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Abstract

The findings of this project have added to the pool of information reported in the
literature regarding the application of the nasal route for the delivery of insulin and other

peptide drugs. The preliminary studies reported in this project were apparently the first
studies performed to investigate the potential use of chitosan in nasal delivery systems.

Nasal delivery systems were investigatedin rat and sheep models. The efficacy of
chitosan as a nasal absorption enhancer for insulin was compared to that of several other

compounds which had been reported in the literature to enhance nasasl drug absorption.
Erythrocyte haemolysis studies were also performed to evaluate the membrane damaging

effects of the various compounds tested.

The grade of chitosan predominantly used was a medium viscosity glutamate salt
(MVCSN) which was 82% deacetylated and had a molecular weight of about 162,000.

Other grades of chitosan of similar degree of deacetylation were also investigated for
comparison with MVCSN (low viscosity grades of chitosan glutamate (LVCSN) and

lactate (CSN lactate), medium viscosity chitosan hydrochloride (CSN HCI) and high
viscosity chitosan base (HVCSN)).

The efficacy of chitosan in enhancing the nasal absorption of both insulin and salmon
calcitonin, used an an alternative peptide, was demonstrated in rat and sheep models.

Nasal insulin delivery systems were extensively investigated in rat and sheep models. In
the rat model, insulin / LVCSN formulations at pH ~4 were more effective than
formulations at pH ~7 in enhancing intranasal insulin absorption which was assessed

indirectly from the degree of hypoglycaemia following dose administration. The reduced
absorption in the latter formulation which was in the form of a suspension was attributed

to complex formation between insulin and LVCSN. In the rat model, the absorption
enhancing efficacy of MVCSN was second only to that of LPC. This was encouraging

in view of the severe membrane damaging effects that LPC solutions have been shown to
cause. In contrast, chitosan solutions have been shown to be relatively non-toxic to

biomembranes. In the sheep model, a formulation incorporating MVCSN was much
more effective than a formulation containing LPC in promoting nasal insulin absorption.
These differences were attributed to the animal models used to investigate nasal

absorption.

The degree of nasal absorption enhancement was improved by increasing the solution
concentration of MVCSN until and optimal concentration was attained (approximately
0.5% and 0.35% in rat and sheep models, respectively). Further evaluation of nasal
insulin/ chitosan formulations in sheep, suggested that the formulation concentration of
chitosan was important for its absorption enhancing efficacy and at optimal chitosan
concentration nasal insulin absorption was limited by the dose concentration of insulin.
In both rat and sheep models, the nasal administration of hypotonic or isotonic

formulations of insulin with chitosan did not influence the degree of nasal absorption
enhancement attained. However, in rats, a hypertonic formulation was shown to further




improve nasal insulin absorption which was attributed to the combined effects of the
chitosan and the increased tonicity of the formulation on the nasal membrane.

The grade of chitosan used in the nasal absorption studies appeared to influence the
degree of absorption enhancement obtained. In the rat model there was no difference in

the absorption enhancing efficacy of CSN lactate and MVCSN although the performace
of HVCSN was marginally reduced. In contrast, in the sheep model, MVCSN was

more effective than LVCSN and CSN lacate in enhancing nasal insulin absorption
although there was no difference in the performance of MVCSN and CSN HCL.

In studies in the rat, MVCSN was shown to have a transient effect on the permeability of

the nasal mucosa to insulin which lasted about 30 minutes. This supports the claims that
chitosan 1s non-damaging to the nasal mucosa. Erythrocyte haemolysis studies showed

that MVCSN was non-damaging to rat erythrocyte membranes at concentrations which
were higher than the concentrations used in nasal absorption studies. This was

encouraging since the other compounds investigated for comparison with chitosan in this
project were shown to be potent haemolytic agents at concentrations which were much

lower than the concentrations which were effective for nasal absorption enhancement.
MVCSN was less damaging to erythrocyte membranes than the other grades of chitosan

tested.

This project demonstrated that chitosan enhanced the nasal absorption of insulin in rat
and sheep models. In the sheep model the bioavailability of nasal insulin, relative to the

subcutaneous route, was generally less than 5%. However, the hypoglycaemia which
followed nasal insulin / chitosan dose administration was encouraging and a similar

degree of efficacy in humans could be feasible for the therapeutic application of nasal
insulin.
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CHAPTER 1

INTRODUCTION

1.1 Background
The dramatic increase in the use of peptides and proteins as therapeutic agents is not only

due to biotechnological advancement but also to the greater understanding of theirrole in
physiology and pathology (Banga and Chien, 1988). Many types of peptides and

proteins find therapeutic application and several examples are given below:
1) Hormones such as insulin for the treatment of diabetes mellitus, calcitonin for the

treatment of osteoporosis and erythropoietin to stimulate erythropoiesis in patients with

renal disease. |
2) Enzymes, including those of thrombolytic or fibrinolytic activity, such as tissue

plasminogen activator and urokinase.
3) Coagulation factors, such as factor VIII used in the treatment of haemophilia A.
4) Lymphokines and cytokines such as interferons, interleukins, tumour necrosis factor

and granulocyte colony stimulating factors are used as immunomodulators in cancer

therapy and autoimmune diseases.

5) Immunotherapeutic agents for example immunoglobulins and antitoxins used to infer
passive immunisation in the treatmentof cancer and vaccines such as Hepatitis B and

influenza surface antigen preparations used for active immunisation.
(Gesellchen and Santerre, 1991, Kompella and Lee, 1991, Davis, 1992, Smithet al.,

1993).

Peptides and proteins may be produced by chemical synthesis but perhaps the greatest
advancement has been in genetic engineering or recombinant DNA technology.

Recombinant DNA technology not only allows the production of natural peptides and
proteins to be optimised and produced on a large scale but also via gene manipulation or

chemical modification methods there is the potential to develop and produce drugs having
improved potency and bioavailability with reduced immunogenicity (Gesellchen and

Santerre, 1991, Smith et al., 1993).

Although the oral route is generally preferred for the administration of drugs, particularly
those required in chronic therapies (Lee and Yamamoto, 1990, Smith et al., 1992, Davis,

1992), it is largely non effective for the systemic delivery of most natural peptide and
protein drugs (Lee, 1991). The oral bioavailability of peptide and proteins is generally

low due to a number of physical and physiological factors which limit their absorption
from the gastrointestinal tract. Orally administered drugs must be able to withstand harsh

chemical and enzymatic degradation in the gastrointestinal tract. Thus, the enzymatic
barrier is one of the main barriers limiting the gastrointestinal absorption of peptides and
proteins. Peptide and protein drugs tend to be large molecular weight hydrophilic
compounds having a low permeability across the gastrointestinal mucosa and those that

are absorbed must avoid the ‘first pass’ metabolism and clearance predominantly by the
liver but also by the gut mucosa (Humphrey, 1986, Lee et al., 1991).
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Due to the unsuitability of the oral route, most peptide and protein therapeutic agents must
be administered parenterally i.e. by the injection of the dosage form into the body. The
main routes for parenteral administration are by intravenous (i.v.), intramuscular (i.m.)
or subcutaneous (s.c.) injection (Banerjeeetal., 1991). To maintain therapeutic efficacy,
peptides and proteins must generally be administered frequently because of their short

biological half lives. For acute clinical applications, requiring limited injections,
parenteral administration is acceptable. However, for chronic therapy alternative non-
parenteral routes which are easily accessible as well as controlled delivery systems would
be preferable (Kimura, 1984, Banga and Chien, 1988, Eppstein and Longenecker, 1988,

I[llum, 1992). Furthermore, chronic injective therapy requires some patient skill for
effective self medication and because of the pain of injection, inconvenience and possible

infection or immunogenicity associated with the use of some drugs, patient compliance
tends to be low with treatments interrupted or irregular (Pontiroliet al., 1989). There are

a number of non-parenteral routes other than the oral route which can be exploited for the
systemic administration of peptide and protein drugs such as transdermal, ocular, buccal,

rectal, vaginal, pulmonary and nasal routes (Siddiqui and Chien, 1987, Banga and
Chien, 1988). Of these, the intranasal route is perhaps the most viable and favourable for

chronic systemic medication using peptides and polypeptides (Chien and Chang, 1985,
Davis, 1986, Longenecker, 1986). Intranasal delivery systems for a number of

compounds have been investigated and some of these compounds will be discussed later.
The emphasis of the project is the development of a nasal delivery system for insulin

which would be a major break-through in the treatment of diabetes mellitus.

1.2 Insulin and Insulin therapy

Insulin is the main drug used for the treatment of diabetes mellitus. Current insulin

therapy requires that the dru g is parenterally injected and hence attention has been focused
on alternative routes for the administration of insulin (Gizurarson and Bechgaard, 1991).

A brief review of insulin and insulin therapy will be given and reference has been made to
publications by: Hardy (1981), Karam et al. (1986), Kelleher (1988), Pickup (1988 and

1991), Espinal (1989), Kahn and Shechter (1990), Gizurarson and Bechgaard (1991),
Kennedy (1991), Owens et al. (1991) and Illum and Davis (1992). Additional

information regarding insulin therapy is given in Chapter 7.

1.2.1 Chemistry of insulin
Human insulin is a small protein molecule of molecular weight about 5810. It consists of

two peptide chains, an A chain containing 21 amino acid residues and a B chain
containing 30 amino acid residues, which are covalently linked via disulphide bridges. A

disulphide linkage is also present in the A chain. The primary structure of human insulin
is givenin Figure 1.1. Thereis a species differencein the exact A and B chain sequence

of amino acids. Human and porcine insulin differ by only one amino acid residue. In
porcine insulin (molecular weight about 5780) alanine (ALA) replaces threonine (THR) at

position 30 of the B chain. Human and bovine insulin differ by three amino acids. In
bovine insulin (molecular weight about 5730) ALA and valine (VAL) replace THR and

isoleucine (ILE), respectively, at positions 8 and 10 of the A chain and ALA replaces
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THR at position 30 of the B chain. Insulin exists as a compact three dimensional

structure in which the aliphatic side chains of the A and B chains create a non polar core
and hydrophilic residues are exposed on the surface of the molecule in addition to a

number of hydrophobic residues. The basic structure of insulin must be preserved in
order that it retains its full biological activity and modifications to the basic residues will

lead to full or partial loss of biological activity. In solution, insulin exists as a monomer,
dimer or hexamer depending on its concentration, pH and the ionic strength of the

solution.

Figure 1.1 The primary structure of human insulin

A-Chain

@G@@@@®@®®@®®®®@@@®@@ COOH

B Chain

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

§ = $ : Disuiphide bridge

1.2.2 The biosynthesis and secretion of insulin
The biosynthesis of insulin begins when the insulin gene codes for the synthesis of the

rapid turnover single chain peptide preproinsulin in the ribosomes of the rough
endoplasmic reticulum. Human preproinsulin, of molecular weight about 11,500

contains 110 amino acids. Pancreatic microsomal peptidases rapidly cleave
preproinsulin, in the rough endoplasmic reticulum, to the precursor peptide proinsulin.

Proinsulin, of molecular weight about 9000, is a single chain peptide containing 86
amino acids. It consists of the insulin A and B chains linked by a 35 amino acid

connecting or C-peptide. The proinsulin molecules are transported to and packed within
secretory granules in the golgi apparatus. In these granules proinsulin 1s enzymatically
cleaved into insulin and the C-peptide. Proinsulin has a low physiological (insulin-like)
activity whilst the C-peptide has no physiological activity. Insulin and the C-peptide are

secreted together in equimolar amounts and small amounts of proinsulin and cleaved
intermediate peptides will also be present.

Insulin is secreted in the endocrine pancreas by the B cells of the islets of Langerhans.

The cells of the islets of Langerhans, are scattered between the acinar cells of the exocrine
pancreas, from which they are separated by a thin membrane. The secretions of the

pancreatic acinar cells play a major role in digestion. The islets of Langerhans are highly
vascularised compared to the acini and are richly innervated by autonomic nerves. Four

main cell types can be identified in the islets of Langerhans: A (a) cells comprise about
20% of the islet cell mass and mainly secrete glucagon and proglucagon; B (B) cells,

which secrete insulin, C-peptide and proinsulin, make up about 75% of the islet cell
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mass; D (8) cells comprise 3-5% of the islet cell mass and secrete somatostatin; and F cells

secrete pancreatic polypeptide and account for less than 2% of the islet cell mass. Insulin
is stored, in crystal form, within granules in the islet B cells. Each crystal also contains

zinc atoms. The release of insulin from the cell occurs by exocytosis. In normal adults
the pancreas contains about 7 mg of insulin and about 2 mg of insulin are secreted daily.

Insulin secretion is central to the regulation of glucose homeostasis. Many nutrient and

neurohormonal factors are involved in the regulation of insulin secretion. Secretagogues
can directly stimulate the pancreatic islets or potentiateits response to other stimulants. In

addition, substrates can inhibit insulin secretion. Secretagogues include glucose,
mannose, ribose, leucine, arginine, glucagon, gastrin inhibitory polypeptide,

cholecystokinin and drugs such as sulphanylureas. Blood glucose concentration is the
main secretagogue stimulating the release of insulin. However, the mechanisms by

which the insulin secretory response is activated are unclear although they appear to
depend on the intracellular concentration of calcium ions. Insulin is degraded
predominantly in the liver, kidney and muscle. About 50% of insulinreaching the liver
from the portal veinis degraded before reaching the general circulation. The half-life of

circulating insulin in normal subjects is about 3-5 minutes.

1.2.3 The physiological role of insulin
The main endocrine function of insulin is to promote the storage of ingested nutrients by

controlling carbohydrate, lipid and protein metabolism. It will indirectly affect every
tissue in the body although principally it acts in the tissues which are specialised for

energy storage: the liver, muscle and adipose tissue. Insulin and the other pancreatic
hormones may also have a paracrine regulatory effect on the surrounding endocrine cells
of the pancreas. An example of this paracrine effect is the inhibition of glucagon
secretion by insulin, whilst glucagon stimulates insulin secretion.

In the liver insulin regulates a number of metabolic pathways. It promotes anabolism by

increasing glucose utilisation via the glycolytic pathway and increasing the synthesis and
storage of glycogen from glucose (glycogenesis). Liver glycogen stores are the main

source of post absorptive glucose. The synthesis of protein, triglycerides and the storage
of very low density proteins is also increased. Insulin also has a number of anti-catabolic

effects such as inhibiting the breakdown of stored glycogen (glycogenolysis) and
decreasing the catabolism of fatty acids, amino acid, proteins and urea. In muscle,

insulin promotes the synthesis of protein and glycogen. However, muscle glycogen
stores cannot be used in glucose homeostasis due to the lack of the enzyme glucose-6-

phosphatase in muscle tissue. The storage of fat, as triglycerides, in the cytoplasm of
adipose cells is a highly efficient means of energy storage compared to carbohydrates or

proteins. Insulin promotes the storage of triglycerides in adipose tissue and prevents the
lipolysis of stored triglycerides.

1.2.4 Mechanisms of action of insulin
Insulin elucidates its effects via a sequence of reactions which start when insulin binds to
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a specific cell surface receptor. The insulin receptor is a membrane bound glycoprotein

consisting of two subunits, one which binds insulin and the second which transduces the

signals which lead to insulin action. However, the events following the binding of
insulin to the cell surface receptors are unclear and discussion of these is beyond the
scope of this text. Many of the effects of insulin action, such as nutrient transport,

stimulation or inhibition of enzymes, protein phosphorylation or RNA synthesis, occur
rapidly, within seconds or minutes. Here itis thought that insulin binds to a specific cell

surface receptor. Other effects of insulin may take many hours. These include the
synthesis of protein, DNA, or cell growth. These events may be due to insulin binding

to insulin-like growth factor receptors.

1.2.5 Commercial sources of insulin
Commercially, insulin is extracted mainly from porcine pancreas and purified by

crystallisation. Extractions of insulin from the bovine pancreas are also available but their
use commercially has declined in the advent of the large scale production of human

sequence insulins which have an amino-acid sequence identical to that of human insulin.
Semisynthetic human insulinis produced by the enzyme modification of porcine insulin.

Biosynthetic human insulins are produced by recombinant DNA technology in
fermentation processes. There are three main methods by which this can be achieved.

Human insulin type crb was the first method to be used commercially. Certain strains of
bacteria are genetically modified by recombinant DNA technology. The human nsulin

nucleotides are inserted into the DNA of the bacteria and separate insulin A and B chains
are obtained and combined, via disulphide bonding, to produce insulin. Human insulin

type prb is produced by the enzymic cleavage of proinsulin which has been obtained from
bacteria genetically modified by recombinant DNA technology. Human insulin type pyr
is produced from a precursor molecule which has been obtained from a yeast which has

been genetically modified by recombinant DNA technology.

Differences in the amino-acid sequence of animal insulins may lead to the formation of

insulin antibodies when these preparations are administered to humans. Porcine insulin
tends to be much less immunogenic than bovine insulin due to fewer differences from the

primary structure of human insulin. Human insulins should be theoretically non-
immunogenic although problems may arise due to the presence of contaminants.
Unpurified insulin preparations may contain a number of contaminants including large
molecular weight material, proinsulin, partially cleaved extraction or insulin bioproducts,
insulin derivatives and other pancreatic islet hormones. Although many of these are
biologically inert, relative to insulin, they may add to the immunogenicity of the insulin
preparation. Insulin preparations can be partly purified by crystallisation methods.
Repeated recrystallisation will improve the purity of the insulin. Gel filtration on
sephadex gel columns will reduce or limit the contamination with materials of molecular
weight higher than that of insulin. Chromatographic methods such as 1on exchange
chromatography will further reduce contamination. Insulin preparations will usually
contain less than 20 parts per million (ppm) proinsulin.



1.2.6 Diabetes mellitus

Diabetes mellitus describes the clinical syndrome characterised by inappropriate elevated
blood glucose levels (hyperglycaemia). These arise from a number of disorders rather

than from a single disease entity. Hyperglycaemia, thus a disruption of the normal
metabolic feedback mechanisms, occurs due to a deficiency in the secretion of the

pancreatic hormone insulin, or due to reduced biological effectiveness of the insulin
produced or a combination of the two. In the western world diabetes mellituscan be

classified into two main types: Type I or insulin-dependent diabetes mellitus (IDDM);
and Type II or non-insulin dependent diabetes mellitus (NIDDM). Other forms exist
such as malnutrition related diabetes mellitus (MRDM) and those associated with certain
other conditions and syndromes.

