was present in the tissue, but allowed possible 
changes in the extent of recovery to be detected and corrected for. 

In sheep, the distribution of unbound morphine across the BBB decreased 
with development from premature lambs to adult sheep. A net influx was 
observed with both groups, in contrast to the efflux seen in rats, mice, pigs 
and humans. It is possible that sheep lack the transporter responsible for 
morphine efflux that occurs in other species. Nonetheless, a decrease in the 
net influx of morphine was seen with age in sheep, indicating that the BBB 
is developing during this period regarding morphine transport. 

In vitro data obtained from capillary-rich brain fractions from rats at dif-
ferent postnatal ages showed that mRNA expression levels of Abcg2 de-
creased to one seventh with age. Further, the expression of Slc22a8 in-
creased after birth, reached a plateau, and then decreased again. The gene 
expression of Abcb1 or occludin did not change with age. 

Since a significant decrease in the expression of Abcg2 with age was ob-
served in vitro, the in vivo role of Bcrp in the BBB was further investigated. 
The distribution of NTF decreased with age in the rat, but due to an increase 
in plasma protein binding with age rather than to a change in active trans-
port. The unbound NTF concentration ratio across the BBB in adult rats was 
far below one, which is explained by intra-brain metabolism and/or efflux by 
other transporter(s). No significant contribution of Bcrp regarding NTF 
transport across the BBB was found. 

Finally, evidence from study of gene expression levels in vitro and drug 
distribution in vivo indicates that developmental changes occur in the BBB. 
These changes most likely affect drug distribution to the brain at different 
ages, but the effect of single transporter can be masked by competing proc-
esses and/or the effects of other transporters. 



 47

Future Perspectives 

It is my hope that findings in the thesis might increase the knowledge in the 
area of development of the BBB and in the end serve for a more accurate 
drug administration to newborns and younger patients. 

Species and age differences of morphine distribution across the BBB 
were found. It is likely to believe that brain distribution of morphine is af-
fected due to development also in humans and thereby the exposure in the 
CNS (i.e. effect). One important step is to find the morphine influx trans-
porter, characterize endogenous substrates and compare its role (in relation 
to morphine efflux) between species during development. A challenge is also 
to find the efflux transporter probably absent in the sheep BBB and to inves-
tigate what the benefits are for the sheep not expressing this specific trans-
porter. 

Our interpretation from the in vitro study was that Bcrp would signifi-
cantly affect drug distribution to the brain at different ages. However, no in 
vivo contribution of Bcrp in the BBB was observed. This highlighted a prob-
lem of poor correlation between in vitro and in vivo results. Measurements of 
mRNA and protein levels can provide an important link between transcrip-
tion and translation. However, it is recommended that in vitro results are 
verified in vivo when the aim is to study the function or development of ac-
tive transporters or tight junction. 

It is my conviction that there still are influx and efflux transporters, with 
unknown function, to be discovered. One way of learning more could be to 
map the gene expression in different species at different gestational and 
postnatal ages. Then, conclusions can be drawn of how and when active 
transporters as well as tight junction proteins are developed. Such knowledge 
can provide information of which drugs to avoid or dose adjustment at spe-
cific developmental stages if extrapolated to humans, provided that the drugs 
are also mapped regarding their specificities for certain transporters. 
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Populärvetenskaplig sammanfattning 

Blod-hjärnbarriären, BBB, formas av endotelceller som sammanfogas tätt av 
tight junction-proteiner. Dessa begränsar transport av substanser mellan cel-
lerna in till hjärnan. I BBB pumpas även vissa substanser ut från, eller in till, 
hjärnan med hjälp av transportproteiner, så kallade aktiva transportörer. Man 
vet inte riktigt när tight junctions och de aktiva transportörerna utvecklas och 
hur det påverkar fördelningen av kroppsegna substanser och läkemedel till 
hjärnan. 

I våra gener finns all genetisk kod. Genom avkodning skapas en mRNA-
molekyl som vid avläsning, bildar ett protein. Detta protein flyttas sedan till 
den plats där det har sin funktion. För en aktiv transportör kan det t.ex. vara i 
cellmembranet. 

