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Rp retardation factor 
ROS rod outer seEnent 

SDS sodium dodecyl sulphate 
S. E. M. standard error of the mean 

T tesla 

T spin-lattice relaxation time 

T2 spin-spin relaxation time 

Tc correlation time 
t. l. e. thin-layer chromatography 

µ micron (= 10 -6 metre) 
µl microlitre 

v/v volume/volume 
w/v weight/volume 
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The present work, employing biochemical, biophysical and 
electrophysiological techniques, attempted to identify specific 
receptor sites in the vertebrate olfactory system for heterocyclic 
odorants. 

An in vitro rat preparation was developed and characterised 
for use in vapour-phase chemical modification experiments; the EOG 
responses obtained from this preparation were stable for up to 
5 hours after the death of the animal. The signals to various 
compounds were differentially reduced when brominated odorants were 
employed as vapour-phase labelling reagents; the responses obtained 
to these derivatives and to their non-reactive analogues were 
preferentially diminished. 

The effect of concanavalin A on ECGs obtained from an in vivo 
frog preparation was examined. This lectin was found to preferentially 
inhibit the signals elicited by small, sweaty-smelling carboxylic 
acids; the responses to most of the non-carboxylic acid odorants 
tested were not significantly inhibited. 

The failure to identify specific receptor sites by electro- 
physiological techniques prompted the performance of odorant binding 
studies. Examinations of the interaction of [3H] 2-isobutyl-3- 
methoxypyrazine with 13,000 xg supernatant fractions of sheep 
olfactory epithelium showed that a component of the homogenate 
fraction exhibited high affinity saturable binding of this odorant (RD -CIO- : ý. However, the presence of lar�e amounts of non-specific 
binding, substantially decreased the sensitivity and accuracy of the 
assay. Non-specific binding was observed with tissue fractions of 
sheep respiratory epithelium, brain and liver. An investigation of binding specificity showed that other bell pepper cdorants competed for the 2-iscbutyl-3-methoxypyrazine binding site. 

The steno requirements for the protein binding of various 
substituted heterocyclic odorants were examined using nuclear magnetic 
relaxation techniques. 14odel studies performed with bovine serum albumin showed that particular side chains of the odorants tested 
were primarily involved in the binding interaction. The methoV group 
of 2-isopropyl-3-methoxypyrazine was found to be responsible for 
primary recoEnition by 13,000 xS supernatant fractions of sheep 
olfactory epithelium. 



CHAP 1: ]17MCmiCTION - THE Vti TEBR. ATE OLFACTORY SY5'TFýd 

1.1 Mort 

1.1(i) Macroscopic 

The olfactory area of the nasal cavity1 may be readily 

distinguished from the pinkish colour of the surrounding non-sensory 

respiratory mucosa bya faint yellow/brown pigmentation2 (Graziadei, 

1971; Dodd and Squirrell, 1980). The importance of this pigment for 

olfaction has been previously discussed (e. g. see Moncrieff, 1967), 

although proof of a specific role in the olfactory mechanism (see 

Section 1.3(ii)b) is still lacking (see Moulton and Beidler, 1967; 

Moulton, 1971). Its chemical composition is also unclear (but see 

Kurihara, 1967; also see Moulton, 1971).. 

The olfactory mucosa of adult vertebrates is composed of a 

columnar, pseudo-stratified epithelium; a basal lamina, and the 

lamina propria mucosae. The thickness of the olfactory epithelium 
Is. 

varies between animals, ranging from 301L (moles) to 150 - 20011 (frogs 

and turtles). The epithelial surface is usually covered by a layer 

of mucus (10 - 40µ thick)*(Graziadei, 1971). 

A sagitally-sectioned sheep's head (Figure 1.1) shows the 

olfactory epithelium to lie upon a series of convoluted structures 
(turbinates) and on the cribiform plate3; it is also found on the 

1 No true nasal cavity is observed in fish, where the olfactory 
epithelium lies in a pair of pits situated in the head (see 
Graziadei, 1971). 

2 The olfactory region is pale yellow in young cows and turns 
brownish-yellow with age (1! enco, 1977a). 

3 
The cribiform plate separates the olfactory area from the brain 
cavity (Menco, 1977a). 



Fiuur e 1.1 A sagitally sectioned sheep's head with 

nasal septum removed 

Taken from Dodd and Squirrell (1980) 
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posterior portion of the septum (Dodd and Squirrell, 1980; the 

septum has been removed in Figure 1.1 to reveal the nasal cavities). 

The turbinates are rigid in order to hold apart the opposing faces 

of the epithelium. Thus, the system permits a large area of exposed 

sensory tissue to be packed into a small space (Dodd and Squirrell, 

1980). A generally similar basic structure is found for the 

olfactory region of the rat (Figure 1.2). The number of turbinates 

and the area occupied by the olfactory epithelium' vary throughout 

the Manmalia (see Table 1.1). 

The frog (Figure 1.3) possesses a much simpler nasal cavity 

than that found in mammals, with no sharp visual delineation being 

evident between the olfactory and respiratory epithelium. Sensory 

tissue lines both the ventral part (see Figure 1.3) and the dorsal 

part of the nasal cavity. 

The anatomy of nasal structures from a comparative viewpoint 

has been described elsewhere (Allison, 1953; Parsons, 1971), whilst 

Heist et al (1967) have defined in great detail the morphology and 

localisation of the olfactory epithelium in rabbits2. 

1.1(ii) microscopic 

The cellular organisation of the olfactory epithelium (which 

may be regarded as consisting of three main compartments or regions 

when viewed in transverse section; Figure 1.4) follows a relatively 

constant structural pattern in all the vertebrates so far studied 

(Dodd and Squirrell, 1980). In mammals, the olfactory epithelium 

1 It should be noted that dimensions of the sensory epithelium are 
inaccurate as a guide to olfactory acuity since the receptor 
density varies not only between animal species but also in the 
same animal as well as between different points of the olfactory 
epithelium (Graziadei, 1971). 

2 
For a brief historical resume of the histological and morphological 
elucidation of the vertebrate olfactory mucosa, see Graziadei (1971). 
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Figure 1.2 Section through the head of a rat 
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(also see Figure 2.1) 

Figure 1.3 Frog's head after dissection to expose 
nasal cavity 
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Table 1.1 Comparison of total areas of olfactory 
epithelium in several species 

Species 
Total Area Of 
Olfactory 2 Epithelium cm 

Refersance- 

Cat 13.9* Negus (1958) 
Fells domesticus Ferrol (1973) 

Dog** 150 Mulle- (1955) 
Canis familiaris 

Frog ca. 0.5 own cbservations Rana temporaria 

Man 2-4 Grazi=dei (1971) 
Homo sapiens 

Rabbit 7.27 Heist et al (1967) 
Lepus cuniculus Mulve-ey 8-Heist (1970) 

Squirrel monkey 3.0 De Lorenzo (1970) 
Saimiri sciureus 

* Mean of 20.3 and 7.0 cm2 from Negus and Ferron 

** German shephe-d dog (Schaferhund). 

Taken fraz Squirrell (1978) 
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Figure 1.1f Scale drawing of a generalised vertebrate 
olfactory epithelium 

Micro-electrode 

Tight junction 
between a supporting 
cell and an olfactory Mucus 

neurone I 
Terminal swelling 

Micro-villii 

O 

'o 
p. 

O i 

ýý O 0 O 

0 p o 00 P- 

Nerve fibres 
Basal cells 

Basal membrane 

On - olfactory neurone 

Sc - supporting cell 

Scale :l mm =1n 

Taken from Dodd and Squirrell (1980) 



7 

contains four major cell types (Graziadei and Graziadei, 1978): 

receptor cells, supporting (or sustentacular) cells, basal cells 

and the secretory cell of the Bowman's glandsl. The most 

peripheral region is mainly occupied by the nuclei of the support- 

ing cells, and generally contains a single nuclear layer (Moulton, 

1974. ). Below this band resides the main compartment of the 

epithelium, which is predominantly occupied by receptor cell nuclei. 

The deepest compartment (which extends to the basal membrane) mainly 

comprises the nuclei of the basal cells. Whilst cells of any type 

may occasionally be found in any compartment, such exceptions are 

uncommon and do not invalidate the above categorisations. (Moulton, 

1974+) 

This section briefly describes various ultrastructural or 

microscopic features of the olfactory neuroepithelium (for review, 

see Graziadei, 1971; also see de Lorenzo, 1970; Menco, 1977a, b;. 

1980a, b, c, d; Reese and Brightman, 1970). 

1.1(ii)a Olfactory receptor cells 

The olfactory neurone is a characteristically shaped bipolar 

nerve cell, which is located in the epithelium with the terminal 

swelling2 protruding at the mucus/cell interface and the axon going 

to the olfactory bulb via the basal lamina. The cell body is flask- 

like (ovoid) in shape, with its length being directly proportional 

to the thickness of the epithelium; the diameter of its processes 

remains relatively constant (Graziadei, 1971). The terminal swelling2 

Ciliated respiratory epithelial cells, whilst not part of the 
olfactory epithelium, are also often closely associated with the 
tissue (Hirsch and Margolis, 1981). 

2 
The bulbous ends of bipolar cell dendrites from which arise 
olfactory cilia "have been misnamed 'olfactory* vesicles'" (Reese 

and Brightman, 1970). 
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(which is ubiquitously provided with cilia) has a diameter of 

about 2- 31A, the cell body (residing in a rather homogeneous band 

that occupies the medium third in the height of the epithelium) a 

diameter of 5- 814 and the dendrite 1- 2µ. Soon after its origin, 

the unmyelinated anon attains a diameter of 0.2 - 0.31z which 

remains constant until it reaches the olfactory bulb (Graziadei, 

1971). The receptor cell body contains a large nucleus (1i. - 61% in 

diameter) which occupies most of its area; the cytoplasm accumulates 

at the distal pole of the nucleus, whilst only a thin layer (1 - 214 

thick) remains between the nucleus and the membrane. 

The density of the olfactory neurones in the epithelium 

varies according to the species and also according to the location 

within a particular epithelium; in the cow, it has been correlated 

with the thickness of the epithelium and shown to be greatest on 

the septum (Menco, 1977a). The neuronal densities of several 

ar. als have been reported (Table 1.2). 

1.1(ii)b Cilia 

It has long been established that olfactory neurones possess 

cilia and much speculation has arisen as to their role in the 

perception of odours (e. g. see Ottoson, 1963; Rhein and Cagan, 1980; 

but also see Bannister, 1965; Tucker, 1967; see Section 1.3(1)). 

The cilia arise from the terminal swelling on the apical end of the 

dendrite; this swelling protrudes slightly above the level of the 

surrounding supporting cells (Dodd and Squirrell, 1980). 

The cilia on olfactory receptor cells possess many common 

features with other cilia, but some features are unique(i. e. they 

are sometimes longer than other cilia; Reese, 1965). The proximal 

portion of the cilia, which possesses the usual "9 + 2" axonemal 

structure, has a diameter of about 0.25µ; the cilium distinctly 



Table 1.2 Comparison of the number of olfactory neurones 
in several species 

Species 

Total Area 
of Olfactory 
Epithelium 

(cm2) * 

Density of 
Olfactory References Neurons per 

cm2 x 10-6 

Calculated No. 
of Olfactory 
Neurons 
(millions) 

Cat 13.9 9.6 Ferron 133 
(1973) 

Dog 150 1.5 Muller 225 
(1955) 

Frog 0.5 1.5 Menco 0,75 
(1977a) 

Man 2-4 3.0 Kanda et at 9.0 
(1973) 

Rabbit 7.27 9.0 Heist et al 65.5 
(1967) 

Squirrel 3.0 -- monkey 

. From Table 1.1 

Taken from Squirrell (1978) 
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narrows after a few microns to a diameter of about 0.151L and from 

thence it gradually tapers to about 0.061L in diameter (Dodd and 

Squirrell, 1980). This gradual tapering in the distal region of 

the cilium is often accompanied by a reduction in the number of 

microfilaments (Reese, 1965; Frisch, 1967; Thornhill, 1967; 

%erjaschki, 1976; Loo, 1977; Kratzing, 1978); as few as two singlet 

fibres are detected in the distal portions of the olfactory cilia 

of some species (Kerjaschki, 1976, Loo, 1977; Kratzing, 1978; for 

review see Steinbrecht, 1969). 

Variations between species in the number of cilia per neurone 

and in their length have been detected. Estimates of the number 

per receptor have ranged from 1-6 for the mole (Graziadei, 1966) 

to 100 - 150 for the dog (Okano et al, 1967); usually-their number 

varies from 10 - 15 per receptor (Graziadei, 1971). The accurate 

determination of ciliary length is difficult, since their fragility 

renders them liable to breakage during microscopic fixation. 

Consequently, lengths are likely to be underestimated (Dodd and 

Squirrell, 1980). Reese (1965) reported that the longest frog 

olfactory cilia extended to a length of up to 2001L. 

Although the respiratory cilia beat in a synchronous wave- 

like fashion, the active movement of olfactory cilia has been open 

to'dispute (Rhein and Cagan, 1981); any motion that they display 

(see Hopkins, 1926) has been described as being "uncoordinated and 

irregular" (Dodd and Squirrell, 1980). Recently, however, Blank 

et a1 (1978) reported that olfactory cilia in the frog are motile 

and that their motility is synchronised by stimulating the mucosa 

with an odorant. Three types of frog olfactory cilia have been 

distinguished on the basis of morphology and patterns of movement: 

"streamers" were comparatively long (30 - 180/. ) and immotile; 
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"strokers", which moved in a slow whip-like manner, were of 

intermediate length (15 - 5oµ) whilst the shorter "wigglers" 

(10 - 20k) made rapid, complex movements (lair et al, 1980; also 

see Hopkins, 1926). These cilia types, of which intermediate 

forms were also observed, occurred in patches across the epithelium. 

Some unusual specialisations of the membranes of olfactory 

cilia have been observed (e. g. see Reese, 1965; Frisch, 1967; 

Rhein and Cagan, 1981). The presence of large numbers of membrane 

particles on the freeze-fractured surfaces of sensory cilia from 

cow (b enco et al, 1976) and mouse (Kerjaschki and Horandner, 1976) 

olfactory epithelia has been reported. It was postulated that 

these particles, few of which were detected on the corresponding 

respiratory cilia, might represent olfactory receptor sites 

(Mienco et al, 1976; see Section 1.3(1)). Subsequent studies have 

revealed similar particles in the olfactory cilia of the rat, dog, 

frog (M°enco, 1978) and newt (Usukura and Yamada, 1978). 

1.1(ii)c Mucus 

A layer of mucus overlies the olfactory receptors in all 

classes of vertebrates; it is thicker and more concentrated in the 

frog than in mammals (Heist et al, 1967). In amphibians and reptiles, 

the mucus is secreted partly by the sub-epithelial Bowman's glands 

and partly by the supporting cells, whilst in mammals and birds, the 

Bowman's gland is its only source. (Bannister, 197k). 

The mucus is motile at the surface: charcoal dust sprinkled 

on to the surface of the frog olfactory epithelium can be seen to be 

removed by flowin ; mucus (Reese, 1965; personal observation). The 

detailed structure and biochemistry of the olfactory mucus remains 

generally unknown (Bannister, 1974); in man, the nasal mucus is over 

95`= water with salts, mucin, neuraminidase and secretory im. munoglobulin 
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present (Abramson and Harker, 1973)" It possesses a pH of 

about 7.0. 

The air/mucus partition coefficients for odorants, together 

with their diffusion rates through the mucus, will control the 

access of odorant molecules to the receptors (Bostock, 1974); 

appropriate calculations and experimental measurements suggest that 

the ligand will rapidly reach the olfactory epithelium (Dodd and 

Persaud, 1981; also see DeSimone, 1981). The role of the mucus is 

likely to be the preservation of the necessary ionic environment of 

the cells; it is improbable that the mucus participates directly in 

the transduction steps, although it may play a part in olfactory 

coding (Dodd and Persaud, 1981; also see Section 1.3(iii)). The 

mucus may also participate in the removal from the mucosa of sorbed 

odorant molecules (see Hornung and Mazell, 1981). 

1.1(ii)d Supporting cells 

Supporting (or sustentacular)cells are columnar epithelial 

cells; they possess a larger cell volume than the receptor cells 

(which they surround at the level of the dendrites) and extend 

vertically from the epithelial surface to the basal lamina which 

they reach with branched "digitiform" processes (Graziadei, 1971; 

Dodd and Squirrell, 1980). The apical surface of the supporting 

cells is rounded and exhibits a series of irregular microvilli 

which vary in length (2 - 5µ long in cat, but can be lacking in other 

animals) and in density between different animals. Supporting cells 

provided with cilia have been described in lamprey (e. g. see 
! 

11 

Thornhill, 1967). The distal parts of supporting cells are approxi- 

mately cylindrical, whereas they are compressed at the level of the 

neuronal cell bodies; theirs is the uppermost band of nuclei in the 

epithelium (Dodd and Squirrell, 1980). 
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Observations of supporting cells readily reveal the 

endoplasmic reticulum (both the rough and smooth types) as well 

as granules of varying size and electron density1; the release of 

these granules from the cells may be induced by strong odour 

stimuli as well as by perfusion of the nasal cavity with dilute 

solutions of detergent substances (see Reese, 1965; Frisch, 1967; 

Graziadei, 1971). The specific role of the secretory product and 

its chemical composition is as yet unknown. 

The ratio of supporting cells to neurones is approximately 

1: 1 (Alcock, 1901; Heist et al, 1967). 

1.1(ii)e Basal cells 

The layer of nuclei residing deepest in the olfactory 

epithelium belongs to the basal cells. These prismatic cells are 

located close to the epithelial surface of the basal lamina and 

arranged between the basal processes of the supporting cells; they 

ensheath groups of axons (Graziadei, 1971; Dodd and Squirrell, 1980). 

Their function, other than that of replacement elements, is as yet 

unclear. 

1.1(ii)f Olfactory axons 

The axons extend from the cell bodies of the olfactory neurones 

to the glomeruli of the olfactory bulb without synapsing (Dodd and 

Squirrell, 1980). They run for a short distance inside the epithelium 

and emerge grouped into small bundles of a few tens of units; after 

crossing the basal lamina, these bundles (15 - 40 at a time) are 

ensheathed by Schwane cells (Gasser, 1956; also see de Lorenzo, 1963). - 

They then turn to run parallel to the basal membrane, all the while 

1 
E. g. electron micrographs of frog supporting cells consistently 
show the presence of large secretory droplets (see Yamamoto et al, 
1965); similar observations have been made on the newt (see 
Usukura and Yamada, 1978). 



14 

being grouped into progressively larger bundles, before changing 

direction to assume a vertical course through the cribiform plate to 

the brain (Dodd and Squirrell, 1980). The mean diameter of the 

axons is 0'. 21. L (Graziadei, 1971). 

In the rabbit, it has been estimated that each glomerulus 

is, on average, connected to 25,000 axons (Allison and Barwick, X94.9)" 

1.1(ii)g The lamina propria 

The lamina propria separates the olfactory epithelium from the 

underlying bone. It consists of connective tissue, olfactory nerve 

fibres, a vascular system and the mucus-secreting Bowman's glands 

whose ducts extend to the epithelial surface (Dodd and Squirrell, 1980). 

1.1(ii)h Bowman's glands 

Bowman's glands, which are found only in the olfactory region 

of all vertebrates except fish, are tubular alveolar units. Their 

histological composition is quite similar among species, although the 

ultrastructural details of the secretory cells vary not only between 

species but also within species, where cells possessinä a variable 

organelle content have been observed (see Graziadei, 1971). 

1.1(ii)i Contacts between cells 

If the olfactory epithelium is sectioned parallel and close 

to the epithelial surface, the terminal swellings of the dendrites 

may be observed to be spaced apart by the supporting cells which 

possess a larger cross-sectional area; at this level cells are 

connected to each other by a tight-junctional belt1 (Dodd and 

1 
Two types of tiäht junction have been recognised (Farquhar and 
Paiade, 1963; Revel and Parnovskr, 1967): true tight junctions 
occlude extracellular spaces, whilst gap junctions appear to be 
sites of cell-to-cell electrical coupling (e. g. see Brightman and 
Reese, 1969). It has been shown that true tight junctions are 
present in the olfactory e ithelium of animals such as the frog 
(Brightman and Reese, 196. , the monkey and the elasmiobranch 
(Reese and Brightman, 1970 . 
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Squirrell, 1980). It has been demonstrated in the elasmobranch 

that intravenously injected horseradish peroxidase (molecular 

weight: 42,000) cannot diffuse past these junctions to the 

epithelial surface' (Reese and Brightman, 1970). Hence, the tight 

junctions prevent diffusion between the mucus and the inter-cellular 

spaces within the epithelium; they may also provide the epithelium 

with mechanical strength (Dodd and Squirrell, 1980). 

Contacts between the neurones occur only occasionally at the 

level of the dendrites and te=ira1 swellings, although the cell 

bodies frequently touch one another (Dodd and Squirrell, 1980). 

1.1(ii)j The yoneronasal epithelium 

The nasal cavities of amphibians, reptiles and mammals contain, 

in addition to the olfactory epithelium proper, a distinct sensory 

area known as Jacobson's organ or voneronasal epithelium2. This 

epithelium, which responds to stimuli in a similar fashion to the 

olfactory organ proper (see Tucker, 1963b, 1971; also see Beauchamp 

et al, 1984), contains primary receptor neurones whose axons terminate 

in the accessory olfactory bulb. Although the vomeronasal epithelium 

exhibits many embryological, anatomical and functional similarities 

with the olfactory epithelium, some characteristic differences have 

been noted3; its ultrastructural details, based on the observations 

of some reptiles, have been described elsewhere (Graziadei, 1971). 

1 Some tight junctions have been shown to be impervious to molecules 
of molecular weight as low as 18CC (Feder et al, 1969) or 
possibly even smaller (Farquhar and Palade, 195). 

2 
The organ of Jacobson is absent or rudimentary in the human adult, 
although it is clearly demonstrable during intrauterine 
development (Tucker, 1971). 

3 
E. g. the vomeronasal receptors may contain no cilia,. but do possess 
microvilli (Beidler, 1970). 
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Structural aspects of ageing in the mouse vomeronasal (and 

olfactory) epithelium have recently been discussed by Dodson and 

Bannister (1980). 

1.1(iii) Cell dynamics in the olfactory epithelium 

The olfactory organ (unlike most receptor sheets) is directly 

exposed to airborne chemicals; this creates vulnerability to 

bacterial and viral invasion, to the mechanical impact of the 

respiratory airstream, and possibly to the toxic effects of environ- 

mental pollutants1. Forever, despite this exposure, the olfactory 

system of most individuals appears to retain its sensory capabilities 

throughout life2, thereby suggesting that the system possesses 

specific mechanisms for maintaining function in the face of cell 

loss (see Moulton, 1974. ). 

Dividing cells in adult olfactory epithelia have been 

observed by many investigators. An early belief held that basal 

cells divide continuously, with the products replacing supporting 

cells or the cells of Bowman's glands. However, mitotic activity 

has also been noted in other cell types of the epithelium, including 

the receptor cells (see Moulton, 1974). Andres (1970) detected 

mitoses in the basal and supporting cells, but only sparingly in the 

sensory cells. In addition, he described a fourth cell-type 

("Blastemzelle") lying beneath the basal cells in the lamina propria 

of rats, cats and dogs which he originally believed to be a 

reservoir for the differentiation and renewal of the sensory receptors; 

it was later concluded, ho4, ever, that although these cells were 

1 Rhinitic infections, with accompanying pathological changes in the 
olfactory epithelium, are common in at least some species of 
laboratory animals (Moulton, 1974). 

2 Since the number of olfactory receptors is great (106 in man; 108 
in rabbits) it is feasible that even extreme attrition need not 
severely impair function (Moulton, 1974). 
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common in young animals, they were rare in adults (Andres, 1970). 

Quantitative observations of mitotic activity in the olfactory 

epithelium have been made by administering a radioactive label 

(e. g. tritiated thymidine) to the experimental animal such that the 

products of cell division remain identifiable (e. g. with auto- 

radiographic techniques). Utilising such an approach, the basal 

cells of mouse olfactory epithelium have been shown to be 

continuously dividing (see Leblond and Walker, 1956); the products 

of division migrated peripherally, with the majority of the 

migrating cells remaining in the receptor cell compartment. It was 

thus concluded that receptor cells undergo continuous renewal 

(Moulton et al, 1970; Moulton and Fink, 1972). 

Studies on frogs led to a similar conclusion; labelled 

nuclei were found at all. levels in the epithelium. Some were 

identified as being those of neurones, whilst others were of support- 

ing cells, basal cells and cells in intermediate stages of development. 

Inconclusive evidence was presented in favour of basal cells giving 

rise to supporting cells (Graziadei and Metcalf, 1971; Graziadei, 

1973). 

In contrast to these findings was the observation that few 

labelled cells were detected in the olfactory epithelium of the 

lamprey less than 24 hours after injecting tritiated thymidine 

(Thornhill, 1970). However, after five days "fairly large" numbers of 

labelled nuclei were observed. Evidence for the continuous renewal of 

receptors in the trout epithelium has also been reported (Bertmar, 

1973). 

A possible criticism of studies exploiting thymidine is that 

cells may incorporate thymidine while undergoing repair instead of 

dividing; generation times may also be influenced by the 
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1.1(iv) 

administration of label. Although turnover times obtained with 

this and other methods display general agreement, it is valuable to 

confirm critical findings by an independent method (Moulton, 1971). 

One such approach involves the use of colchicine (a plant alkaloid), 

which blocks cells undergoing division in metaphase. A comparison 

of the number of blocked metaphases that have accumulated three and 

five hours after colchicine injection provides an estimate of turn- 

over times; in mice, when averaged over the entire epithelium, 

estimates of about 30 days1 were obtained (Moulton, 197lß, 1975). 

However, much of the activity was attributable to the more rapid 

turnover time of the basal cells (8 - 16 days assuming no cell loss 

from this ccmpaz nent), thus confirming that in the mouse they foi 

a renewing population2 (Moulton et al, 1970). It should be noted 

that the colchicine method furnishes no information about cell 

migration. 

. tion and sub sei 

Associated with the ability of the olfactory epithelium to 

undergo a continuous process-of cell renewal is its ability to 

regenerate following destruction of the nerve cell population. In 

agreement with the generally held belief that neurones in adult 

vertebrates are incapable of regeneration (Moulton, 1971; Dodd and 

Squirrell, 1978, many investigators have found no evidence for such 

reformation (see Moulton, 1974). However, some studies have indicated 

that regeneration does occur. The earlier investigations have been 

1 
30 days is relatively long compared with certain other tissues, 
e. g. taste buds (10 - 10i days; Beidler and Smallman (1965)), or 
the epithelium of the =all intestine (1 -3 days); for 
discussion, see Moulton (1971+). 

2 
Graziadei (1973) found that, in the frog, the rate of turnover of 
neurones is ; renter than that of the supporting cells. 
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extensively reviewed by Takagi (1971) 'who considered it "highly 

conceivable" that new olfactory neurones could be generated from 

undifferentiated stem cells in order to enable the tissue to recover 

from insult. Regeneration has now been demonstrated in such species 

as fish (Westerman and Von Baumgarten, 196k; Cancalon, 1980; 

Zippel and Breipohl., 1980), frog (Graziadei and Metcalf, 1971; 

Graziadei and DeHan, 1973; Mais' at al, 1980), mouse, rhesus monkey, 

rebbit (e. g. see thi. vaney and Heist, 1971; Matulionis, 1975; 

Graziadei, 1978, pig (Baldwin at al, 1980) and pigeon (Tucker et al, 

1975; Bedini at al, 1976). 

Most studies of regeneration involve experimentally-induced 

degeneration of the epithelium or receptors. The olfactory receptors 

appear to degenerate when any one of a number of procedures is 

applied, including severance of the primary neurones in fish, frog, 

guinea pig and mouse (e. g. see Takagi and Yajima, 196tß, 1965; 

Graziadei and Metcalf, 1971), administration of colchicine in rabbits 

(Jackson and Lee, 1965), partial or complete ablation of the olfactory 

bulb in fish (Zippel and Breipohi, 1980), pig (Baldwin et al, 1980), 

rabbit and rat (e. g. see Sen Gupta, 1967; Graziadei, 1978) and 

application of a 11"' zinc solution in frog, mouse, rat, rabbit or 

rhesus monkey (e. g. see Mulvaney and Heist, 1971; Tvatulionis, 1975). 

Although the receptors appear to degenerate rapidly and 

completely with all these procedures, the various techniques may 

induce different degrees of epithelial degeneration (Moulton, 1974. ): 

nerve sectioning or olfactory bulb ablation, which may leave non- 

receptor elements apparently intact or ; ypertrophied, causes retrograde 

degeneration of all axons and neurones in the epithelium within a few 

days. The basal cells, vihich remain along with the supporting cells, 

are stimulated into intense activity by this degradation; they 



divide and differentiate such that the epithelium is reconstituted 

within a few weeks, the axons having grown back to make connections 

with the glorneruli of the olfactory bulb. 

The necrotic destruction of the epithelium by administration 

of zinc sulphate can be relatively complete, destroying all cells 

down to the level of the lamina propria1 (e. g. see Mulvaney and 

Heist, 1971). Nevertheless regeneration still occurs (within 

30 days in the rabbit, and within 6 months in the rhesus monkey);. in 

rats, the ability to perform in an odour detection task is restored 

in about 5-7 days (see Moulton, 1971). 

The degeneration and subsequent regeneration of pigeon 

olfactory neurones (Tucker et al, 1975) have been shown to be 

accompanied by behavioural and elect rophysiological changes which 

parallel the changes in cell structure (also see Baldwin et al, 1980). 

Recently, Nair et al (1980) have reported that when the frog 

olfactory epithelium is ablated by irrigation with zinc sulphate 

(0.111), neurones regenerate and cilia reappear over an eight week 

period; "wigglers" and "strokers" (see Section 1.1(ii)b) are first 

identified at 2 weeks after treatment, and at 4 weeks after treatment, 

the first "streamers" are apparent in localised patches. This 

pattern of cilliogenesis is consistent with the hypothesis that 

"wigglers" and "strokers" are early developmental stages of 

"streamers". 

20 

1 
It may be difficult to ensure that islets of undamaged tissue 
do not persist with this method (see Moulton, 197)). 
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1.2 Electrical activity in the olfactory epithelium 

The interaction of odorous stimuli with the receptor cell 

membrane may be signalled "by electrical activity from the 

olfactory neurones" (Dodd and Squirrell, 1980; also see Getchell 

and Getchell, 19710. The techniques used to stucly such activity 

may be divided into two large groups: single unit techniques, 

employing various microelectrodes and recording both intra- and 

extracellularly, distinguish the activity of single nerve cells or 

of a few nerve cells that are electrically close to each other; 

ensemble techniques primarily measure the properties of a population 

of neurones and consequently provide little information about how 

any particular cell responds (see Gesteland, 1971). 

The most commonly used ensemble technique involves recording 

from either a whole nerve or a filament of the olfactory nerve, the 

accessory olfactory nerve or the trigeminal nerve (e. g. see Mozell, 

1964b, 196-6; Tucker, 1963a, b). An alternative method is to record 

the potential at the surface of the olfactory bulb where the 

principal component of the voltage recorded is due to activity in 

the terminals of the olfactory receptor cells (Ottoson, 1959a, b, c). 

The third ensemble signal event which may be recorded is called the 

electro-osmogram or electro-olfactogram (EOG) in vertebrates and 

electro-antennogram (EAG) in insects. Both of these signals are 

causally related to the generator events, but "can hardly be thought 

to be the generator event itself" (Gesteland, 1971). The ECG is 

recorded by placing a reversible electrode on the surface of the 

olfactory mucosa and measuring the voltage between it and an 

indifferent electrode located elsewhere on the animal (see Hosoya 

and Yoshida, 1937; Ottoson, 1951+). 

Some of the characteristic electrical signals obtained from 

the olfactory epithelium are shown in Figure 1.5 
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Figure 1.5 Diagrammatic representation of electrical activity 
recorded from various parts of the olfactory 
epithelium in response to an odorant 

mV 

Time 

loll I ril 

C 

D 

A-. Electro-olfactogram from Gesteland et al, (1965) 
B Excitatory single-cell impulse activity based on 

van Orongelen, (1978) 
B' Impulse activity on an expanded time scale from 

Gesteland et al, (1963) 

C Impulse activity in the olfactory nerve based on 
Shibuya, (1964) 

D Summated neural discharge based on Tucker and Shibuya, 
(1965) 

The olfactory neuron on the left is drawn to show the positions from 
which the. responses are obtained. 

Taken from Squirrell (1978) 
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1.2(1) The electro-olfactogram (EOG)1 

Following the observation that the odorous stimulation of 

rabbit (Ottoson, 195tß) or frog olfactory membranes (Ottoson, 1956) 

gave rise to a slow sustained potential, the term electro- 

olfactogram, or EOG, (c. f. the retinogram in the simple invertebrate 

eye) was introduced (Qttoson, 1956) to designate "the monophasic 

negative potential evoked by odours in the sensory region of the 

nasal mucosa" (Ottoson, 1971). It was later noted (Takagi and 

Shibuya, 1959) that this mucosa potential had first been recorded in 

1937 from canine olfactory epithelium (Hosoya and Yoshida, 1937). 

EEG responses have now been recorded from many other sources, 

including fish (e. g. see Shibuya, 1960; Tucker and Shibuya, 1965) 

and other amphibians such as the newt (Kauer and Moulton, 1974); 

from reptiles (e. g. turtle (Tucker, 1963b); eel (Silver, 1980)); 

from birds (Shibuya and Tucker, 1965) and from mammalian species such 

as the rat (e. g. see Gesteland and Sigwart, 1977; Persaud, 1980; 

Shirley et a1,1980,1981,1983a, b, 1981. ), tortoise, guinea-pig 

(MacLeod, 1959), pig (T. M. Poynder, personal communication), sheep 

(Squirrell, 1978) and man (Osterhammel et al, 1969; also see Plattig 

and Kobal, 1978). Thus EOGs appear to be a general feature of 

olfactory epithelia. 

The electrical response of the frog's olfactory epithelium to 

a short puff of odorous air is a slow negative monophasic potential 

with a steep rising phase (i. e. short rise time) which is followed by 

an exponential return towards the baseline (Figure 1.6; Ottoson, 1971). 

It is now generally accepted that this "negative-on" EOG accurately 

1 For a review of studies on the receptor potential of the olfactory 
organ, see Ottoson (1971); also see Ottoson (1970). 
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Figure 1.6 The electro-olfactopram 

Superimposed records of responses of frog's olfactory organ 
to brief stimulations with butanol-vapour of different 
strengths. 

Taken from Ottoson (1956) 
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reflects the activity of the olfactory receptor cells (i. e. it 

represents the summated generator potentials of the olfactory 

neurones). The evidence for such a view may be summarised as 

follows: 

(a) The EOG peak amplitude is proportional, within limits, to the 

logarithm of the stimulus concentration (i. e. it is a stimulus- 

related, graded response) (Figure 1.7; see Ottoson, 1956; 

Pbynder, 1974a, b; Gesteland and Sigwart, 1977). 

(b) The shape of the EOG response is similar to that of the genera- 

tor potentials observed in other sensory receptors (Figure 1.8). 

(c) The BOG is not simply a product of the activity of the nerve 

fibres; anti-dtomic stimulation of the olfactory nerve does not 

bring about a potential change at the mucus level (Ottoson, 

1956; 1959b). 

(d) EOG generation is mainly dependent upon the entry of sodium ions 

into the receptor cells (Takagi et al, 1966,1968,1969a; see 

Figure 1.9; also see Section 1.2(iv)); such a mechanism is notmal 

for depolarising generator potentials. 
(e) The EOG is not abolished by cocaine at concentrations sufficient 

to block the impulse activity of the olfactory nerve (Ottoson, 

1954,1956; Kimura, 1961); such resistance is a general feature 

of generator potentials (e. g. the generator potential recorded 

from frog muscle spindle (see Figure 1.10; Ottoson and Shepherd, 

1965; also see Eyzaguire and Kuffler, 1955)). 

(f) EOG responses are only obtained from regions of the mucosa lined 

with sensory cells (see Figure 1.11; Ottoson, 1956,1971; 

Takagi and Yajima, 19&., 1965). 
(ýý The EOG is accompanied by a change in transepithelial impedance 

(see Figure 1.12; Gesteland et al, 1965). This is to be expected 
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Figure 1.7 Variation in BOG peak amplitude with 
logarithm of ethyl n-butyrate vapour 
concentration 
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[Ethyl butyrate (SM) 

Vertical bars indicate range of values measured for 
10 animals (rats). 

Taken from Gesteland and Si&tý-art (1977) 
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Figure 1.8 A corrparison of receptor potentials recorded 
from various sources 

j\MenoreT 

1 
0 s0 100 msec 

c Chemoreceptor 

0S 

b 
Photoreceptor 

0 300 ursec 

d Thermoreceptor 

sec 0S 10 sec 

Eledone : ERG 

1 sec 

Frog : EOG 

5 sec 

a frog muscle spindle 
b blowfly retinula cell 
e antenna of male cockroach 
d infrared receptor 
MG from eye of Eledone 
ECG from the olfactory organ of frog 

Taken from Ottoson (1974) 
Also see fortes (1971) 
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Figure 1.9 ECG responses to menthone vapour in N'a*- 
free Ringer solution 

i1 shows the E0G in normal 
Ringer solution 

i 

32-9 show records taken at 
successive 20 minute 

4 
intervals from excised 
frog epithelium immersed 

5 
in Na+- free solution 

6 

7 

a 

9 

96" r6" 

Taken from Takagi et 11 (1968) 

Figure 1.10 The receptor potentials from frog muscle spindle 

(a) (b) 

The receptor potentials are shown 
(a) with impulse activity superimposed 
(b) after the conducted activity has been blocked by 0. Z'' 

lignococaine. 

Time bar: 50 milli-seconds 

Taken from Ottoson and Shepherd (1965) 
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Figure 1.11 Schematic diagram showing responses to 
stimulation of restricted arras of frog 
olfactory mucosa 

EUton. 

wr. ý cn. 

II"- .\ ii 

Emn. oM. . J. `: " Dart. nos. int. 

I. 
Rat at. 

Apart nos. ext 

Dotted area indicates sensory epithelium. 

Taken from Cttoson (1956) 

Figure 1.12 The EOG and the variations in transepithelial 
impedance during odorant stimulation 

ECG 

variations in 
transepithelial 
impedance 

Sweep 1enrth: 10 seconds 

Taken from Gesteland et al (1965) 
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since a change in membrane permeability is a pre-requisite for 

the flow of a generator current. 

(h) Since a generator potential is the causal event for a chain of 

activity at higher levels, the EOG must be shown to possess a 

direct relationship with such higher activity: 

(i) The ECG is related to the action potentials recorded from 

single cells in the olfactory epithelium (see Tipure 1.13; 

Gesteland et al, 1963). 

(ii) Impulse activity in the olfactory nerve closely follows the 

ECG response (see Figure 1.14; Kimura, 1961; Tucker, 1963b; 

Shibuya, 1964.; also see Droving, 1964); ý simultaneous 

recordings of the ECG, spike activity in the epithelium and 

nerve discharge evoked by various concentrations of a '1 

acetate show that the onset of the EOG precedes these other 

activities (Figure 1.15; Shibuya, 1969). If the EOG is to 

represent a generator potential, which is causative of 

in*pulse activity, then such behaviour is essential. 

(iii) The relationship between the ECG response and the slow 

potential from the olfactory bulb (Ct-toson, 19.59b), or the 

activity from bulbar units (Doving, 1966) is shown in 

Figures 1.16 and 1.17. In the bulb, both excitation and 

inhibition of impulse activity is observed. 

(iv) The ZOG recorded from humans is matched by the psychophysical 

response (P1attiý and Kobal, 1978). 

Despite these arguments, experimental evidence against the 

ECG representing the generator potential has been presented. Shibuya 

(196lß) recorded the impulse activity of a small strand of the tortoise 

olfactory nerve. A . mall piece of adsorbent paper was then placed 

onto the area of the olfactory membrane innervated by the fibres and 
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Figure 1.13 The ECG and single unit activity from 
the frog 

Taken from Gesteland et al (1963) 

r^ipure 1.14 The EOG and impulse activity in the 
olfactory nerve 

(a) The EOG superimposed upon impulse activity in the 
olfactory nerve. 

Taken from Shibuya (1964) 
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(b) The upper traces show the BOG and the 1oi; er traces-the 
summated neural ciiscrar e. The fractional shturation of 
amyl acetate as stiriulus is indicated. 

Taken from Tucker (1963b) 
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Figure 1.15 Simultaneous recording, of EOG, single cell 
spike activity and olfactory nerve discharge 

to i 
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Taken from Shibuya (1969) 

r'i ure 1.16 Conparison of the EOG with the slow bulbar 
potential for responses to butanol 

The ECG is the lower trace. A-C indicates increasing 
concentrations of butanol. 
vertical bars represent 1 millivolt; the horizontal bar is a 
1 second time mark. 

Taken from Cttoson (1959b) 

Figure 1.17 The effects of olfactory stimulation on 
bulbar units and the ACC'CY. 

'ice i 
d 

i IT !ý 
1 .. 51 

Unit A shows excitatory activity whilst the firing of Unit B 
i, inhibited. 

Taken from DOving (19E6) 



following its removal, the ZOG in the treated area was found to 

have disappeared although impulse activity could still be - recorded 

from the strand. This led to the, conclusion that the EOG did not 
r 

represent the generator potential (but see Ottoson, 1963; Cttoson 

and Shepherd, 1967). 

"Some of the most obvious deficiencies of Shibuya's experi- 

ments and conclusions" have been previously discussed by Ottoson 

(1971). It was suggested that the remaining impulses may have 

derived from fibres coming from regions outside the treated area; 

the effect of subjecting the entire sensory epithelium to treatment 

had not been investigated (Ottoson, 1971). Men this effect was 

later examined (Ottoson and Shepherd, 1967), both the EOG and the 

afferent discharge were found to disappear. Claims that the 

disappearance of the EOG responses was due to removal of the mucus 

(Shibuya, 1962. ) have also been refuted and the study re-interpreted 

as providing "an elegant demonstration" that the olfactory cilia 

represent the chemosensitive elements of the receptor cell (Cttoson, 

1971; see Section 1.3(1)); the BOG disappeared because of the 

destruction of the cilia (see Ottoson, 1970). Takagi (1967) has 

further suggested that the epithelial treatment might have succeeded 

in removing water from the mucus, thereby changing the mucus 

resistance and precluding the successful recording of EGG responses. 

Studies by Mozell (1962) have also been cited as evidence 

against the generator hypothesis; they indicated that the EOG response 

was not always matched by the summated afferent discharge. However, 

it has been emphasised that "the differences occurred only under very 

specific conditions that had to be isolated from the many conditions 

under which the two paralleled each other"; that the summated 

discharge mimst be suspect since it depended "not simply on the spike 

33 
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frequency but also on the spike amplitude", and that "the neural 

responses might not have been elicited by the same mucosal regions 

which yielded the ECG" (Mozell, 1962). 

Further doubts about the generator hypothesis have been 

raised by the finding that the bulbar waves did not always conform 

to the positive potential or the off-effects (see Section 1.2(11)) 

produced in the receptor layer with ether or chloroform; in addition, 

the EOG did not always increase with raised odorant concentration 

(Takagi, 1967; for review see Takagi, 1969). However, since the 

potentials evoked with substances such as ether differ greatly from 

one region of the sensory epithelium to another1 (Takagi and 

Shibuya, 196oa, b), Ottoson (1971) arg ed that the presence or absence 

of conformity between the peripheral response and the bulbar waves 

would depend upon the area of the mucosa or the bulb from which the 

recording was made. 

The limitations of the EOG as an investigative tool have 

recently been considered by hair and Gesteland (1980): the ECG, which 

is not simply related to the response properties of any particular 

cell, was noted to be an insensitive measure and therefore not useful 

for measuring the responses near threshold nor for comparing 

l Important evidence has been acquired from EOG studies which 
supports the hypothesis that different regions of the receptor 
epithelium are particularly sensitive to different odours (e. g. 
see Daval and Leveteau, 1969; Daval et al, 1972; Mustaparta, 1971; 
Sauer and Moulton, 197k; Blank and Mozell, 1981; Mackay-Sim et al, 
1982). Two mechanisms ("imposed patterning" which is de endet 
upon nasal patency, nasal air flow and the relative air/ucus 
solubility of an odorant (see Section 1.3(111)); and "inherent 
patterning" which is dependent upon receptor cells of similar 
sensitivities being grouped together) have been proposed to 
account for odour discrimination on the basis of spatial effects. 
These mechanisms are not necessarily mutually exclusive; indeed, 
"if present, they may complement each other, and there is now 
evidence for both" (Kubie et al, 1980). 
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olfactory sensitivities to different substances. However, EOG 

studies do "provide information from which physiological mechanisms 

for receptors can be inferred", although they "have not yet 

provided much information about how one odour is distinguished from 

another". 

1.2(11) Positive EOGs and other potentials 

It has been suggested that the term electro-olfactogram 

(BOG), initially proposed for the negative voltage transient 

(Ottoson, 1956), should be broadened in definition and meaning to 

include any initial positive voltage component1 (Gesteland, 1961; 

but also see Shibuya, 19614; Tucker and Shibuya, 1965; Ottoson and 

Shepherd, 1967; Takagi, 1969; Ottoson, 1971; Gesteland, 1971). 

A variety of slow potentials have been elicited from the 

olfactory epithelium under appropriate conditions (Figure 1.18) 

(see Takagi and Shibuya, 1959; Higashino and Takagi; 1964; Takagi 

et al, 1966,1968; Takagi, 1969). These waveforms may be explained 

by postulating that "a particular stimulus can evoke both excitatory 

and inhibitory processes and that the time constants of each process 

are independent of each other and stimulus-related" (Gesteland, 

1971). 

The frequency of occurrence of the EOG waveforms has been 

examined by Takagi et 21 (1969b); in a survey of 122 different 

odorants, the nagative-on EOG was found to be by far the most co=on 

type produced (obtained to 8 ;% of the odours). Consequently, it was 

concluded that all but this type of EOG response are exceptional and 

unphysiological (Takagi et al, 1969b). 

1 E. n. the slow volta e change evoked by 1-butanol exhibits a small 
positive transient ECG(+)) followed by a larger amplitude 

negative voltage component (VECG(_)j (Getchell and Getchell, 1971,. ). 



(1) A "negative-on"EOG 

(2) A monophasic positive EOG. This "positive on" EOG 
was first studied by Takagi et a1 (1960), although 
Ottoson (1956) had occasionally observed an initial 
positive deflection preceeding the negative EOG 
which he believed to be an entifact caused by 
positively charged water ions. 

(3) A "positive off" EOG. This positive-going transient 
which appears at the cessation of stimulation was 
discovered by Shibuya (1960); other examples may be 
found in Gesteland. et al (1965). 

(1ý) A "negative-off" EOG. This type of response was first 
described by Takagi and Shibuya (1959), working on 
frogs. The example shown here also displays a small 
positive-on wave. 

(5) A "positive-after potential" obtained from rabbit. 
This was first reported by MacLeod (1959). 
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Figure 1.18 Potentials t: -qt can be elicited from the 

olfactory epithelium 

10 seconds 

Negative-on EOG Animal: frog 
Odorant: pyridine 
From Gesteland et al, (1963) 

c2ý } 
-"r-----"-------------- --- 

5 seconds 
From: Gesteland et al, (1965) 

Positive-on EOG Animal: frog 
Odorant: methanol 

(3) - --- ---------------. ---- 

5 seconds Animal: Channa argus 
Odorant: pupa fluid 

Positive-off EOG From: Shibuya, (1960) 

(4) - _..... -----"-----"--- 

2 seconds Animal: frog 
Odorant: diethyl ether 

Negative-off EOG *From: Takagi et al, (1960) 

(5) -.. _ ................................. 

30 seconds 

Positive-after Potential 

Animal.: rabbit 
Odorant: benzene 
From: ?. lacLeod, (1959 ) 

Vertical scale: millivolts, neýhtive upwards; horizontal scale: 
time in seconds as indicated. 
Stimulus inc? icated by thick bar or arrow. 
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1.2(111) Cellular origins of electro-olfactograms in the olfactory epithelium 

The experimentally-induced degeneration of the neuronal cell 

population in the olfactory epithelium (see Section 1.1(iv)) has 

formed the basis of several investigations into the cellular origins 

of slow potentials; following the unilateral sectioning of frog 

olfactory nerves, the observed electrical responses were'compared with 

the histological changes in the degenerating and normal olfactory 

epithelium (Takagi and Yajima, 1961x., 1965; Takagi and Wyse, 1965; 

Takagi It al, 1969b; for review see Takagi, 1971). 

The negative BOG response was found to disappear along with 

the degenerating neurones, whereas the positive EOG not only survived 

but was often more pronounced; the negative parts of complex responses 

disappeared, but the positive parts persisted (Figure 1.19). 

These observations suggested that the negative EOGs originate 

in the olfactory receptor cells and that the positive potentials 

arise from the supporting cells (Takagi, 1967). The basal cells may 

be excluded from consideration because of their deep position in the 

epithelium; the latencyl of the ZOG response is much too short to 

allow for the diffusion of odorants to them. 

1.2(iv) Ionic mechanisms 

The ionic basis of ECG generation has been investigated by 

exaaining the effects of varioixsly-composed Ringer solutions on the 

potentials obtained from excised frog olfactory epithelium (Takagi 

et al, 1966,1968,1969a, b). It was found that the negative ECG 

depended mainly upon the influx of sodium ions, accompanied by an 

increased membrane permeability to potassium icns, whilst positive 

potentials (which were compared with the inhibitory potentials of 

other receptors) were principally determined by the movement of 

1 About 200 milliseconds (Cttoson, 1956). 



38 

Figure 1.19 
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Changes in amplitude of the GOG's. In each pair of records. the slow 
potential at the top was obtained as a control in the olfactory epithelium of the 
normal (left) side and the potential at the bottom was recorded in the sectioned 
(right) side of the same bullfrog. The tcspon s were obtained 5 days after the 
nerve section in a, 6 days after in b, 7 days after in c, and 8 days after in it. Here 
the FOG completely disappeared. In e, j, and e, which were obtained 9.10, and 
12 days after respectively. no response could be found in the sectioned side (at 
the bottom). 

Taken from Takagi and Yajima (1965) 
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Taken from Ckanro and Takagi (1971i ) 
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chloride ions, again with a contribution from potassium ions. The 

ionic basis of the positive EOG response was observed to be 

identical in normal and degenerating epithelium. 

