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ABSTRACT
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Nasal delivery is a feasible alternative to oral or parenteral administration for some drugs
because of the high permeability of the nasal epithelium, rapid drug absorption across this
membrane and avoidance of hepatic first-pass metabolism.

The main objective of this thesis was to investigate factors influencing the permeability of the
nasal mucosa to various compounds and to evaluate implications for drug absorption via the
nasal route. Porcine nasal mucosa mounted in an Ussing chamber system was established as
an in vitro model, and glucose, insulin, lidocaine, mannitol, melagatran, nicotine, PEG 4000,
propranolol, sumatriptan, verapamil, vinblastine and an aminodiether were used as model
compounds. The pharmacokinetics of melagatran and propiomazine were investigated in
absorption studies in rats, and the influence of the enhancers SDS and EDTA on melagatran
absorption was evaluated and compared with in vitro permeability data. The expression of P-
glycoprotein in porcine nasal mucosa was investigated and compared with that in human
nasal epithelial biopsies using the Western Blot technique.

The results demonstrated that the Ussing chamber model using porcine nasal mucosa has
potential as a tool for evaluating mechanisms of nasal absorption and predicting the in vivo
effects of absorption enhancers. Moreover, porcine nasal mucosa is comparable to human
nasal mucosa in its morphology and P-glycoprotein expression. The in vitro permeability data
were found to weakly correlate with literature data on human absorption after nasal
administration of the corresponding compounds. In vivo absorption studies of the sedative
propiomazine demonstrated that nasal administration of this drug offers an interesting
alternative to the oral formulation currently on the market, since the absorption was rapid and
the bioavailability was promising. The bioavailability of melagatran in rats was moderate but
variable, and responded to the addition of enhancers. Finally, the establishment and
characterisation of an in vitro method for prediction of nasal drug absorption, and the
investigation of factors influencing nasal membrane permeability and absorption offer
substantial contributions for nasal drug delivery.
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PAPERS DISCUSSED

The thesis is based on the following papers, referred to in the text by their Roman
numerals:

I Bioavailability of the sedative propiomazine after nasal administration in rats
Bjerre, C., Björk, E., Camber, O.
Int J Pharm 144 (1996) 217-224

II Nasal drug delivery – evaluation of an in vitro model using porcine nasal
mucosa
Wadell, C., Björk, E., Camber, O.
Eur J Pharm Sci, 7 (1999) 197-206

III Permeability of porcine nasal mucosa correlated with human nasal absorption
Wadell, C., Björk, E., Camber, O.
Accepted (Eur J Pharm Sci)

IV In vitro and in vivo nasal studies on melagatran
Wadell, C., Björk, E., Camber, O.
Manuscript

V P-glycoprotein expression in porcine and human nasal mucosa
Wadell, C., Fretz, M., Hagbjörk, A.-L., Terelius, Y., Stierna, P., Camber, O.
Manuscript

Reprints were made with permission from the journals.
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ABBREVIATIONS AND DEFINITIONS

ATP Adenosine triphosphate
AUC Area under the plasma concentration-time curve
BSA Bovine serum albumin
Cmax Maximum plasma concentration
ECL Enhanced chemiluminescence
EDTA Ethylene diamine tetraacetic acid
Fabs Absolute bioavailability
HRP Horseradish peroxidase
i.n. Intranasal
i.v. Intravenous
Isc Short-circuit current
KBR Kreb’s bicarbonate ringer buffer
LSC Liquid scintillation counting
MDR Multidrug resistance
MRP Multidrug resistance-related protein
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide or

thiazolyl blue
Papp Apparent permeability
PD Potential difference
Pgp P-glycoprotein
PVDF Polyvinylidene fluoride
R Transmucosal electrical resistance
S.D. Standard deviation
SDS Sodium dodecyl sulphate
SDS-PAGE SDS-Polyacrylamide gel electrophoresis
STDHF Sodium taurodihydrofusidate
t1/2 Elimination half life
tmax Time to reach maximum plasma concentration
TBS Tris buffered saline
TEMED N,N,N,N-tetramethylenediamine
Tris Tris(hydroxymethylamino)methane
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INTRODUCTION

Drugs have been administered nasally for therapeutic and recreational purposes since
ancient times. Psychotropic drugs and hallucinogens were snuffed for these purposes by
the Indians of South America, and this practice is currently widespread among abusers
of cocaine and heroin (Chien and Chang, 1987).

The interest in and importance of the systemic effects of drugs administered via the
nasal route have expanded over recent decades. Nasal administration offers an
interesting alternative for achieving systemic drug effects to the parenteral route, which
can be inconvenient, or oral administration, which can result in unacceptably low
bioavailabilities (Harris, 1993). The nasal epithelium is a highly permeable monolayer,
the submucosa is richly vascularised, and hepatic first-pass metabolism is avoided after
nasal administration. Other attractive features include the rather large surface area of the
nasal cavity and the relatively high blood flow, which promotes rapid absorption (Chien
et al., 1989). Furthermore, self-medication is easy and convenient.

Currently, nasal administration is used therapeutically for the systemic absorption of
drugs in a variety of indications, including sumatriptan for migraine (Duquesnoy et al.,
1998), the antidiuretic desmopressin for the treatment of diabetes insipidus (Eller et al.,
1998) and oxytocin for stimulation of breastmilk ejection. Other drugs still in the
research and development pipeline, which have potential for administration nasally,
include vitamin B12 or hydroxocobalamin (Slot et al., 1997), various benzodiazepines
(Björkman et al., 1997; Gizurarson et al., 1999; Knoester et al., 2002; Lindhardt et al.,
2001b) and the dopamine agonist apomorphine for patients with Parkinsonism (Sam et
al., 1995).



10

ANATOMY & PHYSIOLOGY OF THE NOSE IN HUMANS, PIGS AND RATS

Anatomy & function

Breathing and olfaction are the prime functions of the nasal cavity in humans and
animals. Physiologically, the structure and function of this cavity are also related to the
resonance of produced sounds, the filtration of particles, mucociliary clearance,
immunological activities, and heating and humidification of the inspired air before it
reaches the lungs (Chien and Chang, 1987).

The human nose is divided into two symmetrical halves by the median septum; each
half opens to the face through the nostrils and extends posteriorly to the nasopharynx
(Chien et al., 1989). The nasal vestibule is the most anterior part of the nasal cavity; it is
adjacent to the atrium, the intermediate region (Figure 1). The respiratory region
occupies most of the nasal cavity and its turbinates or conchae considerably increase the
surface area. In humans, the inferior, middle and superior turbinate are attached to the
lateral wall, while a more complex arrangement is seen in many animals.

Figure 1. Saggital section of the human nasal cavity, showing the nasal vestibule (A),
atrium (B), respiratory area: inferior (C1), middle (C2) and superior (C3) turbinate,
olfactory region (D), and nasopharynx (E) (from Ugwoke et al., 2001).

The human nasal cavity has a total volume of 15-20 ml and a total surface area of
approximately 150 cm2, of which the respiratory region covers about 85%. The
olfactory region in humans covers about 2-10 cm2 on the roof of the respiratory region
(Morrison and Constanzo, 1990). In rats, the respiratory area is about 13 cm2 (Gross et
al., 1982), while no data on the respiratory tract in pigs have as yet been presented.

In pigs, the snout or rostrum is the most remarkable feature of the head. The nasal
cavities are long and narrow and divided by the septum (Figure 2) (Dyce et al., 1987;
Sisson and Grossman´s, 1975). The cavity consists of the upper olfactory and lower
respiratory areas. The dorsal and ventral nasal conchae are situated in the respiratory
area (Figure 3). The anatomy of the rat nasal cavity is in principle the same as in other
mammals, except for the so-called “septum window” in which the two cavity halves are

 



11

not totally separated and thus cannot be treated individually (Figure 4) (Gizurarson,
1990).

Figure 2. (left) The snout of the pig in median section: nostril (1), nasal septum (2),
nasal bone (3) (Modified from Dyce et al., 1987.).

Figure 3. (right) Transverse section of the porcine nose: dorsal nasal conchae (1),
ventral nasal conchae (2) and nasal septum (3). (Modified from Dyce et al., 1987.)

Figure 4. Paramedian septum through the head of the rat: nasal vestibule (1), dorsal
nasal conchae (2), middle nasal conchae (3), ventral nasal conchae (4), pharynx (5),
etmoidal conchae (6). (from Gizurarson et al., 1990.)

The mucosa

In humans, the nostrils are covered by skin, the anterior nasal cavity is lined with
stratified squamous and transitional epithelium, and the highly vascular respiratory
epithelium is mostly ciliated, columnar, and stratified (Mygind et al., 1982). The
respiratory epithelium comprises five main cell types: ciliated and non-ciliated
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columnar cells, goblet cells, basal cells and low numbers of neurosecretory cells in the
basement membrane (Figure 5). Approximately 20% of the total number of cells in the
lower turbinate area are ciliated cells, with about 100 fine projections or cilia on each
apical surface, which are used to transport the mucus towards the nasopharynx
(Petruson et al., 1984). Each columnar cell, both ciliated and non-ciliated, is covered
with about 300 microvilli, which help to enlarge the surface area. The non-ciliated cells,
which line around 60-70% of the respiratory mucosa, have high metabolic activity and
are involved in fluid transport in and out of the cells (Mygind, 1975; Mygind et al.,
1982). The goblet cells, which cover approximately 10 % of the mucosa in the turbinate
area, contain numerous secretory granules. Basal cells are precursors of columnar and
goblet cells that are poorly differentiated and do not reach the apical side of the mucosa.
It is believed that they have the ability to replace other cell types after differentiation
(Mygind et al., 1982).

Figure 5. The respiratory epithelium: mucus layer (a), cilia and microvilli (b),
columnar cell (c), goblet cell (d), basal cell (e), basement membrane (f) and submucosa
(lamina propria) (g). (From Mathison et al., 1998)

The olfactory mucosa is a pseudostratified columnar epithelium which covers the
superior region of the human nasal cavity, and is composed of supporting cells, basal
cells, microvillar cells and the typical receptor or olfactory cells (Mathison et al., 1998;
Moran et al., 1982; Morrison and Constanzo, 1990).

The basal lamina or basement membrane is situated between the epithelium and the
lamina propria. The lamina propria is a loose type of connective tissue containing
glands, subepithelial cells, and vascular and nervous tissue that is situated adjacent to
the underlying skeletal structures (Petruson and Hansson, 1982; Petruson et al., 1984).

Squamous, ciliated secretory and olfactory epithelia are found in the rat nasal cavity.
While the olfactory epithelium covers only a small part of the human nasal cavity, it
takes up approximately half of the total surface of the rat nasal cavity (Gross et al.,
1982). Nonciliated cells are present in both rat and human nasal cavities, but cell types
(cuboidal and brush cells) that are not seen in the human respiratory epithelium have
been observed in rats. Brush cells are nonciliated, nonsecretory columnar cells with
apical microvilli (Monteiro-Riviere and Popp, 1984).
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Five morphologically distinct cell types have been observed in the respiratory
epithelium of pigs (Martineau-Doizé and Caya, 1996). As in humans, there are ciliated
and basal cells, but there are few, if any, non-ciliated cells. Porcine respiratory
epithelium also contains brush cells, five subtypes of goblet cells and a distinct type of
secretory cell that is not reported in humans.

While the influence on nasal function of interspecies diversity in the nasal epithelium
remains unclear, there do appear to be wide interspecies variations in function and in
response to toxin-induced injury (Harkema, 1990).

Nasal secretions

Nasal secretions originate mostly from submucosal glands, but are also contributed to
by goblet cells and transudate from plasma (Chien et al., 1989). Mucus is composed of
water (95%), glycoproteins (2 %), albumin, immunogobulins, lysozyme, lactoferrin and
other proteins (1%), inorganic salts (1%) and lipids (<1%). Despite their low
proportions, it is the glycoproteins that provide mucus with its characteristic viscoelastic
properties (Kaliner et al., 1984). The mucus layer is divided into the lower, low-
viscosity layer with a thickness slightly less than the length of the cilia, i.e. 5-10 µm,
and the more viscous upper layer of about 0.5-5 µm thickness (Marttin et al., 1998a;
Sanderson and Sleigh, 1981). The average baseline human nasal pH is approximately
6.3, with large inter- and intrasubject variations.  A pH range of approximately 5 to 8
has been reported by one laboratory (Washington et al., 2000), while a narrower range
of 5.5-6.5 has also been presented (Fabricant, 1941).

FACTORS INFLUENCING THE ABSORPTION OF DRUGS ACROSS THE
NASAL EPITHELIUM

Drug transport across the nasal epithelium is assumed to occur by one or more of the
following mechanisms: transcellular passive diffusion, paracellular passive diffusion,
carrier-mediated absorption and secretion and absorption through transcytosis
(Figure 6). Expression of efflux transporter proteins was first known to mediate
multidrug resistance (MDR) in tumor cells, but may also result in reduced absorption of
substrate compounds in various normal cells and epithelia. The factors influencing nasal
absorption are related to nasal physiology, the physico-chemical characteristics of the
compound and the properties of the specific drug formulation.
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Figure 6. Potential drug transport mechanisms across the nasal epithelium:
transcellular passive diffusion (A), paracellular passive diffusion (B), carrier-mediated
transport (C), absorption through transcytosis (D) and efflux transport (E).

Physiological factors/ barriers

Mucociliary clearance
Mucociliary clearance involves the combined actions of the mucus layer and the cilia,
and is an important factor in the physiological defence of the respiratory tract against
inhaled hazardous particles (Duchateau et al., 1985; Marttin et al., 1998a; Schipper et
al., 1991). The composition, function and clinical aspects of nasal mucus have been
widely reviewed (Marom et al., 1984; Proctor, 1982; Roussel et al., 1988; Taylor,
1974). It is assumed that the speed of mucociliary clearance in healthy humans is about
5 mm/ min (Proctor, 1982; Proctor, 1973), although this is easily influenced by
pharmaceutical excipients, airborne irritants (Morgan et al., 1986) or diseases (van der
Baan et al., 1987).

The tips of the cilia are in contact with and transport the superficial viscoelastic mucus
layer towards the nasopharynx, while the less viscous lower layer of the mucus is
relatively stationary (Satir and Sleigh, 1990). Several workers, using various in vitro or
in vivo methods, have investigated ciliary beat frequency in order to evaluate the effects
of drugs or formulation additives (Lansley, 1993; Schipper et al., 1991) or of infections
in the upper airways (Lindberg, 1994) on the mucociliary system. The cilia beat in a
coordinated fashion, with a frequency of approximately 10 Hz, when measured in in
vitro studies on human nasal cilia (Duchateau et al., 1985).

