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Our understanding of  the biochemistry of  vertebrate ol- 
faction is very limited. Since so many biochemical sys- 
tems have been conserved across evolution, we might 
hope to learn something about  olfaction by examining 
the chemical recognition systems of  less advanced or- 
ganisms. Bacterial chemotaxis is one such system that is 
understood in some detail. 
It is my intention here to assess bacterial chemotaxis and 
vertebrate olfaction from as common a perspective as is 
possible. The discussion is restricted to those properties 
where comparisons between the two systems can be 
made. Chemoreception and initial events in stimulus 
transduction offer the greatest possibilities in this regard. 
In a sense I will be trying to compare single-celled bacte- 
ria with single olfactory receptor neurons. Olfaction 
could also be related to chemotaxis in slime molds, proto- 
zoans, various invertebrates, leukocytes, and so forth, 
but I have chosen to make a detailed comparison with the 
bacterial system. 
Even though the discussion of  chemotaxis has been 
confined to two species of  bacteria, it is far f rom 
complete. There exist many more comprehensive re- 
viewsS,61,62,74,75,84,124 For  other reviews of  vertebrate olfac- 
tory reception, see Lancet 8~ or Cagan and Kare 24. 

Bacterial chemotaxis 

1. The organisms 

The most  enlightening studies of  bacterial chemotaxis 
have been done with two closely related species of  enteric 
bacteria, Escherichia coli and Salmonella typhimurium. 
The single cell o f  either organism is rod-shaped, about  
1 ~tm in diameter and 1-2 gm long. F rom each cell pro- 
trude 6-8 flagella, each of  5-10 gm length. Certain prop- 
erties of  these organisms have contributed greatly to their 
successful study. Generation times in liquid culture are 
commonly 0.3-2 h, with 2 ml of  growth medium yielding 

109 cells. Results f rom such cultures may be treated as 
averages of  enormous numbers of  identical single organ- 
isms. Highly developed methods for selecting mutants 
and transferring their genetic defects have resulted in 
collections o f  strains with widely varying chemotactic 
defects. The experimenter can manipulate the extracellu- 
lar environment at will by centrifuging the bacteria and 
resuspending them in a new medium. The cells are not 
fragile, and the rights of  experimental bacteria are rarely 
called into question, 
The involvement of  transmembrane potential is difficult 
to study in such small cells. Pharmacologically produced 
giant E. coli cells can be penetrated with intracellular 
microelectrodes 4~ but this method has not yet been ap- 
plied to the study of  chemotaxis. 

2. Assays of  response 

Microscopy has enabled description of  the behavioral 
responses of  single bacteria to chemical stimuli. In an 
unchanging environment, the cell alternates at random 
between two swimming states 18'85. In one state, the several 
flagella, rotating counterclockwise 8~, work together as a 
bundle to propel the cell smoothly ahead 16'17,121. In the 
other state, the flagella rotate clockwise sl. Due to the 
helical sense of  the flagella, this causes the bundle to fly 
apart  s6,87, and the cell ' tumbles'  in place. When smooth 
swimming resumes, it will be in a new, randomly chosen 
direction is. The cell is able to migrate toward or away 
from the source of  a chemical by modulating the propor-  
tion of  time it spends in each state. I f  an episode of  
smooth swimming is bringing the cell closer to the source 
of  an attractant, smooth swimming is prolonged (i.e. 
tumbling is suppressed) 18'85. I f  the cell is going away from 
the attractant, it will soon tumble 85 and try swimming in a 
new direction. The responses to attractants and repellents 
are opposite, and so the cell can also migrate away from a 
repellent source TM. It is able to integrate simultaneous 
stimuli134,135, although the response is not  always the exact 
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sum of the responses to the stimuli presented individu- 
ally H4. The chemotactic response is 'all-or-none' rather 
than graded. The cell spends virtually all of its time in one 
of two extreme states, smooth swimming (counter- 
clockwise flagellar rotation) or tumbling (clockwise rota- 
tion). 
Several ways exist to quantitate this response to chemical 
stimulation. For a single cell, one can monitor the direc- 
tion of flagellar rotation ~9'8l or the three-dimensional 
swimming pattern 15'83'125. Chemotaxis en masse can be 
measured by counting the bacteria that enter a capillary 
containing an attractant or leave one containing a repel- 
lent 4. Rings of bacteria migrating chemotactically across 
an agar surface can be formed under certain conditions 2. 