Electron microscopy has been used to examine the effects 

of odour stimulation at a cellular level; when chloroform vapour, 

a typical positive ECG-generating odorant, was applied to degenerat- 

ing and degenerated olfactory epithelia, granules were-secreted 

from the supporting cells (see Section 1.1(ii)d) much more 

vigorously than when amyl acetate or other negative EOG-eliciting 

compounds were similarly applied (Takagi, 1969,1971; Olcano and 

Takagi, 197k). Consequently, it was thought "very probable" (Takagi, 

1971) that at least most of the positive EOGs (i. e. the positive 

after potential discernible only after the negative ECG has been 

switched off) are generated by this secretory activity1 of the 

supporting cells. 

In sunmazy then, complex EOG waveforms may be thought to 

reflect a combination of the negative generator potential, a hyper- 

polarising positive potential and a slow positive secretory potential. 

1.2(v) Generator currents in the olfactory epithelium 

The mechanism by which nerve impulses are generated in the 

olfactory cells is thought to be similar to other neurones (Dodd and 

Squirrell, 1980). In short, odorous stimulation effects the opening 

of ion-gates in the sensory region of the neuronal membrane2. 

Sodium ions, which are the ionic species furthest from equilibrium 

across the cell membrane, flow down an electrochemical gradient into 

the neurones. This influx of positive charge is reflected in the 

The sustentacular cells retain their secretory function even after 
degeneration of the olfactory cells. 

2 
This accounts for the changes in impedance which have been 
monitored (Gesteland et al, 1965). 
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detection of a negative-going potential change by a recording 

electrode positioned in the mucus (Dodd and Squirrell, 1980; also 

see Gesteland, 1971). 

The generator current (i. e. the flow of sodium ions), which 

passes down the neurones discharging the membrane potential, flows 

out of the cell in the region of the axon hillock; at this point, 

the cell membrane begins to respond to the depolarisation by 

generating an action potential which travels down the axon. In its 

wake, the resting potential of the membrane is restored by the 

efflux of potassium ions, such that a further flow of generator 

current is required before another impulse can be initiated. Thus, 

the magnitude of the generator current can control the frequency of 

neuronal discharge. The current flow from the axon hillock back to 

the mucus layer, which completes the circuit, must be via the 

supporting cells, since tight-junctional complexes (see Section 

1.1(ii)i) seal off the mucus layer from extra-cellular spaces within 

the epithelium (Dodd and Squirrell, 1980). The current flow through 

the epithelium is shown in Figure 1.20. 

The EOG exhibits a dependency upon the transepithelial 

resistance1 which in turn is largely determined by that of the 

supporting cell membrane; this membrane has a higher resistance than 

that of the external milieu. Thus, the physical status of the 

supporting cell membrane will influence the magtzitude of the EOG. 

The responses obtained to anaesthetic agents should be considered in 

the light of this dependence, since these reagents have been shown to 

cause changes in the physical properties of membranes (Seeman, 1972). 

This knowledge of current flow in the olfactory epithelium 

has been partly obtained from studies which have measured the 

1 VECG = =generator 
current x Rtransepithelial 

resistance' 
see Thuxsn (1972). 
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Figure 1.20 Diagram showing, the flow of generator current 
through the olfactory epithelium 
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Taken from Dodd and Squirrell (1980); 
based on Gesteland (1971) 
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variation in EOG peak amplitude, or rate of change of the EOG 

voltage, with depth in the epithelium (Figure 1.21; see Byzov and 

Flerova, 1964. ). The depth at which impulses are initiated in the 

newt epithelium has been detexnined by Shibuya and Tonosaki (1972); 

a maximum spike height was obtained at the depth of the neuronal 

cell bodies (l50µ below the surface). This finding is consistent 

with previous studies on the frog epithelium (Ottoson, 1956) which 

indicated that the ECG response began to disappear at about this 

depth. 

1.2(vi) Intensity coding 

Neural coding for the intensity of an olfactory stimulus 

follows the general pattern found in other sensory modalities: the 

frequency of impulse generation in the olfactory neurones increases 

with odorant concentration (Dodd and Squirrell, 1980). The 

concentration ranges covered by individual neurones vary from 0.5 to 

2.0 logarithmic steps (Mathews, 1972) whereas the sensitivity range 

of the epithelium as a whole, as monitored by the ECG response, has 

been found to cover 4.0 to 5.0 logarithmic steps (see Poynder, 1974a, b). 

This is because the neurones vary in sensitivity and, as the stimulus 

concentration is increased, units with lower sensitivities are 

recruited to contribute to the overall response. 

The extreme sensitivity of the olfactory system1 is made 

possible by a high degree of neural convergence2; the convergence 

ratio of olfactory neurones to secondary cells in the olfactory 

bulb has been reported to be about 10,000 :1 in rabbits (Allison 

E. g. the odour threshold in water of 2-isobutyl-3-methopyrazine 
is 0.002 parts/109 (see Teranishi et al, 19710. 

2 The olfactory system employs principles of information processing 
similar to those used in man-made pattern-recognition systems (see Uttal, 1973; Holden, 1976; Sampson, 1976; also see Fersaud 
and Dodd, 1982). 
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Figure 1.21 Variation in EOG peak height with depth in the 
epithelium 
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and Warwick, 19.9), bats (Bhatanger and Kallen, 1975) and turbots 

(Gerne and Doving, 1969). The significance of this convergence, 

which has been recognised for some time (Deutsch, 1967), has 

recently been discussed elsewhere (Holley and Diving, 1977; 

van Drongelen, 1978; van Drongelen et al, 1978; Kauer, 1950): a small 

increase in the firing rate of the peripheral neurones, which is 

undetectable at the single cell level, becomes a significant event at 

the bulbar level where all the responses are integrated. Such a 

mechanism functions optimally if the sensory neurones possess a low 

level of resting activity (van Drongelen et al, 1978); this has been 

found in single unit studies. Findings on the average rate of sponta- 

neous discharge of frog olfactory neurones have included values of 

3.5 1 2.5 per minute (O'Connell and bozell, 1969), 6 per minute 

(Laval et al, 1972) and 3-7 per minute1 (Altner, 1974; also see 

"Silent units", which only fire in response to Holley et al, 1974). 

stimulation, have been widely reported, as have a smaller number of 

units with a higher spontaneous activity (e. g. 134 ± 25 spikes per 

minute; O'Connell and 1.11ozell, 1969"; these latter units may respond 

by having their activity suppressed. 

Employing convergence to obtain sensitivity demands a large 

number of receptors. However, the individual receptors are not 

required to possess high sensitivity (Dodd and Squirrell, 1980). 

A stimulated cell will possess a firin rate of up to 1,200 
spikes per minute (Revial et al, 1978a). 
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1.3 Theories of transduction and coding in the primary olfactory neurones 

There are two outstanding biochemical problems involved in the 

olfactory process: the transduction mechanism, whereby the interaction 

of an odorant with the primary olfactory neurones initiates a receptor 

potential, and the quality coding mechanism which operates at the 

level of the primary neurones (Menevse at al, 1977b, 1978). To date, 

a variety of mechanisms have been proposed for these key steps, but 

most of them have received only limited experimental support (e. g. see 

Beidler, 1971; Poynder, 1974. c). 

It is now accepted that the initial event in odour perception 

is the recognition of odorant molecules by receptors present in the 

olfactory mucosa (Pelosi et al, 1982). In general, much is known about 

receptor mechanisms (e. g. see Cuatrecasas and Lollenberg, 1976; 

Houslay and Stanley, 1982)and about the structure of membranes 

(Chapman, 1968; Chapman and Wallach, 1973): the great variety of 

receptor systems appear to be dependent upon universal molecular 

mechanisms operating through a limited number of biopolymer types 

(Dodd and Persaud, 1981). Consequently, it seems likely that the 

olfactory system may not possess unique biochemical mechanisms. 

Indeed, by analogy with other receptor systems (Dodd, 197lß; Greaves, 

1976), transduction and coding"are likely to be intrinsic properties 

of a macromolecular receptor complex" (Dodd and Persaud, 1981). Such 

speculations have led to the proposal of the allosteric membrane 

enzyme (AME) hypothesis for olfaction (Dodd et al, 1977; Dodd, 1978; 

also see Mooser, 1981); this is an example of a general hypothesis for 

the arrangement and function of receptor systems. The model takes into 

account the biochemical features of the olfactory system that have been 

previously implicated in alternative mechanisms, and conveniently 

considers all the postulated modes of action (Dodd and Persaud, 1981).. 
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These general biochemical features, which may be discernible in 

olfactory cilia are diagraasnatically represented in Figure 1.22. 

1.3(1) The site of transduction 

A common event in all chemoreceptor phenomena is the 

interaction of stimulus molecules (ligands) with receptors. The 

idea that olfactory cilia represent the loci of olfactory receptor 

sites has been postulated for many years (e. g. see Hopkins, 1926; 

Ottoson, 1956,1970,1971) but has proved somewhat controversial 

(see Cagan and Rhein, 1980; Rhein and Cagan, 1980,1981): arguments 

against an essential role for cilia in olfaction have been presented 

(e. g. see Tucker, 1967; Moulton, 1976). Although most sense organs 

contain cilia or modified cilia1 (Rhein and Cagan, 1981), exceptions 

include the taste receptors of vertebrates, the eyes of many 

invertebrates and the vomeronasal organ, all of which contain 

microvilli (Cagan and Rhein, 1980; see Section 1.1(ii)j). 

An early investigation into possible ciliary involvement was 

inconclusive (Shibuya, 1964.; but see Cttoson, 1970,1971) but sub- 

sequent studies have found that cilia are essential for odorant 

recognition (Shibuya and Tacker, 1967; Shibuya, 1969; Bronstein and 

Minor, 1977): the ECGS recorded to chemical stimuli were noted to 

decline following the removal of frog olfactory cilia with detergent, 

and to re-appear upon cilia regeneration2. More recently, direct 

biochemical evidence has been provided for the ciliarj-binding of 

odorant molecules, supporting the hypothesis that odorant recognition 

sites are integral parts of the cilia (Rhein and Cagan, 1980, Cagan and 

1 E. g. modified cilia are the sensory organelles in retinal rod cells (Iiagins, 1979), the inner ear (De Reuck and Knight, 1968) and 
protozoa (Browning et al, 1976). 

2 
The complete recovery of the ECG did not coincide with the complete 
regeneration of the cilia (Bronstein and Minor, 1977; also see 
DeSirrone, 1981). 



Figure 1.22 Some general biochemical mechanisms 
suggested in olfactory cilia 

This figure represents several general receptor mechanisms 

which have been suggested previously for the membrane interaction 

and recognition of various ligand molecules and which may be 

discernible in olfactory cilia. Small ligands such as typical 

odorants can interact with the lipid regions of cell membranes 

producing a variety of effects which could bring about the production 

of a receptor potential through conformational changes in ion gating 

proteins (see Section 1.3(ii)a). Further, the breakdown of phos- 

phatidylinositol, which is provoked by muscarinic cholinergic 

stimulation, is involved in bringing about increased cell-surface 

permeability of Ca2+ which may function as a second messenger (see 

Section 1.3(i)). Finally, the (specific) interaction of ligands 

with membrane proteins may lead to activity changes of membrane bound 

enzymes (e. g. Na+-K+-6TPase, adenylate cyclase) suggesting an 

involvement in the transduction process (see Section 1.3(ii)c). 
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Figure 1.22 
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Rhein, 1980). 

Various anatomical studies (see Reese, 1965, Menco et al, 

1978) have indirectly provided further backing for the involvement 

of cilia; ciliary intrusion into the mucus places these elements 

closest to the external environment (Dodd and Squirrell, 1980; also 

see Ottoson, 1970) and so it is reasonable to infer that the ciliary 

membrane represents the locus of odorant receptor sites. 

Electrophysiologieal studies on the frog have shown that the 

amplitude of the FOG response attains a maximum value when the 

recording microelectrode is positioned such that its tip contacts the 

surface of the maicus where cilia are also present (Ottoson, 1956). 

These cilia (which are morphologically distinct from rhythmically- 

beating cilia, thereby indicating possible specialisation) possess 

numerous granules on the membrane surface which have been suggested as 

possible receptor sites (Menco et al, 1976; Menco 1977a, b, 1978,1980b; 

Kerjaschki and Horandner, 1976). 

It has been concluded, from a theoretical standpoint, that 

olfactory cilia are capable of initiating and conducting effective 

electrical potentials to the dendrites provided that they are assumed 

to possess special properties, like those of olfactory nerve fibres1 

(Ottoson and Shepherd, 1967). In addition, Atema (1973) has proposed 

a role for cilia microtubules in transducing odorant infosnation (see 

Rhein and Cagan, 1981). 

Although no data are yet available concerning the actual 

composition of ciliary membranea. from air-breathing vertebrates (see 

Hornung and Mozell, 1981; Goldstein and Cagan, 1981), their overall 

structure may be imagined as an arrangement of proteins and phosgho- 

1 
Certain objections to the notion that cilia initiate olfaction 
have also been discussed by Ottoson and Shepherd (1967). 
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lipids that is generally disposed towards the fluid-mosaic model of 

membranes (see Dodd and Persaud, 1981). It will be interesting to 

discover the amount of phosphatidylinositol in the sensory membrane, 

since this will determine the possibility of a transduction mechanism 

based on the breakdown of this phospholipid (Michell et al, 1976). 

Evidence against the supporting cells functioning as the 

olfactory receptor sites has been provided by the observation that 

they do not respond to odorants (as opposed to anaesthetic compounds) 

when isolated in the degenerating epithelium (see Ottoson, 1956; 

Byzov and Flerova, 1961; Tucker and Shibuya, 1965; Takagi and Yajima, 

1965). However, they may play a role in the electrical mechanism of 

signal fornation (see Tucker and Shibuya, 1965). 

1.3(ii) Theories of transductionl 

1.3(ii)a Penetration and puncturing! role of phospholipids 

The first proposal for an olfactory transduction mechanism 

possessing a realistic theoretical basis and supported by experimen- 

tation involved membrane lipids' (Dodd and Persaud, 1981); the so-called 

"Penetration and Puncturing" theory2 postulated that the diffusion of 

an odorant molecule through the membrane left behind it a hole which 

healed comparatively slowly thereby permitting the passage of ions 

such that membrane depolarization occurred (Fid re 1.23). The 

progressive breakdown of the cell wall was regarded as constituting 

the nerve impulse. This hypothesis3, however, was formulated prior 

1' Molecular mechanisms of transduction in chemoreception have, been 
reviewed by Kurihara et al. (l98ý. 

2 For discussions, see Davies(1953,1962,1969,1970,1971); also 
see Dodd and Persaud (1981). 

3 Davies (1970,1971) has described the "Penetration and Puncturing" 
theory as the modern counterpart of atoms "tearing their way into 
our senses and rending our bodies by their inroads" (Lucretius, 
47 B. C. ). 
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Figure 1.23 Diagrannatic representation of the 
"Penetration and. Puncturing" theory 
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to the emergence of a detailed understanding of membranes, and so, 

despite beiäg consistent with studies on the squid giant anon 

(Hodgkin and Katz, 191+9) and on the anion permeability of the 

olfactory receptor membrane (Takagi et al, 1966), must be 

re-evaluated in the light of current knowledge. 

It is now accepted that small ligands such as typical odorants 

do not puncture membranes to create transient holes. However, they 

can interact with the lipid regions of cell membranes to produce a 

variety of effects, such as phase transitions or altered packing of 

lipid molecules, which in turn may lead to membrane labilisation or 

stabilisation depending upon the odorant concentration and altera- 

tion of lipid protein interactions (see Figure 1.21, Dodd and Persaud, 

1981; also see Seeman and 'Weinstein, 1966, Dodd et el, 1970; Dodd and 

Squirrell, 1980; Kurihara et al, 1981). These actions could bring 

about the production of a receptor potential through conformational 

changes in ion-gating proteins. It has been shown that changes in 

the electrical conductance of highly purified phosphatidylcholine 

bilayers can be induced by odorants over the same concentration range 

as that to which the olfactory system responds (Cherry et al, 1970). 

Odorants can also increase the surface pressure of phospholipid 

monolayers in correlation with their thresholds (Koyama and Kurihara, 

1972; also see Kurihara et al, 1981). 

1.3(ii)b Vibration and olfactory -pigment 

The idea that the yellowy, olfactory pigment1 might be able to 

absorb the "vibrations of odour", thereby affecting the contiguous, 

cells in which the olfactory nerves end, 'was first speculated by Ogle 

(1870). More recent suggestions that the "triggering" of the nervous 

1 For a general review of the olfactory pigment, see Moulton (1971). 
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Figure 1.24 Ervthrocvte membrane stabilisation by an 
odorant 
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impulse arises from molecular vibrations (Wright, 1951,1964,1966; 

Demerdache and Y7right, 1967; reviewed in Wright and Burgess, 1970; 

also see Miles and Beck, 1949; Randebrock, 1966) have led to the 

postulate that "a particular vibration frequency in the molecule 

enables it to 'fire' one kind of receptor but not another, and the 

receptors use a frequency coding of a very different sort to distinguish 

their signals from those of receptors of other types" (: "right et al, 1967). 

Although each odour appeared to be associated with a distinctive major 

frequency component, various common components were noted in the 

responses to odours in the same stereochemical category. This finding, 

whilst seeming to provide neurophysiological evidence for the so-called 

stereochemical theory of olfaction (e. g. see JAznoore, 1952,1962a, b, 

1963,1964; also see Section 1.3(ii)c) (see Hughes and Hendrix, 1967) 

was cited as supporting the molecular vibration theory of olfaction 

(Wright et al, 1967; also see Wright, 1968,1974). However, subsequent 

studies (see Davies, 1971) including observations on some enantiomeric 

pairs of chemicals1 have called into question the hypothesis relating 

odorous quality to patterns of low-frequency intra-molecular vibrations 

(for discussion, see Wright, 1978a; also see Wright, 1977,1978b; 

? 'right and Burgess, 1975; hTayward, 1977). 

The discovery of carotenes in the olfactory regions of dogs and 

cows prompted Brigs and Duncan (1961,1962) to suggest that such 

compounds play a dominant role in the primary events of olfactory 

transduction (also see Rosenburg et ai, 1968). However, their apparent 

absence in rabbits, sheep, rats and pigs led to this proposal being 

questioned (see Moulton, 1962; Takagi and Yajima, 1965; Moulton and 

Beidler, 1967). 

Some enantiomeric pairs possess recoiisably different odours when 
perceived by some (but by no means all) human subjects (see Friedman 
and : Miller, 1971; Leitereg et s1,1971a, b; Russell and Hills, 1971; 
Chloff) 1972; Lensky and Blum, 1974; also see Section 1.4(i)). 
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1.3(ii)c Enzymes and specific sites 

The direct involvement of enzymes in olfactory perception 

(thereby implying specific "sites" for particular odours) has been 

contemplated for some time (see Davies, 1971). Kistiakowski (1950) 

claimed that odorant action was based upon the inhibition of one or 

more enzymes (related to a number of basic ("primary") odours) 

involved in the sensory nerves. Subsequently, it was shown that 

enzymes were localised in the nasal mucosa of the rabbit, with 

different enzymes occurring in different areas (Baradi and Bourne, 

1951). 

Biochemical studies suggesting Na+-K -ATPase as a candidate 

enzyme system (Duncan, 196li; Koch 1969; Dodd, 1970) and indicating a 

possible enzyme-odorant interaction have been previously reported 

(Koch, 1971/1972,1973; Koch and Desaiah, 1974; Koch and Gilliland, 

1977; Rossi and Koch, 1981; also see Dreesen and Koch, 1982). This 

enzyme-perturbation hypothesis states that the stimulation and/or 
l inhibition of the Na+-K; -dependent ATPase activity from nerve ending 

particles of olfactory bipolar sensing cells is in some way responsible 

for, or associated with, changes in the electrophysiological response 

(Koch and Gilliland, 1977; Rossi and Koch, 1981). 

Studies utilising the EOG response of the sensory tissue have 

provided evidence for the specific involvement of c. 1b1P in the 

olfactory transduction mechanism2 (Figure 1.25; Menevse, 1977; - 

1 Antibodies to anisole binding protein (Price, 1978; also see Goldberg 
at al 1979) have recently been reported to prevent the odorant stimulation of Na+ K± ATPase activity from cow olfactory tissue 
(Koch at al, 1981). 

2 Cyclic nucleotides fulfil a transduction role in several types of 
cells, including neurones (Braun and Birnbaumer, 1975; Greengard, 
1976). For a discussion of their involvement in processes of photo- 
reception, see Pober and Bitensky (1979) (also see chapter 8). 
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Figure 1.25 Peak amplitudes of OGs to pentyl acetate 
from various preparations of olfactory 
epithelium after 2.5 min. exposure 
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Menevse et al, 1977a; also see Kurihara and Koyama, 1972; Minor and 

Sakina, 1973; Menevse et al, 1974; Dodd and Persaud, 1981). The 

observed effects were quite complex; the potent phosphodiesterase 

inhibitor, SQ 20,0091 was found to exert opposite effects on the 

epithelium obtained from frog and sheep. The sheep tissue did not 

respond to the inhibitor or to dibutyryl cAMP (Figure 1.25), but did 

respond to an increased level of cQI1P with a transient increase in 

the amplitude of the BOG obtained (Squirrell, 1978). 

Although not directly implicated in the transduction process, 

it is worthy of note that several other enzyme activities have 

recently been detected in olfactory epithelia (see Section 7.1(111)). 

Studies on the metabolism of androst-16-enes in porcine nasal 

epithelium have shown that the boar pheromone 5(x-androst-16-en-3-one 

(see Section 6.1(111)) is reduced by a cytoplasmic 3Ck-hydroaysteroid 

dehydrogenase2 to 5U-androst-16-en-3ck-o1 (an-a) and by a 3/3- 

hydroxysteroid dehydrogenase2 to 5a-androst-16-en-3/3-o1 (an ß); 

androsta-1,16-dien-3-one is converted in low yield to 5ü+-androst-l6- 

en-3-one by a 4-en-5c- reductase (Gennings et 1.1974). Moreover, 

the 3a-and 30- reduction of 5a-androstenone was found to occur to 

different extents in different nasal tissues; the predominant product 

in septum and respiratory tissues appeared to be an-a, whereas in 

right and left ethmoturbinate tissue, the ratio of an-CY to an-ß 

was more variable (Cower et al, 1981). 

A variety of species have recently been reported to contain 

high concentrations of cytochrome P-450-dependent 

1 1-ethY1-1+- isoProPYlideneýrazine 1H - ( )- Pyrazole-(3,4-b)- 
pyridine-5-carbozylic acid, ethyl ester. 

2 The subcellular location, biochemical characteristics and 
possible sigiificance of 3-hydroxysteroid dehydrogenases in 
porcine nasal tissue have been previously discussed by Gower 
et al (1981). 
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monooxygenases1 in the nasal cavity which may be important in 

chemical-induced tumorigenesis (Hadley and Dahl, 1982; Dahl et al, 

1982); in the dog and rat, the nasal carcinogen hexamethylphosphor- 

amide was shown to be metabolised (N-demethylated) by nasal 

microsomal enzymes to another known nasal carcinogen, formaldehyde 

(Dahl at al, 1982; Dahl and Wadley, 1983). 11irther investigations 

"have indicated that, with some exceptions, the best substrates for 

metabolism to formaldehyde2 by nasal microsomes tend to be those 

containing N-methyl groups and which have some water solubility" 

(Dahl and Hadley, 1983; also see Section 6.5). It has been suggested 

that released formaldehyde may influence the irritancy of inhaled 

compounds and contribute to the tumorigenicity of some substances 

(Dahl and Hadley, 1983). 

The steric theory of odour, which was reformulated in modern 

terms by Moncrieff3 (1949,1951,1954), postulates that air-borne 

molecules are "smelled when they fit into certain complementary 

receptor sites on the olfactory nervous system" (Amoore, 1964. ); " 

if a chemical is volatile, and its molecules have the appropriate 

configuration to fit closely into the receptor site, then a nervous 

impulse will be initiated, possibly through a mechanism involving 

disorientation and hence depolarization of the receptor cell membrane" 

(: 4moore, 1963). The identification of several specific anosmias and 

1 
These xenobiotic metabolising enzymes facilitate the removal of 
lipid-soluble compounds by converting them to water-soluble 
metabolites that may be excreted. However, metabolites of some 
compounds are highly toxic (e. g. benzo [a] -pyrene and the solvent 
hexemethylphosphoramide) (Dahl et al, 1982). 

2 Formaldehyde, a product of hexamethylphosphoramide metabolism, 
is also a frequent product of other cytochrome P-450-dependent 
monooxygenase catalysed oxidations. 

3 
The idea goes back to Lucretius (47 B. C. ) 



58 

primary odours (see Amoore, 1952,1962a, b, 1963,1961,1967,1969, 

1970a, b, 1971; Amoore et al, 1964., 1967,1969), together with 

various structure-activity studiesl (see section 1.4(1)) have 

provided support for this hypothesis. Early work related seven 

"primary odours" (whose identification was based on frequency of 

occurrence) to the external shape of the odorant molecule; in 

addition precise site profiles and dimensions were proposed corres- 

ponding to the primaries (e. g. see Amoore, 1952,1962a, b, 1964. ).. 

However, a number of objections to this stereochemical theory were 

raised (for review, see Davies, 1971), and Amoore (1965; also see 

Amoore et al, 1967) eventually adopted a somewhat less rigorous 

approach. 

More recently, the phenomenon of specific anosmia or "odour 

blindness" (c. f. colour blindness) has been used to identify primary 

odours (e. g. see Amoore, 1967); it is assumed that "the olfactory 

epithelium of an affected person lacks the specific receptor protein 

for detecting one whole family of odorants that belong to one of the 

primary odours"2 (Amoore, 1974; also see Amoore, 1977). The first 

primary odour to be elucidated in detail was the sweaty odour 

developed by isovalerie acid and its congeners (see Amoore, 1967); 

subsequently, primaries have been identified for the camphoraceous 

(1,8-eineole), fishy (trimethylamine), malty (isobutyraldehyde), 

minty (1-carvone), musky (W-pentadecalactone), spermous (1 pyrroline) 

and urinous (5(k-androst-16-en-3-one) classes of odorants (see Amoore, 

1969; Amoore'and rbrrester, 1976; Amoore et al, 1975,1976,1977; 

Felosi and Viti; 1978; Pelosi and Pisanelli, 1981; also see 

Hendriks and Punter, 1980). 

1 For comprehensive accounts of structure-activity relationships in 
chemoreception, see Benz (1976); Beets(1978). 

2 Specific anosmia has also been reported to occur in mice (see 
Price, 1977; ': Iysocki et al, 1977; Wysocki, 1984). 
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I. 3(iii) Quality coding 

The initial step in olfaction is generally thought to 

involve the adsorption of stimulus molecules onto receptor sites 

through a reversible binding interaction (Beets, 1971; Ottoson, 1971). 

However, in higher animals at least, odorant molecules do not have 

immediate access to such sites, but must first be drawn past the 

sorptive surfaces presented by a multichanne]3ed flow path in the 

nasal cavity and then pass over the sorptive surfaces of anticedent 

mucosal regions before diffusing through the mucus to gain final 

access to the receptors themselves (Hornung and Mozell, 1981; also 

see DeSimone, 19810. These access barriers have been previously 

implicated in the initial stages of odorant discrimination 

(Moncrieff, 1967; Hornung and Mozell, 1981). 

Two possible mechanisms which may underlie olfactory 

discrimination at the level of the olfactory mucosa have been 

proposed: the receptors may be sglectively sensitive to different 

odorants, and/or the molecules of different odorants may spread 

differentially across the mucosa both in time and spaceI (. 1drian, 

1950,1953,1954). It was reasoned2 (Adrian, 1950) that the observed 

spatiotemporal encoding of odorants in the olfactory bulb (Adrian, 

1950; Mozell and Pfaffmann,, 1954; Mozell, 1958; also see Moulton, 

1965,1967; Freeman, 1978) reflected analogous space-time activity 

patterns occurring at the mucosal level3 (also see Constanzo and 

Mozell, 1976; Moulton, 1976; Constanzo and O'Connell, 1978). 

1 It should be emphasised that these two mechanisms need not be 
nmutually exclusive, but could very well act in concert (Adrian, 1953). 

2 The olfactory mucosa is topographically represented in the bulb 
(I, e Gros Clark, 1957). 

3 For discussions of some spatial characteristics of central informa- 
tion processing in the vertebrate olfactory ; athRway, see Holley and 
Doving (1977); Kauer (1980); also see Kauer et al (19810; 
Meredith (19810. 



60 

Support for a differential adsorption of odorants across 

the nasal epithelium (though not specifically across the olfactory 

epithelium) was first obtained with an in vitro sheep preparation 

(Moncrieff, 1955). Additional backing was provided by a brief 

theoretical discussion which pointed out that the molecules of 

some odorants may be bound less tightly to the olfactory receptors 

than those of other odorants, and so would travel faster and further 

across the mucosa (see Mozell and Jagodowicz, 1971). However, in 

order to maintain that differential sorption possesses any signi- 

ficance for olfactory discrimination, it was necessary to demonstrate 

at the mucosal level not only that molecules of different chemicals 

differentially migrate across it, but also that this difference is 

reflected in the neural discharges transmitted to the central 

nervous system: the findings of biozell (1964a, b, 1966,1967,. 1969, 

1970; for review see Mozell, 1971; but also see' Hornung and Yozell, 

1981) "may have provided" such demonstrations (Mozell and Jagodowicz, 

1971). Moreover it was suggested that a "chromatographic-like" 

process might underly the separation of odorant molecules across the 

mucosal sheet (Mozell, 1970). A major objection though to this 

chromatographic model of olfactory discrimination asserted that the 

mucosas of most animals are "too short to allow adequate resolution 

in the separation of different odorants" (Mozell and Jagodowicz, 1974). 

Consequently, in an attempt to measure more directly how chemicals 

migrate across the olfactory mucosa, Mozell and Jagodowicz (1973) 

l 
Although considerable evidence supports the existence of spatial 
patterns (e. g. see Daval and Leveteau, 1969; Mustaparta, 1971; 
Daval et al, 1972; Kauer and Moulton, 197lß; Koch and Desaiah, 
1974; Voulton, 1976; Koch and Gi17i r 1977; Thomnesen and Doving, 
1977; Squirrell, 1978; Kubie et al, 1980), "few behavioural 
studies either support or refute these patterns as a mechanism for 
discrimination" (Hornung and Mozell, 1981; but see Dodd and 
Persaud, 1981). 
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substituted the in vivo frog olfactory sac for the usual column 

of a gas chromatograph; their results (see Figure 1.26) indicated 

that in spite of the small size of the frog's olfactory mucosa, 

molecules of different chemicals do indeed migrate across it at 

very different rates (also see Mozell and Jagodowicz, 197lß). 

Conclusive evidence for the existence of molecular distribution 

patterns was obtained with the bullfrog; by using tritium-labelled 

odorants (butanol, octane and butyl acetate), it was shown that a 

given compound establishes a particular distribution pattern along 

the intact olfactory sac, and that within a wide range of stimulus 

parameters (flow rates, concentrations, times) the distribution 

remains fairly constant (Hornung et al, 1975). 

The distribution cf molecules of different odorants along 

the olfactory receptor'shoet'appears to depend upon their partition- 

ing between the air and mucosal phases; the more this partition favours 

the mucosa, the slower the molecules will travel (11Iornung and h: ozell, 

1981). This mucosa/air partitioning has been previously measured 

using tritium-labelled odorants (Horning et al, 1979,1980); for 

butanol, a water/air partition coefficient determined by the isotope 

technique was in good agreement with that determined by a more tradi- 

tional gas flow technique (Amoore and Buttery, 1978). Calculations 

from diffusion coefficients and experimental measurements (Bostock, 

197l. ) suggest that odorants will rapidly reach the surface of the 

epitheliuml (see Section I. 1(ii)c). 

Research in olfactory electrophysiology has striven"to 

discern some set of "discriminable electrophysiological responses" 

1 For discussions of the accessibility of odorant molecules to 
olfactory receptors, see laffort et al (1574); Getchell and 
Cet chell (1977); Hornung, and L ozell (1981) 

. 
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Figure 1.26 Migration ofodorar±ts across the 
olfactory inucosa of the bullfrog 
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for any set of "discrimfrable odorants" (Blank, 1971+; also see 

Gesteland, 1971). However, the failure to discover such a simplistic 

mechanism has frustrated attempts to resolve a key issue in 

olfaction: the selective tuning of receptors to some physicochemical 

parameter of molecules (Blank, 19710. Several studies have illus- 

trated the complexity of the neural code (e. g. see Gesteland et al, 

1963; Shibuya and Shibuya, 1963; Mathews and Tucker, 1966; 

Mathews, 1972), leading Gesteland et al (1965) to suggest that the 

stius-receptor response relationship was one of "utter chaos"1 

(but see Lettvin and Gesteland, 1965). 'However, subsequent studies 

on the frog olfactory epithelium (O'Connell and Mozell, 1969) 

indicated that this relationship was not randon (chaotic) even though 

different units did respond to the same odorants in more than one 'way. 

Additional eemminations (O'Connell and Mozell, 1969; TIMathews, 1972) 

have led to the suggestion that single receptors may possess more 

than cne type of site for a particular odorant (Mathews, 1972; also 

se. e Gesteland, 1976). This concept of receptor site specificity 

(see Blank, 1971. ) has received experimental support from several 

independent lines of investigation, most notably from chemical 

modification studies (e. g. see Getchell, 1971; Getchell and Gesteland, 

1972; Menevse, 1977; Squirrell, 1978; Persaud, 1980; also see 

Sections 3.1(u) and 5.1(i)) and from data on specific anosmics 

(e. g. see . Amoore, 1969; also see Section 1.3(ii)c). 

The recording of single unit activities to a battery of test 

odorants has provided an insight into odour discrimination by frog 

1 
Studies on single turkey vulture receptors, vwhich found that units 
differ from one another in their sensitivity to odorants, 
prompted the tentative suä, estion that some units might signal 
intensity and some quality, whilst others might not contribute 
to sensation at all (Shibuya and Tucker, 1967). 
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olfactory receptors (see Fig re 1.27; Duchamp et al, 1974; Revial 

et al, 1978a, b, 1982; also see Duchamp, 1982). These receptor cells 

were found to combine multiple sensitivities and consequently not to 

fall under simple categories; the degree of receptor specificity 

varied widely, with receptors responding to between 0°a and 7 of 

the test odorants (Holley, 1974; also see Duchamp et al, 1974). In 

addition, an enhancement of specificity (by 29 - 10) was shown to 

occur at lower odorant concentrations (Mathews, 1972). 

Receptor (or "acceptor") sites are believed to be membrane 

proteins which exhibit low affinity and low specificity binding1 

(Holley, 1974). Evidence for their proteinaceous nature has been 

Provided by various chemical modification studies2 (e. g. see Getchell, 

1971; Getchell and Gesteland, 1972; Menevse, 1977; b'enevse et al, 

1977b, 1978; Squirrell, 1978; Persaud, 1980; Shirley et al, 1980, 

1981,1983a; also see Sections 3.1(ii) and 5.1(i)). 

In summary, the vertebrate olfactory system appears to have 

evolved in such a way that the needs for discrimination and 

sensitivity are reconciled in order to achieve a high degree of both 

features (Dodd and Squirrell, 1980). 

1 Low specificity binding may account for the ability of the 
olfactory system to interact with virtually every volatile 
compound; it may also help in the removal of odorants (Dodd and 
Squirrell, 1980). Information processing (see Section 1.2(vi)) 
may compensate for the low sensitivity wich is implied by low 
specificity. 

2 The phenomenon of specific anosmia (see Section 1.3(ii)c) has 
also been cited as evidence for olfactory receptor proteins 
(Price, 1981). 
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Pigure 1.27 Diagrammatic representation of unit 
responses to a battery of odorants 
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1.14. Biochemical aspects of odorants 

I. 4(1) Odorants as Uganda 

The ligands of many receptor systems possess easily 

discernible molecular features (see Greaves, 1976). However, there 

is no recognisable structural requirement for a molecule to function 

as an odorant, save that it be sufficiently volatile to reach the 

olfactory epithelium (Dodd and Persaud., 1981). The odorants shown 

in Table 1.3, which are particularly interesting for human olfaction, 

are all small ligands spanning less than an order of magnitude in 

molecular weight. 

The type of odour possessed by a molecule is a subtle function 

of the molecular properties; the size and shape of the molecule, 

together with the distribution of polar groups, have been reported to 

determine the odour type (Amoore, 1970a; Dodd, 1976). However, the 

structural requirements for any particular odour type have only been 

partially defined (Boelens, 1971,1976; Beets, 1978; Ohloff and 

Flament, 1979, MacLeod, 1980; also see Boelens et al, 1983). Some 

polar groups provide an odorant series with a distinctive odour type: 

the lower fatty acids possess a sweaty note (see Chapter 5); the 

lower thiols an easily recognisable type of putrid note, and the 

lower amines a fishy note. Although other common polar groups have 

a less definite odour impact, it is feasible for these particular 

odorant series to envisage the appropriate binding sites containing 

complementary polar groups (Dodd and Persaud, 1981). 

, Odour qualities themselves, and to a lesser extent taste 

qualities, are "extremely difficult to define in a numerical way that 

is appropriate for correlation with physicochemical parameters" 

(Schiff)man, 1983). However, much promise in this respect is offered 

by the recently developed methodology of multidimensional scaling 

(IMS) (Schiffman et al, 1981); this powerful mathematical technique 
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Table 1.3 Odour properties of typical odorants 

Molecular Olfactory threshold' 
weight Odorant Odor type' (ppb) 

48 Methanethiol CH3SH Putrid 

59 Trimethylamine (CH 3) 3N Fishy 

0.02 

0.47 

104 Methional Boiled potatoes 0.2 

132 Limonene Lemons 10 

166 2-isobutyl-3. f"ý^< Green peppers 0.002 

methoxypyrazine 

224 Cyclopentadecanone 
- 

Musk 15 
0r In 

272 5a-Androst-16-en-3-one Urinous 0.18 
0 

° Odor description from Arctander (1969). 
° Olfactory thresholds are for odorant solutions in water and are taken from the compila- 

tion given in Ohloff and Flament (1979). 

Taken fron Dodd and Persaud (1981) 
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permits molecules to be arranged spatially using experimental 

measures of perceived flavour similarities as input (e. g. see 

Schiffman, 1974.; Southwick and Schiffman, 1980). The odour quality 

space of several simple substituted pyrazines (see Section 1.4(ii)) 

with DDS of similarity judgements (see Figure 1.28) has been 

developed by Schiffman and Leffingwell (1981). No simple correla- 

tions were found between molecular weight, boiling point, molecular 

shape, water solubility, infrared spectra, ultraviolet absorption 

maxima, n. m. r. shifts for ring protons, refractive index or the three- 

dimensional odour quality space. However, computer-developed 

molecular descriptors did appear to possess some predictive value 

(see Schiffman, 1983). Such modest beginnings show that NIDS of 

similarity judgements provides relevant flavour quality data to 

correlate with physicochemical variables. As the relevance of these 

parameters "becomes better determined, not only can computer design 

of flavour molecules become feasible, but also our understanding of 

the physiological determinants of flavour quality will advance" 

(Schiffman, 1983). 

Odorants differ from the ligands of many other receptor systems 

in their stereochemical requirements for activity. 1br saturated 

monofunctional molecules, whose enantiomers show very little 

difference in odour quality and only slight differences in aroma 

intensity (e. g. menthol, isoborneol, octan-2-ol), there is only the 

possibility of a single type of interaction with the receptor site 

(Beets, 1978); the sole polar group can be used for "orienting the 

ligand at the binding site using molecular interactions such as 

hydrogen bonding and electrostatic interactions that have a 

directional element" (Dodd and Persaud, 1981). However, the addition 

of a second function (e. g. a double bond, an aromatic nucleus, or a 
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Figure 1.28 Two-dimensional cross sections through the 
three-dimensional space achieved by 
INDSCAL for pyrazines 
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second functional group) might permit bifunctional interaction with 

a suitable bifunctional receptor site. Thus, it is feasible that 

"identical molecules could interact mono- or bifunctionally depending, 

on their orientation, hence giving a difference in aroma response" 

(Macleod, 1980). Although it is unclear whether such bifunctional 

olfactory interactions can explain the phenomenon of enantiomers 

with completely different aromas, the two most striking examples of 

this effect (nootkatone; see Haring et al, 1972: carvone; see 

Leitereg et al, 1971a)do possess structures capable of bifunctional 

interaction (also see Chloff and Gierseh, 1980). 

Studies of the molecular parameters responsible for the 

release of ambergris odour have lead to the proposal of a "triaxial 

rule of odour sensation": "at least three principal points of 

attachment at the receptor site can be described in terms of molecular 

features" (Ohloff, 1980). The principle of this molecular rule has 

been shown to be capable of extension to certain types of natural 

substances, such as sesquiterpenes derived from the eudesmanes-and 

eremophilanes. 

The sensory evaluation of over 60 synthesised androstane and 

estrane derivatii has permitted molecular parameters to be established 

for the release of a "steroid-type" scent (Chloff et al, 1983). Odour 

perception with 0-containing compounds in both classes was found to be 

regioselective1. Osmophoric groups at C(3) were found to be the most 

active and specific, whilst functionality at C(2) was accompanied to 

a large extent by anosmic defects; 0-containing substituents at C(l) 

and C(4) appeared to affect the receptor membrane in exceptional cases. 

1 The terms "regioselective", "diastereoselective" or "enantiosolective" 
indicate "substrate-receptor interactions in which one positional 
isomer, diastereoisomer or enantiomer leads to a different sensory 
response (in quality and/or intensity) than another" (Chloff e, # 2,1, 
1983). 
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A further characteristic of the "steroid-type" scent was 

diastereoselectivity1: the odour intensity of axial 2- and j- 

hydro rsteroids was far greater than that of the equatorial epimers, 

and epimeric hydroxy-groups in the 1-, 1i. - and 5- positions led to 

an almost complete absence of odour. Additionally, steroids were 

observed to follow the "triaaial rule of odour sensation", since only 

compounds with "normal" ring junctions and configuration were found 

to be odorants; steroids with cis-junctions between rings A and B or 

C and D were practically inactive. 

A remarkable feature of the studies on steroid odorants was 

the finding of enantioselectivitvl, whereby Ci9- steroids of the 

"natural" enantiomeric series possessed extremely low (<6 ppb) 

perception thresholds whilst the corresponding "unnatural" enantiomers 

were found to be essentially odourless; it was noted that this appeared 

"to be the first reported instance of a total enantioselective response 

to an odorant" (Ohloff et alp 1983). 

Overall, no obvious correlation is evidenced between olfactory 

thresholds and molecular size (see Table 1.3). The olfactory 

threshold may reflect several molecular parameters, and with increasing 

molecular size, there may be "'compensating interactions' between 

these parameters analogous to enthalpy-entropy compensation found in 

the thermodynamics of some biological systems" (Dodd and Persaud, 1981). 

L4(ii) Pyrazine odorants I 

The work described in this thesis employed a variety of 

heterocyclic odorants, and in particular several compounds related to 

1,4-diazine (pyrazine; Figure 1.29; also see Section 3.2 (iii)). 

1 The terms "regioselective", "diastereoselective" or "enantioselective" 
indicate "substrate-receptor interactions in which one positional 
isomer, diastereoisomer or enantiomer leads to a different sensory 
response (in quality and/or intensity) than another" (Ohloff et al 
1983) ' 
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Figure 1.29 Structure of pyrazine (1,4-diazine) 

CN/ 
Pyrazine (m. p. 54 - 56°C; b. p. 115 - 116°C), 
which is weakly basic (pica 0.6), is a stable, 
colourless compound soluble in water. 
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The organic chemist has had a long association with pyrazine 

compounds- (e. g. see Laurent, 18144; Schrotter, 1879, Wolff, 1888; 

Stoehr, 1893), although it was not until the mid 1960s that their 

occurrence in foodstuffs was widely noted. Since then, "pyrazines 

have been characterised as significantly contributing to the unique 

flavour and aroma associated with the roasting or toasting of 

numerous foods" (Calabretta, 1978). However, naturally-occurring 

pyrazines have also been isolated from food systems that have not 

undergone heat treatment (e. g. 27 raw vegetables; Murray and Whitfield, 

1975), thus indicating that various biological pathways for pyrazine 

formation exist. To date, a vast array of pyrazine compounds have 

been reportedly identified in a wide variety of food systems 

(Table 1.4) (for reviews, see Maga and Sizer, 1973,1975; Chloff and 

Flament, 1979: Verein and Verein, 1982). 

Studies with model systems have yielded information on possible 

pathways of pyrazine formation (Figure 1.30; see Shibamoto and 

Bernhard, 1977, Calabretta, 1978; Shibamoto et al, 1979; for review 

see Maga and Sizer, 1973,1975). Koehler et al (1969) found that in 

a low moisture model system pyrazines were formed via carbohydrate 

decomposition, followed by the interaction of these materials with 

nitrogen-containing molecules (i. e. amino acids). Fundamentally, 

this is the Maillard reaction ("Browning reaction") (see Calabretta, 

1978; Vernin and Parkanyi, 1982). Thus, it would appear that in a 

food system where both sugars and amino acids are present, bound 

amino acid nitrogen is the primary contributor to the nitrogen found 

in the ring structure of pyrazines. It has also been shown that the 

primary carbon source for pyrazine formation cores from sugars 

(Koehler et al, 1969; also see Koehler and Odell, 1970; Shibamoto and 

Bernhard, 1977). Murray 
. 
St al (1970) have postulated that the 
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Table 1. Foods from which pyrazines have been isolated 

Roasted peanuts Deep fat-fried soybeans 

Roasted pecans Fermented soybeans 

Roasted filberts Hydrolysed soy protein 

Pressure-cooked beef American white bread 

Pressure-cooked pork liver Rye crispbread 

Fried lean veal meat - Roasted barley 

Boiled beef Cocoa products 

Heated beef fat Coffee products 

Roasted beef drippings Milk protein (casein) 

Chicken broth 'Whey powder 

Popcorn Stale skim milk powder 

Potato chips Galbanum oil 

Explosion puffed dehydrated potatoes Sesame oil 

Potato fusel oil Green bell peppers 

Molasses fusel oil Green peas 

Beer Tomatoes 

Jamaican rum Dried mushrooms 

Scotch whisky Canned sweet corn 
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Figure 1.30 
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naturally-occurring (methoxy)pyrazines isolated from non-heated 

foods (e. g. see Murray and Whitfield, 1975) can be derived through 

the amidation and condensation of a-amino acids with a, ß-dicarboriyls 

found in plant tissues with the resulting products being easily 

methylated. Mcrobial metabolism has also been cited as a means of 

pyrazine production1 (see Kosuge and Kamiya, 1962; Demain et al, 

1967; also see Reineccius et al, 1972). 

Although it is generally agreed that pyrazines found in foods 

contribute to characteristic flavour, comparatively few reports have 

dealt specifically with the taste and odour properties of individual 

pyrazines. However, some characteristic odour descriptions have 

been noted together with data on the odour and/or taste thresholds 

of these compounds (Table 1.5; see Buttery et al, 1969; Seifert et 

al, 1970,1972; :.: Aga and Sizer, 1973,1975; Parliment and Epstein, 

1973; Pittet and F. ruza, 1974; Takken et al, 1975; Calabretta, 1978. ). 

Members of this odorant class have some of the lowest olfactory 

thresholds known. They are found in some naturally-occurring oils 

(e. g. galbanum oil, petitgrain oil, camphor oil (white), fenugreek 

extract, lovage root oil) and have become of great importance to the 

perfumery industry because of their interesting "green" odour (see 

Riezebos, 1972; Teranishi et al, 19710; several pyrazine derivatives 

have also been shown to ftnction as alarm pheromones2 utilized by 

hymenopterous genera (see Blum, 1971f). 

Studies on the odour thresholds in water of a series of 

methozypyrazines related to 2-isobutyl-3-methozypyrazine (see Chapter 6) 

1 It should be noted that riboflavin constitutes a condensed pyrazine 
derivative; various pyrazines may be produced during its synthesis 
and degradation (Maga and Sizer, 1973 

. 
2 For a general review of pheromones, see Birch (1974). 
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Table 1.5 Odour descriptions and thresholds reported for various 
pyrazine compounds 

Compound Odour 
cr 

Odour 
description threshold 

in parts of 
compound per 109 
parts of water) 

Methylpyrazine Nutty, roasted a 105,000 b 
60,000 c 

2,3-Dimethylpyrazine Green, nutty a 2,500 e 

2,5-I}imethy1pyrazine Earthy raw potato 
e 35,000 b 

1,800 
1,000 e 

Trimethylpyrazine Nutty, roasted a 9,000 b 

Tetramethylpyrazine Fermented soybeans 
ß 

10,000 b 

Ethylpyrazine Nutty, roasted 
a 22,000 b 

6,000 c 

2-Ethyl-3-methylpyrazine Nutty, roasted a 130 c 
Raw potato 

2-Ethyl-3,5-dimethylpyrazine Nutty, roasted 
a 15,000 b 

3ýethoýºpyrazine Not characteristic 
d 700 d 

Sweet, nutty 

2-biethormethylpyrazine Ethereal character 
h 

150 
h 

2-Methyl-3-methozypyrazine Roasted peanutf 
d 1* d 

Nutty, earthy , 
2-Methyl-5-methozypyrazine Green, vegetably 

h 
15 

h 

character 
d d. 0 22. 2-Ethyl-3-methozypyrazine Raw potato i . 