The onset of IDDM is most commonly in childhood. Links between the disease and
genetic factors are not as marked as with NIDDM. Environmental factors in the

genetically predisposed individual are thought to play a majorrole in the development of

the disease. These environmental factors include certain viral infections such as mumps,
rubella and coxsackie virus B4 in addition to certain toxins which result in the destruction

of pancreatic B cells. There is also a strong associations between the disease and an auto-
immune reaction in which antibodies are produced to components of the pancreatic B

cells, leading to ‘self-destruction’ of the B cells.

NIDDM is generally a less severe form of diabetes mellitus which predominantly affects
middle-aged adults. The majority of patients who develop the disease are obese and this

criterion is used to sub-classify NIDDM into obese and non-obese types. In NIDDM
patients, thereis usually no significant destruction of pancreatic B cells and often normal

levels of insulin are secreted. However, NIDDM is usually associated with insulin
resistance whereby there is a decrease in the response of peripheral tissues to insulin.

The pancreatic B cells appear to lose the ability to respond to the hyperglycaemia resulting
from resistance to insulin and hence NIDDM is also associated with insulin deficiency.

In the untreated state, insulin insufficiency is associated with the acute effects of both

hyperglycaemia, such as thirst, polyuria and lethargy, and hypoglycaemia, such as
sweating, palpitations, nausea, confusion and drowsiness, which may lead to eventual

coma and death. In IDDM, insulin administration is essential to maintain normal blood
glucose concentrations whereas in NIDDM, the majority of patients can control the

disease by regulating their diet or a combination of dietary regulation and oral
hypoglycaemic agents such as sulphonylureas which stimulate the release of insulin from

pancreatic B cells. Poor diabetic control may lead to the development of chronic
complications such as retinopathy, neuropathy and nephropathy.

1.2.7 Current insulin therapy

Insulin may be administered by intramuscular, intravenous or intraperitoneal injection
although most commonly it is administered by subcutaneous injection eitheras a single or

as multiple daily injections. Ideally, insulin therapy should mimic the normal pulsatile
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patterns of physiological insulin production (Mattews et al.,, 1987), i.e. provide a
constant basal concentration of insulin between meals and a boost of insulin after meals
(prandial insulin). Close control of insulin concentrations in the diabetic patient will

require a multiple injection regimen and close monitoring of blood glucose concentrations
and a strict control of diet. A number of types of insulin are available for subcutaneous

administration: short acting, intermediate acting and long acting preparations. The insulin
regimen will usually be prescribed depending on the individuals requirements. However,

there are many problems associated with subcutaneous insulin treatment such as poor
compliance, adverse insulin pharmacokinetics, variable and unpredictable subcutaneous

insulin absorption and lack of adequate feed-back control. Thus, the difficulties in
achieving a normal physiological profile of insulin by subcutaneous therapy has lead to

the investigation of new approaches for insulin delivery such as sustained release
implants and non parenteral methods of insulin delivery including nasal administration.

Several examples of studies investigating intranasal insulin absorption are given later in
the text. The development of safe and effective nasal delivery systems for insulin, or

indeed other drugs which must be given parenterally, is an exciting and demanding
challenge. Although nasal systems may not totally replace injectionregimens, they may
lower the frequency of injections, allow greater patient control of blood glucose
concentrations, thus preventing chronic complications, and help to improve the lives of

millions of diabetics.

1.3 Intranasal administration _of peptide and protein drugs

Drugs have often been administered nasally for their local or topical action on the nasal

mucosa (Parr, 1983). These include compounds administered for the treatment of nasal
allergies, nasal decongestants and anti-infective preparations. Some of the compounds

administered for topical treatment have resulted in side-effects due to their absorption into
the systemic circulation.

The intranasal route for the systemic delivery of drugs has been shown to be effective for

a large number of compounds. Extensive reviews of the many compounds administered
intranasally to man and animals, including peptides and polypeptides, have been given by

Chien and Chang (1985 and 1987), Chien et al. (1989) and Fisher (1990 and 1994).
Examples of some of the compounds which have been administered nasally will be given

later in the text. The nasal route has also been implicated as a potential site for the
delivery of drugs to the brain (Gopinath et al., 1978).

The nasal route is an ideal alternative to parenteral or oral administration for chronic

systemic delivery of therapeutic drugs. The accessibility of the nasal route facilitates self
medication thus improving patient compliance compared to parenteral routes (Pontiroli et

al.,, 1989). The nasal cavity has a relatively large absorptive surface area and the high
vascularity of the nasal mucosa ensures that absorbed compounds are rapidly removed.

Drugs absorbed into the rich network of blood vessels pass directly into the systemic
circulation and thus avoid hepato-gastrointestinal first-pass metabolism (Chang and

Chien, 1984, Chien and Chang, 1985). Thus, the nasal route offers potential advantage
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for the systemic delivery of peptide and polypeptide drugs which are susceptible to
degradation by the chemical and enzymatic systems of the gastrointestinal tract or first-
pass clearance in the liver. The nasal mucosa has a high permeability compared to other
mucosal surfaces (Davis, 1992). The plasma pharmacokinetic profile following
intranasal absorption is similar to that obtained by bolus iv injection for many compounds

(Illum, 1992). This has implications particularly in drug replacement therapy in that there
is the opportunity to design drug dosing regimens to mimic the normal pulsatile secretion

pattern of peptides and polypeptides. The efficacy of pulsatile delivery compared to
continuous delivery has been demonstrated for a number of peptide and polypeptide

hormones such as insulin, human growth hormone and luteinising hormone-releasing
hormone (LHRH). Parenteral administration by s.c and i.m. routes, often results in the

formation of a drug depot at the site of injection and with slow absorption from the depot
tends to result in sustained delivery rather than pulsatile delivery (Eppstein and

Longenecker, 1988). In addition to non-parenteral routes for drug delivery, the
development of parenteral controlled delivery systems for pulsatile delivery, biofeedback
or self-regulated delivery and site-specific or targeted delivery is another expanding field
of biomedical research (Banerjee et al., 1991).

Despite the potential of the nasal route, there are a number of factors which limit the
intranasal absorption of peptide and protein drugs for systemic delivery. Thus, the
bioavailability achieved following intranasal dose administration tends to be

uneconomically low compared to parenteral routes and poorly reproducible (Eppstein and
Longenecker, 1988, Lee and Yamamoto, 1990). This is reflectedin the fact that very

few intranasal peptide and protein preparations are currently available for systemic
medication. The normal physiology of the nasal cavity presents a number of barriers to
peptide and protein drug absorption. These barriers include the physical removal from
the site of deposition in the nasal cavity by the mucociliary clearance mechanisms,
enzymatic degradation in the mucus layer and nasal epithelium and the selective
permeability of the nasal epithelium (Chien and Chang, 1987, Banga and Chang, 1983,

Eppstein and Longenecker, 1988, Lee and Yamamoto, 1990, Illum, 1992). The
development of nasal drug delivery systems requires an understanding of the structure

and function of the nasal cavity, the intranasal barriers which limit peptide and protein
absorption and the strategies by which these barriers may be overcome.

The nasal route has also been implicated as a potential site for the delivery of drugs to the

brain (Gopinath et al., 1978). The significance of the intranasal delivery of drugs to the
brain will be briefly discussed since it will not be considered elsewhere in this text. The

free movement of many substances from blood to the cells in the central nervous system
is limited by the blood brain barrier. The blood brain barrier is formed by the ‘high-
resistance tight junctions’ between the cells in the brain capillary endothelium (Rubin and
Porter, 1989). The blood brain barrier severely restricts the delivery of many therapeutic
drugs to the brain, particularly hydrophilic drugs such as peptides and polypeptides. The
problems of drug delivery to the brain may possibly be overcome by utilisation of the
nasal route. This also has implicationsas a portal of entry of pathogenic bacteria and
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viruses to the central nervous system (Gopinathet al., 1978). It has been suggested that
compounds delivered to the brain may be absorbed from the nasal olfactory mucosa into
the cerebrospinal fluid (CSF) occupying the perineural space. The CSF in the perineural

space 1s continuous with that in the subarachnoid space surrounding the brain and the
cerebral ventricles. The CSF in the subarachnoid space is separated from the brain by a

fragile membrane, the pia mater, which unlike the blood brain barrier does not constitute
a significant barrier to absorption. Absorption into the CSF may occur through the
perineural sheath, a connective tissue sheath which follows the path of the olfactory nerve
fibres from the perineural space to the olfactory submucosa. It has also been suggested

that absorption from the olfactory mucosa to the brain may be via olfactory neurones
which enter the olfactory bulb in the cranial cavity (Faber, 1937, Yoffey and Courtice,

1956, Gopinath et al., 1978, Sakane et al., 1994).

The potential of the nasal route for the delivery of compounds to the brain has been
demonstrated using a number of compounds such as an aqueous solution of potassium

ferrocyanide / iron ammonium citrate (Faber, 1937), colloidal gold particles (Gopinath et
al., 1978), progesterone (Kumar et al., 1982), taurine (Lindquist et al., 1983),
hydrophilic and lipophilic muramy] peptides (Fogler et al., 1985), wheat germ agglutinin
conjugated to horseradish peroxidase (Shipley, 1985), vasotocin (Pavel, 1986),
aluminium lactate (Perl and Good, 1987), 3,3-bis(4-pyridylmethyl)-1-phenylindolin-2-
one (Hussain et al, 1989) and sulphisomidine (Sakane etal., 1994). Sakane et al. (1995)

demonstrated a relationship between drug molecular weight and its direct absorption from
the nasal cavity to the CSF, in rats, using fluorescein isothiocyanate-labelled dextran.

For dextrans up to a molecular weight of at least 20000 Da, intranasal absorption 1nto the
CSF was shown to decrease as molecular weight increased. Nasal absorption of
compounds, such as dyes, proteins and vaccinia virus, into the lymphatic system via the
respiratory and olfactory nasal mucosa has also been reported (Yoffey and Drinker,
1938a, Yoffey et al., 1938b, Yoffey and Sullivan, 1939, Yoffey and Courtice, 1956).
The lymphatic system eventually drains into the venous system and thus offers an indirect

route for the entry compounds into the systemic circulation. However, it 1s the
respiratory region of the nasal cavity which is important for the systemic delivery of

drugs administered intranasally.

1.4 Structure and function of the adult human nasal cavity

The nasal cavity is the main airway by which ambient air enters the body. Nasal
breathing is of extreme importance since it functions to condition inspired air before
passing to the delicate alveolar tissue in the lungs, a function which will be lost or

impaired if totally reliant on breathing via the mouth. Inspired air is conditioned in the
nasal cavity by cleaning, warming and humidifying and the structure of the nasal cavity is

well adapted to these functions. Many sources of reference have been used during this
review of the structure and function of the adult human nasal cavity including: Proctor et

al. (1973), Mygind (1978 and 1993), Berglund and Lindvall (1982), Cole (1982),
Proctor (1982 and 1985), Tos (1982), Widdicome and Wells (1982), Proctor and Chang

(1983), Schreider (1986), Olsson and Bende (1986), Chien and Chang, (1987), Sleighet
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al. (1988), Chien et al. (1989), Su, (1991), O’Donoghue et al. (1992), Fawcett and
Raviola (1994). Additional reference sources are given in the text.

1.4.1 The gross anatomy of the adult human nasal cavity
The nasal cavity 1s located mainly within the skull although projects, in-part, anteriorly

into the external nose which consists of a bone and cartilaginous skeleton covered by
connective tissue and skin. The nasal septum, composed of cartilage and bone, divides

the nasal cavity into two approximately equal halves. Each half of the cavity begins
anteriorly at the nares or nostrils of the external nose and extends, approximately 10-14

cm, posteriorly to the nasopharynx. At the nasopharynx, the septum ends and two
halves of the airway join together. Each half of the nasal cavity has a medial wall,

formed by the nasal septum, a roof, a floor, which is parallel with the hard palate, and a
lateral (outer side) wall which is formed by the bones and cartilage skeleton of the skull.

A midline- and cross-section of the adult human nasal cavity is shown in Figures 1.2 and
1.3, respectively.

The nasal cavity can be divided into three functional regions: the vestibular-, the

respiratory- and the olfactory regions. The anterior part of the vestibular region begins
just inside each of the nares and terminates at a ridge of cartilage called the internal ostium

or nasal valve approximately 1.5-2 ¢cm from the nares. Beyond the internal ostium lies
the main part of the nasal cavity in which the respiratory and olfactory regions are

located. The total volume of the nasal cavity is approximately 15-20 cm?® with a total

surface area of about 150 cm2. The vestibule has a surface area of about 20 cm? and a

cross-sectional area which narrows from about 0.9 cm? to 0.3 cm? at the internal ostium
which is the narrowest part of the nasal cavity. Each side of the main nasal cavity
extends about 5 cm from the floor to the roof and approximately 10 cm from the internal

ostium to the nasopharynx. The width of the cavity varies between 0.1-0.3 cm, due to
the presence of the turbinates which are described below, and has a cross-sectional area

of about 0.14 cm2. The surface areaof the main nasal cavity is about 130 cm? of which
about 10-20 cm? is occupied by the olfactory region and the remainder is occupied by the

respiratory region.

In the main nasal cavity, bony scroll-like inward projections in the lateral wall form the
turbinates or conchae. Each of the turbinates is attached at the upper end to the lateral
wall and projects downwards in the cavity. The turbinates, which are covered in soft
spongy tissue, increase the surface area of the cavity. It is because of the turbinates that
the lateral wall is often described as folded or uneven although the remainder of the wall
is fairly flat. The scroll-like passages or spaces formed by the overhanging turbinates,
between the turbinate and the lateral wall, are called meatuses. From the main nasal
airway, the meatuses extend laterally and upwards and then medially to form a simple

scroll. There are three turbinates termed the inferior-, middle- and superior turbinates
each having a corresponding meatus. The inferior turbinate, the largest of the three

turbinates, lies just above the nasal floor and begins at the internal ostium. The middle
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turbinate is situated further into the nasal cavity and the superior turbinate is located deep
in the nasal cavity.

The main nasal airway extends upwards from the floor of the nasal cavity to the middle
turbinate and from the nasal ostium to the posterior of the turbinates. The passage above

the middle turbinate in which the olfactory region is located and the meatuses are
generally free of inspirational air flow. Air filled cavities within the bones of the skull,

referred to as the paranasal sinuses, open into the nasal cavity. The paranasal sinuses are
evaginations in the bones of the skull surrounding the nasal cavity which are lined with

mucosa which is continuous and identical with that lining the nasal cavity. This can have
important implications during nasal infections which may spread to the sinuses resulting

in localised pain or headache. The sinuses consist of paired maxillary and frontal
sinuses, a labyrinth of about 20 ethmoidal sinuses and a number of sphenoidal sinuses

which open directly or indirectly into the nasal cavity. In addition a palatine sinus may
also be present. The nasolacrimal duct (tear duct) opens into the anterior of the inferior

meatus.

Figure 1.2. idline-section (lateral wall) of the adult human nasal cavit
Adapted from Mygind (1978) and Proctor (1982)
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BC. Buccal cavity, NV. nasal vestibule, NS. nasal septum, IT. inferior turbinate, MT. middle turbinate,
ST. superior turbinate, SS. sphenoidal sinus, OET. orifice of eustacean tube, NP. nasopharynx. Cross-

sections through the nasal cavity at positions A, B and C are shown in Figure 1.3
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Figure 1.3. ross-section of the adult human nasal cavit
Adapted from Mygind (1978)

NS. nasal septum, IT. inferior turbinate, MT. middle turbinate, ST. superior turbinate, MS. maxillary
sinus. Cross-sections through the nasal cavity: A. Internal osteum, B. Middle of nasal cavity, C.

Posterior of nasal cavity

The anatomy of the nasal cavity is well adapted to the function of conditioning inspired
air. The slit-like nasal airway (1-5 mm wide) is narrowest at the internal osteum and
widest at the nasopharynx. At the internal osteum the high resistance to airflow and the
relatively high linear velocity of the air stream (12-18 m/sec compared to about 1 m/sec in
the trachea) combined with the bending of the air stream (almost a 90° bend) and

turbulence facilitates the impaction of the majority of particles carried in the inspired air
stream in the anterior of the nasal cavity from where they are mainly removed by

mucociliary clearance. In the main part of the nasal cavity the cross-sectional area of the
nasal cavity increases and the linear velocity of the air stream 1s reduced. The narrowness

of the airway, the increased surface area combined with the reduced air velocity optimise
the contact between the inspired air and the nasal mucosa where air 1s warmed and
humidified and gases and vapours are absorbed. In the posterior of the nasal cavity, the
air stream bends about 90° as it passes to the nasopharynx and the air stream increases in
velocity resulting in the impaction of particlesin the posterior of the nasal cavity from
where they are removed by mucociliary clearance.

1.4.2 , Nasal mucosa
The nasal vestibule is lined with stratified squamous epithelia which is continuous with
the facial skin and is in-part keratinised particularly close to the nares. Long stiff hairs or

vibrissae, sebaceous glands and sweat glands are abundant in the anterior portion of the
vestibule. The vibrissae play a defensive role by filtering large particles from inspired

air.  Posteriorly, the vibrissae and sebaceous / sweat glands become sparse and a

12



transitional band of non-ciliated cuboidal or columnar epithelium replaces the stratified

squamous epithelium and extends into the anterior of the main nasal cavity. Ducts from
anterior serous cells located in the respiratory mucous open in the upper part of the
vestibule and release watery or serous fluid secretions. The main nasal cavity is lined
with mucous membrane which is continuous with that of the paranasal sinuses,
nasopharynx and nasolacrimal ducts. The mucous membrane is composed of two layers,
an epithelium and a tunica propria separated by a basement membrane, and is anchored to
the underlying bony or cartilagenous skeleton. The respiratory and olfactory regions of
the main nasal cavity have respiratory and olfactory mucosa, respectively.