3. Stimulus substances 

Most of the chemicals which attract E. coli and S. typhi- 
murium are freely water-soluble compounds ranging in 
molecular weight from 75 (glycine) to around 360 (disac- 
charides). Using the capillary assay method 4, experi- 
menters have determined threshold concentrations for 
chemotactic responses. Among the most effective attrac- 
tants, given with threshold molarities for detection of the 
chemotactic response in E. coli 7"93, are L-aspartate 
(6 x 10 8 M), L-serine (3 x 10 -7 M), D-galactose 
(1 x 10 -6 M), D-glucose (3 x 10 -6 M), and maltose 
(3 x 10 -6 M). These are all metabolizable by the bacteria, 
but nutritive value is neither necessary nor sufficient for 
attractiveness 3. Oxygen is also an attractant 2. 
Structural modifications usually decrease the attractive- 
ness of stimulus compounds. Thus c~-aminoisobutyrate 
(a serine analogue) and 2-deoxy-D-glucose (a glucose 
analogue) are attractants, but have higher threshold 
molarities (2 x 10 -5 M and 10 -4 M, respectively) 7,93. Ste- 
reoisomers of good attractants are usually less effective: 
L-glucose (10 _3 M) and L-galactose (10 -2 M) are very 
weak attractants 7'93. 
Repellents 135 include aliphatic fatty acids and alcohols, 
some hydrophobic amino acids, indole, skatole, ben- 
zoate, Co 2+, and Ni 2+. Threshold molarities range from 
10 -6 M for indole and skatole to 10 -~ M for methanol ~35. 
pH below 6.5 or above 7.5 also repeW 35. Although many 
repellents are toxic, toxicity is neither necessary nor suffi- 
cient for a repellent e f f e c t  a35. 

The chemotactic effects of substances not found in the 
natural bacterial environment have seldom been studied, 
with the exceptions of the structural analogues already 
mentioned. Some ionophores and uncouplers or inhibi- 
tors of electron transport mimic attractants or repel- 
lents 6~. Recently the sweet-tasting protein 1-acetyl- 
thaumatin was found to be an attractant for E. coli 12. 

4. Definition of  stimulus 

The presence of a stimulus substance is not sufficient to 
elicit a chemotactic response. A bacterium modulates its 
swimming only in response to a change in the concentra- 
tion of a chemoeffector 85'134. In particular, it has been 
shown that the cell responds to temporal changes in at- 
tractant or repellent concentration 23'85. When an attrac- 
tant is enzymatically generated in a spatially uniform 

manner in a suspension of bacteria, the cells swim 
smoothly for prolonged periods 23. Very rapid mixing of 
an attractant into the cell suspension produces the same 
result 85. In nature, the bacteria experience temporal con- 
centration gradients as they swim through spatial gra- 
dients formed by diffusion from chemical sources. 
Immediately after the presentation of such a temporal 
stimulus, the bacteria show an altered swimming pat- 
tern 23,85. Increasing attractant or decreasing repellent con- 
centration causes prolonged smooth swimming for as 
long as several minutes. For a given stimulus substance, 
the duration of the response is proportional to the magni- 
tude of the concentration change 19'85'125. Decreasing at- 
tractant or increasing repellent causes tumbling; this re- 
sponse is typically shorter than the smooth swimming 
response ~9,85. After the initial response, the cell behavior 
adapts: despite the continued presence of the altered en- 
vironment, the bacteria resume random alternation be- 
tween the two swimming states 19'85'125. 

5. Stimulus receptors 

Three types of studies 3'5 have been used to classify the 
receptors involved in bacterial chemotaxis: taxis mu- 
tants, competition between stimuli, and receptor induci- 
bility. 
The chemotaxis assays described above can be used to 
recognize specific taxis mutants. For example, mutants 
defective in L-aspartate taxis remain at the point of inoc- 
ulation on an aspartate-agar plate, while wild-type ceils 
chemotactically migrate away as they consume the aspar- 
tate 93. Such mutants are found to be defective in taxis not 
only to aspartate, but also to glutamate 93, suggesting that 
the two amino acids share a chemoreceptor. 
The capillary assay method 4 can be used to study compe- 
tition between two chemical stimuli. For example, bacte- 
ria can be suspended in a solution containing aspartate, 
to which they soon adapt. In this condition, they are 
unable to detect a spatial gradient of glutamate issuing 
from a capillary, since the common chemoreceptor is 
already saturated by bound aspartate 93. Spatial gradients 
of glycine are still detected, and so it is concluded that 
glycine binds to a different receptor. 
Finally, taxes to some attractants are inducible 3,7. If  bac- 
teria are grown on D-fructose, for example, their re- 
sponse to fructose is elevated 9-fold 7. This increase is due 
to increased synthesis of a fructose chemoreceptor. 
Several bacterial chemoreceptor proteins have been iden- 
tified. Glucose 6~ galactose 6~ ribose 9, and maltose 59 bind 
to soluble proteins found in the space between the outer 
and inner membranes of the cell 9,59,6~ Dissociation cons- 
tants are ~ 10 -6 M. Other sugars apparently use the 
enzymes II of the phosphotransferase system as chemore- 
ceptors6; each of these is a sugar-specific, membrane-as- 
sociated protein. All of the above-mentioned attractants 
are nutrients for wild-type bacteria, and the binding pro- 
teins are essential both for chemotaxis and for transport 
of the sugar into the cell. Recently two proteins, Tsr and 
Tar, have been identified as the chemoreceptors for serine 
and aspartate, respectively 29'63'14~ Tsr and Tar are not 
involved in transport processes. They do, however, also 
serve as stimulus transducers and are discussed further 
below. No repellent-specific receptors have been found. 
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6. Stimulus transduction 