Enzymes
While nasal administration of drugs does avoid first pass hepatic metabolism, there is a
broad range of metabolic enzymes situated in the nasal mucosa which can limit the
bioavailability of some drugs, especially those containing peptides or proteins (Chung
and Donovan, 1996; Hussain and Aungst, 1994; Hussain et al., 1995; Irwin et al., 1995).
Among the enzymes present are the oxidative phase I enzymes (e.g. cytochrome P-450
enzymes), non-oxidative enzymes, conjugative phase II enzymes and proteolytic
enzymes such as endo-and exo-peptidases (Sarkar, 1992). The nasal enzyme population
and/ or activities vary extensively among different species (Chung and Donovan, 1995;
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Zhou and Li Wan Po, 1990). However, the level of activity seems to be lower for nasal
enzymes than for those in the gastrointestinal tract or liver, on the basis of the amount of
tissue involved (Longo et al., 1988; Stratford and Lee, 1986; Zhou and Li Wan Po,
1990).

Nasal pathophysiology
Various pathophysiological changes, such as the common cold, seasonal rhinitis, nasal
polyps and cancer, may also alter absorption from the nasal cavity in different ways,
although this has not yet been thoroughly investigated. While it has been demonstrated
that a rhinovirus infection in vitro causes sloughing of epithelial cells and destruction of
the epithelial layer (Hoorn and Tyrrell, 1966; Reed and Boyde, 1972), microscopy
studies of mucosal biopsies from otherwise healthy patients with colds didn’t show any
abnormalities in ciliated cells (Winther et al., 1983)

Physico-chemical characteristics of the substance

The physicochemical characteristics of the administered drug, which can influence nasal
absorption, include molecular weight, solubility, dissolution rate, charge, partition
coefficient, pKa, particle size and the presence of polymorphism (Behl et al., 1998a).

An inverse relationship between molecular weight and percent absorption has been
reported by Donovan et al. (1990) based on studies on polyethylene glycol of different
molecular weights. These data are supported by the results of rat studies compiled with
literature data, which indicate good bioavailability for compounds with molecular
weights up to 1000 kDa in formulations without adjuvants (Fisher et al., 1987;
McMartin et al., 1987). However, contrary to the findings of Donovan et al. (1990) no
difference in absorption characteristics between gastrointestinal and nasal mucosae was
found in rats (Donovan et al., 1990; McMartin et al., 1987). Accordingly, mechanisms
other than the suggested aqueous pores between cells of the nasal mucosa (Fisher et al.,
1992) might be involved in the absorption of large molecules.
Other studies have demonstrated that hydrophobicity is an important factor in nasal
drug delivery (Corbo et al., 1989b; Duchateau et al., 1986), in contrast to studies on
quaternary ammonium compounds where a decrease in absorption was found with
increased lipophilicity and molecular weight (Kimura et al., 1991).

Formulation aspects

Formulation factors that should be taken into consideration to obtain successful nasal
absorption of drugs include the concentration of the drug (Harris et al., 1988a; Harris et
al., 1988b), the dose and volume of administration (Behl et al., 1998a), the pH
(Shimoda et al., 1995), viscosity (Harris et al., 1988b; Pennington et al., 1988) and
osmolarity (Ohwaki et al., 1987; Pereswetoff-Morath and Edman, 1995). Moreover,
different excipients (Quadir et al., 1999), including preservatives (Batts et al., 1990;
Deitmer and Scheffler, 1993; Dondeti et al., 1995) and absorption enhancers, are also
likely to alter the bioavailability. In addition, the dosage form (drops, spray, powder,
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etc.) (Harris et al., 1986; Ishikawa et al., 2001; Vidgren et al., 1991), the administration
technique (inhalation, mechanically assisted, etc.) (Harris et al., 1986) and the device
used (Kublik and Vidgren, 1998) will also affect the level of absorption.

Enhancers
A major limiting factor associated with the addition of enhancers to a formulation for
nasal administration is the potential toxicity to the nasal mucosa. Nasal absorption
enhancers are required to be nonirritating, nontoxic and nonallergenic or at least to have
immediately reversible effects. Moreover they should be potent, compatible with the
drug and other excipients in the formulation and systemically inert in the concentrations
used. In addition, the optimal enhancer has to be readily available. Lack of odor, taste
and influence on mucociliary clearance are other important requirements for nasal drug
delivery (Behl et al., 1998b). No single enhancer can be expected to fulfill all these
requirements. Instead, potential enhancers have to be carefully evaluated to reach basic
acceptability in enhancing ability and an overall safety profile, with regard to both local
and systemic effects.

Enhancers have been classified in various ways, possibly because some enhancers have
overlapping chemical properties and have been shown to possess more than one
possible mechanism of action. In addition, the effects of some enhancers are only partly
understood (Behl et al., 1998b; Chien and Chang, 1987; Lee et al., 1991). Surfactants
and bile salts were the first enhancers to be tested and several other promoters have
been investigated subsequently (Table 1).

Table 1. Various compounds investigated as enhancers in nasal drug delivery research

Surfactants Sodium dodecyl sulphate (SDS)
Polyoxyethylene-9-lauryl ether
Phosphatidylcholines

(Natsume et al., 1996)
(Zhou and Donovan, 1996)
(Chandler et al., 1991, 1994)

Complexing and
chelating agents

Ethylene diamine tetraacetic acid
(EDTA)

(Donnelly et al., 1997;
Yamamoto et al., 1993)

Cyclodextrines and
derivatives

α-, β-, γ-cyclodextrin
DMβ-, HPβ-cyclodextrin

(Marttin et al., 1998b; Matsubara
et al., 1995; Merkus et al., 1993;
Merkus et al., 1999; Schipper et
al., 1993)

Fusidic acid derivatives Sodium taurodihydrofusidate (STDHF) (Baldwin et al., 1990; Kissel et
al., 1992)

Bile salts Sodium taurocholate
Sodium glycocholate

Sodium deoxycholate

(Yamamoto et al., 1993)
(Aungst et al., 1988; Bagger et
al., 2001; Pontiroli et al., 1987)
(Hersey and Jackson, 1987)

Dry microspheres Degradable starch microspheres (DSM)

Dextran microspheres

(Björk and Edman, 1988; Björk
et al., 1995)
(Pereswetoff-Morath, 1998)
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The enhancers evaluated to date appear to act by a wide range of mechanisms, including
perturbation of lipid membranes, facilitation of leakage of lipids and proteins from the
membranes, tight junction regulation, and chelation of Ca2+ ions in the cell membranes
(Lee, 1990; Merkus et al., 1993; Schmidt et al., 1998).

Sodium taurodihydrofusidate (STDHF) is an enhancer extensively studied. Several
studies indicated that STDHF was promising (Ennis et al., 1990; Raehs et al., 1988),
although large interspecies differences in the effects of STDHF on the nasal absorption
of human growth hormone were later observed (Baldwin et al., 1990; Deurloo et al.,
1989). Moreover, studies in healthy volunteers who received the somatostatin analogue
octreotide in combination with STDHF showed poor local tolerability of all STDHF-
containing sprays (Kissel et al., 1992), clearly demonstrating the difficulties in
extrapolating absorption data from animals to humans (Merkus et al., 1993). Large
interspecies differences have also been shown with dimethyl-β-cyclodextrin (DMβCD)
(Merkus et al., 1991a, b), although the cyclodextrin concept does remain promising
(Marttin et al., 1998b; Merkus et al., 1999).

SDS (0.5%) has been shown to promote the absorption of fluorescein isothiocyanate-
dextran (FD-4, Mw 4400 Da) after nasal administration to rats, resulting in high early
peak plasma concentrations compared to those reached with chitosan, poly-L-arginine
and the other enhancers investigated (Natsume et al., 1996).

The integrity of the tight junctions, which may be seen as barriers to the paracellular
diffusion of molecules, is dependent on extracellular Ca2+ (Lee, 1990). It is believed that
the mechanism of action of EDTA includes depletion of Ca2+ from the tight junctional
areas, thus allowing the junctions to open . This is consistent with the findings of
Yamamoto et al., which demonstrated a promoting effect of EDTA on the absorption of
fluorescein isothiocyanate-dextrans with various molecular weights after nasal
adminstration to rats (Yamamoto et al., 1993). Interestingly, EDTA is the only enhancer
found in nasal products on the Swedish market, although the concentration used
indicates that a preservative rather than an absorption-promoting effect is achieved.

To summarise, this overview gives an indication of the difficulties associated with the
development of absorption enhancers for nasal formulations. The low numbers of
registered products containing enhancers reflects the generally restrictive view of their
safety, particularly for long-term use in chronic conditions.

THE USSING CHAMBER DIFFUSION SYSTEM FOR NASAL DRUG
DELIVERY STUDIES

Whereas in vivo studies remain the most crucial test for any new nasal drug application
or formulation, well-defined and controlled in vitro studies are probably more
appropriate for investigating the mechanistic aspects of nasal absorption. In the 1950s,
Ussing and Zerahn introduced a diffusion cell model combined with a voltage clamp
technique for ion transport studies across frog skin (Ussing and Zerahn, 1951). Since
then the technique has been adapted and improved for investigations in other tissues. In
vitro studies offer a promising alternative to in vivo studies of the separate steps in the
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absorption process. Thus, the barrier properties of the mucosa may be more easily
characterised, rate-limiting steps may be more easily detected and factors influencing
permeability and the metabolism of the drug can be investigated. Furthermore, in vitro
studies require less of the compound for evaluation, are relatively easier to conduct and
provide plasma-free samples for analysis (Audus et al., 1990; Lee et al., 1997; Schmidt
et al., 1998).

Experimental set-up

Various diffusion chambers are currently used for nasal studies, although the basic
components of most of them include two half chambers separated by a semi-permeable
membrane, a heating block or reservoirs to maintain the temperature control and mixing
or stirring equipment. Electrode equipment for the electrophysiological measurements is
also often included. Most systems have a vertical tissue orientation (Hosoya et al., 1994;
Reardon et al., 1993a; Wheatley et al., 1988), although the horizontal orientation
provides opportunities for application of dry formulations and gels in the absence of
solution on the mucosal side of the membrane (Östh et al., 2002).

The volumes of the chamber halves vary, according to the literature, from
approximately 1 ml (Bechgaard et al., 1992; Cremaschi et al., 1991; Gizurarson et al.,
1991), where the gas supply is often used for both tissue viability and mixing of the
buffers, to approximately 10 ml (Hosoya et al., 1994; Reardon et al., 1993b; Wheatley
et al., 1988), where stirring is undertaken magnetically or with small paddles in the
chambers.

No particular diffusion chamber seems better than any other, although the different set-
ups and their influence on factors such as gas flow, rate of stirring and tissue area may
influence the results, and these parameters have to be kept in mind when comparing
data from different systems.

Because of difficulties in obtaining human specimens, most Ussing chamber studies are
performed with nasal epithelia from various animals, most commonly the rabbit
(Bechgaard et al., 1993; Carstens et al., 1993; Gizurarson et al., 1991; Hosoya et al.,
1999; Maitani et al., 1997). Isolated bovine (Lang et al., 1996; Schmidt et al., 2000) and
ovine (Reardon et al., 1993a; Wheatley et al., 1988) mucosa have also been used in
several studies.

Overview of studies reported

Diffusion chambers are useful as a tool for discriminating between passive and active
transport processes across various rabbit mucosa, as demonstrated by comparative
studies on mucosal permeability to fluorescein isothiocyanate-labelled dextrans
(Hosoya et al., 1993). The results indicated that the nasal mucosa is more permeable to
hydrophilic compounds than gastrointestinal and buccal rabbit mucosa. Mucosal
permeability to several peptides has also been investigated in diffusion chamber studies
(Bechgaard et al., 1997; Cremaschi et al., 1991; Jörgensen and Bechgaard, 1993, 1994).
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The diffusion chamber system has also been widely used to evaluate the effects of
different enhancers and additives on nasal mucosa. Gizurarson et al. (1991) have
investigated the effects of various cholera toxins on rabbit nasal mucosal specimens,
while eight enhancers were evaluated according to their effects on rabbit nasal mucosa
and subsequently ranked by Hosoya et al.(Hosoya et al., 1994). The influence of
deoxycholate or ammonium glycyrrhizinate (AMGZ) on the electrophysiological
properties of ovine mucosa has also been studied (Reardon et al., 1993b; Wheatley et
al., 1988).

Mechanistic studies on the effects of nicotine on various porcine mucosae have been
reported (Nair et al., 1997), while studies of drug metabolism could be exemplified by
investigations of the naturally occurring thymic factor Thymopentin, which influences
the immune system, using excised bovine nasal mucosa (Lang et al., 1996). Recent
studies using human nasal mucosa have mostly dealt with changes in the mucosa
associated with cystic fibrosis (Boucher et al., 1986; Cotton et al., 1987; Mall et al.,
2000a; Mall et al., 2000b), but human specimens have also been used in studies of the
local tolerability of an octapeptide analogue of somatostatin enhanced by
microcrystalline cellulose or lactose (Fraissinette et al., 1995).

Taken together, these studies give an indication of the diverse applications of the
diffusion chamber model, and studies investigating mechanisms of transport,
metabolism and effects of enhancers or additives will probably remain a subject of
continuing interest.

Comparison with other in vitro methods

While some diffusion models use excised nasal mucosa to mimic the in vivo situation
with regard to an intact epithelium, alternative in vitro models using explants, primary
cultures and cell lines have also been established during recent decades (Audus et al.,
1990). The prototype nasal tissue culture system was developed from excised rat nasal
epithelium (Brittebo et al., 1983) or excised human tracheal epithelium (Wiesel et al.,
1983). These systems, however, include the risk of overgrowth of normally less
frequent cell types, thus introducing complicating factors into the interpretation of
experimental results. Such systems have mainly been used in cancer research
investigating nasal-specific carcinogens (Brittebo et al., 1983).

Cell cultures from isolated cells have been developed by enzymatic dissociation and
isolation of human (Werner and Kissel, 1995) and animal cells. These systems showed
some natural cell differentiation, and the presence of tight junctions was confirmed by
actin staining. The systems were mainly used to identify the basic functional and
biochemical characteristics of the tissue (Audus et al., 1990). Cell lines derived from
cancerous human septum (RPMI2650) and from normal bovine turbinate (BT) have
been developed, but appear not to be suitable for transport studies since undifferentiated
cells were found (Werner and Kissel, 1996).
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While cell lines from cancer tissue are easily maintained in cultures, the morphology
and biochemical characteristics are often different from those of the original tissue. In
contrast, while primary cell cultures may reflect more closely the native properties of
the mucosa, they are less reproducible and more time-consuming to work with than the
cell-lines (Werner and Kissel, 1996). Hence, primary cultures seem to be less suitable
for screening purposes than cell lines.

As a comparison, the well-established human intestinal Caco-2 cell line shows that
monolayers can be used to predict drug transport by the different pathways across the
intestinal epithelium. The Caco-2 cell line also demonstrates an excellent correlation
with in vivo absorption, especially for compounds that are transported paracellularly
(Artursson et al., 2001). However, to our knowledge, no characterised epithelial nasal
cell line is currently available. Accordingly, intestinal cell lines are often used in nasal
drug development for screening purposes.