1.4.2.1 Olfactory mucosa
The olfactory mucosa is a specialised region of the nasal cavity which contains the

receptors for the sense of smell. The olfactory mucosa is confined to the roof of the nasal
cavity and the upper part of the nasal septum. The epithelial cells are columnar
pseudostratified which tend to be taller than those of the respiratory mucosa and of which

there are three main types: olfactory cells, sustentacular cells and basal cells. The
olfactory cells are the receptor cells for the sense of smell. These cells are bipolar

neurones which are distributed between the sustentacular or supporting cells. The apex
of the bipolar neurone is tapered into a dendritic process which extends to the epithelial

surface and terminates in a bulbous expansion called the olfactory bulb or knob which
lies above the apical epithelial surface. The olfactory bulb contains numerous basal

bodies from which non-motile cilia extend and lie parallel to the apical epithelial surface.
These cilia, except at the base, do not have the typical 9 + 2 axonemal structure and tend

to be much narrower and longer than typical cilia. These modified cilia increase the
surface area of the receptor cell. Pinocytotic vesicles are present on the apical surface of

the olfactory cells. The base of the olfactory cell tapers to form an un-myelinated nerve
axon which extends just below the basal laminainto the connective tissue and joins with
neighbouring axons to form small bundles of nerve fibres which become surrounded by
Schwann cells. These ensheathed bundles, known as fila olfactoria, join with other

bundles to form the olfactory nerves which penetrate the bones of the skull in the roof of
the nasal cavity before passing into and synapsing in the olfactory bulb of the brain

(Gopinath et al., 1978).

The sustentacularcells are rich in organelles and are thought to provide both metabolic
and physical support to the olfactory cells. At the apical surface of the sustentacular cells,

microvilli project into the mucus and pinocytotic vesicles are present. Basal cells lie close
to the basal laminabetween the olfactory and sustentacular cells into which basal cells are

are able to differentiate. Processes from the basal cells sheath the olfactory cell axons for
a small portion of its length. Brush cells having large microvilli on the apical surface may

also be present in small numbers. These may be involved in sensory reception and in-
particular the sneeze reflex.

Underlying the olfactory mucosa and separated by a basal lamina, the lamina propria
consists of connective tissue with subepithelial pigment and lymphoid cells, glands,
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vascular and nerve tissue. The branched tubuloalveolar olfactory glands of Bowman
continually secrete a serous fluid on to the epithelial surface via ducts. Air-borne
odorants dissolve in this serous fluid prior to detection by the epithelial receptor cells.

There is a rich sub-epithelial capillary plexus and a deeper lying venous plexus and
lymphatic system although the vasculature of the olfactory mucosa is not as rich as in the

respiratory mucosa. Trigeminal nerve fibres are present along with the olfactory nerves.

1.4,2.2 Respiratory mucosa

The respiratory mucosa lines most of the nasal cavity and resembles that of the trachea

and bronchi. The respiratory epithelium is mainly a ciliated columnar pseudostratified
epithelium but stratified cuboidal or simple cuboidal epithelia may also be present

particularly over the more exposed regions such as parts of the turbinates. The
respiratory epitheliumis composed of five main cell types: ciliated columnar cells, non-

ciliated columnar cells, goblet cells, basal cells and brush cells. Ciliated columnar cells
are the most abundant cell type and occur in groups which are interspersed with non-

ciliated cells. Goblet cells which secrete mucus glycoproteins, are abundantly but
unevenly distributed in the respiratory epithelium. The ratio of ciliated cells to goblet

cells is approximately 5:1. The density of goblet cells is lower on the nasal septum than
the turbinates and the distributionis lower on the middle turbinate than the inferior

turbinate. The distribution in the mucosa of the paranasal sinuses is similar to that on the
septum. The density of goblet cells tend to increase in an anterior to posterior direction
on the septum and turbinates. Basal cells are undifferentiated intermediate cells which

can mature into columnar or goblet cell types. Unlike the other cell types, these cells do

not reach the apical surface of the epithelium. Brush cells have a brush border of
microvilli up to 2 um long and may have an absorptive function in the regulation of the

fluid balance in the mucus layer. Microvilliare abundant on the apical surface of both
ciliated and non-ciliated cells. Up to 500 microvillieach about 1-2 pm long and 0.1 pm

in diameter may be found. Macrophages, leucocytes and clusters of lymphocytes may
also migrate throughout the epithelium.

1.4.3 Junctional complexes between epithelial cells

Epithelial cells in the nasal mucosa are generally in close apposition and adjacent cells are
extremely adherent. Cohesion at the apices of epithelial cells occurs in specialised

regions collectively referred to as the junctional complex. The junctional complex consists
of three regions: zonula occludens, zonula adherens and macula adherens and under light

microscopy appears as a dark band or terminal bar near the apex of the epithelial cells.

The zonula occludens is often referred to as the tight junction and is the region of the
junctional complex which is closest to the apical cell surface. The zonula occludensis a

zone or band which circumferentially extends round the lateral cell membrane. The lateral
membrane between adjacent cells appear to converge and fuse at close intervals. The

molecular nature of these bands is not fully understood and the literature tends to be
controversial. The zonula occludens controls the diffusion of ions and molecules

between cells and constitutes a barrier to the movement of macromolecules across the
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epithelium by this route. The number of sites of fusion in the tight junction determines

the permeability of the epithelium by the paracellular route. Leaky epithelia, present in
some kidney tubules, contain few sites of contact whereas intestinal epithelia contains

many sites and i1s highly impermeable. The human nasal epithelia has been described as
non-uniform by Inagaki et al. (1985) with connections of goblet-goblet and goblet-

ciliated cells being weak, thus the epithelium is relatively ‘leaky’, compared to the
connections of ciliated-ciliated cells.

In contrast to the zonula occludens, the zonula adherens and the macula adherens do not
constitute a barrier to the movement of molecules between cells and are both cell adhesion
devices. The zonula adherens lie just below the zonula occludens and consist of a

circumferential, adhesive filled, space between adjacent lateral cell membranes. 'The
macula adherens is typically located just below the zonula adherens and forms a

discontinuous band of disc shaped plaques around the lateral membrane. The
intercellular space is filled with an adhesive material. Filaments from both the zonula

adherens and the macula adherens extend into the cytoplasm and anchor the cytoskeleton
to the cell surface. An additional junctional specialisation between lateral cell membranes

is the gap junction where the intercellular space is reduced to narrow channels through
which metabolites and ions can diffuse between cells and in this way function in the

electrical coupling of cells throughout the epithelium

1.4.4 The basal lamina and lamina propria
The basal lamina (basement membrane) separates the epithelium from the underlying

lamina propria and consists of two layers; a low density lamina lucida adjacent to the
epithelium and an underlying and more dense laminadensa. The basal lamina consists of

collagen fibres, glycoproteins and proteoglycans. The collagen in the lamina densa 1s
cross-linked forming a layer which is flexible but has high tensile strength. Collagen
fibres also anchor the lamina densa to the collagen fibres of the lamina propria. The basal
lamina supports the epithelial layer. Large molecules crossing the epithelium may be

passively filtered on the basis of size, shape (mainly due to the network of collagen
fibres) and electrostatic charge (mainly due to the proteoglycan heparan sulphate which

carries a strong anionic charge).

The lamina propria (tunica propria) underlying the basal lamina anchors the mucosa to the
underlying skeletal structures and in addition provides support to the mucosa. The lamina
propria consists of a loose type connective tissue of extracellular ground substance with
moderately abundant and loosely interwoven collagen fibres and proteoglycan and related
substances. The ground substance is a hydrated gel consisting mainly of water,
proteoglycans (chondroitin sulphates, heparin sulphate, heparin, keratan sulphate and
hyaluronic acid) and electrolytes. Embedded in the connective tissue are glands,
subepithelial cells, vascular and nervous tissue. There are numerous branched and

tubuloalveolar glands regularly distributed throughout the connective tissue layer of the
respiratory mucosa. These discharge their mucus or serous secretions onto the surface of

the nasal vestibule (anterior serous nasal gland) or respiratory epithelium (seromucous
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glands) via short ducts. The paranasal sinuses contain much fewer glands which are

mainly confined round the orifices of the sinus. The main mucosa of the paranasal
sinuses is almost devoid of glands. Subepithelial cells consist of fibroblasts and

fibrocytes, which secrete extracellular material (fibrils and ground substance), histiocytes
which contain very active substances such as hydrolytic enzymes in cytoplasmic vesicles

(lysosomes). Macrophages, leucocytes, lymphocytes, plasma cells and mast cells have
also been identified in the connective tissue of the nasal mucosa.

1.4.5 Vasculature of the nasal cavity

The nasal mucosa, particularly that of the respiratory region, is highly vascular, having
an extensive blood supply and lymphatic drainage system. The main blood supply is via

branches of the maxillary artery and facial artery arising from the external carotid artery
and the ophthalmic artery derived from the internal carotid artery. Branches of the major

nasal arteries anastomose in the basal regions of the lamina propria forming a deep
network or plexus. Branches from the arterial plexus ascend through the mucosa giving

rise to arterioles which terminating in a subepithelial capillary plexus just below the
epithelial layer or supplies the subepithelial glands and tissues. Blood drains from the

respiratory mucosa into venous plexuses. Fine networks of small vessels tend to be
located in the superficial regions of the lamina propria whereas networks of larger vessels

tend to be located in the deeper layers. The venous plexuses drain into larger veins in the
anterior and posterior of the nasal cavity. Rich superficial venous or cavernous plexuses

consisting of tortuous networks of large anastomosing veins are abundant over the
regions of the inferior and middle turbinates and over part of the septum. The venous

plexuses, especially the cavernous plexuses and others which are located in the regions of
main inspirational air flow, also receive blood directly from the arteries via arteriovenous

anastamoses. Arteriovenous anastamoses enable blood to be shunted to the venous
system thus by-passing the capillary network and therefore are extremely important for

the regional regulation of blood flow due to mechanical, thermal, psychological or

chemical stimulation. The plexus has the ability to engorge with blood resulting from
vasoconstriction of the deeper veins and vasodilation of arterioles which supply the

plexus via the capillary networks. The engorgement of the plexus with blood may lead to

a swelling of the mucosa which can temporarily occlude the airway and make the tissue
appear erectile. This occlusion of the airways is thought to occur cyclically and

alternately between the two sides of the nasal cavity as a function to prevent the drying-
out of the mucous membrane on any one side. Nasal veins do not have valves and thus

there is a postural variation in blood pressure and flow dynamics.

Relatively large capillaries adjacent to the basal lamina and smaller capillaries around the
glands contain.pores or fenestrations, each closed by a very thin pore diaphragm,

between the peripheral endothelial cells. The fenestrations facilitate rapid fluid transport
processes in the nasal mucosa. Other small non-fenestrated capillaries are also present in

the lamina propria and these capillaries tend not to be associated with the epithelial surface
or glands. The superficial capillary network and those supplying the glands join to form
venules which drain into larger superficial veins. The endothelial basal lamina of the
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superficial nasal blood vessels is characteristically porous. This renders the arterioles and

venules particularly susceptible to vasoactive agents carried in the blood since they lack
an internal elastic membrane and thus the endothelial basal lamina is continuous with the

basal lamina of the underlying smooth muscle cells. The superficial fenestrated
capillaries supply the mucous layer covering the epithelium with moisture for the
humidification of inspired air. The superficial venous networks especially the erectile
cavernous plexuses in the mucosa enables inspired air to be heated before passing to the
delicate tissues of the lower respiratory tract. Blood tends to flow from the rear of the
cavity countering the flow of inspired air and thus provides rapid and efficient heat

exchange. The regional blood flow in the cavernous sinusoids can be controlled 1n terms
of flow speed and volume to provide efficient temperature conditioning of inspired air.

The lymph vessels also form a rich plexus in the respiratory mucosa. The lymph vessels
of the respiratory region of the nasal cavity predominantly drain into upper deep cervical
lymphatic vessels and into upper deep cervical and retropharyngeal lymph nodes before
entering veins at the base of the neck. The lymph vessels absorb and thus drain away the
tissue fluid which passes through the capillary walls and which collects in the tissue
spaces of the nasal mucosa. The removal of tissue fluid ensures that the airway is kept

clear.

1.4.6 Nervous innervation of the respiratory mucosa

The nerve supply to the respiratory mucosa is via an integration of sensory and motor
nerves of the somatic and autonomic branches of the peripheral nervous system. The

trigeminal nerve is the major sensory nerve of the facial region and branches of its fibres
are distributed throughout the mucous membranes of the nasal cavity and the paranasal

sinuses. The trigeminal nerve is composed of mainly somatic sensory fibres with a
general somatosensory function (receive sensory information from the mucosa of the
nasal cavity and paranasal sinuses). Autonomic parasympathetic and sympathetic fibres
provide motor innervation of the nasal mucosa. The integration of sensory, secretomotor
and vasomotor functions enables the main functions of the nasal cavity, i.e. conditioning
inspired air by warming, humidifying and cleaning, to be performed.

Various reflexes are associated with the nasal mucosa. Since man is generally regarded

as an obligate nasal breather then some of these reflexes function to protect the lower
respiratory tract from irritants. Stimulation of sensory receptors, usually nerve endings,
in the nasal mucosa give rise to sensory sensations which via the central nervous system
elicits a response reaction in the nasal mucosa. This may involve sneezing or allergic
reactions to sensory irritants for example pollutant gases such as sulphur dioxide and
inert dust which may cause localised pain or discomfort sensations. However, the

respiratory mucosa in humans has limited somatosensory function and has poor capacity
for the localisation and discrimination of sensory stimuli. The respiratory mucosa will

respond to mechanical and chemical stimuli but lacks thermoreceptors so does not
respond to hot or cold air. Sensory stimulation as a result of breathing unconditioned atr,

resulting in secretomotor and vasomotor reflexes via parasympathetic and sympathetic
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pathways, is suggested to be via thermoreceptors in the nasal vestibule (Cauna, 1932).

Exercise also initiate a nasal reflex by decreasing nasal resistance to air flow thus
facilitating nasal breathing to meet the demand for increased respiration. This occurs by

graded vasoconstriction of nasal blood vessels.

The nasal blood vasculature receives vasomotor innervation from both sympathetic and
parasympathetic nerves. The nerves form a plexus of nonmyelinated nerve fibres in the
lamina propria. Sympathetic nervous innervation causes vasoconstriction whereas
parasympathetic stimulation results in vasodilation. Normally, vessels of the cavernous
plexuses are kept partially constricted by constant sympathetic stimulation. In contrast,
vessels are not continually innervated by parasympathetic stimulation. As previously

mentioned, the vasomotor tone can result in rapid changes not only in the volume and
speed of blood flow in the nasal mucosa but also airflow through the nasal cavity. When

the venus plexuses are engorged with blood then airflow through the nasal cavity 1s
reduced. Secretomotor innervation of nasal glands is via parasympathetic nerves and
there is no direct sympathetic innervation. However, glandular secretion is influenced by
their blood supply and thus indirectly affected by sympathetic fibres.

1.4.7 Nasal mucus secretion

A thin layer of clear nasal fluid or mucus forms a continuous cover over the surface of the
nasal mucosa. Mucus is a mixture of secretions derived from a number of sources.

These include mucous secretions from goblet cells and subepithelial mucous glands,
serous secretions from subepithelial serous glands, secretions from lacrimal glands

(tears), tissue fluid transudate and condensed water from expired air. Normal mucus is
hypertonic compared to plasma and has a pH between about 5.5-6.5. Mucus 1s

composed of 95-97 % water with 2.5-3 % mucus glycoproteins or mucins, and the
remainder consists of electrolytes (up to about 2%), proteins and other macromolecules.

Sloughed cells and micro-organisms may also be present as well as lipids and DNA
which may be derived from damaged cells. Water movement across the nasal epithelium

into the nasal lumen is thought to occur by passive diffusion as a result of the osmotic
gradient set-up by active ion transport. The hypertonicity of mucus is probably due to

active ion transport in combination with water evaporation from the mucosal surface.

Mucus glycoproteins constitute 70-80% of the dry-weight of mucus and are composed of
a single polypeptide chain to which are attached sugar side chains. Mucus glycoproteins

may be acidic or neutral in nature. Acid glycoproteins are predominate in human mucus
and contain sialic acid and/or sulphate groups. Neutral glycoproteins contain large
amounts of fucose but may also contain small amounts of sialic acid. The glycoproteins
give mucus characteristic rheological (visco-elastic) properties which are related to its

function of providing a protecting coating to the nasal epithelium and facilitating
mucociliary clearance of materials deposited in the nasal cavity.

The protein content of mucus is in the form of immunoglobulins, albumin, lactoferrin,
lysozyme and other enzymes and protease inhibitors. IgA is the major immunoglobulin

18




in nasal mucus and accounts for up to 50% of the total protein content. The

immunoglobulins and nasal immunology are mentioned later. Lactoferrin, an iron
binding protein, and the enzyme lysozyme (muraminidase) may have antimicrobial

activity against many airborne microbes (Rodwell, 1988). Lysozyme has optimal activity
at slightly acidic pH and thus is suited to the normal pH of the nasal cavity (Tachibana et

al.,, 1986). However, lysozyme activity may be reduced during cases of acute common
cold, acute rhinitis or acute sinusitis where nasal pH is often alkaline. Lysozyme and

proteolytic enzymes such as acid hydrolases and peroxidases present predominantly in
the lysosomal granules of macrophages and neutrophils are able to digest phagocytosed

foreign antigenic material. In addition, these and other cells may discharge the contents
of their granules outside of the cell and directly into mucus and these may act in breaking

down materials for example inflammatory products which are not ingested and in the
activation of chemical mediators and proenzymes (Hamaguchi et al., 1986, Roitt et al.,

1987). Hochstrasser (1983) suggests that proteolytic mucus lysosome enzymes are
inactivated and compensated by the antiproteolytic capacity of normal nasal mucus. It

was reported that in cases of common cold, the number of granulocytes, mainly
neutrophils infiltrating nasal secretions was increased and there was a corresponding

increase in the amount of neutrophilic lysosomal enzymes present in mucus
(Hochstrasser, 1983). However, the trypsin-like protease activity of these enzymes did

not increase due to the increase in serum antiproteases such as aj-antityrpsin. This was
thought to be a protective mechanismto prevent irreversible, protease induced damage to

the nasal mucosa (Hamaguchiet al., 1986). Amylase, an enzyme which hydrolyses
starch and glycogen, has been demonstrated in the secretory granules of submucosal

serous glands and has been speculated to be involved in controlling secretion fluidity
(Tachibana et al., 1986b).