Earthy, bell pepper 

2-Propyl-3-methoirpyrazine Bell pepper 
d, 1 

0.006 d 

2-Isopropyl-3-methoxypyrazine Bell pepper, raw potato 
Cl 0.002 Cl 

Earthy, bell pepper 

2-Isobutyl-3-methoxypyrazine Bell pepper 
d, i 

0. C02 d 
Green bell pepper 

3 

2-Hexyl-3-methoaypyrazine Bell pepper 
d, 1 0.001 d 

2-Isobutyl-3-methoay-5- Bell pepper, mint 
d 0.3 Cl 

methylpyrazine 



2-Isobutyl-3 methoxy-6- 
mothylpyrazine 

2-Isobutyl-3-methoxy- 
5,6-dinethylpyrazine 

2-Et1y1-3-ethoxypyrazine 

2-Isobutylpyrazine 

2-Isobutyl-3-methylpyrazine 

Green pepper, 
d 

minty, camphoraceou8 

Minty, camphoraceous 
d 

Raw potato 
d 

Green, fruity a 

Green (bell pepper like), 
k 

dry and sweet notes 

a Fittet and Hxuza (1971+) 
b Koehler et al (1971) 
c Guadagai et al (1971) 
d Seifert et al (1970,1972) 
e Deck and Chang (1965) 
P Kosuge and Kamiya (1962) 
g Buttery et al (1971) 
h Calabretta 7 1978 ) 
i Parliment and Epstein (1973) 
i Buttery et al (1969) 

-k Takken et al (1975) 
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isolated from green peppers showed that the addition of methyl 

groups to the ring increased the odour threshold by a factor of 

about 105. The threshold was also increased by a factor of about 

105 when the methozy group was removed (Figure 1.31; Teranishi et 

al, 1971; see Chapter 7). However, increasing the chain length of 

the 2-alkyl-3-methoxypyrazines greatly reduced the odour threshold 

(see Figure 1.32). In this series, the odour of the hexyl and 

propyl compounds was similar to bell peppers, whilst the ethyl com- 

pound possessed a raw potato aroma and the methyl compound had an 

odour similar to that of peanut butter (Buttery et al, 1969; Seifert 

et al, 1970,1972). Similar investigations with alkylpyrazines 

(Figure 1.33; Teranishi et al, 1974) showed that increasing the length 

of the side chain progressively decreased the odour threshold. How- 

ever, unlike the methoxypyrazines, the introduction of additional 

groups onto the pyrazine ring decreased, rather than increased, the 

odour threshold. It is worthy of note that 2-ethyl-3,6-dimethyl- 

pyrazine exhibited the most potato-like odour of this series of 

pyrazines; its threshold was "essentially the same" (Teranishi et al, 

1974) as 2-ethyl-3-methoxypyrazine which also possessed a characteristic 

raw potato odour. In general, hoviever, the thresholds of the methoxy- 

pyrazines were noted to be much lower than those of the alkylpyrazines, 

thereby indicating an important function of the methoxy group with 

respect to odour threshold (Deck and Chang, 1965; Mason et al, 1966; 

Bondarovich et al, 1967; Rizzi, 1967; Buttery et al, 1971; Guadagni 

at al, 1971,1972; see Chapter 7). More recent studies on a variety 

of substituted pyrazines (Calabretta, 1978) have substantiated an 

earlier investigation (Seifert et al, 1972) which noted that the most 

potent odours were formed when an alkyl substituent occupied the ortho 

position to a rethoxyl function. 
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Fiiure 1.31 Structures and thresholds of methoxypyrazines 
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Figure 1.33 Structures and thresholds of alkylpyrazines 
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The possession of bell pepper-like odours has also been 

found for a number of very potent alkylthiazoles1 and, more recently, 

for five synthesised 4,5-dialkylthiazoles,, whose odour thresholds 

were measured (see Figure 1.31; Buttery lt al, 1976); the most 

potent, 1-butyl-5-propylthiazole (see Section 6.4(xi)), had an 

odour threshold of 3 parts per 1012 parts of water2. These 

l+, 5-äialkylthiazoles "differ from previous bell pepper-like aroma 

compounds in that they have no methor group" (Buttery It al, 1976). 

4b 

1 lbr investigations into the relationship of bell pepper character 
and odour potency to chemical structure, see Seifert et al (1972); 
Parliment and Epstein (. 1973); Pittet and Hruza (1974). - 

2 2-Isobutp1-3-metho zine has an odour threshold of 2 parts per ýý 
1012 parts of water (Buttery t al, 1969). 



83 
1 

Figure 1.31 Odour thresholds of some 4,5-dialkyl- 
thiazoles with potent bell pepper-like 
aromas, and of some related compounds 
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2.1 Choice of experimental animals 

Studies on mammalian olfactory mechanisms ideally require 

an animal preparation vrhich is amenable to biochemical, behavioural 

and genetic examination (Shirley et al, 1983a). Previous electro- 

physiological investigations have employed in vivo frog preparations 

and in vitro sheep preparations (e. g. see Getchell, 1971; Getchell 

and Gesteland, 1972; Yenevse, 1977; Squirrell, 1978; but also see 

Gesteland and Sigwart, 1977); these were also used in the course of 

this present work. In addition, an in vitro rat preparation was 

developed and characterised. 

Each of these animal preparations displayed certain favourable 

qualities. Frogs were cheap, readily available and generally 

convenient. In addition, the studies performed previously on such 

preparations provided a useful reference point for future work. 

Consequently, most of the preliminary electrophysiological investi- 

gations were carried out on the frog. However, this in vivo 

preparation proved slightly unreliable: differences in the age, state 

of health and general welfare of the frogs, together with problems 

encountered during anaesthetism and subsequent dissection, caused 

such preparations to be somewhat variable in performance. 

A relatively large amount of olfactory epithelium could be 

readily isolated from sheep (about 1-1.5g wet weilt/animal) thus 

favouring their employment in biochemical studies of olfaction (e. g. 

ligand binding studies; see Chapter 6). Eowever, in vitro sheep 

preparations also demonstrated variable electrophysiological behaviour; 

some preparations gave good EOG recordings almost immediately, others 

did so after a recovery period of up to four hours, whilst some simply 
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did not respond at all. In view of this irregularity, only a few 

exploratory studies were performed on such' preparations; for the 

sake of brevity, these experiments are not reported in this thesis. 

Similarly, details of the tissue preparation and the recording of 

ZOG responses from sheep are not presented: the appropriate method- 

ology has been previously described (Squirrell, 1978). Ito 

significant differences were noted between the results obtained from 

sheep and those acquired from either the in vivo frog preparation or 

from the in vitro rat preparation. 

Although frogs have been shown to-respond behaviourally to 

odorants (; duller and Kiepenhever, 1976), as have other amphibians 

such as Xeno s (Kramer, 1933) and Triton (Matthes, 1927), the 

laboratory rat appears to be more suited to such investigations 

(see Shirley et ei, 1983a). Thus, in an attempt to provide a link 

between behavioural, genetic and biochemical studies, an in vitro 

rat preparation was developed, and subsequently characterised, for 

electrophysiologieal work. This preparation exhibited the advan- 

tageous features of both the frog and the sheep whilst overcoming 

many of the problems associated with these animals. Consequently, 

most of the electrophysiological studies described in this thesis 

were performed on in vitro preparations of the rat. 

2.2 Animal and tissue preparation 

2.2(1) Preparation of frogs for in vivo electropl'kysiological recordings 

In vivo recordings were performed on the common frog, 

Rana temporaria and occasionally on Rana i iens; no differences were 

observed between the results obtained from the two species. Following 

delivery, the animals (male and female; about 20g each) were housed 
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for a period of days in a cold room (4°c); each frog was warmed 

and kept at room temperature for at least two hours (and preferably 

longer, e. g. overnight) prior to experimentation. 

The frogs were anaesthetised by partial immersion in an 

aqueous solution of urethane2 (i (w/v); later studies employed 

5f; (w/v)) until the reflex responses to eye poking and skin tweaking 

were abolished, whereupon further absorption of the anaesthetic was 

arrested by immediately rinsing the frog's skin with tap water. The 

frogs remained anaesthetised by this treatment for the entire course 

of the experiments and they were not allowed to recover. 

The frog was covered with a moist tissue and rigidly fixed 

by "ear screws" to a perspex frame. Under a dissecting microscope, 

the olfactory eminence on one side of the head (the left hand side; 

Chapter 3, or the right hand side; Chapter 5) was exposed by cutting 

away the skin, cartilage and finally the epithelium of the roof of 

the nasal cavity (dorsal olfactory epithelium); great care was taken 

to prevent any spillage of blood on to the eminence. The perspex 

holder was then screwed into position beneath the adjustable odour 

applicator and electrode holders. A good blood circulation, was found 

to be essential for obtaining stable EOG recordings over a period of 

hours. 

For the electrophysiological studies involving concanavalin A 

(Chapter 5), the dissected frog was removed from the perspex holder 

and the buccal aperture of the internal naris was sealed with a small 

Teflon plug. The- frog was then rigidly clamped into a water-cooled 

1 
For the electrophysiological studies described in Chapter 5, the 
frogs were maintained exclusively at room temperature prior to 

experimentation. 

2 Ethyl carbate. 
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perspex chamber (thus maintaining the preparation at 15 - 18°c) 

attached to the olfactometer turntable, which in turn was screwed 

into position such that the exposed eminence was correctly aligned 

beneath the adjustable odour applicator (see Section 2.1f). 

2.2(11) Preparation of rats for in vitro electrophysiological recordings 

? dale Wistar rats1 (about 150g each), rhich were allowed food 

and water ad libitum prior to the experiment, were killed by 

cervical dislocation. The head was removed and cut longitudinally 

to one side of the mid-line; normally, the dissection was such that 

the olfactory apparatus contained in the right hand side of the head 

remained intact. Next, the nasal septum and associated tissue were 

removed to exroze t , -, e olfactory turbinates. This entire section of 

dissected head was then rigidly clamed into the ; lass fahre/epoxy 

resin holder of the olfactometer turntable2, which in turn was 

screwed into position beneath the adjustable odour applicator. 

Preliminary studies on this in vitro preparation suested 
that the quality and stability of the BOG signals were influenced by 

the speed of dissection (personal observations). Consequently, 

Superfusion of the olfactory turbinates with Rinser solution (see 

Section 2.3) was performed as soon as practicable (usually <1 min) 

after death. 

2.3 Maintenance of rat olfactory epithelium in vitro 

The olfactometer turntable was equipped with several stainless 

1 No s ccial precautions were taken to ensure p pathogen-free animals. 

2 For the electrophysiolegical studies involving concanavalin A 
(Chapter 5), the turntable was water-cooled such that the 
temperature of the in vitro preparaticn was maintained at 15 - 13°c, 
thereby increasing its longevity. IJowever, the vapour-phase 
labelling experiments (Chapters 3 and )+) employed equipment which 
was not so cooled. Consequently, the rat preparations used in 
these studies remained at ambient temperature. 
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steel tubes which could be freely manoeuvred to provide inlet or 

outlet devices for various solutions. 

At the outset of each experiment, the exposed olfactory 

turbinates (see Section 2.2(11)) were superfused with aerated 

Ringer solutionI for about five minutes. The solution was removed 

by an aspiration tube adjusted such that the epithelium was adequately 

bathed without any of the superfusing liquid spilling on to the 

turntable. Aeration was performed in a glass column (20 cm x5 cm) 

with 9511"cf 0, /51' C02, which was introduced thorough a scintered glass 

inlet; the solution was led off from the bottom of this column to 

the tissue preparation at 1-2 ml/min via FIFE tubing. All glass- 

ware and equipment was regularly cleansed. in order to prevent 

microbial g owth. The Ringer solution was kept in the equipment for 

only short periods (i. e. 1-2 days); it was stored in concentrated 

form at !. °c. 

a constant stream of deodorised, humidified air was played 

over the surface of the olfactory epithelium between odour pulses; 

this arrangement maintained the tissue in an active condition for 

several hours (see Section 1.. 3(1)). 

The olfactometer turntable (Figure 2.1), which was made out 

of brass, was purpose-built2 for in vitro EOG recording. The 

elevated (about 15 cm above the baseplate of the odour applicator) 

table (incorporating the glass fibre/epoxy resin holder for the Cal 

sectioned head; two ventilation ports for clean, humidified air 

(see Section 2.4(ii)a); the mounts for the recording and reference 

1 For the composition of mammalian and frog's (see Section 5.2) 
Ringer solutions, see Dawson et al (1972). 

2 Designed and constructed by Dr. S. G. Shirley, Department of 
Chemistry Rnd Molecular Sciences, University of 7"arwick. 



Figure 2.1 The olfactometer turntable used for studies 
on the in vitro rat preparation 

This photograph presents a general view of the rat 

olfactory preparation. The dissected head (1) is securely 

clamped in position on the glass fibre/epoxy resin holder (5) 

by the clear plastic sheet. The gap between the tissue and 
the plastic is sealed with silicone grease, thus creating a 

water-tight chamber over the olfactory turbinates. The 

two ventilation ports used for delivering clean, humidified 

air to the sectioned head are visible at the top of the 

. photograph. The reservoir of the earth electrode (3), and 
the stainless steel tubes used for solution addition (1,2) 

and removal ()+) are shown as they are positioned during 

the recording of BAG signals. 

!1 



. azure L. l irre oiIactiemeter zur^tian. le u: ect ier stiuuies 
or, ti: e in vitro rat' l: rc,: >rýtiv: 



90 

electrodes, and the stainless steel tubes for solution addition, / 

removal) was freely manoeuvrable in the horizontal plane, thus 

aiding the alignment of the olfactory turbinates with the odour 

applicator delivery tubes (see Section 2.4(ii)b); the brass plate 

could also be tilted (back and forth) to facilitate adequate super- 

fusion of the olfactory turbinates with Ringer solution. The glass 

fibre/epoxy resin holder ensured that the sagitally-sectioned head 

remained electrically isolated from the surface of the turntable. 

2.4 ECG recording and stimulus control 

The EOG responses obtained from sheep, frogs and rats through- 

out the course of this present study involved the use of three 

different odour applicators; the vapour-phase labelling experiments 

on the in vivo frog preparation (see Chapter 3) employed equipment 

with which much previous work had been performed (e. g. see Menevse, 

1977; Squirrell, 1978), whereas the labelling studies on the rat 

(see Chapters 3 and z. ) and the investigations involving concanavalin A 

(see Chapter 5) utilised two new purpose-built applicatorsI of 

similar and improved design. 

This section describes the apparatus2 (i. e. olfactometer and 

applicators) used for the in vitro labelling studies (see Chapters 

3 and 4. ) and for the examinations with Con A (see Chapter 5); the 

older set-up has been fully detailed elsewhere (e. g. see Menevse, 

1977; Squirrell, 1978; Menevse et al, 1978; also see Bostock and 

Poynder, 1972; Poynder, 1974a, b). 

1 
Designed and constructed by Dr. S. G. S': irley, Department of 

iemistry and Molecular Sciences, University of : 7arwick. 
2 For more detailed descriptions, see Shirley (1986). 
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2.4. (i) BOG recording 

Recording microelectrodes were pulled from silica glass 

tubing (1 mm. i. d. ) to give a tip diameter of 30 - 50 microns, and 

were filled with Ringer solution (gelled with 0.3, q agarose); 

connection was made through a chlorided silver wire. The electrodes, 

each of which had a resistance of about 0.5 - 4.0 M. l, were re-usable 

for several months; they were stored at room temperature, with the 

tips submerged in Ringer solution. 

For EOG recording, the tip of the measuring electrode was 

placed just in contact with the surface of the olfactory mucus; the 

delivery tube of the odour applicator was stationed about 4 am away 

and was directed straight at the point of contact. The spatial 

positioning of the inicroelectrode was varied according to the type 

of preparation being examined: with frogs, the tip was situated at 

the peak of the olfactory eminence 
l, 

whereas with the in vitro rat 

preparations, it was placed over the third olfactory turbiratel. 

In all cases, a micromanipulator was employed to manoeuvre the 

electrode which, once positioned, was rigidly held in place. 

The earth (i. e. reference) electrode also comprised a 

chlorided silver mire. For the in vivo recordings, it was wrapped 

in Ringer-soaked muslin and placed in the frog's mouth. The in vitro 

studies on the rat employed a cylindrically coiled wire which was 

housed within a small plastic reservoir containing Ringer solution 

(gelled with 0.3°"n agarose); a curved strip of tissue-plugged silica 

Since previous studies have indicated that different regions of 
the receptor epithelium may be particularly sensitive to different 
odours (e. g. see Daval and Leveteau, 1969; Mustaparta, 1971; 
Daval et al, 1972; Rauer and Moulton 1971; Squirrell, 1978; 
Kubie et al, 1980; see Section 1.2(iý), all of the eleetro- 
physiological investigations described in this thesis employed 
an experimental set-up which standardised the position of the 
recordins microelectrode. 
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glass tubing (also filled with the gelled Ringer solution) connected 

this reservoir to the in vitro preparation. A good contact between 

the tissue plug and the sectioned heaä-was necessary in order to 

obtain stable BOG responses. 

Apart from the earth and recording electrodes, the preparations 

were electrically isolated. The signals were lead to a high impedance 

amplifier, via a pre-amplifier mounted on the micro manipulator, and 

were recorded on a Servoscribe chart recorder. 

2.4(ii) Stimulus control 

The electrophysiological investigations described in this 

thesis required well-defined odorous stimuli. 

2.4(ii)a Olfactometry 

The present studies utilised an olfactometer (30 an high x 

60 cm long x 16 cm wide) previously constructed (see Menevse, 1977; 

Squirrell, 1978; Menevse et al, 1978) from the design of Poynder 

(1974a, b) (also see Bostock and Poynder, 1972; Bostock, 1971). Details 

of the odour generation system are shown in Figure 2.2. 

Compressed air (>35 p. s. i. ) was filtered, dried and deodorised3 

before being split into two streams. One of these was further split 

into six (Chapters 3 and 1+) or eight (Chapter 5) channels, which were 

independently controlled by pressure regulators and flow restrictors; 

each of these streams was passed (1 - 10 ml/min) over a pool of liquid 

odorant2 contained within a specially-made glass U-tube such that 

turbulent flow was achieved. The second stream of clean, dry air was 

1 The tissue plug was normally placed in contact with the rat's 
tongue. 

2 Standard solutions of odorants were prepared in either deodorised 
liquid paraffin or diethyl phthalate. 

3 
Deodorisation was achieved by passing the air stream through 
charcoal. 



Figure 2.2 Schematic diagram of the odcur generation 
s 

A Pressure regulator 

B Pressure gauge or manometer 

C Stainless steel tower containing silica gel, 
molecular seive 4A, molecular seive 13X, and 
activated charcoal 

D Humidifier 

y Centrifugal filter 

F Manifold 

G Capillary flow restrictor 

H U-tube containing odorant 

I Mixing chamber 

J Shut-off tap 

K Cdorised air streams which are delivered to 
the odour applicator via Pr tubing 

L Clean air streams 

The diagca shows the method of connection without (1) and 
with (2,3) dilution. These methods are used as necessary to 
obtain the required final odour concentration. 
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humidified by steam injection and centrifugally filtered (to remove 

water aerosol and any condensation) before being split into seven 

(Chapters 3 and z. ) or nine (Chapter 5) (carrier) channels; one of these 

air flows was delivered (1 litre/min) to the olfactory tissue between 

odour pulsest, whilst each of the remaining streams (regulated to flow 

at 250 ml/min) was mixed with one of the odorised air channels at the 

odour applicator (see Section 2.4(ii)b). 

The odorant surface in the U-tubes presented to the air 

streams was I an x8 an. The tubes themselves, which were housed in 

a thermostated water bath at sub-ambient temperature (usually 15oc) 

in order to maintain steady odorant vapour pressures and to avoid 

odorant condensation in the downstream tubing, were cleaned in chromic 

acid, washed in double distilled water and ethanol, and baked'until 

odorless; the ME tubing connecting the U-tubes to the odour 

applicator was replaced when the odorant to be carried was changed. 

2.4. (ii)b Stimulus switching 

The in vitro- vapourphase labelling studies (Chapters 3 and 4) 

and the investigations involving concanavalin A (Chapter 5) utilised 

two purpose-built odour applicators of similar design and operation 

(see Figure 2.3). They consisted of seven (Chapters 3 and z. ) or nine 

(Chapter 5) stainless steel tubes (2.8 sn internal diameter) which 

could be sequentially moved parallel to their axes by means of a 

mechanical system; one of these tubes presented moist, clean air 

(1 litre/min) to the tissue preparation between odour pulses, whilst 

the others delivered clean, humidified air which had been odorised 

The moist clean air was delivered to the in vitro rat preparation 
via one of the stainless steel tubes of t-e odour applicator (see 
Section 2.4(ii)b) and throu;; L a pair of adjustable vents situated 
on the olfactometer turntable adjacent to the sectioned head (see 
Mzzure 2.1). 



Figure 2.3 The odour delivery system 

This photograph presents a general view of the cdour 

applicator. Odorous air streams are carried to the 

delivery system in P'FE tubing (4. ) and after being mixed 

with clean, humidified air are presented to the tissue 

preparation via stainless steel odour tubes (1), which can 
be moved in and out of the body of the applicator 
(pneumatically controlled; 3). Vthen not being applied to 

the olfactory epithelium, odorised air flows are extracted 
from the applicator via a vacuum line (2). The stand (7) 

permits the height of the applicator and the delivery 

angle of the odour stream to be varied. Any external 

odours are removed from the area of the applicator via 

a vacuum line (6). The flame ionisation detector (Q) 

used for stimulus monitoring is shown in position at the 

left-hand side of the photograph. 



. ei tare 2. ý The odour deliver, ' s1t el: i 
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as previously described (see Section 2.4(ii)a). 

Daring an odour stimulus, the mechanical system 

(pneumatically controlled) retracted the clean air tube into the 

body of the applicator and replaced it with an odour tube which was 

positioned about l mm from the surface of the turbinate (see 

Figure 2.1); the other odorised air-flows (and the clean, humidified 

air) were extracted from the applicator via a vacuum line, 

incorporating a trap1. The mechanical system ensured not only accurate 

positioning of the odour tube but also very sharp switching2 of the 

odour stream, since adsorption of the odorant to the tubing of the 

delivery system was always at equilibrium. The profile of the odorant 

pulse, as determined by a modified flame ionisation detector situated 

near the surface of the mucosa, was rectangular within the time scale 

of the experiment. The movement of the tubes did not affect the 

tissue nor elicit an electrical response. The stainless steel tubes 

were thoroughly flushed with clean air before changing the odorised 

air stream. 

2.4(ii)c Stimulus monitoring 

The characteristics (i. e. wave-form and concentration) of the 

applied odorous stimuli were monitored routinely with either a gas 

sensor3 or a modified flame ionisation detector (F. I. D. ) (see Bostock 

and Poynder, 1972); these devices have been employed in previous 

1 Odorised air was similarly extracted when clean, moist air played 
on the olfactory tissue between odour pulses. 

2 
The forward movement of the tubes, which is driven by a pneumatic 
cylinder and piston, is very rapid (55 Am in about 30 msec.; mean 
acceleration in excess of lOxg; final velocity in excess of 
200 cm/sec. ); "while the nozzle is moving, it outruns the odour 
stream which is slowed on contact with the surrounding air" (Shirley, 198.6). 

3 
TGS 812 gas sensor, obtained from Y atford Electronics Ltd., 
33 Cardiff Road, Watford, Hertfordshire. 



97 

studies of similar design (e. g. see Menevse, 1977; Menevse et al, 

1978; Squirrell, 1978; Persaud, 1980). 

The F. I. D. (see Appendix 1) was positioned between the 

delivery tube of the odour applicator and the tissue preparation 

(see Figure 2.3); it was calibrated absolutely for each odorant under 

investigation, whilst the day-to-day calibration was based upon the 

saturated vapour of the standard odorant isoanyl acetate. It should 

be noted that the odorant concentrations in the mucus near the 

receptors will differ from the concentrations monitored by the F. I. D., 

since the odorants possess different air/water partition coefficients 

(see Gesteland, 1984). In general, vapour-phase odorant concentrations 

(expressed as moles of odorant/litre of air (see Laffort, 1963)) 

giving E0G responses within the 1- 10 mV range were employed (see 

Table 2.1). 

2.4(ii)d Stimulus quality 

Odorant purity was examined by gas-liquid chromatography 

using a Perkin-Elmer F71 chromatograph with a 2C% DEGS Chromasorb 

w -Hp (100 - 120 mesh) column (1.6 mm (outer diameter) x 1.8 m (length)). 

Nitrogen was employed as the carrier gas. 

For the vapour-phase labelling experiments and ligand binding 

studies described in Chapters 3,4 and 6, the odorants1 used were 

analysed as 99.5% pure, unless otherwise stated. Elsewhere, 9 

purity was regarded as the minimum value acceptable (see Squirrell, 

1978). 

1 
The characterisation of the radiolabelled odorant 

[3H]2-isobutyl- 

3-methovpyrazine is discussed in Section 6.2. 
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Table 2.1 Vapour-phase concentrations of odorants 

paponr-phase Vapour-phase 
Odorant concentration Odorant concentration 

Üý (AM) 

acetic acid 0.32 ' phenacyl bromide 0.35; 0.18; 
0.10 

acetophenone 0.33 n-octanethiol 0.07 

2-acetyl-3- 
metbylpyrazine I 0.27 phenacyl, chloride 0.41 

2-acetylpyrazine 0.19 c-pentane- 
carboxylic acid 0.36 

3-acetylpyridine 0.32 n propanol 0.23 

acrylic acid 0.29 propiophenone 0.36 

i-amyl acetate 0.93 

2-bromoacetyl-3- 
jt 

2-pyrazine- 
methylpyrazine 0.28 carboiylie acid 0.31 

2-bromoacetyl- 3-pyridine- 
pyrazine 

ti 
0.21 methanol 0.29 

3-bromoacetyl- 2-pyridinemethanol 
pyridine 0.30 bromoacetate 0.36 
t-butanethiol 0.05 3-pyridinemethanol 

bromoacetate 0.38 

n-butyric acid 0.31 2-pyridinemethanol 
propionate 0.38 

1,8-cineole 0.28 3-pyridinemethanol. 
propionate 0.35 

m-cresol 0.28 3-pyridplacetie 
acid 0.61 

dimetbylethyl- 3-pyridyl- 
pyrazine 0.06 acetonitrile 0.74 
3,5-ditertiarybutyl 
acetophenene 0.4.2 

c-dodecyl- 
propionate 0.44 trimethylamine 0.18 

ethyl 2-pyrazine- 
carboxylate 0.27 i-valeric acid 0.46 
2-isobutyl-3- 
methorpyrazine 0.09 

2-isopropyl-3- 
methoxypyrazine 0.06 

nicotinic acid 0.53 

This table indicates the vapour-phas e odour concentrations applied to 
the in vivo frog preparation and/or the in vitro rat preparation 
througho the course of the present studies 
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2.5 Synthesis and derivatisation of odorants 

The investigations described in this thesis necessitated 

the synthesis of several odorants. Product identification and purity 

'were determined by a variety of analytical techniques, 

such as gas-liquid chromatography, nuclear magnetic resonance 

spectrometry, infrared and mass spectrometry, and by thin layer 

chromatography (see Section 6.2(ii)b), all compounds were judged to 

be at least 99.5% pure. 

2.5(x) 

The synthesis of two 2-alkyl-3-methox; ypyrazines (see 

Figure 2.4) was achieved by condensing the appropriate amino acid 

amide with glyoaal (Jones, 1949) to form the corresponding 2-alkyl- 

3-hydrosypyrazine which was converted to the metho-r derivative by 

methylation with diazomethane (see Seifert et al, 1970). 

The amides of leucine and valine were prepared by converting 

the appropriate amino acid ester hydrochloride to the free ester by 

treatment with triethylamine (Chambers and Carpenter, 1955) prior to 

reaction with methanolic ammonia. The resulting amide (re-crystallised 

from a methanol/re-distilled diethyl ether solution) was reacted with 

glyoxal to form the appropriate 2-alkyl-3-hydroxypyrazine. At the 

and of the condensation process, the reaction mixture was neutralised 

(with 12 M hydrochloric acid) to produce a milky solution which was 

then concentrated to dryness under vacuum. The white solid residue 

was extracted with boiling chloroform to give crude crystalline 

product. 

DiazomethaneI in re-distilled diethyl ether) was added to an 

1 The met lation of the 2- ýY a-IkY1-3-hyäroxyPYrazines was performed by 
the technical staff of the Department of Chemistry and Molecular 
Sciences, University of Warwick. 
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Figure 2.1+ Synthesis of 2-alkyl-3-methoxypyrazines 

H2NCHRCO2CH3"HCI 

amino acid ester hydrochloride 

triethylamine 

H2NCHRCO2CH3 

amino acid ester 

methanol/ammonia 

H2N-C-O 
H2N-CHR 

amino acid amide 

H-C 
I=O glyoxal H-C=O 

HI OH 

HR 
N 

2-alkyl-3-hydroypyrazine 

diazomethane 

H /. 
N 

OCHS 

HIR ýN 

2-alkyl-3-methoxypyrazine 

I 
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ice-cooled solution of the 2-allQyl-3-metho3ypyrazine (in 

re-distilled diethyl ether), and following reaction at 5°c and 25°c, 

the excess diazomethane and ether were removed on a steam bath to 

leave the crude product which was distilled under diminished pressure 

to yield the purified odorant. (see Table 2.2). 

2.5(11) Synthesis of ethyl 2-pyrazinecarboxylate 

Ethyl 2-pyrazinecarbo3y1ate was prepared by refluxing the 

appropriate acid (2-pyrazine carboxylic acid) with absolute ethanol 

(see Vogel, 1978). After cooling, the reaction mixture was slowly 

poured, with stirring, onto crushed ice and the resulting solution 

was rendered alkaline by the addition of ammonia solution. The 

product was extracted with re-distilled diethyl ether, and the combined 

ethereal extracts were dried over magnesium sulphate. The ether was 

removed by flash distillation, and the residue distilled under 

reduced pressure. 

2.5(iii) Synthesis of 2- and 3-pyridinemethanol propionate 

The propionate esters of 2- and 3-pyridinemethanol were 

prepared by refluxing the alchols with propionic acid (Vogel, 1978). 

The reaction mixture was poured into water contained in a separating 

funnel, and the product was extracted with carbon tetrachloride. 

After washing with concentrated sodium hydrogen carbonate solution, 

the impure ester was dried over magnesium sulphate; product 

purification was achieved by adsorption chromatography on silica gel 

(60 - 120 mesh) using re-distilled diethyl ether as eluant. 

2.5(iv) Synthesis of 2- and 3-pyridinemethanol bromoacetate 

The synthesis of 2- and 3-pyridinemethanol bromoacetate was 

effected by the careful dropwise addition of bromoacetic acid (in 

re-distilled diethyl ether) to the appropriate alcohol (see Vogel, 

1978). The reaction mixture was refluxed, and after cooling, the 



102 

Table 2.2 Spectral da 

Liars spectra 
(recorded on a 
Kratos S 80 mass 
spectrometer) 

Infrared absorption spectra 
(recorded on a Perkin-Elmer 
457 Grating Infrared 
Spectrophotometer) 
(absorption rn ma in 
microns. S: strong; 
11 : medium; W: weak) 

IrT. tB spectra (recorded on a 
Perkin-Elmer R31F TOR 
spectrometer) (D20 solvent; 
resonance frequencies in 
p. p. m. (1) downfield from 
TSS. S: singlet; 
D: doublet; M: multiplet) 

Gas-liquid chromato s 
(see Section 2.4(ii)d)) 

and 

2-isopropyl- 
3-methoxypyrazine 

2-isobutyl- 
3 methoxypyrazine 

molecular ion 152 
major ions 137,121+, 
1C5,95,68,54+, 53, 
52, x+3,1+1 

s (6.5,6.8,6.9, 
7.1,7.2 7.5,8.6, 
8.9,9.9) 

U (7.7,7.9,8.4, 
9.1,9.2,11.9) 

w (6.3,9.4,9.6, 
11.2; 13.7) 

molecular ion 166 
major ions 165, 
151,125,124., 109, 
95,94,81,68,53, 
41 

s (6.5,6.8,6.9, 
7.2 7.6,8.6, 
9.95 

M (7.4+ 8.1., 9.4, 
11.8j . w (6.3) 7.9,8.1, 
9.2,10.5,10.8, 
11.2,13.3) 

8.78 D, -CH- 2 (C"3 3ý 9.13 (D, -CH- 2 i ý 
6.60 32 7.85 M, -CH- 2 6.03 s, -0cIi3) 7.33 D, -cx, -c 2.03 (14 ring H) 6.04 s, -C-9i3) 

2.0 M, ring H) 

retention time retention time 
12.4 min. 23 Min. 

These spectral data are consistent with those presented by Seifert et al 
(1970) and by biaga and Sizer (1975) 
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resulting white crystals of product were washed and subsequently 

re-crystallised from re-distilled diethyl ether/dried methanol 

(1 : 9). 

2.5(v) Bromination of acetophenone, 3-acetylpyridine, 2-acetylpyrazine 

The synthesis of phenacyl bromide1,3 bromoacetylpyridine, 

2-bromoacetylpyrazine and 2-bromoacetyl-3-methylpyrazine was performed 

as reported elsewhere (Cowper and Davidson, 1939); bromine was 

gradually added to the appropriate non-brominated starting material 

(dissolved in anhydrous re-distilled diethyl ether), after which the 

solvent and dissolved hydrogen bromide were quickly removed under 

reduced pressure. The resulting crystals of crude product were 

filtered, washed and re-crystallised from methanol. 

2.6 Materials 

All of the chemicals employed were of the highest purity 

available and were used without further purification unless otherwise 

stated. Solutions containing reagents were prepared in doubly distilled 

water innediately prior to use; where necessary, their pH was adjusted 

by the addition of dilute hydrochloric acid or sodium hydroxide. 2 

Unless indicated otherwise below, solvents (. AnalaR grade), 

inorganic salts and buffer materials were supplied by BDM Chemicals Ltd., 

Poole, Dorset, and odorants were obtained either from the collection of 

the Varwick Olfaction Research Group or from the Aldrich Chemical 

Company Ltd., Gillingham, Dorset. 

1 Commercially-available phenacyl bromide (found to-. be about 705 pure) 
was employed in some experiments, after first being re-crystallised 
from methanol and analysed as >99.5% pure. Commercially-available 
phenacyl chloride was similarly treated prior to use. 

2 For the IM studies described in Chapter 7, odorant solutions were 
prepared in deuterium oxide and adjusted with deuterium chloride 
or sodium deuteroxide as required, unless otherwise stated. 
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The following materials were obtained from the sources 

stated: 

Activated charcoal (untreated powder, 250-350 mesh), adenosine 

deaminase (type I, from calf intestinal mucosa), bovine serum albumin 

(fraction V powder, 98-99i% albumin; essentially fatty acid free), 

butyl PBD, concanavalin A, EDTA, Polin and Ciocalteau's phenol 

reagent, FEFES, lauryl sulphate (sodium salt), myoglobin (type II, 

from sperm whale skeletal muscle), penicillin G (sodium salt) and 

Signacote were purchased from the Signa Chemical Company Ltd., Poole, 

Dorset; bromoacetic acid, Diazald (precursor to d. iazomethane), diethyl 

phthalate, glyoxal, L-leucine methyl ester hydrochloride, 

2-pyridinemethanol, 3-pyridinemethanol, urethane and L-valine methyl 

ester hydrochloride were supplied by the Aldrich Chemical Company Ltd., 

Gillingham, Dorset, and 1,8-cineole, m-cresol, isovaleric acid (sodium 

salt) (all purified by re-crystallisation) and isoamyl acetate were 

obtained from Bt Chemicals Ltd., Poole, Dorset. 

Citronellol and diacetyl (both purified by chromatography on 

silica gel) were supplied by Bush Boake Allen Ltd., London, and 

Fisons Ltd., Loughborough, Leicestershire, respectively; pyridoxal 

5-phosphate monohydrate was purchased from The Boehringer Corporation 

(London) Ltd., Lewes, East Sussex, and Blue Dextran 2000 and Sephacryl 

S200 Superfine were obtained from Pharmacia (Great Britain) Ltd., 

Hounslow, Middlesex. 
[tiJ 

2-Isobutyl-3-methoxypyrazine and -butyl-5-propylthiazole 

were generously donated by Dr. P. Pelosi, University of Pisa, Italy. 

Plastic-backed t. l. c. plates (0.2 mm thick precoated, silica 

gel 60F) were purchased from Lerek B., rest Germany. 

Male Wistar rats were obtained from 01ac 1976 Ltd., Bicester, 
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Oxfordshire; frogs (Rana temporaria; Rana pipiens) from 

Gerrard Biological Supply, East Preston, West Sussex, and sheep's 

heads from Snelsons, Kenilworth, Warwickshire. 
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Preface to 

CElAPTER3 3,1+ and 5: C 1ICAL MODIFICATION APPROACH TO TEE 
OLFACTORY CODE 

It is widely believed that the initial step in olfaction 

concerns the interaction of odorants with the sensory membranes of the 

primary neurones. These neurones, in vertebrates, appear to be generalist 

cells which respond in a differential manner to a wide range of odorants 

(see Polak, 1973: Poynder, 1974c; Gesteland, 1976; Beets, 1978; Cagan and 

Bare, 1981). This has suggested that there are several types of olfactory 

receptor proteins which are distributed in differing relative concentrations 

amongst the primary neurones. Thus, one primary neurone may contain. 

several types of receptor in its plasma membrane. On the basis of this 

model, the problem of the olfactory code can be reduced to the identification 

of the number of independent receptor proteins, together with the estimation 

of the possible types of interactions between them (Menevse et al, 1977b; 

Shirley et al, 1983a). 

The chemical modification of ligand-binding sites is a classical 

approach to such identification (Menevse et al, 1977b; Dodd and Persaud, 

1981), and it has been previously used with a variety of systems, including 

membranes (Barratt et al, 1969; Tinberg and Packer, 1976), enzymes 

(Shaw, 1970; Brocklehurst et al, 1970), bacterial chemoreceptors 

(Barber, 1976; Barber et al, 1979), protozoan chemoreceptors (Doughty and 

Dodd, 1978), invertebrate olfactory receptors (Villet, 1974.; Frazier and 

Heitz, 1975) and vertebrate olfactory receptors (Getchell, 1971; Getchell 

and Gesteland, 1972; Menevse, 1977; Menevse et al, 1977b, 1978; Squirrell, 

1978; Persaud, 1980; Criswell et al, 1980; Delaleu and Holley, 1980; 

Schafer et al, 1980; Shirley It a1,1980,1981,1983a). 

The following chapters describe various studies that were performed 

on the in vivo frog and in vitro rat preparations. Chapters 3 and 4 detail 
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a series of vapour-phase modification experiments in which the reactive 

(i. e. brominated) derivatives of several homo- and hetero-cyclic odorants 

were employed as vapour-phase labelling reagents. Chapter 5 outlines the 

effect on the olfactory mucosa of treatment with the plant lectin, 

concanavalin A. 
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CHAP 3: VAPOUR-PHASE LABELLING MIEB'121. Eii2S 

3.1 Introduction 

3.1(i) Affinity labelling1 

In general, affinity labelling reagents (RL) possess two 

functionally-distinct parts: a biologically active moiety (R) 

capable of reversible complex formation with a given macromolecule 

(usually protein, P), and a correctly positioned, chemically reactive 

leaving group (L) (Wilchek and Bayer, 1978). The reagent interacts 

with its receptor to form initially a reversible protein-ligand 

complex (P 
.... R-L) and then a stable covalent bond with amino 

acid residues located at or near the protein active site (P -R+L; 

see Figure 3.1) (see Zisapel and Sokolovsky, 1977). The formation 

of the reversible complex increases the local concentration of the 

reagent at the active site relative to its concentration in free 

solution; this favours covalent bond formation in the site, as compared 

to the rest of the macromolecule (wofsy et al, 1962). A kinetic 

description of the affinity labelling process has been previously 

reported2 (Metzger et al, 1963). The occurrence of an affinity 

labelling event may be established by several experimental criteria; 

such labelling should result in concomitant inactivation of the 

reversible binding activity, with unrelated protein being insignificantly 

labelled. Furthermore, the covalently-bound ligand should preferably 

be localised at the active site of the protein (Wilchek and Bayer, 1978). 

Finally, true affinity labelling should permit the demonstration of 

protection, whereby the specific ligand provides a certain amount of 

1 
For review, see Singer (1970); Jakoby and Wilohek (1977). 

ý. 

2 For a general review of protein chemical modification, see Singer 
(1967); also see Shaw (1970); Thomas (1974+)" 



log 

Figure 3.1 Schematic representation of affinity 
labelling 

P. «L 
JPLR 

C 

P 
R 

P+R_LP... Rk -R 

P= receptor macromolecule 

RL = affinity labelling reagent, comprising 
a biologically active moiety (R and a 
chemically reactive leaving group (L)- 

P... R-L= reversible receptor-ligand complex 

P-R= covalent receptor-ligand complex 

Taken from Wilchek and Bayer (1978) 
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protection against the affinity label (Singer, 1970). The factors 

relevant to the selection of an appropriate affinity labelling 

reagent have been sunarised elsewhere (Viilchek and Bayer, 1978). 

The identification of receptors in preparations of subcellular 

fractions is only feasible if they have been labelled prior to 

membrane disruption. In principle, affinity labelling affords the 

high degree of specificity needed for this purpose1 (Zisapel and 

Sokolovsky, 1977); the 1abelling of olfactory receptor sites in the 

intact system can be monitored indirectly through physiological 

parameters, such as the EOG2 or behavioural responses (e. g. see 

Singer It a_I, 1973)" 

3.1(11) Chemical modification h to the identification i 

One of the established methods for identifying ligand-binding 

sites on proteins involves their irreversible labelling with reactive 

chemicals (Dodd and Persaud, 1981); a large number of ligand sites 

in a wide range of biopolymers and membranes have been so investigated 

(Katzenellenbogen, 1977). 

Structure-activity relationships from human olfactory studies 

have suggested that there may be receptor proteins for at least the 

urinous, musky, floral, fruity, minty and camphoraceous classes of 

odorants (Beets, 1978). Their existence, and that of other receptor 

proteins, could be verified if it were possible to selectively block 

the activity of each of these sites in the olfactory epithelium 

It should be noted that although the utilisation of affinity 
labelling as a means of tagging receptors for identification, 
quantitation and isolation, is potentially of great value, the 
attempted selective labelling of such receptors also causes other 
structures in the crude state or intact cells to be concomitantly 
labelled, thereby increasing the background noise (Cuatrecasas 
and Hollerberg, 1976). 

2 The BOG responses obtained in the frog to various substances have been reportedly used to calculate dissociation constants 
which in turn serve as an index for the affinity between odorant 
and receptor site (Senf et al, 1980). 
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whilst retaining the activity of the other sites. Blocking would 

involve the covalent labelling of one or more amino acid side 

chains at the odorant binding site (Dodd and Fersaud, 1981). The 

interpretation of such studies would depend upon the binding 

properties of the proteins under investigation. If well-defined 

odorants were to bind with a high degree of specificity and affinity 

to a single class of receptor protein, then it should be possible to 

inactivate this class of protein without affecting the activity of 

other classes of olfactory receptors. Conversely, if particular 

odorants were to bind to several classes of receptor proteins, then 

differential inhibition of binding activity may result. 

Three distinct types of chemical modification methods have 

been applied to the identification of receptor proteins in the 

vertebrate olfactory system1. This section describes previous 

attempts that have been made to bring about the +utative affinity 

labelling and photoaffinity labelling of such receptors; group- 

specific chemical modification is discussed in Chapter 5 (see 

Section 5.1(i)). 

3.1(ii)a Affinity labelling 

The identification of olfactory receptors by the use of 

putative affinity labelling odorants2 (see Section 3.4. ) has been 

attempted in the frog (e. g. see Squirrell, 1978) and in the rat 

(e. g. see Persaud, 1980). Utilising the bromoacetate group as an 

analogue for the propionate group (Fig re 3.2), a series of 

, potentially useful labelling reagents directed at fruity, minty, 

1 she factors co=on to all three types have been reviously noted (Lodd and Persaud, 10,81). 

2 Since the labelling reagents employed in these types of experiments 
are also odorants, they may be referred to accurately as labelling 
odorants. 
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Figure 3.2 Generalised structure of a putative 
affinity labelling reagent 

'BrCH C. * DI 
' 

-----? 
O'R. 

The bromoacetate group is used as an 
analogue for the propionate group: 

1 01 
CH3CH2c% 

O: R 

Van der Vaal's Radii (in A°) 

F 1.35 

CI 1.80 

Br 1.9 

2.15 

-CH3 2. C 

From "Handbook of Chemistry and Fh; sics" 
58th edition (1977-1978), pr, 178 
Ld. by R. C. i'east. 
CRC mess, Inc., Cleveland, Chio, L. S. A. 
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floral and woody classes of odorant binding sites have been 

synthesised by varying the size and shape of the R' group. The 

synthesis of reactive odorants for many other classes of receptor 

appears equally feasible (]: odd and Persaud, 1981). 

A corprehensive vapour-phase labelling study of the fruity- 

odorant binding site in the frog olfactory epithelium has been 

performed by Squirrell (1978). The labelling reagent, ethyl 

bromoacetate, which gave a good E0G signal, preferentially inhibited 

its own response. Differential inhibition was obtained to other 

odorants; fruity odorants were affected to a greater extent than 

either minty or camphoraceous odours (. gore 3.3; also see Criswell 

et al, 1980). Such differentiality may provide a means of identify- 

ing different types of receptor sites. Similar findings of 

differential EOG inhibition have also been obtained from studies on 

the in vitro rat preparation which attempted to specifically label 

woody odorant (cyclododecyl propionate) receptor sites (see Persaud, 

1980; also see Section 1f. 3(iv)). 

3.1(ii)b Photoaffinity 1abe11iný 

A disadvantage both of group-specific (see Chapter 5) and of 

affinity labelling is that the chemically reactive group in the 

labelling reagent confers irritant properties upon the compound. 

Thus, such odorants probably stimulate trigeminal receptors as well 

as olfactory receptors (Menevse et al, 1977b). Photoaffinity 

labelling , however, overcomes this disadvantege by photolytically 

generating the appropriate reactive moiety at the binding site. 

This technique provides an extremely powerful method for the specific 

1 
For a general review of photoaffinity labelling, see Bayley 
and Knowles (1977). 
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Fipure 3.3 Vapour-phase labelling of frog olfactory 
epithelium with ethyl bromoacetate 

1 

EOG 
(%) 

1,8-cineole 

t-butyl propionate 

n-butyl propionat. 

ethyl propionate 

ethyl bromoacetate 

Differential labelling with the reactive odorant ethyl bromoacetate 

Inhibition of EOG 
between 60-90-sec 

labeling (%) 
Odorant Odor (meant: SD) (3-5) 

1,8-Cineole Camphoraceous 23.1 t 8.7 
tert-Butyl propionate Minty 27.4: - 8.0 
Ethyl pivalate Minty 34.8.: t 11.6 
Ethyl propionate Fruity 49.7 - 3.9 
Ethyl acetate Fruity 51.1: L- 10.5 
Ethyl bromoacetate Fruity and irritant 72.3 ± 6.5 

Taker. from Squirrell (1973) 

Time (sec) 



115 

labelling of receptor sites, as exemplified by studies on the 

chemoreceptors of the bacterium Pseudomonas aeruainosa (Barber 

et al, 1979). Photoaffinity labelling of the frog olfactory 

epithelium has been reported using a range of aromatic azido 

compounds (Menevse et al, 1977b; Delaleu and Holley, 1983); all 

of these molecules, which gave good EOG responses, are chemically 

unreactive in the dark, but decompose to reactive short-lived 

intermediates upon ultraviolet irradiation. Following illumination 

of the frog olfactory mucosa during constant stimulation with 

1-azidonaphthalene vapour, a preferential inactivation of the 

receptors for this odorant was observed. The extent of inactivation 

varied between 60 - 100 of the original EOG value, depending upon 

the experimental conditions. Again (see Figure 3.3), the BOGs 

obtained to various other odorants were differentially inhibited 

(Figure 3.1. ). The chemical modification of the sensory membrane 

brought about by phenylazide was found to affect the responses "in 

relative ratios which could be predicted from a classification of 

the odorants based upon independent studies of receptor cell odour 

sensitivity" (Delaleu and Holley, 1983; also see Revial et Al, 1978a, b): 

the responses to chemicals representative of the "aromatic group" 

(e. g. acetophenone, anisole, benzene, nitrobenzene and phenylazide) 

were more reduced than those obtained to compounds of the 

"camphoraceous group" (e. g. DL-camphor and 1,8-cineole).. 

This chapter describes thevapour-phase labelling of frog and 

ret olfactory receptor sites directed against various homo- and 

heterocyclic odorants (i. e. benzenoids, pyridines and , yrazines). 

The validity of the in vitro studies is discussed elsewhere in this 

thesis (see Chapter 1. ). 
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Figure 3.4 The effect of li , ht on the LOG responses 
elicited by 1-azidonapthalene in different 
parts of the frog olfactory rnucosa 
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Vertical arrows indicate illumination of the tissue st 326 rte. 
The EOGs obtained to 1-azidonaphthalene were preferentially 
inhibited (60 - 100- of the original value) following 
illumination of the mucosa during constant stimulation with 
this vapour. In control experiments, under the same 
irradiation conditions, the responses to naphthalene did not 
change by more than 1O, of the original value. 

n-Butyl acetate 

Naphthalene 
OR 

13 

7 
s 
5 

4 

3 

2 

l[1"Azidonaphthaiene 
-' 

Taken from Dodd and Fersaud (1981) 



3.2 i. ýet hods 

3.2(i) Experimental protocol: in vivo fro, )aration and in vitro rat 

Vapour-phase labelling studies were performed on in vivo 

frog and in vitro rat preparations maintained at a=bient temperature 

(i. e. 22 1 2°c). The general methodology was independent of the 

tissue preparation used; for every e_periment, several (at least 3) 

reproducible (i. e. variation 4! ) EOG responses were obtained to 

each of the odorants under e ination (apart from the vapour-phase 

labelling odorant). The peak amplitudes of these responses were 

then averaged to give the mean "IOCFZ value" (i. e. baseline response) 

for each compound against which subsequent electrophysiological 

res; onses could be compared. Cnly preparations vine stable Z 

during this baseline value determination -were employed further. 

The tine required to achieve EOG stability varied with different 

preparations; with the in vitro rat preparation, such responses 

were routinely obtained 15 - 20 minutes after the death of the 

animal. 

Nc t, the applicator channel carrying the labelling odorant 

was switched on for a set period of time `usually twenty sgconds), 

and the peak height of the resulting EOG was taken as the "1C 

value" fcr thic odorant. 

Fo1lowiný a rest period (recovery tine) of approximately 

five mutes, at least duplicate BOG responses were obtained to 

each of the odorants in turn, finishing up with the labelling 

reagent, the presentation of which constituted the next "period" 

of Iabeliina. These EO s indicated the resror_z. 1-veness of the 

epithelium after the first period of labelling. 

The sequence of events was then repeated as often as 

117 

r_ecessarr. 
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The applied pulse lengths of the vapour-phase labelling 

reagents were often varied between experiments and between reactive 

odorants. Consequently, the recovery times allowed after pulsing 

were altered accordingly (i. e. the longer the period of pulsing, 

the longer the recovery time employed). The results presented 

graphically in this chapter show ordinates which represent the LOG 

peak amplitudes obtained as a percentage of the original mean 

"1CCZ value" and abscissae which indicate the total time (i. e. 

cumulative time) that the olfactory epithelium was exposed to the 

labelling odorant. Thus, the results are presented as time courses 

of labelling; they cover the periods within which the limit of ECG 

inhibition was achieved for each odorant under examination. It 

should be noted, however, that the abscissae do not reflect prepara- 

tion longevity (see Section 4.3(1)); this tended to vary between 

animals after maximum labelling had been obtained. 