AIMS OF THE THESIS

The overall aims of this thesis were to study the factors influencing the in vitro
permeability of nasal mucosa to various substances and implications for nasal
absorption in vivo.

More specifically, the aims were to:
• Characterise the structure of porcine nasal mucosa and establish an Ussing

chamber system using this mucosa (Paper II)
• Evaluate the porcine nasal Ussing chamber system as a tool for predicting in

vivo nasal drug absorption (Papers III, IV, V)
• Evaluate formulation-related factors affecting the permeation and absorption of

investigative substances (Papers I, IV)
• Study and compare the expression of P-glycoprotein in human and porcine nasal

mucosa (Paper V)
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MATERIALS AND METHODS

Characterisation of porcine nasal mucosa

Histological evaluation of the mucosa
Histological studies were performed on nasal cavity mucosa, septum mucosa and
dermatomed septum mucosa, in order to evaluate the effects on the viability and
integrity of the mucosa of transportation, duration of the studies and conditions in the
diffusion chambers.

The thinner tissue specimens (from the nasal cavity and dermatomed septum tissue)
were fixed in glutaraldehyde in phosphate buffer for approximately 24 hours, while the
thicker non-dermatomed septum specimens were fixed in phosphate buffer containing
glutaraldehyde and paraformaldehyde. All specimens were then dehydrated through a
series of ethanol washes and fixed in OsO4, embedded in a four-component plastic
substance, sectioned, stained with toluene blue and examined using light microscopy.

Biochemical evaluation of the mucosa
The MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide or
thiazolyl blue) has been widely used for quantitative colorimetric measurements of
mammalian cell cytotoxicity, proliferation or activation (Mosmann, 1983). The
principle of the method is that the tetrazolium ring in MTT is cleaved in living cells by
NAD(P)H-dependent enzymes referred to as tetrazolium reductase and, to a lesser
extent, the mitochondrial enzyme succinate-dehydrogenase and converted to the purple
formazan (Berridge et al., 1996; Carmichael et al., 1987). The amount of formazan
produced is proportional to the number of living cells present and the concentration of
converted dye is measured spectrophotometrically as absorbance.

Biopsies of nasal porcine cavity mucosa were cut, weighed and put in a culture plate
containing MTT in PBS buffer. The specimens were incubated for 2 hours at 37°C on a
rotating platform, followed by gentle flushing with PBS, extraction using DMSO and
absorbance measurements.

Electrophysiological measurements in the Ussing chamber system
The set up, principles and tissue preparation for the Ussing chamber system are
described in detail elsewhere in the thesis. Briefly, the electrophysiological parameters
(potential difference (PD), transmucosal electrical resistance (R or Rm) and short-circuit
current (Isc)) were measured to assess the integrity and viability of the mucosa. A four-
electrode system, consisting of a pair of platinum electrodes to pass the current across
the membrane, and a pair of Ag/AgCl reference electrodes connected to the agar bridges
to measure the PD across the nasal tissue, was used (Figure 7).

A computer program for control of electrophysiological data measurements and the
analysis and presentation of results was used in all studies, and an external electronic
unit allowed measurements in six chambers simultaneously. A current was sent through
each segment and the voltage response for each pulse was measured 200 ms thereafter.
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Five different current pulses, ranging from -30 to 30 µA and of 235 ms duration, were
sent across the tissue. External disturbances were thus avoided, linearity between the
current-voltage pairs was assured and tissue exposure was minimised. Background
electrophysiological data were recorded for each pair of electrodes without tissue and
these data were automatically subtracted from the results for each tissue sample.
Electrical parameters were measured every two or five minutes during the experiments.

Figure 7. Electrophysiological parameters in the Ussing chamber diffusion system

Permeability studies using markers
After approximately 30 minutes of equilibration, the permeability experiments were
started by replacing the buffer on both sides of the tissue with prewarmed, gassed
buffer. The markers 14C-mannitol and/ or D-(2-3H)-glucose (each at a concentration of
1µCi/ ml) and, as described elsewhere, the specific test compound were added to the
donor side of the chambers. Samples were withdrawn from the donor (20 µl) and the
acceptor (100 µl) sides at intervals up to 2.5-3 h, and an equal volume of fresh
prewarmed buffer solution replaced the acceptor samples.

For the analysis, the withdrawn radiolabelled samples were mixed with scintillation
cocktail and the total radioactivity of the substances was determined by liquid
scintillation counting (LSC).

The apparent permeability (Papp) was calculated using the equation:

Papp=dQ/dt*1/AC0

where dQ/dt is the steady-state appearance rate of the compound on the acceptor side of
the membrane, C0 the initial concentration of the compound on the donor side, and A
the surface area of the membrane exposed to the compound.

In order to investigate the suitability of different parts of the porcine cavity, both septum
mucosa and cavity mucosa were removed. An electro-dermatome was used to remove
the connective tissue, with the intention of standardising the thickness of the septum
mucosa. The thickness of the natural and dermatomed septum mucosa was estimated
from random samples using a micrometer.

I

U

PD

Isc
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Ussing chamber studies

Permeability studies– using the Ussing chamber system as a tool for predicting in vivo
absorption
A Costar vertical diffusion chamber system (Figure 8) was used in Papers II-V. This
system consisted of chambers with an area available for diffusion of 0.64 cm2 and a
volume of 1.5 ml for each half cell (Precision Instrument Design, Tahoe City, CA,
USA). Porcine nasal mucosa was obtained from Pigham pigs at SQM Beef, Uppsala,
Sweden. The mucosa was carefully removed, stored on ice during transportation to the
laboratory, put into a gassed KBR buffer (95%O2 and 5%CO2) and finally cut into
appropriately sized pieces to fit the chambers.

Figure 8. Costar® vertical diffusion chamber system including electrodes for
electrophysiological measurements.

Kreb´s Bicarbonate Ringer´s solution (KBR), pH 7.4 and osmolality 300±10
mOsmol/kg, was used in all the permeability studies (Ungell et al., 1992; Wadell et al.,
1999).

The tissue specimens were mounted in the chambers, prewarmed gassed KBR buffer
was added and all solutions were maintained at 37°C, while a gas system (95%O2 and
5%CO2) provided both oxygenation and mixing of the chamber solutions in all studies.

After approximately 30 minutes of equilibration, the experiments were started by
exchange of the buffer and were then run as described under “Permeability studies using
markers”. Twelve drug molecules and substances were investigated in this manner
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(Table 2). The radiolabelled substances were analysed using LSC, while insulin was
analysed using an ELISA kit for insulin.

Table 2. Summary of the physico-chemical characteristics of the substances used in the
studies.

a) AstraZeneca R&D, Södertälje/ Mölndal, Sweden f) Aungst, B J, 1998 ( octanol/ buffer pH 7.4)
b) Product information pamphlet g) The Merck Index
c) Artursson & Karlsson, 1991 h) Höld et al., 1995
d) Gustafsson et al., 1998 i) Winiwarter et al., 1998
e) Pharmacia & Upjohn (pH 7.0) j) octanol/ physiological saline

Studies on the effects of absorption enhancers
In Paper IV, the Ussing chamber model with porcine nasal mucosa was used as a tool
for investigating the effects of absorption enhancers on the mucosa. Melagatran (250
µM in KBR, pH 7.4) was used as a reference solution (1 µCi/ml in the chambers) for
comparison with solutions also containing sodium dodecyl sulphate (SDS) (0.25, 0.5, 1,
1.5, 2 and 5 mM) or ethylene diamine tetraacetic acid (EDTA) (1, 2 and 5 mM).
Permeability studies on 3H-melagatran were performed as described above, and the
concentration of 3H-melagatran in the withdrawn samples was analysed using LSC.

Studies on the expression of P-glycoprotein (Pgp) in porcine nasal mucosa
Permeability studies with bi-directional flux measurements (from the mucosal to the
serosal side and from the serosal to the mucosal side) of 3H-verapamil and G-3H-
vinblastine sulphate were performed in Paper V. The withdrawn samples were analysed
using LSC.

Radio-
chemical

purity
(g/mol) (%)

Amino diether 251a 1.84a 9,3 14C 98.1a

Glucose 180b -3c - 3H >95b

Insulin 5808b - -
Lidocaine 236a 1.63a 7,86 14C 92-94a

Mannitol 182b -3.1c - 14C >97b

Melagatran 430a -1.3a (2.0 / 7.0 / 11.5)d 3H 97a

Nicotine 162b 1.62e / 0.4f (6.16 / 10.96)g 3H 95b

Polyethylene 
glycol 

4000b -5.1c  - 14C 99.2b

Propranolol 259b 1.54c 9.5h 3H >97b

Sumatriptan 295b log P: 1.2 3H 98.8b

Verapamil 491b 2.7i 8.7i 3H >97b

Vinblastine 910b 1.68b, j (5.4 / 7.4)h 3H 97b

LabelSubstance Mw log D pKa



25

Further investigations on factors influencing the permeability of nasal mucosa –
Western Blot studies

Western Blot analysis was used to investigate and compare the expression of Pgp in
porcine and human nasal mucosa (Paper V).

Briefly, the human nasal mucosa used in the studies was obtained from the middle
turbinate of patients undergoing surgery. The studies were approved by the Ethics
Committee, Huddinge University Hospital (Stockholm, Sweden). Both the human
biopsies and the specimens from nasal cavity mucosa from Pigham pigs were
immediately snapfrozen in liquid nitrogen after removal, and stored at -70ºC until use.

The frozen samples were weighed, homogenised and centrifuged in 3 steps at various
velocities and times. The obtained pellets were resuspended in the homogenisation
buffer and stored at -70°C until electrophoresis. Sample protein concentrations were
determined according to a method modified from Lowry (Lowry et al., 1951) using
BSA as protein standard.

Before electrophoresis, solubilization buffer complemented with β-mercaptoethanol
(16% (v/v)) was added to the samples and some samples were boiled for one minute
before application on the gel. The proteins were separated by SDS-PAGE.

The proteins were then transferred to the PVDF transfer membranes using
electroblotting, followed by staining with Coomassie Brilliant Blue solution, destaining
and drying. After transfer, the membranes were blocked using 5% non-fat milk powder
in TBS-buffer. A monoclonal mouse antihuman antibody recognising both MDR1 and
MDR3 (C219, Alexis), a monoclonal mouse antihuman MDR1 (Pgp) antibody (MAB
4120, Chemicon), and a monoclonal mouse anti-MDR3 Pgp antibody (MAB 4140,
Chemicon) were used as primary antibodies. Horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG was used as secondary antibody. The antibodies were diluted to
suitable concentrations followed by incubation of the membranes.

An ECL Western Blotting detection reagents kit used enhanced chemiluminescence to
show the HRP-conjugated antibodies, with the emitted light captured on Hyperfilm
ECL.

In vivo studies in rats

Paper 1 used male Sprague Dawley rats (Møllegaard, Denmark and B&K Universal
AB, Sweden) weighing 200-300 g. Anaesthesia and surgery were performed as reported
earlier (Björk and Edman, 1988). After an intraperitoneal injection of thiobutabarbital
sodium (130 mg/kg), the rats were placed on heated plates in the supine position to
maintain their body temperature (37-38°C). The trachea, the arteria carotis and the vena
femoralis were catheterised with polyethylene tubes and administration of propiomazine
was started 30 minutes post-operation.
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Propiomazine in two salt forms, maleate and hydrochloride, was dissolved in 0.9%
NaCl and administered nasally in doses of approximately 0.2 and 0.4 mg/kg (20-22 µl).
The hydrochloride salt was also dissolved in a formulation (propylene glycol, 5.0 %,
polysorbate 20 (Tween 20), 2.5 %, polyethylene glycol 400, 20 % H2O (aq. inj.)), and
nasally administered in doses of 0.2 mg/kg. Propiomazine hydrochloride was also
administered intravenously at a dose of 0.19 mg/ kg. Blood samples (300 µl) were
withdrawn before and at time intervals from 2 to 240 minutes after administration. After
centrifugation, the plasma was frozen (-70°C) until analysis by HPLC.

In Paper IV, the rats were awake during the study, except for a short period of time
during administration of the drug. Four groups of 6 male Sprague Dawley rats (B&K
Universal AB, Sweden) were included in the study scheme (Table 3). The test solution
was administered nasally under light anaesthesia with isofluran.

Table 3. Study design for melagatran study in rats (Paper IV)

Blood samples (200 µl) were withdrawn from the tail vein at time intervals from 2 to
360 minutes after administration. After centrifugation, the plasma was separated and
frozen (-70°C) until analysed using LSC.

In both rat studies, the animals were kept under standardised conditions, i.e. free access
to tap water and a standard diet. The rats were acclimatised during the week prior to
dose administration.

Calculations
In Paper I, the areas under the concentration-time curves (AUC) were calculated using
the linear trapezoidal rule. In Paper IV, maximum plasma concentration (Cmax), time to
Cmax (tmax), AUC and absolute bioavailability (Fabs) were analysed using WinNonLin®

v. 3.3., Pharsight Corporation, California, USA.

Statistics
Results are generally presented as mean values + standard deviations (S.D.). In Paper
IV, the Student’s t-test (two-tailed) was used to test the significance of differences
between two mean values. A value of p<0.05 was considered statistically significant.

Group Adm. 
Route

Dose 
melagatran
(µmol/ kg)

Enhancer

I i.n. 20 -
II i.n. 20 EDTA 20 mM
III i.n. 20 SDS 10 mM
IV i.v. 2 -
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RESULTS & DISCUSSION

Characterisation of the porcine mucosa

Histological evaluation of the mucosa
Histological examination was performed at different time points after removal of the
tissue, and freshly excised specimens were compared with tissue that was transported
and mounted in the diffusion chambers over 1 to 3 hours before fixation. The results
indicated that the tissue specimens treated with KBR during 1 hour’s transportation
remained intact, and did not seem to differ from the specimens that were fixed directly
upon removal (Figure 9a). Specimens examined after 2 h incubation in the diffusion
chambers did not show extensive negative effects on the epithelium, while further
incubation caused some changes (mainly swelling and epithelial cell loss) in mucosal
integrity (Figures 9b and 9c).