1.4.8 Nasal enzymes

The nasal mucosa contains a variety of enzymes which are present in nasal secretions, on
the surface of or in the cytosol of epithelial cells, where they may be free or membrane

bound, and in the lamina propria where they are particularly associated with glandular
tissue. Much of the literature relates to studies in animals although Sarkar (1992)

considered that despite inter-species variations, the profile of nasal drug metabolising
enzymes in humans will be similar. The enzymes identified in nasal mucosa include

monooxygenases, reductases, transferases, esterases and proteases (Irwin et al., 199)).

Monooxygenase enzymes include cytochrome P-450-dependent monooxygenases which
are particularly abundant in the olfactory region and may function in the
biotransformation and removal of odorant compounds thus ensuring that the acuity of
olfaction does not decrease due to the build-up of a high background odour (Dahl et al.,

1982). The cytochrome P-450-dependent monooxygenases are thought to be important
as a first line defensive mechanism against inhaled xenobiotics, particularly

environmental pollutants, volatile chemicals and odorous chemicals, which are
biotransformed into nontoxic compounds which may then be excreted (Hadley and Dahl,

1983). However, biotransformations of some inhaled compounds into chemically
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reactive metabolites have been implicated as a cause of nasal lesions or tumours in animal

species (Bond, 1986, Britteboet al., 1986). Mucociliary clearance and swallowing of
chemically reactive metabolites in mucus may also have implications in the induction of

tumours in the alimentary tract as well as in the upper respiratory tract (Dahl et al., 1985).
Studies by Bond et al. (1988) indicate that there is an uneven distribution of xenobiotic

metabolising enzymes along the respiratory tract and presumes that the balance of
activating and inactivating enzymes will determine whether a compound will be

carcinogenic in a particular tissue.,

Various types of proteolytic enzymes are present in nasal mucosal membranes and are
also a constituent of nasal secretions and are mentioned later in the text. However, these

have not been isolated and characterised in the nasal cavity and their presence is based on
studies with model peptide drugs such as enkephalins, substance P, insulin and

proinsulin (Lee and Yamamoto, 1990). Proteolytic enzymes may exhibit exopeptidase or
endopeptidase activity. Exopeptidases cleave the terminal N or C bonds in peptide chains

and include aminopeptidases and angiotensin-converting enzyme (dipeptidyl peptidase
and dipeptidyl carboxypeptidase). Endopeptidases such as endopeptidase-24.11 (neutral
endopeptidase) cleave the internal peptide bonds (Kashi and Lee, 1986, Lee and
Yamamoto, 1990). Aminopeptidases are the principal proteolytic enzymes in the nasal

cavity (Audus and Tavakoli-Saberi, 1991). Stratford and Lee (1986) identified a number
of aminopeptidases in nasal mucosa homogenates in the albino rabbit. Aminopeptidase N

and A were shown to be membrane bound whereas aminopeptidase B was a cytosolic
enzyme. Leucine aminopeptidase and lysosomal aminopeptidase were also identified.

Compared to various other mucosae (buccal, rectal and vaginal) the overall subcellular
distribution of aminopeptidases in the nasal mucosa are the most similar to those in ileal
mucosa. Membrane bound aminopeptidase activity accounted for almost half of the total
enzyme activity compared to 20% in ileal mucosa and 80% in buccal, rectal and vaginal
mucosa (Lee and Yamamoto, 1990, Illum, 1992). However, the subcellular distribution
of aminopeptidases in different mucosae will vary depending on the peptide substrate

used in the aminopeptidase assay (Irwin et al., 1995). The evolutionary development of
proteolytic enzymes in the nasal cavity is probably a protective mechanism against the

invasion of foreign peptidagenous and proteinaceous materials (Hussain et al., 1990).

1.4.9 Nasal immunology
Large numbers of microorganisms enter the nasal cavity either with inspired air or via

direct finger contact with the nostril. Rhinoviruses, which are responsible for the
common cold may also reach the nasal cavity via the nasolacrimal duct (Mygind and

Winther, 1987). The relatively thin mucosal lining covering most of the nasal cavity
constitutes a weak mechanical barrier to the entry of potentially pathogenic microbes and

protection against most infectious agents is provided by a number of innate and adaptive
immune mechanisms (Weir, 1977, Brandtzaeg, 1988). Innate immune mechanisms are

non-specific to the microbial antigen and in most instances will be sufficient to prevent
manifestation of the disease. These include the physical barrier of the nasal mucosa,

mucociliary clearance, anti-microbial agents (e.g. lysozyme, protease enzymes) and
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phagocytic cells (predominantly macrophages and neutrophils). A number of soluble
factors such as complement and interferon are also involved (Weir, 1977, Mygind and
Winther, 1987). If innate immune mechanisms are breached then an antigen specific

adaptive immune response such as immunoglobulin (antibody) production and cell-
mediated immune mechanisms via activated lymphocytes will be initiated (Mygind and

Winther, 1987). Nasal associated lymphoreticular tissue (NALT) is located in the
submucosa in the nasopharyngeal area (tonsils) and is ideally positioned to encounter
environmental antigens (McGhee and Kiyono; 1993). NALT represents an inductive site
for the adaptive mucosal immune system in the upper respiratory tract and hence
possibilities exist to exploit NALT in the development of vaccines. Studies in rats
indicate that of the airway associated lymphoid tissue, NALT may be the major IgA

inductive site.

IgA is the major immunoglobulin in nasal mucus. There are two types of IgA, one an
IgA monomer (7S monomer) passes directly into nasal secretions from the blood and the

second and predominant type, secretory IgA (mainly an 11S dimer containing a joining or
J chain), is secreted locally in the nasal mucosa. The IgA’s can bind to and neutralise

viral antigens thus preventing their colonisation of the nasal mucosa. IgG may also be
present in nasal mucus the source of which appears to be from the blood although

subepithelial cells containing IgG have been demonstrated. IgD, IgE and IgM have been
detected in mucus as a result of transudation or local production. IgE producing cells and

mucosal mast cells containing IgE may be present in allergic individuals.

1.4.10 Mucociliary transport
Mucociliary transport is the movement of mucus by cilia. Cilia are fine, contractile

projections on the apical surface of the columnar epithelial cells and there are
approximately 200-300 cilia per cell each cilium being between 5-10 pim long and 0.1-0.3
nwm wide. The respiratory cilia have the characteristic 9 plus 2 axonemal structure. The
density of ciliated cells increases posteriorly in the nasal cavity. Mucus consists of two
fluid layers: a viscid gel layer (mucus or epiphase) floats on a less viscid sol layer
(periciliary fluid layer or hypophase) immediately adjacent to the epithelial surface.

Mucus is not present as a uniform sheet but forms droplets, flakes and plaques. Mucus
is transported by the symmetric beating action of cilia. During the cyclic beating of the

cilia, contact of the ciliary tips with the viscid gel layer i1s sufficient to generate a
propulsive force on the mucus. During mucus transport the gel layer 1s propelled

whereas the sol layer remains stationary. The synchronous beating of ciliain the nasal
mucosa generates metachronal waves over the surface of the nasal mucosa. In patchesor

fields of mucosa, the cilia beat frequency and direction of beat may vary, although the
cilia in each patch will display metachrony. Ciliated regions of mucosa are also

interspersed will non-ciliated cells. Mucus is transported by a combination of several
metachronal waves which overcomes any irregularities or variations in the beat frequency

or direction between the patches of cilia and allows the continued transport of mucus over
non-ciliated regions. Although the overall transport of mucus is generally towards the

nasopharynx, the pattern of transport of mucus droplets, flakes or plaques across the
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surface of the nasal mucosa may exhibit numerous directional changes due to regional
variations in the frequency and direction of each metachronal field.

The nasal cilia beat frequency (CBF) is about 10 Hz (range 4.5 to 11.9 Hz), based on in
vitro studies using nasal biopsies obtained from healthy volunteers (Duchateau et al.,

1985). Measurements were performed at 30°C. However, in the same study the average
temperature in the inferior turbinate of 6 healthy subjects was found to range between
29.2-34.2°C and thus CBF may increase posteriorly in the nasal cavity with increasing
temperature of the mucosal surface in this direction. Mucus is continually transported, at

about 5 mm per minute, over the surface of the respiratory mucosa. The depth of the sol
layer must be regulated to ensure efficient mucus transport and transport rates will be

reduced if the sol layer becomes too deep or too shallow. Microvilli, on the epithelial cell
surface, may contribute to the overall fluid regulation in the mucus layers via transport

mechanisms. In the nasal cavity, the mucus layeris generally renewed every 15 minutes
by transport posteriorly towards the nasopharynx, from where it is removed into the

stomach by swallowing. In addition, in the anterior regions of the inferior turbinates,
mucus may also be transported in an anterior direction towards the nares and removed as

it drains into the vestibular region of the nasal cavity by blowing or wiping the nose.

Mucociliary transport is an important physiological defence mechanism referred to as
mucociliary clearance. The majority of particles and gases which are inhaled via the nose

are removed before passing to other parts of the respiratory system. Any particles or
gases which adhere to or dissolve in the mucus layer will be cleared from the nasal cavity

by mucociliary transport. However, less soluble gases and small particles may evade the
mucociliary clearance mechanism and penetrate further into the respiratory tract.

1.5 Animal models for intranasal drug absorption studies

A prerequisite for the development of nasal delivery systems, for testing in human clinical
trials is that they are first evaluated and optimised in animal models (Ritschel, 1987).

Ideally, nasal drug absorption in the animal model will correlate with nasal absorption in
humans. Thus, results from animal studies can be reliably extrapolated to humans.

However, the results obtained from absorption studies will often be influenced by the
animal model employed and extrapolation to absorption in humans should be approached

with caution. Nevertheless, animal models are invaluable in pharmaceutical research, not
only for preclinical evaluation of new drug compounds but also for optimising the
various formulation factors which will influence drug absorption. Various animal models
have been used in intranasal drug absorption studies using species such as mice, rats,
guinea pigs, rabbits, dogs, sheep and monkeys (Chien et al., 1989, Gizurarson, 1990,
[llum, 1995). Attention will be focused on the rat and sheep nasal models which have
been extensively utilised throughout this project. However, comparative characteristics
of the nasal cavities of man and several animal species are given in Table 1.1. Reviews

of the animal models used in intranasal drug absorption studies, to which reference has
been made in the following text, have been given by Chien et al (1989), Gizurarson

(1990) and Illum (1995).
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1.5.1 The rat model

The ratis widely used in intranasal drug delivery studies. Rats are relatively inexpensive
animals which are easy to maintain, handle and use experimentally. They breed easily
and reach maturity quickly and hence tend to be readily available commercially. Several
strains of rat are available and they are usually used in the weight range 200-300 g (4-5

months old). The structure of the rat nasal cavity will be briefly discussed before
describing the various experimental rat models which have been employed for nasal drug

delivery studies.

1.5.1.1 Structure of the rat nasal cavity
The description of the rat nasal cavity is based upon Hebel and Stromberg (1976),

Schreider and Raabe (1980), Gross et al., (1982), Proctor and Chang (1983), Schreider
(1986), Young (1986), Popp et al., (1986), Fisher (1990) and Uraith and Maronpot

(1990). A midline section of the rat nasal cavity is shown in Figure 1.4. The rat nasal
cavity is incompletely separated by the nasal septum, in the posterior ventral region,

allowing the two halves of the nasal cavity to join at the beginning of the nasopharyngeal
duct leading to the nasopharynx.

In the main part of the nasal cavity two pairs of turbinates project from the lateral wall ot

the nasal cavity. The nasoturbinate projects ventrally from the roof of the nasal cavity
leaving the dorsal meatus between the roof and nasoturbinate which extends the length of

the cavity. The maxilloturbinate projects dorsally in the ventral region of the nasal cavity.
Between the floor of the nasal cavity and the maxilloturbinate is the ventral meatus which

is the main passage for inspired air and extends to the nasopharyngeal duct. A muddle
meatus is positioned between the naso- and maxilloturbinates. The turbinates,

particularly the nasoturbinate, have a hook-like arrangement with a laterally pointing
curve. In the posterior of the nasal cavity is the ethmoid recess, lying ventral to the
posterior of the dorsal meatus, which contains a complex arrangement of turbinates
referred to as endoturbinates (positioned near to the nasal septum) and ectoturbinates

(positioned near to the lateral wall). The dorsal, middle and ventral meatus communicate
medially at the common meatus which extends along the length of the nasal cavity

between the nasal septum and the turbinate bones. Folds of accessory cartilage, referred
to as the atrioturbinates, project from the vestibule to the naso- and maxilloturbinate and

these separate the common meatus from the ventral, middle and dorsal meatus in the
anterior of the respiratory region although there is communication between the two via a

slit between the cartilages which diminishes posteriorly. Paired paranasal sinuses are
present in the rat although the literature contains conflicting reports of their number and

size. Ethmoid, frontal, sphenoid and maxillary sinuses have been reported. A feature
not found in humans is the vomeronasal organ of Jacobson consisting of paired blind

epithelial tubes running along the ventral region of the nasal septum from the vestibule, to
which it communicates via a short lateral duct, to the nasopalatine duct (incisive canal)

which connects the nasal and oral cavities. The function of the vomeronasal organ is not
clear although it may be involved in olfaction.
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The mucosa lining the rat nasal cavity contains three distinct types of epithelium: stratified

squamous, respiratory and olfactory. The proportion of the total nasal surface area
occupied by the various epithelia types was determined by Gross et al. (1982) using two

groups of rats, weighing 115 g and 288 g. The percentage composition of the epithelial
types were 3-4 % stratified squamous epithelium, 44-47 % respiratory and 50-52 %
olfactory. Simple squamous stratified epithelium, which is in-part keratinised, lines the
vestibule, the anterior of the naso- and maxilloturbinateregions and the floor of the
ventral meatus up to the nasopalatine duct. Some vibrissae may be present originating
from hair follicles in the underlying lamina propria. Generally, in contrastto humans, the
lamina propria consisting of a simple collagenous matrix is devoid of hair follicles and
glands. However, ducts originating from glands underlying the anterior respiratory
epithelium, particularly the nasal septum, discharge serous secretions into the vestibule.

Respiratory epithelium occupies much of the turbinates, nasal septum, the anterior part of
the ethmoid recess and the maxillary sinus. Exceptions are the upper posterior region of

the dorsal meatus. The lateral walls of the vomeronasal organ are also lined with
respiratory mucosa. Five types of cell are found in the respiratory epithelium: ciliated,

non-ciliated, goblet, basal and brush cells. The lamina propria of the respiratory region
contains a rich vascular system, abundant tubuloalveolar serous and mucous glands and

nerve endings originating from the trigeminal nerve which regulate vascular tone and
glandular secretions. The lateral wall between the naso- and maxilloturbinates contains

large venous sinuses referred to as swell bodies. Smaller venous sinuses are also found
in the region of the maxilloturbinates and the ventral region of the nasal septum. The

distension and collapse of the swell bodies give the nasal mucosa erectile properties and
regulates the pattern of air-flow in the cavity depending on factors such as temperature,

humidity and carbon dioxide concentration in inspired air. A cyclical alteration in air
conductivity in the rat nasal passages (nasal cycle), similar to that in the human nasal
passage, has been demonstrated by Bolsen-Mgller and Fahrenkrug (1971). Olfactory
mucosa lines most of the ethmoid recess including the exo- and endoturbinates and the

upper posterior region of the dorsal meatus. A small isolated patch of specialised
olfactory mucosa, referred to as the Septal organ of Rodolfo-Masera, is located in the

ventral region of the nasal septum posterior to the vomeronasal organ. This is thought to
be part of a chemosensitive alert system and may also function in monitoring inspired air

for odours. The vomeronasal organ is also lined medially with specialised olfactory
epithelia. The olfactory epithlium contains bipolar olfactory cells, columnar sustentacular

cells and basal cells.

The structure of the rat nasal cavity is generally more complex than that of the human
nasal cavity due to the complexity of the nasal turbinates. However, the epithelial

structure is similar in the human and the rat nasal cavity although the proportion of
respiratory and olfactory epithelia differ in the two species. In humans, the olfactory

epithelium occupies about 10% of the total surface area of the nasal cavity compared to
about 50% in rats. These differences in structure and function of the rat nasal cavity

reflects the greater importance of olfactionin the rat. The absolute dimensions of the rat
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nasal cavity are much smaller than in humans which is obvious from the size difference

between the two species. However, if the surface area of the nasal cavity is corrected for
body weight or total body area, the nasal surface area in the rat is between about 10-40 or

3-7 times larger, respectively, than the surface area of the human nasal cavity. Again,
these dimensions reflect the greater importance of olfaction in the rat.

he rat nasal cavit
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Figure 1.4, Midline-section (latera
Adapted from Fisher (1990)
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NV. nasal vestibule, NT. nasoturbinate, MT. maxilloturbinate, ET. ethmoidturbinates, NP. nasopharynx,

ND. nasopalatine duct, BC. buccal cavity, IT. incisor tooth.

1.5.1.2 Rat models for intranasal drug delivery studies

Two main types of experimental nasal rat model are generally described in the literature,
the in situ (nasal perfusion) model, the in vivo (surgical) model.

