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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 haecmophilia 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 treatment of 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, Smith et 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).

]



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 (1.m.)
or subcutaneous (s.c.) injection (Banerjeeet al., 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,

[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). Thereare

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). Ofthese, 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 drug 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 difference in 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

2



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 i1t 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

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

§ = 8 : 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 potentiate its 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 it is 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 insulin is 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 insulin

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 ion 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, there is 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 either as 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, 1988,

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 et al., 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 1into 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), Sleigh et
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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 ¢m 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 c¢m, due to
the presence of the turbinates which are described below, and has a cross-sectional area

of about0.14 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. makxillary

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
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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 sustentacular cells 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 lamina between 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,

13



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 microvilli each about 1-2 um long and 0.1 um

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 1n 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, 1982).

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 p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>