Biochemical evaluation of the mucosa
The biochemical activity of the nasal porcine mucosa was investigated by a modified
MTT-test. Tissue specimens in petri dishes with continuously gassed buffer simulated

Figure 9. Micrographs of nasal mucosa under
various transport conditions and duration of
exposure: 9a, upper left: Cavity mucosa after 1 h
transport in KBR. Similar appearance, i.e. intact
epithelium with preserved integrity, to freshly
excised tissue (unpublished data) (line=25 µm).
9b, upper right: Cavity mucosa after 1 h transport
in KBR and 2 h exposure in the Ussing chambers.
No indications of major effects on the epithelium
(line=5 µm). 9c, lower left: Cavity mucosa after 1
h transport in KBR and 3 h exposure in the Ussing
chambers. Effects on epithelium, i.e. slight
oedema and loss of epithelium (line=5 µm).
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permeability experiments and specimens incubated directly upon removal from the
porcine snout served as reference. The results from the MTT study confirmed the
histological results that transportation to the laboratory and incubation for 2 hours did
not seem to have any major influence on the viability and integrity of the tissue. The
absorbance decreased on further incubation in simulated diffusion chambers and, 24
hours after removal, a 40% decline in absorbance was observed. No absorbance was
seen for the negative controls, i.e. with mucosa incubated with DMSO or in the absence
of tissue.

Figure 10. Results from the biochemical activity study using MTT. The specimens
incubated directly upon removal from the porcine snout served as reference. Each bar
represents the mean value from three specimens, except for the reference and the 2-
hour Ussing chamber studies where N=6. Relative S.D. was less than 1.5% of each bar
irrespective of whether N=3 or 6. Samples including DMSO or with absence of tissue
were used as negative controls.

The slight decrease in viability of the specimens after transport and short incubation in
the KBR buffer might be an underestimation of the potential damage, since the tissue
was not squeezed by the diffusion chamber halves. The fact that MTT appeared to be a
poor marker of tissue viability for short term studies is thus consistent with previous
reported studies on rabbit cornea. The initial studies on cornea indicated that the MTT
assay was more appropriate for a medium term study (over days) than for shorter
viability studies (over 12 hours) (Imbert and Cullander, 1997).

Electrophysiological measurements in the Ussing chamber system
Electrophysiological steady-state values (PD, R and Isc) for porcine nasal cavity mucosa
remained relatively constant for 8 hours after removal, indicating that the viability of the
mucosal tissue was maintained over this period (Figure 11). A major advantage of
electrophysiological measurements is that damaged segments can be recognised and
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replaced before addition of the test compound and the viability of the membrane can be
continuously monitored. In contrast, in studies where permeability markers are used in
the absence of electrophysiological measurements (Corbo et al., 1989a; Hersey and
Jackson, 1987; Sayani et al., 1993), information about membrane damage is not
available until the analyses are completed after the permeability studies.

The ranges for each parameter of the electrophysiological data for the different areas of
the porcine nose studied demonstrated that the results from the normal septum mucosa
were highly variable, while the dermatomed septum and the cavity mucosa were almost
comparable and less variable (Table 4). For the cavity mucosa, limits of acceptability
for the electrophysiological data, in order for the tissue to be defined as viable before
adding the test solution, were set to >40 Ωcm2 for resistance (R) and <(-)3 mV for
potential difference (PD). These limits of acceptability were followed in all the studies,
i.e. tissue specimens that did not fall within the limits were discarded.

Figure 11. Basic electrophysiological
parameters of porcine nasal cavity
mucosa:
Upper left: PD (mV) vs time (min)
Upper right: Isc (µA/ cm2) vs time (min)
Lower left: R (Ωcm2) vs time (min)
Each point represents the mean ± S.D.
(N=11).
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Table 4. Summary of permeability and electrophysiological data for the markers
glucose and mannitol in different studies of porcine nasal mucosa.

Permeability studies using the markers mannitol and D-glucose
Mannitol and glucose were used as a paracellular transport marker and an actively
transported transcellular marker, respectively. The apparent permeability coefficients
for both D-glucose and mannitol were significantly higher in dermatomed than non-
dermatomed porcine nasal septum mucosa, i.e. the permeability of the mucosa was
influenced by the presence of connective tissue and varying thicknesses (Table 4). The
study also demonstrated that variations in the permeability coefficients for normal
septum mucosa were reduced by the use of an electro-dermatome. The thickness of the
normal septum mucosa was estimated at 700-1000 µm, which was reduced to 200-300
µm in the absence of connective tissue after using an electro-dermatome. The cavity
mucosa was finally selected as the most appropriate choice for in vitro studies, since the
absorption of drugs in vivo is mostly attributed to this area, it is possible to remove a
larger area of tissue from here than from the septum (despite it being more difficult to
remove), and the obvious risk of damage to the mucosa by the dermatome is avoided.

Permeability coefficients for mannitol and D-glucose were comparable, indicating lower
levels of glucose carriers in the nasal mucosa than in intestinal mucosa. D-glucose was
transported to an extent approximately 10 times greater than that of mannitol in
permeability studies using rat jejunum mucosa (Ungell et al., 1998), although species
differences have to be considered.

 
Study R PD Isc Papp. 

(mannitol) 
Papp  
(glucose) 

  
(Ωcm2) 

 
(mV) 

 
(µA/ cm2) 

 
(cm/ s) (x 106) 

 
(cm/ s) (x 106) 

Paper II 
Septum (N=11) 

     

mean value ± s.d. 74 ± 65 (-10) ± 9 125 ± 70 3.9 ± 2.2 3.8 ± 2.1 
range 30 - 250 (-1) - (-25) 30 - 200 0.8 - 7.0 1.2 -7.1 
c.v. 88% 90% 56% 56% 55% 
      
Paper II 
Septum, dermatomed 
(N=6) 

     

mean value ± s.d. 52 ± 15 (-3.7) ± 1.9 82 ± 40 8.5 ± 1.7 9.9 ± 1.5 
range 25 - 80 (-2.5) - (-7) 50 - 140 6.3 - 10.9 7.7 -11.3 
c.v. 29% 51% 48% 20% 15% 
      
Paper II 
Cavity (N=11) 

     

mean value ± s.d. 68 ± 25 (-6.5) ± 2.1 94 ± 18 5.7 ± 2.9 6.6 ± 2.6 
range 30 - 100 (-4) - (-10) 60 - 110 2.6 - 10.8 3.4 - 11.5 
c.v. 37% 32% 19% 51% 39% 
      
Cavity mucosa    Paper III 

(N=11) 
Paper IV 
(N=3) 

mean value ± s.d. - - - 4.0 + 2.0 5.3 + 1.5 
range - - - 1.9 – 7.6 3.8-7.3 
c.v. - - - 50% 28% 
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A correlation was found between the viability of the tissue, as determined by
electrophysiological measurements, and the permeability of the tissue to mannitol and
D-glucose. Low potential difference and low resistance measurements were associated
with high permeability to both markers.

Ussing chamber studies

Permeability studies- using the system as a tool to predict in vivo absorption
Paper III investigated the correlation between the permeability of porcine nasal mucosa
(mounted in diffusion chambers) to different drug substances and the fraction of drug
absorbed after nasal administration in humans (literature data).

In previous studies on the permeability of Caco 2 cells and rat intestinal segments, a
large number of compounds with different physicochemical data were used, and a close
correlation between passive drug permeation and oral absorption in humans was
observed (Artursson and Karlsson, 1991; Artursson et al., 1993; Lennernäs et al., 1997;
Yee, 1997). The studies in Paper III, however, were limited to the available marketed
compounds designed for systemic nasal delivery, along with those with absorption data
in humans and an available radiochemical form. Moreover, the physicochemical
properties and structural diversity of drugs suitable for nasal administration are
generally more limited than those of drugs intended for delivery to the gastrointestinal
tract.

A correlation coefficient of 0.81 at the 95% confidence level was obtained with these
drugs, after excluding propranolol from the graph (Figure 12). The permeability data for
propranolol (Table 5) were comparable to those in rabbit nasal mucosa (Kubo et al.,
1994). However, no correlation was found between the in vitro permeability data and in
vivo data on the absorption of propranolol (complete absorption), possibly due to
differences in the influence of efflux between in vitro and in vivo methods (Chiou et al.,
2001).

In contrast to the sigmoid absorption vs permeability curve presented in earlier studies
using Caco 2-cells (Artursson and Karlsson, 1991) and rat or human jejunum
(Lennernäs et al., 1997) a straight line was obtained from the results of studies
presented in Paper III and absorption data from the literature (Figure 12). It is expected
that this line will show a downward trend as it progresses, since a level will probably be
reached where an increased permeability in vitro will not correspond to an increased
absolute bioavailability in vivo. However, it was not possible to extrapolate from the
straight line using these data. A better correlation was found for passively transported
drugs than for substances such as propranolol and nicotine, where other mechanisms
seem to be involved in the transport (Chiou et al., 2001; Zevin et al., 1998). Limitations
associated with in vitro systems, such as a lower supply of co-factors to the transport
proteins, a diminished concentration gradient across the excised mucosa, and species
differences in the expression of transport proteins (Lennernäs et al., 1997), may be
responsible for the weak correlation seen with actively transported substances.
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A more distinct and useful curve showing the correlation between the permeability of
nasal tissue to drugs and their absorption in vivo may be possible if future studies
include some of the drugs such as hydroxocobolamine (Lonterman et al., 2000),
midazolam (Knoester et al., 2002), diazepam (Lindhardt et al., 2001a), estradiol
(Dooley et al., 2001) and morphine (Illum et al., 2002), which have recently been
investigated for nasal administration in humans.

Table 5. Apparent permeability coefficients for the substances studied and
corresponding data from the literature on the fraction of the dose absorbed following
nasal administration to humans.

Papp (*106)

(mean + S.D.)

Fraction
absorbed

Substance

(cm/ s) (%)
Amino diether 49 + 4.4 58a

Insulin 0.03 + 0.01 1b

Lidocaine 52 + 8.3 26c

Melagatran 6.2 + 2.7 19d

Nicotine 128 + 42 56e

PEG 4000 13 + 15 2.5f

Propranolol 20 + 8 109g

Sumatriptan 14 + 3.3 16h

Figure 12. Literature data on the fraction of drugs listed in table 5 (except for
propranolol) absorbed (%) after human nasal administration versus apparent
permeability data from Ussing chamber studies on porcine nasal mucosa
(mean values + S.D.).
a) AstraZeneca R&D Södertälje, Sweden e) (Johansson et al., 1991)
b) (Moses et al., 1983) f) (Donovan and Huang, 1998)
c) (Scavone et al., 1989) g) (Hussain et al., 1980)
d) AstraZeneca R&D Mölndal, Sweden h) (Duquesnoy et al., 1998)

One of the aims of Paper IV was to study the permeability of nasal mucosa to
melagatran and to compare the in vitro results with bioavailability data after nasal
administration in rats. The dipeptide analogue melagatran is a low-molecular-weight
direct thrombin inhibitor with high solubility in water (225 mg/ ml) and 3 pKa values.
The apparent permeability for 3H-melagatran were 4.7 ± 1.3 x 10-6 cm/s at 0.7 µM and
5.2 ± 2.3 x 10-6 cm/s at 250 µM, i.e. indicating passive diffusion.

Despite the limitations of in vitro models, some indication of the relationship between
in vitro data and in vivo absorption is urgently required. In contrast to the extent of the
databases of information on the permeability of Caco-2 cells and intestinal segments in
relation to intestinal absorption, data on nasal drug delivery are rare.  In vitro and in vivo
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studies have demonstrated that the permeability of rabbit nasal mucosa to insulin and
phosphatidyl choline was in the same range as the extent of their absorption (Carstens et
al., 1991). However, considerable interspecies variation has been reported for the nasal
administration of insulin combined with cyclodextrins (Merkus et al., 1991b) and also
for buprenorphine with PEG 300 (Lindhardt et al., 2001a), which makes the correlation
of results between species rather doubtful. Accordingly, while in vitro models remain
interesting complementary tools in drug development, correlation of in vitro data with
absorption in humans has to be undertaken with caution.

Studies on the effects of absorption enhancers
Permeability studies in the Ussing chamber system compared melagatran solutions
(0.7 and 250 µM) with solutions containing melagatran plus SDS (0.25, 0.5, 1, 1.5, 2
and 5 mM) or EDTA (1, 2 and 5 mM). The addition of EDTA (2 and 5 mM) or SDS
(0.25 and 1.5 mM) resulted in significantly increased permeability coefficients for 3H-
melagatran. However, continuous electrophysiological measurement indicated that
EDTA (1 and 2 mM) appeared to have no pronounced effects on the electrophysio-
logical parameters of the tissue, while variable effects were associated with SDS, which
might be relevant in in vivo studies. In some specimens, the effects were minor and
reversible after addition of SDS (0.5 mM or 1 mM) while, in others, severe damage
occurred at the same concentration, as shown by an irreversible decrease in PD (Figures
13 and 14) and distinct changes in Isc.

Figure 13. Transmucosal potential difference (PD) during the experiments with
representative specimens defined as viable after addition of the test solution according
to electrophysiological measurements. At t = -6 minutes, EDTA or SDS were added to
the donor solution of the chambers.
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Figure 14. Transmucosal potential difference (PD) during the experiments with
representative specimens defined as non-viable after addition of melagatran solutions
(250 µM) containing enhancers at different concentrations. At t = -6 minutes, EDTA or
SDS were added to the donor solution of the chambers.

The limiting concentration of SDS in this in vitro study seemed to be approximately 1
mM, since higher concentrations definitely influenced the mucosa according to
electrophysiological monitoring, although the profile of the PD versus time curve for
the 1mM SDS segment was not representative, as seen in Figure 13. Moreover,
differences in the mechanisms of action of EDTA and SDS should be kept in mind
when evaluating the influence of these enhancers on the permeation of 3H-melagatran.
SDS is classified as an anionic surfactant facilitating the leakage of proteins from the
membranes, while EDTA is thought to influence the tight junctions of the epithelial
cells by interfering with the ability of Ca2+ ions to maintain the dimensions of the
intercellular space (Hochman and Artursson, 1994; Lee et al., 1991; Madara and
Dharmsathaphorn, 1985). Thus, a hydrophilic compound like melagatran that is
transported by paracellular means is probably more sensitive to the effects of EDTA.

Studies on the expression of Pgp in porcine nasal mucosa
One approach when investigating the expression of Pgp is to evaluate the extent to
which MDR1 is involved in the efflux of well-known substrates from tissue systems
(Emi et al., 1998; Saitoh et al., 1996). Vinblastine and verapamil are substrates for Pgp,
and have been used in cell cultures and tissue specimens to prove the involvement of a
Pgp-mediated efflux system (Döppenschmitt et al., 1998; Hunter et al., 1993; Saitoh and
Aungst, 1995).

The permeability studies using 3H-verapamil and 3H-vinblastine demonstrated a bi-
directional flux for both compounds that was higher, but not statistically significantly,
in the mucosal-to-serosal direction than vice versa, indicating that expression of Pgp
was low or nonexistent in the porcine nasal mucosa (Table 6). The absence of efflux is
in contrast to studies on rat intestinal mucosa, where the verapamil flux from the serosal
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to the mucosal side exceeded the mucosal-to-serosal flux by 3- to 4-fold (Johnson et al.,
2001; Saitoh and Aungst, 1995). Similar data on vinblastine have shown an almost 20-
fold higher dose-dependent efflux across renal epithelial MDCK cell layers (Hunter et
al., 1991).