The in situ, nasal perfusion, model was described by Hirai et al. (1981a). The technique

is performed under terminal anaesthesia with the rat usually positioned ventral surface up.
The trachea is cannulated, using plastic tubing, to maintain the patency of the airway
during the experimental period. A second cannula is inserted into the oesophagus and
positioned at the posterior of the nasal cavity. The nasopalatine duct 1s sealed, usually

using a cyanoacrylate adhesive, to prevent drainage of the drug solution from the nasal
cavity into the oral cavity. The oesophageal cannula is connected to a reservoir

containing the drug solution and is continually stirred. The drug solution will usually be
maintained at 37°C. A peristaltic pump is used to circulate drug solution from the

reservoir and through the nasal cavity. The perfused drug solution passes out of the
nostrils and is recollected in the reservoir via a funnel. The drug solution will be

continually recirculated through the rat nasal cavity and a sample of the perfusate will be
periodically taken from the reservoir and analysed for drug content. The amount of drug

absorbed is evaluated by measuring the disappearance of drug from the perfusate.
However, the disappearance of drug from the perfusate does not necessarily indicate

nasal absorption since drug instability, e.g. degradation of peptide and protein drugs by
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nasal proteolytic enzymes, and aggregation of the drug compound may reduce the
concentrations of drug in the perfusate. Perfusate drug concentrations may also decrease
due to systematic losses such as adsorption to cannula tubing (Gibson and Olanoff,
1987). Evaporation from the drug reservoir may also be problematic with this technique.
Use of the in situ model allows the evaluation of drug absorption as a function of time.

However, both the rate of perfusion and the perfusate volume have been shown to
influence the rate of drug absorption and so must be carefully controlled (Hussain et

al., 1985, Huang et al., 1985). The rate of absorption of phenobarbital was shown to
Increase as the perfusion rate increased (between 1.0-2.0 ml/min) although was

independent of perfusion rate above 2 ml/min. A linear relationship was shown to exist
between the in situ rate constants of absorption and the reciprocal of the volume of
perfusate and the authors showed that the rate constants agreed well with rate constants
calculated from in vivo absorption studies.

The best indication of drug absorption into the systemic circulationis from the direct
measurement of drug concentrations in the blood requiring periodic blood sampling.
Alternatively, the appropriate biological response evoked by the drug may be monitored

for example hypoglycaemia or hypocalcaemia following insulin and calcitonin
absorption, respectively. In addition, the measurement of drug concentrations in samples

other than blood, such as urine, may be used as an indication of absorption.
Measurement of the biological response may be useful for screening the efficacy of

absorption from nasal delivery systems if an assay method for the drug is not available or
is complicated,time consuming and expensive. The in situ model has also been used to

investigate the degradation of drugs by nasal enzymatic systems. Examples of the use of
the in situ model will be given later in the text.

The in vivo surgical model, also performed under terminal anaesthesia, was also
described by Hirai et al. (1981a). Rats are positioned ventral surface up, the tracheaand
oesophagus are cannulated and the nasopalatine duct is sealed as previously described for

the preparation of the in situ model. The oesophageal cannula was then sealed using
cotton and adhesive to prevent the drainage of the nasal dose into the oesophagus and

stomach. Dose solution is usually administered to the nasal cavity via one nostril, using a
micropipette, and the nostril sealed with adhesive to prevent dose drainage from the nasal

cavity. The in vivo method of dose administration is more comparable to dose
administration in humans in contrast to the perfusion technique. Intranasal absorption 1s

usually assessed by analysing blood samples collected periodically from the caudal (tail)
vein, femoral artery / vein, carotid artery or the dorsal aorta.

Fisher et al. (1985) simplified the in vivo model and found that the results obtained were

comparable to those obtained using the model described by Hirai et al. (1981a). In the
simplified model, the oesophagus was not cannulated but was occluded by tying it to the

tracheal cannula and neither the nasopalatine duct nor the nostrils were sealed. However,
considerable drainage of the dose into the trachea was observed if the nasopalatine duct

and nostrils were not sealed and the animals were positioned ventral surface down. A
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simplified rat model has also been reported by Lau-Cam et al. (1991) which did not

require surgery and hence was suggested to be a less stressful and more physiological
means of investigating intranasal drug absorption. The absolute bioavailability of

propranolol administered via the nasal route (100 pl volume) was shown to be very
similar in the model to that obtained following surgical preparation of animals as

described by Hirai et al. (1981a) and Fisher et al. (1985). However, as rats are obligate
nasal breathers then the air flow through the nasal cavity may influence dose distribution

and therefore the area for absorption (Chandler, 1994). This may have important
implications when drugs are used which are absorbed to a lesser extent than propranolol
or smaller dose volumes are administered. Mayor and Illum (1994) have shown that the
use of anaesthetic agents, particularly long acting anaesthetics, such as pentobarbitone

sodium, resulted in the increased nasal absorption of insulinin rats. This was suggested
to be mainly due to impaired mucociliary clearance in anaesthetised rats. Drainage and

mechanical removal of dose from the nasal cavity will also be prevented by anaesthesia.
A reduction in the rate of mucociliary clearance in the rat trachea by anaesthesia has

previously been demonstrated (Patrick and Stirling, 1977). Anaesthesia has also been
shown to decrease the mucociliary clearance rate in sheep trachea (Landa et al., 1975).

Dose volume is an important consideration in nasal absorption studies and most often

dose volumes between 20-50 pl will be administered. Chandler et al. (1991a)
investigated the effect of dose volume on dose distribution in the rat nasal cavity using

histological techniques. Doses of 20, 50 or 100 ptl of 1% polyoxyethylene-9-lauryl ether
(Laureth-9) solution, an agent known to cause damage to epithelial membranes, were

administered to one nostril and tissues were fixed for histological examination after 5, 20
or 60 minutes. The tissue damaging effects of a 100 1l dose of Laureth-9 were observed

on both sides of the nasal cavity after 5 minutes although the damage was more severe on
the dosed side. Tissue damage, especially on the undosed side, was increased with

increasing contact time. Following contact for 5 minutes, the 50 [l dose severely
damaged the dosed side of the nasal cavity but there was only slight damage around the

septum on the undosed side. However, damage to the undosed side of the nasal cavity
increased with increased contacttime. In contrast, damage to the nasal tissue induced by

a 20 pl dose was confined to the dosed side of the nasal cavity irrespective of contact
time. Thus, dose volume should be carefully controlled during nasal absorption

experiments particularly when comparing formulations. Investigation of nasal absorption
from powder delivery systems is difficult in the rat, compared to larger species, due to
the narrowness of the nares and the difficulty in accurately administering small quantities
of powder. However, Bjork and Edman (1988) investigated the nasal absorption of
insulin from lyophilised powder formulations in the rat administering about 1 mg of

powder.

1.5.2 The sheep model
In biomedical research, the sheep is commonly used as an animal model although

relatively few studies employing the sheep as an animal model for intranasal absorption
studies have been reported. An important feature of the sheep model for intranasal
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absorption studies is that the animals are conscious, although sheep may be sedated

during dose administration, and hence normal patterns of mucociliary clearance should
not be disrupted. Thus, compared to small animal models, nasal absorption in the sheep

model will allow better prediction of nasal absorption in humans. The manageable size of
the sheep combined with their passive and tolerant nature enable them to be easily

handled in nasal absorption studies. They are generally readily obtainable throughout the
year at the specific weights required. The large nostril size of the sheep, enables both
liquid and powder nasal delivery systems to be evaluated and doses comparable to those
administered to humans can be given to sheep. Chien et al. (1989) suggests that the
sheep model is suitable and practical for evaluating parameters involved in the nasal
delivery of drug from a more sophisticated formulation. The paired external jugular veins

which pass down the neck on either side of the trachea are easy to locate, and can be
readily cannulated by non surgical procedures for the purpose of serial blood sampling.

Sheep can be repeatedly used in drug absorption studies provided an adequate wash-out
period is allowed between successive dose administrations. The washout period should

take into account the pharmacokinetic profile of the drug and replenishment of blood
volumes in sheep

1.5.2.1 Structure of the sheep nasal cavity
The description of the sheep nasal cavity is based upon May (1964) and Hare (1975). A

midline section of the sheep nasal cavity is shown in Figure 1.5. The nasal cavity of the
sheep is pyramidal shape with the apex located in the anterior of the cavity. The nasal
septum incompletely separates the nasal cavity in the posterior, ventral region of the
cavity, although the separation may be completed by a thick fold of the mucosal lining,
extending from a plate of the septal cartilage, which contains a rich submucosal venous
plexus. If the separationis incomplete, the two sides of the cavity will join to form a
common, nasopharyngeal meatus at the floor of the nasal cavity close to the
nasopharynx. Two major scroll-like turbinate bones, the dorsal turbinate and the more
complex ventral turbinate, project inwards from the lateral wall and extend, antero-
posteriorly, across most of the nasal cavity. The ventral turbinate bone occupies most of
the lateral wall of the cavity and is separated into upper and lower regions (ventral and

dorsal plates), which are arranged in coils. A series of smaller ethmo-turbinates are
located in the superior part of the nasal cavity and the largest of these, at the posterior of

the supertor region, is the middle turbinate.

There are three major meatuses in the nasal cavity created by the turbinates. The dorsal
meatus, between the dorsal turbinate and the cavity roof, is long and narrow and extends

the whole length of the nasal bone. The ventral meatus, between the cavity floor and the
ventral turbinate. Between the dorsal and ventral turbinates is the middle meatus which is
divided, posteriorly into dorsal (olfactory) and ventral (respiratory) parts by the middle
turbinate. The ventral meatus is the largest and least restricted of the passages providing

a direct communication between the nares and the nasopharynx. Ethmoidal meatuses,
small, narrow, passages between the ethmoid bones in the postero-ventral part of the

nasal cavity, are also found. The three meatuses communicate medially at the common

28



meatus, a narrow slit-like passage extending between the floor and roof and between the
septum and turbinates. The common meatus is narrow dorsally and widens ventrally.
The vomeronasal organ consisting of two blind-tubes, about 7 cm long and 0.3-0.4 cm

wide, are positioned on either side of the nasal septum, at the level of the nasal floor, and
enter the oral cavity. There are five paranasal sinuses in sheep (frontal, maxillary,

palatine, sphenoid and ethmoidal) which are embedded in the various bones of the skull.
Each sinus is connected, either directly or indirectly, to the nasal cavity. The mucosa of

these sinuses is continuous with that of the nasal mucosa.

Stratified squamous epithelia containing numerous serous glands lines the vestibule just
inside the nares. In the main part of the nasal cavity there is a transition from stratified

squamous epithelia to pseudostratified columnar epithelium. The reddish coloured
mucosa of the respiratory region, containing an abundance of mucus secreting goblet

cells and numerous subepithelial tubuloalveolar glands which are mainly serous 1n nature,
occupies the majority of the nasal cavity. The postero-superior regions of the nasal

cavity, the ethmoturbinates, dorsal turbinate and adjacent region of the nasal septum are
lined with the yellow coloured mucosa of the olfactory region containing olfactory cells

(bipolar neurones), sustentacular cells and basal cells. There are numerous serous
secreting tubuloalveolar glands and also sensory nerve endings. The nasal mucosa,
particularly that of the respiratory region, has a rich vascular system with abundant small
arteries, veins, capillary plexuses and venous plexuses.

Figure 1.5, Midline-section (lateral wall) of the sheep nasal cavit
Adapted from Gizurarson (1990)

NYV. nasal vestibule, NT. dorsal turbinate, MT. middle turbinate, ET. ethmoidal turbinates, VT. ventral
turbinate, NP. nasopharynx,

The nasal cavity of the sheep is more complex than that of humans due to the complexity

of the nasal turbinates. However, as in the rat, the epithelial structure of the sheep nasal
cavity 1s similarto that in humans. The absolute dimensions of the sheep nasal cavity are

much larger than in humans which is probably related to a function of the nasal cavity in
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sheep for the dissipation of heat through through water vaporisation.

1.5.2.2 The sheep model for intranasal absorption studies
Sheep models have been used and described by Longeckeret al. (1987) and Illum et al.

(1989). Sheep are usually used in the conscious state although a sedative may be
administered immediately prior to dose administrationto facilitate the handling of the
sheep and to prevent or limit sneezing during dose administration. A low dose of
ketamine, administered intravenously, has been used to induce sedation and typically the
sedative effects of the ketamine last about three minutes. Although long acting

anaesthetics have been shown to reduce mucociliary clearance in sheep (Landa et al.,
1975) sedation should have very little overall effect on mucociliary clearance.

Cannulation of the jugular vein allows serial blood samples to be collected (Hecker,

1983) and intravenous ketamine for induction of anaesthesiato be administered. Since
the jugular veins are bilateral, intravenous drug doses, for reference purposes, may be

admunistered into one jugular vein and blood samples collected from the contralateral
jugular vein. Jugular vein cannulae may remain indwelling in sheep for several weeks

provided that their patency is maintained by regularly flushing in with an isotonic solution
containing anticoagulant (typically heparinised normal saline). This will allow cross-over

studies to be performed. Intranasal doses may be administered using various devices
which should be inserted to a depth of about 7-10 cm into the sheep nostril to allow doses

to be administered to the main part of the nasal cavity. The sheep provides a convenient
model to investigate nasal delivery systems prior to their evaluation in human clinical

trials.

Table 1.1. Comparative characteristics of the nasal cavity of man_and
animal species

Species

Clearance
half-life

Equivalent

[Weight nasal volume
(kg)] (cm l—ll) *

Man Single
[70] scroll
Rat Double
[0.25] scroll
Sheep Double
[60] scroll
Dog 20 221 30° Branching 20 207
[10] (complex)
Monkey 62 5.3 80° Single 58
[7] scroll
Rabbit 5.2 50° Branching 58
[3] (complex)
Guinea pig Double
[0.6] scroll
Mouse Double
(0.03] scroll

Adapted from Gizurarson (1990) and Illum (1995).

urface Length Bendto | Turbinate
(cm) [nasopharynx|complexity

(min)
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1.6 Intranasal absorption of peptide drugs

It 1s recognised that the intranasal route has great potential for the delivery of peptide and
protein drugs for systemic medication. However, a number of factors affect intranasal

drug absorption. These are often referred to as the barriers to drug absorption. These
will be described below along with the approaches which may be used to overcome these

barriers.

1.6.1 Barriers to peptide and polypeptide drug absorption
The most significant barriers to intranasal peptide and protein drug absorption are:
1) Deposition and clearance from the nasal cavity

ii) Penetration of the mucus layer and the epithelial membrane

111) Enzymatic degradation

1.6.1.1 Deposition and clearance of drugs from the nasal cavity

Particles which are deposited in the nasal cavity will tend to be rapidly cleared by
mucociliary mechanisms with a half life of clearance of about 15-30 minutes (Illumet al.,

1987). Thus, for drugs administered intranasally, mucociliary clearance will tend to limit
the time available for drug formulations deposited in the nasal cavity to be absorbed
across the nasal mucosa. This may be an important factor for peptide and protein drugs
which do not tend to exhibit optimal absorption characteristics (Schipperet al., 1991,
Illum; 1992). The site of deposition and clearance of drug formulations administered to
the nasal cavity will depend largely on the delivery system and the type of administration

device used (Chien and Chang; 1987, O’Hagan and Illum; 1990). The type of
administration device will influence the size of the particles administered to the nasal

cavity since it will determine droplet size if aerosol devices are involved. Particle size is
an important determinant for the site of deposition of inhaled compounds in the nasal
cavity (Phalen, 1984). For non-spherical particles this will depend on the equivalent
aerodynamic diameter of the particles which relates the tendency of the particles to settle
to that of spherical particles of unit density. Inhaled aerosolized particles of acrodynamic
diameter less than 1 pm will tend to pass through the nasal cavity to the lower respiratory
tract. Particles of diameter greater than about 10 tm will tend to be entirely deposited in
the nasal cavity and will be trapped in the mucus layer. The proportion of particles

between 1-10 pm deposited in the nasal cavity will be influenced by several other factors
such as the velocity of the air stream and the turbulence of air flow. Larger particles tend

to deposit more anteriorly and smaller particles more posteriorly in the nasal cavity.

The fate of particles administered intranasally from a delivery device will be influenced by
a number of factors such as particle size, size distribution, density, shape and

hygroscopicity, respiratory patterns, nasal pathology and the delivery device employed.
The nasal deposition of particles administered from a delivery device such as a nasal

spray will be mainly by inertial impact with sedimentation and diffusion being of less
importance (Chien and Chang; 1987). Several studies have evaluated the deposition of

compounds from nasal delivery systems and are detailed below. In most of these

studies, tracer compounds radiolabelled with ??Mtechnetium were used allowing the fate
of the compounds administered to the nasal cavity to be easily followed by gamma
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scintigraphy.

Aoki and Crawley (1976), studied the nasal distribution and clearance of radiolabelled
human serum albumin (HSA), administered as spray or drops, in human volunteers.
Drops were shown to be deposited over the main part of the nasal cavity 2 minutes after
administration and changes in the volume or concentration of the HSA solution did not
affect the pattern of distribution. Spray was shown to be mainly deposited beyond the

nasal cavity in the pharynx and although the size of the spray droplets were not givenitis
likely that most were considerably less than 10 um in diameter otherwise a significant

proportion of droplets would be expected to deposit in the nasal cavity. Mygind and
Vesterhauge (1978) used a plastic cast of the human nose to investigate the intranasal

distribution of toluidine blue dye administered as an aerosol or as drops. Aerosol
administered from a metered dose pump proved to be the best administration device

delivering a constant dose which was evenly distributed over both the septal and lateral
walls of the nasal cavity and covered a large surface area. A metered dose aerosol tended

to distribute the dye as a narrow band predominantly on the anterior septal wall with little
distributed on the lateral wall. Administered as two actuations of the metered dose

aerosol per ‘nostril’, one directed into the upper part of the nose and one in the lower part
of the nose, improved the distribution of dye. Spray delivered from a plastic bottle

nebulizer was variable with fairly even distribution obtained provided that the bottle was
squeezed vigorously and hence this device would be unsuitable for the delivery of

accurate drug doses. Drops, administered from a drop-bottle, were poorly distributed
tending to deposit on a very small surface area of the nasal cast predominantly in the

antertor third of the nasal cavity.