A good deal is known about the biochemical mechanism 
of chemotactic stimulus transduction. Particularly well- 
studied are the methylation and demethylation of a set of 
integral cytoplasmic membrane proteins called 'trans- 
ducers '124. These proteins, individually named Tsr, Tar, 
and Trg (or MCP 1, II, and III,  respectively), are methyl- 
ated to a constant level in an unchanging environment 73. 
Addition of an attractant causes an increase in the 
methylation level; this new level is maintained as long as 
the attractant concentration is stable st,73. Removal of a 
repellent has the same effect 124. Addition of a repellent or 
removal of an attractant 5T,73 causes a rapid demethylation 
to a lower level which is maintained until the next change 
in environment. The time for the new methylation level to 
be reached correlates well with the duration of the tran- 
sient swimming responseSL Decreases in methylation 
level happen much faster than increases 5~, just as swim- 
ming responses to repellents are much briefer than those 
to attractants ~9,8s. 
Integration of sensory input begins at the level of trans- 
ducer methylation ~22,~23. The methylation of each of the 
three transducers can be influenced by more than one 
stimulus substance 5~,72,~23. Increased methylation of the 
Tar protein, for example, can result from binding of 
aspartate to Tar itself 29,63,140 or from binding of a maltose- 
maltose binding protein complex to Tar 7~'u3. Neither of 
these interactions has much effect on methylation of the 
Tsr or Trg transducers. 
There is strong evidence that the effects of some chemical 
stimuli are not mediated by stimulus-specific recep- 
tors 68'm. Lipophilic weak acids (e.g. acetate, salicylate) 
are repellents ~34,~3s, while lipophilic weak bases (e.g. am- 
monia, methylamine) are attractants 93. The Tsr trans- 
ducer and relatively high concentrations of the stimulus 
compounds are required to elicit these chemotactic re- 
sponses ~35. Apparently the lipophilic bases and acids 
cause chemotactic responses by increasing and decreas- 
ing, respectively, the intracellular pH 68'm. Thus the Tsr 
transducer can be influenced not only by specific stimu- 
lus-receptor binding, but also by changes in intracellular 
pH. 
It is worth noting here the pitfalls involved in classifying 
chemoreceptors even in the relatively simple bacterial 
system. Both competition between stimuli and mutant 
phenotypes may reflect effects at the receptor level, the 
transducer level, or both. Thus a mutant now known to 
lack the Tar transducer was at first thought to be missing 
a simple aspartate-specific receptor. Later the mutant 
was found to lack maltose taxis as well u~ Mutants lack- 
ing maltose taxis but not aspartate taxis were found; 
these lack a maltose-specific chemoreceptor. As another 
example, galactose can block taxis to ribose, not by com- 
peting for a shared chemoreceptor, but by saturating the 
methylation of the shared Trg transduce? 26. Study of the 
purified galactose and ribose chemoreceptors enabled 
this deduction; the stimulus competition experiments 
alone were misleading. Finally, it should always be kept 
in mind that the effects of  some stimuli, such as the 
lipophilic acids and bases, may not be mediated by spe- 
cific receptors at all. 
One model of excitation and adaptation in bacterial che- 

m o t a x i s  74'124 is shown in the figure. Fig., a depicts the 
levels of an excitation process (dashed curve) and an 
adaptation process (solid curve) during addition and 
removal of an attractant. (This could just as well repre- 
sent removal and then addition of a repellent). The curve 
in fig., b shows the level of a 'response regulator'; this 
level is determined by the ratio of the two activities of 
fig., a. In the initial adapted state (i.e. absence of environ- 
mental changes), each activity of fig., a is constant. Thus 
the ratio represented by fig., b is also nearly constant, 
although it is shown with some random fluctuations. 
During this time, the cells randomly alternate between 
smooth swimming and tumbling as the level of response 
regulator fluctuates around a threshold value. When an 
attractant is added (fig., first arrow), the two activities of 
fig., a each increase, but at different rates. The ratio of 
these activities (response regulator, fig., b) rises ('excita- 
tion'), and the cells exhibit only smooth swimming. As 
the two processes of fig., a approach a common level 
again, their ratio returns downward ('adaptation'). De- 
spite the continued presence of attractant, a new adapted 
state is reached, and the cells alternate swimming modes 
once again. Removal of attractant (fig., second arrow) 
similarly results in a transient excitation of opposite po- 
larity, causing the cells to tumble. Altered swimming 
behavior lasts only while the two activities are out of 
balance; as soon as the slower process catches up, the 
cell's behavior adapts. 
Several questions remain unanswered. The process repre- 
sented by the dashed curve in fig., a has not yet been 
identified. There is some evidence 2~ that the intracellular 
level of cyclic GMP or some similar compound fits this 
part of the model. The solid curve of fig., a correlates with 
the methylation of any one of the three transducer pro- 
teins, but how their combined information is finally inte- 
grated into a single cellular response is not yet known. 
Likewise no one knows how the identified chemical pro- 
cesses can physically influence the direction of flagellar 
rotation. The intervening signal could be a change in 
transmembrane potential. Addition of either attractants 
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or repellents produces a transient hyperpolarization of 
the cell membrane 38,13~ The effect is absent in the non- 
chemotactic mutants tested. 