Table 6. Permeability data for 3H-verapamil and 3H-vinblastine in the mucosal-to-
serosal (m-s) direction relative to the serosal-to-mucosal (s-m) direction through nasal
porcine mucosa.

Substance Direction
of

transport

Papp x 106

(cm/ s)

Number of
specimens

(N)
3H-verapamil m-s 10.6 + 6.0 5

s-m 3.5 + 1.2 5
3H-vinblastine m-s 0.6 + 0.1 5

s-m 0.4 + 0.1 5

Further investigations of factors influencing the permeability of nasal mucosa –
Western Blot studies

Western Blot studies using the antibody to both MDR1 and MDR3 (C219) resulted in a
band at approximately 170 kDa for the positive control, membranes with cDNA-
expressed MDR1 Pgp (lane 14), and pellet 3 from human mucosa (lane 11), indicating
the presence of MDR1 and/or MDR3 in the sample (Figure 15). The study also clearly
demonstrated that the protein was not stable after boiling with SDS and
mercaptoethanol, since different bands appeared for boiled and non-boiled samples. The
bands at lower levels than approximately 170 kDa may correspond to different
degradation products of Pgp.

Using the antibodies specific for MDR1 or MDR3 showed a clear band on each gel for
the specific positive controls at approximately 170 kDa (Figure 16: lane 5 and Figure
17:  lanes 2, 3 and 4), indicating high-quality, noncross-reacting antibodies. However,
no bands at this level were seen in the porcine or human nasal samples, demonstrating
that Pgp was absent from these samples or was present in undetectably low levels under
these conditions, or that there was some degraded material present (Figure 16 and 17).
Accordingly, our data indicated that the pig seems to be similar to humans with regard
to MDR1 and MDR3 expression in nasal tissue.

Partly in contrast to these results, MDR1 Pgp has been localised in the nasal respiratory
mucosa of healthy humans, using immunohistochemistry techniques (Wioland et al.,
2000). A consistent labelling pattern was observed in ciliated cells and in the glands of
the nasal mucosa, in contrast to the mucus-secreting cells, where no staining was seen.
Furthermore, Henriksson et al., 1997, using immunohistochemical staining of biopsies
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from healthy volunteers, confirmed the presence of MDR1 Pgp in nasal mucosa, mainly
on the apical side of the surface epithelium and on the baso-lateral side of the serous
glandular cells. Possible explanations for these partly contradictory results may include
the use of different methods, different antibodies with different specificities and intra-
and inter-individual variation in the expression of Pgp.

          1       2        3       4      5       6      7        8     9       10      11    12    13    14

Figure 15. Western Blot analysis with MDR1 and MDR3 antibody (C219, Alexis),
diluted 1:1000 in 1% nonfat milk powder in TBS-Tween. 10 µg protein per lane for
porcine samples, 20 µg protein per lane for human samples.
Lane 1 pig pellet 2A; lane 2 pig pellet 2A, boiled; lane 3 pig pellet 2B; lane 4 pig pellet
2B, boiled; lane 5 pig pellet 3A; lane 6 pig pellet 3A, boiled; lane 7 pig pellet 3B; lane 8
pig pellet 3B, boiled; lane 9 human pellet 2; lane 10 human pellet 2, boiled; lane 11
human pellet 3; lane 12 human pellet 3, boiled; lane 14 membranes with cDNA of
MDR1 P-glycoprotein, 500 ng
A = samples treated with protease inhibitor cocktail
B = samples treated without protease inhibitor cocktail, 1.5 hr at 37°C before
centrifugation
Pellet 2 was obtained after second centrifugation (27000 x g)
Pellet 3 was obtained after third centrifugation (105000 x g)
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Figure 16. Western Blot analysis with MDR1 antibody (MAB 4120, Chemicon) diluted
1:150 in 1% nonfat milk powder in TBS-Tween. 10 µg protein per lane for porcine
samples, 20 µg protein per lane for human samples.
Lane 1 MRP1 cell lysate; lane 2 MDR3 cell lysate:V6 clone; lane 3 MDR3 cell
lysate:K42 clone; lane 4 MDR3 cell lysate: K36 clone; lane 5 MDR3 cell lysate: K37
clone; lane 6 membranes with cDNA of MDR1 P-glycoprotein, 500 ng; lane 7 human
pellet 2; lane 8 human pellet 3; lane 9 human pellet 2; lane 10 human pellet 3; lane 11
pig pellet 2; lane 12 pig pellet 2; lane 13 pig pellet 3

1  2     3    4      5      6     7     8      9      10    11   12  13

Figure 17. Western Blot analysis with MDR3 antibody (MAB 4140, Chemicon) diluted
1:150 in 1% nonfat milk powder in TBS-Tween. 10 µg protein per lane for porcine
samples, 20 µg protein per lane for human samples.
Lane 1 MRP1 cell lysate; lane 2 MDR3 cell lysate:V6 clone; lane 3 MDR3 cell
lysate:K42 clone; lane 4 MDR3 cell lysate: K36 clone; lane 5 MDR3 cell lysate: K37
clone; lane 6 membranes with cDNA of MDR1 P-glycoprotein, 500 ng; lane 7 human
pellet 2; lane 8 human pellet 3; lane 9 human pellet 2; lane 10 human pellet 3; lane 11
pig pellet 2; lane 12 pig pellet 2; lane 13 pig pellet 3
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In vivo studies in rats

The aim of Paper I was to investigate the nasal route as an alternative for administration
of the sedative propiomazine, which is currently on the Swedish market in an oral
formulation. The nasal absorption studies in rats showed a rapid onset of action
followed by a rapid reduction in plasma propiomazine concentrations (Figures 18 and
19). The mean absolute bioavailability of approximately 40% was equivalent for both
doses of the hydrochloride salt (0.21 and 0.34 mg/kg; Table 7). The kinetics of
propiomazine hydrochloride were independent of dose in the interval studied (0.2-0.4
mg/ kg). The lower solubility of the maleate salt in water appeared to limit its
absorption, resulting in reduced bioavailability for the higher dose (0.36 mg/kg). Hence,
the more water-soluble propiomazine hydrochloride appears the better choice for nasal
administration (Table 7 and Figure 19).

Table 7. Formulation, dose, maximum plasma concentration (Cmax), time to Cmax (tmax),
area under the concentration-time curve (AUC) and absolute bioavailability (Fabs) after
intranasal (i.n.) administration of propiomazine to rats using intravenous (i.v.)
administration as a reference.

salt form/ Dose Cmaxa Tmaxa AUC Fabs

adm. route (mg/kg) (ng/ml) (min) (ng x min/ml) (%)
HCl, i.n. 0.21 + 0.03 23.6 + 7.1 5 1090 + 371 43.9 + 11.8
Maleate, i.n. 0.22 + 0.01 25.7 + 9.9 5 1278 + 325 51.0 + 11.2
HCl, i.n. 0.34 + 0.01 50.0 + 18.1 5 1471 + 142 38.0 + 2.8
Maleate, i.n. 0.36 + 0.08 39.6 + 34.9 2 1042 + 454 26.3 + 12.6
HCl, test form., i.n. 0.18 + 0.01 22.3 + 3.5 5 873 + 235 42.5 + 11.2
HCl, i.v. 0.19 + 0.03 - - 2163 + 640 100
a) Results are based on measured maximum concentrations. N=6 in all groups.
The data are expressed as means + S.D.

The test formulation did not seem to influence the exposure of the substance on the
mucosa, since the bioavailability and plasma profile for the compound in saline and
those for the formulation were comparable. This is in contrast to previous studies, where
a more viscous vehicle increased adhesion to the mucus layer of the substance under
investigation (Harris et al., 1988; Pennington et al., 1988; (Kilian and Müller, 1998).
However, it has also been shown that the delivery device and deposition site also
influence the clearance and hence the absorption of drugs after nasal administration
(Kublik and Vidgren, 1998).
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Figure 18. Summary of mean plasma profiles (mean and S.D.) in rats after nasal
administration of propiomazine HCl in saline or in a test formulation (N=6 per group).
The insert shows the initial plasma concentrations without standard deviation bars.

Figure 19. Summary of mean plasma profiles (mean and S.D.) in rats after nasal
administration of propiomazine maleate in saline or propiomazine HCl in a test
formulation (N=6 per group). The insert shows the initial plasma concentrations
for maleate without standard deviation bars.

The steep absorption phase of the area under the concentration-time curve followed by
rapid elimination of propiomazine from plasma indicates a short duration of
pharmacologically active plasma concentrations, as expected for nasal rather than oral
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administration. The risk of unwanted hang-over symptoms could thus also be expected
to be lower. Furthermore, the relatively low molecular weight of propiomazine seems to
offer the advantage of achieving acceptable absorption after nasal administration,
without the addition of absorption enhancers. In fact, the olfactory pathway, a direct
drug route from the nasal cavity to the cerebrospinal fluid (CSF) extensively
investigated recently (Dahlin et al., 2000; Sakane et al., 1995; Sakane et al., 1999;
Sigurdsson et al., 1997; Silva et al., 1997) and an attractive option for a sedative drug,
may also be available, although propiomazine has not been studied in this context.
Recent studies in humans using the benzodiazepines diazepam and midazolam indicate
that nasal administration of compounds used for sedation, anxiety or insomnia may well
be feasible (Gizurarson et al., 1999; Knoester et al., 2002; Loftsson et al., 2001).

The hydrophilic low-molecular-weight direct thrombin inhibitor melagatran was
administered to rats with and without the enhancers SDS or EDTA in Paper IV. The
bioavailability of intranasal melagatran 20 µmol/ kg alone was approximately 10 %,
with enhancers improving this result up to about 19% (Table 8). EDTA tended (the
difference was not statistically significant) to have a greater effect on the bioavailability,
and seemed to reinforce the natural paracellular route of transport for melagatran (see
plasma profiles in Figure 20), consistent with the mechanism of action for this enhancer
(Lee and Yamamoto, 1990). The plasma profile for melagatran plus SDS deviated from
that for melagatran alone, probably because of a potent initial effect that declined
rapidly in vivo as exposure to the solution decreased (Figure 20). The effects on the
epithelium appear to be reversible at this concentration of SDS, in contrast to the
extended AUC that would have been expected with higher concentrations of SDS, as
toxic effects to the epithelium could be expected.

Table 8. Formulation, administration route, time to Cmax (tmax), maximum plasma
concentration (Cmax), area under the concentration-time curve (AUC) and absolute
bioavailability (Fabs) after intranasal (i.n.) administration of melagatran to rats using
intravenous (i.v.) administration as a reference.

Formulation Adm.
Route

Tmax
(min)

Cmax
(mM)

t1/2
(min)

AUClast
(mM x min)

Fabs
(%)

melagatran solution
(20 µmol/ kg)
without abs.enhancer

nasal 30 + 9 64 + 48 61 + 7 6581 + 5018 10.5 + 8

melagatran solution
(20 µmol/ kg)
incl. EDTA 20 mM

nasal 32 + 11 119 + 45 54 + 7 11994 + 3874 18.9 + 6

melagatran solution
(20 µmol/ kg)
incl. SDS 10 mM

nasal 5 + 0 150 + 98 112 + 49 7905 + 4946 12.8 + 7.2

melagatran solution
(2 µmol/ kg) i.v.  208 + 47 314 + 97 5783 + 1068  

N=6 in all groups. The data are expressed as mean + S.D.
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The design of the in vivo melagatran study was based on in vitro permeability data from
Ussing chamber studies using porcine nasal mucosa (Paper IV). The results from the in
vitro study showed that SDS appeared to have a more pronounced effect than EDTA on
the permeability data and electrophysiological parameters (Figure 14). However, the in
vivo results indicated that the mechanism of action of the enhancers in relation to the
compound studied should be taken into consideration, when evaluating an in vitro
model for prediction of in vivo data.

Figure 20. Summary of mean plasma profiles (mean and S.D.) in rats after nasal and
intravenous administration of melagatran with and without absorption enhancers
(N=6 per group). The insert shows the initial plasma concentrations after nasal
administration without standard deviation bars.

Other factors possibly influencing the interpretation of these results include the ten-fold
difference in the concentration of the enhancer between in vitro and in vivo studies, and
the time that the test substance and additive are in contact with the mucosa. In the in
vitro study, the concentration of the enhancer in the donor solution remained constant,
contrary to the relatively short contact time (as a result of mucociliary clearance) in
vivo. The differences in exposure time, exposed tissue area and sensitivities of the tissue
between in vitro and in vivo studies should all be taken into consideration when
choosing the concentrations of enhancers to add.
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SUMMARY AND CONCLUSIONS

In summary, the studies in this thesis have covered characterisation of the porcine nasal
mucosa with regard to histology and expression of Pgp in comparison with human nasal
mucosa. The Ussing chamber model using porcine nasal mucosa has been established
and the relationship between permeability data for various compounds and literature
data on their bioavailability after nasal administration in humans has been explored. The
model was also used for studies on the effects of absorption enhancers on the
relationships between permeability enhancement and changes in electrophysiology .
The in vitro permeability studies were combined with in vivo studies in rats on
propiomazine and melagatran, in order to evaluate the influence of permeability on
nasal absorption and bioavailability.

The specific conclusions of the thesis include:

• Porcine nasal mucosa has similarities with human nasal mucosa with regard to
morphology and expression of Pgp. Thus, porcine nasal mucosa seems to be
feasible for in vitro studies investigating the permeability of nasal tissue and
prediction of absorption of drugs after nasal administration in vivo.

• Studies in the Ussing chamber system on the permeability of porcine nasal
mucosa demonstrated a weak correlation with data on human nasal absorption
from the literature, probably mainly because of the low number of compounds
studied. Additional studies, involving other compounds, are required to further
investigate the influence of different mechanisms of transport on the correlation
coefficient.

• The Ussing chamber system using porcine nasal mucosa combined with
electrophysiological monitoring has potential for the prediction of the in vivo
effects of absorption enhancers when drugs are administered intranasally.

• In vivo studies in rats of the nasal absorption of propiomazine showed a rapid
increase in plasma levels and promising bioavailability values, followed by a
fast elimination of the drug, thus offering an interesting alternative to the usual
oral route of administration for this sedative.

• Nasal administration of melagatran to rats resulted in moderate but variable
bioavailability, influenced to varying degrees by the addition of different
enhancers.



43

ACKNOWLEDGEMENTS

The studies discussed in this thesis were carried out at Pharmacia, Stockholm and
AstraZeneca R&D, Södertälje, and their former associated organizations, and at the
Department of Pharmacy, Faculty of Pharmacy, Uppsala University.

I wish to express my sincere gratitude to:

Assoc. Prof. Ola Camber, my supervisor and friend, for never failing support,
encouragement and faith in me. Thank you for sharing your scientific knowledge and
for being an excellent mentor - I will never forget what you have done for me along this
journey.