Endast fritt läkemedel, d.v.s. sådant som inte är bundet till plasmaprotei-
ner, kan transporteras genom ett membran samt utöva en effekt i kroppen. 
Genom att mäta den obundna koncentrationen av ett läkemedel i både hjärna 
och blod kan man dra slutsatser om vilka mekanismer som styr fördelningen 
över BBB. Vid mikrodialys opererar man in en så kallad prob, i de vävnader 
som man är intresserad av, i t.ex. hjärna eller blod. Ett vätskeflöde pumpas 
genom proben och ett membran tillåter obunden substans i vävnaden att 
passera in i proben. Med jämna tidsintervall samlar man den utgående väts-
kan och kan därmed få koncentrationsbestämningar vid olika tidpunkter. 
Beroende på flödet genom proben tillåts endast en andel, en fraktion, av den 
fria koncentrationen i vävnaden att passera membranet i mikrodialysproben. 
Därför måste denna andel beräknas och tas i beaktan för att få den riktiga 
vävnadskoncentrationen. Denna fraktion kallas recovery. 

Mikrodialysprover innehåller en hög koncentration av salt som försvagar 
signalen vid kemisk detektion. Därför utvecklades en analysmetod (Aartikel 
I) som tar bort salt före detektionen. Den användes sedan för koncentrations-
bestämning av morfin och dess metaboliter, M3G och M6G, i senare arbe-
ten. 

I ett arbete (Artikel II) användes deuteriummärkt morfin som en kalibrator 
för att mäta recovery. Deutererat morfin fanns då hela tiden närvarande i det 
flöde som går igenom proben. I analysmetoden är det möjligt att särskilja 
radioaktivt från vanligt morfin. Recoveryvärdet för deutererat morfin påver-
kades inte av att morfin fanns närvarande i vävnaden. Dock skall koncentra-
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tionen vara låg, så att eventuella mättnadsbara processer eller ett farmakolo-
giskt svar uteblir. 

Till skillnad från möss, råttor, grisar och människor, visades att morfin tas 
upp aktivt till hjärnan hos får (Artikel III). Det kan bero på att får saknar en 
aktiv transportör som finns hos andra arter och som hos dessa bidrar till aktiv 
uttransport av morfin från hjärnan. Upptaget minskade från prematura lamm 
till vuxna får vilket kan bero på minskad upptagsfunktion eller ökad kapaci-
tet av uttransport för morfin med stigande ålder. Detta tyder på utvecklings-
förändringar, och är relevant även för andra arter. 

Nivåer för mRNA mättes vid olika åldrar i BBB hos råttor (Artikel IV). 
Uttrycket av P-glykoprotein, en aktiv transportör i BBB, och occludin, ett 
tight junction-protein, förändrades inte med ålder. Däremot sjönk uttycket av 
den aktiva transportören breast cancer resistance protein, Bcrp, till en sjun-
dedel från dag 1 efter födsel till dag 15. Det är sannolikt att detta även på-
verkar mängden Bcrp-protein i cellmembranet och därmed fördelningen av 
Bcrp-transporterade substanser till hjärnan vid olika åldrar. 

Bcrps roll i BBB undersöktes genom att mäta hur nitrofurantoin, NTF, 
som transporteras av Bcrp, fördelas till hjärnvävnad vid olika åldrar (Artikel 
V). Ingen skillnad sågs, något vi inte hade förväntat oss utifrån försöket där 
mRNA-nivåerna mättes. Mikrodialys visade att den obunda koncentrationen 
av NTF var mycket låg i hjärnan i förhållande till blod. Detta kan bero på att 
NTF transporteras av andra transportörer och/eller att substansen metabolise-
ras i hjärnan. Fler studier måste genomföras för att särskilja dessa processer. 
Vi har också visat, genom att använda genmodifierade möss, där den aktiva 
tranportören saknas, att Bcrp inte spelar någon väsentlig roll för distribution 
av NTF över BBB. 
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