Hardy et al. (1985) administered radiolabelled albumin solutions as drops or a spray (o
human volunteers. Spray was deposited mainly in localised regions in the anterior of the
nasal cavity and was slowly cleared to the pharynx predominantly along the inferior
meatus. This slow clearance was attributed to the dose predominantly depositing in the
non-ciliated regions of the nasal cavity. Administration of drops resulted in more
extensive spread in the nasal cavity, due to mucociliary transport, which was more

pronounced when three drops (90 ! volume) were administered rather than one drop (30
ul). Three drops were sufficient to cover most of the walls of the nasal cavity.

Approximately 40% of the total dose, following administrationas spray or drops, was
cleared within about 10 minutes although overall drops were cleared much faster than

spray since drops tended to deposit in the ciliated regions. In a study in human
volunteers, approximately 80% of the total dose of insoluble radiolabelled teflon particles
(median aerodynamic diameter of 3.2 pm) were deposited in the nasal cavity with much
of the rest remaining in the dose actuator (Newman et al.,1987). The majority of the
particles were distributed on a single area in the anterior of the nasal cavity and failed to
penetrate much beyond the internal osteum. Aerosol distribution was not improved by

administering two actuations of the metered dose aerosol per ‘nostril’ as proposed by
Mygind and Vesterhauge (1978) following studies using a human nasal cast and this was

attributed to the wider nasal passages of the nasal cast compared to the human nose in
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vivo. Liversidge et al. (1988) found that the dosage form (either spray or drop) and site
of -administration (either dorsal or ventral surface of the nostril) influenced the nasal
distribution and clearance of radiolabelled diethylenetriamine pentacetic acid (DTPA) in
dogs. Greatest deposition on the turbinates and the slowest clearance was achieved by
administration of drops to the dorsal surface, just inside the nostril, during inhalation.
This 1s of significance since the turbinate mucosa having a high surface area and
vascularity should theoretically provide the optimal surface for drug absorption. A drop
of DTPA administered to the ventral surface resulted in low turbinate deposition and rapid
clearance from the nasal cavity. Administrationof a spray to both surfaces resulted in
turbinate deposition which was intermediate between that of drops administered to the
ventral and dorsal surfaces and was cleared fairly rapidly.

Harris et al. (1986) investigated the relationship between intranasal deposition, clearance,
in vivo absorption and biological response in human volunteers. Solutions containing
desmopressin, a synthetic derivative of the posterior pituitary hormone arginine
vasopressin, and radiolabelled HSA were administered from metered-dose pumps
(dosing 50 or 100 pl per actuation)or as drops using either a plastic catheter tube or a

single dose pipette each administering 200 tl. The doses of desmopressin administered
from each delivery device was 300 pg. Deposition and clearance were followed by

gamma scintigraphic detection of radiolabelled HSA and the intranasal absorption of
desmopressin was assessed directly from plasma desmopressin concentrations or

indirectly from its biological response (coagulating activity). Drops from both devices
tended to be deposited in the posterior of the nasal cavity close to the nasopharynx and

were cleared rapidly (50% of the dose cleared within about 20 minutes). Sprays tended
to be deposited in the anterior of the nasal cavity and spray droplets were cleared at a

relatively slower rate (50% clearance of 100 ul (2 x 50 pl) or 200 ul (2 x 100 pl) spray
dose was 240 minutes or 120 minutes, respectively). The faster clearance of drops

compared to sprays supports the findings of Hardy et al. (1986). Desmopressin was
absorbed to a greater extent following the administration of sprays and the 100 pl dose
performed better than the 200 pl dose. The studies indicated a relationship between

deposition, clearance and intranasal absorption and the importance of nasal spray volume
and concentration. In a later study in humans, the effects of concentration and dose
volume on the nasal bioavailability and biological response of desmopressin (300 ug

doses), administered from a metered dose spray, were evaluated (Harris et al., 1988).
Bioavailability and enhanced biological response were significantly greater after

administering 2 x 50 ul compared with 1 x 50 pl and 1 x 100 nl doses. Based on these
studies, Harris et al. suggested that the bioavailability of drugs administered to the nasal

cavity may be increased by increasing their residence time in the nasal cavity.
Subsequently, the effect of viscosity on patterns of deposition and clearance of nasally
administered solutions containing desmopressin and radiolabelled HSA methylcellulose,
as a viscosity enhancing agent, were investigated in humans (Harris et al., 1988b).
Methylcellulose was assessed as a spray from a metered dose pump at concentrations of
0, 0.25 and 0.50% (mean diameters of the spray droplets were 51.3 pm, 81.3 um and
200 um respectively) or as drops from a catheter tube at concentrations of 0 or 0.5%
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(viscosity had no affect on the size of drops). Sprays tended to be deposited in the

anterior of the nasal cavity and there were no apparent differences in the initial pattern of
deposition of the 0% and 0.25% solutions but the initial deposition of the 0.5% solution

was shifted anteriorly probably due to the considerable increase in particle size at this
concentration. Administration of sprays resulted in S0% clearancein 65, 75 and 43

minutes at concentrations of 0%, 0.25% and 0.50%, respectively. Drops were deposited
more evenly over the nasal cavity and pharynx although the initial deposition was more
localised for the 0.5% solution and solution viscosity did not affect clearance with 50%
of the administered dose being cleared after about 20 minutes. To explain the results, it
was suggested that viscosity had a maximal effect on the retention time which was related
to the dropletsize. The effect of solution viscosity in relation to the intranasal absorption
of desmopressin was later assessed in human volunteers (Harris et al.,1989).
Desmopressin solutions containing 0% or 0.25% methylcellulose were administered

intranasally from a metered dose pump. The authors reported that the addition of
methylcellulose resulted in slower and sustained absorption although this claim is not

convincing from the published results. The previous study by this group (Harris et al.,
1988b) had shown that there was only a small difference in the rate of clearance of

solutions containing either 0% or 0.25% methylcellulose. It would be interesting to
evaluate nasal absorption and biological effect when the differences in clearance rates are

much more pronounced.

Pennington et al. (1988) also investigated the influence of solution viscosity, using
hydroxypropyl methylcellulose (HPMC) as the viscosity enhancer, on the deposition and
clearance of nasal sprays containing radiolabelled DTPA, in humans. Three solutions
containing either0.6%, 0.9% or 1.25% HPMC (kinematic viscosities of 36, 120 and 430

mm?. S-1, respectively),were compared and each formulation was found to be deposited

in the anterior of the nasal cavity, predominantly in the atrium, with no significant
differences in the pattern and area of deposition. The half lives of clearance of the

solutions (0.6%, 0.9% and 1.25%) were reportedas 1.0, 1.7 and 2.2 hours, respectively
and clearance was mainly along the inferior meatus to the pharynx. Clearance rates were

not significantly different due to large inter-subject variation, although the results indicate
that increasing formulation viscosity increases the residence time of the dose in the nasal

cavity and thus may be a means by which the therapeutic efficacy of nasal spray
preparations are prolonged. The clearance pattern following the administration of the
0.6% solution was biphasic which was suggested to be due to a relatively fast clearance
of dose which is deposited in the ciliated posterior regions and the slower clearance of
dose which is deposited in the less sparsely ciliated or non-ciliated anterior regions.
Particles deposited in non-ciliated regions will be cleared by a very slow drag from
contiguous mucus which will usually transport particles in an anterio-posterior direction
although movement anteriorly may also occur where they may be removed by blowing,
wiping or sneezing (Proctor et al., 1973). The differences observed in the clearance of
the more viscous solutions may be due to the formation of a continuous filmon the nasal

mucosa which will tend to be slowly dragged from the site of deposition in contrast to
less viscous solutions which may be film forming but these are likely to break up due to
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mucus drag and be transported at faster rates (Pennington et al., 1988).

Illum et al. (1987) investigated the deposition and subsequent clearance of three

radiolabelled microsphere powder systems (albumin, starch and DEAE-dextran
microspheres) and two control systems (commercially available sodium cromoglycate
powder or solution formulation) in human volunteers. Initial deposition of the powders,
administered from a nasal insufflator, was mainly in the anterior part of the nasal cavity

with little of the dose being deposited in the turbinate regions. In contrast, the nasal
solution, administered from a spray pump, was deposited throughout the nasal cavity

from the atrium to the nasopharynx. Both the control systems were rapidly cleared from
the nasal cavity with half times of clearance of about 15 minutes. The microsphere

formulations were cleared much slower from the nasal cavity with clearance half times for
albumin and starch microspheres of about 3 hours. At this time, approximately 60% of

the DEAE-dextran formulation remained in the nasal cavity. The slow clearance of the
microsphere from the nasal cavity was proposed to be due to a combination of their

mucoadhesive properties and also due to deposition in the non-ciliated anterior regions of
the nasal cavity. The control powder, despite being deposited in the anterior of the cavity

was rapidly cleared probably because it did not exhibit mucoadhesive properties.

Wolff et al. (1993) investigated the effect of varying the site of deposition on nasal
clearance in anaesthetised (ketamine anaesthetic) rhesus monkeys. Radiolabelled sulphur

colloid solution administered to the turbinate region of the nasal cavity, using a catheter
tube, was shown to be cleared more rapidly than that administered to the anterior regions

with 27 + 4% and 87 & 7%, respectively, of the dose being retained in the nasal cavity
after 30 minutes which may be due to initial deposition in predominantly ciliated and non-

ciliated regions, respectively.

* The clearance of drug formulations from the nasal cavity may be reducedin patients with
pathological conditions such as chronic sinusitis, nasal polyposis and infection such as

the common cold which tend to impair mucociliary function (Lee et al., 1984, Chien and
Chang; 1987). Lee et al. (1984) investigated the effects of nasal polyposis, causing
obstruction of the nasal airway, on the deposition and clearance of radiolabelled HSA
solution administered intranasally using a spray applicator (mean droplet diameter 51

um). The pattern of deposition and clearance in patients with nasal polyposis was
compared with that of normal healthy volunteers. The pattern of deposition of HSA

solution did not differ between normal subjects and those will nasal polyposis with
deposition in the anterior region of the nasal cavity. However, clearance was

considerably slower in patients with nasal polyposis and clearance did not improve
following polypectomy which suggested that the physical obstruction of the polyps to
mucus flow was not responsible for the slow clearance which was presumed to be due to
defects in ciliary action, mucus secretion or a combination of the two. Thus, pathological
conditions are an important consideration if the nasal route is to be utilised for systemic
drug delivery since inappropriate drug absorption (too great or too little) may be achieved
depending on the distribution of the drug at the absorption site. It may not be an
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appropriate alternative to parenteral administration if controlled blood concentrations are
required (Lee et al., 1984).

1.6.1.2 Penetration of the mucus layer and epithelial membrane

The mucus layer protects the underlying epithelial membrane and is vital for the
mucociliary clearance mechanism as outlined above. The mucus layer presents the first
physical barrier to drugs deposited in the nasal cavity. Drugs must penetrate the mucus
layer, particularly the viscous gel layer, to reach the epithelial cell membrane before the
mucociliary clearance mechanism removes the deposited drug from the nasal cavity. The

role of nasal mucus as a diffusional barrier for peptide and polypeptide drug absorption
has not been established (O’Hagan and Illum, 1990, Lee et al., 1991). It has been

suggested that mucus is a selective barrier to macromolecules (Edwards; 1978). Kearney
and Marriott (1987) showed that the rate of transport of tetracycline across rat small
intestinal epithelium was significantly increased if the layer of endogenous mucus was
removed which was attributed to mucus as a diffusional barrier to drug transport rather

than due to binding of the drug with mucus glycoproteins. However, since the thickness
of the mucus layer in the nasal cavity is about one hundredth of that of the intestines, then

the mucus layer may not present a serious diffusional barrier for drugs. There are
possibilities that drugs may interact with mucus particularly the mucus glycoproteins

which tend to be negatively charged due to the sialic acid and sulphate groups of the acid
glycoproteins (anionic polyelectrolytes).

The mucolytic agent N-acetyl-L-cysteine, has been shown to improve the intranasal
absorption of human growth hormone in rats (O’Hagan et al.,1990) with bioavailability,
relative to a subcutaneous dose, improved from about 7% to 12%. N-acetyl-L-cysteine
finds clinical application in the treatment of bronchopulmonary diseases by reducing the
viscosity and tenacity of mucus thus facilitating its removal. Thus, improved absorption
may be due to a reduction in the intermolecular interactions of growth hormone with
mucus glycoprotein chains (Illum, 1992). However it is not known if N-acetyl-L-
cysteine has a direct effect on the permeability of the nasal epithelial membrane (Lee,
1991). Illum(1992) suggests that relative to many of the other factors which limit nasal

absorption, mucus does not constitute a very significant barrier.

Following its passage through the mucus layer, for absorption to take place the drug
molecule must be able to traverse the epithelial membrane. The nasal epitheliumis a

highly efficient barrier to the absorption of peptide and proteindrugs. Absorption across
epithelial membranes, irrespective of the mucosal site in which they are located is

proposed to occur by either transcellular or paracellular routes. In the transcellular route,
molecules pass directly through cells by passive diffusion or by active processes which

may involve carrier mechanisms. Alternatively transcytosis may occur whereby
molecules are taken up in vesicles by endocytosis at the cell surface and cross the cell

discharging their contents into the intercellular space. In the paracellularroute, which
may also be referred to as transport via aqueous channels or pores, molecules pass

through the tight junctions and spaces between adjacent cells. Aqueous pores in the cell
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membrane have also been described (Harvey, 1975, Gardner, 1984). However, there is
no anatomical evidence to support the existence of aqueous pores in the cell membrane
and the likely candidate are the intercellular tight junctions (Fisher, 1994). The properties
of the drug molecule and the characteristics of the cellular barrier will determine whether
or not molecules are able to cross the barrier by transcellular or paracellular routes (Raub

et al,, 1993). McMartinet al. (1987) proposed that in nasal mucosa, there are two
mechanisms for the transport of compounds. One, a fast mechanism which is dependent

on the lipophilicity of the compound and the second, a slower mechanism which is
dependent on the molecular weight of the compound. Lipophilic compounds tend to

readily diffuse across biological membranes since they are able to partition into the lipid
environment (bilayer) of the cell membrane and diffuse into and traverse the cell in the

cell cytoplasm. Drugs may also diffuse in the cell membrane, crossing the cell from the
apical to the basolateral surface (Raub et al., 1993).

A number of lipophilic drugs, some of which are mentioned below, have been shown to

be completely or almost completely absorbed after intranasal administration, relative to
the intravenous route. Absorption of the pB-adrenoceptor antagonist propranolol has been

shown to be rapid and complete following intranasal administration in rats, dogs and
humans with blood concentrations similar to those following intravenous administration

(Hussain et al., 1979, 1980a, 1980b). In vitro studies, using sheep nasal mucosal
tissue, showed that propranolol was transported at a rate approximately five times that of

mannitol which has a similar molecular weight but is less lipophilic (Wheatley et al.,
1988). It was suggested that propranolol traverses the nasal membrane by the trancellular

route and mannitol by the paracellular route both by passive processes. The absorption
of naloxone, a narcotic antagonist, buprenorphine, an opiate analgesic and testosterone, a

natural steroid hormone, were 101%, 95% and 99% (25 pug dose) respectively in rats
(Hussain et al., 1984). The bioavailability of 17a-ethinyloestradiol, a synthetic steroid,

was shown to be 80%, 85% and 84% at dose concentrations of 1.75, 3.5 and 7 pug/kg,
respectively (Bawarshi-Nassar et al., 1989). The difference in bioavailability of the nasal

route compared to the intravenous route was attributed to metabolism in the nasal
mucosa.

The correlation between lipophilicity and nasal absorption has been demonstrated using

several compounds. The lipophilicity of a compound may be indicated by the partition
coetficient which measures the partitioning or distribution of molecules between organic

and aqueous solvents. The greater the value of the partition coefficient then the higher1s
the lipid solubility of the compound. Hussain et al. (1985) and Huang et al. (1985)

demonstrated the effect of lipid solubility in rats using a series of barbiturates at pH 6.0.
The intranasal absorption of the barbiturates was greater as the chloroform/water partition

cocfficient increased. However, a fifty-fold difference in the partition coefficient resulted
in only a four-fold difference in the extent of absorption. The pH is an important

consideration since at pH 6.0 the barbiturates are almost entirely in their non-ionised form
(pKa 7.6). Generally unionised molecules will tend to partition from aqueous into

organic phases whereas ionised molecules tend to remainin aqueous phases where they
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are hydrated and highly soluble (Florence and Attwood, 1988). Thus, unionised
molecules will tend to be more readily absorbed across mucosal membranes than ionised
species. Most drugs are weak electrolytes, containing ionisable groups, which will tend

to diffuse across lipid membranes mainly in their unionised, lipid soluble, form. The
ionised, hydrophilic form will remain in aqueous phases. The pH will influence the ratio
of ionised and unionised species as given by the Henderson-Hasselbach equation below:

pH = pKa + (log ionised / log unionised)
Where pKa is the negative logarithm of the dissociation constant of the drug

Acidic drugs will tend to be predominantly unionised and basic drugs predominantly
1onised at pH values below their pKa. The pH dependency of the absorption of weak

electrolytes is the basis of the pH-partition hypothesis. The intranasal absorption of
aminopyrine, a weakly electrolytic lipophilic compound, has been shown to follow the

pH-partition theory (Hirai, 1981a). However, the same authors showed that although
salicylic acid was absorbed to a greater extent in the unionised form, there was

considerable absorption of the ionised species and clearly does not follow the pH-
partition theory. Similarly, benzoic acid was absorbed to a greater extent in its ionised

form but the compound was also absorbed when it was almost fully ionised (Hussain et
al., 1985). Kaneo (1983) investigated the intranasal absorption of hydralazine, an

antihypertensive basic drug, in rats (in-situ model) showing that the absorption of
hydralazine increased linearly as values of pH and the fraction of the unionised species

increased. Minimum absorption was demonstrated when the compound was fully
ionised (pH << pKa) and it was suggested that the presence of aqueous channels in the
nasal membrane allowed the absorption of the ionised species. Fisher (1990) considered
that these results may be explained if absorption occurs via both lipoidal (transcellular)

and aqueous (paracellular) routes. The unionised species will cross the membrane via the
lipoidal route and the ionised species will cross the membrane via the aqueous route.