Vertebrate olfaction 

1. The organ&ms 

As subjects for experimental study, vertebrates are less 
accommodating than bacteria. The possibility of averag- 
ing results from 10 9 organisms is nonexistent, and well- 
characterized mutants are scarce. Because the olfactory 
receptor cells are part of an epithelium, the experimenter 
has limited ability to manipulate the extracellular envi- 
ronment. 
Heterogeneity is a major experimental variable at several 
levels. Genetic differences among animals are usually 
extensive. Within the olfactory epithelium of a single 
animal are several cell types, and efficient methods for 
segregating the cells by type are not yet known. Even the 
receptor neurons of a given epithelium are a hetero- 
geneous population. These cells are constantly turning 
over 53-55,96, and the cell properties vary with maturity. 
Studies of stimulus reception naturally focus on those 
parts of the olfactory receptor neurons in close contact 
with the nasal.airspace. (See Graziadei s2 for a review of 
olfactory morphology.) Each neuron sends to the surface 
of the epithelium a dendritic process with a knob-shaped 
ending. In most vertebrates, cilia protrude from each 
knob into the mucus. These cilia are composed of micro- 
tubules enclosed in an extension of the cell's plasma 
membrane 82. Evidence discussed below indicates that 
these cilia bear chemoreceptors. Olfactory cilia are not to 
be confused with bacterial flagella. The latter are helical 
protein homopolymers which are not membrane-en- 
closed and do not bear chemoreceptors 12~ The flagella 
propel the bacterium by rotating like propellers, rather 
than by beating 17,12~. 

2. Assays of response 

2a. Human perception. Our own perception is a response 
commonly used to investigate olfaction. Early workers 
often put odorants into classes such as 'spicy' and 'floral' 
based on human perception. To conclude that 'spicy' and 
'floral' odors have distinct molecular receptors, though, 
is unwarranted. It may be that one odorant diffuses 
across the surface of the olfactory epithelium at a differ- 
ent rate from the other; a different spatiotemporal pat- 
tern of receptor cell activity may then result in a different 
perception 8'98'99. An odorant could interact with several 
classes of receptor molecules in such a way that the rela- 
tive occupancy of each class within its useful concentra- 
tion range determines the perceived odor quality. Indole, 
for example, is described as 'jasmine-like' at low concen- 
trations but 'fecal' at higher levels 94. The presence of 
trigeminal nerve endings in the olfactory cavity also com- 
plicates human perception. Perceived odor qualities are 
often combinations of olfactory and trigeminal sensa- 
tions ~37. Thus inferences about receptor mechanisms 
based on human perception must be made with extreme 
caution. 
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2b. The electro-olfactogram. The initial effects of olfac- 
tory stimuli at the receptor level are reflected by the 
electro-olfactogram (EOG) ~~176 This is a negative poten- 
tial measured in the sensory region of the olfactory epi- 
thelium in response to a presentation of odorant-contain- 
ing air. The EOG has the properties expected of a sum- 
mated receptor potential ~~176 it originates in the apices 
of the receptor neurons, its amplitude increases with 
stimulation level, and it correlates with (but does not 
depend on) neuronal impulse activity. Since the EOG is 
the summated output of many receptor cells, inferences 
cannot be made about single neurons. Odorant-induced 
surface potentials having different polarity or temporal 
patterns than the negative-going EOG have also been 
observed (see Gesteland43), but their origins are less clear. 
The EOG may partly arise from cells which do not trans- 
mit information to the brain. In the rat embryo, the EOG 
develops before synapses between receptor neurons and 
the olfactory bulb are detectable 45. In adult frog 53-55 and 
rat 96, the population of receptor cells continually turns 
over. There may be immature neurons in adult animals 
that contribute to the EOG before forming synaptic con- 
nections with the brain. 

2c. Action potentials. The pattern of impulses of a recep- 
tor neuron is its ultimate output, just as the pattern of 
flagellar rotation is the output of a bacterium. The im- 
pulse response of a single neuron can be measured by 
penetrating the epithelium with a microelec- 
trode 13,44,48,88,1~ The pattern of impulses may then be 
followed as a function of stimulus presentation. To date, 
this response provides the only measure of olfactory re- 
sponse at the single-cell level. It is not a simple 'all-or- 
none' response. Stimulation may cause increased fre- 
quency of action potentials, decreased frequency, or 
sequential patterns involving both of these. 
It is also possible to measure the summated action poten- 
tials of many receptor neurons by recording from the 
olfactory nerve or from small strands of the nerve 97,~36. 