Dr Erik Björk, my supervisor at the University, for introducing me to this field and for
being my guide also to the practical side of nasal drug delivery, for friendship and
encouragement and for much appreciated scientific and non-scientific discussions.

Karin Ellström, Assoc. Prof. Gert Ragnarsson and Prof. Peter Edman for much
appreciated support during the completion of these studies.

Dr Ylva Terelius and Ann-Louise Hagbjörk, co-authors, for introducing me to the
Western Blot technique, for kind help during the intense days in the lab and with the
interpretation of the results, and for stimulating discussions.

Marjan Fretz, co-author, for skilful contribution to the results and for enjoyable days in
the lab. Good luck with future research projects!

Prof Pontus Stierna, co-author, for stimulating collaboration and a positive attitude.

Bert Lindberg, Ingemo Sjögren –Norell, Björn Eriksson, Tapio Nikkilä and Peter Ström,
who have contributed to this thesis through their skilful technical assistance of various
kinds.

Dr Anna-Lena Ungell, for kindly sharing your knowledge on in vitro models and
permeability.

Erica Åström, Annica Forss, Kristina Karlsson, Johanna Lindgren and Sara Näslund
for contributing to the results and for being such nice people.

Dr Urban Fagerholm and Matts Kågedal for valuable pharmacokinetic advice.

Dr Katrin Palm for generous assistance and helpful advise during the melagatran
studies.

Information Science and Library, AstraZeneca R&D Södertälje, for professional work
and excellent service.

Antona Wagstaff for excellent and rapid revision of the individual papers and the thesis.



44

Ulla Wästberg-Galik and Eva Nises-Ahlgren for kind help with practical matters
concerning this thesis.

Dr Marie Scherlund and Dr Katy Welin-Berger for friendly support and valuable
advice.

All other friends and colleagues at AstraZeneca for keeping up a friendly and
stimulating atmosphere.

All colleagues and friends, past and present, at Pharmacia and at the Department of
Pharmacy, for support and pleasant company.

Gunilla Camber for kindly putting up with all my late telephone calls with her husband.

All my wonderful friends for being you, for much appreciated friendship and for making
life enjoyable.

My relatives for caring for me and my family.

Inger & Göran, my parents-in-law, for support and encouragement.

My parents Kerstin and Nils for love and continuous support.

My brother Henrik for being a true friend – always there, despite the geographical
distance.

Sofia and Gustav for being my sunshine and reminders of what is important in life.

Most of all, Erik, my best friend and my love for being a wonderful person, without
whom this thesis would never have been accomplished, for your love, endless support
and patience.

* * *

The financial support of my postgraduate studies from Pharmacia, Stockholm and
AstraZeneca R&D Södertälje is gratefully acknowledged.



45

REFERENCES

Artursson, P., Karlsson, J., 1991. Correlation between oral drug absorption in
humans and apparent drug permeability coefficients in human intestinal
epithelial (Caco-2) cells. Biochem. Biophys. Res. Commun. 175, 880-885.

Artursson, P., Palm, K., Luthman, K., 2001. Caco-2 monolayers in experimental and
theorethical predictions of drug transport. Adv Drug Del Rev. 46, 27-43.

Artursson, P., Ungell, A.-L., Löfroth, J.-E., 1993. Selective paracellular
permeability in two models of intestinal absorption:Cultured monolayers of
human intestinal epithelial cells and rat intestinal segments. Pharm Res. 10 (8),
1123-1128.

Audus, K.L., Bartel, R.L., Hidalgo, I.J., Borchardt, R.T., 1990. The use of cultured
epithelial and endothelial cells for drug transport and metabolism studies. Pharm
Res. 7 (5), 435-451.

Aungst, B.J., Rogers, N.J., Sheffer, E., 1988. Comparison of nasal, rectal, buccal,
sublingual and intramuscular insulin efficacy and the effects of a bile salt
absorption promotor. J. Pharmacol. Exp. Ther. 244, 23-27.

Bagger, M.A., Nielsen, H.W., Bechgaard, E., 2001. Nasal bioavailability of peptide
T in rabbits: absorption enhancement by sodium glycolate and glycofurol. Eur J
Pharm Sci. 14, 69-74.

Baldwin, P.A., Klingbeil, C.K., Grimm, C.J., Longenecker, J.P., 1990. The effect of
sodium tauro-24,25-dihydrofusidate on the nasal absorption of human growth
hormone in three animal models. Pharm Res. 7 (5), 547-552.

Batts, A.H., Marriott, C., Martin, G.P., Bond, S.W., 1990. The effect of some
preservatives used in nasal preparations on the mucus and ciliary components of
mucociliary clearance. J. Pharm. Pharmacol. 42, 145-151.

Bechgaard, E., Gizurarson, S., Hjortkjaer, R.K., 1997. Pharmakokinetic and
pharmacodynamic response after intranasal administration of diazepam to
rabbits. J Pharm Pharmacol. 49, 747-750.

Bechgaard, E., Gizurarson, S., Jørgensen, L., Larsen, R., 1992. The viability of
isolated rabbit nasal mucosa in the Ussing chamber, and the permeability of
insulin across the membrane. Int J Pharm. 87, 125-132.

Bechgaard, E., Jørgensen, L., Larsen, R., Gizurarson, S., Carstensen, J., Hvass, A.,
1993. Insulin and didecanoyl-L-alfa-phosphatidylcholine: in vitro study of
transport through rabbit nasal mucosal tissue. Int J Pharm. 89, 147-153.

Behl, C.R., Pimplaskar, H.K., Sileno, A.P., deMeireles, J., Romeo, V.D., 1998a.
Effects of physicochemical properties and other factors on systemic nasal drug
delivery. Adv Drug Del Rev. 29, 89-116.

Behl, C.R., Pimplaskar, H.K., Sileno, A.P., Xia, W.J., Gries, W.J., deMeireles, J.C.,
Romeo, V.D., 1998b. Optimization of systematic nasal drug delivery with
pharmaceutical excipients. Adv Drug Del Rev. 29, 117-133.

Berridge, M.Y., Tan, A.S., McCoy, K.D., Wang, R., 1996. The biochemical and
cellular basis of cell proliferation assays that use tetrazolium salts. Biochemica
(4), 15-20.

Björk, E., Edman, P., 1988. Degradable starch microspheres as a nasal delivery
system for insulin. Int. J. Pharm. 47, 233-238.



46

Björk, E., Isaksson, U., Edman, P., Artursson, P., 1995. Starch microspheres induce
pulsatile delivery of drugs and peptides across the epithelial barrier by reversible
separation of the tight junctions. J. Drug Target. 2, 501-507.

Björkman, S., Rigemar, G., Idvall, J., 1997. Pharmacokinetics of midazolam given
as an intranasal spray to adult surgical patients. Br J Anaest. 79, 575-580.

Brittebo, E.B., Castonguay, A., Furuya, K., Hecht, S.S., 1983. Cancer Res. 43,
4343-4348.

Carmichael, J., DeGraff, W.G., Gazdar, A.F., Minna, J.D., Mitchell, J.B., 1987.
Evaluation of a tetrazolium-based semiautomated colorimetric assay: assessment
of chemosensitivity testing. Cancer Res. 47, 936-942.

Carstens, S., Danielsen, G., Guldhammer, B., Frederiksen, O., 1991. Transport
mechanisms for phospholipid-induced insulin absorption across the in vitro
rabbit nasal mucosa. Diabetes. 42, 1032-1040.

Carstens, S., Danielsen, G., Guldhammer, B., Frederiksen, O., 1993. Transport of
insulin across rabbit nasal mucosa in vitro induced by didecanoyl-L-alpha-
phosphatidylcholine. Diabetes. 42 (7), 1032-40.

Chandler, S.G., Illum, L., Thomas, N.W., 1991. Nasal absorption in rats. II. Effect
of enhancers on insulin absorption and nasal histology. Int J Pharm. 76, 61-70.

Chandler, S.G., Illum, L., Thomas, N.W., 1994. Nasal absorption in rats. III. Effect
on lysophospholipids on insulin absorption and nasal histology. Pharm Res. 11
(11), 1623-1630.

Chien, Y.W., Chang, S.-F., 1987. Intranasal drug delivery for systemic medications.
Crit Rev Ther Drug Carrier Syst. 4 (2), 67-194.

Chien, Y.W., Su, K.S.E., Chang, S.-F., 1989, Anatomy and physiology of the nose,
in Y. W. Chen, K. S. E. Su, and S.-F. Chang, eds., Nasal systemic drug delivery:
Drugs and the pharmaceutical sciences, v. 39: New York, Marcel Dekker Inc, p.
1-19.

Chiou, W.l., Chung, S.M., Wu, T.C., Mu, C., 2001. A comprehensive account on the
role of efflux transporters in the gastrointestinal absorption of 13 commonly
used substrate drugs in humans. Int J Clin Pharmacol Ther. 39 (3), 93-101.

Chung, F.Y., Donovan, M.D., 1995. Bradykinin metabolism in rat and sheep nasal
secretions. J Pharm Sci. 84 (7), 829-834.

Chung, F.Y., Donovan, M.D., 1996. Nasal pre-systemic metabolism of peptide
drugs: substance P metabolism in the sheep nasal cavity. Int J Pharm. 128, 229-
237.

Corbo, D.C., Huang, Y.C., Chien, Y.W., 1989a. Nasal  delivery of progestational
steroids in ovariectomized rabbits. II Effect of penetrant hydrophilicity. Int. J.
Pharm.  50, 253-260.

Corbo, D.C., Liu, J.-C., Chien, Y.W., 1989b. Drug absorption through mucosal
membranes: effect of mucosal route and penetrant hydrophilicity. Pharm Res. 6
(10), 848-852.

Cremaschi, D., Rossetti, C., Draghetti, M.T., Manzoni, C., Aliverti, V., 1991. Active
transport of polypeptides in rabbit nasal mucosa: Possible role in the sampling of
potential antigens. Pflügers Arch. 419, 425-432.

Dahlin, M., Bergman, U., Jansson, B., Björk, E., Brittebo, E., 2000. Transfer of
dopamine in the olfactory pathway following nasal administration in mice.
Pharm Res. 17 (6), 737-742.



47

Deitmer, T., Scheffler, R., 1993. The effect of different preparations of nasal
decongestants on ciliary beat frequency in vitro. Rhinology. 31, 151-153.

Deurloo, M.J.M., Hermens, W.A.J.J., Romeijn, S.G., Verhoef, J.C., Merkus,
F.W.H.M., 1989. Absorption enhancement of intranasally administered insulin
by sodium taurodihydrofusidate (STDHF) in rabbits and rats. Pharm. Res. 6,
853-856.

Dondeti, P., Zia, H., Needham, T.E., 1995. Bioadhesive and formulation parameters
affecting nasal absorption. Int J Pharm. 127, 115-133.

Donnelly, A., Kellaway, I.W., Taylor, G., Gibson, M., 1997. Absorption enhancers
as tools to determine the route of nasal absorption of peptides. J Drug Target. 5
(2), 121-127.

Donovan, M.D., Flynn, G.L., Amidon, G.L., 1990. Absorption of polyethylene
glycols 600 through 2000: the molecular weight dependence of gastrointestinal
and nasal absorption. Pharm Res. 7 (8), 863-868.

Donovan, M.D., Huang, Y., 1998. Large molecule and particulate uptake in the
nasal cavity: the effect of size on nasal absorption. Adv Drug Del Rev. 29, 147-
155.

Dooley, M., Spencer, C.M., Ormrod, D., 2001. Estradiol - intranasal A review of its
use in the management of menopaus. Drugs. 61 (15), 2243-2262.

Duchateau, G.S.M.J.E., Graamans, K., Zuidema, J., Merkus, F.W.H.M., 1985.
Correlation between nasal ciliary beat frequency and mucus transport rate in
volunteers. Laryngoscope. 95, 854-859.

Duchateau, G.S.M.J.E., Zuidema, J., Albers, W.M., Merkus, F.W.H.M., 1986. Nasal
absorption of alprenolol and metoprolol. Int J Pharm. 34, 131-136.

Duquesnoy, C., Mamet, J.P., Sumner, D., Fuseau, E., 1998. Comparative clinical
pharmacokinetics of single doses of sumatriptan following subcutaneous, oral,
rectal and intranasal administration. Eur J Pharm Sci. 6, 99-104.

Dyce, K.N., Sack, W.O., Wensing, C.J.G., 1987, The head and neck of the pig,
Textbook of veterinary anatomy: Philadelphia, Saunders, p. 733-735.

Döppenschmitt, S., Spahn-Langguth, H., Regårdh, C.G., Langguth, P., 1998.
Radioligand-binding assay employing P-glycoprotein-overexpressing cells:
testing drug affinities to the secretory intestinal multidrug transporter. Pharm
Res. 15 (7), 1001-1006.

Eller, N., Kollenz, C.J., Bauer, P., Hitzenberger, G., 1998. The duration of
antidiuretic response of two desmopressin nasal sprays. Int J Clin Pharmacol
Ther. 36 (9), 494-500.

Emi, Y., Tsunashima, D., Ogawara, K.-I., Higaki, K., Kimura, T., 1998. Role of P-
glycoprotein as a secretory mechanism in quinidine absorption from rat small
intestine. J Pharm Sci. 87 (3), 295-299.

Ennis, R.D., Borden, L., Lee, W.A., 1990. The effects of permeation enhancers on
the surface morphology of the rat nasal mucosa: A scanning electron microscopy
study. Pharm. Res.  7, 468-475.

Fabricant, N.D., 1941. Significance of the pH of nasal secretions in situ. Arch
otolaryngol. 34, 150-163.

Fisher, A., Brown, K., Davis, S., Parr, G., Smith, D., 1987. The effect of molecular
size on the nasal absorption of water-soluble compounds in the albino rat. J.
Pharm. Pharmacol. 39, 357-362.



48

Fisher, A.N., Illum, L., Davis, S.S., Schacht, E.H., 1992. Di-iodo-L-tyrosine-
labelled dextrans as molecular size markers of nasal absorption in the rat. J
Pharm Pharmacol. 44, 550-554.

Fraissinette, A.d., Kolopp, M., Schiller, I., Fricker, G., Gammert, C., Pospischil, A.,
Vonderscher, J., Richter, F., 1995. In vitro tolerability of human nasal mucosa:
histopathological and scanning electron-microscopic evaluation of nasal forms
containing Sandostatin®. Cell Biology and Toxicology. 11, 295-301.

Gizurarson, S., 1990. Animal models for intranasal drug delivery studies. Acta
Pharm Nord. 2 (2), 105-122.

Gizurarson, S., Gudbrandsson, F.K., Jonsson, H., Bechgaard, E., 1999. Intranasal
administration of diazepam aiming at the treatment of acute seizures: clinical
trials in healthy volunteers. Biol Pharm Bull. 22 (4), 425-427.