Throughout the series of experiments, the olfactometer 

settings controlling, the odorant flow rates were kept constant; 

vapour-phase odorant concentrations were routinely measured as 

previously described (see Section 2.11. (ii)c). Tissue fatigue 

(adaptation) in thq frog was avoided by permitting a3 minute 

recovery period between stimulus presentations of 10 seconds duration; 

LOGS were recorded every minute from the in vitro rat preparation in 

response to 1 second odour pulses. 

The camphoraceous odorant, 1,8-cirecle1 was included in all 

the vapour-phase labelling experiments in order to provide a 

reference point for the many different investigations; its structure 

(ý'{'igure 3.5) and odour quality are unrelated to any of the other 

odorants utilised (see Squirrell, 1978). 

1 
I, 3,3-trimethyl-2-cxabicyclo [2.2.2] 

octane. 
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Figure 3.5 Structure of the camphoraceous odorant 
1,8-cineole 



1,20 

3.2(11) Zxperimentali- strategy 

The original aim of the present studies was the identifi- 

cation of putative olfactory receptor sites directed against 

pyrazine odorants: "if well-defined odours bind specifically to a 

single class of receptor protein with a high affinity, it should be 

possible to inactivate this class of protein without affecting the 

activity of the other classes of olfactory proteins" (Dodd and 

Persaud, 1981). Additionally, it was hoped to detect any interactions 

between the receptors that may contribute to the quality coding 

mechanism. 

At the outset, pyrazine odorants (see Section 1.4(ii)) 

appeared to be the most suitable compounds for the attempted 

identification of independent receptor types 
1 (see Section 3.2(iii)). 

However, such identification proved unsuccessful; the EOGs recorded 

to a variety of odorants were differentially inhibited by pyrazine 

labelling reagents (see Figures 3.15 - 3.16). Consequently, the area 

of study was broadened to include examinations of the effects of 

other classes of vapour phase labels on the EOG responses obtained 

to a variety of test odorants (Table 3.1); in the absence of specific 

labelling, all of these studies sought to demonstrate patterns of 

differential labelling. Such labelling profiles preclude receptor 

identification Per se: "large-scale mapping experiments with many 

odorants would be required to identify the selectivity of the proteins" 

(Dodd and Persaud, 1981). However, these investigations may provide 

useful pointers for future examinations of labelling specificity. 

Once this has been established, such studies should facilitate the 

1 
Since 2-acetyl-3-methylpyrazine consistently failed to elicit an 
EOG response in the frog (see Section 3.3(ii)a), preliminary 
examinations of labelling efficiency employed readily available 
phenacyl compounds (see Section 3.3(i)a). 
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isolation of receptor proteins; by labelling the appropriate 

binding sites with a radioactive version of the reactive odorant, 

the proteins will be "tagged" in situ, thereby aiding identification 

throughout subsequent isolation procedures (Dodd and Persaud, 1981). 

3.2(iii) Choice of odorants 

Attempts to characterise and identify receptor sites 

through the combined use of biochemical and electropbysiological 

methods on the vertebrate olfactory mucosa require a judicious 

choice of experimental odorants. Ideally, such compounds should 

possess the following features: 

(a) low olfactory thresholds, indicating a probable high affinity 

for the binding sites 

(b) a range of readily available congeners and derivatives for which 

it would be feasible to synthesise: 

(c) (i) a radioactive derivative for ligand binding studies, and 

(ii) a reactive derivative for chemical modification studies. 

In general, pyrazines were regarded as the compounds of choice 

for the present investigations; members of this odorant class (some of 

which are important naturally-occurring compounds possessing a 

pervasive "green" odour; see Section 1.4(11)) have some of the lowest 

olfactory thresholds known (e. g. 2-isobutyl-3-methoaypyrazine; 

0.002 p. p. b. ). Their employment in chemical modification studies was 

further supported by the possession of rigid molecular structures. 

Moreover, the availability of 
[H] 

2-isobutyl-3-methoxypyrazine 

fulfilled the need for a radioactive odorant that could be used in 

ligand binding studies (see Chapter 6). 

All of the odorants employed in the present chemical modifi- 

cation studies were required to elicit good quality EOG sigmas- 

However, it should be noted that the best responses were not always 
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obtained to the most interesting odorants, and vice versa: for 

example, larger ZOG signals were evoked by acetophenone, which is 

not a particularly effective odorant, than by many of the hetero- 

cycles investigated. 

Compounds suitable for derivitisation to vapour-phase 

labelling reagentsI were determined by their possession of a moiety 

which could be readily converted to a bromoacetyl or bromoacetate2 

group (see Section 3.1(ii)a). This constraint on the choice of 

potential labels precluded the use of several aroma compounds (e. g. 

4-butyl-5-propylthiazole; 2-isobutyl-3-methozypyrazine) which, from 

other standpoints, appeared particularly interesting as odorants. 

Consequently, the odorants employed as labelling reagents in the 

present studies might not be regarded as the natural choice for 

other types of investigations (e. g. ligand binding studies) on the 

vertebrate olfactory system. 

1 It is difficult to accurately ascribe odour qualities to chemically 
reactive derivatives, since they tend to elicit a trigeminal 
reaction as well as an olfactory response; such compounds are often 
perceived as pungent, stinging sensations. 

2 
The previously performed vapour-phase labelling study of the fruity 
receptor site in the frog olfactory epithelium employed alkyl 
haloacetates (e. g. ethyl bromoacetate) as chemically reactive 
derivatives (Menevse et al, 1977b; Squirrell, 1978). 
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3.3 Results 

The accompanying results show the mean and standard error 

of the data accumulated from single experiments on separate animals; 

the number of animals (n) used in each study is indicated. 

3.3(i) Vapour-phase labelling studies on the in vivo frog preparation 

Prior to the examinations described herein most chemical 

modification studies had been performed on in vivo frog preparations 

(e. g. see Getchell, 1971; Getchell and Gesteland, 1972; Menevae, 1977; 

Menevse et al, 1977b, 1978; Squirrell, 1978); little detailed 

experimentation had been carried out on the rat (but see Gesteland 

and Sigwart, 1977). Consequently, the present investigations 

focussed initially upon this in vivo frog preparation. These studies, 

which may be compared with earlier examinations of similar design, 

aimed to provide a reference point for the proposed work on the less- 

well-characterised in vitro rat preparation. 

3.3(i)a Comparative effects ofprºenacyl bromide and p: 
EOG responses obtained from the in vivo frog 

The effects exerted by these reactive derivatives of aceto- 

phenone on the EOGs obtained to several odorants were examined. 

The experimental conditions were kept constant throughout the 

series of experßments, and the settings on the olfactometer were 

adjusted such that the flow rates of air through the U-tubes contain- 

ing the reactive odorants were identical. 

The results (Figures 3.6 and 3.7) show that a selective 

reduction in the EOGe obtained to propiophenone could be brought 

about in the frog by utilising phenacyl bromide as a vapour-phase 
labelling reagent; the EOG responses to the structurally unrelated 

odorants, isoamyl acetate and l, 8-cineole, remained largely unaffected 
1 

1A 
slight increase in these responses was found after limited 

exposure of the epithelium to phenacyl chloride. Increased 
responses following treatment with ethyl chloroacetate have been 
previously reported (Squirrell, 1978). 



Eipures 3.6 - 3.16, Vapour-phase labelling 
3.18,3.19 profiles 

These figures, -which represent time courses of labelling, are 
presented in the form shown below. The duration of each 
period of labelling may be estimated by reference to the 
intervals between successive exierimental points (here 
indicated by the letters a- f). 
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Figure 3.6 Vapour-phase labelling of frog olfactory epithelium 125 

100 

80 

60 
FAG peak 
amplitude 
(% of 
original 40 
mean value) 

20 isoamyl acetate 
o 1,8-cineole 

o propiophenone 
  phenacyl bromide (0.35pM) n=8 

012345 

Cumulative time of labelling (min. ) 

Figure 3.7 

100 

80 

EOG peak 
6 

amplitude 
(FO of 
original 
mean value) 40 

20 0 1,8-cineole 

. isoemyl acetate 
o propiophenone 
  phenacyl chloride (0.41µM) n=7 

01 2 34 5 
Cumulative time of labelling (min. ) 



t26 

'When phenacyl chloride was employed as the labelling odorant, this 

preferential reduction was considerably diminished (Table 3.2). 

The comparatively high degree of selective labelling obtained 

with phenacyl bromide2 suggested that this compound, together with 

other brominated derivatives should be employed in the proposed 

vapour-phase labelling experiments on the in vitro rat preparation. 

3.3(i)b Concentration dependence of vapour-phase labelling with phenacyl 
bromide 

The in vivo frog preparation was pulsed with different con- 

centrations of phenacyl bromide (Figure 3.8); the ZOG peak amplitudes 

remaining after three minutes' (cumulative time) exposure of the 

epithelium to various concentrations of the labelling reagent are 

shorn in Table 3.3. 

The results indicate that, in the frog, vapour-phase labelling 

with phenacyl bromide-is concentration-dependent. Similar findings 

for the labelling produced by ethyl bromoacetat. e have been previously 

reported (Squirrell, 1978). 

2 
In addition, phenacyl bromide proved to be stable for several weeks 
when dissolved in diethyl phthalate and stored in the dark at room temperature. 
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Table 3.2 Comparative effects of phenacyl bromide 
and phenacyl chloride on LOG responses 
obtained from the in vivo frog preparation 

E0G peak amplitude ( of original mean 
value) after 5 minutes (cumulative time) 
labelling (mean t S. E. M. ) 

Vapour-phase labelling reagent 

Odorant 
Fhenacyl bromide Phenaeyl chloride 
(0.35pM; n= 8) (0. ;n= 7) 

1,8-cineole 94 t3 101 f2 

isoaagtl acetate 95 ;3 l00 ±3 

propiophenone 54. ±5 95 ±3 

phenacyl halide 34.6 81 ±5 

Tabular representation of acme of the data presented in 
Figure 3.6 and Figure 3.7 showing the. mean t S. E. M. values 
of the EOG peak amplitudes (expressed as a% of the 
original mean baseline response) obtained after exposing 
the frog olfactory epithelium to phenacyl bromide or 
phenacyl chloride for 5 minutes (cumulative time). 
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Table 3.3 Effects of different concentrations of 
phenacyl bromide on LOG responses obtained 
from the J& vivo frog preparation 

EOG peak amplitude (% of original mean 
value) after 3 minutes (cumulative time) 
labelling (mean ± S. E. M. ) 

Vapour-phase Odorant 
concentration 
of phenacyl Isoemyl Propio- s Phenacyl 
bromide (µM) 1,8-Cineole acetate phenone bromide 

0.35 (n=8) 95±3 i 96±2 59 ±4 37±4. 

0.18 (n = 4. ) 97 ±2 99 ±2 79 ±3 62 ±5 

0.10 (n=4) 99±2 98±2 94±3 81 ±3 

Tabular representation of some of the data presented in 
Figure 3.8 showing the mean ± S. E. M. values of the EOG 
peak amplitudes (expressed as a fo of the original mean 
baseline response) obtained after exposing the frog 
olfactory epithelium to each of three different 
concentrations of phenacyl bromide for 3 minutes 
(cumulative time) 



130 

3.3(11) Vapour phase labelling studies on the in vitro rat preparation 

3.3(ii)a Effects of phenacvl bromide, phenacyl chloride, 3-pyridinemeth 

and 
e 

on BOG responses obtained from the in vitro rat preparation 

Initial studies (Figures 3.9 and 3.10) reproduced the findings 

of the in vivo frog examinations (see Section 3.3(1)); a comparison of 

the extents to which the EOG responses to propiophenone were 

selectively inhibited (which are similar to those observed with the 

frog; see Table 3.2) shows phenacyl bromide to be the more effective 

vapour-phase labelling reagent (Table 3.4). The results (Table 3.5) 

also indicate that, in the rat, such labelling is concentration- 

dependent (also see Section 3.3(i)b). 

These findings suggested that other brominated odorants might 

also preferentially (or specifically) and irreversibly reduce the EOG 

responses obtained to their non-reactive analogues. To this and, the 

specificity of labelling produced by six potential labels (including. 

phenacyl bromide) 'was examined by monitoring their effects on the 

DOG obtained to a variety of odorants (see Table 3.1). Since the 

labelling behaviour of a reactive odorant reflects its specificity 

of binding, it was hoped that these studies would furnish various 

patterns of EOG inhibition, thus providing independent controls for 

the separate investigations. 

In general, the results (Figures 3.11 - 3.16) show that 

each of the labelling reagents differentially inhibited the EOGs 

obtained to several odorants, with the greatest inhibitory effects 

being exerted upon the responses obtained to themselves1; the EOGa 

1 The level of inhibition routinely observed (about 65) was 
comparable with that found for the EOGs obtained to small fatty 
acids after treatment of the frog or rat olfactory mucosa with 
concanavalin A (see Chapter 5). 
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Figure 3.9 Vapour-phase labelling of rat olfactory 

epithelium with two concentrations of 
phenacyl bromide 
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Figure 3.10 Vapour-phase labelling of rat olfactorX 
epithelium with phenaeyl chloride 
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Table 3. -Comparative effects of phenacyl bromide 
and phenacyl chloride on EOG responses 
obtained from the in vitro rat 
preparation 

EOG peak amplitude (% of ori ginal 
mean value) after 5 minutes 

cumulative time) labelling 
mean ± S. E. M. ) 

Vapour-phase labelling reage nt 

Odorant 
Phenacyl bromide Phenacyl chloride 
(0.35pt, n= 6) (0.4+1µM; n= 4) 

1,8-cineole 96 14 101 ±2 

isoamyl acetate" 98 ±2 101 2 

propiophenone 51 ±6 96 ±3 

phenacyl halide 29 ±8 82 ±7 

Tabular representation of some of the data presented in 
Figure 3.9 and Figure 3.10 showing the mean ± S. E. M. 
values of the EOG peak amplitudes (expressed as a yý of 
the original mean baseline response), obtained after 
exposing the rat olfactory epithelium to phenacyl 
bromide or phenacyl chloride for 5 minutes (cumulative 
time). 
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Table 3.5 Effects of different concentrations of 
phenacyl bromide on FAG responses obtained 
from the in vitro rat preparation 

LOG peak amplitude (jc of original mean 
value) after 3 minutes (cumulative time) 
labelling (mean ± S. E. M. ) 

Vapour-phase Odorant 
concentration of 
phenacyl bromide Isoamyl Propio- Phenacyl 
(µlß) 1,8-Cineole acetate phenone bromide 

0.35 (n = 6) 98 '13 100 ±1 69 14 36 16 

0.18 (n=5) 99±2 100±1 83±3 58±6 

0.10 (a=5) 99 ±2 100±1 92±4 76±5 

Tabular r resentation of data (some of which is taken from 
Figure 3.9) showing the mean ± S. E. M. values of the BOG peak 
amplitudes (expressed as a% of the original mean baseline 
response) obtained after exposing the rat olfactory 
epithelium to each of three different concentrations of 
phenacyl bromide for 3 minutes (cumulative time). 
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Figure 3.12 Vapour-phase labelling of rat olfactory 

epithelium with 3-pyridinemethanol bromoacetate 

(a) 

100 

80 

FLOG peak 
60 

amplitude 
(% of 
original 
mean value) 40 

a iaoamyl acetate n=8 
20 " 1,8-cineole 

e acetophenone 
o propiophenone 
 3 pyridinemethanol propionate 

023L. 5 
Cumulative time of labelling (min) 

(b) 

100 

80 

BOG peak 
60 

amplitude 
(% of 
original 

, mean value) 40 

" 1,8-cineole 11 
20 isovaleric acid n=8 

e ethyl 2-pyrazinecarboylate 

o 3-pyridinemethanol propionate 
" 3-pyridinemethanol bromoacetate (0.38104) 

012345 
Cumulative time of labelling (min) 



137 

Figure . 13 
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Fi. qure 3.14 Vapour-phase labelling of rat olfactory 
epithelium with 3 bromoacetylpyridine 
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Figure 3.15 
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Figure 3.16 Vapour-phase labelling of rat olfactory 
140 

epithelium with 2-bromoacetyl-3 methylpYrazine 
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to odorants possessing molecular structures and/or odour qualities 

that differed greatly from the labelling reagents (e. g. isoamyl 

acetate; 1,8-cineole; isovaleric acid; n-octanethiol etc. ) remained 

largely unaffected. A similar degree of EOG inhibition (see 

Table 3.6) was experienced by each of the six non-reactive analogues 

(e. g. propiophenone; 3 pyridinemethanol propionate; 2-acetylpyrazine 

etc. ). 

Several other observations are also worthy of note. Studies 

employing phenacyl bromide showed that the EOGs obtained to 

3,5-ditertiarybutylacetophenone (which is bulkier than its parent 

compound) were less inhibited by the labelling reagent than were 

those obtained to acetophenone and to propiophenone (Table 3.7). 

The similar degree of labelling experienced by these two odorants 

demonstrates that such ECG inhibition is not significantly 

influenced by slight variations in the size of the acyl moiety 

(Table 3.7); this observation is important since it serves to validate 

the studies which employ a-brominated derivatives of acetyl hetero- 

cycles (rather than compounds containing a bromoacetate group; see 

Section 3.1(ii)a) as vapour-phase labelling reagents (e. g. 

3-bromoacety3pyridine), Similar findings have been previously 

reported: the EOGs obtained from the frog to ethyl acetate and to 

ethyl propionate were inhibited "by very similar degrees" (51. l%ý 

and 19.7 respectively) after labelling with ethyl bromoacetate 

(Squirrell, 1978). 

Heterocyclic odorants tend to possess highly developed 

structure-activity relationships (e. g. see Pittet and Hruza, 1971; 

Teranishi et al, 1974; also see Section 1.4(ii)); small variations 

in their molecular structures may impart different sensory properties 

and ultimately affect the specificity of binding to olfactory 
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Table 3.6 Comparative effects of vapour-phase labelling 
reagents on EOG responses obtained to themselves 
and to their non-reactive analogues from the 
in vitro rat preparation 

EOG peak amplitude (5, of original mean 
value) after 5 minutes (cumulative time) 
labelling (mean ± S. L. M. ) 

Vapour-phase Vapour-phase Non-reactive 
labelling reagent labelling reagent analogue 

phenacyl bromide phenacyl bromide propiophenone 
(0"35pM; n=6) 36±8 54. ±5 

3-pyridinemethanol 3-pyridinemethanol 3-pyridinemethanol 
bromoacetate bromoacetate propionate 
(O. 38NM; n= 8) 31f ±8 48 ±4 

2-pyridinemethanol 2-pyridinemethanol 2-pyridinemethanol 
bromoacetate bromoacetate propionate 
(0.36NM; (n = 6) 28 ±8 51 18 

3-bromoacetyl- 3-bromoacetylpyridine 3-acetylpyridine 

pyridine 33 ±7 64 ±6 
(0.3ONM; n= 7) 

2-bromoacetyl- 2-bromoacetylpyrazine 2-acetylpyrazine 

pyrazine 36±8 56= 8 
(0.21pM; n=8) 1 

2-bromoacetyl- 2-bromoacetyl-3- 2-acetyl-3-methyl- 
3-methylpyrazine methylpyrazine pyrazine 
(0.28/Al; n=9) 31±9 57 ±7 

Tabular representation of some of the data presented in 
. gores 3.11 - 3.16, showing the mean ± S. E. k. values of the 
ZOG peak amplitudes (expressed as a ;ö of the original mean 
baseline response) obtained to phenacyl bromide, 3-pyridine- 
methanol bromoacetate, 2-pyridinemethanol bromoacetate, 
3-bromoaeetylpyridine, 2-bromoacetylpyrazine and 2-bromoacetyl- 
3-methylpyrazine and to their non-reactive analogues after 
exposing the rat olfactory epithelium to each of the six vapour- 
phase labelling reagents for 5 minutes (cumulative time). 
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Table 3.7 Differential effect of phenacyl bromide 
on FrCG responses obtained from the 
in vitro rat preparation 

Inhibition of BOG peak litude 

Odorant 
(% of original mean value after 
5 minutes (cumulative time) 
labelling (mean ± S. E. M. ) 

1,8-cineole (n = 7) 3±3 

trimetbylpyrazine (n = 7) if ±2 

citronellol (n = 6) 9±3 

isovaleric acid (n = 6) 13 +4 

3-pyridinemethanol 
propionate (n = 7) 17 1-4 

3,5-ditertiarybutyl- 
aeetophenone (n = 7) 

ethyl 2-pyrazine- 
carboxylate (n = 7) 

acetophenone (n = 7) 

propiophenone (n = 7) 

phenacyl bromide 
(0.351W) (n = 7) 

17 t5 

25±6 

4.2 6 

49 +7 

64 ±8 

Tabular representation of some of the data presented in 
Figure 3.11 showing the mean ± S. E. IL. values of the 
inhibition of BOG peak amplitudes (expressed as a of the 

original mean baseline response) obtained after exposing the 

rat olfactory epithelium to phenacyl bromide for 5 minutes 
(cumulative time). 
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receptor sites. The present findings are compatible with such 

ideas; the ECG responses to ethyl 2-pyrazinecarboxylate were less 

inhibited by 3-pyridinemethanol bromoacetate than were those obtained 

to 3-pyridinemethanol propionate (Table 3.8; Figure 3.12); the 

addition of a methyl group to 2-acetylpyrazine considerably reduced 

the extent to which the resulting odorant was labelled by 

2-bromoacetylpyrazine (Table 3.8; Figure 3.15); the ECGs obtained 

to ethyl 2-pyrazinecarboxylate and to 3-pyridinemethanol propionate 

were less inhibited by 2-pyridinemethanol bromoacetate than were 

those recorded to 2-pyridinemethanol propionate (Table 3.9; 

Figure 3.13); the responses obtained to 2-isopropyl-3-methoxypyrazine 

and to 2-acetylpyrazine were less inhibited by 2-bromoacetyl-3-methyl 

pyrazine than were the ECGs to 2-acetyl-3-methylpyrazine1 (Table 3.9; 

Figure 3.16), and finally, the ECG responses to ethyl 2-pyrazine- 

carboelate and to 3-pyridinemethanol propionate were less inhibited 

by phenacyl bromide than were those obtained to acetophenone and to 

propiophenone (Table 3.7; Figure 3.11). 

1 It is worthy of note that all attempts (albeit made within a5 month 
period) to elicit an EOG response in the frog to 2-acetyl-3- 
methylpyrazine consistently failed, even though small stable 
responses (about 1.5 mV) were obtained with the in vitro rat 
preparation (see Figure 3.17). Although not rigorously investigated 
this observation is interesting since no reports have appeared 
elsewhere of frogs (unlike mice; see r(ysocki, 1984) being 
insensitive to any one particular odorant. 
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Table 3.8 Differential effects of 3-pyridinemethanol 
bromoacetate and of 2-bromoacetylpyrazine 
on EOG responses obtained frown the 
in vitro rat preparation 

(a) 

Inhibition of BOG peak litude 

Odorant 
(% of original mean value after 
5 minutes (cumulative time) 
labelling (mean t S. E. M. ) 

ethyl 2-pyrazine- 
+ carboYylate (n = 8) 16 -4 

3 py idinemethsnol 
propionate (n = 8) 52 ±4 

3-pyridinemethanol 
bromoacetate 
(o"38N1d; n= 8) 

1 
66 ±8 

(b 

Odorant 

2-acetyl-3-methy1-- 
pyrazine (n = 8) 

2-acetylpyrazine 
(n = 8) 

2-brcmoacetylp razine 
(0.24&; n=8 

Inhibition of BOG peak litude 
(ö of original mean value after 
5 minutes (cumulative time) 
labelling (mean ± S. J. SL. ) 

21+±9 

44±8 

bto. ±8 

Tabular representation of scree of the data presented in 
(a) Figure 3.12 and (b) Figure 3.15 showing the 
mean t S. E. M. values of the inhibition of EOG peak 
amplitudes (expressed as a 0,1% of the original mean base- 
line response) obtained to selected odorants after 
exposing the rat olfactory epithelium to (a) 3-pyridine- 
methanol bromoacetate and (b) 2-bromoacetylpyrazine for 
5 minutes (cumulative time). 
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Table 3.9 Differential effects of 2-pyridinemethanol 
bromoacetate and of2-bromoacetyl-3- 
met vlpyrazine on EOG responses obtained 
from the in vitro rat preparation 

(a) 

Inhibition of EOG peak amplitude 

Odorant 
(% of original mean value) after 
5 minutes (cumulative time) 
labelling (mean ± S. E. lit. ) 

ethyl 2 pyrazin. - 
carbozylate (n = 6) 18 ±5 

3-PYridinemetbanol 
propionate (n = 6) 28 ±6 

2-pyridinexnethanol 
propionate (n = 6) 49 ±8 

2-pyridinemethanol 
bromoacetate 
(0-36 pm) (n = 6) 72 ±8 

(b) 

Inhibition of FAG peak lit 

Odorant 
(ö of original mean valuue after 
5 minutes cumulative time) 
labelling 

(mean 
± S. Q. M. ) 

2-isopropyl-3-methoxy- 
Pyrazine (n =9) 

2-acctylpyrazine (a = 9) 

2-acetyl-3-methyl- 
pyrazine (n = 9) 

7±3 

21±6 

43 ±7 

I 

J 

n 

7 

2-broanoacetyl-3 methyl- } 

pyrazine (0.28pU) (n = 9) 69 ±9 

Tabular representation of some of the data presented in 
(a) Figure 3.13 and (b) Figure 3.16 showing the mean ± S. E. I. 
values of the inhibition of BOG peak amplitudes (expressed as 
aö of the original mean baseline response) obtained to 
selected odorants after exposing the rat olfactory epithelium 
to (a) 2-pyridinemethanol bromoacetate and (b) 2 bromoacetyl- 
3-methylpyrazine for 5 minutes (cumulative time). 
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Figure 3.17 Electrophysiolor-ical recordinJs from the 
in vitro rat äreparaticn and in vivo frog 
prei arac. on io lowing- tHeir exposure to 
2-ac et-rl-3 -r, e thylpYr2. zine 

(a) 

0.5 my 

10 sec. 

.01 

The upper recording; (a) shcw-- a tyrical ECG obtained from the 
in vitro rat reraration to 2-acetyl- -iiiethylyyrazine (0.27 'Il, 
tivhi1st the lower trace (b) sncws that no such signal was 
obtained from the in vivo froh rrexration fol1owincy its 
:x osure to this odorant. The horizontal bars indicate 
stimulus duration. 
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3.3(ii)b Protection experiments on the in vitro rat preparation 

The demonstration of protection is an important criterion 

for establishing the occurrence of affinity labelling (Singer, 1970); 

the rate of specific inactivation of a particular binding site should 

be reduced in the presence of an appropriate ligand. 

The present studies attempted to specifically protect rat 

olfactory receptor sites against vapour-phase labelling with 

2-bromoacetyl-3-methylpyrazine. The methodology was developed from 

that used previously in similar studies on the in vivo frog prepara- 

tion (see Squirrell, 1978). The olfactory epithelium was exposed to 

2-acetyl-3-methylpyrazine (0.3 N. moles/litre of air) for a period of 

10 seconds; this odorant acted as the protectant. Next, the odour 

applicator was switched such that the tissue was pulsed with 

2-bromoacetyl-3-methylpyrazine (0.3 µmoles/litre of air) in the 

presence of protectant (34 jzmoles/litre of air); the reactive 

odorant was dissolved in diethyl phthalate and housed with the 

protectant in a U-tube. After each "aliquot" of labelling, the odour 

applicator was switched back to the original position, and the 

olfactory tissue was exposed to 2-acetyl-3-methylpyrazine for a 

further period of 10 seconds. The overall effect of this procedure 

was to pulse the olfactory epithelium with various aliquots of the 

vapour-phase labelling odorant whilst all the time exposing it to_ 

2-acetyl-3-methylpyrazine. 

The results (Figures 3.18 and 3.19) show that the rate of 

specific inhibition of the EOGß to 2-acetyl-3-methylpyrazine was 

reduced when this odorant was applied to the rat olfactory epithelium 

before, during and after treatment with the vapour-phase label 

2-bromoacetyl-3-methylpyrazine. This observation is consistent with 

the appearance of specific protection (also see Squirrell, 1978; 
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Figure 3.18 

of 

100 

80 

60 
EOG peak 
amnlitude 
(aoof 
original 
mean 
value) 40 

20 

0 
Cumulative time of labelling (min) 

thelium 

The protectant, 2-acetyl-3-nethylpyrazine (3.38 gM), was applied to 
the rat olfactory epithelium before, during and after exposure of the 
tissue to 2 bromoacetyl-3 met1ylpyrazine (0.28 pM) 

123ý. 567 
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Figure 3.19 Control for the vapour-phase labelling of rat 
olfactory epithelium with 2-bromoacetyl-3- 
methylpyrazine in the presence of protectant 

100 

80 

60 
EOG peak 
amplitude 
(% of 
original 
mean 
value) 40 

. isoanwl acetate 1111 
20 a 1,8-cineole 

o isovaleric acid 

o 2-acetyl-3-methylpyrazine 

  2-bromoacetyl-3-methylpyxßzine (0.28 AM) n=6 

o12345,6 7 

Cumulative time of labelling (min) 

The rat olfactory epithelium was exposed to humidified air devoid of 
protectant before, during and after the application of 2 bromoacetyl- 
3-methylpyrazine (0.28 AM) (also see Figure 3.16) 

150 
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Menevae et al, 1978). It should be noted, though, that an 

unequivocal demonstration of such behaviour requires the employment 

of protectant analogues. However, the difficulties encountered in 

performing protection experiments on the vertebrate olfactory system 

(e. g. adaptation; effect on the epithelium of prolonged exposure to 

odorants (see Section 4.. 3(iv)); possible odorant metabolism by nasal 

cytochrcme P-450-dependent monoozygenases (see Section 1.3(ii)c)), 

which are greater than those found with many other types of receptors, 

hinders the execution of such studies. Consequently, the accompanying 

results should only be regarded as being compatible with, and not 

unambiguously indicative of, 'the occurrence of specific protection. 

The intense stimulations of 2-acetyl-3-methylpyrazine used 

throughout these experiments precluded the measurement of EOG 

responses to 2-bromoacetyl-3-methylpyrazine. FbUlowing treatment, a 

rest period of 10 - 15 minutes (depending upon the pulse'length of 

the reactive odorant) permitted recovery from the effects of adapta- 

tion. 

Control experiments for these protection studies were performed 

by replacing the protectant (ie 2-acetyl-3-metbylpyrazine)-carrying 

air stream with an equal volume of humidified air (ie the incoming air 

stream was passed through a U-tube containing only diethyl phthalate), 

and by pulsing the tissue with only 2-bromoacetyl-3 methylpyrazine. 

In this case, the EOG to the reactive odorant could be recorded. 

Again, a rest period (about 10 minutes) preceded the recording of 

any further EOG responses. The settings on the olfactometer«(ie flow 

restrictors) were kept constant between these experiments and the 

protection investigations. 

i jp} 



152 

3.3(ii)c Recovery of EOG responses 

After treating the rat olfactory epithelium with any of 

the vapour-phase labelling odorants employed in the present studies, 

there was no observable recovery of the EOG response within several 

hours. Thus, the labelling produced appears to be irreversible. 

Similar findings have been reported for the vapour-phase labelling 

of frog olfactory receptors with haloalkyl esters (see Squirrell, 

1978). 

3.3(ii)d Appearance of EOG responses 

Some EOG signals from a typical vapour-phase labelling 

experiment on the in vitro rat preparation are shown in Figure 3.20. 

Squirrell (1978)has indicated that the waveform of the EOGs obtained 

from the frog to several haloallcyl esters was altered as a result of 

labelling; the amplitude of the plateau component of the ZOG was 

more reduced than the amplitude of the initial peak, such changes 

being accompanied by the appearance of a small, negative, 

"off-response". However, the waveform of the EOG responses to various 

non-halogenated alkyl esters was not affected in this manner, 

'perhaps because they had higher peak/plateau ratios to start with' 

(Squirrell, 1978). 
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Figure 3.20 

(a) 

1,8-cineole 

isoamyl 
r-ropiophenone I acetate 

0.1} mV L 

20 sec. 

(b 

1 

2-acetyl- 
pyrazine 

2-bromoacetyZ- 
cyrazine 

1,8-cineole 

isoainyl 
acetate 

propiophenone 

0.4 mV L 20 sec. 

2-acetyl- 
pyrazine 

2-bromoacetyl- I 
pyrazine 

These LOG siLmals were recorded (a) before and (b) after 
vapour-phase labelling (40 sec. cumulative tars) of the rat 
olfactory epithelium with 2-bromoacetylpyrazine (0.21/LM) 
(see Figure 3.15). The stimulus pulse was 1 sec., sufficient 
to elicit the : SOG peak. 

rat preparation 
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3.4 Discussion 

The results obtained from the present studies appear 

generally consistent with the demonstration of affinity labelling; 

each of the labelling reagents preferentially inhibited the EOG 

responses to itself and to its non-reactive analogue (see Figures 3.11 - 

3.16) whilst findings compatible with the appearance of specific 

protection were obtained using 2-acetyl-3-metbylpyrazine (see 

Section 3.3(ii)b). However, the profiles do reveal possible 

inconsistencies with respect to such labelling. 

Firstly, it should be noted that the kinetics of the EOG 

reductions varied between odorants, and in particular between the 

labelling reagents and their non-reactive analogues. Previous vapour- 

phase modification studies have given rise to similar effects (e. g. 

see Squirrell, 1978; Persaud, 1980). Since affinity odorants and 

analogues may be expected to display superimposable labelling kinetics, 

such disparities may indicate deviation from true affinity labelling. 

Conversely, however, the absence of coincidence may simply reflect 

concentration differences between the halogenated and non-reactive 

odorants, or their different degrees of binding to the mucus which 

overlies the olfactory mucosa (see Section 5.4. ). 

Secondly, different extents1 of EOG inhibition were experienced 

by the labelling reagents (about 65% of the original value) and their 

non-reactive analogues (about 45% of the original value). This lack 

of superirnposability, which has also been detected in previous vapour- 

phase labelling studies, suggests that the'labelling odorants somehow 

affect (i. e. recruit) receptor sites that are unresponsive to the 

1 
In common with previous studies of similar design (e. g. see 
Squirrell, 1978; Persaud, 1950), this parameter (as reflected by 
the plateau regions of Figures 3.11 - 3.16) was routinely, used%as 
the indicator of labelling behaviour. 
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non-reactive analogues. However, such apparent discrepancies do not 

necessarily refute the thesis that true affinity labelling is being 

monitored; again, this behaviour may simply reflect differences in 

concentration between the halogenated and non-reactive odorants. 

These labelling experiments conceal many technical 

difficulties which hinder their successful performance; mechanical and 

electrical problems, together with complications arising from the 

animal preparations themselves (e. g. variations in age, health, 

nutritional state, etc; ease of dissection; adaptation effects etc. ) 

all contribute to the many problems1 frequently encountered in this 

type of study2. Such difficulties inhibited any examination of the 

conditions under which optimum labelling may be observed; odorant 

concentrations were chosen solely on their ability to elicit good 

quality EOG responses3 (Menevse et al, 1978). Thus, no attempts were 

made to examine the concentration dependence of the BOG signals. It 

is possible therefore that the disparity in the extents (and kinetics) 

of labelling experienced by the various labelling reagents and by the 

non-reactive analogues may reflect their relative abilities to elicit 

good quality ZOG responses at dissimilar odour concentrations. 

Confizmation, or otherwise, of this hypothesis must await the 

1 E. g. the incidence of 2-acetyl-3-methylpyrazine consistently 
failing to elicit an EOG response in the in vivo frog preparation (see Section 3.3(ii)a). 
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2 It should be noted that attempts are made to overcome these 
obstacles; as far as practicable, the experimental methodology 
controls for variations between the animal preparations and for 
any artifactual labelling behaviour (e. g. isoangyl acetate and 
1,8-cineole are employed in all the experiments as "control" odours; 
the position of the recording microelectrode is standardised; 
operating conditions are kept constant between experiments, etc; 
also see Chapter 4). 

Each odorant was used at the same (vapour-phase) concentration 
in every labelling experiment. 
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performance of further studies, including large scale mapping 

experiments with many odorants. The monitoring of single unit 

responses may prove advantageous to these examinations, although it 

should be noted that such recordings present greater technical 

challenges than those encountered with ensemble techniques. 

The possible discrepancies that exist with respect to genuine 

affinity labelling1 do, however, complicate interpretation of the 

present studies. Consequently, these investigations have been termed 

"vapour-phase labelling studies" as opposed to "affinity labelling 

studies". It must be stressed, though, that the findings of 

differential ECG inhibition remain equally valid. 

Preliminary studies on the in vivo frog preparation and 

in vitro rat preparation showed that phenacyl bromide was a more 

effective labelling reagent than phenacyl chloride. This finding is 

consistent both with previous observations on the relative abilities 

of ethyl chloroacetate, ethyl bromoacetate and ethyl iodoacetate to 

selectively reduce BOG responses obtained from the frog (Squirrell, 1978), 

and with the reported relative reactivity of haloacetates towards 

nucleophiles, which follows the order: 

iodo- > bromo- > chloro- > fluoro- 

(in the ratios 3: 1: 0.2 : 0.0001) (Hendrickson et al, 1970; 

but also see Korman and Clarke, 1956). The employment of haloketones 

as affinity labelling reagents (Hartman, 1977), and the particular 

advantages applicable to the use of bronoacetyl reagents (Wilchek and 

Givol, 1977) have been discussed elsewhere. 

The validity of the present vapour-phase labelling studies 

1 It has been suggested previously that "it could be wise to refine 
the terminology regarding 'affinity labels", for labelling studies 
employing halogenated esters (Icarnovsky, 19bl). 
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was indicated by the apparent demonstration of specific protection; 

the LOGS obtained to 2-acetyl-3-methylpyrazine were found to be 

protected when a high concentration of this odorant was present before, 

during and after exposure of the rat olfactory epithelium to 

2-bromoacetyl-3-methylpyrazine. The significance for the odour 

quality coding mechanism in the olfactory primary neurones of the 

differential protection afforded by n-pentyl acetate to various 

odorants against labelling by the thiol-specific reagent, mersalyl, has 

been previously discussed by Menevse et al (1978). 

The labelling effects of phenacyl bromide, 3-pyridinemethanol 

bromoacetate, 2 pyridinemethanol bromoacetate, 3-bromoacetylpyridine 

2-bromoacetylpyrazine and 2-bromoacetyl-3-nnethylpyrazine on the ECG 

responses obtained to a variety of odorants were examined with the 

in vitro rat preparation. The results show that, in general, the 

EOGs to compounds resembling the labelling reagents (with respect to 

molecular structure and/or odour quality) were selectively reduced, 

whereas those evoked by odorants bearing little similarity to the 

reactive derivatives remained comparatively unaffected; relatively 

slight differences in odorant structure/quality were found to affect 

markedly the extents of observed EOG inhibition (e. g. see Figure 3.12: 

ethyl 2 pyrazinecarbo'late was inhibited to a much lesser degree by 

3-pyridineznethanol bromoacetate than was 3-pyridinemethanol 

propionate). 

These findings appear to support the notion that olfactory 

discrimination is attributable to the interaction of stimulus 

molecules with highly specific receptor sites contained within the 

vertebrate olfactox7 system (Amoore, 1970b; also see Section l. 3(ii)c). 

How ever, the failure to ever bring about ZOG abolition tends to argue 

against this hypothesis and suggests that the labelling patterns 
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reflect the co-existence in the olfactory system of sites capable of 

binding one or more odorants with different affinities (i. e. the 

olfactory receptor sites possess a certain degree of overlapping 

specificity). 

The interaction of odorants with more than one type of receptor 

site has been previously discussed (Beets, 1971; Polak, 1973); evidence 

on the response specificity of individual olfactory neurones suggests 

that these cells are generalist cells which respond in a differential 

manner to a wide range of odorantsI (Gesteland, 1976). This has been 

cited as a possible explanation for why odour primaries have so far 

been difficult to define: the primaries hitherto identified (e. g. see 

Amoore, 1971,1974) may in fact be odorants that interact with only a 

few types of receptor sites, with one type predominating (Getchell and 

Getchell, 1971+). 

It should be noted that the labelling obtained with the in vivo 

frog preparation (Figures 3.6 - 3.6) occurred at a slower rate than that 

previously reported using ethyl bromoacetate (Figure 3.3). Although 

this variation in rate may simply reflect differences between the 

halcalkyl ester and the phenacyl compounds presently employed, it should 

also be stressed that the two investigations utilised separate olfacto- 

meters and odour applicators; variations in their performance may account 

for the observed rate differences2. 

1 It has been suggested that the odour reception of n-alcohols 
involves rather non-specific, probably hydrophobic, interaction 
(Senf et al, 1580; also see Cherry et al, 1970). 

2 Separate olfactometers and odour applicators were also used in the 
present studies on the frog preparation and on the rat preparation. 
Again, variations in their performance xiay help to explain the 
differences observed between the rates of labelling obtained with 
these two preparations. 



. ý, ý 

159 

Most of the labelling profiles show a gradual, non-specific 

reduction with time in the EOG responses obtained to a variety of 

odorants. Several factors may be responsible for this behaviour, 

which occurred at a slower rate than the observed labelling. The 

possibility of damage to the transduction mechanism and/or the 

inhibition of metabolic processes is discussed elsewhere in this 

thesis (see Section 4.4); additional explanations include the possible 

occurrence of enhanced mucus secretionI and/or the non-specific- 

labelling of various olfactory receptors (Squirrell, 1978). 

Finally, it should be noted that the labelling described in 

this chapter has been assumed to apply to olfactory receptors. 

However, in many vertebrates, chemical stimuli can be detected in the 

nasal cavity via the olfactory system, the vomeronasal system, the 

trigeminal system2, the septal organ and possibly the nervus terminalis 

(Silver and Maruniak, 1981). Although some researchers have cautioned 

that interaction may occur between these chemoreceptive systems, 

relatively little has been done to study, or control for, such events; 

"it generally has been assumed that when one chemoreceptive system is 

being studied, it alone is responsible for the responses being 

monitored" (Silver and Maruniak, 1981). 

Trigeminal chew reception has long been considered part of the 

common chemical sense, functioning to detect noxious chemical stimuli 

in the mouth, nose and eyes, and to initiate appropriate protective 

reflexes. However, psychophysical (e. g. see Cain, 1974,1976; 

Doty, 1975, Doty et al, 1978; Cain and Murphy, 1980) and electro- 

p1ysiological (e. g. see Beidler and Tucker, 1956, Tucker, 1963b, 1971; 

1 This might be expected since the compounds used as vapour-phase labelling odorants also possess lachrymatory properties. 
2 For a review of trigeminal chemoreception in the nasal and oral 

cavities, see Silver and Maruniak (1981). 
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also see Silver and Moulton, 1982; Silver and Mason, 19Ex) data have 

recently prompted Silver and Maruniak (1981) to argue that 

tribeminal chemoreceptors may be stimulated by a wider range of 

compounds and concentrations than is generally believed', such that, 

"to date there is not sufficient documentation to call any chemical 

a pure olfactory stimulus". Electrophysiologically, no odorant has 

yet been tested which does not stimulate nasal trigeminal receptors, 

although Silver and Moulton (1982) have recently shown that while some 

compounds (e. g. phenyl ethyl alcohol, benzyl acetate and a-terpinol) 

stimulated such receptors in some rats, they did not elicit responses 

in all animals tested, even at vapour saturation. 

Some knovvledge is now available concerning the types of 

chemicals that will be potent trigeminal stimuli; most obvious are 

those causing nasal irritation, pain and physiological reflexes. 

However, it should be noted that volatile chemicals need not possess an 

odour to humans to be powerful trigeminal stimulants. The presence of 

carbon-carbon double bonds, carbonyl and halogen groups (e. g. vapour- 

phase labelling odorants) and large dipole moments tends to increase 

the effectiveness of molecules as trigeminal stimuli (e. g. see 

Doty et al, 1978); the common denominator for trigeminal irritation 

appears to be an affinity for reacting with sulphydryl groups on 

proteins (see Silver and Maruniak, 1981). 

It is therefore possible that the labelling patterns obtained 

in this study reflect, at least partially, the behaviour of trigeminal 

receptors. Since the separation of olfactory and trigeminal 

components is a major problem in the recording of odorant evoked 

1 
At present, it is still unclear what powers of chemical discrimina- 
tion the trigerýiral systei-i may possess (Silver and 1, aruniak, 1981). 

,.... t- t 
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potential 
, 

future studies may circumvent this difficulty by 

combining electrophysiological investigations on the action 

potentials recorded from single olfactory neurones (e. g. see Delaleu 

and Holley, 1980) with biochemical approaches to receptor 

identification and isolation (e. g. see Chapter 6). 

1 It has been suggested that tri eminal and olfactory $ components of the odorant evoked potential have different latencies and 
furthermore can be separated on the basis of electrode placement (see Silver and Maruniak, 1981). 
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ON T1E 

1+. 1 Introduction 

Vapour-phase labelling experiments which aim to specifically 

abolish the EOG responses to a particular odorant are readily open 

to misinterpretation; the noted absence of signal must be shown to 

result directly from genuine labelling and not as a consequence of 

some other action. To this end, several potential sources of error 

require examination: 

(a) The longevity of the employed tissue preparation is of crucial 

importance, since stable EOG responses to a wide range of odorants 

maust be obtainable over a sufficiently long time span (i. e. hours not 

minutes) for labelling to occur. Thus, the duration of EOG stability 

needs to be examined for each type of animal preparation employed. 

If there should be a decrease with time in the amplitudes of the 

recorded BOG responses, then such changes should uniformly affect all 

odorants; there must be no observable differential rate of decrease. 

Previous studies employing female rat pups (1 - 30 days post partum) 

have indicated that in response to a test stimulus (ethyl n-butyrate; 

l0p14 2 sec. duration) delivered every three minutes, the EOG 

amplitude declined by 50 in an average of 90 min; no statistically 

significant correlation between animal age and preparation longevity 

was evidenced (Gesteland and Sigwart, 1977). 

(b) Brominated labelling reagents may undergo hydrolysis (see 

Figure 4.1) upon contact with the nasal mucus to liberate hydrogen 

bromide. Consequently, any analysis of the rationale underlying such 

labelling. studies should include an examination of the effect of this 

compound on the EOG responses obtained to a variety of odorants. Again, 

the integrity of this chemical modification approach depends upon the 
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Figure +. 1 Hydrolysis of halomethyl esters 

The hydrolysis of halomethyl esters has been found 
to possess more or less SN2 character. Thus, the 
mechanism can be written in the fora: 

RCOOCH2X + H2O RCOOCH2OH + HX 
fast 

RCOOH+CH2O+HX 

(see Euranto, 1969) 
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absence of any differential rate of EOG abolition in response to 

either hydrogen bromide or solutions of bromine1. Although previous 

work has alluded to these problems (Squirrell, 1978), little direct 

experimental data has hitherto been provided. 
(c) Two other possible sources of error are inherent in the basic 

methodology of in vitro vapour-phase labelling experiments (see 

Chapter 3): (i) The rat preparations are superfused with Ringer 

solution prior to the recording of BOG responses (see Section 2.3). 

Thus it is necessary to check that such supezfusion does not in itself 

exert any differential effects upon the EOG responses subsequently 

obtained. (ii) Pirthezmore, the reductions noted in the presence of 

an appropriate labelling reagent must be shown not to be potentiated 

or exclusively caused by the equivalent non-reactive analogue or other 

odorants. The repeated pulsing of a particular odorant could produce 

alterations in the olfactory system (e. g. enhanced mucus secretion; 

damage to the transduction mechanism or inhibition of metabolic 

processes (Squirrell, 1978)), resulting in the generation of EOG 

responses with diminished peak amplitudes. If such diminutions mere 

specific in nature, then a type of "pseudo labelling" would be achieved. 

At the commencement of the electrophysiological studies described 

in this thesis (see Chapter 3), little work had been performed on the 

in vitro rat preparation; most physiological data had come from frogs 

(Gesteland and Sigwart, 1977). Consequently the feasibility of using 

rats in vapour phase labelling studies required investigation. This 

1 Bromine oxidises water, though less readily than chlorine, to 
produce bypobromous acid and hydrogen bromide: - 

H20 + Br2 HOBr + HBr 
Exposure of the rat olfactory epithelium to solutions of bromine 
represents a fora of treatment which is potentially more extreme than presentations of hydrogen bromide vapour. 
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chapter details the innovative work that was performed on such 

in vitro preparations in order to validate the labelling experiments 

previously described (see Chapter 3). 
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1j.. 2 Methods 

Studies on the in vitro rat preparation were performed as 

described elsewhere in this thesis (see Section 3.2(1)). Odorous 

vapours were applied to the rat olfactory epithelium as previously 

outlined (see Section 2.4(ii)); bromine (in Ringer solution) and 

Ringer solutions were administered via glass hypodermic syringes and 

removed by aspiration. 

The application and withdrawal of test solutions did not 

necessitate removal of the reference electrode from the rat preparation. 

However, the recording electrode, which was housed in micromanipulators, 

was temporarily raised during these operations and subsequently lowered 

such that further EOG responses could be recorded from the original 

position. Where necessary, solutions applied to the olfactory 

epithelium were replenished with fresh additions at one minute intervals. 

At the outset of every experiment several (at least 3) 

reproducible (i. e. variation z) EOG responses were recorded to 

each odorant under examination; these peak amplitudes were averaged to 

give a measure of the baseline response (i. e. 1001 value on the 

accompanying graphs). Test substances, either in the vapour or liquid 

phase, were then applied to the olfactory epithelium. 

The complete removal of all test solutions from the sensory 

tissue was essential for obtaining good quality EOG responses. After 

treatment (20 second aliquots) with solutions of bromine, the olfactory 

epithelium was superfused (5 minutes) with Ringer solution; the tissue 

was then allowed to rest (5 minutes) before EOG recording was 

re-corcmenced. 

All EOG responses were recorded in at least duplicate prior to 

further treatment of the olfactory tissue; these responses were averaged 

to give the percentage EOG response with respect to the appropriate 
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baseline value (i. e. "ä of original EOG response" on the accompanying 

graphs). 
Only rat preparations which gave stable EOG responses during 

the baseline value determination were used in these experiments. As 

noted elsewhere (see Section 3.2(i)), the recorded EOG peak 

amplitudes usually increased with time until stability was attained 

at about 20 minutes after death. - 
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4.. 3 Results 

The following results show the mean and standard error of 

the data accumulated fron single experiments on separate animals; 

the number of animals (n) used in each study is indicated. 

4.3(i) Stability of the in vitro rat preparation 

The longevity of the in vitro rat preparation was examined by 

recording at regular intervals the ECG. respönses.. obtained 

to various odorants. A typical time course relating the EOG peak 

amplitudes thus obtained to the life time of such a preparation is 

shown in Figure 4.2. The origin on the abscissa indicates the time 

at which decapitation of the rat occurred. Similar time courses were 

obtained with other odorants. The findings indicate that stable ECG 

responses could be recorded for up to 4. -5 hours after the death of 

the animal. 

4.3(ii) Effect on EOG responses of 
with 

t olfactory epithelium 

The effect of Ringer solution on the ECGs obtained to several 

odorants was examined. The results obtained., of which Figure 4.3 is 

representative, show that no diminution of these responses was detected 

after treatment for the period indicated. Consequently, superfusion 

(for about 5 minutes; see Section 2.3) of the olfactory epithelium at 

the commencement of each labelling experiment appears to be acceptable. 

4.3(iii) Effects of 
responses 

bromide and solutions of bromine on ECG 
from the in vitro rat preparation 

Brominated labelling reagents/odorants may undergo hydrolysis 

upon contact with the nasal mucus to liberate hydrogen bromide. 

Consequently, the effects of this compound (vapour-phase) and of 

bromine solutions (see Section 4.1) on the EOGs obtained to a variety 

of odorants were examined. Figures 4. L. and 4.5 show that each of the 

reagents brought about a rapid, irreversible abolition of all such 
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Figures 4.3 - 4.6 Control experiments for vapour-phase 
labelling studies on the in vitro 
rat prerara ion 

These figures are presented in the for. shove below. The length 
of each period of exposure of the olfactory epithelium to any 
test substance may be estimated by reference to the intervals 
between successive experimental points (here indicated by the 
letters a- e). 

100 

80 II 

,I 
BOG peak 
amplitude 60 1111 

Iiti 
of 1 

original , .,,, 
mean value) I 40 

II 

20- 
$Ib cde 

048 22 lb 2c 24. 
C=ulative time of 
labelling (rain. ) 

The recovery time pex itted after exposing the olfactory 
epithelium either to hydrogen brcarice vapcur (see '? Y, ure 4.1+) 
or to solutions of brcmine (see FiZure 4.5) prior to the 
recording of further SOG responses vias varied acccrding to the 
duration of such treatment, as described in Chapter 3. A5 min. 
rest period always followed each aliquot of su_; erfussion with 
Ringer solution alone (see '.; 'i;, ure L3). Su?: sequent to its 
prolonged stimulation cith ncn-reactive odorants, the olf. ctory 
epithelium vias allowed to recover as follows: 

Pulse length of 
non-reactive odorant (min. ) 

0.5 
1.0 
1.5 
2.0 
3.0 
r-. 0 
.. 0 

Recovery time (min. ) 
r_ 

14 
12 
15 
18 
20 
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Figure 4.3 Effect on EOG responses of superfusing the rat 
olfactory epithelium with Ringer solution 

BOG peak 
100 

amplitude 90 (f. of 
original 
mean 80 " acetophenone 

value) 0 2-isopropyl-3-metho3qºpyrazine 
70 0 1,8-cineole 

  cyclododecyl propionate n=5 
T 

0123456789 10 

Cumulative time of superfusion (min) 

Similar profiles have been obtained with isoamyl acetate, propiophenone, 
and 3-pyridinemethanol propionate. 

Figure i. 1+ Effeat. of hydrogen bromide vapour on EOG responses 

100 

4 

80 

Similar profiles have been obtained 
EOG peak with acetophenone, cyclododecyl 
amnlitude 
(% oP 60 propionate,, etbyl 2-pyrazine- 
original carboxylate, propiophenone and 
mean 
value) 

3-pyridinemethanol propionate. 

40 

20 a 20 

" isoamyl acetate 
c l, 8-cineole 

o 2-isopropyl-3-mathoaypyrazine 
n=6 

0123 4+ 5 
Cumulative time of exposure to hydrogen 
bromide vapour (0.1.3 µM) or humidified air (mi. n) 

The lower three traces show the effect of hydrogen bromide vapour on the 
: EGG peak amplitudes obtained to isoamyl acetate, 1,8-cineole and 
2-isopropyl-3-methoxypyrazine, whilst the upper three traces represent control 

'experiments in which humidified air (presented to the epithelium via a U-tube 
containing only liquid paraffin, and employing the same channel of the odour 
applicator as used for the halogenated vapour) was substituted for the hydrogen 
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responses. Moreover, the rapidity of this abolition was influenced 

by the concentration of reagent which contacted the epithelium 

(Table 4.1). The accompanying results are representative of similar 

findings with several other odorants. It is important to note, 

however, that the EOG responses were never reduced differentially; 

a uniformity of inhibition was always observed for the range of 

odorants examined. Consequently the possible hydrolysis of putative 

labelling reagents does not in itself appear to preclude the 

performance of valid vapour-phase labelling experiments. 

4.. 3(iv) Effects of prolonged odorant stimulation on EOG responses 
obtained from the in vitro rat preparation 

"Pseudo labelling" experiments, in which non-reactive odorants 

were employed as vapour-phase labelling reagents in otherwise normal 

labelling experiments, were performed as previously described (see 

Section 3.2(1)). The acco=panying results show that relatively long 

pulses (i. e. of similar duration to those used in the application of 

true labelling reagents) of isoamyl acetate, 3-pyridinemethanol 

propionate and 2-isopropyl-3-methoxypyrazine brought about a gradual 

irreversible abolition of the EOG responses obtained to a variety of 

odorants (Figures 4.. 6(a) - (c)). This abolition was always non- 

specific in nature. However, studies which employed cyclododecyl 

propionate as the non-reactive labelling reagent exhibited differential 

rates of MG inhibition (Figure 11.. 6(d)); after a four minute period 

(cumulative time) of "labelling" with cyclododecyl propionate, a 

definite rank order of EOG inhibition could be observed (Table 4.2). 

Such differential effects highlight possible restrictions in the 

performance of labelling experiments with high molecular weight reactive 

odorants. 
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Table .1 Effects on EOG responses of superfusing the 
rat olfactory epithelium with different 
concentrations of bromine solution 

EOG peak amplitude (% of original mean value) 
after 1+0 seconds (cumulative time) labelling 

Concentration of (mean ± S. E. M. ) 
bromine solution 

Odorant 

1 8-Cineole Isoamyl acetate 
2-Is ro 1- op py 3- 
methozypyrazine 

51 (n =5) 5 ±2 211 6±2 

28(n =5) 8±3 13±3 12±L. 

5 (n = 5) 25±5 31±3 I 38 ±5 

Tabular representation of some of the data presented in 
Figure 4.5 showing the mean ± S. E. M. values of the EOG peak 
amplitudes (expressed as a, -. of the original mean baseline 
response) obtained after superfusing the rat olfactory 
epithelium with each of three different concentrations of bromine 
solution for 40 seconds (cumulative time). 

173 
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Figure 1+. 6 

(a) 

100 

Effects of prolonged odorant sti-nulation on FOG 
responses obtained from the in vitro rat preparation 

(b) 

100 

u e 

80 80 

66 . 
ßa60 

ý -A H 
'o o 
ö4 o 4.0 

Pf ;4 
° ° 

014 a 

W "20 ý, v 20 
" acetophenone 
0 1,8-eineole 
" isoauýyl acetate n=5 

0 2 if 68 101214 0 

Cumulative time of exposur e 
to isoanyl acetate vapour 
(0.93 AM) (min) 

(c) (d) 

100 
'! 

100 

Uu 
X 80 80 

Fi 60 60 4-1 

r-4 P, $3 

11 
440 *4 40 
0 äý w p' ö 
0 

k 20 ' 20 
o acetophenone 
" isoamyl acetate 

g 2-isopropyl-3-methoxypyrazin 
n= 

0l8 12 16 2D 24.0 

Cumulative time of exposure to 
2-isopropyl-3-metho yrazine 
vapour (0.06 AM) (min) 

" isoamyl acetate 
1,8-cineole 

o 3-pyridinemethanol propionate 
4.8 12 36 20 a. n=6 28 

Cumulative time of exposure to 
3-pyridinemethanol propionate 
vapour (0.35 AM) (min) 

" isoannyl acetate 
3 pyridinemethanol pr innate 

" 2-isoPrOPY1-3-metho zinc 
cyclododecvl propionate n=8 

123 4+ 

cumulative time of exposure to 
cyclododecyl propionate vapour 
(0.44 AM) (min) 

Profiles similar to those shown in (a) - (c) (ie eventual non-specific 
reductions of all BOG responses) have been obtained following prolonged 
stimulation of the rat olfactory epithelium with each of the odorants employed 
in the vapour-phase labelling experiments described previously (see Chapter 3). 
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Table .2 Effect of prolonged stimulation with 
cvclododeeylpropionate on EOG responses 
obtained from the in vitro rat preparation 

EOG peak amplitude (%_ of original mean value) after !+ minutes 
(cumulative time) labelling (meant 5. i,. U. ) 

Odorant 

Isoamyl acetate 3-Pyridinemethenol 2-Isopropyl-3- Cyclododecyl 
propionate methwypyrazine propionate 

53 ±3 50±5 4.1±5 723 

Tabular representation of some of the data presented in Figure 4.6(d) 
showing the mean ± S. y. M. values of the EOG peak amplitudes 
(expressed as a %o of the original mean baseline response) obtained 
after exposing the rat olfactory epithelium to cyclododecyl 
propionate (0.44 AM) for 4 minutes (cumulative time) (n = 8) 

175 
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4.1. Discussion 

The electrophysiological stability exhibited by the in vitro 

rat preparation was comparable with previous findings on the frog 

and on sheep (e. g. see Menevse, 1977; Menevse et al, 1978; Squirrell, 

1978; Poynder et al, 1978; also see Gesteland and Sigwart, 1977). 

Consequently, it appears reasonable to regard the life span of this 

preparation as being adequate for the performance of vapour-phase 

labelling experiments. 

Hydrogen bromide and solutions of bromine rapidly abolished 

the EOG responses obtained to a variety of odorants. However, neither 

of these compounds, across the concentration range examined, ever 

gave rise to differential EOG inhibition. This absence of selectivity 

supports the employment of bromoalkyl esters as potential labelling 

reagents. 

The vapour-phase experiments previously described (see 

Chapter 3) effectively eliminate the possibility of-, any problems 

arising from hydrolysis of the reactive odorants. In these studies, 

labelling molecules in the mucus are continuously being replaced by 

molecules from the vapour-phase. Consequently, hydrolysis must occur 

at a faster rate than this replenishment process1 if it is to exert 

any significant effect; the rate of hydrolytic decomposition of 

bromoacetic acid has been found to be 0. ' hour-1(pH 7.0; 37°C) 

(Barnard and Stein, 1959)" In addition, Squirrell (1978) reported 

that ethyl bromoacetate exhibited no decomposition products (as 

analysed by gas-liquid chromatography) after being shaken for 

1 The time taken for odorant molecules to reach the appropriate 
receptor sites must be less than the period of EOG latency; the 
latency of response to stimulation with butanol has been re orted 
to vary from 0.2 to 0.4 seconds for the frog (Ottoson, 1956). 
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30 minutes with an excess of frog's Ringer solution. 

The substitution of non-reactive analogues for vapour-phase 

labelling odorants in otherwise normal labelling experiments led.. to 

a gradual reduction in the BOG responses obtained to a variety of 

odorants; isoamyl acetate, 3 pyridinemethanol propionate and 

2-isopropyl-3-methoaypyrazine all gave rise to non-specific diminutions, 

whereas cyclododecyl propionate exhibited a differential rate of BOG 

inhibition. 

The reduct16n in BOG responses brought about by prolonged 

odorant stimulation of the olfactory epithelium is particularly 

importantl: it places constraints upon the choice and deployment of 

potentially useful vapour-phase labelling reagents. Similar observa- 

tions on the responses of single receptor neurones in the young rat 

have been previously reported: such responses were repeatable for at 

least 30 minutes provided intense stimulation was avoided, whereupon 

the number of evoked spikes diminished with each successive stimulus 

presentation until all responsiveness was lost after 5- 10 stimulus 

events (Gestaland and Sigwart, 1977). 

None of the odorants employed in the present labelling 

experiments (see Chapter 3) ever produced differential rates of EOG 

inhibition; this discredits the thesis that the selectivity observed 

is induced by the odorants themselves and does not reflect specific 

inactivation by the vapour-phase labelling reagents. 

Factors which could account for the observed non-specific 

reductions of EOG responses include possible damage to the transduction 

mechanism and/or the inhibition of metabolic processes. Although the 

l 
E. g. the previously determined stability of the in vitro rat 
preparation (i. e. 4-5 hours) may be detrimentally affected by the 
routine application of long odorant pulses to the olfactory 
epithelium. 
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latter may be expected to occur (Webb, 1966), it has been shown that 

inhibitors of glycolysis or of oxidative phosphorylation do not 

immediately affect EOG production (Getchell, 1971). However, 

inhibition of the electrogenic sodium pump may explain some of the 

observed reductions; ouabain (an inhibitor of Na+-K+-ATPase activity) 

has been reported to cause the diminution of EOG responses, albeit 

"much more slowly" than appropriate group specific reagents (Getchell, 

1971). 

The differential inhibition of EOG responses brought about by 

cyclododecyl propionate resembles genuine vapour-phase labelling. 

Consequently, studies employing a reactive derivative of this odorant 

would seem likely to yield artifactual data. At present, the basis 

of this selective behaviour remains unclear, although the previously 

discussed factors (i. e. damage to the transduction mechanism; 

inhibition of metabolic processes) may again be involved. 

The differential effect produced by cyelododeeyl propionate 

appears consistent with the phenomenon of selective adaptation (fatigue), 

whereby the sensitivity of the olfactory epithelium to particular 

substances is selectively reduced1 (Ottoson, 1956). However, this in 

itself cannot account for the observed differential inhibition of 

BOG responses which was found to be irreversible with time. 

1 This behaviour has been interpreted as evidence for the existence 
of "receptors which are specially sensitive to certain substances 
or to certain molecular characteristics of the stimulating agents" 
(Cttoson, 1956). 
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C HA= 5: THE ,. + 'ECT CF CC C,, PIAVALIN A ON FROG OLFACTORY h1IICOSi 

5.1 Introduction 

5.1(i) Group-specific reagents 

These reagents exhibit specificity only with respect to their 

chemical reactivity. Thus, a variety of "thiol reagents" react only 

with cysteine sidechains; various alkylating reagents react with 

several nucleophilic amino acid sidechains (including serine, lysine 

and cysteine) and tetranitromethane specifically labels the phenolic 

side chain in tyrosine residues. Such soup-specific labelling (see 

Figure 5.1; also see Figure 3.1 (affinity labelling)) has been 

reviewed generally by Singer (1967) and sore particularly with 

respect to the identification of olfactory receptors by Todd and 

Persaud (1981). 

The first chemical modification studies performed on the 

vertebrate olfactory system utilised the group-specific reagent, 

N-ethyl maleimide (rE ) (Getchell, 1971; Getchell and Gesteland, 1972). 

This "thiol reagent", when applied in solution to the frog olfactory 

epithelium, irreversibly decreased (by 77%) the 'DOG responses 

obtained to the fruity odorant, ethyl butyrate. Protection experi- 

ments using solutions of the odorant showed that this inhibition 

could be prevented. 

Getchell and Gesteland (1972) intexYreted their findings 

as evidence for the existence of specialised preteinaceous olfactory 

receptor sites. However, it should be noted that two features of 

this pioneering study ccm licate interpretation of the data. Since 

112i is mcrrbrane-pexrreable (Vignaiz and Viönais, 1973)", the observed 

inhibition could have been due to reaction with an intre-cellular 

protein involved in ion conductance rather t1: an wit , 11 an extracellular 
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Figure 5.1 Schematic representation of group-specific 
labelling 

L+ R L-R 

ý. 
= chemical modification reagent 

R= receptor 
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receptor protein. Secondly, high concentrations (lO-2 M) of the 

odorant were required for protection; at these concentrations, a 

proportion of the lipophilic odorant may have permeated the plasma 

membrane. 

The thiol groups involved in the frog olfactory response 

were further investigated using the non-pezmeable thiol reagent, 

mersalyll and the fruity odorant, pentyl acetate (Menevee, 1977; 

Menevee al, 1978). Protection by solutions of this odorant 

was observed; the response to some odours was protected to a greater 

extent than to others (see Table 5.1). This differential protection 

can be interpreted as providing evidence for the existence of classes 

of olfactory receptor proteins. 

Recent studies have examined the effects of mersalyl and 

enzymatic iodination (specific for tyrosine residues) on the EOG 

responses obtained from the rat (Shirley It al, 1980; 1981; 1983a). 

The findings were consistent with an olfactory mechanism involving 

relatively non-specific receptor proteins; each receptor type was 

envisaged as interacting weakly with a number of odorants and each 

odorant with a number of receptors. 

The vapour-phase modification of frog olfactory receptor 

proteins has been achieved with several group-specific reagents 

(Menevse et al, 1977b). The thiol reagent, 1+-chloro-7- 

nitrobenzofurazan (Nbf-chloride) (see Gosh and Whitehouse, 1968; 

Fagar et al, 1973) was found to preferentially inhibit the EOG 

responses to itself; much smaller decreases were observed in the 

EOG responses to 1,8-cineole and to pentyl acetate (Figure 5.2). 

N-Ethyl maleimide (NMI) (see Delaleu and Holley, 1980), 

1 (3_([2-( carboxymethoiy)-benzoyl, amino) -2-methoxypropyl) hydroaymercury monosodium salt (see Mavier and Hanoune, 1975). 
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Table 5.1 Ability of pentyl acetate tc protect odorant- 
bir_din sites against labelling by the 
thiol-specific reagent mersalyl 

Odorant Odour description 
Pentyl acetate Fresh, fruity, pears 
n-Butyl acetate Ethereal, fruity, pungent 
Ctneole Camphoraceous 
n -Butyric acid Sour, reminiscent of rancid butter 
Phenacetaldehyde Green, floral, sweet, hyacinth 
Butan-l-ol Fusel oil, winey 
Nitrobenzene Pungent, bitter almond 
Beazyl acetate Sweet, floral, fresh, fruity, jasmine 
B-Ionone Warm, woody. dry, fruit undertone, violets 
Linalyl acetate Sweet, floral, fruity, recalling bergamot and pears 

E. O. G. peak amplitude 
("/. of original) 

86± 4(24) 
78± 7 (3) 
77±11 (3) 
74±10 (3) 
72± 2 (2) 
50± 6 (2) 
48±10 (3) 
38±10 (2) 
35± 8 (4) 
28±11 (2) 

The results are expressed as the percentage of the original 

, CG peak amplitude before any reagents were applied; they show 

the values (means ± S. E. M. . for the numbers of experiments given 

in parentheses) obtained 34 min. after washing the frog 

olfactory mucosa with Ringer solution following treatment of the 

m_ucosa with mersalyl (0.1 mM) and pentyl acetate (1 wF. j. 

Taken from Menevse et al (1978) 
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Figure 5.2 Specific 1abe11iný of receptors for the 

odorant 4-chloro-7-nitrobenzofý3razon 

i my 

o'j ton 
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(a) Typical electro-olfactogram for this odorant; (b) typical clectro-olfactogram for 
n-amyl acetate. The points in (c) are means fs. e. º. t. of three experiments. N. 1.8-Cincole; 
o. n-amyl aceta e; n. 4-chloro-7-nitrobenzofurazan. The vapour pulses were of los 
duration. with an interval of 2min between each. The general experimental methods were 
as described by Getchell & Gestclund (1972). 

Taken from b: enevse et al (1577b 
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1-Pluoro-214-dinitrobenzene and b enzyl chloride have also given 

rise to specific, vapour-phase chemical modification. Selectivity 

of labelling was not observed when these reagents were applied to 

the olfactory epithelium in the liquid phase. 

5.1(11) Concanavalin A' 

The first agglutinin to be isolated in relatively pure fozn 

was a crystallised lectin from the jack bean (Canavalia ensiformis). 

This particular fraction, which was initially referred to as 

concanavalin fraction A, later became known as concanavalin A or 

Con A (see Sumner and Howell, 1936). 

The importance of this globular lectin has been emphasized 

in recent years by the discovery of numerous interesting properties: 

it forms insoluble complexes with many polysaccharides (Goldstein 

at al, 1965) and glycoproteins (Clarke and Denborough, 1971); it is 

a potent mitogen (Douglas at al, 1969; Novogrodsky and Katchalski; 

1971; Powell and Leon, 1970) which stimulates the blast formation 

of lymphocytes (Perlmann at al, 1970); it inhibits the migration of 

tumour cells in in vitro chambers (Friberg at a1,1972) and low 

dosages of Con A have been found to be immunosuppressive in some skin 

allograft experiments (Markowitz at al, 1969; also see Toledo- 

Pereyra et al, 1975). In addition, Con A has been reported to inhibit 

fertilisation (Tallier, 1972), phagocytic activity (Allan at al, 1971) 

and tumour cell growth (Burger and Noonan, 1970; Shoham at al, 1970). 

1 For a discussion of various physicochemical and biological 
properties of concanavalin A, see Chowdhury and Weiss (1975); 
Bittiger and Scbnebli (1976). 
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Lectins, and in particular concanavalin A, have been 

extensively used as probes for membrane surfaces1 (see Bittiger 

and Schnebli, 1976); in some instances, the specific inactivation 

of receptors (comparable to that obtained by chemical modification) 

has been achieved. This suggested that'lectins may permit the 

identification of different types of olfactory receptors by 

differentially inhibiting their activity to various classes of 

odorants. Consequently, the effects of concanavalin A on vertebrate 

olfactory responses were examined. The studies described in this 

chapter outline the effect of Con A on frog olfactory mucosa; they 

were performed in parallel with similar and more exhaustive 

investigations on the in vitro rat preparation (Polak et al, 1982; 

Polak, 1983; Shirley et Al, 1983b, 1986; see Section 5.3(i)). 

4b 

1 
Recent studies have assessed whether plant lectins exhibit any 
preferential or specific binding to the various cell types present 
in the rat olfactory epithelium, since these molecules offer the 
potential of ideal purification probes (Hempstead and Morgan, 1983). 
Fluorescein-conjugated peanut lectin was found to selectively 
stain duct- and gland-like structures in both the mucosa and 
lamina propria mucosae with no background staining, whilst 
eoncanavalin A and fluorescent pokeweed mitogen differentially 
stained the mature olfactory receptor neurones and the brush 
border of the neuroepithelium respectively, albeit with a general 
global background staining of lesser intensity. Since Con A binds 
predominantly to mannosyl residues (Goldstein and So, 1965), "it 
might be inferred that the mature receptor neurones have a greater 
abundance of this sugar in their membranes than do their precursor 
neuroblasts in the basal cell layer" (Hempstead and Morgan, 1983; 
also see Section 5.4). 
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5.2 Methods 

The animal (rat and frog) preparations and methodology 

employed have been generally described elsewhere (see Sections 

2.2; 2.3; 3.2(i); 4.. 2). Concanavalin A (or pyridoxal phosphate; 

see Section 5.3(iii)) was dissolved in mammalian or frog's Ringer 

solution (as appropriate) and applied to the olfactory epithelium 

with a Pasteur pipette. 

The standard protocol involved the recording of several (at 

least three) reproducible (i. e. variation <± 
, o) EOG responses to 

each of the odorants under investigation. The mean of these EOG 

peak amplitudes represented the "1O value" (i. e. baseline response) 

for each compound. Modification experiments were performed only on 

preparations which exhibited stable responses. Having slightly 

raised the recording electrode, the preparation was (su)perfused 

initially with the reagent solution1 and then with Ringer solution 

alone for about 5 minutes. Following a rest period (10 minutes for 

the frog preparations; 2 minutes for the rat preparations), the 

measuring electrode was replaced and EOG responses were again recorded 

until at least three identical signals were obtained to each odorant. 

This procedure was repeated if further treatment was desired. 

The odorants under investigation were applied to the olfactory 

mucosa in a predetermined sequence; isoamyl acetate, which was always 

employed as a reference odorant, constituted every fourth odour pulse. 

EOG peak amplitudes were normalised with respect to this standard 

odorant. The order of odorant delivery was randomised for replicate 

experiments. Frog preparations were stimulated with 2 second odour 

pulses, followed by 2 minute pulse intervals to prevent adaptation 

1 
For the control experiments, Ringer solution was used in place of 
the modifying reagent. 
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(see van Boxtel and Roster, 1978); shorter odour pulses (1 second) 

were applied to the in vitro preparations and EOG responses were 

recorded every minute. 

The in vitro rat preparations generally attained stability 

more quickly than the in vivo frog preparations, both before and 

after treatment with the modifying reagent; reproducible EOG 

responses could be recorded from the frog only after periodic drain- 

age of the nasal cavity for anything up to one hour. 

The stability of the preparations towards isoamyl acetate 

was indicated by the parameter, L, where 

L= Af 

Ai 

Ai represents the mean amplitude of the EOG responses obtained to 

isoan'l acetate before treatment with the modifying reagent, and Af 

signifies that obtained after treatment. The effect of concanavalin A 

(or pyridoxal phosphate; see Section 5.3(iii)) is described by the 

response parameter, 8I, which denotes the ratio of the normalised 

EOG amplitudes obtained before and after treatment. Thus, an R 

value of <1 indicates that the response to this particular odour 

is affected to a greater extent than the response to the standard 

odorant. All the preparations used in these present studies exhibited 

high values of L (>, 9Y1", ). Consequently, R is a measure of the effect 

of the modifying reagent on a particular set of receptor cells 

(see Shirley et al, 1983b; 1986). 

I 
BOG f(odorant) 

R= EOGf(isoamy1 
acetate) 

EOGi(odorant) 

EOi(isoamyl 
acetate) 

where EOGi(odorant) and BOG i(isoamyl acetate) respectively represent 
the mean amplitudes of the EOG responses obtained to a particular 
odorant and to isoamyl acetate before treatment with the modifying 
reagent, and EOGf(odorant) and EOGf, (isoamyl acetate) signify those 
obtained after treatment. 
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5.3 Results 

The accompanying results show the values obtained for the 

mean noinalised EOG amplitudes (R) together with their 95% con- 

fidence intervals; each value of mean R was determined from 

experimentation on at least 3 animal preparations. 

5.3(i) Superfusion of rat olfactory mucosa with concanavalin A 

Concurrent studies on the in vitro rat preparation showed 

that concanavalin A could differentially inhibit the EOGs obtained 

to a variety of odorants; the responses to C4 - C6 alkanoic and alicyclic 

carboxylic acids (and possibly to aliphatic thiols) were preferentially 

reduced (Polak et al, 1982; Polak, 1983; Shirley et al, 1983b; 1986). 

In order to utilise these findings as reference points for the in vivo 

studies on the frog, the present work initially scu; ht their 

reproduction and expansion. Consequently, the effect of Con A 

(0.5 mglml) on the EOG responses obtained to several odorants 

(including heterocycles) was examined. 

The results (Table 5.2) show that the ECG peak axplitudes were 

differentially affected by concanavalin A: the responses to 

isovaleric acid1, nicotinic acid, 2-pyrazinecarboxylic acid and 

3-pyridylacetic acid were more inhibited than those obtained to 

3-pyridylacetonitrile, n propanol1 and trimethylarnine. 1,8-Cineole1 

exhibited somewhat intermediate behaviour. These findings, which are 

consistent with those obtained from the parallel investigations (see 

Shirley et al, 1983b; 1986), suggested that a similar experimental 

protocol could now be applied to the in vivo frog preparation. 

1 
The R value* obtained for these compounds are very similar to 
those reported by Shirley et al (19886). 
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Table 5.2 Effect of concanavalin A (0.5 mg/ml) on EOG 
responses obtained from the in vitro rat 
preparation 

(x) W. AN 95% C. I. 

Odorant M. Wt. With Con A Without Con A 
(5 min) (5 min) 

Isovaleric acid 102 

Nicotinic acid 123 

2-Pyrazine- 
carboxylic acid 121E 

3-Pyridylacetic 
acid 137 

1,8-Cineole 154 

3-Pyridylaceto- 
nitrile 118 

n-Propanol 60 

Trimethylamine 59 

0.36 ± 0.14E 0.93 ± 0.06 

0.47 ± 0.14 0.94 ± 0.10 

0.48±0.12 0.92±0.07 

0.65±0.21 1.05±0.15 

0.79 ± 0.13 0.98 ± 0.08 

0.84 ± 0.12 0.94 ± 0.09 

0.89 ± 0.14 0.96 ± 0.08 

0.01 ± 0.08 0.99 ± 0.06 

The olfactory epithelium was superfused with either 
mammalian Ringer solution or Ringer solution 
containing concanavalin A (0.5 mg/ml), as described 
in Section 5.2. The results, obtained from at least 
three animal preparations, are expressed as the mean 
value of the normalised LOG (R) ± 95 confidence 
intervals. 
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5.3(11) Perfusion of frog olfactory mucosa with concanavalin A 

Preliminary investigations employing concanavalin A at the 

same concentration as that used successfully with the in vitro rat 

preparation (i. e. 0.5 mg/ml) produced negligible ECG inhibition, even 

after 2x5 minute periods of exposure to the modifying reagent 

(Table 5.3). However, differential inhibition was observed when the 

concentration of Con A was increased by an order of magnitude 

(Table 5.4). Three levels of effect were noted (Figure 5.3); the 

ECGs obtained to carbo. 73rlic acids were the most affected, with the 

smaller odorants (i. e. acrylic acid, n -butyric acid, isovaleric acid 

and cyclopentane carboxylic acid) exhibiting the more diminished 

responses. The responses to a wide range of unrelated odorants were 

considerably less reduced. 

It should be noted that two odorants (t-butanethiol and 

3-pyridylacetic acid) appear inconsistent with this general pattern 

of behaviour. At present, it is not possible to readily account for 

the diminished EQGs obtained to t-butanethioll; such an explanation 

must await the performance of further studies. However, the 

comparatively limited inhibition of responses to 3-pyridylacetic acid 

may reflect the fact that this compound was used in its hydrochloride 

form. 

The EOGs obtained to the various acids were generally smaller 

(i. e. <I mV) than those recorded to the other odorants. Base line 

noise was frequently detected after pulsing with the more potent 

acidic compounds (e. g. acrylic acid, n -butyric acid); this behaviour 

precluded extensive investigations with compounds such as acetic acid. 

1 
Similar levels of EOG reduction for t-butanethiol (E = 0.55 1 0.09) 
have been detected after exposing rat olfactory receptor sites to 
ccncanavalin A (0.5 m&/ml) (Shirley et al, 198.6). 
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Table 5.3 Effect of concanavalin A (0.5 mg-/ml) on BOG responses 
obtained from the in vivo frog preparation 

(R) ? EAN ± 95ö C. I. 

Odorant M. With Con A Without 7ith Con A Without 
wt. (1 x5 min) Con A (2 x5 min) Con A 

(1 x5 min) (2 x5 min) 

Isovaleric 
acid 

Cyclopentaae- 
carboYylic 
acid 

t-Butanethiol 

1,8-Cineole 

m-Cresol 

2-Isobutyl-3- 
methoxy- 
pyrazine 

102 ; 0.91 ± 0.05 0.93 1 0.03 10.81 1 0.06 ý 0.91 ± 0.04. 

114 0.90 ± 0.03 0.93 ± 0.03 0.85 ± 0.01 0.90 ± 0.03 

90 0.98 ± 0.04. 0.98 ± 0.03 0.91 ± 0.06 0.96 ± 0.07 

154 0.96 ± 0.04 0.99 0.04 0.94 0.05 0.99 0.03 

108 0.98 ±0.06 0.94±0.01 1 0.97 ± 0.05 0.92 0.05 

166 

11.00±0.02 

i 1.03±0.02; 0.99±0.03 

11.01±0.0lß. ) 

The olfactory epithelium was perfused with either frog's Ringer solution or 
Binger solution containing concanavalin t (0.5 mg%ml), as described in 
Section 5.2. The results, obtained from at least three animal 
preparations, show the values of the mean normalised E0G amplitudes 
(R) t 95 confidence intervals. 
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Table 5.4 Effect of concanavalin A( 5 m/ml) on 
EOG responses obtained from the in vivo 
frog p reparation 

(R) IMAN 195 C. I. 

Odorant M. Wt. With Con A Without Con A 
(5 min) (5 min) 

Acrylic acid 72 0.32 - 0.13 0.90 - 0.11 

n-Butyric acid 88 0.33 ± 0.12 0.91 ± 0.12 

Iaovaleric acid 102 0.38 ± 0.10 0.91 1 0.06 

Cyclopentane- 
I carboxylic acid 114 0.41 ± 0.06 0.90 1 0.06 

Nicotinic acid 123 0.52 ± 0.08 0.95 ± 0.10 

t-Butanethiol 90 0.53 0.08 0.96 0.10 

2-Pyrazine- 
carbozylic acid 12lß 0.56 ± 0.09 0.93 0.06 

3-Pyridylacetic 
acid 137 0.71 + 0.18 ± 1.03 0.14 

f 
Dimethylethyl- 

pyrazine 136 0.79 + 0.07 0.91 - 0.08 

3-pyridine- 

I methanol 109 0.80 ± 0.11 0.92 ± 0.11 

1,8-Cineole 154 0.83 1 0.08 0.99 0.04. 

3-Pyridyl- 
autonitrile 118 0.88 - 0.09 0.92 ± 0.07 

Aeetophenone 120 0.89 0.05 0.97 ± 0.01 

n-Propanol 60 0.91 ± 0.08 0.96 0.06 

m-Cresol 108 0.97 ± 0.09 0.89 ± 0.07 

Trimethylamine 59 0.97 1 C. 06 1.01 ± 0.04. 

2-Isobutyl-3- 
methoxypyrazine 166 0.99 ± 0.03 1.02 ± 0.04 

The olfactory epithelium was perfused with either 
frog's Ringer solution or Ringer solution containing 
concanavalin A (5 mg/ml), as described in Section 5.2. 
The results show the mean values of the normalised 
EOG amplitudes (R) together with their 95i. ' confidence 
intervals; each value of mean R was determined from 
experimentation on at least four animal preparations. 
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IMN 2: 95% C. I. 
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Diagrammatic representation of some of the data presented in Table 5.4 showing the 
mean values of the normalised ECG amplitudes (R)t 95' confidence intervals 

11 
obtained after perfusin the olfactory epithelium with frog's Rinder solution 
containing concanavalin A (5 mg/ml). 

Figure e. 5_3 Effect of concanavalin A (5 mg/ml) on EOG 

responses. obtained from the in vivo frog 

--- -- prepare ion 
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Similar effects have been observed with the in vitro rat 

preparation (S. Shirley, personal co=znication). 

In general, the effects of concanavelin A (5 m&/ml) on 

frog olfactory =cosa were similar to those brought about in the 

rat by a reduced concentration (0.5 mg/ml) of lectin. 
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5.3(111) Perfusion of frog olfactory mucosa with pyridoxal phosphate 

In a further attempt to bring about selective EOG inhibition, 

the effect of pyridoxal phosphate (dissolved in frog's Ringer 

solution at the limit of its solubility, ie. about 5 mg/ml) on 

frog olfactory mucosa was examined: studies on the in vitro rat 

preparation have tentatively suggested that this reagent (3 mg/ml 

Ringer solution) can differentially inhibit the EOGs obtained to a 

variety of odorants (E. Polak, personal communication). 

Table 5.5 shows that neglible BOG inhibition was detected 

after exposing the olfactory mucosa to pyridoxal phosphate for up 

to 10 minutes (cumulative time). Since the reagent's limited 

solubility precluded treatment at higher concentrations, no further 

attempts were made during the present studies to bring about 

selective odorant inhibition. 
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Table 5.5 Effect of pyridoxal phosphate (5 mg/ml) on EOG responses 
obtained from the in vivo frog preparation 

(R)IAN 95 0.1. 

Odorant M. With Without ? Pith Without 
Wt. pyridoxal pyridoxal pyridoxal pyridoxal 

phosphate phosphate phosphate phosphate 
min) min) min) min) 

2-Pyrazine- 
carboxylic 
acid 121x. 0.91±0.05 0.94±0.01 0.85 ±0.06 0.91±0.04. 

Dimethylethyl- 
pyrazine 136 0.94 0.01 0.96 ± 0.03 0.90 ± 0.05 0.92 0.05 

3-Pyridine 
methanol 109 0.95 ± 0.06 0.97 ± 0.01+ 0.92 ± 0.07 0.95 ± 0.06 

1,8-Cineole 151. 0.97 = 0.03 0.99 ± 0.03 0.91 ± 0.05 0.98 ± 0.03 

Trimethylamine 59 0.99 0.03 1.00 0.02 0.98 ± 0.03 0.99 0.03 

The olfactory epithelium was perfused with either frog's Rinser solution or 
Ringer solution containing pyridoxal phosphate (5 mg/ml), as described in 
Section 5.2. The results, obtained from at least three animal preparations, 
are expressed as the mean value of the normalised ECG (R) ± 95 
confidence intervals. 
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5.3(iv) Recovery of EOG responses 

FbUowing the (su)perfusion of frog or rat olfactory mucosa 

with concanavalin A. diminished EOG responses were never observed 

to recover. Thus, the effects produced by Con A appear to be 

irreversible. 

5.3(v) Appearance of EOG responses 

Figure 5. l. shows a sequence of EOG responses obtained during 

a typical experiment on the in vivo frog preparation. Some signals 

recorded from the in vitro rat preparation have been presented 

elsewhere (see Shirley et 2,1,1986). 

1197 



, ý.. 

1,98 

ýFIgure 5.4 

(a) 

Some EOG signals from a typical experiment on 
the in vivo frog preparation 

1,8 cineole 

0.5 n1v L 

;1 min. 

(b 

isoamyl isoarryl 

acetate acetate 
2-isobutyl- 
3-methoxy- 
pyrazine 

iso- 
valeric 

acid 

0 

cyclo- 
pentane- 
ccrbo Sic 

acid 

m-cresol 

t-butanethiol 

1,8-cineole 

isoamyl 
acetate 

m-cresol 

isoanyl 
acetate 2-isobutyl- 

I 3-methcxy- 
Fyrazine 

iso- 
valeric 

acid 

cyclo- 
pentane- 
=lic t-butanethiol 

These 2OG si als were recorded (a) before and (b) after 
superfusion 5 min. ) of the frog olfactory epithelium with 
concanavalin A (5 m]rnl) (see Figure 5.3). The stimulus 
pulse was 2 sec., sufficient to elicit the s, Gs peak. 
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I 

5.4 Discussion 

The results show that concanavalin A exerts a marked effect 

on frog olfactory mucosa; the EOG responses to carboxylic acids are 

affected differently from those of other odorants examined, with the 

exception of t-butanethiol. 

The interpretation of these findings is critically dependent 

upon the definition of the response parameter, El (see Shirley et al, 

1986). If there were a single receptor protein for small carboxylic 

acid odorants, then R. would (as in the case of most chemical 

modification studies on receptor proteins) measure the extent of 

protein inactivation. However, this present work shows consistency 

with the studies performed on the in vitro rat preparation (Shirley 

at al, 1983b; 1986): R is interpreted in terms of a model which 

assumes that there are multiple receptor proteins for each class 

of odorant and that most odorants bind to more than one type of 

receptor (Polak, 1973; see Shirley It al, 1986). Consequently, it 

is assumed that concanavalin A may be inhibiting one protein in a 

set of receptor proteins and that the percentage change in the R value 

reflects the relative degree of interaction of the odorants with the 

inhibited protein. Throughout the current work, higher concentrations 

of Con A (i. e. > 5 mg/ml) did not reduce further the especially low 

R values of the appropriate fatty acids. 

The present investigations with the frog fulfilled a dual 

purpose. Firstly, they permitted identification of the effects of 

concanavalin A on the BOG responses obtained to aliphatic carboxylic 

acids; volatile fatty acids are effective odorants for all the 

vertebrates so far examined, and so Con A would be expected to bring 

1 For a detailed discussion of the interpretation of R, see 
al (1986). Shirley It 
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about a pattern of selective odorant inhibition in the frog 

similar to that found in the rat (Polak at al, 1982; Polak, 1983; 

Shirley at al, 1983b; 3.986). Since the in vitro studies were more 

exhaustive and comprehensive than those presently reported, any 

coneanavalin A-induced effects detected with the frog may be 

confirmed by reference to these parallel investigations. 

Secondly, as part of the general search for reagents capable 

of specifically affecting olfactory receptor sites directed against 

heterocyclic odorants (see Chapter 3), the effects of concanavalin A 

on the ECG responses obtained to heterocyclic acids were examined. 

However, although the EOGs to nicotinic acid and 2-pyrazinecarboxylic 

acid were inhibited by concanavalin A, the reductions (R = 0.52; 0.56 

respectively) were not as great as those found with the aliphatic 

carboxylic acids (R40-4). Consequently, additional studies on a 

wider range of heterocyclic acids were neither encouraged nor 

performed. 

The preferential inhibition of the EOG responses to small, 

sweaty-smelling fatty acids1 may reflect the binding of concanavalin A 

to a glycoprotein which is part of, or simply adjacent to, a receptor 

protein system for these odorants. The reason for such a Con A- 

sensitive protein at this site and not at others is still unclear. 

However, the observation of a distinct pattern of differential 

inhibition argues against a non-specific interaction of concanavalin A 

The preferential inhibition of such responses has also been achieved 
with the in vitro rat preparation (R< 0.4); this selectivity, which 
was consistent with observations on the human sweaty specific 
anoamia (e. g. see Amoore, 1967), was regarded as being compatible 
with the existence of "a specific receptor system" for sweaty- 
smelling fatty acids (Shirley et al, 1986;, also see Shirley et al 
1983b; but see Boelens et al, 198. Additional support for such 
specificity has been provided by the observation that two strains 
of mice, which can smell odorants such as amyl acetate and 
pentadecalactone, are insensitive to the sweaty smelling compound 
isovaleric acid (see Wysocki, 1984). 
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with the BOG-generating system. The lack of FOG inhibition in the 

control experiments is evidence against a pH-effect induced by the 

acid odorants. Further, the limited inhibition experienced by' 

n-propanol and trimethylamine refutes the thesis that the noted 

selectivity simply mirrors an effect induced by water-soluble 

odorant?. 

The concentration of concanavalin A required to bring about 

SOG inhibition in the frog is more than two orders of magnitude 

greater than that required for an effect on many established receptors 

(Bittiger and Schnebli, 1976), and about one order of magnitude 

greater than that required to achieve a similar effect in the rat 

olfactory mueosa2 (Shirley et al, 1983b, 1986). This may be 

explained by the binding of Con A to the olfactory mucus; the mucus 

layer overlying the frog olfactory receptors is much thicker 

(25 - 30µ; Reese, 1965) than'that in the rat and so the higher lectin 

concentration required may reflect considerable adsorption of the 

protein to the mucus. 

The studies on the in vitro rat preparation have shown that 

"the reduction of the EOGs to fatty acid odorants brought about by 

concanavalin A could be prevented by adding 20 mM methyl mannoside3 

1 Studies performed on the rat have also shown that the inhibitory 
action of concanavalin A is not simply induced by malodours; the 
lectin exerted little effect on the EOG responses obtained to 
n-butylisonitrile (R = 0.97 ± 0.09; Shirley et al, 198.6). 

2 The magnitude of this concentration difference may explain why, 
pyridoxal phosphate failed to elicit a selective pattern of EOG 
inhibition in the frog, even though such behaviour had been 
previously observed in the rat. 

3 
a-Methyl mannoside binds to the saccharide site in concanavalin A; 
it can inhibit, and sometimes reverse, the binding of Con A to 
receptors which involve the sugar-binding site of the lectin 
(Goldstein and Hayes, 1978). 
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to the normal superfusion medium" (Shirley It al, 19a6). This 

implies that the interaction of Con A with the sensory membranes 

involves the sugar-binding site of a glyco-molecule (presumably a 

protein) (see Bittiger and Schnebli, 1976). Recently, four glyco- 

proteins, which may be "involved in vertebrate olfactory reception" 

have been identified amongst seven olfactory-specific polypeptides1 

extracted from isolated frog cilia (Chen and Lancet, 1981+; also see 

lancet and Chen, 19810. 

It has been previously suggested that odorants may act as 

allosteric ligands and that multiple receptor molecules may exist 

for a particular odorant (e. g. see Polak, 1973; Dodd and Persaud, 

1981). The inability of concanavalin A. even at high concentrations, 

to completely abolish the EOG signals obtained to sweaty-smelling 

fatty acids in either the frog or the rat (Shirley et al, 1986) can 

be regarded as evidence for multiple receptors directed against this 

class of odorants. Multiple receptors, which have now been found for 

several types of pharmacologically active molecules, such as dopamine 

(Kebabian and Caine, 1979) and serotonin (Peroutka and Snyder, 1983), 

may be a general feature of vertebrate chemoreceptors. The vapour- 

phase labelling studies previously described (see Chapter 4) have 

suggested the existence of multiple olfactory receptors for the 

heterocyclic odorants examined. 

The carbosylic odorants, unlike most other odorant classes, 

possess a polar group with a low pKa" Consequently, under physio- 

logical conditions, the acids will be predominantly ionised in the 

mucus. It may therefore be speculated that a receptor site exists 

in the olfactory cells which can recognise the carboxylate anion. 

The olfactory-specific poI ypeptides amounted to at least 70; ö 
of the total ciliary membrane protein. 



203 

Furthermore, since the distinctive "sweaty-foot" odour is 

characteristic of the C4 - C5 alkanoic acids, it may also be 

suggested that the carboxylate receptor contains a sub-site which 

recognises the appropriately shaped alkyl group. The results 

obtained from both the frog and the rat (Shirley et al, 1983b, 

1986) are compatible with such ideas, although not unequivocally 

so. 

The present studies with concanavalin A have served to 

highlight the differences that exist between the in vivo frog and 

in vitro rat preparations (see Appendix 2). In particular, it is 

worthy of note that the BOG peak amplitudes obtained from the rat 

were generally larger than those recorded from the frog. Further, 

the in vitro preparations,. exhibited stable BOG responses more quickly 

than the in vivo preparations, both before and after treatment with 

the modifying reagent. However, the frog preparations tended to 

possess greater longevity than their in vitro counterparts. 

A typical experiment on the rat could be completed within 

1-2 hours, whilst the in vivo studies routinely extended over 

3-4 hours. 
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CaAPTER 6: LIGAI'D BINDING STUDIES 

6.1 Introduction 

6.1(1) Theoretical aspects of lip-and binding1 

The binding of a ligand to a receptor possessing N binding 

sites can be described by the equilibria: 

R+X 
K1 

" 8% R1 (1) 
I; z 1 

I Rxi-1 +x Z- RXi Ri 
[R. 

_1 II X (2) 
I Rx 

RXN-1 +X 
gý 

EXN RN =[_I[ 1x (3) 

T 

where R is the receptor, X is the ligand, and K, .... S. represent 

the appropriate thermodynamic dissociation constants. The 

dissociation constant, of which the reciprocal is the association 

constant, provides information on the concentration of reactants 

necessary to foxn half maximal amounts of complex (Levitzki, 1980). 

When only a single-class of receptor site is present in the 

receptor population (i. e. no heterogeneity is found and no co-operativity 

amongst the receptor sites is observed), the average number of ligand 

molecules bound to he receptor molecule is given by: 

NR Nx = BD +x (4. ) 

where SD is the ligand- 

receptor dissociation constant. 

Re-arrangement of equation (4) fields : 

Na N$ (5) 

II ED ED 
Various theoretical and practical aspects of receptor binding have 
been discussed elsewhere (e. g. see Cuatrecasas and Rollenberg, 1976; 
Levitzki, 1980; Ferguson-Miller and Koppenol, 1981; Titeler, 1981; 
Hollenberg and Neao, 1981); for a comprehensive and systematic 
account of receptor theory, see Boeynaems and Dumont (1980). 
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The plot of NJ[X] versus $ is known as the Scat chard 

plot (Scatchard, 1919) and is one of the most sensitive graphical 

methods available for the presentation of ligand binding results, 

since it clearly demonstrates the precision of the data. 

6.1(u) Assay of receptors 

It is generally acknowledged that numerous ligands can interact 

in a specific manner with naturally occurring non-receptor macro- 

molecules (Goldstein et al, 1974);; such interactions often exhibit 

both a high affinity and some degree of chemical or steno specificity. 

Thus, in order to identify a true ligand-receptor interaction, several 

criteria must be met (Table 6.1) (Cuatrecasas and Hollenberg, 1976; 

Titeler, 1981). 

Receptor binding studies usually employ compounds (i. e. ligands) 

of high specific radioactivity that bind to the putative receptors 

with measurable affinity. Following equilibration of the receptor 

tissue preparation with the radiolabelled ligand, it is necessary to 

separate the unbound compound from the bound ligand. The speed with 

which this separation must be achieved depends upon the lifetime of 

the ligand-receptor complex (Cuatrecasas and Hollenberg, 1976). In 

general, centrifugation and filtration techniques have proved most 

useful for the rapid, efficient separation of membrane bound from free 

ligand. Other techniques, including equilibrium dialysis and 

equilibrium gel filtration (Hummel and Dreyer, 1962; Oiatrecasas et 

al, 1967) have also been employed. 

It is necessary to differentiate between specific and"non- 

specific binding. In most cases (except for intracellular steroid and 

thyroid hormone receptors), one measures the binding of a ligand to an 

impure receptor ezrbedded in a membrane matrix. However, the ligand 

itself may bind to various components of the receptor tissue, as well 
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Table 6.1 Criteria for receptor identification 

It is desirable to examine: 

1. the binding of analogues and/or antagonists 

2. saturability and affinity of binding 

3. the reversibility of binding 

the tissue distribution of specific binding 

the simultaneous correlation of the binding data 
with the biological dose-response curves in 
identical tissue preparations. 
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(Cuatrecasas and lollenberg, 1976) 
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as to filters, glassware and other non-receptor materials 
l; this 

binding, which is normally of low affinity2 and is non-saturable2, 

is known as "non-specific" binding. The number of non-specific sites 

is usually very large compared to the number of specific binding 

sites. Since non-specific interactions are normally characterised by 

law affinity processes, the amount of radioactive ligand binding to 

such sites tends to increase linearly with increasing concentrations 

of free ligand (Figure 6.1). 

Estimations of the extent of non-specific binding may be 

obtained by measuring the binding of the radioactive ligand under 

conditions where it cannot bind to the specific receptor sites. Such 

conditions are met when the binding of the radioactive ligand is 

measured in the presence of a large excess concentration (ten-fold 

or more the dissociation constant) of the non-radioactive ligand, or 

in the presence of high concentrations of another competitive ligand. 

Thus, the binding isotherm to the specific receptor sites is obtained 

by subtracting the non-specific binding from the total amount bound 

(Figure 6.1) (Levitzki, 1980; Titeler, 1981). It follows, therefore, 

that the amount of non-specific binding determines the precision with 

which the specific binding isotherm may be obtained (see Figure 6.2). 