Gibson and Olanoff (1987) showed that the intranasal rate of uptake of steroids 1n rats
increased as the octanol/water partition coefficient increased and was found to be pH
independent. The same authors investigated the nasal absorption of alkanoic acids

(decanoic (C10), octanoic (C8) and hexanoic (C6) acids), each having a pKa value of
4.85, over the pH range 2.5 to 10. The nasal absorption rates of each compound were

similar and did not correlate to the partition coefficient (partition coefficient increased in
the order C6<C8<C10) although absorption rates were pH dependent with maximum

values between pH 4.5-5.0. Maximum absorption rates would be expected to occur at
pH values less. than the pKa value when the compound is largely unionised. 'The

apparent right shift in the peak absorption rates as a function of pH together with the lack
of correlation to partition coefficient was suggested to be due to the presence of an
aqueous boundary layer over the lipid membrane. Thus, it is the aqueous layer rather
than the lipid membrane which, under certain circumstances, influences the nasal
absorption of charged compounds. Fisher (1990) points out that these compounds do
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not follow the classical pH-partition theory and the reasons may be due to absorption via
lipoidal and aqueous routes. Corbo et al. (1989b) in a study in rabbits, demonstrated that
the rate and extent of absorption of progesterone and its monohydroxy, dihydroxy and

trihydroxy derivatives decreased as the lipophilicity decreased. These findings were
inconsistent with previous absorption studies in rabbits using progesterone and its
hydroxy derivatives (Chien et al., 1988, Corbo et al., 1989a) where the extent of
absorption was shown to be a hyperbolic function of the nasal mucosa partition

coefficient (the degree of partitioning of the compound into excised samples of rabbit
nasal tissue) rather than the octanol/water partition coefficient. The bioavailability of

progesterone was lower than that of its less lipophilic monohydroxy derivative. Corbo et
al. (1990) studied the barrier properties of nasal, rectal and vaginal membranes and found

that the nasal membrane had the highest in vitro transport of mannitol (model hydrophilic
compound) and progesterone (model lipophilic compound). The in vitro transport of
progesterone and its hydroxy derivatives was shown to decrease as lipophilicity
decreased and although the nasal membrane was found to have ‘hydrophilic character’ it
was found to be primarily lipophilic in nature. Gibson and Olanoff (1987) concluded that
for non-ionised molecules the nasal membrane is essentially a modified lipophilic

transport barrier.

Although lipophilicity has been demonstrated to be of some importance in the intranasal
absorption of several compounds, McMartinet al. (1987) suggested that the correlation

between absorption and lipophilicity (indicated by charge and hydrophobic balance) was
weak compared to the correlation between absorption and molecular weight. However, 1t
was pointed out that the relatively weak correlation of charge and polarity may be
consequential of the relationship with molecular weight since lipophilic compounds at the

lower end of the molecular weight range were studied.

Hydrophilic, polar compounds are thought to be absorbed by the paracellular route via
the intercellular tight junctions and the spaces between cells (aqueous pores). 'The

presence of aqueous pores has been described by several authors (Hirai et al., 1981,
Kaneo, 1983, Hayashi et al., 1985, McMartinet al., 1987, Tengamnuay and Mitra,

1988, Fisher et al., 1992). Gibson and Olanoff (1987) dismissed the presence of
aqueous pores in the nasal membrane since the in-situ absorption of mannitol, over a 60

minute period was shown to be negligible. Mannitol has been shown to slowly permeate
the ovine nasal membrane in vitro over a 60 minute period (Wheatley et al., 1988) and

Corbo et al. (1989) showed that mannitol was readily absorbed in vitro over a 24 hour
period.

A correlation between molecular wei ght and intranasal absorption has been demonstrated
using of a variety of compounds (McMartin et al., 1987). The nasal membrane was
found to be readily permeable to hydrophilic compounds up to a molecular weight of
about 1000. This molecular weight dependency suggests that transcyctosis is not
responsible for the absorption of these compounds since endocytotic vesicles would be
unlikely to restrict compounds of molecular weight less than than several hundred
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thousand. Absorption via membrane pores and carrier systems was also thought to be
unlikely since permeation of compounds of molecular weight of 21000 would disrupt the
ion concentration gradients and therefore the internal environment of the cell. Also, this
method would require that compounds are absorbed across the cell membrane into the
cytoplasm containing a variety of peptidases which would probably destroy peptide
drugs. Thus, it is likely that small hydrophilic compounds are absorbed via the aqueous
pores.

The nasal membrane has been reported to be richerin water channels of smaller pore size
compared to the jejunum or rectum and water influx across the nasal membrane was
shown to be three times greaterthan that in the jejunum and six times greater than in the

rectum (Hayashi et al., 1985). Transport of water across the numerous glands in the
nasal mucosa may effect drug absorption through solvent drag (Kotaniet al., 1983). In

the study by Hayashi et al. (1983), inulin (molecular weight 5200) was used as a non-
absorbable marker although Fisher et al. (1987) showed that inulin was significantly

absorbed and dextran (molecular weight 70000) was absorbed to some extent following
intranasal administration. Kotani et al. (1983) also found that inulin and fluorescein

isothiocyanate-labelled dextran (molecular weight 20000) were not absorbed nasally and
concluded that they were suitable for use as volume indicators in nasal perfusion studies.

Volume indicators allow changes in perfusate volume, which may occur due to water
transport, to be assessed since this, as well as drug absorption, will alter perfusate drug

concentration. In the studies mentioned above, the conflicting results for inulin and
dextran absorption may be explained by the different times allowed for contact between

the drug and the nasal mucosa in the respective studies. Kotani et al. (1983) and Hayashi
et al. (1985), using in vivo and/or in situ rat models, evaluated absorption over a period

of 1 hour compared to 6 hours in the in vivo study by Fisher et al. (1987) suggesting that
a contact time of more than 1 hour is required to achieve significant absorption of inulin.

Nasal absorption may also be influenced by molecular shape allowing linearand flexible
compounds such as dextran and to a lesser extentinulin to pass ‘end-on’ through pores

which are narrower than values predicted from their molecular radii (Fisher, 1990).

Fisher et al. (1987) investigated the effect of molecularsize on the intranasal absorption
of a range of water soluble compounds in the rat finding that there was a direct correlation

between the log of the molecular weight and the log of the proportion absorbed. Maitani
et al. (1989) studied the effects of molecular weight and charge on intranasal absorption

in rabbits using two dextran derivatives of various molecular weights. However, the
dextrans were not absorbed without coadministration of the bile salt sodium glycocholate
as an absorption enhancer. The absorption of a neutral dextran decreased as dextran
molecular weight increased supporting the inverse relationship between molecular weight
and intranasal absorption. In contrast, the absorption of polycationic dextrans increased
with molecular weight for dextrans of molecular weight less than 10000 which was
suggested to be due to the increased binding of the polycation to the negatively charged
mucus. However, O’Hagan and Illum (1990) argue that there was no significant
difference between the absorption profiles of the charged and neutral dextrans at
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molecular weights below 10000. In addition, absorption of the dextrans was not
achieved without the use of sodium glycholate which has been proposed to function by
producing aqueous pores or reverse micellesin the nasal membrane (Gordon et al.,

1985). Fisheret al. (1992) investigated the intranasal absorption of a homologous series
of water soluble fractionated di-iodo-L-tyrosine-labelled dextrans in rats. The dextrans

had similar physicochemical properties, being inert and having a uniform charge, and the
size range of each of the 13 dextrans was small. This was in contrast to the 5 water

soluble compounds used in the previous study (Fisher et al., 1987) which were
differently charged, some being pharmacologically active, some metabolised and the

larger compounds were heterogeneous. An inverse relationship between dextran
molecular weight and intranasal absorption was demonstrated. Hosoya et al. (1993)

Investigated the in vitro permeability of rabbit nasal, buccal and various gastrointestinal
mucosa, to fluorescein isothiocyanate-labelled dextrans of molecular weight 4400-71200.

It was shown that the nasal mucosa had the lowest membrane resistance and the highest
permeability to the dextrans which suggested that the nasal mucosa was a ‘leaky’

structural barrier. The higher permeability of the nasal mucosa was attributed partly to
the shorter diffusion path since the thickness of the nasal mucosa (337 £ 35 pm) was

approximately half that of the jejunal (740 £ 26 pm) and upper colonic (710 & 25 pm)
mucosae. The permeability of each mucosa was shown to decrease with increasing

molecular weight.

Peptides are generally poorly absorbed following intranasal administration which may be
attributed to their polar nature and hence the production of more lipophilic peptide

prodrugs (drug precursors) could be useful in improving peptide bioavailability. The
effects of polarity have been investigated using a model amino acid; L-tyrosine having

three polar functional groups, each of which may influence nasal absorption (Hussain et
al., 1985, Huangetal., 1985b). In situ perfusion studies in rats were used to investigate

the effect of structural modifications of L-tyrosine on nasal absorption. Preliminary
studies showed that the intranasal absorption of L-tyrosine, existing in its zwitterionic

form over the pH range studied, was concentration dependent but pH independent and
occurred by a carrier-mediated process. Derivatives of L-tyrosine were used to study the

effect of the different polar functional groups on nasal absorption. Increasing the
lipophilicity of L-tyrosine by O-acyl esterification did not improve absorption which was

attributed to the polarity of the carboxylic and/or amino groups since the O-acyl
derivatives also existed in zwitterionic form. N-acetyl-L-tyrosine, used to mask the

amino group, had a similar partition coefficientto L-tyrosine and was absorbed at a
similar rate. Carboxylic acid esters of L-tyrosine, used to mask the carboxylic group,

were found to be more lipophilic than L-tyrosine and were absorbed at a faster rate. The
rate of absorption of a carboxylic acid ester was shown to be four times faster than an O-

acyl ester having a partition coefficients of the same order of magnitude suggesting that
the enhanced nasal absorption of the carboxylic acid esters of L-tyrosine was due to

masking the negative charge on the carboxylate moiety. Carboxylic acid esters were
shown to be hydrolysed in the perfusion medium although the rate of disappearance of

the compound from the perfusate was an order of magnitude less than that accountable
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for by absorption. Hussain et al. (1985), suggested that the intranasal absorption of the
polar quaternary ammonium compound clofiliumtosylate, an antiarrthythmicdrug, does
not support the concept of low peptide absorption due to their polar nature. Clofilium
tosylate was shown to be nasally absorbed in the in vivo rat model which was suggested
to occur by simple diffusion (Su etal., 1984, Su and Campanale, 1985). However, the
drug caused mild tissue necrosis, even with lowest dose tested, which may account for
the nasal absorption observed for this compound.

The intranasal absorption of peptides is generally low without co-administration with
absorption enhancing compounds with bioavailabilities obtained in the region of 1-2%
when administered as simple solutions (O’Hagan and Illum, 1990). Several peptides
have been shown to be absorbed without the use of enhancers. The intranasal absorption
of thyrotropin-releasing hormone (TRH), a tripeptide neurotransmitter, has been shown
to be approximately 20% relative to the intravenous route in rats (Sandow and Petri,
1985). The synthesis of lipophilic analogues of TRH and other peptides has been
proposed as a means by which their transmembrane permeability may be enhanced
(Muranishi et al., 1991). However, it was also pointed out that the biological activity of
these derivatives may be reduced compared to the parent compound. Su et al. (1985b)
demonstrated the intranasal absorption of pentapeptide drugs in rats using two enkephalin

analogues (metkephamid and DADLE). Metkephamid (molecular weight 661) was
completely absorbed (bioavailability relative to the intravenous route 102%) but DADLE

(molecular weight 570) was absorbed to a lesser extent (bioavailability relative to
subcutaneous route 59%), the difference explained as being due to metkephamid having
greater stability and less susceptibility to enzymatic degradation. The effect of peptide
dose on the intranasal absorption of metkephamid was investigated. The amount of
metkephamid absorbed was directly proportional to the dose administered and the results
suggested that the compound was rapidly absorbed by diffusion. Faraj et al. (1990),

based on published reports and their own studies, point out that although there 1s
variation between peptides in the fraction of the dose absorbed, peptide absorption is

rapid. The initial rate of peptide absorption was suggested to be as rapid as the
absorption of lipophilic compounds such as propranolol, although the total amount of
peptide absorbed was said to be usually small and self limited. Assuming that peptides
are absorbed via aqueous pores, it was speculated that the self limiting step was due to

blockage of the pores by peptides or their hydrolysis products.

1.6.1.3 Enzymatic degradation

The low bioavailability of peptides administered via the nasal route can be attributed in
part to poor transport across the nasal mucosa but enzymatic degradation in the nasal
cavity may also constitute a significant barrier to peptide absorption. As previously
discussed, intranasal drug absorption avoids the ‘first pass’ metabolism associated with
poor bioavailability via the oral route but proteolysis before, during or following
intranasal absorption also appears to limit intranasal peptide drug absorption. The nasal
route was initially regarded as being devoid of the enzyme systems which limit oral
absorption but Zhou (1994) considered that proteolytic activities are the most important

42



barriers preventing the intranasal absorption of peptide drugs. The various enzyme
systems associated with the nasal cavity have previously been reviewed. Peptide drugs
are most likely to be susceptible to the exopeptidases, cleaving peptides at their N and C
termini, or endopeptidases, cleaving the internal peptide bonds, which are present in the
nasal cavity. The importance of in vivo peptide degradation by nasal enzyme systems has
not been fully elucidated (O’Hagan and Illum; 1990, Illum; 1992). Various studies have
investigated peptide degradation during in situ or in vitro animal studies the results of
which generally indicate that for many peptides, particularly smaller peptides, enzymatic
degradation is likely to be a significant barrier to their absorption. Many studies have
investigated the stability of peptides in vitro following incubation of peptides with nasal
homogenates. However, with these studies there is an over exposure of peptides to the

various enzymes present in the nasal tissue, since the homogenates will contain enzymes
which are liberated from all mucosal cells and also those from subcellular fractions

including the cell cytosol and lysosomal enzymes. Homogenate studies may be useful
for comparing overall peptide degradation at various mucosal sites and to assess the

likelihood of degradation of specific peptides at these sites. However, they do not take
into account the susceptibility of peptides during absorption relative to the normal

structural organisation of enzymes (Kashi and Lee; 1986, Illum; 1992).

Hirai et al. (1981) showed that insulin was rapidly degraded in rat nasal homogenates
with approximately 50% and 9% of the insulin remaining after incubation for 10 and 60

minutes respectively. Hayakawa et al. (1889) investigated the hydrolysis of various
concentrations of insulin in rabbit nasal homogenates. As insulin concentration was

increased from 5 to 100 pl the susceptibility to proteolysis was shown to decrease
(indicated from the increasing halflife of degradation) and this apparent self-stabilisation
was attributed partly due to self-association of insulin as concentration increased but also
due to saturation of the proteases by insulin since the rate of proteolysis increased as the
protein content of the tissue homogenate increased. At a tissue protein content of 10
mg/ml, the half lives of hydrolysis of 5 and 100 uM insulin were 9 minutes and 429

minutes, respectively. The vasopressin analogue desmopressin (DDAVP), a
nonapeptide, was shown to be degraded by enzymes in rabbit nasal homogenates

(Critchley, 1989). Hussain et al. (1985) investigated the in situ absorption of the
dipeptide L-tyrosyl-L-tyrosine in rats finding that it underwent extensive hydrolysis in the

nasal perfusate which was attributed to the presence of peptidase enzymes in the nasal
cavity since the compound was stable in the perfusate medium. The dipeptides L-glycyl-
L-tyrosine and L-glycyl-L-tyrosinamide and the more lipophilic dipeptide ester, L-
tyrosyl-L-tyrosine methyl ester, were also shown to be rapidly hydrolysed demonstrating

that the enzymatic hydrolysis was not specific for L-tyrosyl-L-tyrosine. The poor
bioavailability of intranasally administered peptides was attributed to enzymatic

hydrolysis in the nasal cavity during the absorptive process.

Kashi and Lee (1986), investigated the hydrolysis of pentapeptides in rabbit nasal
homogenates using various enkephalins. Methionine enkephalin and leucine enkephalin

were shown to be rapidly hydrolysed (half lives of degradation were approximately 16
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minutes and 20 minutes respectively) which was attributed mainly to aminopeptidases
with contribution from dipeptidyl peptidase and dipeptidyl carboxypeptidase. [D-Ala]
Met-enkephalinamide, being resistant to aminopeptidase mediated cleavage, was much
less susceptible to hydrolysis (half life of degradation of about 162 minutes). Chun and
Chien (1995) investigated the effect of pH on the degradation of methionine enkephalin in

rabbit nasal mucosal extracts reporting that the fastest degradation of methionine
enkephalin occurred at about pH 7 indicating optimal activity of enkephalin-degrading

enzymes at this pH.

The enzymatic degradation of leucine enkephalin has also been investigated using an in
situ rat perfusion model (Hussain et al., 1985, Hussain; 1989, Faraj etal., 1990). The

disappearance of leucine enkephalin from the nasal perfusate (half life of about 30
minutes) was shown to be almost entirely due to its hydrolysis in the perfusate rather than

to absorption from the nasal cavity. Leucine enkephalin was also shown to be rapidly
hydrolysed in buffer solution which had been pre-circulated through the rat nasal cavity

indicating that active nasal enzymes were extracted into the buffer. The hydrolysis of
leucine enkephalin was also demonstrated in rats using an in vivo-in situ technique, in

which small volumes of drug solution were administered to the nasal cavity which was
washed-out at appropriate time intervals and the nasal washings collected and analysed

for drug and metabolite content, which was suggested to simulate the use of nose drops
in humans. The rate and extent of formation of the metabolite depended on the

concentration of leucine enkephalin with greater conversion of the parent compound to
metabolite at lower concentrations suggesting that the enzymes which hydrolyse leucine

enkephalin become saturated at higher drug concentrations. Using the same in vivo-in
situ technique, it was found that the hydrolysis of leucine enkephalin was reduced by the

inclusion of di- or tripeptides which were suggested to compete for peptidase enzymes in
the nasal cavity. The same research group observed the hydrolysis of leucine enkephalin
(half life of disappearance was about 40 minutes) in human nasal washings
demonstrating the presence of loosely bound peptidase enzymes in the human nasal

cavity (Hussain etal., 1990). Irwin etal. (1994) investigated the degradation of leucine
enkephalin and its metabolite des-tyrosine leucine enkephalin in sheep nasal washings

and mucosal homogenate preparations finding that the half life of degradation was 40 and
12 minutes for leucine enkephalin and 13 and 7 minutes for des-tyrosine leucine

enkephalin respectively. With reference to leucine enkephalin, this study outlines the
greater exposure of peptides to enzymes in studies involving nasal homogenates. Irwin

et al. (1995) demonstrated the hydrolysis of di-, tri- and tetrapeptides in sheep nasal
homogenates. Each of the peptides investigated was shown to be degraded following

incubation with the nasal homogenates but there was considerable variation in their
susceptibility to degradation.

1.6.2 Overcoming the barriers to peptide or protein drug delivery

The various absorption barriers must be overcome in order to achieve an effective degree
of absorption of peptide and protein drugs via the nasal route. Much attention has been

focused on the use of compounds, in the form of absorption enhancing agents, which
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will promote the absorption of peptide and protein drugs administered nasally and these

are discussed below. An alternative approach is to modify the structure of peptides and
proteindrugs in order to improve their absorption characteristics although investigation of

such systems is limited. Hashimoto et al. (1989) synthesised palmitoyl derivatives of
insulin which were more lipophilic than native insulin. Following intravenous

administrationto rats, a monopalmitoyl derivative resulted in a hypoglycaemic response
which was similar in magnitude but more prolonged than that following the intravenous

admunistration of native insulin. In contrast, a dipalmitoyl derivative was less effective in
lowering plasma glucose concentrations following intravenous administration. However,

both the mono- and the dipalmitoyl derivatives were much less effective than native
insulin in lowering plasma glucose concentrations following intramuscular

administration. Asadaetal. (1992 and 1995) showed that the transport of insulin across
intestinal membranes was improved by chemical modification with fatty acids which

enhanced lipophilicity of the insulin. However, as lipophilicity was increased the
pharmacological availability was decreased although several of the derivatives exhibited

pharmacological activity similar to that of native insulin. Insulin derivatives were shown
to be more stable in small intestine mucosal homogenates. This suggests that the stability

of peptide and proteins, administered by non-parenteral routes, may be improved by the
use of chemically modified derivatives.

Many compounds have been investigated as absorption enhancers for peptide and protein
drugs. These compounds are usually classified into a number of enhancer systems based
on the way in which they principally act on the mucosa and promote drug absorption.
However, compounds may enhance drug absorption via a combination of several
mechanisms. The classification system is generally used for all compounds which are

used as enhancers via non-parenteral routes. The main types of enhancer system are:
(i) bile salts and derivatives such as sodium deoxycholate, sodium glycocholate and

sodium taurodihydrofusidate; (ii) surfactants such as sodium lauryl sulphate and
polyoxyethylene-9-lauryl ether; (iii) chelating agents such as ethylenediaminetetraacetic

acid (EDTA), citric acid and salicylates; (iv) fatty acids such as sodium caprylate and
sodium laurate; (v) enzyme inhibitors such as bestatin and amastatin (vi) novel enhancer

systems such as bioadhesives, cyclodextrins and chitosan. (Lee and Yamamoto; 1990,
O’Hagan and Illum; 1990, Illum; 1991).

1.6.2.1 Bile salts
The common naturally occurring bile salts are steroids which are synthesised in the liver
from cholesterol. Bile salts are amphipathic molecules possessing distinct nonpolar and

polar regions. In aqueous solution atlow concentration, bile salts exist as monomers but
above the critical micellar concentration, bile salts will self associate to form colloidal

aggregates referred to as micelles. In bile salt micelles, the hydrophilic groups are
exposed to the aqueous medium and surround a core formed by the nonpolar

hydrophobic groups and as a consequence the whole structure is water soluble. Micelles
consisting of only bile salts are referred to as simple micelles. However, mixed micelles
are formed if other lipids are solubilised into the core structure of simple micelles. Bile
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salts have surface active (surfactant) properties enabling them to solubilise lipids. This is

of biological importance in the digestion and absorption of dietary lipids (Gordon et al.,
1971, Carey and Small; 1972, Shiau; 1987).

Hiraiet al. (1978) showed that a solution formulation containing 1% sodium glycocholate

enhanced the intranasal absorption of insulin in dogs. In a later study several bile sodium
salts (taurocholate, cholate, deoxycholate, glycocholate, chenodeoxycholate) were shown

to be equally effective in enhancing the nasal absorption of insulin in rats (Hirai et al.,
1981b). The absorption promoting effect of bile salts was suggested to be due not only
to the increase in membrane permeability, i.e. a direct effect on the nasal mucous
membrane, but also due to their inhibitory effect on proteolytic enzymes since sodium

glycocholate significantly inhibited the enzymatic hydrolysis of insulin in rat nasal tissue
homogenates (Hirai et al., 1981c). Moses et al. (1983) showed that coadministration of

1% sodium deoxycholate enhanced the intranasal absorption of insulin in human
volunteers. However, following nasal administration, a solution containing sodium

deoxycholate was reported to cause mild nasal irritation and slight nasal congestion which
lasted about 15 minutes. The same study group investigated the effect of dihydroxy bile

sodium salts (deoxycholate, glycodeoxycholate, taurodeoxycholate, ursodeoxycholate,
chenodeoxycholate) and trihydroxy bile sodium salts (cholate, glycocholate and

taurocholate) on the nasal absorption of insulin in human volunteers (Gordon et al.,
1985, Flieretal., 1985). In contrast to the work reported by Hirai et al. (1981b), the bile

salts differed in their absorption promoting efficacy and the bile salts glycocholate,
taurodeoxycholate, deoxycholate and chenodeoxycholate appeared to be the most

effective. Sodium deoxycholate was shown to be only slightly effective at a
concentration of 2.5 mM, 50% effective at 6 mM and maximally effectiveat 12 and 24

mM. The optimal effect of deoxycholate was exhibited at a concentration well above the
critical micellar concentration of approximately 3 mM. Each of the bile salts investigated

in the study resulted in local nasal irritation (burning sensation in the nose lasting for up
to 5 minutes) although the degree of irritancy did not correlate with enhancing activity
since ursodeoxycholate was inactive but resulted in the most irritation. The taurine and
glycine conjugates tended to be less irritative.

Longenecker et al. (1987) showed that the bile salt ‘derivative’ sodium
taurodihydrofusidate (STDHF), at a concentration of 1%, enhanced the nasal absorption
of insulin in sheep (bioavailability approximately 16%). Absorption enhancement
appeared to occur only in the presence of micelle formation and it was suggested that
solubilization of insulin in STDHF micelles plays a major role in its activity as an
absorption promoter. An erythrocyte haemolysis assay showed that STDHF was less
haemolytic indicating that it caused less membrane damaging effects, than sodium
deoxycholate and much less haemolytic than the surfactant polyoxyethylene-9-lauryl ether
(Laureth-9), STDHF (1%) was shown to improve intranasal insulin bioavailability from

0.9% t0 5.2% in rabbits and from 0.3% to 18.0% in rats (Deurlooet al., 1989, Verhoef
et al., 1989). The above studies illustrate the difference in intranasal insulin absorption

with the animal model employed since the bioavailability obtained by coadministration of
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the formulation containing 1% STDHF was greater in the anaesthetised rat model than in
the conscious rabbit model (sedated during dose administration) although there were no
significant differences between the animal models in the absence of the enhancer.
STDHF was shown to induce ciliostasis at concentrations of 0.3% and above although it
was less ciliostatic than sodium deoxycholate or Laureth-9 (Hermens et al., 1990). A

formulation of insulin with 1% STDHF decreasd ciliabeat frequency from 100% to about
20% after 10 minutes. The authors suggested that long-term application of irreversibly

ciliostatic formulations should be avoided in nasal drug delivery.

Maitani et al. (1986) showed that bile salts at 3% w/v enhanced the intranasal absorption
of B-interferon in rabbits and that sodium glycocholate and sodium cholate were more

effective than sodium deoxycholate in promoting absorption. Sodium glycocholate at
0.5% was shown to increase the bioavailability of intranasally administered methionyl-

human growth hormone from less than 1% to between 7-8% (Daugherty et al., 1988).
Aungst et al. (1988) investigated the effect of sodium glycocholate on insulin absorption

in the rat following nasal, rectal, buccal and sublingual administration finding that insulin
absorption was improved in the order nasal > rectal > buccal > sublingual. Tengamnuay

and Mitra (1990) showed that a bile salt-fatty acid mixed micellar solution (15 mM
sodium glycocholate with S mM linoleic acid) was marginally more effective than the bile

salt alone in promoting intranasal insulin absorption in the rat. Bile salt-lipid mixed
micelle formulations have been shown to improve the intestinal absorption of normally

poorly absorbed non peptide drugs such as streptomycin and gentamicin in animal
models (Muranishiet al., 1979). The absorption of gentamicin was also shown to be

improved via the nasal route in human volunteers following coadministration with 1%
sodium glycocholate (Rubinstein, 1983) and in rabbits by coadministration with several

different bile salts (Duchateau et al., 1986). In a later study in rabbits, Duchateau et al.
(1987) showed that bile salts effectively improved the nasal bioavailability of phenol red.

Duchateau et al. (1986) showed that dihydroxy bile salts, particularly deoxycholate, were
more ciliotoxic than trihydroxy bile salts. Ciliotoxicity is an important consideration in

intranasal drug delivery since absorption enhancers should not affect the normal
mucociliary clearance mechanisms. However, it is not clear how impairment of cilia
function may manifest in vivo although increased susceptibility and recurrence of
respiratory infections are known to result in patients with ‘immotile’ cilia syndrome

(Hermens et al., 1990).

The mechanism by which bile salts enhance drug absorption has not been fully elucidated
although it appears that there may be a combination of effects (O’Hagan and Illum;

1990). Several mechanisms by which bile salts enhance drug absorption have been
proposed. Gordon etal. (1985), in nasal absorption studies with insulin, proposed that

bile salts actby forming transmembrane channels or as mobile carriers for insulin due to
the formation of reverse micelles. In reverse micelles, the hydrophilic surface of the bile

salt faces inwards and the hydrophobic surface faces outwards towards the lipid
environment of the membrane. The different degrees of potency of the bile salts was

suggested to be due to their ability to penetrate the membrane, and self-associate to form
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reverse micelles. The formation of insulin / bile salt mixed micelles, resulting in the

complete solubilization of insulin, was speculated to move down an aqueous
concentration gradient through the nasal epithelial cells, into the intercellular space and

into the blood circulation. The authors favoured the channel type mechanism rather than
the mobile carrier since absorption enhancement became saturated at bile salt

concentrations of approximately 12 mM probably indicating local membrane saturation.
The reverse micelles were suggested to stack end-to-end and span the lipid bilayer with

lonised polar groups projecting into the aqueous environment on either side of the
membrane. Thus, the stacked reverse micelles form a temporal aqueous pore through

which solubilised insulin can be transported. It has also been suggested that ion-pairing
between anionic bile salts and the positive residues on peptides and proteins would render

them more lipophilic and hence increase membrane permeability (Lee; 1990). Passive
diffusion of bile salt micelles into hamster intestinal mucosa has been demonstrated in

vitro (Gordon etal., 1971). Maitanietal. (1991) demonstrated the permeability of rabbit
nasal mucosa to bile salts by investigating their effect on membrane potential. The nasal

membrane, carrying a net negative charge, became slightly more negatively charged by
pretreatment with bile salt solution due to the penetration of the bile salt into the nasal

mucosa. Uchidaet al. (1991a and 1991b) showed that bile salts increased the membrane
permeability to water soluble compounds and suggested that this is due to the formation

of a temporal pore in the membrane. Gordon et al. (1985), proposed that pores may
form in the lipoidal membrane, thereby enhancing transcellular transport. Alternatively,

formation of an intercellular ‘pore’ would increase permeability via the paracellular route.
Lee (1990) suggests that the rapid nature of bile salt induced absorption enhancement of

water soluble compounds would tend to favour a mechanisminvolving the paracellular
route.

The mechanism of absorption enhancement of bile salts may in part be due to their ability
to chelate calcium ions similar to the mode effect of EDTA which is thought to chelate
calcium and magnesium ions in the regions of the tight junctions, thus opening the tight

junctions and promoting absorption via the paracellular route (Murakami et al., 1984). In
the study investigating the rectal absorption of ampicillinin rats, formulations containing
calcium chloride were shown to decrease the absorption enhancing efficacy of sodium
deoxycholate although the presence of magnesium ions had no affect suggesting that the
bile salt binds membrane calciumions but not magnesiumions. Shigaet al. (1987), ina
study investigating colonic absorption, also suggested that the absorption enhancing
mechanism of sodium taurocholate is by chelated depletion of metalions in regions of the
tight junctions similar to that of EDTA. Bile salts (deoxycholate, taurodeoxycholate,

glycocholate) have also been shown to be potent mucolytic agents resulting in a decrease
in the viscosity and elasticity of human bronchial mucus (Martinet al., 1978). The effect

on mucus was more prominent as bile salt concentration increased and at the highest
concentration investigated (20 mM), liquefaction of gelled mucus occurred. For

intranasally administered compounds to reach the nasal epithelium, they must first
penetrate the mucus layer which will be facilitated if the consistency of mucus is

adversely affected.
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Hirai et al. (1981c) demonstrated that bile salts inhibit the enzymatic degradation of
insulin in the nasal mucosa suggesting this as a possible mechanism by which they
promote absorption. Lee and Kashi (1987) showed that bile salts were more potent as

inhibitors of aminopeptidase activity at concentrations above their critical micellar
concentration. However, no correlation existed between aminopeptidase inhibition and

the rank order of absorption enhancing potency suggesting that the inhibition of
proteolytic enzymes is not a principal mechanism.

Several studies have shown thatbile salts have a membrane damaging effect which may

be another reason for their effectiveness as absorption promoters. Chadwick et al.
(1979) showed that dihydroxy bile acids (deoxycholic acid and chenodeoxycholic acid)
induced fluid secretion, increased mucosal permeability and resulted in mucosal damage
during in vivo perfusion of the rabbit colon. Hirai et al. (1981c), using scanning electron
microscopy, showed that nasal villi were slightly denuded at the tip 2 hours after the
administration of 1% sodium glycholate although complete recovery had occurred by 24

hours. Bile salts (glycholate, cholate, taurocholate) were also shown to cause membrane
damage (assessed by measuring protein release from the nasal mucosa and erythrocyte

haemolysis) although the extent of the damage was reported to be mild compared to many
of the other compounds investigated. However, it must be pointed out that the

concentrations of the compounds used in the study were much lower than the
concentrations which had been demonstrated to promote insulin absorption. Shao and
Mitra (1992) showed that 15 mM sodium deoxycholate caused the greatest membrane
damage (protein release), while STDHF, cholate, glycocholate and taurocholate, in

descending order, exhibited less membrane damaging effects. Hersey and Jackson
(1987) using in vitro techniques, showed that0.5% sodium deoxycholate caused a rapid
4 to 5 fold increase in nasal permeability which was accompanied by extensive
histological damage to the epithelium suggesting that bile salts work by removing the
epithelial layer which constitutes a major barrier to drug absorption. Damage to the nasal
epithelium would obviously cause concern particularly during chronic therapy. Merkus
et al. (1993) showed that the dihydroxy bile salts deoxycholate and taurodeoxycholate
caused much greater morphological damage to rat nasal mucosa following 5 minutes
exposure than did glycocholate after 10-15 minutes exposure (all assessed at a
concentration of 1%). The study also showed that there was a good correlation between
morphological damage and arrest of cilia beat frequency which was suggested to be a
valuable tool in the search for safe absorption enhancing compounds. Clearly,
ciliotoxicity would tend to prolong the residence time of the formulation in the nasal
cavity and may be another factor for the absorption enhancing efficacy of bile salts.

1.6.2.2 ,Surfactants

The term surfactant or surface-active agent applies to compounds which tend to
accumulate at the boundary between two phases resulting in a modification of the surface
energy of the interface (Florence and Attwood, 1988, Hills, 1988). In solution,
surfactants will lower the surface and interfacial tension of water and promote the
association into micelles and foam formation (Schott, 1995). Many compounds display
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surfactant properties including the bile salts previously mentioned and fatty acids such as
phospholipids. The efficacy of saponin, a sapogenin glycoside, in promoting the nasal
absorption of insulin was demonstrated as early as 1932 by Collens and Goldzieher. The
potency of surfactants in enhancing the intranasal absorption of insulin has been
demonstrated in dogs (Hirai etal., 1978) and in rats (Hirai et al., 1981b). In dogs, the
non-ionic surfactant Laureth-9 and saponin, at concentrations of 1%, increased the
intranasal absorption of insulin. In rats, various compounds with surfactant activity

including bile salts were investigated. The absorption enhancing efficacy of a range of
non-ionic polyoxyethylene -ether and -ester surfactants were evaluated and it was shown

that the esters did not perform as well as the ethers. Of the ether type surfactants, those
with an hydrophile-lipophile balance (HLB) of between 8-14 were shown to be more

effective and this group included Laureth-9 (HLB 11.5) which caused a decrease in
plasma glucose concentrations of about 60%. An increasing value of HLB corresponds

to increasing hydrophilic character (Helenius and Simons; 1975). Hirai et al. (1981b)
also showed that anionic surfactants, such as sodium laurylsulphate and potassium

laurylsulphate, saponin and surfactin (a peptidelipid) effectively promoted the nasal
absorption of insulin but the efficacy was lower than that of Laureth-9. Laureth-9 was

shown to be a more potent enhancer with a maximal absorptive effect observed at a
concentration of about 0.3% compared to about 0.5% for both saponin and the bile salt

sodium glycocholate.

Salzman et al. (1985) investigated the efficacy of a nasal insulin formulation containing
Laureth-9 in normal volunteers and in Type I diabetic patients. In fasted subjects, insulin

was rapidly absorbed from nasal formulations containing 1% Laureth-9 and in normal
volunteers and diabetic patients, plasma glucose concentrations were lowered to 50% of
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