Gizurarson, S., Tamura, S.-i., Kurata, T., Hasiguchi, K., Ogawa, H., 1991. The
effect of cholera toxin and cholera toxin B subunit on the nasal mucosal
membrane. Vaccine. 9, 825-832.

Gross, E.A., Swenberg, J.A., Fields, S., Popp, J.A., 1982. Comparative
morphometry of the nasal cavity in rats and mice. J Anat. 135, 83-88.

Harkema, J.R., 1990. Comparative pathology of the nasal mucosa in laboratory
animals exposed to inhaled irritants. Environ. Health Prospect. 85, 231-238.

Harris, A.S., 1993. Review: Clinical opportunities provided by the nasal
administration of peptides. J. Drug Target. 1, 101-116.

Harris, A.S., Nilsson, I.M., Wagner, Z.G., Alkner, U., 1986. Intranasal
Administration of Peptides: Nasal Deposition, Biological Reponse, and
Absorption of Desmopressin. J Pharm Sci. 75 (11), 1085-1088.

Harris, A.S., Ohlin, M., Lethagen, S., Nilsson, I.M., 1988a. Effects of concentration
and volume on nasal bioavailability and biological responses to desmopressin. J
Pharm Sci. 77 (4), 337-339.

Harris, A.S., Svensson, E., Wagner, Z.G., Lethagen, S., Nilsson, I.M., 1988b. Effect
of viscosity on particle size, deposition, and clearance of nasal delivery systems
containing desmopressin. J Pharm Sci. 77 (5), 405-408.

Hersey, S.J., Jackson, R.T., 1987. Effects of bile salts on nasal permeability in vitro.
J Pharm Sci. 76 (12), 876-879.

Hochman, J., Artursson, P., 1994. Mechanisms of absorption enhancement and tight
junction regulation. J. Controlled Rel. 29, 253-267.

Hoorn, B., Tyrrell, D.A.J., 1966. Effects of some viruses on ciliated cells. Am Rev
Respir Dis. 93, 156-161.

Hosoya, K., Kubo, H., Natsume, H., Sugibayashi, K., Morimoto, Y., 1994.
Evaluation of enhancers to increase nasal absorption using Ussing chamber
technique. Biol Pharm Bull. 17 (2), 316-22.

Hosoya, K.-i., Kubo, H., Natsume, H., Sugibayashi, K., Morimoto, Y., 1999.
Evaluation of bile acids and fusidate derivative as nasal absorption enhancers
using an electrophysiological technique. Biol Pharm Bull. 22 (10), 1089-1093.

Hosoya, K.-I., Kubo, H., Natsume, H., Sugibayashi, K., Morimoto, Y., Yamashita,
S., 1993. The structural barrier of absorptive mucosae: site difference of the
permeability of fluoroscein isothiocyanate-labelled dextran in rabbits. Biopharm
Drug Disp. 14, 685-696.



49

Hunter, J., Hirst, B.H., Simmons, N.L., 1991. Transepithelial vinblastine secretion
mediated by P-glycoprotein is inhibited by forskolin derivatives. Biochem
Biophys Res Comm. 181 (2), 671-676.

Hunter, J., Hirst, B.H., Simmons, N.L., 1993. Drug absorption limited by P-
glycoprotein-mediated secretory drug transport in human intestinal epithelial
Caco-2 cell layers. Pharm Res. 10 (5), 743-749.

Hussain, A., Foster, T., Hirai, S., Kashihara, T., Batenhorst, R., Jones, M., 1980.
Nasal absorption of propranolol in humans. J Pharm Sci. 69 (10), 1240.

Hussain, M.A., Aungst, B.J., 1994. Nasal mucosal metabolism of an LH-RH
fragment and inhibition with boroleucine. Int J Pharm. 105, 7-10.

Hussain, M.A., Mersinger, L., Maurin, M.B., Kettner, C., 1995. In situ
characterization of nasal leucine enkephalin degrading aminopeptidase.
Susceptibility of the nasal enzyme to boronic acids and phosphorus-containing
peptide and amino acid isosteres. Int J Pharm. 117, 181-188.

Illum, L., Watts, P., Fisher, A.N., Hinchcliffe, M., Norbury, H., Jabbal-GIll, I.,
Nankervis, R., Davis, S.S., 2002. Intranasal delivery of morphine. J Pharmacol
Exp Ther. 301 (1), 391-400.

Imbert, D., Cullander, C., 1997. Assessment of cornea viability by confocal laser
scanning microscopy and MTT assay. Cornea. 16 (6), 666-674.

Irwin, W.J., Holbrook, P.A., Dey, M.J., 1995. The stability of peptides in nasal
enzymic systems. Int J Pharm. 113, 25-37.

Ishikawa, F., Katsura, M., Tamai, I., Tsuji, A., 2001. Improved nasal bioavailability
of elcatonin by insoluble powder formulation. Int J Pharm. 224 (1-2), 105-114.

Johansson, C.J., Olsson, P., Bende, M., Carlsson, T., Gunnarsson, P.O., 1991.
Absolute bioavailability of nicotine applied to different nasal regions. Eur J Clin
Pharmacol. 41, 585-588.

Johnson, B.M., Charman, W.N., Porter, C.J.H., 2001. The impact of p-glycoprotein
efflux on enterocyte residence time and enterocyte-based metabolism of
verapamil. J Pharm Pharmacol. 53, 1611-1619.

Jörgensen, L., Bechgaard, E., 1993. Intranasal absorption of angiopeptin: in vitro
study of absorption and enzymatic degradation. Int J Pharm. 99, 165-172.

Jörgensen, L., Bechgaard, E., 1994. Intranasal permeation of thyrotropin-releasing
hormone: in vitro study of permeation and enzymatic degradation. Int J Pharm.
107, 231-237.

Kaliner, M., Marom, Z., Patow, C., Shelhamer, J., 1984. Human respiratory mucus.
J Allergy Clinical Immunol. 73, 318-323.

Kilian, N., Müller, D.G., 1998. The effect of a viscosity and an absorption enhancer
on the intranasal absorption of metoprolol in rats. Int J Pharm. 163, 211-217.

Kimura, R., Miwa, M., Kato, Y., Sato, M., Yamada, S., 1991. Relationship between
nasal absorption and physicochemical properties of quaternary ammonium
compounds. Arch. int. Pharmacodyn. 310, 13-21.

Kissel, T., Drewe, J., Bantle, S., Rummelt, A., Beglinger, C., 1992. Tolerability and
absorption enhancement of intranasally administered octreotide by sodium
taurodihydrofusidate in healthy subjects. Pharm. Res. 9, 52-57.

Knoester, P.D., Jonker, D.M., Hoeven, R.T.M.v.d., Vermeij, T.A.C., Edelbroek,
P.M., Brekelmans, G.J., Haan, G.J.d., 2002. Pharmacokinetics and



50

pharmacodynamics of midazolam administered as a concentrated intranasal
spray. A study in healthy volunteers. Br J Clin Pharmacol. 53, 501-507.

Kublik, H., Vidgren, M.T., 1998. Nasal delivery systems and their effect on
deposition and absorption. Adv Drug Del Rev. 29, 157-177.

Kubo, H., Hosoya, K.-I., Natsume, H., Sugibayashi, K., Morimoto, Y., 1994. In
vitro permeation of several model drugs across rabbit nasal mucosa. Int J Pharm.
103, 27-36.

Lang, S., Langguth, P., Oschmann, R., Traving, B., Merkle, H.P., 1996. Transport
and metabolic pathway of thymocartin (TP4) in excised bovine nasal mucosa. J
Pharm Pharmacol. 48, 1190-96.

Lansley, A.B., 1993. Mucociliary clearance and drug delivery via the respiratory
tract. Adv Drug Del Rev. 11, 299-327.

Lee, C.-P., de Vrueh, R.L.A., Smith, P.L., 1997. Selection of development
candidates based on in vitro permeability measurements. Adv Drug Del Rev. 23,
47-62.

Lee, V.H.L., 1990. Protease inhibitors and penetration enhancers as approaches to
modify peptide absorption. J Contr Rel. 13, 213-223.

Lee, V.H.L., Yamamoto, A., 1990. Penetration and enzymatic barriers to peptide
and protein absorption. Adv Drug Del Rev. 4, 171-207.

Lee, V.H.L., Yamamoto, A., Kompella, U.B., 1991. Mucosal penetration enhancers
for facilitation of peptide and protein drug absorption. Crit Rev Ther Drug
Carrier Syst. 8 (2), 91-192.

Lennernäs, H., Nylander, S., Ungell, A.-L., 1997. Jejunal permeability: A
comparison between the Ussing chamber technique and the single-pass
perfusion in humans. Pharm Res. 14 (5), 667-671.

Lindberg, S., 1994. Morphological and functional studies of the mucociliary system
during infections in the upper airways. Acta Otolaryngol. Suppl 515, 22-25.

Lindhardt, K., Bagger, M., Andreasen, K.H., Bechgaard, E., 2001a. Intranasal
bioavailability of buprenorphine in rabbit correlated to sheep and man. Int J
Pharm. 217, 121-126.

Lindhardt, K., Gizurarson, S., Stefansson, S.B., Olafsson, D.R., Bechgaard, E.,
2001b. Electroencephalographic effects and serum concentrations after
intranasal and intravenous administration of diazepam in healthy volunteers. Int
J Pharm. 182, 1-5.

Loftsson, T., Gudmundsdottir, H., Sigurjonsdottir, J.F., Sigurdsson, H.H., Sigfusson,
S.D., Masson, M., Stefansson, E., 2001. Cyclodextrin solubilization of
benzodiazepines: formulation of midazolam nasal spray. Int J Pharm. 212, 29-
40.

Longo, V., Citti, L., Gervasi, P.G., 1988. Comparison of drug metabolizing system
in nasal mucosa and liver of Spraque Dawley rats. Ital. J. Biochem.  (Meeting).
37, 31A-32A.

Lonterman, S., Asselt, D.Z.B.v., Rikkert, M.G.M.O., Russel, F.G.M., Hoefnagels,
W.H.L., Merkus, F.W.H.M., 2000. Intranasal hydroxycobalamin administration:
an attractive alternative for intramuscular cobolamin injections in geriatric
patients. Drug Development Research. 51, 197-199.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein
measurement with the folin phenol reagent. J Biol Chem. 193, 265-275.



51

Madara, J.L., Dharmsathaphorn, K., 1985. Occluding tight junction structure-
function relationship in a cultured epithelial monolayer. Journal of Cell and
Biology. 101, 2124-2133.

Maitani, Y., Ishigaki, K., Takayama, K., Nagai, T., 1997. In vitro nasal transport
across rabbit mucosa: effect of oxygen bubbling, pH and hypertonic pressure on
permeability of lucifer yellow, diazepam and 17 beta-estradiol. Int J Pharm. 146,
11-19.

Marom, Z., Shelhamer, J., Kaliner, M., 1984. Nasal mucus secretion. Ear Nose
Throat. 63, 36-44.

Martineau-Doizé, B., Caya, I., 1996. Ultrastructural characterization of the nasal
epithelium in the piglet. The Anatomical Record. 246, 169-175.

Marttin, E., Schipper, N.G.M., Verhoef, J.C., Merkus, F.W.H.M., 1998a. Nasal
mucociliary clearance as a factor in nasal drug delivery. Adv Drug Del Rev. 29,
13-38.

Marttin, E., Verhoef, J.C., Merkus, F.W.H.M., 1998b. Efficacy, safety and
mechanism of cyclodextrins as absorption enhancers in nasal drug delivery of
peptide and protein drugs. J Drug Target. 6 (1), 17-36.

Mathison, S., Nagilla, R., Kompella, U.B., 1998. Nasal route for direct delivery of
solutes to the central nervous system: fact or fiction? J Drug Target. 5 (6), 415-
441.

Matsubara, K., Abe, K., Irie, T., Uekama, K., 1995. Improvement of nasal
bioavailability of luteinizing hormone-releasing hormon agonist, buserelin, by
cyclodextrin derivatives in rats. J Pharm Sci. 84 (11), 1295-1300.

McMartin, C., Hutchinson, L.E.F., Hyde, R., Peters, G.E., 1987. Analysis of
structural requirements for the absorption of drugs and macromolecules from the
nasal cavity. J Pharm Sci. 76 (7), 535-540.

Merkus, F.W.H.M., Schipper, N.G.M., Hermens, W.A.J.J., Verhoef, J.C., 1993.
Absorption enhancers in nasal drug delivery: efficacy and safety. J Contr Rel.
24, 201-208.

Merkus, F.W.H.M., Verhoef, J.C., Marttin, E., Romeijn, S.G., van der Kuy, P.H.M.,
Hermens, W.A.J.J., Schipper, N.G.M., 1999. Cyclodextrins in nasal drug
delivery. Adv Drug Del Rev. 36, 41-57.

Merkus, F.W.H.M., Verhoef, J.C., Romeijn, S.G., Schipper, N.G.M., 1991a.
Absorption enhancing effect of cyclodextrines on intranasally administered
insulin in rats. Pharm Res. 8 (5), 588-592.

Merkus, F.W.H.M., Verhoef, J.C., Romeijn, S.G., Schipper, N.G.M., 1991b.
Interspecies differences in the nasal absorption of insulin. Pharm Res. 8 (10),
1343.

Monteiro-Riviere, N.A., Popp, J.A., 1984. Ultrastructural characterization of the
nasal respiratory epithelium in the rat. The American Journal of Anatomy. 169,
31-43.

Moran, D.T., Rowley, J.C., Jafek, B.W., Lowell, M.A., 1982. The fine structure of
the olfactory mucosa in man. J Neurocytology. 11, 721-746.

Morgan, K.T., Patterson, D.L., Gross, E.A., 1986, Responses of the nasal
mucociliary apparatus to airborne irritants, in C. S. Barrow, ed., Toxicology of
the nasal passages: chapter 8: Washington, NY; London, Hemisphere Publishing
Corp., p. 123-133.



52

Morrison, E.E., Constanzo, R.M., 1990. Morphology of the human olfactory
epithelium. J Comp Neurol. 297, 1-13.

Moses, A.C., Gordon, G.S., Carey, M.C., Flier, J.S., 1983. Insulin administered
intranasally as an insulin-bile salt aerosol effectiveness and reproducibility in
normal and diabetic subjects. Diabetes. 32, 1040-1047.

Mosmann, T., 1983. Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. Journal of immunological
methods. 65, 55-63.

Mygind, N., 1975. Scanning electron microscopy of the human nasal mucosa.
Rhinology. 13, 57-75.

Mygind, N., Pedersen, M., Nielsen, M.H., 1982, Morphology of the upper airway
epithelium., in D. F. P. a. I. Andersen, ed., the Nose: Upper airway physiology
and the atmosphere environment: Amsterdam, Elsevier, p. 71-97.