6.1(iii) Odorant binding approach to receptor identification 

The experimental difficulties encountered in studies of hormone 

receptors and neurotransmitters (Cuatrecasas and Hollenberg, 1976) are 

E. g. non-receptor ("non-specific") interactions which shared, at 
least superficially, the criteria (saturability, specificity, 
high affinity and reversibility) commonly attributed to "specific" 
hormone-receptor interactions, have been reported for the binding 
of 125I-insulin to various non-receptor materials (talc, silica, 
protein-agarose derivitaves, glass test-tubes) (Cuatrecasas and 
Hollenberg, 1975). 

2 For exceptions, see Watrecasas and Rollenberg (1976). 
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Figure 6.1 Typical appearance of ligand binding data 

Graphical presentation of the actual binding 
data of [1251] hydroaybenzylpindolol 

2S1.. p) binding to turkey erythrocyte yadrenergic 

receptors. 
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5.0 x 10-6 dl-propranolol representing the non-specific 
binding. 

(b) The specific binding obtained by subtracting the non-specific 
binding (-o--o-) from the total binding (-"-. -) in (a) 

Taken from Levitzki (1980) 
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Figure 6.2 Binding of I "H I quinuclidinyl benzilate (L' 
to chick heart homogenates as a function of 
QNB concentration 
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Aliquots of homogenates of hearts were incubated with various 
concentrations of [3H] QNB at room temperature for 60 min. prior 
to the separation of bound from free ligand by ultrafiltration. 
Saturating concentrations of oxotremorine were employed to 
monitor non-specific binding. 

o: 9-day-old hearts 

": 3-day-old hearts 

e: 9-day-old hearts plus 100/AM oxotremorine 

Taken from Galper et al (1977) 
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fewer than those found with the vertebrate olfactory system. A 

major problem concerns the nature of ligands that are effective 

as odorants (see Section 1.4(i)). Then dealing with air-breathing 

vertebrates, the predominating structural requirement for such 

Uganda is that they be sufficiently volatile to reach the olfactory 

epithelium' (Dodd and Persaud, 1981). Consequently, odorants tend 

to be low molecular weight compounds of a hydrophobic/amphiphilic 

nature, which thus exhibit considerable amounts of non-specific 

binding to membranes and proteins. This makes the identification 

of receptors through binding studies very difficult in homogenates 

and membrane fractions. However, the reversible labelling of 

olfactory receptors in the intact tissue, followed by tissue 

fractionation, may prove a suitable procedure for their isolation 

and purification; such an approach has been successfully followed in 

the study of acetylcholine receptors (Eldefrawi and Eldefrawi, 1977). 

Although the interaction of water-soluble odorants (i. e. some a-amino 

acids) with fish olfactory membranes exhibits little non-specific 

binding, thereby permitting the identification of olfactory receptors 

(Cagan and Zeiger, 1978; but also see Brown and Hara, 1981), such 

identification generally requires information from several types of 

experiments other than ligand binding studies. The ability to 

recognise a drug or hormone receptor by correlating the in vitro 

binding affinities of agonists or antagonists with the biological 

activity of the system in vivo renders the isolation of such receptors 

easier than that of receptor molecules from the olfactory system 

(Dodd and Persaud, 1981). The experimental strategies applicable to 

This is not applicable to fish (e. g. rainbow trout), which can 
perceive as odorants many water-soluble amino acids (see Cagan 
and Zeiger, 1978; Rhein and Cagan, 1980,1981; Cagan and Rhein, 
1980; also see Arzt et al, 1984). 
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the isolation and study of olfactory receptors have recently been 

reviewed (Dodd and Persaud, 1981; see Table 6.2). 

Several attempts have been made to isolate pure plasma 

membrane fragments of the olfactory neurones. Koch (1969,1973) 

used differential- and sucrose-density-gradient centrifugation 

techniques to separate sub cellular components from rabbit brain and 

olfactory tissue homogenates; membranes from various cell fractions 

were identified by the enzyme markers, cytochrome oxidase and 

Na+-$+-ATFase. However, subsequent investigations using the same 

techniques failed to achieve clear separations of neuronal plasma 

membranes (see Koyama et a12 1971; Menco et al, 1971; Menevse, 1977; 

Menco, 1977a). In the absence of such preparations, studies employ- 

ing homogenates of olfactory epithelium have sought to identify 

components (i. e. proteins) which interact with odorants (Table 6.3; 

also see Novoselov et al, 1960). 

Investigations into the binding of several odorant amino acids 

to fish olfactory membranes have led to the postulate that "a 

multiplicity of types of olfactory binding sites exist in the trout" 

(Cagan and Zeiger, 1978). Support has also been provided for the 

hypothesis that odorant recognition sites are integral parts of the 

cilia (Cagan and Rhein, 1980; Rhein and Cagan, 1930,1981; also see 

Section 1.3(i)). Recently Novoselov et al (1980) have identified 

structures (molecular weight about 120,000) in the membrane fraction 

of skate olfactory tissue which exhibit a high affinity for alanine. 
l 

The membrane fraction of rat and frog olfactory tissue 

scrapings has been reported to contain acceptor sites capable of 

1 
The value of the measured dissociation constant (KD = 0.13 x 10-9M) 
was "considerably lower" than that_ eported for this amino acid 
receptor from trout (KD = 5.6 x 10 ; see Cagan and Zeiger, 1978). 
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Table 6.2 Experimental strategies applicable to 
biochemical studies of olfaction 

r 

Level Comment 

Intact epithelium Experiments can be monitored electrophysiologically 
Isolated "intact" neurons If eleetrophysiological methods are not applicable. 

spectroscopic methods should be used to monitor 
the experiments 

Hoinogenates from epithelium Electrophysiological methods not applicable at this 
level 

Sensory membranes The potential across membrane vesicles can be 

measured by spectroscopic probes 
Receptor proteins Can be "reconstituted" into membranes 
Receptor phospholipids Membrane vesicles can be used to study properties 

of the lipids 

Two key biochemical experiments - (1) odorant binding 
to determine the number of specific binding sites, and 
(2) specific labelling of olfactory receptors - can be 
carried out at the levels suggested in the table. 

Taken from Dodd and Persaud (1981) 
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Table 6. Odorant binding, studies performed on the vertebrate 
olfactory system 

Ligand Tissue Binding parameters Reference 

10 radio- a sedimentable Scatchard analyses Cagan and 
actively fraction derived gave evidence of two Zeiger (1978) 
labelled from the olfactory types of binding Also see 
odorant rosettes of the sites for most of the Cagan and Rhein 
amino rainbow trout amino acid% studied (1980); Rhein and 
acids Salmo gairdneri ! Eý _ -10_ Cagan (1980,1981) 

ED2 = IO 511 

[L3HJ_ 
the membrane ED = 1.5 x 10-9M Fesenko et al } 

Icamphor fraction of rat and (1978,1979v 
frog olfactory 
tissue scrapings 

[3H]_I_ 
the membrane 8D = 0.13 x 10-9M Novoselov et al 

alanine fraction of skate n1-= 0.18 pmol per mg (1980) 

Das tis pastinaca) of protein 
olfactory epithelium ED 3x 10- 
tissue homogenate n22 15 pmol per mg 

of protein 

[3HJ5_ 
sow olfactory ED = 1.2 x 10-9M Gennings et all 

androst- tissue homogenate , n 3.3 pmol per mg 1 (1977) 

16-en-3- t of protein 
one 

[3HJ5c.. 
rabbit and cow ED = 60 x 10-9M Pelosi et al 

androstan- olfactory mucosa n= 32 pmol per mg (1978) 
3-one homogenate of protein 

sow olfactory ED = 1+0 x 10-9M Persaud (1977) 
tissue homogenate n= 28 pmol per mg 

j of protein 

sheep olfactory ED = 1.1+3 x 10-9M Persaud (1980) 
tissue homogenate Persaud et al 

(1980) -- 

[3, 
H]2- cow olfactory KD = 1.2 x 10-6M Pelosi et al 

isobutyl- mucosa homogenate n= 270 pmol per (1980,1981,1982) 
3-metbo2y- mg of protein 
pyrazine 

1 
Also see Hancock, M. E., Gennings, J. N. and Gower, D. B. (1985) 
'On the existence of receptors to the pheromonal steroid, 
501-androst-16-en-3-one, in porcine nasal epithelium' 
FEES Lett. 181,328-334 
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binding camphor with a high affinity (KD = 1.5 x 10-9M; Fesenko et al, 

1978). These structures, which were absent in other tissues studied 

(e. g. tongue, lung, brain and liver), were suggested as belonging to 

a class of receptor molecules for camphoraceous odorants. Camphor- 

binding activity in the rat olfactory epithelium was abolished by 

pronase and trypsin (by 65,1, ' and 40; ß respectively) and was reduced by 

sulphydryl reagents (by 5-8-fold); maximum binding was observed at 

pH 7.1. (Fesenko et al, 1979). These results indicated that the 

binding component (molecular weight about 120,000) was proteinaceous 

in nature. However, as with other binding studies, no evidence has 

yet been presented to confirm that this binding component is indeed 

an olfactory receptor (Dodd and Persaud, 1961). 

Investigations into the binding, of the boar pheromone, 

5(k-androst-16-en-3-one to sow olfactory tissue homogenates have 

provided tentative evidence for a receptor which exhibits saturable 

specific binding of this odorant (KA = 8.3 x 108M) (Genrings et al, 

1977; also-see Section 1.3(ii)c). However, subsequent studies (Persaud, 

1977,1980; Pelosi et al, 1978; Persaud et al, 1980) have failed to 

reproduce these findings. 

The binding of the urinous odorant RU-androstan-3-one to 

homogenates of sheep olfactory epithelium has been investigated by 

Persaud (1980) (also see Persaud et el, 1980). Preliminary work 

shoved that this compound, which is closely related to 5a-androst-16- 

en-3-one (Gennings et al, 1977), could be perceived as an odorant by 

sheep; despite its extreme-hydrophobicity and relative non-volatility, 

small EGG responses were obtained to vapour-phase concentrations of 

this odorant from an in 
, 
vitro, preparation of sheep olfactory 

epithelium (Figure 6.3(A); Squirrell, 1978; see Section 6.4(iii)). 

Binding studies utilising crude olfactory homogenates proved 
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Figure 6.3 Binding of 5Q-[16,17-3H]androstan-3-one 
to sheep olfactory epithelium 

4 
BOUND 

3 
(10 44nole) 

olfactory 

i respiratory 
" 

012 
l FREE(10 

13mole 

(A) 

1mVl 
Amyl acetate 

110x. 
Androstanone 

r 20s 

J-% 

B/ 
F 

(A) EOG from intact sheep olfactory epithelium in response 
to stimulation by androstanone and amyl acetate. 

(B) Binding of androstanone to the supernatant fractions of 
sheep olfactory and respiratory epithelia, following 
centrifugation at 13,000 xg for 15 min. The non- 
specific binding (0,0) was determined by adding excess 
unlabelled androstanone to the tissue and labelled 
steroid. The free and bound ligands were separated 
using the standard charcoal method. 

(C) Scatchard plot of binding data shown in Figure 6.3B. 

Taken from Dodd and Persaud (1981) 
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inconclusive and irreproducible, due mainly to the extreme 

hydrophobicity of the ligand. However, investigations employing 

a 13,000 xg supernatant fraction of olfactory tissue homogenate 

demonstrated specific, saturable binding (KA = 7.0 x 108M; Figures 

6.3(B) and 6.30)). This binding was inhibited by several ligands 

(Table 6.4). It should be noted that all these studies were 

complicated by the presence of large amounts of non-specific binding 

which considerably decreased the sensitivity and accuracy of the 

assay. Specific binding was not observed with tissues such as 

respiratory epithelium, brain and liver. 

As yet, it is not clear whether the observed binding reflects 

the presence of a specific olfactory receptor protein, or a steroid 

hormone-binding protein. 

In an attempt to facilitate the isolation of olfactory cells, 

Hirsch and Margolis (1981) have investigated the specific binding of 

a number of radioligands to homogenates of mouse olfactory epithelium; 

it was reasoned that if certain ligands could be shown to bind to 

olfactory neurones, then such ligands could be coupled to a solid 

support (e. g. Sepharose) to yield an affinity column (see Price, 1978, 

1981). The ligands employed were drugs known to bind to various 

neurotransmitter and drug receptors in the olfactory bulb and brain 

(Hirsch et a1,1978; Hirsch and Margolis, 1979; Nadi et al, 1980; 

also see Blaha et al, 19810. 

The mouse olfactory epithelium was found to contain binding 

sites for 
[3H] 

diazepam (a benzodiazepine; also see Anholt et al, 

198+); 
[; 

H] clonidine, WB-41011, dihydroergocryptine (c adrenergic 

ligands); 
[3H]d. 

i1ydroa1ireno1o1 (a ß-adrenergic ligand); 

1 2-([2 ', 6'-dimethoxy]phenoxyethylamino) methyl benzodioxan 

216 
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Table 6.4 Specificity of binding of 
5a-androstan-3-one to homogenates of 
sheep olfactory epithelium 

1. 

2. 

3" 

501-Androstan-3-one binding is inhibited by the 
following ligands in the rank order shown: 

5«-androst-16-en-3-one (urinous) 

cis-2-methyl-2-(4! -tent-butylcyclohexyl) entan-l. -one (urinous) 

5orandrost-l6-en-3c-ol 

4.5GY-androst-l6-en-3 of (nearly odourless) 

(sandalwood/musk) 

(Dodd and Persaud, 1981) 



218 

[3H]quinuclidinyl 
benzilate ([3H] 6r1B; a muscarinic cholinergic 

ligand) and L-[3H] carnosine (the olfactory peptide neurotransmitter 

candidate, see Section 7.1(ii))1. Except for the 
[3H] 

diazepam 

site, which was the "non brain" type (Braestrup and Squires, 1977), 

and the L-['H] carnosine site, which was not saturable, the binding 

sites possessed pharmacological characteristics similar to sites in 

the brain (Snyder and Bennett, 1976). The epithelium was noted to 

be devoid of specific opiate binding ([3H] dihydromorrhine), GABA 

binding ([3H] irniscimol) and _zainic acid binding ([JH] kainic acid). 

Additional studies employing mice which had been subjected to 

unilateral olfactory bulbectomies suggested that the 
[3H] 

quinuclidinyl 

benzilate binding sites (muscarinic cholinergic binding sites) were 

associated with the olfactory neurones (Hirsch and Margolis, 1981; 

see Table 6.5). 

As an extension of previous work on muscarinic receptor 

mechanisms in other tissues (e. g. see Hedlund and Bartfai, 1979; 

Lundberg et al, 1982; Hedlund et al, 1983), the muscarinic receptors 

in the salamander olfactory epithelium have recently been characterised: 

they were found to specifically bind 
[H] 

Q with an affinity of 

0.75 r2i (0.3 pmol 
['H] 

U, ; B/mg protein) (Hedlund and Shepherd, 1983; 

Hedlund at al, 19810. Investigations into the ability of four 

odorants (amyl acetate, butanol, camphor and dimethylsulphide; see 

Getchell and Shepherd, 1978; Fesenko et al, 1979) to interact with 
['H] 

Q�iB binding revealed a close correlation between rauscarinic 

Derby et al 19Sý+) have recently presented electroph,,, 
and behavioural evidence for the existence of turineröic receptor 
cells in the olfactory systems of two marine invertebrates. 
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Table 6.5 Effect of unilateral olfactory bulbectomy on 
H-labelled ligand binding in mouse olfactory 

epithelia 

Specific binding (finolc/mg protein) 

3I1-labeled ligand Unoperated l3ulhectomized 
(nA! ) Exp. No. Normal side side 

[3HIQninucliclinyl bcncilatc (1.0) 1 54 50 12 
2 70 73 27 

[3H]Clonidine (3.7) 1 95 128 165 
2 52 65 98 

[3H]Dihydroergocryptine (5.0) 1 46 118 188 

Unilateral olfactory bulbectomies were performed 30 days 
before the binding assays were performed. Normal refers 
to unoperated control animals. Unoperated side refers to 
the portion of epithelium obtained contralaterally to the 
removed bulb. Bulbectomized side refers to the portion 
of epithelium obtained ipsilaterally to the removed bulb. 
Specific binding of [3H] quinuclidinyl benzilate was 
determined with and without 1/AM atropine, and specific 
binding of [3H] clonidine and [3H] dihydroergocryptine 
were determined with and without 101 phentolamine. 
Results are means of triplicate determinations which 
varied about 155. 

Taken from Hirsch and Margolis (1981) 
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receptor and olfactory receptor binding1; at 0.01 mM and 0.1 w1l 

concentrations 
2, the odorants were found to inhibit 

[H] 
Q TM 

binding such that a shift in this binding was induced from an apparent 

recognition of one receptor binding site to the recognition of two 

receptor sites with different affinities and capacities. No effect 

on 
[3H] 

QIVB binding was observed with two non-odorants (quinoline and 

sucrose) nor with odorants employed in control experiments performed 

on an homogenate of the salamander brain. Additional studies have 

suggested that 
[3H] 

QB and 
[3H] 

amyl acetate interact by binding 

either to two closely associated membrane receptors or to different 

subunits of the same salamander epithelial receptor, and that "these 

questions point the way to more extensive studies including purifica- 

tion of olfactory receptors" (Hedlund et al, 19814. ). 

The potent bell-pepper odorant 2-isobutyl-3-methoxypyrazine 

has recently been reported to bind to cow olfactory mucosa homogenate 

(Pelosi et al, 1980,1981,1982). This binding, whic4 was saturable 

in the micromolar range (3ý = 1.2 x 1Ö M), was shown to be 

competitively inhibited by other bell pepper odorants, but not by 

pyrazines that possessed different odours (Pelosi et al, 1980,1982). 

The disappearance of binding activity after treatment of the mucosa 

homogenate with proteolytic enzymes or with a SDS-containing buffer, 

indicated that the binding component was proteinaceous in nature 

This may indicate a modulatory role for acetylcholine, acting on 
muscarinic receptcrs, in the primary olfactory response. 
Consideration "should also be directed to a possible role of 
acetylcholine and muscarinic receptors in the control of receptor 
cell differentiation from basal stem cells (Sastry and 
8adavongvivad, 1979) and control of movement of the olfactory cilia, 
in analogy with other systems (Sastry and Sadavon vivad, 1979; 
Slaughter and Aiello, 1982)" (Hedlund et al, 198). 

2 Odorant concentrations of 0.01 rh': and 0.1 mI are within the range 
previously employed in physiological experiments (Getchell and 
Shepherd, 1978). 
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(Pelosi et al, 1981). Other tissues did not bind 2-isobutyl-3- 

methoxypyrazine to a "significant extent" (Pelosi et al, 1982). 

This chapter describes the binding of 
11,11 

2-isobutyl-3- 

methoaypyrazine to a 13,000 xg supernatant fraction of sheep 

olfactory tissue homogenate. 
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6.2 The ligand: 13H 12-isobutyl-3-methoxypyrazine (Figure 6.4. ) 

6.2(1) Introduction 

2-Isobutyl-3-methox; ypyrazine appears particularly well suited 

to ligand binding investigations; the extremely low olfactory thresh- 

old (0.002 parts/109; Teranishi et al, 1974. ) suggests a probable- high 

affinity for the appropriate receptor sites. Moreover, the olfactory 

data available for other compounds of similar structures (e. g. see 

Buttery et al, 1969; Seifert t al, 1970,1972; Maga and Sizer, 1973, 

1975; Parent and Epstein, 1973; Teranishi et al, 1974; Takken et al, 

1975; Calabretta, 1978) provide a useful basis for biochemical studies 

on the specificity of such sites (Pelosi et al, 1982). A specific 

anosmial to 2-isobutyl-3-methoxypyrazine has been tentatively 

identified (P. Pelosi, personal communication) and so this pyrazine 

may be regarded as a "primary odour" which interacts with specific 

receptor sites2 (e. g. see Amoore, 1977, also see Section 1.3(ii)c). 

2-Isobutyl-3-methoxypyrazine possesses a characteristic green 

bell pepper odour of great intensity and pervasiveness3 (Buttery et 2,1, 

1969; Seifert et al, 1970; Teranishi et al, 197lß). 

1 It should be noted that, at present, little direct correlation is 
possible between the values obtained in vitro for ligand binding 
constants and the in vivo responses observed to various odorants: 
in vitro measurements are made on the olfactory mucosa excised from 
an animal, whilst in vivo behavioural studies, such as threshold 
determinations, odour descriptions and studies of specific anosmias, 
have been performed mainly with humans (Pelosi et al, 1981). 

2 The primary odorants which have been tentatively identified 
(Amoore, 1971,197.4) may be compounds that interact with only a very 
few types of receptor sites, with one type predominating (Getchell 
and Getchell, 1974). 

3 For a brief discussion of pyrazine odorants see Section 1.4(11). 
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Figure 6.4 The ligand: 
_[3H]2-isobutyl-3-methoxypyrazine 
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2-isobutyl-3-metho. Wyrazine possesses: - 

(1) Characteristic green bell pepper odour 

(2) Extremely low olfactory threshold 
(0.002 parts/109) 

(Teranishi et al, 1974) 
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6.2(11) Experimental methodology 

6.2(ii)a Preparation and characterisation ofr3HI2-isobutyl-3-metho yrazine 

A sample of 
[3H]2-isobutyl-3-methoxypyrazine ([3H]pyrazine) 

(10 M in 1,2-propanediol; total volume about 5 ml) was generously 

donated by Dr. Paolo Felosi, University of Pisa, Italy; its prepara- 

tion and subsequent purification have been previously described 

(see Pelosi et al, 1981). Aliquots of this "stock solution" were 

diluted with buffer (10 mä1 S buffer, pH 7.4., containing EIA 

(1mM) and bovine serum albumin (5 mg/ml)) as required to form the 

"working solution" (concentration of 
[3ff]pyrazine 

= 10_6M; see 

Section 6.3(iv)). 

The purity (chemical and radiochemical) of the tritiated 

pyrazine was checked and the specific radioactivity determined 

(2.08 Ci/nmole; P. Pelosi, personal communication; Pelosi et al, 1981, 

1982) prior to donation (see Pelosi et al, 1981; also see Appendix 3). 

These characteristics (not including radiochemical purity; see 

Section 6.2(ii)b) were also checked periodically throughout the course 

of the present study. 

6.2(ii)b Purity of 13H12-isobutyl-3-methoxypyrazine 

The methodology used to check the purity of the 
[3H]2-isobutyl- 

3-methoypyrazine was similar to that employed by Persaud (1980) in the 

determination of 5C& 16,17 3H]androstan-3-one 
purity. 

A plastic-backed silica gel (0.2 mm thick; pre-coated) thin 

layer chromatography (t. l. c. ) plate (5 an x 10 cm) was longitudinally 

bisected and divided up into 1 cm squares. Non-radioactive 2-isobutyl- 

3-metho. Vpyrazine (lµl) was spotted onto one half of the plate, whilst 
[3H] 

pyrazine (approximately 0.51l; 10-411 in 1,2-propanediol) together 

with unlabelled compoundl (approximately 0.5µ1) were spotted onto the 

1 
The non-radioactive 2-isobutyl-3-methoxypyrazine acted as a carrier 
for the tritiated derivative, which was dissolved in 1,2-propanediol. 



225 

other half (Figure 6.5). 

The t. l. c. plate was developed by ascending chromatographr 

in toluene/chloroform/acetone (2 :2: 1; total volume = 10 ml), after 

which it was cut along the line of bisection. The non-radioactive 

side of the plate was sprayed with Allen's reagent' and placed in an 

oven at 1100c for about 10 minutes; the 2-isobutyl-3-methoi'pyrazine 

was visualised as a brown spot. Confirmatory detection was achieved 

by ultraviolet illumination of the plate at 25114. The %, value for 

the substituted pyrazine was found to be about 0.55 (Figure 6.5). 

The radioactive side of the t. l. c. plate was cut up into 1 an 

squares, and each square was placed in a plastic scintillation mini- 

vial containing Bray's fluid2 (1+ ml) (Bray, 1960). In addition, 

scintillation vials containing squares of unused t. l. c. plate were 

prepared in order to provide a baseline control for any background 

luminescence (Peng, 1977). After cooling in the dark, the mini-vials 

were counted in a Packard Prias liquid scintillation spectrometer, 

with a-counting efficiency for tritium of about 531", -. The counting 

profile located a peak of radioactivity at a position corresponding to 

the previously determined non-radioactive 2-isobutyl-3-methoz; ypyrazine. 

No other appreciable amounts of radioactivity were detected (Figure 6.6). 

The chromatographic solvent system was validated by its ability to 

demonstrate similar 8ý, values for 2-isobutyl-3-metho7gpyrazine when 

this compound was applied to the t. l. c. plate under a variety of 

conditions (see Figure 6.7). 

Although these observations served to verify the nature of the 
[3H]pyrazine, 

its radiochemical purity should ideally have been 

1 
Concentrated sulphuric acid/re-distilled diethyl ether/water 
(80 : 18 : 2) (Allen et al, J. Clin. Endocrin. 10 (1950), 5lß-70). 

2 Butyl-FBD (7g), Triton X 100 (500 ml) and toluene (1 litre) 
(Bray, 1960). 
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cpm 
x 10 

Figure 6.6 Purity of 
[ 

Hl2-i$obutyl-3-methoxypyrazine 

6 

5 

1. 

3 

2 

1 

0 
T 

origin solvent 
front 

solvent flow 

After leading with 
[3H]2-isobutyl-3-methoxypyrazine 

(together 

with unlabelled carrier) and developing in toluene/chlorofcrW 
acetone (2 :2: 1), the t. l. c. plate was cut up into 1 cm 
squares and analysed in a liquid scintillation s ectrometer. 
The position of the radioactive peak (RF = -0-55) is equivalent 
to that determined (see Figure 6.5) for 2-isobutyl-3-iethox- 
pyrazine (RF, = 0.55). 
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cross-checked by an independent technique such as radio-GLC or 

radio- . Unfortunately, however, these facilities were not 

available in the present study. Consequently, confirmation of the 

purity of the 
[3H]2-isobutyl-3-methoxrpyrazine 

rested upon the 

finding that chromatography in three different solvent systems2 gave 

identical results (see Persaud, 1980). 

6.2(ii)c Specific radioactivity of 13H12-isobutyl-3-methoxypyrazine 

The donated "stock solution" of 
[H]2-1sobuty1-3-metho- 

pyrazine (10_4M in 1,2-propanediol; P. Pelosi, personal communication) 

was diluted with buffer (10 mZd HEMS buffer, pH 7.4., containing 

=A (1 mM) and bovine serum albumin (5 mg/ml)) to form the "working 

solution" (concentration of 
[3H]pyrazine 

= 10_1-q) (see Section 6.3(iv)), 

various aliquots of which were then dispensed into a set of plastic 

scintillation mini-vials containing Bray's fluid (4 ml per vial) 

(Bray, 1960). After cooling in the dark, the vials were each counted 

for 10 minutes in a Packard Prias liquid scintillation spectrometer. 

= The 
[3H]2-isobutyl-3-methoxypyrazine 

was found to possess a 

specific radioactivity of 2.05 Ci/mole (Figure 6.8), which is in 

good agreement with the previously reported value of 2.08 Ci/ninole 

(Pelosi et al, 1981,1982). However, it should be noted that the 

accuracy of this estimate depends upon the precision of the independently- 

detexnined value for the concentration of 
[3]pyrazjne 

in the "stock 

solution" (10-4M; see Appendix 3). As noted previously (see 

1 
The presence of both chemical and radiochemical impurities in 
different lots of [i 

, 2-311] cholesterol and [2t., 25-311] cholesterol 
which had been previously found to be radiochemically pure by 
conventional chemical and other in vitro tests, has recently been 
reported (Davison et al, 1980). 

2 
Toluene/chlorofom/acetone (2 :2: 1) 
Toluene/diethyl ether (3 : 2) 
Cyclohexane/ethanol (1 : 1) 

I 
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Figure 6.8 

dpm 
x 10 

Specific radioactivity of 
r3H12-isobutyl-3-methoxypyrazine 
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2-is cbutyl-3-methozpyrazine (pmol) 

Aliquots of [3H]2-isobutyl-3-methoaypyrazine (10-611) in 10 mM 
HEPES buffer, pH 7.4, containing r' A (1 mM) and bovine serum 
albumin (5 mg/ml) were dispensed into plastic scintillation mini- 
vials containing Bray's fluid and counted in a liquid scintillation 
spectrometer. Each point represents the mean d. p. m. value of 
triplicate mini-vials. 
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Section 6.2(ii)b), it was not feasible to cross-check this value in 

the present study. Consequently, there is a possibility that the 

accompanying results may carry a systematic error. 
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6.3 Methods 

6.3(i) Tissue preparation 

Sheep heads were obtained from a local abattoir within 

5 minutes of death; their dissection and subsequent tissue fractiona- 

tion took about 2 hours. 

The severed head was cut longitudinally to one side of the 

midline, and the nasal septum was removed to expose the olfactory 

mucosa which was readily identifiable by its yellowish brown 

pigmentation (see Section 1.1(i)). This was stripped away from the 

turbinates and suspended (1 g wet weight/10 ml buffer) in cold 20 mM 

P'ES buffer, pH 7.4, containing ELTA (1 mM)Z, at 40C, using a glass 

Potter-Elvehjem homogeniser (0.13 - 0.18 mm clearance) with a 

motorised teflon pestle (7 x3 strokes with intermittent cooling on 

ice). Next, the suspension was centrifuged at 600 xg for 5 minutes 

at 1. °C in a Sorvall RC2B refridgerated centrifuge to remove cell 

debris and connective tissue. The resulting supernatant was subjected 

to further centrifugation at 13,000 xg for 20 minutes at !. °C (see 

Koch, 1969). Most of the binding studies described in this chapter 

were performed on the supernatant (microsomal) fraction obtained from 

this centrifugation procedure. The supernatant was stored in 1 ml 

aliquots at -20°C, under which conditions it remained viable for 

several weeks. 

Normally, the olfactory mucosa from at least three animals 

was pooled prior to homogenisation and centrifugation. Any sheep 

possessing rhinitic infections of the olfactory tissue were discarded. 

For some experiments, portions of the brain and the respiratory 

1 For a comparison of preparation viability, some tissue was 
periodically suspended in 0.32 bI sucrose containing EDTn (1 MM}, 
as described by Koch (1969). However, no differences were detected 
in the binding characteristics exhibited by the alternatively 
prepared tissue supernatant fractions. 
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epithelium were also removed and fractionated as described; liver 

obtained from sheep was similarly treated. 

6.3(11) Gel chromatography 

All experiments were performed at 1+0C. Columns of Sephacryl 

S200 Superfine (0.9 x 30.0 cm), equilibrated with 10 mM HEPES buffer, 

pH 7.4+, containing =TA (1 mM), were calibrated for molecular weight 

determination with standard proteins (Andrews, 1961). Blue Dextran 

2000 (2 mg/ml) was used to check the homogeneity of the packed beds 

and to determine the columnar void volumes. Column eluates were 

scanned for ultraviolet absorption (L. K. B. Uvicord Type 4701A control 

unit) and were collected in fractions (Gilson 1licrocol TDC 80 

fraction collector). 

6.3(111) Protein estimation 

Protein was estimated by the method of Lowry et a1 (1951)" 

6.3(iv) Ligand binding, assays 

The assays were performed in Pyrex test-tubes (10 mm x 75 mm; see 

Section 6.4(i)a) in the presence of 10 mM HEPES1 buffer, pH 7.4+, 

containing EOTA (1 mbi) and bovine serum albumin2 (5 mg/ml). 

A working solution of 
[H]2-isobuty1-. 

-niethoxipyrazine was 

prepared by dispensing an aliquot of the stock solution (10-ý. i in 

1,2-propanediol) into a suitable volume of the assay buffer. Portions 

of this working solution were then introduced to buffer contained in 

the assay tubes such that the total volume of liquid in each tube was 

100µl. After cooling on ice, a sample (50ja; usually 0.1 mg) of. 

the tissue preparation was added to each tube, which in turn was 

1 FEES (pc8 7.55) was employed because of its exceptional buffering 
capacity (see Good et al, 1966). 

2 
The BSA was included in order to minimise any non-specific 
adsorption of 2-isobutyl-3-methoxypyrazine by the test-tubes (see 
Section 6.4(i)a). 
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quickly vortexed and incubated on ice for 3 hours (see Section 

6.4(iv)). The low temperature was employed in order to minimise 

the volatility of the radioactive pyrazine1. 

Fbllowing incubation, unbound pyrazine was removed from the 

assay mixture by adsorption to activated charcoal, which was 

introduced as a slurry (0.375 ml) comprising 3jß Norit GSX and Dextran 

(0.05 mg/ml) in 20 mM FES buffer, pH 7.4., containing Naci 

(0.5% (w/v) ); after vortexing and incubating the tubes on ice for 

5 minutes, the charcoal was sedimented by centrifugation at 2000 rpm 

for 5 minutes in a bench centriSuge (Searle B&T centrifuge). A 

portion (375p1) of the resulting supernatant was removed from each 
2 

tube, and added to 4. ml of Bray's scintillation fluid (Bray, 1960) 

contained in a plastic mini-vial. The radioactivity present in each 

supernatant fraction was determined by liquid scintillation counting 

using a Packard Prias spectrometer (53% counting efficiency for 

tritium). Corrections for the quenching of counting were monitored 

through the use of an automatic external standard. 

Non-specific 2-isobutyl-3-methoxypyrazine binding vas measured 

in parallel with the total binding. by setting up assay tubes which 

contained not only radioactive odorant, but also a large excess of 

non-radioactive 2-isobutyl-3-methoxypyrazine (6.7 x 10-6M). 

For every binding experiment, a number of controls were 

necessary. At each concentration of 
[3H]pyrazine, 

tubes were set up 

containing only the assay buffer and odorant; these provided an 

1 The high vapour pressure of this odorant necessitated all the 
ligand binding studies being perfozmed in a well ventilated fume 
cupboard. 

2 The scintillation fluid comprised butyl-PBD (7g), Triton X-100 
(500 ml) and toluene (1 litre). 
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estimate of the adsorption efficiency of the charcoal (see Section 

6.1. (i)b). In addition, at various points over the concentration 

range employed, the total concentration of 
[3H]pyrazine 

present in 

the incubation mixtures was determined; this provided an internal 

check on the loss of odorant due to test-tube adsorption during the 

incubation period (see Section 6.4(i)a). For these controls, 20 mM 

EMES buffer, pH 7.4., containing NaCl (0.5P/. (w/v)) was added (375111) 

to the assay tubes instead of the charcoal slurry. The radioactivity 

contained within these tubes was estimated as previously outlined. 

All assay and control tubes were prepared in at least duplicate. 

When determining the concentrations of bound and free ligand, 

no. corrections were made for the volume of charcoal present in each 

assay tube. However, by weighing samples of charcoal, this volume 

was estimated to be about 2% of the total volume of solution present. 

The transfer of all solutions involved in the ligand binding 

experiments was accomplished by the use of automatic pipettes (Gilson); 

their accuracy and reproducibility were periodically checked by 

weighing dispensed aliquots of water. 
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6. Remits 

The results presented graphically show experimental points 

which represent the mean values obtained from at least replicate assays, 

whilst those accumulated from several different tissue preparations 

indicate the mean and standard error of the individual determinations; 

the number of tissue preparations (n) used in each study is noted. 

6.1+(i) Adsorption of 2-isobutyl-3-methoxypyrazine 

The proposed employment of a charcoal adsorption ligand binding 

assay system necessitated investigation of the adsorption character- 

istics of 2-isobutyl-3-methoxypyrazine. 

6.. (i)a Adsorption of 2-isobutyl-3-methoxypyrazine by test-tubes 

Assay tubes were set up containing 
[3H]2-isobutyl-3-method 

pyrazine and buffer solution2. After incubating on ice for 3 hours, 

20 mM HEPES buffer, pH 7.4., containing 0.9°, ) NaCM was added (375/t1) 

to each tube; these were then vortexed and an aliquot (375µl) of each 

assay mixture was removed for radioactivity determination (see 

Section 6.3(iv)). 
" 

The results (Table 6.6) show that some 
[3H]2-isobutyl-3- 

methox; ypyrazine was adsorbed by each type of assay tube, irrespective 

of any pre-treatment. However, this adsorption was minimised by 

including BSA (5 mg/ml) in the assay buffer3. Consequently, all the 

binding assays reported in this thesis were performed in Pyrex glass 

1 Such a system has been used previously to study the binding of [16,17-3H] 5(k-androstan-3-one to homogenates of sheep olfactory 
epithelium (Persaud, 1980; Persaud et al, 1980). 

2 
The types of buffer and assay tubes employed are shown in 
Table 6.6. 

3 
Similar findings have been reported for the adsorption to test-tubes 
of the urinous odorant 5Ck-androstan-3-one (Persaud, 1980). 
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Table 6.6 Adsorption of 2-isobutyl-3-methoxypyrazine by 
test-tubes 

Type of Tube 

% loss of original 
[Hj2-isobutyl-3-metho pvrazine 

ffi) Polypropylene 9 
b) Polypropylene 

scintillation mini-vial 17 ±2 

C) Pyrex glass ]4 ±1 

d) Siliconised Pyrex glass 12 ±1 

e) Pre-washed Pyrex glass 10 1 

f) BSA-containing Pyrex glass 1±0 

Various assay tubes were set up containing 
[3H]2-isobutyl-3-methoxypyrazine 

(10 pmol) and 

a), b), c) 20 mM FEPES buffer, pH 7.4 (1W Al) 

d) 20 mM HEPES buffer, pH 7.4. (14.0 µl), following siliconisation1 
with Siamcote 

e) 20 mM HEPES buffer, pH 7.4 (740 µI), following overnight 
soaking in 10 mM IEPES buffer, pH 7.4, containing 
ELTA (1 mM) and BSA (5 mg/ml), and subsequent drying 

f) 10 mM HEM buffer, pH 7.4. (140 N1), containing 
EUTA (1 mM) and BSA 5 mg/ml). 

After incubating on ice for 3 hr.., 20 mM Hr ES buffer, pH 7.4, containing 
0.9% NaCI was introduced (375 µl) to each tube; an aliquot (375 µl) of 
each assay mixture was then withdrawn for radioactivity determination. 

The results indicate means ± S. E. M. for triplicate detenninations. 

1 
Signacote was introduced to the test-tubes and decanted off after 
5 minutes. This operation was repeated after a 15 minute interval. 
The tubes were then washed with distilled water and dried in an oven. 
The degree of protec5ion afforded by siliconisation against the test- 
tube adsorption of C H12-isobutyl-3-rnethoxypyrazine was similar to 
that reported previously for the odorous steroid 5cß-androst-16-en- 
3-one (see Gower, D. B. and Hancock, M. R. (1982) in 'Olfaction and 
Endocr. Regal. ', Proc. Zur. Chemorecept. Re_. Organ. Symp., 4th 1981 
(Ed. by Breipohl, W. ); IRL Press Ltd., London. pp 267-277). 
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test-tubes and in the presence of a BSA (5 mg/ml)-containing buffer 

solution. 

The degree of protection afforded by BSA against the test-tube 

adsorption of 
[3n]pyrazine 

was found to vary considerably over a range 

(0 -5 mg/ml) of albumin concentrations (Figure 6.9); at concentrations 

greater than 5 mg/ml, no further decrease in odorant adsorption was 

detected (not shown). 

6.1+(i)b Adsorption of 2-isobutyl-3-methoxypyrazine by charcoal 

Assay tubes were set up containing BSA buffer and a range of 

concentrations of 
[3H] 

2-isobutyl-3-methozypyrazine. After incubating 

on ice for 3 hours, a charcoal slurry (375µl. ) consisting of charcoal 

and dextran (0.05 mg/mi) in 20 mM =S buffer, PH 7.1+, containing 

O. 9; p"' PIaC1 was added to each tube; these were ixmediately vortexed, 

left to stand on ice for 5 minutes, and then centrifuged at 2000 r. p. m. 

for 5 minutes in a bench centrifuge (Searle B&T centrifuge). An 

aliquot (375µl) of the resulting supernatant was withdrawn from each 

tube for radioactivity determination (see Section 6.3(iv)). Appropriate 

controls were prepared in parallel with the assay tubes. 

The accompanying results show that different batches and/or 

concentrations of charcoal exhibited varying degrees of adsorption 

efficiency (Figure 6.10). Slurries containing decolourising charcoal 

(3; ', (w/v)) displayed acceptable adsorption profiles (see Figure 6.10(b); 

3% decolourising charcoal(l)); the efficiency of adsorption decreased 

at the lower 
[3H]pyrazine 

concentrations, but was satisfactory over 
2 

a wide concentration range. Three different batches 

1 The types and concentrations of charcoal employed are shown in 
Figure 6.10. 

2 Similar findings have been reported for the adsorption by charcoal 
(Norit GSX) of [16,17-3H] 5Q-androstan-3-one (Persaud, 1980). 
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Figure 6.9 Effect of bovine serum albumin (BSA) on the 
adsorption of 2-isobutyl-3-methoxypyrazine by 
test-tubes 
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Assay tubes were prepared containing 
[3H]2-isobutyl-3-methoxypyrazine 

(10 pmol) and 10 m. M MMES buffer, pH 7.4, (11+0 p l) containing EU1A (1 mM) 
and BSA as indicated. Experiments were performed as described in the 
legend to Table 6.6. 

The figure shows results obtained from a single experiment; it is 
representative of those obtained from two further studies. 

1235 



Figure 6.10 Adsorption of 2-isobutyl-3-methcxypyrazine 
by charcoal 

Asay tubes containing a range of concentrations of 
C x12-iscbutyl-j-methoxypyrazine and 10 mM FIEFES 

buffer, H 7.4, incorporating =A (1 al: ) and BSA 
(5 mg/ml) were incubated on ice for 3 hr.. 
A charcoal slurry, conprising charcoal (as 
indicated) and dextran (0.05 m&/ml) in 20 mM 
fýPES buffer, pH 7.4. containing C. 9 

,, 
"L* NaCl, was 

then added (375 p1) to each tube. Following 
centrifugation, an aliquot (375 Al) of the 
resulting supernatant was withdrawn from each tube 
for radioactivity determination. 

These findings, which were obtained from single 
experiments, are representative of those acquired 
from triplicate studies. 
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(a) 

Figure 6.10 Adsorption of 2-isobutyl-3-methoxypyrazine 
by charcoal 
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of decolourising (i. e. non-activated) charcoal were investigated, and 

the best was employed (as a 3% (w/v) slurry1) in all subsequent ligand 

binding assays. 

6.4(11) Perception of 2-isobutyl-3-methoxypyrazine by sheep 

At the outset of the present studies, it was not known whether 

sheep were able to perceive 2-isobutyl-3-methoxypyrazine as an odorant. 

Consequently, attempts were made to obtain EOGs to this compound from 

an in vitro sheep preparation; such an approach has been utilised 

previously to show that sheep can perceive the urinous odorant 

5c-androstan-3-one (Persaud, 1980; Persaud et al, 1980; Dodd and 

Persaud, 1981). 

The methodology employed has been described elsewhere (see 

Squirrell, 1978). Good quality EOG responses were routinely observed 

(Figure 6.11), thus indicating that 2-isobutyl-3-raethoxpyrazine does 

interact with sheep olfactory epithelium. 

6. i. (111) Degradation of I3H12-isobutyl-3-methoxypyrazine 

The stability of 
PH12-isobutyl-3-methoxypyrazine 

throughout 

the Iigand binding assay procedure was examined by thin layer 

chromatography (t. l. c. ). 

Assay tubes containing buffer, the appropriate concentration 

of a 13,000 xg supernatant fraction of sheep olfactory epithelium, 

and 
[3H12-isobutyl-3-methoxypyrazine 

(6.7 x 10-8M) were set up in 

duplicate (see Section 6.3(iv)). After the addition of the tissue 

preparation, one of each pair of tubes was incubated on ice for 3 hours. 

The 
[3H]pyrazine 

in each of the remaining tubes was extracted with 

1 Although slurries containing WS (w/v) decolourising charcoal 
exhibited slightly improved adsorption characteristics, the volume 
occupied by this concentration of charcoal impaired the withdrawal 
of supernatant fluid from the assay tubes following centrifugation. 
Consequently, such slurries were not employed in the ligand 
binding assays. 
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Figure 6.11 The EGG response to 2-isobutvl-3-methoxtT- 
pyrazine obtained frorr" an in vitro 
orer ration of sheep olfactor, º epithelium 

LG mV "' 

10 sec. 

Atypical ECG response from intact sheep olfactory epithelium 
in response to stimulation by 2-isobutrrl-3-methorpy razine 
(ß. G9 LM); the experimental nethodolo`y -ras as described by 
Squirrell (1978). Stimulus duration is indicated by the 
horizontal bar. 



:` 

243 

dietlyl ether (2 x 2501x); aliquots (usually 30 - 80 j11) of these 

extracts were then spotted onto plastic backed silica gel (0.2 mm 

thick; pre-coated) t. l. c. plates (2.5 cm x 10 cm). Non-radioactive 

2-isobutyl-3-methoxypyrazine (about 0.5µ1) was employed as carrier 

ligand. The t. l. c. plates were developed, treated and analysed as 

previously described (see Section 6.2(ii)b). Following their 

incubation period on ice, the other assay tubes were similarly handled. 

The accompanying results (Figure 6.12), which are represen- 

tative of many similar examinations performed throughout the course of 

this present work, show that virtually identical chromatographic 

profiles were obtained at the commencement and termination of the 

binding assay procedure. These findings, which indicate that no 

degradation of the 
[H]-pyrazine 

occurred during the assay period, 

confirm that the binding activity reported in this chapter reflects 

the interaction of genuine 
[H] 

2-isobutyl-3-methoymzine . with sheep 

olfactory epithelium, and not the binding of odorant degradation 

products. 

6.4(iv) Association kinetics of the ligand binding 

The appropriate concentration of a 13,000 xg supernatant 

fraction of sheep olfactory epithelium was incubated on ice with 
[3]2-j8obutyl-3-met1oxypyrazjne 

(6.7 x 10-8M) in the presence and 

absence of unlabelled pyrazine (6.7 x 10-6M). At various time 

intervals, charcoal (in the form of a 3% slurry) was added to particular 

tubes and the amount of bound ligand was determined as previously 

described (see Section 6.3(iv)). 

The results of a typical experiment (Figure 6.13) show that 

the time taken to reach an equilibrium was about 120 minutes for the 

"total" binding and about 80 minutes for the "non-specific" binding 

components; the "specific" binding components reached an equilibrium 



Fitture 6.12 Stability of 
r3Hl2-isobutyl-3-methozypyrazine 

throughout the ligand binding assay procedure 

Duplicate assay tubes were set up containing 10 a Ehý'ES 
buffer, pH 7.4, incorporating EIJ1A (1 mM) and BSA (5 mg/ml), a 
portion of a 13,000 xg aupernatant fraction of sheep olfactory 
epithelium (0.1 mg) and [3H]2-isobutyl-3-methosypyrazine 
(6.7 x 10-8i). The [3H]pyrazine was extracted with diethyl 
ether (2 x 250 µl) from each pair of tubes (a) before and 
(b) after incubation on ice for 3 hr.. 

Following their loading with aliquots (30 - 80 Al) of 
the ether extracts, together with unlabelled carrier, thin layer 
chromatography plates were developed in toluene/chloroforms, / 

acetone (2 :2: 1), cut up into 1c squares and analysed in 
a liquid scintillation spectrometer. 

The virtual superimposability of the chromatographic 
profiles obtained at the (a) commencement and (b) tezmination 
of the binding assay procedure indicates that the integrity of 
the [3H12-isobutyl-3-methozypyrazine is maintained throughout. 

These results, obtained from a single pair of assay tubes, 
are representative of those found from 11 other experiments, 
each comprising three duplicate pairs of tubes (n = 5). 
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Figure 6.12 
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Figure 6.13 Rate of association of the ligand-protein 
complex 
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The binding of 
[ia] 

2-isobutyl-3-niethoxypyrazine (6.7 x 10-8M) to a 
13,000 xg supernatant fraction of sheep olfactory epithelium was 
measured the presence and absence of unlabelled odorant 
(6.7 x 10°1) over the periods indicated. 

" Total binding 

O Specific binding 

Q Non-specific binding 
This figure, which was obtained from a single experiment, is 
representative of those produced by 7 further studies (n - 6). 
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after about 90 minutes. In all subsequent binding studies, the 

assay tubes containing ligand and tissue preparation were incubated 

on ice for 3 hours prior to the separation of the bound from free 

ligand. 

6. lf(V) Dissociation kinetics 

The appropriate concentration of a 13,000 xg supernatant 

fraction of sheep olfactory epithelium and 
[H} 

2-isobutyl-3-methcr- 

pyrazine (6.7 x lÖ 
M) 

were incubated together on ice for 3 hours. 

An aliquot (150µl) of this solution was then removed and assayed for 

bound ligand. To the remaining mixture was added unlabelled 

2-isobutyl-3-methox; ypyrazine to a final ligand concentration of 

1.4.3 x 10 5M. At various time intervals, further aliquots (150141) were 

withdrawn and assayed for bound ligand. Parallel controls for "non- 

specific" binding were prepared as previously outlined (see Section 

6.3(iv)). 

The results obtained (Figure 6.14. ) show that little or no 

exchange between bound radiolabelled ligand and unlabelled ligand was 

observed over an initial period of 15 minutes. Subsequently, however, 

exchange did slowly occur. Additional studies have shown that the 

amount of "specifically" bound radiolabelled ligand fell to about 5% 

of the initial value after 21+ hours. 

These findings indicate that no significant dissociation of the 

receptor-ligand complex occurred during the period required to separate 

bound from free ligand by charcoal adsorption. 
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Figure 6.1lß Perturbation of equilibrium by the addition 
of excess ligand - 

cd 
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The rate of dissociation of specifically bound lig nd was 
measured over the periods indicated after perturbation of the 
equilibrium by the addition of unlabelled 2-isobutyl- 
3-methoxrpyrazine (1.43 x 10-511) . 

, 
These results, which indicate the mean and range of triplicate 
assays from a single experiment, are typical of 3 further 
investigations (n = 1f). 
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6.4(vi) Affinity of bindiniz 

6.4(vi)a Identification of saturable binding 

A 13,000 xg supernatant fraction of sheep olfactory epithelium 

was incubated with a wide range of concentrations of 
[H]2-iobuty1-3- 

ntho, yrazine (10 9M 
- 10-711). The bound ligand was separated 

from free by charcoal adsorption (see Section 6.3(iv)). 

The accompanying results (Figure 6.15) are representative of 

four other sets of binding curves, which were obtained with different 

tissue preparations. All of these profiles exhibited points of 

inflexion, consistent with the presence of multiple binding sites 

possessing different affinities for 2-isobutyl-3-methoxypyrazine 

(Clark et al, 1979). Similar binding profiles (i. e. indicative of 

multiple binding sites in the picomole range) have recently been 

obtained for the interaction of this odorant with homogenates of cow 

olfactory mucosa (P. Pelosi, personal communication). 

The binding studies presently reported focus upon the apparently 

saturable binding of high affinity which occurs within the 0- 50 nM 

pyrazine concentration range (see bottom left hand corner of 

Figure 6.15(b)). 

6.4(vi)b Investigations on the "high affinity" binding sites for 
2-isobutpl-3-methoxypyrazine 

Aliquots of a 13,000 xg supernatant fraction of sheep olfactory 

epithelium were incubated with 
[3H] 

2-isobutyl-3-methoxpyrazine. 

(0 - 50 nM) in the presence and absence of unlabelled odorant 
(6.7 x 10-611). The separation of bound fron free ligand was performed 

as previously described (see Section 6.3(iv)). 

The binding curves obtained from three separate experiments 

are shown in Figures 6.16 - 6.18; Figures 6.16 and 6.17 illustrate the 

findings obtained from a single tissue preparation, whilst Figure 6.18 

shows the profiles obtained from an experiment on a different 



Figure 6.15 The relationship between 
302-iso 1- 

-metho zine concentration (10-5-- 10-7M) 
and total binding to a 13,000 xg supernatant 
fraction of sheep olfactory epithelium 

A 13,000 xg supernatant fraction of sheep olfactory epithelium 
(0.1 mg) was incubated with a wide range of 

[H]2-izobuty1-3- 

methrpyrazine concentrations for 3 hr. on ice prior to the 

separation of bound from free ligand. 

(a) Concentration range: 1.6 x 10 Sit 
- 4.0 x 10 7M. 

(b) Concentration range: 1.6 z 10-9m - 1.3 x 10-7M. 

Figures (a) and (b), which were obtained from single experiments, 

are representative of 4 other sets of binding curves acquired 
from different tissue preparations (n = 5). 
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Figures 6.16 - 6.18 Binding of 
[Hl 

2-isobutyl-3- 
metroxypyrazine to 13,000 xg 
supernatant fractions of sheep 
olfactory epithelium 

[HJ 
2-Isobutyl-3-methoVpyrazine (0 -5x 10-8M) was incubated 

with aliquots (0.1 mg) of a 13,000 xg supernatant fraction of 

sheep olfactory epithelium for 3 hr. on ice in the presence 

and absence of unlabelled odorant (6.7 x 10-6M) prior to the 

separation of bound from free ligand by the charcoal adsorption 

method. 

(a) " Total binding 

o Non-specific binding 

(b) o Specific binding, obtained from the data shown in 
(a) by subtracting the non-specific from the total 
binding 

(c) o Scatchard plot of the specific binding curve shown 
in (b). 
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Figure 6.16 Binding of 13H12-isobutyl-3-methoxypyrazine to 
13,000 xg supernatant fractions of sheep 
olfactory epithelium 
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Figure 6.17 Binding of I3H12-isobuty1-3-rethoyrpyrazine to 
13,000 xg supernatant fractions of sheep 
olfactory epithelium 
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Figure 6.18 Binding of 
3H]2-isobutyl-3-methoZypyrazine 

to 
13,000 xg supernatant fractions of sheep 
olfactory epithelium 
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preparation. These results are representative of investigations 

performed in at least duplicate on nine separate tissue preparations; 

each preparation consisted of the pooled olfactory epithelium from 

three or four sheep. 

The results show that over a ligand concentration range of 

0-7.5 pmoles, saturable binding curves were obtained for the specific 

interaction of 
[3H]2-isobutyl-3-metho2; 

ypyrazine with 13,000 xg 

supernatant fractions of sheep olfactory epithelium. A large amount 

of non-specific binding was observed with each of the tissue 

preparations examined 
1. 

Scatchard anaylsis (Figures 6.16(c) - 6.18(c)) of the specific 

binding curves gave straight-line plots indicative of a single type 

of binding site (Titeler, 1961). The total number of binding 

sites (n) and the dissociation constant (KD) for the binding inter- 

action (mean ± S. E. M. of 21 separate experiments; n= 9) were 

calculated to be 0.86 ± 0.05 pmoles/mg of protein and (1.68 ± 0.12) x 

10-8M respectively. 

J 

1 Similar amounts of non-specific binding have been previously 
reported for the binding of [16,17 - jH]5c -androstan-3-one to sheep 
olfactory epithelium (Persaud, 1980; Persauä, It al, 1980; Dodd and 
Pereaud, 1981). 
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6.4(vii) control experiments 

Ligarad binding assays were performed (see Section 6.3(iv)) 

in which 13,000 ug supernatant fractions of sheep olfactory 

epithelium were replaced by equivalent fractions of sheep respiratory 

epithelium, brain and liver, and by the total olfactory mucosa 

homogenate (i. e. the 600 xg supernatant fraction; see Section 6.3(i)); 

studies were also carried out on pre-heated samples (80oc for 

20 minutes) of 13,000 xg olfactory supernatant fractions. 

Experiments were performed in at least triplicate on three 

separate preparations of each tissue fraction. Representative results 

(Figures 6.19 - 6.23) obtained from single binding experiments show 

that no specific binding of 
['H]2-isobutYl-3-metho2ypyrazine 

was 

detected with any of the tissue preparations examined1. The observed 

localisation of specific binding components in the olfactory mucosa 

fulfils one of the criteria for the identification of an odorant 

receptor site (see Table 6.1; Cuatrecasas and Hollenberg, 1976; 

Titeler, 1981). 

1 

1 
The pre-heating of Olfactory supernatant fractions produced 
coagulation of the tissue preparation. 



Figures 6.19 - 6.23 Binding of 
r3HI2-isobutpl-3-methozy- 

pyrazine to 13,000 xA supernatant 
fractions of sheep respiratory epithelium, 
brain and liver; to pre-heated samples 
of 13,000 xg supernatant fractions of 
sheep olfactory apithelium; 

__and 
to 

600 xg supernatant fractions of sheep 
olfactory epithelium 

[3H]2-Isobutyl-3-methoxypyrazine 
(0-5 x 10-%) was incubated 

with aliquots (0.1 mg) of the appropriate tissue fraction for 3 hr. 

on ice in the presence and absence of unlabelled odorant 

(6.7 x 1076M) before separating the bound from free ligand by 

charcoal adsorption. 
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Figure 6.19 Binding of 
r3H12-isobuty1-3-methoxypyrazine 

to 
13,000 xg supernatant fractions of sheep 
respiratory epithelium 
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Figure 6.20 Binding of 
3H12-isobutyl-3-methoxypyrazine to 

13.000 xg supernatant fractions of sheep brain 
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This figure is typical of the findings obtained from 
8 other binding experiments (n = 3) 
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Figure 6.21 Binding of 
PHI 

2-isobutyl-3-methoxypyrazine to 
13,000 xg supernatant fractions of sheep liver 
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Figure 6.22 Binding of I3H12-isobutyl-3-methoxpyrazine to 
pre-heated samples of 13,000 xR supernatant 
fractions of sheep olfactory epithelium 
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Figure 6.23 Binding of I3HI2-isobutyl-3-methoxypyrazine to 
600 xg supernatant fractions of sheep 
olfactory epithelium 
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6.4(viii) Effect of solvent conditions on the 
methoxypyrazine to 13,000 xg super 
olfactory epithelium 

Ligand binding assays were performed (see Section 6.3(iv)) 

under a variety of solvent conditions (i. a. at pH 2.0 and pH 11.0, and 

in the presence of ethanol (15, u(v/v)) or SDS (0.3, To (w/v)). All 

experiments were carried out on three separate tissue preparations; 

standard assays at pH 7.4. provided internal controls for these studies. 

The results obtained (Figure 6.21}) show that specific binding 

activity was abolished under extreme solvent conditions1. Proteolytic 

treatment of the sensory tissue has been previously reported to reduce 

or abolish odorant binding; these findings, together with those obtained 

from electrophysiological studies employing sulphydryl reagents (e. g. 

see Getchell, 1971; Getchell and Gesteland, 1972; D`enevse, 1977; 

bienevse et al, 1977b, 1978; Shirley et al, 1980,1981,1983a), have 

been interpreted as evidence for the protein nature of olfactory 

receptor sites (e. g. see Fesenko et al, 1979; Felosi et al, 1981). 

6. i(ix) Gel chromatography 
Columns of Sephacryl S200 Siperfine (0.9 x 30 an) were 

calibrated for molecular weight estimation using bovine serum albumin 

(BSA), adenosine deeminase and myoglobin as standards. 

Ligand binding assays were set up as previously described (see 

Section 6.3(iv)). Following the incubation on ice for 3 hours of a 

13,000 xg supernatant fraction of sheep olfactory epithelium (about 

1.5 mg/ml) with 
[3U]2-ibobutyl-3_niethorpyrazine 

(3.33 x 10-8M), the 

pooled mixture from several assay tubes was applied to a gel filtra- 

tion column previously equilibrated with 10 mM =S buffer, pH 7.4, 

containing ZMA (1 mM) and was eluted with this same buffer solution. 

1 
The detection of some binding activity under all conditions is 
consistent with the previously noted ability of this pyrazine 
odorant to bind or adsorb to a variety of surfaces (see Sections 
6.4(1) and 6.1. (vii)). 



Figure 6.24 Effect of solvent conditions on the bindin 
of C 12-isobutyl-3-methoxypyrazine to 
13,000 xA supernatant fractions of sheep 
olfactory epithelium 

Assay tubes were set up containing 
[3n]2-iaobutyl-3- 

ethopyrazine (3.33 x 10M), aliquots (0.1 mg) of a 

13,000 xg supernatant fraction of sheep olfactory 

epithelium, and 

A 10 mM HEPES buffer, pH 7.4, containing 
II71'A (1 mM) and BSA (5 mg/ml) 

B 10 mM HEM buffer, pH 0.6, containing 
EDTA (1 mM) and BSA (5 mg/ml) (pH 2.0 in assay) 

C 10 mM HEPES buffer, H 12.5, containing p 
(5 mg/ml) (pH 11.0 in assay) EFJtA (1 mM) and BSA 

D 10 mM i= buffer, pH 7.4, containing 
=TA S1 mM , BSA (5 mg/ml) and ethanol 
(55S (v/V)) (155 EtOH in assay) 

E 10 mM HEFES buffer, pH 7. tß, containing 
EUTA (1 mM), BSA (5 mg/ml) and 
SDS (0.37f (w/v)) (0.1% ELLS in assay) 

Fbllowing their incubation on ice for 3 hr., in the 

presence and absence of unlabelled 2-: 130butYl-3-metholypyrazine 

(6.7 x 10-6M), the separation of bound from free ligand was 

achieved by the charcoal'adsorption method. 

These results show the means and, where appropriate, 

the ranges of values obtained from 9 separate experiments 

perfoxmed under each solvent condition (n = 3) for the total (t) 

and specific (s) binding detected relative to that observed 

under standard assay conditions (A). 
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Figure 6.2lß Effect of solvent conditions on the binding of 
[3H]2-isobutyl-3-methoxypyrazine to 13,000 xg 
supernatant fractions of sheep olfactory epithelium 
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The column eluate was collected in fractions (25 drops; about 

0.51 ml), aliquots of which were withdrawn for estimation of radio- 

activity (see Section 6.3(iv)) and protein (see Section 6.3(111)) 

content. 

Figure 6.25 shows the elution profiles obtained from two 

investigations on separate tissue preparations; they are representative 

of those obtained from other experiments involving four different 

preparations. Four relatively sharp peaks of radioactivity were 

observed in fractions possessing estimated molecular weights of 

77,000,55,000,32,000 and 23,000. These were followed by a single 

large peak of tree (i. e. unbound)[3, I]2-isobutyl-3-metho ypyrazine 

(not shown). 

The results obtained are consistent with those reported for 

the chromatographic fractionation of 
[3H] 

2-isobutyl-3-methoz pyrazine- 

bound cow olfactory mucosa homogenate (Figure 6.26; Pelosi et al, 1981). 

6.4(x) Competitive binding studies 

The appropriate concentration of a 13,000 ag supernatant 

fraction of sheep olfactory epithelium was incubated on ice for 3 hours 

with 
[3HI2-jsobutyl-3_methoypyrazjne 

in the presence of various 

unlabelled odorants at 10-, 100- and, where possible, 1000-1 times the 

concentration of the radioactive odorant. The separation of bound from 

free ligand was carried out as previously outlined (see Section 6.3(iv)). 

The experiments with each non-radioactive odorant were performed 

in triplicate on at least three separate tissue preparations (Figure 6.27; 

Table 6.7). For each investigation, assay tubes were also prepared 

1 The limited solubility of some of the odorants precluded 
" investigation at 1000-times the concentration of the [3H]pyrazine.. 



Figure 6.25 Elution profiles from Se hac 1 S200 
Superfine columns of PHI 2-isobutyl-3- 
methoxgrpyrazine binding by 13,000 X 

.Z supernatant fractions of sheep olfactory 
epithelium 

Aliquots of a 13,000 xg supernatant fraction of sheep 

olfactory epithelium (1.5 mg/ml) were incubated with 
[3E]2_isobutyl_3_rncthczwrazine 

(3.33 x l0-8M) for 3 hr. on 

ice. Subsequently, the pooled mixture from several assay 

tubes was loaded onto a Sephacryl S200 Superfine column 

(0.9 x 30 cm) and eluted with 10 mM FIES buffer, pH 7.4, 

containing =TA (1 mM). 

" radioactivity eluted 

o protein concentration 

The results shown are fron single experiments performed 

on two separate tissue preparations; they are representative 

of those obtained from 6 other experiments (n = 4). 
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Figure 6.25 Elution profiles from Se ha l S200 Superfine 
columns of [. )H]2-isobutyl-3-methoxypyrazine 
binding by 13,000 xg supernatant fractions of 
sheep olfactory epithelium 
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Figure 6.26 Elut o le from aS hadex 0-100 column of 
f H1-2-isobu tyl-3-methozyp yrazine binding by 
cow olfactor y mucosa homo genate 
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Gel chromatography on Sephadex G-100 of 300 141 of crude 
homogenate incubated with 50 pnmoles of the radioactive 
pyrazine. BSA : bovine serum albumin; ADA : adenosine 
deaminase; MYO : -sperm whale myoglobin. 

Taken from Pelosi et al (1981) 



Figure 6.27 Competitive binding of various odorants to 
13,000 xa supernatant fractions of sheep 
olfactory epithelium 

lq2-Isobutyl-3-methwUpyrazine 
(3.33 x 10-8M) was 

incubated with aliquots (0.1 mg) of a 13,000 zg supernatant 

fraction of sheep olfactory epithelium for 3 hr. on ice in 

the presence of various unlabelled odorants 

((3.33=) lcr-7M; 10-6M; 10'53) prior to the separation of 

bound from free ligand by the charcoal adsorption method. 

These results indicate the means t S. E. M. for values 

obtained from 9 (or 12X) separate experiments performed 

with each of the non-radioactive odorants (n =3 (or e))for 

the % inhibition of 
[3H] 

2-iaobutyl-3methozypyrazine binding. 

4-Butyl-5-propylthiazole, (-) carvone and (+) carvone 
were each employed in 12 investigations (n = 4) 
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Table 6.7 Competitive binding experiments: rank 
order of inhibition 

Tabular representation of some of the data presented 
in Figure 6.27 showing the meant S. L. M. values 
of the inhibition of [3H]2-isobutyl-3-metboaypyrazine 
binding to 13,000 xg supernatant fractions of sheep 
olfactory epithelium (expressed as a% of the original 
level) obtained with a concentration ratio of 
competing odorant : [3H]pyrazine of 100 : 1. 
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Table 6.7 Competitive binding experiments: rank 
order of inhibition 

Inhibition (, 5) of 
C3j2-isobutyl- 

3-methoa, Srpyrazine (3.33 x 10-8M) binding 
Competing in the presence of competing odorant 
odorant (3.33 x 10'6M) (mean ± S. E. M. ) 

4 butyl-5- 
propylthiazole 

(-) carPone 

2-isobutyl-3- 
tretholypyrazine 

79 t3 

67±3 

57 ±2 

2-isopropyl-3- 
metho pyrazine 39 t2 

(+) carvone 25 t2 

menthone 20 ±2 

patchouli oil 11 ±1 

decanal 10 ±2 

2-methyl-3- 
methylpyrazine 7 ±1 

1,8-cineole 7 1 

diacetyl 6 ±1 

isovaleric acid 3 i2 

isoa y1 acetate 2 

trimethylamine 1±1 

octanethiol 1±1 

camphor 1±ß 

2-methylpyrazine 
1I 

-1 ±1 
ýý 
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containing unlabelled 2-isobutyl-3-metho. Vpyrauine 3.33 a 10-this 

routine measure of non-specific binding provided an internal check 

on the viability of the tissue preparation under examination. 

The rank order of inhibition obtained with a 100-fold excess 

of the test odorants (Table 6.7) shows that 4butyl-5-propylthiazole, 

(-)carvone and 2-isobutyl 3-methozypyrazine markedly affected the 

binding of 
[3HI2-dýsobutyl-3-methozypyrazine, 

whilst those stimuli 

positioned below 2-isopropyl 3-methoxypyrazine (i. e. (+)carvone... 

to ... 2-methylpyrazine) did not compete appreciably for the 
[qpyraz, 

ine receptor sites; 2-isop r1-3-methox pyrazine itself 

behaved in a somewhat intermediate mariner. 

The reference odorant, 2-isobutyl 3-methoippyrazine, is 

resembled, both in structure and in odour quality, by 2-isopropyl- 

3-methoxypyrazine (olfactory threshold: 0.002 p. p. b.; Seifert et al, 

1970), whilst 4-butyl-5-propylthiaaole, despite being a thiazole 

derivative, also. possesses an odour resembling bell peppers 

(olfactory threshold: 0.003 p. p. b.; Buttery et al, 1976). Conversely, 

however, (-)earvone exhibits a spearmint-like odour (olfactory 

threshold: 2 p. p. b.; 1iedman and Miller, 1971; Russell and Hills, 

1971; Leitereg et el, 1971 a, b). Consequently it is difficult to 

understand, the extent of competition displayed by this odorant; such 

a detailed explanation must await the performance of further studies. 

At present, it is only possible to speculate that this behaviour 

somehow reflects the molecular configuration of (-)carvone; 

considerably less competition was observed with (+)carvone1. which 

possesses a caraway-like odour (olfactory threshold: 8.5 p. p. b.; Friedman 

and Killer, 1971; Russell and Hills, 1971; Leitereg et al, 1971, a, b). 

Recent studies on odour discrimination in the frog have found that 
enantiomcric forms of citronellol and carvone are discriminated by 
several receptor cells, mainly in quantitative terms (Revial et alp 
1982; also see Duehaiap, 1982). 
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The apparent lack of competition exhibited by 2-methyl-3- 

methoziypyrazine and by 2-methylpyrazine is more readily accountable; 

although these compounds bear structural similarities to the reference 

derivative, their odours differ in quality, as well as intensity, from 

the bell. -pepper-like odorant. 2-Methylpyrazine has been described as 

possessing a nutty odour (olfactory threshold: 105,000 p. p. b.; 

Koehler et al, 1971; Pittet and Hruza, 1971. ), whilst the odour of 

2-methyl 3-methoxypyrazine has been characterised as nutty/earthy 

(olfactory threshold: 4 p. p. b.; Seifert et al, 1970; Parlament and 

Epstein, 1973). 

The results obtained throughout the course of this study are 

consistent with those reported by Pelosi et al, (1982) for the 

competitive binding of some of these ligands to cow olfactory mucosa 

homogenate (Figure 6.28). 
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Figure 6.28 Competitive bindinýý of various 1iaands 
to cow olfactory mucosa homocenate 
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Taken from Pelosi et al (1982) 
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6.5 Discussion 

The results presented in this chapter indicate the presence 

of putative olfactory receptor sites in 13, OCO xg supernatant 

fractions of sheep olfactory epithelium which exhibit saturable, high- 

affinity binding of 
[311]2-isobut. 

71-3-methoWyrazine. Such binding 

was not observed with corresponding fractions of sheep respiratory 

epithelium, liver or brain tissue. 

The sensitivity of these studies was impaired by the presence 

of high levels of non-specific binding (also see Persaud, 1980; 

Persaud et al, 1980) and by the comparatively low specific radio- 

activity (2.05 Ci/mmole) of the 
[Hbyrazine; 

several previous ligand 

binding studies on the vertebrate olfactory system have employed 

ligands of greater specific radioactivity (e. g. see Cagan and Zeiger, 

1978; Plovoselov et al, 1980; Persaud, 1980; Rhein and Cagan, 1980). 

Consequently, the present investigaticns demanded that extreme care 

be exercised throughout the entire assay procedure; all solutions were 

freshly prepared prior to experimentation, and the apparatus used 

(e. g. automatic pipettes, liquid scintillation counter etc. ) was 

periodically checked for accuracy and reproducibility. 

The binding experiments were performed mainly on 13,000x g 

supernatant fractions of sheen olfactory epitheliua; such tissue 

separation permitted the detection of specific binding activity, which 

could not be observed with whole homogenate -,, reparations (see Figure 6.23). 

Pievious attempts to l)repare pure plasma membrane ; reparations of the 

neuronal cells have proved largely unsucceswful (see P; oyrama et al, 1971; 

Menco et al, IG7i; Yenevse, 1977; 'IMenco, 1977a; also see Pd-. ein and . 
Csgan, 1981; iiirsch and Margolis, 1981). The employment of supernatant 

tissue sreEarvtions afforded direct con_Tarison with earlier studies on 

the binding of 
[16,17-II1androstan-3_one 

to sheep olfactory 
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epithelium (Persaud, 1980; Persaud et al, 1980) and with 

examinations of the binding of 
[3H]2-isobutyl-3-methoxypyrazine 

to 

cow olfactory mucosa homogenate (Felosi at al, 1980,1981,1982). 

The kinetics observed (see Sections 6.1+(iv) and 6.4(v. )) for 

the interaction of 
[3]2_jsobuty1-3-methoypyrazjne 

with 13,000 xg 

supernatant fractions of sheep olfactory epithelium were similar to 

those described previously for the equivalent binding of 

5-[16,17 3H]androstan-3-one (Persaud, 1980) and for the binding of 

odorant amino acids to an isolated olfactory preparation from 

rainbow trout (Cagan and Zeiger, 1978; but see Brown and Hara, 1981). 

However, the studies of 
[3H]pyrazine 

binding to cow olfactory mucosa 

hcrsoäenate (zelosi et al, 1982), which utilised hither assay 

concentrations of both the tissue preparation and the tritiated 

li; and than the present examinations (P. Pelosi, personal co nunica- 

tion), employed an incubation period of only 5 minutes at 4°C prior 

to the separation of bound from free ligand by gel filtration on a 

Sephadex G-25 column. 

The odorant binding parameters (i. e. dissociation constants; 

number of binding sites of olfactory receptors) obtained previously 

appear to fall into two main groups, even though they have been 

determined with different ligands, animals, and techniques (Pelosi 

et el, 1982; see Table 6.3); values of KD in the nanomolar range and 

a low number of binding sites (n) have been reported by Gennings at al 

(1977) (KD = 1.2 x 10 9M; 
n=3.3 pmol of 5- androst-l6-en-3-one/mg 

of protein in the sow) and by Fesenko at al (1978,, 1979) 

(KD = 0.13 x 10-9M; n=0.18 pmol of L-alanine/mg of protein in the 

skate: 5=1x 10-9U for camphor in the frog and rat), whilst values 

of KD in the micromolar ranee and a high number of binding sites have 

been detected by Pelosi et al (1978) (KD = 0.6 x 10-7M; n= 32 pmol of 
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5(*-androstan-3-one/mg of protein in the cow and rabbit), by Persaud 

(1980) (IKD = 0.4 x 10 
7M; 

n= 28 pmol of 5(k-androstan-3-one/mg of 

protein in the sow) and by Cagan and Zeiger (1978) 

(KD = 5.6 x 10-6h; n= 440 pmol of L- alanine/mg of protein in the 

trout). It has been suggested that these data support "the existence 

of two classes of binding sites in olfactory receptors" (Pelosi et al, 

1982). iason and Morton (1984) have recently probed the possibility 

of fast and loose binding1 in the olfactory epithelium of air- 

breathing vertebrates, proposing that ketones are bound as Schiff 

bases (just as retinal is bound in visual pigment). r' nploying the 

Schiff base-forming bacterial enzyme acetoacetate decarbozylase (AAD) 

as a model system, it was found that nucleophilic attack (e. g. 

Bti reduction) of reversible AAD-carbonyl complexes produces 

irreversible binding to the active site in a fraction of the enzyme 

molecules. Treatment of the olfactory epithelium of experimental 

animals with solutions of cyclohexanone or ethyl acetoacetate was 

considered to involve a similar pathway, in which Schiff base linkages 

are attacked in vivo by some endogenous nucleophile. The development 

of a behavioural assay for olfactory receptor inactivation, which has 

been used to detect a chemically-produced selective anosmia, "suggests 

that Schiff base formation may play a role in binding or transduction 

of ketone-containing odorants" (Morton and 1ason, 1984). 

The values of n and KD (n = 0.09 pmoles/mg of protein; 

%=1.68 x 10M) presently determined for the interaction of 
[3H]2-isobutyl-3-methoxypyrazine 

with 13,000 xg supernatant fractions 

Olfactory receptors "undoubtedly" have fast rates of association 
with odorant molecules. If the dissociation rate is also fast, the 
dissociation constant, KD, will be comparatively large (>, 10-6)- 
A receptor will recover function rapidly with such fast and loose 
binding (y: ason and Lorton, 1984. ). 
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of sheep olfactory epithelium differ from those reported by 

Felosi et al (1982) for the binding of this odorant to cow olfactory 

mucosa homogenate (n = 2000 pmol/ml of homogenate, corresponding to 

270 pmol/mg of protein; KD = 1.2 x 10-6U). However, the identification 

of such a receptor (i. e. possessing a KD in the micromolar range) was 

noted to "not exclude the presence of another site binding the same 

pyrazine with a much lower KD" (Pelosi et al, 1982). It is interesting 

to note that the non-linear Scatchard analysis of Pelosi et al (1982) 

(see Figure 6.29) can be re-interpreted to represent a class of 

receptor sites possessing a 
[3H]pyrazjne 

dissociation constant of about 

2.08 x 10-8 M (Figure 6.29; but see Light, 1984; Paul et al, 1984). 

The localisation of specific binding activity in the olfactory 

epithelium (see Section 6.4(vii)), which was abolished under extreme 

conditions (see Section 6.4(viii)), satisfied one of the criteria 

for the identification of an odorant receptor site (see Table 6.1; 

Cuatrecasas and Hollenberg, 1976; Titeler, 1981). However, whilst 

the establishment of such binding fulfilled the aim of the present 

studies, it should be noted that the binding species itself has not 

been unequivocally identified as an olfactory receptor protein; the 

specific binding may in fact reflect interaction of the 
[3H] 

pyrazine 

with other components (e. g. olfactory marker protein; nucleotide 

binding protein) of the vertebrate olfactory system. Similar 

considerations have been applied to studies on the interaction of 

5a-[16, l7-3H]androstan-3-one with supernatant fractions of sheep 

olfactory epithelium (Persaud, 1980; Persaud et al, 1980), it being 

unclear whether "the observed binding is due to the presence of an 

olfactory receptor protein or a steroid hormone-binding protein" (Dodd 

and Persaud, 1981). These ambiguities clearly outline the difficulties 

and limitations inherent in the performance of ligand binding studies 
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Figure 6.29 SQ^. tchard analvsis of the specific-bind 
PHI2-isobutYl-3-methoxC_yrazine to cow 

mucosa homogenate 
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on olfactory tissue homogenates (see Price, 1981; Dodd and Persaud, 

1981); such investigations ideally require the availability of 

purified membrane preparations. To this end, the attempted isolation 

and biochemical characterisation of ciliary plasma membranes from 

rainbow trout olfactory rosettes (Rhein and Cagan, 1980,1981; see 

Section 1.3(i)) appears to be a potentially rewarding line of 

investigation. However, it has been noted that whilst biochemical 

studies of olfactory reception, relying on techniques that involve 

responses to odorants, have been relatively successful with aquatic 

vertebrates (e. g. see Rhein and Cagan, 1980,1981; but see Brown and 

Hare, 1981) "which are sensitive to a limited number of odorants 

(mainly amino acids), and presumably have few olfactory receptor 

types", "amphibia and terrestrial vertebrates are capable of detecting 

a much wider range of chemical compounds and their olfactory receptors 

may have undergone a more extensive diversification" (Chen and Lancet, 

1984; see Gesteland, 1971; Getcheil, 1974; Price, 1981; Dodd and 

Persaud, 1981). Consequently, "employing ligand binding to study such 

a heterogeneous population of proteins would be extremely difficult" 

(Chen and lancet, 1984). Further complications may ensue from 

degradation/metabolism of the chosen ligands. Recent studies have 

shown that a variety of materials, including essences, which often come 

into contact with the nasal mucosa can be metabolised to formaldehyde 

by rat nasal cytochrome P-450-dependent monooxygenases (Dahl and 

Hadley, 1983; also see Hadley and )ahl, 1982; zahl et al, 1982; see 

Section 1.3(ii)c); dimethylanthranilate and p-methoxyacetophenone were 

metabolised by demethylation at rates greater than 1000 pmol 

formaldehyde/mg microsomal protein/min by nasal microsomes. 

It was noted that "almost certainly" other odorants are also 
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metabolisedl; with some exceptions, the best substrates for such 

metabolism tend to be those containing N-methyl groups and possessing 

some water solubility (Zahl and Hadley, 1983). 

Chen and Lancet (1981+) have recently adopted an alternative 

approach to olfactory receptor identification, based upon the 

documented simplicity of protein profiles in ciliary membranes in 

general (Stephens, 1977) and upon the anticipation that olfactory 

receptor molecules should constitute major protein components of the 

sensory ciliary membrane (Mienco et al, 1976). Comprehensive electro- 

phoretic mapping of the membrane proteins in frog olfactory cilia has 

revealed seven olfactory-specific polypeptides (see Section 5.4) whose 

physiological role may be determined by the application of gene 

cloning methods (see Early and Food, 1981) and by immunological 

techniques. 

In theory, olfactory receptors appear amenable to identification 

by chemical modification techniques (see Chapters 3 and 5). However, 

the present vapour-phase labelling studies demonstrated differential 

labelling effects rather than specific inactivation of particular 

classes of sites (see Chapter 3), such that "large-scale mapping 

experiments with many odorants would be required to identify the 

selectivity of proteins" (Dodd and Persaud, 1981). Consequently, ligand 

binding studies were employed as an alternative means of identifying 

olfactory receptors. In the light of the present findings, however, it 

seems likely that future work may benefit from utilising odorants which 

are responsive to both ligand, binding and chemical modification studies, 

thereby permitting a direct comparison of the results obtained from the 

1 The present study has indicated that negligible 
[3H]2-isobutyl-3- 

methoxypyrazine degradation occurred during the assay period (see 
Section 6.4(iii)). 

I- 
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two distinct lines of investigation; in this respect, the acetyl 

pyrazines appear particularly suitable. 

The results obtained from the competitive binding experiments 

(see Section 6.1(x)) are consistent with the hypothesis that the 

vertebrate olfactory system comprises receptor sites capable of binding 

one or more odorants with different affinities (see Amoore, 1970a; 

Beets, 1971; Getchell and Gesteland, 1972; Polak, 1973; also see 

Getchell and Getchell, 1974; Gesteland, 1976; Section 3.4). The 

existence of a multiplicity of olfactory binding sites possessing 

"different but not necessarily exclusive specificities for various 

olfactory stimuli" has been previously suggested by studies on the 

binding of odorant amino acids in fish (Cagan and Zeiger, 1978). 

However, such investigations (also see Cancalon, 1978) have been cited 

as applying the criteria for receptor identification insufficiently 

rigorously; "a more comprehensive study" of amino acid accumulation by 

the sedimentable preparation from the olfactory rosettes of rainbow 

trout has demonstrated that the "binding of odorant amino acids cannot 

be unequivocally classified as representing olfactory receptors 

(Brown and Hara, 1981). In particular, some involvement of amino acid 

transport vas evidenced, and inconsistencies were noted between the 

various aspects of amino acid accumulation and electrophysiological 

response. 

The mode of action of chemical stimuli'on receptor cells has 

been the subject of various hypotheses (see Section 1.3), amongst which 

1 
The ubiquitous nature of amino acids was a major consideration; 
irrespective of their roles as sensory transmitters, the naturally 
occurring amino acids "would be expected to bind to numerous 
biological sites and using them as a ligand intensifies the 
problem of quantifying the small numbers of receptors present" (Brown and Hara, 1981). 
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was the suggestion that stimuli activate or inhibit certain key 

enzymes, thereby altering the metabolic state of the cell. Although 

this line of thinking is no longer widely followed (see Beidler, 1962), 

one particular enzyme (KTa+-K+-ATPase) has received attention with 

respect to olfactory receptor cell stimulation1 (e. g. see Koch, 

1971/1972; Koch and Desaiah, 1974; Koch and Gilliland, 1977; 

Koch et al, 1980; also see Section 1.3) and has been suggested as a 

possible site of odorant interaction in the cell membrane. The 

reported involvement of amino acid transport2 in the accumulation of 

amino acids by a sedimentable fraction obtained from the olfactory 

rosettes of rainbow trout (Brown and Hara, 1981) may be interpreted 

as yet further support for Na+-K -ATFase fulfilling such a role. It 

is perhaps worth noting that one of the features of the allosteric 

membrane enzyme hypothesis for olfaction (Dodd et al, 1977; Dodd, 1978; 

see Section 1.3) is a receptor potential brought about by a ligand- 

initiated confornational change in an ion-gating protein (e. g. by 

"direct ligand-induced conformational change of an allosteric protomer 

of a membrane enzyme with intrinsic ion-eating properties, such as a 

Na+-K{'-Alpase or a Cat+-ATPase" (Dodd and Fersaud, 1981)). 

1 This ATPase enzyme includes a subunit that has been reported to. be 
an ionophore (Shamoo and Ryan, 1975); since changes in the ATPase 
activity could reflect interactions with this subunit, it is 
possible to imagine "a link with the membrane potential and thus 
with the transduction process" (Price, 1981). 

2 Ia t K+-ATPase is closely linked with the active transport of amino 
acids (see Lehninger, 1975). 
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Note added to manuscript 

Pevener et al (1935) have recently reported the specific 
and saturable binding of 2-isobutyl-3-[3H]methoxypyrazine to bovine 
and rat nasal epithelium; specific binding was not detected in 
11 other tissues assayed. Further, a soluble pyrazine odorant 
binding protein that constitutes about lä of the total soluble 
protein in bovine nasal epithelium was purified to apparent 
homogeneity: polyacrylamide gel electrophoresis showed. a single 
band of 19,000 Da and gel filtration data suggested that-the 
native protein was a dimer of 38,000 Da. The binding of 
2-isobutyl-3-[3HJ methox{ypyrazine to the purified protein revealed 
two binding sites (ED = 10 x 10-9M, n= 135 pmol per mg of protein; 
KD -3x 10-61, n= 25 nmol per mg of protein). The binding 
affinities of a homologous series of pyrazine odorants correlated 
with the human odour detection thresholds of these compounds, and 
this, together with the regional distribution of the protein, 
suggested that "the protein is a physiologically relevant olfactory 
receptor". 
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CHAPMR 7: NUCLEAR MA PIC RESONANCE STUDIES CP 
LIGAND BINDING 

7.1 Introduction 

Magnetic resonance spectroscopy (of which electron spin 

resonance (ESR1) and nuclear magnetic resonance (MIR) constitute 

the two forms) is well adapted to the study of molecular structure 

and dynamics2. It may be readily applied to investigations of 

several biological phenomena (see Knowles et al, 1976), including 

the structural nature of ligand binding sites (and hence the 

mechanisms by which small molecules bind to larger molecules (e. g. 

inhibitor-enzyme, hapten-antibody, drug-receptor interactions etc. )) 

which "is particularly well suited to analysis by high resolution 

INS" (Roberts and Jardetzky, 1970). 

It is beyond the scope of this thesis to provide a full and 

detailed account of nuclear magnetic resonance spectroscopy. 

Consequently, this section describes only those aspects of the theory 

that are directly relevant to the present investigations 
3. 

7.1(i) Theo of nuclear magnetic relaxation techniques 
(see Brown et al, 1977). 

Any atomic nucleus with an odd mass number possesses a net 

magnetic moment, and its magnetic vector will tend to orient in a 

magnetic field (Mildvan and Engle, 1972); the potential energy of such 

1 This is sometimes known as electron paramagnetic resonance (MR) 
since it employs unpaired (paramagnetic) electrons. 

2 An example of the potential possessed by ESR is provided by a 
recent study on the identification of neutral and anionic 
8c-substituted flavin semiquinones in flavoproteins (Edmondson 
at al, 1981). 

3 For a brief qualitative explanation of some of the basic concepts 
of ri^, R spectroscopy, see Appendix 4.; also see Roberts and 
Jardetzly (1970); Knowles at al (1976). 
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a nucleus will be lower if the moment is pointing in the direction 

of the field rather than against it (Knowles et al, 1976). Basically, 

an MM spectrum is obtained by exciting atomic nuclei into a high- 

potential energy level and then measuring the frequency at which the 

nuclei lose this potential energy when the sample is located in a 

magnetic field of known strength (Brown et al, 1977). The rate at 

which each nucleus loses its energy will vary according to the 

efficiency with which the nucleus is "coupled" to its environment: 

weakly coupled nuclei will require relatively long times to relax to 

the ground state (i. e. to lose their potential energy) and vice versa. 

The mechanisms of potential energy loss by a nucleus are defined by 

two relaxation times: the spin-lattice relaxation time (Tl) and the 

spin-spin relaxation time (T 
2) 

(Bovey, 1969). Normally T1 and T2 

become equal when applied to protons of small molecules in 

non-viscous solvents (Knowles et al, 1976). 

The spin-spin relaxation times observed when a small molecule 

binds to a macromolecule represent an average of the relaxation times 

in the bound and free states if: 

T 2 bound state 
>T (1) and 

( 7röfbT2 ) << 1 (2) 
bound state 

where T represents the lifetime of the bound state, afb 

represents the chemical shift difference between the bound and free 

" states, and T2 
bound state 

signifies the spin-spin relaxation time of 

the ligand proton when the ligand is on the macromolecule (Brown et al, 

1977). 

1 For a detailed account of how nuclear relaxation rates may be 
measured, see . Lildvan and Engle (1972). 
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Since 

1 
ir (0 U) (3) (Roberts and Jardetzky, 1970). 

T2 

(where 0U represents the line 

width at half maximum peak height), the spin-spin relaxation rates 

1AR 
of the protons on a ligand molecule can be determined by 

2 

simply measuring the peak widths in the spectrum. This in turn 

reflects the ability of that ligand to bind to a given macromolecule 

(Brown et al, 1977). 

The "non-specific" binding of ligand molecules by membrane 

preparations implies that indiscriminate interaction occurs between 

the iigand and charged or hydrophobic regions of the membrane; any 

specific molecular orientation of the ligand is generally superfluous 

(Brown et a1,1977). Consequently, non-specific binding will have the 

appearance of a micro-viscosity effectl, and the proton magnetic 

resonance (ýDv1R) spectrum of such a sample will exhibit a small amount 

of line broadening that is the same for all the resonances of the 

ligand. 

If a ligand interacts in a "specific" manner with a receptor 
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site on a cell membrane, "specific parts of the ligand molecule should 

come into contact with the receptor reproducibly while other parts 

of that same molecule would remain in contact with the solvent" 

(Brown et al, 1977). The protons of the bound ligand molecule which 

interact with the receptor surface rapidly lose their potential energy 

The proton magnetic resonance spectrum of a poorly coupled sample 
(i. e. small molecules dissolved in a low viscosity solvent such 
as water) displays uniformly narrow peaks (in agreement with 
equation (3) ). However, an increase in solution viscosity gives 
rise to improved coupling, resulting in uniform broadening of all 
the peaks in the spectrum. 
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to the macromolecule via dipole-dipole coupling. Therefore, their 

relaxation times are very short and the resonances of these protons 

are too broad to detect. However, provided that the immobilisation 

of one functional group does not affect the relaxation rates of other 

protons on the ligand molecule (i. e. the ligand molecule has several 

chemical bonds with unrestricted rotation) then the resonances of 

the protons that interact with the solvent will remain narrow. In 

addition, the excess ligand molecules free in solution will exhibit 

uniformly narrow proton resonances. Consequently, if the binding is 

reversible' with a residence time shorter than the spin-spin relaxa- 

tion times of the ligand protons in the bound state, then the 

observed line widths are a time-weighted average1 of the line widths 

in the "bound" and "free" states (from equations (1) - (3) ). Since 

the relative proportions of time spent by the ligand in the bound and 

free states will depend upon the ratio of ligand molecule to receptor, 

the line broadening observed when a receptor preparation is added to 

a solution of ligand must also be a function of the ratio of ligand 

to receptor and not a function of the absolute concentration of 

either2 (Brown at al, 1977). 

Thus, a comparison of the differences in line width (and/or 

chemical shifts, which themselves reflect a change in the magnetic 

1 If T2 
free 

>Tý TZbound 
state ' 

then line broadening will 

also occur, although the observed line widths will not represent 
an average of the line widths in the "bound" and "free" states. 
However, such broadening should be distinguishable from that 
attributed to "specific" binding (see Fischer and Jardetzky, 1965)- 

2 For a detailed discussion of the study of specific molecular interactions by nuclear magnetic relaxation measurements, see Jardetzky (1964). 
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environment of one or more groups on bindingI (Roberts and 

Jardetzky, 1970)) of the various protons on the ligand molecule 

when the ligand is "bound" and "free" determines the steric. require- 

ments of reversible ligand/receptor recognition2. It should be 

noted, however, that the use of this technique alone provides 

information only on the steric requirements for recognition and not 

on the overriding mechanism of that recognition3. 

Nuclear magnetic resonance studies of the binding of small 

molecules to proteins (prototypes of which were reported by 

Jardetzky at a1,1961; Fischer and Jardetzky, 1965; Jardetzky and 

Wade-Jardetzky, 19654) may be loosely divided into two groups: 

(a) the recording of only the ligand spectrum permits identification 

of the interacting groups on the small molecule, whereas (b) the 

elucidation of the complete complex structure also requires the 

spectrum of the protein to be studied (for discussions, see Roberts 

and Jardetzky, 1970). The present investigations involved the 

recording. of ligand spectra only. 

1 Studies of relaxation rates rather than chemical shifts provide 
the more sensitive method for examining weak binding: the change 
in chemical shift on binding is unlikely to exceed 100 Hz., 
whilst the relaxation rate of a proton on the small molecule may 
increase by two to three orders of magnitude. However, the 
direction and magnitude of the chemical shift does provide a 
direct indication of the magnetic environment bf the protons of 
the ligand when bound to the protein (Roberts and Jardetzky, 
1970). 

2 The exhibition of both the largest change in magnetic environment 
and the largest decrease in motional freedom would be expected by 
those groups that interact directly with groups on the protein (i. e. receptor) (Roberts and Jardetzky, 1970). 

3 For discussions of the limitations of this technique, see 
Jardetzky (1964), Fischer and Jardetzky (1965), Jardetzky and 
Wade-Jardetzky (1965), Roberts and Jardetzky (1970), Mildvan and 
Eagle (1972), Brown et al (1977). 

4 For more recent biological applications of magnetic resonance, 
see Knowles et al (1976), Dwek et al (1977), Shulman (1979); 
also see Cohn and Reed (1982). 
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7.1(11) Proton magnetic resonance studies on the vertebrate olfactory 
s ystem 

The binding of L-carnosine to bovine serum albumin and to 

mouse nasal olfactory cosa has been previously characterised by 

proton magnetic relaxation spectroscopy (Brown et al, 1977,1979)- 

L-carnosine is a dipeptide (ß-alanyl-L-hietidine) that was 

discovered in muscle at the turn of the century (Qulewitsch and 

Amiradzibi, 1900). The presence of high levels (i. e. 1 to 20 mM) 

of carnosine in the skeletal muscle of several species has been well 

documented (Crush, 1970), although its function in muscle tissue is 

still unclear (Brown et al, 1977). Recent studies have shown that 

carnosine is present in the nasal olfactory mucosa and olfactory 

bulb of several mammalian species (Table 7.1) at a higher concentra- 

tion (about 2 mM) than elsewhere in the mammalian central nervous 

system (Margolis, 1971,1981; Neidle and Kandera, 1971; Ferriero and 

Margolis, 1975; Burd et al, 1982; also see Hirsch et al, 1978; 

Hirsch and Margolis, 1979; Nadi et al, 1980); the enzymes necessary 

for its synthesis and hydrolysis (see Margolis et al, 1979,1983; 

Margolis, 1981) also occur in this neural pathway (Margolis, 1975; 

Harding and Margolis, 1976; Margolis and Grillo, 1977; also see 

Neidle and Kandera, 1974.; Harding et al, 1977; Harding and Wright, 

1979), with carnosine synthetase1 being present in the olfactory 

epithelium at higher activities than in other nervous tissue2. 

These observations suggested that carnosine may play some 

1 Carnosine synthetase, which has been purified 600-fold from mouse 
olfactory bulb, catalyses the synthesis of carnosine from 
0-alanine and L-histidine (see Ng et al, 1977; Horinishi et al, 
1978; Ng and Marshall, 1978; Harding and O': ällon, 1979; for 
review, see Margolis, 1981). 

2 
The turnover of olfactory carnosine is on the order of 10 - 20 hr., 
whilst that in muscle is on the order of 10 days (Margolis and 
Grillo, 1977). 
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physiologically-important role in olfaction (see Tonosaki and 

Shibuya, 1979; MacLeod and Straughan, 1979; Gonzalez and Freeman, 

1979) and in support of this hypothesis, Brown et al, (1977) 

reported a tissue-specific binding of carnosine in the mouse nasal 

olfactory mucosa (as determined by proton magnetic relaxation 

spectroscopy). Subsequent investigations have indicated that 

carnosine may function as a neurotransmitter of olfactory 

chemoreceptor neurones (Rochel and Margolis, 1982; but see Brown 

et al. 1977,1979; MacLeod and Straughan, 1979). 

Proton magnetic relaxation studies of the steric and charge 

requirements for the binding of L-carnosine by BSA have shown that 

the histidinyl side chain of the dipeptide is responsible for 

primary recognition by the binding site (Figure 7.1; Brown t al, 

1977); this recognition is specific to a particular orientation of 

the histidinyl side chain which is itself determined by the other 

amino acid (ß-alanyl) residue of the dipeptide. In addition, 

carnosine binds to crude particulate fractions of nasal olfactory 

mucosa in the same steric orientation as it does to BSA; similar 

binding was not observed with preparations of olfactory bulb, lung, 

cerebrum, kidney or muscle. The tissue-specific binding was shown 

to be reversible and saturable, and to occur within the physiological 

concentration range of carnosine (Brown et al) 1977). Subsequent 

studies have utilised the binding of carnosine to BSA as a model 

system to identify potential competitive inhibitors of carnosine 

binding that could ultimately be tested for activity in the olfactory 

pathway. The binding to BSA was found to be "a good model of non- 

specific binding of carnosine to tissue preparations but not of the 

specific binding of carnosine to the nasal olfactory epithelium" 

(Brown et al, 1979); as well as requiring the proper conformation of 
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Figur _1 Proton magnetic resonance spectra of 
L-carnosine in the presence and 
absence of bovine serum albumin or 
bovine gamma globulin 

Xomh6 CARNOSINE IN D20 (0.15Pn Mach, pF+u) 

OOH 

C 

ýýý ýi -cHZý cHZ 
H 

CDE 

PLUS O. 8mM SERUM ALBUMIN 
LJJA. 

101-1 

LUS O. 4-r% i1 GAMMA-GW8IRJN 

1MM The spectrum of 10 mM carnosine and the effect of 
0.8 mM bovine serum albumin and 0.4 mM bovine gamma 
globulin on spectral line widths. The resonances of 
carnosine are assigned by the letters A-G, and the large 
unlabelled resonance in the middle of each spectrum 
arises from HOD. The spectral range shown in these 
spectra is 2.5 - 8.9 ppm downfield from tetramethylsilane 
(TMS) contained in a coaxial capillary. Minor variations 
in chemical shift of the imidazole ring protons, HA and HB, 
are the result of small variations in pH and 
NaCl concentration. 

Taken from Brown et al (1977) 
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the histidinyl residue, the interaction with olfactory epithelium 

also appears to require recognition of the ß-alanyl residue and of 

the substituents on the imidazole ring (Brown et al, 1979). 

The success of these examinations suggested that other 

chemicals of olfactory interest may be similarly investigated. To 

this end, a feasibility study was performed with several heterocyclic 

odorants. This chapter describes their steric requirements for 

protein binding as determined by nuclear magnetic relaxation 

techniques. 
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7.2 Methods 

7.2(i) Odorant binding to bovine serum albumin 

All odorant solutions were prepared in D20 (99" 

isotopic purity), the pH being adjusted with NaOD or DC1 as 

required; no corrections were made for isotope effects. Aliquots 

of such solutions were added to known amounts of bovine serum albumin 

to yield protein solutions of required concentrations (expressed as ö 

(w/v)). Odorant samples (in the presence and absence of BSA) were 

then transferred to 5 nom NLR tubes and maintained at 1+00 until 

spectra were recorded. 

Spectra were obtained with continuous wave techniques on a 

Perkin-Elmer R34. ISIR spectrometer operating at a probe temperature 

of 22°C1. All spectra were recorded with a spectrum width of 

2200 Hz, and a sweep time of 1f50s; appropriate spectral regions were 

expanded as required. TSS2, contained within a coaxial capillary, 

was routinely employed as a reference standard. 

7.2(11) The binding of 2-isopropyl- 
thelium 

Slpermatant fractions of sheep olfactory epithelium were 

prepared in cold 20 mM iEPES buffer, p$ 7.4, containing =TA (1 mM), 

as previously described (see Section 6.3(i)), aliquots of which were 

diluted with 2-isopropyl-3-metho ypyrazine and D20 to yield solutions 

of desired odorant (2 mM) and protein concentration (expressed as ä 

(w/v)); the pH was adjusted with NaOD or DC1 as required. Portions 

of these solutions were then introduced to 5 am NMR sample tubes and 

maintained at 4. °C until spectra were recorded. Tubes were also set 

The interaction of 2-isopropylropyl-3-metho p xypyrazine (2 mäi) with BSA 
(see Figure 7.11) was monitored on a Brucker SPC2 L 
spectrometer; see Section 7.2(11)). 

2 3-(Trimethylsilyl)-1-propanesulphonic acid 
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up devoid of sheep olfactory epithelium preparations, containing 

only 2-isopropyl-3 methoxypyrazine (2 mM) dissolved in D20 and the 

HEPES buffer solution. 

Spectra were obtained with pulse-Fourier transform tech- 

niques on a Bruker SPC2 ME spectrometer, employing solvent 

suppression and ambient probe temperature (about 25°C). Each 

spectrum, comprising about 4.00 scans with an acquisition time of 

4.. 095, was recorded with a sweep width of 4000 Hz and a resolution 

of 0.244 Hz per point on the plot. TMS was employed as a reference 

standard. 

7.2(iii) Interpretation of MM spectra 

The ability of the various ligands to bind to bovine serum 

albumin and to 13,000 xg supernatant fractions of sheep olfactory 

epithelium, together with the steric requirements for such inter- 

actions, were detepnined by comparing the linewidths of the proton 

resonances of the ligands in the 'bound' and 'free' states. In the 

accompanying results, Abound Afree indicates the observed change 

in linewidth when a particular ligand is mixed with protein in 

solution (ie 'bound') relative to when it alone is dissolved in 

solvent (ie 'free'). 
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7.3 Results 

The accompanying results, which are summarised in Table 7.2, 

show representative data obtained from single experiments; the number 

of experiments (n) performed in each study is indicated. 

7.3(i) The binding of penicillin G to bovine serum albumin 

The protein binding of penicillin (see Chow and McKee, 19+5; 

Tompsett et al, 1917) has been examined previously using nuclear 

magnetic relaxation techniques and shown to primarily involve the 

aromatic portion of the drug molecule (Fischer and Jardetzlcy, 1965). 

Accordingly, the present studies initially sought to reproduce these 

observations in order to provide a methodological control for future 

investigations. 

The proton magnetic resonance spectrum of sodium penicillin G. 

(0.1 M) in deuterium oxide is shown in Figure 7.2, along with the 

effect of albumin on peak line width; all the spectral lines undergo 

broadening, but to varying degrees. As noted by Fischer and Jardetzky 

(1965) "the possibility exists that the observed broadening is non- 

specific rather than an indication of a drug-protein complex". 

However, several alternative broadening mechanisms (such as an increase 

in solution viscosity1, an increase in penicillin penicillin inter- 

molecular interactions upon addition of protein, and direct inter- 

molecular relaxation by the protein even in the absence of complex 

formation) have been discredited previously (Fischer and Jardetzky, 

1965) and, rohere feasible, during the course of this present work. 

The results of a typical investigation into the effects upon 

the penicillin spectrum of adding albumin to the drug solution are shown 

1 
It has been previously reported that the viscosity of a solution of 
albumin (5ä (w/v)) in D20 is only 1.25 times as large as the 
viscosity of pure D20 (Fischer and Jardetzky, 1965). 
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Table 7.2 Nuclear magnetic resonance studies of the ste 
requirements of various licrands for protein b 

Portion of 1irand molecule 
primarily involved in the 

Ligand binding to bovine serum 
albumin 

sodium 
~, M 

O 

penicillin G 1ýc.. V 

04 a -I -coal 
phenyl ring 

M 

2-acetylpyridine acetyl group C CHF 

O 
C"CH 

3-acetylpyridine 
, 

acetyl group 

CHF 
C=O 

4-acetylpyridine acetyl group 

i 2-pyridinemethanol methanolic group 
cHoH 

ýeOH' 

3-pyridinemethanol I methanolic group 

0 
/ 

&OCH, CH, 
ethyl nicotinate ethyl group 

2-methylpyrazine 
" methyl group 

2-methyl-3- " 
methyl and methoxy groups methoxypyrazine 

2-isopropyl-3- 
methoxyp. vrazine a 

methoxy group 
H. 

2-isobutyl-3- 
methoxypyrazine N methoxy group 

the methoxy group is also primarily involved in the binclir., of 
c-iso-ýDropyl-3-methoxypyrazire to 13,000 :cä supernatant fractions 
of sheep olfactory epithelium. 
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Figure 7.2 Effect of bovine serum albumin on NMR spectral 
linewidths of sodium penicillin G 

.41 
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phenyl 
H's C5H c1s 
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dcwnfield from TSS 

(b) 

ii 
37 PPM 

downfield from TSS 

The upper trace (a) shows portions of the spectrum of 
sodium penicillin G (0. IM) in D20, pH 7.5, whilst the lower 
trace (b) indicates the effect of BSA (5; 7 (w/v)) on these 

spectral regions. 
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These results, obtained with a fixed sodium penicillin G 
concentration (0.1 b:; pH 7.5), show the effects of varying 
albumin concentrations on the linewidths of peaks 
1,4 and 5 (n = 10) 
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ti 
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in Figure 7.2(c). Although peak (5) is initially the broadest peak, 

it is evident that the relaxation rate of peak (1) is changed by a 

larger factor than the relaxation rate of either peak (4) or 

peak (5)1 (see Fischer and Jardetzky, 1965). The preferential 

stabilisation of the aromatic portion of the penicillin molecule is 

inferred from this relative increment, rather than from the absolute 

extent of broadening (Jardetzky, 1964). 

Figure 7.4. shows that the relaxation rate is dependent upon 

the penicillin-albumin ratio rather than on the albumin concentration 

itself; the addition of more penicillin to a given penicillin-albumin 

solution decreased the width of the lines. This finding is exactly 

opposite to what would be expected if the line broadening were due to 

one of the previously mentioned non-specific mechanisms (see Fischer 

and Jardetzky, 1965). 

The attainment of proton magnetic resonance data consistent 

with the previously reported findings suggested that similar 

experimental procedures might now be applied to studies of heterocycle 

binding to BSA. 

1 
The relative changes in the relaxation rates are consistent with the 
previously published data, although the absolute values of these 
rates differ from such findings (Fischer and Jardetzky, 1965; 
Figure 7.3). However, it should be noted that"the spectra obtained 
during the course of this present work were recorded at 22°C; 
analysis of the previously reported studies indicates that these 
investigations were performed at a much higher temperature 
(unspecified). Consequently, the apparent differences in the two 
sets of results may be explained by this variation in temperature: 
it has been previously suggested that the fraction of albumin bound 
penicillin is increased as the temperature is decreased (Fischer 
and Jardetzky, 1965). 
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Figure 7.3 Effect of bovine serum albumin on MIR spectral 
linewidths of potassium penicillin G 
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Figure 7.4 Effect of -penicillin : albumin ratio on 
N MR spectral linewidths of sodium penicillin G 
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peak 1 
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10 

5 peak 4 
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Concentration of sodium penicillin G (mM) 

These- results, obtained with a fixed bovine serum albumin 
concentration (1.251/7o' (w/v)) and three different concentrations 
of sodium penicillin G (10 mbi; 100 mM; 200 mbi) in D20, pH 7.5, 
show the effects of varying penicillin : albumin 
ratios on the linewidths of peaks 1,4 and 5 (see Fi re 7.2) 
in the 1I spectrum of sodium penicillin G (n = 7) 
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7.3(1 1. ) The binding to bovine serum albumin of several pyridine odorants 

The steric requirements (if any) for albumin binding of 

2-, 3- and 1+-acetylpyridine; 2- and 3-pyridinemethanol1, and ethyl 

nicotinate, were investigated as previously described (see 

Section 7.2). 

The results (Figures 7.5 - 7.7), which are typical of those 

obtained over a range of heterocycle concentrations (0.01 M-0.2 M, 

depending upon the solubility of the individual compounds), show 

that the side chain groupings are primarily involved in the binding 

of these compounds to BSA; in all cases, the relaxation rates of the 

peaks corresponding to the substituent groups were changed by a 

larger factor than those of the aromatic proton peaks. The acetyl 

group peaks of the appropriate pyridine derivatives displayed the 

greatest rate of change; the relaxation rates of the side chain groups 

of ethyl nicotinate and 2- and 3-pyridinemethanol were altered to a 

lesser degree. 

These observations suggest that the acetyl group fulfils an 

important role in the binding of acetylpyridines to BSA. For, all 

the compounds examined, relaxation rates were found to be dependent 

upon the heterocycle-albumin ratio rather than upon the albumin 

concentration itself (Figure 7.8). 

1 
Attempts to monitor the binding of 4pyridinemethanol proved 
unsuccessful, since the peak corresponding to the methylene group became increasingly masked by the adjacent HOD peak as line 
broadening occurred, such that the ligand spectrum obtained in the 
presence of 2.5°o and 5% BSA (w/v) was incompletely resolved. 
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Figure 7.5 Effect of bovine serum albumin on W spectral 

linewidths of 2-, 3- and !,. - acetylpyridine 
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30 

peak 5: acetyl H's 05 free 
4.5. 

25 
peak 1: pyricVl H 

20 
Al bound 2.0. Al 'free 

15 
l 

2 
10 

(sec-') 

5 
n6 

0123 1+ 5 

Albumin 
(b) 3-acetylpyridine (10 mM in D20; pH 7.2) 

25 peak 6: acetyl H's 
peak 2) pyridyl H's 

20 peak 1) 

1/T 15 2 
(sec 1) 

10 

5 

n=8 
012345 

Albumin (3) 
(c) 4-acetylpyridine (10 mM) in D29; pH 7.2) 

25 `ö peak 4: acetyl H's 

20 
peak 1" 

pyridyl H's 
1/, T 15 peak 2 

Cscc lý 

10 
5 

0 

0 

=7 

A6 
4.3' 06 free 

Q2 bound 1.9 
2 free 

Al bound 1.8. 
Al free 

bound 
A4 free .6 

Al bound 1.6 Al free 

02_ 
1.7 A2 free 

12345 
Albumin (%) 



300 

Figure 7.6 Effect of bovine serum albumin on NMR spectral 
linewidths of 2- and 3-pyridinemethanol 

(a) 2-pyridinemethanol (50 mM in D20; pH 7.2) 
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These results, obtained with fixed concentrations of 
(a) 2-pyridinemethanol (50 mM) and (b) 3-pyridinemethanol 
(100 m1f), show the effects of varying albumin concentra- 
tions on the linewidths of several peaks in their IFM 

spectra. 
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Figure 7.7 Effect of bovine serum albumin on I spectral 
linewidths of ethyl nicotinate 
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lower trace (b) indicates the effect of BSA (5' (w/v)) 
on these spectral regions 
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Figure 7.7 
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Figure 7.8 Effect of ethyl nicotinate : albumin ratio on 
MIR spectral linewidths of ethyl nicotinate 
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These results, obtained with a fixed bovine serum albumin 
concentration (1-25% (w/v)) and three different 
concentrations of ethyl nicotinate (10 mM; 100 mM; 200 mM) 
in D20, pH 7.4, show the effects of varying ethyl 
nicotinate : albumin ratios on the linewidths of peaks 
1 and 7 (see Figure 7.7) in the ließ spectrum of ethyl 
nicotinate (n = 6) 
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7.3(iii) The binding to bovine serum albumin of several pyrazine odorants 

The steric requirements for the binding to BSA of 

2-methylpyrazine, 2-methyl-3-metholypyrazine, 2-isopropyl-3-metho-r- 

pyrazine, and 2-isobutyl-3-methoypyrazine were examined as previously 

described (see Section 7.2) 

The representative results1 (Figures 7.9 - 7.12) show that 

the relaxation rates of the peaks corresponding to substituent groups 

were altered by a larger factor than those of the aromatic proton 

peaks. In particular, the albumin-binding of 2-methylpyrazine, 

2-isopropyl-3-methosypyrazine and 2-isobutyl-3-methoirpyrazine was 

found to primarily involve the methyl, methozy and methox* groups 

respectively; the two substituent group peaks of 2-methyl-3-methozy- 

pyrazine displayed similar degrees of line broadening. 

The marked rates of change in the appropriate line widths 

suggest that the methoxy group plays an important part in the protein- 

binding of larger 2-alkyl-3-methoxypyrazines. The interaction of 

2-isopropyl-3-metho'pyrazine with BSA was further investigated by 

examining the requirements for binding at reduced pyrazine and 

albumin concentrations2 (Figure 7.11(d)); the results obtained were 

consistent with the previous findings concerning the importance of 

the methoxy group in the protein-binding of this heterocyclic 

odorant. 

1 The limited solubility in D20 of the examined pyrazines precluded 
investigations over a wide range of diazine concentrations. 

2 Performed on a Brucker SPC2 N1hR spectrometer. 
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Figure 7.9 
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Figure 7.11 Effect of bovine serum albumin on N1'ß2 spectral 
linewidths of 2-isopropyl-3-methoxypyrazine 
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Figure 7.12 Effect of bovine serum albumin on MM spectral 
linewidths of 2-isobutyl-3-methozypyrazine 
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7.3(iv) The binding of 2-isopropyl-3-methoxypyrazine to 
supernatant fractions of sheep olfactory epithe 

The binding of odorants to BSA may serve as a useful model 

system for identifying those portions of odorant molecules involved 

in the interaction with olfactory receptors; previous findings have 

suggested that such receptors are proteinaceous in nature (see 

Section 1.3(iii)). However, it should be noted that limitations have 

been reported for the model system provided by the binding of 

carnosine to BSA (Brown et al, 1979). 

In an attempt to validate the odorant/BSA model system, 

nuclear magnetic relaxation techniques were employed to study the 

interaction of 2-isopropyl-3-methozypyrazine1 with 13,000 xg 

supernatant fractions of sheep olfactory epithelium (see Section 7.2). 

Figure 7.13 shows that the relaxation rate of the peak 

corresponding to the metho3y group was changed by a larger factor 

than the relaxation rate of either the aromatic or the isopropyl 

proton peaks. This finding, which is in agreement with the observa- 

tions on the albumin-binding of 2-isopropyl-3-methoxypyrazine (see 

Section 7.3(iii)), demonstrates the importance of the methor group 

in the interaction of this odorant with homogenates of sheep olfactory 

epithelium. 

1 The slightly greater solubility in D20 of 2-isopropyl- Y 3-a: ethoxgr- 
pyrazine determined that this heterocycle rather than 2-isobutyl- 
3-methoxypyrazine be employed in the present investigations. 
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Figure 7.13 Effect of 13,000 xz surernatant fractions of 
sheep olfactory epithelium on MM spectral 
linewidths of 2-isopropyl-3-methoyrazine 
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7.1+ Discussion 

The results presented in this chapter have demonstrated the 

feasibility of using proton magnetic relaxation techniques to examine 

the steric requirements for protein binding of some odorants. The 

interaction of several pyridine (2-, 3- and 4-acetylpyridine; 2- and 

3 pyridinemethanol; ethyl nicotinate) and pyrazine derivatives 

(2-methozypyrazine; 2-methyl-3-methoz; ypyrazine; 2-isopropyl-3- 

methozypyrazine; 2-isobutyl-3 methoxypyrazine) with bovine serum albumin 

has been shown to primarily involve a side chain grouping of the 

heterocycles. The limited solubility in D20 of many heterocycles 

restricted the choice of compounds suitable for investigation; in 

particular, the employment of k butyl-5-propylthiazole, which possesses 

a potent bell pepper odour and an extremely low olfactory threshold 

(0.003 p. p. b.; Buttery It al, 1976; see Section 6.4(x)), was precluded. 

The studies with the pyridyl compounds show that the degree of 

side chain involvement' remained relatively constant for all of the 

heterocycles investigated (with the possible exception of 3-pyridine- 

methanol), although the absolute amounts of binding (as indicated by 

comparing the0bound/Ofree ratios for equivalent peaks of the six 

compounds) varied quite markedly; the 2-, 3- and 4-acetylpyridines 

exhibited the greatest extents of binding. 

The results obtained from the examinations of pyrazine binding 

to albumin indicate that the relative involvements of the alkyl and the 

methoay groups varied according to the nature of the former substituent; 

as the chain length of the alkyl group increased from methyl to 

isopropyl, so the relative importance of the methoiy-group 1 in the 

as determined by the ratio Abound (side prp) : Abound (aromatic) 
Ofree (side grp) 

Afree (aromatic) 
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binding interaction was found to increase. Studies on the binding of 

2-isopropyl-3-methox pyrazine to 13,000 xg supernatant fractions of 

sheep olfactory epithelium supplied results consistent with those 

obtained from investigations of its interaction with albumin; the 

relaxation rate of the peak corresponding to the methosy group was 

changed by a larger factor than the rates of the other peaks, 

indicating that this group is responsible for primary recognition by 

the binding site. 

These findings on the pyrazines may be usefully considered in 

conjunction with previous psychophysical observations. The present 

studies have shown that the extent of pyrazine binding to BSA (as 

indicated by comparing the Abound/ free ratios for equivalent peaks 

(ie aromatic, alkyl, methoxy)) increased as the alkyl group of the 

2-alkyl-3-methoxypyrazines varied from methyl to isobutyl, such that 

the greatest amount of binding activity was observed for the albumin- 

interaction of 2-isobutyl-3-rnethoxypyrazine. These findings appear 

generally consistent with observations on the odour thresholds in water 

of a series of methoxypyrazines related to 2-isobutyl-3-methoxypyrazine 

(Figure 1.31; Taranishi et al, 1971.; see Section 1.4(ii)); their 

thresholds were noted to increase by a factor in the neighbourhood of 

106 as the chain length of the 2-alkyl-3-methoxypyrazines was reduced 

from 2-hexyl-3-methoxjpyrazine to 2-methozypyrazine. In addition, it 

was found that removal of the methoxy group from 2-isobutyl-3-methoxy- 

pyrazine increased the olfactory threshold by a factor of about 105. 

This observation supports the finding that the methoxy group is 

primarily involved in the protein binding of this odorant. 

It has been noted previously that the size and shape of an 

odorant molecule, together with the distribution of polar groups, 

determine its odour type (Amoore, 1970a; Dodd, 1976), although the 

structural requirements for a particular type of odour have been only 
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partially defined (Boelens, 1974; Beets, 1978; Ohloff and Plament, 

1979; see Section 1.4(1)). Some polar groups impart a distinctive 

odour type to an odorant series, for which it is possible to imagine 

odorant binding sites with complementary polar groups 
l. 

The single 

polar groups possessed by most odorants may be used for orienting the 

ligand at the binding site using molecular interactions such as hydrogen 

bonding and electrostatic interactions which have a directional element 

(Dodd and Persaud, 1981). The present findings on the 2-alkyl-3- 

methoxgpyrazines appear compatible with such ideas; besides fulfilling 

the primary role of site recognition and binding, the methoxy group may 

also function in an orientating capacity to correctly align the 

remainder of the odorant molecule with the receptor binding site. The 

correct molecular binding orientation will become more highly defined 

as the odorant structure becomes more highly developed. It is 

attractive to speculate that the degree of such orientation (ie the 

exactness of odorant alignment with the binding site; hence the 

affinity of binding) could foam the basis of a patterned response 

(see Section 1.2(vi); also see Persaud and Dodd, 1982) which would 

constitute quality coding at the level of the primary olfactory 

neurones. 

1 Studies of human partial anosmia to isobutyric and isovaleric acid 
have concluded that there is, in the normal nose, a detector 
"specialised to react to the carboxylic acid functional group" 
(see Davies, 1971; also see Section 5.14. 
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CIAFT. 8: GENERAL DISCTSSICN AND CONCLLUDING REGiAflKS 

For the first time, attempts have been made to investigate 

the quality coding mechanism which operates for certain heterocyclio 

odorants at the level of the primary olfactory neurones; a variety 

of electrophysiological (Chapters 3,4 and 5), biochemical (Chapter 6) 

and biophysical (Chapter 7) techniques have furnished concrete results 

which may serve as pointers for future studies. The findings suggest 

that the vertebrate olfactory system comprises several sets of 

receptor proteins with relatively broad binding specificities (see 

Beets, 1971; Polak, 1973; Getchell and Getchell, 1974); in addition, 

it is postulated that the receptor sites directed against sweaty- 

smelling fatty acids (see Chapter 5) and "green" heterocycles (see 

Chapter 7) are able to recognise appropriate functional groups (i. e. 

the carboxylate anion and the methoxy group respectively). Previous 

studies have "inferred that the receptor site(s) recognising esters 

as fruity-smelling probably possesses a nucleophilic amino acid 

residue for binding the carbonyl function, and hydrophobic regions 

for interacting with the alkyl side chains" (Squirrell, 1978). 

Multiple receptors, which have now been found for several classes of 

pharmacologically active molecules (e. g. dopamine (Kebabian and 

Caine, 1979) and serotonin (Peroutka. and Snyder, 1933)) may in fact 

be a general feature of vertebrate chemoreceptors (Shirley et al, 

1984a). 

Chemical modification studies on the olfactory mucosa of 

mar als must be carefully designed and interpreted because of the 

distinctive properties of the vertebrate olfactory system (see Polak, 

1973; Poynder, 1974c; Beets, 1978; Dodd and Squirrell, 198C; 

Stoddart, 1980; Cagan and Kare, 1981): this system can respond to a 

wide range of stimuli including single odorants and complex mixtures. 
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The high discrimination of the olfactory system for such a large 

number of odours presents difficulties in fcxmulating a model for 

the receptor prccess (see Polak, 1973; Dodd, 1971+; Beets, 1978; 

Dodd and Persaud, 1981). A large number of specific receptor 

proteins seems unlikely from genetic and other standpoints. Con- 

versely, it is not clear whether the differential reactions of 

odorants with the phospholipid regions of sensory membranes could 

provide sufficient discrimination in the primary neurone for the 

system to clearly identify odour type (Dodd and Persaud, 1981). 

Between these two contrasting hypotheses is the idea that there may 

be multiple receptor molecules for a particular odorant (Shirley et 

al, 1963a). The failure to abolish either the ECG responses to iso- 

valeric acid with high concentrations of concanavalin A (Chapter 5) 

or the signals obtained to various heterocyclic odorants with 

appropriate vapour-phase labelling reagents (Chapter 3) may be 

interpreted as evidence for such receptor multiplicity (Shirley et 

al, 1986). 

Support for this model has also been provided by various 

examinations of ligand binding. Studies on the interaction of 
[3II2-isbuty1-3-met11oTyrazine 

with olfactory tissue preparations 

have indicated the existence of four "binding species" (Felosi et al, 

1981; see Section 6. ). (ix); also see Pelosi et al, 1980): the receptor 

from sheep which has been characterised in this thesis 

(KD = 1.68 x 10 
$M; 

see Section 6.1f(vi)b) exhibited a much hither 

affinity for this odorant than that detected previously in homo- 

genates of cow olfactory mucosa, which was saturable in the micromolar 

range (KD = 1.2j. ; Felosi et al, 1982). The data obtained from other 

investigations (e. g. see Gennings et s. 1,1977; Cagan and Zeiger, 1978; 

Pelosi et al, 1978; Fesenko et al, 1979; Fersaud, 1980) "suggest the 
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existence of two classes of binding sites in olfactory receptors" 

(Pelosi et al, 1982). 

Several types of chemical-modification procedures have been 

shown to modify the response of olfactory mucosa (e. g. see Menevee 

et al, 1977b, 1978; Shirley et al, 1980,1981; Criswell et al, 1980; 

Dodd and Persaud, 1981). Group-specific reagents would probably 

be regarded as the least likely to induce a specific effect since, 

from a mechanistic point of view, protein functionality is not known 

to be required at an odorant binding site. However, various group- 

specific reagents have modified the response of olfactory primary 

neurones, and differential effects have been achieved in protection 

experiments (see Getchell and Gesteland, 1972; benevse, 1977; 

Ltenevse et al, 1978; Delaleu and Holley, 1980; Dodd and Persaud, 

1981; Shirley It al, 1983a). In general, though, stronger and more 

specific effects may be observed with "affinity odorants" (e. g. see 

Squirrell, 1978, Dodd and Persaud, 1981) and these "may offer a more 

direct route to the identification of olfactory receptor proteins" 

(Shirley et al, 1983a); the covalent attachment of a radioactively- 

labelled ligand to molecular species at the active binding site of 

the receptor "will allow identification of the receptor macromole- 

cules during further isolation and purification steps1" (Rhein and 

Cagan, 1981; also see Cagan, 1981). Additionally, the coupling of 

an affinity ligand to an insoluble column matrix (usually agarose) 

may permit the purification of receptor proteins by affinity 

chromatography; this technique was used in the attempted isolation 

of an anisole-binding protein from dog olfactory epithelium 

1 Markers such as carnosine (Margolis and Grillo, 1977; see 
Chapter 7) and the olfactory marker protein (Graziadei, 1971) 
are not specific to the sensory parts of the olfactory neurones, 
but are present throughout their length. 
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(Price, 1978; also see Price, 1981; Price and Turpin, 1980; Rhein 

and Cagan, 1981). 

The reported isolation of a functionally active ciliary 

preparation from the olfactory rosettes of rainbow trout has supported 

the hypothesis that odorant recognition sites are integral parts of 

the cilia (Rhein and Cagan, 1980; see Section 1.3(1)); the detailed 

localisation of such sites along the ciliary membrane may be 

possible by employing a combination of biochemical approaches1 with 

electron microscopy. In addition, studies on the chemical composition 

of olfactory receptor membrane fractions from cilia may lead to a 

better understanding of the importance of membrane lipids in the 

initial events of olfactory sensation (Rhein and Cagan, 1981; also 

see Michell et al, 1976). 

Most investigations into olfactory receptor mechanisms have, 

to date, employed the frog as an experimental animal for reasons of 

convenience (Gesteland and Sigwart, 1977; Shirley et al, 1983a). 

However, future studies may benefit from concentrating on one animal 

which can be investigated using behavioural, genetic and biochemical 

methods. The rat seems suitable for this purpose. Chemical modifi- 

cation studies performed on the frog in vivo and in vitro have been 

shown to give identical results (Squirrell, 1978), and so similar 

assumptions have been made about the rat preparation (Shirley et al, 

1983a). 

Future examinations of mammalian olfactory mechanisms should 

include further studies on the labelling of olfactory receptors, 

utilising both chemical modification and the antibody approach (podd 

1 
E. g. the covalent attachment of radiolabelled odorants (see Cagan, 
1981) in possible combination with immunological approaches (see 
Goldstein and Cagan, 1981) "are exciting possibilities" (Rhein 
and Cagan, 1981). 
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and Persaud, 1981); investigations with a large number of odorant 

families may be necessary before the pattern of results obtained 

can be easily interpreted. The isolation of a pure preparation of 

olfactory cilia also represents an important line of investigation; 

a wide range of techniques are now available for characterisation of 

the tissue. At present, biochemical work on olfactory tissue 

homogenates is still in an early stage of development. Future work 

will need to correlate the results obtained from subcellular fractions 

with those of intact olfactory epithelium (Dodd and Persaud, 1981). 

The most potentially successful approach with humans appears to be 

the systematic synthesis and purification of the members of various 

odorant families, and the. correlation of their olfactory properties 

with molecular structure (Dodd and Persaud, 1981). Although few 

systematic studies of this type have so far been performed, one such 

investigation with simple alkyl esters has succeeded in identifying 

the structural features responsible for their fruity-odour quality 

(Squirrell, 1978; also see Ohloff and Giersch, 1980; MacLeod, 1980; 

Ohloff et ate]., 1983). 

Finally, it is interesting to compare the paucity of informa- 

ticn presently available on the molecular mechanisms of olfaction with 

the progress recently made towards a fuller understanding of the 

visual system1; in both, sensory reception takes place at ciliary 

organelles having large membrane area, and containing the molecular 

apparatus that mediates stimulus-evoked changes of membrane potential. 

Whilst the structure and function of rhodopsin (the photoreceptor 

protein of retinol rods) and some of its coupled enzymes are known in 

detail (e. g. see O'Brien, 1982; Zurer, 19,83) "virtually no equivalent 

1 
Für a review of current knowledge of the molecular transmitter 
systems inside the vertebrate rod outer segment, see Miller (1981). 
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information is available-for"their olfactory counterparts" (Chen 

and lancet, 198. ). 

The visual response is initiated by light reception and 

transduction into chemical and electrical energy in the outer- 

segment membranes of rod and cone cells. Rods (see Figure 8.1) are 

elongated cells with a light-sensitive outer segment at one end and a 

synaptic body at the opposite terminus. Illumination of the outer 

segment alters the plasma membrane conductance causing hyper- 

polarisation of the cell membrane and subsequent modulation of 

synaptic transmitter release (see Hagins et al, 1970; Korenbrot and 

Cone, 1972). It is o nerally accepted that an internal transmitter 

is essential to communicate between light-sensitive rhodopsin 

molecules in the disc membranes of the rod outer sej; nents (30S) and 

the sodium ion permeability sites of the plasma membrane (Baylor 

and Fuortes, 1970). Two general approaches have advanced the under- 

standing of vertebrate vision: electrophysiology has permitted 

delineation of the electrical response of intact photoreceptor cells, 

whilst chemistry has succeeded in isolating and characterising 

components of the ROS. 

Current ideas (see Figure 8.2) suggest that light absorption 

by the chromophore (11-cis-retinal) of the disc trarsmembrane protein 

rhodopsin1 (Figure 8.3) produces an intermediate (light-activated 

rhodopsin; Rhý) which catalyses the binding of GTP to a membrane 

surface-associated protein (G protein; see Baehr et al, 1982; also 

see `? heeler and Bitensky, 1977; Godchaux and Zirrrnexman, 1979; 

Robinson and Hagins, 1979; Ftiuig and Stryer, 1980; Fling It al, 1981); 

1 Bovine rhodo sin is a single po polypeptide with a molecular weight 
of about 38,000 (see Figure 8.3). 
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Figure 8.1 Schematic diagram of e vertebrate rod cell 
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Figure 8.3 Schematic representation of rhodopsin and 
phospholipids in the disc membrane bilayer 
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as many as a few hundred GTP molecules are bound in exchange for 

G EP (one per G protein) for each Rho (Ring and Stryer, 19e0). The 

lilt-activated G protein with bound GTP (G 
,) activates a cyclic 

nucleotide phcsphodiesterase1 (Fannbacker et al, 1972; MIiki et a1, 

1973) on the membrane surface by reducing inhibitory constraint 

(Hurley, 1980), which in turn catalyses the hydrolysis of cyclic GT, 

thereby decreasing the cytoplasmic cyclic MP concentration; about 

103 molecules of cyclic MT are hydrolysed per second. This reaction 

seVence may be modulated by the phosphorylation of Rho and it is 

terminated by the removal of the 'Y-phosphate of the bound GTP by 

öuanosine triphosphatase activity' (Wheeler and Bitensky, 1977; 

: 'heeler et ei, 1977; Robinson and Haains, 1979) present in the RCS. 

The overall in vitro amplification is > 105 cyclic CP molecules 

hydrolysed per second per Rho. The cyclic nature of the relations 

is represented by the scheme shown in Figure 8.13. 

The in vivo function of the 1iit re-ulation of the cyto- 

plasmic cyclic GST concentration is unclear, although in vitro 

studies suggest that it precedes the light-induced change in receptor 

potential of the cell. Light absorption also increases the ^a2+ 

1 
Bovine phosphodiesterase is a holoenzyre vhich exhibits three 
subunits (at estimated molecular wei;, hts of 08,000,811,000 and 
13,000) u on sodium dodecyl sulphate discontinuous gel electro- 
phoresis (Baehr et al, 1979); the preferred substrate is cyclic 
g anosine monophosphate (cyclic vT) (Pannbacker et al, 1972; 
Ir ki et al, 1973) which is estimated to have a cytoplasmic 
concentration of 30 to 60pLI (Woodruff et al, 1977; also see Yee 
and Liebman, 1978). 

2 Electrophoresis of the material with GTFase activity shows three 
bands with estimated molecular weights of 37,000,35,000 and 
6,000 (Kuhn, 1980). In addition to displaying GTFase activity, 
these polypeptides, or the highest molecular weight (a) unit alone 

F1znS et al, 1981), bind CTP upon light activation of the ROS (Godchaux. 

and Zimmermann, 1979; 'IlZng and Stryer, 1980). 

The similarities between this sequence and the hormonally activated 
adenylate cyclase in the plasma membrane of other cells have been 
previously noted (Pheeler and Bitensky, 1977; ; heeler et al, 1977; 
Fling et al, 1981; Liebman and Pugh, 1980; also see Bitensky et al, 
1982). 

p... 
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Figure 8.13. Cyclic scheme for the activation of cyclic 
GI11' phosphodiesterase in rod outer 
segment membranes 
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activity of the ROS cytoplasm; the relationship between the cyclic 

P chemistry and the cytoplasmic Ca 
2+ 

activity is at present 

unresolved. 

The role of Ca 2+ in ROS has been the subject of such 

investigation in recent years; several studies (e. g. see Bownds and 

Brodie, 1975; Lipton et al, 1977a, b; Brown et al, 1977; Sluts and 

Cone, 1977; Woxmington and Cone, 1978; Woodruff and Bownds, 1979) 

have provided evidence in favour of this divalent ion functioning 

as an excitatory transmitter (Yoshikami and Hagins, 1971). 

The light-induced Ca2+ release from the outer segments of photo- 

receptor cells in isolated retinas has been measured at >500 Ca 
2+ 

per Rho, implying that light absorption by rhodolsin leads to an 

increase in the Ca 2+ 
activity of the ROS cytoplasm (Cold and Koreabrot, 

1980; Yoshikami et al, 1980). The Ca 2+ 
release precedes the receptor 

potential, which implies that the increase in Ca 2+ 
activity regulates 

the plasma membrane sodium ion permeability (see Figure 8.5) (Gold 

and Korenbrot, 1980; Yoshikami et'al, 1980). The hyperjolarisation 

of the cell modulates synaptic transmitter release and thereby 

controls cellular communication and information transmission. 

The rapid progress of the past decade has been aided by the 

introduction of new techniques and the discovery of several ROS 

proteins, especially the peripheral enzymes. Conversely, however, 

the understanding of olfactory mechanisms "has advanced only a little 

beyond the situation outlined by Ohloff and Thomas (1971)" (Dodd and 

Persaud, 1981): despite an increased interest in the biochemical 

aspects of olfaction (see Poynder, 1974. c; Benz, 1976), "in comparison 

with vision, there are few experimentalists" (Dodd and Persaud, 1.81). 

It is conceivable though that the next few years may see an 

accelerated rate of progress: "we are in a period of emerging ideas 
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F. gure 8.5 Representation of a rod cell and the 
associated current in the dark and with 
light exposure 

Na; 

by 
F 

K+ 

Dart Light 

The plasma membrane of the rod cell outer seonent has a high 
sodium ion permeability in the dark (left), which is reduced 
by light. The light-induced decrease in sodium ion 
permeability is accompanied by calcium ion fluxes from the 
interior of the outer segment to the interstitial space. 

Taken from O'Brien (1982) 
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and hypotheses" (hair and Gesteland, 1980). In particular, the 

recent studies on muscarinic receptor binding in the olfactory 

epithelium (e. g. see Hedlund at al, 198lß; Section 6.1(111)); 

electrophoretic mapping of membrane proteins in the cilia of frog 

olfactory epithelium (Chen and Lancet, 1981+; see Section 5.4); cell- 

specific markers for the olfactory epithelium (e. g. see Hempstead 

and Morgan, 1983; Section 5.1(ii)), and nasal microsomal cytochrome 

P-1+50-dependent monoozrgenases (e. g. see Dahl and Hadley,, 1983; 

Section I. 3(ii)o) appear to offer much potential for future work. 

When considered alongside the concomitant increases in experimental 

sophistication and the number of personnel, it may be hoped that 

the rate of progress of the next decade mimics more closely that 

achieved over the past few years in understanding the visual 

process. 



ýý '1 

326 

A PE. WDC 1ME IONISATION DETECTOR 

The timing and the concentration of odorous stimuli applied to 

animal preparations, as weil as the purity of the carrier gas, were 

monitored routinely by means of a flame ionisation detector adapted 

such that it continuously tested a small sample of the stream entering 

the nasal cavity (see Bostock and Poynder, 1972). 

The sample of gas to be monitored was sucked directly into the 

detector (1-2 ml min 
1) 

through a4 an long probe of (0.64 mm o. d. ) 

stainless tube (see Figure AL. l). The hydrogen for the flame was also 

fed into the open end of the probe (by means of a smaller (0.3 mit o. d. ) 

tube hookedZ man into the inlet of the probe) to help sweep the sample 

rapidly towards the detector, thus minimising transfer and adsorption 

delays. Signals from the detector were amplified (Keithley 610B 

high impedance electrometer) and recorded on a Servoscribe chart 

recorder. 

Since the inlet of the probe was so small, it was possible to 

sample discretely from points only 0.2 mm apart. The device itself has 

been used to check the switching efficiency of the odour applicator; to 

check that the applicator delivers a well mixed stream, and to determine 

accurately odorant concentrations: it has also been employed indirectly 

for measuring gas flow rates without disturbing them. 
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Figure A1.1 Device for monitoring a sequence of 
odour stimuli 

F. I. D. 

iE 
ti 

ý+ý A 

-. - N 

P 

Is 
1 cm 

'H 

I 
Lid 

F. I. D. is a flame ionisation detector; P is the probe; 

A is air (500 mi/min); H is hydrogen (50 mi/min); 
N is nitrogen (50 ml/min); E is exhaust connected to 

suction; S is sample stream (1 ml/min). 

Inset shows enlargement of probe tip. 

Taken from Bostock and Poynder (1972 
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APPEMIX 2 The merits of employing frogs and rats as 
experimental animals in elect rophysiological 
investigations 

FROGS RATS 

Constitute an in vivo preparation Constitute an in vitro preparation 

Dissection under anaesthetic is Dissection of severed head is quick 
slow and intricate and easy 

Stable ECG responses often Stable EOG responses usually 
obtained only after considerable obtained 15-20 min. after 
time (< 1 hr. ) because of the decapitation of the rat 
need to drain the olfactory 
eminence 

Generally elicit smaller and Generally elicit larger and faster 
slower FAG responses (rise time ECG responses (rise time <l sec. ) 

42 sec. ) than the rat then the frog 

Preparation longevity (>5 hr. ) Preparation longevity (45 hr. ) is 
is greater than the rat less than the frog 

Not readily amenable to other Readily amenable to genetic and 
forms of olfactor, % investigation, behavioural studies 
thus precluding any link 
between biochemical, genetic 
and behavioural studies 
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APPENDIX 3 Determination of 
r3HI2-isobutvl-3- 

methoxvr±vrazine concentration and purity 

The 
[3H}2_iobuty1-3-methoypyrazine 

employed in the present 
ligand binding studies (see Chapter 6) was generously donated 

by Dr. P. Felosi, who has kindly supplied the followin6 data 

relating to its concentration and purity. 

A. Determination of the concentration of I'HI2-isobutyl-3- 
methoxvovrazine by ultraviolet absorption at 279 nm 

(i) A calibration curve was constructed by preparing various 
dilutions of pure non-radioactive 2-isobutyl-3-methox - 
pyrazine (6.4 mg in 50 ml diethyl ether; 7.71 x 10'4M) 

0.7 
0.6 

0.5 
A279 0.4 

0.3 

0.2 

0.1 

a 

02468 10 
Concentration of 
2-isobutyl-3-methoxy+yrazine (m 105M) 

(ii) The concentration of the 
[H] 

2-isobutyl-3-methoxypy; razine 
vas determined by reference to this calibration curve. 

Dilution 'y279 Concentration Concentration of 
of sample undiluted solution 

1 1ý 0.667 9.2 x 10-5M 4.6 x 10-411 
19 0.323 4.8 x 10-31.1 4. a Z. 10-4M 

The mean value of the concentration of the 
[Ir]2-izobuty1-3- 

xnethoyrazine = 4.7 x 10-4-M. 
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B. Determination of the purity of 
r3H12-isobutyl-3-met 

hoxv- 
pyrazine by thin-layer chromatography 

(1) 
[3H]2-Isobutyl-3-methoxrpyrazine 

(4.7 x 10ýZ) in 
diethyl ether was spotted (-0-5 µl) onto a plastic- 
backed silica gel (0.2 mm thick) t. l. c. plate which 
was developed in benzene/chloroform, /acetone 

40 : 40 : 2). The plate was then cut into strips 
6 mm) and analysed by liquid scintillation counting. 

500 r 

400 

c. p. m. 3C0 
(w IO-3) 

200 

100 

(2) As above, except that the t. l. c. plate as developed in 
chloroform only. 

400 

c. x. n1.300 
(x 10'3) 

200 

100 

0 
Erection number 

0268 ]D 32 14 16 18 20 

Fraction number 
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C. Determination of the purity of I'HI2-isobutyl- 
ovrazine by high-pressure liquid chromatoararh 

The radiochemical purity of the 
[H]2_isobuty1__metho_ 

yrazine (4.7 x 10-411 in I, 2-propanediol/water was checked 
by HPLC using water/ethanol (60 : 40) as the eluent. The 
column eluate was fractionated (1 ml aliquots) and analysed 
by liquid scintillation counting. 

500 

400 

c. p. m. 300 
(x 10-2) 

200 

100 

0 

a 

Fraction number 
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APPENDIX 4: NUCLEAR 
1r1AGN 

TIC RESOMUTCE SPEC ROSCCF 

All forms of absorption spectroscopy rely upon the fact 

that the absorption of radiation by a molecule involves an energy- 

level transition from its stable ground state to an excited state of 

higher energy. The occurrence of such a transition demands that the 

energy of the radiation quantum match the energy difference, AE, 

between the ground and excited states, as specified by Planck's law, 

AE= by 

where 
hu is the energy of the radiation quantum 

l. Hence, a map of 

the energies of the excited states of the molecule is given by the 

spectrum of frequencies (or wavelengths) at which the molecule has 

strong absorptions; different molecular soups undergo absorptions at 

different parts of the spectrum (Knowles et al, 1976). 

Nuclear magnetic resonance spectroscopy utilises electro- 

magnetic radiation of radiofrequency, since the transition energies 

correspond to the weak interactions of a nucleus with a magnetic field; 

such interactions (i. e. the position at which the resonance occurs) are 

characteristic of the nature of the molecular structure and bonding, 

and the splittings in the spectrum are sensitively dependent on both 

molecular arrangement and bonding. 

Magnetic resonance absorption can only be exhibited by species 

which possess a magnetic moment, since the prerequisite is that they 

should interact with a magnetic field in a similar fashion to a simple 

bar magnet; nuclei with an odd mass number possess such moments (see 

Table 4. i). The potential energy of a nucleus which has a net 

magnetic moment will be lower if the moment is aligned with the field 

than if it is pointing against it; magnetic resonance absorptions 

1V 
is the frequency of the radiation and 

h is Planck's constant. 
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Table A4. I Magnetic species in biological systems 

NMR Abundance 

IV 13C 100%. 1% AU 
"P 100% Nucleotides, phospholipids, phosphorylatcd 

metabolites 
"IN, "N. N. "S 99.6%. 0.4%, 0.7% Amino acids, peptides, proteins 
""F, ' H 100%, 0.2% Isotopic label substituting for' H 

ES R 

Transition metals Metalloproteins, including metalloenzymes and 
haem proteins 

Free radicals Transient reaction intermediates. irradiated species 
Stable free radicals -Spin labels: covalently attached or intercalated 

Taken from Knowles et al (1976) 
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correspond to transitions between these energy levelsI (Figure P4.1 

For the 
1H 

nucleus, which possesses a spin of a half, only two 

orientations are permissible, depicted by the two outer spins of 

Figure 14.1 (known as the parallel and antiparallel orientations, 

or spin-up and spin-down). These two spin states are equally 

favourable in the absence of a magnetic field. However, the applica- 

tion of such a field results in the parallel orientation being 

preferred, since this set-up then has a lower energy. Transitions 

from the lower-energy spin orientation to the higher state can be 

induced by electromagnetic radiation, the position of the spectral 

absorption from a particular magnetic species being specified by 

the nuclear g-value (Figure 14.22). 

The environment in which the magnetic nucleus resides 

influences not only the position of this absorption but also its 

appearance in the spectrum. The magnetic field experienced by a 

particular nucleus may be modified by a shielding effect of the 

surrounding electrons, the strength of the shielding depending upon 

the local electron bonding; this environmental factor is reflected by 

the line positions of a particular species being specified by a 

"chemical shift" relative to a standard compound (often "M or AS33 

The local field at any nucleus is also a function of the fields 

produced by other magnetic nuclei in its vicinity. The interaction 

of the central magnetic moment with the magnetic moments of the 

1 Nuclear spins are quantized such that they can only take up certain 
orientations with respect to the magnetic field, each corresponding 
to a distinct energy. 

2 
Magnetic resonance spectroscopy differs from many other forms of 
spectroscopy in that, for technical reasons, scanning a spectrum 
usually involves sweeping the magnetic field rather than the 
frequency. 

3 
Tetramethyl silane (TYS); 2,2-dimethylsilapentare-5-sulphonic acid 
(D. SS). 
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Figure A4.1 Magnetic moment in minimum intezmediate 
and maximum (left to right energy orientations 
with respect to a magnetic field H 

H 

e ý/ µ 

Taken from Knowles et al (1976) 

F . pure P4.2 

1, IS 

-1/2, +1/2 

ohr magneton; 
. 27 x 10-24 JT-1) 

. i/2, -1/2 

Taken from Knowles et al (1976) 
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surrounding nuclei gives rise to spin-spin splittings in the TZM 

spectrum, the magnitude of such splitting being reflected by the 

"coupling constant" (J) for the interaction. In general, if the 

neighbouring group contains n hydrogen nuclei, then the spectral 

line under consideration will be split into (n+l) components. Clearly, 

the complexity of the splitting pattern will be influenced by the 

number of nuclei involved; such splitting is characteristic of the 

molecular arrangement experienced by a particular nucleus. 
1 

Figure A. 2 has depicted resonance absorption as a spin 

transition from the low-energy parallel orientation to the higher- 

energy antiparallel orientation. However, spin flip transitions in 

the opposite direction with concomitant emission of radiation of the 

same frequency, are just as effectively caused by electromagnetic 

radiation; a net absorption of radiation will accrue only if initially 

fewer spins exist in the upper rather than the lower state. Although 

this is always the case when the spins are in thermal equilibrium 

(since it is energetically more favourable for a spin to be in the 

lower energy level), this equilibrium does not necessarily apply to a 

system undergoing electromagnetic transitions; 
, 
the populations in the 

upper and lower levels will quickly become equalized, unless the 

excess spins in the upper state are able to externally dissipate energy 

and thereby maintain the thermal equilibrium Boltzman distribution by 

dropping down into the lower state. This process of losing energy 

externally is kncwn as spin-lattice relaxation (longitudinal 

relaxation) and the speed with which it occurs is characterised by the 

spin-lattice relaxation time, Tl. This relaxation time is dependent 

upon the molecular environment (i. e. how strongly the spin is "coupled" 

1 
For a more detailed account of line multiplicity in P? l t, see 
Knowles et al (1976). 
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to the lattice), and is short in solids but relatively long in 

liquids (slow relaxation). The effect of this may be evidenced 

in the occurrence of line broadening or signal saturation, although 

the disappearance of lines due to relaxation time broadening is 

only encountered in certain systems (e. g. strongly paramagnetic; 

containing cuadrupolar nuclei such as 1 or 
35c1). 

The magnetic interaction between nuclei and paramagnetic 

electrons (the magnetic dipole-dipole interaction) is an extremely 

efficient means of relaxing nuclei from their upper spin state. 

However, it is possible that magnetic interactions may also occur 

between the nuclei themselves. One of the effects of the dipolar 

interaction between like spins is to cause mutual spin flips. 

Unlike spin-lattice relaxation, thia spin-spin relaxation (transverse 

relaxation) does not alleviate saturation but contributes to the 

lifetime broadening of the line. Under normal circumstances, it is 

the spin-spin relaxation time, T2, and not T1 which determines the 

intrinsic linewidth. 

The rate at 'which spin exchanges take place, and hence the 

relaxation time T2, depends upon the extent to which nuclei are 

exposed to each other's varying fields. For structures in which 

the relative motion of the nuclei is slow (i. e. rigid structures), 

the process is quite efficient such that T2 is correspondingly short; 

with increasing molecular motion, smaller molecular weights, higher 

temperatures or more flexible molecules, this efficiency diminishes. 

Convenience demands that a quantitive expression be e placable to 

rates of motion of molecules relative to each other; this is achieved 

by means of a "correlation time" ( 
0), which may be generally 

defined as the time taken by a molecule to turn through one radian 

or move through one molecular distance. 
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These considerations indicate that the relaxation times 

of a given group of nuclei, as reflected by the linewidth of its 

resonance, may be used to indicate its rate of motion in solution. 

Biologically, this is very important, since the rate of motion of 

a given group of nuclei may be considerably altered if the molecule 

or part of a molecule containing it undergoes transition from a 
C 

flexible to a rigid form or vice versa; aggregates with other 

molecules; or interacts with larger or more rigid molecules. 
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APPENDIX 5 

acetic acid 

acetophenone 

2-acetyl-3-methylpyrazine 

2-acetylpyrazine 

2-, 3-acetylpyridine 

acrylic acid 

t-butanethiol 

4. -butyl-5 propylthiazole 

n-butyric acid 

camphor 

(-) carvone 

W carvone 

1,8-cineole 

citronellol 

m-cresol 

cyclododecyl propionate 

cyclopentanecarboxylic acid 

de canal 

diacetyl 

dimethylethylpyrazine 

3,5-dit ertiarybutylacetophenone 

ethyl 2-pyrazinecarboclate 

isoamyl acetate 

2-isobutyl-3-n ethoxypyrazine 

2-isopropyl-3-methozypyrazine 

isovaleric acid 

menthone 

ODOUR DESCRIPTICNS 

strong, pungent, characteristic 

pungent, sweet 

cereal, roast grain 

popcorn 

tobacco-like 

strong, pungent, characteristic 

characteristic, putrid 

green, bell pepper 

persistent, penetrating, rancid, 
butter-like 

characteristic, penetrating 

spearmint 

caraway 

camphoraceous 

floral, rose 

phenolic 

woody 

phenolic, ethereal, sweaty, unpleasant 

pronounced, fatty; floral on dilution 

penetratinZ; butter-like on dilution 

smoked, burnt 

sweet, warm 

sweet, fruity 

powerful, fruity 

green, bell pepper 

earthy, raw potato, bell pepper 

unpleasant, rancid, sweaty 

characteristic; similar to menthol 
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2-methylpyrazine 

2-met yl-3-methoxypyrazine 

nicotinic acid 

n-octanethiol 

n-propanol 

strong; chocolaty on dilution 

nutty, earthy, roasted peanuts 

weak, sharp 

penetrating, characteristic, putrid 

alcoholic 

propiophenone powerful, warm, orange blossom-like 

2 pyrazinecarboxylic acid weak, ethereal 

2-, 3-pyridinemethanol propionate penetrating, warm, characteristic 

3-pyridylacetic acid warm, unpleasant, characteristic 

3-pyridylacetonitrile warm, characteristic 

trimethylamine strong, penetrating, fishy 

trimethylpyrazine baked potato, roasted peanut 

These descriptions are either taken from Arctander (1969), 
ämoore (1970a), b; aga and Sizer (1975), or are based upon quality 
judgements made by a panel of three people (including Dr. G. H. Dodd, 
a trained perfumer) on three separate occasions. 
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