3. Stimulus substances 

As identified by human perception, there is an enormous 
number of olfactory stimulus substances. They range in 
molecular weight from 17 (ammonia, also a trigeminal 
stimulus) to around 290 (odorous steroids). The odorants 
normally encountered by terrestrial vertebrates must be 
sufficiently volatile that at least a few molecules 35 can 
contact the nasal mucosa. Fish olfactory organs, on the 
other hand, are normally bathed in solutions and are 
sensitive to amino acids 58,127.129 and bile salts 37 in solution. 
Frogs, too, give EOG responses to non-volatile sub- 
stances, including sugars 47 and L-amino acids 47,78, if solu- 
tions of them are placed on the olfactory mucosa. Most 
odorants are lipid-soluble, but in water they may be very 
soluble (e.g. ethyl acetate) or sparingly soluble (e.g. li- 
monene). 
Stereoisomers may or may not have different perceived 
odors. Highly purified R-(-)-carvone ('spearmint') and 
S-(+)-carvone ('caraway') are easily distinguished 42,115. 
Positional isomers, diastereomers, and enantiomers of 
some steroids are also distinguishable ~~ Enantiomeric 
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pairs of some other substances (e.g. 2-octanol and cam- 
phor 42) are not distinguishable. 
Thresholds for human detection of many odorants have 
been estimated 39. They range from 2 x 10 -2 M for ethane 
to 10-1~ -~2 M for musk xylene and some sulfides and 
mercaptans. Each such threshold is the concentration of 
odorant in the vapor phase presented to the mucosa. 
Odorant concentrations in the mucus itself are generally 
unknown, although approximations have been made by 
theoretical 21 and experimental 66 methods. 

4. Definition of stimulus 

No very precise definition of an olfactory stimulus is 
possible yet. The topological complexity of the nasal cav- 
ity hampers smooth flow of odorant, especially in 
mammals. Much of the presented odorant may be ad- 
sorbed by non-olfactory tissues. Partitioning of the odo- 
rant through the mucus layer and into the cell membrane 
is an important variable in olfactory perception 57,77, but 
the kinetics of this process are not well characterized. 
At the point an odorant leaves its source, the stimulus can 
be defined operationally. Mozell et al.l~176 found that varia- 
tion of any of the stimulus presentation parameters (total 
number of odorant molecules, volume of air used to 
deliver the stimulus, and duration of stimulus) causes a 
change in the receptor cell output. Here the output was 
measured as the summated action potentials of many 
frog receptor neurons. Even in these experiments, how- 
ever, the kinetics of stimulus presentation at the cell sur- 
face level are uncertain. 
Most experimenters stimulate the olfactory mucosa by 
injecting odorant for a second or two into a continuous 
stream of deodorized air. Initially, the injection results in 
a n  increase in odorant concentration which no doubt 
reaches the cell surface. Then the odorant injection is 
stopped, but the deodorized air continues to flow, and 
one expects the concentration at the receptors to de- 
crease. Mucosal transport processes might hasten this 
process, while specific binding or solution of the odorant 
in the mucus or plasma membrane would retard it. After 
a brief presentation of n-butanol, the EOG does in fact 
indicate a rapid decrease in odorant concentration at the 
receptors TM, although most of the odorant remains in the 
mucosa for at least 30 rain 65. It is interesting to note that 
such a 'square wave' presentation would be seen by a 
bacterium as two stimuli in sequence. Addition of an 
attractant, for example, would be seen as an attractant 
stimulus, and its subsequent removal would be a repellent 
stimulus. 
One might hope that continuous flow of odorant would 
eventually cause a steady state concentration at the cell 
surface to be reached, although the time for this equili- 
brium to occur would be difficult to measure. The EOG 
seen under such stimulation shows an immediate phasic 
response, followed by a tonic response which is stable as 
long as the odorant stream is applied 1~ Two mechanisms 
may be at work, one which adapts and one which does 
not 1~176 Measuring impulses under such conditions is 
more complicated. Repeated nerve firing during contin- 
uous stimulation is often followed by a quiescent period 
which may be due to depolarization block of action po- 
tential generation 43,133. This should not be regarded as 

adaptation, since a blocked celt is incapable of  respond- 
ing to additional stimuli. Whether the output of an olfac- 
tory receptor neuron adapts in the sense that bacterial 
behavior adapts remains an open question. There can be 
no doubt, however, that human olfactory perception 
shows adaptation 76. 

5. Stimulus receptors 

5a. Location of receptor sites. It has long been supposed 
that stimulus reception occurs at the apices of the olfac- 
tory receptor neurons. The latency of the olfactory re- 
sponse in the tiger salamander has been taken to suggest 
that the receptors are on the olfactory knobs or the prox- 
imal portions of the cilia 49. Other recent evidence sup- 
ports this idea in the frog 1,22. Lavage of the epithelium 
with dilute Triton X-100 deciliates the receptor neurons 
and virtually eliminates the EOG response. The EOG 
returns concurrently with regeneration of the proximal 
parts of the cilia. Deciliation affects impulse generation 
in the frog as well. Soon after deciliation, the neurons 
show the normal pattern of occasional action potentials, 
but this pattern is not influenced by odorous stimuli. As 
the cilia begin to regenerate, the impulse pattern again 
changes with stimulation (G.D. Adamek and R.C. 
Gesteland, personal communication). In frogs, cilia in- 
crease the receptor cell area at the mucosal surface 40- 
fold 9~ and apparently contain the bulk of the chemorecep- 
tion sites. In catfish, the EOG amplitude is still 50-60 % 
of normal after deciliation 27, suggesting that the knobs or 
microvilli of these receptor cells may bear many of the 
receptors. The neurons ofvomeronasal organs 1~ are not 
ciliated at all, and many fish have both ciliated and non- 
ciliated olfactory receptor neurons 67,m. It seems likely 
that olfactory knobs, microvilli, and cilia all may bear 
chemoreception sites. 

5b. Stimulus-receptor specS'ties. It is difficult to imagine 
that there is a specific receptor molecule for each of the 
many odorants we can discriminate, o n  the other hand, 
our ability to distinguish some pairs of stereoisomers 
does suggest the existence of specific odorant-receptor 
mechanisms. Many of the theories of  olfactory percep- 
tion have been reviewed32,95i Some do not require the 
presence of stimulus-specific receptors at all. Davies 32, for 
example, postulates that !ipophilic odorants can pene- 
trate and puncture the plasma membrane bilayer. Ions 
may flow across this wound before it reseals, depolarizing 
the cell and contributing to the generator potential. It is 
not clear how this model accounts for perceived differ- 
ences in stereoisomers. 
Much effort has been devoted to demonstrating the exis- 
tence of stimulus-specific olfactory receptor molecules. 
The techniques used to classify bacterial chemoreceptors 
have not yet revealed much about olfactory chemorecep- 
tion. The mutants available are humans H and mice 1~ 
with specific anosmias. Classes of odorants for which 
anosmics have raised detection thresholds may be de- 
fined, but whether the lesions causing the anosmia are at 
the initial stages of stimulus reception and transduction is 
unknown. The bacterial competition experiments have 
their counterparts in studies of  olfactory cross-adapta- 
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tion, measured by either human perception 76 or with the 
EOG TM. The results suggest very complicated distribu- 
tions of receptor sites and types. There is one significant 
difference between the bacterial competition and olfac- 
tory cross-adaptation methods. In the latter, the first 
stimulus is usually terminated before the second begins. 
Bacteria, however, can recover very quickly when a stim- 
ulus is removed. A state of adaptation to the first stimu- 
lus can be maintained only by the compound's continued 
presence; the second stimulus is then presented on top of 
the first. 
Ligand binding studies have provided evidence for spe- 
cific olfactory receptor molecules in some cases. Amino 
acids bind (kD ~ 10 -6 M) to plasma membranes of olfac- 
tory epithelium 25 and to olfactory cilia m, both from 
trout. The amount and stereospecificity of ligand binding 
correlate well with the effectiveness of each stimulus in 
inducing impulses in the trout cells. Similar binding of 
amino acids to isolated catfish olfactory neurons has 
been demonstrated 26. These studies are noteworthy 
because they demonstrate not only odorant binding, but 
also correlations between binding and stimulatory effec- 
tiveness. 
A steroid binds with high affinity (k D ~ 10 -9 M) to ex- 
tracts of sheep whole olfactory epithelium 36. The particu- 
lar steroid is a pheromone detected by sows; its effect on 
sheep is unknown. High-affinity binding (kD ~ 10 9 M) of 
camphor to a fraction of olfactory mucosa has also been 
shown 4~. Certain pyrazine odorants bind strongly to a 
protein from bovine olfactory epithelium 1~176 but the 
function of this binding is not yet certain. 
Chemical modifications of olfactory epithelium offer 
some insight into the nature of the receptor molecules. 
Stimulus-specific protection from chemical inactivation 
has been widely studied. Getchell and Gesteland 46 found 
that treatment of frog olfactory mucosa with the thiol- 
modifying reagent N-ethylmaleimide (NEM) causes irre- 
versible reduction of the EOG amplitude. If  the odorant 
n-ethyl butyrate is also present during the NEM treat- 
ment, however, the EOG responses to n-ethyl butyrate 
and n-methyl butyrate are protected from inactivation by 
NEM. The responses to other odorants tested were aboli- 
shed. There are two explanations 33,46,91 for the protection 
results. The protecting odorant, bound to a stimulus-spe- 
cific proteinaceous receptor, may protect that receptor 
from chemical inactivation. Only EOG responses medi- 
ated by that type of receptor molecule will survive. On the 
other hand, the odorant may affect entire receptor cells to 
which it binds, as by depolarization, and prevent the 
reagent from binding to those cells' membranes. Any 
stimulus specificity observed would then be a consequ- 
ence of the uneven distribution of molecular receptor 
types across the population of receptor cells. Inter- 
pretation of these experiments is further complicated by 
the finding that NEM causes dissociation of the olfactory 
epithelium 69. Other protection studies have been con- 
ducted using mersalyl 9~'H7 (an impermeant thiol-specific 
reagent), alkylating agents 3~ enzymatic iodination H7, and 
the lectin concanavalin A 118'~4~ as inactivating agents. 
Stimulus-specific protection is sometimes observed and 
sometimes not, and a simple interpretation of the results 
is not yet possible. It is interesting that concanavalian A 
reduces the EOG amplitude; this suggests that some of 

the many glycoproteins found on olfactory cilia may be 
active in chemoreception 28. 
Other variations of the chemical modification theme ex- 
ist. Chemically reactive odorant analogues (affinity labels 
and photoaffinity labels) are being investigated 34'92. An 
antibody to an anisole-binding protein from dog olfac- 
tory epithelium has been found to depress the EOG re- 
sponse in mice 5~ It reduces the EOG to most stimuli 
tested. 
A less direct approach to the classification of odorant 
receptors has been advanced by Holley and co-workers 
(ref. 119 and others cited there). In a typical study, 
recordings were made of impulses from 76 frog olfactory 
neurons while each neuron was stimulated with a defined 
set of 20 odorants. It was found, for example, that most 
of the neurons either responded to both cineole and cam- 
phor or to neither, suggesting that these two odorants 
belong to a class which shares a common receptive site. 
Multidimensional analyses of these and other results 1~9 
have identified five such classes of odorants. It was not 
practical to test each odorant at several concentrations, 
and so all were tested at levels presumed to be well above 
threshold. 
In a population of genetically defined bacteria grown 
under a given condition, each cell can be assumed to 
possess the same set of chemoreceptors as the next. The 
distribution of receptive sites across the population of 
olfactory neurons is apparently much more complicated. 
Numerous studies of the impulses fired by single olfac- 
tory receptor neurons in response to various odo- 
rants 13'44'88'1~ have shown that the full range from 
broad to narrow selectivity is found. Statistical analyses 
of the data from Holley's group ~9 do not yet allow a 
simple classification of receptor cells on the basis of stim- 
ulus selectivity. It seems that for most pairs of receptor 
neurons, it is possible to find some stimulus that will 
excite one but not the other. This spatial heterogeneity of 
receptive site distribution is also demonstrable at a 
broader level. The ratio of EOG amplitudes in response 
to a given pair of odorants varies across the surface of the 
mucosa3~,79.10~, 132. 

6. Stimulus transduction 

Little is known about how an odorous stimulus, once 
detected, is transduced into impulse generation. Genera- 
tion of the receptor potential (EOG) is almost certainly 
one of the earliest transduction steps. Its underlying ionic 
basis is still controversial. Tucker and Shibuya t38 re- 
ported that removal of Na + has little effect on the phasic 
component of the EOG in the box turtle. Takagi et al. TM, 
however, found that in frogs the EOG requires Na + and 
K +. Suzuki's study of the lamprey ~28 found that odorant- 
induced impulses require the presence oc Ca 2+, but not 
Na + or K +, at the mucosa. Most recently, Yoshii and 
Kurihara ~44 reported that the presence at the mueosa of 
any one of 12 cations suffices to allow stimulus-induced 
impulses in the carp. They suggest that binding of cations 
to the mucosal surface causes an interfacial potential 
which spreads electrotonically to the axon hillock. This 
model requires no transmembrane receptor currents. 
A more conventional model would suggest that stimulus 
reception results in state transitions in one or more ionic 
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channels of the receptor cell membrane. An odorant-sen- 
sitive channel which conducts K + has been found in a 
homogenate of rat olfactory epithelium ~39. Whether the 
channel originates in the receptor neurons is unknown, 
but it is absent in homogenates of non-olfactory epithe- 
lium. Membrane patch recording methods ~6 are also be- 
ing applied to the study of channels in isolated olfactory 
neurons s9. 
Recent evidence points to an involvement of cyclic nu- 
cleotides in olfactory transduction. Pace et al. ~~ have 
found that adenylate cyclase from frog olfactory cilia is 
activated by odorants. The activation is tissue- and li- 
gand-specific and requires GTP. 

Conclusions 

At f r s t  glance, several distinctions seem obvious between 
the bacterial and olfactory chemoreception systems: 
1. Bacteria respond to a well-defined set of chemical 
stimuli; the number of odorants we can perceive seems 
endless. 
2. Bacterial attractants are generally ionic; odorants are 
most often hydrophobic. 
3. The bacterial chemoreception and transport systems 
are closely linked; most odorants are of little nutritive 
value. 
4. Most bacterial attractants bind to stimulus-specific 
receptors; there is evidence both for and against the exis- 
tence of specific olfactory receptors. 
5. The chemotactic response is a simple 'on-off  response; 
olfactory impulses are much more complex. 
Given such differences, the search for homologies be- 
tween the two systems might seem to be a case of wild 
goose taxis by chemoreceptions scientists. 
However, each of these distinctions is superficial, as fol- 
lows: 
1. If  the weak attractants and repellents are included, the 
number of  bacterial chemoeffectors grows considerably. 
The thresholds of others may be below the detection 
limits of the chemotaxis assays, and many have never 
been tested. We are more likely to recognize a weak 
odorant than a weak bacterial attractant, and it is easier 
to sniff 1000 potential odorants than to perform 1000 
capillary assays. 
2. It is clear, at least in some vertebrates, that some ionic 
compounds can be effective olfactory stimuli if they are 
allowed to contact the mucosa. Most of the hydrophilic 
odorants have never been tested as bacterial stimuli. 
3. The apparently strong link between bacterial chemore- 
ception and transport was broken when the Tsr and Tar 
proteins were identified as the serine and aspartate recep- 
tors. Serine and aspartate transport systems are indepen- 
dent of Tsr and Tar. 
4. The evidence amassed so far suggests that olfactory 
chemoreception may involve both specific receptor 
mechanisms and non-stimulus-specific perturbations. 
The bacterial transducers are influenced in each of these 
ways. Excitation mediated by these transducers can result 
from binding of an attractant to the transducer, binding 
of an attractant-receptor complex to the transducer, or 
change in intracellular pH caused by a stimulus sub- 
stance. 

5. It is not unreasonable to regard impulse firing, like 
bacterial chemotaxis, as a transition between two states. 
One state leads to an increase in firing rate, while the 
other causes inhibition of impulses. Although complex 
patterns involving both of these states have been obser- 
ved after stimulation, they may more commonly result 
from strong laboratory stimuli than from those encount- 
ered in nature. The two-state model of chemotaxis may 
reveal itself to have the same complexity as impulse pat- 
terns once examination of the flagellar rotor with better 
spatial and temporal resolution is possible. In the mean- 
time, the two-state model is a valuable working hypothe- 
sis in bacterial chemotaxis. 
What can be learned from the experiences of researchers 
studying bacterial chemotaxis? Their abilities to manipu- 
late the extracellular environment and to present well-de- 
fined stimuli made many advances possible. Such experi- 
ments led to the discoveries that methionine and ATP are 
required for chemotaxis, which in turn led to the success- 
ful search for methylations 73. Methods exist for produc- 
ing suspensions of isolated cells from olfactory epithe- 
lia 26,64,7~ It should be possible to deliver well-defined stim- 
uli in solution to these cells without the complications of 
a mucous layer. Recently developed membrane patch 
recording methods H6 will probably result in detailed de- 
scriptions of the transmembrane events occurring in iso- 
lated receptor neurons. 
Chemical modifications of the mucosal surface offer ex- 
cellent opportunities for investigating receptor specif- 
icity. The bacterial studies make it clear, though, that a 
given phenotype can be caused by genetic or chemically- 
induced lesions at any of several points. Only through the 
use of several independent lesioning agents can the che- 
moreceptive hierarchy be described with much confi- 
dence. 
Given the different methods used so far to study bacterial 
chemotaxis and vertebrate olfaction, any analogy be- 
tween the two is tenuous at best. Even so, a knowledge of 
the bacteriologists' methods and interpretations can only 
help in unraveling the reception chemistry of single olfac- 
tory receptor neurons. Ultimately, of course, the anal- 
ogy's usefulness will end when we ask how all those single 
neurons work together to create a perception. 
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Introduction 

To the same extent as audition, the olfactory processes 
contribute to extract information from distal sources. 
Close to gustation, they are also affected by proximal 
cues. Thus odorous signals can subserve any decision to 
start, maintain or interrupt behavioral sequences. Besides 
that, the olfactory pathways are extensively open to elec- 
trical self-stimulation 43. Odors in themselves may be rein- 
forcing 2s, and are able to modulate the electrical rein- 
forcemenPL Their hedonic value turns out to be a 
conspicuous factor in multidimentional evaluation 46. 
Therefore the sense of smell is likely to subserve the 
identification of odors not so much as chemical species, 
but even more as indices of possible reward. 
In man, the hedonic dimension of food odors, but not 
that of control odors, is biased by the metabolic status of 
the subject, in an adaptative manner, which gave rise to 
the general definition of alliesthesia 5. In most examples, 

finalism is satisfied with the statement that external stim- 
uli are pleasant, as far as they signal a goal useful to 
individual or specific survival. In such models, the pleas- 
antness of odors is their proper behavior-guiding dimen- 
sion. Which does not exclude that odors in themselves are 
gratuitous goals for cognitive behavioral sequences, such 
as exploration. In any case, optimalized sensory mecha- 
nisms do require that the internal state of the subject 
should control the olfactory processing 24. As a conse- 
quence, the definition of behavioral events has to be 
extended to internal events subserving behavioral se- 
quences. 
In fact the internal processes could interfere with the 
treatment of olfactory information at various functional 
levels, from the nasal cavity to the central integrative 
areas, through metabolic, endocrine, autonomic and 
central nervous processes. Various chapters in this issue 
illustrate it from the organizational, functional and psy- 
chophysical points of view. But although we know much 