Nair, M.K., Chetty, D.J., Ho, H., Chien, Y.W., 1997. Biomembrane permeation of
nicotine: mechanistic studies with porcine mucosae and skin. J Pharm Sci. 86
(2), 257-262.

Natsume, H., Iwata, S., Miyamoto, M., Kawai, T., Sugibayashi, K., Morimoto, Y.,
1996. Screening of absorption enchancers for nasal peptide and protein delivery.
Proceed. Internat. Symp. Contr. Rel. Bioact. Mater. 23, 481-482.

Ohwaki, T., Ando, H., Kakimoto, F., Uesugi, K., Watanabe, S., Miyake, Y.,
Kayano, M., 1987. Effect of dose, pH, and osmolarity on nasal absorption of
secretin in rats II: Histological aspects of the nasal  mucosa in relation to the
absorption variation due to the effects of pH and osmolarity. J. Pharm. Sci. 76,
695-698.

Pennington, A.K., Ratcliffe, J.H., Wilson, C.G., Hardy, J.G., 1988. The influence of
solution viscosity on nasal spray deposition and clearance. Int J Pharm. 43, 221-
224.

Pereswetoff-Morath, L., 1998. Microspheres as nasal drug delivery systems. Adv
Drug Del Rev. 29, 185-194.

Pereswetoff-Morath, L., Edman, P., 1995. Influence of osmolality on nasal
absorption of insulin from the termogelling polymer
ethyl(hydroxyethyl)cellulose. Int J Pharm. 125, 205-213.

Petruson, B., Hansson, H.-A., 1982. Function and structure of the nasal mucosa after
6 weeks' use of nose-drops. Acta Otolaryngol. 94, 563-569.

Petruson, B., Hansson, H.-A., Karlsson, G., 1984. Structural and functional aspects
of cells in the nasal mucociliary system. Arch. Otolaryngol. 110, 576-581.

Pontiroli, A.E., Albertto, M., Pajetta, E., Calderara, A., Pozza, G., 1987. Human
insulin plus sodium glycocholate in a nasal spray formulation: Improved
bioavailability and effectiveness in normal subjects. Diabetes Metab.  (Paris).
13, 441-443.

Proctor, D.F., 1982, The mucociliary system, in D. F. Proctor, and I. Andersen, eds.,
The nose: upper airway physiology and the atmospheric environment:
Amsterdam, Elsevier Biomedical Press, p. 245-305.

Proctor, F., 1973. Clearance of inhaled particles from the human nose. Arch. Intern.
Med. 131, 132-139.

Quadir, M., Zia, H., Needham, T.E., 1999. Toxicological implications of nasal
formulations. Drug delivery. 6, 227-242.



53

Raehs, S.C., Sandow, J., Wirth, K., Merkle, H.P., 1988. The adjuvant effect of
bacitracin on nasal absorption of gonadorelin and buserelin in rats. Pharm. Res.
5, 689-693.

Reardon, P.M., Gochoco, C.H., Audus, K.L., Wilson, G., Smith, P.L., 1993a. In
vitro nasal transport across ovine mucosa: effects of ammonium glycyrrhizinate
on electrical properties and permeability of growth hormone releasing peptide,
mannitol, and lucifer yellow. Pharm Res. 10, 553-561.

Reardon, P.M., Wall, D.A., Hart, T.K., Smith, P.L., Gochoco, C.H., 1993b. Lack of
effect of ammonium glycyrrhizinate on the morphology of ovine nasal mucosa
in vitro. Pharm Res. 10 (9), 1301-7.

Reed, S.E., Boyde, A., 1972. Organ cultures of respiratory epithelium infected with
rhinovirus or parainfluenza virus studied in a scanning electron microscope.
Infect Immunol. 6, 68-76.

Roussel, P., Lamblin, G., Lhermitte, M., Houdret, N., Lafitte, J.-J., Perini, J.-M.,
Klein, A., Scharfman, A., 1988. The complexity of mucins. Biochimie. 70,
1471-1482.

Saitoh, H., Aungst, B.J., 1995. Possible involvement of multiple p-glycoprotein-
mediated efflux systems in the transport of verapamil and other organic cations
across rat intestine. Pharm Res. 12 (9), 1304-1310.

Saitoh, H., Gerard, C., Aungst, B.J., 1996. The secretory intestinal transport of some
beta-lactam antibiotics and anionic compounds: a mechanism contributing to
poor oral absorption. J Pharmacol Exp Ther. 278 (1), 205-211.

Sakane, T., Akizuki, M., Taki, Y., Yamashita, S., Sezaki, H., Nadai, T., 1995. Direct
drug transport from the rat nasal cavity to the cerebrospinal fluid: the relation to
the molecular weight of drugs. J Pharm Pharmacol. 47, 379-381.

Sakane, T., Yamashita, S., Yata, N., Sezaki, H., 1999. Transnasal delivery of 5-
fluorouracil to the brain in the rat. J Drug Target. 7 (3), 233-240.

Sam, E., Jeanjean, A.P., Maloteaux, J.M., Verbeke, N., 1995. Apomorphine
pharmacokinetics in Parkinsonism after intranasal and subcutaneous application.
Eur J Drug Metab Pharmacokinet. 20 (1), 27-33.

Sanderson, M.J., Sleigh, M.A., 1981. Ciliary activity of cultured rabbit tracheal
epithelium: beat pattern and metachrony. J Cell Sci. 47, 331-347.

Sarkar, M.A., 1992. Drug metabolism in the nasal mucosa. Pharm Res. 9 (1), 1-9.
Satir, P., Sleigh, M.A., 1990. The physiology of cilia and mucociliary interactions.

Ann. Rev. Physiol. 52, 137-155.
Sayani, A.P., Chun, I.K., Chien, Y.W., 1993. Transmucosal delivery of leucine

enkephalin: Stabilization in rabbit enzyme extracts and enhancement of
permeation through mucosae. J Pharm Sci. 82 (11), 1179-1185.

Scavone, J.M., Greenblatt, D.J., Fraser, D.G., 1989. The bioavailability of intranasal
lignocaine. Br J Clin Pharmacol. 28, 722-724.

Schipper, N.G.M., Romeijn, S.G., Verhoef, J.C., Merkus, F.W.H.M., 1993. Nasal
insulin delivery with dimethyl-β-cyclodextrin as an absorption enhancer in
rabbits: powder more effective than liquid formulations. Pharm. Res. 10, 682-
686.

Schipper, N.G.M., Verhoef, J.C., Merkus, F.W.H.M., 1991. The nasal mucociliary
clearence: relevance to nasal drug delivery. Pharm Res. 8 (7), 1991.



54

Schmidt, M.C., Peter, H., Lang, S.R., Ditzinger, G., Merkle, H.P., 1998. In vitro cell
models to study nasal mucosal permeability and metabolism. Adv Drug Del
Rev. 29, 51-79.

Schmidt, M.C., Simmen, D., Hilbe, M., Boderke, P., Ditzinger, G., Sandow, J.,
Lang, S., Rubas, W., Merkle, H.P., 2000. Validation of excised bovine nasal
mucosa as in vitro model to study drug transport and metabolic pathways in
nasal epithelium. J Pharm Sci. 89 (3), 396-407.

Shimoda, N., Maitani, Y., Machida, Y., Nagai, T., 1995. Effects of dose, pH and
osmolarity on intranasal absorption of recombinant human erythropoietin in rats.
Biol Pharm Bull. 18 (5), 734-739.

Sigurdsson, P., Thorvaldsson, T., Gizurarson, S., Gunnarsson, E., 1997. Olfactory
absorption of insulin to the brain. Drug delivery. 4, 195-200.

Silva, M.A.D.S., Mattern, C., Häcker, R., Nougueria, P.J.C., Huston, J.P.,
Schwarting, R.K.W., 1997. Intranasal administration of the dopaminergic
agonists L-DOPA, amphetamine, and cocaine increases dopamine activity in the
neostriatum: A microdialysis study in the rat. Journal of Neurochemistry. 68,
233-239.

Sisson, Grossman´s, 1975,,, The anatomy of the domestic animals, v. 1&2:
Philadelphia, W B Saunders company.

Slot, W.B., Merkus, F.W.H.M., Deventer, S.J.H.v., Tytgat, G.N.J., 1997.
Normalization of plasma vitamin B12 concentration by intranasal
hydroxocobalamin in vitamin B12-deficient patients. Gastroenterology. 113,
430-433.

Stratford, R.E., Lee, V.H.L., 1986. Aminopeptidase activity in homogenates of
various absorptive mucosae in the albino rabbit: implications in peptide delivery.
Int. J. Pharm. 30, 73-82.

Taylor, M., 1974. The origin and functions of nasal mucus. Laryngoscope. 84, 612-
635.

Ugwoke, M.I., Verbeke, N., Kinget, R., 2001. The biopharmaceutical aspects of
nasal mucoadhesive drug delivery. J Pharm Pharmacol. 53, 3-22.

Ungell, A.L., Andreasson, A., Lundin, K., Utter, L., 1992. Effects of enzymatic
inhibition and increased paracellular shunting on transport of vasopressin
analogues in the rat. J Pharm Sci. 81 (7), 640-5.

Ungell, A.-L., Nylander, S., Bergstrand, S., Sjöberg, Å., Lennernäs, H., 1998.
Membrane Transport of drugs in different regions of the intestinal tract of the
rat. J Pharm Sci. 87 (3), 360-366.

Ussing, H.H., Zerahn, K., 1951. Active transport of sodium as the source of electric
current in the short-circuit isolated frog skin. Acta Physiol Scand. 23, 110-127.

Wadell, C., Björk, E., Camber, O., 1999. Nasal drug delivery-evaluation of an in
vitro model using porcine nasal mucosa. Eur J Pharm Sci. 7, 197-206.

van der Baan, S., Verrman, A.J.P., Heidendahl , G.A.K., den Hollander, W.,
Feenstra, L., 1987. Primary ciliary dyskinesia and nasal mucociliary clearance.
Respiration. 52, 69-75.

Washington, N., Steele, R.J.C., Jackson, S.J., Bush, D., Mason, J., Gill, D.A., Pitt,
K., Rawlins, D.A., 2000. Determination of baseline human nasal pH and the
effect of intranasally administered buffers. Int J Pharm. 198, 139-146.



55

Werner, U., Kissel, T., 1995. Development of a human nasal epithelial cell culture
model and its suitability for transport and metabolism studies under in vitro
conditions. Pharm. Res. 12 (4), 565-571.

Werner, U., Kissel, T., 1996. In-vitro cell culture models of the nasal epithelium: a
comparative histochemical investigation of their suitability for drug transport
studies. Pharm. Res. 13 (7), 978-988.

Wheatley, M.A., Dent, J., Wheeldon, E.B., Smith, P.L., 1988. Nasal drug delivery:
an in vitro characterization of transepithelial electrical properties and fluxes in
the presence or absence of enhancers. J Contr Rel. 8, 167-177.

Vidgren, P., Vidgren, M., Paronen, P., Vainio, P., Nuutinen, J., 1991. Nasal
distribution of radioactive drug administered using two dosage forms. Eur. J.
Drug Metabol. Pharmacokin. Spec. Issue 3, 426-432.

Wiesel, J.M., Gamiel, H., Vlodavsky, I., Gay, I., BenBassat, H., 1983. Eur J Clin
Invest. 13, 57-63.

Wioland, M.-A., Fleury-Feith, J., Corlieu, P., Commo, F., Monceaux, G., Lacau-St-
Guily, J., Bernaudin, J.-F., 2000. CFTR, MDR1 and MRP1 immunolocalization
in normal human nasal respiratory mucosa. The J Histochem Cytochem. 48 (9),
1215-1222.

Yamamoto, A., Morita, T., Hashida, M., Sezaki, H., 1993. Effect of absorption
promoters on nasal absorption of drugs with various molecular weights. Int. J.
Pharm. 93, 91-99.

Yee, S., 1997. In vitro permeability across Caco-2 cells (colonic) can predict in vivo
(small intestinal) absorption in man - fact or myth. Pharm Res. 14 (6), 763-766.

Zevin, S., Schaner, M.E., Giacomini, K.M., 1998. Nicotine transport in a human
choriocarcinoma cell line (JAR). J Pharm Sci. 87 (6), 702-706.

Zhou, M., Donovan, M.D., 1996. Recovery of the nasal mucosa following laureth-9
induced damage. Int J Pharm. 130, 93-102.

Zhou, X.H., Li Wan Po, A., 1990. Comparison of enzymic activities of tissues lining
portals of drug absorption, using the rat as a model. Int J Pharm. 62, 259-267.

Östh, K., Gråsjö, J., Björk, E., 2002. A new method for drug transport studies on pig
nasal mucosa using a horizontal ussing chamber. J Pharm Sci. 91 (5), 1259-
1273.


	ABSTRACT
	CONTENTS
	PAPERS DISCUSSED
	ABBREVIATIONS AND DEFINITIONS
	INTRODUCTION
	ANATOMY & PHYSIOLOGY OF THE NOSE IN HUMANS, PIGS AND RATS
	Anatomy & function
	The mucosa
	Nasal secretions

	FACTORS INFLUENCING THE ABSORPTION OF DRUGS ACROSS THE NASAL EPITHELIUM
	Physiological factors/ barriers
	Mucociliary clearance
	Enzymes
	Nasal pathophysiology

	Physico- chemical characteristics of the substance
	Formulation aspects
	Enhancers


	THE USSING CHAMBER DIFFUSION SYSTEM FOR NASAL DRUG DELIVERY STUDIES
	Experimental set- up
	Overview of studies reported
	Comparison with other in vitro methods

	AIMS OF THE THESIS
	MATERIALS AND METHODS
	Characterisation of porcine nasal mucosa
	Histological evaluation of the mucosa
	Biochemical evaluation of the mucosa
	Electrophysiological measurements in the Ussing chamber system
	Permeability studies using markers

	Ussing chamber studies
	Permeability studies– using the Ussing chamber system as a tool for predicting in vivo absorption
	Studies on the effects of absorption enhancers
	Studies on the expression of P-glycoprotein (Pgp) in porcine nasal mucosa

	Further investigations on factors influencing the permeability of nasal mucosa – Western Blot studies
	In vivo studies in rats
	Calculations
	Statistics


	RESULTS & DISCUSSION
	Characterisation of the porcine mucosa
	Histological evaluation of the mucosa
	Biochemical evaluation of the mucosa
	Electrophysiological measurements in the Ussing chamber system
	Permeability studies using the markers mannitol and D-glucose

	Ussing chamber studies
	Permeability studies- using the system as a tool to predict in vivo absorption
	Studies on the effects of absorption enhancers
	Studies on the expression of Pgp in porcine nasal mucosa

	Further investigations of factors influencing the permeability of nasal mucosa – Western Blot studies
	In vivo studies in rats

	SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES



